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ABSTRACT

We have investigated the propagation of a fluid jet through an oblique uniform magnetic field using a
three-dimensional ideal magnetohydrodynamic model. The numerical experiments show that the jet is
bent by the oblique magnetic field. We found that the bending scale depends on the jet velocity and
jet-magnetic field angle. The high magnetic Mach number jet goes straight compared with the slow jet.
The magnetic field with the angle between the jet and magnetic field 45° bends the jet most quickly. The
plasma and the perpendicular component of the magnetic field are compressed at the head of the jet. We
found also that the oblique magnetic field decelerates the speed of the jet head. These numerical results
are explained by a simple analytical model. We apply these results to explain the peculiarities of
BL Lacertae objects among active galactic nuclei (AGNs) from a unified point of view: interaction
between the jet from AGNs and the extragalactic magnetic field.

Subject headings: galaxies: jets — methods: numerical — MHD

1. INTRODUCTION

Observational studies of jets in extragalactic radio
sources show that the jets are often bent through large
apparent angles (e.g., Fejes, Porcas, & Akujar 1992;
Hummel et al. 1992; Conway & Davis 1994). The bending
could result from a variety of causes, including helical
trajectories due to Kelvin-Helmholtz instabilities (e.g.,
Hardee 1987; Hardee & Clarke 1992; Hardee et al. 1992;
Conway & Murphy 1993), a precessing of a binary engine
(Begelman, Blandford, & Rees 1980), or deflection of the jet
in a dense ambient medium (e.g., Ludke 1994). In this paper,
we investigate the bending and other aspects of jets inter-
acting with an uniform ambient magnetic field oriented
obliquely to the jet axis.

Several hydrodynamical simulations have been used for
study of Kelvin-Helmholtz instability for bending jets (e.g.,
Zhao et al. 1992; Hardee, Michael, & Clarke 1994). Hardee
et al. (1994) performed simulations with an unstable super-
sonic (two-dimensional) slab-symmetric jet. The instabilities
within the jet are characterized by growing internal body
waves and their coupled surface waves that are also predict-
ed in linear perturbation theory. They demonstrated that
sound waves can be excited by imposing an arbitrary dis-
turbance. These waves eventually disrupt the jet at a certain
length. The disruption length is related to the jet Mach
number and the perturbation strength. However, since most
astrophysical jets are likely to be affected by ambient mag-
netic fields, we believe that it is very important to use a
magnetohydrodynamic (MHD) code instead of a hydrody-
namic code. An ambient magnetic field can affect the jet
propagation substantially as well as the observed synchro-
tron emission. Furthermore, it is very important to use a
three-dimensional MHD code rather than a two-
dimensional code (which have been used in previous
simulations) to simulate jet propagation in a magnetic field.
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We have performed numerical, three-dimensional ideal
MHD simulations of a nonrelativistic jet injected into an
oblique uniform magnetic field. On the first stage, the jet
goes across the oblique magnetic field pushing aside the
magnetic line of force. The jet is eventually bent by the
magnetic field into the direction of the initial magnetic field.
The bending scale or scattering angle of the jet depends on
the jet Mach number and jet-magnetic field angle. A small
Mach number jet is bent easily compared with a fast jet. The
magnetic field with the jet-magnetic field angle 45° bends
the jet most quickly. The numerical experiments confirm
that the perpendicular component of the magnetic field is
compressed at the jet head as well as plasma density and
pressure. We also found the deceleration effect of the jet
head speed by the oblique magnetic field. These numerical
results are explained by a simple analytical model. We are
aware that our nonrelativistic MHD simulations cannot be
applied to explain observations with BL Lac objects
directly. Furthermore, BL Lac objects consist of electron-
positron plasmas; therefore, an electromagnetic, relativistic
particle code (Zhao et al. 1994) would be necessary to
include kinetic effects which are essential in electron-
positron plasmas. However, the main features of our simu-
lations would apply in observations with BL Lac objects.

Recently, three kinds of peculiarities of BL Lacertae in
parsec scale compared to quasars are found by using VLBI
(Very Long Baseline Interferometer) observations. First, in
the parsec scale, the magnetic field is perpendicular to the
BL Lacertae object elongation while parallel to the nuclear
jets in quasars (Gabuzda 1992). Second, the flow speeds of
BL Lacertae objects are systematically less than those of
quasars (Gabuzda et al. 1989a, 1994). The third peculiarity
is a statistical remark; that is, for almost all BL Lacertae
objects, one-sided jet structures at parsec and kiloparsec
scales are strongly misaligned, while for some of quasars
and extragalactic jets they are more nearly aligned (e.g.,
Mutel 1989; Appl, Sol, & Vicente 1995; Sol, Appl, &
Vicente 1995). Sol (1992a) and Sol & Vicente (1994, 1995)

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...464..724K

NUMERICAL SIMULATION OF BENT JETS 725

proposed the model of the jet injected into the oblique mag-
' netic field to explain parts of these peculiarities. They con-
sidered the oblique coherent magnetic field tied with the
accretion disk whose rotation axis is different from the jet
axis. But the scale of the accretion disk is much smaller than
1 pc, which is order of the VLBI resolution, so it is improb-
able that such a magnetic field held by the accretion disk
has any influence on the parsec-scale structure of BL
Lacertae objects. Considering that observed polarization
variation is explained by the random walks generated
through evolution of the turbulent magnetic field (Jones et
al. 1985), the model of the jet injected into the turbulent
ambient magnetic field is more plausible. These four pecu-
liarities of BL Lacertae objects among AGNs may be
explained by an unified model: the extragalactic magnetic
field of 1” scale around BL Lacertae objects is turbulent,
while that around quasars is coherent.

In the next section, we explain the numerical model.
Section 3 presents the numerical results. In § 4, a simple
analytical model is presented and compared with the
numerical model. A summary and discussion are given in
§ 5.

2. NUMERICAL MODEL

We used ZEUS-3D, a nonrelativistic ideal magneto-
hydrodynamic (MHD) code which solves the equations of
astrophysical fluid dynamics (AFD) on a three-dimensional
Eulerian grid (Stone & Norman 1992a, b). The AFD equa-
tions can be divided into three parts: hydrodynamics (HD),
magnetohydrodynamics (MHD), and radiative hydrody-
namics (RHD). We have used the MHD equations only,
namely,

ap
TV =0, ¢Y)
opV
7+V-(pVV)=—Vp+JxB, 2
Oe
SV =—pV- ¥, &)
0B
E=Vx(VxB), 4
J=VxB, )

where p, V, p, B, J, and e are matter density, velocity,
thermal pressure, magnetic field, current density, and inter-
nal energy density (per unit volume) e = p/(y — 1), where
y(=5/3) is the adiabatic constant, respectively. We normal-
ize the magnetic permeability u to unity.

We used finite differencing on an Eulerian mesh using
Cartesian coordinates. The equations are solved fully
explicitly in time, and therefore numerical stability is subject
to the Courant condition. The code solves the integral form
of the MHD equations by dividing the fluid field into
numerous small cells called control volumes and considers
the change of these quantities within each control volume
from one time step to the next. Each control volume has a
cell center, six cell faces, and eight cell corners. Scalars and
tensors of even rank (ie., p, e, and p) are put at the cell
center, and vectors (i.e., ¥, B) are at the centers of each cell
face. This is a kind of “staggered mesh.” Shocks are

smeared over several zones using a von Neumann-
Richtmyer artificial viscosity. We used the upstream algo-
rithm for solving the hyperbolic equations (see Stone &
Norman 1992a,b for a detailed discussion of the numerical
algorithms incorporated in ZEUS-3D).

2.1. Initial Condition

The jet is initially injected into an ambient plasma with
an oblique uniform magnetic field. The simulation was con-
strained to a box with coordinates 0 < x <4, —2<y <2,
—2 <z < 2 (arbitrary units) and spatial resolution 0.05 in
each dimension (80 x 80 x 80 cells). The jet is injected
along the x-axis at the x = 0 surface. A schematic picture is
shown in Figure 1. The initial parameters inside the calcu-
lation box are as follows:

P="Pa> (6)
V=0, 7
e=e,, 8)
B = (B,,, B,,, 0) = (B, cos 0, B, sin 6, 0), 9

where we set the normalized ambient mass density p, = 2,
energy density e, = 1, and the magnetic field B, = 1.41. In
this case, the sound speed is v, = [y(y — 1)e/p]/? = 0.745,
Alfvén velocity is v, = (B*/p)'/? = 1.0, and the speed of the
fast wave is v, = (v + v)"/* = 1.25. Equipartition is
assumed between the thermal and magnetic field energies.
Simulations were run with initial jet-field angles of 6 = 15°
and 0 = 45°.

2.2. Boundary Conditions

We used the outflow boundary or radiative condition for
the surfaces of the simulation box except for the orifice of
the jet at the x = 0 surface. We used the inflow boundary
condition only for the orifice. The boundary condition of

(out-flow
boundary)

-2

calculation box

oriface of jct
(in-flow boundary)

F16. 1.—Schematic picture of the initial and boundary conditions of jet
injected oblique to the magnetic field. The jet is injected along the x-
direction from the orifice placed at the origin of the coordinates. Initially
density, pressure, and magnetic field are uniform, and the velocity is zero.
The radius of the orifice is a (=0.2). The boundary condition is outflow
boundary except for the orifice, and inflow boundary for the orifice. Note
that there is no perpendicular magnetic field inside the jet.
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the orifice r = (y* + z%)'? < a + d, x = Ois given by

P=Po="Pa> (10)

V = (f(r’ UO’ a, d): 09 0) 3 (11)
P="Pa> 12)

B= (Blaa f(ra 0, BZaa a, d)a 0) ’ (13)

where f(x, fi, f2, a, d)=(f1 +1))/2 + (f, —f1) tanh [(x
— a)/d)]/2 is a smoothed step function. Here a corresponds
to the radius of the jet, and d is a smoothing factor which
gives smooth edges for the jet velocity and magnetic field at
the boundary between the jet and ambient plasma. On the
surface x = 0 and r > a + d, we use the ouflow boundary to
avoid the numerical instabilities near the x = 0 surface.
Here we set a = 0.2 and d = 0.05. We perform v, = 2v,,
2.5v,, 3v,, 4v,, and 7v, cases. Due to this boundary condi-
tion, the jet does not contain the perpendicular magnetic
field (M. L. Norman, private communication).

3. NUMERICAL RESULTS

3.1. Morphological Structure of Jet Oblique to an
Ambient Magnetic Field

We present the numerical experimental results of the jet
injected into the magnetic field. We have performed five
large-angle (0 = 45°) cases (A: vy = 2v,; B: vy = 2.50,; C:
vo = 3v,; D: vy =4v,; E: vy = Tv,) and two small-angle
(0 = 15°) cases (F: vy = 4v,; Givg = Tvy).

3.1.1. High-Angle Cases (6 = 45°)

First, in order to investigate the dependence of the initial
velocity v, of the jets injected with 6 = 45°, four cases, A
(vo = 204), B (vg = 2.5v,), D (v, = 4v,), and E (vy = Tv,),
are compared. Figure 2 shows the velocity (Figs. 2a, 2c, 2e,
2g) and the magnetic field (Figs. 2b, 2d, 2f, 2h) on the xy-
plane (at z = 0). The jet was injected toward the x-direction
from the orifice at x = 0. The jet orifice is centered at the
origin of the coordinates and has a radius a = 0.2. In the
velocity plot of case A at t = 1.87t, (Fig. 2a), the jet moves
along the x-axis near the orifice but is deflected toward the
direction of the initial magnetic field as it propagates along.
Here the Alfvén transit time 7, is defined by the traveling
time of the Alfvén wave with the distance 1 in the ambient
plasma. The jet expands near the head of the jet. The
ambient magnetic field is distorted and compressed by the
jet, as shown in Figure 2b. As the jet speed is slightly
increased (case B, vy, = 2.5v,), the same plots at z = 0 are
shown in Figures 2c-2d at t = 1.64z,. It is clear that the jet
goes straight through the oblique magnetic field more
deeply than in case A (x = 2.0, y =~ 0.2). The velocity plot
(Fig. 2¢) shows two separate streamers. One of them goes
straight along the x-axis, and the other moves along the
0 = 45° lines. The latter is caused by the magnetic field
distorted by the jet as a slingshot. The jet velocity was
increased again in case D (v, = 4v,). The cross sections of
the jet at t = 1.427, are shown in Figures 2e-2f. The jet goes
almost straight through the oblique magnetic field as shown
in the velocity plot (Fig. 2¢). The slight flow dragged by the
distorted magnetic field is found at the upper boundary of
the straight jet (x & 1.5, y &~ 0.8) (Figs. 2e-2f), the same as in
case B. The jet expands near the orifice and is pinched near
the jet head. For the highest jet velocity in our simulation
(case E, with v, = 7v,), the cross sections of the jet are
shown in Figures 2g-2h at t = 1.24t,. The velocity plot

(Fig. 2g) shows that the jet goes straight through the oblique
magnetic field. The slight expansion of the jet near the
orifice is found. The jet is also pinched near the jet head.
The magnetic field plot (Fig. 2h)-indicates the strongly dis-
torted (reversed) magnetic field lines above the jet. The dis-
torted field lines accelerate the ambient plasma (Fig. 2g) as
in the other cases, but the flow is slight. Obviously, the jet
with the high velocity propagates further and moves
straight.

Due to the different propagation of the jets depending on
their speed, the mass density (Figs. 2a, 2c, 2e, 2g) and pres-
sure (Fig. 2b, 2d, 2f, 2h) also show the differences as shown in
Figure 3 at the same time for each case in Figure 2. In case
A, the density and pressure are also compressed at the jet
head, x ~ 1.5, y ~ 1.2 (Figs. 3a-3b). We see the low-density
and low-pressure region at the base of the jet. This is
because plasma is swept by the magnetic field dragged by
the jet (x % 0.2, y ~ 0.3). This is a characteristic of jets
injected to an oblique magnetic field. There is a slight bow
shock at x = 2. For case B, the density and pressure have
two peaks at x &% 1.2, y~ 1.2 and x =~ 2.0, y ~ 0.2 (Figs.
3c-3d). The former corresponds to the head of the streamer
caused by the distorted magnetic field. The latter corre-
sponds to the jet head. We also see the low-density and
low-pressure region at the base of the jet, the same as in case
A. An asymmetric slight bow shock is also found in the
density and pressure plots (Figs. 3¢c-3d). For case D, the
highest density region is located at the jet head only (Fig.
3e). The highest density region is merged into the bow
shock. For case E, a high-density region is found only at the
jet head (Fig. 3g). The pressure at the jet head is much
higher than that of the bow shock compared with the other
cases (Fig. 3h). The bow shock is located at the magnetic
shear, as expected, and it is almost symmetric around the jet
axis. 3.1.2. Low-Angle Cases (60 = 15°)

We have also investigated cases with the initial jet—
magnetic field angle 8 = 15°. Figure 4 shows the velocity
(Figs. 4a, 4c) and magnetic field (Figs. 4b, 4d) on the x-y
plane at z =0 of cases F (v, = 4v,) at t = 1.747, (Figs.
4a-4b) and G (v = Tv,) at t = 1.0t, (Figs. 4c—4d). The
density and pressure plots for the same cases at the same
time are plotted in Figure 5. The jet (case F) goes straight
(Fig. 4a) without the expansion near the orifice found in
case D (v, = 4v,, 0 = 45°) (see Fig. 2¢). The magnetic field
plot indicates the very strongly distorted magnetic field
lines which are expected to accelerate the ambient plasma
around the jet very rapidly (Figs. 4a—4b). The accelerated
plasma forms a high-density region, as shown in the density
plot (Fig. 5a). The high-density region is separated from the
bow shock. On the other hand, the high-pressure region is
located at the jet head only (Fig. 5b).

Case G (vy = 7v,) is shown in Figures 4c—4d and 5¢-5d at
t = 1.07,. The jet also goes straight without the expansion
near the orifice, in comparison with case E (v, = Tv,,
0 = 45°) (see Figs. 2g-2h and 3g-3h). The magnetic field plot
indicates the very strong distorted field lines (Fig. 4d). The
slightly high density region between the jet and the
upstream bow shock is due to acceleration by the distorted
magnetic field, as shown in Figure 5¢. The bow shock is
clearly symmetric. In this case, both high-density and high
pressure are located at the jet head (Figs. 5¢—5d). These
simulations confirm the intuitive results that the jets go
more nearly straight with smaller bending angle (0 = 15°)
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F16. 3.—Comparison of density (a, , e, g) and pressure (b, d, f, h) profiles for cases A, B, D, and E. (a, b) Case A (v, = 2v,) att = 1.877,. (c, d) Case B
(vo = 2.5v,) att = 1.641,. (e,f) Case D (v, = 4v,) att = 1.421,. (g, h) Case E (v, = Tv,) att = 1.247,.

between the jet velocity and the ambient magnetic field than
large-angle cases (0 = 45°).
3.1.3. Three-dimensional Structure of the Jet

Figure 6 shows the three-dimensional structure of the jet
and magnetic field for case E (6 = 45°, v, = 7v,). The gray
object is the velocity isosurface v, = 1.27v,, which indicates
the shape of the jet. The orifice of the jet is the light gray
circular object on the y-z plane. Note the expansion near
the orifice and the pinching near the jet head. The magnetic
field lines are distorted to let the jet pass through. This
three-dimensional effect is important for propagation
across the oblique magnetic field. Without this three-
dimensional effect, the magnetic pressure at the jet head
increases drastically, and the jet cannot propagate through
the oblique magnetic field.

3.2. Analysis of Numerical Experiment

We have analyzed the bending, compressibility, and
deceleration of the jet head by the oblique magnetic field
with numerical experiments. First we discuss the bending
scale and scattering angle of the jet by the oblique magnetic
field. Figure 7 shows the density (Figs. 7a, 7c) and velocity
(Figs. 7b, 7d) of case A when t = 1.00t, (Figs. 7a-7b) and
t = 1871, (Figs. 7c-7d). The velocity of the jet along the
x-axis near y =0 at ¢t = 1.87t, is smaller than that of ¢t =
1.00t,. However, the velocity along the ambient magnetic
field (0 = 45°) increases, which shows a bending of the jet.
We define the bending scale of the jet as the total length
traveled by the jet along the y-axis as its direction changes
from the y-direction to the direction of the ambient mag-
netic field. For case A, the bending scale is 4.55a. The
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bending scales of all cases are summarized in Table 1 (col.
[4]). Unfortunately, the bending of the jet in cases D, E, F,
and G is not observed because the jet bending is too small
to detect.

To determine the scattering angle Af = tan™! (v,/y,) of

the jet by the oblique magnetic field, the jet head is identi-
fied by the large velocity and high density. From Figure 7
(case A), we calculate the average velocity o, = 0.702v,,
v, = 0.636v, between t = 1.007, and ¢t = 1.871, to evaluate
the velocity of the jet head (Table 2, cols. [2] and [3], first
row) (L is the traveling distance). We can also calculate the
tangent of the scattering angle of the jet by these velocities
(Table 2, col. [4]). The velocity is calculated by this method
for the jet head for each case, and values are summarized in
Table 2 (cols. [2] and [3]). The tangent of the scattering
angle is also calculated for all other cases (Table 2, col. [4]).

The scattering angle of the cases E, F, and G is too small to
detect in this numerical experiment.

Now we analyze the compression of the plasma and mag-
netic field at the jet head. Figure 8 shows (a) the mass
density, (b) the y-component of the magnetic field, and (c)
the internal energy (pressure) of case D at y =02, z=0
along the x-axis, which is almost along the jet and contains
the jet head at t = 1.427,. The maxima of density and pres-
sure are located at x & 2.60 (see Figs. 84, 8¢). The maximum
of B, is located at x = 2.75 (Fig. 8b). The density and pres-
sure maxima correspond to the working surface of the jet.
The later maximum is caused by the ambient magnetic field
compression, therefore it is located in front of the working
surface. The mass density at x < 1 is smaller than the initial
ambient density p, = 2. This is caused by entrainment of the
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TABLE 1

THE BENDING SCALE OF THE JET IN THE
OBLIQUE MAGNETIC FIELD

Case Vo 0 R/a Ry/a
m @ 6 O ©)
A..... 2 45° 4.55 6.30
B...... 25 45 6.95 9.80
C...... 3 45 101 142
D...... 4 45 >15.0 252
E...... 7 45 >17.5 50.5
F..... 4 15 >20.0 71.0
G...... 7 15 »>20.0 154
TABLE 2

THE SCATTERING ANGLE OF THE JET BY THE
OBLIQUE MAGNETIC FIELD

Case v, ¥y v/, L tan AG,,
M @ ©)] @ &) ©)
A..... 0702 0636 0906 142 0.282
B...... 0.827 0663  0.802 142 0.181
C...... 1.14 0.198 0174 207 0.183
D...... 1.90 0177 0093  2.68 0.133
E...... . .o . 3.63 0.059
F..... 352 0.044
G...... 372 0.015
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TABLE 3

1.74z,. (c, d) Case G (6 = 15°,

COMPRESSIBILITY AT THE JET HEAD OF ALL CASES

Case g 0 1 k ¢ ky Eu
wm o 6 @& ©o © 0O 6
A...... 2 45° 0.605 0.824 2.47 0.808 1.67
B...... 25 45 0.725 0.729 2.85 0.516 2.60
C...... 3 45 0.678 0.569 3.61 0.435 3.75
D...... 4 45 0.640 0478 4.67 0.354 6.67
E...... 7 45 0.452 0.403 124 0.284 204
F...... 4 15 0.532 0.281 5.26 0.354 6.67
G...... 7 15 0.404 0.272 154 0.284 20.4
TABLE 4
THE DECELERATION EFFECT OF THE SPEED
OF THE JET HEAD
Case o 0 v, M
) @ 0 @ ©)
A...... 2 45° 0.702 0.437
B...... 2.5 45 0.827 0.920
C...... 3 45 1.14 142
D...... 4 45 1.90 194
E...... 7 45 3.60 3.36
F...... 4 15 195 1.99
G...... 7 15 372 348
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FiG. 5—Comparison of density (a, c) and pressure (b, d) profiles for cases F and G. (a, b) Case F (0 = 15°, v, = 4v,) att = 1.74z,. (c, d), Case G (6 = 15°,

vy =Tv,)att = 1.00z,.

described in the previous subsection. This effect can also be
seen in the pressure plot (Fig. 8¢). In this case, the density
compression ratio y = p,/p, is 0.640, where subscripts “a”
and “b” denote the ambient value and the highest value
around the bow shock. The perpendicular component of the
magnetic field is also compressed. The magnetic field com-
pression ratio k = B ,/B,, is 0.478. The density compression
ratio is larger than that of the magnetic field because the
plasma can escape along the magnetic field lines. The pres-
sure compression ratio ¢ = p,/p, is 4.67. Note that the defi-
nitions of y and ¢ are the inverse of those defined by Konigl
(1980). Numerical experiments show that the pressure com-
pression ratio is much stronger than that of density and
magnetic field. The compressibility of all cases is sum-

The speeds of the jet heads were checked with the same
jet velocity (v, = 7v,) but using the different angles. Figure
9 shows the difference between the position of the jet head
of cases E and G jets as a function of time. Until t = 0.41,,
these jet heads locate at the almost same position. After
t = 0.67,, we can see clearly that the low-angle jet (case G)
is faster than the large-angle case jet (case E) with the veloc-
ity difference Av, ~ 0.12v,. This shows the deceleration
effect by the oblique magnetic field. The speeds of the jet
heads are summarized in Table 4 (col. [4]).

4. ANALYTICAL MODELS

We have developed a simple analytical model to compare
with the results of the numerical experiments, as described

marlzed@inglall})é%?cgﬁl%[sﬂ_o[g%)mical Society ¢ Provided 51317 i‘ife‘iﬁi&’g}f escﬂ%npl]l:)lfrssltcgv baa ynsttflslﬁlexmence of


http://adsabs.harvard.edu/abs/1996ApJ...464..724K

. Z

KOIDE ET AL.

Vol. 464

FiG. 6.—Three-dimensional structure of the jet in case E at ¢t = 1.24z,. The magnetic field is indicated by the field lines. The gray shade shows the velocity
isosurface of v, = 1.74v, which indicates the shape of the jet. The jet pushes the magnetic field aside as it propagates.

critical velocity v, = [(2/6) sin (6/2)/7] ?v, ~ v,/n'/? con-
cerning the contribution of the magnetic tension. When
v; < v,, the jet is bent very quickly by the magnetic tension.
Case A (vy = 2v,, 0 = 45°) corresponds to the case. In fact,
the jet of case A is bent very quickly by the oblique mag-
netic field. On the other hand, when v; > v,, the jet propa-
gates in a much more straight way than in the above case.
We concentrate on the case with the condition v; > v,
because the extragalactic jet is expected to satisfy this condi-
tion. In this case, the bending scale of the jet by the ambient
oblique magnetic field is estimated by a simple model (see
Appendix) as

(14)

where n = p;/p, is the ratio between the density of the jet
and the ambient plasma. Here we neglect the magnetic
tension. Therefore, this expression gives the upper limit of
the bending scale. However, as discussed in the Appendix,
the bending scale is half the estimation at the shortest
because the averaged value of magnetic pressure is compa-

rable to that of magnetic tension. In the limit 8 — 0, R,,
becomes infinity as expected, which means no bending. In
the limit 6 — n/2, R,, also becomes infinity. This is plausible
because infinite momentum is injected into the local area of
ambient gas to push the perpendicular magnetic field. This
expression is substantially in agreement with the numerical
experiment, as shown in Table 1 (cols. [4] and [5]). It
follows from this expression that jets with high velocity
propagate further and more nearly straight, which agrees
with the numerical result. It indicates also that the magnetic
field with 6 = 45° bends the jet most quickly. In fact, in the
0 = 15° cases, we cannot observe the bending in our
numerical experiment. For cases D, E, F, and G, the
expected bending scales are larger than 50a, which corre-
sponds to no jet bending in the numerical experiment.

A simple model with an assumption of small scattering
angle (see Appendix) yields the expression of the scattering
angle of the jet by the oblique magnetic field as

1L

% a M sin® 20 ,

tan Ay, = (15)
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FiGc. 7—Density gray-scale plots (a, ¢) and velocity vector plots (b, d) of case A att = 1.00t, (4, b) andt = 1.877, (c, d)

where L is the traveling distance of the jet. Here we use a
small scattering angle approximation. In the limit 6 — 0 and
0 — =/2, no bending is in agreement with the bending scale
R, limits given above. The 6 = n/4 oblique magnetic field
scatters the jet most quickly. This expression agrees with the
scattering angles found by the numerical experiments as
shown in Table 2 (cols. [4], [6]). We found a good agree-
ment in cases C and D. The difference in cases A and B is
because the scattering angle is not small, as was assumed in
equation (15). Unfortunately, in cases E, F, and G, the scat-
tering angle could not be measured because it is less than
0.06 rad. Comparison between cases D and F clearly shows
the dependence of the jet-magnetic field angle on the scat-
tering angle. This expression yields the averaged scattering
angle by an isotropic turbulent magnetic field as

Agy =+ L1

150 a yM3 19

© American AstronommafSociety * Provided

In order to compare the observed compression of the
plasma and perpendicular component of the ambient mag-
netic field at the jet head, we used a Rankine-Hugoniot
relation at the front of the bow shock. The one-dimensional
compression caused by passing through the sound shock is

1 3 (v

ka 2 + 2 (%) . 17
Here the sound speed v, becomes the Alfvén speed when
equipartition is assumed. In the one-dimensional model, the
compression ratio of plasma density y is the same as the
density ratio k because of the frozen-in condition. The
values calculated by this equation are shown in Table 3 (col.
[7]). Here we use a simple expression of jet head speed
without magnetic field. These calculated values k,, are in
rough agreement with the numerical experiment results y
and k (Table 3, cols. [4]-[5]). In the numerical experiments,
the density compression y is larger than that of magnetic
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FiG. 8.—(a) Mass density (b) y-component of magnetic field, and (c)
pressure for case D at the x-axis, which is almost the jet axis (y = 0.20,
z = 0.00). The density, magnetic field, and pressure are compressed around
the bow shock.

field k except for case A because the plasma can escape
along the magnetic field lines. This effect is neglected in the
simple one-dimensional model. The mumerical result shows
that the density ratio k in case E (v, = 4v,, 0 = 15°) is
noticeably less than that of case D (v, = 4v,, 0 = 45°). We
can find the same effect in cases E (v, = 7v,, 0 = 45°) and G
(vg = Tv,, 0 = 15°). This effect can be understood by noting
that the magnetic pressure becomes important in the
0 = 45° cases. Expression (17) asserts that y and k must be
larger than 1/4. We can confirm this restriction in Table 3 in
the numerical results. The compressibility of the pressure at

0.12 T T T T

-0 -
o

o o
o O
[o2 0 o]
T T

1 1

.0 0.2 0.4 0.6 0.8 1.0

time

F1G. 9—The difference between the position of the bow shock for case
E and G jets as a function of time. We found the deceleration velocity of
the jet by thie oblique magnetic field from ¢ = 0.6z, to ¢ = 1.0z,. Solid line
indicates the average velocity difference between them.
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the jet head is determined by the balance between the ram
pressure of the jet head p{v; — v,)* and the higk pressure p,

as
v, \2
¢u= vn(v—) . (18)

The calculated values are shown in Table 3 (col.  8]). These
values &,, are in good agreement with the results of numeri-
cal experiments. This expression indicates that the pressure
at the jet head increases rapidly as the jet velocity increases.
In fact, the numerical experiments of high-speed jet cases E
and G show the extremely high compressibility at the jet
head as shown in Table 3 (col. [6]).

The numerical experiments show the deceleration of the
head speed by the oblique magnetic field (see the previous
section). This effect is explained by the balance of ram pres-
sure and magnetic pressure at the working surface. A simple
one-dimensional model (see Appendix) yields

M = ﬁ D 19
h 1_'_\/?UO s ( )

v

where

b (1 — sin? /qk2M3X1 + /1)

J1 + 1+ (U= 1) sin? 9/k>M3
This expression asserts that the speed of the jet must M, >
sin @y~ 12k~ ! to propagate across the oblique magnetic
field. In the limit 8 — 0, v, reduces to the well-known expres-
sion without magnetic field (Norman & Winkler 1985;
Kochanek & Hawley 1990; Begelman & Cioffi 1989; Wiita,
Rosen, & Norman 1990; Wiita & Norman 1992). This
expression with " =1 agrees with the numerical experi-
ment except for case A, as shown in Table 4 (cols. [4] and
[5]). The predicted value for case A using equation (19) does
not agree with the numerical result because the jet has
already bent in a short distance. In a limit n’k>M3 < 1 with
7' < 1, equation (20) becomes

1+ /n sin?
pat— L sin” 6 1)
2 nk*Mj

(20)

5. DISCUSSION

We investigated the propagation of jets injected obliquely
into ambient uniform magnetic fields using the three-
dimensional MHD code ZEUS-3D and simple analytical
models. The results are summarized as follows:

1. The oblique magnetic field bends the jet. We found
that the morphology of the jet propagation depends on the
jet velocity in the case of § = 45°. For the case with Mach
number M, < 2, the jet is bent very quickly by the oblique
magnetic field because of v; < v, where v, is critical velocity
for magnetic tension effect. For 2 < M, < 4, the jet seems
to spread and split before bending. If M, > 4, the jet propa-
gates almost straight, but eventually it bends. In this case,
magnetic tension is negligible. The bending scale and scat-
tering angle of the jet propagation by the oblique magnetic
field were investigated by the numerical experiment and
simple models (eqs. [14]-[15]): when M, > 2, magnetic
tension is negligible. We found good agreement between the
simple models and the numerical experiment for most cases.
They show clearly that the jet with the high velocity propa-
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gates further and without measurable bending. They also
indicates that an oblique magnetic field at 6 = 45° bends
the jet with the shortest traveling distance compared with
any other angles. Equation (16) yields the averaged scat-
tering angle by the isotropic turbulent magnetic field.

2. The plasma density and the perpendicular component
of magnetic field in front of the jet are compressed. The
compressibility of the magnetic field and plasma density
increases as the velocity of the jet increases. The compress-
ibility is given by the Rankine-Hugoniot relation (eq. [17])
at the bow shock of the jet head. The plasma pressure at the
jet head also increases as the jet velocity increases. The
compressed pressure is given assuming balance between the
incident ram pressure of the jet and the pressure at the head
as described by equation (18). They show that the pressure
at the jet head is proportional to the square of the jet veloc-
ity, while the density and perpendicular component of the
magnetic field at the head must be larger than 1/4.

3. The oblique magnetic field decelerates the speed of the
jet head. The simple model described by equation (19)
agrees substantially with the results of the numerical experi-
ment. This simple model shows dependence of the deceler-
ation rate of the jet on the angle between the initial jet
velocity and magnetic field.

Now we apply these results to explain the jets of BL
Lacertae objects. Recent VLBI observations have revealed
three kinds of impressive peculiarities of BL Lacertae
objects within the unified scheme of AGNs. First, the mag-
netic field at the knot is perpendicular to the parsec-scale
structure of BL Lacertae objects while parallel to nuclear
jets in quasars. Second, the flow speeds of BL Lacertae
objects are systematically less than those of quasars. The
third peculiarity is a statistical remark ; that is, for almost all
BL Lacertae objects, one-sided jet structures at parsec and
kiloparsec scales are strongly misaligned, while for some of
quasars and extragalactic jet they are more nearly aligned.

Sol (1992b) and Sol & Vicente (1995) proposed the model
of the jet injected into the oblique magnetic field to explain
some of these pecularities. They considered the oblique
coherent magnetic field tied with the accretion disk whose
rotation axis is different from the jet axis. But the scale of
the accretion disk is much smaller than 1 pc, which is the
order of the VLBI resolution, so it is improbable that such a
magnetic field held by the accretion disk has influence on
the kilo-parsec scale structure of BL Lacertae objects. Jones
et al. (1985) analyzed the magnetic field around BL Lacertae
objects as a turbulent field. Therefore, the model of a jet
injected into the turbulent ambient magnetic field is more
plausible for BL Lacertae objects. These peculiarities and
the lack of the emission line of BL Lacertae objects may be
explained by an assumption that the extragalactic magnetic
field of 1” scale around BL Lacertae objects is turbulent,
while that of quasars is coherent.

Recently, X-ray spectrum analysis has estimated the mag-
netic field strength B, ~ 20 mG (Tashiro et al. 1995; Sam-
bruna et al. 1995). This observational value is expected for
the compressed magnetic field at the jet head. The compres-
sion rate is greater than 1/4. Therefore, the ambient mag-
netic field strength is greater than B, ~ 5 mG. We also
determine 5 ~ 0.01 from the observational shape of jet
(Norman 1990). A recent VLBI observation has determined
the radius of the cross section of the jet a ~ 0.5 pc (Appl et
al. 1995). Jones (1985) determined the characteristic length
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of the turbulent magnetic field around BL Lacertae objects
Ig ~ 0.2a. Many authors (Begelman, Blandford, & Rees
1984; Gabuzda, Wardle, & Roberts 1989b; Hughes, Aller,
& Aller 1989; Mutel 1989; Mutel et al. 1990) have con-
cluded that the jet is relativistic, v, ~ ¢, v; ~ ¢, where c is
light velocity. In this case, the Alfvén Mach number is
M, ~ 30. Here we neglect the relativistic effect to evaluate
the rough but essential estimation of the BL Lacertae
objects. The relativistic effect is considered in our following
work. We choose other parameters based on the work by
Sol & Vicente (1995) as follows: n, ~ 10° m~3 and
n' ~n~001.

We are aware that our nonrelativistic MHD simulations
cannot be applied to explain observations with BL Lac
objects directly. Furthermore, BL Lac objects consist of
electron-positron plasmas; therefore, an electromagnetic,
relativistic particle code (Zhao et al. 1994) would be neces-
sary to include kinetic effects which are essential in electron-
positron plasmas. However, the main features of our
simulations would apply in observations with BL Lac
objects. First we discuss the peculiarity of jet bending of BL
Lacertae objects. Hardee (1987), Hardee et al. (1994), and
Conway & Murphy (1993) proposed the model of Kelvin-
Helmholtz instability to explain the misalignment of
nuclear jets of AGNs. Other mechanisms of the bending
were proposed, e.g., a precessing of a binary engine
(Begelman et al. 1980) and deflection of the jet in a dense
ambient medium (Ludke 1994). Bending of the jet by inter-
action with an ambient magnetic field is discussed. The
bending scale of the jet by the turbulent magnetic field is
estimated as follows. First we assume that the ambient
medium is uniform and injection angle 8 = 45° to evaluate
the shortest length. The bending scale is then estimated to
be R,, = 28a by equation (14). But according to Jones et al.
(1985), the ambient magnetic field is turbulent, with the
characteristic length of 0.2a. This length is much less than
that of bending. Hence, the influence of the turbulent mag-
netic field is regarded as the small-angle scattering of the jet
by one coherent piece of the turbulent magnetic field. Many
small-angle scatterings may produce large bending of the
jet. This mechanism is regarded as a random walk process.
We can estimate the final scattering angle © as

0 = (Af) L ,

lp

where L ~ 1 kpc is the traveling distance of the jet and
Ig ~ 0.1 pc is the characteristic length of the turbulent mag-
netic field. This yields ® ~ 0.2(rad) with equation (16),
which shows that the turbulent ambient magnetic field can
bend the jet of the BL Lacertae object. This bending mecha-
nism by the ambient turbulent magnetic field becomes
important for the jets of BL Lacertae objects. This addi-
tional bending mechanism explains the third peculiarity of
BL Lacertae objects.

Furthermore, our MHD numerical experiment confirms
that the plasma and the perpendicular component of the
ambient oblique magnetic field are compressed at the head
of the jet, as mentioned in the above item (2). The jets of BL
Lacertae objects go through a substantially oblique mag-
netic field because of the turbulent magnetic field, while
those of quasars are parallel to the magnetic field in milli-
arcsecond scale. We calculate the enhancement of the syn-
chrotron radiation to estimate the intensification of the
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!+ polarized radiation. A simple model yields the emissivity as

€ = 40 pB?/(2um, c), where o is the Thomson cross section
'+ and m, is mass of the electron. The enhancement ratio of the
. polarized emissivity € at the jet head to that of the bulk of
jet and ambient plasma is 6000 for the oblique jet to the
ambient magnetic field. This enhanced synchrotron radi-
ation may hide the emission lines in BL Lacertae objects. In
fact, recently the emission lines of BL Lacertae objects have
become stronger compared to synchrotron radiation and
observed more clearly (Vermeulen et al. 1995). The enhance-
ment of the synchrotron radiation may make the perpen-
dicular component of the turbulent magnetic field around
BL Lacertae objects dominant at the jet head which is
observed as the knot by VLBI, while no enhancement of the
perpendicular component of the coherent around quasar is
expected. The assumption explains both the lack of an emis-
sion line and the first peculiarity of BL Lacertae objects.
The model of a jet injected to the oblique magnetic field
also explains the second peculiarity. Our numerical experi-
ment confirms the deceleration of the jet head by the
oblique magnetic field. We estimate that the deceleration
rate D = 0.28 where 0 = 45° for average and k = 1/4. This
means that the oblique magnetic field decelerates the jet
head to one-fourth of the speed without the ambient mag-
netic field (see eq. [19]). On the other hand, the deceleration

Vol. 464

of the jet head speed of the quasar by the ambient magnetic
field is not expected because of its parallel coherent mag-
netic field.

The model of the jet injected into the ambient random
magnetic field may explain the three peculiarities and the
lack of an emission line in BL Lacertae objects.

In this paper, we have assumed a nonrelativistic jet,
which is clearly inappropriate for many extragalactic radio
jets. We will consider the bending of relativistic jets in a
forthcoming paper.
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APPENDIX

We derive a simple estimation of the bending length R,, and the scattering angle of the jet by the oblique magnetic field
ABy,. Both the gradient in magnetic pressure and the tension of the bent magnetic field lines have the tendency to stop and
bend the jet. Here we neglect the magnetic tension. This estimation yields the upper limit of the bending scale. The force
density of the magnetic pressure and tension are estimated by f, = | VB?/2| ~ B*/2L and f, = | (B - V)B| ~ B*/R, respectively.
Here R is the radius of curvature of the magnetic field and L is the characteristic length of magnetic pressure gradient by the
jet. When R ~ 2L, we obtain f, ~ f.. In fact, we found that the averaged value of magnetic pressure is comparable to that of
magnetic tension beside the jet in our simulation results. Therefore, the bending scale is half the estimation at the shortest (see
following equations). Figure 10a shows the initial jet propagating through the oblique magnetic field (solid line) and eventually
the bent jet (dotted line). We separate the initial velocity of the jet into the parallel and perpendicular components with respect
to the ambient magnetic field. We consider the coordinate system O’-x'y'z’, whose velocity is the same as the parallel velocity
of the jet. In this new coordinate system, the jet is injected perpendicularly to the ambient magnetic field, with the velocity
v, sin 6 (Fig. 10b). The orifice of the jet moves along the magnetic field with the velocity v, cos 8 as well as the ambient
medium. Therefore, the velocity of the jet is not parallel to the axis of the jet. The kinetic energy per unit length is
na’p{v, sin 0)*/2. The magnetic field on the jet boundary is estimated as B,. The jet also contains magnetic field B, cos 6. The
force per unit length from the ambient magnetic field to the jet is aB? sin? 6. We can define a geometrical factor S = sin? 6.
The jet stops at a distance R’ on the new coordinate system, which satisfies

1 .
3 na’p v, sin 0)* = aBZ SR’ cos 6 .

When the jet stops on the new coordinate system, it propagates along the magnetic field, i.e., it already bends on the original
coordinate system. The distance R,, of the bending in the original coordinate system is estimated to be

’

= M2 —
M= n g YA Gn (20)

The force perpendicular to the jet aB2S/t accelerates the jet perpendicular to the jet with the velocity v, in the original
coordinates when the jet goes almost straight. The perpendicular velocity is estimated by the equation

na’p;v, = aBZ St ,

where traveling time ¢ is given by the traveling distance L and the jet head velocity v, as t = L/v,. The perpendicular velocity
v, is given by
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F1G. 10.—The schematic picture of the jet propagation through the oblique magnetic field in the different coordinates. (a) The jet is propagating across the
oblique magnetic field in the original coordinates O — xyz, where the ambient plasma is rest. (b) The oblique jet is injected perpendicularly into the ambient
magnetic field in the new coordinates O’ — x'y’z’. The orifice of the jet moves downward, the same as the ambient plasma.

When we use v, =

tanAO———

Vo

()*?vo/[1 + (n')*/*], we obtain the scattering angle by the oblique magnetic field:
L

M,Zx sin? 20 .

We derive the expression (19) of the deceleration of the jet by the oblique magnetic field. In the coordinate frame at rest with
respect to the jet head, the balance between the ram pressure and ambient magnetic field is given by

plvo — Uh)zsj = Sh[pa vi + 7 - a—":l ,

2 2 2
B2 (B c:s 0) 22)

where we approximate the magnetic field at the front of the jet by the initial magnetic field. Here we neglect the contribution
of pressure. This assumption is valid when the pressure inside the jet is the same as that of the ambient plasma. We can solve

this equation easily as

Uy =

—1'vo £ /(1'05)> — (1 — n)v3n sin® 6 — n'v})
1—74 ’

(23)

We have to take the plus sign on the numerator of the right-hand side because of the direction of the jet. We replace M, with
kM , considering the compression effect at the side of the jet. After some algebra, we find equations (19).
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