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Abstract

We present an MHD model for the galactic center lobes (GCL) by
using an axisymmetric 2.5-dimensional MHD simulation. According to
our model, GCL is a low-energy jet emanating from the H 11 gas disk ex-
tending beyond r~ 100 pc from the galactic center. The model is based
on the “sweeping-magnetic-twist” mechanism developed by the authors
for the production of cosmic jets, where the gas in the surface layer of the
contracting disk is lifted up by the Jx B force in the relaxing magnetic
twist, which is generated by the interaction of the rotation of the contract-
ing disk with the poloidal magnetic field. We incorporate the realistic
gravitational potential suitable for the galactic center region, in which
the rotational velocities are approximately constant for r=20-100 pc.
The difference between the models with this realistic potential and those
with the potential due to a point mass is examined in detail. On the basis
of the numerical results, we present a scenario for the formation of the
GCL.

Key words: Astrophysical jets; Galactic center; Twisted magnetic
fields.

1. Introduction

Sofue and Handa (1984) found a prominent lobe with a size of about 100 pc
above the center of our Galaxy in the radio continuum survey at 10 GHz performed
at Nobeyama. This galactic center lobe, which is hereafter referred to as the GCL,
has an appearance of a pair of ox-horns in projection, or a hollow cylindrical shell
structure in three dimensions, and seems to emanate from the galactic center H 11
gas disk (Mezger and Pauls 1979; Liszt and Burton 1979). Sofue (1984, 1985) sug-
gested that the GCL may be a low-energy prototype of radio jets observed in the
active galaxies and quasars (e.g. Begelman et al. 1984; Bridle and Perley 1984), and
constructed a model in which the GCL is regarded as the shock front originating
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from the explosion at the galactic nucleus. On the other hand, it is well known that
there is a peculiar structure called “radio arc” which seems to be connected to the
galactic nucleus Sgr A. The arc has an apparent size of about 50 pc, and its vertical
branch is located just along the extension of the eastern ridge of the GCL. The
oblique branch of the arc connects the vertical branch to Sgr A. According to a
recent VLA observation with a high spatial resolution (Yusef-Zadeh et al. 1984;
Morris and Yusef-Zadeh 1985), this arc shows a significant filamentary structure
suggesting some effects of a magnetic field. Indeed, more recent observations of
radio polarization (Inoue et al. 1984; Tsuboi et al. 1985, 1986; Seiradakis et al. 1985)
have confirmed the presence of a strong magnetic field parallel to the vertical branch
of the arc. The polarization observations revealed that the directions of the magnetic
vectors corrected for the Faraday rotation lie just along the eastern ridge of the GCL,
and the line-of-sight component of the magnetic field along the eastern ridge of the
GCL (passing through the vertical branch of the arc) changes sign across the galactic
plane (Inoue et al. 1984; Tsuboi et al. 1985).

As for the western ridge of the GCL, there is no strong Faraday rotation measure
(M. Inoue 1985, private communication), although the filamentary structure is also
found at Sgr C at the foot of the western ridge of the GCL (Listz 1985).

These observations strongly suggest that the GCL may be a manifestation of the
activity related to the strong magnetic field in the galactic center region. Hence,
Uchida et al. (1985) proposed an MHD model for the GCL, in which the gas in the
GCL is lifted up from the H 1 gas disk by the Jx B force in the relaxing magnetic
twists, which are generated by the interaction of the rotating H 11 gas disk in contrac-
tion with the poloidal magnetic field lines. This model is based on the MHD model
for the astrophysical jets developed by the present authors, named the “sweeping-
magnetic-twist” mechanism (Uchida and Shibata 1985a, b, c, 1986; Shibata and
Uchida 1985, 1986a, b). This model agrees well with various observational facts
about the GCL, such as the morphology of the GCL [the cylindrical shell structure
found by Sofue and Handa (1984)], and the polarization features found by Inoue
et al. (1984) and Tsuboi et al. (1985) described above. For example, the opposite sign
of the line-of-sight component of the magnetic field above and below the galactic
plane is naturally explained as the helically twisted magnetic field lines which are
pulled by the rotation of the gas disk in the direction of the galactic rotation (Uchida
et al. 1985).

In Uchida et al. (1985), the gravitational potential in the galactic center region
is assumed for simplicity to be the one produced by a point mass. Such a potential
due to a point-mass is hereafter called the Kepler potential. The observation of the
rotational velocity in the galactic center region, however, shows that the rotational
velocity is approximately constant between the radial distances of 50 pc and of 200 pc
from the galactic nucleus (Sgr A) (e.g. Oort 1977). If this rotational velocity is the
result of the balance between the centrifugal and the gravitational forces, the gravita-
tional potential in the galactic center region is not the Kepler one. In the present
paper, we extend the scheme proposed by Uchida et al. (1985) to the case with a more
realistic gravitational potential suitable for the galac’uc center region and see what
kind of modifications follow from this.
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Section 2 describes the fundamental assumptions, basic equations, and numerical
methods. The results are given in section 3 and a scenario on the formation of the
GCL and the related problems are discussed in section 4.

2. Assumptions, Basic Equations, and Numerical Methods

The situations considered in the MHD model of Uchida et al. (1985) are as fol-
lows [see also Uchida and Shibata (1985a, b, ¢) and Shibata and Uchida (1986a, b)].
Initially, we consider a dense, warm isothermal gas disk (H 11 gas disk) with a uniform
magnetic field penetrating the disk vertically, i.e., parallel to the rotation axis of the
disk. A hydrostatic isothermal halo is assumed outside the disk. Then, let the disk
rotate with a sub-Keplerian rotational velocity. The disk pulls the magnetic field
lines toward the center as well as in the ¢ direction, generating the magnetic twists.
As the disk contracts, the magnetic field is tightly twisted. When the magnetic twist
becomes sufficiently large, the gas in the surface layers of the disk starts to be ac-
celerated upward above the disk and downward below the disk, producing supersonic
jets (GCL). The resulting jets have a hollow cylindrical shell structure spinning
around the axis of rotation.

Here in this paper, we consider the same situation as the above and adopt various
possible forms for the gravitational potential. In order to model these situations
numerically, we assume (1) 2.5-dimensional axisymmetry around the rotation axis
of the disk, where 2.5-dimensional means 9/0p=0 in the cylindrical coordinates but
v, and B, are not zero, (2) ideal MHD (adiabatic, infinite electrical conductivity),
and (3) that the self-gravity of the disk is neglected. The basic equations are as fol-
lows:

2.7 -(o¥)=0, M
v 1
o+ p— (7 X B)x B—og=0,, @
%—’;—Vx(VxB)zo, 3)
d
£ (po)=0, @
where
d_0 ., p.
L=lyvr

and g=—grad ¢ is the gravitational acceleration vector due to the potential ¢», which
is described later in this section, and 7 is the ratio of specific heats.

The initial conditions are the same as those in the previous model described above.
For practical reasons in the calculations, we set an inner spherical boundary at (r*--
z?)V2=r,=0.3 X r, surrounding the origin, where r, is the inner radius of the initial
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disk. The boundary conditions on this inner boundary and on the top and side sur-
faces of the cylindrical region are all assumed to be the free boundary conditions.
The basic equations are made dimensionless and as a result we have the following
dimensionless parameters:

R=(Vy/Vy) ()
R,=(ValVo)* (©6)
Ry=(Vool V3)* (7
Ry=Thuo/ Taisx » ®)

where V,, V,, and V,, are respectively the sound, Alfvén, and rotational velocities at
r=r, in the initial disk, and ¥, is the rotational velocity satisfying the balance between
the centrifugal and gravitational forces at r=r; in the model potential, T},;, and T g;ex
are the initial temperatures of the halo and the disk, respectively. [If the potential is
the one produced by a point mass, ¥, becomes the Kepler velocity as in the previous
papers (e.g., Shibata and Uchida 1986a, b)]. The length, the velocity, and the time
are normalized by rq, ¥, and ro/V,. Other normalization factors such as p, (density),
T, (temperature), and B, (magnetic field strength) are all those at r=r; on the equa-
torial plane of the initial disk. We adopt the normalization factors for these quan-
tities, (rq, pa, Ta, Vp, Bo) suitable for the GCL as (100 pc, 107** g cm™3, 5000 K, 200
kms~! 2x107%G). Then, the dimensionless parameters become (R;, R,, R,)=
(1.8 1073, 4.3x 1072, 400), if Ty, is assumed to be 2x 10° K. We assume that R,
is smaller than unity (sub-Keplerian rotation for the initial disk), but the exact value

2

Rotational velocity (200 km s™?)
[

0 1 , i N
0 1 2

Radial distance (100 pc)

Fig. 1. The rotation curves for modified Plummer’s (1915) potential (b,=0.3: dashed
curve; 0.2: dash-dotted curve; and 0.1: dash-double dotted curve). The curve for
the Kepler potential (KP) is also shown by the solid curve. The crosses denote the
observed distribution of rotational velocities (Oort 1977). The case of 5;=0.3 in
modified Plummer’s (1915) potential is called in the text the flat rotation potential
(FRP). The units of the velocity and the length are ¥, (=200 kms~?) and ry (=100
po), respectively.
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of R, is taken to be a free parameter. The numerical values quoted in later sections
are all dimensionless ones defined in this section unless otherwise noted.

As the gravitational potential suitable for the galactic center region, we assume
a linear combination of Plummer’s (1915) potentials given by

g=clc,/(R+b.7)"*+(1—c)/(R+5)"], ©)

where R=(r*+2z?)"? is the distance from the galactic nucleus (Sgr A), and ¢,, c,, b,
and b, are free parameters, which are determined by the condition that the distribu-
tion of the rotational velocity approximates the observed one in the galactic center
region, when the rotation satisfies the balance between the centrifugal and gravita-
tional forces in this potential. According to Oort (1977), the rotational velocity of
the gas disk around r=50-200 pc in the galactic center region is approximately con-
stant ~200 km s~!. Assuming that ¢,=0.75 and b,=b,/r,=3.0, we seek b,=b,/r,
which best approximates the observed flat profile of the rotational velocity. Note
that ¢, is determined by the condition that V=200 km at r=r;=100 pc. Figure 1
shows the distributions of the rotational velocity for both observations (crosses) and
models (others). The case in the Kepler potential is also shown in this figure by
solid curves. Model curves for three cases are shown: b,=0.1, 0.2, and 0.3. It is
found from this figure that the case b,=0.3 best agrees with the observed curve. Thus,
in later sections we mainly study the case 5,=0.3 for the model of the GCL.

3. Numerical Results

3.1. Characteristic Properties of the Model in the Case of the Gravitational Potential
Producing a Flat Rotation Curve

We now show the results in the case of the gravitational potential shown in figure
1 suitable for the galactic center (the potential with b,=0.3). We show in figures 2a
through 2e the time development of p, the density, V,=(V,, V), the poloidal velocity
vector, B,=(B,, B,), the poloidal field lines, V,, the azimuthal velocity, and B,, the
azimuthal component of the magnetic field, for the case of (R, R;, R;, R)=(1.8%
1073, 4.3 x 1073, 0.49, 400) (see section 2).

As seen in figure 2, the disk contracts toward the center and rotates around the
axis of rotation as well, and pulls the field lines in both these directions. The magnetic
field is helically twisted by the rotation of the disk. When the generated magnetic
twist relaxes along the poloidal field lines, the gas in the surface layers of the disk is
lifted up by the JxX B force. The gas ejected from the disk has a hollow cylindrical
shell structure. These dynamical processes are essentially the same as those in the
case of the Kepler potential presented in the previous papers (e.g., Uchida et al. 1985).

In order to compare the above result with the case of the Kepler potential in
more detail, we show in figure 3 the latter case where all the parameters are set equal
to those in the former case except for the potential form. Hereafter, we use the ab-
breviations for the case of the “flat rotation potential” as FRP and for the case of the
Kepler potential as KP. By carefully comparing figure 2 with figure 3, we find the
following points:

(1) The velocity of the ejected mass (jet) is larger in the KP case than that in
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Fig. 2. Time variations of (a) log e (density), (b) Vy=(V,, V) (poloidal velocity vector),
(c) By=(B,, B,) (poloidal magnetic field lines), (d) ¥, (azimuthal velocity), and (e)
B, (azimuthal component of the magnetic field) in the case of the flat rotation po-
tential (FRP) with (R, Ry, Rs, R,; b)) =(1.8 x 1073, 4,3 x 1073, 0.49, 400; 0.3). The scale
of the velocity vector is shown by the short line on the right-hand margin of the figure
of t=2.54 in units of 0.85V, (=170 kms~'); VNM=2.0 indicates that the arrow
with the length of this line has the velocity of 2.0 X0.85 ¥V, (=340 km s~%). Similarly,
the scale of the length is also shown by this short line in units of 74, The whole size of
the region illustrated in these figures is (#max X Zmax) =(1.3 X 1.3). The contour-level step
width is 0.5 for (a) in the logarithmic scale, 0.2 for (d) in units of 0.85 ¥, 1.0 for (e)
in units of B, (t=0), The numbers below each frame represent the time in units of
the free fall time (=r4/V,=5x%10° yr).
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the FRP case by about a factor 2-3.
(2) The contraction of the disk is strongly decelerated or stopped in FRP, while
the disk continues to contract in KP.
(3) The maximum value of the azimuthal component of the magnetic field is

larger in KP than that in FRP by a factor larger than 2.
ished at 1=2.54 of figure 2f, while it keeps a large value at all times in KP (figure 3f).

(¢) By=(B,, B,) (poloidal magnetic field lines), (d) V, (azimuthal velocity), and (€) B,
(azimuthal component of the magnetic field) in the case of the Kepler potential (KP)
with (R;, R, Rs, R)=(1.8x1073,4.3x1073, 0.49, 400).
as in figure 2.

Other remarks are the same

565

In fact, B, has almost van-

The physical reason for (1) is the following. The gravitational energy released
in the contraction of the disk is smaller in FRP than in KP due to the softness of the
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potential around the center. This leads to the smaller velocity of the jet in FRP,
since the kinetic energy of the jet comes from the gravitational energy released in the
contraction of the disk in our jet model.

Next, we consider the reason for (2), i.e., why the contraction of the disk is strongly
decelerated or stopped. In order to see the mechanism for this, we show in figure 4
the distribution of the rotational velocity along r on the equatorial plane for both
KP and FRP. Figure 4a corresponds to FRP and 4b to KP. The solid curves denote
V,(r)’s, the rotational velocities that exactly satisfy the centrifugo-gravitational equili-
brium, and the other curves are the numerical results at different times. We see that
the rotational velocties in the numerical results at t=2.54 are approximately equal to
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(b)
Fig. 4. The distributions in r of the rotational velocities of the gas in the disk at z=0 (the
equatorial plane). (a) FRP case (t=0.0: crosses; =2.54: circles) corresponding to figure
2 and (b) KP case (#=0.0: crosses; t=2.64: circles) corresponding to figure 3. The
solid curves for both (a) and (b) represent the rotational velocities in the centrifugo-
gravitational equilibrium.
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the equilibrium values (solid curve) in FRP. This is the reason why the disk is de-
celerated or stopped after the initial contraction. On the other hand, the rotational
velocity always stays below the equilibrium value in KP. Thus, the disk can con-
tinue to contract toward the center in KP. This is because the specific angular mo-
mentum of the disk gas is carried away by the magnetic effect during the contraction
(magnetic braking), while without it the actual rotation increases over the centrifugal
equilibrium curve and the contraction is stopped. The angular momentum loss by
magnetic braking allows the disk to continue the contraction in KP. What we must
emphasize is that in FRP the angular momentum extraction from the disk through
the magnetic field with moderate strength is not sufficient to make the disk contract
indefinitely. Contraction cannot continue in FRP, because the rotational velocity
overshoots the equilibrium value even with magnetic braking, since the equilibrium
velocity curve in FRP is flat and low. Figure 4a shows another interesting fact in
relation to the angular momentum problem; the dip in the rotation curve in the FRP
case, where V,’s are systematically smaller than the equilibrium values, is located
just in the region at the foot of the jet. That is, the angular momentum loss due to
the magnetic torque is enhanced by the production of the jet as noted in Shibata and
Uchida (1986b).

Third, we consider the reason for (3): the azimuthal component of the magnetic
field is smaller in FRP than in KP. This is simply the manifestation of the difference
in the rotational velocity of the disk gas, i.e., in the inner region (< 1.0) the rotational
velocity in equilibrium is smaller in FRP than in KP. Thus, the twisting of the mag-
netic field is weaker in FRP than in KP,.

The results (1) and (2) in this section suggest further that the structure like the
GCL can be a transient one for FRP, intermittently ejected and then falling back on
the disk, while a new one is being produced when new gas is supplied to the disk
from larger r by losing angular momentum (see section 4).

3.2.  Parameter Dependence on the Solution

We have calculated several cases by changing the free parameter Ri[=(V,/V,)].
Note that the parameter R; indicates the degree of the sub-Keplerian rotational velocity
in the initial state. In this subsection, we summarize the results briefly.

We show in figure 5 four cases with different R;’s: R;=0.25, 0.49, 0.64, and 0.81.
Other parameters are fixed: (R, R,, R,;b,)=(1.8x1072,4.3x1072,400;0.3). We
can see that the velocity of the jet significantly increases with decreasing R;. When
R,=0.81, there is no prominent mass ejection as seen in the velocity field of figure 5.
The result in the case with R;=0.25 shows the production of a prominent jet similar
to that shown in figure 3 (the case of KP but with R,=0.49). Thus, we can conclude
that even in FRP we have results similar to those in KP by decreasing the value of
parameter R;.

4. Discussion

We have shown in previous sections that the velocity of the jet produced by the
sweeping-magnetic-twist mechanism (Uchida and Shibata 1985a,b; Shibata and
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Fig. 5. Parameter dependence of the numerical results upon the parameter Ry;=(Vyo/V,)?%.
These figures show the distributions of log p, ¥y, and By at the time when the jets are
developed (r=2.23-2.25). The other parameters are fixed to be (R,, R,, R,; b)=
(1.8x107%,4.3 1073, 400; 0.3). Other remarks are the same as in figure 2.

Uchida 1985, 1986a, b) is smaller for the flat-rotation-potential (FRP) case than the
case with a Kepler potential (KP). There is no prominent jet when the initial rota-
tional velocity of the disk is close to the one in the centrifugo-gravitational equi-
librium. In order to produce a prominent jet in FRP suitable for the galactic center,
the initial rotational velocity should be smaller than that in the centrifugo-gravita-
tional equilibrium: Ry=(V,,/V,)*<<0.5. If this initial condition for the disk is
satisfied, a hollow cylindrical jet similar to the GCL is produced as a result of the
interaction between the poloidal magnetic field and the contraction of the rotating
disk through the sweeping-magnetic-twist mechanism proposed by the authors.
Considering these, we present the following scenario for the formation of the
GCL. The Hu gas disk rotating at »~a few hundred parsecs first starts falling
towards the center by losing a large amount of its angular momentum by some mech-
anism, e.g., the gravitational torque exerted in passing through a barred potential
(Sgrenson et al. 1976) or a triaxial potential (Habe and Ikeuchi 1985) in the region
surrounding the galactic nucleus. As a result, the rotation of the disk diminishes to
smaller values so that R;=(V,/V,)*<0.5 when it reaches r~100 pc. As the disk
falls towards a smaller radius, the magnetic field lines are tightly twisted by the rota-
tion of the infalling disk. Then, the gas in the surface layers of this H 11 gas disk is
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lifted up by the Jx B force to produce a hollow cylindrical jet (GCL) when the mag-
netic twist relaxes along the poloidal field. The initial velocity of gas in the GCL
is of the order of 100 km s=*. Since the gravitational potential is nearly spherically
symmetric or axially symmetric at r=10-100 pc in the galactic center, the amount of
angular momentum lost from that part of the disk is not large. (The rate of the
angular momentum loss through the magnetic torque is small.) Thus the disk ceases
to fall at r=10-50 pc. This state may be what we see. The time scale for this process
is a dynamical one, ~10° yr. Similar radio lobes found in other spiral galaxies (e.g.,
Duric et al. 1983; Hummel et al. 1983) may also be explained by the sweeping-mag-
netic-twist mechanism, although the time scales and the sizes may be different from
that of the GCL due to different physical conditions.

Finally, we comment on several points obtained from the detailed observations
of the GCL. First, the structure of the GCL is highly asymmetric with respect to
both the equatorial plane and the axis of galactic rotation. Both asymmetries are
not necessarily inconsistent with our model, because the essence of our model is based
on the interaction of the magnetic field with the contraction of the H 11 gas disk, and
the axisymmetry is assumed for the convenience of the treatment. In particular, the
distance between the nucleus (Sgr A) and the two (west and east) ridges of the GCL
is considerably different. This asymmetry is difficult to explain by the models based
on a single and simultaneous activity such as an explosion occurred at Sgr A (e.g.,
Sofue 1984). On the other hand, the energy in our model jet comes from the release
of the potential energy of the disk situated at around r=10-100 pc; i.e., our model
is based on a large-scale gravitational potential which may be asymmetric with respect
to Sgr A, because the potential around r=10-100 pc is produced by the stellar mass
and not affected much by the mass located at the galactic center. (The total stellar
mass included in the region is estimated to be 10°-10° M, while the mass at the center
is considered to be about 10°Mg.)

The second problem is the origin of the enigmatic structures and activities related
to the radio arc (Yusef-Zadeh et al. 1984; Inoue et al. 1984; Tsuboi et al. 1985, 1986;
Morris and Yusef-Zadeh 1985; Seiradakis et al. 1985; Yusef-Zadeh et al. 1986b).
From the observations that there is no strong polarization in the western ridge of the
GCL, Tsuboi et al. (1986) suggested that the western and eastern ridges are physically
independent phenomena, because in the eastern ridge strong nonthermal emissions
and polarizations are found (Tsuboi et al. 1985, 1986; Seiradakis et al. 1985; Yusef-
Zadeh et al. 1986b). As evidence supporting their argument, they further referred
to the infrared observations (Gautier et al. 1984; Little and Price 1985) that show a
lobe structure just on the western ridge of the GCL. However, we consider that the
nonthermal emission at the eastern ridge is a secondary phenomenon and the differ-
ence between the eastern and western ridges may not be essential for the origin of the
GCL, since the infrared lobe on the western ridge of the GCL is explained as a low-
energy jet driven by the Jx B force in our model. The basic structure of the GCL
may be produced by the sweeping-magnetic-twist mechanism, and the nonthermal
electrons are injected from Sgr A to the radio arc, and provide the part of the eastern
ridge of the GCL with high-energy electrons which give rise to the polarized non-
thermal emission. In fact, the radio arc seems to be physically connected to Sgr A
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with some filamentary bridges, which possibly delineate magnetic field lines (Yusef-
Zadeh et al. 1984). In this connection, Sofue and Fujimoto (1987) suggest that
Sgr A has jets precessing around (e.g., Fukui et al. 1977; Yusef-Zadeh et al. 1986a;
Sofue et al. 1986) and one of them interacts with the poloidal magnetic field of the
GCL to produce energetic electrons which light up the structures of the radio arc.
We also consider that a part of the GCL is illuminated by the nonthermal electrons
provided from Sgr A through the radio arc, or by the magnetic reconnection in the
radio arc itself.
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