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Abstract

The spatial scales of whistler-mode waves, determined by their generation process, propagation, and damping, are important
for assessing the scaling and efficiency of wave-particle interactions affecting the dynamics of the radiation belts. We use multi-
point wave measurements by two Van Allen Probes in 2013-2019 covering all MLTs at L=2-6 to investigate the spatial extent
of active regions of chorus and hiss waves, their wave amplitude distribution in the source/generation region, and the scales of
chorus wave packets, employing a time-domain correlation technique to the spacecraft approaches closer than 1000 km, which
happened every 70 days in 2012-2018 and every 35 days in 2018-2019. The correlation of chorus wave power dynamics using
is found to remain significant up to inter-spacecraft separations of 400 km to 750 km transverse to the background magnetic
field direction, consistent with previous estimates of the chorus wave packet extent. Our results further suggest that the chorus
source region can be slightly asymmetrical, more elongated in either the azimuthal or radial direction, which could also explain
the aforementioned two different scales. An analysis of average chorus and hiss wave amplitudes at separate locations similarly
shows the reveals different radial and azimuthal extents of the corresponding wave active regions, complementing previous
results based on THEMIS spacecraft statistics mainly at larger L>>6. Both the chorus source region scale and the chorus active

region size appear smaller inside the outer radiation belt (at L< 6) than at higher L-shells.
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We use Van Allen Probes FBK VLF wave data (2013-2019) to investigate the spatial extent of

active regions of chorus and hiss waves

The correlation of chorus wave power is found to remain significant up to inter-spacecraft

separations of 400 km to 750 km transverse to BO
Abstract

The spatial scales of whistler-mode waves, determined by their generation process, propagation,
and damping, are important for assessing the scaling and efficiency of wave-particle interactions
affecting the dynamics of the radiation belts. We use multi-point wave measurements in 2013-
2019 by two identically equipped Van Allen Probes spacecraft covering all MLTs at L=2-6 near
the geomagnetic equator to investigate the spatial extent of active regions of chorus and hiss
waves, their wave amplitude distribution in the source/generation region, and the scales of
chorus wave packets, employing a time-domain correlation technique to the spacecraft
approaches closer than 1000 km, which happened every 70 days in 2012-2018 and every 35 days
in 2018-2019. The correlation of chorus wave power dynamics using two spacecraft
measurements is found to remain significant up to inter-spacecraft separations of 400 km to 750

km transverse to the background magnetic field direction, consistent with previous estimates of
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the chorus wave packet extent, but indicating the likely presence of two different scales of about
400 km and 750 km. Our results further suggest that the chorus source region can be slightly
asymmetrical, more elongated in either the azimuthal or radial direction, which could also
explain the aforementioned two different scales. An analysis of average chorus and hiss wave
amplitudes at separate locations similarly reveals different radial and azimuthal extents of the
corresponding wave active regions, complementing previous results based on THEMIS
spacecraft statistics mainly at larger L>6. Both the chorus source region scale and the chorus

active region size appear smaller inside the outer radiation belt (at L< 6) than at higher L-shells.

1. Introduction

Chorus emissions are known to have a multi-scale spatial structure: (a) the largest spatial
parameter is the chorus active region - the region in the magnetosphere where chorus activity
with similar frequency and amplitude is observed simultaneously. This region was estimated by
Agapitov et al. (2018) to be about 1 Rg in the morning and day sectors of the inner
magnetosphere and to be 2-5 times smaller in the night sector. (b) The spatial extent of a single
chorus element — the maximal distance transverse to the background magnetic field direction
where the same chorus wave packet can be detected simultaneously by two spacecraft. This scale
was estimated to be ~600-800 km at L~4-6 from Cluster measurements (Agapitov et al., 2011),
Van Allen Probes waveforms processing (Agapitov et al., 2017; Shen et al., 2019) and from
wave amplitude difference analysis (Aryan et al., 2017). THEMIS data (Agapitov et al., 2018) at
larger L indicate that this scale is even larger in the outer magnetosphere. This corresponds
closely to the high level of chorus time coherency (Ma et al., 2014), suggesting that the source
spatial scales are much greater than the wavelength (which is of the order of 10 km in the inner
magnetosphere). However, if plasma density is high (in the vicinity of the plasmapause, for
example) the wavelength can be just few kilometers and the spatial extent of a single chorus
element, presumably, can be smaller (Santolik et al., 2003; Santolik and Gurnett, 2003; Santolik
et al., 2004). Within the spatial extent of a single chorus element (b) we define two subscales.
The first is the distance ramp Over which wave amplitude decays to half of its maximal value.
rampi Was estimated by Agapitov et al., 2018 to be about 200-300 km. The second is the
coherence scale, defined as the distance at which waveforms recorded by two spacecraft have a

constant time shift during a time interval greater than the wave period. This scale is important for
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the efficiency of nonlinear wave-particle interactions. Estimations based on Cluster and Van
Allen Probes measurements showed that this scale can vary from 60 to 300 km (Agapitov et al.,
2010, 2011, 2017; Zhang et al., 2020), and presumably depends on the distance from the source
and the plasma density fluctuation level (Agapitov et al., 2010, 2011).

We present the statistical results of chorus and hiss source and active region scales obtained from
more than 6 years of the Van Allen Probes magnetic and electric field filter bank (FBK) data.
The FBK data includes measurements of one component wave amplitude of electric and
magnetic field (a shared data channel with EMFISIS). The magnetic field component, contrary to
the electric field measurements was not spin modulated, which makes it suitable for a correlation
analysis. These provided continuous measurements of the peak magnetic and electric field
amplitudes at 8 s™ sampling rate in 7 (13) frequency channels logarithmically spaced from 0.8 to
6500 Hz (e.g. Tyler et al., 2019). The measurement mode changed during the mission: the
measurements modes are listed in Table 1 for more details. This work is supplementing previous
studies based on more sparse Van Allen Probes waveform data (Agapitov et al., 2017; Shen et al

2019), by examining the much longer time series of FBK whistler-mode wave measurements.

Table 1. EFW Filter Bank Modes. E1, is the electric field from the VVan Allen Probes electric

field antennas 1 and 2; SCM,, is magnetic field

Time period The FBK Mode

2012-09-01 to 2013-03-16 13 channels from E;, (Channels #1-13)

2013-03-16 to 2018-04-13 | 7 channels from E;, 7 channels from SCM,, (Channels #1,3,5,7,9,11,13)

2018-04-14 to mission end | 13 channels from E;; and 13 channels from SCM;, (Channels #1-13)

FBK Frequency Channels Characteristics: the central (peak response) frequency and the channel width

#1-1.36 Hz (0.8-1.5 Hz)  #5— 20.8 Hz (12.0-25.0 Hz) #9 - 334 Hz (200-400 Hz)
#2-262Hz (1.5-3.0Hz)  #6 —40.6 Hz (25.0-50.0 Hz) #10 - 658 Hz (400-800 Hz)
#3-5.14Hz (3.0-6.0 Hz)  #7 —83.8 Hz (50.0-100 Hz) #11- 1360 Hz (800-1600 Hz)
#4-10.0 Hz (6.0-12.0 Hz)  #8 — 172 Hz (100-200 Hz) #12 - 2800 Hz (1600-3200 Hz)

#13 - 5600 Hz (3200-6500 Hz)

2. Data description
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The two identically equipped NASA’s Van Allen Probes spacecraft (Mauk et al., 2013),
launched on 30 August, 2012, provided a suite of plasma and field measurements in the Earth’s
radiation belts. The two spacecraft were in near-identical orbits with an apogee near 6 Rg and a
period of ~9 hours. The along-track spacecraft separation varied in time, with one spacecraft
lapping the other every ~70 days during the primary mission and every ~36 days after 2018. This
allows measurements from the two spacecraft to be obtained at a range of separations from ~100
km up to multiple Re. Electric and magnetic field waveforms are provided by the Electric Fields
and Waves (EFW) instrument transmitted with the 16384 s™ sampling (Wygant et al., 2013) and
the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) instrument
with 35000 s sampling (Kletzing et al., 2013). EMFISIS FluxGate Magnetometer (FGM)
measurements were used for the background magnetic field estimation. Unlike sporadic burst
data, the continuous 8 s-1 filter bank magnetic field wave power measurements (FBK) allow
straightforward statistical analysis of chorus and hiss structures. An example of FBK
measurements from both Van Allen Probes is presented in Figure 1a,b. The inter-spacecraft
distance during this spacecraft approach event is shown in Figure 1c. The correlation coefficient
between wave power in the chorus frequency range (channel 6, frequency range from 600 to
1600 Hz) measured by the two separate spacecraft, is estimated by calculating correlations
between simultaneous chorus wave intervals of 10 s. This correlation coefficient is provided in
Figure 1d, showing a significant correlation up to 0.8-0.85 at an inter-spacecraft separation of
450-500 km. This result is verified by comparison to a similar analysis of the burst waveform
data for the same time interval presented by Agapitov et al. (2017). The dynamic spectra from
Van Allen Probes A and B waveform data, presented in Figure le,f, show the rising tone
structure of chorus emissions in the 760-1100 Hz frequency range. This fine time structure is
well reproduced by the FBK data shown in Figure 1g, confirming the reliability of the FBK data
with 8 s sampling rate for analyzing the chorus wave packet structure and the scale of the

chorus source region.

Figure 2a,b shows the data coverage of Van Allen Probes data and close approaches,
respectively. Coverage is uniform in MLT, with but significantly better in the L-shell range from
4 to 6.5. The distribution of measurements in the AMLT-AL domain for chorus and hiss show
sufficient inter-spacecraft azimuthal coverage (AMLT) but a lack of measurements for radial

inter-spacecraft distances greater than 0.5 Rg (with AMLT<1).
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Figure 1. The electric field wave experiment (EFW) filter bank (FBK) magnetic field
spectrograms recorded by Van Allen Probe A (a) and B (b) at L-shell about 6.4 in the morning
sector of the magnetosphere (around 0700 MLT) on July 15, 2014. The inter-spacecraft
separation (primarily azimuthal) is shown in panel (c). The dynamics of the correlation
coefficient estimated for FBK wave power dynamics for 10 sec intervals is presented in panel
(d). The circle size corresponds to the wave amplitude (see the legend). Panels (e) and (f)
represent the dynamic spectra evaluated from the waveform data recorded by Van Allen Probes
A and B respectively. The corresponding wave power from the FBK data set (the fifth channel of
800-1500 Hz) is presented in panel (g) by the red (Van Allen Probe A) and blue (Van Allen
Probe B) curves.
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123
124  Figure 2. (a) - coverage of Van Allen Probes FBK measurements from 2013-2018. (b) -
125  distribution (in number of minutes) of Van Allen Probes FBK measurements at relative
126  separations between the two Van Allen Probes less than 1000 km. The closest approaches
127  (during one hour) of the spacecraft are marked by circles, with circle size corresponding to the
128  observed averaged wave amplitudes. The circles colors indicate the minimal separation during
129  each hour. Red and blue color circles denote chorus and hiss waves, respectively. Panels (c) and
130  (d) present the distributions of the inter-spacecraft separations in the AMLT-AL domain for

131 chorus and hiss, respectively.
132
133 3. Chorus spatial scales

134  The distribution of the correlation coefficient, calculated using the same method as in Figure 1d,
135 is presented in Figure 3a. The results are shown for two different types of measurements: for low

136  wave amplitudes < 3 pT near noise level (blue marks) and for significant wave amplitudes above



137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

159
160
161
162
163
164
165
166
167

3 pT (red marks). The correlation coefficients are provided as a function of inter-spacecraft
distance (Ar,) in Figure 3a, showing (i) the 95% confidence interval of the entire distribution of
correlation coefficients at a given inter-spacecraft distance (error bar), and (ii) the 95%
confidence interval of the correlation coefficient mean value calculated during each close
encounter of the Van Allen Probes (error box). Cuts of the distribution from Figure 3a are
presented in Figure 3c,e,g,i for different inter-spacecraft separations. Correlations between high
amplitude chorus signal dynamics (red) are much higher than correlations between uncorrelated
noisy signals (blue) for Ar, between 100 km and 800 km, suggesting that such correlations are
real. To assess more quantitatively the statistical significance of these correlations, we compare
in Figures 3d,f,h,j the probability P(R>R,) to reach a correlation R > R, (that is, the
complementary to the cumulated distribution function) for correlations between high-amplitude
chorus signals (red curves), and for apparent correlations between uncorrelated noisy wave
signals (blue curves). The latter provide an estimate of chance correlations, that is, of correlation
levels which can be reached between two series of low-amplitude noisy signals. When the
probability of a given correlation R between high amplitude chorus signals is more than 10 times
higher than the probability to obtain this correlation by chance (based on the apparent
correlations found between uncorrelated noisy signals), this correlation can be considered as
statistically significant. The domains of statistically significant correlations (defined as cc>0.5)
are highlighted by reddish zones in Figures 3d,f,h,i. Figures 3d,f,h,j show that for Ar, =200 km
to 700 km, statistically significant correlations are found above an approximate level of R = 0.5,
whereas for Ar, = 1400 km no significant correlations exist anymore. Based on these results, we

can now examine Figure 3a in more details.

Figure 3a shows the presence of a strong correlation between high amplitude chorus
signals for an inter-spacecraft distance Ar, varying from 50 km to 400 km, with a statistically
significant mean correlation coefficient R above 0.6. In the Ar,range from 400 km to 750 km,
the mean correlation value spreads, suggesting the likely presence of a distribution containing
two different scales: a first distribution with a statistically significant mean correlation
coefficient remaining above 0.5 for Ar up to 750 km, and a second distribution with a vanishing
(non-significant) correlation when Ar, increases above 400 km. The distributions of correlation
coefficients presented in Figure 3c,e,g,i for different inter-spacecraft distances show that at

distances above 400 km, a significant part of the 10-second intervals of high-amplitude chorus
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waves are indeed uncorrelated (see the overlapping red and blue parts). Figure 3j further shows
that at an inter-spacecraft distance of 1400 km or more, the correlation coefficients calculated
between high-amplitude chorus signals and between uncorrelated noisy signals are similarly
Gaussian-like distributed around a zero mean value, indicating the absence of any significant
correlation between high-amplitude chorus waves at such large inter-spacecraft distances. The
present FBK statistics of chorus wave amplitude dynamics therefore show the presence of two
characteristic scales for the source region of chorus wave packets of ~400 km and ~750 km,

respectively.

The present results on the spatial extent of the source region of chorus waves correspond
well to the previous results obtained based on THEMIS data for lower and higher amplitude
waves (Agapitov et al., 2018): lower amplitude chorus waves were found to have larger source
scales ~600-800 km, whereas the source region of higher amplitude chorus waves was found to
be much more localized ~300-400 km. However, no clear amplitude dependence was found
when using Van Allen Probes data, possibly due to the more limited L-shell range of close
approaches of the Van Allen Probes A and B spacecraft, since all the results are obtained in the
L-shell range from 5 to 6 and only 42 close approaches with significant wave activity are
available. An alternative explanation for the two scales ~ could be the existence of separate in the

azimuthal and radial directions. This possibility will be examined in more detail below.

Other estimates of the chorus source region scale obtained from the processing of
microbursts scales based on low Earth orbit electron flux measurements suffer from the same
limitation of using only two points measurements and, in addition, the AC-6 (Shumko et al.,
2020) and FIREBIRD (Breneman et al., 2017; Shumko et al., 2018) CubeSat correlations are
mostly provided when the spacecraft pair is separated in the radial direction. Estimates of the
radial and azimuthal equatorial chorus scales during one event were provided by Shumko et al.
(2018) based on the bouncing relativistic electron flux (presumably accelerated/generated by
chorus waves), and were found to be close (530+10 and 500+£10 km respectively). Microbursts
scales are presumably related to the distribution of wave amplitude inside the chorus source
(Shumko et al., 2020), since microbursts are likely produced when the amplitude of whistler-
mode waves exceeds a threshold for nonlinear wave-particle interaction, allowing fast
precipitation loss (Artemyev et al., 2014, 2016; Chen et al., 2020; Zhang et al., 2019).
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Figure 3. Distribution of the correlation coefficients calculated on 10 s intervals of the FBK
measurements by Van Allen Probes A and B in the chorus wave frequency range. The 95%
confidence interval for the mean correlation coefficient calculated during each close encounter of
the Van Allen Probes is shown, and the error bars give the 95% confidence interval for the full
distribution, both calculated based on chorus wave intervals with significant amplitudes, higher
than 3 pT (red marks). Correlation coefficients calculated using intervals with low amplitude (<
3 pT) waves near the noise level are shown in blue. The total numbers of contributing time
intervals is shown in panel (b) with the same corresponding colors. Panels (c,e,g,i) present cuts
of the distributions in panel (a) at 150 km (c), 400 km (e), 650 km (g), and 1400 km (i). The
corresponding probability P(cc > cc’) to reach obtain the correlation coefficient cc value greater
than cc* — that is, the complementary to the cumulated distribution function (CCDF(cc*)) — is
shown in panels (d,f,h,j) as a function of cc*, separately for correlations between high-amplitude
chorus signals (red curves) and for apparent correlations between uncorrelated noisy signals
(blue curves). Domains of statistically significant correlations cc between high amplitude chorus
dynamics are highlighted by reddish zones; they correspond to probabilities P(cc > cc”) more
than 10 times higher than the probability to obtain such correlations by chance (based on the
apparent correlations found between uncorrelated noisy signals). The probability of obtaining a

correlation coefficient greater than 0.5 is indicated by a dashed line.
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Figure 4. The distribution of the probability to get a correlation above 0.5 between high-
amplitude chorus signals simultaneously recorded by the two Van Allen Probes is presented in
panel (a) in the Ar,.,4 — Ar,, domain. The solid contour shows the level of 0.5 probability —
inside this contour, the correlation coefficient is greater than 0.5 in more than 50% of the cases.
The total number of time intervals in this domain is shown in panel (b). The histograms of
correlation scales (estimated at the correlation level of 0.5 for statistical significance) from the
night-morning (2000-0400MLT), day (0400-1400MLT), and evening (1400-2000MLT) sectors

are presented in panels (c,d,e), respectively. Intermediate values of the polar angle ¢ =

Arraq

atan (A—) (marked in panel (b)) are shown by dark red in panel (d).

Taz

Figure 4a presents the probability levels for cc>0.5 for the chorus source region in the
domain of azimuthal and radial inter-spacecraft separation. The spatial configuration of the
chorus source is almost isotropic in the azimuthal and radial directions with a slightly larger

azimuthal scale Ar,,,0f 900£50 km compared to 70050 km for the radial scale Ar|,qq4.
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confirming the asymmetry of the chorus source found by Shen et al. (2019) based on the sparser
waveform data from the Van Allen Probes. The observed shapes (with shorter correlation scale

Trad

at intermediate values of polar angle ¢ = atan (AA—), I.e. 25° < ¢ < 65°) suggest a bigger

Taz

asymmetry of the source region elongated along either the radial or azimuthal directions in
different cases. This cannot be fully resolved using only two-points measurements, but it is worth
noting that it may also partly explain the two scales (400 km and 750 km) of the distribution of
the correlation coefficients in Figure 3a.

The bulk of the estimates (25 approaches) is based on measurements in the day sector of
the magnetosphere from 4 to 14 MLT. The scales obtained in this MLT sector are presented in
Figure 4c. For 23 of 25 approaches the scales of chorus spatial extent were found to be larger
than 500 km. The possible asymmetry of the chorus source seen in Figure 4a can again be seen
in Figure 4c, where the results are presented for different ranges of ¢. The distribution for
¢ < 25°V ¢ > 65°is marked by light-red, and the distribution for 25° < ¢ <65° is highlighted
by dark red. The scales for the first ¢ range are significantly larger than the scales obtained for
intermediate values of ¢, confirming the anisotropy of the chorus source region as a possible
explanation for the results in Figure 4a (and in Figure 3a). The evening sector (14-20 MLT, 8
approaches) is presented in Figure 4d, with scales ranging from 200 km to 1000 km. The results
for the night-morning sector (9 approaches) are displayed in Figure 4e, and represent the smallest
obtained scales on average, mostly less than 500 km.

The parameters of the wave amplitude distribution inside the source region can be
evaluated under the assumption of a Gaussian distribution B,, = Byexp(—0.572/0?%)(Agapitov
et al., 2017). Then, the distribution of the ratio of wave amplitudes captured by the two
spacecraft B,,,/B,,, can be fitted by Gaussian-based distributions, allowing us to infer the value
of the parameter o, which represents the inter-spacecraft distance r where wave amplitude
decays to half its peak value. The wave amplitude ratio distribution is presented as a function of
r in Figure 5a for day sector chorus waves. The value of ¢ that allows to best fit the distribution
was found to be 330+30 km. Cuts of the distribution function, together with the corresponding
Gaussian-based values are shown in Figure 5b. The obtained range of o values encompasses the

values previously obtained in (Agapitov et al., 2017) for a single Van Allen Probes A and B
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close approach on July 15, 2014 (300 km). This scale o can be directly related to the observed
scales of microburts, which are presumably produced by nonlinear wave-particle interaction
processes and, therefore, probably correspond to a wave amplitude threshold.
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Figure 5. The distribution of the ratio of chorus wave amplitudes captured by Van Allen Probes
A and B as a function of inter-spacecraft distance. The 0.75, 0.9, and 0.95 quartiles of the
distribution are shown with the circles of the corresponding color. The dashed curves indicate the
same 0.75, 0.9, and 0.95 quartiles calculated under the assumption of a Gaussian wave amplitude
distribution in the source region (B, = Byexp(—0.5r%/a?)) with o = 330 km. Panel (b)
presents cuts of the distribution from panel (a) at distances indicated in the legend. The
distributions obtained under the Gaussian assumption are shown by thin solid curves of the

corresponding colors.

The spatial extent of the wave active region — the region where waves are observed
simultaneously with similar characteristics — is an important parameter for estimating the global
impact of wave-particle interactions in the radiation belts. Figure 6 presents the instantaneous
spatial extent of the active hiss and chorus regions in the radial AL (a) and azimuthal AMLT (b)
directions, respectively, in the L-MLT domain. Van Allen Probes EMFISIS measurements at
L<6.5 complement the THEMIS FBK data analyzed in (Agapitov et al., 2018). The radial extent
of the chorus active region is smaller at L-shells<6 than at the L-shells>6 investigated in
(Agapitov et al., 2018). However, its radial and azimuthal extents are consistent with the ones
determined at L>6, with maximum extents of about 1 hour in MLT and 0.5 Rg in the radial
direction in the 10-15 MLT sector.
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The hiss active region is significantly (~ 2-3 times) more elongated in the azimuthal
direction in the post-noon sector (there reaching AMLT ~1.5-2.2). This difference between the
pre-noon and post-noon sectors is probably due to hiss local growth vs hiss from an embryonic
chorus source that enters the plasmasphere at high latitudes around noon before filling the 12-16

MLT sector (Bortnik et al., 2008; Chen et al., 2012; Meredith et al., 2013; Agapitov et al., 2018;
Hartley et al., 2019).
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Figure 6. Spatial extent of whistler-mode waves active regions in the radial (a) and azimuthal (b)

directions, determined as the maximal distance at which the waves were observed

simultaneously in at least 50% of the observations with amplitudes higher than 3 pT. The spatial
extents (the AMLT and AL at which the probability to observe the wave activity simultaneously
aboard two spacecraft decays to 0.5) for hiss (fy< f <0.1f,) and lower-band chorus (0.1f< f
<0.5f.) wave active regions are shown in panels (c) and (d), respectively. Dashed lines show the

spatial extents obtained from THEMIS data mainly at larger L > 6 (Agapitov et al., 2018).

5. Conclusions

We report the chorus and hiss waves spatial characteristics based on more than 6 years of

continuous Van Allen Probes A and B spacecraft measurements of magnetic field wave power in
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the filter bank mode (FBK). We verified that the 8 s™ sampling rate is sufficient to resolve the
chorus packet structure and that it allows a reconstruction of the spatial amplitude structure of
the chorus source region based on two points measurements. An important advantage of using
FBK data for the present statistical study is that such measurements are continuously available
during the entire mission (for example, the EMFISIS burst mode data is available during less
than 1% of the mission time, roughly during several 6 second intervals per hour).

1.0
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Figure 7. Median value of the correlation coefficient from the Van Allen Probes A and B
statistics from Figure 3 (solid red curve). The 90% confidence interval of the median value of the
correlation coefficient calculated during each close encounter of the VVan Allen Probes is shown
as the red curve, while the light red zone shows the 90% confidence interval of the full
correlation coefficient distribution. The yellow circles show results from the VVan Allen Probes A
and B case study presented in (Agapitov et al., 2017). The dark red marks indicate the results
obtained from THEMIS filter bank (FBK) data analysis by (Agapitov et al., 2018). The light blue
marks show MMS results recorded on June 19, 2018.

The spatial extent of the chorus wave packet, that is, the transverse inter-spacecraft
distance over which the same chorus element can be detected by two spacecraft simultaneously,

is found to vary between 400 km and 750 km, consistent with previous results (Agapitov et al.,
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2011, 2017, 2018; Shen et al., 2019). The correlation coefficient distributions from THEMIS,
Van Allen Probes, and MMS spacecraft in Figure 7 show a good overall agreement, although

THEMIS scales -- mainly obtained at higher L-shells - appear slightly larger.

The two dimensional spatial distribution of the correlation coefficient as a function of
radial and azimuthal separations suggests that the chorus source can be slightly asymmetrical
(with a scale ratio of about 1.4+0.3) and elongated in either azimuthal or radial direction.
Investigating this asymmetry in more detail would require a further study using simultaneous
measurements made at more than two points to resolve the azimuthal and radial separations

simultaneously (using Cluster or MMS multi-satellite data).

The spatial distribution of the chorus wave amplitude in the source is found to be close to
a Gaussian, with B,, = Byexp(—0.5r%/¢?) and a variance o = 330 + 50 km, consistent with

previous results (Agapitov et al., 2017).

The active region of chorus waves (the region where chorus waves are observed
simultaneously with a significant amplitude of >3 pT) is found to extend ~0.1 to 0.5 Ry in the
radial direction (AL) and is much more elongated in the azimuthal direction (AMLT) where its
extension varies between 0.4 and 1.2 R, with maximal values in the day sector — consistent with
past results based on THEMIS measurements (Agapitov et al., 2018) and Van Allen Probes
measurements (Aryan et al., 2016)). Van Allen Probes measurements cover well the inner
magnetosphere from L ~ 4 to 6, usefully supplementing the good THEMIS coverage of L-shells
above 6.

The spatial characteristics of plasmaspheric hiss waves obtained from Van Allen Probes
FBK measurements show that hiss amplitude modulation can be detected at a distance of up to
30004500 km. This confirms previous results reported by (Breneman et al., 2017; Agapitov et
al., 2018). The active region of hiss waves is significantly elongated azimuthally, reaching up to
3 hours in MLT in the post-noon sector, as compared with its radial scale of ~0.5-1.5 Re. The
azimuthal correlation scale length of hiss in the 12-16 MLT post-noon sector is more than twice
wider than in the 6-10 MLT pre-noon sector, consistent with local hiss wave growth in the post-
noon sector from seed chorus waves entering the plasmasphere around noon (Bortnik et al.,
2008; Chen et al., 2012; Meredith et al., 2013; Agapitov et al., 2018; Hartley et al., 2019). In
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contrast, pre-noon hiss waves are likely generated locally by anisotropic electron injections
without any seeding from chorus waves (Liu et al., 2020).

Data Availability Statement
Van Allen Probe EMFISIS data are available at the website
http://emfisis.physics.uiowa.edu/data/index).

EFW waveforms and FBK data are available at the website
(http://www.space.umn.edu/rbspefw-data/).
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