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Abstract Dayside modulated relativistic electron’s butterfly pitch angle distributions (PADs) from
∼200 keV to 2.6 MeV were observed by Van Allen Probe B at L = 5.3 on 15 November 2013. They were
associated with localized magnetic dip driven by hot ring current ion (60–100 keV proton and 60–200 keV
helium and oxygen) injections. We reproduce the electron’s butterfly PADs at satellite’s location using test
particle simulation. The simulation results illustrate that a negative radial flux gradient contributes primarily
to the formation of the modulated electron’s butterfly PADs through inward transport due to the inductive
electric field, while deceleration due to the inductive electric field and pitch angle change also makes in part
contribution. We suggest that localized magnetic field perturbation, which is a frequent phenomenon in the
magnetosphere during magnetic disturbances, is of great importance for creating electron’s butterfly PADs
in the Earth’s radiation belts.

1. Introduction

The magnetic trapped energetic electrons encircling our planet form the Earth’s electron radiation belts. The
radiation belts generally consist of two distinct zones, the inner belt (L = 1–2) and the outer belt (L = 3–8),
separated by a low flux “slot” region. The inner belt is relatively stable compared to the outer belt. The outer
belt is very dynamic and dramatically changes during magnetic disturbances [e.g., Baker et al., 2004; Horne
et al., 2005b; Chen et al., 2007; Summers et al., 2007; Reeves et al., 2013; Thorne et al., 2013; Xiong et al., 2015].
Radiation belts electrons have three quasiperiodic motions: gyration around the ambient magnetic field,
bounce along the background magnetic field, and drift around the Earth, each of which can be associated
with an adiabatic invariant. Violation of these invariants can lead to the change of electron energy, pitch angle,
and drift shell.

Electron’s pitch angle is a key parameter to describe the motion and distribution of particles in phase space.
The variation of the relativistic electron’s pitch angle distributions is also of great importance in radiation
belt physics. Different types of pitch angle distributions (PADs) can provide important information about
the underlying physical processes that electron experienced, including wave-particle interaction and radial
transport processes. On the other hand, different PADs can affect the loss and energization of the radiation
belt electrons. High time and pitch angle resolution data from Van Allen Probes (VAP) provide us a great
opportunity to investigate the relativistic electron’s PADs in radiation belts.

The radiation belt electron’s PADs can be classified into three categories: 90∘ peak (also known as pan-
cake distribution), flat-top distribution, and butterfly distribution with a peak at off 90∘ [Gannon et al., 2007;
Gu et al., 2011; Zhao et al., 2014a, 2014b]. The pancake distribution is frequently observed in the radiation
belts and can be produced by inward radial diffusion and wave-particle interaction with electron cyclotron
harmonic waves [Lyons, 1974; Meredith et al., 1999] and chorus waves [Ni et al., 2015]. The flat-top distribu-
tion can be treated as the transition between pancake and butterfly PAD. As for the butterfly distribution, the
generation mechanisms are relatively complicated and incomplete.

The butterfly PAD can be observed during geomagnetic quiet times and disturbances. During the quiet time,
electron’s butterfly PAD usually takes place at nightside with L = 5–9 [Roederer, 1967; West et al., 1973;
Selesnick and Blake, 2002]. It is produced by the drift shell splitting effect due to the day-night asymmetry
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of the Earth magnetic field. The 90∘ electrons can drift further than electrons of smaller pitch angles and
will be lost when their drift orbits come across the magnetopause. This mechanism is called as magne-
topause shadowing effect [West et al., 1973]. During magnetic activities, the observation of butterfly PAD can
be located within L = 6 at all magnetic local time (MLT) [Lyons and Williams, 1975; Sibeck et al., 1987].
Currently, seven mechanisms have been proposed to explain the formation of the butterfly PAD during mag-
netic activities: (a) wave-particle interaction with magnetosonic waves and chorus waves [Horne et al., 2005a;
Xiao et al., 2015; Li et al., 2016b, 2016a; Chen et al., 2015; Maldonado et al., 2016], (b) nonlinear resonance with
oblique electromagnetic ion cyclotron waves [Wang et al., 2016], (c) wave-particle interaction with hiss waves,
lightening-generated whistlers and ground VLF transmitters [Albert et al., 2016], (d) outward adiabatic trans-
ports [Su et al., 2010], (e) magnetopause shadowing effect [e.g., Wilken et al., 1986], (f ) substorm injection
combined with drift shell splitting [Sibeck et al., 1987], and (g) nonadiabatic scattering due to the field line cur-
vature scattering [Artemyev et al., 2015] and adiabatic effect caused by ring current through the conservation
of electron’s magnetic moment [Lyons, 1977].

In this paper, we report for the first time an event of butterfly PADs of relativistic electrons modulated by the
background magnetic compressional component from Van Allen Probes observation. Such localized modu-
lation of the electron’s butterfly PAD is unlikely to be explained by the mechanisms mentioned above. It leads
us to promote a new mechanism suitable for this observation. The modulation of butterfly PAD is reported in
section 2. Section 3 is the test particle simulation of the modulated butterfly PAD, where we propose a new
mechanism for the formation of the butterfly PAD. In section 4, we discuss and summarize our results.

2. Observations

A modulated electron’s butterfly PAD event was measured by VAP B during a moderate magnetic storm
(Dst=−40 nT) on 15 November 2013. The VAP B travels near the magnetic equatorial plane (inclination 10.2∘)
with highly elliptical orbit (perigee ∼1.1 Re, apogee ∼5.9 Re) [Mauk et al., 2013]. It is ideally suited to measure
the equatorial electron PADs. In this study, the particle data are measured by Magnetic Electron Ion Spectrom-
eter (MagEIS) [Blake et al., 2013], Relativistic Electron-Proton Telescope (REPT) [Baker et al., 2012], and Radiation
Belt Storm Probes Ion Composition Experiment (RBSPICE) [Mitchell et al., 2013]. The wave and ambient mag-
netic field data are measured by the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) [Kletzing et al., 2013].

On 15 November 2013, there is a moderate magnetic storm with Dst = −40 nT. Modulatory relativistic elec-
tron’s butterfly PADs take place during the main phase of the storm, which is recorded by the VAP B satellite
near L = 5.3 over the time period marked by the two vertical dashed lines in Figure 1. Figures 1g–1k show
electron PAD measurement by MagEIS and REPT onboard over the energy range from hundreds of keV to
MeV. Solar wind speed and dynamic pressure remain nearly constant during the observation of modulated
relativistic electron’s butterfly PADs (Figures 1c and 1d, between the two vertical red dashed lines). Hiss waves
are observed during the event, but there is not any modulated signature with a period of 20 min. The mag-
netosonic waves are very weak and are not present in the corresponding modulatory signatures. Figure 1n
plots the background magnetic field perturbation in the SM coordinate. The mean magnetic field is obtained
by linearly fitting the observed B field during two time intervals (21:30–22:00 and 22:57–23:00) when the
pressures change slowly. It is clearly seen that Z component (nearly field aligned) of magnetic perturbation in
the SM coordinate system is dominant over the other two components. These butterfly PADs are modulated
(period ∼20 min) by the background magnetic field dips (especially the Bz component). These Bz perturba-
tions are associated with enhanced anisotropic ion fluxes over 60–100 keV (Figures 1l–1m), which is likely
due to the impulsive injections of hot ring current ions during the substorm activities (Figure 1e).

Figures 2a and 2b show the perpendicular thermal pressure perturbation of hot ring current ions and mag-
netic pressure perturbation, respectively. Since proton, helium, and oxygen ions show injection features, they
are the major components of the ring current. The total perpendicular thermal pressure is obtained by sum-
ming the perpendicular thermal pressure of protons over the four energy channels (62.74 keV, 73.57 keV,
84.40 keV, and 97.94 keV), helium over the five energy channels (65 keV, 84 keV, 110 keV, 142 keV, and 184 keV),
and oxygen over the four energy channels (64 keV, 106 keV, 142 keV, and 184 keV):

Pthermal =
1
2

∑
m∫

2𝜋

0
d𝜙∫ v2

⟂ ⋅ f (v, 𝜃) ⋅ v2 ⋅ sin 𝜃 ⋅ d𝜃 ⋅ dv (1)
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Figure 1. Observation of modulated electron’s butterfly PADs. (a, b) Solar wind parameters and (c, d) geomagnetic
indices, (e, f ) the wave measurements, (g–k) modulated butterfly PADs from 200 keV to 2.6 MeV electron, (l, m) hot ring
current ion injection, (n) background magnetic field perturbation in the solar magnetic coordinate system, and
(o) measured B field subtract 90 min running average B field.

where m is the rest mass of the ions, 𝜃 is the pitch angle, v is the speed, and f (v, 𝜃) is the phase space density

which can be obtained from the number flux j(v, 𝜃) through f (v, 𝜃) = m3 j(v,𝜃)
p2 , where p is the momentum. The

magnetic pressure is calculated through Pmag =
B2

2𝜇0
, where B is the background magnetic field and 𝜇0 is the

vacuum permeability.
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Figure 2. The physical scenario of producing relativistic electron’s butterfly
pitch angle distribution. (a) Perpendicular thermal pressure perturbation,
(b) magnetic pressure perturbation, and (c) diagram of dynamic process
between hot ring current ions and energetic electrons.

The baselines of the thermal and mag-
netic pressure are obtained by linearly
fitting the data during the same two
time periods mentioned above (21:30
to 22:00 and 22:57 to 23:00) when the
pressures change slowly. Pressure per-
turbation is obtained by the difference
between the original and the base-
line pressures. The red and blue traces
in Figures 2a and 2b are the thermal
and magnetic pressure perturbations,
respectively. The negative correlation
between this two pressures and com-
parable fluctuation amplitudes sup-
ports that the hot ring current ion
injection produces the ambient mag-
netic field perturbation. The thermal
pressure perturbation of proton is
slightly greater than the pressure per-
turbation of oxygen.

3. Test Particle Simulation

In order to sort out the physical mech-
anism responsible for the modula-
tion of the electron butterfly PADs
through hundreds of keV to MeV
by the compressional magnetic field
component perturbation, we simulate
the response of electron pitch angle

distribution to a magnetic field dip according to observed parameters and compare our results to the
observed response. We use test particle simulation to investigate the changes of pitch angle, L shell, and
energy for different pitch angle electrons at different energies when they travel through the Bz dip structure.
Based on Liouville’s theorem, the observed PADs can be reconstructed if the initial steady state flux model
is provided.

3.1. Magnetic Field Model
As Figure 2c shows, the Bz dip structure is associated with ring current ions, which carry a localized thermal
pressure and experience drift from duskside to dayside. When the ring current ions met with the eastward
drift radiation belt electrons at the VAP B position marked as the green line in Figure 2c (from 22:00 to 22:20),
the electron butterfly PADs were observed.

For test particle simulation, the magnetic field model is constructed by adding a modeled Bz perturbation to
a background dipole field:

B(L,MLT,MLat,t) = Bdipole(L,MLT,MLat,t) + dBz(L,MLT,MLat,t) ⋅ ez (2)

We adopt a localized dBz structure that moves azimuthally with hot ions. We estimate the azimuthal speed,
0.055∘/s, based on the magnetic gradient and curvature drift in the dipole field for hot ion drift with energy
80 keV and pitch angle 90∘. Since the speed of VAP B (0.003∘/s) was much smaller than the azimuthal speed
of the dBz structure, we assumed that the observations during the modulation period (20 min) occurred in
the same location. Then, the azimuthal range of the dBz structure can be estimated by 0.055∘/s × 20 min,
corresponding to 4.4 h in MLT. The dBz magnetic field consists of three parts, L distribution (scale = 0.8), MLT
distribution (scale = 4.4 h), and magnetic latitude (MLat) distribution (scale = [−15, 15])

dBz(L,MLT,MLat,t) = dBz0 ⋅ fL(L) ⋅ fMLT(MLT, t) ⋅ fMLat(MLat) (3)
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Table 1. Fitting Coefficients of the Initial Flux Modela

Energy a b c

599.6 keV −1.28(RMSE = 0.21) −1.28(RMSE = 0.06) 0.53(RMSE = 0.04)

1013 keV −1.28(RMSE = 0.21) −1.35(RMSE = 0.09) 0.86(RMSE = 0.15)

1.8 MeV −1.75(RMSE = 0.01) −1.01(RMSE = 0.03) 1.08(RMSE = 0.15)

2.6 MeV −1.75(RMSE = 0.01) −1.24(RMSE = 0.06) 1.06(RMSE = 0.31)
aRMSE is the root-mean-square error which indicates goodness of fitting.

where dBz0 is −30 nT, which is about the amplitude of the dBz structure shown as Figure 1n, the radial profile
of the dBz structure is in Gaussian shape

fL(L) = e
−(L−L0)2

2𝛿L2 (4)

where L0 is 5.33 and 𝛿L is 0.2. The MLat profile is also in Gaussian shape:

fMLat(MLat) = e
MLat2

2𝛿MLat2 (5)

where 𝛿 MLat is 4∘ (∼0.07 rad). The MLT profile is a little complicated like current sheet profile:

fMLT(MLT) =
tanh(MLT-MLTc(t) + 𝛿MLT) + tanh(−MLT + MLTc(t) + 𝛿MLT)

2 tanh(𝛿MLT)
(6)

where MLTc(t) is the center of Bz perturbation, 𝛿MLT is 1.1 h. Thus, time-varying magnetic field can be
described as a dipole field superposed a dBz structure centered at the equatorial plane with L = 5.36, drifting
westward at an angular speed of 0.055∘/s.

3.2. Initial Flux Model
We construct the data-based initial steady state flux model for four different energy channels separately, in
the following form:

j(Ek, L, 𝛼) = j0 ⋅ 10[a(Ek−Ek0)] ⋅ sinc(𝛼) (7)

where Ek is a dimensionless quantity normalized by 1 MeV and j0 is the averaged 90∘ flux before the mod-
ulation (21:59 to 22:00), Ek0 is the energy channel normalized by 1 MeV, L0 is 5.33, 𝛼 is the equatorial pitch
angle, and a, b, c are the coefficients to be fit and describe the distribution in energy, L shell, and pitch angle,
respectively. The initial pitch angle distributions are obtained by fitting the data 1 min before the modulation
(21:59 to 22:00) where L = 5.35. The energy spectra are calculated for two different instruments, REPT and
MagEIS, respectively. The data used to fit the power law form of the energy spectra are also 1 min before the
modulation. We obtain the radial profiles by fitting the data 1 h before the modulation (21:00 to 22:00) with L
range from 5.12 to 5.35. Table 1 shows the fitting coefficients and root-mean-square of errors for coefficient
a, b, and c for four different energy channels. The electron fluxes decrease as energy and/or L shell increases.
The coefficient c is positive and increases as energy, indicating that the pitch angle distributions are more 90∘
peaked for high energies.

3.3. Simulation Results
Test particle simulation using guiding center equations [Elkington et al., 2002] without considering the direct
electric field is used to simulate the electron PAD response at the fixed observation location to a moving dBz

structure. Electrons at the observation location at a given t with a given𝛼 and Ek are tracked backward to initial
time (t = 0) with corresponding Ek0, 𝛼0, and L0, where is outside of the Bz perturbation. Based on Liouville’s

theorem, we can derive the observed the electron flux job(Ek, L, 𝛼) =
p2

ob
j0(Ek0 ,L0 ,𝛼0)

p2
0

. When the relative changes

in energy, L shell, and equatorial pitch angle are small, one can obtain the following relation through Taylor
expansion:

job(Ek, L, 𝛼) =
p2

ob

p2
0

j0(Ek, L 𝛼) ⋅ (1 + a ⋅ dEk + b ⋅ dL + c ⋅ cot 𝛼d𝛼) (8)

where the changes of energy, L shell, and pitch angle (dEk , dL, d𝛼) are obtained by simulating the elec-
tron motion under the time-varying magnetic field using guiding center equations. The observed electron
momentum and original electron momentum are denoted as pob and p0, respectively.

XIONG ET AL. MAGNETIC DIP AND BUTTERFLY DISTRIBUTION 4397



Geophysical Research Letters 10.1002/2017GL072558

Figure 3. Test particle simulation results. (a) Bz perturbation. (b–e) Reproduced electron’s butterfly pitch angle
distributions for 599.6 keV, 1013 keV, 1.8 MeV, and 2.6 MeV, respectively. The red dashed line denotes the center of the
Bz perturbation. (f–i) The contributions of the change of electron energy (green line), L shell (blue line), and equatorial
pitch angle (red line) to the formation of electron butterfly pitch angle distributions for each four energy electrons at
the center of the Bz dip.

According to the backward tracing results, the changes of momentum for all pitch angles are about 1–2%,
the ratio of the observed momentum and initial momentum can be treated as 1. Thus, the simulated pitch
angle distribution changes are controlled by three dimensionless terms: a ⋅ dEk , b ⋅ dL, and c ⋅ cot 𝛼d𝛼, which
are related to the changes of energy, L shell, and pitch angle. Figures 3a–3e show the simulation results of
PAD at different energies as the moving dBz dip passes through the observation location. The vertical red
line marked the time tmin when Bz minimum passes the observation location. Butterfly PADs observed at four
energy channels are reproduced during the Bz dip (see Figures 3a–3e). Figures 3f–3i illustrate the changes of
energy (a ⋅ dEk), L shell (b ⋅ dL), and pitch angle (c ⋅ cot 𝛼d𝛼) as a function of observed pitch angle at tmin.

The backward tracing results show that (a) off 90∘ electrons lose more energy than 90∘ electrons through
Fermi deceleration due to the conservation of the second adiabatic invariant, and the contribution of the
energy change to creating relativistic electron’s butterfly PADs became greater as energy increases. (b) Larger
pitch angle electrons are transported from higher L shell, and the inward transport contributes primarily to
producing relativistic electron’s butterfly PADs. (c) The decrease of pitch angle is greater for off 90∘ electrons
than 90∘ electrons, which contributes positively to the formation of the relativistic electron’s butterfly PADs
especially at higher energy. As shown in Figure 3, the electron deceleration (a ⋅ dEk is less than 5% contribu-
tion) and pitch angle decrease (c ⋅ cot 𝛼d𝛼 is larger than a ⋅ dEk but also less than 10% contribution) in part
contribute to the formation of the electron butterfly PADs. Since coefficient b is negative indicating a negative
flux gradient in L for our event, the electron inward transport (b ⋅ dL is more than 30% contribution) con-
tributes primarily to creating electron butterfly PADs. For the case of a positive flux gradient, it can contribute
to producing the electron 90∘ peak PADs.

4. Conclusions and Discussion

In this paper, we investigated the formation mechanism of the dayside modulated relativistic electron’s but-
terfly PADs at L = 5.3 using a test particle simulation, where we do not consider the contribution of the
eastward inductive electric field (due to the local magnetic field perturbation) to the electric drift velocity. We
estimate the inductive electric field based on our time-varying magnetic field model and find that the out-
ward drift speed arising from the inductive electric field is much smaller than the inward drift speed due to
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the azimuthal gradient of magnetic field. In addition, we check the electric field data from the Electric Fields
and Waves (EFW) [Wygant et al., 2013]. Although the electric field measurements are only available within the
satellite’s spin plane, we use them to do a rough estimate of the outward drift speed associated with azimuthal
electric field and find that it is still only about 20% of the drift speed caused by the magnetic field gradient. The
model of such electric field may be complicated, but, fortunately, our analysis above does show that the elec-
tron’s radial drift is dominated by gradient of magnetic field, and thus, the main physics of relativistic electron
transport is captured by our current model. With the initial equilibrium flux model, we evaluate the contri-
butions of the changes of energy, L shell, and equatorial pitch angle and reconstruct the observed relativistic
electron’s PADs and demonstrated that localized ambient magnetic field dip could produce the modulatory
of electron butterfly PADs. Our principal conclusions are summarized as follows:

1. The dayside relativistic electron’s butterfly PADs (∼200 keV to 2.6 MeV) are reported for the first time and
are modulated by localized magnetic dips.

2. The magnetic dips are driven by hot ring current ion (60–100 keV proton and 60–200 keV helium and
oxygen ion) injections during substorm activities.

3. A negative radial flux gradient contributes primarily to the formation of modulated electron butterfly PADs
through inward transport due to azimuthal electric field induced by the moving localized Bz perturbation.

4. Deceleration due to inductive electric field and pitch angle change also make in part contribution to
producing electron butterfly PADs.

Substorms are the most common geomagnetic disturbance in the Earth’s magnetosphere and usually accom-
pany magnetic storms [e.g., Daglis et al., 1999]. Impulsive substorm injection of tens to few hundred keV ions
from the magnetic tail to the inner magnetosphere is one of the significant sources of the ring current ions
[e.g., Reeves, 2003]. The impulsive injections of ring current ions can produce the localized magnetic dips as
shown in section 2 due to the presence of the enhanced thermal pressure carried by these ring current ions.
Therefore, we suggest that localized magnetic field perturbation, which is a frequent phenomenon in the
magnetosphere, is of great importance for creating electron’s butterfly PADs in the Earth’s radiation belts. We
have already found 76 modulated relativistic electron’s butterfly PADs cases accompanied by the localized
magnetic dips during the era of the Van Allen Probes, and the statistical characteristics will be discussed in
the future work.
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