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During 2018 major geomagnetic storm, relativistic electron enhancements in extremely low L-shell regions (reaching
L ~ 3) have been reported based on observations of ZH-1 and Van Allen probes satellites, and the storm is highly likely to be
accelerated by strong whistler-mode waves occurring near very low L-shell regions where the plasmapause was suppressed.
It is very interesting to observe the intense chorus-accelerated electrons locating in such low L-shells and filling into the
slot region. In this paper, we further perform numerical simulation by solving the two-dimensional Fokker—Planck equation
based on the bounce-averaged diffusion rates. Numerical results demonstrate the evolution processes of the chorus-driven
electron flux and confirm the flux enhancement in low pitch angle ranges (20°-50°) after the wave-particle interaction for
tens of hours. The simulation result is consistent with the observation of potential butterfly pitch angle distributions of

relativistic electrons from both ZH-1 and Van Allen probes.

Keywords: chorus acceleration, extremely low L-shell, numerical simulation, ZH-1 satellite, Van Allen probes

PACS: 94.20.wj, 94.30.Xy

1. Introduction

The Earth’s radiation belts consist of inner and outer ra-
diation belts separated by a region known as the slot region
with electron flux minimum at around L ~ 3. The slot region
is thought to be formed by a balance between inward radial
diffusion and loss of electrons due to interaction with plas-
maspheric hiss.!!=3 Tt has been discovered that the electron
enhancements in the radiation belts are associated with occur-
rence of geomagnetic storms,*°! sometimes the slot region
filling events are observed.!”!

Whistler-mode waves are often observed during geomag-
netic storms!®1%17] and are possibly excited by the energetic
electron injections. Among them, chorus waves are mostly ob-
served outside the plasmasphere near the equator.!'3-1%) Mag-
netospheric chorus waves are thought to be able to play a sig-
nificant role in rapidly accelerating relativistic radiation-belt
electrons.!7~2!1 Numerical models have demonstrated that rel-
ativistic electron flux will reach a maximum level within 15 h
after interaction with chorus waves during the recovery phase
of storm.[?>23 The chorus-induced loss or acceleration have
also been studied by many other space physicists.?4-261 How-
ever, most of the past numerical simulations were focused on

the outer radiation belt at L > 4. In this work, what we are in-

DOI: 10.1088/1674-1056/abf556

terested in is the simulation of chorus acceleration at extremely
low L-shell (L ~ 3), which has not yet been studied before.
We have reported that the electrons are accelerated by
chorus waves in the extremely low L-shell region during the
storm of August 2018 (L ~ 3).[>”] This event is very mean-
ingful and helpful for us to deeply understand the electron ac-
celeration process in radiation belt physics. Here, in this work,
we perform numerical simulation of this event by solving two-
dimensional Fokker—Planck equation based on the bounce-
averaged diffusion rates at around L = 3, present the evolution
process of the chorus-driven electron fluxes, and compare the

numerical results with the observations from satellites.

2. Observations of chorus acceleration of rela-
tivistic electrons in extremely low L-shell

The sun-synchronous ZH-1 satellite!?®! was launched in
February 2018, with the inclination of 97° flying at an altitude
of 507 km. The onboard high energy particle package instru-
ments consist of the low-energy detector (HEPP-L) and the
high-energy detector (HEPP-H).[*°! HEPP-L can measure the
electron fluxes with the energy range from 0.1 MeV to 3 MeV
and the proton fluxes with the energy range 2-20 MeV. The en-

ergy ranges are divided into 256 energy channels with energy
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resolution of < 8.9% at 1 MeV for electron.

The Van Allen probes was operated in near-equatorial or-
bits with a perigee of ~ 1.1Rg and an apogee of ~ 5.9Rg. 3]
By the measurement of magnetic electron ion spectrometer
(MagkEIS) instrument and relativistic electron-proton telescope
(REPT)[®!l of energetic particle, composition, and thermal
plasma (ECT) suite, we investigate fluxes and pitch angle dis-
tributions of MeV electrons in radiation belts and slot region.

The electric and magnetic field instrument suite and inte-
grated science (EMFISIS) instrument provides measurements
of electric and magnetic fields of waves.*?] The waveform

rceiver (WFR) on the EMFISIS instrument measures wave

power spectral density from about 10 Hz to 12 kHz and also
provides wave polarization properties including wave normal
angle and ellipticity, calculated by the singular value decom-
position method. 4]

In Ref. [27] we have analyzed precisely the observation
data from the waveform receiver (WFR), the high frequency
receiver (HFR) and the relativistic electron-proton telescope
(REPT) of Van Allen probes. In this paper we briefly review
the main contents about this topic. During the period of 25
August to 1 September 2018, a major geomagnetic storm oc-
curred with the minimum Dy =~ —174 nT at around 06:00 UT
on 26 August, as shown in Fig. 1.
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Fig. 1. Overview of the electron evolution during storm of August 2018 observed by Van Allen probes. (a) Geomagnetic storm index Dg.
[(b), (c), (d)] The electron evolution in L-shell for the energy range of 1.0, 1.8 and 2.6 MeV, respectively. [(e), (f)] The electromagnetic signals
exited during storms. The solid black lines in panels (b), (c), (d) denote L = 3. The black lines in panels (e) and (f) denote 0.1 f. (solid), 0.5 fce

(dashed), and f. (dotted).

First of all, electron fluxes (1.0, 1.8 and 2.6 MeV)
dropped rapidly by a factor of 1-2 orders during the main
phase in the duration of 20:00 UT on 25 August to 08:00 UT
on 26 August. It is thought that this phenomenon is possibly
due to the competition between the acceleration and the loss
induced by waves or the Dy effect'3>34 or the magnetopause
shadowing (because of inward motion of the magnetopause).
The flux then gradually increased by 1-2 orders compared to
the prestorm level at L = 3-6. The flux rose up to the peak
value of ~ 107 cm™2.s~1.sr~ 1 -keV~

Simultaneously, the strong chorus waves were observed

!'in more than 10 h.

obviously on 26 and 27 August as shown in Figs. 1(e) and 1(f),
near the appearance moment of the minimum Dy, index, with
frequency 0.1-0.6 f. (fce s electron gyrofrequency). Figure 2
presents the chorus wave event observed by Van Allen probe B
on 26 August 2018, with the strong magnetic spectral density
higher than 10~* nT?/Hz in Figs. 2(a)-2(e), reaching up to ex-
tremely low L-shells (L ~ 3). The wave normal angle is lower
than 30°, approximately parallel to the ambient magnetic field
(Fig. 2(d)). The ellipticity of these electromagnetic waves is
nearly 1, suggesting that the waves are indeed chorus waves
with the right-hand polarization mode.
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Fig. 2. Waves observed by Van Allen probes B. (a) L-shells, (b) MLT, (c) magnetic field wave spectrum, (d) wave normal angle, (e) ellipticity.
The black lines denote electron gyrofrequencies 0.5 fc. (dashed) and 0.1 f.. (dotted).
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Fig. 3. Overview of the electron evolution during storm of August 2018 measured by ZH-1. (a) The geomagnetic storm index Dg. [(b), (c),
(d)] The electron evolution for the energy range of 0.1-0.5 MeV, 0.5-1 MeV and 1-3 MeV, respectively. The flux is color coded in logarithm,
and sorted in L (L bin: 0.1). [(e), (g)] The flux distributions of 1-3 MeV electrons in local pitch angle and equatorial pitch angle with L = 2-5
on August 26 and 27. The data with green stars before storm is taken on August 23 and 24. (f) The number of observed electrons in each pitch
angle channel. The solid black line in (d) denotes L = 3.
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What’s more, by the magnetic ephemeris data services
in TS04 magnetic field model, using K = O.lREGl/2 (Rg is
Earth’s radius) and u = 1700 MeV/G, the phase space den-
sity profiles of REPT electrons (1-4 MeV) on August 26 are
obtained (see Fig. 5 of Zhang2020 paper). The PSD level in-
creased from L* = 2.9 and formed a peak in L* = 2.9-4 (cor-
responding to L = 3.1-5). The appearance time of the PSD
profile growing peaks are consistent with the time of chorus
wave observations. This provides a solid evidence for the ex-
istence of nonadiabatic process.

The relativistic electron (0.5-3 MeV) flux enhancement
at low L-shell is also observed by the ZH-1 satellite (Fig. 3).
Particularly, the 1 MeV electron flux is enhanced by about
1-2 orders of magnitude at L ~ 3 shown in Figs. 3(b), 3(c),
3(d), which is in agreement with the detection of Van Allen
probes. The ZH-1 satellite has an advantage of measuring the
electron population with small equatorial pitch angles at the
conjugate low altitudes. The transformed equatorial pitch an-
gles in the dipole geomagnetic field are distributed in < 30°
shown in Fig. 3(j), which is mainly determined by the satellite
observation limitation with respect to the orbit characteristics.
Therefore, it is concluded that at least the chorus can play a
significant role in accelerating the relativistic electrons effi-
ciently at the small equatorial pitch angles. Also, the butterfly
pitch angle distribution of electrons observed by MagEIS and
REPT detectors onboard Van Allen probes further verifies this
viewpoint (Fig. 6).

The above observation and analysis support that the cho-
rus acceleration tends to play a dominant role in the relativis-
tic electron enhancements even in low L-shell (at least low to
L ~ 3). In the next section, we present the numerical simula-
tion process and show the results.

3. Numerical simulation of chorus acceleration
of relativistic electrons
3.1. Formula of the two-dimensional Fokker-Planck equa-
tion
The quasi-linear diffusion equation has been developed
as a practical and convenient form of wave-particle interaction
theory in radiation belts. Simply in the dipole field situation,
based on the diffusion equation including both pitch angle and
momentum diffusion terms, the Fokker-Planck equation can
be written as

adf 1 d 1 df af
9t Gpoa, [G<<Daa>aae+<Dap>8p>:|

19 1 af of
+G8[7[G(<Dpa>p8ae+<Dpp>8p>} (D

Based on the hybrid finite difference (HFD) method,??!
we solve the 2-D bounce-averaged Fokker—Planck equa-

tion (1), where f is the electron phase space density (PSD),

p is the electron momentum, G = p?T (@) sin & cos &, with
Q, being the equatorial pitch angle.

The (Dga), (Dpp), and (D,q) terms correspond to the
bounce-averaged diffusion coefficients for the pitch angle dif-
fusion, momentum diffusion, and their mixed term, respec-
tively, specifically having the following formula:

'km
(Do) = /O e cos’ A, ?)
1 [Am 14 3sin? )14
<D06p> = T o dADap#COSA‘A, (3)
(1+3sin?A)!/2
(Dpp) = / d?LDWT cosA, “4)

where A, denotes the latitude of the bounced-particle mirror
point.

The wave-frequency spectrum density is assumed to obey
a Gaussion distribution, which is modeled by observed chorus
wave from detection of Van Allen probes during the recovery
phase of the storm. Thus, we adopt the fitted parameters of
chorus wave with amplitude B,, = 88 pT, central frequency
Jm = 0.19fc (fee is electron gyrofrequency), width 0.057 fe.
at L =3.5. The f. value is 45.7 kHz at L = 3. The detailed
parameters of waves are shown in Figs. 4(j) and 4(k). With
the field-aligned electromagnetic wave, the closed analytical
form of the local pitch-angle diffusion coefficient of the wave-
particle interaction is derived as follows (see Egs. (33)—(35) in
Ref. [35]):

T1OE 1RO S
2V |Q| (E+1)? 4 5x|ﬁcosoc F(x,y)]

< exp [_ (’“ Xmﬂ )

Dy 7103 sina_ o KOS
p 2V Q| BE+1 )? 5 5x|ﬁcosa F(x,y)]

ol (5)]

D,y  xl Q2 R(IF(x.)

B sin® o Z
P2 2V|Q|BAE+1)? ~ Sx|Bcoso—F(x,y)|

2
X exp {— <x;;cm) } , @)

where E is the dimensionless particle kinetic energy given by
E=E/(mec®) =y—1,B=v/c=[E(E+2)]V2/(E+1),

= |8B,|*/B3 is the ratio of the energy density of the tur-
bulent magnetic field to that of the background field, and
By is the Earth’s magnetic field. Further, x;, = @n/
0x=00/||; and j =1,2,...
fying the resonance condition. We have

125
Y

Dgo =

,N is the root number satis-

w — kaH =n

®)

Here we consider only cyclotron resonance with n = +1.
F(x,y) = dx/dy (x = ©0/|Qc|, y = cki/|€2]) is determined
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from the dispersion equation of the electrons or protons as fol-

lows:
2 *
<ck) 1 (1+¢&)/a ’ ©)
o (/|| 1) (/|| +€)
where
af = Q2w (10)

is an important cold-plasma parameter; € is the rest mass ratio
of an electron and proton; | Q.| = ¢|B|/(mec) denotes the elec-
tron gyrofrequency, and @ye = (47Noe?/me)'/? is the plasma
frequency, where Ny denotes the particle number density in
the ionosphere and is determined approximately by formula
Ny = 50 x (2/L)* cm™3, according to the observation from
Van Allen probes (see supporting information of Ref. [27]).
The initial PSD distribution is approximately supposed to

follow a kappa-type distribution function with the kappa index
i — 6:136.37]

2

1 I
+ K02

1)

—(k+1)
> sino,

(Dap) /p? (s71)
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where « is the electron equatorial pitch angle, p is the electron
momentum normalized by mec, me is the electron mass, c¢ is
the light speed, and 6 is the effective thermal parameter scaled
by the electron rest mass and is set as 2 = 0.15. The PSD
value is set to be zero with formula f(a < aic) =0; ap ¢ is the
bounce loss cone determined by formula sinoy = L~/ 2(4 -
3/L)~'/*. The boundary condition of pitch angle is adopted
to be 3—&|a=900 =0, and we set f = fy (0.01 MeV) = const
at the lower boundary 0.01 MeV and f = fj (4 MeV) = const
at the upper boundary 4 MeV. In this simulation the PSD is

normalized and dimensionless.

3.2. Simulation results

According to the observed chorus waves by Van Allen
probes at low L-shells, the bounce-averaged pitch angle dif-
fusion coefficient (Dyq), momentum diffusion coefficient
(Dpp), and their mixed term (D)) in pitch angles 0 ~ 90°
for electrons at L = 3, 3.5 and 4, are calculated and present in
Fig. 4.

(Dpp)/p? (s71)
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3 1
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Fig. 4. (a)—(i) Bounce-averaged quasi-linear diffusion coefficients including pitch angle diffusion coefficient, momentum coefficient, and the
cross term (in units of s~ 1) for resonant interactions between chorus ad electrons, at L = 3, 3.5, 4, respectively. [(j), (k)] Wave parameters used
in the calculations of diffusion coefficient from Van Allen probes observation.

The main feature of diffusion coefficients is that the momentum diffusion coefficients (D),,) at low L-shells (L ~ 3 and 3.4)
are very large, suggesting that those electrons at low L-shells are possibly easy to be accelerated to higher energies. What’s more,
the momentum diffusion coefficients for MeV electrons are relatively strong at low equatorial pitch angles 10°-40° nearby L ~ 3,

indicative of an existence of stronger energy acceleration with respect to small equatorial pitch angles.

However, the key factor to determine the electron flux level comes from a competition between acceleration and loss due to
chorus wave. 38! Therefore, we solve the 2-D Fokker—Planck equation and display the evolution processes of simulated electron
fluxes j (j = p2 x PSD, p is electron momentum) shown in Fig. 5 corresponding to L = 3.5, at initial time, 1 h, 5 h, 10 h,
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15 h and 24 h, respectively. We can find that after 24 h the flux evolution tends to be a stable level, suggesting that the chorus
acceleration effect mainly takes place in about tens of hours. For MeV electrons in pitch angle 10°-50°, the corresponding fluxes
are enhanced significantly, which is induced by chorus acceleration.
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Fig. 5. The electron flux evolution during 2D numerical simulation of the interaction of chorus and electrons at L = 3.5.
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Fig. 6. Evolution of fluxes and pitch angles distribution of electrons (1 MeV, 1.8 MeV and 2.6 MeV) observed from MagEIS and REPT
detectors onboard Van Allen probes before and during storm time on 25, 26 and 27 August 2018: (a)—(c) at L = 3, (d)—(f) at L =3.5.
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The aforementioned butterfly pitch angle distribution
of MeV electrons, observed by Van Allen probes on August
27 during the recovery phase of storm, has been presented in
Figs. 6(c) and 6(f). The enhanced MeV electrons correspond
to the equatorial pitch angle range of 10°-60° based on ZH-
1 observation. We present flux and pitch angle distributions
for electrons at 1 MeV, 1.8 MeV and 2.6 MeV in Fig. 6 cor-
responding to L = 3 and 3.4, respectively, on 25, 26 and 27
August 2018. These plots display the whole evolution process
of electron fluxes and pitch angles before and after storms at
low L-shells. On August 25-27, the fluxes of MeV electrons
are accelerated significantly by around 2 orders of magnitude.

In order to compare the numerical simulation results with
observations, we extract the fluxes and pitch angle distribu-

tions for electrons at 1 MeV, 1.8 MeV and 2.6 MeV from sim-
ulation results shown in Fig. 7, corresponding to initial and
24-h flux distributions. It is found that the significant accelera-
tions and butterfly pitch angle distributions are caused by cho-
rus heating mechanism after one day interval at low L-shells.
Here we set the flux value to be a suitable level in order to
intuitively compare with observations for the sake of conve-
nience. In the simulation results, the fluxes at small pitch an-
gles are enhanced by about two orders of magnitude, more sig-
nificantly for MeV electrons. Therefore, our simulation results
are approximately in agreement with the observations and fur-
ther confirm that the chorus waves can play an important role
in accelerating relativistic electrons even in extremely low L-
shell regions during major storm occurrence.

initial after 24 h
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Fig. 7. Simulation results of electron PSD evolutions (1 MeV, 1.8 MeV and 2.6 MeV) for chorus and electron interaction at initial time (left
panels) and after 24 h (right panels): [(a), (b)] at L =3, [(c), (d)] at L= 3.5.

4. Conclusion and discussion

First of all, we introduce the event of relativistic electron
acceleration in extremely low L-shell regions induced by in-
teraction with chorus waves observed during 2018 major ge-
omagnetic storm by Van Allen probes and the ZH-1 satellite.
As the main content of this paper, we perform 2-D numeri-
cal simulation by solving the Fokker—Planck equation based
on bounce-averaged diffusion rates, following the method of
HFD solution.™?! In term of the simulation results, we con-
clude the following results and give some discussions.

Based on bounce-averaged diffusion coefficients using a
fitting Gaussian distribution of the wave spectrum, the 0.1-
3 MeV electron fluxes are simulated at low L-shells (L = 3,
3.5 and 4) for 24 h and the flux evolution processes are present.
We adopted a plasma density according to observation of Van

Allen probes with Ny ~ 10 at L = 3, which is different from
the value used in Ref. [27]. The electron flux level is deter-
mined by a competition between acceleration and loss due to
wave-particle interaction.

In final simulation results, the electrons are most pro-
nounced around small pitch angles 10°-50° due to the domi-
nant momentum and cross diffusion processes. Thus, the pitch
angle distribution changes from a normal type into a potential
butterfly type, which is consistent with observations of Van
Allen probes and the ZH-1 satellite.

We can also find that there is much disagreement be-
tween observations and numerical simulation results, such as
the pitch angle ranges of the most enhanced flux, the not com-
pletely consistent flux evolution level and the failure of but-

terfly pitch angle distribution formation of 1 MeV electrons.
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These disagreements can be caused by many kinds of reasons.
Van Allen probes observation we show in this paper is just
from data at nightside, in fact the chorus occurs not only at
nightside, but also lasting for a long time of two days in a
considerable wide spatial region. Unfortunately, the precise
quantitative simulation calculation is much too difficult and
sometimes it is impossible due to the complicated spatial en-
vironment and observation limitation. Therefore, in this paper
the disagreement may exist inevitably between the observa-
tions and simulations.

During geomagnetic storms, sometimes the electron ac-
celeration may be simultaneously caused by chorus and mag-
netosonic waves (MS).['%) We also carefully investigated the
two kinds of waves precisely and found that the MS waves
mainly exist in L <= 3 (see Fig. 2). According to the diffu-
sion coefficient calculation, MS waves mostly induce electron
acceleration in larger equatorial pitch angles (> 50°), which
is supported by our satellite data observation (not shown) and

10T Thus, in term of the acceleration

the diffusion coefficients.
in small equatorial pitch angles and in L >= 3 area, the chorus
driving is the main cause of electron acceleration.

In summary, we have reported the chorus acceleration of
relativistic electrons at extremely low L-shell region during
storm based on joint observation of Van Allen probes and the
ZH-1 satellite, and now we have further confirmed this physics
phenomenon by numerical simulation of a quasi-linear diffu-
sion equation in wave-particle interaction theory. The simula-
tion results also support the above viewpoint that the chorus
waves can cause potential butterfly pitch angle distributions
during major storm when the plasmapause is strongly sup-
pressed inward. It is very meaningful and helpful to deeply
understand the electron acceleration process in radiation belt
physics.
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