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[1] Satellite observations provide strong evidence for the generation of significant
field-aligned currents (FACs) during magnetic reconnection. Reconnection of antiparallel
magnetic field does not generate FACs in magnetohydrodynamics (MHD) due to
coplanarity in MHD shocks. However, a guide magnetic field and a sheared velocity
component are almost always present at the magnetopause and their absence is a singular
case. It is illustrated that the presence of these noncoplanar fields requires FACs. Contrary
to intuition, such currents are generated more efficiently for a small guide field and are
more likely to be a result of the redistribution of already present FACs for large guide
fields. It is demonstrated that moderate values of shear flow can generate significant
ionospheric FACs. Similar to shear flow, the presence of Hall physics leads to significant
FACs and we examine the scaling of these current with the ion inertia length.
Citation: Ma, X., and A. Otto (2013), Mechanisms of field-aligned current formation in magnetic reconnection, J. Geophys. Res.
Space Physics, 118, 4906–4914, doi:10.1002/jgra.50457.

1. Introduction
[2] Field-aligned current (FAC), the component of the

electric current in the magnetic field direction, plays an
important role for the solar wind-magnetosphere-ionosphere
coupling and the generation of high energy particles [Sato
and Iijima, 1979; Wang et al., 2001]. However, the gener-
ation of FACs is not trivial. For example, in single particle
theory, all of the first-order drift velocities, and thereby drift
currents, are perpendicular to the magnetic field. Without an
evolution equation for FACs, the generation of FACs has not
been fully understood.

[3] It is often suggested to divide the divergence of the
FAC into pressure gradient term and inertia term by apply-
ing the momentum equation [Vasyliunas, 1984]. However,
this method represents force balance, which does not pro-
vide a causal source of FACs. According to the definition of
evolution of FAC, we have

@jk
@t

= Ob � @j
@t

+ j � @ Ob
@t

, (1)

which implies that the generation of FACs requires either
current bent into magnetic field direction or vice versa.
By taking the curl of the induction equation, one can get
approximately

@jk
@t

= rk(B � �) – rk(V � j) + r2(�jk), (2)
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with an inner product of Ob = B/B from the left-hand side and
where rk = Ob � r, jk = Ob � j, � = r � V, and B is the field
magnitude [Ogino, 1986]. Here all quantities are normal-
ized by typical values, which will be discussed in section 2.
The first term on the right-hand side of equation (2) is the
field-aligned vorticity term. A physical process associated
with this term is the generation of helical magnetic field
by twisting the field lines and thereby generating FAC. The
second term on the right-hand side of equation (2) repre-
sents the shear flow along the current direction. A physical
process associated with this term is bending of the mag-
netic field lines into the current direction. The last term on
the right-hand side of equation (2) indicates the dissipa-
tion of FAC by the resistivity, which is an approximation of
Ob � r2j and is important in the ionosphere. Note the term
j � @t Ob in equation (1), which is ignored in equation (2), can
also be important for FAC. In reality, these physical pro-
cesses may operate simultaneously. However, a strict FAC
evolution equation from the induction equation appears too
complicated to reveal useful physical insight.

[4] From the perspective of magnetohydrodynamics
(MHD) waves, it is suggested that FACs are generated and
carried by the Alfvén wave [Cao and Kan, 1987; Song
and Lysak, 1994]. Other authors focused on the specific
conditions, i.e., FAC generation in three-dimensional recon-
nection configuration [Sato et al., 1983, 1984; Ogino, 1986;
Birn, 1989; Birn and Hesse, 1991; Scholer and Otto, 1991;
Ugai, 1991; Ma et al., 1995; Ma and Lee, 1999, 2001]. Both
region 1 and region 2 FACs can be obtained by triggering
reconnection in the taillike configuration [Scholer and Otto,
1991]. In a local three-dimensional reconnection configu-
rations, it has been demonstrated that FACs are generated
because the magnetic field lines are bent toward the main
current direction by shear flow and pressure gradients [Ma
et al., 1995; Ma and Lee, 1999].
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Figure 1. Sketch of Petschek reconnection.

[5] Although the generation of FAC in reconnection is
considered an important three-dimensional feature, FAC
generation has also been reported in two-dimensional recon-
nection [Lin, 2001]. In two dimensions, the transition of
the plasma properties (density, velocity, pressure, and mag-
netic field) from one inflow region through the outflow
region to the other inflow region is mostly one dimen-
sional and is achieved in general through a series of MHD
waves and discontinuities. Such a layer structure is called
“reconnection layer”. In two-dimensional reconnection, it is
a cut across the steady state inflow and outflow regions, see
Figure 1. In this paper, we focus on the generation of FAC
in two-dimensional reconnection. Two-dimensional simula-
tions are supplemented by one-dimensional studies of the
associated Riemann problem [Lin and Lee, 1993] of the
reconnection layer. In situ satellite observation indicated that
reconnection layer structure still exists in the approximately
steady state regions of three-dimensional reconnection
[Walthour et al., 1995].

[6] In the traditional Petschek reconnection model, the
inflow and outflow regions are divided by a pair of
switch-off shocks (see Figure 1) [Petschek, 1964]. Due to
coplanarity in MHD shocks, there is no FAC in Petschek
reconnection. However, Petschek’s model is a singular case
in the real physical world, and a finite guide field component
is always present [e.g., Lee et al., 2002]. At the dayside mag-
netopause and away from the subsolar point, there is also
always a substantial shear flow perpendicular to the antipar-
allel magnetic field components, due to the magnetosheath
flow. Hereafter, we refer to the plane in which reconnection
operates as the reconnection plane. Coplanarity implies that
the magnetic field components tangential to a discontinuity
are parallel or antiparallel (the magnetic field vectors are in
a single plane). This renders the current always perpendicu-
lar to the magnetic field, and a field-aligned current requires
noncoplanar magnetic fields, e.g., a guide field perpendicular
to the reconnection plane. A shear plasma flow compo-
nent perpendicular to the reconnection plane is referred as
“perpendicular shear flow”. For example, in Figure 1, the
xy plane is the reconnection plane and the magnetic field
and bulk velocity z component is the noncoplanar field. In
a reconnection configuration involving a noncoplanar field
(caused by a guide field component or a perpendicular shear

flow), the pair of switch-off shocks in Petschek reconnection
is replaced by a pair of slow shocks and a pair of rotational
discontinuities (RDs) in ideal MHD (not shown in Figure 1)
[Lin and Lee, 1993; Sun et al., 2005]. In resistive MHD, the
RD becomes the time-dependent intermediate shock (TDIS)
[Lin et al., 1992]. Strictly, the width of the RD is zero and
the FAC in the RD is a delta function, because there is no
intrinsic scale in ideal MHD. Therefore, a physical FAC can
only be generated by the TDIS, while the slow shocks do
not generate FACs, due to coplanarity. However, in the sense
that resistive effects are negligible, i.e., the total tangential
magnetic field remains constant through the TDIS, we still
use RD to refer to this transition layer. In this paper, we use
TDIS to emphasize a finite width of this transition layer.

[7] The influence of Hall physics on the generation of
the FAC is important and is also investigated in this study,
because the typical length scale of the diffusion region in the
onset of reconnection is on the ion or even on the electron
inertia scale. The inclusion of the Hall term in the induc-
tion equation leads to the separation of the ion and electron
velocity, and the frozen-in condition only applies to the elec-
trons, which move antiparallel to the current in a thin current
sheet. This electron motion strongly modifies the reconnec-
tion layer and causes the Bz bipolar signature. Therefore, the
effect of Hall physics is similar to the effect of shear flow in
ordinary MHD.

[8] In this study, we focus on the above three selected
cases, i.e., (1) reconnection with a guide magnetic field
component, (2) reconnection with a perpendicular shear
flow, and (3) Hall MHD reconnection. The reconnection
layer structures are examined by using both one- and two-
dimensional simulations. The dependence of the FAC gen-
eration on the magnitude of guide field component, shear
flow, and Hall parameter is systematically investigated by
one-dimensional simulation confirmed by two-dimensional
simulations of selected cases.

2. Numerical Model
2.1. Physical Quantity Associated With FAC

[9] Several physical quantities associated with the FAC’s
are considered to characterize the generation of FAC. The
profile of the FAC density jk provides detailed information
of the FAC distribution. In order to compare FAC generation
for varying parameters, the FAC density magnitude max |jk|
is used to represent the each specific case. Both convection
(or redistribution) and generation of the FAC can change the
local FAC density. As we have demonstrated in section 1,
the complete FACs’ evolution equation is rather complicated
and we doubt that an interpretation in physical terms is possi-
ble or unique. Therefore, we apply a much simpler concept,
i.e., ask the question whether the integral field-aligned cur-
rent in one direction changes in the case of reconnection
when compared to the initial current sheet equilibrium. If the
integral current is approximately constant, we use the term
“redistribution”. In one-dimensional configurations, the inte-
gral of the FAC density Ik =

R
|jk|dx is the surface current.

Since the magnetic field is a solenoidal field, the magnetic
flux ˆ = Bs is a constant value along the magnetic field,
where s is the cross sectional area of a magnetic field flux
tube. Therefore, ik = jk/B represents FAC in this study. By
using the same argument (r � j = 0), the FAC quantity ik
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Figure 2. Profile of the reconnection layer at t = 500 for
Bz0 = 0.5 and p1 = 0.25 case. The top panel shows By, Bz,
and Bt, the middle panel shows jy, jz, j, and jk, and the bottom
panel shows Vy, Vz, VAy, and VAz.

should remain constant along the flux tube in the absence
of perpendicular currents. Thus, for mapping from magneto-
sphere into the ionosphere, the total FAC which is supposed
to be conserved, is more important than max |jk|. There-
fore, we include the integral Kk =

R
|ik|dx in the following

investigation.

2.2. Numerical Algorithm
[10] The full set of the resistive Hall MHD equations

and its numerical solver has been discussed by Otto [1990,
2001]. In the computations, all quantities are normalized to
the typical values, that is, the length scales L to a typical
length L0, the density � to �0 = n0m0 with the number den-
sity n0 and the ion mass m0, the magnetic field B to B0, the
velocity V to the typical Alfvén velocity VA = B0(�0�0)–1/2,
the thermal pressure p to P0 = B2

0/(2�0), and the time t to a
typical Alfvén transit time TA = L0/VA. The Hall parameter
l = �i/L0 is the ratio of ion inertia length �i to the typical
length scale L0. The basic Petschek reconnection is sketched
in Figure 1, and the one- and two-dimensional simulations
use the same coordinate system. The initial equilibrium is
a one-dimensional modified Harris sheet, which is given by
B = [0, tanh(x), Bz0], V = [0, 0, Vz0 tanh(x)], p = p1 + 1 – B2

y ,
and � = 1, where p1 = 0.25 is the inflow thermal pressure.
Here the values of Bz0 and Vz0 represent the magnitude of the
guide field and shear flow, respectively, and are discussed in
each case study.

[11] The two-dimensional reconnection simulations are
performed in a rectangular box with |x| � 30 and 0 � y �

120, which is resolved by using 203 � 403 grid points with a
nonuniform grid along the x and y directions. To sufficiently
resolve the diffusion region, the best resolution is set to 0.1
and 0.2 in the x and y directions in the diffusion region.
Free boundary conditions (@n = 0, where @n represents the
partial derivative in the direction normal to the boundary)
are applied to the x maximum and minimum boundary and
y maximum boundary. The y minimum boundary is deter-
mined by symmetry properties of the (Hall) MHD equations
[Otto et al., 2007]. In the simulation, we use the following
resistivity model

� = �0 [1 – exp(–t/t0)] /[cosh(x) cosh(y)] + �b, (3)

where �0 = 0.05, t0 = 3, and �b = 0.002 is the background
resistivity to smooth the numerical dispersion. The first term
is a resistivity used to determine the location and size of the
diffusion region, and it is gradually switched on to trigger
magnetic reconnection.

[12] One-dimensional simulations of the Riemann prob-
lem are used to better resolve the physics in the reconnection
layer, which has the advantage to allow much higher res-
olution with shorter execution times and better accuracy
(uniform grid with �x = 0.004 and 0.01 for MHD and Hall
MHD cases, respectively). The reconnection layer can be
initialized by adding a small constant Bn (= Bx = 0.025 in
this study) component to our one-dimensional initial equi-
librium [Lin and Lee, 1993, 1999]. A very small resistivity
� of 2 � 10–4 is included for all cases.

3. Simulation Results
3.1. Guide Field Cases

[13] The Harris sheet has a current in the z direction.
Therefore, the presence of a magnetic guide field Bz com-
ponent implies the presence of a FAC in the initial con-
figuration, which is simply a projection effect. However, it
is not clear whether there is additional FAC generated in
the reconnection process or if the preexisting FACs are just
redistributed. Figure 2 shows the profile of the reconnection
layer at t = 500 for Bz0 = 0.5, Vz0 = 0 case. The top panel
shows the antiparallel magnetic component, By, guide field
component, Bz, and tangential magnetic field component,
Bt =

q
B2

y + B2
z , the middle panel shows the current density

jy, jz component, total current density j, and FAC density jk,
and the bottom panel shows the velocity Vy, Vz component,
Alfvén velocity VAy = By/

p
�, and VAz = Bz/

p
� component.

[14] From the inflow to the outflow region, the tangen-
tial magnetic field Bt is constant through the TDIS, while
the By component decreases to zero, and the Bz component
increases to the value of magnetic Bt component. The mid-
dle panel shows that the FAC density jk (light blue) is almost
identical to the total current j (red) in the TDIS, due to the
tiny normal magnetic field component. The total current den-
sity is actually masked by the FAC density. The RD layer
is basically a force-free field added to a constant normal
field, and it is consistent with the constant tangential mag-
netic field. Thus, the pressure gradient term in the equation
introduced by Vasyliunas [1984] is zero. The bottom panel
shows that the change of the tangential velocity follows the
Walén relation. The small bump of magnetic By component
in the slow shock is likely a numerical error, which leads an

4908



MA AND OTTO: FAC IN RECONNECTION

Figure 3. The evolution of max jk in the reconnection layer
for different Bz0 and p1 cases. The color index indicates Bz0
varying from 0.1 to 1; the dashed and solid lines represent
the p1 = 0.25 and 0.5 cases, respectively.

artificial FAC in the slow shock layer. The integral of
this FAC is small. This configuration is in contrast to
Petschek reconnection, which is the no-guide field case. In
the Petschek reconnection layer, there is no Bz component
and By component is vanished by the switch-off shock from
inflow region to outflow region. Therefore, there is no FAC
in Petschek reconnection.

[15] Figure 3 depicts the evolution of the maximum FAC
density in the reconnection layer for different Bz0 and p1

cases. Note due to the symmetry, the FAC density are always
positive in this configuration. The color index represents the
value of Bz0 ranging from 0.1 to 1; the dashed and solid lines
represent the p1 = 0.25 and 0.5 cases, respectively. At t = 0,
max jk = jk(x = 0) = 1 for all cases. For Harris sheet, the
maximum current density jz = 1 is in the center of the cur-
rent sheet, where magnetic field and FAC density are zero.
Therefore, an arbitrarily small positive Bz0 implies a FAC
density jk of 1 and an arbitrarily small negative Bz0 implies a
FAC density jk = –1. This indicates a singularity of the Har-
ris sheet for FAC density, although the integral of the FAC
converges to zero in the limit of antiparallel magnetic fields.
The period of decreasing max jk (t < 100 in Figure 3) is
the relaxation time for generating the slow shocks and inter-
mediate shocks, which appears longer for a smaller guide
field case. Theoretically, a simple RD should be indepen-
dent of upstream thermal pressure p1. However, Figure 3
shows that smaller p1 cases have higher max jk peaks in the
reconnection layer, which indicates that the peak of max jk
is influenced by the slow shock. The dashed and solid lines
eventually tend to converge, which is an indication of the
separation of the RD and the slow shock. The asymptotic
state of the RD is insensitive to the inflow thermal pressure
or plasma beta. Figure 3 also demonstrates that smaller guide
field generates higher max jk, because the rotation of the tan-
gential magnetic field through the TDIS is less for a larger
guide field. If the reference magnetic field (normalization) is
based on the total magnetic field, a large guide field compo-
nent implies a small value of the antiparallel magnetic field
components, such that magnetic reconnection is expected to
be slower. We note that large plasma beta ˇ in the presence

of a guide field and strong magnetic field asymmetry can
stabilize magnetic reconnection [Swisdak et al., 2003].

[16] Figure 4 shows the evolution of the surface current Ik

for different guide field magnitudes Bz0 (p1 = 0.25 for those
cases). It shows that Ik is initially proportional to the guide
field magnitude Bz0 and converges to values between 2.2 and
2.5, which is a rather small range compared to the variation
of the initial values. This indicates that the overall evolving
FAC is not very sensitive to the magnetic guide field value.
FACs are generated more efficiently for a small Bz0 case and
are more likely redistributed for a large Bz0 case. However,
convergence to the asymptotic state takes longer for small
Bz values.

[17] Figure 5 shows the evolution of Kk for different guide
field magnitudes Bz0 (p1 = 0.25 for those cases), which
demonstrates that Kk is nearly independent of time. This
is because FACs propagate with the rotational discontinu-
ity, and the dissipation is very small in our system. Note Kk

decreases with increasing Bz0 which seems inconsistent with
the limit of Bz = 0 where Kk = 0. This limit is indeed not
analytic due to the singularity of the jk in the Harris sheet.
However, Ik is analytic because the integral current con-
verges to 0 and the current is nonzero only in an arbitrarily
small vicinity of x = 0. It is noted that the issue of FAC in the
limit of Bz to 0 is somewhat questionable in MHD because
of an extreme concentration of the FAC. This is also sup-
ported by and consistent with the very slow evolution to an
asymptotic state for very small Bz.

[18] In conclusion, our simulations demonstrate that
reconnection with a small guide field can generate more
FAC; however, it takes larger temporal and spatial scale to
achieve its asymptotic state. Note that our one-dimensional
simulations cover a much longer period than the two-
dimensional simulations. The normal magnetic field Bn =
0.025 in our one-dimensional simulations yields to a recon-
nection rate Er = BnVA = 0.025, which is about 4 times
slower than the typical two-dimensional Petschek reconnec-
tion rate (� 0.1). Thus, to compare with two-dimensional
evolution and length scales, we would increase the normal
magnetic field by a factor of 4, which implies a 4 times faster
evolution of the waves. As a result, it takes about 150TA to
achieve the asymptotic status for small guide field case in
two-dimensional reconnection. For comparison with the real

Figure 4. The evolution of Ik in the reconnection layer for
different Bz0 and p1 = 0.25 cases.
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Figure 5. The evolution of Kk in the reconnection layer for
different Bz0 and p1 = 0.25 cases.

magnetopause, we assume that the typical magnetic field is
20 nT, density is 0.1 � 10 cm–3. Since the diffusion region
is likely on the ion inertia scale, which is also the limitation
of MHD, we use ion inertia length as the typical length scale,
which is about 400 km at the magnetopause. Based on these
parameters, for a small guide field (Bz = 0.1) case, recon-
nections takes about 1 to 7 min to reach its asymptotic state,
which seems likely relevant to the observation.

3.2. Shear Flow Cases
[19] For shear flow along the z direction, the frozen-in

condition implies a drag of reconnected magnetic field lines
into opposite directions on the two sides of the outflow
region, which generates a Bz component. Figure 6 shows
the magnetic field Bz component (isosurface) and the FAC
density jk indicated by color at t = 180 for a perpendicular
shear flow case (Bz0 = 0 and Vz0 = 0.5). It illustrates that
a large Bz component occurs in combination with a strong
FAC. We find all of the FACs are on reconnected field lines.
It has been demonstrated that the reconnection layer is also
composed of a pair of slow shocks and a pair of RDs for
this configuration, which is similar to the guide field case
[Sun et al., 2005].

Figure 6. FAC density jk (color) and magnetic field Bz
component (isosurface) at t = 180 for magnetic reconnection
with perpendicular shear flow case.

Figure 7. The evolution of max jk in the reconnection layer
for different Vz0 and p1 cases. The color index indicates Vz0
varying from 0.1 to 1; the dashed and solid lines represent
for p1 = 0.25 and 0.5 cases, respectively.

[20] Figure 7 shows the evolution of max jk in the recon-
nection layer for different Vz0 and p1 cases, which is rather
similar to Figure 3, except that the initial FAC is zero in
this configuration. Similar to the guide field cases, max jk
decreases with increasing of shear flow and a very small
shear flow magnitude requires a long time to relax to the
asymptotic state. Note that despite the same magnetic field
rotation angle (90ı) for all the case, a large shear flow has
a wider transition layer, which may be the consequence of
the constraint of the Walén relation and energy conservation.
And the straightforward physical reason for this behavior is
not clear yet. It is also noted that the asymptotic value of
the maximum FAC density is higher in the shear flow cases
when compared to the guide field presence.

[21] Figure 8 shows the evolution of surface FAC Ik in
the reconnection layer for different Vz0 (p1 = 0.25 in
these cases), which is similar to Figure 4. At an early stage,
Ik increases with increasing Vz0 initially and most curves
appears to converge toward an asymptotic value of about 3.0
at the later times. The surface FAC also measures the mag-
netic field rotation around the main direction (x direction),
which is 90ı for all cases. Therefore, the surface FAC is not

Figure 8. The evolution of Ik in the reconnection layer for
different Vz0 and p1 = 0.25 cases.
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Figure 9. The evolution of Kk in the reconnection layer for
different Vz0 and p1 = 0.25 cases.

sensitive to the value of Vz0. For the small shear flow cases
(Vz0 � 0.2 cases), it takes more time to achieve relativity
lower asymptotic value, which indicates that there may exist
a low critical value for shear flow to generate significative
amount of FAC.

[22] The evolution of total FAC Kk for different shear flow
magnitudes Vz0 (p1 = 0.25 for those cases) is presented in
Figure 9, which shows an even stronger tendency to con-
verge to a fixed value of close to 3.2 for all cases. Also, the
rise time is much shorter. Therefore, even moderate values
of shear flow should generate significant ionospheric FACs.
Note the rise time is consistent with the relaxation time for
generating the slow and intermediate shocks, see Figure 7,
which implies that FACs are generated by the formation of
RDs. There is no rise time for guide field configuration, since
most of the current is already in the magnetic field direction.
In general, it appears that shear flow generates a larger value

Figure 10. FAC density jk and magnetic Bz component at t =
150 for Hall MHD reconnection case.

Figure 11. Profile of the reconnection layer at t = 500 for
l = 1 and p1 = 0.25 case. The top panel shows By, Bz, and
Bt; the middle panel shows jy, jz, j, and jk; and the bottom
two panels shows �Vy, �Vey, �Vay, �Vz, �Vez, and �Vaz
for walén test.

of Kk which is relevant for the ionospheric magnitude of the
FAC. Although both cases, guide field and shear flow, gener-
ate significant FAC, the total current that can potentially be
observed in the ionosphere is typically larger in the presence
of shear flow.

3.3. Hall Physics Cases
[23] To conclude this examination of FAC generation, it is

worth to consider the effects of Hall physics. Here the gen-
eration of FAC occurs without a guide field or shear flow for
the bulk plasma. The magnetic field is frozen to the electron
fluid, such that the motion by the electron current is suffi-
cient to deflect the magnetic field into the invariant direction.
Figure 10 shows magnetic field Bz component and the FAC
density jk at t = 150 for Hall MHD case (Bz0 = 0, Vz0 = 0,
and l = 1). The bipolar structure of magnetic field Bz com-
ponent extends all the way along the outflow region, instead
of being localized in the vicinity of the reconnection region
as observed by the Geospace Environment Modeling (GEM)
challenge [Otto, 2001]. The FAC density jk is located along
the entire boundary of the outflow region and has the similar
bipolar structure as Bz.

[24] Figure 11 shows the structure of the reconnection
layer in Hall MHD case (l = 1), which demonstrates that
the switch-off shock is replaced by a standing whistler wave,
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Figure 12. The evolution of max jk in the reconnection lay-
er for different l varying from 0.1 to 1.

and the bipolar structure is a part of this wave. The physical
explanation for this standing wave is as follows: the large-
scale jump conditions imposed by MHD are the same for
Hall MHD, and this solution requires a strong current in the
z direction to turn off the magnetic field By component. In
MHD, this is accomplished by slow switch-off shocks (in
the symmetric case). However, in Hall MHD, a large cur-
rent density in the z direction combined with the frozen-in
condition for electrons implies a deflection of the magnetic
field into the z direction. Apparently, this deflection is the
source of a standing whistler wave downstream of the max-
imum current density. The middle panel of Figure 11 shows
that the current density is much lower in Hall MHD than in
MHD, because transition region depends on the wavelength
of the whistle wave and becomes much wider. The magni-
tude of FAC density is almost identical to the total current
density, which is similar to the RD. However, the direction
of FAC density is alternating, contrary to a RD.

[25] It is well known that rotational discontinuities, inter-
mediate shocks, and switch-off shocks satisfy the Walén
relation �V = �Va = �

�
B/p�

�
for Alfvén waves. The

bottom two panels of Figure 11 show the Alfvén veloc-
ity change |�VA|, ion velocity change |�V|, and electron

Figure 13. The evolution of renormalized max jk in the re-
connection layer for l = 0.5 and 1 case.

Figure 14. The evolution of Ik in the reconnection layer for
different Hall parameter l.

velocity change |�Ve|, which illustrates that in Hall MHD,
both ions and electron also approximately satisfy the Walén
relation. It is interesting that the small deviations between
Alfvén speed variation and plasma bulk and electron veloc-
ity appear systematic up- and downstream of the outflow
boundary. Such a systematic deviation has not yet been iden-
tified in observations, but it might be interesting to examine
whether such a systematic deviation from the Alfvén speed
is present for the plasma bulk and electron velocity. How-
ever, it is interesting to note that test of the Walén relation
in observations often show deviations particularly for thin
boundaries. It has been argued that such deviation may
occur due to pressure anisotropy and which this is a pos-
sible cause, a Walén test on scales comparable to the ion
inertia scale may reveal the modifications induced by the
whistler dynamics.

[26] These extended standing waves are not visible in the
two-dimensional Hall MHD results which show just the first
maximum and minimum (bipolar Bz) of these waves due to
a lack of resolution. The one-dimensional results use a res-
olution about 10 times better than in the two-dimensional
simulation. It is not clear if this whistler wave can be
observed by satellites, because the smaller amplitude waves
can be concealed by the typical noise in space plasma and the
waves could also be suppressed by ion gyroviscous effects.

[27] Figure 12 presents the evolution of the maximum
FAC density magnitude max |jk| in the reconnection layer for
different Hall parameter l varying from 0.1 to 1 indicated
by different colors, which shows that the max |jk| decreases
with increasing l. Naively, the opposite is expected, i.e., a
decreasing max |jk| with decreasing Hall parameter l, since
there is no FAC for l = 0, as observed in the three-
dimensional simulation results [Ma and Lee, 2001]. How-
ever, a rigorous examination shows that this is not correct
for the following reason. The Hall MHD equations have no
intrinsic scale except for the ion inertia scale �i. For exam-
ple, a value of l = 0.5 implies the choice L0 = 2�i. For
a fixed ion inertia scale, the cases with l = 1 and l = 0.5
only imply a different normalization of the length scale L0
for these cases. This can easily be removed by renormalizing
the l = 0.5 case, as it is nicely shown in Figure 13. Here we
have renormalized the l = 0.5 case with L0

0 = 0.5L0 which
increases the normalization of current density by a factor of
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Figure 15. The evolution of Kk in the reconnection layer for
different Hall parameter l.

two, and therefore, leads to a current of half its value in nor-
malized units. Note to compare the temporal evolution of
the l = 1 and l = 0.5 cases, one would need to consider the
renormalization of the time scale. This implies that the max-
imum current density should vary as l–1 for different values
of l and time should be multiplied with l.

[28] At first glance, one might disagree with this argument
because it leads to an infinite current density in the limit
l ! 0. However, this arbitrarily large current is also con-
centrated in arbitrarily thin region. This is not possible in a
numerical simulation with limitations on resolution and dis-
sipation of structure below a resolution threshold. Therefore,
the decrease of max jk is an artifact of the limited resolution
in a numerical simulation. Note that max |jk| in the results
presented here is much higher than in the three-dimensional
studied by Ma and Lee [2001], because the resolution and
resistivity in our study is better and specifically for values of
l = 1 appropriate to address the ion inertia physics.

[29] Figures 14 and 15 show the evolution of Ik and Kk in
the reconnection layer for different Hall parameter l, respec-
tively. Note that the increase of Ik and Kk with increasing
Hall parameter is opposite to the change of max |jk|. These
integrals contain the product of length scale and current den-
sity, and this product is independent of a renormalization (the
factors for length and current density cancel). However, a
renormalization should be applied to the time scale. In other
words, the time 600 for l = 0.8 corresponds to the time 300
for l = 0.4 and the deviation is mainly caused by the initial
current width. Finally, it is noted that both Ik and Kk increase
with time. This is likely caused by the expanding stand-
ing whistler wave structure at the outflow boundary which
contributes additional FAC. In summary, two-dimensional
magnetic reconnection, in the presence of Hall physics, leads
to a strong generation of FAC, as long as the typical length
scale is sufficiently resolved. In a real system, the Hall effect
can be modified by gyro effects.

4. Summary and Discussion
[30] Satellite observations provide evidence for the gener-

ation of FAC during magnetic reconnection. To better under-
stand the mechanisms of FAC formation in two-dimensional
magnetic reconnection, three selected configurations have

been carefully studied. For reconnection with a guide field
component, FACs are present already in the initial state,
such that the FACs observed in magnetic reconnection are
partly a projection and redistribution effect. However, guide
field reconnection replaces the switch-off shocks of Petschek
reconnection with a TDIS and a slow shock in the recon-
nection transition layer. All of FACs are generated in the
TDIS layers. The slow shock layers are much thinner than
the intermediate shock layers and ideally should satisfy the
coplanarity condition such that the small associated FACs
are either the result of a small deviation from the slow shock
solution or a numerical artifact. For a small guide field com-
ponent, a larger total FAC can be generated by reconnection
because of the required larger magnetic field rotation. Vice
versa, a large guide field implies less rotation of the mag-
netic field such that the projection effect is more important.
Note that a large guide field component implies a smaller
relative value of the antiparallel magnetic field components,
such that magnetic reconnection is expected be slower on
the Alfvén time scale based on the total magnetic field. The
total amount of FAC Kk into the ionosphere is not sensitive
to the initial (or asymptotic) guide field value.

[31] A perpendicular shear flow generates a Bz compo-
nent and therefore FAC due to the frozen-in condition. The
reconnection layer for a perpendicular shear flow configu-
ration is similar to the reconnection layer in the guide field
case. Since there is no FAC in the initial configuration, such
currents are solely generated by the intermediate shock in
the reconnection geometry. The total amount of FAC Kk is
largely independent of the initial shear flow for values equal
or larger than 0.2. The current into the ionosphere is gener-
ally larger for shear flow than for guide field states and is
almost independent of the shear flow magnitude, provided
there are no perpendicular currents to defect the FAC.

[32] The inclusion of Hall physics leads to the separa-
tion of ion and electron speed, and the frozen-in condition
only applies to the electrons. The switch-off shock layer
in MHD is replaced by a standing whistler wave in Hall
MHD. The often found Bz bipolar structure (also for FAC)
is the primary part of this standing wave, and this bipo-
lar structure extends all the way along the outflow region,
instead of being localized in the vicinity of the reconnection
region. Compared with previous three-dimensional simula-
tions results, our results show a much higher max |jk| likely
because of much better resolution. The maximum FAC den-
sity magnitude max |jk| does not increase with increasing
Hall parameter but decreases with 1/l for increasing Hall
parameter l. For a fixed physical ion inertia scale �i, a larger
Hall parameter l implies a smaller normalization scale L0,
which increases the normalized current density J0 and such
that any change in the maximum FAC is solely caused by
the normalization rather than any physical change. For the
same argument, although Ik and Kk appear proportional to
the Hall parameter, it can also be taken out by a renormaliza-
tion of time. Both ions and electrons approximately satisfy
the Walén relation.

[33] Our study shows that significant FACs can be gen-
erated in magnetic reconnection in the presence of a guide
field or of a perpendicular shear flow. Significant FAC is
also generated in the outflow region of antiparallel recon-
nection on length scales close to the ion inertia scale.
These FACs can propagate through Alfvén waves into the
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ionosphere. It is well known that field-aligned electric fields
are often associated with strong field-aligned currents, such
that the newly forming FAC layers are a likely source for
field-aligned particle acceleration and associated auroral sig-
natures. Note that for guide field and perpendicular shear
flow case, FACs are symmetric about the y axis. This indi-
cates a layered structure of FACs and possibly also of
respective auroral signatures in the ionosphere. However,
FAC generated by shear flow case may be modulated by the
Kelvin-Helmholtz (KH) waves, because this configuration is
KH unstable in three dimensions if the guide field is not too
strong. Hall physics is important only close to the bound-
ary of the outflow region, and the standing whistler wave
leads to a multiple FAC layers with alternating directions of
the FAC.

[34] It is noted that this study is based on symmetric
configurations, while the real magnetopause is asymmetric,
i.e., different densities, magnetic field magnitudes, and shear
flow on the two sides of the boundary. Magnetic reconnec-
tion can be suppressed by diamagnetic drifts for large plasma
beta ˇ in the presence of a guide field and strong magnetic
field asymmetry [Swisdak et al., 2003]. However, our result
still applies, provided that magnetic reconnection operates,
because the underlying physics is determined only by the
outflow region and is independent of the processes in the dif-
fusion region. Qualitatively, the conclusions concerning the
evolution of the TDIS and more importantly on FAC gen-
eration by guide magnetic fields, velocity shear, and Hall
physics are still applicable for asymmetry configurations.
This study also provides guidance and reference for more
specific studies on the effects of asymmetry for the evolution
of FAC.
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