NONLINEAR EVOLUTION OF THE PARKER INSTABILITY
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ABSTRACT. Two-dimensional MHD simulations are performed to study the non-
linear evolution of the Parker instability in galactic gas disks. When the most
unstable mode grows, magnetic field lines kink across the equatorial plane of the
disk and thin spur-like structures are formed above dense regions in magnetic pock-
ets. In low 8 (= Pgas/Pmag < 3) disks, shock waves are produced at the footpoint
of magnetic loops, while in high 3 (> 3) disks, nonlinear oscillations are excited
and the loop length increases with time up to A, ~ (3.58 + 6)H, where H is the
half-thickness of the disk.

1. INTRODUCTION

It is suggested that the Parker instability is related to the formation of interstellar
cloud complexes (Parker 1966; Mouschovias et al. 1974) and the Radio spurs and
HI spurs observed in our galaxy (Sofue 1973,1976). Although the linear stage of the
Parker instability has been studied extensively (e.g., Parker 1966), the nonlinear
stage of this instability is not well understood. Thus we performed two-dimensional
MHD simulations to study its nonlinear evolution (Matsumoto et al. 1988,1990;
Shibata et al. 1990).

2. NUMERICAL MODEL

We consider a local part of galactic gas disks in a Cartesian geometry (z, z), where
z-axis is parallel to the azimuthal direction and z-axis is perpendicular to the disk.
For simplicity, we assume a plane parallel gas layer located at a distance R from a
point mass M which is the origin of the gravity, and neglect effects of cosmic ray
pressure, rotation, and self-gravity of the gas disk. Thus the gravitational accelera-
tion in z-direction is g(z) = GMz/(R? + 22)*/2. Magnetic fields are assumed to be

429

H. Bloemen (ed.), The Interstellar Disk-Halo Connection in Galaxies, 429-432.
© 1991 IAU. Printed in the Netherlands.

https://doi.org/10.1017/50074180900089385 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900089385

430

initially horizontal in magnetostatic equilibrium. Two kinds of initial magnetized
disk (and halo) are studied: (1) the isothermal gas layer with constant Alfvén speed
(i.e., the magnetic flux is not localized), (2) the magnetized disk with a hot halo
(magnetic flux is localized around the equatorial plane). Parameters describing
the equilibrium model are 8 = pgas/Pmaeg and € = GM/[(1 + 1/8)C2R], where
the plasma G and the sound speed C; are evaluated at the equatorial plane. Note
that p(z = 00)/p(z = 0) = exp(—e¢) for isothermal disk with constant 8. Thus the
external (or halo) pressure is large for small € disk.

3. RESULTS OF NONLINEAR NUMERICAL SIMULATIONS

8.1 Spurs and Shock Waves

Figure 1 shows the fully nonlinear stage of the Parker instability in the isothermal
gas disk with initially constant Alfvén speed (§ =1 and € = 6). As the instability
develops for the most unstable mode, magnetic field lines kink across the equatorial
plane of the disk and dense regions are created in the pockets of magnetic loops.
Above these dense regions, spur-like structures perpendicular to the disk plane are
formed. These spurs explain thermal spurs observed in our galaxy (e.g., Miiller et
al. 1987). At the footpoint of magnetic loops, shock waves are formed because the
speed of downflow along magnetic loops is comparable to the initial Alfvén speed
(= 1.4C; in this model) and is larger than the sound speed. The configuration
of these shock wave fronts is similar to the distribution of molecular clouds in the
Orion region (e.g., Maddalena et al. 1986). We propose that shock waves produced
by the Parker instability trigger the formation of molecular clouds. After the stage
shown in Figure 1, expansion of magnetic loops is almost stopped owing to the
high external pressure. The region behind shock waves settles into a quasi-static
state.

3.2 The Length of Magnetic Loops

Figure 2 shows the results of parameter survey for the isothermal disk. Here, the
wavelength of perturbation (\) is normalized by the local density scale height H.
In low 8 (< 3) disks, shock waves are formed when the most unstable perturbation
grows. Owing to the energy dissipation due to the shock, the system quickly settles
into the quasi-static state where the loop length is equal to the most unstable wave-
length. On the other hand, in high 8 (> 3) disks, nonlinear oscillations are excited
and the loop length gradually increases with time owing to the mode coupling. The
final length of the loop is determined by the condition of shock wave formation (the
upper hatched region in Figure 2), and is A; ~ (3.58 + 6)H. Therefore, the loop
length in the high g disk is much longer than the most unstable wavelength. A
long (~ 4.5kpc) arc-like structure of the magnetic field observed in M31 (Beck and
Berkhuijsen 1990) may correspond to our long loop (~ 4kpc) for 8 ~ 10.
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Figure 1. Nonlinear stage of the Parker instability in the isothermal disk with 8 =1
and € = 6. The left panel shows the density distribution (grey scale), velocity field
(arrows) , and magnetic field lines (solid curves) at t = 8.55R/C;. The right panel
shows the density contours. The contour level step width is Alogp = 0.25. The
region where the contour lines are close each other represent shock wave fronts.
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Figure 2. Criterion of shock wave formation and nonlinear oscillation for the
isothermal disk with € = 6. Crosses show the cases where shock waves are formed.
Circles denote the cases where the system shows nonlinear oscillations. Triangles
are intermediate cases. Solid curve shows the linearly most unstable wavelength.
Upper hatched area denotes the expected size of quasi-static magnetic loops.
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Figure 3. Numerical results of the Parker instability of a localized magnetic flux
sheet.

3.3 Self-Similar Ezpansion of Magnetic Loops

Figure 3 shows the results when the magnetic flux is initially localized around the
equatorial plane. In the initial equilibrium model, hot halo (Thaio/Taisk = 100)
exists in |z| > 0.1R. Other parameters are § = 1 and ¢ = 1000. Symmetric
boundary condition is used at £ = 0 and z = 0.6 R, and the imposed perturbation
is localized in 0.45R < z. In this low halo pressure (praio/paist < 1072) model,
magnetic loops continue to expand into the halo as long as the magnetic pressure in
the loop is larger than the external halo pressure. The expansion of the magnetic
loop is self-similar and the expansion speed increases linearly with height. These
results are similar to the results of two-dimensional MHD simulations of emerging
magnetic flux from the solar photosphere (Shibata et al. 1989). Figure 3 also
shows that the Parker instability produces various structures such as dense blobs,
magnetic loops, shock waves, neutral sheets, and spurs.
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