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We carried out linear stability analysis and local two-dimensional magnetohydrodynamic(MHD) 

simulations of the Cosmic-Ray(CR) modified magnetic buoyancy instabilities in magnetized stratified gas 

disks. In the linear stage, CRs increase the growth rate and critical wave number for the instability by 

enhancing the buoyancy around the loop top through diffusion of CRs along the magnetic field lines. We 

call this instability as Magneto-CR instability (MCI). We found that unlike the Parker instability which 

only drives nonlinear oscillations when the magnetic field is weak, short wavelength magnetic loops 

buoyantly escape from the disk when MCI grows. Shock waves are formed around the footpoints of these 

magnetic loops. 

 

 

1. Introduction 
In disk galaxies, magnetic fields can be 

amplified and maintained by galactic dynamo. 

Nishikori et al. [1] and Machida et al. [2] showed   

by three dimensional global magnetohydro- 

dynamics(MHD) simulations that the mean 

magnetic fields inside the disk reverse their 

direction quasi-periodically. This cyclic dynamo 

is driven by magnetic fields amplification by 

magneto-rotational instability and the buoyant 

escape of the magnetic flux by Parker instability. 

Parker instability is a magnetic buoyancy 

instability driven by the buoyancy produced by 

sliding the gas along undulating magnetic field lines. 

This instability was studied by Parker as the 

formation mechanism of interstellar clouds [3]. The 

nonlinear growth of Parker instability was studied 

by Matsumoto et al. [4] by two-dimensional MHD 

simulations. They showed that shock formation is 

essential for producing quasi-static magnetic loops. 

When the magnetic field is weak, since the speed of 

the downflow along the loop is subsonic, shocks are 

not formed. In such weakly magnetized disks, 

Parker instability drives nonlinear oscillations. 
  Cosmic-Ray (CR) or non-thermal particles can 

be dynamically important, because CR energy 

density is approximately comparable to magnetic 

energy density in our galaxy. Here, we present 

the results of a linear analysis and non-linear 

simulation of CR modified magnetic buoyancy 

instability in galactic disk.    

  

2. Initial condition and basic equations   
We adopt two dimensional Cartesian coordinate 

system. We assume that the initial magnetic fields 

are parallel to the galactic plane, and the 

magnetized gas layer is stratified by gravity. We 

ignore the Coriolis force and self-gravity. The 

external gravitational field [5] is 

  

                                     (1) 

 

We solve the MHD equations including CR 

pressure [6]. We also solve the following CR 

pressure equation (advection-diffusion equation) 

derived by the momentum-space integration.  

 

(2) 

 

We assumed that specific heat ratio of CRs is 4/3, 

CRs diffusion is assumed to be along magnetic field 

lines. Here b is the unit vector along the magnetic 

field lines. 

  

3. Linear analysis 

We linearized basic equations to study linear 

stability of the magnetic buoyancy instability with 

CR. We obtained the growth rate by a method 

similar to Horiuchi et al. [7] and Kuwabara et al. 

[8].  

Fig.1 shows dispersion relations of the magnetic 

buoyancy instability for a mode without nodes. 

When CRs is included (solid lines), the growth rate 

becomes larger than that of the Parker instability 

(dashed lines). When the magnetic field is weak 

(red lines), since the CR diffusion along the 

magnetic field lines enhances the buoyancy around 

the loop top of the undulating magnetic field lines, 

the growth-rate and critical wavenumber increase. 

We call this mode as Magneto-CR Instability(MCI).    
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Fig.1. Linear growth rate of the magnetic buoyancy 

instability. Solid lines show growth rates for the 

instability including CR, and dashed lines are for pure 

Parker instability. Blue curve shows the growth rate of 

Parker instability with β=1, and red curve is for 

β=10 . 

 

4. Numerical Simulations 

We used the modified Lax-Wendroff method to 

solve the MHD equations and the CR advection  

and the BiCG-stab method to solve the CR 

diffusion. The mesh numbers are 1024 in 

x-direction and 2048 in z-direction. We assumed 

periodic condition in x-direction and 

wave-absorbing condition in z-direction. 

Fig.2. shows the distribution of gas pressure 

when plasma beta equal to 1. The height of the 

magnetic loops increases when CR pressure is 

included. These results are consistent with 

Kuwabara et al. [9].  

Fig.3. shows the non-linear stage when plasma 

beta equal to 10. In this case, non-linear oscillation 

is excited, because Parker instability is linearly 

unstable but nonlinearly stable (Matsumoto et al. 

[4]). On the other hand, when the magnetic field is 

weak, growth of MCI can drive buoyant escape of 

the magnetic flux from disk and magnetic field 

lines rise like a balloon by the CR buoyancy. Even 

if the wavelength of the perturbation is shorter than 

the critical wavelength of Parker instability in linear 

stage, the magnetic loops continue to rise, and 

shock waves are formed at the footpoints of the 

magnetic loops. 
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Fig.2. Left panel shows the distribution of gas pressure 

for pure Parker instability and right panel shows Parker 

instability modified by CR when plasma beta is 1. The 

color shows gas pressure in logarithmic scale, arrows are 

velocity vectors, and black curves are magnetic field 

lines.   

 

 

 

 

 

 

 

 

 

 

 

 
Fig.3. Left panel shows the distribution of gas pressure 

for pure Parker instability and right panel shows for MCI 

when plasma beta equal to 10. The color is gas pressure 

in logarithmic scale, arrows are velocity vectors, and 

black curves are magnetic field lines. 
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