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1. Introduction
The plasma processes in the environment of the dense plasma cloud moving in the dayside magnetospheric 
plasma was studied by a use of unique MMS spacecraft observations and hybrid multiscale modeling on the 
large spatial and time scales. The results presented will be important for understanding particle acceleration, 
low-frequency wave excitation and global instability of the plasma configuration during active space plasma 
experiments, under astrophysical explosions, and plasma systems with reversed magnetic field configuration. 
The results will be also important for understanding the plasma environment of planetary moon moving through 
magnetospheric plasma (e.g., Io, Europa, Titan and the Moon).

Extremely dense impulses were observed by MMS spacecraft (Burch et  al.,  2016) when the spacecraft was 
located at the dawn-side terminator as shown in Figure 1 (left) from Lipatov et al. (2021). The plasma data are 
provided by the Fast Plasma Investigation (FPI) (Pollock et al., 2016), while the magnetic field data are produced 
by the two MMS flux-gate magnetometers (Russell et al., 2016). Figure 1, panels (b–f) shows the plasma data 
which were received in the burst mode with time resolution 150 ms inside 3 min interval centered at the density 
peak. There were no significant perturbations in the solar wind observed in the OMNI WIND data (not shown 
here), however, the interplanetary magnetic field component Bz component was strictly negative that suggests 
an intensive reconnection at the subsolar magnetopause. The time interval between strong density peaks in panel 
(a) are about 20–30 min. In previous paper by Lipatov et al. (2021) the same data sets from MMS have been used 
together with a hybrid simulation to reveal what processes can occur when dense plasma cloud moves in ambient 
magnetospheric plasma on small time scale.

According to the paper by Akhavan-Tafti et al. (2018) these impulsive structures can be created by moving flux 
transfer events (FTE's) or by magnetic reconnection inside the magnetopause current layer, or by mirror wave 
instabilities inside the low latitude boundary layer. They estimated the size, core magnetic field strength and 
magnetic flux content, and concluded that spacecraft trajectory most likely passed through these structures. 
Statistical analysis gives the following mean diameter of these impulsive structures 1, 700 ± 400 km. The average 
magnetic flux content is of 100 ± 30 kWb. However, the source and formation of these clouds within the magne-
topause is out of scope of our paper.

Abstract We present a new simulation results of the cloud dynamics in the ambient magnetospheric 
plasma on the large time and spatial scales. It was assumed that these impulsive structures observed by the 
MMS spacecraft originally were created because of the reconnection at the magnetopause. Our new 3-D 
hybrid kinetic modeling on the large time and spatial scales captures several of these processes: an excitation 
of the electromagnetic waves (whistler and shear-Alfvén waves) and plasma instabilities (mirror and flute); 
a formation of shock waves, and collapsing diamagnetic cavity; particle acceleration. A strong overshoot in 
plasma density profile was observed in the modeling and MMS observation at the interface between the cloud 
and magnetospheric plasma. The cloud expansion into ambient magnetospheric plasma causes the flute waves 
connected with excitation of the Rayleigh-Taylor instability observed at the overshoot in plasma density profile 
across the external magnetic field. The modeling demonstrates a formation of the whistler waves at the initial 
stage which propagate in the external magnetic field direction. At the later stage, a formation of shear-Alfvén 
waves was observed.

LIPATOV ET AL.

© 2022 The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided the 
original work is properly cited and is not 
used for commercial purposes.

Hybrid Kinetic Model of the Interaction Between the Dense 
Plasma Clouds and Magnetospheric Plasma on Large Time 
and Spatial Scales, and Comparison With MMS Observations
A. S. Lipatov1,2  , L. A. Avanov2,3  , and B. L. Giles2 

1University of Maryland Baltimore County, Baltimore, MD, USA, 2NASA Goddard Space Flight Center, Greenbelt, MD, 
USA, 3University of Maryland, College Park, MD, USA

Key Points:
•  Dense plasma structures moving 

through supersonic and sub-Alfvenic 
magnetospheric flows were captured 
in high-resolution MMS observations

•  Our research provides for the first 
time insights into the wave-particle 
interactions in the plasma cloud 
environment

•  3-D hybrid modeling and MMS 
observation were used for the study of 
the plasma cloud dynamics

Correspondence to:
A. S. Lipatov,
alipatov@umbc.edu

Citation:
Lipatov, A. S., Avanov, L. A., & Giles, 
B. L. (2022). Hybrid kinetic model of 
the interaction between the dense plasma 
clouds and magnetospheric plasma 
on large time and spatial scales, and 
comparison with MMS observations. 
Journal of Geophysical Research: Space 
Physics, 127, e2022JA030493. https://doi.
org/10.1029/2022JA030493

Received 24 MAR 2022
Accepted 20 JUN 2022

Author Contributions:
Conceptualization: A. S. Lipatov, B. 
L. Giles
Investigation: A. S. Lipatov, L. A. 
Avanov, B. L. Giles
Methodology: L. A. Avanov
Project Administration: B. L. Giles
Writing – original draft: A. S. Lipatov
Writing – review & editing: L. A. 
Avanov, B. L. Giles

10.1029/2022JA030493
RESEARCH ARTICLE

1 of 15

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-5026-8214
https://orcid.org/0000-0003-2357-4851
https://orcid.org/0000-0001-8054-825X
https://doi.org/10.1029/2022JA030493
https://doi.org/10.1029/2022JA030493
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JA030493&domain=pdf&date_stamp=2022-07-11


Journal of Geophysical Research: Space Physics

LIPATOV ET AL.

10.1029/2022JA030493

2 of 15

The AMPTE, Starfish and other active plasma experiments (Bernhardt 
et al., 1987; Dyal, 2006) stimulated a new interest in the study of the processes 
under interaction between dense plasma cloud and magnetospheric plasmas. 
Those processes include, an interpenetration of the cloud and ambient plas-
mas, reflection and acceleration of the upstream ambient ions at the plasma 
cloud's surface, and excitation of low-frequency waves near the leading edge 
and within the wake of the cloud.

The study of global macroscopic configuration of expanding plasma cloud 
within ambient magnetospheric plasmas and excitation of low-frequency 
instabilities were performed with MHD modeling (Ripin et al., 1987, 1993; 
Woolsey et al., 2001), however the study of particle acceleration and effects 
of the non-Maxwellian ion velocity distribution functions (VDF's) requires 
hybrid kinetic simulations (Antonov et al., 1985; Bashurin et al., 1983; Berezin 
et al., 1992; Cohen et al., 2019; Golubev et al., 1978; Hewett et al., 2011; 
Lipatov, 1996, 2002; Lipatov et al., 1994; Winske & Cowee, 2012; Winske 
& Gary, 2007) and the use of the laboratory installations for a study of these 
phenomena (e.g., LAPD (UCLA) (Niemann et  al.,  2013) and KI-1 instal-
lation of the Institute of Laser Physics SB RAS, Novosibirsk (Prokopov 
et  al., 2016; Zakharov et  al., 2014)). There are basic questions need to be 
answered concerning the particle heating and acceleration, an excitation of 
the whistler and Alfvén waves at oblique and quasi-parallel shocks which are 
formed by the expanding plasma cloud.

Our new modeling of the cloud expansion on the large spatial and time scale 
demonstrates new features of the ion acceleration, a formation of the over-
shoot in the cloud density distribution near the interface between cloud and 
ambient magnetospheric plasma, a formation of the diamagnetic cavity, and 
the flute wave excitation inside the cloud density overshot across the external 
magnetic field.

The structure of the paper includes a description of the computational model 
(Section 2), the analysis of the modeling results and comparison with obser-
vations (Section 3), and “Conclusions” section (Section 4).

2. Hybrid Kinetic Model
The study of interaction between the ambient magnetospheric and cloud ions is performed by a use of quasi-neutral 
hybrid model. The model employs the kinetic (particle) approach for ion dynamics, whereas the fluid approach 
is used for thr electron dynamics.

The wave-particle interactions on the ion scale (ρci = U0/Ωi and ω ≤ Ωi) are described well for this research. Here, 
U0, Ωi and ρci are the bulk velocity of the background plasma, ion frequency and the ion gyroradius.

The ion mass and charge state are 𝐴𝐴 𝐴𝐴1 = 𝐴𝐴H+ , Z1 = 1 and 𝐴𝐴 𝐴𝐴2 = 𝐴𝐴H+ , Z2 = 1 for magnetospheric and cloud ions. 
The hybrid model includes the ion motion equation, Ampére's law, induction equation, quasi-neutrality condition, 
generalized Ohm's law, and an adiabatic approach for the electron pressure (see e.g., Lipatov (2002); Lipatov and 
Sibeck (2020)).

The leap-frog trapezoid scheme is used for the macro-particle pushing and an implicit integration is used for the 
electromagnetic equation solution (Lipatov, 2002). This algorithm demonstrated an effective performance in the 
modeling of the plasma environment near weak comets (Lipatov et al., 2002), the Io (Lipatov & Combi, 2006), 
the Moon (Lipatov, Cooper et al., 2012; Lipatov, Sittler, et al., 2012; Lipatov, Cooper, Paterson, et al., 2013; 
Lipatov, Cooper, Sittler, et al., 2013; Lipatov et al., 2018), Europa (Lipatov et al., 2010; Lipatov, Cooper, Paterson, 
et al., 2013; Lipatov, Cooper, Sittler, et al., 2013) and Titan (Lipatov et al., 2011; Lipatov, Cooper et al., 2012; 
Lipatov, Sittler, et al., 2012);

Figure 1. Profiles of the impulsive structures captured by the MMS spacecraft 
(MMS3 data). The upper panel (a) shows the plasma density recorded in 
Fast Survey mode with 4.5 s time resolution. Two dashed lines bound a time 
interval for The particular pulse (between two dashed lines) recorded in a burst 
mode with time resolution 150 ms was chosen for modeling study. The other 
panels show variation of ion energy flux (b), number density (c), ion (Tparallel 
and Tperp) temperatures (d), velocity components (e), and magnetic field 
components (f).
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The following initial conditions are chosen: a homogeneous ambient background plasma flow with bulk veloc-
ity U0; magnetic and electric fields with values B  =  B0 and 𝐴𝐴 𝐄𝐄 = −

𝐔𝐔0 ×𝐁𝐁0

𝑐𝑐
 . Spacecraft observations in Burst 

Mode, Figure 1, panels (b–f) are used as upstream parameters for the modeling (20:15:20 UT). The incoming 
(upstream) magnetospheric ion velocity distribution functions (VDF's) are approximated with Maxwellian distri-
butions with GSE bulk velocity U = (−83, −83, −55) km/s, thermal ion and electron velocities of 100 km/s 
and 2,200 km/s, respectively. The value of the plasma density is 2.4 cm −3. The incoming magnetic field has a 
value B = (−39.0, 0, −40.0) nT. The value of plasma betas and the Alfvén speed are βi = 0.0125, βe = 0.0024, 
and VA = 780 km/s. The initial value of the cloud speed in GSE is chosen: U =  (−305, −256, −139) km/s; 
Vth,i = 120 km/s; Vth,e = 2,400 km/s. We investigated various initial distributions of the cloud density. The case 
with the best agreement with observations is presented here. The Gaussian distribution with standard deviation 
σ = 0.44 RE = 440 km was used for approximation of the initial profile of the cloud density profile. The peak of 
the distribution is chosen as Nmax ≈ 2.8 × 10 3 cm −3 which exceeds one (Nmax ≈ 1.4 × 10 3 cm −3) used in Lipatov 
et al. (2021). The value of the effective radius of the Earth RE = 1,000 km reduces the cell size to 8.9 km which is 
twice smaller than one used in Lipatov et al. (2021) with RE = 2,000 km. That way provides much better numeri-
cal resolution of the fine plasma and wave structures. The initial radius of the cloud is also twice smaller than one 
(880 km) used in Lipatov et al. (2021).

A variable mass of macro-particles allows to reduce the numerical “shot” noise in the cloud density and velocity 
profiles (Lipatov, 2012). The data from MMS3 are used in the modeling. Due to the small spacecraft separa-
tion (<15 km) the data from the other MMS spacecraft are approximately the same on the spatial scale of the 
processes studied here.

In the modeling X axis is directed along the external magnetic field outward to the magnetopause. The Y axis is 
perpendicular to the X axis and it coplanar with the X axis and the magnetospheric plasma's bulk velocity. The 
Z axis direction completes the right-handed coordinate system. The initial location of the cloud center are the 
following: x = 0 RE, y = 0 RE and z = 0 RE. In our modeling we superimposed cloud ions on the background 
plasma. Initially the cloud ions have no radial speed and the cloud expansion is driven by a strong gradient in 
the cloud density at the interface. A cloud expansion produces a depletion in the background density and the 
cloud-background system forms a self-consistent interface very fast.

The background ions are injected continuously on the left-handed boundary of the computational domain to 
support a homogeneous background. The unperturbed ion VDF's and a stationary electromagnetic field are used 
at the flank boundaries. The cloud and background ions have been removed from computation if they intersect the 
boundary of the computational domain. The magnetic field was allowed to propagate across the back boundary 
by the use of the “Sommerfeld” radiation condition (Schot, 1992).

The following dimensions of the computational domain are used in the modeling: (DX = 10 RE, DY = 10 RE, 
DZ = 10 RE) and (DX = 18 RE, DY = 20 RE, DZ = 20 RE). Here, RE = 1,000 km denotes the effective Earth's 
radius. The grid points of 1,121 × 321 × 321 and 1,121 × 501 × 501 cover the computational domain. The cloud 
and magnetospheric ion VDF's are calculated with the particle-in-cell algorithm. This approach provides a good 
numerical resolution with ≈50 and ≈80–200 macro-particle per cell for the cloud and magnetospheric ions. The 
following time steps Δtp ≤ min(Δx, Δy, Δz)/(16𝐴𝐴 𝐴𝐴max) and ΔtEB = Δtp/16 are used for particle and electromagnetic 
field calculation, where Δx, Δy, Δz are the cell sizes. A small time step provides a good algorithm convergence 
in modeling of the plasma system with low density.

3. Results
The structure of the transition layer between the cloud and ambient magnetospheric plasma is a key factor for 
understanding wave-particle interactions which result in particle heating and acceleration, low-frequency wave 
excitation and propagation, and deformation of the interface between the cloud and ambient magnetospheric 
plasma due to flute wave instability. Now we discuss the results of the modeling and comparison with MMS 
observations in details.
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3.1. Global Configuration of the Plasma Cloud Environment

Let consider now the global configuration of the plasma density and electromagnetic field in the cloud environ-
ment. Figure 2 panels (a–f) shows 2-D cuts of the density distribution of the cloud ions, magnetospheric ions, 
and electric field components (Ey and Ez) in X − Y and X − Z planes at time 2.6 s. Dense plasma cloud created 
a strong overshoot (Novershoot  ≈  15–17  cm −3) near the interface with the ambient magnetospheric plasma and 
it serves as piston for a formation of a shock wave which shock transition varies from quasi-parallel/oblique 
to quasi-perpendicular structures. In the last case there is no a corresponding formation of upstream whistler 
waves. The plasma cloud–ambient background plasma interaction creates a sharp peak in the density distribution 
near the lead edge, a strong depletion in the plasma density and a formation of collapsing diamagnetic cavity. 
A portion of the plasma cloud penetrates deeper into the ambient magnetospheric plasma along the magnetic 
field (see also Figure 8, panel (d)). One can summarize that the cloud interaction with the ambient magneto-
spheric plasma results in a formation of the complex plasma structure and wave activity, namely, a formation 
of both directional strong whistler and shear-Alfvén waves, which propagate along the magnetic field, and the 
compressional shock-like wave propagating across the magnetic field. The velocity of the center of the cloud has 
a value of U ≈ (300, −70, −70) km/s. Since the spacecraft measurements do not show a whistler formation in the 
upstream region, one may conclude that the MMS spacecraft trajectory intersected the cloud flank boundary in 
oblique direction to the X and Y axes.

3.2. Whistler and Alfvén Wave Formation Directed by External Magnetic Field

Let consider the generation of the low-frequency waves at the lead edge directed by the external magnetic field. 
Figure 3 demonstrates a propagation of the magnetic field perturbations (upper level) and the cloud and ambient 
density profiles (lower level) along the magnetic field. The modeling shows the formation and propagation of 
a left-hand polarized whistler wave (as seen from the source point) with transverse magnetic field (By and Bz) 
components upstream of the ambient plasma at later time, (Figure 3, panel (c)). Oscillations in the component 
Bx are connected with a formation of a compressional mode. The modeling provides the following values for 

Figure 2. Density profiles of the cloud, magnetospheric plasma and electric field components (Ey, Ez) in X − Y plane (panels 
(a, c, e, and g), and X − Z plane (panels (b, d, f, and h)) at t = 2.6 s. One can see a strong whistler formation. The forward 
edge of the whistler has a much smaller wavelength than the rear one.
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the wavelength, the phase velocity, the frequency, and the amplitude of these oscillations in the rest frame: 
λWh ≈ 220 km, Uph ≈ 1,600 km/s, ω ≈ 45 s −1, and δB ≤ 1.0 B0.

Far from the lead edge of the cloud, one can see a significant reduction of the whistler wavelength to the value 
λWh ≈ 100.0 km. At later time, it is expected that the expansion of the plasma cloud will become sub-Alfvénic 
with the formation of the Alfvénic waves with wavelength of about λAW ≈ 650–900 km/s. These whistler and 
Afvénic waves are a similar to the Alfvén wings have been observed near planetary moons and low-frequency 
waves excited by a pulsed tether in the ionosphere (Chang et al., 1994). At the trailing edge of the plasma cloud, 
one can see flow deceleration due to expansion of the plasma cloud. Depending on the plasma cloud's initial 
distribution in the X direction, the back edge may have a smooth profile. Such smooth profiles are observed in the 
MMS data, see Figure 1 on the right.

The cloud and ambient plasma density profiles had a sharp front with irregular overshoot Fig. 3 (d–f). At an early 
time oscillations in the ambient plasma profile had a small wavelength (λ ≈ 140 km) upstream the overshoot. 
At the later time oscillations were about of λ ≈ 1,000 km upstream of the overshoot and its correlated with a 
compressional part of the whistler and Alfvén waves propagating outside of the interface. Oscillations down-
stream of overshoot in the ambient plasma (λ ≈ 750 km) were connected with the waves inside the cloud plasma.

The study of the low-frequency wave propagation at far distance from the source may be complicated because of 
several effects: namely the curvature of the global background magnetic field and nonlinear magnetic field line 
resonances due to ponderomotive force (Lipatov & Rankin, 2005, 2009 and references therein). The left-handed 
polarized whistler/Alfvén waves generated by the local sources may be used for killing energetic electrons inside 
the radiation belts (private communication by Gekelman (2020)). Such type of wave excitation by a transverse 
magnetic dipole oscillators was considered for example, in Van'yan and Lipatov (1972a, 1972b) and the refer-
ences therein. The study of the shear-Alfvén wave propagation on the larger distance from the source including 
above circumstances needs much higher numerical resolution and hence extremely more computational resources 
and, it is beyound the scope of this paper.

Figure 3. Transition from the whistler to the shear-Alfvén wave formation during the plasma cloud expansion on the large time scale. Top: Bx (blue), By (black) and 
Bz (red) magnetic field perturbations. One can see an attached (a) and detached (b) whistler waves, and a formation of the Alfvén wave (c). Here, λWh ≈ 100–220 km; 
λAw ≈ 650–950 km. Bottom: Cloud density (red) and ambient magnetospheric plasma density (black) profiles.
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3.3. Shock and Mirror Wave Formation at the Flank Edge of the Cloud

Let consider the structure of the shock-like waves formed by the cloud expansion across the external magnetic 
field.

Figure 4, panel (a) shows MMS observations of the magnetic field (black line) and the plasma density (red line) 
when the spacecraft moves through the shock-like transition (left). 1-D cuts of the total magnetic field (black 
line), the ambient magnetospheric plasma density (blue line), and the total plasma density (red line) profiles 
produced in the modeling are shown in panels (b and c) at the time t = 4 s. Across the magnetic field (Y direction), 
the profile of the plasma cloud density is sharp and the profile of the ambient plasma density show a formation of 
a quasi-perpendicular shock-like structure without a formation of whistler waves upstream the shock.

Let consider the structure of the mirror waves formed by the cloud expansion.

Figure 4, panel (d) shows the temperature anisotropy in the ion VDF and ion beta observed by MMS spacecraft. 
Figure 4, panels (e) and (f) demonstrates the ion temperature anisotropy in the background (red circles) and 
cloud (blue squares) plasma, and the background plus cloud plasma (black line). To identify the mirror instabil-
ity we use the following criteria for fluid instability condition (see e.g., Chandler et al., 2021; Hasegawa, 1969; 
Southwood & Kivelson, 1993; Vedenov & Sagdeev, 1958): K = 1 + β⊥(1 − T⊥/T∥) < 0. Our estimation of the 
value of the parameter K using the temperature anisotropy and beta at the point UT = 20:17:00; 20:17:03 and 
20:17:05 gives the following values of K: K1 = −0.2; K2 = −1.5; K3 = 1.27. The above condition for an excitation 
of the mirror instability is satisfied at two points. However, Equation 7 from Southwood and Kivelson (1993) 
shows that when the fluid instability condition is not met, the fluid equations predict oscillations. Note that simu-
lated ion temperature anisotropy demonstrates much higher values in Y direction and lower one in X direction.

Mirror mode structures were studied in Chandler et al. (2021). The compressional waves have been also observed 
in the dawn-side magnetosphere by Korotova et al. (2009) and Rae et al. (2007). They concluded that these waves 
are connected with the mirror mode instability.

Since the observations do not demonstrate the whistler or Alfvén wave formation in the region outside the cloud, 
one may conclude that the spacecraft intersected the cloud in the oblique direction to the magnetic field. At 
the beginning of encounter with the cloud, the spacecraft passed through the oblique shock front and magne-
tosheath (Figure 1, panels (b) and (c), and the time interval UT 20:15:40–20:16:10) and at the latter time it 
passed  through the magnetosheath of the quasi-perpendicular shock (Figure 1, panel (b) and (c), and the time 
interval UT 20:16:10–20:16:55).

Figure 4. (a): Mirror waves observed by MMS3 spacecraft inside the cloud. (b and c): Total magnetic field (black line), combined density of the cloud and 
magnetospheric plasma N (red line), and magnetospheric plasma density Nback (blue line) profiles along the Y axis (b) and X axis (c) at time t = 4 s. The values of total 
and ambient magnetospheric densities were multiplied by factor 5(15) and 20 correspondingly. (d): Observed the ion temperature anisotropy (black line) and plasma 
beta (red line). (e and f): The temperature anisotropy of background (red circles) and cloud (blue squares) ions, and the background plus cloud ions (black line). Blue 
“stars” denote the locations where criterion for the mirror instability (K) was estimated.
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3.4. Flute Wave Formation Inside the Overshoot in the Density of the Cloud Plasma

Figure 5 demonstrates the time evolution of the cloud and background plasma density, and electric field Ex profiles 
(2-D cuts) across the magnetospheric magnetic field in the range from t ≈ 2.33 s to t ≈ 4.01 s. Figure demon-
strates a flute formation connected with an excitation of the Rayleigh-Taylor-like instability inside the overshoot 
in the plasma density at the later time of an cloud expansion. The wavelength of the perturbations in the overshoot 
across the magnetic field is about λR−T ≈ (1–2) × 10 3 km. At this time the shock front moves with the velocity 
Vfront ≈ 1,600 km/s. The modeling shows the grows of the flutes, however, it not clear a whether  this occurs by 
mode coupling, mode coalescence, or some other non-linear process (Winske, 1988; Winske et al., 2019). The 
ratio between the values of the Larmor radius estimated with cloud bulk velocity and the density gradient length 

Figure 5. 2-D cuts of the plasma cloud and magnetospheric plasma density, and electric field component Ex profiles 
in the Y − Z plane. An excitation of the flute-like instability inside the overshoot at the interface between the cloud and 
magnetospheric plasma. The instability results in to an angular structuring in the interface and it can be modified by effects of 
the large ion gyroradius in case of heavy cloud ions (e.g., Na + in expanding moon's exospheres in the planetary moons). Note 
that this type of instability was observed in AMPTE experiment.
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in our modeling in Figure 5 is about ρci/L ≤ 0.7, where the Larmor radius ρci ≈ 120 km and the thickness of 
gradient for density profile L ≈ 170 km.

In case of (ρci/L ≈ 1) the Rayleigh-Taylor instability in the MHD regime will be stabilized (Ripin et al., 1993). 
During sub-Alfvenic cloud expansion into a magnetospheric plasma the large ion gyroradius (ρci/L > 1) (e.g., 
the expanding exosphere of the moon with heaver ions), supports a robust regime of Rayleigh-Taylor instability 
(see e.g., Huba et al., 1990; Ripin et al., 1993). At this stage flute structures become significant. At later time the 
cloud  expansion will decelerate when the cloud pressure equals the external magnetic field pressure.

The Rayleigh-Taylor instability was also observed in AMPTE (Bernhardt et al., 1987), in CRRES magnetospheric 
barium releases (Huba et al., 1992), in laser produced plasma experiments (Ripin et al., 1987) and also in plasmas 
with magnetic confinement (Onishchenko et al., 2011).

A study of the flute-like instability will be also important for understanding astrophysical explosions and the 
dynamics of the expanding planetary moons exosphere while the moons move in the magnetospheric plasma.

3.5. Acceleration of the Cloud and Ambient Magnetospheric Ions

The cloud expansion into magnetospheric plasma is accompanied by the wave–particle interaction which results 
in the heating and acceleration of the particles. MMS observations and the modeling demonstrate two distinguish 
type of the particle accelerations, namely: a particle interaction with shock transition produced by a piston-like 
cloud expansion; and a beam-beam quasi-parallel interaction directed by external magnetic field.

Figure 6 shows the total ion velocity distribution functions (VDF's) which was observed by MMS spacecraft 
(MMS3) in the vicinity of the leading edge of the cloud. The VDF includes an anisotropic core which moves 
along and across magnetic field with velocity v ≈ 250 km/s and anisotropic halo. The core distribution has a 
dispersion in velocity of ≈250 km/s across (Vperp1 and Vperp2) and ≈150 km/s along (Vpara) the magnetic field. Ion 
located in the quasi-shell distribution has a velocity of more than 1,000 km/s.

Simulated VDF's of the magnetospheric ions are shown in Figure 7, panels (a–c) at various locations along the 
X axis. Here, y = 0.0 RE, z = 0.0 RE. The position of various columns are shown at the points indicated in panel 
(d). Here, U0 = 100 km/s. The acceleration of the magnetospheric ions has a value up to ≈15 U0 due to cloud 
expansion with bulk velocity of 10 U0 inside the cavity in the ambient background plasma (x < 8.7 RE).

Outside the cavity (x > 9 RE), the VDF's of the ambient ions present a combination of incomplete shell-like 
distributions with velocity up to ≈40 U0 and a relatively cold core (Figure 7, points F5, F6, F12) due to the 
quasi-parallel beam–beam interactions. The extended cloud expansion provides a much stronger acceleration of 
the ambient magnetospheric ions (v ≈ 40 U0 ≈ 4,000 km/s) than it was observed in an early modeling with a cloud 
expansion on smaller time and spatial scales (Lipatov et al., 2021).

Figure 6. Combined VDF's of the cloud and magnetospheric ions observed by MMS spacecraft near overshoot in the density profile at time 2016/03/07 20:16: 58. U is 
directed along the external magnetic field, while V and W are directed across the magnetic field.
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Figure 8, panels (a–c) shows the VDF of the cloud ions along the X axis. One can see a strong heating and accel-
eration of the cloud ions with v ≈ (5–10) U0 ≈ (500–1,000) km/s due to a cloud expansion inside the cloud. The 
modeling also shows a penetration of the cloud ions into ambient background plasma along the external magnetic 
field (panel (d)). Outside the cavity in the ambient plasma, the VDF of the cloud ions demonstrate an incomplete 
quasi-shell distribution with v ≈ (30–35) U0 ≈ (3,000–3,500) km/s due to the beam-beam instability (Galeev 
et al., 1987; Gary et al., 1986).

The modeling also demonstrates another type of the ion acceleration due to a formation of the shock structure 
near the flank of the interface between an expanding cloud and ambient magnetospheric plasmas.

Figure 7. VDFs of the background ions (H +) (panels (a–c)) along X axis with locations shown with the numbers in the density profile (d). The velocity axes V and U 
are directed perpendicular to the external magnetic field and W is directed along the external magnetic field. Udownstream = U0 = 100 km/s and t = 4.0 s.
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Figure 9, panels (a–c) show VDF's dynamics of ambient magnetospheric ions across the shock transition layer 
(along the Y axis). The ion VDF corresponds to the relatively cold unperturbed flow upstream of the shock. One 
can see a gyration of the ambient ions near the shock ramp and the heating of the VDF core while the particles 
pass the shock transition layer with quasi-perpendicular/oblique structure from point F8 to the point F4.

The VDF of the magnetospheric ions has a strong anisotropy (Ti,⊥/Ti,∥ ≈ 10.0) near the shock-like front. The ion 
acceleration is not strong as in the case of quasi–parallel interactions, Figure 7. The thin structure of shock-like 
transition layer is a critical point for particle acceleration. Depending on the wave activity and a formation 
of a strong ramp one can expect the diffusive particle acceleration and shock surfing acceleration (see, e.g., 
Drury, 1983; Lipatov & Zank, 1999 and references therein). The observed two peaks in the ion energy plot in 

Figure 8. VDFs of the cloud ions (H +) (panels (a–c)) along X axis with locations shown with the numbers in the density profile (d). The velocity axes V and U are 
directed perpendicular to the external magnetic field and W is directed along the external magnetic field. Udownstream = U0 = 100 km/s and t = 4.0 s.
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Figure 1, panel (b) may be produced by the reflecting of foot ion at the ramp of the shock (foot) and the heating 
downstream ions.

The VDF of the cloud ions along the Y axis is shown in Figure 10, panels (a–c). These VDF's represent a core 
and quasi-symmetrical halo.

The performed data analysis and the modeling of the ion VDF, density and electromagnetic field conclude that 
the MMS spacecraft passes through the region with oblique or quasi-parallel interaction structure.

Figure 9. VDFs for the background ions (H +) (panels (a–c)) along X axis with locations shown with the numbers in the density profile (d). The velocity axes V and U 
are directed perpendicular to the external magnetic field and W is directed along the external magnetic field. Udownstream = U0 = 100 km/s and t = 4.0 s.
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The MMS spacecraft observations provide a good information concerning the Max-wel-lian/quasi-Maxwellian 
core of the ion VDF, however, the observations cannot provide reliable information about the quasi-shell halo of 
the VDF of the accelerated ions due to low count rate at higher energies.

4. Conclusions
The high-time-resolution data (150 ms) from the MMS (MMS3) spacecraft together with 3-D hybrid simulation 
with improved numerical approximation to study, for the first time, the physics of wave–particle interactions 
triggered by dense plasma cloud moving through the magnetospheric plasma. Results are summarized as follows: 
(a) The cloud motion generates directional left-hand polarized whistler (λWh ≈ (100–220) km) and shear-Alfvén 

Figure 10. VDFs for the cloud ions (H +) (panels (a–c)) along X axis with locations shown with the numbers in the density profile (d). The velocity axes V and U are 
directed perpendicular to the external magnetic field and W is directed along the external magnetic field. Udownstream = U0 = 100 km/s and t = 4.0 s.
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(λAW ≈ (650–900) km) waves while strong compressional waves/shocks are generated across external magnetic 
field; (b) cloud expansion results in significant ion heating and acceleration. High energy ions with velocity 

𝐴𝐴 𝐴𝐴  > 4,000 km/s (100 keV) from the shell-like halo of the VDF can damage spacecraft's critical electronic devices; 
(c) ion temperature anisotropy may generate EMIC and mirror-ballooning waves in the magnetospheric plasma; 
(d) cloud expansion also results in a formation of collapsing diamagnetic cavity in the cloud-magnetospheric 
plasma system; and (e) flute waves associated with an excitation of the Rayleigh-Taylor instability were observed 
in the modeling inside the overshoot in the cloud density across magnetic field. Such waves must be seen at the 
expanding external boundary of the moon's exosphere in the planetary magnetospheres.

Followup work will focused on the particle shock surfing acceleration (see e.g., Lipatov & Zank, 1999), Fermi parti-
cle acceleration and electromagnetic instabilities (mirror, whistler and shear-Alfvén waves) utilizing an effective 
hybrid modeling algorithms for example, PM-CPK by Lipatov (2012) or EM-SFK by Lipatov et al. (2020, 2022) 
concepts based on the finite mass method (FMM) by Yserentant (2003) and Gauger et al. (2000), and the Gauss-
ian mixture models (Bishop, 2006; McLachlan & Peel, 2000). The modeling with extremely large computational 
domain needs a spectral-like numerical resolution that will allow to study of the diamagnetic cavity dynamics at 
the stage of deceleration in the cloud expansion and the final stage of the cavity collapse.
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