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Abstract Plasma dynamics in Earth's magnetotail is often studied using moments of the distribution
function, which results in losing information on the kinetic properties of the plasma. To better understand
oscillatory flows observed in the midtail plasma sheet, we investigate two events, one in each hemisphere,
in the transition region between the central plasma sheet and the lobes using the 2-D ion distribution
function from the Cluster 4 spacecraft. In this case study, the oscillatory flows are a manifestation of
repeated ion flux enhancements with pitch angle changing from 0◦ to 180◦ in the Northern Hemisphere
and from 180◦ to 0◦ in the Southern Hemisphere. Similar pitch angle signatures are observed seven times
in about 80 min for the Southern Hemisphere event and three times in about 80 min for the Northern
Hemisphere event. The ion flux enhancements observed for both events are slightly shifted in time
between different energy channels, indicating a possible time-of-flight effect from which we estimate that
the source of particle is located ∼ 5–25RE and ∼ 40–107RE tailward of the spacecraft for the Southern and
Northern Hemisphere event, respectively. Using a test particle simulation, we obtain ∼21–46 RE for the
Southern Hemisphere event and tailward of X ∼ − 65RE (outside the validity region of the model) for the
Northern Hemisphere event. We discuss possible sources that could cause the enhancements of ion flux.

1. Introduction
The magnetotail plasma sheet hosts a plethora of phenomena. High-speed flows have naturally attracted a
lot of attention due to their contributions to about 60% of the plasma transport while they are only observed
for ∼10% of the probing time (Angelopoulos et al., 1994). During the 90% of the time for which high-speed
flows are not observed, other types of flows occur, and each of them should be studied to understand the
magnetotail dynamics. These flows can be related to low-frequency waves (e.g., Zheng et al., 2006), flow vor-
tices at the flanks of high-speed flows (e.g., Keiling et al., 2009), particle beams in the plasma sheet boundary
layer (e.g., Takahashi & Hones Jr. 1988), and so forth. In particular, in this article, we focus on oscillatory
flows in the magnetotail plasma sheet, which are oscillations in the velocity moments (e.g. De Spiegeleer
et al., 2017; Panov et al., 2013).

Studies of the plasma flows in Earth's magnetotail often use moments of the distribution function while the
distribution function provides more information. For example, analyzing the distribution function allows to
distinguish between the high-speed flows observed in the central plasma sheet (CPS) and those observed in
the plasma sheet boundary layer (e.g., Keiling et al., 2006; Raj et al., 2002). Therefore, to better understand
oscillatory flows, we focus on studying the distribution function of oscillatory flows rather than the moments
of the distribution function.

We use 2-D distribution functions from the Cluster 4 (C4) spacecraft to investigate two oscillatory flow
events observed in the midtail outer CPS (Baumjohann et al., 1989), one in each hemisphere. Specifically,
we observe, in association with the oscillatory flows, several nearly continuous changes with time of the
pitch angles of oxygen ions, O+, either from 0◦ (parallel to the magnetic field) to 180◦ (antiparallel to the
magnetic field) or from 180◦ to 0◦ depending on the hemisphere (see sketch in Figures 1a and 1b).
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Figure 1. Sketch of one nearly dipolar and one stretched nightside field line (dashed) and two test particle trajectories
(red). Sketch of the enhanced differential particle flux in the Southern Hemisphere (a and c) and the Northern
Hemisphere (b and d) for the stretched (a and b) and dipolar (c and d) magnetic field line. PA = Pitch Angle.

To our knowledge, such pitch angle signatures have not attracted much attention in the literature. There
exist only few observations made by, for example, Yang et al. (2011) and Ren et al. (2016; see also Ren et al.,
2015, 2017, and references therein) in the inner magnetosphere on rather dipolar field lines (Figures 1c
and 1d). According to Yang et al. (2011), the signatures could be the result of a combination of the
time-of-flight effect and the drift-bounce resonance (where particles drift azimuthally and bounce between
the Northern and Southern Hemispheres and are in resonance with a standing wave; Southwood & Kivelson,
1981, 1982). Because those are the only observations of the pitch angle signatures aforementioned, we
introduce the work by Yang et al. (2011) but only to provide an interpretation of the pitch angle signa-
tures. The mechanism responsible for the signatures in the magnetotail is, however, probably different than
drift-bounce resonance.

According to Yang et al. (2011), the energization of particles via the drift-bounce resonance would cause an
enhancement of particle flux in a certain energy range. The periodicity of the enhancement would be related
to the wave period and the continuous change with time of the observed pitch angle would be caused by
the time-of-flight effect of particles as they move away from the equatorial plane, over the spacecraft to their
mirror points and back to the spacecraft. The time a particle takes to move along the field line can be eval-
uated by integrating 1∕v|| over the particle's trajectory, where v|| is the speed along the magnetic field line.
Using the approximation provided by Baumjohann and Treumann (1997) for a magnetic dipole configura-
tion gives times that are in agreement with the qualitative description provided by Yang et al. (2011), which
is as follows. Consider particles with same kinetic energy but different equatorial pitch angle. A spacecraft
off the equatorial plane, say in the Southern Hemisphere, would first observe the most antiparallel particles
with 180◦ pitch angle and only later the particles with pitch angle closer to 90◦ because they have smaller
field-aligned speed. The particles continue to move along the field-line beyond the spacecraft position until
they reach their mirror points where they move back toward the spacecraft. Then, the first particles to be
observed by the spacecraft are the ones with pitch angle close to 90◦, as their mirror point is closer to the
spacecraft. Particles with pitch angle closer to 0◦ are observed later, as they have longer distance to travel.
This can explain the continuous pitch angle change from 180◦ to 0◦ in the Southern Hemisphere. Simi-
lar reasoning explains the 0◦ to 180◦ signature in the Northern Hemisphere. Because the time needed for
the particles to move along the field line depends on v|| and therefore on the magnetic field configuration,
the time dependences of the pitch angle (Figures 1a–1d) would typically differ between the inner magneto-
sphere (larger slope, Figures 1c and 1d) and the magnetotail (smaller slope, Figures 1a and 1b). Note that
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the sketches are only indicative. In practice, it depends on the magnetic field line configuration and on the
particles' energy.

Note that the pitch angle signatures reported by Yang et al. (2011) and Ren et al. (2016) were observed in the
inner magnetosphere where the drift-bounce energization mechanisms is viable. As will be shown in this
paper, our observations from the midtail plasma sheet where the magnetic field lines are stretched cannot
easily be explained by the same mechanism. Yet, even if the mechanism causing the flux enhancement pre-
sented in this article is not the drift-bounce resonance, the time-of-flight interpretation by Yang et al. (2011)
may still hold in Earth's magnetotail; that is, the particles are first observed as they propagate earthward
from a source in the tail, they are then reflected at their mirror points, and they are observed again by the
spacecraft as they move tailward.

In this article, we start by introducing the data and the instruments (section 2) and continue by presenting
observations of an oscillatory flow event from the Southern Hemisphere for which the particle flux enhance-
ment changes pitch angle from 180◦ to 0◦ (section 3.1). We evaluate the distance between the spacecraft and
the source of particles using the energy-dispersed structures of the particle flux enhancements. Then, we
present an oscillatory flow event from the Northern Hemisphere for which the particle flux changes pitch
angle from 0◦ to 180◦ (section 3.2). Again, we evaluate the distance to the source using energy-dispersed
structures. From the measured data we suggest that the source of particles is located tailward of the space-
craft, and to better investigate the source for both events, we use a test particle simulation (section 4). Finally,
we discuss a number of possible energization mechanisms, which, together with a time-of-flight effect, may
give rise to the observed pitch angle signatures (section 5).

2. Data and Instruments
This investigation is based on H+ and O+ data from the Cluster Ion Spectrometry-Composition Distribu-
tion Function) instrument (Rème et al., 2001) and magnetic field data from the FluxGate Magnetometer
instrument (Balogh et al., 2001) on-board the C4 satellite (Escoubet et al., 2001). From the Cluster Ion
Spectrometry-Composition Distribution Function instrument, we use the one-dimensional differential
energy flux data (1-D energy-time spectrograms) and the data of the differential particle flux as a function
of the energy and the pitch angle (energy-time spectrogram at constant pitch angle and pitch angle-time
spectrogram at constant energy).

In addition, the high-resolution AL-index (Davis & Sugiura, 1966) data and the 1-min OMNI solar wind data
(https://omniweb.gsfc.nasa.gov/) are used. Throughout the article, all vectorial quantities are expressed in
the Geocentric Solar Ecliptic coordinate system.

3. Observations
In the following, we present two events, one in each hemisphere. The Southern Hemisphere event (section
3.1) occurred on 29 August 2003 from 20:40 UTC until 22:00 UTC and was observed in situ by C4. The
Northern Hemisphere event (section 3.2) was also observed in situ by C4 and occurred on 28 August 2002
from 03:00 UTC until 04:25 UTC.

3.1. Southern Hemisphere
The AL-index, the negative of which is indicative of the magnitude of the westward auroral electrojet, and
the Z component of the interplanetary magnetic field (IMF Bz) propagated to the nominal bow shock nose
are shown in Figure 2 for the 17:10–23:00 UTC time interval on 29 August 2003. The event observed in situ
by C4 extends from 20:40 to 22:00 UTC and is marked with a thick black line in Figure 2a. During that time
interval, the westward auroral electrojet was declining, corresponding to the recovery phase of a substorm.
Prior to the event, the IMF Bz was dominantly negative except during a 25-min interval (∼19:50–20:15 UTC).
The solar wind velocity in the X direction was about −560 km/s (not shown). The Kp index during the event
was 3− but was 5 between 18:00 and 21:00 UTC.

In Figure 3, we show C4 data from 20:00 to 22:30 UTC on 29 August 2003. Figures 3a and 3b show the 1-D
energy-time spectrogram for H+ and O+, respectively. Figures 3c and 3d show the pitch angle-time spectro-
gram for H+ at 10.5 keV (instrumental energy range of 9.0–11.2 keV) and O+ at 27.7 keV (23.7–30.2 keV),
respectively. In Figures 3e–3g, we present the velocity moment data for O+ in the X , Y , and Z direction,
respectively. The red lines indicate the velocity components after low-pass filtering. The three components
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Figure 2. Data from 29 August 2003 of (a) the AL-index and (b) interplanetary magnetic field (IMF) Bz, which is
shifted to the nominal bow shock nose.

of the velocity moments of H+ are shown in Figure 3h. Finally, Figures 3i and 3j show the magnetic field
data, B, and the plasma 𝛽 computed using the proton data.

The event extends from 20:40 to 22:00 UTC, and it is selected because of the observed oscillations in the X
and Y components of the O+ velocity. Some oscillations can also be observed in H+ velocity (Figure 3h).
During the event, C4 was located at ∼[−19, −1, −3]RE, below the neutral sheet as indicated by Bx < 0
(Figure 3i). Also, we notice that the magnitude of By and Bz was small compared to Bx, indicating that the
tail was in a relatively stretched configuration. The magnitude of the magnetic field was between ∼20 and
∼30 nT, meaning that the spacecraft was close to the southern lobe. The entrance from the southern lobe into
the plasma sheet at 20:08 UTC can easily be seen from the increase in the differential energy flux (Figures 3a
and 3b). While entering the plasma sheet, C4 recorded fast H+ ions with maximum velocity [1,549, 109.2,
−182] km/s at 20:12:37 UTC. These high-speed H+ are due to antiparallel (pitch angle larger than 90◦)
flux enhancements (Figure 3c) from which we deduce that the high-speed H+ are earthward beams in the
plasma sheet boundary layed (PSBL). Following Baumjohann et al. (1989), a value of 𝛽 < 1 (𝛽 > 1) would
indicate the outer (inner) CPS. From Figure 3j, we observe that during the event, 𝛽 was below 1 with several
short peaks above 1, suggesting that C4 was mostly in the outer CPS with several short excursions into the
inner CPS.

Focusing on the 20:40–20:50 time interval, from Figures 3b and 3d we see that the spacecraft registered
an enhancement in the O+ flux associated with the pitch angle continuously changing from about 180◦ to
0◦. Since the spacecraft was located below the neutral sheet, it first observed earthward and then tailward
going O+ (Figure 1a). A continuous or nearly continuous flux enhancement signature with pitch angle
changing from ∼180◦ to ∼0◦ or from ∼0◦ to ∼180◦ will hereafter be referred to as a “Pitch Angle Slope Struc-
ture” (PASS). PASSs are observed repeatedly every ∼10 min during the entire event (20:40–22:00) from the
10.5-keV energy channel up to the highest energy channel of the instrument, 35.2 keV (data not shown). The
relatively periodic occurrences of PASS result in oscillations in the O+ velocity moments (Figures 3e–3g),
which may contribute to some of the oscillatory flows reported by De Spiegeleer et al. (2017).

In Figures 4c–4f, we present the energy-time spectrograms of O+ at constant pitch angles (39◦, 73◦, 107◦,
and 152◦). We observe a number of O+ energy dispersed structures (flux enhancements decrease in energy
as time increases) during the event (20:40–22:00). Note that they are best seen during 20:40–21:20 and for
earthward ions (107◦ and 152◦ pitch angle). Energy dispersed structures are still observed at 73◦ pitch angle
but are hardly seen for particles with 39◦ pitch angle. This may be due to the presence of the cold O+ out-
flow beam (Figure 4c) that is superimposed on the population of interest. Or it may be that lower energetic
particles, when moving tailward after mirroring, do not come back near the spacecraft location due to drifts
perpendicular to the magnetic field.

One possible reason for energy dispersed signatures is the time-of-flight effect (see, e.g., Sharma et al.,
2008). The dispersion of particles occurs whenever the particles have different velocities along the field
line. This can be used to estimate the distance the particles cover along the magnetic field line (e.g.,
Sauvaud & Kovrazhkin, 2004). For this purpose, we use the energy dispersed data (Figure 4g) in a 1∕v||–time
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Figure 3. Cluster 4 data from 29 August 2003. (a and b) One-dimensional differential energy flux (1-D energy-time
spectrogram) for H+ and O+. (c and d) Differential particle flux of H+ at 10.5 keV and O+ at 27.7 keV as a function of
the pitch angle (pitch angle-time spectrogram). (e–g) O+ velocity moments (black) and low-pass filtered data (red).
(h) H+ velocity moments. (i) Magnetic field components and magnitude. (j) Plasma 𝛽 computed from the H+ data.

spectrogram (Figure 4f) with v|| the speed along the magnetic field of O+ with 152◦ pitch angle. Though
oversimplifying, we assume that only the time-of-flight effect is responsible for the time dependence of
the flux enhancements and also assume that the magnetic field is constant and no forces act on the par-
ticles between their source region (where the particles are initial accelerated) and the spacecraft. This is a
zeroth-order approximation, which means that the method does not take into account the acceleration of
particles between the source and the spacecraft due to the interaction with a shock or a wave (though these
interactions certainly affect the particles' motion) nor does it take into account the distance traveled by the
particles due to the convection of the field lines. We do not think that the magnetic field convection effect
is significant. The typical convection speed in the plasma sheet is <100 km/s (Juusola et al., 2011), which
is significantly smaller than the slowest particles used for evaluating the distance to the source (∼330 km/s,
10.5 keV, and 152◦ pitch angle). Hence, the particles' distance covered due to the convection is expected to

DE SPIEGELEER ET AL. 2740



Journal of Geophysical Research: Space Physics 10.1029/2018JA026116

Figure 4. (a and b) Same as in Figures 3b and 3d, respectively. (c–f) Differential particle flux as a function of the energy
for particles with 39◦, 73◦, 107◦, and 152◦ pitch angle. (g) Same as (f) but shown as a function of the inverse parallel
velocity rather than the energy. The energy dispersed structures are marked from 1 to 7.

be significantly smaller than the distance traveled along the field line under average convection conditions.
During more active times, fast convections contribute significantly to the distance moved by the particles
and estimates of the distance to the source using simple time-of-flight assumption would then be erroneous.

For each energy dispersed structure with 152◦ pitch angle, we fit 20 times the structure in the 1∕v||-time
spectrogram by clicking on the beginning and ending points in the 1∕v||-time space. The resulting median
of the 20 fits for each energy dispersed structure are shown as white lines in Figure 4g. This angle has
been chosen for two main reasons. First, the particle flux is high enough to observe the energy-dispersed
structures. Second, these particles have a high parallel velocity, implying that it took them a small amount
of time to propagate from the source to the spacecraft and they therefore had only a short time to be affected
by external forces and by the magnetic field convection.

The results from the linear fit can be found in Table 1. We find that the distance traveled by the particles to
produce the observed energy-dispersed structure varies between 5 and 25 RE. We interpret this distance as
the distance along the field line between the spacecraft and the source of the particles when the particles
were emitted. Because the spacecraft is at ∼[−19, −1, −3] RE and we are observing the stretched tail, the
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Table 1
Beginning and Ending Time of the ED Structures From Figure 4g and
the Corresponding Distances Covered by the Particles

Distance
Begin End (RE)

ED 1 20:42:05 20:44:40 6.3
7.0
7.8

ED 2 20:54:01 20:55:57 3.8
4.9
5.4

ED 3 21:07:14 21:12:13 13.8
15.0
16.0

ED 4 21:21:34 21:24:09 18.3
23.6
25.6

ED 5 21:30:26 21:32:22 7.3
9.7

10.6
ED 6 21:42:02 21:46:04 17.8

20.1
23.6

ED 7 21:54:17 21:58:38 21.1
23.6
25.8

Note. ED = energy dispersed. For each ED, we show the 25th (top),
50th (middle), and 75th (bottom) percentiles.

source would be somewhere between X ∼ − 24RE and X ∼ − 44RE. From the large variation in position
estimate of the source, we suggest that either a single source retreats tailward or that there exists several
sources.

Up till now, we have only discussed O+ while three H+ PASSs can also be observed in Figure 3c between
21:25 and 21:50. The visible H+ PASSs are in the 4- to 13.4-keV energy range (not shown) while O+ PASSs are
observed at higher energies (10.5–35.2 keV). Note that H+ PASSs are more difficult to resolve than O+ PASSs,
probably because of the denser background population, which is superimposed on the PASS particles. Also,
no energy-dispersed structures are clearly observed for H+. If such structures were observed, we could have
again evaluated the distance to the source and compared it to the estimates obtained from the O+ energy
dispersed structures.

Comparing Figures 3c and 3d, we note that H+ PASSs have steeper slopes than O+ PASSs. Also, within a
single species, the slopes of PASS slightly changes from one energy channel to the next (data not shown).
These changes in slopes can be explained by the time-of-flight effect.

The slopes of PASS in the pitch angle-time spectrogram, if due to the time-of-flight effect, are directly related
to the speed of the particles, not to the energy of the particles or the species. This can be understood by consid-
ering two particles of a species with the same energy, that is, same speed, v, but different pitch angles, 𝛼 and 𝛽.
The time difference between their observations after traveling a distance x is given by Δt = x

v

(
1

cos 𝛼
− 1

cos 𝛽

)
.

This shows that the slopes of PASS directly depends on the speed and that PASS from energy channels
associated with different speeds should have different slopes.

3.2. Northern Hemisphere
In Figure 5, we present the AL-index and the IMF for an event observed in the Northern Hemisphere on
28 August 2002. The event observed in situ by C4 extends from 03:00 to 04:25 UTC and is marked with a
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Figure 5. Data from 28 August 2002 of (a) the AL-index and (b–d) interplanetary magnetic field (IMF) Bx , By, and Bz,
which are shifted to the nominal bow shock nose.

thick black line in Figure 5a. Contrary to the event in the Southern Hemisphere, the AL-index (Figure 5a)
was relatively constant. It had an average of −29 nT, therefore indicating a low level of geomagnetic activity.
Supporting the low geomagnetic activity is the low Kp index, 2−. The IMF Bz (Figure 5d) became positive
about 40 min prior to the event and gradually decreased during the event. At the end of the event, IMF
Bz ∼ − 5 nT. Note that IMF Bx > 0 and IMF By < 0 for an extended period of time. The solar wind velocity
in the X direction was about −415 km/s.

In Figure 6, we present C4 observations from 28 August 2002, when the spacecraft was located at ∼[-18, -4,
3] RE. The event starts at about 03:00 UTC and ends at 04:25 UTC. During that time, oscillations of O+ veloc-
ity in the X direction can be observed. From the H+ and O+ flux increase at 02:40 UTC in the energy-time
spectrogram (Figures 6a–b) and the magnetic field data (Figure 6g), we note that the spacecraft was in the
northern lobe or really close to it. This is also supported by the plasma 𝛽 value, which is mostly below 1
(not shown). Also, characteristics of the lobes are the outflow beams of oxygen that can be seen during the
entirety of the time interval (Figure 6a) as the particles with energies below ∼2 keV.

The pitch angle-time spectrogram of O+ at 27.7 keV is shown in Figure 6c. A clear PASS can be seen around
04:20 UTC (between 04:15 and 04:25 UTC). We will refer to it as “PASS A.” A second possible PASS, “PASS B,”
which is broader, can be seen around 03:07 UTC (between∼03:03 and 03:11 UTC). And a third possible PASS,
“PASS C,” which is even fainter and broader, occurred at∼03:28 UTC (∼03:22–03:34 UTC). In contrast to the
Southern Hemisphere event, the differential particle flux at 27.7 keV varies from ∼0◦ to 180◦ pitch angle in
the Northern Hemisphere. This implies, similarly to the Southern Hemisphere event, that the enhancement
first consists of earthward-moving and then tailward-moving particles.

We further analyze PASS A from Figure 6c by showing the pitch angle-time spectrogram (Figures 7a–7c) in
three different energy channels (35.2, 21.7, and 13.4 keV) such that we cover parts of the energy range in
which PASS A is present. We note that PASS A occurs later in lower-energy channels. Note also that PASS
A becomes more diffuse and faint at lower energies until it can barely be observed at 6.5 keV (not shown).
This time dependence between energy channels henceforth results in an energy-dispersed structure in the
energy-time spectrograms. For example, we show in Figure 7d the energy-time spectrogram at 28◦ pitch
angle. Similarly to the energy-dispersed structure observed in the Northern Hemisphere, we do 20 linear
fits in the 1∕v||-time spectrogram (Figure 7e) to estimate the distance of the source of particles. The median
result is shown in Figure 7e (white line). From the 20 fits, we obtained that the median distance to the source
from the spacecraft is 107 RE; the 25th and 75th percentiles are 99 and 118RE, respectively.

The particle flux of PASS B becomes higher and sharper at lower energies (Figures 7b and 7c). PASS B shows
much less time dependence between energy channels compared to PASS A. This indicates that the source
is located much closer than at the time when PASS A is observed. From this energy dispersed structure, we
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Figure 6. Cluster 4 data from 28 August 2002. (a and b) H+ and O+ energy-time spectrogram. (c) Pitch angle-time
spectrogram for O+ at 27.7 keV. (d–f) O+ velocity moments (black) and low-pass filtered data (red). (g) Magnetic field
data.

obtain (again doing 20 linear fits in Figure 7e) that the median distance to the source is ∼40 RE and the 25th
and 75th percentiles are 37 and 42 RE, respectively. Note that the estimated distance to the source obtained
from PASS A and PASS B changes by ∼60 RE in about 1h20. PASS C, similarly to PASS B, becomes sharper
and has higher particle flux in lower-energy channels. However, PASS C does not show energy-dispersed
signatures, and no estimates of the source distance can be made using the simple time-of-flight method.
That PASS B and PASS C signatures become clearer in certain energy channels probably result from the
following. First, there are less background particles, and second, the source of PASS particles produces more
particles in certain energy channels. These PASSs likely account for the O+ oscillatory flows observed in
the X direction (Figure 6d). From the distance to the source obtained from PASS A and PASS B, we suggest
(similarly to the Southern Hemisphere event) that either the source retreated tailward or there exist several
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Figure 7. (a–c) O+ pitch angle-time spectrogram at 35.2, 21.7, and 13.4 keV. (d) Energy-time spectrogram of O+

particles with 28◦ pitch angle. (e) Same as (d) but shown as a function of the inverse parallel velocity rather than the
energy.

sources tailward of the spacecraft. For this event, we do not observe clear H+ PASS nor energy dispersed
structures, and we have therefore omitted to show the data.

4. Test Particle Simulation
We trace test particles in a model magnetosphere to improve the understanding of the observations from
section 3 and to estimate the location of the source(s) of PASS particles for both events. The simulation uses
Tsyganenko 96 (Tsyganenko, 1995) and Weimer (Weimer, 2001) models for the magnetic and electric field,
respectively. We trace the particles both forward and backward in time. By tracing the particles backward
in time, that is, before they reached the spacecraft, we may gain information on the size and location of
the source. And by tracing the trajectory of the particles forward in time, that is, after being detected by
the spacecraft, we can investigate the future of the particles and whether or not they may be the particles
observed moving tailward after mirroring. As the input data for the models, we use the solar wind data
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Figure 8. Test particle tracing for input data on 29 August 2003, 21:00 UTC. The particles are launched from the small
black circle (spacecraft). The trajectories are shown with dashed lines for the 35.2-keV particles (triangles as end
points) and solid lines for the 10.5-keV particles (circles as end points). (a) Trajectory of earthward-moving particles for
10 min after their detection. (b) Trajectory of earthward-moving particles for 20 min before their detection. (c and d)
Trajectory of tailward-moving particles for 40 min in the xz-plane and xy-plane before their detection.

shifted to the nominal bow shock nose from 29 August 2003 21:00 UTC for the Southern Hemisphere event
and from 28 August 2002 04:20 UTC for the Northern Hemisphere event.

4.1. Southern Hemisphere
In sections 1 and 3, we interpreted the tailward-moving particles as the reflected particles initially moving
earthward. Hence, we neglected all drifts even though they may be important. In Figure 8a, we show the
trajectories of six earthward-moving O+ (initial pitch angles 174◦, 140◦, and 107◦) at the extreme energies
for which PASS are observed (10.5 and 35.2 keV). The particles are launched from the location of C4 at
21:00 UTC (small black circle), and the selected pitch angles for the simulation simply correspond to some
of C4 instrumental channels for which enhancements of the differential O+ flux are observed. The charac-
teristic timescale of PASS is about 10 min, and we therefore show the particles' trajectories for that duration.
The position of the particles after 10 min are marked using circles for the 10.5-keV particles and triangles
for the 35.2-keV particles.

We observe in Figure 8a that the particles with same pitch angle but different energies have similar trajec-
tories but the lower energetic particles drift slightly more toward the equator before reaching their mirror
point. The trajectories are similar simply because the local pitch angle, 𝜙, depends on the local magnetic
field, B, following sin2

𝜙 = B
B0

sin2
𝜙0 (where the subscript 0 corresponds to a reference position) and not on

the energy. The difference in the equatorward drift is due to the ExB-drift affecting more the lower energetic
particles as they take longer to reach their mirror points.
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We find that because of the ExB-drift, most particles drift equatorward by about 1 RE or more before coming
back anywhere close to the spacecraft. Note that during those 10 min, the spacecraft moved by ∼[0.002,
0.041, −0.096] RE, which is negligible compared to the particle motion. That the particles drift equatorward
by about 1 RE means that the particles never return exactly to the spacecraft and that the tailward-moving
particles must originate from higher latitude field lines. Therefore, the size of the region near the spacecraft
for which the particles forming PASS can be observed has to be relatively wide (at least one or two RE in Z).

To investigate the source, we follow the trajectory of the particles before they reached the spacecraft. We
show in Figure 8b the trajectories (20 min) of six earthward-moving particles (10.5 and 35.2 keV and three
pitch angles) before they were detected. We observe a latitudinal separation between the 35.2- and 10.5-keV
particles. The lowest energetic particles are seen closest to the southern lobe. From these trajectories and
assuming that the source is near or at the neutral sheet, we suggest that the detected particles come from
a widespread region along X between −55 and −40RE (between 21 and 36RE tailward of the spacecraft).
This result roughly agrees with the time-of-flight estimates (Figure 7e; Table 1). From the trajectories shown
in Figure 8b, the particles detected by the spacecraft with low energies seem to be emitted from a region
tailward of the more energetic particles.

Note that the source probably extends even farther than approximately −55RE. This is because, as afore-
mentioned, the tailward-moving particles observed by the spacecraft have drifted equatorward even more
than the earthward going particles. Therefore, we show the trajectories (40 min) of six tailward-moving O+

(10.5 and 35.2 keV and three pitch angles) before they reached the spacecraft (Figure 8c). We again observe
a clear separation in Z between the particles with different energies. We note however that the particles
with same energies but different pitch angles have remarkably similar trajectories apart from the position
of the mirror points. The trajectories shown in Figure 8c would indicate that the source could extend down
to X ∼ − 65RE (46RE tailward of the spacecraft). From the trajectories shown in Figures 8b and 8c, several
interpretations concerning the source can be made. The source may either be spatially large (∼20 RE), there
may be several sources along X , or there may be a single localized source moving in the X direction.

Concerning the size of the source in the Y direction, we show in Figure 8d the trajectories in the XY plane of
the 8 tailward-moving O+ at 10.5 and 32.5 keV before reaching the spacecraft. Ignoring the large gyroradius
of O+ when the particles move close to the neutral sheet, the particles are not spread much in Y , and the
source may be in the −3RE ≤ Y ≤ 0RE range. This seems to be almost independent of the particles' energy.

4.2. Northern Hemisphere
The Northern Hemisphere event occurred during quieter magnetospheric conditions than the Southern
Hemisphere event (Figures 2, 3, 5, and 6) and the distance to the source obtained from simple time-of-flight
estimates is significantly larger. We investigate the shape of PASS in the pitch angle-time spectrogram. Also,
we investigate the source position by considering the particles' trajectories before their detection by C4.

To investigate the shape of PASS and whether or not the tailward-moving particles can be interpreted as the
initially earthward-moving particles, we simulate earthward-moving particles and see when they come back
near the spacecraft. In particular, we study PASS A (Figure 6c) at 35.2 keV. We show PASS A in Figure 9a,
and its outline is shown using black stars. The outline is obtained by identifying the maxima of the smoothed
differential particle flux for each pitch angle range. The time in Figure 9a is shifted such that the maximum
of the 6◦ pitch angle channel is at time 0. In our simulation, we launch the earthward-moving particles
from the spacecraft position with the time delay between them obtained from the outline of PASS A shown
in Figure 9a. For simplicity, we only show the trajectories of three initially earthward-moving particles
(Figure 9b) and show the time along the particles' trajectory using a gray scale. The 6◦ particle is launched
at time 0 min, the 39◦ particle at time 1.73 min, and the 73◦ particle at time 4.47 min. These particles come
back near the spacecraft with a pitch angle of ∼174◦, 141◦, and 107◦ (∼180◦—initial pitch angle) at time 6.2,
6.9, and 7.3 min, respectively. The times at which the particles come back near the spacecraft (as close as
possible in the xz-plane) after mirroring are indicated using white stars in Figure 9a.

Some small deviations are observed between the simulation results and the actual data measured by C4, but
the general trend obtained from the simulation and the data follow each other remarkably well considering
the simplicity of the model. The only significant difference between the simulation and the PASS outline is
observed for the largest pitch angle channel (174◦), but we note that the differential particle flux is very low
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Figure 9. Test particle tracing on August 28 2002, 04:20 UTC. The particles are launched from the small black circle
(spacecraft). The trajectory of particles with 35.2-keV energy is shown with dashed lines (triangles as end points), and
those with an energy of 6.5 keV are shown with solid lines (circles as end points). (a) PASS A (Figure 7a) and the
maximal differential particle fluxes (black stars) as a function of the pitch angle and time since the maximum at 6◦
pitch angle. (b) Trajectory of earthward-moving particles after their detection by the spacecraft. The particles with 6◦,
39◦, and 73◦ pitch angles are launched at time 0, 1.73, and 4.47 min, respectively. The gray scale indicates the time
since the launch of the 6◦ particle. (c) Trajectory of earthward-moving particles for 20 min before their detection.
(d) Trajectory of tailward-moving particles for 40 min before their detection.

and it is not clear if the maximum indicated by the black star is representative of the PASS. These results
confirm that we can interpret the tailward-moving particles as the initially earthward-moving particles.

We investigate the position of the source in a similar fashion to the approach used for the Southern Hemi-
sphere event (Figures 8b and 8c). We trace backward in time a total of 12 particles, 6 detected as earthward
moving (Figure 9c) and 6 as tailward moving (Figure 9d). The six earthward-moving (Figure 9c) particles
(35.2 and 6.5 keV and three pitch angles) are traced backward for 20 min while the six tailward-moving
(Figure 9d) particles are traced backward for 40 min. Similarly to the Southern Hemisphere event, a separa-
tion between the particles appear depending on the particles' energies with the lowest energetic originating
from a region mapping closer to the northern lobe. Assuming that the source is near the neutral sheet, the
simulation would indicate that the source is located far downtail, outside the region in which the Tsyga-
nenko model is valid. Nevertheless, it seems that the source is located in the distant tail. This is in agreement
with the results obtained from the time-of-flight estimates (Figure 7e), which suggested the source to be
∼107RE tailward of the spacecraft.

5. Discussion
The Southern Hemisphere event occurs after observing plasma with speeds above 1,500 km/s, which sug-
gests that the observations are done during active plasma sheet conditions. It is thus possible that the
magnetic moment (first adiabatic invariant) of O+ particles is not conserved. Indeed, the gyroradius of a
27.7 keV O+ particle with 90◦ pitch angle in a 25-nT magnetic field is ∼3,800 km and its gyroperiod is ∼42 s.
However, our interpretation that the time dependence of PASS results from the time-of-flight effect does not
require that the particles' magnetic moment is exactly conserved but only that the particles' motion roughly
consist of the gyration around the field lines and that the particles move along the magnetic field line. Minor
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changes to the typical particle motion will not significantly change the shape of PASS. However, if the parti-
cles were to be significantly accelerated by a shock, a wave, a dipolarization front, and so forth, our estimates
of the distance to the source using the time-of-flight effect would be invalid. Such acceleration would give
rise to nonlinearities in the 1∕v||-time spectrogram (Figures 4g and 7e). These are not clearly observed.

If PASS are indeed due to the time-of-flight effect and if the particles are simply gyrating and moving along
their field lines, the shape of PASS must depend on the geometry of the magnetic field between the source
and the spacecraft for the first half of the PASS. Similarly, it should depend on the magnetic configuration
between the spacecraft and the particles' mirror points for the second half of the PASS. In a static magnetic
field configuration of the magnetosphere, we would expect that each PASS are similar. However, the PASSs
observed in the Southern Hemisphere (Figure 3) are not all exactly the same, nor is it the case for the North-
ern Hemisphere event (Figure 6). We therefore suggest that the changes with time of the shape of PASS are
due to a time dependency of the magnetic configuration of the magnetosphere.

In theory, PASS signatures combined with time-of-flight calculations could be used to evaluate the distance
to the source. However, the particles' pitch angle evolve as the particles move along the field line due the vari-
ations in the magnetic field magnitude. The changes in pitch angle result in variations in the field-aligned
speed of the particles. Thus, to calculate accurately the distance to the source using the time of flight, one
needs informations of the fields along the particle trajectories. Therefore, in practice, it is not possible to
estimate accurately the distance between the spacecraft and the source from the PASS signatures alone.

Up till now, we have assumed that PASS result from particles launched/accelerated at the source with a broad
range of pitch angles and that they are not affected by any acceleration mechanism between the source and
where the particles are observed. The particles move from the source to the spacecraft and the pitch angles
change due to variations in the magnetic field strength. An alternative scenario that can also result in the
apparition of a large range of pitch angles may be as follows. Assume that the source emits particles that are
only nearly parallel or antiparallel in a broad energy range. If the magnetic field magnitude does not increase
significantly before the particles reach the spacecraft, no particles would be observed with pitch angle close
to 90◦. However, if we assume that a mechanism energizes the particles in the perpendicular direction,
the initially field-aligned particles get an increase of their total energy and of their pitch angle, therefore
becoming more perpendicular but keeping the same field-aligned speed. The particles with pitch angles
close to 90◦ at the spacecraft might thus initially have been emitted as field-aligned particles. They would
arrive after the first PASS particles because their initial speed along the magnetic field has been conserved.

The observation of consecutive enhanced differential particle fluxes from the Southern and Northern Hemi-
spheres (Figures 3-6) and the tracing of the particles (Figures 8 and 9) point toward the existence of a
time-dependent source tailward of the spacecraft modulating the differential particle flux. In the following
sections, we discuss a number of mechanisms known to cause enhancements of O+ flux via an energization
of particles or an increase of the particles density, or both. When possible, the mechanisms are considered
for the Southern Hemisphere event (Figure 3), as it has the longest and clearest signatures. Unfortunately,
the spacecraft from the Cluster mission were the only ones in the magnetotail to record the event, and they
were too close to one another to observe any differences in the data. No spacecraft from other missions were
located tailward of C4 to possibly observe the source.

5.1. Wave-Particle Interactions
In the inner magnetosphere, the nearly dipolar magnetic field configuration is such that the particles bounce
between the Northern and Southern Hemisphere and drift azimuthally. This allows for particles to inter-
act with the electric field of a standing wave and possibly gain energy. The resonant interaction between a
standing wave and drifting and bouncing particles is known as drift-bounce resonance or simply drift reso-
nance depending on the specifics of the particles motion relative to the wave (Southwood & Kivelson, 1981,
1982). There exists several observations of such resonances in the inner magnetosphere (e.g., Claudepierre
et al., 2013; Ren et al., 2017; Takahashi et al., 1990; Yang et al., 2011): Off the equatorial plane, the particle
flux data show a pitch angle dependence similar to those presented in this article (e.g., Ren et al., 2016; Yang
et al., 2011).

In this investigation, we present data from the magnetotail where the magnetic field is no longer dipolar and
it is hence unclear if the drift-bounce or drift resonance is viable. To our knowledge, drift and drift-bounce
resonances in the midtail have never been reported.
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Figure 10. Normalized Welch power spectral density (PSD) estimates using 40-min window overlapping by 75% of (a)
the differential particle flux of O+ at 27.7 keV (as shown in Figure 3d) and of (b) the magnetic field. The colors in
(a) correspond to four pitch angle values and those in (b) refer to the three directions of the magnetic field in
field-aligned coordinate system.

The resonance requires a standing wave and particles interacting with it for several wave periods. Such
standing wave may exist in the stretched tail as suggested by Zheng et al. (2006). They presented electric
and magnetic field data from the midtail that were interpreted as a standing wave with 15-min wave period.
The possible existence of standing waves in the midtail would indicate that resonances could be possible.
However, our test particle simulation showed that particles are expected to drift by at least one Earth radius
over approximately one wave period. During that time, the particles move into regions with different mag-
netic fields and plasma densities and thus different Alfvén speeds. Thus, as the particles drift, they enter
regions of different wave frequencies. We therefore think it is unlikely for particles to interact resonantly
with a standing wave in the midtail. Still, nonresonant energization of particles might occur.

To better assess the validity of the wave-particle interaction scenarios (resonant and nonresonant) for our
first event (Figure 3), we investigate the wave activity in the magnetic field at the frequency associated
with the repeated PASS. The power spectral densities computed from the differential particle flux of O+

at 27.7 keV for four pitch angles and from the magnetic field on 29 August 2003, from 20:40 to 22:00, are
shown in Figures 10a and 10b, respectively. The three components of the magnetic field and the associated
power spectral densities are expressed in a coordinate system where z′ is along the background magnetic
field (30-min running average forward and backward in time), x′ is perpendicular to z′ and as earthward as
possible, and y′ completes the right-handed basis. Figure 10a indicates PASS wave power at about 1.25 mHz
(∼13.3 min) for the four pitch angles. The power spectral density estimate of the magnetic field data at the
spacecraft location shows no clear peak near 1.25 mHz, and we therefore think that there is no wave at
the spacecraft location that would be responsible for the repeated PASS. However, because the only avail-
able data are from the spacecraft position, we cannot eliminate the possibility that the PASS are due to
wave-particle interaction tailward of Cluster.

5.2. Transient Ionospheric Outflow
Oxygen of ionospheric origin can be observed in the plasma sheet (e.g., Kronberg et al., 2014; Mukai et al.,
1994), and, if the thermalization processes in the plasma sheet are slow enough, some properties of the
ionospheric outflow of O+ might still be observable in the plasma sheet. Interestingly, Nilsson et al. (2008)
reported enhancements of O+ flux at the polar caps with typical time scales of 5 to 10 min. This property
might therefore still be present in the plasma sheet and might explain the repeated O+ flux enhancements
presented in this article. The outflowing O+ observed at the polar cap is moving tailward, and, if the asso-
ciated field line reconnects somewhere tailward, the O+ might then be observed to propagate earthward in
the hemisphere opposite to that from which they escaped the ionosphere. This could explain the origin of
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the repeated enhancements of O+, and the specific pitch angle signatures might again be explained by the
time-of-flight effect of mirroring particles.

Because the particles would be emitted from the ionosphere and that, for this mechanism to be viable,
reconnection needs to occur somewhere in the tail, the particles should propagate at least about the typical
distance to the near-earth neutral line, which is between −16 and −30RE in X (Miyashita et al., 2009; Nagai
et al., 1998). For our Southern Hemisphere event, the estimated propagation distances for the particles are
between 5 and 25RE (Table 1), which makes the first three energy dispersed structures (Figure 4) unlikely to
be due to ionospheric outflow while the following structures might be. In addition, note that the Southern
Hemisphere event was observed during a substorm recovery phase during which the near-earth neutral line
is expected to retreat tailward (Baumjohann et al., 1999). We would thus expect even greater propagation
distances than during conditions when a typical near-earth neutral line is present. Therefore, it is unclear if
the Southern Hemisphere PASSs result from transient ionospheric outflow.

5.3. Neutral Sheet Resonances
Trapped particle motion in the neutral sheet is dominantly chaotic, and the particles are energized by the
cross-tail electric field, Ey (Büchner & Zelenyi, 1989; Lyons & Speiser, 1982). They gain energy depending on
Ey and on the magnetic field component normal to the neutral sheet, Bn ≈ Bz. The energy gained decreases
for increasing X due to the inverse Bn dependency. As highlighted by the simulation by Ashour-Abdalla
et al. (1993) of mantle particles populating the plasma sheet, there are two peculiar particle trajectories for
the particles after they have been accelerated in the neutral sheet. If they exit the neutral sheet field aligned,
they are seen as beams in the PSBL. Such particles are energized at localized X positions along the neutral
sheet (resonances) resulting in spatially separated beams in |Z| with the most energetic ones observed at
larger |Z|. These are known as “beamlets” (see Ashour-Abdalla et al., 1993, for the simulation and, e.g.,
Sauvaud & Kovrazhkin, 2004; Zelenyi et al., 2006 for observations). At other localized positions along the
neutral sheet, the particles are energized and exit the neutral sheet but are not field aligned. In such case,
the particles follow an orbit called “cucumber” and are trapped in the plasma sheet. These particles spend
most of their time moving earthward and tailward, interacting several times with the neutral sheet.

Clearly, it is unlikely that our observations are beamlets for two main reasons. (1) Beamlets are observed
at the transition between the lobes and the plasma sheet while our observations are more from the outer
CPS than the PSBL. (2) Beamlets are collimated field-aligned particles. Because the particles are well field
aligned, they are expected to mirror close to Earth and not close to a spacecraft that would be probing the
midtail. Hence, no particles with pitch angle close to 90◦ should be observed if the observed events are
beamlets events. We compared beamlets events using Cluster data (Grigorenko et al., 2007; Zelenyi et al.,
2006) to the Northern and Southern Hemisphere events presented in this article and conclude that our
observations are not beamlets.

On the other hand, the velocity distribution function where particles with “cucumber” trajectories are
observed should have a large range of pitch angles but should lack the most field-aligned particles. The
particles originating from a resonance have similar energies but are spread in pitch angle. Therefore, their
parallel velocities are different, which results in a spatial spread due to the ExB-drift (as explained in section
4 and as can be seen from the simulation in Figure 8). Hence, a spacecraft moving into or out of the CPS
should observe that the energy and the pitch angle depend on the spatial position of the spacecraft. For the
inward motion in the Southern Hemisphere, the spacecraft should first observe pitch angle changing from
180◦ to 0◦ for the most energetic particles and then observe similar PASS but at lower energy. For the out-
ward motion of the spacecraft in the Southern Hemisphere, the pitch angle should vary from 0◦ to 180◦, and
the energy associated with these consecutive PASS should increase.

For the Southern Hemisphere event (Figure 3), the spacecraft enters the plasma sheet from the southern
lobe and moves later toward the southern lobe again. If the PASS particles are due to the neutral sheet
resonances, two obvious signatures should be observed. First, the energy-time spectrogram should show a
decrease in energy between PASS during the inward motion and an increase in energy during the outward
motion. Second, the PASS should vary from 180◦ to 0◦ during the inward motion and from 0◦ to 180◦ during
the outward motion of the spacecraft. However, we do not find any such signatures. This makes the neutral
sheet resonances scenario unlikely to cause PASS.
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5.4. Reconnection
Reconnection is known to energize particles in the magnetotail, which results in the appearance of
high-speed bulk flows. One often distinguishes between field-aligned beams and convective high-speed
flows. As their names suggest, field-aligned beams are particles moving parallel or antiparallel to the mag-
netic field, and they are often found in the boundary layer between the plasma sheet and the lobes. The
convective high-speed flows are particles moving perpendicular to the magnetic field, and they are usually
confined near the equatorial plane (e.g., Raj et al., 2002).

The PASS presented in this article are observed in the outer CPS, which is somewhat between the CPS,
where convective high-speed flows are common, and the plasma sheet boundary layer, where field-aligned
beams are common. Also, the distribution function associated with PASS is not purely field aligned nor is
it purely perpendicular since the enhancement in the pitch angle-time spectrogram varies between 0◦ and
180◦. It is therefore tempting to speculate that the particles forming PASS would also originate from recon-
nection. However, to our knowledge, no observations have ever shown that reconnection can be modulated
at a ∼10-min period, which would be required to explain the repeated PASS. Simulations have shown that
several reconnection locations can form in the plasma sheet and move earthward (e.g., Palmroth et al.,
2017, and references therein), taking ∼1 min between the observation of different X-line at a fixed location
(Palmroth et al., 2017), therefore providing a ∼1-min periodicity. Alternative solar wind input might change
the characteristic time from ∼1 min to ∼10 min, which would then provide the right periodicity for PASS.

5.5. Dipolarization Fronts
Dipolarization fronts are characterized by a sharp increase in Bz and can be observed together with
high-speed flows (e.g., Angelopoulos et al., 1992). A number of observations and simulations (e.g., Artemyev
et al., 2012; Birn et al., 2015, 2017; Eastwood et al., 2015; Ukhorskiy et al., 2018; Zhou et al., 2012) have
shown that particles are energized when interacting with a dipolarization front. In the equatorial plane,
this results in the appearance of energized plasma some dozens of seconds before the observation of a dipo-
larization front. Zhou et al. (2012) observed precursor flows away from the equator some minutes before
the observations of precursor flows in the equatorial plane and suggested that the particles energized by a
dipolarization front may propagate toward higher latitudes.

If the particles energized at dipolarization fronts in the CPS can indeed make their way to the outer CPS, it
could result in enhanced O+ flux. However, explaining the repeated PASS would require a train of dipolar-
ization fronts separated by about 10 min. To our knowledge, this has never been reported. An occurrence
rate of 1 dipolarization front per 3.9 hr was calculated by Fu et al. (2012) by using 9 years of Cluster 1 data,
therefore making it unlikely that PASS are caused by the interaction of particles and dipolarization fronts.

6. Summary and Conclusion
In this article, we present in situ data from the C4 spacecraft from the midtail plasma sheet for two oscilla-
tory flow events, one in each hemisphere. The events are from the transition region between the CPS and
the tail lobes. We observe that the oscillatory flows are associated with repeated ion flux enhancements in
the pitch angle-time spectrograms. The enhancements change from 0◦ to 180◦ pitch angle in the Northern
Hemisphere whereas it varies from 180◦ to 0◦ in the Southern Hemisphere.

For the Southern Hemisphere event, C4 observes enhancements of O+ flux varying from 180◦ to 0◦ pitch
angle every ∼13 min for about 80 min. These structures (PASS) are observed in the 10.5- to 35.2-keV
energy range but with small time delays between the energy channels. Based on these energy dependences
(energy-dispersed structures), we estimate from simple time-of-flight considerations that the source of PASS
particles is between 5 and 25RE tailward of the spacecraft (between −44 and −24 RE in X) and that there are
either several sources or a single source that retreats tailward with time. The results from the backward trac-
ing of test particles simulation would indicate that the source is farther down tail, between −40 and −65 RE
in X with the lower energetic particles coming from farther down tail than the more energetic ones. For the
Northern Hemisphere event, the O+ flux enhancement is observed to vary from 0◦ to 180◦ pitch angle, three
times in about 80 min. Two of the three PASS shows energy-dispersed structure from which we estimate
that the source is between 40 and 107RE tailward of the spacecraft. Using the test particle simulation, the
source is in the far tail, outside the region of validity of the model. For both events, the pitch angle depen-
dence of O+ flux suggests a source located tailward of the spacecraft while the fact that PASSs are repeated
several times indicates a time-dependent source.
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We discuss several potential sources for the observed signatures but none of them seem to unarguably
explain repeated PASS. To better understand the general properties of PASS and the source of PASS particles,
a statistical study and multi-spacecraft studies should be conducted.
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