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Abstract. Magnetic reconnection (MR) plays an important role in solar flares, coronal heating and geomagnetic substorms. A
number of magnetohydrodynamic (MHD) discontinuities can be produced by MR. Previous studies showed that the heat
conductivity parallel to the magnetic field was much larger than the perpendicular conductivity. On the other hand recent
SOHO observations have shown that perpendicular heat conductivity plays an important role in an MR region. In this paper
numerical simulations that take into account the effects of both parallel and perpendicular heat conductivities are
presented. When the viscosity parameter was added, real shock formation under jump conditions was not observed. While
temperature is increasing smoothly, a cut-off shape in initial and final limits of the shock wave was calculated for density
and pressure. In this paper a comprehensive simulation of the one-fluid structure is presented. Extension of this work to
simulations of two-fluid structure is proposed.
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1. Introduction
Viscosity and heat conduction are two important
effects for magnetohydrodynamic (MHD) waves. While
the ions contribute significantly to the viscosity, much of
the heat conduction is due to electrons. The
temperature and pressure in the inflow region of
magnetic reconnection (MR) are significantly modified
by the heat conduction. Non-linear instability is largely
determined by the balance between parallel and
perpendicular heat transport [1].
The dissipative mechanism (entropy and heat
conduction) controls only the values of the gradients of
the flow variables in the transition layer but doesn’t
affect the jumps in these quantities between the initial
and the final stages. These changes are determined
solely by the conservation laws [2]. In this work we use
the typical values for the solar corona: L = 5 x 106 m (the
length of the solar corona), B = 10-3 T (the magnetic
field), n = 2 x 1015 m-3 (the density of electrons), ln Λ = 20
(Coulomb logarithm) and the temperature is Te = Ti = T =
172 eV. We assumed one-fluid structure for the heat
conduction and viscosity parameters of the electrons.
In section 2 the theoretical and mathematical frame
of work is presented. In sections 3 and 4 a detailed
numerical simulation is presented for one-fluid structure.
Section 5 describes the possible extension of the onefluid structure to two-fluid structure. Section 6 discusses
the implication of the simulation and its potential
application for two-fluid structure. In section 7 the results
of the simulation for one-fluid structure are presented.
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Fig. 1.

The formation of slow shocks in the outflow region
of magnetic recconnection in the X-Z plane. The
initial current sheet is located in the plane z = 0.
The orientation of the current sheet is in the xdirection. The magnetic field line reconnected at t
= 0 is convected to x1 and x2 at time t1 and t2,
respectively. For t > 0, a pair of slow shocks
propagate in the ± z direction. Two slow shocks XS
and XS′ emanate from the point X [3].

2. General conservative equations for one-fluid
structure in the current sheet
The slow shocks in the outflow region of MR consist of
two parts: the isothermal main shock and foreshock.
Significant jumps in plasma density, velocity and
magnetic field occur across the main shock. The
foreshock is featured by a smooth temperature variation
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and is formed due to the heat flow from downstream to
upstream regions [3]. The slow shocks are formed along
XS′ and XS in the upper X-Z plane (Fig. 1). For t > 0, a pair
of slow shocks is formed through the evolution of a
current sheet initiated by the presence of a normal
magnetic field.
The MHD equations for shock waves in the current
sheet are defined below and we have added a viscosity
term to the momentum and energy equations. For the
first time the perpendicular heat conduction is included
into the heat conduction term in the energy equation
(Eq. (4)). Since shock waves are governed by the jump
conditions, the MHD equations were formed followed by
the evaluation and simulation of the jump conditions for
one fluid structure.
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This set of MHD equations (1-4) constitutes the mass
continuity, momentum equation, magnetic induction
and energy equation, respectively. In these equations ρ,
P, V and B indicates the mass density, pressure, flow
velocity and the magnetic field, respectively. In Eqs. (2)
and (4),

ω jk

represents the “viscosity tensor” and

Î is a

unit vector [4].

Vt = (V x , V y ) and B t = ( B x , B y ) , where Vx , Vy and

Bx, By are transverse components of the velocity and
magnetic field, respectively. The ion and electron
temperature profiles are equal, i.e. Ti ≅ Te ≅ T . On the
right

hand

side

of
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the

energy
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heat

equation,
flux

term,

where, K is the thermal conduction tensor. Following [5],

(

K = K // bb + K ⊥ Iˆ - bb

),

where K// and K⊥ are, the

parallel and perpendicular coefficients of the electron
thermal conductivity, respectively; and b = B/B. The
values of K// and K⊥ were extracted from [6]. In the
energy equation,
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is the internal energy.

3. Numerical simulation
The numerical simulation was performed using
Lagrangian Remap Code (Lare Xd) [7]. In this code the
MHD equations are in Lagrangian form. All grid points
move with local flow speed. Remap steps do not include

physics; it gives the results in a mathematical form. The
constants in the code are the width of initial current
sheet (δ = 0.025), the upstream shock angle (θ1 = π/4),
the plasma beta (β = 0.04) and the adiabatic index (γ=
5/3).
TABLE 1
Assumptions in the Numerical Code
Assumptions

Initial
Conditions

Parameters
Vx0 = Vz0 = 0
Bz = constant
T (temperature) = constant
B(z) = - B∞sinθ1tan(z/δ) x̂ + B∞ cosθ1 ẑ
P = β.B2 / 2 = β. B x2 + B z2 / 2

(

Boundary
Conditions

)

For z = 1, ∂V x / ∂z = ∂V z / ∂z = 0
For z = 0,

∂B x / ∂z = Vz = 0

Along z = 0, E = 0

In the Remap step, the conduction equation is

∇.B = 0. The numerical code identified in Table 1 is

assumed. The advantage of this code is that it calculates
automatically the continuity of mass, momentum and
thermal energy. It can easily capture the shocks,
calculate the local temperature, and other nonhyperbolic physical values such as resistivity, viscosity,
radiation, thermal conduction, gravity, etc.
At t=0 the velocity doesn't change therefore
Vx0=VZ0=0 and the magnetic field, Bz=0 along the
direction of the shock. Bz remains constant during the
shock formation. Moreover B(z) is the profile of the
magnetic field and B∞ denotes the magnetic field far
from the current sheet. A pair of slow shocks
propagating in the ± z direction leads to a negative xcomponent of the magnetic field. This is possible
because the magnetic field perpendicular to the
direction of propagation of the shock changes in both
positive and negative directions. Both the pressure (P)
and the density (ρ) are proportional to the magnetic
field.
At the boundary, for z = 0, where the initial current
sheet is located at the center of simulation domain, the
parallel component of the initial velocity and the spatial
derivative of the magnetic field in the perpendicular
direction will be zero. Along z = 0, total electric field
assumes E = 0. There is no electrical dependence (or
conductivity) at one-fluid structure. For z = 1, where the
final stage of the current sheet is located at the final
simulation domain, the spatial derivatives of the velocity
along the parallel and perpendicular direction can not
be observed.

4. Jump conditions and the first results
Since the integrals on the left-hand side of the Eqs.(14) are proportional to z2 – z1, in steady-state limit they
vanish. Here z1 , z2 define the region before and after the
shock, respectively. This is because the thickness of the
shock layer z2 – z1 goes to zero. This corresponds to the
absence of mass, momentum and energy accumulation
in the discontinuity. On the other hand the integrals on
the right hand side give the difference between the
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various fluxes on each side of the discontinuity heralding
the jump conditions [1]:

[ρV z ] = 0

(5)
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The spatial derivative of the magnetic field in the
direction of shock propagation does not change
because there is no jump in the parallel magnetic field
and Bz remains constant. It can be seen in the Fig.3.
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Fig. 2. Spatial profile of Bx (perpendicular magnetic field) at t
= 200.

Fig. 4. Spatial profile of Vx (perpendicular velocity) at t = 200.

Fig. 5. Spatial profile of Vz (parallel velocity) at t = 200.

Fig.6. Spatial profile of pressure at t = 200.
Fig. 3. Spatial profile of Bz (parallel magnetic field)
at t = 200.
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[T]=0. The simulation time was 200 sec. As shown in
Figures (2-8) the jump conditions at z = 0 are observed in
the current sheet. Figs.9 and 10 are the time variations of
K (the heat conductivity) and Ld (the foreshock width).
For isotropic plasma (γ=5/3) and using the respective
jump conditions the general equation was obtained. We
combine Eqs.(5-8) together and accommodate them
into the energy equation Eq.(9) to obtain the general
equation below:

[

] [

r 3 5β1 cos4 Θ1 + 2M A21 cos2 Θ1 + r 2 − 10β1M A21 cos2 Θ1

]

− 5M cos Θ1 + M − 8M A21 cos 2 Θ1
+ r [5β 1 M A41 + 2 M A61 + 11M A41 cos 2 Θ 1 + 5M A41 ]
− 8M A61 = 0
4
A1

Fig.7. Spatial profile of temperature at t = 200.

Here, r =

2

4
A1

ρ 2 / ρ1 ,

M A1 = Vz1 / V A1 = Vz1 ρ

1/ 2
1

(10)

β 1 = P1 / (B12 / 2 ) = 2C S21 / γV A21

and

B1 , where Cs1 is a sound wave’s

velocity, MA1 is the Mach number and VA1 is the Alfven
velocity in the upstream region.

5. Extention of one-fluid structure model to
two-fluid structure

Fig. 8. Spatial profile of density at t = 200.

The current sheet is an essentially two-temperature
medium (Te ≠ Ti) and is associated with almost a
collisionless plazma. In spite of this, collisional dissipative
effects in MHD equations are important for two-fluid
structure. Extension to two-fluid MHD equations from onefluid equations followed two steps: Step 1: add Ohm’s
law and a fluid friction element to the momentum and
energy equation, and, Step 2: add to the energy
equation the heat transfer term due to collisions.
For two-fluid structure, the “total plasma mass
density” ρ tot ≡ me ne + mi ni and the pressure will be the
“total thermal

pressure”:

quasi-neutral plasma ( ne

Ptot = ne k BTe + ni k BTi .

For a

= Zni ) and ion charge number

Z = 1 (Hydrogen), the total number density becomes
n = 3.6 × 1016 m −3 ; and μ = mi / m p . Under these
conditions the modified one-fluid structure yields the
following equations:
∂ρ β
Fig. 9. The variation of K as a function of time.
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Fig. 10. The variation of Ld as a function of time.
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During the shock the temperature is conservative, i.e.
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When E = 0 at the current sheet, the current density
becomes j = σ (V × B ) . Hence, the total magnetic field in
Eq.(12) becomes positive for ions.
⎡ ⎛J ⎞ J ⎤
Re = − Ri = −α 0 n e q β ⎢b̂⎜⎜ // ⎟⎟ + ⊥ ⎥ is the friction of the
⎣⎢ ⎝ σ // ⎠ σ ⊥ ⎦⎥
electron fluid element [8-9]; here

α0

is a dimensionless

parameter is a function of Z of the ion. For, Z = 1
α 0 = 0.5129 and Z = 2, α 0 = 0.4408 . qe = −e and

qi = Z i e ; σ // = 1.96

ne 2τ e
and σ ⊥ = 0.51σ // (σ is the
me

electricalconductivity of the plasma).

Qi =

3me ne
(Te − Ti )
miτ e

and

Qe = − Re (Ve − Vi ) − Qi

are the heat transfer due to elastic collisions between
the electrons and the ions [8-9]. η is the magnetic
diffusivity coefficient.

6. Discussion
In this paper a comparison is made between onefluid and two-fluid structure of the MHD equations. When
dissipative effects such as Ohm’s law, fluid friction
element and heat transfer term are added the
simulation of two-fluid structure will show significant
deterioration of the shock waves profiles. It is not possible
to see the discontinuity clearly in the two-fluid structure
as compared to one-fluid profiles. Instead the shock
profiles become continuous. Calculating the numerical
simulation of two-fluid structure is not easy and more
work is needed. This work has shown the possible
evolution of the MHD equations from one-fluid structure
to two-fluid structure. The next logical step to future work
would be to comparison of the simulations and
characterize the MR region.
In collisionless plasma, ions resonate with the
cyclotron driver and attain high perpendicular velocities
Protons and other ions have high perpendicular
temperatures compared to their parallel temperatures T⊥
>> T// [2]. Viscosity in the jump conditions prevents real
shock formation. In the solar corona, the bulk or
kinematic viscosity value will be important because it
consists of compressibility and it depends on the
divergence of velocity effects of the formation of slow
shocks [1].
The mistakes and defects in the code is that B∞ = 20,
energy and temperature variation will not be smooth
and shock perturbations of initial and final stages need
improving. For background viscosities, the values of
density and pressure produce a shock wave which has a
concave curve. Temperature, K and Ld profiles are good
when the Braginskii viscosity were used without the other
background viscosity parameters such as shock linear
viscosity and shock quadratic viscosity.

7. Conclusions
The structure of slow shock in the presence of heat
conduction both parallel and perpendicular to the
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magnetic field with viscosity coefficient was simulated
with Lare Xd code. For the first time the perpendicular
heat conduction in one-fluid structure used and the
effect of viscosity also added. The dissipative effects give
very interesting results. First, the real shock structure can’t
be observed when these effects were added. As shown
in Figs. 6 and 8, the pressure and the density have
showed a “cut-off shape” in initial and final limits of the
shock wave because of the viscosity parameter. When
viscosity make the slumps at the edges, the
perpendicular heat conductivity produces narrow shock
formation in the temperature profile. As shown in Fig. 7,
the temperature increases smoothly from downstream to
initial upstream value across the foreshock. Depending
on the perpendicular heat conduction and viscosity
term, the pressure and the density downstream of the
main shock decreases with time very sharply as seen in
Figs. 6 and 8.
The thermal conduction value K in the foreshock is
proportional to time. Similarly the width of Ld in the
foreshock increases linearly with time. The downstream
temperature increases with time, while the downstream
density in the main shock decreases with time. Since the
thermal conductivity K is proportional to T5/2 , the
diffusion width Ld ∼ Kt is expected to increase with β∞.
In Fig.2, Bx shows perpendicular variation of the
magnetic field. The magnetic field begins decreasing
after the shock at z = 0 point. This effect can also be
seen for parallel velocity as shown in Fig.5 in the
upstream region. Fig.4 shows that the perpendicular
velocity increases linearly with shock propagation while
the parallel velocity is decreasing with time.
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