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Abstract：The influences on the tearing instability with a sub-Alfvénic streaming flow along magnetic fields is investigated using resistive MHD simulation. It is found that the growth rate of the tearing mode instability is higher with than without a sub-Alfvénic streaming flow. A narrow streaming flow leads to the formation of a cone structure in the current density distribution. The cone structure largely enhances the development of the tearing mode instability. The linear growth rate decreases as increase of the streaming flow thickness. It is also found that the growth rate of the tearing instability depends on the plasma beta. When the streaming flow embedded in the current sheet, there exists a critical value of the plasma beta, β=1.5. The growth rate of the tearing mode instability increases with increase of the plasma beta in the cases of β<1.5, but it decreases with increase of the plasma beta in the cases of β>1.5. The critical plasma beta value β=1.5 is resulted from the competition between the suppressing effect of the plasma beta on magnetic reconnection and the accelerating effect of the streaming flow.
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Ⅰ. INTRODUCTION

Magnetic reconnection is a fundamental process in space and laboratory plasma. Magnetic reconnection leads to convert the magnetic energy into plasma thermal or kinetic energy, and to heat or accelerate plasma. It has been widely applied to explain observational phenomena in space and laboratory experiment, such as solar flare in the solar corona, substorm in the Earth's magnetotail, and sawtooth crash in tokamak[1-4].

Magnetic reconnection can be triggered by a tearing mode instability[5] in a current sheet. This type of magnetic reconnection is usually called as a spontaneous magnetic reconnection. If magnetic reconnection is driven by the external flow, it is called a forced magnetic reconnection. Plasma flows, which are believed to affect the dynamic evolution of the tearing instability, are very commonly observed in many places, such as in magnetopause boundary, solar corona, and magnetic confined fusion devices. 

Effects of a shear flow on the evolution of the tearing mode have been investigated in the past few decades[6-20]. For a sub-Alfvenic shear flow, the tearing mode instability as a dominant process can be either suppressed or enhanced by the shear flow [8, 12, 15, 17, 18]. However, the KH instability becomes dominant when the shear velocity is super-Alfvenic. The results from incompressible MHD[10,20] suggested that the super-Alfvenic shear flows always show a destabilizing effect, i.e., the growth rate of the instability increases as the flow speed increases. When plasma compressibility is included, the KH instability can be either stable or unstable with a super-Alfvenic shear flow, which mainly depends on the strength of the shear flow and plasma beta (the ratio between the thermal and magnetic pressure)[16,19].

Super Alfvénic Streaming flows embedded in the current sheet on tearing mode instability were investigated by Lee and co-authors[10]. It is found that this type of streaming flow lead to sausage or kink mode to be unstable. In their simulation studies, it is suggested that a sausage mode has a larger linear growth rate for the plasma beta
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 while the streaming kink instability is dominant with.The unstable sausage mode gave an extra external force to accelerate the tearing mode instability.

Ugai[21] investigated the dependence on the plasma beta in fast reconnection with an initial force free current profile, and found that the reconnection rate only increases slightly as a plasma beta decreases. In this paper, the effects of the streaming flow width on the tearing mode with different plasma beta are carefully studied. Here our research is limited to a tearing instability in the linear stage, and the instability in the following nonlinear phase will be addressed in other paper. The paper is organized as follows: the simulation model is given in Section II while the simulations results and discussion are presented in Section III. In the last section, we will give a brief summary and conclusion.
II. Simulation Model

Compressible MHD model in the Cartesian coordinate system is used to investigate the linear dynamics of a tearing mode instability with a streaming flow inside the current sheet. Both resistivity and viscosity are set to be uniform. The variation of all variables in the y-direction is assumed to be ignored, that is 
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 for all times. The magnetic field is represented by 
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 the magnetic flux. The following compressible MHD equations are used in the simulation[22],

[image: image6.wmf]()

r

r

¶

=-Ñ×

¶

v

t

  (1)


[image: image7.wmf]22

()

[(/2)]()/

v

vvIBBvv

iv

pBS

t

r

r

¶

=-Ñ×++-+Ñ-

¶

    (2)


[image: image8.wmf]0

()/

v

yy

JJS

t

y

y

¶

=-×Ñ+-

¶

 (3)


[image: image9.wmf]2

()/

vB

y

yyy

B

BvBS

t

¶

=-Ñ×+×Ñ+Ñ

¶

 (4)


[image: image10.wmf]22

0

()(1)()/

vv

p

ppJJS

t

g

¶

=-Ñ×--Ñ×+-

¶

            (5)

where v, B, J, ψ, ρ, p, I are the plasma velocity, the magnetic field, the current density, the flux function, the plasma density, the thermal pressure, and the unit tensor, respectively. γ (=5/3) is the ratio of specific heats of the plasma. vi and 
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 are the initial values of the velocity and the current density, respectively. All variables are normalized as follows: 
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 is the Alfvénic time, 
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 is the Alfvénic speed, 
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 is the half width of the initial current sheet. 
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is the Lundquist number and 
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 is the Reynolds number, where 
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, c is the speed of the light, 
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 is the resistivity, and 
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 is the viscosity.


The set of equations (1)-(5) are solved with fourth-order Runge-Kutta method in time and fourth-order finite difference method in space. System size is chosen as 
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, with 501×1001 grid points which are uniform in both the x direction and the z direction.  Periodic and free boundary conditions are imposed at 
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, respectively. The initial equilibrium is force-balanced. The thermal pressure is obtained by solving equilibrium equation as follow  
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where
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 is the asymptotic plasma beta. The initial magnetic field and plasma streaming flow are given as follows:
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where 
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 are the half-thicknesses of the current sheet and the streaming flow, respectively. 
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 are the initial asymptotic magnetic field strength and the maximum velocity of the streaming flow, respectively. The parameters are chosen as 
[image: image40.wmf]0.2

B

d

=

 and 
[image: image41.wmf]0

1.0

B

=

. The maximum velocity of the streaming flow is fixed and set to be 
[image: image42.wmf]0

0.8

v

=

in the simulations while the plasma beta
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and the half-thickness of the streaming flow
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are varied. Other components of magnetic field and plasma velocity are chosen to be zero in the initial condition, that is 
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. The initial density ρ is assumed to be uniform and set to be ρ=1. In the present paper, we set S=10000 and Sv=10000 for all simulations.

The tearing mode is initially triggered by a small perturbation of magnetic field given by 
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where 
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Ⅲ. RESULTS AND DISCUSSION

In our simulation, the magnetic reconnection rate can be diagnosed by using the following method: 
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where J is the current density, px and po are the locations of the X and O points, respectively.
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Figure 1.(Color online) Time evolutions of reconnection rates with different streaming flow thicknesses dv=0.1, 0.2, and 0.4 for β=1.
The reconnection rates as a function of the time for three different thicknesses of the streaming flows with dv=0.1, 0.2, and 0.4 are shown in Figure 1. After the system undergoes a short period of a self-adjusted process associated with the initial perturbation, the tearing mode enters the linear growth phase. It is clearly indicated that the growth rate of a tearing mode instability largely increases as the thickness of the streaming shear flow decreases. 
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Figure 2 The distributions of the current density Jy for different stream flows: (a) dv=0.1, (b) dv=0.2, and (c) dv=0.4 at t=40τA.
Figure 2 shows the distributions of the current density Jy for different stream flows with (a) dv=0.1, (b) dv=0.2, and (c) dv=0.4 at t=40τA. Here the asymptotic plasma beta is β=1. In order to see the details clearly, the current distributions in Figure 2 are given in a part of the simulation domain from z=-0.4 to z=0.4. With the narrow beam-like streaming flow dv=0.1, a cone-like structure is formed in the current distribution as shown in Figure 2(a). The position of the cone head sits in the reconnection point. The formation of the core structure is favorable for accelerating magnetic reconnection. The reasons are that 1) The cone head compresses the reconnection region to reduce the reconnection length, i.e., the magnetic reconnection becomes an X-type from a Y-type; and 2) The cone structure in the outflow region enlarges the outflow channel which leads to the reconnected flux easily ejected from the reconnection region. As the thickness of the streaming flow increases, the cone structure in the current distribution is gradually disappeared. As shown in Figure 2(b), the current distribution still looks like a tail of the cone in the region 
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, but this cone structure nearly disappears. The current distribution for dv=0.4 seems like that obtained from the case without external streaming flow as shown in Figure 2(c). Therefore, the thinner streaming flow can drive a faster development of the tearing mode instability or leads to a faster magnetic reconnection.
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Figure 3 The profiles of magnetic field Bz (left column) and plasma flow velocity Vz (right column) for tearing mode at t=40τA. The parameters used are the same as that in Figure 2.

Figure 3 shows the profiles of magnetic field Bz (left column) and plasma flow velocity Vz (right column) for tearing mode at t=40τA with the same parameters as that in Figure 2. It can be seen that the magnetic field Bz is symmetrical and the plasma flow velocity Vz is anti-symmetrical, which are identical with the features of the streaming tearing mode in Ref.[10]. Comparing the magnitudes of magnetic field Bz and plasma flow velocity Vz in Figure 3, we can conclude that if the thickness of the streaming flow is larger, the effect on the instability is weaker. The top panel of the right column in Figure 3 shows that the narrow streaming flow is confined in central sheet and has a direct impact on the reconnection region. Hence, the narrow streaming flow can strongly modify the dynamic process of the tearing mode instability. In this case, the narrow streaming flow drives a fast magnetic reconnection. With increase of the streaming flow thickness, the streaming flow begins to affect the flow and current distributions in the outer regions of the current sheet. There exist the obstructing layers in the middle of the current sheet, and thus the multi-layer structures are formed, as shown in the bottom panel of the right column in Figure 3. The obstruct layers prevent the driving flow directly entering into the reconnection point and reduce the magnetic reconnection.
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Figure 4 Time evolutions of total forces exerted on the location z=0.008 above the reconnection point at the linear stage of the tearing mode instability. The parameters used are the same as that in Fig.2.

To further investigate the streaming flow effects on reconnection dynamics, we give the time evolutions of total forces exerted on the location z=0.008 just above the reconnection point at the linear stage of the tearing mode instability with different streaming flows dv=0.1, 0.2, and 0.4 as shown in Figure 4. The other parameters used are the same as that in Figure 2. From Figure 4, it is suggested that the total force acting on the plasma near the reconnection site increases as the decrease of the thickness of the streaming flow, which further explain why the narrower streaming flow leads to a rapider development of the tearing mode instability.
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Figure 5 Growth rates versus the plasma beta with the streaming flows for dv=0.1, 0.2, and 0.4

Figure 5 shows growth rates under different plasma betas with the streaming flows for dv=0.1, 0.2, and 0.4. It can be found that the tearing mode has higher growth rate with than without an external streaming flow. The results are qualitatively consistent with that from ref.[10,11] . The tearing mode instability with a narrowest streaming flow has the largest growth rate for the cases with the same beta. When the thickness of the streaming flow is smaller than the current sheet thickness, a sub-Alfvénic streaming flow can play a significant role on the tearing mode instability. Based on the fact that the growth rate decreases with increasing the streaming flow thickness for the same beta, it is suggested that the effects of the streaming flow on magnetic reconnection become weaker when the flow thickness reaches a certain value. When the streaming flow thickness is thick enough, the initial plasma streaming flow can be regarded as a constant velocity flow in our computational region and the external flow only pushes the whole system horizontally. Then the growth rate with a streaming flow for a large thickness is almost identical with that without a flow.

It is worthy to note that the linear growth rate for the plasma beta 
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 case is the greatest under the same streaming flow as shown in Figure 5. When the plasma beta increases, plasma flow energy also increases. Thus the external streaming flow in a case with the larger plasma beta has more energy to drive the tearing mode unstable. It is why the linear growth rate increases with increase of the plasma beta. As we know, the reconnection rate decreases with increase of the plasma beta for cases without streaming flows as shown in Figure 5. While the plasma beta increases to be a certain level, the suppressing effect of the plasma beta on magnetic reconnection surpasses the accelerating effect of the streaming flow. Our simulation results suggest that when β>1.5, the linear reconnection rate decreases with increase of the plasma beta for cases with streaming flows. 
[image: image57.png]pressure force

1 1
o 08
—— 15
Bost ,i;
04 et
0
0 El [ 50 E
electromagnatic force
04 1 S
% 08 7;1 5
R I
K] £=
0 0 [ 50 E
total force
0 ===
5 &= -
50011 | ——g=15
£ s
002
k) 0 a0 50 60

time




Figure 6 Time evolutions of the three different forces (the thermal pressure force, electromagnetic force, and the total force) exerted on the location z=0.008 just above the reconnection point during the linear phase. The other parameters used are the same as that in Figure 5.

By calculating the forces acted on the plasma, including the inertial force, viscous force, pressure force and electromagnetic force, we obtain that comparing with the magnitudes of pressure and electromagnetic force, the magnitudes of inertial force and viscous force are extremely small, which can be neglected. Then the tearing instability in the plasma sheet is mainly dependent on the pressure force and the electromagnetic force. Figure 6 shows the time evolutions of the three kinds of the forces (the thermal pressure force, the electromagnetic force, and the total force) exerted on the location z=0.008 just above the reconnection point during the linear stage. The other parameters used are the same as that in Figure 5. From Figure 6, it can be manifestly seen that the pressure force, the electromagnetic force, and the total force are the greatest for the β=1.5 case. It indicates that the tearing mode instability becomes most unstable when the asymptotic plasma beta β=1.5. 
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Figure 7 (color online) The profiles of the magnetic field Bz (the top panel) and the plasma flow velocity Vz (the bottom panel) along the x axis with z=-0.08 (the blue dashed line) and z=0.08 (the red dashed dot line) at t=50τA. 

Lee et al.[10] studied the streaming sausage and kink instabilities with super-Alfvénic streaming flow, and found that the streaming sausage has a higher growth rate than the kink mode when β<1.5. But when β>1.5, the streaming kink mode becomes dominant. In their calculations, the initial temperature was assumed to be constant, and the initial mass density was considered to be varied along the z direction. However, in our studies, the initial mass density is assumed to be constant in the entire domain, the initial temperature varies across the current layer. The kink mode for the higher plasma beta case suggested by Lee et al.[10] is not found in our simulations. Figure 7 shows the profiles of the magnetic field Bz (the up panel) and the plasma flow velocity Vz (the down panel) along the x axis with z=-0.08 (the blue dashed line) and z=0.08 (the red dashed dot line) at t=50τA. The thickness of the streaming flow is dv=0.2 and the asymptotic plasma beta is β=3. It can be seen that the magnetic field Bz and the plasma flow velocity Vz are strictly symmetrical and anti-symmetrical, respectively. The symmetry-breaking of the magnetic field and the plasma flow resulted from the kink mode has not been detected. It is suggested that the largest linear growth rate for β=1.5 is not associated with the transition point between the streaming sausage and the kink instabilities reported by Lee et al.[10,11].
Ⅳ. SUMMARY AND CONCLUSION

In this paper, we investigated the influences on the tearing instability with a sub-Alfvénic streaming flow along magnetic fields. It is found that the growth rate of the tearing mode instability is higher with than without a sub-Alfvénic streaming flow. A narrow streaming flow leads to the formation of a cone structure in the current density distribution. The cone structure largely enhances the development of the tearing mode instability. The linear growth rate decreases as increase of the streaming flow thickness. The lower linear growth rate for a broader streaming flow is associated with the formation of the obstructing layers in the middle of the current sheet. These obstructing layers prevent the driving flow directly entering into the reconnection point and reduce the magnetic reconnection. When the streaming flow thickness is thick enough, the initial plasma streaming flow can be regarded as a constant velocity flow which will not affect the evolution of the tearing mode instability.

It is also found that the growth rate of the tearing instability depends on the plasma beta. When the streaming flow embedded in the current sheet, there exists a critical value of the plasma beta, β=1.5. The growth rate of the tearing mode instability increases with increase of the plasma beta in the cases of β<1.5, but it decreases with increase of the plasma beta in the cases of β>1.5. The critical plasma beta value β=1.5 is resulted from the competition between the suppressing effect of the plasma beta on magnetic reconnection and the accelerating effect of the streaming flow.
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