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Abstract. We investigate the response of quasi-adiabatic par-
ticles to dynamical reconfigurations of the magnetotail field
lines. Although they travel through a sharp field reversal
with a characteristic length scale smaller than their Larmor
radii, these quasi-adiabatic particles experience a negligible
net change in magnetic moment. We examine the robust-
ness of such a quasi-adiabatic behavior in the presence of
a large surging electric field induced by magnetic field line
reconfiguration as observed during the expansion phase of
substorms. We demonstrate that, although such a short-lived
electric field can lead to substantial nonadiabatic heating,
quasi-adiabaticity is conserved for particles with velocities
larger than the peak ExB drift speed. Because of the time-
varying character of the magnetic field, it is not possible to
use the adiabaticity parameter κ in a straightforward man-
ner to characterize the particle behavior. We rather consider
a κ parameter that is averaged over equatorial crossings. We
demonstrate that particles intercepting the field reversal in
the early stage of the magnetic transition may experience sig-
nificant energization and enhanced oscillating motion in the
direction normal to the midplane. In contrast, particles inter-
acting with the field reversal in the late stage of the magnetic
transition experience weaker energization and slower oscilla-
tions about the midplane. We show that quasi-adiabatic par-
ticles accelerated during such events can lead to energy–time
dispersion signatures at low altitudes as is observed in the
plasma sheet boundary layer.

Keywords. Space plasma physics (charged particle motion
and acceleration)

1 Introduction

Charged particles traveling in a sharp field reversal may
not conserve their magnetic moment (first adiabatic invari-
ant) because of significant variations of the magnetic field
within a cyclotron turn. A parameter that is widely used to
characterize this nonadiabatic behavior is the parameter κ ,
introduced by Büchner and Zelenyi (1989) and defined as
κ = (RC/ρL)

1/2, where RC is the minimum field line cur-
vature radius and ρL is the maximum Larmor radius of the
particle. For κ greater than 3, the particle motion is adiabatic
and the guiding center approximation (e.g., Northrop, 1963)
is valid. For κ between 3 and 1, the motion may become
chaotic (Büchner and Zelenyi, 1989) and pitch angle scatter-
ing can lead to prominent filling of the loss cone (Sergeev et
al., 1983). In this 1 < κ < 3 range, deviation from adiabaticity
may be described by considering a perturbation of the parti-
cle gyro-motion with a centrifugal impulse (Delcourt et al.,
1996). As a result of this centrifugal perturbation, damping
or enhancement of the particle magnetic moment (denoted by
µ hereinafter) may be obtained depending upon pitch angle
and gyration phase; hence, in the long term, this may result
in a possibly chaotic behavior with prominent dependence
upon initial conditions (see also Anderson et al., 1997). For κ
smaller than 1, a distinct dynamical regime is obtained since
the particle Larmor radius becomes larger than the field line
curvature radius and the particle may oscillate on either side
of the field reversal midplane.

In this latter κ < 1 dynamical regime, distinct classes of
particle orbits have been uncovered (e.g., Chen and Pal-
madesso, 1986; Büchner and Zelenyi, 1989). The Speiser
(equivalently, “transient”) orbit that was put forward in the
pioneering work of Speiser (1965) forms one of these classes
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12 D. C. Delcourt et al.: On the response of quasi-adiabatic particles

Figure 1. (a) Model magnetic field lines (Eq. 3) in the pre- and post-dipolarization configurations (coded in blue and red, respectively).
(b) Total electric field (E =−∂A/∂t +∇8; solid line) at Z = 0 as a function of time and at t = 30 s as a function of Z height. The dotted
line shows the purely induced electric field E =−∂A/∂t . Model trajectory and magnetic moment versus time of (c and e) quasi-adiabatic
H+ and (d and f) equatorially trapped H+ (blue and red relate to pre- and post-dipolarization configurations, respectively). A 60 s magnetic
transition (shaded area) is considered. Full circles show the initial H+ positions.

whereby the net µ change experienced by the particles af-
ter crossing of the field reversal is negligible. Accordingly,
Speiser particles that originate from regions of strong mag-
netic field may return to such regions after transport into the
magnetotail. Although the motion of these Speiser particles
differs from a regular helical motion during oscillation about
the midplane, it was shown by Büchner and Zelenyi (1989)
that their meandering motion does have some regularity with
the action integral IZ =

∫
PZdZ (where Z is the direction

normal to the midplane and PZ is the generalized momen-
tum) as an approximate invariant, hence the denomination of
these Speiser particles as “quasi-adiabatic”. This meander-
ing motion is due to the rapid change in the BX component
(whereX points in the Sun–Earth direction) above and below
the midplane. Also, because of the small BZ component of
the magnetic field, these meandering particles are gradually
turned back from tailward to earthward directions of propa-
gation and the current that is carried across the magnetotail
during this motion critically depends upon particle species
(e.g., Malova et al., 2013). Other classes of orbits in the κ < 1
regime are quasi-trapped particles that experience repeated
crossings of the midplane with significant µ changes, and
trapped particles such as those that mirror in the equatorial
plane.

As for Speiser particles, it was shown by Chen and Pal-
madesso (1986) that this behavior is more pronounced for
specific values of the κ parameter (or, equivalently, of the

dimensionless Hamiltonian), a feature that was interpreted
as the result of resonance between the fast oscillations
in the Z direction and the slow gyro-motion in the X–Y
plane (Y pointing in the dusk-dawn direction). Burkhart and
Chen (1991) examined further this resonance effect and ob-
tained the following empirical relationship to characterize
the N th resonance (N being an integer ≥ 1):

κN ≈
0.8

N + 0.6
. (1)

A better fit to numerical simulations of resonances was ob-
tained by Delcourt and Martin (1999; see their Eq. 16), viz.,

κN ≈
0.775

N + 0.456
. (2)

According to Eq. (2), the first resonance (N = 1) is ob-
tained for κ1 ≈ 0.53 with orbits that feature two crossings
of the midplane. The second resonance (N = 2) is obtained
for κ2≈ 0.316 with orbits that feature three crossings of the
midplane, and so on. This resonance effect can lead to the
formation of “beamlets” that propagate along the magnetic
field lines and lead to localized velocity-dispersed structures
at low altitudes (e.g., Ashour-Aballa et al., 1995).

The dynamics of Speiser (quasi-adiabatic) particles has
been examined in a variety of studies that generally con-
sidered one-dimensional (in the Z direction) steady-state
situations. In such situations, the dawn-to-dusk convection
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D. C. Delcourt et al.: On the response of quasi-adiabatic particles 13

electric field can be removed via transformation to the de
Hoffman–Teller frame. In this reference frame that moves
at the equatorial ExB drift speed, the convection electric
field vanishes so that equations of motion can be written in
a simple manner. In the present study, we investigate the re-
sponse of quasi-adiabatic particles in the presence of a time-
varying magnetic field. A characteristic feature of the expan-
sion phase of substorms at Earth is the dipolarization of mag-
netic field lines that takes place within a few minutes and
propagates both radially and azimuthally within tens of min-
utes (see, e.g., Miyashita et al., 2009, and references therein).
Such rapidly propagating dipolarization events (e.g., Reeves
et al., 1996; Sarris et al., 2002; Runov et al., 2009) occur in
other magnetospheric environments as well but with different
characteristic timescales, for instance of the order of seconds
at Mercury (e.g., Sundberg et al., 2012). The rapidly chang-
ing magnetic field during such events gives rise to an induced
electric field that can reach a magnitude of several millivolt
per meter (e.g., Artemyev et al., 2015). The early observa-
tions of Aggson et al. (1983) provide a prototypical example
of such large electric fields induced by magnetic field line
dipolarization. On top of the mean electric field variation,
fluctuations on short timescales also are observed, as exam-
ined for instance by Nosé et al. (2014). Under the effect of
these large induced electric fields, ions may be subjected to
prominent acceleration as examined in a variety of studies
(e.g., Delcourt et al., 1990; Zhou et al., 2010; Ukhorskyi et
al., 2013; Artemyev and Vasiliev, 2015; see review by Birn
et al., 2012).

In the present study, we are interested in the response of
quasi-adiabatic particles to such dipolarization events, focus-
ing on the mean field variation. Indeed, it cannot be taken
for granted that Speiser particles persist during short-lived
dipolarization since the BX component of the magnetic field
that is responsible for the fast meandering motion varies on a
timescale comparable to the slow gyro-motion (of the order
of a few minutes). Also, because the electric field induced by
the magnetic transition rapidly varies with time, it is not pos-
sible to use transformation to the de Hoffman–Teller frame.
The use of the adiabaticity parameter κ proves to be prob-
lematic as well since magnetic field lines are turning more
dipolar and their curvature rapidly decreases with time. In the
following, we first present the simple dipolarization model
that was used as well as some typical particle trajectories.
We then examine the response of quasi-adiabatic particles to
field line dipolarization in a more systematic manner.

2 Modeling of magnetotail reconfiguration

To examine the dynamics of quasi-adiabatic particles during
short-lived reconfigurations of the distant magnetotail, we
consider the simple parabolic field defined as

B(X,Z)= Bt
Z

L
x+Bnz. (3)

here, L is a reference scale length representing the half thick-
ness of the current sheet and x and z are unit vectors in the
X and Z directions, respectively (with X axis pointing tail-
ward and Z axis pointing from south to north). Also, Bn is
the small magnetic field component normal to the midplane.
In the present study, the rapid magnetic transition is modeled
via the tail lobe field Bt in Eq. (3) that we define as

Bt(t)= Bpre-+ f (t)(Bpost-−Bpre-). (4)

In Eq. (4), Bpre- and Bpost- are the tail lobe field magnitudes
before and after the reconfiguration, respectively. Also, f (t)
is a polynomial that describes the rate of change in the mag-
netic field. More specifically, imposing a zero induced elec-
tric field as well as its zero slope at the onset and at the end of
the magnetic transition leads to a polynomial of degree 5 for
f (t), as described in Appendix A of Delcourt et al. (1990)
(see Eq. A8 of that paper). Denoting by τB the timescale of
the reconfiguration, this polynomial smoothly varies between
0 at t = 0 and 1 at t = τB .

Note that, at low latitudes, field line dipolarization may be
characterized by either an increase in BZ , equivalently Bn in
Eq. (3) (e.g., Runov et al., 2009) or a decrease in BX as dis-
played in Aggson et al. (1983) (see Fig. 4 of that paper). In
the present study, we model the field line dipolarization via a
decrease in Bt in Eq. (4), from Bpre- = 20 to Bpost- = 10 nT,
the other parameters Bn and L in Eq. (3) being kept constant
(set to 1 nT and 0.3 RE, respectively). For the field line cur-
vature radius that is written as RC = BnL/Bt at Z = 0, one
then obtains an increase by a factor of 2, qualitatively con-
sistent with the curvature radius evolution expected during
dipolarization.

As for the electric field, it was considered to be the sum
of two contributions. The first contribution is that induced
by the time-varying magnetic field, viz., E =−∂A/∂t where
the vector potential A is such that curl(A)= B as given by
Eq. (3). Here, we choose for this vector potential AY ∝ Z2.
The induced electric field obtained (in the Y direction) de-
pends upon the mathematical form arbitrarily adopted for A,
and this electric field alone is thus not sufficient to fully char-
acterize the motion of the magnetic field lines, as described
in Appendix B of Delcourt et al. (1990). For this purpose, we
also impose that the ExB drift speed vanishes at Z = L, and
to do so, a second contribution, ∇8, is taken into account as
well. As will be made more apparent in Fig. 1, the gauge 8
that we introduce here only has a component in the Y direc-
tion and a constant value at given time t , hence a total electric
field E =−∂A/∂t +∇8 that maximizes at Z = 0 and van-
ishes at Z = L. For simplicity, the steady-state dawn-to-dusk
(in the −Y direction) convection electric field was not con-
sidered in the following computations. The time evolution of
the magnetic field can be seen in the upper leftmost panel of
Fig. 1, which shows field lines prior to (coded in blue) and
after (coded in red) the magnetic transition. It can clearly be
seen here that the magnetic field line evolves from a stretched

www.ann-geophys.net/35/11/2017/ Ann. Geophys., 35, 11–23, 2017



14 D. C. Delcourt et al.: On the response of quasi-adiabatic particles

Figure 2. Left: three-dimensional trajectories of test H+ launched at different (color-coded) times from Z = L. Thin lines show the H+

trajectory projection in the equatorial plane. Right: color-coded electric field, energy, and magnetic moment versus time.

Figure 3. Bottom: Y locations of H+ equatorial crossings as a function of equatorial crossing time. The Y coordinate is evaluated with
respect to the first midplane crossing and normalized to the half thickness of the current sheet, L. The instantaneous H+ energy is coded
according to the color scale on the right. Top: electric field as a function of time. A 60 s (shaded area) magnetic transition is considered.

configuration to a more dipolar one. The electric field varia-
tions during this magnetic transition can be seen in the lower
leftmost panels of Fig. 1. On the left, it can be seen that the
total electric field at Z = 0 points in the −Y direction and

reaches a peak magnitude of ∼ 0.3 mV m−1 at half collapse.
On the right, it is apparent from the Z profile obtained at half
collapse that the total electric field (solid line) maximizes at
Z = 0 and vanishes at Z = L, due to the combined effect of
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D. C. Delcourt et al.: On the response of quasi-adiabatic particles 15

Figure 4. From top to bottom: electric field magnitude, number of equatorial crossings, and final value of κ (normalized to the initial one;
coded in black) as a function of last equatorial crossing time. The bottom panel also shows the final values of field line curvature radius
and particle speed (coded in blue and red, respectively), normalized to their initial values. In the middle panel, the final H+ energy is coded
according to the color scale on the right.

the purely induced electric field (dotted line) and of the gauge
transformation.

The upper right panels of Fig. 1 show an example of par-
ticle orbits obtained in the initial stretched configuration. As
mentioned above, because of the sharp field reversal, the par-
ticle motion near the midplane differs from a regular heli-
cal motion and the trajectory shown here actually provides
an example of Speiser orbit obtained at N = 5 resonance
(κ ≈ 0.142 in Eq. 2), as portrayed in Fig. 3 of Speiser (1965).
Although nonadiatic per se, the particle motion about the
midplane does have some regularity, and it can be seen in the
upper rightmost panel that the net µ change at the exit of the
neutral sheet is negligible, hence the denomination of such
particles as quasi-adiabatic. While the upper panels show an
example of spatial nonadiabaticity (i.e., due to spatial varia-
tion of the magnetic field on the length scale of the particle
Larmor radius), the bottom panels of Fig. 1 show an exam-
ple of temporal nonadiabaticity (i.e., due to temporal vari-
ation of the magnetic field on the timescale of the particle
cyclotron period). More specifically, the test H+ considered
in these bottom panels is trapped in the equatorial plane so
that there is no parallel motion and associated violation of
the first adiabatic invariant upon crossing of the sharp field
reversal. In these lower panels, we assume that the magnetic

field evolves from a stretched configuration to a more dipo-
lar one on a timescale of 1 min (e.g., Aggson et al., 1983).
It is clearly apparent from these lower panels that the elec-
tric field induced by the magnetic transition leads to a rapid
enhancement of the particle magnetic moment by more than
1 order of magnitude; hence, there is a significantly larger
Larmor radius after dipolarization.

Figure 1 demonstrates that particles may behave nonadia-
batically either because of spatial variations of the magnetic
field or because of temporal ones. The question that we wish
to address in the present study has to do with a combination
of these two types of nonadiabaticity. That is, how do quasi-
adiabatic (Speiser) particles respond to a short-lived recon-
figuration of the magnetic field lines and to the associated
impulsive electric field?

3 Model results

The above time-varying parabolic field model (Eqs. 3–4) was
used to perform some parametric exploration of particle dy-
namics during reconfiguration of the magnetotail. As in Del-
court et al. (1990), the instantaneous magnetic moment of
the particles in this parametric exploration was calculated in
the reference frame moving at the E×B drift speed, i.e.,

www.ann-geophys.net/35/11/2017/ Ann. Geophys., 35, 11–23, 2017



16 D. C. Delcourt et al.: On the response of quasi-adiabatic particles

Figure 5. From top to bottom in left panels: meandering trajectory sequences during field line dipolarization for different equatorial crossing
times (the time of the first equatorial crossing is indicated for each trajectory). The H+ trajectory shown in blue is the reference trajectory
in the pre-dipolarization configuration. From top to bottom in right panels: corresponding κ parameters (normalized to the value in the
pre-dipolarization configuration) as a function of time. The instantaneous H+ energy is coded according to the color scale on the right.

µ=m(V ⊥−V E×B)
2/2B, wherem is the particle mass and

B the magnetic field magnitude (e.g., Northrop, 1963; Cary
and Brizard, 2009). As will be discussed in detail hereinafter,
this magnetic moment is not conserved during the particle
meandering sequence near Z = 0, but the issue of interest
here is to examine the net change inµ, viz., to compareµ val-
ues at entry and at the exit of the field reversal (equivalently,
before and after the meandering sequence). Figure 2 shows
examples of trajectories obtained for different initial condi-
tions considering a 60 s relaxation from tail-like to dipole-
like configuration. Here, test H+ at N = 5 resonance (i.e., an
initial energy of ∼ 1.1 keV with the present model parame-
ters; see Eq. 2) was launched at different times from Z = L.
Because of these different injection times, the particles are
struck by dipolarization at distinct points of their motion. It
can be seen in the leftmost panel of Fig. 2 that the test H+

coded in blue travels in the pre-dipolarization configuration
and executes six crossings of the midplane. Since for sim-
plicity there is no electric field other than that induced by the
time-varying magnetic field, no energy gain is obtained for
this particle upon interaction with the field reversal. By com-
parison, the test H+ coded in green in Fig. 2 that is struck by
dipolarization during the meandering sequence near Z = 0
experiences an additional crossing of the midplane. This par-
ticle exits the field reversal with a net energy gain of a few

hundred electronvolt and with a magnetic moment nearly
identical to the initial one.

It is important here to keep in mind the definition of
quasi-adiabaticity, as described in the introduction. That is,
this quasi-adiabatic behavior concerns particles that meander
above and below the midplane and for which one has κ < 1.
For these particles, the magnetic moment is not conserved
during the meandering sequence, but a new invariant (the ac-
tion integral IZ; see above) can be defined throughout the
motion. The term “quasi-adiabatic” is a steady-state concept
that was introduced by Büchner and Zelenyi (1989) to em-
phasize the fact that, at the exit of the field reversal, these
particles have a magnetic moment nearly identical to that at
entry. In other words, the net change in magnetic moment
after interaction with the field reversal is negligible, despite
the nonadiabatic meandering sequence. The trajectory coded
in green in Fig. 2 provides an example of such behaviors and
demonstrates that quasi-adiabaticity may persist during dipo-
larization although the particle is struck by a rapidly chang-
ing electric field.

As for the test H+ coded in red in Fig. 2, it is launched
somewhat later than the other H+ and it intercepts the mid-
plane during the late phase of the magnetic transition. At
this time, the field line curvature radius has significantly in-
creased so that the timescale of the Z oscillation about the

Ann. Geophys., 35, 11–23, 2017 www.ann-geophys.net/35/11/2017/
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Figure 6. Final H+ energy (top) and magnetic moment (bottom)
as a function of the first equatorial crossing time. Different initial
energies are considered (N = 1,N = 3, andN = 5 in Eq. (2), coded
in blue, green, and red, respectively). A 60 s (shaded area) magnetic
transition is considered.

midplane (which varies as RC/V , where RC is the field line
curvature radius and V is the particle speed) is substantially
larger. The particle thus executes a lesser number of Z os-
cillations (only five equatorial crossings as opposed to six
in the initial case coded in blue). As mentioned above, the
adiabaticity parameter κ cannot be used in a straightforward
manner here since the magnetic field line geometry is con-
stantly changing. Still, were an instantaneous value of κ to
be considered, the H+ behavior shown in red in Fig. 2 would
correspond to a larger κ value (larger field line curvature ra-
dius) and thus to a lower resonance order N in Eq. (2) and,
hence, a smaller number of Z oscillations. In the lower right
panel of Fig. 2, it can be seen that the test H+ coded in red ul-
timately exits the neutral sheet with a substantial energy gain
(up to∼ 3 keV) and with a magnetic moment nearly identical
to the initial one. For both trajectories (green and red), quasi-
adiabaticity thus persists despite the rapidly changing BX
component in Eq. (3). In other words, Fig. 2 suggests that,
depending upon phasing between midplane crossing and the
surging electric field, particles may experience more and less
significant energization and that this does not necessarily al-
ter their Speiser behavior.

Figure 3 shows the results obtained considering a wider
range of injection times. That is, test protons were launched
from Z = L with the same parameters as in Fig. 2 but by
steps of 1 s. Figure 3 shows the successive Y values at Z = 0
crossing as a function of equatorial crossing time, together
with color-coded instantaneous energy. Here again, a 60 s re-
laxation (shaded area in Fig. 3) of the magnetic field lines

was considered, yielding a peak dawn-to-dusk electric field
of ∼ 0.3 mV m−1 at half collapse as illustrated in the up-
per panel of Fig. 3. It is apparent from the lower panel of
Fig. 3 that test H+ in the initial configuration experience six
crossings of the Z = 0 plane. As for test H+ intercepting the
midplane during the magnetic transition, two domains can
be distinguished. The first domain consists of particles that
cross the equator in the early stage of the reconfiguration.
For these particles, Bt in Eq. (4) does not significantly differ
from Bpre-. These particles experience the largest energiza-
tion (from 1 keV up to ∼ 5 keV), and, as a result of their fast
Z oscillation (with timescale varying as RC/V ), they may
experience an additional crossing of the midplane while be-
ing turned back from +X to −X directions of propagation.
The second domain in Fig. 3 consists of particles that cross
the equator in the late stage of the reconfiguration. Although
these latter particles do experience some energization as well,
magnetic field lines have now turned significantly more dipo-
lar so that the timescale of the Z oscillation is larger (due to
a larger field line curvature radius) and the particles execute
a smaller number of Z oscillations. Ultimately, in the post-
dipolarization configuration, the test H+ in Fig. 3 only expe-
riences four crossings of the midplane, the smaller curvature
of the magnetic field lines leading to a larger κ and a smaller
resonance order (viz., N ≈ 3 in Eq. 2).

During the magnetic transition, increasing energy due to
the induced electric field leads to faster Z oscillation (be-
cause of larger V ), while an increasing field line curvature
radius due to dipolarization leads to slower Z oscillation (be-
cause of larger RC). The combination of these two opposite
effects can be better seen in Fig. 4, which presents selected
parameters of the model trajectories in Fig. 3 as a function
of the last equatorial crossing time. In the center panel of
Fig. 4, it can be seen that the number of midplane crossings
first temporarily increases from six to seven (note the cor-
responding gap obtained between 10 and 20 s because of the
time required to execute an additional Z oscillation) and then
gradually decreases from seven to four. In the bottom panel
of Fig. 4, it can be seen that the particle velocity (shown in
red and normalized to its initial value) first increases faster
than the field line curvature radius, which is responsible for
a faster Z oscillation and additional midplane crossing. Be-
cause energization subsequently decreases and the field line
curvature radius (shown in blue and normalized to its ini-
tial value) increases, slower Z oscillations are then obtained
and, hence, a decreasing number of midplane crossings. Were
an instantaneous κ to be considered here (shown in black in
Fig. 4 and normalized to its initial value), this would trans-
late as a two-step response, with a κ decrease followed by a
κ increase.

Figure 5 shows model trajectories that illustrate the suc-
cessive increase and decrease in Z oscillations depending
upon phasing with the surging electric field. In the left pan-
els of this figure, the equatorial crossing sequence is shown in
the Y–Z plane for different injection times, while the associ-

www.ann-geophys.net/35/11/2017/ Ann. Geophys., 35, 11–23, 2017



18 D. C. Delcourt et al.: On the response of quasi-adiabatic particles

Figure 7. Final H+ magnetic moment as a function of parameter κ for different (color-coded) equatorial crossing times. A 60 (top) or 300 s
(bottom) magnetic transition is considered. In the left and right panels, the initial κ value and the average κ value at equatorial crossing are
considered, respectively. The dashed vertical line shows the κ value corresponding to the peak ExB drift speed (denoted by κExB in the
text). Vertical dotted lines show the expected energy resonances (Eq. 2).

Figure 8. Schematic representation of quasi-adiabaticity evolution depending upon timescale of the magnetic field line reconfiguration.

Ann. Geophys., 35, 11–23, 2017 www.ann-geophys.net/35/11/2017/



D. C. Delcourt et al.: On the response of quasi-adiabatic particles 19

Figure 9. Model H+ orbits illustrating (left) the case of “strong” quasi-adiabaticity and (right) the case of “weak” quasi-adiabaticity. Top
and bottom panels show three-dimensional views of the H+ trajectories and magnetic moment versus time, respectively. The test protons
coded in blue and in red cross the field reversal before and during dipolarization, respectively. Thin lines in the top panels show the trajectory
projections in the equatorial plane. A 60 s magnetic transition is considered.

ated variations of the κ parameter (normalized to its value in
the pre-dipolarization configuration) are shown in the right
panels. The top panel of Fig. 5 shows an example of parti-
cles in the first domain described above. That is, as the equa-
torial crossing time increases, the induced electric field be-
comes more intense; hence, there is larger particle energy,
faster Z oscillations (from six to seven midplane crossings),
and larger Y displacement as compared to the reference tra-
jectory (shown in dark blue). In contrast, in the two lower
panels of Fig. 5, particles intercept the midplane later during
dipolarization. Although some energization is noticeable, it
is apparent that these particles execute a smaller number of Z
oscillations, with an amplitude that is either larger or smaller
than that of the reference trajectory (dark blue). In the right
panels of Fig. 5, distinct κ variations can be seen depending
upon equatorial crossing time, with a κ decrease followed by
a κ increase.

4 Discussion

The aim of the present study is to examine how Speiser par-
ticles are affected by the surging electric field due to rapid
reconfiguration of the magnetotail field lines. In other words,
do quasi-adiabatic particles resist short-lived relaxation of a
sharp field reversal? It is apparent from the above results that,
although they are subjected to impulsive energization and ex-
hibit different Z oscillation sequences about the midplane,
particles may indeed conserve their quasi-adiabatic character
during such magnetic transitions. A more quantitative view
of this result can be obtained from Fig. 6, which presents
results of systematic computations for distinct (color-coded)
resonance numbers and different initial times and gyration
phases. Looking first at the top panel of this figure, which
shows the H+ energy at the exit of the field reversal as a func-
tion of equatorial crossing time, it can be seen that the net
energy gain realized by the particles depends upon phasing
with the induced electric field. Regardless of initial energy,
maximum energization is obtained for particles that intercept
the equator about 20 s after the onset of dipolarization. Also,
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Figure 10. Identical to Fig. 3 but for different H+ energy (fromN = 1 toN = 5 from left to right panels) and for two different reconfiguration
timescales (60 and 30 s in top and bottom panels, respectively). The equatorial crossing number is color-coded as indicated in the lower right
panel.

Figure 11. Computed H+ energy–time spectrograms for two differ-
ent reconfiguration timescales (60 and 30 s in top and bottom panels,
respectively). The normalized energy flux is coded according to the
color scale on the right.

it can be seen in this panel that particles launched with the
lowest energy (N = 1 in Eq. 2 or, equivalently, an initial en-
ergy of ∼ 8 eV; coded in blue) may be systematically ener-
gized by up to ∼ 1 keV as a result of nonadiabatic heating.
A weaker energization is achieved for particles that inter-

cept the field reversal in the late phase of dipolarization. The
lower panel of Fig. 6 shows the particle magnetic moment at
the exit of the field reversal, and it can be seen that particles
with the lowest initial energy may experience µ enhance-
ments of up to ∼ 3 orders of magnitude. In contrast, parti-
cles with large initial energy (shown in red) experience much
weaker µ variations. Note finally the magnetic moment mod-
ulation obtained depending upon equatorial crossing time or,
equivalently, phasing with the surging electric field.

A more global view of the response of quasi-adiabatic par-
ticles to the changing field line geometry can be obtained
from Fig. 7, which shows the final magnetic moment (nor-
malized to the initial value) of test H+ over a wide range of
κ values and for different (color-coded) equatorial crossing
times. For comparison, top and bottom panels in this figure
show the results obtained for distinct relaxation timescales
(60 and 300 s, respectively). The profiles in black in the dif-
ferent panels of this figure relate to the pre-dipolarization
configuration. These profiles clearly display the resonance
effect discussed above (Eq. 2) with a succession of large (typ-
ically, above 10) or smallµ changes depending upon κ . Also,
the vertical dashed–dotted line in each panel shows the κExB
value corresponding to the peak ExB drift speed during the
magnetic transition. This κExB value is smaller in the upper
panels as compared to the lower panels since a smaller re-
configuration timescale is considered (hence, there is a more
pronounced peak electric field owing to Maxwell’s equation,
E =−∂A/∂t , and a larger ExB drift speed). It is appar-
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ent here that, for initial κ values greater than κExB (equiv-
alently, initial H+ speed smaller than the peak ExB drift
speed), significant µ enhancements are obtained during the
magnetic transition and that the resonance modulation nearly
vanishes. In contrast, for initial κ smaller than κExB , the
post-dipolarization magnetic moments are in a range compa-
rable to the initial ones so that the quasi-adiabatic character
of the particles is conserved, at least partially.

It should be kept in mind here that because of the changing
field line geometry (equivalently, changing field line curva-
ture), the κ parameter cannot be used in a straightforward
manner. Still, it can be seen by a comparison of right and left
panels in Fig. 7 that, if a parameter κ averaged over succes-
sive equatorial crossings is used instead of the initial κ , the
above numerical results are better organized. In particular,
the threshold value < κ >≈ κExB approximately delineates
the domain where large µ enhancements occur as a result of
dipolarization. It is also apparent that, for < κ > smaller than
κExB , quasi-adiabaticity and resonances persist. In this latter
regime, Speiser particles that originate from regions of strong
B may return to such regions of strong B because of negli-
gible µ change, which may lead to specific signatures at low
altitudes as will be seen hereinafter.

The results displayed in Fig. 7 are schematically summa-
rized in Fig. 8, which shows a domain of nonadiabatic heat-
ing (i.e., prominent µ enhancement, coded in grey) that ex-
tends toward smaller κ values when the inductive electric
field increases (equivalently, at smaller κExB). The sketch in
Fig. 8 builds on Fig. 7 of Delcourt and Martin (1999), which
was obtained in steady state. Such a steady-state situation
corresponds to the upper part of Fig. 8, with a field varia-
tion timescale τB much larger than the particle gyro-period
τC . The lower part of Fig. 8 shows the evolution obtained
when fast variations of the magnetic field are considered. In
particular, it is apparent from Fig. 7 that low resonance or-
ders (e.g., N = 1 or 2 in Eq. 2) may be significantly altered
in the presence of an induced electric field while higher res-
onance orders remain unchanged. To take into account this
effect of temporal nonadiabaticity, we are led to qualify the
quasi-adiabatic behavior, which is originally a steady-state
concept (Büchner and Zelenyi, 1989). In Fig. 8, we denote
by “weak” quasi-adiabaticity the low resonance orders that
are easily broken by an induced electric field and by “strong”
quasi-adiabaticity the high resonance orders that persist re-
gardless of this induced electric field. These two types of
quasi-adiabatic behaviors can be better seen in Fig. 9, which
shows model H+ trajectories and associated magnetic mo-
ment variations in each case. The blue profiles in this fig-
ure present the pre-dipolarization behaviors, and the red pro-
files present the behaviors achieved during dipolarization.
The right panels of Fig. 9 show the results obtained for the
N = 2 resonance. It is apparent here that, while µ change
is negligible in the steady pre-dipolarization configuration,
significant µ variation is obtained at the exit of the field re-
versal in the case of dipolarization, hence the denomination

as weak quasi-adiabaticity. In contrast, in the left panels of
Fig. 9, which show the results obtained for the N = 5 reso-
nance, it can be seen that both in the steady pre-dipolarization
configuration and in the case of dipolarization, the magnetic
moment at exit is nearly identical to that at entry, hence the
denomination as strong quasi-adiabaticity.

It was shown in Fig. 5 that, because of the rapid energiza-
tion of the particles under the effect of the induced electric
field, the oscillation frequency in the Z direction may signif-
icantly increase; hence, there is a wider drift of the particles
in the Y direction as compared to the steady-state situation.
This can be further seen in Fig. 10, which shows the Y lo-
cations of successive equatorial crossings as a function of
equatorial crossing time for different initial energies (from
N = 1 in the leftmost panel to N = 5 in the rightmost panel)
and for two different dipolarization timescales (60 and 30 s
in top and bottom panels, respectively). Looking first at the
upper right panel, it can be seen that, in the pre-dipolarization
configuration, test protons with N = 5 experience six cross-
ings of the midplane (as coded in blue in Fig. 2). For test H+

traveling through the field reversal during dipolarization, an
additional midplane crossing may occur (as coded in green in
Fig. 2). Finally, for test H+ interacting with the field reversal
after dipolarization, only four crossings are obtained because
of the larger field line curvature radius (equivalently, larger κ
parameter and smaller Z oscillation frequency). On the other
hand, in the lower right panel of Fig. 10, the smaller recon-
figuration timescale considered leads to an induced electric
field with a larger peak magnitude and, hence, a larger ener-
gization realized and a Z oscillation frequency that increases
to such an extent that the test H+ now experiences up to eight
crossings of the midplane. As a matter of fact, it is apparent
by a comparison of top and bottom panels in Fig. 10 that the
net number of midplane crossings (equivalently, the net dis-
tance traveled in the Y direction) increases with decreasing
dipolarization timescale due to larger particle energization
under the effect of the induced electric field.

Because particles may remain quasi-adiabatic during the
magnetic transition (equivalently, their magnetic moment at
the exit of the field reversal is nearly identical to that at en-
try), those originating from regions of a strong B field may
return to such regions like in steady-state situations. Because
of the impulsive energization due to the short-lived induced
electric field, this may lead to specific signatures at low al-
titudes. This can be better seen in Fig. 11, which shows
energy–time spectrograms expected from quasi-adiabatic
particles at the exit of the field reversal, assuming two dif-
ferent reconfiguration timescales (60 and 30 s in top and bot-
tom panels, respectively). Test protons were launched with
energies corresponding to the κ parameter of the first five
resonances (Eq. 2), and the computed spectrograms were ob-
tained by recording these particles at |Z| = L, the time to
reach this Z height being shown on the abscissa (with t = 0
corresponding to the onset of dipolarization). It is apparent
from Fig. 11 that, as a result of the magnetic transition, pro-
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nounced dispersion structures may be obtained. Not unex-
pectedly, the maximum flux in these dispersion structures oc-
curs at an energy that increases with the peak induced elec-
tric field; i.e., for a given magnetic transition, it occurs at a
larger energy for a smaller dipolarization timescale (note also
the decreasing width of this dispersion structure for smaller
timescales).

Several studies (e.g., Mauk, 1986; Hirahara et al., 1996)
have examined the formation of dispersed ion structures as
a result of dipolarization of the magnetic field lines. The
structures examined in these studies were observed in the
near-Earth plasma sheet or in the mid-tail, i.e., in regions
where the H+ motion may be regarded as adiabatic (i.e.,
κ > 3). Dispersion structures in these studies likely follow
from violation of the second adiabatic invariant (associated
with bouncing motion along the field line) during dipolariza-
tion, this latter invariant being otherwise conserved in steady
state (e.g., Konstantinidis and Sarris, 2015). In contrast, the
structure portrayed in Fig. 11 results from particle dynam-
ics in the distant tail where the guiding center approximation
is not valid and the motion is quasi-adiabatic (i.e., κ < 1). In
other words, the dispersion signature in Fig. 11 is to be ex-
pected in the vicinity of the open–closed field line boundary,
and it is actually reminiscent of the time-of-flight dispersed
ion structures (TDIS) observed in the plasma sheet bound-
ary layer, as illustrated for instance in Plate 4 of Sauvaud
et al. (1999) or in Plate 1 of Sergeev et al. (2000), which
show INTERBALL-Auroral data at low altitudes during sub-
storms. The present results suggest that such characteristic
signatures in the outer boundary layer are produced by ions
with strong quasi-adiabaticity during localized relaxations of
the magnetotail field reversal.

5 Conclusions

The simulations presented in this study were aimed at inves-
tigating the response of quasi-adiabatic (Speiser) particles to
rapid reconfigurations of the magnetotail field lines. Such an
examination is necessary since quasi-adiabaticity is a steady-
state concept that prevents the use of a guiding-center-based
description, and the timescale of the magnetic field line re-
configuration (of the order of a few minutes) may be com-
parable to that of the meandering sequences. These simu-
lations demonstrate that, although the surging electric field
induced by the dipolarizing field lines may lead to nonadi-
abatic heating, the quasi-adiabatic character of the particles
may, at least partially, be conserved. Because of the rapidly
changing field line geometry, the usual adiabaticity param-
eter κ cannot be used to characterize the particle dynamics,
but variations of the particle magnetic moment may be orga-
nized using a κ parameter averaged over successive equato-
rial crossings. When this average κ parameter exceeds the
κ parameter corresponding to the peak ExB drift speed,
prominent magnetic moment enhancements are obtained, an

effect that we qualify as weak quasi-adiabaticity as opposed
to strong quasi-adiabaticity (smaller κ values), which persists
despite the magnetic transition. Also, it appears that the par-
ticle dynamical behaviors may be organized into two cate-
gories, viz., (1) particles intercepting the sharp field reversal
in the early stage of the relaxation that are subjected to an en-
ergization faster than the field line curvature change (hence,
there are more numerous Z oscillations and a wider drift in
the Y direction); (2) particles intercepting the field reversal in
the late stage of the relaxation that are subjected to substan-
tial energization as well but in a more dipolar configuration
so that the Z oscillation frequency decreases and the particle
motion resembles that obtained at larger κ values. Because of
the rapid energization imparted by the surging electric field,
strongly quasi-adiabatic particles during substorms may lead
to characteristic energy–time dispersion structures upon trav-
eling down to low altitudes, as is observed in the plasma sheet
boundary layer.

6 Data availability

The data that are used in this paper and that are shown in
the different figures are available from the first author upon
request. Data that are referred to in this paper are available in
cited references.
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