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[1] Magnetopause reconnection is investigated with our 3‐D self‐consistent global hybrid
simulation model. The magnetic configuration and evolution of Flux Transfer Events
(FTEs) and the associated ion density and ion velocity distribution at various locations
on the magnetopause are investigated. The results reveal the following. (1) Multiple X
lines are formed during the magnetopause reconnection, which lead to both FTEs and
quasi‐steady‐type reconnection under a steady solar wind condition. The resulting bipolar
signature of local normal magnetic field of FTEs is consistent with satellite observations.
(2) A greater‐than‐20% plasma temperature rise is seen at the center of a FTE, compared to
that of the upstream plasma in the magnetosheath. The temperature enhancement is mainly
in the direction parallel to the magnetic field because of the mixing of ion beams. (3) Flux
ropes that lead to FTEs form between X lines of finite lengths and evolve relatively
independently. The ion density is enhanced within FTE flux ropes because of the trapped
particles, leading to a filamentary global density. (4) Different from the previous
understanding based on the asymmetric density across the magnetopause, a quadrupole
magnetic field signature associated with the Hall effects is found to be present around FTEs.
(5) A combination of patchy reconnection and multiple X line reconnection leads to the
formation of reconnected field lines from the magnetosphere to IMF, as well as the closed
field lines from the magnetosphere to the magnetosphere in the magnetopause boundary
layer.

Citation: Tan, B., Y. Lin, J. D. Perez, and X. Y. Wang (2011), Global‐scale hybrid simulation of dayside magnetic reconnection
under southward IMF: Structure and evolution of reconnection, J. Geophys. Res., 116, A02206, doi:10.1029/2010JA015580.

1. Introduction

[2] As a concept proposed by Dungey [1961], magnetic
reconnection is believed to play an important role in geo-
magnetic and magnetospheric plasma processes. Without
magnetic reconnection, the magnetosphere of the Earth is a
relatively “isolated” space from the solar wind. With the
magnetospheric field lines opened up by the reconnection
process, solar wind plasma is able to penetrate through the
magnetopause; momentum and energy can also be transferred
from the solar wind and interplanetary magnetic field (IMF)
into the magnetosphere as the connectivity of the magnetic
field lines changes.
[3] One of the important questions about magnetic recon-

nection is the magnetic configuration of connectivity asso-
ciated with it, that is, whether the reconnection occurs
through a single X line or multiple X lines [Winglee et al.,
2008]. According to the time scales of the in situ observa-
tion results, magnetic reconnection events fall into two cat-
egories: (1) quasi‐stationary magnetic reconnection and (2)

transient magnetic reconnection. A quasi‐stationary magnetic
reconnection might have a time scale of hours [Gosling et al.,
1982], which is dominated by a single X line. The transient
counterpart usually has a quasi‐period around 8 min [Rijnbeek
et al., 1984]. Flux transfer events (FTEs), which are widely
considered to be associated with transient magnetic recon-
nection nearby [e.g., Hasegawa et al., 2006; Kuznetsova
et al., 2009], were first discovered by Russell and Elphic
[1978]. Initially, FTEs were thought to be flux tubes that
are the products of single‐X‐line, patchy reconnection
[Russell and Elphic, 1978]. Because of complicated geome-
tries and the multiscale nature of reconnection, numerical
simulations have been utilized to investigate the reconnection
physics. Lee and Fu [1985] suggested that FTEs are multiple‐
X‐line flux ropes with helical internal structures, in which
a magnetic field line is reconnected at two or more recon-
nection sites. Alternative models were also proposed to
account for the formation of FTEs. For example, Scholer
[1988] suggested that the variation of reconnection rate
could give rise to loop‐like field lines based on the single‐
X‐line reconnection.
[4] Since local simulation models have strong dependence

on the boundary conditions, three‐dimensional (3‐D) global
simulations using modern computers have become a power-
ful tool to study the reconnection and the associated structure
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of the dayside magnetopause. The latest work includes global
magnetohydrodynamic (MHD) simulations by Fedder et al.
[2002], Raeder [2006], Dorelli and Bhattacharjee [2009],
Kuznetsova et al. [2009], and Winglee et al. [2008]. Dorelli
and Bhattacharjee [2009] point out that it is likely that the
resistive MHD Ohm’s law may fail to capture much of the
physics relevant to the FTE generation when the model
assumption is no longer valid under certain circumstances.
[5] The challenge to the understanding of FTEs in the

magnetopause reconnection is that they are of 3‐D nature,
embedded in a multiscale solar wind‐magnetosphere global
system, in which the ion physics is very important. Inclusion
of plasma kinetic physics is necessary for the modeling of the
generation and evolution of magnetopause reconnection as
well as the understanding of their internal structure.
[6] For the first time, here we present a numerical simula-

tion of dayside reconnection using a 3‐D global‐scale hybrid
model, in which fully‐kinetic ion physics is solved in a self‐
consistent electromagnetic field [Lin and Wang, 2005]. The
reconnection events are identified by the connectivity change
of magnetic field lines and supported by the presence of
reconnection jets away from the reconnection sites. Both
multiple X line and single X line type structures are exam-
ined, where the term “X lines” is defined in the context of
local 3‐D field configuration [e.g., Priest and Forbes, 2000].
The detailed definition will be given in section 3.2. Note that
our definition of X line is different from the one used by
Dorelli and Bhattacharjee [2009], which defines the X line as
a separator line, the intersection of two separatrix surfaces
that separate topologically distinct field lines of four different
global regions of magnetic open field lines, field lines
between solar wind and south pole, field lines between solar
wind and north pole, and closed field lines. Based on a global
MHD simulation, Dorelli and Bhattacharjee [2009] have
found that the instability associated with FTEs is triggered by
a movement of the flow stagnation point away from the
magnetic separator, which modifies the subsolar stagnation
point flow.
[7] In this paper, two cases with a purely southward IMF

are investigated. In the presence of a strong southward IMF,
the Earth’s dipole field is antiparallel to the IMF around the
equatorial plane, leading to the occurrence of magnetic recon-
nection at the low‐latitude magnetopause. Statistical studies
show that majority of FTEs are observed during a southward
IMF [Rijnbeek et al., 1984; Sibeck and Lin, 2010]. In section
2, we describe the simulation model; the results are presented
in the section 3, followed by a summary in section 4.

2. Simulation Model

[8] We adopt the global hybrid simulation scheme
described by Swift [1996] and implemented by Lin and Wang
[2005] for 3‐D simulations of the dayside magnetosphere.
Note that our simulation addresses the reconnection pro-
cesses within the dayside convection time scale and not for
the entire global magnetosphere. Except for the inner mag-
netosphere of r < 7RE, the ions (protons) are fully kinetic
particles, and the equation in the simulation units for ion
motion, is given by

dvi
dt

¼ Eþ vi � B� � Vi � Veð Þ; ð1Þ

where vi is the ion particle velocity, E is the electric field
in units of ion acceleration, B is the magnetic field in units of
the ion gyrofrequency [Swift, 1996] while Vi and Ve are the
bulk flow velocities of the ions and electrons, respectively. A
small current‐dependent collision frequency, n ’ 0.01WJ/J0,
is imposed in order to trigger magnetic reconnection in the
simulation, where W is the local ion gyrofrequency and J0 =
B0 /m0l0 (here l0 is the ion inertial length of the solar wind).
A fluid approximation is used to model the inner magneto-
sphere of r < 7RE, given that the fluid plasma in this region
is not expected to affect the kinetics in the region of the
magnetopause.
[9] The electrons are treated as a massless fluid, and quasi

charge neutrality is assumed in the calculation. The electric
field is determined by the electron momentum equation

E ¼ �Ve � B� � Ve � Við Þ � rPe=N; ð2Þ

where Ve is the electron bulk flow velocity, Pe is the thermal
pressure of electrons and N is the electron number density.
The magnetic field is updated by Faraday’s law,

@B
@t

¼ �r� E: ð3Þ

[10] In the presentation below, the magnetic field B is
scaled by the IMF B0; the ion number density N by the solar
wind densityN0; the time t by the inverse of the solar wind ion
gyrofrequency (W0

−1); the flow velocity V by the solar wind
Alfvén speed VA0; the temperature by VA0

2 ; the length in units
of the Earth’s radius RE.
[11] In order to accommodate to the available computing

resources, a larger‐than‐reality ion inertial length l0 = 0.1RE

of the solar wind is chosen in the simulation. Note that VA0 =
l0W0. In an effort to examine the effects of various values of
l0, we have also run a case with l0 = 0.05RE, although still
about 3 times larger than that in reality. The resulting struc-
tures of the magnetopause reconnection are qualitatively the
same as that shown in this paper.
[12] Spherical coordinates are used in the simulation. The

polar angle � is measured from the positive GSM z axis, and
the azimuthal (longitudinal) angle � from the negative GSM y
axis. The simulation domain contains the system of the bow
shock, magnetosheath, and magnetosphere in the dayside
region with GSM x > 0 and a geocentric distance 4 ≤ r ≤ 24.5.
The Earth is located at the origin (x, y, z) = (0, 0, 0). Outflow
boundary conditions are utilized at x = 0, while inflow
boundary conditions of the solar wind are applied at r = 24.5.
The inner boundary at r = 4 is perfectly conducting.
[13] Initially, a geomagnetic dipole field plus a mirror

dipole is assumed in r < 10RE [Lin and Wang, 2005], and a
uniform solar wind with the IMF B0 of Bx0 = 0, By0 = 0 and
Bz0 = −1 is imposed for r > 10RE. The mirror dipole in the
initial setup is to speed up the formation of the bow shock and
magnetopause. The bow shock, magnetosphere and mag-
netosheath are formed by interaction between the solar wind
and the dipole field.
[14] We choose a uniform solar wind with bi = be = 0.5 and

an Alfvén Mach number MA = 5. The solar wind flows into
the system along the −x direction with an isotropic drifting‐
Maxwellian distribution. The ion number density in the solar
wind is set to be N0 = 11,000RE

−3 for macro particles in this
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kinetic simulation, and a total of ∼4 × 108 particles are used in
a run. For a typical ion gyrofrequency of 0.1 s−1, the corre-
sponding IMF is ’10 nT.
[15] Nonuniform grid spacing Dr is used to produce a

higher resolution near the magnetopause, whereDr’ 0.09RE.
A total grid of 160 × 104 × 130 is used. The time step to
advance the positions of ions is 0.05.
[16] Two cases are presented in the following. In case 1, the

dipole axis is tilted sunward by 15°, so that the northern cusp
region is well within the simulation domain. Case 2 is similar
to case 1, except that the dipole tilt angle is equal to zero.

3. Simulation Results

3.1. Magnetic Field Line Configuration Under
Southward IMF

[17] We first present results from case 1, with a 15° dipole
tilt angle. As the solar wind ions convect earthward carrying
the IMF, the bow shock, magnetosheath, and magnetopause
form gradually in a self‐consistent manner. Most magnetic
reconnection events originate in the equatorial region, which
are related to X lines of nearly antiparallel magnetic field
reconnection. Flux ropes are generated above and below the
equator and reconnected magnetic field lines are approxi-
mately symmetric about the noon meridian plane.
[18] Figure 1 shows the magnetic field line configuration

obtained from case 1 in a global view, emphasizing field lines
in the northern hemisphere at t = 5, 15, 25, and 35. The blue
sphere at the origin represents the Earth. The contours in the
equatorial plane show the ion density. Outward from the
Earth, the boundary region with a sharp ion density increase is
the magnetopause, at a standoff distance of r’ 9.5 ∼ 10. The

bow shock is the boundary region with a sharp density
decrease. The black lines are the closed field lines of the
geomagnetic dipole field. The yellow lines are open field
lines of the shocked IMF before magnetic reconnection. Field
lines in other colors are reconnected field lines with one end
connecting to IMF and the other end to the magnetosphere,
where the colors are used to distinguish different regions
of magnetic reconnection as in the description below.
[19] Figure 1a shows the magnetic configuration of the

initial phase at t = 5, or t’ 25W−1 withW−1 being the local ion
gyrofrequency. There appears to be no significant evidence
of magnetic reconnection at this time.
[20] At t = 15 (Figure 1b), looped flux ropes (FTEs), form

in between two neighboring X lines, while the X lines of finite
length lie in the dawn‐dusk direction. The axial extent of the
flux ropes is limited as seen in the plot. Around the equator,
there are both looped flux ropes and adjacent single X line
magnetic reconnection shown by the red field lines. FTEs
are found to be localized looped flux ropes corresponding
to multiple X line reconnection (MXR) [Raeder, 2006;
Hasegawa et al., 2006] with helical internal structures, which
generate signatures consistent with in situ observations. The
bipolar FTE signature of Bn, the local normal component of
magnetic field, will be discussed below. A Walén test will
also be performed for the single X line reconnection to
investigate the presence of relevant MHD discontinuities,
using the data from case 2. The blue field lines in the mid-
latitudes show another layer of looped flux ropes (FTEs),
while the green field lines in the northern high latitudes show
the occurrence of a single X‐line‐type reconnection with no
obvious looped field lines.
[21] At t = 25 (Figure 1c), or t ’ 125W−1, the looped flux

ropes illustrated by the red field lines of t = 15 have moved
poleward with a noticeable expansion of their azimuthal size.
The blue FTEs at t = 15 have also propagated toward the cusp
and tailward, and meanwhile toward dawn/dusk side.
[22] At t = 35 (Figure 1d), part of the red flux ropes around

the equator at t = 15 have moved to the middle latitudes, so
have segments of X lines adjacent to the FTEs. The blue FTEs
in the middle latitudes at t = 15 also continue moving tailward
and poleward, and part of them have disintegrated during the
interaction with the cusp while the rest have convected past
the pole.
[23] In our simulation, the magnetopause reconnection is

found to generate not only the reconnected field lines con-
necting the IMF to the dipole field, but also other topologies
due to 3‐D effects, including both purely closed reconnected
field lines as well as purely open reconnected field lines. The
color plots in Figure 2a show four field lines of case 1 at t =
55, in which the flux ropes are mainly located at x ’ 9.5–10,
y’ −0.6–1.8 and z’ −0.5–1. In addition to the blue and black
field lines that are between the magnetosphere and the mag-
netosheath, there also exist the green closed field lines that are
connected from the magnetospheric field to the magneto-
spheric field, threading from the northern cusp to the southern
cusp, as well as the red open field line from the magne-
tosheath to the magnetosheath. The rectangular contour slice
shows ion density at z = 0.5 around the reconnection site.
Note that the sliver of green density on the slice is adjacent
and on the sunward side of the flux ropes.
[24] The green and red field lines in Figure 2 are associated

with the FTE flux ropes, and thus are different from the

Figure 1. Magnetic field line configuration in a global view
obtained in case 1 at (a) t = 5, (b) t = 15, (c) t = 25, and (d) t =
35. The closed dipole field lines are in black. Yellow lines are
open field lines before magnetic reconnection. Field lines in
other colors are reconnected field lines between the IMF
and dipole field in different regions. Contours in the equato-
rial plane show the ion density.
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unperturbed closed geomagnetic field lines and open solar
wind field lines. A previous 3‐D MHD simulation of Lee
et al. [1993] shows that because of the nonuniformity along
the plane of the current sheet, four possible topologies of FTE
field lines can be generated. They are the field lines connected
(1) from IMF to the Earth’s dipole field (field lines between
solar wind and north pole), (2) from the Earth’s dipole field
to the Earth’s dipole field, (3) from the Earth’s dipole field
to IMF (field lines between solar wind and south pole), and
(4) from IMF to IMF. Figures 2b–2e [Lee et al., 1993] can be
used to illustrate how the patchy, multiple reconnection
events can explain the coexistence of the four types of field
lines obtained from our 3‐D simulation as shown in the color
plots of Figure 2a. The patchy reconnection indicates that the
size of the reconnection region has a fairly limited extent in
space [Kan, 1988; Pinnock et al., 1995]. At the initial stage
(Figure 2b), flux tubes AA′ and BB′ are two bundles of
magnetosheath fields and CC′ and DD′ are of magnetospheric
fields. At the second stage (Figure 2c), reconnection takes
place at two patches. At the third stage (Figure 2d), the
reconnected flux tubes BD′ and CA′ move toward each other
so that at the fourth stage (Figure 2e) a re‐reconnection has
occurred, leading to the formation of closed flux tube CD′.
Flux tubes CD′ and BA′ correspond to the green (closed) and
red (open) field lines in the color plots of Figure 2a. Since flux
ropes form between multiple X lines, a position shift of
neighboring X lines relevant to flux ropes can also play a
critical role in determining the connectivity of field line [Lee
et al., 1993].
[25] The existence of reconnected field lines from the

magnetosphere to themagnetosphere or from IMF to the IMF,
in addition to the opened magnetospheric field lines and the
unperturbed magnetosheath field lines, has also been sug-
gested by Lui et al. [2008] and Kuznetsova et al. [2009]. In

our simulation, localized flux ropes at low latitudes with
dominant purely closed field lines do not occur often and
cannot survive more than 20W0

−1. Further investigation is
needed to address how long their life time is for more general
cases with a finite IMF By component.

3.2. Structure and Evolution of FTEs

[26] The structure and evolution of FTEs are illustrated in
Figure 3 around the dayside magnetopause. Here we give our
definition of the reconnection X line before the discussion
on physical quantities associated with 3‐D reconnection. We
adopt a procedure like the one described byPriest and Forbes
[2000], which defines reconnection in a general way.
[27] We seek a set of singular lines, near which the mag-

netic field has an X type configuration. Figures 3a and 3b
illustrate how a singular line, or in another word, “X line,”
is defined, which is the intersection of two surfaces that
separate distinct field lines of four different local regions
(earthward side of the magnetopause current sheet, sunward
side of the current sheet, from the sunward side to the
earthward side, and from the earthward side to the sunward
side following the magnetic field direction). The black tubes
are field lines traced in the 3‐D space. The X type configu-
ration is determined bymapping the 3‐D field lines into an x‐z
reference plane. An X point of the X line that separates local
areas of four different magnetic connectivity types is found,
shown as a blue dot. By connecting the X points in a series of
such planes, an X line segment naturally forms. Other sup-
porting evidence of the X line, such as the existence of
opposite flow jets and the quadrupole magnetic field structure
in the guide field, is given below. The FTEs to be discussed in
this paper are of an O line that requires two X lines.
[28] As shown in Figure 3a, there are two X line segments

as blue dots at t = 15. There are also two X lines at t = 65. But

Figure 2. (a) Four field lines of different topologies in case 1 at t = 55. (b‐e) Illustrations of how the patchy
reconnection and multiple reconnection can explain the coexistence of the four field lines in Figure 2a [Lee
et al., 1993].
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the previous two at t = 15 are not seen at t = 65 as they have
moved northward. The northern X line segment at t = 65 was
below the plane of z = −1 at t = 15 before it moves to its
present location in this case with a tilted dipole axis.
[29] In order to illustrate the presence of reconnection jets

from the X lines, the contours in Figures 3a and 3b show Vz,
the z component of ion bulk flow velocity in the noon‐
midnight meridional plane obtained from case 1. Our defi-
nition of the 3‐D magnetic reconnection is consistent with
observations that plasma jets are moving away from X lines
due to reconnection. At t = 65, two opposite jets with Vz of
opposite sign occur inside the FTE flux ropes between the
two X lines. The Vz of magnetosheath plasmas near FTEs
increases as the latitude increases. Although two opposite jets

are expected from an X line, the southward jet at t = 15 ap-
pears missing, because of the nonzero northward background
Vz of the ambient magnetosheath plasmas. Meanwhile,
strengths of the two opposite jets from two adjacent X lines
inside one FTE are not necessarily equal to each other. As
in the case at t = 15 shown in Figure 3a, one direction of
ion acceleration is dominant inside the FTE between the two
X lines.
[30] The intensity plots in Figure 3 show By (Figure 3c), ion

density N (Figure 3d), magnetic field strength B (Figure 3e),
parallel ion temperature Tk (Figure 3f), and perpendicular ion
temperature T? (Figure 3g) in the noon‐midnight meridional
plane at t = 15, 25, 35, and 65. The black lines superposed on
the contours are two dimensional (2‐D) field lines projected

Figure 3. (a and b) Three‐dimensional plots illustrate how X line is defined, with Vz contours in the noon
meridian plane. Two dimensional intensity plots of (c) By, (d) ion density, (e) total magnetic field, (f) parallel
temperature, and (g) perpendicular temperature are also in the noon‐midnight meridional plane, zoomed
around the dayside magnetopause at t = 15, t = 25, t = 35, and t = 65 (from left to right).
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onto the noon meridian plane. Note that the density of 2‐D
field lines shown here does not represent the magnetic field
strength. The locations of FTEs can be identified from the
magnetic islands traced by the field lines in the contour plots.
The center of a highlighted FTE island is marked with arrows
in the plots from t = 15 to t = 35.
[31] The FTEmarked in Figure 3 forms around t = 15 at the

subsolar region and moves poleward as time proceeds. The
FTE speeds up as it moves away from the equator. At t = 65,
another FTE forms near the subsolar region, which reflects
the quasiperiodic generation of FTEs. Between t = 35 and t =
65, there is a relative quiescent period, and magnetic recon-
nection remains single X‐line‐like in the region.
[32] Perturbations in By are obtained in the vicinity of

X lines, as indicated by the black rectangles in Figure 3.
Because the initial By in the solar wind is set to be zero, the
intensity of By in the plot can be viewed as a perturbation. The
By pattern is consistent with the Hall effects due to the ion
kinetic effects [Sonnerup, 1979; Terasawa, 1983; Pritchett,
2001; Shay et al., 2001]. In a simple 2‐D reconnection
model, plasma flows into the vicinity of an X line. Electrons

are frozen‐in to the field lines and ions lag behind due to their
larger inertia, which produces a net current and a corre-
sponding By perturbation. This leads to a negative By above
and a positive By below the X line on the magnetosheath side,
with a negative By below and a positive By above the X line
on the magnetospheric side. For the dayside magnetopause, it
is expected that the polarity on the magnetosheath side
dominates the Hall pattern due to the much larger density on
the magnetosheath side, which is different from the quadru-
pole structure of By for a nearly symmetric current sheet
[Karimabadi et al., 1999; Pritchett, 2001; Birn et al., 2008].
[33] In contrast to a dominant polarity on the magne-

tosheath side, By perturbations with near equal strength are
seen in the multiple X line reconnection at t = 25, 35 and 65 in
our simulation, as shown in Figure 3. The quadrupole By

perturbations are within a boundary layer, of which the sun-
ward thickness is ∼0.5RE − 1.0RE. The plasma density level in
the boundary layer adjacent to the magnetosphere is about
1.0, comparable to 2.0, in the ambient magnetosheath. The
local plasma density adjacent to the magnetosphere may be
enhanced by the trapped ions around the nearby O line of an

Figure 3. (continued)
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FTE. The presence of near quadrupole By may be due to the
thick boundary layer around the FTEs.
[34] Figure 3d reveals that the FTEs are associated with ion

density enhancements at the core. Note that the low‐density
region at t = 15, x = 10–11 and z = 5–6 are in the solar wind.
Corresponding to the density enhancement, the magnetic
field strength is found to dip in the core of the FTE as seen in
Figure 3e. Such results are consistent with the 2‐D hybrid
simulation results of Omidi and Sibeck [2007] for a similar
case of a purely southward IMF, in which the reconnection is
mainly of antiparallel field type. It has been suggested [e.g.,
Hasegawa et al., 2006; Scholer et al., 2003] that whether an
FTE possesses a strong core field may be associated with
whether the reconnection is an antiparallel or component
merging.
[35] In Figure 4 (top), ion density contours at x = 9.5 at t =

80 are shown as well as field lines, while a close‐up plot
around three FTEs at the magnetopause is shown in Figure 4
(bottom). The flux ropes are seen to wrap around a filament
of relatively higher ion density. The peak density is about
2 times that of the ambient plasma inside the boundary layer.
Our results indicate that the density at the FTE core may be
larger than that near the edge, and that the spatial profile of the
density along a path through the core may be very different
from that through the edge.
[36] Ion heating is found in the FTEs, as shown in

Figures 3f and 3g. Stronger enhancement in the parallel ion
temperature Tk is seen inside FTEs, while the perpendicular
temperature T? shows a mild increase compared with that in
the ambient magnetosheath. The enhancement of Tk /T? in
magnetic reconnection has also been reported in satellite
observations [Klumpar et al., 1990] and numerical simula-
tions [Birn and Hesse, 2001]. Note that the fading of the ion

temperature in the closed field line region between t = 15 and
t = 65 is due to the loss of ion particles in the magnetosphere
because the returned ions from the magnetotail are not
included in the simulation model. Only the transmitted ions
from the magnetosheath are emphasized in the simulated
magnetopause reconnection.

3.3. Bipolar Magnetic Field Signature and Ion Velocity
Distributions in FTEs

[37] Bipolar signature of the normal component of mag-
netic field, Bn, has been considered a typical signature of the
observed FTEs [e.g., Russell and Elphic, 1978; Dorelli and
Bhattacharjee, 2009]. Viewed in the local normal coordi-
nates, satellites traveling through an FTE along the magne-
topause usually observe a transient magnetic field structure in
which Bn changes either from positive to negative or from
negative to positive.
[38] The flux ropes obtained in our simulation indeed

produce the bipolar signature similar to satellite observations.
Figure 5d shows the spatial variation of themagnetic field and
ion density along a virtual satellite path through the magne-
tospheric edge of an FTE at t = 40 in the simulation of case 1.
In the contour plots of Figure 5, the path is from point P1 to
point P2 along the magnetopause, illustrated by the thick
black line. The contours are of N, By and Vz in the noon
meridian plane, with 2‐D black field lines superposed on.
[39] The top three panels in Figure 5d show the spatial

variations of Bn, Bl, and Bm components of magnetic field,
where the local normal direction n̂ of the lmn local coordinate
system is determined by the minimum variance method
[Sonnerup and Cahill, 1967]. In this coordinate system, three
directions l̂, m̂ and n̂ complete a right‐handed orthogonal
system with l̂ defined as (ẑ − n̂(n̂ · ẑ))/∣ẑ − n̂(n̂ · ẑ)∣ and m̂ as
the vector product n̂ × l̂.
[40] The local normal direction n̂ is found to be (0.8259,

0.0139, 0.5636) and m̂ is nearly −ŷ in the GSM system. As
shown in the top panel of Figure 5d, Bn changes from positive
near P1 to negative as the virtual satellite “flies” toward P2,
consistent with the typical bipolar magnetic field signature of
FTE. The Bl component remains a positive magnetospheric
value during the crossing. The magnitude of Bm is approxi-
mately equal to −By. The two bipolar enhancements of Bm are
due to two parts of the adjacent Hall field perturbations from
two X lines as illustrated in the contours of By. Near the center
of the FTE, the ion density goes up as the virtual satellite cuts
through the density filament inside the flux ropes as shown in
the contours of N. The bottom panel of Figure 5d shows the
field strengthB, which exhibits a pattern that is not of a simple
antiphase relationship with ion density.
[41] To investigate the properties of ion particles around

FTEs, we “probe” the ion velocity distributions (Figure 6) at
the specific FTE highlighted with white dots in Figure 5.
Figure 6 plots the parallel velocities (relative to the local
magnetic field) vik of ion particles versus one of the two
perpendicular ion velocities, vi?1. Here the perpendicular
direction ê?1 is chosen to be in the direction ofB × ŷ. Figure 6
shows the distributions at four chosen locations centered at
D1 (Figure 6, top left),D2 (Figure 6, top right),D3 (Figure 6,
bottom left), and D4 (Figure 6, bottom right), which are
marked in the contours of Figure 5.
[42] Figure 6 (top left) corresponds to locationD1 centered

at (x, y, z) = (8.08, 0, 2.62). Among the four locations, D1 is

Figure 4. Ion density filaments inside FTEs of case 1. (top)
Ion density contours at x = 9.5 and t = 80, superposed onto a
field‐line plot; (bottom) a close‐up of the same plane.
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the closest to the magnetosphere but still on open field lines.
The velocity distribution features a tenuous ion population,
and the majority of ions possess near zero bulk velocity.
Figure 6 (bottom left) corresponds to location D3 centered at
(x, y, z) = (9.48, 0, 4.02) in the magnetosheath outside the
FTE. This dense ion population convects northward with the
bulk Vik < 0, opposite to the southward IMF.
[43] Figure 6 (top right) corresponds to location D2, cen-

tered at (x, y, z) = (8.69, 0, 3.03), which is well inside the flux
ropes. Figure 6 (bottom right) corresponds to location D4,
centered at (x, y, z) = (8.83, 0, 3.27), which is near the center
of the flux ropes. Mixtures of multiple ion beams transmitted
from the magnetosheath are seen in the vik − vi?1 plane. The
presence of multiple ion beams in FTEs has also been
reported from satellite observations [e.g., Hasegawa et al.,
2006]. The velocity distributions at D2, D4 feature the
highest ion temperatures among the selected locations, with
Tk > T? as indicated by the larger extent of the contours in vik
than that in the perpendicular velocity space of vi?1 and vi?2

(not shown). The majority of ions possess a large positive
velocity vik at D2 while the majority of ions at D4 possess a
large negative velocity vi?1. Positive vik at D2 and negative
vi?1 at D4 both indicate that these ions are accelerated
northward away from the X line south to the FTE that the four
locations are associated with. Several other locations to the
north of D2 and D3 and inside the FTE were probed and the
results show that ions are also accelerated northward away,
which is consistent with the positive Vz shown in the contour
plot.

3.4. Walén Test of Rotational Discontinuity

[44] To evaluate the influence of the tilt angle of the Earth’s
dipole field, we have run case 2 with the same parameters
except that the tilt angle is chosen to be zero. It is found that
under the new condition, X lines also form and move pole-
ward. Although the time scale of the reconnection in case 2 is
of the same order as in case 1, the average time of reoccur-
rence of FTEs from the subsolar region in case 2 is longer.
Figure 7a shows an example of case 2 at t = 100, where that
the magnetic reconnection structure north to the subsolar

looped flux ropes is “single‐X‐line‐like.” The semitranspar-
ent contour plot shows Vz, the z component of the ion flow
velocity in the noon meridian plane, illustrating plasma jets
away fromX lines. As the plot in fact is a 3‐D one with a view
from dawn to dusk, the black tubes that sometimes pass
through the noon meridian plane are true 3‐D field lines.
While the FTE flux ropes are forming at the subsolar region
in the northern hemisphere, a rotational discontinuity is found
north to the subsolar looped flux ropes, associated with a
single X line. Note that in case 1 with a dipole tilt of 15°, the
magnetopause is dominated by FTEs as also found in the 3‐D
global MHD simulation of Raeder [2006]. No clear rotational
discontinuities are found in case 1.
[45] Both theoretical models [e.g., Lin and Lee, 1994],

and observations [Phan et al., 1994] show that a large ampli-
tude rotational discontinuity, an intermediate‐mode MHD

Figure 6. Ion velocity distributions at four chosen locations
centered at (top left) D1, (top right) D2, (bottom left) D3, and
(bottom right) D4, which are marked in the contours of
Figure 5.

Figure 5. (a‐c) Ion density, By and Vz in the noon meridian plane around an FTE in the dayside magne-
topause in case 1. The thin black lines are projected field lines. The thick black line from point P1 to point
P2 is a virtual satellite pass.D1,D2,D4 andD3 are four locations in the magnetopause, inside the FTE, near
the center of the FTE, and in the magnetosheath, respectively. (d) Variations of magnetic field and ion den-
sity along the virtual satellite pass at t = 40.
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discontinuity, may exist in outflow regions of quasi‐steady
reconnection at the magnetopause. Here we examine the
existence of a rotational discontinuity in the magnetopause
boundary layer in our 3‐D global‐scale hybrid simulation.
The Walén relation is applied to identify the rotational dis-
continuity [Sonnerup et al., 1981], which states that across the
rotational discontinuity the tangential plasma flow velocity
Vt changes, as

DVt ¼ �DVAt′ ¼ �DVAt 1� �k � �?
� �

=2
� �1=2

; ð4Þ

where DVt is the change of the tangential flow velocity
across the rotational discontinuity and DV′At is the corre-
sponding change in the tangential Alfvén velocity corrected
by a temperature anisotropy factor. The plus (minus) sign is
applied to discontinuities with a normal component of the
upstream inflow velocity parallel (antiparallel) to the normal
component of the magnetic field [Paschmann et al., 1986].
In satellite observations [Sonnerup et al., 1981; Phan et al.,
1996] and a previous hybrid simulation [Lin, 2001],
equation (4) is not exactly satisfied. Instead, Walén ratio
A ≡ ∣DVt∣/∣(DVAt[1 − (bk − b?)/2]

1/2)∣ usually ranges from

0.6 to 0.9 for ions, and for electrons theWalén relation can be
nearly satisfied [Scudder et al., 1999].
[46] Figure 7 shows an example of Walén test around a

single X line reconnection site in case 2 in the northern
hemisphere at t = 100. The contour plot in Figure 7a shows the
Vz component of ion bulk flow velocity in the noon meridian
plane, in which the black tubes are 3‐D field lines. The
magnetic field lines in this plot sometimes cross the noon
meridian plane, indicating a nonzero By component. E1‐E2 is
a line segment in the r direction across the discontinuity to be
studied below, while E1 is at (x, y, z) = (7.926, 0, 7.3) and E2
at (x, y, z) = (7.059, 0, 6.55). PointD5 is centered at (r, �, �) =
(9.8, 47°, 90°), also on the path E1‐E2.
[47] A rotational discontinuity is identified along the line

cut, of which the local normal direction to the discontinuity,
n̂, is determined by the minimum variance method used in
section 3.3. The l̂, m̂, n̂ are (−0.6643, −0.2307, 0.7110),
(0.3281, −0.9446, −0.0000) and (0.6716, 0.2333, 0.7032) in
the GSM system, respectively. Spatial cuts of magnetic field
components Bl, Bm, Bn and ion flow components Vl, Vm, Vn

along E1‐E2 are shown in Figure 7b. The rotational discon-
tinuity is identified between the two blue vertical lines, across
the magnetopause current layer. From E1 to E2, the normal
component of magnetic field remains nearly constant while Bl

changes sign. The Bm component, although possessing a sign
change too, is dominated by Bm > 0, or By < 0, unlike the
quadrupole By pattern shown around the case 1 FTEs
(Figure 3). Through the sharp kinks of field lines from E1 to
E2 across the magnetopause, the dominant flow component
Vl is accelerated from 2.5 in the magnetosheath to 5.3 in the
boundary layer, a change of ’1.46 local Alvén speed, by the
field tension force.
[48] Figure 7c shows the result of the Walén test.

Throughout the points from E1 to the right blue vertical line
along the path E1‐E2, DVt is obtained by calculating the
difference between local Vt and that at E1 on the upstream
side of the discontinuity, and the change in Alfv’en velocity
DV′At is calculated similarly [Paschmann et al., 1986]. The
blue, green and red hexagrams represent the change of x, y
and z component of electron tangential flow velocity versus
the change of V′Atx, V′Aty and V′Atz, respectively. The star‐
shapedmarkers show the data for ions. Linear fitting based on
the method of least squares is performed to obtain the Walén
ratio. The red line is the line fitting result for ions while the
black line for electrons. Both slopes are positive because the
inflow velocity is parallel to the normal component of mag-
netic field. The Walén ratio for the electron fluid is about
0.83, shown as the slope of black line, and for ions the number
is 0.80, shown as the slope of the red line. This rotational
discontinuity is not fully developed as expected for dis-
continuities not far enough from the X line [Lin, 2001]. As a
result of our simulation, the perturbation in dBy is small and
the slopes of ions and electrons are not well separated as
predicted by the two‐fluid theory [Wu and Lee, 2000].
[49] Figure 7d shows the ion velocity distributions at

location D5 in the magnetopause boundary layer. The main
population of ions have a positive parallel velocity with a
fairly clear cut along a constant minimum vik, and the dis-
tributions in the vik − vi?1 plane appears to be a D‐shaped
distribution [Cowley, 1982; Fuselier et al., 1991]. A small
fraction (5.2%) of ions, which possess near zero average
velocities, are the cold ions initially loaded in the magneto-

Figure 7. Walén test in case 2 in the northern hemisphere at
t = 100. (a) Contour plot shows the ion flow velocity Vz in the
noon meridian plane, in which E1‐E2 is a line segment in
the r direction across a rotational discontinuity. (b) Spatial
cuts of field components Bl, Bm, and Bn and ion flow veloci-
ties Vl, Vm, and Vn along E1‐E2. (c) The result of Walén test.
(d) The ion velocity distribution at location D5 between E1
and E2.
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sphere. In contrast, no clearly D‐shaped velocity distributions
of transmitted magnetosheath ions are found at locations
around the FTEs in case 1. Along the path E1‐E2, the per-
pendicular ion temperature T? is larger than the parallel ion
temperature Tk on the magnetosheath side while Tk again,
increases significantly in the boundary layer near D5.

4. Summary

[50] The main results of this 3‐D self‐consistent global‐
scale hybrid simulation for cases under a steady, purely
southward IMF are summarized as follows.
[51] 1. As a result of magnetic reconnection, magnetic field

line configuration in the case with a 15° dipole tilt angle
exhibits multiple reconnection sites around the equator and
midlatitude. Flux ropes form spontaneously in between
multiple X lines of finite length, which are able to generate
clear bipolar signatures of the local normal magnetic field,
which has been used to identify FTEs in observations.
Around the noon meridian plane, contours of the By compo-
nent show a nearly quadrupole Hall signature near FTEs due
to ion kinetic effects. There usually appears an ion density
enhancement of plasma core inside the flux ropes, leading to
a filamentary density structure along the reconnected flux
tube. Heating and multiple beams of magnetosheath ions are
found inside FTEs.
[52] 2. Four types of topologies of reconnected magnetic

field lines (magnetosphere‐to‐IMF, IMF‐to‐magnetosphere,
IMF‐to‐IMF, and magnetosphere‐to‐magnetosphere) are
obtained in the simulation, which can be explained by com-
binations of patchy single reconnection and multiple X line
reconnection.
[53] 3. In the case in which the dipole tilt angle is 0°, single

X line reconnection coexists with multiple‐X‐line recon-
nection, while the single‐X‐line process produces 1‐D like
structures. AWaĺen test is performed to confirm the existence
of a rotational discontinuity, which is expected for a quasi‐
steady like reconnection. A D‐shaped ion velocity distribu-
tion with a cutoff at minimum vik is obtained, whereas no
clear D‐shaped distributions are developed in the region
trailing an FTE closely.
[54] Finally, it should be noted that the scale length l0 used

in our simulation is about 6 times larger than that in reality.
The solar wind convection speed in the simulation is thus
6 times faster than the typical value in reality due to the larger
Alfvén speed used in the simulation. The larger convection
speed is expected to lead to a faster magnetic flux removal
and a shorter reoccurrence period of FTEs at the magneto-
pause. In the simulation, the average time of reoccurrence
of FTEs at the subsolar region is found to be ∼60W0

−1, where
W0
−1 ∼ 1 s is the ion gyroperiod in the solar wind. Considering

the 6 times difference of the convective from reality, the
recurrence period of FTEs is estimated to be 6 × 60 s ∼ 6 min,
which is comparable to that inferred from magnetosphere
observations.
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