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Abstract Low frequency (LF) ~22 Hz to 200 Hz plasmaspheric hiss was studied using a year of Polar
plasma wave data occurring during solar cycle minimum. The waves are found to be most intense in the
noon and early dusk sectors. When only the most intense LF (ILF) hiss was examined, they are found to be
substorm dependent and most prominent in the noon sector. The noon sector ILF waves were also
determined to be independent of solar wind ram pressure. The ILF hiss intensity is independent of magnetic
latitude. ILF hiss is found to be highly coherent in nature. ILF hiss propagates at all angles relative to

the ambient magnetic field. Circular, elliptical, and linear/highly elliptically polarized hiss have been
detected, with elliptical polarization the dominant characteristic. A case of linear polarized ILF hiss that
occurred deep in the plasmasphere during geomagnetic quiet was noted. The waveforms and polarizations
of ILF hiss are similar to those of intense high frequency hiss. We propose the hypothesis that ~10-100 keV
substorm injected electrons gradient drift to dayside minimum B pockets close to the magnetopause to
generate LF chorus. The closeness of this chorus to low altitude entry points into the plasmasphere will
minimize wave damping and allow intense noon-sector ILF hiss. The coherency of ILF hiss leads the authors
to predict energetic electron precipitation into the mid latitude ionosphere and the electron slot formation
during substorms. Several means of testing the above hypotheses are discussed.

1. Introduction

Plasmaspheric hiss is an electromagnetic whistler mode wave with a frequency range between ~20 Hz and
~2.0 kHz, observed by satellites inside the plasmasphere and inside plasma plumes (Russell et al., 1969;
Thorne et al., 1973). Thorne et al. (1973) named the waves “hiss” for the sound it made when played through
a loudspeaker. Since the original first observations of these plasma waves, there have been a plethora of
publications on this wave mode, particularly more recently related to the data taken from the THEMIS
and Van Allen Probes missions (Thorne et al., 1973, 1977, 1979, Thorne, 2010; Smith et al., 1974;
Tsurutani et al., 1975, 2012, 2015, 2018; Carpenter, 1978; Cornilleau-Wehrlin et al., 1978, 1993; Kokubun,
1983; Solomon et al., 1988; Gail & Inan, 1990; Storey et al., 1991; Dragonov et al., 1992; Santolik et al.,
2001, 2002, 2006, Santolik, 2008; Shinbori et al., 2003; Parrot et al., 2004; Meredith et al., 2004, 2006, 2007,
2018; Green et al., 2005; Summers et al., 2008, 2014; Bortnik et al., 2008, Bortnik, Li, et al., 2009, Bortnik,
Thorne, & Meredith, 2009, Bortnik et al., 2011; Santolik & Chum, 2009; Breneman et al., 2009; Chen
et al., 2009, 2012, 2014; Wang et al., 2011; Delport et al., 2012; Agapitov et al., 2013, 2014, 2018; Li et al.,
2013, Li, Chen, et al., 2015, Li, Ma, et al., 2015, Li et al., 2017, 2019; Glauert et al., 2014; Kim et al., 2015,
Kim & Shprits, 2019; Spasojevic et al., 2015; Gao et al., 2015, 2018; Malaspina et al., 2016, 2017, 2018;
Falkowski et al., 2017; Yu et al., 2017; Shi et al., 2017, 2018, 2019; Kavanagh et al., 2018; Su et al., 2018;
Zhang et al., 2018; Zahlava et al., 2018; Nakamura et al., 2018; Hartley et al., 2018, 2019; Ni et al., 2017,
2019; Zhao et al., 2019; Hua et al., 2019; He et al., 2019; Teng et al., 2019). The continued strong interest
in plasmaspheric hiss and plasma plume (Chen & Grebowsky, 1974) hiss has partly been due to the
complexity of the sources of the emissions and partly due to findings of new features. In the above references,
hiss in the plasmasphere has been detected during geomagnetic quiet, during substorms and storms and dur-
ing solar wind pressure pulses. All those dependences implying several different generation mechanisms are
contributing to hiss-like waves inside the plasmasphere. Some of plasmaspheric hiss may come from outer
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zone chorus propagating into the plasmasphere (there are also arguments for why this does not occur), wave
circulation and amplification within the plasmasphere (Thorne et al., 1979), and direct generation through
energetic particle injection into the plasmasphere with local plasma instability (Cattell et al., 2015; Kennel &
Petschek, 1966; Lakhina et al., 2010; Li et al., 2013) generating the waves. Dispersion and decay of lightning
generated sferics (Dragonov et al., 1992; Ni et al., 2017) and magnetosonic waves have also been mentioned
as possible sources of hiss (Meredith et al., 2006; Sonwalkar & Inan, 1989).

Recently, Li et al. (2013) discovered a low frequency component of plasmaspheric hiss during a substorm
that occurred on 30 September 2012. They argued that hiss frequencies down to ~20 Hz were unlikely to
be caused by the inward propagation of chorus and argued that this event must be due to energetic ~100
keV electrons injected into the high plasma density plasmasphere with local generation occurring within
that body. Chen et al. (2014) added to this scenario and mentioned that the gain from cyclical raypaths could
account for the measured wave intensities. Li, Ma, et al. (2015) indicated that the low frequency hiss can
increase ~100 keV electron pitch angle scattering rates substantially, and this emission should be added to
future models of radiation belt electron dynamics. A new twist has been added by Shi et al. (2018). They
show a strong low frequency plasmaspheric hiss correlation with Ultra Low Frequency (ULF) wave oscilla-
tions. Those authors suggested that the ULF waves are modulating energetic electron distribution functions,
which in turn through instability, are generating the hiss. This is similar to the suggestions of Tsurutani et al.
(2015, 2018) and Falkowski et al. (2017) who detected intense and coherent hiss inside plasma plumes and
suggested that higher wave growth rates were necessary to explain the presence of hiss in these regions.
Circulation models cannot be applied for such small regions of space. Recent works on hiss within plumes
(Hartley et al., 2019; Li et al., 2019; Nakamura et al., 2018; Shi et al., 2019; Teng et al., 2019; Zhang et al.,
2018), although not the main focus of this paper, will be commented on in sections 4 and 5 of this paper
in this light.

There have been two new surveys that have studied low frequency plasmaspheric hiss from a statistical point
of view, giving the readership the general properties of these waves. Malaspina et al. (2017) have used ~2 %2
years of Van Allen Probes search coil data to study hiss with frequencies between ~40 and 150 Hz. They com-
pare these results to higher frequency hiss, defined as hiss waves in the frequency range from ~150 Hz to
2.0 kHz. They show clear examples of two separate bands of hiss existing at the same time. The two bands
increase and decrease in power together and have approximately the same amplitude. However one main
difference is that the low frequency hiss has peak amplitudes at ~15 MLT, while the high frequency hiss
peaks near 12 MLT. This latter observation gives hints on the generation mechanism of both frequency types
of hiss.

Meredith et al. (2018) also performed a statistical study of both high frequency and low frequency plasma-
spheric hiss using data from eight satellites. They found that hiss is, in general, most intense on the dayside
and increases with geomagnetic activity from midnight to dawn through noon to dusk. Hiss was most
intense in the 200-500 Hz range at high AE (in agreement with statistical results of Tsurutani et al.,
2015). This could be due to chorus origin. However low frequency hiss (defined as ~50 to 200 Hz) peaks pre-
noon at the equator and decreases with increasing magnetic latitude (MLAT) for low L values. They argue
that this is inconsistent with chorus origin and more consistent with substorm injected energetic electron
local generation. Meredith et al. (2018) also mention that in the premidnight sector for all hiss (~50 Hz to
1.0 kHz), their intensities decrease with increasing AE. They argue that chorus at large L in the postnoon
sector enters into the plasmaspheric bulge region and then propagates eastward inside the plasmasphere.

The purpose of the present study will be focused on low frequency (LF) plasmaspheric hiss and LF plume
hiss (defined as ~22 to 200 Hz) using ~1 year of Polar plasma wave data during solar minimum (where there
was a general lack of magnetic storms). This study will be complementary to the recent Tsurutani et al.
(2018) study that focused only on high frequency (HF) (defined as ~300 Hz to 1.0 kHz) plasmaspheric hiss.
The present study will make comparisons between the present results and those previously of HF hiss in
Tsurutani et al. (2018) and those of the recent Malaspina et al. (2017) and Meredith et al. (2018) surveys.
This new study will also have unique aspects not covered by Malaspina et al. (2017) and Meredith et al.
(2018). If the LF hiss source is different than the HF hiss source, are the waveforms unique in any aspect?
Second, our survey will focus on different hiss features, particularly the coherency and detailed properties
of the waves.
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Following the Tsurutani et al. (2018) work, we will focus on the ten most intense LF plasmaspheric hiss wave
events, separately in each of four magnetic local time (MLT) sectors: midnight (21 < MLT < 03), dawn
(03 < MLT < 09), noon (09 < MLT < 15), and dusk 15 < MLT < 21). For brevity, we will call the intense
LF (ILF) hiss. From these 40 events, we will identify hiss spatial locations, hiss coherency, and directions
of propagation from five-wave cycle and from single wave cycle events. Substorm dependence of these
intense hiss events (AE* and SYM-H* dependences, where the “*” designates incorporation of gradient drift
time delays of ~25 keV electrons) will also be studied. The ILF plasmaspheric hiss dependence on the solar
wind ram pressure will be determined using upstream solar wind data. The wave polarization (circular,
elliptical, and linear/highly elliptical) as a function of spatial location will be studied to obtain further infor-
mation on the wave sources.

2. Method of Data Analyses

In this study, we consider LF plasmaspheric hiss in the frequency range from ~22 Hz to ~200 kHz using ~1
year of Polar satellite data (April 1996 to April 1997). For certain of the wave properties,, we will compare
them to HF plasmaspheric hiss (~300 Hz to 1.0 kHz) results which were previously published in
Tsurutani et al. (2018). The waves between 200 Hz and 300 Hz were omitted from this present study to avoid
possible HF hiss contamination of the present LF hiss study. The purpose of the comparison will be to iden-
tify different features which may give clues to the source of origin of LF plasmaspheric hiss. The LF hiss data
can be obtained at NASA's CDAWeb (http://cdaweb.gsfc.nasa.gov).

The Polar plasma wave instrument (PPWTI) and data are described in Gurnett et al. (1995). The average wave
log intensities are used for the statistical part of the study. Magnetosonic waves and chorus were removed
from the data set as described in Tsurutani et al. (2014).

The high frequency waveform receiver (HFWR) 2 kHz bandwidth data were used for the statistical studies.
These data cover the frequency range from ~22 Hz to ~2 kHz. The ~2 min intervals were used for our statis-
tical studies and will be called “intervals” in the text. A “wave event” occurs if LF plasmaspheric hiss is
detected during an interval. Bin sizes of 1 L by 1-hr MLT resolution are used in this study. The average LF
plasmaspheric hiss crossing event was ~98 min. The minimum time was ~60 min, and the maximum time
was ~173 min. These crossing time values are due to a combination of the Polar trajectory through the wave
region and the actual hiss duration.

The data set under study is the same as that used by Tsurutani et al. (2018) to study ~300 Hz to 1.0 kHz HF
and intense HF (IHF) plasmaspheric hiss. Approximately 800 passes occurred when the ~2 kHz satellite
wave data were available. There are many ~2 min “intervals” and thus many potential LF hiss events.
These data are the bases for the statistical portion of our analyses.

The ten most ILF hiss ~2 min wave events in each of four local time sectors (midnight 21 to 3 MLT,
dawn 3 to 9 MLT, noon 9 to 15 MLT, and dusk 15 to 21 MLT) will be identified. The purpose will be
to study not only the specific ~2 min interval intense wave event but also the ILF plasmaspheric hiss
throughout the satellite pass for that event. This satellite pass data will be called “an ILF plasmaspheric
hiss interval”. From this database, the LF hiss at different MLTs and MLATSs will be compared. These
data will be used to also identify substorm and solar wind pressure dependences of these particularly
ILF hiss events.

A ~0.4 s snapshot which contains high time resolution three-axis magnetic wave components is obtained for
every ~2 min interval (Santolik et al., 2001). We will use the high time resolution ~0.4 s LF plasma wave data
for our case studies. To determine the LF wave k (the direction of wave propagation), the minimum variance
method (Smith & Tsurutani, 1976) is used. A cross-correlation analysis between the B2 (intermediate var-
iance) and B1 (maximum variance) is used to determine wave coherence for the above 40 ILF hiss cases
of 10 maximum wave intensities (in the 4 MLT sectors). The analyses were performed first on the entire
~0.4 s interval, second on a selected five-wave cycle sample within each event, and third on each individual
cycle of the five-wave cycle interval. This was done for all 40 ILF plasmaspheric hiss intervals. Thus we have
examined 200 individual wave cycle events as described above. We determine the wave ellipticity and also
the wave direction of propagation relative to the ambient magnetic field. This last parameter is called 8xp
in the paper.

TSURUTANI ET AL.
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The ILF hiss wave ellipticity is determined by the hodograms of the wave minimum variance B1 and B2 com-
ponents. The wave handedness is obtained from the wave k direction, the ambient magnetic field direction,
Bo (determined from the d.c. magnetometer data), and the B1 versus B2 hodogram. The wave k direction is
taken as the minimum variance direction, B3 (Verkhoglyadova et al., 2010). The ambient magnetic field Bo
is used to determine 6yp, but is not explicitly shown in the paper.

The wave coherency is determined by cross correlating the B1 and B2 components. This technique
was developed in Tsurutani et al. (2009 & 2011). It has been demonstrated that wave-particle
cyclotron resonant interactions involving coherent waves will have ~10° greater pitch angle
diffusion rates than that with incoherent waves (Bellan, 2013; Lakhina et al., 2010; Tsurutani et al.,
2009, 2011).

It should be noted that the wave k is well determined to be in the direction of minimum variance B3 for cir-
cularly polarized and elliptically polarized waves (Verkhoglyadova et al., 2010). Elliptical polarizations will
be shown to be the most common type of LF hiss waves. The minimum variance technique and wave k
determination is not accurate for linearly polarized and highly elliptically polarized waves. However the
results of applying this technique for such waves will be shown for completeness. There is no known tech-
nique for identifying k for linearly polarized/highly elliptically polarized waves using analyses of wave mag-
netic data alone at this time.

The data for this study were obtained during solar minimum. During this phase of the solar cycle, there is
typically a minimum number of intense Interplanetary CME (ICME)-generated or sheath-generated
magnetic storms (Echer et al., 2008; Gonzalez et al., 1994; Tsurutani et al., 1988). The high-speed
stream-slow-speed stream interactions form corotating interaction regions (CIRs: Smith & Wolfe, 1976) at
their interfaces. CIRs can possibly cause weak magnetic storms (Echer et al., 2008; Tsurutani et al., 1995).
The high-speed streams sunward of the CIRs are the dominant interplanetary feature resulting in geomag-
netic activity during this part of the solar cycle. The southward IMF components of embedded Alfvén waves
within these solar wind phenomena are responsible for high-intensity long-duration continuous AE activity
(HILDCAA) events (Hajra et al., 2013, 2014; Tsurutani et al., 1995, 2004, 2006; Tsurutani & Gonzalez, 1987),
a series of intense substorms/small injection events. These substorms/small injection events lead to mid-
night sector plasma sheet injections of ~10 to 100 keV anisotropic electrons into the magnetosphere and
the generation of chorus waves (Tsurutani et al., 1979; Tsurutani & Smith, 1974).

A study the 40 intense LF plasmaspheric hiss events was performed using the solar wind ram
pressure calculated from solar wind velocity and density measurements. The latter are taken from the
OMNI website. Since solar wind pressure has an immediate effect on the betatron acceleration of the
energetic ~10-100 keV electrons in the dayside outer magnetosphere, no further time delays were used.
When we consider ILF plasmaspheric hiss associated with substorms and energetic electron injection
events, the AE and SYM-H values are used assuming midnight injection with further gradient drift of
the energetic electrons to the local time of detection. A model of gradient drift of ~25 keV electrons
is used for determining the time delays. This model was found to be a good measure of chorus delay
times by Tsurutani and Smith (1977) and more recently by Falkowski et al. (2017) and Tsurutani
et al. (2018). We will refer to the precursor AE and SYM-H values in this paper as AE* and SYM-H*.
The AE and SYM-H data were obtained from the WDC at Kyoto University (http://wdc.kugi.kyoto-u.
ac.jp/wdc/Sec3.html).

A recap of terminology used in this paper may be useful to the reader. ~2 min 2 kHz bandwidth data
are called “intervals”. If LF plasmaspheric hiss is detected within the interval, it is called a “hiss event.”
These 2 min intervals/events are used for the statistical studies in this paper. The top ten most intense
LF 2 min hiss events were then selected for each of four MLT sectors. These intense LF hiss events are
called ILF hiss. These wave events were selected so all occurred during different satellite passes. For
these events, the adjacent 2 min events were identified, etc., so that the data for the particular satellite
pass were identified. This is called an event interval, and additional statistics is performed on these data.
Associated with each 2 min wave event are ~0.4 s waveform data. These data are used for the detailed
studies of the ILF hiss waves. We will analyze the 0.4 s data, 5 selected consecutive wave cycles within
the 0.4 s data, and individual wave cycles of the five-wave cycle intervals.

TSURUTANI ET AL.
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Plasmaspheric Hiss Average Log Intensity

22 - 200 Hz 300 - 1.0 kHz

Figure 1. A comparison of the intensity and location of LF plasmaspheric hiss (~22 to 200 Hz), panel a), to HF plasma-
spheric hiss (~300 Hz to 1.0 kHz), panel b) for the 1-year Polar study. For both panels, noon is on the top, and dusk is
on the left. The coverage extends from L = 2 to L = 13. The legend on the right gives the average of the log intensities
of 2 min intervals for each AL-AMLT bin. The bin size is 1 hr MLT and 1 L shell. Panel (b) was taken from
Tsurutani et al. (2018).

The solar wind data was obtained from the OMNI website (http://omniweb.gsfc.nasa.gov/). This data was
time-adjusted to take into account the solar wind propagation time from the spacecraft to the magneto-
sphere, so no further adjustments were made to the data.

3. Results
3.1. LF Plasmaspheric Hiss L and MLT Distribution

Figure 1 shows a comparison of the survey of LF plasmaspheric hiss (left panel) to HF plasmaspheric hiss
(right panel) for the two 1-year studies. The LF hiss distribution is from this study, and the HF plasmaspheric
hiss distribution is taken from Tsurutani et al. (2018). The log intensity scale is given on the right and is the
same for both panels. The main features are that both LF and HF hiss are most intense in the dayside sector.
The LF hiss is more intense by an order of magnitude than the HF hiss. The dayside peak intensity locations
of both the LF and HF hiss are in agreement with the Meredith et al. (2018) results. Meredith et al. (2018)
who used average intensities for all hiss in their study determined that LF and HF hiss had approximately
the same intensities.

The LF hiss intensity maximum extends more toward dusk, shifting the center of the peak closer to post-
noon. This latter feature is in agreement with the Malaspina et al. (2017) results.

It should be noted that the hiss for L > 7 at all MLT are detected (but with different intensities) in both the LF
and HF hiss surveys. We presume these to be hiss in plasma plumes. It is found that when hiss is detected in
plumes, it is detected as a broad frequency band emission covering both the LF and HF ranges. However it
should be noted by the reader that chorus in plumes may have been eliminated from the data set by the data
set “cleaning” process mentioned in section 2. More will be stated about this later.

The ten most intense ~2 min average hiss intervals for each of the four MLT sectors were identified as
described in section 2. Figure 2a shows the 40 most intense ~2 min LF plasmaspheric hiss average log inten-
sity interval locations in L and IMLATI. As mentioned previously, the 40 events are composed of the top 10
most intense events for each of 4 local time sectors: noon, dusk, midnight, and dawn. What is interesting
in this panel is that the highest intensity intervals (red and orange) are distributed relatively evenly over
all IMLATI values from 0° to 40°. The most striking feature of this distribution is that the ILF hiss is quite
predominant at large L (5 < L < 7) at relatively high IMLATI (25° <IMLATI< 40°). This latitude distribution
is somewhat in contrast to those of Meredith et al. (2018), but it should be remembered that this is for only
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Intense Plasmaspheric Hiss L vs. | MLAT| Dependence
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Figure 2. A comparison of the IMLATI location of the 40 most intense ~2 min intervals of LF plasmaspheric hiss versus L
(panel a) to the 40 most intense ~2 min intervals of HF plasmaspheric hiss (panel b). The color scales for the log
intensities are on the right of each panel. It should be noted that the two scales are slightly different in this figure. Panel
(b) is taken from Tsurutani et al. (2018).

high-intensity LF plasmaspheric hiss and not for all events. Also the Meredith et al. results were limited to
very low L values.

Figure 2b shows the 40 most ITHF plasmaspheric hiss L and IMLAT! distribution for comparison. It is in gen-
eral similar to the ILF hiss in that the red orange events are spread over all values of IMLATI from 0° to 60°.
Note that these THF events extend to higher IMLATI| values than do the ILF hiss.

The Polar spacecraft L-IMLATI| coverage was shown in Figure 3b of Tsurutani et al. (2018) and will not be
repeated here. However it should be stated that Polar covers the magnetic equator well between L = ~2.4
and ~4.3, but not for higher L. At L = 6 to 7 (the nominal plasmapause location), Polar covers the MLAT
range of ~20° to ~40° well. However at lower and higher MLATSs outside this range, the coverage is poor
to nonexistent.

3.2. The Detailed Properties of the 10 Most Intense LF Plasmaspheric Hiss ~2 min Intervals in the
Four MLT Sectors

The ten most intense ~2 min average LF plasmaspheric hiss intervals for each of the four MLT sectors were
identified and their L, IMLATI, and log intensity values were previously shown in Figure 2a. These 40 inter-
vals were examined in greater detail using the high time resolution waveform data. Each interval was found
to be composed of many small intervals (approximately five wave cycles) of coherent waves. Totally incoher-
ent waves were not detected within the 40 ~2 min intervals studied. Although not examined, lower intensity
plasmaspheric hiss may also be coherent in nature. This effort is beyond the scope of the present study.

All of the clearly identifiable waves were determined to be right-hand polarized. All types of polarizations
were detected: circular, elliptical, and linear/highly elliptical. No apparent local time dependences for these
three general polarizations were found. Examples of each of these three types of right-hand wave polariza-
tions are shown below.

3.3. Polarizations of Whistler Mode Plasmaspheric Hiss

Figure 3 is an example of a mixture of polarizations of ILF plasmaspheric hiss occurring within a 0.4 s
interval. The ILF hiss occurred at L = .6.9, a MLT of ~7.8 (local dawn sector), and a MLAT of ~40.0°.
The event started on 27 July 1996 at ~0758:03.545 UT. The wave interval occurred during moderate geo-
magnetic activity with AE* = 326 nT and SYM-H* = 16 nT. From top to bottom are the wave magnetic
field B1 (maximum variance) component, the B2 (intermediate variance) component, the B3 (minimum
variance) component, and B magnitude. The bottom left box displays the B1-B2 hodogram and the bot-
tom right box the B1-B3 hodogram.

TSURUTANI ET AL.



100 Journal of Geophysical Research: Space Physics 10.1029/2019JA027102

AAAAAAAAAAAAAA
'AND SPACESCIENCE

96-06-27, 07:58:03.545, 22-197Hz MVA

'0.1 1 1 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time, sec
0.1
= =
of = 0
e8] 03]
-0.1
01 0 0.1 01 0 0.1
B1,nT B3, nT

MLT=7.8 L=6.9 MLAT=40.0
AE* =326 (nT) SYM-H* = 16 (nT)

Figure 3. A ~0.4 s interval with a variety of wave polarizations. Five different colorizations with equal time intervals
have been used to allow the reader to follow the evolution of the waves. The top four plots are the magnetic field
components in minimum variance coordinates and the wave magnetic field magnitude variations. The bottom two plots
are the B1-B2 and B3-B1 hodograms. The event occurred on June 27, 1996.

Three separate cases of five-wave cycle intervals are indicated by rectangles and labeling 1, 2, and 3. In case 1,
there are strong wave amplitudes for all three (B1 through B3) magnetic field components indicating that the
minimum variance direction for this wave packet is different than for the whole interval. This will be dis-
cussed further later. In case 2, the wave packet starts with B1 amplitudes clearly the largest, ~ +0.1 nT,
and B2 and B3 with much smaller amplitudes. The first two wave cycles are thus linearly polarized. From
cycles 3 to 5, B1 decreases to ~ +0.07 nT and B2 increases to ~ + 0.04 nT, indicating elliptical polarization.
In case 3, the B1 and B2 wave amplitudes are essentially equal at ~ +£0.05 nT and the B3 variation negligible.
This indicates wave circular-to-elliptical polarization.

The left-hand hodogram, plotting B1 versus B2, shows several planes of ellipticity. This is consistent with a
variety of orientation of the waves. One possible interpretation is that the wave packets are coming from sub-
stantially different directions (we will show that with even more detailed analysis, this is the case). The
results of this analysis also indicate that one should take care in determining wave polarizations. If one sim-
ply uses long time scale averages such as the whole ~0.4 s interval in Figure 3, the results will give only the
average properties and miss the details of the waves. We will argue that much shorter time scales are needed.
Single-wave cycle analyses will be shown to be best.

The five-wave cycle interval of case 1 (Figure 3) is displayed in Figure 4 in minimum variance coordinates
calculated for only this interval. The start of the interval is at 07:58:03.7 UT. The left-hand panels

TSURUTANI ET AL.



Journal of Geophysical Research: Space Physics 10.1029/2019JA027102

96-06-27, 07:58:03.699, 22-197Hz MVA

0.4

= 041
- 0 =
@-0.1 zgo.z \/\/\/—\/\/\/\_,\’\_,
= 0.1 0.0
< 0/\/\/\/\/\/ 0205 0210 0215 0220 0.225 0230 0.235
N
0 .0.1 R N R R R 01 o1
= 0.1 = e
S 0 o 00 00 §
0 .0.1

: 0.1 0.1

0205 0210 0215 0220 0.225 0230 0.235

= 0.1 Time (s)

) 1
M ANANVANVANYA

0205 021 0215 022 0225 023 5

5 '0 Time, sec iz 0 3 \/ \/ \/ \/ U

- -0 -1

& -0.1 D 01 A -60 -40 -20 0 20 40 60

e Offset (Number of Data Points)

a) 0 02 0 b)

B1,nT B3, nT A/A2 = 1.6 Oy = 20.4

Figure 4. Panel (a) five cycles of ILF plasmaspheric hiss. Figure 3 format is used. This is case 1 in Figure 3. Discrete col-
oration has been used to identify different portions of the wave interval. At the bottom of panel (a) are two hodograms
indicating the wave polarization (left side) and wave planarity (right side). In Panel (b), the top panel gives the wave
field magnitude variations. The second panel gives the B1 (blue) and B2 (green) components. The bottom panel shows the
cross correlation of B1 and B2 results.

(Figure 4a) are given in the same format as in Figure 3. The B1 amplitude is ~ +0.12 nT, the B2 amplitude ~
+ 0.11 nT, and the B3 amplitude ~ +0.01 nT, indicating almost circular polarization. There is a wave phase
shift between Bl and B2 of ~90°. The B1-B2 hodogram at the bottom left confirms that the wave
polarizations are slightly elliptical. The eigenvalue ratio A1/A2 = 1.6. The B1-B3 hodogram indicates that
these are planar waves. The waves are propagating at an angle of ~21° relative to the ambient magnetic
field direction.

Figure 4b from top to bottom gives the wave magnetic field magnitude variations, B1 (blue) and B2 (green)
components (plotted superposed in the same panel), and the cross correlation between B1 and B2. The bot-
tom graph clearly shows that the waves are coherent with a ~0.9 cross-correlation coefficient.

Figure 5 is an examination of the five wave cycles of case 2 in Figure 3, starting at 07:58:03.8 UT. Even though
the minimum variance calculation was done for only this interval, one can tell from panel (a) that the wave
direction of propagation was changing even during this five-wave cycle packet. There is a change from a rea-
sonably large oscillation in B3 for the first two cycles and then in B2 for the last three cycles. This means that
one really needs to examine each individual wave cycle. By analyzing five cycles at the same time, this is pro-
viding results which are based on the average properties. Analysis of individual cycles will provide different
results. One can note from the B1-B2 hodogram that the beginning interval (green and blue) is originally
highly elliptically polarized and the last three cycles (red) are less elliptical. The value A1/A2 was 4.3. The
average angle of propagation of the waves relative to the ambient magnetic field was 59.5°. Notice that
the previous wave packet direction was 20.5° degrees relative to the ambient magnetic field, so the supposi-
tion of a superposition of waves coming from different directions is verified.

The cross-correlation results in Figure 5b show that the waves are quasi-coherent. It should be noted that
this technique of correlating B1 and B2 to study wave coherency will not work for linearly polarized waves.

Figure 6 gives an example of ~0.4 s of linearly polarized waves occurring at a MLT of 7.1 (near dawn),
at a L of 3.4 with a MLT of ~2.0°. The AE* value was 101 nT and SYM-H* —5 nT, indicating almost
geomagnetic quiet. Panel (a) shows several wave packets with peak amplitudes of ~+0.2 nT in the Bl
component. There is little or no variation in B2 and B3. The B1-B2 hodogram shows that the waves
are linearly polarized. There are many “wave packets” throughout the entire ~ 0.4 s interval. They
are all linearly polarized.

What is interesting is this is a substantial event spanning from ~80 Hz to ~300 Hz covering both LF and HF
hiss ranges (not shown). The intensities of both LF and HF hiss are close to 10~* nT?/Hz. By measuring the
five wave cycles in the box of B1 in panel (a), a rough frequency of ~100 Hz is determined. This is almost in
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Figure 5. A 5 wave cycle interval of ILF hiss that contains elliptically/linearly polarized waves. The format is the same as
in Figure 4. This is case 2 in Figure 3.
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Figure 6. Same format as in Figure 3 for an ILF wave interval that occurred on 30 December 1996. An example of a ~0.4 s
interval with several packets of linearly polarized low frequency waves.
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Figure 7. The wave normal direction (k) relative to the ambient magnetic field versus L for ILF hiss (panel a) and for IHF
hiss (panel b). Panel (b) is reproduced from Tsurutani et al. (2018).

the midrange of the intense, long-duration ~30 min event. The properties of the waves (linearly polarized),
and occurring at the magnetic equator, make this event appear to be quite similar to magnetosonic waves
(see Tsurutani et al., 2014). However, it is noted that this event occurred deep in the plasmasphere (L = 3.4)
during geomagnetic quiet (AE* = 101 nT). This event was identified because it was one of the ten most
intense events detected in the dawn MLT range. Clearly similar LF wave events may be present in other
statistical studies of LF plasmaspheric hiss.

All of the five wave cycles of the ten most Iintense LF events for each of the four MLT sectors were analyzed
in detail. This is 200 cycles of ILF hiss. Figure 7a shows the ILF wave distribution of the angle of propagation
Bkg versus L. There are nearly parallel propagating waves (8 < 20°) for 3 < L < 7.5. Waves with 80° < 6y <
90° are detected primarily inside L = 5. However there are too few points to make a strong argument for these
possible features being statistically significant. Our conclusion is that there appears to be no obvious pattern.

Figure 7b shows the ITHF hiss for the same year of study. The 6y versus L distribution is similar in that there
is no particularly clear pattern. The waves are detected at all 8y values for all L.

Although the ILF and IHF hiss databases extend from L = 2 to L = 13, it should be noted from Figure 7 that
none of the most intense waves were found in the spatial regions L < 3 and L > 7.5. This means that although
both LF and HF hiss were detected inside L = 3, the waves were not as intense as the highest intensities used
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Figure 8. The wave angle of propagation Oyg as a function of IMLATI. Panel (a) gives the ILF hiss results, and panel
(b) show the IHF results for comparison. Panel (b) was taken from Tsurutani et al. (2018).
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Figure 9. The percentage of circularly polarized, elliptically polarized, and linearly/highly elliptically polarized waves as a
function of 6xp. Panel (a) gives the results for ILF plasmaspheric hiss. Panel (b) gives the results for IHF plasmaspheric
hiss. The legend is on the right of panel (b). Panel (b) is taken from Tsurutani et al. (2018).

in this portion of the study. Waves inside plasma plumes (presumably for L > 7.5) were previously shown to
be intense and coherent (Falkowski et al., 2017; Tsurutani et al., 2015, 2018), but clearly not as intense as the
ILF events within the plasmasphere proper.

Figure 8a shows the 200 ILF hiss wave cycle angles of propagation 6, relative to the ambient magnetic field.
These angles are plotted against the IMLATI of the location of the spacecraft. The figure shows no obvious
relationship between the two parameters. All values of 6y are detected at almost all IMLATI values.
Figure 8b shows the same for IHF plasmaspheric hiss. Again there appears to be no obvious dependences.

Cross Correlation Coefficient

0
d) Midnight

=== Average
Wavelength Offset == Circular/Elliptical

Figure 10. The coherency of ILF hiss waves in the four MLT sectors. In each of the four panels are plots of the cross cor-
relations of the B1 and B2 minimum variance components of the 10-5 wave cycle intervals for two wavelength lags.
Panels (a) through (d) are each of the ten most intense waves of each MLT sector: dawn, noon, dusk, and midnight.
Individual events are displayed in color, and the average is indicated by the solid blue line. The average with linearly/
highly elliptically polarized waves deleted is shown in the solid black line.
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Figure 11. The average ILF hiss log intensities of all 40 ~2 min interval

events averaged in 10° IMLATI bins from 0° to 50°.

polarized waves.

Figure 9a shows the percentage of circularly polarized (white), elliptically
polarized (gray), and linearly/highly elliptically polarized (black) ILF hiss
waves as a function of 6,z. What is readily apparent is that the majority of
the single wave cycles are elliptically polarized in nature. There are circu-
larly polarized waves which are detected at all Oyg values but predomi-
nantly at small ©yg. There also linearly/highly elliptically polarized
waves. They are present at all 6y values as well but predominately at large
Oxp. The few events with apparent small 8y values were noted to be highly
elliptical waves. The minimum variance technique does not work well for
such wave polarizations, so the 6y values have large uncertainties. We left
this data in the histogram for completeness.

Comparison of Figure 9a to 9b shows some minor differences of the ILF
hiss from the IHF hiss. In Figure 9b, the waves are still primarily
elliptically polarized. There were fewer circularly polarized ILF waves
than for IHF waves. Conversely, there were more ILF linearly/highly
elliptically polarized waves than IHF linearly/highly elliptically

Figure 10 shows two wavelength lags of cross correlations of the ten most ILF hiss and five-wave cycle inter-
vals. The plot is the cross-correlation results from the wave B1 and B2 minimum variance components. The
individual cycles in all four local time sectors show coherence to quasi-coherence. Typical cross-correlation
values are ~0.8 to 1.0. There are some low correlation cases which can be noted in the dawn, noon, and mid-
night sectors. These are linearly/highly elliptically polarized wave events. The correlation results from those
events are low as expected. This is especially true in the noon sector where there are three such events. These
low correlation cases lower the average correlation results shown in the thick blue lines. The thick black
lines are the averages without including the linearly/highly elliptically polarized events.
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Figure 12. ILF high-intensity plasmaspheric hiss AE* distributions. From upper left clockwise are dawn, noon, midnight,
and dusk sectors. The AE distribution for the year of study is shown in black, repeated in each panel.
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Figure 13. Same general format as in Figure 12 but for ILF plasmaspheric hiss event interval SYM-H* values. The four
local time sectors are shown in the same sequence as in Figure 12. The SYM-H* ILF plasmaspheric hiss histograms are
given in white/gray with the annual background SYM-H in black.

Each of the 40 ~2 min interval ILF hiss events was traced along the satellite orbit to identify the wave inten-
sities for the entire satellite pass. This was described in section 2. Thus the database is considerably larger
than 40 values. The ~2 min interval intensities were combined and subdivided into 10° IMLATI bins. The
average log intensity for each IMLATI bin was calculated and is displayed in Figure 11. It is clear that the
wave intensity is essentially the same, ~10~> nT?/Hz from the magnetic equator to 50°.

It should be noted that the same result of a lack of a wave intensity versus IMLAT| dependence was found for
IHF hiss in Tsurutani et al. (2018). The primary difference is that ILF hiss (above) has slightly higher inten-
sities than the IHF hiss (~7 x 10~° nT?/Hz), consistent with other figures shown earlier in this paper.

3.4. Geomagnetic Activity and Solar Wind Ram Pressure Dependence of ILF Plasmaspheric Hiss

Figure 12 shows the ILF plasmaspheric hiss AE* distributions in four local time sectors. The panels are (a)
the dawn sector, (b) the noon sector, (c) the dusk sector, and (d) the midnight sector. The ILF plasmaspheric
hiss is given in percent occurrence in white, and the AE distribution percentage for the year is shown in
black. When the ILF hiss percentage is higher than the yearly average percentage, the yearly average is indi-
cated in gray. Similarly when the year AE average percentage is higher than the ILF hiss percentage, the lat-
ter is shown in gray.

We note that these results are suggestive (the best one can do) but are not definitive in a statistically signifi-
cant way. Why do we say this? This is because one 2 min wave interval is not independent of adjacent 2 min
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Figure 14. ILF plasmaspheric hiss solar wind ram pressure dependence. The format is the same as in Figure 13 but for
ram pressure. The background solar wind ram pressure distribution is shown in each panel in black.
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Figure 15. Outer zone chorus from a LT range of 08 to 16. Clearly intense
chorus is present at high IMLAT] at values >30°. Taken from Tsurutani

and Smith (1977).

intervals. The wave properties may “persist.” In addition, the AE* values
in adjacent 2 min intervals are also not independent from each other. This
is a problem of all satellite plasma wave studies done in the past. None
have been statistically significant. This comment also applies
for Figures 13-15.

The percent ILF hiss occurrence for the noon sector shows reasonably
strong AE* dependence. The other three MLT sectors show little or no dif-
ference in distribution from the annual AE distribution
(black background).

For IHF hiss (not shown), Tsurutani et al. (2018) found AE* enhance-
ments occurred not only in the noon sector but also in the dawn sector.
This finding is in agreement with Malaspina et al. (2018) using a different
set of data at different phases of the solar cycle.

Figure 13 gives the ILF plasmaspheric hiss event interval SYM-H* percent
occurrence distributions for the four MLT sectors. From the upper left
moving clockwise are the dawn, noon, midnight, and dusk sectors. Of
the four MLT sectors, only the noon sector shows a prominent negative
SYM-H* dependence. This same noon sector ILF hiss dependence was
noted in Figure 12 for AE*.

Very few of the 10 ILF hiss intervals identified in the noon sector were
associated with positive pressure SYM-H* values. This is in contrast to
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the general plasmaspheric hiss properties found by Falkowski et al.
(2017). Since these SYM-H* > —50 nT, the geomagnetic activity by defini-
tion is not magnetic storms. The geomagnetic activity is most likely
substorms/small convection events, such as HILDCAA intervals
(Tsurutani et al., 2006).

In panel (c), the dusk sector shows both negative SYM-H* dependence
and some positive SYM-H* dependence.

Previously, Tsurutani et al. (2018) noted IHF hiss-negative SYM-H*
dependences for two MLT sectors, noon and dawn.

Figure 14 indicates the ram pressure of the solar wind during the ILF plas-
maspheric hiss intervals. Panels (a) through (d) show the dawn, noon,
dusk, and midnight sectors. The ILF plasmaspheric hiss is shown in the

Figure 16. The Sun is on the right in the schematic. The solar wind com- white bars as normalized percent occurrences. The ram pressure occur-
pression of the outer region of the magnetosphere creates two “minimum rence distribution over the year of study is shown in black in
B” pockets where the magnetic field is a local minimum in intensity. On the  percent occurrence.

nightside, the minimum magnetic field strength is at the equator. The . ) )
minimum magnetic field is also located at the equator on the dayside atlow ~ The most prominent result of all four local time sectors is that there

L. The dots represent chorus waves. Taken from Tsurutani and Smith (1977).  appears to be no apparent dependence of ILF hiss intervals on high (or

low) solar wind ram pressure. There may be a slight tendency for the mid-
night sector to be correlated with high pressures, but this is not a particu-
larly strong feature.

The above result is in sharp contrast with IHF plasmaspheric hiss intervals. Tsurutani et al. (2018)
showed that both the noon sector and midnight sector IHF hiss were strongly solar wind ram pressure
dependent. The meaning of these differences will be discussed later in the paper. It is felt that this is
a strong clue of the source of ILF plasmaspheric hiss.

4. Summary

The following are the main findings of our study of LF plasmaspheric hiss:

1. Using 1 year of ~22 Hz to ~200 Hz LF plasmaspheric hiss Polar search coil data taken during solar
minimum (April 1996 to April 1997), it was found that LF plasmaspheric hiss was most intense in
the noon-to-dusk local times (Figure 1). This is in general good agreement with Malaspina et al.
(2018) and Meredith et al. (2018), surveys done in different phases of the solar cycle and with differ-
ent spacecraft plasma wave data.

2. The ten most intense ~2 min 2 kHz bandwidth LF hiss events were selected from each of four local time
sectors. For each one of these events, the data along the whole spacecraft track were collected to be able to
study the entire event interval. It was found that there is no ILF hiss latitudinal IMLATI| dependence
(Figure 11). The waves are equally intense from 0° to 50° IMLATI. It should be mentioned that a lack
of IMLATI dependence of IHF hiss was also found by Tsurutani et al. (2018), in their Figure 11.
Although these results are different than the two-peak IMLATI distribution of both LF and HF hiss for
average intensities at low L found by Meredith et al. (2018), it should be noted that the present survey
focused on different LF hiss parameters than used by Meredith et al. (2018).

3. The 10 most intense ~2 min LF wave events were selected for each of four local time sectors. A packet of 5
wave cycles were selected from each of the 40 events, giving 200 individual cycles. From these 200 ILF
wave cycles, it was found that ILF plasmaspheric hiss can be circularly, elliptically, or linearly/highly
elliptically polarized (Figures 3-9), with most wave cycles determined to be elliptically polarized
(Figure 9). Elliptical polarizations were detected for all 8 from 0° to 90°. It should be noted that hiss
having elliptical polarizations is expected due to the high plasma densities within the plasmasphere
(Verkhoglyadova et al., 2010).

4. The elliptically and linearly/highly elliptically polarized ILF plasmaspheric hiss had no obvious depen-
dence on L and IMLATI (Figures 7 and 8). The detection of ILF linearly polarized waves deep in the plas-
masphere during relative geomagnetic quiet was a surprise (Figure 6). In this case there were many
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packets of linearly polarized waves within the ~0.4 s interval. It is possible that the entire ~30 min intense
wave event, encompassing not only ILF hiss but also IHF hiss, was linearly polarized. Thus it is possible
that there is some relationship between plasmaspheric hiss and magnetosonic waves. There has been
some speculation on this topic, but nothing has been done in detail to our knowledge.

5. The ILF hiss event interval percent occurrence dependences on AE* and SYM-H* were determined as a
function of local time. ILF hiss was strongly AE* and SYM-H* dependent only in the noon sector
(Figures 12 and 13). In contrast, IHF hiss were AE* and SYM-H* dependent for both the noon sector
and the dawn sector (Tsurutani et al., 2018), indicating some differences between ILF and IHF hiss sub-
storm dependences.

6. The solar wind ram pressure was studied for the ILF plasmaspheric hiss event interval data. There was no
solar wind ram pressure ILF hiss dependence found in the noon sector (Figure 12). This result is in con-
trast to IHF hiss, where the noon (and midnight) sector intense waves had higher occurrence frequencies
during high solar wind ram pressures.

7. ILF plasmaspheric hiss was found to be coherent for all MLT and IMLATI. The waveforms and polariza-
tions of ILF plasmaspheric hiss were quite similar to those of IHF plasmaspheric hiss. The above indi-
cates several commonalities between ILF and ITHF plasmaspheric hiss.

8. The 40 ILF plasmaspheric hiss events did not include data inside L = 3 or for L > ~7. LF hiss is definitely
present in both of these regions (Figure 1), but not intense enough to make the cutoffs for the top ten
events in each of the four local time sectors. Plasma plume (L > 7) LF and HF hiss were present, were
coherent, and were intense (Falkowski et al., 2017; Tsurutani et al., 2015) but clearly less intense than
the ILF/IHF hiss in the plasmasphere proper as shown here.

5. Discussion and Conclusions

Ten of the most intense ~2 min event data of LF plasmaspheric hiss were selected from each of the four local
time sectors (covering all local times). All of the ILF hiss data examined contained coherent plasma waves.
No segments of incoherent waves were found in this selected data set. Coherent wave interactions with
cyclotron resonant electrons are approximately three orders of magnitude faster than incoherent wave-
particle interactions. This has been shown previously in Tsurutani et al. (2009, & 2011), Lakhina et al.
(2010), and Bellan (2013) and will not be repeated here for brevity. Thus, the presence of high intensity,
coherent LF plasmaspheric hiss at all local times indicates that these waves, with the complement of IHF
hiss, should dominate wave-particle interactions in the plasmasphere. It is highly likely that the L = 2 to
3 energetic electron slot/trough is formed by cyclotron interactions with these coherent waves during
substorms/small injection events, particularly during solar wind high-speed stream HILDCAA intervals.
These wave-particle interactions will take place not only at local noon (more intense in this local time sector
because of the greater wave intensities) but also at all local times.

It should be mentioned that the obliquely propagating LF plasmaspheric hiss may have consequences other
than just the precipitation for electrons in and near the slot region. Artemyev et al. (2012, 2015, 2016) have
demonstrated that energetic electron interaction with such electromagnetic waves could lead to further par-
ticle energy gain, and Li et al. (2014) have shown that electron pitch angle scattering would be enhanced.
Although this study was not conducted using solar maximum data, it also should be noted that inner zone
plasmaspheric hiss is exceptionally intense during magnetic storms (Smith et al., 1974). Tsurutani et al.
(1975) had previously noticed a LF hiss component at very low L during such events.

The ILF plasmaspheric hiss waves were found to be not only elliptically polarized, but some were circularly
and linearly/highly elliptically polarized as well. Circularly polarized ILF hiss were detected more frequently
with low 6, (parallel propagation) angles.

5.1. Interpretation of Results: A New Model

How can one interpret the present LF/ILF hiss findings? We will focus on the noon sector where LF hiss
occurs most frequently and is most intense. In this paper, it was shown that in the noon sector, there was
AE* and SYM-H* intense hiss dependences and a lack of solar wind ram pressure hiss dependence. IHF hiss
in the noon sector also has substorm/injection event occurrence dependence. IHF hiss is composed of
approximately three- to five-wave cycle coherent “packets” like ILF hiss. Thus from all of the similarities
of THF hiss with ILF hiss, it is quite likely that the origin of both waves is the same or quite similar.
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In our previous paper on HF/THF plasmaspheric hiss (Tsurutani et al., 2018), we proposed the idea that it
was outer zone chorus which propagated from the outer magnetosphere to the plasmapause at low altitudes
(high MLAT), entered the plasmasphere proper and then propagated and refracted throughout the plasma-
sphere. This follows the wave propagation ideas and raytracing results of Parrot et al. (2004), Bortnik et al.
(2008), Bortnik, Thorne, and Meredith (2009), and Wang et al. (2011). In the Tsurutani et al., 2018 hypoth-
esis, the authors went a step further and one coauthor (J.B.) performed wave ray tracing runs assuming that
three different frequency chorus coherent “subelements” were all launched at the magnetic equator initially
propagating parallel to the ambient magnetic field direction. This scenario is meant to investigate the further
propagation of different frequency chorus subelements of a rising tone. The three subelements separated
rapidly and enter the plasmasphere at different plasmapause locations. Thus as chorus subelements propa-
gate away from their generation region, they separate and are no longer detected as rising tone elements. The
various subelements separate from each other by diffractive effects. We believe that the ILF (and IHF) plas-
maspheric hiss approximately three to five cycle packets are those chorus subelements. This was explained
as a schematic shown in Figure 21 of Tsurutani et al. (2018) and is not repeated here for the sake of brevity.

What is special about local noon for chorus entering the plasmasphere? Won't the ~10 to 100 keV electron
free energy be spent by the time they have gradient drifted from midnight, through dawn to local noon? It
is clear that chorus wave generation occurs throughout this whole region (Meredith et al., 2001, 2012;
Tsurutani & Smith, 1977) extracting the electron “free energy.”

Figure 15 shows the presence of dayside high latitude chorus at IMLATI| > 30° taken from a past OGO-5
study. This distribution of chorus was attributed to solar wind compression of the dayside magnetosphere
creating “minimum B pockets,” regions of relatively low magnetic field magnitudes. Stated another way,
the solar wind pressure creates a bifurcation of the magnetic equator where two regions of minimum mag-
netic field are both located away from the dipolar field position of the magnetic equator. One can think of
this as two separate magnetic equators. Chorus is generated in regions where the magnetic field is a mini-
mum. This is shown schematically in Figure 16.

Figure 16 illustrates chorus generation in the dayside minimum B pockets. These local magnetic field inten-
sity minima are created by the solar wind compression of the dayside magnetosphere (the Sun is on the
right). The minimum B pockets are a bifurcation of the normal dipole minimum magnetic fields at the equa-
tor and can appear at relatively high latitudes, particularly at noon where the compression effect is the great-
est. The loss cone/temperature anisotropy instability has the greatest growth rate in these minimum B
regions (Kennel & Petschek, 1966; Tsurutani & Lakhina, 1997).

Chorus generated in minimum B pockets will propagate away from the generation region in both directions.
Thus waves propagating along the magnetic field toward the ionosphere will have a very short path length to
reach the plasmapause and be refracted into the plasmasphere. Our argument is that this short path length
minimizes Landau damping of the waves, allowing for greater intensity plasmaspheric hiss in the
noon sector.

What is the source of the chorus? Our thought is that it is the ~10 to 100 keV electron cloud that is injected
into the midnight sector of the magnetosphere during substorms and small injection events. As the cloud gra-
dient drifts into the dayside magnetosphere, gradient drift effects will cause the perpendicular pitch angle
particles to drift to greater L (called “drift shell splitting”), providing new free energy for instability and
chorus growth. These “pancake” electron distribution functions will generate LF chorus very close to the day-
side magnetopause (just before they are lost due to “magnetopause shadowing”; West et al., 1972), and the
chorus subelements will propagate to the plasmapause and enter the plasmasphere.

The above scenario for ILF dayside intense plasmaspheric hiss can be easily tested. Using the
Tsyganenko and Sitnov (2005) magnetospheric model and a wave raytracing code, one will be able to
determine if such outer zone chorus can enter the plasmasphere and with what intensities. Particle
detector and search coil magnetometer data can be used to determine if such unusual energetic electron
pitch angles exist just inside the dayside magnetopause at high MLATs and if particularly LF chorus is
generated. By “LF chorus,” we are implying that chorus will be generated at a fraction of the electron
cyclotron frequency, typically ~0.25 to 0.75 Qcg and sometimes less (Tsurutani & Smith, 1977). Because
the Earth's magnetic fields are quite weak at the distant parts of the magnetosphere, this will be the
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region where the minimum chorus wave frequencies will be generated. If these waves can propagate
into the plasmasphere, they will become ILF hiss.

5.2. Midnight Sector Intense: Coherent Waves

Coherent ILF plasmaspheric hiss was detected in the midnight sector. However, surprisingly, this hiss was
found to be not substorm dependent (Figure 12). The same lack of substorm dependence was also noted for
IHF plasmaspheric hiss in the midnight sector (Tsurutani et al., 2018). What is an explanation? It is well
known that midnight sector chorus is confined to regions close to the magnetic equator (Meredith et al.,
2001; Tsurutani & Smith, 1974) because of strong wave Landau damping away from the equator. So mid-
night sector chorus generated during substorms will not be able to propagate to low altitudes to encounter
the plasmapause and possibly gain entry into the plasmasphere.

Where does midnight sector hiss come from? One possibility is that it is dayside plasmaspheric hiss that has
propagated to the nightside sector (Chen et al., 2009). 3-D wave raytracing code studies indicate that this
is possible.

5.3. Final Comments

Inner zone (L < 6) relativistic electron cyclotron resonant interactions with the coherent and ILF plas-
maspheric hiss could contribute to the loss of these particles during substorms. Because the plasma den-
sities inside the plasmasphere are higher than outside, the electromagnetic wave phase speed will be
considerably less within the plasmasphere than that in the lower-density outer region of the magneto-
sphere. The local magnetic field magnitudes will be considerably higher inside the plasmasphere due
to the closer distances to Earth. Both of the above factors will lead to higher energies of electrons that
will cyclotron resonate with the waves (Bortnik et al., 2011, Figure 2). The above hiss-energetic electron
interaction mechanism will compete with anomalous cyclotron resonance between EMIC waves and
high energy electrons. Calculations of the details of relativistic electron precipitation in the inner mag-
netosphere between these two plasma wave modes are beyond the scope of the present paper, but we
encourage others to attempt to do this to determine the relative geoeffectiveness of the two wave modes.
Are our results and interpretations in conflict with the Li et al. (2013) and Shi et al. (2017) mechanism of
local generation of LF chorus (rising tone emissions) within the plasmasphere by in situ substorm ~100
keV electrons inside the plasmasphere? We think not. If the rising tone emissions are composed of coherent
subelements, the different frequency subelements will disperse and will be detected throughout the
plasmasphere as approximately three to five cycle coherent packets as shown in this paper. The question
then becomes how much of LF hiss is due to which mechanism (outer magnetospheric chorus generation
or internal plasmaspheric chorus generation) and are there other mechanisms also possible?

A coherent relatively large amplitude LF (and HF) hiss were detected in plasma plumes (L > 7). Hiss
inside plumes have been reported previously (Shi et al., 2019; Summers et al., 2008; Teng et al., 2019;
Tsurutani et al., 2015). We argue that because plumes are relatively small regions of space, the
Thorne et al. (1979) mechanism of circulation of local plasmaspheric hiss with multiple passages
through the generation region will not be applicable. Another approach to explain the observations
would be to assume local generation by ~10 to 100 keV anisotropic electrons gradient drifting into
the high-density plumes. However clearly quasi-linear theory/wave growth rates will not suffice. The
fact that the hiss is coherent indicates the electron phase trapping is taking place perhaps making
the wave growth rate substantially higher. This is a challenge for plasma wave theorists to come up
with new models of instability/wave growth. As requested, we do the pitch angle diffusion calculations
for both the incoherent and coherent waves. We use the example in Figure 4 where the density is 32/
cm3 and Bo is 672 nT. At the request of one referee we have calculated the particle pitch angle trans-
port and diffusion rates. We use the wave example in Figure 4. By hand measurements from the packet
of 5 wave cycles occurring in a time duration of t=0.03 s. we find the wave frequency and the wave
amplitude to be ~167 Hz and 0.1 nT, respectively. The measured background magnetic field intensity
was B= 672 nT and electron number density, n= 32 cm™? at the L value of 6.9 and MLAT=40°. At this
location there is no cyclotron resonant wave-particle interactions so these waves at this location are
ineffective in scattering energetic electrons. However the waves are effective at other locations along
the L = 6.9 magnetic field line. We do the calculation for the magnetic equator. We assume a dipole
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magnetic field where the magnetic field strength along the field line varies with latitude, A, as B=By (1+
3 sin®A)"/? cos®A (Tao et al., 2012) and an empirical model for the density variation with latitude along
latitude A on a magnetic field line as n=n, cos™* A (Denton et al., 2002). B, and n, denote the values at
the equator. We find By = 91 nT and ny= 11 cm™>. Considering the wave packet properties at equator
to be the same as at MLAT=40° we find the cyclotron resonant interaction is possible and get the
Kennel-Petschek (incoherent wave) diffusion rate to be Dy =3.1x107> s}, or a diffusion time tdiff =
325 s. Considering coherent waves, a single cyclotron resonant interaction of electron with the coherent
wave packet can result in the pitch angle transport of 3.6° and a diffusion coefficient of D=0.28 s™* or a
diffusion time of t=3.6 s. The diffusion due to coherent waves is two orders of magnitude faster than
with incoherent waves.

More energetic electrons will be rapidly scattered by the coherent waves at off-axis locations. This is a differ-
ent situation than for chorus where the off-axis chorus becomes incoherent (Tsurutani et al. 2013).
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