WBD Team Input to Inner Magnetosphere Section
Data from the Cluster WBD plasma wave receiver and other instruments onboard Cluster are providing new insights into chorus waves, which are one of the most intense emissions observed in the magnetosphere.  Chorus waves are primarily detected near the equatorial plane and are characterized by a sequence of discrete elements appearing as intense short-duration (typically 10-1 s) rising, or less often, falling tones in the frequency range from a few hundreds of hertz to several kHz.  The properties of the chorus source are still a subject of active experimental and theoretical research.  In particular the size of the interaction region is one of the parameters that can allow us to compare theoretical predictions with the observations.  Cluster provides an unprecedented opportunity to do this.  Santolik and Gurnett [2002] addressed the transverse dimensions of chorus sources using simultaneous observations of intense chorus by four Cluster spacecraft localized close to the geomagnetic equator at a radial distance of 4.4 Re on April 18, 2002 during global geomagnetic disturbances.  Using primarily high resolution Cluster WBD data with supporting data from Cluster STAFF, Whisper Sounder and FGM, they concluded that (a) chorus elements below ½ fce are significantly correlated at spatial separations up to 260 km along the field line, and up to 100 km in the perpendicular plane. (b) Within these limits, both the linear and rank correlation coefficients depend on the perpendicular separations and are independent on parallel separations. (c) The correlation coefficients decrease with perpendicular separation, approximately following a Gaussian function with a half-width of 100 km. (d) A simple model of statistical properties of the source region approximately reproduces the observations if a perpendicular half-width of 35 km for the power radiated from individual random sources is assumed.  This characteristic scale is comparable to the wavelength of the radiated wave. (e) The obtained characteristic scale is close to the general theoretical estimation by Trakhtengerts [1999].  We propose to further this work by doing a similar analysis of “dawn chorus”, as well as other “storm-time” chorus events, such as the one analyzed in Santolik and Gurnett [2002], and performing a detailed comparison of the results with existing theories.  The planned interspacecraft separation distance of 200 km for the year beginning June 1, 2003 will be ideal for this purpose.  We will be able to observe chorus emissions at all magnetic local times in response to geomagnetic disturbances, and during the dawn magnetic local times when chorus is usually observed in the absence of geomagnetic disturbances.

The spatio-temporal structure of storm-time chorus was the topic of another chorus study performed with Cluster data [Santolik, et al., 2003].  Data from the same event as just discussed, April 18, 2002, were used for this study.  Once again, the primary data employed in this study came from the high-resolution WBD plasma wave receiver with multi-dimensional data of the spectrum analyzers of the STAFF instruments providing key information on wave vectors and Poynting flux.  In addition, supporting density data from the Whisper Sounder and magnetic field data from FGM were used.  Figure 1 shows an overview of the WBD and STAFF spectrum analyzer data on April 18, 2002 as the spacecraft approach, cross, and move away from the magnetic equator.  Intense chorus emissions are observed both below and above ½ fce as seen in panel (a) of Figure 1 in the WBD electric field power spectral density data.  The STAFF magnetic field power spectral density data shown in panel (b) confirm that the chorus emissions are electromagnetic.  Analysis of the STAFF data also shows that the Poynting flux is mainly directed southward (blue) at negative magnetic latitudes, and northward (red) at positive latitudes, i.e., away from the magnetic equator, in panel (c), and that the angle between the wave vector k and Bo is most often below 10 degrees in the chorus source region, i.e., near the magnetic equator.  Figure 2 is a detailed WBD time-frequency spectrogram showing the fine structure of the chorus emissions.  The chorus element pointed out with the black arrow has been analyzed in detail, with the results shown in Figure 3.  In this figure, the waveforms are plotted using a 2.2-3.8 kHz bandpass for Clusters 2-4 in panels (a) through (c), followed by the amplitude in panel (d) and the frequency in panel (e).  The waveforms appear quite different from one spacecraft to another.  The results of the amplitude and frequency estimations confirm that the same propagating chorus wave packet, appearing as nearly identical discrete chorus elements on the four spectrograms in Figure 2, has an internal fine structure which is different on the four spacecraft.  The entire wave packet is composed of a number of subpackets appearing without any clear correlation in waveforms from the different spacecraft.  This was an unexpected result and points to the need for high time resolution waveform measurements.  Using the delay times in the onset of the chorus packet arrival at each spacecraft, Santolik et al. [2003] found that the delays roughly correspond to the whistler-mode group velocity estimated from the cold plasma theory.  We propose to further this work by analyzing several more events in order to better understand the spatio-temporal and nonlinear nature of these chorus emissions during the upcoming year of small spacecraft separations.

One further interesting aspect of chorus waves that was uncovered by the Cluster mission is the frequency differences between chorus observed on multiple spacecraft.  Clearly certain chorus elements seen on one Cluster spacecraft are the very same ones observed on other Cluster spacecraft, yet the frequencies of those chorus elements can differ by as much as 1 kHz.  There are competing theories for this frequency difference, one of which involves Doppler shift produced by source motion.  Another theory suggests that ???  Unfortunately, the observations that have thus far been made on Cluster are not adequate to answer this question conclusively.  Spacecraft separations on the order of 100-200 km are needed covering all magnetic local times, but particularly during the hours of 06-08 when dawn chorus is expected.  These measurements have not yet been made with Cluster, but will be made during the first year of this proposal period.  Thus, we hope to solve the problem of the frequency difference of corresponding chorus elements during the proposal period.  

Triggered electromagnetic emissions are occasionally observed on Cluster near 4-4.5 Re.  An example is shown in Figure 4, where the nearly sinusoidal, very fine-structured emission at 2.5-3.5 kHz observed in the Cluster WBD data is correlated across all four spacecraft on March 11, 2002 when the spacecraft were approximately 100 km distant from each other.  These emissions are observed as the spacecraft exit the plasmasphere proper into the “knee” region where the overall densities are slightly decreased and some density irregularities are present as seen in the Cluster Whisper sounder data.  The IMAGE EUV data (Figure 5) for this time period show that the Cluster spacecraft are most likely located within a trough that has a sharp cutoff at the inner wall.  Data from the Cluster RAPID instrument often show electron anisotropies in these regions where triggered electromagnetic emissions are observed. Bell et al. [2000] have demonstrated that VLF emissions are triggered near the magnetic equatorial plane during times when the energetic electron flux near 20 keV exceed 106/cm2-s-sr-keV and the energetic electron pitch angle distribution is highly anisotropic.  It is believed that the emissions are generated through a gyroresonance interaction between the energetic electrons and the VLF input waves that are often present in these regions.  The same generation mechanism may be at work for the cases observed on Cluster. Figure 6 shows the total gain due to gyroresonance which propagates across the magnetic equator at L=4.1 in the presence of a flux of energetic electrons and varying with x, v and y as shown.  This flux is consistent with RAPID fluxes during the triggered emission events.  Figure 6 shows that the fluxes as detected by RAPID could provide enough gyroresonance amplification to grow the triggered emissions from the background waves.  We propose to perform a statistical study of these emissions during the upcoming year when the spacecraft are within 200 km of each other near perigee to test whether the proposed nonlinear generation mechanism is feasible in all cases, and to determine whether all of these events take place in plasmaspheric troughs by using IMAGE EUV data.

Another emission for which Cluster is well suited is equatorial noise.  Equatorial noise consists of electromagnetic plasma waves propagating in the close vicinity of the geomagnetic equatorial plane at frequencies from a few hertz to several  hundreds of hertz.  Russell et al [1970] first found these emissions in the outer plasmasphere within about 2 degrees from the equator, at frequencies between twice the local proton cyclotron frequency (fH+) and half the lower hybrid frequency (flh).  They also found that the magnetic field fluctuations are nearly linearly polarized, consistent with propagation in the cold-plasma whistler mode, and with wave vectors within 1 degree of perpendicular to the static magnetic field (Bo).  Santolik, et al. [2002] addressed the location of the noise with respect to the equatorial plane and the spatio-temporal structure of its frequency spectra using Cluster data obtained on December 4, 2002 from the WBD and STAFF instruments when the mission was still in its commissioning phase.  Since a common feature of the equatorial noise is the presence of harmonic lines whose spacings do not match the local fH+, waves have to propagate radially in order to get from the generation region to the point of observations.  Up to this point radial propagation had not been confirmed.  Santolik et al. [2002] showed experimental evidence for the first time that wave propagation directions have a radial component.  They also suggested that the differences observed in the spectra among the various spacecraft are rather temporal than spatial, but inhomogeneities localized in space cannot be excluded.  A further understanding of these aspects of equatorial noise can only be obtained by carrying out a statistical study, which we propose to do.  The study will involve a large number of multi-spacecraft observations.
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