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Abstract: The Earth’s magnetospheric cusp, a region with an off-equatorial magnetic field minimum,
is an important place which directly transports plasma and energy from the solar wind into the
magnetosphere and ionosphere. Its magnetic topology and charged particles therein are known to
respond to the solar wind and the interplanetary magnetic field. However, its dynamics in response
to the interplanetary (IP) shock are still unknown, due to lack of direct spacecraft observations. This
study first reports the observations of the cusp’s motion under the drive of an IP shock and both
strong electric fields and outflowing energetic ions in the moving cusp. After an IP shock arrival
on 7 September 2017, triple cusps were observed by Cluster C4 when it was crossing the high-
altitude northern polar region to the sub-solar magnetosphere. The multiple cusps had a one-to-one
correspondence with the dayside magnetosphere compression and relaxation detected by THEMIS E,
indicating that one cusp moved back and forth three times due to the IP shock’s impact. In the moving
cusp, there were strong impulsive electric fields with a peak of up to ~40 mV/m and an ionospheric
source population of upward propagating ions (O", He™ and H') with energies extending to MeV.
However, the outflowing ions outside the cusp had energies of no more than 1 keV. An enhancement
of energetic O™ appeared inside the cusp with the flux ratio of O" /H™ increasing from 10 keV to ~
MeV, which implies the efficient acceleration of O™. These observations are shown to be consistent
with the prompt acceleration by the impulsive electric fields, which is mass-dependent. This finding
suggests a new acceleration mechanism for cusp energetic ions, especially for O

Keywords: triple cusps; interplanetary shock; impulsive electric field; particle acceleration;
ionospheric outflows

1. Introduction

The polar cusp is an essential part of the dayside high-latitude magnetosphere which
directly connects to the magnetosheath and ionosphere, and plays an important role in the
coupling between the solar wind and magnetosphere [1-5]. As a boundary region located
at high latitudes, the polar cusp is present whether the interplanetary magnetic field (IMF)
is northward or southward [6,7]. Its location and extent are controlled by a variety of factors
including the IMF direction, dipole tilt angle, solar wind azimuthal flow as well as dynamic
pressure [8,9]. The cusp moves equatorward (poleward) under negative (positive) IMF
B, conditions, and the cusp location also shows a displacement dawnward (duskward)
under negative (positive) IMF B, conditions in the northern hemisphere [10]. As the solar
wind pressure decreases and then increases, the cusp moves poleward and equatorward,
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respectively [11,12]. According to the satellite observations, the high-altitude cusp region
appears to expand and exhibit more complex behavior than the low-altitude cusp [7,13,14].
The low-altitude DMSP (Defense Meteorological Satellite Program) satellite observations
revealed the existence of double cusps [15]. It was suggested to be a spatial effect where
merging occurs simultaneously in the low- and high-latitude magnetopause when there
is strong duskward (dawnward) IMF with small IMF B, in the northern (southern) hemi-
sphere. Four cusps were observed by Cluster in the high-altitude northern magnetosphere
when the IMF was northward with strong duskward B,, [16]. It was explained as the main
cusp was first shifted westward due to the windsock effect of the enhanced solar wind
azimuthal flow and then oscillated in a similar period with the motion of a cold dense
plasma sheet in the magnetotail flank due to the high-latitude reconnection. However,
there are rare studies about how the cusp region responds to extreme solar wind conditions,
such as an IP shock.

The diamagnetic depression (also called the diamagnetic cavity, DMC) is caused by
the increases of both plasma pressure and density as a result of the magnetosheath plasma
accumulation in the cusp region, which is frequently filled with energetic particles (electron,
proton, multiply charged ion species, etc. [17-20]. There are three possible sources of
energetic particles in the cusp DMC. The first one is called Fermi acceleration near the
quasi-parallel bow shock [21-23], whereby shock-accelerated ions can be transported
into the cusp region along newly reconnected field lines [17,24]. Second, simulation
studies suggest that magnetospheric energetic particles may leak into the outer cusp
region due to the existence of an off-equatorial magnetic field minimum [25,26]. The third
mechanism is local acceleration related to gradients in reconnected quasi-potential [19]
and wave—particle interactions [18,27,28]. Locally accelerated particles are distributed at
pitch angles of ~90° [19] and can exhibit higher fluxes than in the magnetosheath [19,29].
Previous studies focused on the acceleration of energetic H™, He™ and multiply-charged
particles [17-19,30], but there have been relatively few studies of energetic O™ observations
in the cusp region [31,32].

The objective of this work is to investigate the motion of the high-altitude cusp and
charged particles in response to an IP shock using coordinated measurements from ACE at
L1, THEMIS E in the subsolar magnetosheath as well as four Cluster satellites in the polar
region of the northern hemisphere.

2. Observations
2.1. The Motion of the High-Altitude Cusp in Response to an IP Shock

From 22:30 UT to 24:00 UT on 7 September 2017, the Cluster satellites were crossing
the high-altitude northern polar region and traveling equatorward toward the subsolar
region, while THEMIS E was traveling inbound in the subsolar magnetosheath. Figure 1a
shows the trajectory of Cluster C4 and THEMIS E in the X-Z plane of GSM coordinates
over this time span. When an IP shock arrived at Earth’s magnetosphere at 23:00 UT, four
Cluster satellites (C1-C4) were located at (1.8, 4.1, 6.1)Rg, (0.8, 4.0, 6.5)Rg, (3.8, 2.8, 5.1)Rg
and (4.1, 2.7, 4.9)Rg in the GSM coordinate, respectively, while THEMIS E was located
at GSM (114, 2.1, —0.7)Rg (marked by a red dot in Figure 1a) and ACE was located at
GSM (224.2, 19.5, —28.4)Rg. C4 was followed by C3 with a separation of about 0.3 R,
followed by C1 and C2 with a time lag of ~2 h and a separation of ~3.0 Rg. C3/C4 and
C1/C2 were located at the magnetic local time (MLT) of about 14 h and 17 h, respectively,
in the time interval from 23:00 UT to 23:30 UT, which is the time of interest in this study.
The joint observations from ACE, THEMIS E and Cluster provide a good opportunity for
investigating the response of the high-altitude cusp to an IP shock.

Figure 1b—d displays the ACE observations from 21:00 UT on 7 September 2017 to
01:00 UT on 8 September 2017. The time series of IMF, solar wind velocity and dynamic
pressure have been time-shifted by 25 min, which was determined by the solar wind
velocity and the location of ACE, as well as the sudden enhancement of Sym-H index
in Figure 1d. From 23:00-23:30 UT, there was a large negative IMF B, (about —25 nT),
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weak duskward IMF B, as well as three solar wind dynamic pressure pulses together with
some perturbations. Observations from THEMIS E are shown in Figure 1le-h. The spectra
of ions (Figure le) and electrons (Figure 1f) indicate that THEMIS E was located in the
magnetosheath before the shock arrival. Under the compression by the IP shock at 23:00 UT,
the total magnetic field (B;) in the magnetosheath increased from 40 nT to 75 nT (Figure 1h)
and the ion temperature was enhanced from ~0.2 keV to ~2 keV ( Figure le). About
1.5 min later, the main population of ions was at several keV and B; decreased to about
30 nT, indicating that THEMIS E was exposed to solar wind due to the further compression
by the shock. The magnetic field observations from four Cluster spacecraft are shown in
Figure 1i-1. When THEMIS E was exposed to solar wind just outside the magnetosheath
for the first time, the cusp DMC was encountered by C3 and C4 with B; decreased from
>100 nT to <10 nT (referred as Cusp 1) in Figure 11, while there was enhanced B; at
the location of C1 and C2. The decrease of B; was observed first by C4 and then by C3,
and there was a transient sign change of B, from negative to positive. This indicates that
the encounter of the cusp DMC is due to its anti-sunward motion, driven by the sudden
impact of the IP shock. Although C3 and C4 were located at the MLT of about 14 h, the cusp
center could move to the post-noon sector under the driving of the solar wind V,, which
jumped from —50 km/s to +-50 km/s in Figure 1c. This is consistent with the increase of
By observed by C3 and C4 in Figure 1j. When THEMIS E re-entered the magnetosheath
at 23:06 UT, C3 and C4 successively moved outside Cusp 1, which should move sunward
due to the dayside magnetosphere relaxation. Subsequently, THEMIS E went into and out
of solar wind twice under the action of solar wind dynamic pressure pulses (Figure 1d);
correspondingly, the cusp DMC motion back and forth was observed by C4 twice (referred
as Cusp 2 and 3). Compared to Cusp 1, the diamagnetic depression in Cusp 2 and 3 is much
smaller, indicating that C4 was far away from the cusp DMC center after the encounter
of Cusp 1. When the solar wind dynamic pressure dramatically decreased after 23:30 UT,
the magnetosheath observed by THEMIS E was no longer compressed and the moving
cusp DMC did not reappear at the location of C4.

2.2. Energetic lons and Impulsive Electric Fields in the Moving Cusp

The CODIF and PEACE instruments onboard Cluster provide 3D measurements of
ions (O, He' and H") in the energy range of ~25 eV /e—40 keV /e [33] and electrons in
the energy range of 0.6 eV-26.5 keV [34], respectively. During the events of this study,
the CODIF instrument was in a mode where H is measured in 32 energy bins, while
O" and He™ are measured in 16 energy bins. Figure 2a—d show the O" energy spectrum
and pitch angle distributions at three representative energy channels observed by Cluster
C4. The same plots for He™, HT and electron are shown in Figure 2e-h, Figure 2i-1 and
Figure 2m—p, respectively. The energy spectra show that there was a low-energy population
of O before 23:00 UT and after 23:30 UT, while it mainly appeared after 23:30 UT for
He™ and H™. The pitch angle distributions at 0.1 keV and other energy channels around
it (not shown here) show that these low-energy ions were dominantly distributed in the
antifield-aligned direction. From 23:00-23:30 UT, there were energetic O", He™ and HT in
Cusp 1-3, which were mainly distributed at pitch angles of 90°-180°. These pitch angle
features indicate that there were ionospheric outflows in the polar region of the northern
hemisphere, which might experience perpendicular acceleration in the moving cusp DMC.
It should be noted that the detailed examination of the time-of-flight spectra indicates that
the intense H™ fluxes lead to contamination of the O™ measurements below 10 keV (see
Figures S1 and S2 in the Supporting Information). The technique aimed at subtracting
the proton “spill” from the CODIF measurements has been developed for the He™ data
product [35], but there is no equivalent for O™. The pancake-like pitch angle distribution of
electrons at 0.5 keV (Figure 20) and 1.3 keV (Figure 2n) indicates that these electrons were
trapped in the cusp DMC.
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Figure 1. (a) Trajectories of Cluster C4 and THEMIS E in the GSM XZ plane from 22:30 to 24:00 UT
on 7 September 2017. The magnetospheric field lines (gray lines) are obtained by the Tsyganenko
T96 model, a cartoon of the IMF field lines is marked by the black lines and the field line directions
are labeled by the black arrows; (b—d) The ACE observations at L1 from 21:00 UT on 7 September
2017 to 01:00 UT on 8 September 2017, including magnetic fields, solar wind velocity and dynamic
pressure/Sym-H, respectively. The vertical red lines represent the times when THEMIS E went into
the solar wind, as shown in panel (e-h). The THEMIS E observations from 22:30 to 24:00 UT on
7 September 2017, including energy spectra of ion and electron, magnetic fields in GSE coordinates and
total magnetic field (By), respectively; (i-1) Magnetic field observations from four Cluster spacecraft.
The arrival time (23:00 UT) of an IP shock is marked by the vertical dashed line.
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Figure 2. Pitch angle observations from the CODIF and PEACE instruments onboard Cluster C4
from 22:30 to 24:00 UT on 7 September 2017. (a-d) Spectrum and pitch angle distributions at three
representative energy channels for ot, respectively; The same format as panels a-d except for
(e-h) He™, (i-1) H" and (m—p) electron. The vertical dashed line represents the shock arrival time.

Total magnetic and electric fields from Cluster C4 are shown in Figure 3a,b, respectively.
There are strong electric field perturbations even up to 40 mV/m inside Cusp 1, which are
comparable to those related to the shock impact around 23:01 UT. The RAPID instrument
onboard Cluster C4 provides measurements of different ions from tens of keV to several
MeV [36,37]. Figure 3c-h display the energy flux (keV/(cm?-s-sr-keV)) of different ions in
the energy range from tens of eV to several MeV with some gaps in the energy coverage,
observed by the RAPID and CODIF instruments. The RAPID measurements in Figure 3c,e,g
show that energetic O", He™ and H" were mainly distributed around the region with
largest magnetic depression inside Cusp 1-3. The upper energy limit of O extends to
the MeV range in Cusp 1, which is larger than He™ and H™. Figure 3b shows that E; was
enhanced up to ~30 mV/m after the IP shock arrival at 23:00 UT, and showed another peak
up to ~40 mV/m around the dip of Cusp 1, which is sufficient to cause ion acceleration.

The energy increase caused by electric fields can be estimated using [38,39]

1 ExB midEJ_

_ . T 2

where E is electric field, B is magnetic field, m; is ion mass and g is particle charge. Here
two terms on the right hand side of Equation (1) are referred as W (E x B drift) and W5
(polarization drift), respectively. In order to compare with ion measurements, the calculated
W in Equation (1) is averaged at the time resolution of CODIF and RAPID instruments.
The pink line in Figure 3¢,d represents the calculated W for O". Its maximum value is
about 0.91 MeV, where W; = 22.3 keV and W, = 889.4 keV. So O™ can be accelerated to
high energies by electric fields, which is mainly attributed to the polarization drift around
the largest magnetic depression of the moving cusp DMC. The calculated W for He™ and
H* are marked by the pink lines in Figure 3e/h, respectively. Its value for O", He™ and HT
in the same cusp is rapidly decreasing as ion mass is smaller, which is mainly due to the
mass-dependent polarization drift. The source and acceleration mechanism of energetic
ions in the moving cusp will be further discussed in the next section.
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Figure 3. (a) Total magnetic field; (b) Total electric field; (c,d) O spectra from the RAPID and CODIF
instruments, respectively; The same format as panels b-c except for (e f) He™ and (g,h) HT. The pink
line over-plotted on the ion spectrum is the energy increase caused by electric field, estimated with
Equation (1). The vertical dashed line represents the shock arrival time.

3. Discussion

Previous statistical studies found that the cusp location at different altitudes moves
equatorward with increasing southward IMF and solar wind dynamic pressure, which
are interpreted in terms of the erosion of dayside magnetic flux [7,10,40] and the global
expansion of the cusp region [11,12], respectively. The response of the cusp region to
extreme solar wind conditions such as an IP shock is rarely studied. The observations in
Figure 1 showed that after the IP shock arrival with large IMF B, and solar wind dynamic
pressure, the dayside magnetosphere was severely compressed and the whole cusp region
moved anti-sunward. The influence of the sudden solar wind dynamic pressure on the
cusp location exceeds the erosion and expansion processes under the steady solar wind
conditions. Previous studies suggested that multiple cusps can be attributed to a spatial
effect [15], a temporal effect [14,16], or a combination of the two [14]. The spatial effect
cannot account for the triple cusps in this study, because it works when there is strong
dawnward/duskward and weak southward IMF [15]. Zong et al. [14,16] suggested that the
solar wind azimuthal flow was a stronger controlling factor of the cusp position than the
IMF B, and B, which plays a crucial role in the appearance of multiple cusps in this study.
The jump of the solar wind V,, from —50 km/s to 50 km/s in Figure 1c can shift the cusp
region to the post-noon sector where four Cluster satellites were located, but it should not
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be the determinant of the observed triple cusps. The triple cusps occurred when the solar
wind dynamic pressure was high from 23:00 UT to 23:30 UT, and each cusp corresponded
to one dayside magnetosphere compression and relaxation. The cusp was not encountered
again by Cluster spacecraft after 23:30 UT when the solar wind V, became even larger, and
the solar wind dynamic pressure decreased. The joint observations from ACE, THEMIS and
Cluster in Figure 1 revealed that the appearance of triple cusps in this study is attributed to
the successive compression and relaxation effect caused by the dynamic pressure of the
IP shock.

Inside the cusp, energetic ions (O, He™ and H™) with energy up to MeV were
observed by Cluster C4. The measurement of energetic O is a good indicator for an
ionospheric source [17,41,42]. The pitch angles of these energetic ions in Figure 2 indicate
that they should originate from ionosphere [32]. The energies of ions outside the cusp
were no more than 1 keV and mainly distributed in the antifield-aligned direction. How-
ever, the pitch angles of energetic ions inside the cusp are closer to 90°, which suggests
acceleration in the perpendicular direction. The calculations with Equation (1) in Figure 3
imply that the impulsive acceleration by electric fields can account for the energy increase
of ions inside the cusp. Although there was long stable southward IMF and continuous
decrease of the SML index before the IP shock arrival, there were no substorm injections and
enhancement of energetic particles in the magnetosphere (see Figure S3 in the supporting
information). Moreover, there are almost no energetic ions at the pitch angles of 90°-180°
inside the cusp of the northern hemisphere. Schillings et al. [32] suggested that these ions
in the same event were ionospheric outflows due to a preheating of the ionosphere by the
multiple X-flares. Therefore, it is unlikely that the cusp energetic ions in Figure 3 should
originate from the nightside substorm injections that can drift to the dayside magnetopause
and access the field lines, which ultimately become cusp field lines.

The energy flux spectra of different ions can help verify whether there is impulsive
electric field acceleration or not. Figure 4a—c shows the energy flux spectra of O", He™
and H, respectively, around the minimum B; in Cusp 1. The largest magnetic depression
occurred at about 23:02:54 UT. In Figure 4a—c, the energy fluxes averaged within half a
minute from 23:02:40 UT to 23:03:10 UT are marked by pink dots with error bars. There
are two populations (Part I and II) separated by 10 keV for O, while there is only one
population for both He™ and H'. A detailed examination of the time-of-flight spectrum
indicates that the first O" peak is actually contamination due to the intense H* flux.
However, the higher energy peak represents true O™. The spectra of O", He™ and H' can
be fitted to a kappa distribution to obtain more information, which is given by [39,43]

_ 2
fW) = ”(2n7:w0)3/2rf;gk—ﬁ})2) 1+ (\/WKW\O/WS) )~

@

where f, n, m, W are particle phase space density, density, mass, and energy, respectively;
W5 is the so-called shift energy; Wy is the most probable energy related to the average
thermal energy by Wy = kgT(1 — £ ). For k — oo, the kappa distribution degenerates
to a simple Maxwellian; for ¥ > 1, a smaller « indicates a harder tail. The black lines
in Figure 4a—c represent the fitting spectra, and the fitting parameters are marked in the
legend of these figures. Figure 4d shows the flux ratios of OT /H" and He™ /H™ obtained
from the observations and fitting results in Figure 4a—c. The flux ratios of O /H™ shows
an increasing trend from 10 keV to ~ MeV, which demonstrates the efficient acceleration
of OF.

The fitting results show that the x index values for O, He' and H' are much less
than 10, indicating that they have an enhanced tail due to acceleration [43]. The smaller x
for the high-energy population (Part II) of O implies that these energetic O™ undergo a
further acceleration. The maximum values of the calculated W in Figure 3 are marked with
red texts and arrows in Figure 4a—c. The energy increase caused by electric fields in the
moving cusp DMC is enough to account for the formation of a high-energy population of
OT. It should be noted that the impulsive acceleration by electric fields in the cusp is much



Universe 2023, 9, 143

8of 11

more complex than that shown in Equation (1), as indicated by the comparisons between
ion observations and theoretical calculations in Figures 3 and 4, which are probably due to
(1) the finite gyro-radius effect, (2) the potential re-acceleration, and (3) the spatial spread
of ion distribution associated with their motions (gyration, bounce and drift) in the cusp.
In addition, electric fields at different positions of a moving cusp should be changing in real
time so that the electric field acceleration of energetic ions can only be estimated roughly
with single-point measurements.
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Figure 4. (a—c) The energy flux spectra of O, He™ and H™ around the minimum B; in Cusp 1,
respectively. The largest magnetic depression occurred at about 23:02:54 UT. The pink dots with error
bars are the averaged energy fluxes between 23:02:40 UT and 23:03:10 UT. The black lines represent
the best fit of the energy fluxes with the kappa distribution, and the fitting parameters are marked
in the legend. The red arrows represent the maximum energy increase in Cusp 1 caused by electric
fields in Figure 3. (d) The flux ratios of OT /H' and He™ /H™. The marks and lines represent the
measurements and fitting results in panels (a—c), respectively. Since the central energies of each
channel for Ot, He™ and H' from the CODIF and RAPID instrument are different, Ht fluxes are
first interpolated and then used to calculate the flux ratios. It should be noted that we adopt the
background values of HT in the energy channels of 962 keV and 1885 keV, and He™ in the energy
channels of 737 keV and 1689 keV, which are the averages from 23:00 to 23:05 UT, because most of
the measurements from 23:02:40-23:03:10 UT are absent. Considering that the first O™ peak (Part I)
is actually contamination due to the intense HT, the fitting result is marked by a dashed line in
panels (a,d).

It is well known that when the IP shock impinges on the magnetosphere [44] and
substorm activities occur [45], impulsive electric fields can be induced by the local magnetic
field reconfiguration, and numerous studies demonstrated their crucial role in the prompt
acceleration and enhanced transportation of both radiation belt electrons and ring current
ions [46,47]. This study reveals the existence of large (~40 mV /m peak) impulsive electric
fields in the cusp region under the impact of an IP shock, which are comparable to those
observed in the inner magnetosphere [46] and in the near-Earth plasma sheet [45]. It is
reasonable to believe that such strong electric fields induced by the rapid change of magnetic
fields in the magnetospheric cusp, which is a very large and dynamic region extending in
three dimensions [48-50], can produce significant energization of charged particles. This
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study suggests a new acceleration mechanism for cusp energetic particles according to
spacecraft observations, but the detailed acceleration process and the actual impact need
further investigation with the aid of simulations. Conceivably, since the magnetic field
lines in the cusp are connected to all of the magnetopause boundary layers, these energetic
particles probably make important global impacts on the geospace environment.

4. Conclusions

In the time interval from 23:00 UT to 23:30 UT on 7 September 2017, the joint observa-
tions from ACE at L1, THEMIS E in the subsolar magnetosheath, and Cluster spacecraft in
the high-altitude polar region of the northern hemisphere shed new light on understanding
the dynamics of the cusp in response to an IP shock. The main results are summarized
as follows:

1.  According to the ACE observations, an IP shock arrived at Earth’s magnetosphere
at about 23:00 UT, together with strong solar wind dynamic pressure pulses and
large southward IMF. Under the impact of the IP shock, THEMIS E in the subsolar
magnetosheath went into solar wind three times from 23:00-23:30 UT, indicating
that there were successive dayside magnetosphere compressions and relaxations.
Meanwhile, triple cusps were observed by Cluster C4, and each encounter had a
good one-to-one correspondence with the dayside magnetosphere compression and
relaxation. Therefore, this multiple cusp phenomenon can be attributed to a temporal
effect that the same cusp is moving back and forth three times under the driving of
the solar wind dynamic pressure.

2. In the moving cusp, there were strong electric field perturbations up to 40 mV/m
and energetic ions (O™, He™ and H™) up to MeV. These energetic ions were mainly
distributed at pitch angles of 90°~180°, while there were low-energy ions (no more
than 1 keV) in the antifield-aligned direction outside the cusp. These pitch angle
features of different ions and the observations of the O™ population imply that
energetic ions in the moving cusp originate from the ionospheric outflows, which
should experience further perpendicular acceleration in the upward process.

3. Strong electric field perturbations and weak total magnetic field in the moving cusp
can cause much more remarkable energy increase of O™ than light ions (He™ and H),
mainly due to the polarization drift. In other words, the impulsive acceleration by
electric fields is mass-dependent, which can lead to the fast formation of a high-energy
population of O. The ratio of O™ /H™ is increasing from 10 keV to MeV, indicating the
efficient acceleration of O". The agreement between the observations and estimates
based on Equation (1) supports the conclusion that impulsive acceleration by electric
fields in the moving cusp could play a crucial role in the dynamics of energetic ions,
especially for O.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /universe9030143/s1, Figure S1: The CODIF time-of-flight (TOF)
spectra for all energies as function of TOF channel and energy during different time intervals;
Figure S2: The TOF spectra as function of TOF channel and normalized pulse-height counts in
different energy step ranges during 23:00-23:30 UT; Figure S3: The observations of energetic electrons
from GOES13 and energetic O+ from Van Allen Probe A.
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