
1. Introduction
Flux ropes (FRs) are magnetic structures composed of helical magnetic field lines, which are universal in 
space. The FRs act as flux transfer events (FTEs) at the Earth’s magnetopause (e.g., Russell & Elphic, 1978), 
plasmoids in the magnetotail (Zong et al., 2004), and coronal mass ejection in the heliosphere (Ruffenach 
et al., 2012). Earth’s magnetopause FRs play an important role in the transfer of energy and plasma from 
the solar wind into the magnetosphere during the southward interplanetary magnetic field (IMF). Russell 
and Elphic (1978) first observed the FTEs, and they believe that FTEs are elbow-shaped magnetopause flux 
tubes formed by magnetopause reconnection. Lee and Fu (1985) proposed that magnetopause multiple X 
line reconnection can form FTEs as magnetic FRs with helical internal structure. In the following decades, 
based on the spacecraft observations and theories, the configuration, size, evolution, and inner structure of 
the magnetopause FRs were studied extensively (e.g., Akhavan-Tafti et al., 2018; Chen et al., 2017; Fuseli-
er et al., 2018; Hasegawa et al., 2010; Øieroset et al., 2016; Omidi & Sibeck, 2007; Tan et al., 2011; Wang 
et al., 2017; Zhong et al., 2013). These results show that the FTEs are essentially FRs with helical magnetic 
structure.

After being formed by the multiple X line reconnection process (considered as the primary reconnection 
process), the FRs can coalesce with each other through a re-reconnection process, which releases a large 
amount of energy (e.g., Oka et al., 2010; Pritchett, 2008; Wang, Lu, Huang, & Wang, 2016). Recently, the co-
alescence of FRs has been observed both at the Earth’s magnetopause (Alm et al., 2018; Kacem et al., 2018; 
Øieroset et al., 2016; Wang et al., 2017; Zhou et al., 2017) and in Earth’s magnetotail (Wang, Lu, Nakamura, 
et al., 2016). Two-dimensional global hybrid simulations, which assume uniformity and infinite length in 
the dawn-dusk direction, have shown that small magnetopause FRs can coalesce with each other near the 
subsolar point (Hoilijoki et al., 2017; Sibeck & Omidi, 2012). However, the magnetopause FRs are three-di-
mensional (3-D) in nature. Previously, Tan et al. (2011) studied the magnetopause reconnection and FRs 
with southward IMF, and Tan et al. (2012) studied ion cusp precipitation associated with magnetopause 
reconnection. Moreover, Guo et al. (2020) study the formation and global evolution of magnetopause FRs 
in a Magnetospheric Multiscale (MMS) event with dipole tilt.

The formation and evolution of the magnetopause FRs are controlled by the IMF clock angle. Using 3-D 
global hybrid simulations, Guo et al.  (2021) studied the 3-D structures and evolution of FRs formed by 
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magnetopause reconnection with different southward IMF clock angles, and they found that whether and 
where FR coalescence occurs are controlled by the IMF clock angle. However, the detailed coalescence 
process, that is, the topological change of magnetic field lines during the re-reconnection, is still unclear.

FRs are formed at the low-latitude magnetopause with a pure southward IMF, and then they gradually 
move poleward toward the cusp regions at an Alfvénic speed (Guo et al., 2020; Sibeck & Omidi, 2012; Tan 
et al.,  2011). When the FRs enter the cusp, their field lines can reconnect with the cusp magnetic field 
lines (i.e., tail lobe magnetic field lines) through another kind of re-reconnection (Omidi & Sibeck call it 
secondary reconnection), during which the plasma in the FRs can enter the ionosphere, as shown by the 
2-D global hybrid simulations in Omidi and Sibeck (2007). However, the axial (west-east) length of FRs can 
reach more than a dozen ER  (where ER  is the Earth’s radius, Guo et al., 2021). The structure and nature of 
the re-reconnection between FR and cusp field lines in 3-D is also unclear.

Therefore, the purpose of this study is to address the above two re-reconnection processes of the magnet-
opause FRs, (a) the coalescence of FRs and (b) reconnection between FRs and cusp magnetic field lines in 
3-D. In this paper, we use 3-D global hybrid simulations to examine the 3-D topological change of magnetic 
field lines in the two re-reconnection processes. Section 2 is the description of the simulation model, Sec-
tion 3 is the simulation results, and the Section 4 contains the conclusions and discussion.

2. Simulation Model
Hybrid simulations treat ions as particles and electrons as a massless, charge-neutralizing fluid. In this 
paper, the global hybrid simulation scheme (Lin & Wang, 2005; Swift, 1996) is used to study the re-recon-
nection of dayside magnetopause FRs. The geocentric solar-magnetospheric (GSM) coordinate is employed 
to describe the simulation results, in which the x axis points from the Earth to the Sun, the z axis points to 
the Earth’s northern magnetic pole, and the y axis completes the right-handed system.

In the simulation, a spherical coordinate system is used. In the conventional spherical coordinate system, 
the polar angle   (    0 180 ) is measured from the positive GSM z axis, and the azimuthal (longitudinal) 
angle  (    0 360 ) from the negative GSM y axis. To avoid the singular coordinate line along the polar 
axes, a semicone polar angle around the positive and negative polar axes is cut out from the domain, and the 
positive and negative polar axes are chosen along the GSM y axes in the calculation (Lin &Wang, 2006). 
While cutting a semicone polar angle around the positive and negative polar axes, the dayside cusps can be 
retained due to rotation of the polar axis to the y axis (Lin &Wang, 2005). However, for the presentation in 
the following, we use the conventional spherical coordinate system to describe the simulation domain. The 
bow shock, magnetosheath, and magnetosphere in the dayside region are all contained in the simulation 
domain.

The IMF clock angle   is defined as the angle between the GSM-z and projection of IMF in the GSM y-z 
plane, and the IMF is assumed to be      0 0 0 0 0B , , 0, sin , cos .x y zB B B B  Two cases with different initial 
parameters are presented in this paper. Case 1 has   150°, 0 00.5yB B , and  0 00.8660zB B , and its sim-
ulation domain includes a geocentric distance  4 24E ER r R , polar angle 0° <   < 180° and azimuth angle 
20° <  < 160°; Case 2 has   225°,  0 00.7071yB B , and  0 00.7071zB B , and its simulation domain 
includes a geocentric distance  4 27E ER r R . For this case, the simulation domain is extended tailward 
by a 10° angle from the  0x  plane around the y axis for both  0z  and  0z , and thus more cusp region 
can be contained. A total grid      220 114 130rN N N  and      400 200 200rN N N  is used in 
Cases 1 and 2, respectively. To produce a higher resolution near the magnetopause, nonuniform grids are 
used in the r direction with a smaller grid size of Δ 0.03 Er R  limited to  8 10E ER r R  and  8 14E ER r R  
in Cases 1 and 2, respectively. The Earth is located at the origin, r = 0. Outflow boundary conditions are 
utilized at the tailward boundary at x = 0, and solar wind inflow boundary conditions are applied for the 
outer boundary at r = 24 ER  and 27 ER  in Cases 1 and 2, respectively. The inner boundary at r = 4 ER  in 
Cases 1 and 2, is perfectly conducting. The ions are fully kinetic particles in our hybrid simulation model, 
but the ions in the inner magnetosphere (r < 7 ER ) are treated as a cold fluid. Initially, the Earth’s dipole 
magnetic field is limited to 10 Er R , and it interacts with the uniform solar wind placed in r > 10 ER . The 
time step is  1

0Δ 0.05Ωit .
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A small current-dependent collision frequency (  00.02 /iJ JΩ ) is used to simulate the anomalous resis-
tivity (e.g., Lin et al., 2014) and trigger magnetic reconnection at the magnetopause, where J  is the current 
density, iΩ  is the local ion gyro-frequency and 0 0 0 0/ iJ B d  The anomalous resistivity is usually attributed 
to particle kinetic effects, especially that of the electrons, such as electron nongyrotropy (e.g., Kuznetsova 
et al., 1998) and/or turbulent wave-particle interaction (e.g., Che et al., 2011). The ion and electron plasma 
beta in the solar wind is    0.5i e , and the Alfvén Mach number MA is 5. The ion number density in the 
solar wind is set to be  3

0 11000 EN R  (  3
0 10000 EN R  in Case 2). After the simulations begin, the solar wind 

plasma will flow into the simulation domain along the -x direction with an isotropic drifting-Maxwellian 
distribution.

In our simulations, the magnetic field and ion number density are normalized by the IMF magnitude B0 
and the solar wind density N0, respectively; The flow velocity is normalized by the solar wind Alfvén speed 

0 0 0 0/A iV B m N ; The time and length are normalized by the inverse of the solar wind ion gyrofrequency 

(  1
0 0Ω /i im eB ) and ion inertial length 0 0/i pid c  (where   

1/22
0 0 0/pi iN e m  is ion plasma frequency) 

in the solar wind, respectively. To accommodate to the available computation resources, the solar wind ion 
inertial length 0id  in our simulations is several times larger than the realistic value. It was already observed 
that this kind of scaling does not affect the global structure of the magnetosphere (e.g., Omidi et al., 2004; 
Tóth et al., 2017).

Note that Case 1 in this paper is the same as Case 3 in Guo et al. (2021), in which the FR coalescence has 
been well identified. Moreover, the simulation domain of Case 1 contains a small dayside cusp region, and it 
is not enough to simulate the re-reconnection between FR and the cusp field lines. Therefore, Case 1 is used 
to study the re-reconnection process during the FR coalescence; Case 2 has a higher grid resolution and a 
larger simulation domain, which contains a larger dayside cusp region than Case 1. Therefore, although 
there is still re-reconnection between the FR and the cusp magnetic fields in Case 1, Case 2 is more suitable 
for studying this re-reconnection process. Note that we use a large yB  in Case 2, and this is because we want 
to study this process exclusively without any interference from other processes such as FR coalescence, and 
previous simulations have shown that a large yB  can eliminate FR coalescence (Guo et al., 2021).

3. Simulation Results
3.1. Detailed Coalescence Process of Magnetopause Flux Ropes (Case 1)

The FRs begin to form at the magnetopause at about 0i tΩ  = 15 due to the magnetopause multiple X line 
reconnection between IMF and the Earth’s dipole field. Figure 1 shows the ion plasma density iN  near the 
noon-midnight meridian plane at 0i tΩ  = 25 and 35 obtained from Case 1. 3-D magnetic field lines are also 
plotted to show the FRs. There are about six FRs that exist at 0i tΩ  = 25–35, and only four FRs are shown in 
Figure 1. The green FR gradually moves northward and disappears in the cusp at 0i tΩ  = 35. FR1 and FR2 
coalesce because FR1 moves poleward faster than FR2 during this time. The plasma density enhancement is 
evident in every FR, and the coalescence of FR1 and FR2 facilitates the combination of plasma within them.

Each FR has four topologies of magnetic field lines in terms of the magnetic connections to the magne-
tosphere (MSP) or to the IMF, and four topologies of field lines are MSP-MSP, IMF-MSP, MSP-IMF, and 
IMF-IMF field lines (Lee et al., 1993; Tan et al., 2011). The MSP-MSP field lines are closed field lines, the 
IMF-MSP and MSP-IMF field lines are semi-open field lines, and the IMF-IMF field lines are free field lines 
in FRs. To demonstrate the coalescence process more concisely, only the free field lines in the blue FR1 and 
the semi-open field lines in the red FR2 are shown in Figure 2a. Note that the blue and red FRs in Figures 2a 
and 3I are FR1 and FR2 in Figure 1, respectively. We first explain the topological changes of magnetic field 
lines in the coalescence process through the illustration Figure 3. In stage Ⅰ of Figure 3, the middle of the 
blue FR1 and the right end of the red FR2 approach each other, and the reverse magnetic field directions 
between FR1 and FR2 trigger the re-reconnection between them. The re-reconnection results in the trans-
formation of the blue free field lines into green semi-open field lines and yellow free field lines (Stage Ⅱ). 
Finally, in stage Ⅲ, the right half of the blue FR1 splices to the right end of the red FR2 to form the long green 
FR, and the left half of the blue FR2 (yellow FR in stage Ⅲ) gradually moves away.
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As shown in Figure 2, the FR coalescence region is about 5 ER  (about −4 ER –1 ER ) in dawn-dusk direction. 
In Figure 2b, just as it is shown in Figure 3, a blue free field line reconnects with a red semi-open field line 
to form a green semi-open field line and a yellow free field line. The green field lines extend from FR2 to 
FR1, while the yellow field lines only occupy the left half of FR1. The similar coalescence process is repeated 
until the coalescence is completed (see Figures 2b–2d). The green FR FR2_coal composed of semi-open field 
lines and the yellow FR FR1_coal composed of free field lines are formed eventually. The yellow FR (FR1_coal 
in Figure 2d) is shorter than the blue FR (FR1 in Figure 2a), and the green FR (FR2_coal in Figure 2d) is longer 
than the red FR (FR2 in Figure 2a). It is the FR coalescence that causes the change in length of FRs.

Figure 2e shows all possible topologies of magnetic field lines in FR1 and FR2. The blue field lines are free 
field lines and the sky-blue field line is a semi-open field line in FR1. Moreover, the red field lines are semi-
open field lines and the magenta field line is a free field line in FR2. To avoid confusion, Figures 2a–2d only 
shows the reconnection between free field lines in FR1 and semi-open field lines in FR2. Table 1 lists all 
possible topological changes of magnetic field lines in FRs during this re-reconnection process. The color 
of texts corresponds to the color of FRs in Figures 2a–2d. For example, for Type 1, the semi-open field lines 
in FR1 reconnect with the semi-open field lines in FR2 to form the semi-open field lines in FR1_coal and the 
semi-open field lines in FR2_coal. Type 3 in Table 1 represents the re-reconnection process which is shown in 
Figures 2 and 3. Because the closed field lines in FR1 and FR2 are rare, we do not consider them.

Previous simulation studies for magnetopause FR coalescence are based on 2-D global hybrid simulations: 
two FRs move close to each other and coalesce to form a bigger one (Hoilijoki et al., 2017; Sibeck & Omi-
di, 2012). However, in Figure 2d, from a 3-D perspective, the two FRs FR1_coal and FR2_coal are far apart, and 
the coalescence of FRs is over. Therefore, after the final 3-D coalescence is completed at 0i tΩ  = 45, two FRs 
FR1_coal and FR2_coal remain (see Figure 2d).

3.2. Reconnection Between Magnetopause Flux Ropes and Cusp Field Lines (Case 2)

Figure 4 shows the 3-D structure of FRs (only some of all FRs) obtained from Case 2 at 0i tΩ  = 40, and each 
of them is composed of helical magnetic field lines (Lee & Fu, 1985). The presence of IMF yB  breaks the 
magnetic symmetry (dawn-dusk) of magnetopause in default. Therefore, the FRs' axis tilts relative to the 
equatorial plane (Guo et al., 2021; Lee et al., 1993) and the dawn-dusk distribution of FRs is asymmetry. FRs 
are mainly concentrated on the dawn side in the northern hemisphere and on the dusk side in the southern 
hemisphere. The sky-blue FR FR3 is our main subject of study.
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Figure 1. The distribution of the plasma density iN  near the noon-midnight meridian plane obtained from Case 1 at 
0i tΩ  = 25 and 35. The right of each panel is a zoom-in view. One color represents one flux rope (FR), that is, there are 

green, yellow, blue, red, and sky-blue FRs in this figure. The letters and arrows represent the FRs.
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As FRs are moving toward the cusp, zV  is not the same everywhere along the axis of FRs. Just as shown in Fig-
ures 5a and 5b (obtained from Case 2), zV  has a significant enhancement near (6.8 ER , 3.2 ER ) in the X-Y plane, 
and this part of FR will move faster toward cusp: the FR3 is undergoing axial bending. When the FR3 enters 
the cusp, the re-reconnection between this FR and the cusp field lines is triggered. As shown in Figure 5c, 
there is an obvious plasma jet from the reconnection X line into the magnetosheath and cusp. In the region 
where zV  is relatively large along the FR3's axis, the re-reconnection is stronger due to the faster inflow.

In Figure 6, we show the topological changes of two magnetic field lines (orange free field line and sky-blue 
semi-open field lines) in FR3 during the re-reconnection. The magnetic field lines in FR are in the opposite 
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Figure 2. (a)–(d) Detailed coalescence process of blue flux rope (FR) FR1 and red FR FR2 obtained from Case 1 at 
0i tΩ  = 25, 35, 40, and 45. The blue free field lines reconnect with the red semi-open field lines to form the yellow 

free field lines and the green semi-open field lines. Two FRs (yellow and green) remain after the coalescence at 
0i tΩ  = 45. (e) All possible topologies of magnetic field lines in FR1 and FR2. Two blue free field lines and a sky-blue 

semi-open field line in FR1; Two red semi-open field lines and a magenta free field line in FR2.

 21699402, 2021, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JA

029388 by A
uburn U

niversity L
ibraries, W

iley O
nline L

ibrary on [18/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

direction to those in cusp, and reconnection is triggered. In part Ⅰ, the orange free field lines reconnect with 
the black cusp field lines to form the red semi-open field lines and the green free field lines. In part Ⅱ, the 
red and magenta semi-open field lines are formed by the reconnection between the sky-blue semi-open field 
lines and the black cusp field lines.

The above re-reconnection process is also confirmed by our simulation results. In Figure 7, the FR3 is com-
posed of sky-blue semi-open field lines and orange free field lines. The orange free field lines are reconnect-
ed to form the red semi-open field line and the green free field line at 0i tΩ  = 85. The two remaining sky-blue 
semi-open field lines also reconnect with the cusp field lines (not shown) to form the red and magenta semi-
open field lines at 0i tΩ  = 95, and 105. Note that there is no obvious sequence of the two topological changes 
of field lines in FR3. In the process of re-reconnection, the long FR FR3 breaks into two short FRs FR3L and 
FR3R ( 0i tΩ  = 105). The left FR FR3L is near the noon-midnight meridian plane and the right FR FR3R is on 
the dusk side. Regarding the fate of the FR3L and FR3R, FR3L's helical structure collapses gradually, and FR3R 
gradually moves tailward out of the simulation region.

4. Conclusions and Discussion
Using 3-D global hybrid simulations, we examine the re-reconnection processes of magnetopause FRs. The 
main conclusions are presented below:

1.  When an FR runs into another, the two FRs can coalesce and form 
two new FRs through a re-reconnection process. The re-reconnec-
tion between the two FRs (i.e., the coalescence of FRs) results in a 
transformation of free field lines into semi-open field lines and free 
field lines. The coalescence is essentially 3-D, with the interact region 
limited to several Earth radii in the dawn-dusk direction.

2.  When an FR enters the cusp, the re-reconnection between the FR and 
the cusp field lines can be triggered, which forms an obvious plasma 
jetting from the re-reconnection X line into the magnetosheath and 
cusp. In the re-reconnection process, a free field line of FR recon-
nects with the cusp field line to form a semi-open field line and a free 
field line, and a semi-open field line of FR reconnects with the cusp 
field line to form two semi-open field lines. This process is also 3-D, 
and when the re-reconnection occurs strongly at the middle part of 
the FR, the FR can break into two short ones.
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Figure 3. Schematic illustration for the re-reconnection (the coalescence of flux ropes [FRs]) process between free 
field lines in blue FR FR1 and semi-open field lines in red FR FR2.

Ⅰ Ⅱ

Ⅲ

IMF

MSP

IMF

IMF
IMF

IMF

MSP

IMF

MSP

IMF

IMF

IMF

Before coalescence After coalescence

FR1 FR2 FR1_coal FR2_coal

Type 1 Semi-open Semi-open Semi-open Semi-open

Type 2 Semi-open Free Semi-open Free

Type 3 Free Semi-open Free Semi-open

Type 4 Free Free Free Free

Note. Type 3 is presented in Figures 2a–2d, and the colors correspond to 
the color of the field lines in Figures 2a–2d, respectively. Closed field lines 
in FR1 and FR2 are rare, so we do not consider them.

Table 1 
Four Possible Topological Changes of Magnetic Field Lines During the 
Coalescence of FR1 and FR2
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3.  The coalescence of FRs allows the plasma in FRs to enter the Earth’s magnetosphere along the newly 
formed semi-open field lines, and the re-reconnection between FRs and cusp field lines produces more 
semi-open field lines connected to the FRs. As a result, the two re-reconnection processes favor particles 
and energy transport toward the Earth’s magnetosphere.

In the previous 2-D simulation studies, the coalescence of FRs is simply considered as the fusion of two 
magnetic islands into one (e.g., Hoilijoki et al., 2017; Oka et al., 2010; Pritchett, 2008; Sibeck & Omidi, 2012). 
However, in 3-D, there are still two FRs after the coalescence because the coalescence occurs only in a lim-
ited region in the dawn-dusk direction (see Figure 2). Therefore, it is not appropriate to examine the 3-D FR 
coalescence from a 2-D perspective. Likewise, the re-reconnection between the FRs and the cusp magnetic 
field lines is also 3-D. Omidi and Sibeck (2007) studied this process in 2-D. Here our simulations show that, 
in 3-D, the re-reconnection does not just occur in the noon-midnight meridian plane but occurs almost 
across the entire FR. Moreover, the middle part of FR has a strong re-reconnection due to faster inflow zV , 
which can cause the FR to break into two short ones (see Figures 5 and 7).

The structure and coalescence of magnetopause FRs have been studied previously by 3-D global-scale sim-
ulations, mostly using magnetohydrodynamic (MHD) models (e.g., Dorelli & Bhattacharjee, 2009; Fedder 
et al., 2002; Glocer et al., 2016; Raeder, 2006; Winglee et al., 2008). However, these MHD simulations do 
not include particle kinetics, so they cannot describe the small, kinetic-scale FRs at the magnetopause, not 
to mention the coalescence between them. More recently, using an MHD with embedded PIC simulation, 
Chen et al. (2017) showed the coalescence between two FRs but did not examine the topological changes 
during this process. Three-dimensional FR coalescence was also considered by Russell and Qi (2020) to be 
entanglement between two FRs, which was thereafter simulated by Jia et al. (2021) using a 3-D local Hall 
MHDs model. They suggested that two FRs can entangle and reconnect, producing a new pair of FRs with 
axis approximately perpendicular to each other. Our simulations in this paper show a similar process but 
in a global-scale, which can better reveal the nature of 3-D FR coalescence. The re-reconnection between 
two FRs results in topological change of magnetic field lines in two FRs, and a pair of FRs remain after the 
coalescence is completed. Most of the field lines in FR1 and FR2 are free and semi-open field lines, so in 
Figures 2 and 3 we only examine the topological changes of these two types of field lines. The other possible 
topological changes are fewer than the above two, so we do not show them in Figures 2 and 3 but list them 
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Figure 4. The structure of flux ropes (FRs) (only part of all FRs) obtained from Case 2 is shown in this figure. The 
left panel is from a 3-D perspective and the right panel is on the Y-Z plane. One color represents one FR, that is, there 
are red, green, sky-blue, and purple FRs in this figure. The dotted line in the right panel represents the noon-midnight 
meridian plane.
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in Table 1. For example, for Type 1, the semi-open field line in one FR reconnects with the semi-open field 
line in another FR to form two semi-open field lines.

Dayside auroras are often produced by magnetic reconnection between the IMF and the terrestrial magnetic 
field (Frey et al., 2019). Magnetosheath plasma can enter the ionosphere along the semi-open magnetic field 
lines formed by the magnetopause reconnection and produce auroral phenomena (Lockwood et al., 1993). 
Our results can help understand an important auroral signature in the ionosphere-poleward moving auro-
ral forms (PMAFs). PMAFs were first observed by Vorobjev et al. (1975). Typical PMAFs usually brighten 
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Figure 5. (a) The distribution of ion flow velocity zV  in  6.8 Ez R  plane obtained from Case 2 at 0i tΩ  = 75. (b) The 
distribution of ion flow velocity zV  in  7.2 Ez R  plane at 0i tΩ  = 80. (c) The distribution of ion flow velocity zV  in a 
plane rotated 32° around the z axis from the noon-midnight plane at 0i tΩ  = 85. The sky-blue flux rope (FR) FR3 is the 
same as in Figure 4. Note that the red spot with high positive zV  in panel (a) and (b) is a plasma jet formed by the re-
reconnection between FR and cusp field lines, which corresponds to the positive zV  in panel (c).
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near the equatorward boundary of the dayside auroral oval (equatorward boundary intensification or EBI), 
gradually move poleward, and fade away eventually (e.g., Sandholt et  al.,  1986). The recurrence period 
of PMAFs is generally 5–15 min and each PMAF lasts for 2–10 min (Sandholt et al., 1986). About 70% of 
PMAFs form about 8 min after an IMF southward turning (Wang, Nishimura, et al., 2016). The formation 
condition, recurrence period, lifetime, and motion of PMAFs are very similar to magnetopause FRs, and 
thus PMAFs are considered to be a possible ionospheric signature of magnetopause reconnection (e.g., 
Fasel et al., 1992, 1993; Hwang et al., 2020; Sandholt & Farrugia, 2007). The formation of FR1 and FR2 in 
Case 1 can lead to the onset of PMAFs (PMAF1 and PMAF2) in the ionosphere (Lee & Fasel, 1994; Omidi & 
Sibeck, 2007), and the movement of FR1 and FR2 toward the cusp corresponds to the poleward movement of 
PMAFs. The coalescence of FR1 and FR2 may lead to the merging of the two PMAFs. The PMAF merge may 
be similar to the FR coalescence process, with two PMAFs remaining, and the higher latitude PMAF be-
coming longer (see Figure 2). However, there is no observation of PMAFs indicating the presence of PMAF 
merge. Therefore, this idea deserves to be confirmed by future observations combining magnetopause FRs 
and the ionospheric auroras.

What’s more, recent high-resolution observations provide evidence that one PMAF could correspond to 
double FRs, that is, one PMAF is not necessarily corresponding to only one FR (Taguchi et al., 2012). The 
FRs in Case 2 can break into two parts due to non-uniform re-reconnection (see Figures 5 and 7), and the 
corresponding PMAF may also break into two parts. This result could also account for one PMAF which 
corresponds to double FRs, which is observed by Taguchi et al. (2012).

Fasel et al. (1994) divided PMAFs into three categories based on their brightening history. The first category 
of PMAFs is relatively common, and when these PMAFs move into the polar cap, they gradually disappear. 
The second category of PMAFs can re-brighten as they move poleward, and the third category of PMAFs is 
similar to the former except that they stop moving during rebrightening. Omidi and Sibeck (2007) think the 
second and third categories of PMAFs are caused by bigger FRs with strong density enhancements which 
can reconnect with cusp field lines. In our simulation results, this re-reconnection process can produce 
more semi-open field lines connected to the FRs (see Figures 6 and 7). More semi-open field lines can allow 
more plasma from the solar wind enter into the Earth’s ionosphere, which can trigger the rebrightening of 
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Figure 6. Schematic illustration for the re-reconnection process between orange free field lines (sky-blue semi-open 
field lines) in FR3 and black cusp field lines. (a) the orange free field line reconnects with the black cusp field line to 
form the red semi-open field line and the green free field line. (b) the sky-blue semi-open field line reconnects with the 
black cusp field line to form the red and magenta semi-open field line.
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the PMAFs. The combined study of magnetopause FRs and ionospheric PMAFs allows us to better under-
stand the solar wind-Earth’s magnetosphere coupling.

Data Availability Statement
The simulation results described in Section 3 are generated from our computer simulation model. Moreo-
ver, the simulation model is described in Section 2. In this paper, the simulation data which is used to plot 
the figures all can be downloaded from https://doi.org/10.12176/01.99.00374.
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