
1.  Introduction
Current sheets in the solar wind can exist where there are magnetohydrodynamic (MHD) discontinuities, 
as observed since early spacecraft measurements of the interplanetary magnetic field (IMF) (e.g., Behannon 
et al., 1981; Burlaga et al., 1969; Horbury et al., 2001; Lepping & Behannon, 1986; Tsurutani & Smith, 1979). 
These frequently observed events are usually described by either rotational discontinuities (RDs) or tan-
gential discontinuities (TDs). Among them, TDs can be considered as magnetic boundary layers without 
the normal component of magnetic field (Bn = 0), with a total pressure balance. TDs convect with the solar 
wind flows. On the other hand, RDs can be considered as large-amplitude Alfvén waves with a finite normal 
magnetic field, that is, Bn ≠ 0. RDs propagate with the normal Alfvén speed VAn relative to the background 
plasma.

Interaction of an interplanetary RD with the Earth’s bow shock has been investigated for decades (e.g., Arch-
er et al., 2012; Cable & Lin, 1998; Karlsson et al., 2018; Lin, 1997; Lin, Lee, et al., 1996; Lin, Swift, et al., 1996; 
Sibeck et al., 1997; Tsubouchi & Matsumoto, 2005; Yan & Lee, 1994, 1996). Using one-dimensional (1D) and 
two-dimensional (2D) MHD simulations, Yan and Lee (1994, 1996) suggested that the interaction between 
an RD and the bow shock results in a pair of slow shocks and an intermediate shock. The MHD simulation 
of Sibeck et  al.  (1997) predicted that both slow mode waves and sunward-/antisunward-moving Alfvén 
waves are generated in the magnetosheath after the bow shock/RD interaction. The interaction of inter-
planetary RDs with the bow shock may also cause the generation of pressure pulses in the magnetosheath, 
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as suggested by simulations (Cable & Lin, 1998; Lin, Lee, et al., 1996; Lin, Swift, et al., 1996; Tsubouchi & 
Matsumoto, 2005) and observations (Archer et al., 2012; Karlsson et al., 2018).

Magnetic reconnection has been observed in the magnetosheath due to the interaction of an interplane-
tary TD with the bow shock (e.g., Guo, Lin, & Wang, 2021; Guo, Lin, Wang, & Du, 2018; Lin, 1997; May-
nard, Burke, et al., 2007; Maynard, Sonnerup, et al., 2002; Omidi et al., 2009; Pang et al., 2010; Phan, Love, 
et al., 2011; Phan, Paschmann, et al., 2007). Phan, Paschmann, et al. (2007) and Phan, Love, et al. (2011) 
have suggested, with both Cluster and THEMIS observations, that reconnection is present in the magne-
tosheath as a result of the compression of the solar wind current sheet. Both 2D hybrid (Lin, 1997) and 
2D MHD (Maynard, Sonnerup, et al.,  2002) simulations have demonstrated that magnetic reconnection 
can be generated as a result of the interaction between a directional TD and the bow shock. 2D (Omidi 
et al., 2009) and three-dimensional (3D) (Pang et al., 2010) global hybrid simulations have shown the gener-
ation of magnetosheath reconnection downstream of the quasi-perpendicular (Q-⊥) shock due to the TD/
bow shock interaction. In addition, using a 3D global hybrid simulation, Guo, Lin, Wang, and Du (2018) 
and Guo, Lin, and Wang (2021) have investigated the interaction of interplanetary directional TDs with the 
bow shock and the magnetosphere, which results in magnetic reconnection downstream of both Q-⊥ and 
quasi-parallel (Q-∥) shocks, and the subsequent impacts on the magnetopause flux ropes.

Due to the magnetic field geometry of the Q-∥ shock, the reflected ions can escape along magnetic field lines 
into the foreshock region in the upstream. Meanwhile, plasma instabilities can be triggered by interaction 
between these backstreaming ions and the incoming upstream plasma, leading to the development of in-
tense low-frequency waves (Gutynska, Safrankova, & Nemeek, 2009; Lee & Russell, 1994; Shi et al., 2017). 
Subsequently, these waves are convected with the solar wind back to the magnetosheath, affecting the 
magnetosheath plasma and field structures (Blanco-Cano, 2006; Gutynska, Šimůnek, et al., 2012; Shevyrev 
et al., 2006). The solar wind speed, quantified by the upstream magnetosonic Mach number, significantly 
affects the Q-∥ shock properties because it directly controls the bow shock strength, which in turn affects 
particle dynamics at the shock front and impacts the wave activity (e.g., Eastwood, Balogh, et al., 2005; Turc 
et al., 2018). If an upstream interplanetary discontinuity contains a Q-∥ IMF on the sunward side, the waves 
originated from the Q-∥ shock would affect the evolution of the discontinuity as it is transmitted into the 
magnetosheath.

Magnetic reconnection has been found in the turbulent plasma downstream of the Q-∥ shock (e.g., East-
wood, Mistry, et al., 2018; Gingell, Schwartz, Eastwood, et al., 2019; Karimabadi et al., 2014; Lu et al., 2020; 
Øieroset et al., 2017; Phan, Eastwood, et al., 2018; Retinò et al., 2007; Vörös et al., 2017; Yao et al., 2020; 
Yordanova et  al.,  2016). Based on MMS spacecraft observations, multiscale structures on the electron 
scales associated with magnetic reconnection in the turbulent magnetosheath have been reported (Gingell, 
Schwartz, Eastwood, et al., 2019; Phan, Eastwood, et al., 2018; Yordanova et al., 2016). Ion-scale reconnec-
tion has also been observed downstream of the turbulent Q-∥ shock (Cluster: Retinò et al., 2007; THEMIS: 
Øieroset et  al.,  2017; MMS: Eastwood, Mistry, et  al.,  2018; Vörös et  al.,  2017). Using 2D particle-in-cell 
(PIC) (Bessho et al., 2019) and 2D hybrid (Gingell, Schwartz, Burgess, et al., 2017) simulations, small-scale 
turbulent reconnection has been reproduced in the transition region and downstream of a Q-∥ shock. On 
the other hand, Karimabadi et al. (2014) carried out a 2D global hybrid simulation by imposing an RD to 
the bow shock and they found that foreshock bubbles are formed due to the interaction of the RD with 
the shock reflected ions and magnetic islands are present downstream of the turbulent Q-∥ shock, but the 
interaction of an RD with the bow shock-magnetosphere was rarely investigated. Using a 3D global hybrid 
simulation, Lu et  al.  (2020) suggested that the ion-scale magnetosheath reconnection can occur down-
stream of the Q-∥ shock itself as the large-amplitude shock intrinsic electromagnetic waves are compressed. 
Recently, reconnection has been observed by MMS spacecraft as an interplanetary directional discontinuity 
is crossing the Q-⊥ shock (Hamrin et al., 2019), but it is difficult to determine what type of discontinuity is 
observed. The above studies indicate that magnetic reconnection can occur not only at the magnetopause or 
in the magnetotail, but also in the extended volume of the magnetosheath and the bow shock. However, it 
is not understood whether magnetic reconnection can be generated downstream of the Q-∥ shock by inter-
action between an interplanetary RD and the bow shock-magnetosheath system. Moreover, it is still unclear 
whether the ion-scale magnetosheath reconnection can be triggered at the Q-∥ shock alone.
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In this article, we use a 3D global-scale hybrid simulation to investigate the interaction between an inter-
planetary RD and the dayside bow shock/magnetosphere. In particular, we examine whether reconnection 
can be generated downstream of the Q-∥ shock by an external driver in the form of compression of an RD 
at the bow shock and in the magnetosheath. In the meantime, we also examine whether reconnection can 
be driven by the spontaneous process in turbulent structures downstream of the Q-∥ shock. The effects 
of waves originated from the Q-∥ shock on the generation, evolution, and global structure of the magne-
tosheath flux ropes are investigated. Cases with various magnetic shear angles and solar wind Alfvén speed 
will be studied.

This study is organized as follows. Section 2 describes our simulation model. The simulation results are 
presented in Section 3. Summary and discussion are given in Section 4.

2.  Simulation Model
Our study is based on a 3D global hybrid simulation model that contains the dayside bow shock-magne-
tosheath-magnetosphere system (Guo, Lin, Wang, & Du, 2018; Lin & Wang, 2005; Swift, 1996). Detailed 
numerical scheme of the hybrid code can be found in Swift (1996). In the hybrid simulation, ions are treated 
as individual particles, and electrons are considered as a massless fluid. Quasi-charge neutrality is assumed 
in the simulation. A spherical coordinate system (r,θ,φ) is used in the simulation to model the Earth’s 
magnetosphere, which consists of the radial distance r, the polar angle θ relative to the positive GSM z axis, 
and the azimuthal angle φ from the negative GSM y axis. The Earth is located at the origin. The simulation 
domain is within the dayside region with 3.5RE ≤ r ≤ 25RE. The inner boundary at r = 3.5RE is treated as a 
perfectly conducting boundary. The solar wind carrying the IMF in from the frontside (inflow) boundary at 
r = 25RE. To avoid the singular coordinate lines, two volumes of 20° semicones around the GSM ±y axes in 
the equator are cut out from the domain (Lin & Wang, 2005). Outflow boundary conditions are utilized at 
GSM x = 0 and the two semiconic surfaces, which remain open for the plasma to leave the simulation do-
main. In our simulation the grids are uniformly distributed in the θ and φ directions, while the grid spacing 
is non-uniform in the r direction, with a total of nr × nθ × nφ = 320 × 180 × 220 grids. The ion inertial length 
di0 = c/ωpi0 is chosen to be 0.1RE in the solar wind, where ωpi0 is the ion plasma frequency, and c is the light 
speed. A higher spatial resolution with Δr = 0.03RE along the r direction is used around the regions of the 
bow shock, magnetosheath, and magnetopause.

Noted that the ion kinetic physics is resolved with grid sizes on ion Larmor radius ∼ρi or ion inertial length 
∼di in the hybrid simulation (e.g., Lin, Wang, et al., 2014). Around the bow shock, magnetosheath, and 
magnetopause, the peak ion density is on the order of N ≈ 2−4N0 (where N0 is the solar wind ion density), 
and thus the ion inertial length is around di ≈ 0.05−0.07RE. Therefore, the grid size Δr = 0.03RE used is 
small enough to resolve the ion kinetic physics. The number of particles per grid is nearly 150–600 in the 
interested regions of the magnetopause, magnetosheath and bow shock. We have also run a case with more 
particles (about 1.5 times) per cell. It is found that the results are qualitatively similar. For a run with grid 
number nr × nθ × nφ = 320 × 180 × 220 and the total particle number ∼3.6 × 109, the wall-clock time con-
sumed is about 160 h when 192 cores are used.

In our self-consistent scheme, the ions are accelerated by the electric and magnetic fields, while the electric 
field satisfies the generalized Ohm’s law combined with Ampere’s law, and the magnetic field is advanced 
with Faraday’s law. In the simulation, the magnitude of the unperturbed IMF B0 is 10 nT, corresponding to 
a solar wind ion gyrofrequency Ωi0 ∼ 1.0 Hz, where Ωi0 = eB0/mi, e is the elementary charge, and mi is the 
ion mass. The shape and strength of the bow shock as well as the corresponding structures are found to be 
qualitatively similar for different choices of di0 (Lin, 1997; Lin & Wang, 2005; Lin, Wang, et al., 2014; Tan 
et al., 2011).

All variables are normalized by the unperturbed parameters in the solar wind: magnetic field B by the IMF 
B0, ion number density N by the solar wind ion density N0, time t by the solar wind ion gyro-frequency 

1
0Ωi , and plasma velocity V by the solar wind Alfvén speed VA0 ( 0 0 0 0/A iV B m N ), thermal pressure 

by 2
0 0i AN m V , electric field by VA0B0, and current density by eN0VA0. The Alfvénic Mach number is given by 

MA = Vsw/VA0, where Vsw is the solar wind speed. In the presentation, the spatial coordinates are expressed 
in units of RE.
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The initial IMF is presumed to be purely northward, with B0  =  (B0x, 
B0y,B0z) = (0,0,1.0)B0, or have a predominant northward Bz component. 
The solar wind flows along the −x direction carrying the IMF toward the 
Earth. The magnetopause and the bow shock are formed in a self-consist-
ent manner. An interplanetary RD is imposed to propagate toward the 
Earth, which interacts with the bow shock at a certain time after the bow 
shock is fully formed. Across the discontinuity, the physical quantities 
experience a jump along the discontinuity normal direction, which is the 
propagation direction of RD. The normal component Bn of magnetic field 
is constant across the RD, and the RD is allowed to propagate along an 
arbitrary direction to the bow shock. In our simulation, the propagation 
direction n of the RD is assumed to point earthward, antiparallel to the 
normal component of magnetic field, Bn. According to the Rankin-Hu-
goniot relation, the normal component velocity Vn and tangential flow 
velocity Vt satisfy

 1 2 0/ ,im Nn n nV V B� (1)
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where subscripts 1 and 2 denote the upstream quantities and downstream quantities of the RD, respectively. 
The quantity Bt denotes the tangential component of the magnetic field. The tangential magnetic fields on 
both sides of the RD are different only in their directions. The normal component of inflow Vn at the RD is 
determined from Equation 1. The tangential flow velocity changes according to Equation 2. Across the RD, 
the rotation angle of the tangential magnetic field has a fixed value ΔΦ = 180°. The width of the initial RD 
is assumed to be 10di0. We have also run a case with w = 1di0. It is found that the results are qualitatively 
similar to the case with w = 10di0.

In Figure 1, we present a schematic sketch of the magnetic field configuration of the RD in xz plane. B1 
and B2 denote upstream magnetic field and downstream magnetic field of the RD. The initial IMF B0 = B1, 
and θ12 is an angle between B1 and B2. RD propagates toward the Earth with propagation direction n =   
(−sin(θ12/2),0,−cos(θ12/2)). To investigate the effects of RD with different propagation directions n and solar 
wind Mach numbers MA on the generation, evolution, and structures of reconnection in the magnetosheath 
due to the interaction of various RDs with the bow shock and magnetosphere, six cases (1–5) with different 
n and MA are presented, as listed in Table 1. In addition, two cases (6 and 7) are also listed in Table 1 in order 
to illustrate the effects of the initial IMF direction and thus the shock structure on reconnection.

3.  Simulation Results
As described in Section 2, the initial IMF in the first six cases is assumed to be(B0x,B0y,B0z) = (0,0,1.0)B0, 
pointing northward, which is the upstream field of the incoming RD, that is, B1 = B0. At time t = 0, the RD 
front is located at a distance corresponding to x = 40.0RE at z = 0, outside the simulation domain. The RD 
propagates earthward in the solar wind frame. On the basis of the shock-normal angle θBn, the collisionless 
shocks can be categorized as Q-∥ (θBn < 45°) and Q-⊥ (θBn < 45°) shocks. For the initial IMF configuration 
before the arrival of the RD, the Q-⊥ shock is located in the region of |z| < 15.0RE in the noon meridian 
plane. No shock reflected ions are present upstream of the Q-⊥ shock. As the RD is transmitted through the 
bow shock, the shock geometry and thus the locations of the Q-∥ and Q-⊥ shocks change in response to the 
changing of the IMF direction. Figures 2a–2c display the magnetic field strength in the noon meridian plane 
for cases with downstream (B2x,B2y,B2z) = (1.0,0,0)B0 (Case 1 with θ12=90°, Figure 2a), (0.7071,0,−0.7071)
B0 (Case 4 with θ12 = 135°, Figure 2b), and (0.9397,0,0.342)B0 (Case 5 with θ12 = 70°, Figure 2c), obtained 
at  1

090Ωit . The orange lines in the figure are the magnetic field lines around the bow shock and the red 
straight lines are along the normal direction of the bow shock at θBn = 45°. The locations of the RD fronts 
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Figure 1.  A schematic diagram of the magnetic field configuration of the 
rotational discontinuity (RD) in xz plane. B0 is the initial IMF, and B1 and 
B2 denote upstream and downstream magnetic fields of the RD. θ12 is an 
angle between B1 and B2. n = (−sin(θ12/2),0,−cos(θ12/2)) is the propagation 
direction of the RD.
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are denoted by the white dashed curves. As shown in Figure 2a, after the passage of the RD, the region of 
the Q-∥ bow shock is located at −17.0RE < z < 13.5RE in Case 1 (denoted by the black curve). In Case 4 with 
(B2x,B2y,B2z) = (0.7071,0,−0.7071)B0, the bow shock is dominated by the Q-∥ shock in z < 0, as shown in Fig-
ure 2b. In addition, Figure 2c displays that in Case 5, the location of the Q-∥ shock is located in z > −6.5RE.

When the interplanetary RD is transmitted through the bow shock and convects toward the magneto-
pause, magnetosheath reconnection is found to be triggered by interaction between the RD and the bow 
shock/magnetosheath, forming magnetosheath flux ropes with length of about tens of di0 in the dawn-
dusk direction. As the transmitted RD continuously passes through the magnetopause, new reconnection 
takes place between the field lines on the sunward side of the RD and the geomagnetic dipole field lines, 
leading to the generation of flux ropes at the magnetopause, with length of ∼10di0. In addition, no more 
reconnection is present in the magnetosheath after the RD passes through the dayside magnetopause. 
The details of the physical processes of the magnetosheath and magnetopause reconnection are present-
ed in the following.

3.1.  Case 1: θ12 = 90° and MA = 5.6

First of all, we present results of interaction of the incoming RD with the 
bow shock and magnetopause, starting from Case 1, in which the solar 
wind Alfvén Mach number MA = 5.6 and the propagation direction, n 
of the RD in the solar wind is 45° relative to the Sun-Earth line, making 
(B2x,B2y,B2z) = (1.0,0,0)B0 behind the RD. To illustrate the time evolution 
while the RD propagates toward the bow shock and the magnetopause, 
Figures  3a–3f show the magnetic field strength in the noon meridian 
plane at  1

00Ωit , 1
08Ωi , 1

025Ωi , 1
033Ωi , 1

076Ωi , and 1
089Ωi , while the white 

lines superposed on the contours are the field lines projected onto the 
2D plane. The purple hemisphere represents the inner boundary of the 
simulation. A zoom-in view of Figures 3e and 3f are shown in Figures 3g 
and 3h, respectively, from x = 0 to 15RE and z = −6RE to 12RE. At t = 0, the 
RD is located outside the simulation domain and the initial IMF is purely 
northward, as shown in Figure 3a. The transmitted RD reaches the north 
side of the inflow boundary at  1

08Ωit , denoted by the black dashed line 
in Figure 3b.

In the simulation, the bow shock, magnetosheath, and magnetopause are 
formed in a self-consistent manner at  1

025Ωit , as seen in Figure 3c. The 
location of the bow shock is denoted by the gray dotted line in the noon 
meridian plane. The geocentric distance of the magnetopause and the 
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Case B1 = B0 B2 θ12(°) MA (VA0) n

1 (0,0,1.0) (1.0,0,0) 90 5.6 (−0.7071,0,−0.7001)

2 (0,0,1.0) (1.0,0,0) 90 3.0 (−0.7071,0,−0.7001)

3 (0,0,1.0) (1.0,0,0) 90 8.0 (−0.7071,0,−0.7001)

4 (0,0,1.0) (0.7071,0,−0.7071) 135 5.6 (−0.9239,0,−0.3827)

5 (0,0,1.0) (0.9397,0, 0.3420) 70 5.6 (−0.5736,0,−0.8192)

6 (−0.7071,0,0.7071) (1.0,0,0) 135 5.6 (−0.3827,0,−0.9239)

7 (0.3420,0,0.9397) (1.0,0,0) 70 5.6 (−0.8192,0,−0.5736)

Note. MA is initial solar wind Alfvén Mach number. θ12 is the angle between the upstream (B1) and downstream (B2) 
magnetic fields of the rotational discontinuity (RD). The propagation direction of the RD n = (−sin(θ12/2),0,−cos(θ12/2)).

Table 1 
Simulation Cases Presented in This Study, With the Various Angles θ12 and MA

Figure 2.  Contour plots of the magnetic field strength in the noon 
meridian plane for cases with (a) (B2x,B2y,B2z) = (1.0,0,0)B0 (Case 1), (b) 
(0.7071,0,−0.7071)B0 (Case 4), and (c) (0.9397,0,0.342)B0 (Case 5) behind 
the RD obtained at  1

090Ωit . The orange lines are the field lines around 
the bow shock, and the red lines indicate the normal direction of the bow 
shock. The locations of the RD fronts are denoted by the white dashed 
curves.
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bow shock at the subsolar point is about 10.0RE and 13.0RE, respectively. Across the bow shock, the magnet-
ic field, ion number density, and thermal pressure increase, while the flow speed decreases. The flow direc-
tion diverges to the north and south (not shown). At  1

025Ωit , the RD has propagated into the simulation 
domain from the inflow boundary, as marked by dashed lines in Figure 3c, across which the IMF direction 
changes. The RD then reaches the bow shock at  1

033Ωit , as seen in Figure 3d in which the curved black 
dashed line marks the bow shock. We note that no reconnection occurs inside the RD before it interacts 
with the bow shock.

As the RD is transmitted through the bow shock at  1
076Ωit , it is dragged tailward and poleward by the 

magnetosheath flows, forming a paraboloidal-shaped structure. The RD is compressed by the initially Q-⊥ 
bow shock and then the magnetosheath, similar to that in the TD/bow shock interaction as reported by 
Pang et al. (2010), Guo, Lin, Wang, and Du (2018), and Guo, Lin, and Wang (2021). The transmitted RD is 
the thinnest around z = 7.0RE, where it was first in contract with the bow shock. Southward of the equator, 
however, the RD gradually becomes weaker because the southward magnetosheath flows drag the field 
lines in the way that they straighten the field lines across the RD, as shown in Figures 3e and 3g. Meanwhile, 
the IMF has changed to (B2x,B2y,B2z) = (1.0,0,0)B0 in the upstream solar wind. Correspondingly, the shock 
structure changes from being Q-⊥ to Q-∥ around the subsolar region (Figure  2a). Upstream of the Q-∥ 
shock, there exist large-amplitude low-frequency electromagnetic perturbations. These foreshock waves are 
generally found to be excited by the interaction between the backstreaming reflected ions and the incom-
ing solar wind (e.g., Hoppe et al., 1983; Lin & Wang, 2005; Liu et al., 2019; Russell & Hoppe, 1983; Scholer 
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Figure 3.  Contour plots of the magnetic field strength in the noon meridian plane at  1
00Ωit , 1

08Ωi , 1
025Ωi , 1

033Ωi , 1
076Ωi , and 1

089Ωi  obtained from Case 1. 
The magnetic field lines are superposed denoted by white lines. The dashed line denotes the RD location in the magnetosheath. The reconnection “X” point is 
denoted by symbol “X.” The purple sphere represents the inner boundary of the simulation.
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et al., 1990; Shi et al., 2017), which results in the waggled magnetic field lines in Figure 3e. Subsequently, 
the waves generated upstream of the Q-∥ shock penetrate into the magnetosheath, leading to the bending 
and squeezing of the field lines in the RD, which in turn play an important role in facilitating magnetic 
reconnection inside the RD in the magnetosheath. The details of these waves will be shown in Figures 4 
and 5. At  1

089Ωit , magnetic flux ropes are present in the transmitted RD in the magnetosheath, and they 
are located where an “island” like structure is present in the 2D projection of field lines, marked by the red 
line in Figure 3h. The reconnection region is located around (x,z) = (8.0,7.5)RE in the noon meridian plane 
southward of the flux rope, denoted by the symbol “X” in Figures 3f and 3h. No magnetosheath reconnec-
tion is found on the southward side of the equator, where the RD becomes wide. We have included two 
supplemental movies to show the time evolution of the magnetic field strength and ion density as well as 
the field line configuration (see Movies S1 and S2).

The low-frequency waves originated from the Q-∥ shock significantly affect the evolution of the RD in the 
magnetosheath. Figure 4a shows the magnetic field line configuration around the equator, obtained from 
Case 1 at  1

080Ωit . The green lines are the magnetic field lines around the Q-∥ shock. A zoom-in view of 
the field line around the Q-∥ shock is plotted in Figure 4b. The contour in the noon meridian plane shows 
the Bz component. The location of RD is denoted by the solid white line. It is found that the low-frequency 
waves possess a nearly circular polarization of magnetic field, leading to the green field line configuration 
in Figure 4b. At the location of the RD in the magnetosheath, these waves cause the bending and squeez-
ing of the field lines of the RD (Figures 4a and 4b), leading to the generation of a thin current sheet with 
a larger magnetic shear angle inside the RD and, in turn, magnetic reconnection inside the RD in the 
magnetosheath.

The low-frequency wave properties upstream of the Q-∥ shock are also investigated. Figure 5a displays the 
time evolution of (a1) the magnetic field strength B, (a2) the ion density Ni, the magnetic field components 
(a3) Bx, (a4) By (blue) and Bz (red), and the electric field components (a5) Ex (black), Ey (blue) and Ez (red), 
measured in Case 1 by a virtual spacecraft positioned at (x,y,z) = (15.4,0,0)RE (in the foreshock region). 
The associated power spectrum of the By component is depicted in Figure 5b. Noted that in this case of a 
radial IMF, upstream the magnetic field fluctuates around (Bx,By,Bz) = (1,0,0)B0, as shown in Figures 5a 
(a3) and 5a (a4). The ion density is seen to fluctuate in a nearly positive correlation with the magnetic field, 
as shown in Figures 5a (a1) and 5a  (a2), consistent with the diamagnetic cavities simulated by Lin and 
Wang (2005). Significant fluctuations are found in all components of the magnetic field and electric field, 
especially in the y and z components, as shown in Figures 5a (a4) and 5a (a5). Moreover, there is an almost 
90° phase difference between the y components and the z components. During the time  1

0118.Ωit , the 
amplitude of By and Bz is about 0.7B0. In  1

0118.Ωit , the amplitude is decreased, probably due to the change 
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Figure 4.  (a) Magnetic field line configuration around the equator at  1
080Ωit . The green field lines are the magnetic 

field lines. (b) A zoom-in view. The contour in the noon meridian plane shows the Bz component of the magnetic field.
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of the Q-∥ shock structures. Noted that the solar wind ion gryofrequency Ωi0 ∼ 1.0 Hz in our simulation 
for a typical IMF B0 = 10.nT. It is seen from Figure 5b that only the wave power peaks at frequency around 
0.083Ωi0 (∼83 mHz). Noted that the phase speed direction of the waves is along −x toward the Earth in the 
simulation frame, while it points to the Sun in the solar wind plasma frame. Using a minimum variance 
analysis (Sonnerup & Scheible, 1998), we find that the waves nearly propagate along the magnetic field 
direction (Bx). We then plot magnetic field hodogram in the By-Bz plane to examine its polarization. As 
shown in Figure 5c, the waves are right-hand (left-handed) in solar wind plasma (in the simulation) frame 
of reference from  1

080.Ωit  to  1
0120.Ωit . The upstream electromagnetic waves are found to be consistent 

with the beam whistler modes, which have been investigated in previous hybrid simulations (e.g., Lin & 
Wang, 2005).

GUO ET AL.

10.1029/2020JA028853

8 of 20

Figure 5.  (a) The time series of (a1) the magnetic field strength B, (a2) the ion density Ni, the magnetic field 
components (a3) Bx, (a4) By (blue) and Bz (red), and the electric field components (a5) Ex (black), Ey (blue) and Ez (red), 
measured in Case 1 by virtual spacecraft positioned at (x,y,z) = (15.4,0,0)RE (in the foreshock region), (b) its associated 
power spectrum of the By component. (c) Hodogram of the waves in By−Bz plane from  1

080.Ωit  to  1
0120.Ωit . (d) The 

spatial cuts of (d1) the magnetic field strength B, (d2) the ion density Ni, the magnetic field fluctuations (d3) δBx (black), 
δBy (blue) and δBz (red), the electric field fluctuations (d4) δEx (black), δEy (blue) and δEz (red), and (d5) Poynting flux 
component −δSx along the Sun-Earth line in the sunward direction, obtained at  1

090.Ωit . The green dashed line 
marks the location of the subsolar Q-∥ shock.
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Figure 5d displays the spatial cuts of (d1) the magnetic field strength B, 
(d2) ion density Ni, magnetic field fluctuations (d3) δBx (black), δBy (blue) 
and δBz (red), electric field fluctuations (d4) δEx (black), δEy (blue) and 
δEz (red), and (d5) the Poynting flux component −δSx along the Sun-
Earth line in the sunward direction, obtained at  1

090.Ωit . The central 
position of the subsolar Q-∥ shock (∼x = 13.7RE), which is indicated by 
the green dashed line in Figure 5d, can be identified by the sharp gra-
dients of the magnetic field strength and ion density (Figures  5d (d1) 
and 5d (d2)). The wavelength of the waves is nearly λ ≈ 4.1RE (∼41di0), 
based on the field fluctuations in Figures 5d (d3) and 5d (d4). The Poynt-
ing flux component, δSx, is about  2

0 02.0 AV B  (Figure 5d (d5)). For a typical 
IMF of 10 nT and a solar wind density of 6 cm−3, the unit power den-
sity 2

0 0AV B  is 7.1 × 10−6W/m2. Therefore, δSx averaged in the simulated 
foreshock region is about −1.4 × 10−5W/m2. Moreover, the Doppler shift 
of the frequency Δω = kxVSW is ∼0.705Ωi0, where kx = 2π/λ. Therefore, 
the wave frequency in the solar wind plasma frames is estimated to be 
fr = f−Δω/2π∼−0.029Ωi0 (∼29 mHz), where f is the frequency in the sim-
ulation frame. This negative sign of the wave frequency is correlated to 
the reversal of the phase speed direction in the simulation frame (Narita 
et al., 2004).

To investigate the formation process of the magnetic flux ropes inside 
the RD in the magnetosheath, Figure 6 displays the magnetic field line 
configuration of the flux rope at (Figure 6a)  1

089Ωit  and (Figure 6b) 
 1
092Ωit . The contours show the magnetic field strength in the xz plane 

at (Figure 6a) y = 0 and (Figure 6b) y = −0.3RE. The orange field lines 
denote the reconnected field lines (flux rope), and the red and blue field 
lines represent the no reconnected field lines around the magnetic merg-
ing layer at  1

089Ωit . The green field lines reveal the magnetosheath flux 
rope inside the RD at  1

092Ωit . The black lines mark the reconnected 
field lines near the reconnection X sites. In Figure 6a, the point denoted 
by “X” is an X point, identified in a similar way as described in work of 
Guo, Lin, Wang, Vines, et al. (2020), which is the same “X” point shown 
in Figure 3f. The magnetic topology of the X point is further confirmed 
by using the topological degree method (Greene, 1992; Guo, Lin, Wang, 
& Du, 2018). Figure 6a shows that reconnection takes place between the 
two field lines denoted by the red and blue color, resulting in the genera-
tion of the orange and black field lines at  1

089Ωit . It is found that recon-
nection has taken place between the field lines similar to the orange and 
the red lines around (x,y,z) = (7.9,−0.3,7.7)RE at  1

092Ωit , resulting in 
the generation of the green and black field lines, as shown in Figure 6b. 
An extended flux rope is formed by such reconnection process.

The overall structures of various physical quantities around the “X” point in Figure 6 are also studied. Fig-
ure 7 exhibits the zoomed-in contour plots of (Figure 7a) the component jy of current density (Figure 7b), 
the component By (Figure 7c), the electric fields     x x i x

E E V B  and (Figure 7d)     y y i y
E E V B  

(Figure 7e), the ion bulk flow component Viz (Figure 7f), ·y yJ E  (Figure 7g), J⋅E′ (Figure 7h), the ion density 
Ni, and (Figure 7i) the ion temperatures T∥ and (Figure 7j) T⊥, from x = 0 to 12.0RE and z = 4.0RE to 16.0RE, 
where black lines superposed on the contours are the field lines projected onto the 2D noon meridian plane. 
By shock compression and convection compression processes at the bow shock and in the magnetosheath 
(Guo, Lin, & Wang, 2021; Guo, Lin, Wang, & Du, 2018; Pang et al., 2010), a thin current sheet with width of 
∼3.0di0 is formed above the equator in the magnetosheath, as shown in Figure 7a. The evolution of the cur-
rent density inside the RD will be elaborated in Figure 8. The reconnection magnetic field is Br ≈ Bz ≈ 2.8B0 
(not shown). There is a guide field around the “X” point, with a value of ∼0.2B0. Moreover, quadrupolar 
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Figure 6.  Magnetic field line configuration in a zoom-in view around 
the magnetosheath X point at (a)  1

089Ωit  and (b)  1
092Ωit . The 

orange and green field lines represent the flux rope inside the RD in 
the magnetosheath, the red and blue field lines are the magnetic field 
lines outside the magnetic merging layer, and the black ones mark the 
reconnected field lines near the X points. Contour plots show the magnetic 
field strength in the y = 0 and y = −0.3RE plane.
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perturbations δBy ∼ 0.5B0 relative to the guide field are present, as denoted by the signs of positive and 
negative in the vicinity of the “X” point in Figure 7b, which is consistent with the Hall effects due to the 
ion inertial effects (e.g., Pritchett, 2001). The Hall electric field 

xE  changes from positive to negative in the 
sunward direction across the “X” point in Figure 7c, which is due to the charge separation effects in the 
Hall physics. Figure 7d reveals a positive value ∼0.36VA0B0 of the reconnection electric field 

yE  is present 
around the “X” point. Moreover, wave structures consistent with the Alfvén waves are also found around 

the reconnection region, propagating in opposite directions away from 
the X line. Alfvén waves generated from the reconnection region have 
been investigated in previous hybrid simulations (e.g., Cheng et al., 2020; 
Wang, Lin, et al., 2019).

In Figure 7e, the presence of outflow reconnection jets with Viz of opposite 
signs can be seen on the two sides of the “X” point, pointing away from 
the “X” point. At this moment, the “X” point moves northward with the 
ambient magnetosheath flow (e.g., Guo, Lin, Wang, Vines, et al., 2020), 
with a speed of ∼1.0VA0. The outflow velocity northward of the “X” point 
is northward, ∼1.7VA0, larger than the speed of the “X” point. On the 
southward side of the “X” point, the outflow speed is also northward, 
∼0.1VA0, smaller than the speed of the “X” point. Therefore, there exists 
an outflow jet away from the “X” point, with a speed of ∼0.8VA0.

The quantity ·y yJ E  and J⋅E′ have a positive value around the “X” point 
in Figures 7f and 7g, which indicates that the magnetic energy is con-
verting into plasma kinetic energy (e.g., Angelopoulos et al., 2008; Birn 
et al., 2001; Nagai et al., 1998; Wang, Nakamura, et al., 2017). Figure 7h 
shows that the ion density has a significant enhancement in the flux rope 
(projected as an island in the 2D plane) and the outflow region. Around 
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Figure 7.  The contour plots of zoomed-in structures around the X line in the noon meridian plane at  1
089Ωit . Here (a–j), correspond to the component Jy, the 

component By, the Hall electric field     x x i x
E E V B ,     y y i y

E E V B , the ion bulk flow component Viz, ·y yJ E , J⋅E′, ion density Ni, the ion temperature 

T|| and T⊥, respectively.

Figure 8.  The evolution of the current density Jy inside the RD, at 
(y,z) = (0.,7.5)RE, as a function of time.
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the “X” point, the ion density Ni is about is about 3.0n0, and temperatures 
T|| and T⊥ are about 2

02.5 AV  and 2
04.2 AV , respectively. Corresponding to the 

density enhancement, ion temperature enhancement is also found, with 
greater enhancement in T|| than T⊥, as shown in Figures 7i and 7j. How-
ever, since the background ion temperature T⊥ > T|| downstream of the 
bow shock, the ratio T∥/T⊥∼0.6 in the reconnection region, is still less 
than 1. All the above evidence is consistent with the occurrence of mag-
netic reconnection. In the reconnection region, the Walen relation of the 
single transmitted RD is not satisfied.

Noted that the reconnection magnetic field Br  ≈  Bz  ≈  2.8B0, the ion 
density Ni ≈  3.0N0, and the reconnection electric field   0 00.36y AE V B  
around the “X” point. Thus, the reconnection rate is about 


  

2
0
2

0 0 0
/ · · 0.08y i

y A r
A z

E B NE V B
V B NB

, where  0/A r i iV B m N . The re-

connected flux is about 2
00.13 EB R  at  1

089Ωit , which is calculated by in-
tegrating the normal magnetic flux between the major X point and the 
neighboring major O point. However, the time evolution of the recon-
nected flux is very difficult to calculate due to the motion of the recon-
nection site.

Figure  8 depicts the evolution of the current density Jy inside the RD 
during its interaction with the bow shock and the magnetosheath, at 
(y,z) = (0.,7.5)RE, as a function of time. It is found that Jy is nearly con-
stant while the RD is in the solar wind, with a positive value ∼0.09eN-
0VA0. At  1

033.0Ωit , the interplanetary RD interacts with the bow shock, 
where the RD is significantly compressed. This time duration when the 
RD is interacting with the bow shock is labeled as “BS” in the figure. The 
current density Jy increases by a factor of ∼7.0, to ∼0.63eN0VA0 after the 
RD crossing the bow shock. Since the magnetic field only increases by a 
factor of ∼2.0 across the shock, the stronger enhancement of Jy indicates 
that the thickness of RD is reduced to about 1/3.5 of the original value. 
In the magnetosheath, the RD is further compressed by the convection 
compression process and Jy continues to increase as the RD propagates 
toward the Earth. At  1

089.0Ωit , denoted by the vertical red dashed 
line, Jy reaches a peak value of ∼1.2eN0VA0, which is also found in Fig-
ure 7a. Around this moment, magnetosheath reconnection takes place 
at (x,y,z)  =  (8.0,0.,7.5)RE inside the RD downstream of the Q-∥ shock, 
denoted by the “X” point in Figure 7.

To illustrate the time evolution of magnetosheath flux ropes, Figures 9a–
9e display the contours of the Bz component in the noon meridian plane, 
as well as the corresponding 3D field lines (Figures 9f–9j) downstream 
of the bow shock from Cases 1 at  1

080Ωit , 1
090Ωi , 1

0100Ωi , 1
0126Ωi , and 

1
0130Ωi . The locations of the RD in the magnetosheath are denoted by 

the curved white lines in Figures 9a–9c, where the Bz component varies 
from positive value to negative value. The orange field lines mark the flux 
ropes inside the RD in the magnetosheath from  1

080Ωit  to  1
0126Ωit ,  

the blue and green field lines denote the newly formed field lines of the flux ropes, the red lines represent 
the field lines at the magnetopause, and the black lines are the field lines outside the magnetopause. The 
arrows on the colored field lines indicate the directions of the magnetic field. In the whole process of the 
RD crossing the bow shock and passing through the dayside magnetopause, two magnetosheath flux ropes 
are found above the equator inside the RD, as marked by “FR1” and “FR2” in this figure. At  1

080Ωit ,  
the two flux ropes are generated around (x,z) = (7.0,7.9)RE and (x,z) = (9.5,5.3)RE in the noon meridian 
plane, denoted by “FR1” and “FR2,” respectively, as shown in Figures 9a and 9f. The extensions of the flux 
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Figure 9.  (Left) Contours of the magnetic field strength in the noon 
meridian plane obtained at (a)  1

080Ωit , (b) 1
090Ωi , (c) 1

0100Ωi , (d) 1
0126Ωi , 

and (e) 1
0130Ωi . (Right) (f–j) Magnetic field line configuration in a zoom-in 

view. The orange lines denote the magnetosheath flux ropes inside the 
RD, the blue and green lines denote the newly formed field lines of the 
flux ropes, the red lines mark the field line at the magnetopause, and the 
black lines represent the magnetic field lines outside the magnetopause. 
Two magnetosheath flux ropes are denoted by “FR1” and “FR2,” and 
magnetopause flux rope is marked by “FR.”.
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ropes along the y direction are about 30di0 (“FR1”) and 10di0 (“FR2”). 
Subsequently, the two flux ropes move poleward with the magnetosheath 
flows. At  1

090Ωit , the two flux ropes have moved to (x,z) =  (6.3,8.7)
RE (“FR1”) and (x,z) = (8.8,5.9)RE (“FR2”), and their lengths are about 
45di0 and 20di0, as shown in Figures 9b and 9g. At  1

0100Ωit , the flux 
ropes “FR1” and “FR2” have moved to (x,z) = (5.1,9.3)RE and (7.7,7.1)RE, 
respectively, as indicated in Figures 9c and 9h. The lengths of “FR1” and 
“FR2” have further increased to about 60di0 and 40di0.

No reconnection is present at the magnetopause before the RD reach-
es the magnetopause. At about  1

0126Ωit , the two flux ropes reach and 
interact with the dayside magnetopause. Noted that the propagation di-
rection of the RD is n  =  (−0.7071,0,−0.7071) in Case 1. The magnetic 
field direction change due to the RD, from northward to southward, at 
the magnetopause first occurs around z ≈  4.0RE, where magnetopause 
reconnection first takes places (denoted by the white label “X”), resulting 
in the green and blue field lines wrapped inside the flux ropes “FR1” and 
“FR2,” (Figures 9d and 9i). The evolution of the magnetic field directions 
just outside the magnetopause will be shown in Figure 10. Subsequently, 
the two flux ropes move out of the tail-side boundary at about  1

0130Ωit . 
When the RD impacts the dayside magnetopause, the magnetic field out-
side the magnetopause behind the RD changes from northward to south-
ward on the north side of the equator (denoted by the black field lines in 
Figures 9e and 9j), while it still points northward on the south side of the 
equator for the time being.

In the meantime, it is found that at  1
0130Ωit , magnetic reconnection 

has taken place at the magnetopause above the equator where the mag-
netic field is nearly antiparallel on the two sides of the magnetopause 
current layer, resulting in the generation of the magnetopause flux ropes 
(denoted by “FR”) with a size of ∼10di0 in the dawn-dusk direction, de-
noted as the red field lines in Figures 9e and 9j. No magnetopause recon-
nection can be found on the south side of the equator in the entire run.

To illustrate the dynamic evolution of the magnetic field direction outside 
the magnetopause on the northward side of the equator due to the arrival 
of the RD, Figure 10 shows the field line configuration around the mag-
netopause in the noon meridian plane at (Figure  10a)  1

020.Ωit  (Fig-
ure 10b), 1

033.Ωi  (Figure 10c), 1
080.Ωi , and (Figures 10d and 10e) 1

0130.Ωi .  
The contours in the y = 0 plane show the magnetic field strength. The 
black line represents the field line around the magnetopause, the orange 
ones mark the open field lines outside the magnetopause, and the white 
line denotes a flux rope at the magnetopause. The arrows on the colored 
field lines indicate the directions of the magnetic field. At  1

020.Ωit , the 
field lines outside the magnetopause point northward, denoted by the orange label “N” in Figure 10a. The 
RD has reached the bow shock at  1

033.Ωit , as seen in Figure 10b. The magnetic field outside the magnet-
opause is still northward before the arrival of the RD. As the RD is transmitted through the bow shock and 
propagates toward the Earth, a paraboloidal-shaped structure of the RD is formed, as marked by the orange 
field lines at  1

080.Ωit  in Figure 10c. On the earthward side of the RD above the equator, the magnetic field 
changes to southward behind the RD (denoted by the red label “S”). Around  1

0130.Ωit , the RD passes 
through the magnetopause, thus the magnetic field outside the magnetopause in the northern hemisphere 
has turned to southward (Figures 10d and 10e). In the meantime, magnetopause reconnection has taken 
place between the northward magnetopause field lines and the southward magnetosheath field lines above 
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Figure 10.  The time evolution of the field line configuration outside 
the magnetopause on the northward side of the equator, at (a)  1

020.Ωit

, (b) 1
033.Ωi , (c) 1

080.Ωi , and (d) 1
0130.Ωi . The contours in the y = 0 plane 

show the magnetic field strength. The black lines represent the field lines 
around the magnetopause, the orange ones mark the open field lines 
outside the magnetopause, and the white line denotes the flux rope at the 
magnetopause. The arrows on the colored field lines indicate the directions 
of the magnetic field.
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the equator, resulting in the generation of the flux rope denoted by the 
white field line, as shown in Figures 10d and 10e.

No magnetosheath reconnection is found downstream of the Q-∥ shock 
after the RD passes through the magnetopause at  1

0130Ωit . As an ex-
ample, Figure 11 displays a zoom-in view of the field line configuration 
around the subsolar region, obtained from Case 1 at  1

0160Ωit . The or-
ange lines are the magnetic field lines around the Q-∥ shock, and a curved 
white dashed line marks the location of the bow shock. The contour plot 
in the noon meridian plane shows the magnetic field strength. It is found 
that the waggled magnetic field lines are present downstream of the Q-∥ 
shock due to the low-frequency turbulence in the magnetosheath. How-
ever, no reconnection flux ropes are found in the entire magnetosheath at 

 1
0130Ωit . Similarly, no reconnection is present downstream of the Q-∥ 

shock in Case 3 with a larger Alfvén Mach number MA = 8.0 after the 
RD reaches the magnetopause. Our simulations indicate that large-scale 
magnetosheath reconnection is not driven by the spontaneous process in 
the turbulent structures downstream of the Q-∥ shock.

3.2.  Cases 1–3 With Various Alfvén Mach Number MA

Solar wind Alfvén Mach number has a great effect on the excitation of 
low-frequency waves in the foreshock of the Q-∥ shock, which in turn 
plays an important role in the bending of field lines around the RD in the 
magnetosheath. To illustrate the effects of the solar wind Alfvén Mach 
number MA on the generation of low-frequency waves, Figures 12a–12c 
show the magnetic field line configuration in a zoom-in view around the 
Q-∥ shock, for MA = 3.0 (Case 2, Figure 12a), 5.6 (Case 1, Figure 12b), and 

8.0 (Case 3, Figure 12c), assuming θ12 = 90° and the initial IMF is purely northward. The contours in the 
figure display Bz in the noon meridian plane. The green lines denote the field lines around the Q-∥ shock. 
In Case 2 with MA = 3.0, the geocentric distances of the magnetopause and the bow shock are about 12.3RE 
and 15.4RE at the subsolar point, respectively. In Case 3 with MA = 8.0, however, they have shifted inward 
to 8.4RE and 10.7RE. In addition, the amplitude of the low frequency electromagnetic waves increases from 
δB∼0.5B0 to ∼2.5B0 as the solar wind speed increases from MA = 3.0 to 8.0.

Under the same direction of n, magnetosheath reconnection occurs more frequently inside the RD in case 
with a larger MA. Figures 13a–13c show the magnetic field line configuration in cases with MA=3.0 (Case 
2, Figure 13a), 5.6 (Case 1, Figure 13b), and 8.0 (Case 3, Figure 13c). The contours display the Bz compo-
nent in the noon meridian plane. The orange field lines denote the magnetic field lines around the RD. As 
shown in Figure 13a, in Case 2 with MA = 3.0, no reconnection flux ropes are found inside the RD because 
the compression processes of the RD are weakened with a smaller MA = 3.0. When MA increases to 5.6, 
magnetosheath flux ropes with a length of ∼60di0 are present in Case 1, as shown in Figure 13b. For Case 
3, in which MA is further increased to 8.0, a longer magnetosheath flux rope with a length of ∼100.di0 is 
formed, but the reconnection rate is similar to that in Case 1. Moreover, reconnection is also not found 
downstream of the Q-∥ shock after the RD passes through the magnetopause. In the case with a larger MA, 
the shock compression and convection compression processes become stronger, and a thinner current sheet 
is formed (especially on the duskside and dawnside). Thus, magnetic reconnection is more likely to take 
place, resulting in the generation of a longer flux rope in the dawn-dusk direction. In addition, the stronger 
low-frequency waves from the Q-∥ shock also play an important role in the triggering of the magnetosheath 
reconnection. Overall, longer magnetosheath flux ropes are found in the cases with a larger MA.

3.3.  Cases 4–5 With Various Propagation Direction n

To investigate the effects of the propagation direction n of the RD on the magnetosheath reconnection, 
where n  =  (−sin(θ12/2),0,−cos(θ12/2)), Figures  14a and  14b show the magnetic field line configuration 
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Figure 11.  Magnetic field line configuration in a zoom-in view around 
the Q-∥ shock, obtained from Case 1 at  1

0160Ωit . The contour in xz plane 
displays the magnetic field strength.
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downstream of the bow shock, for cases with θ12 = 135° (Case 4, Figure 14a), and 70° (Case 5, Figure 14b), 
assuming MA = 5.6 and the initial IMF is purely northward. The contour plots in the figure show, again, the Bz 
component. The orange lines are the field lines inside the RD in the magnetosheath, the red field lines mark 
the flux ropes at the magnetopause, and the black field line represents the magnetic field line just inside the 
magnetopause. In Case 4 with θ12 = 135°, the propagation direction of the RD is n = (−0.9239,0,−0.3827). 
The magnetic field (B2x,B2y,B2z) = (0.7071,0,−0.7071)B0 behind the RD, and correspondingly the bow shock 
becomes the Q-∥ shock in z < 0 (shown in Figure 2b). Noted that no low-frequency waves are present in the 
region of the Q-⊥ shock (z > 0). In this case, magnetosheath flux ropes are not found until the RD moves 
very close to the magnetopause. For example, as shown in Figure 14a, reconnection flux rope (denoted by 
the orange field lines) with a length of ∼6di0 is present inside the RD at (x,z) = (9.8,2.7)RE downstream of 
the Q-⊥ shock, at a distance very close to the magnetopause (∼0.3RE), obtained at  1

0120Ωit . In addition, 
the magnetopause flux ropes are present at (x,z) = (9.1,4.2)RE by the magnetopause reconnection, denoted 
by the red field lines in Figure 14a. Compared with Case 4, low-frequency waves are present in the region of 
0 < z < 13.5RE in Case 1 with θ12 = 90°. The magnetosheath flux ropes are formed at  1

080Ωit  in Case 1, ear-
lier than that in Case 4 (  1

0120Ωit ). Moreover, the reconnection flux ropes in Case 1 are found downstream 
of the Q-∥ shock, at a distance much farther from the magnetopause (∼1.6RE) than that in Case 4 (∼0.3RE) 
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Figure 12.  Magnetic field line configuration in a zoom-in view around the Q-∥ shock in cases with (a) MA = 3.0 (Case 2), (b) MA = 5.6 (Case 1), (c) MA = 8.0 
(Case 3), assuming θ12 = 90°. The contours in the noon meridian plane display the Bz component. The green field lines mark the magnetic field lines around the 
Q-∥ shock.

Figure 13.  Magnetic field line configuration around the RD in cases with (a) MA = 3.0 (Case 2), (b) MA = 5.6 (Case 1), (c) MA = 8.0 (Case 3), assuming 
θ12 = 90°. The contours in the noon meridian plane show the Bz component. The orange field lines denote the field lines around the RD.
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downstream of the Q-⊥ shock. It indicates that the low frequency waves originated upstream of the Q-∥ 
shock play an important role in facilitating reconnection inside the RD in the magnetosheath.

In Case 5 with θ12 = 70°, the propagation direction of the RD is n = (−0.5736,0,−0.8192). The magnetic field 
(B2x,B2y,B2z) = (0.9397,0,0.3420)B0 behind the RD and the region of the Q-∥ shock is located at z > −6.5RE 
(Figure 2c). No reconnection is found in the magnetosheath, as shown in Figure 14b. We have also simu-
lated cases with propagation direction n more oblique to the −z axis (θ12 < 70°), it is found that no magne-
tosheath flux ropes are present in the entire magnetosheath.

3.4.  Cases 6 and 7 With Various Initial IMF Direction

To illustrate the effects of the initial shock structure on magnetosheath reconnection inside the RD, cases 
6 and 7 with different initial IMF have been investigated. Compared with Case 1, the upstream field of the 
RD is assumed to be oblique, with B1 = (−0.7071,0,0.7071)B0 in Case 6 and (0.3420,0,0.9397)B0 in Case 7. 
Behind the RD, the magnetic field B2 = (1.0,0,0)B0 and the solar wind Alfvén Mach number MA = 5.6 in 
both cases, similar to that used in Case 1. The initial shock structure is Q-∥ in region of z < 0 for Case 6 
and z > −6.0RE for Case 7, while the shock structure is almost Q-⊥ for Case 1 with a pure northward ini-
tial IMF. Figures 15a and 15b show the magnetic field line configuration inside the RD in a zoom-in view, 
obtained from Case 6 (Figure 15a) and Case 7 (Figure 15b) at  1

0100Ωit . The contour plots in the noon 
meridian plane show the magnetic field strength B. The orange field lines represent the flux ropes in the 
magnetosheath, and the red lines are the field lines at the magnetopause. We find that reconnection flux 
ropes are present inside the RD in the magnetosheath at (x,z) = (9.0,6.1)RE in Case 6 and at (x,z) = (8.8,6.4)
RE in Case 7. The reconnection rate in these two cases are also similar to that in Case 1. It indicates that the 
magnetosheath reconnection inside the RD still occurs when the initial shock structure is Q-∥. In addition, 
no reconnection is found downstream of the Q-∥ shock after the RD passes through the magnetopause.
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Figure 14.  Contour plots of the Bz component in the noon meridian plane for cases with (a) θ12 = 135° (Case 4) and 
(b) θ12 = 70° (Case 5), assuming MA = 5.6. The orange lines denote the magnetosheath field lines around the RD, the 
red ones mark the magnetopause flux rope, and the black line represents the magnetopause field lines. The bow shock 
location is denoted by “BS.”.
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4.  Summary and Discussion
In this study, we have used a 3D global hybrid simulation to study the interaction of the interplane-
tary RD with the bow shock, magnetosheath and magnetopause. Specifically, generation of reconnection 
downstream of the Q-∥ shock is investigated. The propagation direction of the RD is assumed to be 
earthward. Cases with various propagation directions n (n = (−sin(θ12/2),0,−cos(θ12/2))) and solar wind 
Alfvén Mach numbers MA have been investigated, where θ12 is the angle between the upstream (B1) and 
downstream (B2) magnetic fields of the RD. In addressing the questions raised in the introduction, we 
found no reconnection occurring in the turbulent bow shock and magnetosheath alone without the im-
pact of RD, and the following main results are obtained regarding the generation of reconnection inside 
the RD.

1.	 �Magnetosheath reconnection can be triggered inside the RD downstream of the Q-∥ shock by the shock/
magnetosheath compression and the effects of the turbulent waves. The reconnection rate is ∼0.08 around 
the X line inside the RD. The RD passes through the dayside magnetopause, new reconnection takes place 
between the field lines on the sunward side of the RD and geomagnetic field lines at the magnetopause. 
No magnetosheath reconnection is found downstream of the Q-∥ shock after the RD passes through the 
magnetopause. Our simulation shows that ion-scale magnetic reconnection is driven by the interaction of 
the interplanetary RD with the dayside bow shock/magnetosphere, rather than caused by the turbulent 
Q-∥ shock itself

2.	 �The amplitude of low-frequency waves increases as MA increases, which leads to more reconnection 
in the magnetosheath. For a fixed θ12  =  90°and a pure northward initial IMF, magnetosheath flux 
ropes are found in the magnetosheath with MA = 5.6 and 8.0 downstream of the Q-∥ shock, while 
the length of the flux ropes in the case with MA = 8.0 (∼100di0) is longer than that in the case with 
the smaller MA = 5.6 (∼60di0), but the reconnection rate is similar to that in the case with MA = 5.6. 
Nevertheless, in the case in which MA decreases to 3.0, no magnetosheath flux ropes are present in the 
magnetosheath

3.	 �The existence and structure of reconnection inside the RD are also strongly dependent on the propaga-
tion direction n of the RD. For a fixed MA = 5.6 and purely northward initial IMF, the magnetosheath 
flux ropes are only present with a size of several di0 in the case with θ12 = 135°, at a distance very close 
to the magnetopause downstream of the Q-⊥ shock. When θ12 decreases to θ12 ≤ 70°, no magnetosheath 
flux ropes are found in the entire magnetosheath
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Figure 15.  Magnetosheath field line configuration inside the RD in a zoom-in view obtained from (a) Case 6 and (b) 
Case 7 at  1

0100Ωit . The contour plots in the noon meridian plane show the Bz component.
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4.	 �Large-amplitude low-frequency waves are generated in the foreshock region, where the backstream-
ing reflected ion beam interacts with the incoming solar wind. The waves propagate nearly along the 
ambient field toward the Earth with a left-handed polarization in the simulation frame. As the waves 
penetrate into the magnetosheath, it can bend and squeeze the field lines around the RD, leading to the 
generation of a thin current sheet with a larger shear angle inside the RD, which in turn play an impor-
tant role in facilitating magnetic reconnection inside the RD in the magnetosheath

Our simulations have shown that reconnection can take place downstream of the Q-∥ shock when an inter-
planetary RD is transmitted through the bow shock. As the RD is transmitted through the bow shock, it is 
compressed by the bow shock and then the magnetosheath. A thin current sheet with Bn ∼ 0 is formed due 
to the existence of the differential flows in the magnetosheath and low-frequency waves downstream of the 
Q-∥ shock, leading to the generation of reconnection inside the RD. However, reconnection is found only 
in limited regions downstream of the Q-∥ shock. For example, in Case 4 with θ12 = 135°, no reconnection 
flux ropes are present downstream of the Q-∥ shock in z < 0, because the southward magnetosheath flows 
drag the field lines in the way that they straighten the field lines across the RD. It indicates that the magne-
tosheath flows play an important role in the evolution of the RD downstream of the Q-∥ shock.

Our hybrid simulation does not include the physics on the electron kinetic scale. It has been widely be-
lieved that the electron dynamics is essential in the triggering processes of magnetic reconnection (e.g., 
Horiuchi & Sato, 1997; Ishizawa et al., 2004; Zenitani et al., 2011). By comparing the Hall-MHD simulations 
with the particle-in-cell (PIC) model, Hesse et al. (2001) identified that the overall evolution and growth 
of the reconnected magnetic flux behaved almost identically for the Hall-MHD and the PIC model. They 
concluded that the different dissipation processes may lead to similar large-scale behavior irrespective of 
the dissipation details, which is supported by hybrid simulations based on a simple fluid electron model 
(Kuznetsova et al., 2001). Compared with the Hall-MHD model, hybrid simulations contain the hot ion fully 
kinetic physics, in addition to the Hall effects. In our simulation, an ad hoc current-dependent resistivity is 
imposed to trigger magnetic reconnection. The model has been used to study the structure of magnetopause 
reconnection, and the results have been compared with MMS observations (e.g., Guo, Lin, Wang, Vines, 
et al., 2020). It was found that the spatial and temporal variations of the ion-scale reconnection layer, the 
electromagnetic power spectra, and the associated ion velocity distribution in the simulated reconnection 
event are well consistent with the observations. Nevertheless, fully kinetic simulations are necessary to 
reveal the electron kinetic physics of reconnection and, importantly, the occurrence of electron-only recon-
nection (e.g., Gingell, Schwartz, Eastwood, et al., 2019; Phan, Eastwood, et al., 2018; Yordanova et al., 2016).

Ion-scale reconnection has been observed in the magnetosheath (e.g., Polar: Maynard, Burke, et al., 2007; 
Cluster: Phan, Paschmann, et  al.,  2007; Retinò et  al.,  2007; THEMIS: Øieroset et  al.,  2017; Phan, Love, 
et al., 2011; MMS: Eastwood, Mistry, et al., 2018; Vörös et al., 2017), as well in the transition regions of the 
Q-⊥ bow shock (Hamrin et al., 2019). The observed reconnecting current sheets may be generated locally 
(e.g., Eastwood, Mistry, et al., 2018; Øieroset et al., 2017; Retinò et al., 2007; Vörös et al., 2017) or from the 
solar wind discontinuities (TDs or RDs) (e.g., Hamrin et al., 2019; Maynard, Burke, et al., 2007; Phan, Love, 
et al., 2011; Phan, Paschmann, et al., 2007). However, it might be challenging to determine where the recon-
necting current sheet is originating from. Even though reconnecting current sheet is suggested to be caused 
by an external driver in the form of compression of an interplanetary directional discontinuity (DD) in the 
cases discussed by Phan, Paschmann, et al. (2007) and Hamrin et al. (2019), many questions still remain. 
For example, did reconnection already occur in the solar wind before the DD interacts with the bow shock? 
Is the DD compressed in the interactions, which then leads to the triggering of reconnection in the thin 
current sheet? What is the evolution on the global scale? Our hybrid simulation is adequate to study the ion-
scale structures of reconnection. The global and local signatures of the electromagnetic field and plasma 
density and the parallel and perpendicular ion temperatures obtained from the simulation provide essential 
information for space observations of dayside reconnection.

In this article, we only focus on the large, ion-scale reconnection inside the RD. In our simulation, the RD 
is significantly slowed down when it reaches the bow shock. Ion-scale magnetic reconnection can be found 
inside the RD downstream of the Q-∥ shock while the RD is compressed around the bow shock and in the 
turbulent magnetosheath. After the RD leaves the tailward boundary, no ion-scale magnetosheath recon-
nection is seen in the turbulent sheath region. In addition, the simulated cases with different configurations 
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in the solar wind RD can help us better the processes of the interaction between the interplanetary current 
sheets (RDs) and bow shock/magnetosphere.

Data Availability Statement
The numerical data used for generating the presented figures are available via figshare (https://doi.
org/10.6084/m9.figshare.13105808.v1).
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