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Key Points:
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formed after the upstream waves
penetrate through the shock and are
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downstream include the formation
of ﬂux ropes and high‐speed ﬂows in
the outﬂow region
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Abstract Satellite observations with high‐resolution measurements have demonstrated the existence of
intermittent current sheets and occurrence of magnetic reconnection in a quasi‐parallel magnetosheath
behind the terrestrial bow shock. In this letter, by performing a three‐dimensional global hybrid simulation,
we investigated the characteristics of the quasi‐parallel magnetosheath of the bow shock, which is
formed due to the interaction of the solar wind with the Earth's magnetosphere. Current sheets with
widths of several ion inertial lengths are found to be produced in the magnetosheath after the upstream
large‐amplitude electromagnetic waves penetrate through the shock and are then compressed in the
downstream. Magnetic reconnection consequently occurs in these current sheets, where high‐speed ion ﬂow
jets are identiﬁed in the outﬂow region. Simultaneously, ﬂux ropes with the extension (along the y direction)
of about several Earth's radii are also observed. Our simulation shed new insight on the mechanism for
the occurrence of magnetic reconnection in the quasi‐parallel shocked magnetosheath.
Plain Language Summary Beneﬁted from the high‐resolution measurements provided by
Cluster and Magnetospheric Multiscale missions, there are abundant evidences demonstrating the
existence of intermittent current sheets in the terrestrial magnetosheath downstream of a quasi‐parallel
shock, where magnetic reconnection can occur. However, the process for the formation of these current
sheets and occurrence of magnetic reconnection is still unknown. In this letter, the interaction between the
high‐speed solar wind and the terrestrial magnetosphere is studied with the help of a three‐dimensional
global hybrid simulation. The bow shock is found to be formed in front of the magnetosphere, and in the
subsolar and north parts of the bow shock, the shock is quasi‐parallel. In the upstream of the quasi‐parallel
shock, there exists plenty of large‐amplitude low‐frequency electromagnetic waves that are convected
toward the shock by the solar wind. These waves then penetrate through the shock, and at last current sheets
with widths of about several ion inertial lengths are formed in the downstream after these waves are
highly compressed by the shock. There are strong evidences supporting the occurrence of magnetic
reconnection in these current sheets: the generation of ﬂux ropes, the existence of the reconnection electric
ﬁeld and energy dissipation around the X line, and high‐speed plasma ﬂow in the outﬂow region. The ﬂux
ropes have a helical structure of magnetic ﬁeld lines, and their extension along the y direction is about
several Earth's radii.
1. Introduction
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The magnetosheath, which is full of turbulent plasmas, is formed behind the bow shock after the high‐speed
solar wind interacts with the Earth's magnetosphere. When the shock is quasi‐perpendicular (the angle
between the shock normal direction and upstream magnetic ﬁeld θBn > 45°), the shocked magnetosheath
is dominated by ion cyclotron waves and mirror waves that are excited by an ion temperature anisotropy
(e.g., Hao et al., 2014; Lee et al., 1986; Lu & Wang, 2006; McKean et al., 1992; Winske & Quest, 1988).
However, the characteristics of the magnetosheath behind the quasi‐parallel shock (θBn < 45°) is
still unclear.
1 of 6

Geophysical Research Letters

10.1029/2019GL085661

Recently, with the high‐resolution measurements of plasma data provided
by Cluster and Magnetospheric Multiscale (MMS) missions, intermittent
current sheets with widths at ion‐electron scales as well as magnetic
reconnection have been identiﬁed in the magnetosheath downstream of
quasi‐parallel shocks (Phan et al., 2018; Retinò et al., 2007; Vörös et al.,
2017; Yordanova et al., 2016). With Cluster observations, Retinò et al.
(2007) identiﬁed electromagnetic signatures of magnetic reconnection in
the turbulent magnetosheath downstream of a quasi‐parallel terrestrial
shock. These current sheets are formed due to the existence of large
amplitude ﬂuctuations in magnetic ﬁeld and density and then initiate
magnetic reconnection. Magnetic reconnection in the quasi‐parallel
shock magnetosheath has also been observed by MMS mission (Vörös
et al., 2017; Yordanova et al., 2016), and its size can even be down to the
electron scale without ion coupling (Phan et al., 2018). Such kind of magnetic reconnection offers a pathway to dissipate magnetic energy to
plasma kinetic energy, which subsequently heat and accelerate particles
in the magnetosheath.

Figure 1. The initial distribution of the magnetic ﬁeld Bt in the meridian
plane. The dashed line denotes the position of the RD. The white and
black lines represent the magnetic ﬁeld lines.

Although numerous satellite observations have indicated that turbulence‐
driven reconnection is a ubiquitous process in the quasi‐parallel shocked
magnetosheath, very few simulations have been performed to study such
a process. By performing a two‐dimensional global hybrid simulation,
Karimabadi et al. (2014) found the presence of magnetic islands in the
quasi‐parallel shocked magnetosheath, which are considered to be generated due to magnetic reconnection. In this letter, with a three‐
dimensional (3‐D) global hybrid simulation model, we investigate the
interactions of the high‐speed solar wind with the Earth's magnetosphere
and the formation of current sheets in the downstream of the quasi‐
parallel shock, where magnetic reconnection consequently occurs and
ﬂux ropes are generated.

2. Simulation Model
In hybrid simulations, ions are treated as particles, while electrons are considered as a massless and charge‐
neutralizing ﬂuid. In this letter, a 3‐D global hybrid simulation model is used to study the characteristics of
the magnetosheath downstream of a quasi‐parallel shock. The details of the model can be referred to Lin and
Wang (2005), and here only a brief introduction is described. A spherical coordinate system (r, θ, and φ) is
employed in the simulation model, and the simulation domain covers the dayside region with the geocentric
distance 4RE ≤ r ≤ 27RE (where RE is the Earth's radius) and azimuth angle 90°< φ < 270°, and the Earth is
located at the origin r = 0. The electron ﬂuid is assumed to be isothermal in our hybrid simulation model.
Initially, the uniform solar wind in r > 10RE interacts with the Earth's dipole magnetic ﬁeld limited to
r ≤ 10RE. Then, the bow shock, magnetosheath, and magnetopause are formed self‐consistently on the
dayside. In the simulation, the magnetic ﬁeld and density are normalized by the corresponding values (B0
and n0) in the solar wind. The time and length are expressed in the units of the inverse of ion gyrofrequency
2
1/2
Ω−1
is ion plasma frequency) in the
i0 ¼ eB0 =mi and ion inertial length di0 = c/ωpi0 (where ωpi0 = (n0e /miε0)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
solar wind, respectively. The velocity is scaled to the Alfvén speed V A0 ¼ B0 = μ0 mi n0 in the solar wind. In
order to save computational cost, we choose RE = 10di0. This means that the radius of the Earth in our simulation is about 5 times smaller than that of the real Earth, if we choose a typical interplanetary magnetic ﬁeld
B0 = 10nT and density n0 = 6 cm−3 in the solar wind. There are total Nr × Nϕ × Nθ = 260 × 120 × 140 grids in
the simulation, and nonuniform grids are used in the r direction with a smaller grid size of Δr = 0.5di0
around the shock, which is limited to 8RE ≤ r ≤ 14RE. There are 150–500 particles in each grid cell. The time
step is Ωi0Δt = 0.05.
For convenience, we present the simulation results in the geocentric solar magnetospheric coordinate system. The solar wind ﬂows into the system along the −x direction from the boundary at r = 27RE, and
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Figure 2. The distribution of the plasma density n in the meridian plane at Ωi0t = 45, 55, 65, and 75. The magnetic ﬁeld lines are also superposed in the ﬁgure with
the black lines, and the green dashed lines represent positions of the bow shock.

outﬂow boundary conditions are applied at the tailward boundary at x = 0. A perfect conducting inner
boundary is used at r = 4RE, and the inner magnetosphere with r ≤ 7RE is dominated by a cold ion ﬂuid.
The ion and electron plasma beta in the solar wind is βi = βe = 0.5, and the Alfvén Mach number is
MA = 8.83. As shown in Figure 1, which plots the initial distribution of the magnetic ﬁeld in the x‐z
plane, there is a rotational discontinuity (RD) in the solar wind. The RD crosses the point (30RE, 0) and
has an oblique angle of 45° relative to the x direction. The existence of the RD can separate the magnetic
ﬁeld in the solar wind from the Earth's magnetic ﬁeld. The width of the RD is 0.5di0. According to the
Rankin‐Hugoniot relation, the propagation velocity of the RD is (uRD_x, uRD_y, uRD_z) = (−9.0,0.0, − 0.98)
VA0. Across the RD, the angle between the interplanetary magnetic ﬁeld and the z direction changes from

Figure 3. The distribution of the current density Jy in the meridian plane at Ωi0t = 50, 56, 59, 61, 66, and 69. The magnetic
ﬁeld lines are also superposed in the ﬁgure with the black lines, and the green dashed lines represent positions of the bow
shock. X1 and X2 denote the positions of the X line, while FR1 and FR2 denote the position of ﬂux ropes.
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10° to 80°, and the velocity of solar wind (uIMF_x, uIMF_y, uIMF_z) changes
from (−8.83,0.0,0.0)VA0 to (−8.02,0.0, − 0.81)VA0.

3. Simulation Results
The bow shock is formed in front of the Earth's magnetosphere at about
Ωi0t = 10 due to the interaction between the high‐speed solar wind and
Earth's magnetosphere, and the shock is quasi‐perpendicular at this time.
At about Ωi0t = 12, the RD begins to interact with the bow shock, and it
completely enters the downstream at Ωi0t = 35. Then, the bow shock
becomes quasi‐parallel in the subsolar region and north part, while in
the south part the bow shock is quasi‐perpendicular. In this letter we
are only interested in the downstream of the quasi‐parallel shock.
Figure 2 shows the magnetic ﬁeld lines and plasma density n in the meridian plane at Ωi0t = 55, 65, and 75. The RD leaves the tailward boundary
at about Ωi0t = 40. Therefore, at these times the quasi‐parallel shock is
well formed, and the inﬂuence of the RD on the downstream characteristics can be neglected. The geocentric distance of the shock is about 10RE at
the subsolar point and 15RE at the high altitude. Across the shock, the
plasma density is enhanced about 2.5–5 times. In the upstream of the
shock, there exist large‐amplitude low‐frequency waves that are generally
considered to be excited by the reﬂected ions at the shock (e.g., Scholer,
1990; Su et al., 2012; Hao et al., 2016; Liu et al., 2019). In the downstream,
several ﬂux ropes with sizes several di0 are formed, and the plasma density
is enhanced inside most of these ﬂux ropes.

Figure 4. The enlarged view of the structures around the X1 line in the
meridian plane at Ωi0t = 58. Here (a), (b), and (c) correspond to the electric ﬁeld E *y ¼ E y −ðVi ×BÞy , E *y J y and Vs, respectively. The velocity Vs is the
ion ﬂow velocity projected to the outﬂow direction. The magnetic ﬁeld
lines are also superposed in the ﬁgure with the black lines, and the grey
dashed lines represent positions of the bow shock. At that time, the X1 line is
located at (x, z) = (3.2, 9.8)RE.

In order to understand the generation mechanism of these ﬂux ropes in
the magnetosheath, we trace the evolution of several typical ﬂux ropes
in the magnetosheath. Figure 3 plots the magnetic ﬁeld lines and current
density along the y direction Jy in the meridian plane at Ωi0t = 50, 56, 59,
61, 66, and 69. After the upstream waves cross the shock, they are compressed and current sheets with widths of 1–1.5RE (about 10–15di0) are
formed in the downstream. Magnetic reconnection occurs in these current
sheets. From the ﬁgure, we can ﬁnd that an X line (denoted by X1 in the
ﬁgure) is ﬁrstly formed at about Ωi0t = 50 around (x,z) = (5.9,7.8)RE due
to magnetic reconnection, and a ﬂux rope (denoted by FR1 in the ﬁgure)
with the size about 10di0 begins to be generated on the upper side of the X1
line. The FR1 ﬂux rope then moves toward the high altitude until it leaves
the simulation domain at about Ωi0t = 62. At about Ωi0t = 57, another X
line (denoted by X2 in the ﬁgure) begins to appear around (x,
z) = (7.1,5.3)RE, and a new ﬂux rope (denoted by FR2 in the ﬁgure) is generated on the upper side of the X2 line. The FR2 ﬂux rope also moves
toward the high altitude and leaves the simulation domain at
about Ωi0t = 70.
Figure 4 exhibits the enlarged view of the structures around the X1 line in
the meridian plane at Ωi0t = 58, and at that time the X1 line is located at
(x,z) = (3.2,9.8)RE. Figures 4a–4c correspond to the electric ﬁeld E*y ¼ E y −
ðVi ×BÞy , E*y J y , and Vs, respectively. Here Vs is the ion ﬂow velocity pro-

jected to the outﬂow direction. The outﬂow direction, which can be estimated by the minimum variance analysis method around the X1 line. We can ﬁnd that there exists a
positive value of the electric ﬁeld E *y and E*y J y around the X1 line, where the magnetic energy can be converted into plasma kinetic energy. Because in our hybrid simulation model the electron ﬂuid is assumed
to be isothermal, there is no electron off‐diagonal pressure tensor term to support the reconnection
LU ET AL.
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Figure 5. The structure of magnetic ﬁeld lines around the X1 line at Ωi0t = 57. Here (a) is the projection of the magnetic
ﬁeld lines in the meridian plane, and (b) is the 3‐D structure of the magnetic ﬁeld lines. The X1 line is located at
(x, z) = (5.2, 8.7)RE in the meridian plane.

electric ﬁeld in the vicinity of the X line (Lu et al., 2015). We can ﬁnd the obvious existence of E *y and E *y J y in
the vicinity of the X1 line. At the same time, the X1 line moves to the high altitude in the direction of ambient
ion sheath ﬂow with the velocity about 4.4VA0. On the upper‐left side of the X1 line, the velocity Vs is larger
than the moving velocity of the X1 line, while it is smaller than the moving velocity of the X1 line in the
lower‐right side. Therefore, there exists a high‐speed plasma ﬂow away from the X1 line in the outﬂow
region, and the speed is about 0.7VA0. All these evidences are consistent with the occurrence of magnetic
reconnection (e.g.Birn et al., 2001, Fu et al., 2006, Wang et al., 2010, 2016).
The 3‐D structure of magnetic ﬁeld lines around the X1 line at Ωi0t = 57 is shown in Figure 5, and at this time
the X1 line is located at (x,z) = (5.2,8.7)RE in the meridian plane. Figure 5a plots the projection of the magnetic ﬁeld lines in the meridian plane, while Figure 5b exhibits the 3‐D structure of the magnetic ﬁeld lines.
In the meridian plane, there is a ﬂux rope in the upper‐left side of the X1 line. The extension of both the X1
line and ﬂux rope along the y direction is about 7RE or 70di0, and a helical structure of the magnetic ﬁeld
lines can be easily identiﬁed inside the ﬂux rope. We have also examined the extension of other X lines
and ﬂux ropes along the y direction, which are about 5–8RE.

4. Conclusions and Discussion
In this letter, we use a 3‐D global hybrid simulation to study the interaction between the high‐speed solar
wind and the terrestrial magnetosphere, and the bow shock is formed in front of the magnetosphere. In
the upstream of the quasi‐parallel part of the bow shock, there exist large‐amplitude low‐frequency electromagnetic waves. These waves will move toward and then penetrate through the shock. At last, these waves
are compressed to form current sheets in the magnetosheath. Magnetic reconnection occurs in these current
sheets, and high‐speed plasma ﬂow is observed in the outﬂow region. Flux ropes with scales about several
ion inertial lengths are also generated in these currents sheets. These ﬂux ropes have a helical structure of
magnetic ﬁeld lines, and their extension along the y direction is about 5–8RE. In our hybrid simulation
model, electrons are treated as a massless ﬂuid, and electron dynamics is neglected. Due to this limitation,
it cannot resolve electron‐scale reconnection, which was recently observed by the MMS mission (Phan et al.,
2018). Both the formed current sheets and magnetic reconnection in our simulation have an ion‐scale size.
Gingell et al. (2017) and Bessho et al. (2019) have also studied the occurrence of magnetic reconnection in a
quasi‐parallel shock using two‐dimensional local kinetic simulations. In their simulations, magnetic reconnection occurs in the shock transition region, and the current sheets are formed due to the interaction
between the large amplitude magnetic ﬂuctuations with rippled shock front. However, in our simulation,
the current sheets are formed due to the compression of large‐amplitude low‐frequency electromagnetic
waves in the quasi‐parallel shocked magnetosheath behind the bow shock. Magnetic reconnection can also
be induced in the downstream of the bow shock when the current sheets in the solar wind cross the shock
LU ET AL.
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and are then compressed (Lin, 1997; Phan et al., 2007; Omidi et al., 2009; Guo et al., 2018). However, it is also
different from that in our simulation, where magnetic reconnection occurs in the downstream current sheets
formed after the excited large‐amplitude low‐frequency electromagnetic waves cross the shock.
In our simulation, in order to save computational cost, a reduced Earth's radius is used. It is easy to infer that
with the increase of the Earth's radius, the quasi‐parallel shocked magnetosheath can contain more current
sheets. Magnetic reconnection, therefore, should be easier to occur in the magnetosheath.
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