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Abstract “zebra stripes” are newly found energetic electron energy-spatial (L shell) distributed
structure with an energy between tens to a few hundreds keV in the inner radiation belt. Using high-quality
measurements of electron fluxes from Radiation Belt Storm Probes lon Composition Experiment (RBSPICE)
on board the twin Van Allen Probes, we carry out case and statistical studies from April 2013 to April 2014
to study the structural and evolutionary characteristics of zebra stripes below L =3. It is revealed that the
zebra stripes can be transformed into evenly spaced patterns in the electron drift frequency coordinate: the
detrended logarithmic fluxes in each L shell region can be well described by sinusoidal functions of drift
frequency. The “wave number” of this sinusoidal function, which corresponds to the reciprocal of the gap
between two adjacent peaks in the drift frequency coordinate, increases in proportion to real time. Further,
these structural and evolutionary characteristics of zebra stripes can be reproduced by an analytic model
of the evolution of the particle distribution under a single monochromatic or static azimuthal electric field.
It is shown that the essential ingredient for the formation of multiple zebra stripes is the periodic drift of
particles. The amplitude of the zebra stripes shows a good positive correlation with Kp index, which
indicates that the generation mechanism of zebra stripes should be related to geomagnetic activities.

1. Introduction

In the inner radiation belt, the energy spectra of energetic electrons have long been reported to have one
or multiple peaks. Such a peak was first reported by Imhof and Smith [1966], who have identified a single
peak at the energy of 1.3 MeV. Cladis [1966] developed a model of electron acceleration by drift resonance
to understand the generation of such peaks. Later on, multiple peaks in the spectrum from 68 to 1152 keV
were detected by P78-1 satellite and reported by Imhof et al. [1981]. These peaks were found to have a nearly
constant drift period over a broad range of L shells. By using $S81-1 observations, Datlowe et al. [1985] further
suggested that multiple peaks in the energetic electron spectra were observed on most days in all levels of
geomagnetic activity.

Recently, observations from the Demeter satellite [Sauvaud et al., 2013] and Van Allen Probes [Ukhorskiy et al.,
2014] have shown that such peaks in electron energy spectrogram are organized in regular patterns across
the entire inner radiation belt. Sauvaud et al. [2013] found that these regular patterns are along constant drift
periods. Their statistical analysis showed that the occurrence rate of the fine structures correlates with geo-
magnetic activities, and they argued that these structures are caused by resonant interaction of energetic
electrons with ultralow frequency (ULF) waves associated with enhanced solar wind driving. In order to create
multiple patterns by this resonance mechanism, the perturbations must be composed of multiple wave
modes with discrete spatial structures.

The newly launched Van Allen Probes are designed to explore the dynamics of energetic charged particles
[Mauk et al., 2012] with higher temporal and energy resolutions. Based on Van Allen Probe observations,
Ukhorskiy et al. [2014] found that regular patterns in the electron spectrogram are ubiquitous features in the
inner radiation belt and named them “zebra stripes.” They pointed out that ULF waves are not long-lasting,
and they typically do not exhibit discrete spatial structures. By using a test-particle model, they found that
these stripes can be produced by a global monochromatic azimuthal electric field. They suggested that the
proposed monochromatic electric field originates from the diurnal oscillations of corotation region to the
outer magnetosphere.
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Figure 1. Energetic electron spectrogram for a pass of VAP A on 20 December 2013. (a) Energy-L spectrogram of
logarithmic electron fluxes in the energy range 25 keV to 250 keV and L shell range 1-3. (b) Smoothed logarithmic
electron flux spectrogram with same format as Figure 1a. (c) Detrended logarithmic electron flux spectrum with same
format as Figure 1a. (d) L — f; spectrogram of detrended logarithmic electron fluxes in the L shell range 1-3.

In this paper, we further analyze the electron measurements from Van Allen Probes to reveal the features of
zebra stripes inside L =3. A quantitative and comprehensive analysis on the structure and evolution of zebra
stripes have been carried out based on continuous measurements for the first time. To interpret the exact
features obtained in the observations, an analytical model of the evolution of the particle distribution under
a single monochromatic/static azimuthal electric field is developed. Our analytic model is a quantification
and generalization of the test particle model developed by Ukhorskiy et al. [2014]. Our analytic model will
show that either a static or a monochromatic electric field can produce the observed zebra stripes by Van
Allen Probes.

2. Observations

2.1. Data and Methodology

Since launched in 2012, the NASA's twin Van Allen Probes (VAPs) have provided continuous measurements of
Earth’s radiation belts in a highly elliptical, low inclination orbit [Mauk et al., 2012]. The data sets we used in our
study are taken from the Radiation Belt Storm Probes lon Composition Experiment (RBSPICE) [Mitchell et al.,
2013], which measures energetic electrons from about 25 keV to 1 MeV. The high-energy resolution data we
used have 64 energy channels, which provide a great opportunity to investigate fine structures in the electron
spectrum of the inner radiation belt.

In this study, we focus on energetic electrons with equatorial pitch angles between 60 and 120°. More specif-
ically, we use TS04 model [Tsyganenko and Sitnov, 2005] to transform in situ pitch angles to equatorial pitch
angles, and the average of fluxes is taken among telescopes within the equatorial pitch angle range between
60 and 120°.
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2.2, Case Study: Single Observation on 20 December 2013

Figure 1 presents the electron spectrograms taken during a pass of VAP A from L~ 3 at 17:11:23 UT to the
perigee at 18:05:07 UT on 20 December 2013. Figure 1a displays the energy-L spectrogram of logarithmic
electron fluxes in the energy range from 25 to 250 keV and L shell from 1 to 3. As we can see, the energetic
electrons are well organized in regular patterns referred to as zebra stripes in Ukhorskiy et al. [2014]. To better
illustrate the characteristics of the patterns, we first compute at each L location the nine-energy-channel
sliding average of the logarithmic electron fluxes (shown in Figure 1b) and then derive the detrended loga-
rithmic fluxes (Figure 1c) by subtracting the smoothed logarithmic fluxes from original logarithmic fluxes. For
the sake of showing more essential features, we next calculate the drift frequency of energetic electrons using
the following formula (developed in a dipole field based on the formula in Roederer [1970]):

242
- 3MoChL )
47eB,R?

where g = v/cis the relativistic velocity factor, y is the relativistic energy factor, R; is the radius of the Earth,
B,=3.11x 10° nT is the magnitude of magnetic field at magnetic equator, L is the L shell parameter, and
f.=1 day™" is the frequency of the plasma corotation. Detrended logarithmic fluxes in Figure 1c are then
rearranged into L —f, coordinate, as shown in Figure 1d. In this figure, the “stripes” are presented as nearly
evenly spaced vertical patterns. This reveals that the stripes are one-dimensional structure in the drift
frequency space.

To quantitatively analyze the features of zebra stripes, we divide data into three L shell regions (1.5-2.0,
2.0-2.5,and 2.5-3.0). In each region, the electron flux J and the detrended logarithmic flux are obtained as
the functions of drift frequency. The detrended logarithmic flux is defined as log(J) — log(J), where log(J) is a
sliding average of log(J) in drift frequency coordinate. Figure 2 displays the analysis results of the same obser-
vation as in Figure 1. Figures 2a-2c show the results of three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0),
respectively. In each sub-figure, the upper-left panel shows the flux as a function of electron drift frequency,
and the bottom-left panel shows the corresponding detrended logarithmic flux. The data between the two
dashed red lines, which represent the 15%-65% of the drift frequency range, are then selected to perform
Fourier analysis; the resulting power spectral density profiles is shown in the right panel.

In Figure 2, the detrended logarithmic fluxes in the selected drift frequency range present sine-like struc-
tures in all three L shell regions. Furthermore, the wave lengths and phases of these structures are nearly the
same among these L shell regions. The power spectral density profiles also show a remarkable peak at the
same wave length. To achieve a more quantitative result, we use the following formula to fit the detrended
logarithmic fluxes in the selected frequency range:

p = AsinQxTf, — ) @)

where pis the detrended logarithmic flux, A is the amplitude of the sinusoidal function, f, is the drift frequency,
¢, is the phase angle, and T is a time quantity which we name “evolution time.” The parameter T can be
understood as the wave number of the structures in the detrended logarithmic fluxes. Large T corresponds
to denser stripes while small T corresponds to sparse stripes.

In the best fit procedure, we define A as the square root of the peak power spectral density and then determine
T and ¢, on a least squares basis. The fitting results are presented as blue lines in Figure 2. The T and ¢,
values, in the three L shell regions (1.5-2.0, 2.0-2.5,and 2.5-3.0), are 13.6, 13.5,and 13.5,and 2.2, 2.1,and 2.2,
respectively. To evaluate best fit quality, we calculate for each fitting the R? value defined as

Z(pi - ﬁi)z
Rz =1- l—_ (3)
Z(pi —-p)?

where p; is the observed data, p; is the modeled value associated with p;, p is the average of observed data. It
is obvious that the larger R? is, the better the model fits the observed data. The resulting R? values are 0.63,
0.72,and 0.61 in the three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively, which indicate that the
detrended logarithmic fluxes can be well described by sinusoidal functions.
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Figure 2. Energetic electron flux versus drift frequency observed by VAP A on 20 December 2013. (a—c) Results in
three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively. In each subfigure, the black line in the upper left
(bottom left) represents the flux (detrended logarithmic flux) as a function of drift frequency, while the blue line in the
bottom left represents the fitted detrended logarithmic flux. The right column represents the power spectral density
of the detrended logarithmic fluxes between the two dashed red lines.

In summary for this section, we show that in this event, the zebra stripes are arranged periodically in the drift
frequency coordinate. The detrended logarithmic fluxes in the three L shell regions (1.5-2.0, 2.0-2.5, and
2.5-3.0) can all be approximated by sine-like functions with nearly same period and phase angle. By fitting
the fluxes with a sinusoidal function, the evolution time T, phase angle ¢, and fit goodness R? are obtained.
These parameters will be used in the next sections to describe the characteristics of zebra stripes.
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Figure 3. Continuous electron spectrograms observed by VAPs on 16 February 2014. (left column) Energy-L spectrogram of energetic electrons. (middle column)
L — f; spectrogram of detrended logarithmic energetic electrons as Figure 1. (right column) detrended logarithmic fluxes (black lines) and fitted detrended
logarithmic fluxes (blue lines) in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively, as Figure 2.
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18 AT 2.3. Case Study: Continuous Observations on
UT,: 2014/02/16 00:04:45 /% ’ 16 February 2014
e In this section, we present a case with continuous
e observations of zebra stripes by both VAP A and
13 7 | VAP B. On 16 February 2014, VAP A and VAP B went
= L7 through L shell 1-3 several times and show contin-
= L uous evolution of zebra stripes. Since each electron
gt < * ] spectrogram is measured over a sustained period of
x time, we simply use the time when satellite arrive at
K L=2 as the observation time of the corresponding
7 electron spectrogram. Under this definition, on 16
3L ! ! February 2014 VAP B first observed the zebra stripes
03:04:45  08:04:45 ~ 13:04:45  18:04:45 at 06:09:29 UT and 07:11:56 UT, and then VAP
201[%0(5])/16 A observed the zebra stripes at 08:12:30 UT and
09:15:52 UT. Finally, VAP B observed the zebra stripes
Figure 4. The relationship between averaged evolution again at 15:12:14 UT and 16:16:22 UT.
time and satellite epoch at L=2 on 16 February 2014. The
star points represent six single observations in Figure 3, The six continuous observations of the electron

and the dashed line represents T=UT — UT,. spectrograms and the corresponding analysis
results are displayed in Figure 3. Figures 3a-3f
show the six observations in chronological order.
Figures 3a (left) to 3f (left) are the energy-L spectrograms of electron flux, and Figures 3a (middle) to 3f (middle)
are the L — f, spectrograms of detrended logarithmic flux in the same format as in Figures 1a and 1d.
Figures 3a (right) to 3f (right) present the detrended logarithmic fluxes in the three L shell regions (1.5-2.0,

2.0-2.5, and 2.5-3.0) with the same format in Figure 2.

As shown in Figure 3, the six electron spectrograms are all organized in evenly spaced, nearly vertical patterns
in the L — f; coordinate. It is noted that the patterns may have small slopes, which probably arises from the
different observation times at different L shells. Figures 3a (right) to 3f (right) show that the detrended loga-
rithmic fluxes are presented as sine-like curves in all the three L shell regions. The best fit results agree with the
observations in general; except that in Figure 3e and Figure 3f, the fitting is less successful due to the limited
energy resolution of the satellite measurements. From these results one can find that the periods and phase
angles of the fitted sinusoidal functions hardly depend on L. Moreover, the stripes become denser (indicated
by the increasing T values) as time progresses.

We next show the relationship between the evolution time T and the real time. Here we use the averaged T of
L shell regions 1.5-2.0 and 2.0-2.5 as the evolution time of each snapshot, and its comparison with real time
is given in Figure 4. The evolution time T of L shell region 2.5- 3.0 is not used because the energy resolution
is not enough to identify the zebra stripes in this region when T is large. In Figure 4, each star point represents
one single observation in Figure 3, and the dashed line represents T=UT — UT,,. The star points are all nearly
located in the dashed line, which means the structure parameter T are closely associated with the real time.
Therefore, we speculate that the evolution time may be interpreted as the time it takes for the zebra stripes
to evolve into current state.

2.4. Statistical Study

In this section, we use statistical study to verify the structural and evolutionary features implied in the two case
studies. Continuous data of the two VAPs from April 2013 to April 2014 are analyzed in this section. For each
single observation in L shell range 1-3, we divide the electron flux data into three L shell regions and fit the
detrended logarithmic fluxes by the sinusoidal functions as described in section 2.1. The derived parameters
A, T, ¢y, and R? are used for statistical analysis below.

Figure 5 displays the distribution of coefficient of determination R? and the relationship between amplitude
A and R?. Figure 5 (left) to 5 (right) show the results in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0),
respectively. As shown in this figure, R? is larger than 0.3 for over half of the single observations in the L shell
region 1.5-2.0 and 2.0-2.5. In L shell region 2.5-3.0, the R? is smaller generally, which may be due to the
limited energy resolution of the satellite measurements and smaller amplitude of zebra stripes. Further, this
figure shows a good positive correlation between A and R?. Since the amplitude A is derived from the power
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Figure 5. Distribution of the R? value and the relationship between the relative amplitude A and R? in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0).
The histogram shows the number of cases at each R? value bin. Each black cross point represents parameters from one single observation. The parameter “cc”
represents the linear correlation coefficient between A and R2.

spectral density of the detrended logarithmic fluxes, it can reflect the intensity of the disturbance superposed
in the smoothed electron spectrum. When A is small, there are no regular patterns, or at most shallow patterns
mixed with random perturbations and measurement errors. When A is large, clear regular patterns can be
seen in the electron spectrograms, and they can be fitted well by the sinusoidal function. This statistical result
indicates that the zebra stripes (manifest as evenly spaced structures in the drift frequency coordinate) is an
ubiquitous feature of electrons in the inner radiation belt.

Figure 6 displays the comparison of phase angles ¢, between L shell regions 1.5-2.0 and 2.0-2.5. Each cross
point represents a single time of observation. In consideration of the validity of the derived parameters, only
the cases with R > 0.4 in both the two L shell regions are used. In this figure, most cross points are near
the diagonal which suggests that the ¢, are nearly equal between the two L shell regions. Some points
are near the left upper corner and right bottom corner, which is caused by the periodicity of the sinusoidal
function. The result shown in Figure 6 is consistent with the vertical patterns in the L — f, spectrogram
presented in the case study.

For the sake of statistically exploring the evolutionary features of zebra stripes, we use a similar method as
in section 2.3 to analyze all continuous cases. First, we pick single observations by the following criteria:
(1) R? in both the L shell regions 1.5-2.0 and 2.0-2.5 are larger than 0.4, and (2) the difference of the evolution
time T between the L shell regions 1.5-2.0 and 2.0-2.5 is no larger than 1 h. Next, for each case we define
the evolution time as the average T of L shell regions 1.5-2.0 and 2.0-2.5. Then, we sort all cases by the

2.0-25

L=

360°

270°1

180°[

90°[

180°
L=15-20

270°

Figure 6. The relationship between phase angles of zebra

stripes in L shell region 1.5-2.0 and 2.0-2.5. Each cross

point represents one single observation with R2 > 0.4 in
both the L shell region 1.5-2.0 and 2.0-2.5.

observation time UT (when satellite arrives at L=2).
Finally, the AUT and AT of all pairs of adjacent cases
are calculated, and their comparisons are shown in
Figure 7.

In Figure 7, one may find that there are a large num-
ber of points located at AUT =~ 1 h, which is caused
by the time separation of two continuous obser-
vations of one Van Allen Probe near its perigee.
More interestingly, a majority of points are near the
diagonal which represents AT=AUT. This result is
consistent with the evolution features presented in
case study; the variation of the evolution time are
approximately the same as that of real time.

3. Interpretation and Discussion

3.1. Zebra Stripes Formation Under the Single
Monochromatic Azimuthal Electric Field

In section 2 we have shown that the zebra stripes
become denser as time progresses in observation.
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This evolutionary feature clearly contradicts the
resonance mechanism, which will generate static
stripes. A possible solution is from Ukhorskiy et al.
6" ot ] [2014], who used a test-particle model to show the
evolutionary stripes can be produced under the
single monochromatic electric field. Now we start
from a more general electric field model which is
a generalization of the electric field model used
in Ukhorskiy et al. [2014] to analytically show how
i}F t zebra stripes form. By comparing the analytic
w7 model results with comprehensive Van Allen Probe
observations, we could understand the generation

# and evolution of the zebra stripes in a better way.
- |

0 2 4 6 8 In this model, we assume that when t =0, the elec-
AUT (h) tron distribution is undisturbed and depends solely

on L shell and energy. The electric field is a single

monochromatic azimuthal electric field given by

Figure 7. The relationship between AT and AUT. Each cross
point represents parameters derived from one couple of
continuous observations with R? > 0.4. The dotted line
represent AT= AUT. E; = Ey cos(wt — me + ¢b) (4)

where £y, w, m, and ¢, are the amplitude, angular frequency, azimuthal wave number, and initial phase angle
of the monochromatic electric field, respectively, and the ¢ is the azimuthal coordinate. It is noted that static
electric fields (w=0), the solution in Ukhorskiy et al. [2014] (m=1), and ULF waves can be represented by this
electric field model. According to Liouville's theorem, the electron’s phase space density is constant along the
electron trajectory. For equatorially mirroring electrons,

fu, L', ¢';t) = fo(ﬂos Ly) (5)

where y, L', and ¢’ are the parameters of the electron at time t/, u, and L, are the magnetic moment and L
shell of the electron at time 0, and f, is the electron’s initial phase space density. Due to the conservation of
the first adiabatic invariant we have u, = . By using Taylor expansion, the phase space density at time t’ can
be expressed as

of,
fu, L', @5t = folu, L) = foy(u, L) + a—f (Lo~ L") ©6)

I

For nonresonant electrons (@ # mw,), the variation of the L shell can be expressed as (the detailed derivation
is presented in the Appendix):

L/3EO

Lg-LU~m———"——
ByRe(w0 — may)

[—sin(=m@’ + wt’ + ¢y) + sin(Mawygt’ — me’ + ¢y)] (7)

At time t/, —sin(—m¢’ + wt’ + ¢,) is a constant for all electrons, and sin(mw,t' — mg’ + ¢,) is a sine-like
function of w,. Therefore, the disturbed phase space density can be arranged as a sinusoidal function of w,.
The peak and valley values appear at the energies satisfying mw,t' — mg' + ¢, = g + nz. It is obvious that in
any given w, range, the number of peaks and valleys increases with increasing time. The analytical results are
consistent with the observation features presented in section 2. The evolution feature AT = AUT obtained in
Figures 4 and 7 indicates that m = 1. Moreover, Formulas (6) and (7) indicates the amplitude of the disturbed
phase space density depends on both phase space density gradient %) and amplitude of the electric field.
It is noted that the sine-like patterns remain even if @=0. In other words’,lnot only periodic electric fields but

also static electric fields can produce zebra stripes.

To understand these analytical results, we illustrate in Figure 8 the generation of zebra stripes under a simple
situation with @ = 0. When a uniform duskward electric field is applied at epoch zero, the electron drift motion
will deviate from circular orbits. The drift paths of the electrons reach the innermost point in the dawnside,
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Figure 8. lllustration of the formation of zebra stripes under a static duskward electric field. (a) The drift path of electrons
under an uniform static electric field and the phase space density distribution of electrons with a given g in this drift
path at the initial state. (b) Multiple stripes in the electron spectrogram and corresponding electron trajectories.

while the paths reach the outermost point in the duskside. In other words, two electrons captured at different
times by the same satellite with the same energy used to have different energies and different L shells at
epoch zero and thus have different phase space densities. At this fixed location, the peaks and valleys of the
electron distributions will appear periodically due to their drift motion around the Earth: the peak/valley fluxes
correspond to electrons launched from the duskside/dawnside sectors at epoch zero.

Although the observations are finely explained by the simple model described above, the real situation can
be different from it. The long-lasting single monochromatic azimuthal electric fields are not common in the
magnetosphere. Here we consider the electric field lasts until t =t;. Before t;, the electron distribution evolves
following the above model. Attime t' > t;, the electric field disappears, but the disturbed electron distribution
continues to evolve due to the drift motion. According to the results presented in the Appendix, the disturbed
phase space density is arranged as a superposition of two sinusoidal functions of w, with frequencies
mt’ and m(t’ — t;), respectively. Thus, the patterns in the electron spectrogram will be more complicated.
However, when t'> t, the variation of L shell can be approximated by a sinusoidal function of w, with a
slowly changing amplitude and a frequency mt’ (see Appendix for details). Then the disturbed phase space
density will show similar characteristics as those under the long-lasting electric field discussed above. The
condition t;<< t’ can be easily satisfied by electric fields in the magnetosphere, e.g., a pulsed electric field. In
this way, when an azimuthal electric field is established, the zebra stripes in the electron spectrogram start to
evolve. After the electric field disappear, the zebra stripes may continue to evolve and therefore become an
ubiquitous feature of electrons in the inner radiation belt until another electric field pulse appear to restart
the process. However, we should point out that when t; is very small, the electric field cannot change the
energy of electrons obviously before it disappear and no notable zebra stripes can be produced.

3.2. On the Origin of the Electric Field in the Inner Radiation Belt

Quantitative analysis based on Van Allan Probe observations and analytic derivation have shown that zebra
stripes can be interpreted as a result of a single azimuthal monochromatic or static electric field. However, the
origin of the electric field inside L = 3 is still an open question. Based on our analytic model in the previous
section, either a static electric field or even transient electric field could produce the observed zebra stripes.
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Figure 9. The relationship between the relative amplitude of zebra stripes A and maximum Kp index in 12 h interval before observation. (left to right) The results
in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively. Each black cross point represents parameters derived from one single observation with

R? > 0.4. The red star points represent the median values of A, and the error bars show the lower and upper quartiles in each Kp bin. The red line denotes the
linear fit to median value of log;qA and maximum Kp, and the parameter cc represents the linear correlation coefficient.

Thus, the convective electric field which generally satisfies m = 1 can be another possible driving source for
the observed zebra stripes. Due to the interaction between the solar wind and the Earth’s magnetic field, the
large-scale dawn-to-dusk convection electric field may be set up in the inner magnetosphere. Nevertheless,
curvature and gradient drifts cause electrons to drift eastward and ions to drift westward, leading to a polar-
ization electric field pointing from dusk to dawn that shields the inner part of the magnetosphere from the
convection electric field [e.g., Wolf et al., 2007]. The rapid changes in the magnetospheric convection can lead
to the penetration of the electric field in the inner magnetosphere and low-latitude ionosphere on the basis
of undershielding [Vasyliunas, 1972] or overshielding [Kelley et al., 1979] mechanism.

Various aspects of the penetration of convection electric field have been studied. Early simulations by Jaggi
and Wolf [1973] indicated that significant undershielding persisted for about 10 min, and it took about 2 h for
complete shielding to occur. However, both recent simulations [Garner et al., 2004] and observations [Huang
etal., 2005] suggested that the shielding was not effective for many hours during the storm main phase. Direct
observations from Combined Release and Radiation Effects Satellite (CRRES) [Rowland and Wygant, 1998] and
from Time History of Events and Macroscale Interactions during Substorms (THEMIS) missions [Califf et al.,
2014] have also shown that strong electric fields occur inside L =3 during the most active times. The observa-
tions indicate that the polarization electric field cannot always shield the near-Earth convection electric field.
Especially during geomagnetic storms, strong electric field will penetrate into the inner radiation belt region.
Energetic electrons are then influenced by this “penetrated” electric field to generate the zebra stripes.

Since the intensity of this electric field is related to the geomagnetic activities, the amplitude A (if R > 0.4)
of zebra stripes should show correlation with geomagnetic activities if this mechanism is valid. Therefore,
we examine the relationship between amplitude A and geomagnetic index Kp. For each single case, the
maximum Kp value in the 12 h interval before the observation time is taken as the representative value of
the corresponding geomagnetic activity. The result is presented in Figure 9. Figures 9 (left) to 9 (right) show
the results in three L shell regions (1.5-2.0, 2.0-2.5, and 2.5-3.0), respectively. This figure shows a good pos-
itive correlation between A and Kp which indicates that the source of zebra stripes is related to geomagnetic
activities. The large-scale convection electric field which has not been fully shielded is possibly responsible
for the unexpected phenomenonin theinner
radiation belt. It should be noted that our
result presented here does not exclude the
possibility of the rotation mechanism to

Table 1. Best Fit Result of A and Maximum Kp Index

Lo il egon a b cc generate the zebra stripes as suggested by
o= —llez Llve e Ukhorskiy et al. [2014]. Further, we also fit the
20-25 —1.959 0.09 099 median values of A in each Kp bin and corres-
25-3.0 —1.984 0.073 0.99

ponding Kp values by the formula log;,A =
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a+ b - Kp as shown in Figure 9. The best fit parameters a and b are presented in Table 1. The linear correlation
coefficient is very high (larger than 0.99) in all the three L shell regions. Also, this formula can provide a pre-
diction of the amplitude of zebra stripes and may be further used to estimate the intensity of electric field in
the inner radiation belt.

4. Conclusion

In this paper, we have studied the zebra stripes of the electron spectrogram inside L= 3. Through case study
and statistical analysis of a continuous 1 year interval of the Van Allen Probes measurements, we have revealed
the quantitative features of this structure and its evolution. The main results can be summarized as follows:

1. Both case study and statistical study have shown that zebra stripes of the electron spectrogram are evenly
spaced patterns in the drift frequency coordinate. The detrended logarithmic fluxes in each L shell region
can be described as a sinusoidal function of drift frequency p=Asin(2zTf,; — ¢,).

2. Zebra stripes follows the equation AT= AUT. Here the UT is the observation time of the zebra stripes, and
T is a fitted parameter which represents the reciprocal of the gap between two adjacent peaks in the drift
frequency coordinate.

3. An analytic model has been developed to generalize the test particle model in Ukhorskiy et al. [2014]. The
analytic model presented in this paper reveals that the structural and evolutionary features of zebra stripes
can be explained quantitatively by considering the trajectory of the electrons under a single monochromatic
electric field. Especially, the analytic model reveals that even static electric field and transient electric field
can also produce zebra stripes phenomena in the inner magnetosphere.

4.1t is found that the strength of the zebra stripes have a good positive correlation with the Kp index. Also,
it is suggested that the large-scale penetrated convection electric field can drive zebra stripes of energetic
particle in the inner magnetosphere as well.

Appendix A: Electron Trajectory Under the Single Monochromatic Azimuthal
Electric Field
Here we give the analytical derivation of the electron trajectory under the single azimuthal monochromatic

electric field. We assume that the electron drift frequency is constant during their drift motion. Only equato-
rially mirroring electrons are considered. The electric field is given by

E, = Ey cos(wt — me + ¢b) (AT)

where Ej, o, m, and ¢, are the amplitude, angular frequency, azimuthal wave number, and initial phase angle
of the monochromatic electric field, respectively, and the ¢ is the azimuthal coordinate of the electron. The
drift angular velocity of electrons in the dipole field can be given by

o=
97 ye (Rel)?

(A2)

where y is the magnetic moment (constant of motion, as long as w is much smaller than the electron angular
gyrofrequency). It is noted that when @ = mawy,, the drift resonance between electrons and waves will take
place [Southwood and Kivelson 1981]. In this paper, we do not consider the resonant electrons. The @ # mw,
is acquiescent in the following derivations. The equation of electron motion can thus be given by

@ =,
. A3
{L:—Ecos(wt—m(p+¢o) (A3)
BoRe

For the electrons launched from (L', ¢’) at time t’ with drift angular velocity w,, their trajectory can thus be
obtained:
2E,

TemTt X Hp— {sin [(@ — mw )t + Moyt —me' + ¢o| — sin(wt’ —mg' +¢y)}  (A4)

Therefore, the initial location L, which refers to the L shell of the electrons at t = 0, can be given by

1 1 2E,

_— = —
L3 L' ByRe(w — may)

[sintmagt’ — mg' + ¢y) — sin(wt’ — mg’ + ¢)| (A5)
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Treating L, — L’ as a small parameter, the variation of the L shell of the electrons can be written as

' Ll3EO H / ’ f / ’
LO -~ —m [Sln(mwdt -—mge + ¢0) — sin(wt’ — mge + ¢O)] (A6)
ofg\tv — d

To understand this formula, we can consider the drift paths of electrons in the wave reference frame, noting
that electrons drift inward and outward under westward and eastward electric field, respectively. When they
drift in the single monochromatic electric field, they periodically experience westward and eastward elec-
tric field. Thus, the variation of L shell of electrons is also periodical and can be represented as a sinusoidal
function.

If the electric field lasts until t, the electrons would then drift along circular orbits and keep energy unchanged
after t;. The initial location L, of the electrons locate at position (L', ¢') at time t' > t; depends on their
locations (L, ¢’ — (t' — tp)w,) at time t;. Thus, we can obtain the initial location of the electrons at time t':

L3E,
Ly-Lw —Womw){sin(mwdt’ —mg' + ) — sin[m(t’ — t)wy — M@’ + ¢ + wt;]} (A7)
0"'E - d

which is a superposition of two sinusoidal functions of w, with frequencies mt’ and m(t' — t;), respectively.
The above expression can be also written as

21%E,

Ly
0 ByRe(0 — mwy)

t wt,
cos [m (t’—f)wd—m(p’+¢o+f

. t ®
sin (mEEwd - 5t5> (A8)

which suggests that the variation of L shell can be regarded as a sinusoidal function of w, with the frequency
mt'and a slowly changing amplitude when t; < t'. Then the variation of L shell for electrons satisfy similar
characteristics under this short-lasting electric field (e.g., a pulsed electric field) as those under a long-lasting
electric field. It is noted that when t; is very small, the amplitude is negligible since sin(m%fa)d - %tE) ~ 0.
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