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We study the nonlinear evolution of the cosmic-ray Parker instability in the galactic disk by performing 
two-dimensional MHD numerical simulations with cosmic-ray pressure. In the nonlinear stage of the 
instability, simulations reveal that the high-density gas layer are formed at the high latitude of the galactic 
disk through the collision of fast expanding magnetic loops resulting from cosmic ray Parker instability, as 
long as the initial cosmic-ray pressure is relatively larger than the initial magnetic pressure. These 
high-density gas layers can be the origin of filamentary structures observed on the galactic plane. 

 
 
1. Introduction 

The Galaxy consists of about 200 billion stars 
that are mostly distributed on the galactic disk. The 
space between stars is not a vacuum, but filled with 
low-density gas, which is called interstellar gas. 
The average number density of the interstellar gas 
is about 1 cm-3. The main component of the gas is 
neutral hydrogen that is partially ionized. 

The large-scale magnetic fields along the galactic 
disk exist in the interstellar gas. The average 
strength is about 3 µG. Since the diffusion time of 
the magnetic field is much larger than the 
dynamical time, the ideal MHD is a good 
approximation for the interstellar gas. 

In the interstellar space, there also exist cosmic 
rays. The cosmic rays are high-energy particles, 
which are mostly protons and accelerated by 
supernova explosions. Since the energy of these 
particles is comparable to that of the magnetic 
fields per volume, the pressure of these cosmic rays 
contributes to the gas dynamics through magnetic 
fields. 

Parker instability [1,2,3] is one of the important 
instability in the interstellar gas. It occurs in a 
gravitationally stratified magnetized gas. In this 
instability, a role of the cosmic ray pressure is 
considered to be significant. Although there are 
many studies about the linear analyses of the 
instability [1,4], the nonlinear evolutions including 
cosmic rays have not made much progress since 
Kuwabara et al. (2004) [5].  Here, we will show 
the nonlinear evolution of the cosmic ray Parker 
instability in a galactic disk by performing 
two-dimensional MHD numerical simulations with 
cosmic-ray pressure. 

 
2. Numerical model 

Basic equations are magnetohydrodynamic 
equations with cosmic ray pressure [5,6]. In this 
model, the equation of cosmic ray pressure is 
described as the same equation of the gas pressure, 
except for including diffusion term. In this diffusion 
term, the diffusion coefficient is not isotropic, 
because the cosmic rays (the electric charged 
particles) are hard to diffuse perpendicular to the 
magnetic filed lines. We here assume that the 
diffusion coefficient perpendicular to the magnetic 
filed is zero in this paper [5, 7].  

We perform the two-dimensional numerical 
simulation in the Cartesian coordinate (x,y). The 
x-direction is parallel to the galactic disk plane, and 
the y-direction is perpendicular to the plane. We 
neglect the rotation of the galaxy for simplicity.  

The initial condition is magnetohydrostatic 
equilibrium under the gravity of the y-direction, 
assuming the initial magnetic field is parallel to the 
galactic plane (x-direction). The initial ratio of gas 
pressure, magnetic pressure and cosmic ray 
pressure are constant. In this equilibrium gas, the 
small velocity perturbation is input as a seed for the 
instability.  

We show the case that the initial ratio of gas 
pressure to magnetic pressure is 1.0 to 0.2 and that 
of gas pressure to cosmic ray pressure is 1.0 to 0.8 
as a representative. The spatial scale of the 
simulation is 200 times scale height in x-direction, 
and 140 times scale height in y-direction. The grid 
size is 0.1 times scale height for both x- and 
y-direction. We assume a periodic boundary in 
x-direction and free boundary in y-direction. 

 
3. Results 

Figure 1 shows the time evolution of the 
instability. Color shows normalized gas pressure in 
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logarithmic scale and white lines show magnetic 
filed lines. The initial condition (t=0) is shown in 
the top panel. Magnetic loops start to inflate upward 
as the Parker instability grows (in the middle panel). 
The gas pressure becomes lower in the magnetic 
loops because the gas falls down along the 
magnetic filed. In the nonlinear stage (the bottom 
panel), the loops come into collisions with nearby 
loops. This kind of collision is prominent when the 
initial cosmic ray pressure is larger than the initial 
magnetic pressure. 
 

 
 
Fig.1. Time evolution of cosmic-ray Parker Instability 

from random perturbation. Color shows normalized 
gas pressure in logarithmic scale. White lines show 

magnetic filed lines. 
 

 
Figure 2 shows normalized cosmic ray pressure 

in logarithmic scale. White lines also show 
magnetic filed lines. Since the cosmic ray pressure 
only diffuses along the magnetic field lines, the 
isobaric lines of cosmic ray pressure almost 
correspond with magnetic field lines. 

Figure 3 shows normalized density in logarithmic 
scale at t=70. High-density filamentary structures 
are formed between the colliding loops. Around 

x=140 and y=20, a high-density filamentary 
structure looks like a loop structure because of the 
merging of the two filamentary layers. These 
structures are noticeable as long as the initial 
cosmic-ray pressure is relatively larger than the 
initial magnetic pressure. The similar filamentary 
structures are observed in the Galactic plane [8]. 
Some of the filamentary structures can be 
originated from the collisional magnetic loops 
caused by cosmic ray Parker instability. 

 

 
Fig.2. Color contour of normalized cosmic-ray pressure 
in logarithmic scale. White lines show magnetic field 

lines. 

 
Fig.3. Color contour of normalized density in 

logarithmic scale. 
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