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Abstract

The Kelvin—Helmholtz (K-H) instability is ubiquitous in space and astrophysical environments, playing a vital
role in the transport of mass, momentum, and energy. Although it has been shown that the K-H instability can
energize the electrons, the mechanisms of electron energization remain unclear. In this paper, two-dimensional
full particle-in-cell simulations are used to explore the physical mechanisms governing electron energy variation
during the evolution of the K-H instability. By tracking the temporal evolution of electron energy and
incorporating the guiding-center theory, we quantitatively analyze the contributions from the parallel electric
field, betatron, and Fermi mechanisms to electron energization. The results demonstrate that as the instability
develops, vortices roll up and expand, with electron energization dominated by the betatron mechanism.
Subsequently, small-scale magnetic reconnection disrupts the vortices, and the parallel electric field becomes the
primary driver of electron energization. The vortices eventually merge into a larger vortex, and the betatron
mechanism regains dominance due to the roll-up of the large-scale vortex. The Fermi mechanism contributes
minimally to electron energization and even exhibits a cooling effect during vortices' expansion. This study
elucidates the primary pathways of electron energization during the K-H instability evolution, providing
theoretical insights into energy dissipation mechanisms in magnetized plasmas under velocity shear conditions.
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1. Introduction

The Kelvin—Helmholtz (K-H) instability is a shear-driven
interfacial instability that occurs in both fluid and plasma systems
when the velocity gradient exceeds a critical threshold
(S. Chandrasekhar 1961; A. Miura & P. L. Pritchett 1982;
Z. Pu & M. G. Kivelson 1983; J. R. Johnson et al. 2014;
T. K. M. Nakamura et al. 2022). As the instability evolves into the
nonlinear stage, vortices emerge at the interface, which represent
a key characteristic of the K-H instability (A. Miura 1984). The
instability is ubiquitous in space and astrophysical plasmas, such
as the flanks of Earth’s and planetary magnetopauses
(H. Hasegawa et al. 2004; J. Paral & R. Rankin 2013; W. Li
et al. 2016; S. Lu et al. 2025), the boundaries of coronal mass
ejections (K. Nykyri & C. Foullon 2013), the heliopause
boundary (C. Wang & J. W. Belcher 1998), the atmosphere of
Jupiter (S. Fromang et al. 2016), the pulsar wind (N. Bucciantini
et al. 2020), and the astrophysical jets (F. M. Rieger &
P. Duffy 2004). The K-H instability occurring at the Earth’s
low-latitude magnetopause flank is widely recognized as a key
mechanism for cross-boundary transport of mass, momentum,
and energy of the plasma between the solar wind and the
magnetosphere (K. Nykyri & A. Otto 2001; H. Hasegawa et al.
2004; T. K. M. Nakamura et al. 2017).

Beyond the plasma transport, the K-H instability plays a
critical role in electron energization. Both observations (W. Li
et al. 2016; K.-J. Hwang et al. 2020) and simulations
(T. K. M. Nakamura et al. 2011, 2017) provide evidence for
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this process. How electrons gain energy within vortices has
been explored in several studies. Kinetic simulations demon-
strate that K-H vortices roll up and saturate, resulting in
turbulence, which cascades to form small-scale current sheets.
The current sheets produce intense localized electron heating
through their embedded parallel electric field (M. Wan et al.
2012; H. Karimabadi et al. 2013), with heating linked strongly
to electron vorticity structures (J. Goodwill et al. 2025). More
recently, the K-H instability has been observed in large-scale
magnetic islands formed during reconnection, where second-
ary reconnection events occur, heating electrons near recon-
nection sites (C. Huang et al. 2015, 2017; Q. Lu et al. 2023;
K. Jiang et al. 2025). Recent in situ observations reveal that
energetic electrons can be generated inside an ion flow vortex,
where their acceleration is achieved through the establishment
of the Fermi acceleration trap and the parallel electrostatic
potential (C. M. Liu et al. 2025). Although these studies have
demonstrated that the K-H instability can energize electrons,
which process or processes are the primary drivers of electron
energization remains an open question. Therefore, it is
essential to quantitatively analyze the mechanisms by which
electrons gain energy within K-H vortices.

According to the linear theory by S. Chandrasekhar (1961),
the magnetic field component parallel to the propagation
direction of K-H waves tends to stabilize the instability. When
the magnetic field direction is almost perpendicular to the
shearing flow direction, the instability condition is more
readily satisfied. Under such conditions, electrons remain
almost magnetized and show adiabatic behavior, thus making
the guiding-center theory reasonable, which describes particle
acceleration via the parallel electric field, betatron, and Fermi
mechanisms (T. G. Northrop 1963). Previous studies have
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Figure 1. The temporal evolution of the spatial distribution of total current density J/(engVs) and magnetic field strength B/By at ;1= 25, 30, 39, 43, 55, and 60.
Magnetic field lines, depicted by black solid curves in panels (b;)—(be), illustrate the topology of the field. A 30 s animation of this figure is available in the online journal.

(An animation of this figure is available in the online article.)
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Figure 2. Time evolution of (a) relative changes in electron total energy, kinetic flow energy, thermal energy, and magnetic field energy; (b) relative changes in ion
total energy, kinetic flow energy, and thermal energy; (c) work done to electrons and ions by electric field and pressure gradient force, which are integrated over the
simulation box; (d) power of magnetic pressure gradient, power of magnetic tension force, their sum, and the term J - E, which are integrated over the simulation
box; (e) the contributions of the parallel electric field, betatron, and Fermi mechanisms to electron energization, which is calculated from Equation (5); and (f) the
mean value (Bin_phme> and the maximum value max(Bjy_plane) Of the in-plane magnetic field strength.

quantitatively analyzed the contributions of these mechanisms
to electron energization during magnetic reconnection with a
guide field by summing over all electrons within the
simulation domain (J. T. Dahlin et al. 2014; H. Wang et al.
2016; Q. Lu et al. 2018). In this study, using two-dimensional
particle-in-cell (PIC) simulations, we investigate electron
energization mechanisms with the guiding-center theory
during the K-H instability evolution. We follow the temporal
evolution of various energy components and examine the
contributions from various mechanisms to electron energiza-
tion at different stages of the instability.

2. Simulation Model

An open-source PIC code named Smilei is employed in this
paper to perform the two-dimensional simulations of the K-H
instability in the x—y plane (J. Derouillat et al. 2018). Particles are
confined to two-dimensional space, while their velocities and
associated fields remain three-dimensional. The magnetic field
B = By sin fe, + B, cos fe, is uniform, where B, is the
magnetic field intensity and @ = 2.86° is the inclination angle
of the magnetic field relative to the z-direction, with the out-of-
plane component being approximately 20 times stronger than the
in-plane component. The distribution function of each species
is a drifting Maxwellian with a uniform temperature 7; and

drift velocity V = Vj tanh ((y — y,)/6)e,, where Vy = —20V
(VX = Bysinf/ Jtonom; is the in-plane Alfvén speed) and
6 = 0.4d; is the half-width of the shear layer (d; = c¢/w); is the
ion inertial length based on the plasma density ng). In order to
sustain the shear flow, we impose an electric field E =
Vo By cos 0 tanh ((y — y,)/d)e, and initialize the electron den-
sity with a slight nonuniformity to satisfy Gauss’s law. In order
to initiate the K-H instability, a small velocity perturbation of the
form (SV” = (Svey = 6V - Vo sin(2mx/Ly)exp[—(y — yo)z/dz]
is introduced at the initial time, where 6V = 0.01 represents the
perturbation amplitude.

The system size is L, X L, = 15.36d; x 30.72d;, and a
uniform computational grid with 1536 x 3072 cells is
employed, resulting in a cell size of approximately 0.95
Debye length. The average number of particles per cell is 100,
and about 4.8 x 10® particles for each species are used in our
simulation. The time step is ;Af =~ 1.7 x 1074, where ; is
the ion gyrofrequency. The ion-to-electron mass ratio is set at
m;/m, = 100, the speed of light is ¢ = 30V, (V4 is the Alfvén
speed defined by V) = By/ JHonom;), and the plasma beta
values of ion and electron are ;= 3, = 0.4. Periodic
boundary conditions are applied to electromagnetic fields
and particles in the x-direction, while perfectly conducting
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boundary conditions for electromagnetic fields and reflective
boundary conditions for particles are used in the y-direction.

Our initial condition is similar to those used in previous
simulation studies (M. Wan et al. 2012; H. Karimabadi et al.
2013; J. Goodwill et al. 2025), and this setup is representative
for many astrophysical plasma environments, such as Earth’s
and planetary magnetopause boundaries (J. Paral &
R. Rankin 2013; A. Settino et al. 2024), the solar wind
(R. Kieokaew et al. 2021), and coronal mass ejection
boundaries (K. Nykyri & C. Foullon 2013; E. Paouris et al.
2024). In these environments, flow shear is the dominant
driver, while magnetic shear is relatively weak. The magnetic
and thermal pressures are comparable, with plasma beta
typically ranging from 0.1 to 10. In addition, a magnetic field
component perpendicular to the shear flow plane is often
present, which acts as a guide field for in-plane magnetic
reconnection during the evolution of the K-H instability. The
scale perpendicular to the shear flow plane is large, and within
the scope of our simulation, physical quantities in the
z-direction remain nearly unchanged, allowing us to treat this
direction as uniform.

3. Results

The spatial evolution of the total current density and magnetic
field structure is shown in Figure 1 at ;t = 25, 30, 39, 43, 55,
and 60 (an animation of this figure is available). As the K-H
instability develops, two vortices roll up. During the subsequent
vortex evolution, the continuous roll-up and expansion of
vortical structures occur simultaneously with stretching of
magnetic field lines, and the magnetic field becomes weakened
within vortices but intensified in the area between two vortices.
This roll-up process generates current sheets. The system reaches
a stage at (;t = 39 when these current sheets are compressed
down to electron inertial lengths. This compression triggers
tearing instabilities at multiple discrete locations along the
sheets, initiating magnetic reconnection that produces a chain of
magnetic islands. Subsequently, the vortices break into smaller
structures, disrupting the original magnetic field configuration
and transitioning the system into a turbulent state. At {); = 60, a
larger vortex gradually emerges, culminating in vortex merging.

To analyze the system’s evolution process and the
mechanisms of electron energization, we calculate the
variations of several energy components and corresponding
energy transfer, as well as the contributions of the mechanisms
to electron energy enhancement within the simulation box. In
plasmas, the total energy can be decomposed into electro-
magnetic, species flow kinetic, and species thermal compo-
nents, between which energy transfer occurs. The energy
conversion equations can be written as follows:

a( B
L2 |=-v-S-J-E 1
at(zﬂo) J n

aUs ow D
Y V- UV + - E = (V- B) -V, @)
ot
OUsmn -
St =V H-V.g+(V-B) V. 0O

Here s =i, e denotes the particle species, B2/ (2ug) is the
magnetic energy, U fow 1s the flow kinetic energy, Uiy, is the
thermal energy, J is the current density, E is the electric field, V
is the flow velocity, P is the pressure tensor, S = (E x B)/p,
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is the Poynting vector, H; = UV, + é - V; is the enthalpy
flux, and g, is the heat flux. The term J - E represents the
conversion between magnetic energy and fluid kinetic energy,
and (V - ﬁ) -V governs the conversion between flow kinetic
energy and thermal energy. When integrated over the simulation
box, the transport terms are zero in the closed system. To
eliminate initial fluctuations associated with numerical settings
in the system, the calculated energy variations are normalized to
the reference time at §2;# = 5. Figures 2(a)—(c) depict the
temporal evolution of the total electron and ion energies, flow
kinetic energy, thermal energy, magnetic field energy, and the
time-integrated energy transfer among these components. When
the instability develops into the nonlinear phase around
Q;t = 25, the ion flow kinetic energy begins to decrease
rapidly, while the magnetic energy, electron thermal energy, and
ion thermal energy increase. Throughout the simulation, ion
flow energy is converted into other forms of energy, most
notably into electron thermal energy.

Note that the term J - E is mostly contributed by the work
done by the Lorentz force, and the Lorentz force consists of the
magnetic pressure gradient and the magnetic tension. To better
understand the conversion between fluid energy and magnetic
energy, Figure 2(d) displays the time evolution of the power of
the magnetic pressure gradient, the power of the magnetic
tension force, their sum, and the term J - E, which are
integrated over the simulation box. The work done by the
Lorentz force, V - (J X B), can be rewritten as the sum of the
work done by the magnetic pressure gradient and the work done
by the magnetic tension force (A. Beresnyak & H. Li 2016;
J. T. Dahlin et al. 2017):

_(V-V)B* V- B-V)B

V.U xB)=
24 Ho

“)

Here V - (J x B) is the power density of the Lorentz force,

—(V-V)B?/ (2uy) represents the power density of the
magnetic pressure gradient, and V - (B - V)B/p, denotes
the power density of the magnetic tension. As the vortices
roll up, both the magnetic tension force and the magnetic
pressure gradient perform negative work, with their magni-
tudes being comparable, thereby converting fluid energy into
magnetic energy. During the stage where the vortices break
up, the power associated with these forces progressively
weakens, leading to a decrease in the efficiency of energy
conversion.

We then investigate the electron energization. In our
simulations, the magnetic field is primarily oriented out of
plane, and electrons can be considered adiabatic. Thus, the
guiding-center theory can be employed to analyze electron
acceleration and heating in the instability, which is verified by
the subsequent results. The total electron energy is governed
by the following equation (T. G. Northrop 1963; J. T. Dahlin
et al. 2014; H. Wang et al. 2016; Q. Lu et al. 2018):

Py
B

du,
< =El +

OB 2
i (E + ug - VB) + (peHereneVeH)uE - K,

&)

where U, is the total electron energy, Ej denotes the electric
field component parallel to the magnetic field, J, represents
the parallel electron current, B is the magnetic field strength,
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Figure 3. The panels display, from top to bottom: the spatial distributions of electron energization contributions from the parallel electric field, betatron, and Fermi
X
mechanisms at {);= 25, 30, and 39, along with their spatially integrated values f dx’ f U(x', y)dy (here, U (x', y) is the term contributed by either the parallel
0

electric field, betatron, or Fermi mechanisms).

m, is the electron mass, n, is the electron number density, V,
is the parallel electron bulk velocity, p,, and p are the
perpendicular and parallel electron pressures,
uz = (E x B)/B? is the “E x B” drift, and x =b - Vb
(where b = B/B) is the magnetic field curvature. The first
term represents electron acceleration by the parallel electric
field, the second term corresponds to betatron heating/
cooling, and the final term relates to first-order Fermi
acceleration. Figure 2(e) presents the contributions from the
parallel electric field, betatron, and Fermi mechanisms to
electron energy gain, as calculated by Equation (5). Notably,
the rate of electron energy change, dU,/dt, closely matches
the sum of the three terms, indicating that the guiding-center
theory accurately describes the electron energy variation rate.
The difference between dU,/dt and the sum arises from
nonadiabatic motion of some electrons, which can be driven
by the thin current sheets formed at vortex edges and cannot
be described by the guiding-center theory (K. Steinvall et al.
2025). Figure 2(f) illustrates the temporal evolution of both
the mean value (Bin_plane> and maximum value max (Bj,_pianc) Of
the in-plane magnetic field. Up to approximately €2;z = 36,
(Bin-plane) gradually increases to about 0.055 B,, with the
maximum value reaching about 0.4 Bj. Subsequently, as the
vortices gradually break down, <Bin-plane> decreases to about

0.052 By, and the maximum value drops to about 0.2 B,. The
electron energization process can be divided into three stages.
In the first stage (approximately from €;t = 25 to 36), K-H
vortices roll up, expand, and distort magnetic field lines,
converting shear flow energy into magnetic energy. The
magnetic field accumulates, and electron energization is
primarily driven by the betatron mechanism. In the second
stage (approximately from ;=36 to 50), magnetic
reconnection annihilates the antiparallel in-plane magnetic
field, returning magnetic energy to the plasma. The vortices
gradually break down into a turbulent state, suppressing
further vortex roll-up and expansion, during which the
parallel electric field plays the dominant role. In the third
stage (approximately from ; = 50 to 65), a larger vortex
grows on the broadened shear layer, and the K-H vortex rolls
up and expands again, with the betatron mechanism effect
regaining dominance. Throughout these stages, the effect of
the Fermi mechanism is small, which can be attributed to the
weak in-plane magnetic field or the dominant guide field in
our system (J. T. Dahlin et al. 2016; X. Li et al. 2019;
H. Arnold et al. 2021). During vortices' expansion, it
becomes negative.

In Figures 3 and 4, we present from top to bottom the spatial
distributions of the contributions from the parallel electric field,
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Figure 4. Similar to Figure 3, the spatial distributions of electron energization contributions from the parallel electric field, betatron, and Fermi mechanisms at ;=
43, 55, and 60, along with their spatially integrated values.

Figure 5. The spatial distribution of (a), (b) electron parallel temperature T, /T, and (c), (d) perpendicular temperature T, /T, at {2t = 30 and 43, normalized by
initial temperature T, (here, T, represents the initial electron temperature, assumed isotropic).
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