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A B S T R A C T

We present a new hybrid kinetic model to simulate the response of plasmaspheric drainage plumes to impulsive
interplanetary pressure pulses. Since particle distributions attending the interplanetary pulses and in the drainage
plume are non-Maxwellian, wave-particle interactions play a crucial role in energy transport within and outside
the plumes. Finite gyroradius effects become important in mass loading of the transmitted impulse with the
drainage plume ions. A forward-reverse shock structure develops from the initial step-like transmitted shock. First
results show that the impulse causes strong deformations in the global structure of the plume. The anisotropic ion
velocity distribution functions at the impulse front and inside the plume help us determine energy transport via
wave-particle interactions throughout the Earth’s inner magnetosphere.
1. Introduction

Solar wind shocks striking the magnetosphere provide an excellent
example of one fundamental mode of interaction between the solar wind
and magnetosphere, just as interesting and important as magnetic field
reconnection (Cattell et al., 2017; Zhang et al., 2012).

The interaction of interplanetary (IP) shocks (usually fast forward
shocks) with the magnetosphere includes several phases, including
interaction with the bow shock, transmission through the magneto-
sheath, interaction with the magnetopause, transmission into the
magnetosphere as fast and intermediate mode waves, modifications of
the field-aligned and ionospheric current systems, and perturbations in
ground magnetograms (Samsonov et al., 2007).

The Earth’s inner magnetosphere presents a complex plasma system
which includes several plasma structures - the ring current, outer radia-
tion belt, plasmasphere, and inner radiation belt, as shown in Fig. 5 of
Mauk et al. (2013). Plasmaspheric plumes are large-scale density struc-
tures that are usually connected to the main body of the plasmasphere,
and extend outward (e.g., Elphic et al. (1996), Ober et al. (1997), Sandel
et al. (2001)). Plasmaspheric plumes have been detected by in-situ and
ground-based instruments (e.g., [Chappell et al. (1970), Foster et al.
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(2002), Moldwin et al. (2004), Goldstein et al. (2004), Darrouzet et al.,
2006, 2009). Spacecraft in geosynchronous orbit identify the plumes as
regions of dense plasmaspheric plasma advecting sunward toward the
dayside magnetopause.

Long-lived plasmaspheric drainage plumes occur during high-speed-
stream-driven storms (Borovsky and Denton, 2006; Borovsky et al.,
2014). Dense (> 10 cm�3) plasmaspheric plumes and/or cold ions at the
magnetopause have been reported in [Chappell (1974), Gosling et al.
(1991), McFadden et al. (2008), Zhang et al. 58]. Zhang et al. (2012)
suggested the topology of one plasmaspheric plume (see Fig. 5 of Zhang
et al. (2012)). The plume density falls with distance from the plasma-
pause (Zhang et al., 2012).

Darrouzet et al. (2008) presented a statistical analysis of the plas-
maspheric plumes observed by the Cluster spacecraft. They found that
most plasmaspheric plumes occur for moderate Kp and not for small Dst.
They also showed that plumes are mainly located in the afternoon and
pre-midnight MLT sectors.

The plasmaspheric plume-transmitted impulse interaction may result
in non-Maxwellian ion VDF’s that can trigger electromagnetic ion
cyclotron (EMIC) waves, toroidal, and poloidal pulsations within
magnetosphere (Usanova et al., 2008; Claudepierre et al., 2013; Tsuji
71, USA.
nasa.gov (D.G. Sibeck).
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et al., 2017). The transmitted shock waves may possibly also heat and
accelerate particles in the plasmaspheric plume, ring current and radia-
tion belt.

MHD simulations of interplanetary shock propagation through the
inner magnetosphere (Samsonov et al., 2007, 2011, 2014; Kress et al.,
2008; Halford et al., 2015) show that the transmitted shock wave front
has a step-like form. The thickness of the front is controlled by numerical
diffusion. MHD simulations predict the shock propagation speed and its
interaction with the plasmapause. However, the dynamics of the shock
wave transition are essential to understand the wave-particle interaction
between the transmitted shock (impulse) and plasma structures inside
the inner magnetosphere.

Since the particle distributions inside the transmitted interplanetary
shock waves (impulses), ring current and radiation belts are essentially
non-Maxwellian, wave-particle interactions play a very important role in
the energy transport that occurs inside the inner magnetosphere. Finite
ion gyroradius effects may be important in mass loading the transmitted
impulse with the background plasma in the presence of higher energy
ions and electrons from the ring current and radiation belts. To study
these phenomena, we need a global hybrid code model. We use this
model to study a shock front striking the magnetosphere.

Electromagnetic ion cyclotron (EMIC) waves are generated by ion
temperature anisotropies (T? > Tk) (e.g. Cornwall (1965)). The fre-
quency of EMIC waves is below the local proton gyrofrequency. In the
magnetosphere, it ranges from 0.1 to 5 Hz. EMIC waves in the hydrogen
band (with frequencies between the helium and hydrogen gyrofre-
quencies) and helium band (with frequencies between the oxygen and
helium gyrofrequencies) are often observed in the magnetosphere
(Young et al., 1981; Roux et al., 1982; Anderson et al., 1992). Their
highest occurrence is in the dayside magnetosphere beyond L ¼ 7
(Anderson et al., 1992). EMIC waves are often associated with magne-
tospheric compressions (Anderson and Hamilton, 1993; Engebretson
et al., 2002; Usanova et al., 2008).

Zhang et al. (2012) report a case study of the global response of the
geospace plasma environment to an interplanetary (IP) shock that was
observed at 02:24 UT on May 28, 2008 by the multiple THEMIS space-
craft in the magnetosheath (THEMIS B and C), the mid-afternoon
magnetosphere (THEMIS A), and the dusk magnetosphere (THEMIS D
and E). They showed that the interaction between the transmitted IP
shock and the magnetosphere has global effects. THEMIS A observations
indicate that the IP shock changed the properties of a plasmaspheric
plume significantly. The plasmaspheric plume density increased rapidly
from 10 to 100cm�3 in 4 min and the ion velocity distribution changed
from an isotropic to a strongly anisotropic distribution. The plasma and
magnetic field observations were obtained from the Electrostatic
Analyzer (McFadden et al., 2008), and the Fluxgate magnetometer
(Auster et al., 2008) on the THEMIS spacecraft (Angelopoulos, 2008).

In this paper, we use 3-D hybrid-kinetic modeling to investigate the
local response of the plasmaspheric plume to an IP shock. Our investi-
gation is directly motivated by the THEMIS spacecraft observations. We
compare our predictions with THEMIS-A, D and E spacecraft observa-
tions in the mid-afternoon magnetosphere, and observations in the dusk
magnetosphere (THEMIS D and E) on May 28, 2008/02:00–03:00 in the
mid-afternoon magnetosphere (Fig. 4 of Zhang et al. (2012)). We
consider several scenarios with various transmitted impulses to see how
the shock speed may affect the interaction between the transmitted im-
pulse and the plume. The outline of this paper is as follows. Section 2
presents the simulation model. Section 3 describes results from the
model. The last section provides the conclusions of our research.

2. Computational model

We use a quasi-neutral implicit hybrid model (Sect. 2.2.3.1 from
Lipatov (2002)), namely, a kinetic description for the ions in the back-
ground plasma and plasmaspheric plume, and a fluid approximation for
electrons to study the interaction between the transmitted impulse and
2

the inner magnetosphere. This model describes the wave-particle in-
teractions on ion spatial and time scales (ρci ¼ U0=Ωi and ω � Ωi) very
well, where ρci is the gyroradius for ions. U0 andΩi denote the velocity of
the shock front and the ion gyrofrequency.

Fig. 1 illustrates of the computational domain, the initial position of
the transmitted impulse and the plasmaspheric plume.

We assume that the mass of the background and plume ion pop-
ulations under consideration areM1 ¼ Mp andM2 ¼ 2Mp whereMp is the
mass of a proton and the charge states are Z1 ¼ 1 and Z2 ¼ 1. The value
of the plume ion mass was chosen as an average mass for a plume with
the following composition: 85% (Hþ); 10% (Heþ); 5% (Oþ). In this paper
we use a particle-mesh model for ion dynamics instead of the Vlasov/
Boltzmann equation.

Single ion particle motion is described by the equations:

drs;l
dt

¼ vs;l (1)

and

dvs;l
dt

¼ e
Ms

�
Eþ vs;l � B

c

�
: (2)

The subscript s denotes the ion population (s ¼ 1;2 for background
and plasmaspheric plume ions). The index l is the individual particle
index in the frame of the particle-in-cell method.

In the nonradiative limit, Amp�ere’s law is given by

4π
c
J ¼ r� B; (3)

and the induction equation (Faraday’s law) by

1
c
∂B
∂t þr� E ¼ 0: (4)

The total current is given by

J¼ Je þ Ji; Ji ¼
XNspecies

s¼1

Zsens〈vs〉¼
XNspecies

s¼1

ensUs ¼ eniUi; (5)

where Us is the bulk velocity and ns is the density of ions of type s; 〈〉
denotes the average value of the ion macro-particle velocities over the
cell, ni is the total ion density, and Ui is the average ion bulk velocity.

The electron density is computed from the quasi-neutrality condition

ne ¼ nBG þ nplume (6)

Here, nBG and nplume denote the ion densities in the background
plasma and plasmaspheric plume.

For massless electrons the equation of motion of the electron fluid
takes the form of the standard generalized Ohm’s law (e.g. (Braginskii
and Leontovich, 1965)):

E¼ Je � B
enec

�rpe
ene

(7)

where pe ¼ nme〈ve 02〉=3¼ neTe is the scalar electron pressure, and ve
0
is

the thermal velocity of electrons; the electron current Je is estimated from
Eq. (6).

For simplicity we assume that the total electron pressure can be
represented as the sum of the partial pressures of all the electron pop-
ulations:

pe ¼ pe0

�
βen

5=3
BG þ βe;plumen

5=3
plume

�

βen
5=3
0

; (8)

where βe and βe;plume denote the electron background and plasmaspheric
plume beta parameters. pe0 and n0 are the background electron pressure



Fig. 1. Initial Conditions. 2-D cuts of plume (Mi ¼ 2Mp;Z ¼ þ 1), impulse ion density and magnetic field (Bz�Bz;dipole) profiles in x-y and y-z and x-z planes. The
transmitted shock has a step-function profile and it was setup at the left boundary (red-density, green-magnetic field). Udownstream ¼ 2000 km/s, N2= N1 ¼ 4, Bz2=

Bz1 ¼ 3, Uplume ¼ 0 km/s. t ¼ 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and ion density. We also assume here that ne;BG ¼ ni;BG and ne;plume ¼
ni;plume. The same approach for the electron pressure was used success-
fully in models for theMoon’s, Europa’s, and Titan’s plasma environment
(see e.g. Lipatov et al. (2018)) and in the model for transmitted shock
propagation in the inner magnetosphere including the ring current and
the outer radiation belt presented by Lipatov & Sibeck (Lipatov and
Sibeck, 2016). In this case the equations for the time evolution of the
temperature for each electron species are reduced to the adiabatic
condition.
3

Modeling presented here employs a simplified configuration for the
inner magnetosphere and a step-like fast magnetosonic wave to represent
the initial stage of the transmitted impulse front inside the magneto-
pause. In general, we need to get the information for the initial impulse
configuration from multi-point satellite observations or from the global
MHD simulations. However, to study the basic physics of the interaction
between a transmitted impulse and a plume our simplified approach may
be useful. Our modeling may be considered as the basis for subsequent
studies of more realistic (observed) impulse dynamics. It is clear that the
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validity of our model is limited by the time required for perturbations to
propagate backward. However, in the regimes investigated in this paper
we did not see any perturbations at the left (input) boundary of the
computational domain.

We consider two computational domains with the following di-
mensions – (a): DX ¼ 10 RE, DY ¼ 16 RE, and DZ ¼ 16 RE; (b): DX ¼
10 RE, DY ¼ 8 RE, and DZ ¼ 8 RE. Here, we choose RE ¼ 6371 km. Fig. 1
presents an illustration of this computational domain.

In our coordinate system, the X axis is directed away from the Sun, the
Y axis points in the direction of Earth’s orbital motion and the Z axis
completes the right-handed system. Note that the Earth is located outside
the computational domain at x ¼ 0;y ¼ 0;z ¼ 0.

In our modeling the magnetic field represents the sum of the dipole
intrinsic geomagnetic field and other perturbations. We also assume that
there is no dipole tilt for the intrinsic magnetic field to keep the simu-
lation results simple. The initial position of the transmitted impulse (step-
function magnetic field profile) is shown in Fig. 1 (bottom row).

In our modeling we assumed that the background plasma is homo-
geneous with a density � 10 cm�3 (see e.g. (Moldwin et al., 2002)). We
also use a much lower value for background density of 2.0 cm�3 which
was observed by the Magnetospheric Multiscale mission spacecraft
located at the dawn terminator at 20:00:00 UTC on 2016-03-07 (see e.g.
(Lipatov et al., 2020)). Our background plasma does not include the outer
radiation belt, ring current and plasmasphere. We create a transmitted
impulse by imposing a beam entering the left boundary of the compu-
tational domain. The initial position of the transmitted impulse (step--
function density profile) is shown in Fig. 1 (middle row). We consider a
plasmaspheric plume in the form of a cube (rectangular box) with a size
4 RE � 4 RE � 4 RE and a center located at y ¼ � 2 RE, x ¼ � 10 RE and
z ¼ 0.

At the flank boundaries, we apply a damping boundary condition for
the electromagnetic field. At the downstream boundary a ‘‘Sommerfeld”
radiation condition for the magnetic field and a free escape condition for
particles has been applied. This boundary condition allows the re-entry of
a portion of the particles from the outflow plasma. The upstream values
of the magnetic field and electric fields are B ¼ B0 and E ¼ � U0 � B0=

c.
The computational domain contains a grid of 1121� 321� 321

points. The initial ion distributions of the background plasma and plas-
maspheric plume were approximated by two sets of macro-particles with
� 20� 38 and � 60� 250 macro-particles per cell respectively. A
separate set of the macro-particles was continuously generated to simu-
late the transmitted shock wave with an � 80� 120 macro-particles per
cell approximation. We guess that the use of � 80� 120 macro-particles
per cell will be enough to resolve of the general structure of the trans-
mitted shock wave. We have increased this number by a factor of 2 in
various modeling runs and results were approximately the same. The hot
ions in the transmitted shock wave penetrate into the foot of the shock
front and they provide satisfactory particle statistic inside the foot.
However, the future modeling needs an adaptive resolution of the shock
ramp to take into account the possible ion acceleration by shock surfing
and Fermi mechanism. To reduce the numerical “shot” noise we use
variable mass macro-particles to generate the initial spatial distribution
of the plasmaspheric drainage plume ions (see, e.g. (Lipatov, 2012),). A
set of equations (1)–(8) with the boundary and initial conditions
described above was used in our modeling. The particle dynamics and
electromagnetic field equations were solved with implicit algorithms
(Sects. 3.3 and 5.2.4 from Lipatov (2002)).

The numerical time step Δtp for each particle push is chosen to satisfy
the condition Δtp � minðΔx;Δy;ΔzÞ=ð16 *vmaxÞ, where vmax denotes the
maximum value of the macro-particle velocity. The numerical time step
Δtf for the electromagnetic field update is chosen to be Δtf � Δtp= 16.
The dimensional time steps are Δtp � 10�4 s and Δtf � 3� 10�6 s. This
particle time step will provide a good numerical approximation of theHþ

ion gyro rotation for a wide range of magnetic field (Ωi � 1 rad/s for B �
4

10 nT, Ωi � 103 rad/s for B � 104 nT). In the case of heavy ions, for
example Oþ, a numerical approximation would be better.

The grid spacings are Δx � 60 km, Δy � 320 km and Δz � 320 km.
The grid spacing in the x-direction will provide an approximation for
spatial scales of several proton inertial lengths c=ωpi ¼ 228 km
(nbackground ¼ 1 cm�3) and c=ωpi ¼ 76 km (nbackground ¼ 10 cm�3). We use
an implicit 3-D hybrid model (see e.g. Lipatov (2002), Lipatov et al.
(2002)).

Note that the coupling between the background plasma flow (im-
pulse) and drainage plume ions excites low-frequency resonant and non-
resonant waves (Winske et al., 1985) on these scales. The values for the
ion gyroradii estimated for speeds corresponding to those at the trans-
mitted shock front (� 900� 3300 km/s, see Table 1) are the following:
(a) ρcp � ð0:5�7Þ � 103 km, ρcOþ � 5:5� 104 km for B ¼ 10 nT; (b)

ρcp � ð1�3:6Þ � 102 km, ρcOþ � 5:5� 103 km for B ¼ 100 nT; (c)

ρcp � ð1�3:6Þ � 10 km, ρcOþ � 5:5� 102 km. For B ¼ 1000 nT. The
mesh resolution will underestimate the dimensions of ramp and the foot
of the shock wave (impulse) in the proton background plasma at the
initial stage for regions with B ¼ 10 nT. At later times the impulse be-
comes more dispersive and the shock front may lose its thin structure.
The spatial scale already exceeds the proton gyroradius due to mass
loading with the drainage plume ions.

In our simulation of the interaction between the transmitted impulse
and the plasmaspheric plume we have adopted the following initial sets
of transmitted shock and background parameters in accordance with
observations: the values of Udownstream ¼ U0 are in the range from 600
km/s to 2000 km/s; initial thermal velocity vth;downstream ¼ 200 km/s and
density in the region downstream from the shock nshock ¼ 40 cm�3 or
nshock ¼ 6 cm�3; initial background plasma thermal velocity and density
vth;BG ¼ 20 km/s and nBG ¼ 10 cm�3 or nBG ¼ 2 cm�3; the value of the
transmitted magnetic field at the outer boundary (x ¼ � 14 RE) B0 ¼
10:0 nT. Ion energy measurements in plasmaspheric plumes demonstrate
the sporadic appearance of cold ions (10 eV) (Zhang et al., 2012). In our
model we use cold ions in the initial plume configuration. Note that we
have performed preliminary modeling for a wide range of bulk velocities
downstream from the impulse and density jumps.

3. Modeling results

The structure of the collisionless shock wave front is a key factor for
understanding particle heating and acceleration inside in the drainage
plume, radiation belts and the ring current. We have performed pre-
liminary modeling for a wide range of bulk velocities downstream from
the impulse and density jumps and we now discuss how the input pa-
rameters affect the results. The main results are summarized in Table 1.

3.1. Interaction between transmitted impulse and the plasmaspheric plume
for a fast moving impulse front

In this scenario the initial bulk velocity downstream from the impulse
is about 2000 km/s, while the density jump is about 4, so the speed of the
impulse front is aboutUshock � 3200 km/s (case 1a, Table 1). Fig. 1 shows
the initial distributions for the background plasma, plume density and
the perturbation in the magnetic field. Fig. 1 shows the planer impulse
entering the simulation domain from the sunward (-X) side.

While the transmitted impulse propagates through the outer dayside
magnetosphere, the impulse front interacts with particles in the plume.
The portion of the transmitted impulse outside of the plume propagates
freely. Fig. 2 present 2-D cuts of the plasma density profile for the
background (Fig. 2 (g)) and plume (Fig. 2 (h, j)) plasma, and variations in
the electric (Fig. 2 (b, c)) and magnetic (middle column) field (B�Bdipole)
(Fig. 2 (d - f)) produced in the 3-D global hybrid model at time t � 20:02
sec.

One can see spatially dependent structure of the reverse and forward
shock fronts. The forward shock propagates more slowly inside than



Table 1
Parameters of the impulses. βplume ¼ 0. Spatial numerical resolution is Δx � 60 km.

N2

N1
and

B2

B1
jumps at

Case U0(km/s) βp N(cm�3) Rci(102 km) Δsh(102 km) T?;Shock

Tk;Shock
forward shock

Ush(km/s) βe B(nT) c
ωpi

(10 km) λx(103 km) T?;Plume

Tk;Plume

reverse shock

1a 2000 0:1� 0:2 10� 100 2� 20 � 3.2 � 4� 9 � 5� 8, � 6� 13
3155� 3300 0:01� 1 10� 100 2:5� 7:6 � 2:4� 3 ðHþ

2 Þ � 13� 18 � 2:5, � 8
1b 2000 0:1� 0:2 2� 18 1� 10 � 3.2 � 5 � 5� 7, � 12� 13

3155� 3300 0:01� 1 4� 9 5� 15 � 2:4� 3 ðHþ
2 Þ � 13� 18 � 3, � 2� 3

2 1000 0:1� 0:2 10� 100 1� 10 � 4 � 5� 7 � 4, � 6
1600� 1300 0:01� 1 10� 100 2:5� 7:6 � 3� 4 � 4� 8 � 2:75, � 6

3 600 0:1� 0:2 10� 100 0:6� 6 � 12 � 7� 12 � 3:2, � 4:5� 6
700� 900 0:01� 1 10� 100 2:5� 7:6 � 1:7� 2:3 � 6� 12 � 2:55, � 4
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outside of the plume. The front deceleration is caused by mass loading
with the plume ions (see Fig. 2, (g)). The reverse front is much stronger
inside than outside the plume (see red arrow in Fig. 2 (g)). We suggest
that the formation of the reverse shock is due to the increasing
geomagnetic field strength encountered as the transmitted impulse
Fig. 2. After the passage of the shock. 2-D cuts of background ion density (g), plume (
field (a, b, c) profiles in x-y and x-z planes in case 1a (Table 1). U0 ¼ 2000 km/s. Uplu

the background density (top, right) and the beams from the plume (middle, right) an
scale. (For interpretation of the references to colour in this figure legend, the reader

5

propagates deeper inside the inner magnetosphere. At some critical point
the transmitted impulse creates a local mini-magnetosphere with a bow-
shock like reverse shock and a forward front. The separatrix (the inter-
face between the forward and reverse shock downstream regions) serves
as the local magnetopause. As will be shown in Section 3.4, the reverse
Mi ¼ 2Mp;Z ¼ þ 1) density (h, j), magnetic field (B�Bdipole) (d, e, f) and electric
me ¼ 0 km/s. t � 20:02 sec. Red arrow shows the location of the reverse shock in
d (bottom, right). The cuts for the plume density are represented here on a small
is referred to the Web version of this article.)
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shock was observed even when the drainage plume was absent, however,
the inclusion of the dense and extended plume with a density (10�
200cm�3) may change the local structure of the transmitted impulse.
Such modeling will be discussed in future publications.

Let us consider the dynamics of the plume while it interacts with the
transmitted shock. Fig. 2 (h, j) shows 2-D cuts of the perturbations in the
plume density profile. One can see a strong deformation of the plume.
The lobe side of the plume moves from an original position at x ¼ �
12 RE to a position at x ¼ �10 RE (see red arrows in Fig. 2 (b, c)). The
plume becomes non-symmetric in the y � z plane due to the plume ion
dynamics with an anisotropic velocity distribution function. It will also
be noted that a portion of the overheated ions from the lobe side creates
strong beams whichmove across the magnetic field (see red arrows in the
x � y plane in Fig. 2, (j)).

Next we analyze the wave-particle interactions upstream and down-
stream from the transmitted impulse (shock). The structure of the colli-
sionless shock wave front may be a key factor for understanding particle
heating and acceleration inside magnetospheric plasma structures. Fig. 3
Fig. 3. Shock (a) and plume (b) time dependent structures in case 1a (Table 1). Udowns

show perturbations in Bx=Bo, By=Bo, and Bz=Bo components. ‘‘RSH” and ‘‘shock” den
between forward and reverse shocks.

6

shows the time dependent 1-D impulse and plume structures along the
line (y ¼ �2 RE at z ¼ 0). The modeling demonstrates the formation of a
forward-reverse shock structure inside the transmitted impulse with
forward and reverse shock fronts which developed from the initial step-
like density profile [Fig. 3, row (a)]. One can see the formation of the
separatrix (x � �10:3 RE at time t ¼ 17:16 sec) which separates the re-
gions downstream from the forward and reverse shocks. The reverse
shock front (“RSH”) has a strong density jump (N2=N1 � 2:5) whereas
the very dynamic forward shock front has an even greater density jump
(N1=N0 � 5� 8) and a high speed of Ufront � 3300 km/s. The typical
thickness of the forward front in this case is about 3� 102 km. During the
deformation of the plume, several peaks occur in the plume density
profile [Fig. 3, row (b)]. The typical distance between the peaks is about
3� 103 km. The plume density inside the peaks reaches values of about
60–100 cm�3 in good agreement with observation ((Zhang et al., 2012),
Fig. 4 (f)). At this time the THEMIS A spacecraft was at a distance of �
8 RE from the Earth. At later times (t � 20:02 sec) the forward shock
tream ¼ 2000 km/s, N2=N1 ¼ 4, Bz2=Bz1 ¼ 3, Uplume ¼ 0 km/s. Profiles in (c, d, e)
ote shock front and reverse shock. Red star denotes the position of the separatrix



Fig. 4. Non-Maxwellian ion velocity distribution functions (VDFs) for the background (Hþ) (rows (a) and (b)) and plume (Mi ¼ 2Mp; Z ¼ þ 1) (rows (c) and (d))
plasma at t ¼ 18:59 sec in case 1a (Table 1). The spatial location of the VDFs shown with the numbers in the 1-D cut of the background (Fig. (e)) and plume (Fig. (f))
density profiles. The passage of the shock generates non-Maxwellian velocity distribution functions that can trigger waves and instabilities. This figure shows
anisotropic ion velocity distributions downstream from the forward and reverse shock fronts. The velocities V and U are perpendicular to the geomagnetic field
whereas the velocity W is parallel to the geomagnetic field. Udownstream ¼ U0 ¼ 2000 km/s. Red star denotes the position of the separatrix between forward and reverse
shocks. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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front is located outside the drainage plume and it becomes stronger with
the formation of an overshoot in the density profile of aboutN2=N1 � 8:8
(Fig. 3, row(a), right column). The speed of the front is about 3155 km/s.
The modeling was stopped when the impulse’s front passed the right
initial boundary of the plume.

The magnetic field perturbation profiles are shown in Fig. 3 (c), (d)
and (e). The main component of the magnetic field Bz has two overshoots
at the forward and reverse shock fronts (Fig. 3, (e) row, middle and right
columns). The forward shock front scale (Δsh) is about 320 km. The
values of the magnetic field (Bz) in the overshoot are 7 B0 at time t ¼ 17:6
sec and 14 B0 at time t ¼ 20:02 sec. Fig. 3 (c) and (d) shows a strong
7

perturbation in the Bx and By magnetic field components along the x axis.
The values of these perturbation are about ΔB � 0:4� 0:6B0 and the
spatial scales of these perturbations are about ð2�3Þ � 1000 km.

Fig. 4 shows the formation of an anisotropic ion velocity distribution
function (VDF) in the transmitted impulse (rows (a) and b) and drainage
plume (rows (c) and (d)) at various positions along the x axis. Here y ¼
�3 RE and z ¼ 0. The spatial locations of these VDF’s along the x axis are
marked in the density profiles of the ions from the transmitted impulse
Fig. 4 (e) and plume 4 (f).

Strong variations in the ion VDF’s are observed in the region between
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the reverse (point - F4) and forward (point - F14) shock fronts. One can
see the anisotropic VDF’s of the background and plume ions. Near the
forward shock front (point - F13) one can seen the core of the heated
background ions and the halo of transmitted or reflected and then
transmitted ions at the forward shock front. The heated ion core repre-
sents a mixture of the background cold ions from the region upstream of
the forward shock and heated ions from the region downstream. The
energetic part of the ions circulates near the shock front providing the
fluctuations in the density profile (Fig. 4, e). In the middle of the tran-
sition between forward and reverse shock fronts (red star near the point
F8 - separatrix surface in the bottom panel) one can see quasi-Maxwellian
ion VDF’s due to phase mixing, see Fig. 4 (rows (a) and (b)). The value of
the background ion temperature anisotropy varies from T?;Shock=

Tk;Shock � 4 to T?;Shock=Tk;Shock � 9.
Let us consider the dynamics of the plume ions. Mass loading of the

plume ions causes the latter to form anisotropic VDF’s (Fig. 4, rows (c)
and (d)). The drainage plume ions gain maximum energy between points
F10 and F12. Just behind the forward shock front (point F13 in Fig. 4,
rows (c) and (d)) one can see an anisotropic quasi-Maxwellian core and
halo of the drainage plume ion which form due the interaction with the
forward shock front. Note that this ion VDF looks likes the background
Fig. 5. After the passage of the shock. 2-D cuts of background ion density (a), plume (
field (a, b, c) profiles in x-y and x-z planes in case 1b (Table 1). U0 ¼ 2000 km/s. Uplu

the background density (g) and the beams from the plume (h) and (j). (For interpreta
Web version of this article.)
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ion VDF just behind the forward shock front (point F13 in Fig. 4, rows (a)
and (b)). At the same time the value of the drainage plume ion temper-
ature anisotropy varies from T?;Plume=Tk;Plume � 13 (point F12, Fig. 4,
rows (c, d) and (f)) to T?;Plume=Tk;Plume � 16 (point F9, Fig. 4, rows (c, d)
and (f)) at time t ¼ 18:59 sec. Such anisotropic ion velocity distributions
can trigger the ballooning-mirror instability (Cheng and Qian, 1994;
Cheng et al., 1994; Zhu et al., 2009; Korotova et al., 2013). THEMIS-A
observations confirmed the formation of anisotropic energetic ring cur-
rent ions distribution (see Fig. 4, bottom from Zhang et al. (2012)), with
energies of a few tens keV. Such anisotropic ion velocity distributions
possibly can excite EMIC waves.

We have also modeled much weaker jumps in the density and mag-
netic field at the front of the transmitted impulse. The following pa-
rameters were used in this modeling: background density, N0 ¼ 2 cm�3;
an initial jump in the density at the front of the transmitted impulse,N0 ¼
6 cm�3; an initial jump in the magnetic field at the front of impulse, B ¼
3 B0; and downstream velocity,W0 ¼ 2000 km/s (case 1b, Table 1). The
initial thickness of the plume in y and z direction is 1.0 RE .

Fig. 5 shows the effects of the drainage plume on the shock structure.
The modeling demonstrates a formation of small perturbations in the
electromagnetic field profiles and in the background density due to the
Mi ¼ 2Mp;Z ¼ þ 1) density (h, j), magnetic field (B�Bdipole) (d, e, f) and electric
me ¼ 0 km/s. t � 14:01 sec. Red arrow shows the location of the reverse shock in
tion of the references to colour in this figure legend, the reader is referred to the
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small dimensions of the plume in the y and z directions. However, the
perturbations in the plume configuration in the y direction are more
significant than those in Fig. 2. Fig. 6 shows the evolution of the 1-D cuts
in the background and plume density profiles, as well as the 1-D cuts in
the magnetic field profiles. This figure confirms the formation of the
forward and reverse shocks due to shock propagation in the dipole type
magnetic field.

3.2. Interaction between transmitted impulse and the plasmaspheric plume
for a moderately fast moving impulse front

In this case 2 (Table 1) the initial bulk velocity downstream from the
impulse is about 1000 km/s, while the density jump is about 4, so the
speed of the impulse front is about Ushock � 1044 km/s. The time evo-
lution of 1-D cuts for the transmitted impulse and drainage plume
structures in this case differs from that for case 1a (Table 1) with U0 ¼
2000 km/s. From t ¼ 0 to t ¼ 34:32 sec the modeling shows the forma-
tion of a two-shock structure with a weaker jump in the density at the
Fig. 6. Shock (a) and plume (b) (Mi ¼ 2Mp;Z ¼ þ 1) time dependent structures in c
km/s. Profiles in (c, d, e) show perturbations in Bx=Bo, By=Bo, and Bz=Bo components
position of the separatrix between forward and reverse shocks.
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forward shock front.
By t ¼ 34:32 sec themodeling clearly demonstrates the formation of a

surface (separatrix) which separates the downstream regions of the for-
ward and reverse shocks at x � � 10: RE. At the t ¼ 40:04 sec the sep-
aratrix has a more diffusive structure and is located at x � � 9:5 RE. At
t ¼ 34:32 sec the compression downstream from the reverse shock
(N2=N1 � 1:75 and Novershoot=N1 � 2:75) is lower than in the case for
U0 ¼ 2000 km/s (N2=N1 � 2:5). The compression downstream of the
forward shock is approximately the same ((N2=N1 � 4:) Later at t ¼
40:04 sec, the reverse shock structure becomes more irregular with
strong oscillations near the shock front. The forward shock had a much
weaker density jump, an overshoot, and the speed of its front is about
1241 km/s.

The main component of the magnetic field Bz has two overshoots at
the forward and reverse shock fronts The forward shock front scale
thickness (Δsh) is about 400 km. The peak values for the perturbations in
the magnetic fieldt ¼ 17:6 near the overshoot are 6 B0 at time sec and
8 B0 at time t ¼ 20:02 sec. The modeling shows a strong perturbation in
ase 1b (Table 1). Udownstream ¼ 2000 km/s, N2=N1 ¼ 3, Bz2= Bz1 ¼ 2, Uplume ¼ 0
. ‘‘RSH” and ‘‘shock” denote shock front and reverse shock. Red star denotes the
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the Bx and By magnetic field components along the x axis. The values of
these perturbation are about ΔB � 0:2� 0:5B0 and the spatial scales of
these perturbations are about ð3�4Þ � 1000 km.

Let us consider now VDF’s of the background and drainage plume
ions in the case withU0 ¼ 1000 km/s. Themodeling shows the formation
of the anisotropic ion velocity distribution functions (VDF) in the trans-
mitted impulse along the x axis. Here y ¼ �3 RE and z ¼ 0. The spatial
locations of these VDF’s along the x axis are marked in the density pro-
files of the ions from transmitted impulse (e) and plume (f)
correspondingly.

Behind the forward shock front we can seen the core of the heated
background ions and the halo of transmitted or reflected and then
transmitted ions at the forward shock front. In the middle of the transi-
tion between forward and reverse shock fronts one can see quasi-
Maxwellian ion VDF’s due to phase mixing. The value of the back-
ground ion temperature anisotropy varies from T?;Shock=Tk;Shock � 5:7 to
T?;Shock=Tk;Shock � 7:1. The value of the drainage plume ion temperature
anisotropy varies from T?;Plume=Tk;Plume � 4:6 to T?;Plume=Tk;Plume � 7:7.
The observed ion VDF temperature anisotropies may excite the ion
cyclotron instability.
3.3. Interaction between transmitted impulse and the plasmaspheric plume
for a slow moving impulse front

In case (3) (Table 1) the impulse structure and deformation of the
drainage plume were studied for an impulse initial velocity U0 ¼ 600
km/s. In this case the profile of the transmitted impulse differs from the
cases with U0 ¼ 2000 km/s and U0 ¼ 1000 km/s. The forward-reverse
shock structure demonstrates a strong evolution in time. Here, we
cannot identify a distinct location for the separatrix which separates the
regions downstream of the forward and reverse shocks but we can
indicate the approximate location of this surface near x � � 10:5 RE at
t ¼ 52:47 sec. At later times the separatrix was more diffusive than
described in Sects. 3.1 and 3.2 and it is located at x ¼ � 10:3 RE at t ¼
62:01 sec.

At time t ¼ 52:47 sec the compression downstream of the reverse
shock (N2=N1 � 1:66 and Novershoot=N1 � 2:55) is lower than it was in the
case with U0 ¼ 2000 km/s (N2=N1 � 2:5). The compression downstream
of the forward shock is also lower (N2=N1 � 3:). The speed of the forward
front is about 670 km/s. At the later time t ¼ 62:01 sec the reverse shock
structure becomes more irregular with strong oscillations near a shock
front. At time t ¼ 52:47 sec the compression downstream from the
reverse shock is N2=N1 � 2:1 and Novershoot=N1 � 3:2 which are lower
than was observed in the case with U0 ¼ 2000 km/s (N2= N1 � 2:1). The
compression downstream from the forward shock is also lower (N2=N1 �
3:). The forward shock has a much weaker density jump and overshoot.
The speed of the forward front is about 870 km/s.

The main component of the magnetic field Bz has two overshoots at
the forward and reverse shock fronts. The forward shock front scale (Δsh)
is about 1200 km. The perturbations in the magnetic field near the
overshoot are 4:5 B0 at time t ¼ 52:47 sec and 6 B0 at time t ¼ 62:01 sec.
The values of these perturbation are about ΔB � 0:2� 0:3 B0 and the
spatial scales of these perturbations are about ð1:7�2:3Þ� 1000 km.

Let us consider now VDF’s of the background and drainage plume
ions in this case (U0 ¼ 600 km/s). The modeling shows the formation of
the anisotropic ion velocity distribution function (VDF) in the trans-
mitted impulse and drainage plume. Although, the general picture of
VDF’s looks approximately like that of the VDF’s in cases with U0 ¼ 2000
km/s and U0 ¼ 1000 km/s, there are important differences in these
pictures. The plume ion energy which is determined by the bulk velocity
in the region downstream from the transmitted impulse is much smaller
in the present case so that pickup ions gain much less energy.

Strong variations in the background ion VDF’s are observed in the
region between the reverse and forward shock fronts. One can see the
anisotropic VDF’s of the background ions. Behind the forward shock
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front one can seen the core of the heated background ions and the halo of
transmitted or reflected and then transmitted ions at the forward shock
front. In the middle of the transition between forward and reverse shock
fronts one can see quasi-Maxwellian ion VDF’s due to phase mixing at the
location of the separatrix surface. The background ion temperature
anisotropy varies from T?;Shock=Tk;Shock � 7 to T?;Shock=Tk;Shock � 12.

Let us consider the plume ion VDF’s dynamics. The plume ion tem-
perature anisotropy varies in the range from T?;Plume=Tk;Plume ¼ 6:2 to
T?;Plume=Tk;Plume ¼ 12:7. Behind the forward shock front, the plume ion
VDF represents a combination of an anisotropic quasi-Maxwellian core
and a halo of ions accelerated at the forward shock front.
3.4. Effects of the plume and background electron beta on the impulse
structure

Global modeling for the interaction of a transmitted impulse and the
drainage plume shows that there are large differences between the
plasma and magnetic field structures propagating inside and outside
plumes (see e.g. Fig. 3). To study the effects of the plume on the impulse
structure we have simulated the following 4 cases; (a) (Mi ¼ 2Mp;Z ¼ þ
1) plasmaspheric plume and the background electron is of about βe is of
about 0.1; (b) No plume and the background electron βe is about 0.1; (c)
No plume and the background electron βe is about 1, and the initial jump
in the density is about 4; (d) No plume and the background electron βe is
about 1, and the initial jump in the density is about 3.

Fig. 7 shows the time dependent structures for each case. One can see
that in all cases the propagating impulses exhibit the forward and reverse
fronts. The modeling also shows a significant difference in the impulse
structures in cases (a) and (b). First of all the shock front propagates
faster in case (b) (Ush � 2450 km/s) then in case (a) (Ush � 1640 km/s)
resulting in much stronger widening of the impulse spatial scale in case of
impulse propagation without any plume.

The modeling of the impulse propagation in the case of the higher
background electron beta (βe � 1) shows a significant reduction in the
impulse density profile due to the differences in the shock front speed
(see e.g. Fig. 7 (c) (Ush � 2750 km/s) and (d) (Ush � 2600 km/s)). The
jumps in the density profiles are� 2 at the reverse shock front and� 5�
6 at the forward shock front. The forward shock front propagates faster in
these (c) and (d) cases with βe ¼ 1.

4. Conclusions

Initial results from a hybrid kinetic model for the interaction of
transmitted impulses with a simplified configuration for plasmaspheric
plumes demonstrates several features:

� 1. A forward-reverse shock structure with forward and reverse shock
fronts develops from the transmitted impulse’s initial step-like den-
sity profile. The formation of a reverse shock was also observed early
in the simulation of Lipatov & Sibeck (Lipatov and Sibeck, 2016) but
they concluded that this reverse shock was probably associated with
the ring current. Our current investigation with or without a plas-
maspheric plume found the formation of a forward-reverse shock
structure during the propagation of an impulse through the dipole
magnetic field. Confirmation of the formation of such structures in the
inner magnetosphere requires multi-point observations. The forma-
tion of forward-reverse shock pairs has also been observed in the solar
wind, for example by the MMS (Cohen et al., 2019) and Ulysses
spacecrafts (Ho et al., 1998).

� 2. The passage of the impulse generates anisotropic non-Maxwellian
velocity distribution functions (VDF’s) in the transmitted plasma
and plume ions. Those anisotropic ion VDF’s are associated with a
strong compression across the magnetic field at the front of the
transmitted impulse. They were observed by THEMIS A during a
passage of the interplanetary shock wave (Zhang et al. (2012)).



Fig. 7. Effect of plume on shock structures. U0 ¼ 2000 km/s. Plume - (Mi ¼ 2Mp;Z ¼ þ 1). Time dependent background density profiles: (a) With plume, case 1a
(Table 1): (b) No Plume. βe ¼ 0:1, n2=n1 ¼ 4; (c) No Plume. βe ¼ 1, n2=n1 ¼ 4; (d) No Plume. βe ¼ 1, n2=n1 ¼ 3. Udownstream ¼ 1000 km/s. ‘‘RSH” and ‘‘shock” denote
reverse shock and forward shock front. Red star denotes the position of the separatrix between forward and reverse shocks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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� 3. The observed anisotropy of the ion pressure across and along the
magnetic field (from 5 to 10) may be further investigated for possible
EMIC wave and other instabilities (e.g. mirror-ballooning instability).

� 4. The transmitted shock produces 3-D strong perturbations in the
plume density profile with wavelengths about λx � 1 RE.

� 5. Following the passage of the shock the plume density increases
from an initial value of nplume � 8 cm�3 to values nplume � ð60�100Þ
cm�3. These values are in good agreement with observation by
THEMIS A (May 28, 2008, Zhang et al. (2012)).

� 6. The plume reduces the Alfv�en speed and effectively increases the
Mach number in the transmitted shock (impulse). Further modeling
will be performed with realistic topology of the plume including a
denser portion of the plume near the plasmapause.

� 7. The high value of the background electron beta may reduce the
overshoot jumps in plasma density and magnetic field at the forward
and reverse shock fronts.

Points 2–5 of the above conclusion are in satisfactory quantitative
agreement with the THEMIS observations, so our model is successful.

In future work we expect to model multi-composition drainage plume
dynamics during interactions with transmitted impulses and radiation
belt electron acceleration during the passage of the transmitted impulses
through the inner magnetosphere. We also plan to compare our pre-
dictions with observations from the THEMIS and Van Allen Probes
spacecraft e.g. the event on October 8, 2013 from Foster et al. (2015).
Current spacecraft configurations offer unique opportunities to study the
magnetospheric response to interplanetary shocks. These data will pro-
vide information about the wave-particle interactions, in particular the
heating and acceleration of the particles in the ring current and radiation
belts.
11
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