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[1] The magnetopause current sheet is known to have a thickness comparable to an ion
gyroradius/skin depth where the magnetic and electric field can differ markedly from that
assumed in MHD treatments. Multifluid/multiscale simulations are used to provide the

first investigation of these processes in a global simulation that includes high-resolution
(200 km) gridding around the magnetopause. It is shown that the model is able to capture

the quadrupole core magnetic field and the fast (tens of ion cyclotron periods)
reconnection seen in idealized studies reconnection for a Harris current sheet. Within a
global magnetosphere, multiple X-line reconnection occurs for southward IMF due to
localized pinching of the magnetopause current sheet via the convection of the
magnetosheath plasma against a three-dimensional magnetopause. Localized flux ropes
with a thickness of a few hundred to a few thousand kilometers develop and can expand
laterally due to current sheet acceleration of ions that have a gyroradius comparable to
the current sheet thickness. These flux ropes are shown to have essentially the same
properties as flux transfer events (FTEs), including being quasi-periodic with a curvature
greater on the magnetosheath side than on the magnetospheric side, a strong core magnetic
field, and a mixture of magnetospheric and magnetosheath plasma. The speeds of the
plasma flows associated with flux ropes are also similar to those observed with FTEs. The
presence of multiple X-line reconnection is shown to produce the rippling of the
magnetopause and gives a nature explanation to the multiple magnetopause encounters
that typically occur for slow moving spacecraft. These small-scale processes are shown to
have global effects with a reduction of the cross-polar cap by as much as 20% seen
between simulations with and without high resolution about the magnetopause.
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magnetopause within a global magnetospheric model, J. Geophys. Res., 113, A02209, doi:10.1029/2007JA012653.

1. Introduction

[2] The magnetopause is critical to the dynamics of the
magnetosphere as it is this region that controls the entry of
solar wind mass and energy into magnetopause. Magnetic
reconnection is an important part of the entry process. For
southward interplanetary magnetic field (IMF) an X-line is
thought to occur in the vicinity of the subsolar magneto-
pause [cf. Gosling et al, 1990, and references therein].
Field lines that have undergone reconnection move rapidly
along the magnetopause under tension from the curvature of
the field lines. In this region, magnetosheath ions from the
solar wind side can convect into the reconnection region if
they have sufficiently high velocity and magnetospheric
ions (albeit at significantly lower densities) can enter the
reconnection region from the other side. The ions that enter
the reconnection region are accelerated by the reconnection
electric fields leading to the accelerated plasma flows along
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the magnetopause. Slower moving ions that are unable to
enter the reconnection region may still experience acceler-
ation if they are on a recently reconnected field lines as the
latter moves rapidly along the magnetopause. For northward
IMF the reconnection region moves from the subsolar
region to high latitude, but the dynamics is thought to be
essentially the same.

[3] One of the outstanding questions for magnetopause
dynamics is whether the reconnection for southward IMF
occurs through a single time-dependent X-line or through
multiple X-line reconnection. The model for a single
dayside X-line reconnection originates from the Dungey
model of the magnetosphere [Dungey, 1963] and is a key
feature of present day global MHD models [e.g., Ogino,
1986; Slinker et al., 1995]. The multiple X-line model was
originally put forward by Dubinin et al. [1977] and appears
in many local simulation models of thin current sheets [e.g.,
Lee and Fu, 1986; Fu and Lee, 1986]. For these simula-
tions, multiple X-line reconnection occurs when the thick-
ness of the current sheet decreases below an inherent scale
length that is dependent on the magnitude of the anomalous
resistivity assumed in the simulations.
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[4] The issue of whether reconnection occurs via single or
multiple X-line reconnection is of fundamental importance
to the dynamics of the magnetopause. This issue is at the
heart of determining the origin and properties of flux transfer
events (FTEs) [Russell and Elphic, 1978; Haerendel et al.,
1978; see also Elphic, 1989]. FTEs are associated with local
magnetic intensifications or flux ropes with certain magneto-
sheath particles being able to transit the structure and enter
the magnetosphere, while other particles are reflected and/
or accelerated along the magnetopause. Similarly, magneto-
spheric particles may either be reflected or be able to cross
into the magnetosheath [Gosling et al., 1990]. FTEs also
appear quasi-periodically with an average period of several
minutes and an average duration of less than a minute
[Elphic, 1989].

[5] FTEs and indeed the thickness of the magnetopause
are relatively thin. Estimates for the thickness of the
magnetopause derived from multispacecraft missions such
as ISEE suggest thicknesses ranging from 200 to 1600 km
with the median thickness being about 600—800 km
[Berchem and Russell, 1982; see also Paschmann, 1997,
and reference therein]. These thin boundary layers have
scale lengths that are comparable to or smaller than an ion
gyroradius/ion skin depth, which means that the assump-
tions used in global MHD modeling are no longer valid.
Even thinner electron boundary layers have also been
observed by Cluster [André et al., 2004].

[6] Drake et al. [1994] have shown that for idealized
geometries where the current sheet thickness is of the order
of an ion gyroradius/ion skin depth, reconnection does not
occur in a smooth MHD manner but rather occurs through
filamentation and kinking of the current sheet. Winglee
[1994], Biskamp et al. [1995], Ma and Bhattacharjee
[1996], Zhu and Winglee [1996], Pritchett et al. [1996],
Shay et al. [1998], and Birn et al. [2001] have all demon-
strated using a variety of different codes (including full
particle, hybrid, and multifluid) that the Hall term in the
generalized Ohm’s law plays an important role in control-
ling the reconnection rate and overall magnetic structure in
collisionless plasmas for thin current sheets of the order of a
few ion skin depth.

[7] However, the above idealized simulations can only be
considered as local treatments. They neglect key features of
a real magnetosphere, including the global transport of mass
and energy that can lead to inhomogeneities in the forcing
on any extended surface in the magnetosphere, especially
the magnetopause and magnetotail. On the other hand, a
global model that does not incorporate the actual physics of
reconnection or the boundary layers will have difficulty in
tying results to in situ observations.

[8] In this paper, multifluid/multiscale simulations are
used to examine the dynamics of the magnetopause at high
resolution with spatial resolution down to 200 km. At this
scale length, we begin to resolve some of the key structures
within the magnetopause. This study is a first of its type and
provides new understanding of small-scale processes at the
magnetopause within the global environment. In section 2
the details of the model are given along with a discussion of
relevant scale lengths incorporated within the model.
Results for the Global Environment Modeling (GEM)
reconnection challenge are given in section 2 for a Harris
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current sheet and demonstrate that the code is able to
reproduce key results from hybrid simulations, including
the presence of a quadrupole in-plane magnetic field, and
the development of fast reconnection.

[o] With this calibration, the multifluid/multiscale is then
applied to the modeling of the magnetosphere with high
spatial resolution at the magnetopause. Results from the
model (section 3) show the development of multiple mag-
netic islands and flux ropes similar to previous hybrid
simulations. The model goes one step further by showing
that the reconnection is quasi-periodic in association with
the generation of flux ropes and enhanced plasma density
and pressure, in associated with the mixing of ionospheric
and solar wind ions, similar to Gosling et al. [1990]. These
flux ropes also have a period that is similar to that seen in
association with flux transfer events. In addition, it is shown
that including the curvature of the terrestrial magnetosphere
eventually leads to the development of asymmetries both in
the dawn and dusk sides. In section 5 we discuss how the
simulation results would appear to a spacecraft that slowly
traverses the magnetopause. The presence of the localized
reconnection and quasi-periodic generation reconnection
will cause a spacecraft to have multimagnetopause cross-
ings, despite the fact that solar wind conditions are constant.
The model results in terms of plasma flows and magnetic
signatures are shown to have many features previously
reported in the literature in association with in situ obser-
vations but missing from present-day global MHD models.
A summary of results is given in section 6.

2. Ion Cyclotron/Ion Skin Depth Effects in
Multifluid/Multiscale Model

[10] The first attempts to incorporate Hall effects into a 3-D
global model used a perturbation expansion [ Winglee, 1994]
valid for |V x B| > |J x B|/en, that provided a first glimpse
of how the topology predicted by MHD would be modified
by a small but nonzero Hall correction. The model was then
improved to fully incorporate of the Hall and grad P terms
and demonstrated and even at course resolution of 0.25 Ry
these corrections could produce a core magnetic field that is
comparable to that observed in tail flux ropes [Winglee et
al., 1998]. With the evolution of the multifluid model, the
evolution of different sources of ions could be tracked and
this work lead to the first three dimensional identification of
the geopause, as well as the relative roles of ionospheric and
solar wind plasma in populating the magnetosphere [ Winglee,
2000] and the importance of ionospheric mass outflows in
mass loading of the magnetosphere, the generation of the
Harang discontinuity and the cross polar cap potential
[Winglee et al., 2002, 2005; Winglee, 2004]. Excellent
agreement with observations has been obtained for weakly
magnetized systems such as Mars and Ganymede [Harnett
and Winglee, 2003, 2007; Paty and Winglee, 2004, 2006].
Heavy ion pickup at Pluto as seen in hybrid codes but not
MHD has also been demonstrated within the multifluid
approach [Harnett et al., 2005].

[11] The present version of the code includes a full
incorporation of ion skin depth effects in the Ohm’s law
and ion cyclotron terms in the momentum equation [ Winglee
et al., 2005]. The specifics of the code are as follows. The
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dynamics of each plasma component is described by mass,
momentum, and pressure equations given by

I, _
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where the subscripts « denotes the ion and electron
components that constitute the plasma. In both hybrid
codes and the multifluid code one makes the assumption
that the electrons are fluids and that they have sufficiently
high mobility along the field lines such that they are
approximately in steady-state (i.e., d/dt = 0) or in drift
motion. This assumption removes high-frequency plasma
waves and electron waves but enables the momentum
equation for the electrons to be reduced to

VP,

en,
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The electron dynamics are completed by assuming quasi-
neutrality and applying the definitions for current and
electron pressure. For a single component plasma one
obtains

J 1
Ne=N, Ve=Vi—— J=—VxB (5)
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In hybrid codes the ions are loaded as an ensemble of
superparticles that represent the particle distribution with
the prescribed temperature and density. The particle ions are
moved by the Lorentz force equation

S = 4u(E(r) + v % B0)) )

where the subscript denotes that nth particle. Bulk proper-
ties of the plasma, in particular the ion number density N;
and the average ion velocity V, are determined by
interpolating the particle equivalent density and velocity
onto the nearest grid points and summing over all particles.
The electric field is then obtained by substituting the
derived quantities N; and V; in (5) into the Ohm’s Law (4),
and the magnetic field is updated by using this electric field
in the induction equation

OB
E‘FVXE—O (8)
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[12] The advantage of the hybrid code is that by having
particle ions one is able to fully address the particle
acceleration at ion skin depth/ion cyclotron effects. The
disadvantage of hybrid codes is that they have to carry
enough particles to represent the particle distribution in both
coordinate and velocity space within each cell. For example,
suppose that one has 100 particles per cell presenting the
peak density of the current sheet. The minimum density
change that this code could reasonably resolve is therefore
only a few percent below which one would obtain with only
a particle or two (or zero) per cell and would not yield an
accurate result. While one might be able to estimate the
density, one cannot accurately reconstruct a velocity distri-
bution with so few particles, and an integration (i.e., loss of
spatial resolution) must be performed to generate reasonable
statistics for the bulk velocity and temperature.

[13] The multifluid/multiscale treatment used here is
based on the observation that hybrid (and full particle)
codes all have to take bulk moments of the particles onto
the grid system in order to advance the magnetic and
electric fields, which are then used to advance the particles.
The multifluid treatment therefore simplifies the process by
solving the fluid equations (1)—(3) for the bulk moments for
the ions, which still include ion cyclotron effects (as
opposed to MHD where the equations are collapse and
ion cyclotron terms are neglected). One can show from a
wave analysis that equations (1)—(3) incorporate the full
spectrum of waves up to the lower hybrid portion of the
whistler mode when the electric field is specified by (4) as
opposed to the ideal Ohm’s law. Because the code tracks
fluid elements which are continuous, it can have a larger
dynamic range in density and temperature. Additionally,
because one is not tracking large numbers of particles, the
code can support much larger grid systems.

[14] In the multifluid treatment, we assume three different
ion components: (1) solar wind protons, (2) ionospheric
protons, and (3) ionospheric O" ions. With these multiple
components present, (5) is modified to

ne =y m Ve:Z%Vf—i J-1vxp (9

7 Ne Cne Ho

Substitution of (9) into (4) yields the modified Ohm’s law of

J x B 1
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[15] The first term in (10) is the ideal Ohm’s law. The last
term, 7(x) J, is added to allow for finite conductivity in the
ionosphere only. Collisions beyond this region are assumed
to be negligible. No anomalous resistivity is included in the
code. The Hall and grad P terms in (10) are the same as in
hybrid codes. Note that these latter corrections can drive
electric fields in the plane of the ion velocity and therefore
under the right circumstances can lead to the acceleration of
the ions.

[16] In order to see how these effects are playing out in
the plasma dynamics, consider the form of the individual

3 of 15



A02209

4

0.5
3
C/O)pi/AX=

x
=)
w2
<

1

0

0 100 200 300 400  t(AX/Vy)

Figure 1. Reconnected flux for a one-dimensional (1-D)

Harris current sheet as a function of time for a fixed width
of 7.5 grids units. Each curve is for a different value of the
ratio of ion skin depth to the grid spacing.

fluid momentum equations with (10) substituted in (2)
yielding

dVv n;
paTta = Gola (V(, x B(r) — Z n— V, x B)

J xB 1 GM, .
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en, en, R?
(11)

The first term in (11) (V, x B — >_ (n/n.) V; x B) is
dropped in MHD. If this is done a single species is assumed
(11) reduces to the ideal MHD momentum equation. In
reality the presence of different ion species or energy
populations means that (V,, x B — > (n/n,) V; x B) is
invariably nonzero and this drives ion cyclotron effects,
particularly at boundary layers and/or thin current
sheets. The same difference occurs in hybrid codes where
one has a difference in velocity of the individual ions
relative to the bulk velocity generating a nonzero sum
similar to the one in (11). This acceleration of ions can
lead to conversion of magnetic field energy associated
with a thin current sheet to particle kinetic energy.

[17] The dissipation for the reconnection described by the
above equations has two contributions. The first is from the
demagnetization of the ions, which can be accelerated by
the electric field when their gyroradius is larger than the
inherent scale size of the current sheet. With the resolution
of the global code the electrons remain magnetized. In the
idealized local geometry in section 2, magnetization of
electrons can eventually lead to the suppression of recon-
nection. However, the second factor that contributes to the
dissipation is that in the global model the field lines are tied
to a resistive ionosphere. Magnetization of electrons is
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overcome by their transport along the magnetopause, into
the cusp and eventual coupling to the ionosphere.

[18] For a tail current sheet with a density between 0.1 and
1 cm >, the ion skin depth ranges from 600 km to 200 km.
The oxygen skin depth can be potentially 10 times larger.
Similarly, the gyroradius of a 1-keV proton in the center of
the current sheet where the magnetic field is of the order of
5 nT is about 600 km and that of O" at the same energy is
2400 km. Smaller scale lengths are relevant to the magne-
topause where the densities are higher and the energies in
general are lower. In the original multifluid simulations
[Winglee et al., 1998, 2005] the grid resolution was
0.25 Rg, which begins to capture the separation of the O"
dynamics from the H' dynamics but the resolution is
insufficient to resolve the demagnetization of the A" ions.

[19] In this paper refinement gridding is utilized to yield
local grid resolutions of 200 km at the magnetopause. This
is accomplished by first establishing a global equilibrium at
coarse (1/4 Rg) resolution for nonsubstorm/nonstorm con-
ditions. The refinement gridding system is then initiated
around the region of interest to desired resolution and the
system is then driven by the desired solar wind conditions.
Plasma and field quantities are passed between grid systems
at each time step ensuring full coupling between the grid
systems. This makes the code not only multifluid but also
multiscale and allows us to investigate for the first time the
roles of different plasma components and external forcing
on the reconnection within thin current sheet embedded in a
global magnetosphere. It enables the tracking of the evolu-
tion starting from the turning of the IMF to tens of minutes
or hours real-time. This timescale is to be compared with
hybrid/kinetic local simulations that span at most a few tens
of seconds for idealized geometries. Harnett and Winglee
[2005] have demonstrated the importance of this technique
for examining the thinning of the tail current sheet down to
a thickness of 400 km with refinement gridding utilized
100 km grid resolution. Here we demonstrated thin current
sheets at the magnetopause and the generation of flux ropes
that are related to flux transfer events using grid resolution
of 200 km at +2 Ry around the subsolar magnetopause.

3. Model Predictions for a Harris Current Sheet

[20] Before discussing the results for the terrestrial mag-
netosphere, we first demonstrate that the code incorporates
key characteristics of reconnection seen in idealized 2-D
hybrid simulations of reconnection in a Harris current sheet.
Two critical features of reconnection that have been firmly
established in the literature are (1) that the reconnection in
collisionless current sheets is associated with the develop-
ment of an in-plane magnetic field that has a quadrupole
distribution and (2) that the reconnection rate is rapid (of the
order of 0.15 V,By) [Shay et al., 1999, 2001; Karimabadi et
al., 2004]. Here we demonstrate that this physics is incor-
porated in the multifluid code. A 1-D Harris current sheet
is initialized with a half thickness L = 7.5 on a 2-D grid of
180 x 100. Our multifluid treatment shows this configu-
ration is stable to reconnection, similar to the results of
Karimabadi et al. [2004], and a small perturbation must be
included to initiate reconnection. This perturbation is pro-
vided by a local region of resistivity with a Gaussian profile
100 x 50 with a peak Reynolds number of 20.
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