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Abstract Magnetosheath reconnection due to the interaction of an interplanetary directional
discontinuity with the bow shock and Earth's magnetosphere under an initially northward interplanetary
magnetic field (IMF) has been investigated in previous simulations (e.g., Guo et al., 2018, https://doi.
0rg/10.1029/2018ja025679). Under an initially southward IMF, the magnetosheath reconnection could
interact with reconnection at the magnetopause. In this study, using three-dimensional (3D) global-

scale hybrid simulations, we present cases with incoming tangential discontinuities (TDs) in an initially
southward IMF, which possess various magnetic field rotation angles (A®) and half-width (w), to study the
effects of pre-existing magnetopause reconnection on the formation of magnetosheath flux ropes, as well
as the subsequent interaction between the magnetopause reconnection and magnetosheath reconnection,
with downstreams of both Quasi-perpendicular (Q-L1) and Quasi-parallel (Q-II) shock examined. The
initial IMF is assumed to be oblique, with a finite B, and B,, similar to that in Guo et al. (2018), https://
doi.org/10.1029/2018ja025679 but with a southward B, < 0. Compared with the cases with an initially
northward IMF, magnetopause reconnection weakens the compression processes of the TD and leads

to less frequent reconnection in the magnetosheath. The existence and the structure of magnetosheath
reconnection are found to strongly depend on the parameters w and A® of the TD. When interacting with
the magnetopause reconnection, the magnetosheath flux ropes can re-reconnect with the geomagnetic
dipole field lines, forming new structures of magnetopause flux ropes. The resulting evolution of flux rope
configuration is illustrated.

1. Introduction

Discontinuous changes in magnetic field and plasma parameters are almost routinely observed in the so-
lar wind (e.g., Archer et al., 2012; Burlaga, 1969, 1971; Kokubun et al., 1977; Lepping & Behannon, 1986;
Ness, 1966; Nishida, 1978). These changes can be roughly characterized into two groups: interplanetary
shocks and magnetohydrodynamic (MHD) discontinuities. Among them, tangential discontinuities (TDs)
and rotational discontinuities (RDs) are most frequently present (e.g., Burlaga, 1969, 1971; Lepping & Be-
hannon, 1986). TDs can be considered as a current sheet, in which magnetic field direction is parallel to
the surface on both sides of the TDs, and thus the normal component of the field B, = 0. TDs do not prop-
agate in the plasma frame, but are convected by the solar wind plasma flows. Across the TDs, the plasma
density and magnetic field strength can vary, while the total pressure is balanced. RDs can be considered
as large-amplitude Alfven waves with a finite B, # 0, which that propagate in the plasma frame with the
normal Alfven speed, V.

In the solar wind, discontinuities carrying a magnetic field direction variation are more frequently observed
than those with a significant field magnitude change (Burlaga, 1968; Burlaga & Ness, 1968). This special
class of discontinuities are called directional discontinuities (DDs), across which only the magnetic field
direction changes, while the magnetic field strength and plasma density remain constant. The observed
DDs in the solar wind include directional tangential discontinuities or rotational discontinuities (e.g., Be-
hannon et al., 1981; Burlaga et al., 1977; Lepping & Behannon, 1986; Ness, 1966). Although a DD carries
only a magnetic field direction change, the consequence of its interaction with the bow shock is far more
complicated than a simple turning of the magnetic field direction. The interaction is found to be closely
associated with the formation of hot flow anomalies (HFAs) (e.g., Eastwood et al., 2008; Lin, 1977, 2002;
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Maynard et al., 2002; Omidi et al., 2014; S. Wang et al., 2013), foreshock bubbles (FBs; Liu et al., 2015;
Omidi et al., 2010), foreshock cavities (Lin, 2003; Lin & Wang, 2005; Omidi et al., 2013), and the generation
of Ultra low frequency (ULF) waves (Le & Russell, 1992). Numerous studies have suggested that HFAs are
related to magnetosheath flow deflections due to the interaction of an interplanetary directional TD with
the bow shock (e.g., Lin, 2003; Thomson et al., 1993; Schwartz et al., 1995, 2000; D. G. Sibeck et al., 1999,
2000). On the other hand, observational and simulation studies have shown that compression of a solar
wind directional TD can trigger magnetic reconnection in the magnetosheath when the current sheet passes
through the bow shock (Hasegawa et al., 2010; Lin, 1997; Omidi et al., 2009; T. D. Phan et al., 2007, 2011).
Magnetosheath reconnection downstream of the bow shock due to the interaction between a directional
TD and the bow shock has been investigated by performing two-dimensional (2D; Omidi et al., 2009) and
three-dimensional (3D; Guo et al., 2018; Pang et al., 2010) hybrid simulations.

Although the magnetic field direction of DDs can change arbitrary, DDs dominated by a change in the sign
of the B, component of the interplanetary magnetic field (IMF) may be more geoeffective. According to the
sign of the B, component of the IMF, DDs in the solar wind can have a southward-to-northward (S-N) turn-
ing of IMF or northward-to-southward (N-S) turning of IMF. Once the interplanetary DD passes through
the bow shock, its subsequent interaction with the Earth's magnetosphere is closely related to the B, direc-
tions across the DDs. While a southward turning of IMF may interact with the magnetosphere in the way
that causes magnetic reconnection at the dayside magnetopause and trigger magnetospheric substorms,
a northward turning of IMF may also trigger magnetospheric substorms (Hsu & McPherron, 2003; Lyons
et al., 1977; Thomsen et al., 2003), leading to the transfer of magnetic flux and energy from the solar wind to
the Earth's magnetosphere (Dungey, 1961; Guo et al., 2020; Hasegawa et al., 2010; Paschmann et al., 1979;
R. Wang et al., 2017).

Previously, interaction between the dayside bow shock-magnetosphere system and an interplanetary direc-
tional TD with a southward turning IMF has been simulated by using 3D (Guo et al., 2018; Pang et al., 2010)
global hybrid models, while the initial IMF (on the earthward side of the TD) points northward. A two-step
compression process of the TD has been identified, including the shock compression at the bow shock and
the convective compression in the magnetosheath. In our previous 3D global hybrid simulation for a TD
with an N-S turning of IMF (Guo et al., 2018), the generation of magnetosheath reconnection downstream
of both Q-1 and quasi-parallel (Q-II) shocks is found.

In the above case with an initially northward IMF, a magnetic barrier exists in front of the magnetopause
due to the pile up of the northward magnetic field (Crooker et al., 1979; Paschmann et al., 1993; T. Phan
et al., 1994; Pudovkin, 1987; Samsonov et al., 2017). The field pileup helps to compress the incoming TD
in the stage of the convective compression of the transmitted discontinuity in the magnetosheath (Guo
et al., 2018; Pang et al., 2010). Nevertheless, if the IMF direction change is switched to S-N across the incom-
ing TD, so the IMF is initially southward, reconnection can be triggered at the dayside magnetopause before
the TD arrives at the bow shock. Under such a precondition, the magnetic flux in front of the incoming TD
would be continuously removed by the magnetopause reconnection (T. Phan et al., 1994). As a result, the
magnetopause reconnection on the earthward side of the TD may affect the generation and structure of the
magnetosheath reconnection/flux ropes inside the TD. Moreover, the flux ropes generated in the magne-
tosheath may re-reconnect with the magnetopause field lines.

To fully understand the effects of the B, component of IMF in a directional TD on the magnetosheath
reconnection and the subsequent impacts to the magnetopause, in this paper, we extend our previous 3D
global-scale hybrid simulations of the TD-bow shock-magnetosphere interaction to cases in which the TD
possesses an S-N turning of IMF. We first investigate the generation, evolution, and global structure of
magnetosheath flux ropes downstream of both Q-.L and Q-ll shocks. Under similar conditions of the initial
IMF B,, cases with various magnetic field rotation angles and initial half-widths of the directional TDs will
be studied. Then, interaction of the generated magnetosheath flux ropes with the magnetopause field lines/
flux ropes is investigated. Results of this study will also be compared with our previous simulations (Guo
et al., 2018) with an N-S change of IMF across the directional TD.

This study is organized as follows. Section 2 describes our simulation model. The simulation results are
presented in Section 3. Finally, summary and discussion are given in Section 4.
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2. Simulation Model

A 3D global-scale hybrid simulation (Lin & Wang, 2005) is used, similar to our previous study for the gener-
ation of the magnetosheath reconnection in the interaction between an interplanetary TD and the dayside
magnetosphere (Guo et al., 2018), in which the ions are treated as discrete particles and the electrons are
considered to be a massless fluid. In our self-consistent scheme, the ions are accelerated by their equation of
motion, the magnetic field is advanced by Faraday's law, and the electric field is determined by the electron
momentum equation. A current-dependent resistivity is included in the simulation. The 3D simulation
is carried out in the spherical coordinates system. A total grid of n, x ny x n, = 220 x 114 x150 is used,
which consists of the radial distance r, the zenith angle 6 measured from the positive GSM z-axis, and the
azimuthal angle ¢ from the negative GSM y-axis. The earth is located at the origin. The simulation domain
is a region with 3.5Rg < r < 23Rg, 0° < 8 < 180°, and 20° < ¢ < 160°. Nonuniform grids in the r direction are
exploited, with a higher resolution of Ar = 0.05R for r€[9R;,14R], throughout the bow shock, magne-
tosheath, and magnetopause regions. In the case presented, the solar wind ion gyrofrequency Q is set as
0.958s™", corresponding to IMF B, = 10nT. For a typical solar wind density of 6/c.c., the values of the solar
wind ion inertial length dj, is 0.0148Rg, where d;y = ¢ / @,;y, w0 is the ion plasma frequency and c is the
light speed. The solar wind ion inertial length used in the simulation is chosen to be 0.1Rg, a factor of ~6-7
lager than the realistic values.

In this simulation, the magnetic field B and ion number density N are scaled by the unperturbed solar
wind IMF B, and density n,, respectively. The time ¢ is expressed by the inverse of ion gyro-frequency Q,TOI
(Q,y = eBy / m;) in the solar wind, e is the electron charge, m; is the ion mass; the plasma flow velocity V by
the solar wind Alfvén speed Vo, where V,, = B, / 4 / Hom;ng 5 the thermal pressure by nom,-VAzo; and the elec-
tric field by Vaggo. To illustrate the simulation results on the spatial scales of the Earth's magnetosphere, the
length is plotted in units of the Earth radius (Rg), and the GSM coordinate is used. The solar wind flows with
Vor = =500 km/s carrying the IMF toward the Earth along the —x direction, with an Alfvén Mach number

M, = 5.6, from the inflow boundary at r = 23R;. Outflow boundary conditions are applied at & = 0° and
180°, corresponding to x = 0. The inner boundary at r = 3.5R; is treated as an ideal conducting boundary,
and an additional cold ion fluid is used to model the inner magnetosphere at r < 6.5Ry. The particle number
per cell is about 150-600 for the interested regions of the magnetosheath and magnetopause.

The bow shock and the magnetopause are first formed by the self-consistent interaction of the convection
of the solar wind with the geomagnetic field. Then, an interplanetary TD is allowed to propagate into the
domain toward the Earth. In this study, we are only interested in cases of a directional TD, which possesses
various magnetic field rotational angles and initial half-widths. We assume that the tangential magnetic
field direction and initial half-width of the directional TD can change arbitrarily across the TD, but the plas-
ma density, total pressure, and field strength do not change. The initial IMF is assumed to be oblique, with
(Bx,By,BZ) = (0.5,0.0, —0.866)B0 and thus a southward B,.

Initially, the front of the directional TD is assumed to be at a distance corresponding to x = 36R at z = ORy,
outside the simulation domain (i.e., the TD is set to convect, with the solar wind speed, into the domain at
t~ 14.09,7()1.). The TD moves toward the Earth with the solar wind flows. The normal magnetic field com-
ponent of the directional TD is B, = 0, and thus the TD front makes an angle of 30° relative to z direction.
The normal direction of the TD is oblique to the x-axis, with n = (—0.866,0,—0.5 ) More detailed description
of the model and the directional TD can be found in Guo et al. (2018).

Let w be the half-width of the initial TD, and A® denote the rotational angle of the tangential magnetic
field across the TD. The IMF B, changes from southward to northward (i.e., S-N) across the TD, and the
TD possesses a circularly polarized magnetic field. In order to understand the generation, structure, and
dynamic evolution of the magnetosheath reconnection downstream of the shock, five cases are presented
in this paper for TDs with an S-N field variation, with various A® = 90° to 180° and w = 5d;, to 30d, as
listed in Table 1.
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3. Simulations Results

Table 1
iﬁ;ﬁgg‘g fssefnfgzeg;fﬁ%zl;lsj t;}d?;l eu;f::ntshnii‘;ig?g 1;(: t;;lteug; lar As described in Section 2, the initial IMF in all five cases is assumed to be
wind (Bx,By,BZ) = (0.5,0.0,—0.866)30, with a southward B, in the simulation
Case Ad)(o) W) domain. At ¢ = 0, the directional TD front is located at a distance corre-
: sponding to x = 36.0R; at z = ORy, outside the simulation domain. The
1 180 10 TD convects in the —x direction toward the Earth with the solar wind
2 150 10 flows. Different from our previous simulations by Guo et al. (2018), in
3 120 10 which the initial IMF is northward, magnetic reconnection takes place
4 180 5 at the dayside magnetopause before the impacts of the TD. Outside the
. T - magnetopause, magnetosheath reconnection is triggered by interaction

Note: that d,0 is the ion inertial length in the solar wind.

between the TD and the bow shock/magnetosheath, forming long flux
ropes in the dawn-dusk direction outside the magnetopause. As the mag-
netosheath flux ropes reach the magnetopause, re-reconnection between
the reconnected magnetosheath flux ropes and the geomagnetic dipole
field lines takes place, changing the structure of magnetopause flux ropes. The details of the physical pro-
cesses are presented in the following.

3.1. Magnetopause Reconnection Associated With the Initial IMF Conditions

In the early stage of the simulation runs, the bow shock, magnetosheath, and magnetopause form in a
self-consistent manner under the initial IMF conditions. Magnetic reconnection is triggered at the magne-
topause under the oblique IMF. Flux ropes are generated, and the structure of the reconnected magnetic
field lines is approximately symmetric about the noon meridian plane under the initial IMF with B, = 0.

Figure 1 shows the magnetic field line configuration at the magnetopause in a zoom-in view at ¢ = 40.09,-’01.
The contours in the figure display the magnetic field strength in the noon meridian plane. The magne-
tosheath field lines are marked by the orange lines, and the arrows indicate the directions of the local
magnetic field. Lines of black color indicate the reconnected field lines at the magnetopause, which con-
nect between the IMF and the Earth's dipole field (to the north and south pole). The central position of the

10 2 4

3
P 12 iR,

Figure 1. Magnetopause reconnection prior to the TD arrival. Magnetic field line configuration in a global view
obtained in case 1 at f = 40.0Q;). The magnetosheath field lines are in orange. Field lines in other colors are the
reconnected field lines at the magnetopause. Contours in the noon meridian plane show the magnetic field strength.
The red and blue dashed lines denote two neighboring X lines. TD, tangential discontinuities.
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magnetopause can be identified by the sharp gradient of the magnetic field strength around x = 10.0R;
through the subsolar point. Two X lines are denoted by blue and red dashed lines in Figure 1, whose lengths
are about 2—3Rjy in the dawn-dusk direction, which are identified by the magnetic field line configuration
obtained in the simulation (Guo et al., 2018; Tan et al., 2012). The magnetopause flux ropes are formed
between the two neighboring X lines, shown by the blue field lines, corresponding to multiple X line recon-
nection (MXR; Fu & Lee, 1985; Tan et al., 2012). As these magnetopause flux ropes move poleward with the
magnetosheath flows, new flux ropes are formed near the original location, and the process repeats in time,
as discussed in work of Guo et al. (2020). In fact, there are four types of flux ropes in the magnetopause re-
connection. The field line configuration of the four types of the magnetopause flux ropes will be elaborated
in Section 3.4. The magnetopause reconnection is present until the incoming TD is transmitted through and
leaves the dayside magnetopause.

3.2. Magnetosheath Reconnection due to the Incoming TD
3.2.1. Downstream of the Q-L Shock

Now, we present the results of the interaction between the incoming TD and the Q-1 shock/magneto-
sphere, starting from case 1, in which the field rotational angle and the initial half-width of the TD are
A® =180° and w = 10d,,, respectively. To illustrate the time evolution of the TD, Figure 2 displays the
magnetic field line configuration for case 1. Three colors of the magnetic field lines are shown, with the
blue ones being the reconnected field lines (flux ropes) at the magnetopause, the orange field lines mark-
ing the open interplanetary field lines outside the magnetopause, and the green ones representing the
field lines of the TD. The colored sphere at the origin represents the Earth. Recall that the initial IMF is
(BX,B},,BZ) = (0.5,0.0,—0.866)30 on the earthward side of the incoming TD, marked by the orange field

lines in Figure 2a. The TD starts to convect into the outer boundary at 7 ~ 14.0Q;). The magnetic field in
the simulation domain changes in response to the arrival of the TD at each specific point, as described by
equations 7 and 8 in Guo et al. (2018). A field line around the TD is denoted by the green line in Figure 2a.

In the simulation, the bow shock is well developed at ¢ = 25.09{01 in front of the magnetopause. As shown in
Figure 2b, the TD has already convected into the simulation domain outside the bow shock at # = 30.092;.
At t ~ 35.0Q;, the TD interacts with part of the Q-1 shock, as seen from the perturbed green field line
in Figure 2c. It is noted that no magnetic reconnection occurs inside the TD before it interacts with the
bow shock. As the TD passes through the bow shock, it is dragged tailward by the magnetosheath flows,
forming a paraboloidal-shaped structure. At ¢t = 60.09,70', magnetic flux ropes have already formed by 3D
patchy magnetic reconnection downstream of the Q-L bow shock, marked by the orange helical field lines
in Figure 2d. The transmitted TD is narrowed by the shock compression and the convective compression
process, which are discussed in work of Guo et al. (2018). In the dawn-dusk direction, the length of the mag-
netosheath flux ropes is ~24.0Rg, which is much longer than that of the magnetopause flux ropes (~3.0Rg)
in Figures 2c-2d.

After the reconnection flux ropes are formed inside the TDs downstream of the Q-1 shock, they propagate
northward and tailward with the magnetosheath plasma flows. When these magnetosheath flux ropes reach
and interact with the magnetopause, magnetic reconnection occurs between the magnetosheath flux ropes
and the magnetopause field lines, undergoing a “re-reconnection” process. To illustration the time evolution
of the magnetosheath flux ropes, Figures 3a-3f highlight the field line configuration of the magnetosheath

flux ropes downstream of the Q-1 shock in a 3D global view at 7 = 50.0Q;), 60.02;, and 70.0Q;, obtained
in case 1. The magnetic field line configurations at the magnetopause in a zoom-in view at ¢ = SO.OQ,-"Ol and
70.09,70I are shown in Figures 3g and 3h, respectively. The contours in Figures 3a-3c display the magnetic
field strength in the noon meridian plane. The orange field lines are the magnetosheath flux ropes inside
the transmitted TD, the blue field lines represent the flux ropes at the magnetopause, and the red ones mark
the re-reconnected field lines between the magnetosheath flux ropes and magnetopause field lines. Six
magnetosheath flux ropes downstream of the Q-1 shock are highlighted in Figures 3d-3f, as marked by “A,”
“B,” “C,” “D,” “E,” and “F.” In Figures 3a and 3d, it is clearly seen that five magnetosheath flux ropes have
already formed at ¢ = 50.09,70', as marked by “A,” “B,” “C,” “D,” and “E.” These magnetosheath flux ropes

»

GUO ET AL.

50f 16



A2 |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028558

AD =180 w=10d,

Figure 2. Interaction of the TD with the Q-1 shock and magnetosheath. Contours of the magnetic field strength in the

noon meridian plane at (a) t = 14.0 Qi’ol, (b) 30.09,-‘01, (@) 35.09{01, and (d) 60.0&2,-‘01 obtained in case 1. The blue field lines

are the reconnected field lines at the magnetopause, the orange ones denote the interplanetary field lines around the
transmitted TD outside the magnetopause, and the green field lines represent the field lines of the TD. TD, tangential
discontinuities.

subsequently propagate poleward with the magnetosheath flows, as sketched by the black arrows and also
shown in our previous work (Figure 7, Guo et al., 2018). Att = 60.09{01, flux rope “A” has moved out of the
tail-side boundary, while a new flux rope “F” has formed, as shown in Figures 3b and 3e. At ¢t = 70.09,701,
flux ropes “B” and “C” have left the tail-side boundary. In the meantime, flux rope “F” has reached and is
interacting with the magnetopause, resulting in a newly reformed magnetopause flux ropes by re-reconnec-
tion, as shown by the red field line in Figures 3c and 3f. The length in the dawn-dusk direction of the newly
reformed magnetopause flux ropes is much longer than that of original magnetopause flux ropes, as shown
in Figures 3g and 3h. The details of the re-reconnection process will be further elaborated in Section 3.3.

The structures of the magnetosheath flux ropes are different for incoming TDs with different rotation angles
A® and initial half-width w. To discuss the effects of rotation angles A® on the generation of magnetosheath
flux ropes, assuming w = 10d;,, Figures 4a-4c display the field line configuration inside the TD obtained

GUO ET AL.

6of 16



Ar . .
NIV Journal of Geophysical Research: Space Physics 10.1029/2020JA028558

AND SPACE SCIENCE

AD =180  w=10d,

(@) B, /B,: (b) (c)
t=70.0Q;

7R,
Z/R;

(h)

Magnetopasue flux ropes:

Z/R,

t=50.0 Q) t=70.0 Q;,

Figure 3. Time evolution of the magnetosheath and magnetopause flux ropes. (Top) Contours of the B, component in the noon meridian plane and (middle)
typical magnetic field lines in a zoom-in view downstream of the Q-L shock obtained at (a and d) r = 50.0Q;, (b and ) 60.0Q;;, and (c and f) 70.0Q;,. The
magnetic field line configurations in the bottom row depoct the magnetopause flux ropes before and after re-reconnection between the magnetosheath flux rope
and the magnetopause field lines. The orange field lines denote the magnetosheath magnetic flux ropes, the blue field lines are the reconnected magnetopause

field lines, and the red one marks the re-reconnection field lines. Bundles of the y-component fluxes are marked by “A,” “B,” ”C,” “D”, “E,”, and “F.” The black
arrows indicate the propagation directions of these magnetosheath flux ropes.
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(a) B,/B,: AD =180 (b) AD =150° (c)

t=60.0 Q;,

20 -20
%

AD =120

20

Figure 4. Effects of A® on the generation of magnetosheath flux ropes. Magnetic field line configuration in a global view inside the TD downstream of the Q-L
shock obtained at 7 = 60.0Q;,, in cases with (a) A® = 180° (case 1), (b) 150° (case 2), and (c) 120° (case 3), assuming w = 10d,,. Contours in the noon meridian
plane show the B, component. The orange field lines are the field lines inside the TD. TD, tangential discontinuities.

att = 60.09,701, for A® = 180° (case 1, Figure 4a), 150° (case 2, Figure 4b), and 120° (case 3, Figure 4c). The
contours in this figure show the component B, in various planes parallel to the noon meridian plane. The
orange lines denote the field lines inside the TD downstream of the Q-.L shock. As shown in Figure 4a, mag-
netic flux ropes with length of ~24.0Ry in the dawn-dusk direction, from y = —10.0R to 14.0R, are present
in case 1 with A® = 180°. When A® decreases to 150°, the flux rope length has decreased to ~13.0Rg, within
the region from y = —4.0R; to 9.0Rg, as shown in Figure 4b. Overall, longer flux ropes are found in cases
with a larger rotation angle A®. In addition, the magnetosheath flux ropes in case 1 were initially formed at
t~ 43.0&2,»’0', which is earlier than that in case 2 with a similar A® (at ¢ ~ 48.09.,701). For case 3 in which A®
is further reduced to 120°, however, no magnetosheath flux ropes are seen in Figure 4c, and no flux ropes
can be found in the entire run.

Next, we investigate effects of the initial half-width w of TD on the structures of the magnetic flux ropes
downstream of the Q-L shock, assuming A® = 180°. Figures 5a-5d show the component B, in the noon me-
ridian plane for cases with w = 104, (case 1, Figure 5a), 5d;, (case 4, Figure 5b), and 30d;, (case 5, Figure 5c¢)
obtained at# = 60.0Q;,. The orange lines in the figure are the field lines inside the TD. In Figure 5a, the red
line denotes the magnetic field line around the bow shock, and the black arrow indicates the normal direc-
tion of the bow shock. At z = =3.5R; around the bow shock, the shock normal angle &, = 45°. The region
with 6g, > 45° on the bow shock is located at z > —3.5Rg, corresponding to the Q-.L shock. In case 4 with
w = 5d;; and case 1 with w = 10d,,, magnetosheath flux ropes are formed downstream of the Q-1 shock, as
seen from the orange field lines in Figures 5a and 5b. In case 4 with a thinner initial width (5d), the mag-
netosheath flux ropes were formed at ¢ ~ 39.091-‘01, earlier than that in case 1 (¢ ~ 43.09,701). Moreover, the
length of the flux ropes in case 4 (~30Rg) is longer than that in case 1 (~24Rg). In case 5 with a much wider
w = 30d,,, however, no reconnection flux ropes can be found, as shown in Figure 5c.

3.2.2. Downstream of the Q-|| Shock

Due to the difference in magnetic field geometries around the Q-II shock and Q-1 shock and the weaker
compressibility at the Q-I| shock, magnetic reconnection is less frequently present in the TD downstream
of the Q-Il shock than the Q-1 shock. Figures 6a and 6b display the magnetic field line configuration inside
the TD downstream of the Q-I| shock for w = 10d,, (case 1) and w = 5d,, (case 4) obtained at 7 = 60.0Q;,
assuming A® = 180°, with the contours showing the B, component in the noon meridian plane. Again,
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Figure 5. Effects of the TD width on the structure of flux ropes downstream of the Q-L shock. Contours of the B, component in the noon meridian plane with
the initial half-width (a) w = 10d;, (case 1), (b) 5d;, (case 4), and (c) 30d;, (case 5) obtained at t = 60.09,-'0'. The orange field lines are the field lines inside the TD
downstream of the Q-_L shock, and the red line denotes the magnetic field line where the normal shock angle 8, = 45° around the bow shock. TD, tangential

discontinuities.

the orange lines are the field lines inside the TD downstream of the Q-Il shock. It is clearly shown that no
magnetosheath flux ropes exist downstream of the Q-Il shock in case 1 with w = 10d;, (Figure 6a). But
flux ropes with helical field line configuration are present near the magnetopause downstream of the Q-I|
bow shock in case 4 with a narrower w = 5d,,. The length of the flux ropes is ~6.5Rg, within the region
from y = -3.0R; to 3.5Rg, as shown in Figure 6b. Our simulation indicates that compared with the results

_ 1
BJ/B.: t=60.0 Q

y

(a) w=10d,, (b) w=5d.

20

10

X/RE 20 20 g[Re

Figure 6. Effects of the TD width on the structure of flux ropes downstream of the Q-|l shock. Magnetic field line
configuration inside the TD downstream of the Q-Il shock in cases with the initial half-width (a) w = 10d;, (case 1)
and (b) 5d;, (case 4) obtained at t = 60.09,—'01, assuming A® = 180°. Contours in the noon meridian plane show the B,
component. The field lines in orange are the field lines inside the TD downstream of the Q-Il shock. TD, tangential
discontinuities.
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(a)

t=60.0Q;

AD =180" w=10d,

(b) (c)
' t=80.0Q5

10

Figure 7. Interaction of magnetosheath flux ropes with the magnetopause. Magntic field line configuration at (a) = 60.0Q;, (b) 70.0Q;,, and (c) 80.0Q;,
around the magnetopause. The blue field lines are the reconnected magnetopause field lines, the field lines in orange denote the magnetic flux ropes inside the
TD, the field line in yellow marks the northward IMF line, and the red and the green field lines are the re-reconnection field lines. The two paths, marked by S1
(northward of the re-reconnection X point) and S2 (southward of the re-reconnection X point), are through the magnetopause re-reconnection current layers in
Figure 4b. TD, tangential discontinuities.

downstream of the Q-_L shock, a much thinner current sheet is required for reconnection to be triggered by
compression of the TD downstream of the Q-Il shock.

3.2.3. Comparison With the N-S Cases of Guo et al. (2018)

In all the five cases shown above, in which the initial IMF B, is southward, magnetopause reconnection is
present until the incoming TD passes through the dayside magnetopause. The magnetopause reconnec-
tion plays an important role in the evolution of the transmitted TDs, and on the generation of the magen-
tosheath flux ropes. In the following, we compare our present simulation with the previous work of Guo
et al. (2018), in which the IMF change from N to S and thus no reconnection occurs at the magnetopause
before the arrival of TD.

Under the same conditions of w and A®, magnetoshath reconnection occurs more frequently in the N-S
cases than S-N cases. For example, in the case with w = 10d,, and A® = 120°, reconnection flux ropes are
present (Guo et al., 2018), while no magnetosheath flux ropes are formed in the present S-N case (case 3).
For the case with a wider w = 30d,, and A® = 180°, magnetosheath flux ropes are seen in the N-S case (Guo
et al., 2018). Nevertheless, no reconnection flux ropes are present in the N-S case (case 5). In addition, in the
case with w = 10d;;, and A® = 180°, reconnection flux ropes are formed in both the Q-1 and Q-Il shocks in
the N-S case (Guo et al., 2018), while in the S-N case they only form in the Q-1 shock (case 1). Moreover,
the stay time of the transmitted TD in the magnetosheath is shorter in the S-N case than in the N-S case.
For example, in the case with w = 30d,, and A® = 180°, the transmitted TD interacts with the Q-L shock at
t = 35.09,-_01 and passes through the tail-side boundary at ¢ ~ 80.09,-_01 in the S-N case (case 5) shown above,
but the TD stays in the dayside domain untilz ~ 95.0Q;, in the N-S case (Guo et al., 2018). Our results indi-
cate that the transmitted TD convects more slowly in the magnetosheath in the N-S case than the S-N case
due to the much stronger magnetic flux pileup, and a long enough stay time of the TD in the magnetosheath
is required for reconnection to be trigger by convective compression of the TD.
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Figure 8. Structure of the magnetic field and plasma quantities around
the re-reconnection X point. Spatial profiles (a and f) the field strength

B, (b and g) field components By, (black), By (green), and By (red) in the
LMN coordinate system, (c and h) ion number density N; (d and i) ion bulk
flows in the LMN coordinates, and (e and j) ion temperatures 7 (black),

T, (green) and the total ion temperature T (red) in the outbound direction
along path S1 (left) and S2 (right) in Figure 4. The locations of the center
of the reconnection current layer are denoted by a vertical dotted red lines.
The shaded region in the figure represents the magnetopause reconnection

current layer.

In work of Guo et al. (2018) with an N-S IMF change, magnetopause re-
connection is only found when the southward IMF on the sunward side
of the TD interacts with the northward geomagnetic field, and thus un-
like the S-N cases, there exists no re-reconnection at the magnetopause.
As a result, reconnected field lines around the magnetopause just wrap
around and mix with the magnetosheath flux ropes during the magneto-
pause reconnection.

3.3. Re-reconnection Between Magnetosheath Flux Ropes and
Geomagnetic Dipole Field Lines

We now discuss the interaction between the magnetosheath flux ropes
and the magnetopause in cases with an S-N IMF change across the in-
terplanetary TD. Figures 7a-7c display the time evolution of the field

line configuration around the magnetopause in case 1 at ¢ = 60.09,-_01,

70.09;4, and 80.0Q;. A closed dipole field line around the magnetopause

is marked by the black line in the figure. The pre-existing magnetopause
flux ropes are present by reconnection between the closed geomagnetic
dipole field lines and the southward IMF field lines before the arrival of
the transmitted TD, as shown at ¢t = 60.091»_0' and marked as blue field
lines in Figure 7a. Meanwhile, the magnetosheah flux rope marked by
“F” has already formed, extended in the dawn-dusk direction as denot-
ed by the oranges field lines, with both ends open to the solar wind. At
t = 70.0!2,701, the magnetosheath flux rope “F” is going through new re-
connection with the geomagnetic dipole field lines at the magnetopause,
resulting in the generation of field lines marked by the red and green
field lines in Figure 7b. The red reconnected field lines connect from the
IMF to the northern hemisphere, and the green field line connect from
the southern hemisphere to the IMF. By tracking the red and green field
lines around the magnetopause in Figure 7b, it is found that the new
reconnection is a re-reconnection with the pre-existing open field lines
at the magnetopause, with an X point at (x,y,z) = (7.9,4.5,3.8)RE. The
length of the newly reformed magnetopause flux ropes is ~ 11.0R;, which
is much longer than that of the original magnetopause flux ropes (~ 3Ry),
that is, the blue field lines in Figure 7a, but shorter than that of magne-
tosheath flux ropes (~ 24.0Ry, the orange field lines). Atz = 80.0Q;, after
the TD passes through the magnetopause, the northward IMF on the sun-
ward side of the TD have reached the magnetopause, which is marked by
the yellow field line in Figure 7c. No reconnection structure can be found
anymore, except for reconnection between IMF and the dipole field lines
above the north cusp.

Let two virtual spacecraft pass through the re-reconnection outflow region in an outbound direction along
the black trajectories, marked by “S1” (northward of the re-reconnection X point) and “S2” (southward of
the re-reconnection X point) in Figure 7b. To demonstrate the difference between the active reconnection
layer and the adjacent flux ropes, the spatial profiles of the magnetic field and plasma quantities along the
path of the spacecraft are given in Figure 8, in which the magnetic field and ion bulk velocity are displayed
in the LMN coordinates, determined by the minimum variance analysis method, where L is along the an-
tiparallel magnetic field direction, N is along the current layer normal direction, and M is given by NXL. The
red bar denotes the locations in the magnetosphere, and the orange bar marks the magnetosheath flux rope
“F.” The shaded region in the figure represents the magnetopause reconnection current layer. The central
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region of the reconnection current layer is denoted by a vertical red dotted line, where B; = 0 and corre-
sponding magnetic field strength has a dip (Figures 8a and 8f). Noted that d;, used in the simulation is 0.1Rj.

Figure 8a displays the magnetic field magnitude along path “S1” northward of the re-reconnection site,
which shows a dip at the location where the B; component varies from positive value to negative value with
a width of ~8dy, as shown in Figure 8b. The normal component By remains to be a small constant. Outside
of the current layer, the flux rope “F” is probed (the orange bar), where the component B;, changes from
negative value to positive value, as shown in Figure 8b.

In Figure 8d, there is a northward acceleration of the tangential flow component V;, to a speed of ~ 4.0V,
due to the existence of an X point southward of the virtual spacecraft location. In addition, the components
Vi and Vy have a negative value in the current layer due to the magnetosheath flows above the equator (z > 0)
and on the duskside (y > 0). The corresponding enhancements in the density and the parallel and total ion
temperatures are also present at the center of the current layer, as shown in Figures 8c and 8e. On the other
hand, along path “S2” southward of the re-reconnection X point, a southward enhancement of the tangential
flow component V;, (with a speed of ~3.0V,) is present, opposite to V7, along path “S1,” indicating an active
re-reconnection X point between the two outflow regions. The structure of magnetic field, ion density, and ion
temperature are similar to those along path “S1,” as shown in Figures 8g-8j. New magnetopause flux ropes are
formed by re-reconnection process, denoted by the red and green field lines in Figure 7b.

3.4. About Magnetic Flux Ropes in the Magnetosheath and at the Magnetopause

Overall, when the TD with an S-N field variation crosses the bow shock and then passes through the day-
side magnetopause, there are three different reconnection processes, resulting in the generation of differ-
ent field line configuration of flux ropes. Figure 9 displays the field line configurations before (left column)
and after (right column) the three reconnection processes occurring at the magnetopause associated with
the initial southward IMF (Figure 9a), in the magnetosheath due to the incoming TD (Figure 9b), and at
the magnetopause due to re-reconnection associated with the magnetosheath flux ropes (Figure 9c) in case
1. The symbol “X” denotes the positions of magnetic reconnection. As shown in Figure 9a, the magneto-
pause reconnection takes place when the initial southward IMF interacts with the magnetopause at the
position marked by “X.” It is found that four types of flux ropes are formed at the magnetopause before
the arrival of the transmitted TD, including the reconnected field lines connected (1) from the IMF to the
northern hemisphere (flux rope mentioned in Figure 1), (2) from the southern hemisphere to the IMF, (3)
from the IMF to the IMF, and (4) from the southern ionosphere to the northward ionosphere (i.e., closed),
as explained by Tan et al. (2012). Figure 9b indicates that, after the TD interacts with the bow shock and
enters the magnetosheath, magnetic reconnection is triggered inside the transmitted TD, resulting in the
generation of the magnetosheath flux ropes. When the magnetosheath flux ropes interact with the mag-
netopause, newly reformed magnetopause flux ropes are present, marked as red and black field lines in
Figure 9c.

4. Summary and Discussion

In this study, we have used a 3D global hybrid simulation to study the generation of magnetic reconnection
in the magnetosheath due to an interplanetary TD with S-N IMF direction change and the subsequent in-
teraction between the magnetosheath flux ropes and the magnetopause. Cases with various field rotation
angle A® and half-width w of TD have been investigated. The following main results are obtained:

(1) Since the initial IMF has a southward B,, magnetopause reconnection occurs before the TDs reach the
magnetopause, forming four types of magnetopause flux ropes with length of several R

(2) For a fixed A® = 180°, magnetosheath flux ropes are formed downstream of both Q-Il and Q-L shocks
in the case with w = 5d;,. The length of the flux ropes in the dawn-dusk direction is about 6.5R; (30R;)
downstream of the Q-1 (Q-L) shock, which is longer than that in the magnetopause reconnection. As w
increases to 10d,,, magnetic flux ropes are found only in the downstream of the Q- L shock, with a length
of ~24R;. Under an even thicker initial TD with w = 30d,,, magnetosheath reconnection ceases to take
place in the magnetosheath

GUO ET AL.

12 of 16



At . .
NIV Journal of Geophysical Research: Space Physics 10.1029/2020JA028558

ADVANCING EARTH
AND SPACE SCIENCE

(a)

20

10

-20

GUO ET AL. 13 of 16



I ¥eld . .
NI Journal of Geophysical Research: Space Physics 10.1029/2020JA028558

ADVANCING EARTH
AND SPACE SCIENCE

(3) For a fixed w = 10d;,, manetosheath flux ropes are present downstream of the Q-L with a length of
~24R; (~13R;) in case with A® = 180°(150°). As AP decreases to 120°, no magnetic flux rope is found
in the entire magnetosheath

(4) When the magnetosheath flux ropes interact with the magnetopause, re-reconnection occurs between
the geomagnetic dipole field lines and the magnetosheath flux ropes, forming modified magnetic flux
ropes at the magnetopause. The length of the newly reformed flux ropes is larger than that at the mag-
netopause associated with the initial southward IMF

(5) Under the same conditions of w and A®, magnetosheath reconnection occurs less frequently in the
present S-N cases than N-S cases (Guo et al., 2018). The transmitted TD convects more quickly in the
magnetosheath in the S-N cases than the N-S case due to the existence of the magnetopause recon-
nection and re-reconnection, and a shorter stay time of TD in the magentosheath in the present cases.
There exists re-reconnection at the magnetopause in S-N cases, while no re-reconnection is found in
N-S cases

The existence of the four types of magnetopause flux ropes is found in both the present simulation with an
oblique IMF and the previous simulation of Tan et al. (2012) with a purely southward IMF (but a finite di-
pole tilt angle). In a recent MMS spacecraft observation, rope-like structures with magnetospheric energetic
electrons and without magnetospheric electrons are found by Russell and Qi (2020). They have highlighted
two types of flux ropes at the magnetopause, one type with both ends connected to the magnetosphere while
another with both ends connected to the IMF. This finding is consistent with our results of the magneto-
pause before the arrival of the transmitted TD.

When the transmitted TD crosses the bow shock and moves toward the magnetopause, a thin current sheet
forms inside the TD by both the shock compression and the convective compression processes. Reconnec-
tion is found to take place in the thin current sheet, forming flux ropes in the magnetosheath. Noted that
reconnection in our hybrid simulation is initiated by a current-dependent resistivity. For a relatively thicker
TD, it is more difficult to be compressed to a thickness that is thin enough to trigger reconnection in the day-
side magnetosheath. In the case with a smaller field rotational angle, the reconnecting magnetic field is also
smaller around the reconnection site, corresponding to a smaller current density. As a results, reconnection
can be suppressed, especially on the duskside and dawnside of the magnetosheath. Moreover, for the same
magnetic field strength, a smaller reconnection rate is found due to the smaller reconnected field flux. Us-
ing AMPTE observations, Phan et al. (1994) suggested that low rate of transfer of magnetic flux is present
across the magnetopause when the magnetic shear angle is low. As a consequence, reconnection becomes
weaker as the rotational angle decreases and the half-width increases in the solar wind TD, resulting in a
shorter length of the magnetosheath flux ropes. In the cases with an S-N field variation, the magnetopause
reconnection removes the magnetic flux around the magnetopause, which modifies the magnetic field and
plasma structures in the magnetosheath, and weakens compression processes. It is found in our simulation
that the magnetopause reconnection significantly affects the generation and structure of reconnection/flux
ropes inside the TD.

In the global hybrid simulation, an ion inertial length (d;) larger than the realistic value (in Ry or km) is
assumed. As a consequence, one would need to scale back the length when compare the simulation with
observations. This is true if the physics and thus the scale lengths are determined by the ion inertial length
(d;) or ion gyroradius (p;). On the other hand, if the length scales are determined by global convection, the
length in Ry is realistic. For example, positions of the bow shock and magnetopause in simulation are realis-
tic. Generally speaking, length scales of kinetic processes in the global geometry may be determined by the
combination of global and local scales. Similar consideration has been discussed by Guo et al. (2020) when
compared the hybrid simulation results with the MMS observations of the magnetopause.

It is also indicated in our simulation that the interaction between the magnetosheath flux ropes and the
magnetopause is a complex process. In the present cases with an S-N field variation, the interaction be-
tween the magnetosheath flux ropes and the magnetopause is very complicated due to the pre-existence
of the magnetopause flux ropes. While re-reconnection is present as the magnetosheath flux ropes arrive

Figure 9. Magnetic field line configuration before and after magnetic reconnection in case 1, (a) at the magnetopause associated with the initial IMF, (b) in
the magnetosheath due to the incoming TD, and (c) re-reconnection at the magnetopause associated with the magnetosheath flux ropes. IMF, interplanetary
magnetic field; TD, tangential discontinuities.
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on the magnetopause reconnection, such re-reconnection is found to take place between the southward
segments of the incoming flux ropes and the nearly straight northward part of the magnetopause field lines.
Re-reconnection with the helical magnetopause flux ropes, however, is not found because the southward
B, on earthward side of the sheath flux ropes cannot reconnect with the southward B, on the sunward side
of the magnetopause flux ropes. In principle, re-reconnection may also occur in higher latitudes when
the magnetosheath flux ropes (which have a sunward B, on the northward side) move poleward along the
magnetopause boundary layer and interact with the pre-existing magnetopause flux ropes (earthward By
on the southward side), which moves with a relatively slower speed, although it has not been seen in the
simulation. Overall, our simulation results provide a systematic study of the interaction between the inter-
planetary directional TD and the bow shock/dayside magnetopause.

Data Availability Statement

The numerical data used for generating the presented figures are available via https://doi.org/10.6084/m9.
figshare.12671135.v1.
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