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Abstract Magnetic cavities, also known as magnetic holes, are ubiquitous in space plasmas
characterized by depressed magnetic strength and enhanced plasma pressure. Most of the observed
cavities are associated with anisotropic particle distributions with higher fluxes in the direction
perpendicular to the magnetic field. Recent observations of kinetic-scale magnetic cavities have
identified another type of electron distributions in the pitch angle spectrum, the so-called donut-shaped
distributions, although their formation mechanism remains unclear. Here, we present a simplistic
model of cavity shrinkage and deepening, in which electrons are traced backward in time to the initial,
equilibrium-state cavity. The resulting electron distributions, determined from Liouville's theorem, agree
with the observations in the presence of donut-shaped pitch angle structures. The model also enables a
quantitative evaluation on the roles of betatron cooling, radial transport, and pitch angle variations in the
formation of donut-shaped electron distributions within evolving magnetic cavities.

Plain Language Summary Satellite observations of the space plasma environments have
identified many localized structures with reduced magnetic field amplitude in an otherwise unperturbed
background. These structures, referred to as magnetic cavities or holes, are usually observed in
association with anisotropic particle distributions, with higher fluxes in the direction perpendicular to
the magnetic field. It is these anisotropic distributions that provide the strongest support to the prevalent
understanding that magnetic cavities are generated via mirror or electron-mirror instabilities. However,
recent observations have identified a different type of electron distributions in kinetic-scale magnetic
cavities, the so-called donut-shaped distributions after their characteristic appearances in the electron
pitch angle spectrum. In this paper, we examine the hypothesis that donut-shaped electron distributions
originate from the simultaneous deepening and shrinkage of magnetic cavities, a process identified in
recent observations. To do so, we carry out a particle-tracing simulation to analyze the electron behavior
within the evolving magnetic cavity, which includes the adiabatic betatron cooling, radial transport, and
pitch angle variations. The variations of the electron phase space densities are then computed based on
Liouville's theorem, which results in donut-shaped distributions consistent with observations from NASA's
Magnetospheric Multiscale mission.

1. Introduction

Magnetic cavities, also referred to as magnetic holes, are quasisymmetric structures with depressed magnetic
strength and enhanced plasma pressure. These structures, with size varying from fluid down to electron ki-
netic scales, have been reported in various space environments including magnetotail (Balikhin et al., 2012;
Ge et al., 2011; Goodrich et al., 2016; Shustov et al., 2019; Sun et al., 2012; Sundberg et al., 2015; Zhang
et al., 2017), magnetosheath (H. Liu et al., 2019b; Tsurutani et al., 2011; Yao et al., 2017), solar wind (Turner
et al., 1977; Winterhalter et al., 1994; Xiao et al., 2010), heliosheath (Burlaga et al., 2006), and planetary/
cometary environments (Cattaneo et al., 1998; Joy et al., 2006; Plaschke et al., 2018; Russell et al., 1987).

The magnetic cavity generation is often attributed to the mirror (Ge et al., 2011; Kivelson & Southwood, 1996;
Winterhalter et al., 1994) or electron-mirror instabilities (Hellinger & Stverak, 2018; Yao et al., 2019). This
hypothesis is supported by observations of anisotropic particle distributions within magnetic cavities, with
higher fluxes perpendicular to the magnetic field than in the parallel direction (Gershman et al., 2016; Win-
terhalter et al., 1994). It is the diamagnetic motion of the perpendicular-moving particles that contributes
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to the ring-shaped azimuthal current and consequently causes the magnetic depression within the cavity
(Haynes et al., 2015; Yao et al., 2017; Zhang et al., 2017).

Kinetic models of equilibrium-state magnetic cavities have been proposed by solving the Vlasov-Maxwell
equations in cylindrical coordinates (Li et al., 2020; Shustov et al., 2016). In these models, the Vlasov equa-
tion is satisfied by constructing the particle distributions as functions of invariants of motion, including
the particle energy and the canonical angular momentum in the azimuthal direction. In Li et al. (2020),
the magnetic moment is considered another invariant of motion, which enables particle anisotropy and
nongyrotropy within the cavity. The constructed particle distributions are then substituted into Maxwell's
equations, to determine the field and plasma profiles self-consistently. The Li et al. (2020) model has been
also applied to an event of nested magnetic cavities, and the excellent agreement between the model and
spacecraft observations supports the scenario of quasistationary magnetic cavity emergence in turbulent
plasmas (Haynes et al., 2015; Roytershteyn et al., 2015).

The dominance of perpendicular-moving particles, however, may not be ever present in every cavity. Recent
observations have identified another kind of anisotropic electron distributions, referred to as donut-shaped
distributions after their characteristic appearances in the pitch angle spectrum of kinetic-scale cavities (Yao
et al., 2018). Figure 1 shows the observational overview of the event. Although the detailed descriptions will
be given in the next section, we point out here that the donut-shaped distributions can be clearly seen in the
zoomed-in spectrum of Figures 1(1) and 1(m). The perpendicular-moving electrons dominated near the cav-
ity edges (with a sharp gradient of magnetic strength), whereas in the center, the fluxes peaked at intermedi-
ate pitch angles around 60°/120°. It has been speculated in Yao et al. (2018) that donut-shaped distributions
could result from betatron cooling (Chisham et al., 1998) process associated with the cavity deepening (i.e.,
the decreasing of magnetic strength with time). This speculation, although qualitative and inconclusive,
has been supported by an observational case study (Ahmadi et al., 2018), in which donut-shaped electron
distributions were observed only in deep magnetic cavities, whereas in shallow cavities the electrons were
concentrated around 90° pitch angles.

Note that magnetic cavities may experience different kinds of dynamic evolution other than deepening,
most noteworthy the shrinking process (H. Liu et al., 2019a; Yao et al., 2020). In fact, recent observations
have identified simultaneous occurrence of cavity deepening and shrinkage (J. Liu et al., 2020), which
explains the statistical anticorrelation between the spatial scale and depression depth of magnetic cavities
(Yao et al., 2017). In this study, we consider simultaneous deepening and shrinkage of magnetic cavities,
and simulate the evolution of electron distributions during this process. As we will show, the simulated
electron distributions gradually evolve from the 90°-concentrated spectrum toward the donut-shaped spec-
trum, which agrees with the observations and provides quantitative insights into the underlying electron
dynamics.

2. Observations

We next revisit the Yao et al. (2018) event on September 10, 2015, in which a series of kinetic-scale magnet-
ic cavities were successively observed in the dusk side magnetosheath by the Magnetospheric Multiscale
(MMS) spacecraft at GSE [1.7, 11.5, —0.5] Rg. The MMS mission (Burch et al., 2016), consisting of four
closely separated spacecraft (MMS1-MMS4), enables us to analyze the electron distributions with unprec-
edented high resolution (30 ms) from the Fast Plasma Investigation instrument (Pollock et al., 2016). The
magnetic field data utilized are obtained from the FIELDS instrument (Torbert et al., 2016).

Figure 1 presents the MMSI observations of many kinetic-scale magnetic cavities. The ion and electron
energy spectra, given in Figures 1(a) and 1(b), are consistent with the characteristics of magnetosheath
plasmas. Typical signatures of magnetic cavities, including the depressed magnetic strength, the enhanced
plasma density, and the enhanced electron temperature, are shown in Figures 1(c)-1(e), respectively. Dur-
ing this interval, the magnetic field direction hardly changed from the —z direction in GSE coordinates, and
the ion bulk velocity in Figure 1(f) remained nearly constant. Based on these observations, a local LMN co-
ordinate system is defined, in which the L direction ([0.05, —0.10, —0.99] GSE) is the average magnetic field
direction, M direction ([0.57, 0.82, —0.06] GSE) is determined from the cross product of L and the average
ion bulk velocity, and N direction ([0.82, —0.56, 0.10] GSE) completes the triad. Figures 1(g) and 1(h) show
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Figure 1. A 90-s event overview of the magnetic cavities observed by MMS1 spacecraft on September 10, 2015. (a, b) Energy spectrograms of ion and electron
fluxes, respectively. (c) Magnetic field in GSE coordinates. (d) Plasma density. (e) Electron temperatures. (f) Ion bulk velocity in GSE coordinates. (g, h)
Magnetic field and ion bulk velocity in the defined local LMN coordinates. (i, j) Electron pitch angle distributions (PADs) in the 50-70 eV and 100-120 eV
energy channels. (k-p) Zoomed-in view of two magnetic cavities, observed from 1825:24 UT to 1825:27 UT and from 1826:05.5 UT to 1826:08.5 UT, respectively.

The three panels are the corresponding magnetic strength and PADs.
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the magnetic field and the ion bulk velocity in the LMN coordinates, respectively. The nearly constant ion
bulk velocity, approximately 270 km/s in the —N direction, agrees with the common understanding that
magnetic cavities are nonpropagating structures in the ion fluid rest frame (Haynes et al., 2015). In this
frame, the MMS1 spacecraft moved across the series of immobile cavities along the +N direction, and its 3-s
traversal time across a typical cavity indicates the spatial scale of ~800 km.

Figures 1(i) and 1(j) show the pitch angle spectra of electron phase space densities (PSDs) within the
50-70 eV and 100-120 eV energy channels, respectively. One can clearly see that many magnetic cavities
were associated with donut-shaped electron distributions. The zoomed-in view of a typical cavity between
1825:24 and 1825:27 UT, given in Figures 1(k)-1(m), shows that the perpendicular-moving electron PSDs in
the cavity center were lower than those at intermediate pitch angles around 60° or 120°, whereas the elec-
tron PSDs near the cavity edges peaked in the perpendicular direction. Moreover, the perpendicular-moving
electron PSDs were lower in the cavity center than the edges. The donut-shaped distributions were also
manifested by the electron temperature variations (see Figure 1(e)), with comparable perpendicular and
parallel temperatures within the center (due to the peaked PSDs at intermediate pitch angles) and higher
perpendicular temperatures near the edges.

Note that even in this event, there were also magnetic cavities with the absence of donut-shaped electron
distributions. An example is given in Figures 1(n)-1(p), which provide the zoomed-in view of the cavity be-
tween 18:26:05.5 and 18:26:08.5 UT when the electron PSDs peaked in the perpendicular direction. Similar
distributions are also found in other cavities, for example, near 1825:01 and 1825:10 UT (see Figures 1(i)
and 1(j)). The 90°-concentrated distributions, as discussed before, are more typical in previous observations
of magnetic cavities even if they appeared less frequently than the donut-shaped distributions in this event.

To examine the hypothesis that donut-shaped electron distributions evolve from the more typical, 90°-con-
centrated distributions during the shrinkage and deepening of magnetic cavities, we next utilize the Li
et al. (2020) model to construct an equilibrium cavity with enhanced PSDs in the perpendicular direction,
which provides the initial condition for particle-tracing simulation. Detailed information on the simulation
and the resulting electron distributions will be presented in the next section.

3. Simulation

Our approach to simulate the evolution of electron distributions is based on Liouville's theorem (e.g.,
Marchand, 2010; Zhou et al., 2012). The first step, as discussed before, is to construct the initial electron
distributions fy(r,v,ty) in the six-dimensional phase space and the associated electromagnetic profiles from
the self-consistent equilibrium model (Li et al., 2020). We next assume that the initial electromagnetic pro-
file remains unchanged, except for a superposition of prescribed field perturbations to represent the cavity
shrinkage and deepening process. To obtain the electron distributions f{r,v,t) at any time and location, we
trace the electron trajectories backward in time to identify their initial location r, and velocity v, within the
equilibrium model at ¢ = t,. According to Liouville's theorem, f{r,v,t) should be equal to fo(ry,Vo,to). Note that
although the particle-tracing approach provides an easier (than the sophisticated particle-in-cell simula-
tions) way to understand the electron dynamics associated with external field variations, it is not self-con-
sistent in that the simulated electron distributions cannot contribute to the prescribed field evolution. For
example, the electrons within the deepening cavity would experience a betatron cooling process (as we will
show later on), which according to Southwood and Kivelson (1993) would reduce the plasma pressure and
restrict the field lines from moving further apart. This feedback cannot be taken into account in our simu-
lation. In other words, we only aim to understand the evolution of electron distributions as a response to
the external driver of cavity shrinkage and deepening, with no attempt to analyze how this driver appears
and maintains.

The Li et al. (2020) equilibrium, adopted to construct the initial profiles of the magnetic cavity in cylindrical
coordinates (p, ¢, z), is developed based on three invariants of particle motion, including the particle energy
H, (where subscript a = i, e stands for ion and electrons), the canonical angular momentum £, in the azi-
muthal direction, and the magnetic moment , (for electrons only, since ; may vary within the small-scale
cavity). To satisfy the Vlasov equation, the ion and electron distributions are expressed as functions of these
invariants,
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Figure 2. Virtual spacecraft observations across the equilibrium magnetic cavity (left panels) and the evolving cavity, from £, + 2 s to £, + 5 s (middle panels)
and from ¢, + 4 s to t, + 7 s (right panels). (a, b) Modeled magnetic and electric fields. (c, d) Electron PADs in the 50-70 eV and 100-120 eV energy channels.
(e-h) Virtual spacecraft vs1 observations of the perturbed magnetic field, electric field, and electron PADs, respectively. (i-1) Virtual spacecraft vs2 observations
in the same format as in (e)-(h). PAD, pitch angle distribution.
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both of which are composed of a background (the first right-hand-side terms in Equations 1 and 2, inde-
pendent of £,,) and a current-carrying (the second terms, depending on F,,) population. In this model, the
magnetic field is always along the axial direction z or equivalently the L direction as defined observation-
ally. The model parameters, designated to resemble the cavity in Figures 1(n)-1(p), include the nominal
plasma density N = 87 cm™>, the density share of the background population § = 0.4, the angular bulk
velocity Q, = 0.0169 s™' and temperature 8,; = 30 eV of the current-carrying electrons, the temperature
8.0 = 20 eV of the background electrons, the angular bulk velocity Q; = 0 and temperature 8;; = 255 eV of
the current-carrying ions, the temperature 8;, = 205 eV of the background ions, and the anisotropy index
b, = —6 nT of the current-carrying electrons (according to Equation 1, the negative b, value indicates a
higher perpendicular than parallel temperature, see Li et al. [2020] for details). Here, the selection of Q; =0
indicates that electrons are the only current carriers. The modeled cavity, if observed by a virtual spacecraft
(hereinafter referred to as vs1) moving along the +N direction at 270 km/s (the observed ion bulk velocity,
see Figure 1(f)), would be manifested in Figures 2(a)-2(d) by depressed magnetic field, radially inward
electric field, and 90°-concentrated electron distributions. These virtual signatures are similar to MMS1
observations in Figures 1(n)-1(p), although for generality purposes, the vsl trajectory is slightly displaced
from the cavity center by 10 km in the +M direction (see Figure 3(a) for an illustration of the vs1 trajectory
across the cavity).

We next construct a simple model of electromagnetic field perturbations to represent the cavity shrinkage
and deepening, which require gradual decrease and increase of the magnetic strength at locations near the
cavity center and the edges, respectively. Therefore, we assume that the magnetic field remains unchanged
at a fixed radial distance p = Ry, and the perturbed magnetic vector potential is

OF,
() =228 (), o
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Figure 3. Trajectories of three test electrons in the shrinking/deepening magnetic cavity. (a) The MN projections of the electron trajectories within the cavity.
The gray color denotes the p > R, region, in which the magnetic field increases with time. The arrows represent the azimuthal electric field. The local LMN and
cylindrical (p, ¢, z) coordinates are given in the bottom-right corner. Time variations of electron A's (b) z coordinate, (c, d) guiding-center ¢ and p locations, (e,
f) magnetic and electric field experienced, and (g) kinetic energy. (h-m) and (n-s) are in the same format as in (b)-(g), for electrons B and C, respectively.

which corresponds to the field perturbations given by

_SEyp

§E¢,(p) 2, ~exp(—p2 /Rg), 4)

. 25E0(p2 - Rg)

OB, (pit) = s -exp(—p2 /Rg) -t (5)

where SE, regulates the cavity deepening rate or equivalently the amplitude of the induced azimuthal elec-
tric field. This assumption enables linear increase and decrease of the magnetic field with time at p < R,
and p > Ry, respectively, with the decreasing rate approaching zero at p — . The electric field 5, on
the other hand, is time independent and has a unipolar profile with radial distance (which peaks at p = V2
Ry/2 and approaches zero at p = 0 or p — +»). These features agree with our expectation for a shrinking
and deepening cavity.

One may also introduce a spatial scale of the perturbed field along the axial direction, by multiplying Equa-
tion 3 with a Gaussian envelope, to have
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54,(p.z.t) = —% . exp(—p2 /Rg)exp(—z2 /202), (6)

The associated electromagnetic field perturbations are given by

SEyp
Ry

SE,(p.z) = -exp(—p2 /Rg)exp(—z2 /Zg), )

25E0(p2 - Rg)

OB, (p,z,t) = Rg -exp(—p2 / Rg)exp(—z2 / Zg) -1, ®
26E
OB, (p,z,t) = —ROZ—OZ':M - exp(—p2 /Rg)exp(—z2 /zé) -1, 9)

where Z, represents the spatial scale along z. The modeled electromagnetic fields in the z = 0 plane (with
the greatest cavity deepening rate) are the same as in the z-independent model, whereas at other locations,
the magnetic field perturbations have not only the axial component but also the radial component. The
configuration of the z-dependent shrinkage is similar to that in the magnetic mirror structures (see Yao
et al., 2018, Figure 5 for a schematic view), in which the magnetic z-gradient must be accompanied by radial
field to fulfill the divergence-free requirement.

In our simulation, we adopt the following parameters: E, = 0.075 mV/m, R, = 150 km, and Z, = 300 km.
Figures 2(e) and 2(f) present the perturbed electromagnetic fields observed by the virtual spacecraft vsl
across the shrinking cavity from ¢, + 2 s to t, + 5 s, in which the perturbed &B, is negative near the cavity
center and positive near the edges. Here, the radial magnetic field 8B, is zero since vs1 is confined within the
z = 0 plane. The unipolar profile of the azimuthal electric field 6E,, is manifested in the LMN coordinates as
bipolar 8E), variations shown in Figure 2(f). Note that the temporal scale of the field evolution (a few sec-
onds) is larger than the electron gyroperiod (~1 ms) and lower than the drift period (hundreds of seconds)
of thermal electrons around the cavity center, indicating the electron adiabatic motion with the magnetic
moment conserved.

After the perturbed electromagnetic fields are superposed over the initial equilibrium, we carry out the
particle-tracing procedure to determine the electron distributions at any time and location. The virtual ob-
servations of electron distributions from the vs1 spacecraft are shown in Figures 2(g) and 2(h), which pres-
ent the donut-shaped pitch angle spectra of electron PSDs in both the 50-70 eV and 100-120 eV channels.
These virtual observations are similar to the MMS1 observations in Figures 1(1) and 1(m), with electron
PSDs maximizing at 90° and 60°/120° pitch angles near the cavity center and the edges, respectively. As the
cavity keeps shrinking and deepening, the donut-shaped distributions become more prominent, as can be
seen in Figures 2(i)-2(1) for virtual observations of a trailing spacecraft (referred to as vs2) that follows vs1
to traverse the cavity from t, + 4 stoto + 7 s.

The similarity between MMSI1 and virtual observations supports the hypothesis that donut-shaped electron
distributions originate from cavity shrinkage and deepening. The simulation also provides an opportuni-
ty to quantitatively analyze the electron dynamics underlying their evolving distributions. To understand
these variations, however, it is essential to first examine the equilibrium model for properties of the initial
electron distributions and their gradients in the six-dimensional phase space. In the position space, the
electron PSD (see Equation 1, or Li et al. [2020] for details) decreases with p and is independent of ¢ or z.
In the velocity space, the more complicated electron distributions can be approximated by the superposi-
tion of a Maxwellian and a slightly shifted bi-Maxwellian components. Given the very low bulk velocity,
the electron PSD in the energy range of interest (50-120 eV) decreases monotonically with energy in both
perpendicular and parallel directions. These properties indicate that the time variations of electron distribu-
tions must be attributed either to the electron radial transport (given the negative of, / 0p values, the inward
and outward motion would correspond to decreasing and increasing electron PSDs, respectively) or to the
energy variations (with electron acceleration and deceleration associated with increasing and decreasing
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PSDs, respectively). Moreover, the pitch angle variations toward or away from 90° (even if the energy re-
mains unchanged) may also contribute to the decreasing or increasing electron PSDs, respectively. This is
because, in the equilibrium cavity, the anisotropic electron distributions with higher perpendicular than
parallel temperatures indicate that the energy gradients of the PSD are sharper in the parallel than in the
perpendicular directions.

We next display in Figure 3 the trajectories of three typical electrons (labeled A-C) within the evolving mag-
netic cavity before they reach vs1 at the energy of 60 eV. The time of spacecraft encounter for the three elec-
trons, together with their pitch angles and corresponding PSDs within the donut-shaped structure, is given
in Figure 2(g). Here, electron A represents the perpendicular-moving electrons near the cavity center with
decreasing PSDs (compare Figures 2(c) and 2(g)). Electron B represents the perpendicular-moving electrons
at locations farther away from the center (with p > R,), with the associated PSDs increasing slightly with
time to exceed those near the center. Finally, electron C represents the population with intermediate pitch
angles near the center, with higher PSDs than those perpendicular-moving electrons.

Electron A's trajectory is shown in Figure 3(a) as the blue line, which is essentially the superposition of a
high-frequency, anticlockwise gyration over the slower drift motion in the clockwise and radially outward
direction. Here, the outward E X B drift is associated with the induced OE, (see Equation 7), and the clock-
wise drift is caused by the higher velocity of the grad-B drift (associated with the radially outward magnetic
gradient) than the anticlockwise E X B drift (caused by the radially inward Hall electric field in the equi-
librium model, see Li et al. [2020]). The outward-and-clockwise drift can be also seen in Figures 3(b)-3(d),
which shows the test electron’s guiding-center locations before it reaches vsl1. Figures 3(e) and 3(f) present
the electromagnetic fields experienced by electron A, in which one can see the decreasing B, and the weak,
inward-and-anticlockwise electric field (with the high-frequency oscillations associated with electron gy-
ration). Despite the outward-and-clockwise drift being opposite to the electric field direction, the electron
kinetic energy decreases from 70 eV to 60 eV within 3.5 s (Figure 3(g)). The deceleration is caused by the
electron gyration within the curled electric field induced from the decreasing magnetic field, namely, the
betatron cooling process. It is this adiabatic deceleration, together with the negative PSD gradients over
perpendicular energy, that dominates the electron PSD decrease near the cavity center. For the sake of
completeness, we note that the decreasing trend of the electron PSDs could be compensated by the electron
outward motion in association with negative df, / dp values, although the latter effect is weak near the
center and can hardly change the overall picture.

We next focus on electron B's trajectory, the orange line near the edges in Figure 3(a). Like electron A, this
electron also drifts clockwise and outward, which can be better visualized from the time variations of its
guiding center in Figures 3(h)-3(j). The electromagnetic fields experienced by electron B, shown in Fig-
ures 3(k) and 3(1), are in the same direction as those experienced by electron A, although a major difference
is that the magnetic field in Figure 3(k) gradually increases. This is because electron B's radial distance is
larger than R, (see Figure 3(a)). It is the increasing magnetic strength that causes the adiabatic betatron
acceleration (see Figure 3(m) for the energy variations), which contributes to the gradual PSD enhancement
near the edges that eventually exceeds those in the center. Besides, the PSD enhancement is also contrib-
uted by the electron outward drift given the negative of, / 0p values in the equilibrium. This effect is more
important for electron B than for A since the absolute value of df, / dp and the outward drift speed are both
larger near the edges than in the center.

Finally, electron C's trajectory is different from the above two in that it is not confined in the z = 0 plane,
and its projection into the plane is shown in Figure 3(a) as the yellow line. The electron's guiding-center
locations, the experienced electromagnetic fields, and its perpendicular and parallel energy variations are
shown in Figures 3(n)-3(s), respectively. At t = £, the electron is located ~5,000 km from the z = 0 plane and
hardly observes any discernible field perturbations. As the electron moves along the axial direction toward
the spacecraft, at t = t, + 3.2 s, it starts to experience a decreasing magnetic field and an increasing, anti-
clockwise electric field. From then on, the electron's perpendicular motion is similar to electron A's, albeit
with lower perpendicular energy and consequently, a smaller gyroradius and a lower drift speed. There-
fore, its kinetic energy also decreases (see Figure 3(s)) via betatron cooling, which could slightly reduce
the associated electron PSDs. However, this process becomes more complicated by the transition between
perpendicular and parallel energies (see Figure 3(s)), which is caused by the magnetic mirror force (essen-
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tially the axial component of the Lorentz force in the presence of 8B,) as the electron moves along the field
line toward a region with weaker magnetic strength. Given that the energy gradients of the electron PSD
are larger in the parallel than in the perpendicular direction, the transition from perpendicular to parallel
energy indicates a PSD enhancement. This effect dominates over the betatron cooling effect, to increase the
electron PSDs at intermediate pitch angles so that the donut-shaped structures can be formed.

The above analysis suggests that donut-shaped electron distributions could be formed by the combination
of betatron acceleration/deceleration, radial transport, and pitch angle variations associated with localized
shrinkage and deepening of magnetic cavities. In this event, the betatron cooling effect plays a dominant
role in reducing the PSDs for perpendicular-moving electrons near the cavity center, whereas the mirror
force and the associated pitch angle variations are most important in enhancing the PSDs at intermediate
pitch angles. To highlight the importance of the mirror force, we carry out another simulation based on the
z-independent model of field evolution (Equations 3-5, in which the mirror force is absent). The results are
presented in Figure S1, which shows the decrease of electron PSDs near the cavity center (due to the betatron
cooling effect) at all pitch angles. The absence of donut-shaped structures indicates that betatron cooling
alone is insufficient to generate the donut-shaped structures, although the relative importance of these ef-
fects in changing the electron distributions may also depend on the PSD gradients in the equilibrium cavity.

Note that the above analysis is carried out for virtual spacecraft traversing the cavity near its center. Also,
the spacecraft is confined within the z = 0 plane (where the field perturbations maximize). In real obser-
vations, however, the spacecraft could follow different trajectories, either through the edges or displaced in
the axial direction. Therefore, one should examine whether the donut-shaped distributions are typical along
different spacecraft trajectories, which becomes even more important given the presence of donut-shaped
distributions in most of the magnetic cavities observed in Figure 1. To do so, we launch a series of virtual
spacecraft traversing the evolving cavity along different trajectories (displaced with different distances from
the center in the M and/or z directions), and the resulting pitch angle spectra are displayed in Figure S2. The
high probability of observing the donut-shaped electron structures is consistent with the observations that
most magnetic cavities in Figure 1 were associated with donut-shaped electron distributions.

4. Conclusions

In summary, we carry out test-particle, Liouville simulations to examine the hypothesis that donut-shaped
electron distributions in many magnetic cavities (Ahmadi et al., 2018; Yao et al., 2018) evolve from the more
typical, 90°-concentrated distributions during the cavity shrinkage and deepening process. The simulation
results agree with MMS observations, which supports this hypothesis and enables a quantitative analysis on
the underlying physics. It is shown that near the cavity center, the PSD reduction for perpendicular-moving
electrons is mostly attributed to the adiabatic betatron cooling effect, whereas for electrons with interme-
diate pitch angles (~60°/120°), the mirror force-induced transition between perpendicular and parallel en-
ergies dominates to increase the corresponding PSDs. At farther distances from the cavity center, the PSD
increase is caused by betatron acceleration associated with the gradual enhancement of magnetic strength.
Another factor that may change the electron PSDs is the electron radial motion associated with the induced
azimuthal electric field, although this effect is less significant in our simulated formation of donut-shaped
electron distributions.

Data Availability Statement

The code that the authors developed for test-particle simulations, together with a brief readme instruction,
is available from the Zenodo repository (https://doi.org/10.5281/zenodo.4304598).
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