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Abstract Flux ropes are ubiquitous at Earth's magnetopause and play important roles in energy
transport between the solar wind and Earth's magnetosphere. In this study, structure and coalescence of
the magnetopause flux ropes formed by multiple X line reconnection in cases with different southward
interplanetary magnetic field (IMF) clock angles are investigated by using three-dimensional global hybrid
simulations. As the IMF clock angle decreases from 180°, the axial direction of the flux ropes becomes
tilted relative to the equatorial plane, the length of the flux ropes gradually increases, and core field within
flux ropes is formed by the increase in the guide field. The flux ropes are formed mostly near the subsolar
point and then move poleward toward cusps. The flux ropes can eventually enter the cusps, during which
their helical structure collapses, their core field weakens gradually, and their axial length decreases. When
the IMF clock angle is large (i.e., the IMF is predominantly southward), the flux ropes can coalesce and
form new ones with larger diameter. The coalescence between flux ropes can occur both near the subsolar
point when they are newly formed and away from the subsolar point (e.g., in the southern hemisphere)
when they move toward cusps. However, when the IMF clock angle is small (<135°), we do not find
coalescence between flux ropes.

1. Introduction

Magnetic flux ropes formed at Earth's day-side magnetopause play important roles in the transfer of en-
ergy and plasma from the solar wind and the magnetosheath into the magnetosphere through flux trans-
fer events (FTEs). FTEs were first observed by Russell and Elphic (1978) who believed that FTEs are el-
bow-shaped magnetopause flux ropes formed by magnetic reconnection between the magnetosheath field
lines and magnetospheric field lines. On the other hand, Lee and Fu (1985) proposed that FTEs are flux
ropes formed by multiple X line reconnection. The model of FTEs as flux ropes formed by multiple X line
reconnection was supported by subsequent spacecraft observations studies, which showed that the flux
ropes have a helical structure with a strong core field in the axial direction (e.g., Akhavan-Tafti et al., 2018;
Paschmann et al., 1982). In the decades that followed, further spacecraft observations provided strong evi-
dence for the formation of flux ropes by multiple X line reconnection (e.g., Fuselier et al., 2018; Hasegawa
et al., 2010; Qieroset et al., 2016; Zhong et al., 2013). More recent spacecraft observations have shown that
these magnetopause flux ropes can coalesce and form new ones (Alm et al., 2018; Kacem et al., 2018; Wang
et al., 2017; Zhou et al., 2017). The coalescence between flux ropes plays an important role because it can
accelerate particles effectively (e.g., Oka et al., 2010; Pritchett, 2008; Wang et al., 2016b).

Global-scale simulations have been performed to better understand the structure and coalescence of mag-
netopause flux ropes. Early global simulations were mostly magnetohydrodynamic (MHD). Using the
global MHD simulations, Fedder et al. (2002) showed the typical magnetic field signature of flux ropes
and suggested that the flux ropes are formed by nonsteady reconnection along the separator at the mag-
netopause. Raeder (2006) reported the formation of flux ropes between multiple X lines in a global MHD
simulation with large dipole tilt angle, but there was no flux ropes at magnetopause without the dipole tilt
angle. However, subsequent global MHD simulations by Dorelli et al. (2009) and Glocer et al. (2016) sug-
gested that flux ropes can also form without a dipole tilt angle. Using multifluid global MHD simulations,
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Winglee et al. (2008) showed that the magnetosphere flux ropes formed by multiple X line reconnection can
be hundreds to thousands of kilometers in diameter and can expand laterally. In their simulation results,
these flux ropes have a strong core magnetic field, and a mixture of magnetospheric and magnetosheath
plasma. However, MHD simulations do not include particle kinetics and therefore cannot describe small,
kinetic-scale flux ropes and kinetic-scale physics processes.

One way to include particle kinetics into global-scale simulations is embedding a domain of particle-in-cell
(PIC) simulation into a global MHD simulation (T6th et al., 2016) because PIC simulations treat ions and
electrons as full particles. Using the MHD with embedded PIC simulations, Chen (2017) studied Earth's
magnetopause flux ropes formed by day-side magnetic reconnection and showed that flux ropes can form
near the subsolar point and move toward the poles in steady purely southward IMF conditions. Their sim-
ulations also showed that two flux ropes can merge at one end and form a new long flux rope near the
subsolar point.

Hybrid simulations, in which ions are treated as full particles while electrons are treated as a massless fluid,
can also describe ion kinetics in a global context. Using a two-dimensional (2-D) global hybrid simulation,
Karimabadi (2006) showed the formation of multiple X lines and copious flux ropes, which contain mag-
netosheath and magnetosphere plasma under southward IMF. Further 2-D global hybrid simulations by
Omidi and Sibeck (2007) and Sibeck and Omidi (2012) showed that small flux ropes would coalesce near
the subsolar point and gradually accelerate up to the Alfvén velocity before they move into cusp, and when
the flux ropes reach the cusp, reconnection happens between the flux rope magnetic field and the cusp
magnetic field lines, thus the flux ropes will be destroyed. Using another type of global hybrid simulation, in
which ions kinetics are resolved by solving ion Vlasov equations, Hoilijoki (2017, 2019) studied the effects of
magnetosheath fluctuations and IMF tilt on the magnetopause reconnection and flux ropes. However, the
flux ropes in magnetopause are of three-dimensional (3-D) nature.

The above global hybrid simulations, however, are 2-D, which assume uniformity and infinite length in the
dawn-dusk direction. The first 3-Dglobal hybrid simulation of magnetopause reconnection and flux ropes
was performed by Tan et al. (2011). In their simulation, a quadrupole magnetic field signature associated
with the Hall effects is found to be present around flux ropes, and flux ropes are formed between finite
length X lines and the ion density is enhanced within flux ropes because of the trapped particles, leading
to a filamentary global density. Guo et al. (2020) further used global hybrid simulations to study formation
and global evolution of magnetopause flux ropes in a magnetospheric multiscale (MMS) event with dipole
tilt. These two global hybrid simulation studies only considered a pure southward IMF case. However, the
structure and evolution of magnetopause flux ropes are strongly dictated by the IMF orientation or the
clock angle, the angle between the geocentric solar-magnetospheric (GSM-z) and projection of IMF on the
GSM y-z plane (i.e., the clock angle can be represented as tan™' (By / B, )) (e.g., Fuselier et al., 2018, 2019;

Phan et al., 2006). Therefore, in this study, we examine the structure and evolution of the magnetopause
flux ropes and their dependence on the IMF clock angles. The study is organized as follows: The description
of the simulation model is in Section 2, the simulation results are presented in Section 3, and Section 4
contains the conclusions and discussion.

2. Simulation Model

Hybrid simulations consider ions as particles and electrons as a massless and charge neutralizing fluid. The
global hybrid simulation scheme we use is described by Swift (1996) and applied by Lin and Wang (2005)
for 3-D simulations of the dayside magnetosphere. We use the GSM coordinate to describe the simulation
results, in which the x axis points from the Earth to the Sun, the positive z axis points to the northern mag-
netic pole, and the y axis is defined to be perpendicular to the Earth's magnetic dipole from dawn to dusk.
However, the spherical coordinate system is used in the simulation. The polar angle 6 is measured from the
positive GSM z axis, and the azimuthal (longitudinal) angle ¢ from the negative GSM y axis. Bow shock,
magnetosheath, and magnetosphere in the dayside region with a geocentric distance 4 Ry <r <24 R, (where
Rgis the Earth's radius), polar angle 20° < 6 < 160° and azimuth angle 0° < ¢ < 180° are all contained in the
simulation domain. The Earth is located at the origin r = 0. Outflow boundary conditions are utilized at the
tailward boundary at x = 0, while solar wind inflow boundary conditions are applied at r = 24 Rg. The inner
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Table 1 boundary at r = 4 Ry is perfectly conducting. Except for the inner magne-
Five Simulation Cases Presented in This Paper, With Different tosphere with r < 7 Rg is dominated by a cold ion fluid, the ions are fully
Interplanetary Magnetic Field (IMF) Clock Angle o kinetic particles. The Earth's dipole magnetic field is placed in r < 10 Rg,
Case A By By By and IMF interacted with the former in » > 10 Rp.
1 180° >0 0 =1 The magnetic field B and ion number density N is normalized by the
5 165° -0 0.2588 _09659 IMF magnitude B, and the solar wind density Ny; The time ¢ 1is normal-
3 50 ~0 s 0,360 ized by the 1nvers.e of tl'le solar vx{md ion gyrofrequen'cy Q7 :,m,- / eBy
); The flow velocity V is normalized by the solar wind Alfvén speed
4 135° >0 0.7071 —0.7071 X . . . , .
Vo =By / « tom; Ny ; the length is expressed in the units of Earth's radius
D 120° >0 08660 —0.5 Rg which is ten times ion inertial length d;y = ¢ / @, = 0.1 Ry (Where

Note. Case 5 is presented in the supporting information. The magnetic
field has been normalized.

12
Dy :(N0e2 / m,-go) is ion plasma frequency) in the solar wind. The

global size of the magnetopause (e.g., its standoff distance Ryp) is deter-

mined by the Mach number and the geomagnetic dipole strength. In the
present simulation, the Mach number, ion ; value, the dipole field strength, and thus Ry, all have the real-
istic values. On the other hand, in order to accommodate to the computation resource, the solar wind ion
inertial length d;, in our simulations is several times larger than the realistic value. If we consider a typical
interplanetary magnetic field B, = 10 nT and a typical solar wind density N, = 6 cm™ in the solar wind,
then the realistic d;y = 93.1km = 0.015 Ry, V40 =89km /s, and Q;, = 0.96s™". In our simulations, we use
d;o = 0.1Rg (about 6 times larger than the realistic d,). Therefore, the Alfvén velocity and the global time
in our simulations also need to be about 6 times larger (Lin et al., 2014). Our choice of the realistic Ry and
larger-than-realistic dj, leads to a scaled d;o/Ryp. There is another way of scaling d;/Ryp by keeping d;, real-
istic and adopting a smaller dipole field and thus a smaller Ryp. It has already been shown that the scaling of
dio/Ryp does not affect the global structure of the magnetosphere (e.g., Omidi et al., 2004; Téth et al., 2017).

A total grid N;XNyxNp = 220 X 114 X 130 is used in the simulation. In order to produce a higher reso-
lution near the magnetopause, nonuniform grids are used in the r direction with a smaller grid size of
Ar=0.025 Ry, limited to 8 R; < <10 R;. The time step is Ar = 0.05Q;; and there is a total of ~8 x 10 particles
in the simulation. We use a small current-dependent collision frequency, v =0.025,J / J,, to simulate the
special anomalous resistivity and trigger magnetic reconnection at the magnetopause, where J is the current
density, Q; is local ion gyro-frequency and J, = B, / uyd;o.

The ion and electron plasma beta in the solar wind is g, = 8, =0.5, and the Alfvén Mach number is M, = 5.
The ion number density in the solar wind is set to be N, =11000 Rz and the solar wind plasma will flow into
the simulation domain along the -x direction with an isotropic drifting-Maxwellian distribution.

The IMF is assumed to be B, = (Bx, By, BZ) = (O,Sin a,cos a), and a (IMF clock angle) is defined as the angle

between the GSM-z and projection of IMF in the GSM y-z plane (i.e., the clock angle can be represented as
tan ™! (B), / B, )), with a = 180° referring to a purely southward IMF. Five cases with different southward IMF

clock angle (o = 180°, 165°, 150°, 135°, 120°) are presented in this paper, as shown in Table 1.

3. Simulation Results
3.1. Case 1: Clock Angle of 180°

In this pure southward IMF case, after Q¢ = 15, flux ropes begin to form at the magnetopause as the IMF
reconnects with the Earth's dipole field. Figure 1 shows the ion plasma density N; in the meridian plane at
Qiot = 26, 36, 46, and 56 obtained from Case 1. The black lines are 2-D magnetic field lines projected onto
the noon-midnight meridian plane. Identified using the 2-D field lines projected onto the meridian plane,
there is a total of 6 flux ropes (FR; through FR¢) formed at Q¢ = 26. The enhanced ion density within the
flux ropes is clearly shown in Figure 1. Two new flux ropes, FR;, and FRg are formed north of the subsolar
point at Q;t = 36, and two more flux ropes (FRy, FR;,) are formed by Q¢ = 56. Therefore, we can roughly
estimate that in this simulation, a flux rope is formed approximately every 10 Q" after the first reconnec-
tion is triggered. There is little difference in the number or characteristics of flux rope between the north-
ern and southern hemispheres. Note that the northern-southern symmetry exists because we do not have
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Figure 1. The distribution of the ion density N; in the noon-midnight meridian plane obtained from Case 1 at Q;t = 26, 36, 46, and 56. The magnetic field
lines are superposed in the figure with the black lines. The red letters and arrows represent the flux ropes that have formed at Q;, = 26 and the green letters and
arrows represent the ones formed later.
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dipole tilt in our simulations. When there is a substantial dipole tilt, the flux ropes and X lines would shift
from the subsolar point to northern or southern hemisphere (Guo et al., 2020). Some flux ropes formed at
subsolar point stay there for a while (about 30Q;7Y). Just like FR; and FRy, they coalesce at Qot = 26, and
the coalescence is completed at Q;ot = 46 to form a larger flux rope FR; 4, which does not leave the subsolar
point until Q¢ = 56.

Figure 2 shows the structure and evolution of FR, (red and blue magnetic field lines) and FR¢ (yellow and
green magnetic field lines) from the 3-D perspective. The magnetic field B, in the noon-midnight meridian
plane at &£,,¢ = 28,36, and 46 is also shown in Figure 2. Some flux ropes formed on both sides of the subsolar

(b) @, t=36 ~— (€) o, t=16
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Figure 2. The distribution of magnetic field strength B, in the noon-midnight meridian plane obtained from Case 1 at Q;t = 28, 36, and 46. The structure of
FR; (red and blue magnetic field lines) and FR¢ (yellow and green magnetic field lines) from 3-D perspective are shown in the figure.
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Figure 3. (a) and (b) The distribution of ion density N; and 3-D magnetic field lines of FR; in the x-z plane obtained from Case 1 at Q;t = 28. (c) 3-D magnetic
field lines of FR; in the y-z plane at Q;ot = 28.

point gradually move toward the north and south cusp regions and eventually disappear in the cusp regions.
For example, at Q;ot = 28, the newly formed flux ropes with helical magnetic field lines are near the equatorial
plane, and they gradually move poleward to the cusp regions. As the flux ropes move, their structure changes.
FR, becomes curved in the dawn-dusk direction at Q;,t = 36. Eventually, the structure of flux ropes is destroyed
in the cusp at Q;t = 46. There is a positive and negative B, structure on both sides of the flux ropes, which is
consistent with the Hall magnetic field pattern due to the ion kinetic effects. Asymmetric reconnection occurs
at the magnetopause, and the resultant Hall pattern is dominated on the magnetosheath side (the quadrupole
B, perturbations near the subsolar point is more obvious), which is consistent with previous simulations (e.g.,
Birn et al., 2008; Guo et al., 2020; Karimabadi et al., 1999; Pritchett, 2001; Tan et al., 2011).

Using 3-D field lines and the enhancement of the ion density within flux ropes, we can estimate the length
of flux ropes in dawn-dusk direction. Figure 3 shows the distribution of ion density N; and 3-D magnetic
field lines of FR, in Case 1. Since FR, is bending in the axial direction (see Figure 3c), we show the distribu-
tion of ion density in the z = 3.9 R and z = 3.0 R, planes. Combining the ion density and the helical struc-
ture of FR,, we consider points P1 and P5 to be the two endpoints of FR,. The ion density in the FR; is higher
than the ion density at P1 and P5. In other words, beyond the two points (P1 and P5), the helical structure of
FR, is no longer exists, and the ion density is less than 3 N,. The ion density outside of FR, is approximately
1-3 Ny, and the ion density inside of FR, is approximately 3—-5N, (these values may slightly differ from one
flux rope to another or the same flux rope at different time). Generally speaking, we need the ion density in
the flux rope to be 1-2 N, higher than background density to determine the length of a flux rope. Thus, the
length of FR, is about 7.8 Rp at Qot = 28, about 6.8 R at Q;pt = 36, and about 4.8 Ry at Q;t = 46; the length
of FR¢ is about 6.7 Rg at Q;t = 28, about 5.6 Ry at Q;ot = 36, and FR4 has completely collapsed at Q;t = 46.
(Note that FR, and FR¢ in Figure 2 show only partial structures in the direction of dawn-dusk.)

FR; and FR, are coalescing at Q;ot = 26. The coalescence is completed at Q;t = 46, which forms a new flux
rope FR;, (see Figure 1). Figure 4 shows representative magnetic field lines and contours of ions velocity
V, (the z-component ion flow velocity) near the noon-midnight meridian plane to demonstrate the process
of coalescence between FR; and FR,. The ion density N;, ion velocity V, and the flux ropes in the y-z plane
are also shown in a zoomed-in view. The green and red magnetic field lines represent FR; and FRy, respec-
tively. The ion flow is predominantly northward in the northern hemisphere and southward in the southern
hemisphere. Upon a closer examination, however, there is regional ion flow perturbation (relative ion flows
formed by multiple X line reconnection) near the subsolar point. The ion velocity below FR, is positive, and
the ion velocity above FR; is negative at Q;ot = 18 and 26, thus, the two flux ropes move toward each other
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Figure 5. 2-D magnetic field lines at the subsolar point in the y = 0.36 Ry plane obtained from Case 1 at Q;ot = 24, 30, 36, 42, and 48.

and a re-reconnection between the two flux ropes occurs, resulting in a coalescence between them. The
same result is also shown in the y-z plane (Figures 4c, 4f, and 4i).

The coalescence process is better shown in Figure 5: FR; (northern) and FR, (southern) gradually approach
each other, and eventually coalesce to form a large flux rope. During the process, the topologies of the mag-
netic field lines change, showing that the coalescence is through reconnection (or called re-reconnection).
Note that the coalescence process between FR; and FR, is inhomogeneous in the y (dawn-dusk) direction,
which coalescence occurs first at the two ends of the two flux ropes (Figure 4d) and then proceeds to the
middle part (Figure 4g). We also find that there are ion density filaments inside the flux ropes (Figures 4b,
4e, and 4h), and as a result of flux ropes coalescence, the two ion density filaments merge into a new one in-
side the flux rope FR; 4 (blue magnetic field line at Q;pt = 46). The diameter of FR; and FR4 near noon-mid-
night meridian plane is about 1.5 Ry and 1 Ry (Figure 4b) respectively, and the diameter of FR;, which
formed by the coalescence between FR; and FR, is about 2 Ry (Figure 4h). The flux rope coalescence region
is about 2.5 Ry in the dawn-dusk direction.

3.2. Case 2: Clock Angle of 165°

The magnetic field lines and ion plasma density N; in the meridian plane at Qt = 26, 36, 46, and 56 in
Case 2 are shown in Figure 6. There is no significant difference in the number of flux ropes formed in the
northern and southern hemispheres. The generation and movement of flux ropes are in the same way as
Case 1 (under pure southward IMF). However, the structure of the flux ropes and the coalescence process of
the flux ropes are somewhat different. FR; is formed after FR;, and then moves toward FR;. At Q;ot = 61, a
larger flux rope, FR;; is formed by the coalescence between FR; and FR;. In this case, the coalescence starts
and ends at about Qot = 46 and Q;t = 61, respectively, which are about 20Q;," later than that in the pure
southward IMF. Similar to Case 1, FR; stays at the subsolar point for 30Q;, " after it is formed at Q;t = 31.

Figure 7 shows detailed structures of FR, (red and blue magnetic field lines) and FR; (yellow, green and vi-
olet magnetic field lines) from the 3-D perspective and depicts the contours of magnetic field B, at Q;ot = 41,
51, and 66. The helical field line structure of FR; has disintegrated at Q;¢t = 41 and will gradually disappear

Figure 4. (a), (d), and (g) Contours of ion velocity V, near the noon-midnight meridian plane at Q;t = 18, 26, and 46, respectively, obtained from Case 1. The
right of each figure is a zoom-in view. (b) Contours of ion density N; in the y-z plane at x = 9.9R;, Q;ot = 18. (c) Contours of ion velocity V, at x = 9.88Rp, Q;ot = 18.
(e) Contours of N; at x=10Rg, Q;pt = 26. (f) Contours of V, at x=9.8 Ry, Q;pt = 26. (h) Contours of N; at x=9.8Rg, Q;t = 46. (i) Contours of V, at x=9.5R,

Qjot = 46. The green and red magnetic field lines represent FR; and FR,, respectively. The blue magnetic field line represents the coalesced flux rope FRs 4.
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Figure 6. The distribution of the ion density N; in the noon-midnight meridian plane obtained from Case 2 at Q;t = 31, 41, 51, and 61. Same format as in

Figure 1.

in cusp. At Q;f = 51, there is no trace of FRs. The magnetic field B, is no longer quadrupolar at the flux ropes
but has an enhancement in the central region of the flux ropes. For example, FRg, FRy, and FR; ; (formed by
the coalescence between FR; and FR,) all have a strong core magnetic field B,. The core field of flux ropes
is weak at the beginning, and then becomes stronger gradually (see FRg and FR, in Figures 7b and 7c). The
length of FR, is about 4.4Rg at Q;t = 41, about 8Ry at Q¢ = 51, and about 3Ry at Q;pt = 66; the length of
FR; is about 6Ry at Q;t = 41, about 6Ry at Qit = 51, and about 7Ry at Q;t = 66 (FR; ;). The length of FR; is

about 2R when it is just formed at Q¢ = 38.
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Figure 7. The distribution of magnetic field strength B, in the noon-midnight meridian plane obtained from Case 2 at Q;t = 41, 51, and 66. The structure of
FR, (red and blue magnetic field lines) and FR;s (yellow, green and violet magnetic field lines) from 3-D perspective are shown in the figure. Flux ropes that are

not represented by magnetic field lines are marked by black rectangles to indicate their positions.
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Figure 9. The distribution of the ion density N; in the noon-midnight meridian plane obtained from Case 3 at Q;t = 22, 32, 42, and 52. Same format as in

Figure 1.

The coalescence between FR; (red and blue magnetic field lines) and FR; (yellow and green magnetic field
lines) is shown in Figure 8. FR; is formed between FR; and FRy, later than FR; and slightly smaller than
FR; (Figure 8a). Upon a closer examination of the ion velocity V, in the noon-midnight meridian plane
(Figure 8), there are also ion flows regional perturbation caused by reconnection outflows from multiple X
lines near the subsolar point, which is similar to Case 1. After the formation of FR, it is pushed northward
by the positive high-speed flow. At the same time, FR; moves southward because of the strong negative flow.
Therefore, FR; and FR; move toward each other and then begin to coalesce at Q¢ = 50. Figure 8e shows
that the merging of the two ion density filaments occurs near the subsolar point. The diameter of FR; and
FR; near noon-midnight meridian plane is about 1R and 0.5Rg (Figure 8b), respectively, and the diameter
of FR;; is about 1.5R (Figure 8h). The flux rope coalescence region is about 2.5R in dawn-dusk direction.

3.3. Case 3: Clock Angle of 150°

The generation and evolution of the flux ropes in Case 3 (IMF clock angle of 150°) is shown in Figure 9. Six
flux ropes, FR;-FRg have been formed by Q¢ = 22. The six flux ropes move toward the north or south cusp,
driven by the plasma flow, which is similar to Cases 1 and 2. FR, and FR; gradually coalesce, which forms
FRys. This flux ropes coalescence occurs at (Q;t = 32), later than that in Cases 1. Unlike Cases 1 and 2, the
flux ropes formed at the subsolar point stay there less than 10Q;, " Just like FR;, FR,, and FR,, they leave
subsolar point quickly and move toward the cusp regions.

The structure of FR, (yellow, green and violet magnetic field lines) and FR, (red and blue magnetic field lines)
from the 3-D perspective and magnetic field B, in the noon-midnight meridian plane at Q;t = 28, 36, and 46
are shown in Figure 10. FR; is formed at Q¢ = 22 and the core field B, is weak. As FR, moves northward,
its core field B, becomes progressively stronger and the region of enhancement becomes larger (see Fig-
ures 10b and 10c). Note that the axial direction of the flux ropes in Cases 1 and 2 is almost parallel to the
equatorial plane, but FR, in Case 3 tilts counterclockwise for about 14° from equatorial plane at Q¢ = 22.
The length of FR, is about 6.1 R at Q¢ = 22, and then it has completely collapsed at Q¢ = 40; the length

Figure 8. (a), (d), and (g) Contours of ions velocity V, in the noon-midnight meridian plane at Q,t = 38, 50, and 60, respectively, obtained from Case 2. The right of

each figure is a zoom-in view. (b) Contours of ion density N; in y-z plane at

, Qit = 38. (c) Contours of ion velocity V, at x=9.5Ry, Qypt = 38. (¢) Contours

of N;at x=9.45Rg, Q,t = 50. (f) Contours of V; at x=9.35Rz, Q;t = 50. (h),X{) &3nfurs of N;and V, at x=9.5Rg, Q;t = 60. Blue and red magnetic field lines
represent FR;. Yellow and green magnetic field lines represent FR;. The coalesced flux rope FR;; is represented by orange, pink and violet magnetic field lines.
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Figure 10. The distribution of magnetic field strength B, in the noon-midnight meridian plane obtained from Case 3 at Q;t = 22, 40, and 50. The structure of
FR, (yellow, green and violet magnetic field lines) and FR; (red and blue magnetic field lines) from 3-D perspective are shown in the figure. FR, at Q;t = 50

is represented by red, blue and pink magnetic field lines to show its detailed structure. The locations of other flux ropes are marked with black rectangles and
arrows.

of FR, is about 7 Ry at Q;t = 22, about 4.7 Ry at Q;pt = 40, and it has completely collapsed at Q;t = 52. More
interestingly, FR, s formed by coalescence can extend up to 10 R in the axial direction.

The coalescence process between FR, and FR; is shown in Figure 11, in which the blue and red magnetic
field lines represent FR,, the yellow and green magnetic field lines represent FRs, and FR, s is represented by
orange, pink and violet magnetic field lines at Q;ot = 52. By checking of the ion velocity V, in the noon-mid-
night meridian plane in Figure 11, the regional ion flow perturbation near the subsolar point caused by re-
connection outflows from multiple X lines is not obvious. The coalescences in Cases 1 and 2 occurs near the
subsolar point, but the coalescence in Case 3 occurs during flux ropes move toward the south cusp region.
FR, and FR; are formed at about Q;pt = 22, and the coalescence between them begins at about Q;t = 32.
At about Q;t = 52, the newly formed FR, 5 by the coalescence between FR, and FR; is at about z = —7Rz in
the noon-midnight meridian plane. It is obvious that the ion flow velocity at FR, is much faster than that at
FR;. The difference in the ion flow velocity between the two flux ropes results in FR, gradually catching up
with FR; (Figures 11b and 11c). The two flux ropes begin to coalesce first at the dawn end (Q;t = 32), then
at the dusk end (Qyt = 42), and finally near the noon-midnight meridian plane (Q;ot = 52). The diameter of
FR, and FR; is about 1R near noon-midnight meridian plane (Figure 11a), and that of FR, ;s formed by the
coalescence between FR, and FR; is about 3R (Figure 11d). The length of FR, and FR; is about 11 Rg and
7 R, respectively, at Q;t = 42, and the length of the FR, ;s formed by the coalescence between FR, and FR;
can be up to 13Rg. As FR, s moves south toward cusp region, the length of FR, s become shorter (about 10Rg)
at Q;t = 52. In this case, the flux rope coalescence region is about SRy in dawn-dusk direction, longer than
in Cases 1 and 2. Similar to other flux ropes, FR, s eventually enter the cusp region and gradually collapse.

There are three more coalescences in Case 3:

(1) y = —4-0Rg, Q;t = 24-36, Southern Hemisphere;
(2) y = 4-8Rg, Qyt = 20-32, Southern Hemisphere, near the Equator;
(3) y = 3-6Rg, Qyt = 30-44, Northern Hemisphere.
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Figure 11. (a)-(d) Contours of ion velocity V, in the noon-midnight meridian plane at Q;t = 26, 32, 42, and 52, respectively, obtained from Case 3. The right
of each figure is a zoom-in view. Blue and red magnetic field lines represent FR,. Yellow and green magnetic field lines represent FRs. The coalesced flux rope
FR, s is represented by orange, pink and violet magnetic field lines.

3.4. Case 4: Clock Angle of 135°

Figure 12 shows the generation and evolution of the flux ropes in Case 4 (IMF clock angle of 135°). It can
be clearly seen that the ion plasma density in flux rope is smaller than that in the previous three cases. Al-
though there is no significant change in the number of flux ropes compared to the previous cases, no flux
ropes coalescence is found in Case 4. Similar to Case 3, flux ropes formed at the subsolar point, such as FR;
and FRy, do not stay there for a long time.

The structure of FR, (red, blue, and violet magnetic field lines) and FR; (yellow, green, and sky-blue magnetic
field lines) from the 3-D perspective are shown in Figure 13. In the presence of a strong guide field, the axial
length of the flux rope is longer in the dawn-dusk direction. FR,’ axis is tilted relative to the equatorial plane
(counterclockwise angle about 20° at Q;t = 25). The sloped flux rope enters cusp region first at its one end
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Figure 12. The distribution of the ion density N; in the noon-midnight meridian plane obtained from Case 4 at Q;t = 30, 40, 50, and 60. Same format as in
Figure 1.

and then the rest of it (see FRs and FR; in Figure 13). The core field in flux ropes is more enhanced in Case 4
than in Cases 2 and 3 (see FR, in Figure 13b). To illustrate how much the core field increase approximately, we
examine the core field of several representative flux ropes in Cases 2—4, and the results are as follows:

(1) In Case 2, at Qit = 41, FR;’ core field maxima is 4.1B,, FR,’ core field maxima is 2.3B,, and FR,’ core
field maxima is 2.4B,

(2) In Case 3, at Q;ot = 40, FR; core field maxima is 5.5B,, FR, core field maxima is 4.3B,, and FRs’ core
field maxima is 3.8B,

(a) Q=25 (b) Q, t=44 (C) Q, =60
15 > 15 ; 15
10 | | 10
B 5
Z/Ry 0 .
5 .
0 -10
Kk g V/Rs C & Y/Rg 7R R /Ry :

Figure 13. The distribution of magnetic field strength B, in the noon-midnight meridian plane obtained from Case 4 at Q;ot = 25, 44, and 60. The structure
of FR, (red, blue and violet magnetic field lines) and FR; (yellow, green, pink, cyan, and sky blue magnetic field lines) from 3-D perspective are shown in
the figure. FR; at Q;t = 44, 60 is represented by pink, orange and lime-green magnetic field lines. The location of other flux ropes is also marked with black
rectangles and arrows.
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(3) In Case 4, at Q;ot = 44, FR,’ core field maxima is 8.0B,, FR,’ core field maxima is 5.2B,, and FR3’ core
field maxima is 5.5B,

It is clear that there is a significant enhancement of the core field with the increase of IMF B,. FR; is formed
on the dawn side with one end attached to FR, on the dusk side at Q;pt = 44 (see Figure 13b). As it is just
formed, FR;'s core field is not well established, and its core field has increased at Q;,t = 60. Overall, the flux
ropes are longer than those in the previous three cases. The length of FR, is about 10 Rg at Q;t = 25, about
9 Rg at Q;ot = 40, and about 8.5 Ry at Q;t = 60; the length of FR¢ is about 8 Ry at Qpt = 25, about 6.5 Rg at
Qot = 40, and it has completely collapsed at Q;t = 60.

We have also studied the case with IMF clock angle of 120° (the results are in , Figure S1 and S2) and found
no coalescence of flux ropes (like in Case 4). The flux ropes’ axis in this case has a large angle relative to the
direction of dawn and dusk (counterclockwise angle about 33°, see Figure S2). The axial length of the flux
ropes can be up to 12 Rg in the case with IMF clock angle of 120°. By comparing Cases 2-5, we find the flux
rope occurrence rate or the number of X lines is basically independent of the clock angle within the time
range of our simulations (about 100 Q™).

4. Conclusions and Discussion

Using 3-D global hybrid simulations, we investigate the structure and coalescence of flux ropes formed
by magnetopause reconnection in cases with different southward IMF clock angles. The main results are
summarized below:

1. In these simulations, flux ropes formed by multiple X line reconnection has an internal helical magnetic
field structure. The presence of guide field causes the flux ropes' axis to tilt relative to the equatorial
plane. The B, quadrupole magnetic field is found in the pure southward IMF (Case 1), and there is a
strong core field inside the flux ropes in Cases 2-5 with nonzero IMF B, values. The core field of flux
ropes is weak at the beginning, and then becomes stronger gradually. As the IMF clock angle decreases
(guide field increases), the length of the flux ropes gradually increases. The length of flux ropes under
pure southward IMF is generally 8 Rg, while those in the IMF clock angle of 120° can be 12 Rg

2. In Cases 1 and 2, the flux ropes formed near the subsolar point stay there for a long time (about 30 Qo™
before they move poleward. However, in Cases 3-5, the flux ropes formed at the subsolar point hardly
stay at there, and soon move toward the southern or northern cusp regions. When the flux ropes enter
the cusps, their helical structure collapses, their core field weakens gradually, and their length (axial di-
rection) becomes shorter. When the IMF has a nonzero B, component, sloped flux ropes are formed (i.e.,
the flux ropes tilt counterclockwise from the equatorial plane). The sloped flux rope enters cusp region
first at its one end and then the rest of it

3. The coalescence of the flux ropes is accompanied by the merging of their core fields and ion density
filaments. Flux ropes formed by coalescence end up with a larger diameter. In the case of larger IMF
clock angles (Cases 1 and 2, a = 180°, 165°), flux ropes coalescence occurs only near the subsolar
point, but in the case of 150° IMF clock angle, flux rope coalescence occurs when flux ropes move to-
ward the south pole. Flux rope coalescence in Case 3 can form a flux rope of length 13 R, and this flux
rope is longer than any other flux ropes in this case. The length of the flux ropes coalescence region
in Case 3 (longer than 5 R in dawn-dusk direction) is longer than that in Cases 1 and 2 (about 2.5 Rg
in dawn-dusk direction). When the IMF clock angle is smaller (Cases 4 and 5), flux rope coalescence
does not occur

The dependence of magnetopause flux rope characteristics on the IMF clock angle can be understood as the
effect of the guide field, i.e., IMF B, component. The IMF clock angle 180° corresponds to a pure southward
IMF with zero guide field, and the guide field B, increase as the clock angle decreases. Our simulations
show that in the pure southward IMF case with zero guide field, the flux ropes have weak core field, while
as the clock angle decreases, the core field increases in the flux ropes because the guide field B, increases,
which is consistent with previous local-scale simulations (Karimabadi et al., 1999; Lu et al., 2020). The
guide field also controls the axial direction of the X lines and the flux ropes, as predicted by theoretical
models (e.g., Lee et al., 1993; Lee & Fu, 1985) and confirmed by spacecraft observations and early global
MHD simulations (e.g., Fuselier et al., 2018, 2019; Laitinen et al., 2007), in which the angle between the axis

GUO ET AL.

14 of 17

85L801 7 SUOWILLOD 3AIIR.1D 3(cedl (dde U Aq peusenob ke i O ‘88N JO San. 1oy Akeiqi8UlIUO A8 ]I UO (SUOIPUOD-PUe-SWLBI L0 A3 1M ARe.d 1[pu[UO//SIU) SUORIPUOD PUe SIS | 8L188S *[2202/TT/T0] Uo ARiqiauljuo A|IM ‘seireiqi] AiseAIUN uinany Aq 029820Vr0202/620T OT/I0p/Loo" 8| im Are.q 1 jput|uosandnfey/sdiy woiy pepeojumod ‘z ‘T20Z ‘Z0v669T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028670

of flux ropes and the equatorial plane is (180°—«a)/2. In our simulations, as shown in Cases 3-5, this angle
increases from 14° (o = 150°) to 33° (a = 120°) as the IMF clock angle decreases, which is consistent with
the above dependence.

Our simulations further show that in the cases with smaller clock angles, the flux ropes are longer in the axi-
al direction, this is because the nonzero guide field B, makes the flux ropes more stable in the axial direction.
Generally speaking, a cylindrical flux rope with radius, a, and length, L > a, is unstable to kink instability if

ln(L / a) > |Bou|2 / Byy® (Treumann & Baumjohann, 2001), where By is the axial magnetic field of the flux
rope and By is the circular magnetic field of the flux rope. In this paper, By, = B,, and By, ~ B2 + B2, s0

the condition for kink instability of a cylindrical flux rope becomes ln(L / a) > |By|2 / (B\2 + B? ) For a flux
rope with a weak core field (e.g., FR, shown in Figures 2 and 3), its length is much larger than its radius, and
its magnetic field B, * is very small. For this flux rope with a weak core field, the kink instability condition
is satisfied, so it can be bended due to the kink instability. For a flux rope with a strong core field (e.g., FR,
shown in Figures 12 and 13), its magnetic field B, * is very large, so this flux rope with a strong core field is
stable to the kink instability and thus cannot be bended. That is, to say, if the flux ropes’ axial length is much
larger than its radius, and there is almost no core field within the flux rope, then kink instability (Lapenta
et al., 2006; Zhu & Winglee, 1996) may be triggered more easily, which causes the bending of flux rope in its
axial direction (see Figure 3c). The presence of a nonzero guide magnetic field B, creates a strong core field
in the axial direction of the flux rope, and the core field can cause large magnetic tension force to prevent
the flux rope from continuing bending. In addition, the presence of a nonzero guide magnetic field B, also
facilitates the concatenation of isolated flux ropes, thus making the flux ropes longer and more stable.

Our simulations show that the magnetopause flux ropes are mostly formed near the subsolar point. If the
IMF is mostly southward, in Cases 1 and 2, the flux ropes stay at the equatorial for a longer time before they
move poleward, and as a result, the flux ropes can also coalesce at the equatorial plane in these two cases.
However, if the IMF has a smaller clock angle, in Case 3, the flux ropes stay at the equatorial plane for a
shorter time and then quick move poleward, and therefore, the coalescence between the flux ropes does not
occur at the subsolar point but in a higher latitude when the flux ropes move poleward. The reason for the
difference is that in Cases 1 and 2, there are strong local ion flows caused by reconnection outflows from
multiple X lines near the subsolar point which allow the flux ropes to stay in the middle of the local flow
patterns a long time. However, in Case 3, inefficient reconnection results in weaker local ion flows, which
is overwhelmed by the background magnetosheath plasma flows, therefore, the flux ropes formed at the
subsolar point are driven poleward by the background plasma flows. Similar results also occur with smaller
IMF clock angle in Cases 4 and 5 (a < 135°). When the clock angle further decreases, in Case 4, magneto-
pause reconnection can still occur to form flux ropes, but the reconnection process is less efficient because
of the strong guide field B, (e.g., Pritchett & Coroniti, 2004) and smaller reconnecting component B, (e.g.,
Cassak & Shay, 2007). Therefore, the reconnection outflows are also slower, insufficient to drive flux ropes
to each other to coalesce in Case 4. Regarding the formation of larger flux rope, coalescence between two
flux ropes is an efficient way to form a larger flux rope (e.g., Akhavan-Tafti et al., 2018; Cazzola et al., 2015;
Finn & Kaw, 1977; Hoilijoki et al., 2017). For example, FR; and FR, coalesce into a larger flux rope, FR34
(see Figure 5). On the other hand, a flux rope is flanked by two reconnection X lines, therefore, continuous
reconnection at the two X lines keeps feeding the flux rope with magnetic flux and plasma, which can also
form a larger flux rope (Hoilijoki et al., 2019). Regarding the fate of the flux ropes, using 2-D global hybrid
simulations, Omidi and Sibeck (2007) and Sibeck and Omidi (2012) have shown that the flux ropes even-
tually enter the cusp regions and disintegrate through a secondary magnetic reconnection process. Our
simulations reveal the 3-D effects of this process and find that the flux ropes” helical structure collapses,
their core field weakens gradually, and their axial length decreases in this process.

Data Availability Statement

The data resources are from “National Space Science Data Center, National Science & Technology Infra-
structure of China (http://www.nssdc.ac.cn).” The simulation results are generated from our computer sim-
ulation model, which is described in Section 2. The simulation data used to plot the figures in this study can
be downloaded from https://dx.doi.org/10.12176/01.99.00147.
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