Program Element 3: Global Consequences of Magnetic Reconnection
3A. Understand substorm onset processes: the relevance of reconnection, current disruption and ballooning instabilities, 

General problem: The nature and detailed dynamics of magnetospheric substorms that control the flow of energy between the magnetotail and low altitudes. 

Recent work: Geotail observations have  statistically shown that earthward plasma flows  accompanied by northward magnetic fields are predominant earthward of 20 RE whereas tailward flows carrying southward magnetic fields are generally observed tailward of 30 RE [Nagai et al. 1998].   These flows  are closely associated with auroral brightenings seen in Polar spacecraft images of the Earth’s  auroral oval [Ieda et al., 2001].  These observations support the  interpretation that magnetic reconnection between 20 and 30 RE is an important process converting stored magnetotail magnetic energy into plasma kinetic energy powering substorms and aurora. However, other measurements suggest a more complex process.  For example, the auroral brightenings that are coincident with both the Earthward flows and the tailward moving plasmoids often correspond to smaller “pseudosubstorms” - brightenings at the poleward edge of the auroral zone [Lyons et al., 1999] rather than brightenings of the equatorward auroral arc  associated with substorm onsets.  If the equatorward arc is taken as the footpoint of the substorm onset region, tracing this footpoint back along a magnetic field line locates a very critical region for the onset process. This region is generally thought to be just beyond geosynchronous altitudes between 5 and 12 RE.  where the field configuration changes from dipolar to tail-like and large pressure gradients exist. [Yahnin et al., 1997, Frank and Sigwarth, 2000; Frank et al., 2000; Erickson et al., 2000]. This region is well Earthward of the reconnection region near 25 RE
Problems to be solved during the next 4 years: Determine what physical processes are associated with the initiation of a magnetospheric substorm. Determine the relationship between reconnection processes at 25 RE and current driven and/or ballooning kinetic instabilities at locations closer to Earth. What determines whether a substorm or a pseudobreakup will occur?  

Topics:

1) Definitive determination of the location of the substorm onset region.  

2) What energy flows into the ionosphere to trigger a substorm or polar boundary auroral intensification. 

3) Determine the importance of reconnection processes, kinetic current disruption and ballooning instabilities. 

Approach:

1) Use multispacecraft observations.  Beginning in the fall of 2001, the multi-spacecraft configuration of Polar, Geotail, and Cluster, described in Section II-B, will permit detailed investigations of the substorm onset problem in the plasma sheet. Figure N illustrates the orbits of these spacecraft projected on the equatorial plane in September 2001.  Geotail near its perigee of ~9 RE will make magnetotail measurements just outside the region where low latitude auroral discrete structures presumably map to in the magnetosphere. The Polar apogee is near the equatorial region and this spacecraft will make measurement just Earthward of 9 RE. while Cluster meanwhile will make occasional north/south cuts through the equatorial plane at 20 RE near the midnight region. Auroral cameras on the Image spacecraft will monitor the global state of the magnetosphere and detect substorm onsets while the Los Alamos and GOES spacecraft will detect substorm effects at 6.6 RE. These measurements will permit us to study and determine where substorms originate.  Polar will be in an ideal location to  monitor energy flow and determine the source region of the substorm onset processes. It will also provide critical magnetic field data that can be used to model the disturbed field configuration, resulting in a better understanding of how the field maps from the ionosphere to the magnetotail. 
2) Use measurements of the distribution function to characterize and formulate substorm physics. The plasma instruments on Polar, Geotail and Cluster will obtain full 3D distributions of electrons and ions from a few eV to 40 keV.  These distributions provide important information on the phase space behavior of the particles.  One can examine the dynamic features of the distributions to learn about the source and nature of the particles contributing to both micro- and macro-physical processes.  Comparison to bulk parameters and large-amplitude waves will further yield information on the source of the particles that contribute to large velocity moments and wave generation mechanisms

Discussion:

Substorm models can be classified into two categories: one that indicates that the magnetotail energy originating close to Earth flows tailward at substorm onset (ballooning leading to current disruption) and the other where the energy originates in the tail reconnection region and propagates Earthward (merging at the near Earth neutral line). A critical way to differentiate the two mechanisms is to investigate the transition region in the tail where the fields go from tail-like to dipolar and where the plasma pressure gradients are the largest. Figure N2 uses triangles to display the locations of Polar relative to a model field line configuration (top) at the time of substorm onsets during the fall seasons of 1999 and 2000. Yellow  and blue shadings indicate the presubstorm plasma sheet and radiation belts, red the post-substorm plasma sheet and magenta the region of substorm injected particles. The bottom portion of the figure illustrates the same spacecraft positions projected to the equator. As the 9 RE Polar apogee moves equatorward in subsequent years, plasma sheet observations will sweep outward, spending long periods in the likely critical onset region.  Geotail and Cluster are expected to supply additional measurements further down the tail during some of these future events. Using interspacecraft timing along with the particle measurements on the various spacecraft to ‘gyrosound’ the boundaries, will help to distinguish between the substorm models. 
It will also be important during the next four years to examine the substorm problem from a kinetic point of view.  Much progress has been made with the fluid approximation, but fluid physics has a fundamental limitation — the bulk parameters do not contain the physical mechanism. The examination of merging field lines requires observations on a scale size approaching the ion gyroradius.  Current disruption involves microphysical instability processes for which high-resolution distribution function information is needed.  The particle detectors on both Geotail, Polar, and Cluster, can produce high resolution distribution functions and they are in ideal position to collect the needed data  to identify the instability mechanism that will differentiate between the competing substorm theories.  At the same time the 3D Polar electric and magnetic field observations will identify the properties of any low frequency Alfven, ion cyclotron, and lower hybrid wave modes. These instruments will determine the Poynting vector as a measure of energy flow at the critical time surrounding substorm onset, providing a critical test of onset mechanisms. 

Auroral imaging capabilities have always been important to the detailed investigation of substorm timing and progression.  The new phase of Polar operations, both the near equatorial viewing angles and the later ecliptic normal orientations, presents some obstacles while opening up other new imaging opportunities.  Polar will be able to perform simultaneous observations of the northern and southern aurora with a single camera (See Figure 1 in the overview). These can be used to investigate the conjugacy of the auroral oval, particularly in relation to the location and timing of the auroral substorm onsets.  The simultaneous north-south conjugacy of the aurora in relation to magnetospheric storms can be investigated. The details of complex auroral arc structures can be investigated in coordination with ground-based observatories such as SuperDARN and EISCAT.

Figure N1  Orbits of Geotail, Polar and Cluster projected on the equatorial plane in September 2001 when close encounters will help determine the region of substorm onsets.
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Figure N2 
Locations of Polar substorm onsets  for 1999 and 2000 [Toivanen et al., 2001]. As the 9 RE Polar apogee moves equatorward in subsequent years, many new events will be identifiable within the critical region where the magnetic field changes from dipolar to tail-like. Simultaneous Geotail and Cluster measurements at greater distances will allow study of the propagation of substorm disturbances.
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