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Abstract

We study the dynamic evolution of dayside magnetopause reconnection
locations and their dependence on the interplanetary magnetic field (IMF)
cone angle via 3-D global-scale hybrid simulations. Cases with finite IMF
Bx and B, but B,=0 are investigated. It is shown that the dayside
magnetopause reconnection is unsteady under quasi-steady solar wind
conditions. The reconnection lines during the dynamic evolution are not

always parallel to the equatorial plane even under purely southward IMF
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conditions. Magnetopause reconnection locations can be affected by the
generation, coalescence, and transport of flux ropes (FRS), reconnection
inside the FRs, and the magnetosheath flow. In the presence of an IMF
component B,, the magnetopause reconnection initially occurs in
high-latitude regions downstream of the quasi-perpendicular bow shock,
followed by the generation of multiple reconnection regions. In the later
stages of the simulation, a dominant reconnection region is present in
low-latitude regions, which can also affect reconnection in other regions.
The global distribution of reconnection lines under a finite IMF By is
found to not be limited to the region with maximum magnetic shear

angle.

Plain Language Summary: The channel of solar wind energy transfer
into the magnetosphere is widely believed to be controlled by magnetic
reconnection at the dayside magnetopause. Understanding the location of
dayside magnetopause reconnection is crucial to comprehending the
energy coupling process between the solar wind and the magnetosphere.
Magnetopause reconnection has been intensively investigated by
numerical simulations and space observations. Nevertheless, the locations
and dynamic evolution of reconnection sites in the 3-D magnetopause
reconnection under different IMF conditions are barely scrutinized. In

this paper, we investigate the effects of IMF By on the motion of
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magnetopause reconnection locations by using 3-D global hybrid
simulations under a southward IMF B,. We find that the reconnection is
highly variable due to local magnetopause processes associated with the
generation, coalescence, and transport of FRs, as well as reconnection
inside the FRs. Under southward IMF conditions with IMF B,, the
magnetopause reconnection initially occurs downstream of the
quasi-perpendicular bow shock but eventually dominates in low-latitude
regions, including the magnetopause downstream of the quasi-parallel

bow shock.

Key points

1. Dayside magnetopause reconnection is highly variable but the
reconnection locations eventually maintain quasi-steady in the low
latitude.

2. In the presence of IMF Bx, high-latitude dayside reconnection can be
inhibited by reconnection near the equator and magnetosheath flow.

3. Variations of reconnection locations are also controlled by the
generation, coalescence, and transport of FRs, and reconnection inside

FRs.

1. Introduction

Magnetic reconnection is a fundamental space plasma process that
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results in abrupt magnetic topology change and acceleration and heating
of charged particles. It is widely considered to be a major mechanism for
solar wind mass, momentum, and energy to enter the magnetosphere
(Dungey, 1961; Lyon, 2000), most efficient under southward
interplanetary magnetic field (IMF) conditions (Akasofu, 1981; Lu et al.,
2013). Numerous reconnection events have been observed to place at the
dayside magnetopause (e.g., Paschmann, 1997; Trattner et al., 2007,
20123, 2012b, 2016; Anekallu et al., 2013; Burch & Phan, 2016;
Pritchard et al., 2019; Fu et al., 2019; Dong et al., 2020; Zou et al., 2022;
Man et al., 2022; Qiu et al., 2022). Reconnection sites represent the
potential locations where energy conversion and transfer occur. Thus,
understanding the location of dayside magnetopause reconnection is
crucial to the comprehension of the coupling between the solar wind and
the magnetosphere.

Previous studies indicate that the factors affecting the reconnection
locations mainly include the orientation of the IMF, the dipole tilt angle,
and local dynamic processes. The prevailing view is that the region where
the geomagnetic field and the IMF are antiparallel is the most likely
location for magnetic reconnection (Dungey, 1961;1963; Luhmann et al.,
1984; Trattner et al., 2005). Under southward IMF conditions without a
Bx component, the reconnection line tends to be somewhat more

equator-aligned near the subsolar region during strong reconnection
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(Palmroth et al., 2006; Laitinen et al., 2007; Tan et al., 2012). Trattner et
al. (2007) found that the dayside reconnection lines generally tend to be
located in an antiparallel reconnection scenario, i.e., where the magnetic
shear angle is maximum, under the condition of a southward IMF B, and
a strong IMF B,. But for the cases with a strong IMF By, reconnection at
the magnetopause is not limited to regions where magnetic fields are
strictly antiparallel, i.e., it can take place in the form of component
reconnection.

Previous MHD simulations and observations indicate that positive
(negative) By results in a northward (southward) shift of the
magnetopause reconnection line location (Peng et al., 2010; Tang et al.,
2013; Hoilijoki et al., 2014; Pi et al., 2018), that is, reconnection prefers
to occur downstream of the quasi-perpendicular bow shock
(corresponding to the anti-parallel magnetic field geometry). In the
presence of the IMF B, component, the reconnection line rotates with the
IMF clock angle (Palmroth et al., 2006; Laitinen et al., 2007). The tilt of
the subsolar reconnection line relative to the equatorial plane is
determined by the ratio B,/B, of the IMF (Trattner et al., 2007).

Global simulations (Russell et al., 2003; Park et al., 2006; Tan et al.,
2011; Cnossen et al., 2012; Hoilijoki et al., 2014; Komar et al., 2015; Guo
et al., 2020) and observations (Trattner et al., 2007; Zhu et al., 2015;

Kitamura et al., 2016) show that under southward IMF conditions, the
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reconnection locations along the dayside magnetopause tend to shift
toward the winter hemisphere from the subsolar region due to the effect
of the geomagnetic dipole tilt. Positive (negative) dipole tilt angle
contributes to the southward (northward) moving of the reconnection line
location, consistent with the season effect proposed by Trattner et al.
(2007).

Utilizing 2-D global hybrid simulations, Omidi et al. (2006, 2007) and
Hoilijoki et al. (2017, 2019) studied the magnetopause reconnection and
flux transfer events (FTEs) under southward IMF conditions, and found
that time-dependent reconnection leads to the formation of multiple
X-lines and FTEs at the low-latitude magnetopause during steady IMF
conditions. Omidi et al. (2006, 2007) showed that the initiation of
reconnection is due to local current sheet thinning and intensification
which may be affected by the shock-related ULF waves and ion tearing
within the current sheet. Hoilijoki et al. (2017, 2019) further emphasized
that despite steady solar wind conditions, the location and rate of
reconnection at the X-lines exhibit significant variability due to
magnetosheath turbulence, neighboring X-lines, and the motion of
magnetic islands.

Similar dynamic features were obtained in 3-D global hybrid
simulations. Tan et al. (2011, 2012) showed that both multiple X-line

reconnection and single X-line reconnection coexist at the magnetopause.
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Under the purely southward IMF configuration, the segments of X-lines
on the dayside magnetopause are approximately parallel to the equatorial
plane. Guo et al. (2020) found that neighboring reconnection sites could
Impact the local plasma conditions at the magnetopause. The generation
and propagation of FRs, the magnetosheath flows, and the outflow
structures associated with multiple reconnection sites significantly
modulate the positions of X-lines. Although recursive FRs form and
propagate poleward, the average locations of the magnetopause subsolar
X-lines remain nearly the same.

To date, 3-D global hybrid simulations have been used to explore many
important features of the dynamic evolution of magnetopause
reconnection, e.g., the evolution of FRs (Guo et al., 2020; Guo et al.
2021a, 2021b, 2021c) and the generation of kinetic Alfven waves (Wang
et al.,, 2019). The hybrid simulations include ion Kinetic physics
self-consistently in the global dynamics. However, no hybrid simulations
have specifically examined the impact of the IMF conditions on the
evolution of reconnection locations at the 3-D magnetopause. MHD
simulations do not include the charged particle dynamics and the
turbulent magnetosheath structures due to ion kinetic physics. On the
other hand, while in situ spacecraft observations of the structure of
reconnection (Russell & Elphic, 1978; Phan et al., 2004; Yan et al., 2016;

Wang et al., 2017a; Pritchard et al., 2019; Zou et al., 2022; Zhong et al.,
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2023) as well as the turbulent structures of its ambient magnetosheath
(Huang et al., 2017; Yao et al., 2018; Wang et al., 2018; Wang et al., 2019;
Li et al., 2020; Shi et al., 2021) have shown that dayside magnetopause
reconnection and its location may be unsteady under turbulent
magnetosheath conditions, observations are limited in their ability to infer
the existence of extended reconnection lines because the spacecraft
generally sample a limited region during one passage of the reconnection
region. It is difficult for observations to provide a complete
time-dependent structure of the entire region where reconnection may be
occurring.

In this paper, we investigate the dayside magnetopause reconnection
locations, their dynamic evolution, and their dependence on IMF By by
using 3-D global hybrid simulations under a southward IMF B,. The
purpose is to achieve a better understanding of the location and motion of
the dayside reconnection X-line. The outline of the paper is as follows. In
Section 2, we briefly introduce the simulation model. Section 3 introduces
our method to identify the magnetopause surface and the reconnection
locations. The simulation results are presented in Section 4. Elaborate
discussions and the summary are given in section 5 and section 6,

respectively.

2. Simulation model
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We perform 3-D dayside global hybrid simulations (Lin et al., 2005,
2006, 2007; Pang et al., 2010) to investigate the effect of IMF By on
magnetopause reconnection. The detailed numerical scheme is described
by Swift (1996). In the hybrid code, ions are treated as particles, electrons
are treated as a massless and isothermal fluid. lon motion is given by
Newton's equation under Lorentz force. The electric field is obtained
from the electron momentum equation. Electron flow velocity is
evaluated from Ampere’s law. Magnetic field is advanced in time
following Faraday’s law. A spherical coordinate system (r, 6, @) IS
employed in the simulation. The simulation results are described in the
geocentric solar-magnetospheric (GSM) coordinate system, in which the
X-axis points from the Earth to the Sun, the Z-axis is in the plane
containing X and geomagnetic dipole axis and pointing northward, and
the Y-axis completes the right-handed system. More details of this code
can be found in Lin & Wang (2005).

In all cases to be shown, the ion gyrofrequency €, in the solar wind is
chosen to be 1.0 s™, corresponding to an IMF of ~10 nT, where Q, =
eBo/m;. The solar wind ion inertial length, dip = ¢/, is chosen to be 0.1
Re. Note that the Alfvén speed in the solar wind is Vag= dip Qo. The solar
wind flow speed is Vo, = 5V 0 = 0.5, corresponding to a solar wind Alfven
Mach number Ma=5. The ion plasma beta is ;=0.5 and electron plasma

beta B=1 in the solar wind, and the ion number density in the solar wind
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IS Ng=12000. The simulation grids are uniformly distributed in the
north-south and east-west directions, which contain 104 and 130 grid
points, respectively. Nonuniform grid spacing Ar is employed in the
radial direction, with a higher spatial resolution from r = 8 Rg to 13 Rg,
encompassing the magnetopause boundary layer, magnetosheath, and
bow shock regions. In these areas, the grid size is approximately equal to
1dio, while it is ~1.3djo for r > 13 Re. Outflow open boundary conditions
are applied at the backside planar boundaries (X = 0), while a perfect
conducting boundary is implemented at the inner boundary at r =4 Rg.

All the results are presented in normalized units. The magnetic field B
iIs normalized to the IMF By, the flow velocities are normalized to the
solar wind Alfvén speed Vao, the electric field is expressed in units of
V a0Bo, the ion number densities are normalized to the solar wind density
No, the time t is normalized to Qj, and the spatial coordinates are
expressed in units of Re.

The IMF cone angle is defined as the angle between the +X axis and
the IMF, i.e., o = arccos(|Bg - X|/Bg). Here By = (Bxo, Byo, Byo) is the
IMF. In this paper, 3 cases with different IMF cone angles are presented.
Case 1 is based on a purely southward IMF with By= (0, 0, -1), and thus
a = 90°. The other two cases have a non-zero IMF By, component. In
case 2, Bo= (-0.707, 0, -0.707), and thus a = 45°; case 3 also has

a = 45°, but B4x<0, i.e., Bo= (0.707, 0, -0.707).



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

3. Methods
3.1 Identification of the dayside magnetopause surface

Figures la and 1b show an example of how we identify the
magnetopause locations. Plotted in the figure are the contours of
magnetic field component B, in the Y=0 and Z=0 planes obtained from
case 1 with a purely southward IMF. The positive B, corresponds to the
northward magnetospheric field, the negative B, in high latitudes on the
tailward side of the positive B, (X < 6) corresponds to the southward
magnetospheric field, and the negative B, on the sunward side of the
positive B, represents the southward magnetosheath and IMF B,. We
identify the dayside magnetopause surface, indicated by the black dashed
lines in Figures 1a and 1b, by the location of the reversal of magnetic
field component B, as it turns southward from the northward
magnetospheric field, similar to the MHD simulation study of Némecek
et al. (2011). Figures 1c and 1d show the line cuts of magnetic field
component B, and Y-component current density, J,, as a function of X
along the Sun-Earth line (Y=0 and Z=0). The location of B, reversal is
found to coincide with the location of the current density peak, as shown
by the red dashed lines in Figures 1c and 1d. In this study, we do not
utilize the streamline method as in Palmroth et al. (2003, 2006) and Lu et

al. (2011). This is because our focus is solely on the dayside
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magnetopause, defined as the magnetopause regions on the sunward side
of the cusp, under southward IMF B, conditions. The B, component can
be used to directly mark the sunward side of the cusp region (positive
magnetospheric B,). Here, the search for the magnetopause surface is
carried out in the planes at constant Y, from Y=-10 to Y=+10 with an
interval of AY=0.2. In each of these planes, the search starts from Z=-10
to Z=+10 with an increment of AZ=0.2 to locate the X position of the B,
reversal at each Z value. The 3-D magnetopause position is then obtained
at various times. As seen in the line cut profiles shown in Figures 1c and
1d, the current density (Jy) peaks around the magnetopause location of B,

reversal.
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Figure 1. Contours of magnetic field component B, in the noon-meridian

plane (a) and equatorial plane (b) at t=60. Line cuts of B, component (c)

and current density J, (d) as a function of X along Y=0 and Z=0. The
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black dashed curves in Figures 1a and 1b and the red vertical dashed lines

in Figures 1c and 1d mark the magnetopause location.

3.2 Identification of the reconnection location

After the dayside magnetopause surface is identified, we can search for
the reconnection location along the magnetopause following the method
of Tan et al. (2011) and Guo et al. (2020). There are several commonly
used criteria for the identification of local X-lines. We take the
noon-meridian plane to show an example of our approach in Figure 2,
which plots the contours of ion bulk flow velocity (V,) component V,,,
magnetic field component By, non-ideal energy conversion term
J-(E+VyxB), and the 2-D projection of magnetic field lines in the
noon-meridian plane. First, based on the magnetic field directions
surrounding the X-point (the red mark X’ inside each of the three red
boxes in Figure 2a), we can classify four types of field lines near an
X-point: closed field lines of northward magnetic field on the earthward
side of the magnetopause current sheet (B,>0), open field lines of
southward magnetosheath field on the sunward side of the current sheet
(B,<0), reconnected field lines connecting the magnetosheath field and
dipole field with a sunward B,>0, and the reconnected field lines with an
earthward B4<0. Second, near the X-point, bidirectional ion bulk flow

velocities V,, pointing away from the X-point are present, corresponding
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to the reconnection outflows. Third, the presence of an asymmetric
quadrupole Hall magnetic field (B,) in the vicinity of the X-point (Figure
2b) with stronger By perturbations on the magnetosheath side of the
magnetopause boundary layers, while similar features are also observed
by MMS spacecraft (Peng et al., 2017; Wang et al., 2017b; Zhang et al.,
2017). The asymmetric Hall structure of By appears clearly around the
X-line in the red boxes around Z ~ £3 and Z ~ +5. Fourth, strong
non-ideal energy conversion takes place as seen from the positive
J-(E+V,pxB) in the red boxes in Figure 2c, which has frequently been
used to identify the diffusion region of reconnection (e.g., Zenitani et al.,
2011; Burch et al., 2016; Zhong et al., 2021; Zhou et al., 2017, 2019,
2021).

The local reconnection X-points can be identified by the above features.
However, the asymmetric Hall magnetic field structures are not always
obvious due to the contamination of the B, perturbations in flux ropes and
the turbulent magnetosheath (Mozer et al., 2008; Pritchett, 2008; Shay et
al., 2016; Tanaka et al., 2008; Dai et al., 2016). Besides, it is difficult to
provide explicit criteria for identifying the global X-lines based on the
non-ideal energy conversion, for the non-ideal energy conversion not
only occurs in X-point. In this work, we focus on the global distribution
of the dominant dayside magnetopause reconnection regions with V,

reversal (e.g., the X-lines at Z~ +3 in Figure 2a,). Relatively weak
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reconnection without V,, reversal (as shown in Figure 2a, the X-line at
Z~ +5) which quickly propagates away from the dayside region (Hoilijoki
et al.,, 2017; Guo et al.,, 2020) due to strong background convection
(including magnetosheath flows) (Tanaka et al., 2010) is not the focus of
this article. The ion outflow V, reversals and the By component reversals
along the +Z direction in the magnetopause surface (B,~0) are mainly
used to identify the reconnection locations. The Hall field and non-ideal
energy conversion are only used to assist in the identification. The search
for the reconnection locations is carried out in the planes at constant Y,
from Y=-10 to Y=+10 with an increment of AY=0.2. The global
distribution of reconnection locations on the dayside magnetopause is

then obtained.

(g SEVE

\
\

Z[R]

X[Rel E el
Figure 2. Contours of (a) lon bulk flow velocity component V,; (b)
magnetic field component By; and (c) non-ideal energy conversion term

J:(E+VpxB) in the noon-median plane. The red mark “X” in (a)
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represents the X-point we identified. The red boxes represent the ion

diffusion region.

4. Simulation Results
4.1 Temporal evolution of reconnection locations under purely
southward IMF
Figure 3 shows the evolution of magnetopause magnetic field lines
configuration and reconnection locations (small black circles) under a
purely southward IMF in case 1 from t=5 to t=145. At t=5, dayside
magnetopause reconnection occurs first at the subsolar region around
the equatorial plane, which is due to the solar wind dynamic pressure
and IMF geometry. Only one reconnection line (continuous
reconnection locations) is present (Figure 3a). However, as the
simulation progresses, the magnetopause reconnection locations
become more dynamic due to the presence of multiple X-lines (Tan et
al., 2011, 2012; Guo et al., 2020; Guo et al., 2021a, 2021c). The number
of reconnection lines increases to more than two after t=5, with three
reconnection points being present in some planes of constant Y, as seen
in Figures 3b-3e.
At t=20, multiple small-scale flux ropes (FRs) are formed in the
vicinity of the equator, which subsequently transport to high-latitude

regions or evolve into larger-sized FRs. As shown in Figure 3c, a large
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FR with a scale of more than 5 Rg in the Z direction is generated
between two continuous reconnection lines due to multiple X-line
reconnection located around the subsolar region, spanning from Y=-5 to
Y=5. Three main reconnection lines nearly parallel to the equator are
shown at this stage (t=60), with one located from Y=-10 to Y=-5 near
the equator, the second from Y=-5 to Y=+5 near Z=+2 north of the
equator, and the third from Y=-5 to Y=+10 near Z=-5 south of the
equator. Some FRs, however, become tilted toward the Z direction
because the propagation speeds of FRs (associated with the plasma flow
velocity at the magnetopause) are different. The reason for the varied
propagation speed is due to the occurrence of different dynamic
processes at different Y distances, which will be discussed in Section 5,
Discussions. As a result, the long reconnection lines split into multiple
segments, as shown in Figure 3d at t=100.

An obvious consequence is that the X-lines are no longer parallel to
the equatorial plane, especially on the dawn side. As for the dusk side,
the reconnection lines do not change much due to the presence of the
steady reconnection line from Y=-5 to Y=10 near Z=-5 south of the
equator. But later at t=145, most of the reconnection locations are seen
to have shifted back to the vicinity of the equatorial plane (Figure 3e).
The reason for the shift is due to the occurrence of strong reconnection

near the equator, and reconnection in the high-latitude region
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propagates to the cusp and dissipates, which will be also discussed in
Section 5 as well. The average locations of reconnection at the
low-latitude regions maintain a quasi-steady state and vary north and
south between Z=-5 and Z=+5 with the time-dependent FRs, as also
shown by Guo et al. (2020). This finding indicates that the reconnection
locations undergo temporal variations and are influenced by local
dynamic processes, even under steady upstream solar wind conditions.
Furthermore, the 3-D reconnection process exhibits greater complexity

in the out-of-plane (i.e., dawn-dusk) direction.
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(b) t=20, (c) t=60, (d) t=100, and (e) t=145. The small black circles
represent the locations of reconnection X-points in the planes at various
constant Y. The magnetic field lines are color-coded according to the Z

coordinate.

4.2 Effects of IMF cone angle on reconnection locations

Figure 4 shows the time evolution of magnetopause field line
configuration and the reconnection locations in case 2 from t=5 to t=100,
in which a finite and negative IMF B, (with cone angle of 45°) is imposed.
At t=5, reconnection is observed only in the southern high-latitude
regions around Z=-5 (Figure 4a), downstream of the quasi-perpendicular
bow shock, where the geomagnetic field and magnetosheath field are
antiparallel. With the dynamic evolution of magnetopause reconnection,
the reconnection locations become variable due to the generation and
propagation of FRs. It is shown that the FRs are initially formed in the
high-latitude regions, as a result of the increase in the number of
reconnection points around the early reconnection line. As seen in Figure
4b, two or three X-points are present in the X-Z planes at t=40, and the
reconnection locations have shifted towards both higher and lower
latitudes. Subsequently at t=60 (Figure 4c), subsolar reconnection has
started, and reconnection structures in the high-latitude regions gradually

disappear. Only reconnections around the subsolar region are still active.
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Similar processes have also occurred in the £Y direction following that in
the subsolar region, and most of the reconnection locations at different Y
eventually shift to the low-latitude regions (Figure 4d). At t=100,
magnetopause reconnection also appears downstream of the
quasi-parallel shock, as seen from the FRs around Y=-5 to Y=5 in Figure
4d.

Figure 5 shows the evolution of the magnetopause magnetic field line
configuration and the reconnection locations in case 3. In this case, which
Is similar to case 2 but with an opposite IMF with B,>0, reconnection
first takes place only in the northern high-latitude regions, corresponding
to, again, downstream of the quasi-perpendicular bow shock (Figure 5a).
The evolution of X-lines is similar to that in case 2, that is, the
reconnection locations gradually shift to the low-latitude regions (Figures
5b-5d). In general, the average locations of reconnection maintain a
quasi-steady state in the low-latitude regions in the later stage of the
simulation, regardless of the sign of IMF B,.

It is noteworthy that, although foreshock waves are generally found
upstream of the quasi-parallel shock (northern high-latitude regions in
case 2 and southern high-latitude regions in case 3) (e.g., Hoppe et al.,
1983; Russell & Hoppe, 1983; Scholer et al., 1990; Lin & Wang, 2005;
Lin et al., 2007, Wang et al., 2009; Shi et al., 2017; Liu et al., 2019),

which lead to turbulent electromagnetic field in the magnetosheath
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(waggled field lines in Figures 4b-4d and 5b-5d) than that downstream of
the quasi-perpendicular bow shock (southern high-latitude regions in case
2 and northern high-latitude regions in case 3), we do not find significant
reconnection in the magnetopause (satisfies our criteria described in
section 3) triggered by the magnetosheath turbulence. Such results
indicate that a more turbulent magnetosheath condition does not
necessarily result in a higher occurrence rate of magnetopause

reconnection, consistent with the observations by Petrinec et al. (2022).
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Figure 4. Temporal evolution of the spatial 3D magnetopause magnetic
field line configuration and the reconnection locations in case 2 with

B,=-0.707 and B,=-0.707 at (a) t=5; (b) t=40; (c) t=60, and (d) t=100, in
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433  configuration and the reconnection locations in case 3 with B,=0.707 and
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B,=-0.707 at (a) t=20; (b) t=60; (c) t=100, and (d) t=145, in the same

format as Figure 3.

4.3 Magnetic field shear angle and the reconnection locations
In order to understand the global locations of magnetopause
reconnection, we compare the simulated reconnection locations with the
antiparallel reconnection scenario. Figures 6a and 6b show the magnetic
field shear angles between the magnetosheath and magnetospheric
magnetic field lines, Oge,y, at t=60 projected onto the magnetopause
surface for case 1 and case 2. Here, Ogea=C0S™ (Bp'By/(|By||Bs])), Bp
represents the magnetospheric magnetic field, Bs the magnetosheath
magnetic field, and the angle Og.or >145° represents a near antiparallel
configuration. Note that in our cases with a finite IMF By but a zero By, a
smaller magnetic shear angle does not necessarily mean component
reconnection, but rather a larger normal component of magnetic field B,.
As expected, the majority of the dayside magnetopause surface is
characterized by the maximum magnetic shear conditions (Ospesr>145°) in
both cases with a southward IMF. Reconnection locations (black circles)
are mainly distributed across the regions characterized by the maximum
(i.e., near antiparallel) magnetic shear conditions (Ognes~145° to 180°) on
the dayside magnetopause, consistent with previous studies by Dungey

(1961) and Trattner et al. (2005, 2007). However, we also find that the
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reconnection locations on the dawn and dusk sides, where the magnetic
shear angles are between 90° and 145°. We find reconnection here is
consistent with the component reconnection scenario, in which the
magnetospheric and magnetosheath magnetic fields have a large common
guide field component.

Figures 6c-6d show the magnetopause ion bulk flow velocity
component V, as viewed from the Sun. We also find that compared with
the antiparallel magnetic field configuration, the reversal of the ion bulk
flow velocity component V,, can provide a better indication of the
reconnection locations in these cases under a southward IMF and without
IMF By, including both the dawn side and dusk side regions. By
examining the changes in V,, and its reversal across the magnetopause
surface, we can pinpoint the regions where significant reconnection is
taking place under the southward IMF conditions.

In order to understand the large magnetic shear angle among the
southern and northern regions of the dayside magnetopause shown in
Figure 6b in the presence of IMF By, we examine the time evolution of
the field line configuration. Figures 6e and 6f present the ion bulk flow
component Vp, in the noon-meridian plane together with the projected
magnetic field lines at t=20 and t=60, respectively, in case 2 with a
negative IMF B,. At t=20, magnetopause flow reversal occurs in the

southern hemisphere (Z=-5 in Figure 6e), where the field lines between
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the magnetospheric and magnetosheath are antiparallel. On the other hand,
in the northern hemisphere, the field lines between the magnetosphere
and magnetosheath do not exhibit a large magnetic shear angle, and the
shear angle decreases with the increase of latitude due to the initial IMF
Bx conditions (Oge~145° at the equator). It is found that the
corresponding current sheet is thicker in the northern hemisphere than in
the southern hemisphere, as can be seen by the loose magnetic field lines
in the northern hemisphere (Figure 6e). Since the magnetosheath field
lines undergo compression by the solar wind (Kivelson & Russell, 1995;
Lopez et al., 2017; Madelaire et al., 2022), the shocked IMF lines are
highly curved along the dayside magnetopause, and a thinner
magnetopause current sheet is present downstream of the
quasi-perpendicular shock where the magnetic shear angle is large. At
t=60, antiparallel reconnection (Osmeo>145°) also occurs in both the
southern and northern hemispheres (Figures 6b and 6f), equatorward of
the original reconnection location at Z=-5. The global reconnection
locations thus appear to have shifted equatorward. As shown in Figure 6f,
the reversal of ion bulk flow velocity component V, shifts to Z=+1 at
t=60. Although the field configuration is still antiparallel in the southern
hemisphere, the X-line in the southern hemisphere is suppressed by the
southward outflow from the newly formed reconnection region at Z=+1.

In the later stage, the reconnection locations are no longer controlled by



500 the initial IMF conditions, but rather by the local magnetopause dynamic
501 processes. Overall, reconnection prefers to occur over a broad range of

502 the magnetopause.
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between the magnetosheath and magnetospheric field lines (a-b) and the
ion bulk flow velocity component V,, (c-d) under different IMF By at
t=60 as viewed from the Sun; the ion bulk flow velocity component V,,
and the 2-D view of magnetic field lines in the noon-meridian plane at
t=20 (e) and t=60 (f). (@) and (c): B,=0, B,=-1; (b), (d), (e), and (f):
B,=-0.707, B,=-0.707. The black circles in (a)-(d) represent the
reconnection locations. The white dashed lines at (e)-(f) represent the

magnetopause surface.

5. Discussions

Our hybrid simulations have shown that the dayside magnetopause
reconnection is unsteady. During the dynamic evolution even under
steady solar wind conditions, the reconnection locations are not simply
determined by the maximum magnetic shear location on the basis of the
initial IMF direction. How does the location of reconnection evolve
dynamically? In the following, we discuss some reasons for the shift of
reconnection locations.
5.1 Effects of Flux Ropes
Early diagrams of dayside reconnection typically depict a single
quasi-steady reconnection site, as first proposed by Dungey in 1961.

However, observations indicate that dayside reconnection often occurs in
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bursts, forming FRs that are commonly observed at the magnetopause, as
reported by Russell and Elphic (1978), Kawano and Russell (1997), Fear
et al. (2007, 2012), and Wang et al. (2006). In general, reconnection can
occur at a single X-line or multiple X-lines. Figures 3b-3c, 4b-4d, and
5b-5d also show the same processes that single X-line reconnection
becomes multiple X-line reconnection during the temporal evolution, and
the reconnection locations shift northward or southward from the original
site.

In addition, the coalescence of the FRs can also change the magnetic
field topology and the variation/shift of reconnection locations. Figures
7a-7c show the time evolution of contours of ion bulk flow component
V. and the 2-D view of magnetic field lines during the coalescence of
FRs in the Y=-3.2 plane in case 1. At t=60, a reconnection X-line is seen
to be located at Z=+2, and a southward-moving FR (FR1) is on the
southern side of this X-line, as indicated in Figure 7a. Then, at t=65, a
new reconnection X-line is generated at Z=-5, and a new magnetic flux
rope (FR2) is formed on the northern side of FR1, subsequently merging
with FR1 (Figure 7b). At t=70, the X-line at Z=+2 has disappeared with
only one FR left. The above results are supported by the 3-D field lines
presented in Figure 8.

Figures 7d-7e show the line cuts of the magnetic field component By

and ion flow component V,, along the magnetopause surface at t=65 in
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the Y=-3.2 plane. Both B, and V,, between FR1 and FR2 reverse from
positive to negative along the +Z direction, though their reversal locations
are not exactly the same. It is shown that V, inside FR1 and at the
merging point near Z=-0.8 is positive, which means that FR1 is moving
northward to merge with FR2. As a result, the reconnection outflow of the
X-line at Z=+2 is gradually suppressed by the northward-moving flow. At
t=70, only the X-line at Z=-5 survives. It is found that the reconnection
location can change by 7 Rg in the Z direction, spanning between the

northern and southern hemispheres.
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Figure 7. Coalescence of FRs in case 1. Contours of ion particle bulk
velocity component V, at t=60 (a), t=65 (b), and t=70 (c); the line cuts of
magnetic field components By, B, (d), and ion bulk velocity component
V. (e) along the magnetopause surface at t=65 in the Y=-3.2 plane. The
red mark ‘X’ represents the location of V,, reversal from negative to

positive along the +Z direction. The red and blue dashed boxes in Figures
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7d and 7e represent the flux ropes FR1 and FR2, respectively.
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Figure 8. Magnetic field line configuration in 3-D perspective around the
Y=-3.2 plane in case 1 at t=60 (a), 65 (b), 70 (c), and 75 (d). The field
lines are color-coded according to their Z coordinates. The red mark ‘X’

represents the position of the X-line in the Y=-3.2 plane.

To better understand the 3-D coalescence process, we draw the time
evolution of 3-D magnetic field line configuration around the Y=-3.2

plane in Figure 8. At t=60, the southward-moving FR1 is wrapped by
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northward-moving reconnected magnetic field lines in regions with
Y>-3.2. In the Y=-3.2 plane, only one reconnection X-point exists at
Z=+2 (Figure 8a). At t=65, FR2 is generated on the northern side of FR1,
and new reconnection occurs at Z=-5 (Figure 8b). Both FR1 and FR2 are
wrapped together by the northward-moving reconnected magnetic field
lines (Figure 7b and Figure 8b), which indicates that the coalescence is
driven by the northward reconnection outflow of the new reconnection at
Z=-5. At t=70, this coalescence is also present in the extended regions in
the -Y direction and pulls the southward-moving FR1 northward to merge
with FR2 (Figures 8b-8d). Reconnection around the X-point at Z=+2 is
inhibited by the northward reconnection outflow and disappears (Figures
7c and 8c). At t=75, the coalescence between FR1 and FR2 is completed,
and the two FRs are replaced by a new FR with a larger diameter (Figure
8d). The axis of the new FR is tilted in the Z direction due to the spatial
variation of convection velocity at different Y locations and the guide
field By. Our results agree with the previous global hybrid simulation by
Guo et al (2020), which shows the tilted FRs due to the presence of guide
field. Therefore, a coalescence that begins at a nearby coordinate Y and
the associated convection of field lines can affect the motion and
interaction of FRs, which then further affects the reconnection locations.
The tilted FRs, which have also been observed at the magnetopause (Teh

et al., 2017) and in the magnetotail (Teh et al., 2018; Man et al., 2020;
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Jiang et al., 2023), as well as the spreading of their coalescence in the Y

direction, however, cannot be revealed by 2-D models.

5.2 Reconnection inside FRs

It is also found in our simulation that reconnection can take place
inside FRs, which also affects the variation of reconnection locations.
Figure 9 shows the contours of V, and 2-D view of magnetic field line
configuration during the evolution of reconnection inside FR3 in case 1.
As shown inside the red ellipse in Figure 9a (t=135), the length scale of
FR3 can be ~10 Rg in the Z direction, extending across the equator. The
V. reversal locations on the northern and southern sides of FR3 are no
longer at the X-points of the projected field but rather inside FR3. The
magnetopause flow velocity is ~1 Vg at the X-line northward of FR3 and
~-0.6 Vo at the X-line southward of FR3, comparable with but somewhat
smaller than the average magnetosheath flow speed of ~1 V. FR3 and
the magnetopause current sheet around it are stretched by the northward
flow in the northern hemisphere and southward flow in the southern
hemisphere. As a result, new reconnection is triggered in the current sheet
(Figures 9a-9c). At t=140, FR3 is splitting into two FRs (FR4 and FR5).
The reconnection locations shift to the center of FR3 (Figure 9b).

Figures 9d-9e show the line cuts of the By component and the flow

component V,,, respectively, along the magnetopause surface in the
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noon-median (Y=0) plane at t=140. In these line cuts, reconnection
location is identified by the By reversal from positive to negative and the
bulk velocity component V,, reversal from negative to positive at Z=-1.
At t=145, FR3 has fully split into FR4, FR5, and a small FR (FR6). FR6
Is generated by the secondary reconnection under a strong northward flow
inside FR3 at Z=+3. The flow component V, in the magnetopause is
larger than that in the magnetosheath, as seen from the darker colors
inside FR4 and FRS5, and the flow reversal is located at the X-type
magnetic configuration (Z=-1). The splitting of a large-scale FR into two
smaller FRs has recently been observed at the Earth’s magnetopause
(Zhong et al., 2023). In general, multiple X-line reconnection can be
affected by the strong northward or southward magnetosheath flows
before the reconnection inside FR3 has fully developed (i.e. before the
FR3 separates into two FRs). lons are accelerated by the new
reconnection inside FR3, and then reconnection on the north and south

sides of FR3 is found to be inhibited by the new reconnection outflow.
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Figure 9. Evolution of reconnection inside FR3 in case 1. Contours of ion
bulk velocity component V,, at t=135 (a), t=140 (b), and t=145 (c); line
cuts of magnetic field component By and B, (d), and ion bulk velocity

component V,, (e) along the magnetopause surface in the noon-median

(Y=0) plane at t=140. The red mark ‘X’ indicates the location of ion flow
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reversal from negative to positive. The red and blue dashed boxes in

Figures 9d-7e represent the flux ropes FR5 and FR4, respectively.

The 3-D magnetic field line configuration around the noon-meridian
plane is also provided in Figure 10. At t=130, the flux rope FR3
extending in the Y and Z directions (predominantly in Z) is located
between Z>-5 and Z<+5 (Figure 10a). At t=135, FR3 stretches in the +Z
direction (Figure 10b). At t=140, reconnection inside FR3 is triggered,
and three new FRs (FR4, FR5, and FRG6) are separated from FR3 (Figure
10c). FR4 and FRS5 are generated by reconnection with V, reversal at the
Z=-1. FRG6 is generated by secondary reconnection at Z=+3. It is worth
noting that the features of FR6 do not appear in the 2-D view in Figure 9b
and the line cuts of the magnetic field in Figure 9d (t=140), because the
axial direction of FR6 is mainly in the Z direction. The effects of
secondary reconnection on the global distribution of magnetopause
reconnection are beyond the scope of this paper. At t=145, the new
reconnection outflow transports FRs from the low-latitude region toward
the high-latitude region. The distance between FR4 and FR5 becomes
larger than that at t=140, as FR4 propagates northward and FR5 is
transported southward. Overall, the location of reconnection has shifted

to Z=-1 due to reconnection inside FR3.
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Figure 10. 3-D magnetic field line configurations around the
noon-meridian plane in case 1, at t=130 (a), t=135 (b), t=140 (c), and
t=145 (d). The field lines are color-coded according to their Z coordinate.
The red mark ‘X’ represents the position of the X-point in the

noon-meridian plane.

5.3 Reconnection near the equator and effects of magnetosheath flow
Under the southward IMF conditions with finite IMF By, reconnection
first occurs in a high-latitude region (Figures 4a and 5a) downstream of

the quasi-perpendicular shock, consistent with the anti-parallel
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reconnection scenario. Then, in the middle stage of the simulation,
subsolar reconnection between the northward geomagnetic field and the
southward IMF is found to have developed and become steadier than
reconnection in the high-latitude region. The reason for the formation of
the steadier low-latitude reconnection is that the strong northward or
southward magnetosheath flow in the high-latitude region induces the
sliding motion of the X-line along the magnetopause (Tanaka et al., 2010).
Then the high-latitude reconnection near the noon-meridian plane is
suppressed by the subsolar reconnection outflow and eventually
dominated by the low-latitude reconnection (Figures 4c and 5b). As the
magnetopause current sheet is further stretched by the magnetosheath
flow, low-latitude reconnection is also triggered on the dawn and dusk
sides.

Figure 11 depicts the contours of ion velocity component V, in the
Y=-8.6 plane (dawn side) superposed with the nearby 3-D magnetic field
lines in case 2 with a negative IMF B,. At t=60, a V,, reversal at the
magnetopause and the reconnection X-lines are located at Z=-3.2 (Figure
11a). The average [V, (~1.3Vag) of the magnetosheath flow is
comparable to and somewhat larger than the magnetopause |V | (~1Vao)
near Z=-3.2. The V,, flow reversal in the magnetosheath is located at
Z=+2, signifying that the magnetopause reconnection X-line at Z=-3.2 is

situated against the backdrop of a southward magnetosheath flow. At t=70,
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new reconnection occurs in the low-latitude region near Z=+2 where the
magnetopause flow reversal at this position coincides with magnetosheath
flow reversal (Figure 11b). At t=80, a new FR is generated in Y>-8.6
(Figure 11c, duskward of the contour plane). In Y<=-8.6, on the other
hand, the magnetopause reconnection in the southern hemisphere is
inhibited by the southward magnetosheath flow. At t=100, the locations of
magnetopause reconnection in the Y<=-8.6 planes are dominated by those
near the equator (Figure 11d). Besides, it is worth noting that
reconnection locations at Z=-3.2 still exist in the Y>-8.6 planes, where
multiple X-line reconnection is also in process. After the reconnection
locations shift to the vicinity of the equator, they tend to remain
quasi-steady in the low-latitude regions, with slight position changes

caused by the generation, transport, and coalescence of the FRs.
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black circles represent the magnetopause reconnection locations.

6. Summary

In this paper, we have studied the dynamic evolution of dayside
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magnetopause reconnection locations and their dependence on the IMF

cone angle via 3-D global hybrid simulations. The main conclusions are

as follows.

1. Under purely southward IMF conditions, reconnection begins from
around the equator, and the reconnection sites exhibit a dynamic
evolution that extends beyond the equatorial region. The X-lines are
not always parallel to the equatorial plane, even though the IMF is
southward. Our results demonstrate detailed manners of the evolution
of global reconnection structures, including tilted FRs, tilted
reconnection lines, and the spreading of FR coalescence in the Y
direction. Nevertheless, these highly dynamic reconnection locations
tend to shift to the equator and maintain quasi-steady in the
low-latitude regions in the later stage of simulation.

2. In the presence of a finite IMF By, reconnection initially occurs in the
high-latitude regions downstream of the quasi-perpendicular bow
shock, where the magnetic field lines are antiparallel. Similar to the
case with a purely southward IMF, the magnetopause reconnection
evolves dynamically under steady upstream conditions. Eventually,
the magnetopause is dominated by low-latitude reconnection, while
reconnection in the high-latitude regions is inhibited by the outflow of
the low-latitude reconnection as well as the magnetosheath flow. The

average locations of reconnection maintain quasi-steady in the
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low-latitude regions, regardless of the sign of IMF B,.

. The presence of IMF By controls the location of reconnection by

affecting the thickness of the magnetopause current sheet. In the early
stage of simulation, reconnection occurs in high-latitude
(Oshear~180° quasi-perpendicular shock) where the magnetopause
current sheet is the thinnest. The current sheet is thicker in other
regions with smaller 6;,.,,-. Such occurrence of reconnection in the
region characterized by antiparallel magnetic field lines supports the
views of Dungey (1961, 1963), Luhmann et al. (1984), and Trattner et
al. (2005, 2007). Nevertheless, a relatively thin local magnetopause
current sheet is found to also develop in the extended areas over the
dayside magnetopause, where the shocked magnetosheath field lines
are compressed by the solar wind (Kivelson & Russell, 1995; Lopez et
al., 2017; Madelaire et al., 2022). Since the shocked IMF lines are
highly curved, large 0,04 €Xists in broad regions. Subsequently,
reconnection can occur over a large range of the dayside
magnetopause. Therefore, reconnection locations are no longer
controlled by the initial IMF conditions in the dynamic magnetopause.
We have examined other cases with different IMF cone angles (not

shown in this paper) and obtained similar results.

. Predominant magnetopause reconnection can be effectively identified

by the locations of B, reversal and the reversal of the ion flow velocity
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component V, on the magnetopause surface. It is worth noting that

the X-lines identified with simultaneous By and V, reversals tend to

possess quasi-steady reconnection locations, while X-lines without V,,

reversal tend to be transient as they are easily carried away by

significant poleward background flows in higher latitudes.

5. Overall, we find that dayside magnetopause reconnection locations not
only depend on the initial IMF directions but also the local dynamic
processes of the magnetopause, e.g., the generation, coalescence, and
transportation of FRs, reconnection inside the FRs, low-latitude
reconnection, and magnetosheath flow.

Previous observations (Zou et al., 2022) and simulations (Hoilijoki et
al., 2017, 2019; Pfau-Kempf et al., 2020) suggested that perturbations in
the magnetosheath driven by foreshock waves can modulate the
magnetopause reconnection. Chen et al. (2021) showed that the
magnetosheath fluctuations can induce magnetopause reconnection.
However, recent observational statistics obtained by Petrinec et al. (2022)
showed that enhanced magnetosheath fluctuations are unlikely to trigger
magnetic reconnection at random magnetopause locations. Such results
indicate that increased fluctuations do not enhance the occurrence of
steady magnetic reconnection at the magnetopause. Our present study
focuses on the predominant and primary reconnection locations, for

which we do not see the significant effects of foreshock waves.
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A particular aspect of our study is the investigation of the relation
between magnetic shear angle and the magnetopause reconnection under
finite IMF By and B,. In the existing Maximum Shear Model, an
empirical approach is employed to predict the location of reconnection
X-lines on the magnetopause surface based on the maximum magnetic
shear angle (Trattner et al., 2007). Since its introduction, various studies
in the literature have assessed the performance of the Maximum Shear
Model. It is found that the Maximum Shear Model would not lose
statistical accuracy when the IMF is dominated by a southward IMF B,
(Trattner et al., 2007; Qudsi et al., 2023) or IMF By (Trattner et al., 2017).
However, for large |B,//|B|, the model predicts only antiparallel
reconnection due to inaccuracies in modeling the magnetosheath field
line draping (Trattner et al., 2007). Fuselier et al. (2017) noted that the
Maximum Shear Model struggles to predict reconnection location under
some conditions, such as vortex structures of the KH waves and IMF By
dominant X-line events with a strong guide field. In this study, we find
that the maximum shear angle model exhibits good performance in the
case with purely southward conditions, consistent with the IMF-B,
dominant observations (Trattner et al., 2007; Qudsi et al., 2023). In the
case with IMF By, the maximum shear angle model exhibits accurate
predictions in the early stage of global reconnection, when the thinnest

current sheet exists downstream of quasi-perpendicular shocks where the
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field is antiparallel, leading to reconnection in this high-latitude boundary
layer. Nevertheless, due to the magnetosheath field lines draping around
the magnetopause, almost entire magnetopause displays large shear
angles except on the dawn and dusk sides. In the later stage, reconnection

Is not confined to the region with maximum shear angle.
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