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Energetic magnetosheath ions connected to the Earth’s
bow shock: Possible source of cusp energetic ions

S.-W. Chang,' J. D. Scudder,' J. F. Fennell,2 R. Friedel,?
R. P. Lepping,* C. T. Russell,® K. J. Trattner,® S. A. Fuselier,®
W. K. Peterson,® and H. E. Spence’

Abstract. Plasma and magnetic field data detected by NASA GGS/Polar and
Wind during the May 4, 1998, storm event are analyzed to demonstrate for the first
time a causal relation between the magnetosheath energetic ions and bow shock
magnetic geometry. Intense magnetosheath energetic ions observed upstream from
the cusp are from the quasi-parallel bow shock and show properties indicating that

they are a possible source of cusp energetic ions.

1. Introduction

Energetic (~10!-10% keV) ions are often observed in
the magnetosheath. Two dominant sources are the
magnetosphere [e.g., Hones et al., 1972; West and Buck,
1976; Sibeck et al., 1987; Fuselier et al., 1991; Kudela
et al., 1992] and the solar wind energized at the bow
shock [e.g., West and Buck, 1976; Asbridge et al., 1978;
Crooker et al., 1981; Fuselier et al, 1991]. To un-
derstand the origins of energetic magnetosheath ions
would greatly facilitate the determination of the mass,
momentum, and energy transfer processes within the
geospace.

The escape of energetic magnetospheric particles into
the magnetosheath at times occurs on interconnected
magnetosphere-magnetosheath field lines that result
from magnetic reconnection at the magnetopause [e.g.,
Speiser et al., 1981; Scholer et al., 1981]. However, it
mostly occurs on a continuous basis through a leak-
age process of finite gyroradius effects [e.g., Croley et
al., 1986; Sibeck et al., 1987]. This mechanism predicts
that energetic ions leak from the magnetosphere at post-
noon local times and energetic electrons at prenoon lo-
cal times owing to the difference in their drift paths in
the magnetosphere. These ions stream along magne-
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tosheath magnetic field lines. Depending on the mag-
netic geometry, they may escape into the upstream re-
gion of the bow shock [e.g., Sarris et al., 1976; Luhmann
et al., 1984].

The upstream and downstream regions of the quasi-
parallel bow shock (the angle between the average up-
stream magnetic field and the shock normal, 0p,, less
than 45°) are often populated with energetic particles
and magnetic waves and turbulence [e.g., Paschmann et
al., 1979; Greenstadt at el., 1980; Bonifazi and Moreno,
1981; Crooker et al., 1981; Ipavich et al., 1981; Green-
stadt, 1985; Luhmann et al., 1986; Mobius et al., 1987,
Gosling et al., 1989; Fuselier et al., 1995, and refer-
ences therein]. Beginning with the earliest observa-
tions, it was realized that the connection of the inter-
planetary magnetic field (IMF) to the bow shock is a
necessary condition for the presence of energetic par-
ticles on the interplanetary field line [e.g., Asbridge et
al., 1968; Scudder et al., 1973; Lin et al., 1974]. The
fact that the enhanced plasma and magnetic turbu-
lence and their associated energetic ions are similar in
both the upstream and downstream regions led to the
suggestion of the same bow shock source region [e.g.,
West and Buck, 1976; Asbridge et al., 1978]. The oc-
currence rate of enhanced energetic ion events increases
with decreasing 0p, both upstream and downstream
from the bow shock [e.g., Bonifazi and Moreno, 1981;
Crooker et al., 1981; Mitchell and Roelof, 1983]. It is
widely accepted that solar wind ions undergo first-order
Fermi acceleration by scattering back and forth across
the quasi-parallel bow shock in the turbulent regions
upstream and downstream from the shock [Lee, 1982;
Ellison, 1985]. In situ plasma and magnetic field ob-
servations have confirmed theoretical predictions of the
coupling between the particles and waves [Mobius et
al., 1987; Trattner et al., 1994]. Energy spectra of en-
ergetic ions from computer simulations are also in a
very good agreement with observations both upstream
and downstream from the quasi-parallel shock [Ellison
et al., 1990]. Bursts of magnetospheric ions are also
occasionally observed in the upstream region, but they
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have a much harder spectrum than those of bow shock
accelerated solar wind ions [Mébius et al., 1986).

Ton composition measurements have played a criti-
cal role in determining the relative contribution of bow
shock accelerated ions and leakage of magnetospheric
ions to the magnetosheath energetic ions [e.g., Fuselier
et al., 1991]. The angular distribution of bow shock ac-
celerated ions immediately downstream from the quasi-
parallel bow shock is anisotropic with the maximum flux
toward the magnetopause [e.g., Scholer et al., 1989; Elli-
son et al., 1990]. They contribute to the majority of en-
ergetic H* (> 65%) and almost all the energetic He*? in
the magnetosheath downstream from the quasi-parallel
shock [Fuselier, 1994]. Leakage of magnetospheric ions
plays a minor role in this region but accounts for nearly
all the energetic protons in the plasma depletion layer
[Fuselier, 1992], a thin layer adjacent to the magne-
topause just outside the magnetosphere in the magne-
tosheath [Zwan and Wolf, 1976).

Recent analysis of cusp energetic particles (CEPs)
suggest that they are from the bow shock accelerated
ions [Chang et al., 1998]. If this hypothesis is true,
one would expect the appearance of bow shock accel-
erated ions in the magnetosheath upstream from the
cusp. In this paper, we present evidence of magne-
tosheath energetic ions upstream from the cusp acceler-
ated at the quasi-parallel bow shock using plasma and
magnetic field data observed by the NASA GGS/Polar
and Wind spacecraft during a magnetic storm event on
May 4, 1998. In contrast to previous statistical work
[e.g., Crooker et al., 1981; Fuselier, 1994] a causal re-
lation between the magnetosheath energetic ions and
bow shock magnetic geometry is demonstrated for the
first time. This storm provides a great opportunity to
understand the source of magnetosheath energetic ions
and to check the hypothesis of bow shock as a source
of CEPs by supplying large-scale temporal variations
in the energetic ion fluxes which should be correlated
with upstream parameters at the source region with a
proper time delay. Applying the above principle to the
high time resolution data from Polar and Wind, we are
able to determine not only the origin of the observed
magnetosheath energetic jons but also the upstream pa-
rameters that control the intensity of these ions.

The rest of the paper is organized as followed. We
present the instrumentation in section 2, Polar observa-
tions of plasma composition and data interval selection
for cross-correlation analysis in section 3, solar wind
propagation time in section 4, magnetosheath energetic
ions and their correlation with the IMF cone angle in
section 5, interpretation of the analysis results in sec-
tion 6, and summary and conclusions in section 7.

2. Instrumentation

Energetic ion composition measurements during this
storm event were made by the Magnetospheric Ion
Composition Sensor (MICS) of the Charge and Mass
Magnetospheric Ion Composition Experiment (CAM-
MICE) onboard Polar. A similar detector was flown on
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the CRRES satellite [Wilken et al., 1992]. The MICS
sensor sampled two-dimensional angular distributions
and covered the energy range from 1 to 193.4 keV /e for
H* and He*2, 1 to 100.1 keV /e for O>*2, 41.1 to0 193.4
keV /e for O<*3 and 17.5 to 193.4 keV /e for He™ (here-
inafter energetic ion energy referring to energy per unit
charge). The AE/E for each energy channel is ~10%.
It took ~3.3 min to complete a full energy sweep. The
H* data were the total ion measurements assuming H*
response in the double coincidence rate (DCR) channel
of the MICS detector. The detector viewed with a nar-
row aperture of 3° x 3° perpendicular to the spacecraft
spin axis which was mainly in the dawn-dusk direction
during this event. Energetic electron observations were
made with the Imaging Electron Sensor (IES) of the
Comprehensive Energetic Particle and Pitch Angle Dis-
tribution (CEPPAD) onboard Polar [Blake et al., 1995].
The sensor sampled 3-D distributions covering the en-
ergy range from 12 to 400 keV. The lower-energy part of
the ion spectrum was provided by the Hydra spectrom-
eter [Scudder et al., 1995] which sampled 3-D distribu-
tions of electrons and ions (assuming H*) covering the
energy range from ~10 eV to 19 keV. The electron mea-
surements from Hydra as well as the magnetic field mea-
surements from the Magnetic Field Experiment (MFE)
magnetometer [Russell et al., 1995] were used to iden-
tify regions of plasma sheet, magnetopause boundary
layer, magnetosheath, and solar wind along the Polar
trajectory. Upstream solar wind and IMF data were
acquired with the Magnetic Field Investigation (MFI)
magnetometer [Lepping et al., 1995] and the Faraday
cup of the Solar Wind Experiment (SWE) [Ogilvie et
al., 1995] both onboard the Wind spacecraft.

3. Overview of Polar Observations

On May 4, 1998, 0500-1200 UT, the Polar spacecraft
was moving from —0.3° to 74.1° magnetic latitude and
from 4.4 to 9.0 Rg geocentric distance near magnetic
local noon. The Wind spacecraft was ~214 Rg up-
stream from the Earth, just north of the Sun-Earth line.
A very strong interplanetary shock arrived at Wind at
~0230 UT. Wind observed large variations in the so-
lar wind density (~4-65 cm™3) and IMF strength (~5-
40 nT) and high solar wind bulk speed ~800 km/s for
the next 9 hours. Because of the high solar wind dy-
namic pressure (as large as 65 nP), the magnetosphere
was severely compressed and bow shock even reached
the Polar altitude on several occasions. As a result of
the rapid boundary motion due to the dynamics of the
storm, Polar frequently crossed the magnetopause cur-
rent layer. However, Polar was in the high-latitude day-
side magnetosheath most of the time during the second
half period ~0840-1200 UT of the storm event. (Note
only relevant Polar data are presented in this section
to address the plasma composition and magnetosheath
interval selection for the cross-correlation analysis. For
detailed analysis of Polar plasma and field observations
for this event, see Russell et al. [1999] and J. R. Wygant
et al. (manuscript in preparation, 1999).



CHANG ET AL.: ENERGETIC MAGNETOSHEATH IONS

Plate 1 presents from top to bottom panels MFE
magnetic field magnitude, energy-time spectrograms for
CAMMICE/MICS Het, O<+3, 0>+2 He*?, DCR-H™,
Hydra ions, CEPPAD/IES electrons, Hydra electrons,
and plasma regions traversed by Polar from 0500 to
1200 UT. The total energy coverages for H* and elec-
tron are ~0.02-200 keV and ~0.01-400 keV, respec-
tively. Before 0525 UT, Polar was in the plasma sheet
characterized by a large magnetic field (> 220 nT)
dominated by the positive B, component, and rela-
tively intense energetic Het (> 20 keV/e), O<*3 (> 40
keV/e), H" (> 40 keV), and electrons (> 20 keV), but
relatively weak lower-energy (below 40 keV/e) 0>*2,
He*2, and H* fluxes. Polar then moved into the low-
latitude boundary layer (LLBL) and observed similar
features before it exited the magnetopauseinto the mag-
netosheath at ~0541 UT [Russell et al, 1999]. Al-
though the plasma sheet and LLBL are both on closed
magnetic field lines with both feet anchored to the
Earth, electron pitch angle distributions there are some-
what different, having trapped populations in the for-
mer region and counterstreaming distributions in the
latter.

By contrast, in the magnetosheath from ~0541 to
~(0610 UT Polar observed disturbed weak magnetic
field, enhanced O>+*2, Het?, HY and 1-keV ions and
100-eV electrons but weak O<*3 and energetic electron
flux (both nearly close to the background values). Then
Polar reentered the LLBL/plasma sheet and observed

plasmas with characteristics similar to those measured
before 0541 UT. During the early part of the storm
event from 0500 to 0730 UT, Polar was moving back
and forth between the magnetosheath and the plasma
sheet/LLBL across the magnetopause. After 0730 UT,
Polar was in the magnetosheath and encountered the
bow shock for the first time at ~0735 UT. Owing to
the arrival of a brief, very strong pressure pulse (solar
wind dynamic pressure ~65 nP) the bow shock moved
to 7.3 Rp at 38° magnetic latitude and 1100 magnetic
local time. Polar briefly stayed upstream from the shock
and observed very cold solar wind ions and electrons as
shown in the Hydra ion and electron spectrograms in
Plate 1. It encountered the bow shock several times
after that.

The bow shock crossings are more obviously illus-
trated in Figure 1, which shows the magnitude of the
magnetic field from MFE and electron density from Hy-
dra covering 0730-1000 UT. Bow shock crossings are
identified by the simultaneous, abrupt jumps in the two
quantities. In addition, plasma bulk speed and temper-
ature jumps also occurred corresponding to the mag-
netic field and electron density jumps. As Polar moved
from the magnetosheath across the strong shock into
the upstream region, a sharp increase in the bulk speed
and a sharp decrease in the magnetic field, temperature,
and density occurred [e.g., Russell et al., 1999]. Several
upstream regions from the bow shock are identified and
marked as the shaded regions in Figure 1. As the so-
lar wind dynamic pressure quickly reduced, the bow
shock and magnetopause retreated toward their normal
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positions and Polar crossed the magnetopause into the
magnetopause boundary layer at ~0755 UT. Electron
temperature then increased as expected.

The best signature, however, for distinguishing the
boundary layer and magnetosheath region is the elec-
tron distribution since two regions have distinct mag-
netic topology, one for a closed magnetic field line and
the other for a magnetosheath field line which is con-
nected to the IMF and may or may not be connected to
a geomagnetic field line. As an example shown in Fig-
ure 2a, electrons commonly show a counterstreaming
distribution in the boundary layer, indicating a closed
magnetic topology. Another very useful diagnostic of
the magnetopause current layer as a rotational discon-
tinuity is the generalized Walén test [Scudder et al.,
1999a]. Magnetopause crossings identified using this
technique are consistent with the findings based on the
electron distributions [Scudder et al., 1999b]. After
0755 UT, Polar frequently crossed the magnetopause
before exiting the boundary layer at ~0836 UT. After
that, except several brief upstream regions from the bow
shock, Polar was in the magnetosheath until the end of
the magnetic storm at ~1200 UT. The common electron
distribution in the magnetosheath is nearly isotropic,
accompanied by a weak field-aligned beam at low en-
ergy as shown in Figure 2b.

As shown in Plate 1, energetic ions especially O<*3
show distinct relative intensities in the magnetosheath
and plasma sheet/LLBL. These energetic HY, He™t2,
and O>*2 magnetosheath ions are likely of the solar
wind origin. During this storm event, most of the mag-
netosheath energetic ion fluxes show significant varia-
tions (see, for example, 50 keV/e ions in the fourth to
the sixth panel of Plate 1). However, the energetic He™
fluxes are low and remain relatively steady. Energetic
ion fluxes observed upstream in the solar wind by the
3D Plasma instrument [Lin et al., 1995] onboard Wind
were quite uniform. In addition, these fluxes are ~1 to
3 orders of magnitude lower than the magnetosheath
energetic ion fluxes at the same energies observed by
Polar. Therefore the solar energetic particles were not
a direct source of the Polar observations. To understand
the cause of the variations and ultimately the origin of
these magnetosheath energetic ions, we choose the later,
long period of magnetosheath traversal (0840-1200 UT
excluding upstream intervals) for systematic analysis.

4. Solar Wind Propagation Time

If the source of the magnetosheath energetic ions is
at a distance, the timing for the transport is a crucial
factor. Since their composition suggests a solar wind
source, solar wind propagation time becomes the next
obvious quantity to examine. The propagation time
was estimated by four different methods utilizing the
plasma and field measurements from Wind and Polar.
The first simple estimate used the measured solar wind
bulk speed from Wind/SWE which was quite uniform
~770 km/s from 0650 to 0730 UT. An estimated propa-
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Plate 1. Magnetic field and plasma measurements from four instruments onboard Polar from
0500 to 1200 UT on May 4, 1998: (top to bottom) MFE magnetic field magnitude, energy-
time spectrograms for CAMMICE/MICS Het, O<+3, 0>*% He*?, DCR-H*, Hydra ions, CEP-
PAD/IES electrons, Hydra electrons, and plasma regions traversed by Polar. Owing to the
dynamic nature of this event, various regions such as plasma sheet (red), boundary layer (blue),
magnetosheath (yellow), and upstream region of bow shock (black) were observed as indicated
in the lower trace.
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Figure 1. Polar/MFE magnetic field magnitude and Hydra electron density from 0730 to 1000
UT. Polar was mainly in the dayside magnetosheath and briefly crossed the bow shock into the
upstream region (shaded) several times as indicated by the simultaneous, abrupt jumps in the

two quantities.

gation time of 28 min was found for solar wind plasmas
traveling a distance of 204 Rg from Wind to bow shock.

The Polar magnetic field profile observed in the up-
stream region of the bow shock from 0735:47 to 0738:03
UT is unique to the Wind IMF data set so that a com-
parison of IMF measurements from two spacecraft can
give a fairly accurate estimate of the solar wind propa-
gation time. Figure 3 presents the magnetic field mea-
surements of Polar/MFE and Wind/MFTI after an offset
27.3 min has been applied. The scales of all the vertical
axes are set to facilitate the comparison and therefore
most of the Polar measurements are off scale. In the
upstream region, B; and B, components from Polar
both turned from positive to negative at about the same
time. An identical feature was also observed by Wind
~27.3 min ahead. All the three components and mag-
nitude of IMF from Polar and Wind (shaded region)
match very well, with the exception of the B, com-
ponents which show different trends but maintain the
same sign. Within 2 hours ahead of this Polar upstream
interval, only one match for all three IMF components
occurs in the Wind data set. Other intervals have at
best a match in one component only. The solar wind
propagation time from Wind to Polar just upstream
from the bow shock is thus 27.3 min consistent with
the estimate from the solar wind bulk speed. For the
time interval of interest, 0810-1130 UT, corresponding
to the interval of the Polar magnetosheath energetic ion
observations, the solar wind bulk speed decreased to a
steady value ~755 km/s which gives an estimate of the
propagation time of ~29 min from Wind to bow shock.
Additional several minutes are required for shocked so-
lar wind to propagate from the shock to Polar in the
magnetosheath because bow shock decelerates the flow.

Since magnetosheath magnetic field lines are con-
nected to the IMF, magnetosheath field and IMF direc-

tions are correlated despite magnetic field lines being
deflected by the electric current at bow shock. Figure 4
presents the three magnetic field components observed
by Polar from 0840 to 1200 UT and by Wind with a
different lag indicated in each panel. These lags were
determined by a cross-correlation analysis of the Polar
and Wind observations during the above interval ex-
cluding the upstream regions from bow shock (shaded
regions in Figure 4). Correlation coeflicients for each
magnetic field component are calculated for lags ranging
from 0 to 60 min with an increment of 1 min. All three
correlation coefficient curves show one single peak with
the correlation coefficients (0.94, 0.46, 0.73) and time
lags ~(35, 34, 37) min for (B, By, B;) components.
Strong correlation appears in B,, a good correlation in
B, but a weak correlation in By, as illustrated in Fig-
ure 4. From these results the estimated plasma propa-
gation time from Wind to Polar is ~35-37 min, which is
consistent with the estimate using the solar wind bulk
speed and magnetosheath plasma flow speed.

Another estimate of the propagation time is given by
the cross-correlation analysis of the solar wind density
and magnetosheath plasma density. Figure 5 presents
electron density from Polar/Hydra from 0840 to 1200
UT and solar wind proton density from Wind/SWE off-
set 33 min. The upstream regions (shaded) are again
excluded in the analysis. As expected, magnetosheath
plasma density (assuming charge neutrality) is strongly
correlated with the solar wind density with a proper
time delay. The correlation coefficient as a function of
the lag from 0 to 60 min peaks at 0.85 for a lag of 33 min,
yielding another estimate of the solar wind propagation
time. This peak, however, is not as sharp as those in
the analysis of the magnetosheath magnetic field and
IMF B, and B, components presented above. There-
fore there is a somewhat larger uncertainty (+3 min) in
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(a) 05-04-1998 07:59:31.73-07:59:44.23 (b) 05-04-1998 08:50:21.53-08:50:34.03

v, (1000 km/sec)
v, (1000 km/sec)

-20 -10 0 10 20
v, (1000 km/sec) v, (1000 km/sec)

Figure 2. Contours of constant phase space density for electrons from Polar/Hydra in the
plane of velocity components perpendicular and parallel to the magnetic field, showing (a) a
counterstreaming distribution at energies below ~500 eV in the magnetopause boundary layer and
(b) a nearly isotropic distribution with a weak field-aligned beam at ~60 eV in the magnetosheath.
Contours are shown in the power of ten.

305— M 1 ' N N "F M M v ' 1 ' r ": M 'V" 'I—E
2 20k E
= - -
A 10E E
= 10; f—i
KC) Of_\=—>-=r>§/___—f\-. -
e C ;/ E
M -10;— —5
B - ok
e 10F
8 oM S== -1~ —
t el o V -
A 10§ E
g o
& o0fF--1- - - - -
N C 3
A .10F E
207 1 P PR e
0700 0710 0720 0730 0740 0750

UT

Figure 3. Magnitude and three GSM components of magnetic field observed by Polar/MFE
(thin) from 0700 to 0750 UT and Wind/MFI (thick) in the solar wind offset 27.3 min. The
IMF profile from Polar just upstream from the bow shock (shaded interval) matches the Wind
observations very well. The scales of the vertical axes are set for an easy comparison of IMF
profiles. Therefore MFE measurements are off scale most of the time.
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Figure 4. GSM magnetic field components in the magnetosheath from Polar/MFE (thick) from
0840 to 1200 UT and IMF components from Wind/MFI (thin) offset by At, which is the time
delay associated with the peak correlation between the magnetosheath magnetic field and IMF'.
Data in the shaded areas are excluded in the cross-correlation analysis. Very strong correlation
appears in B, a good correlation in B, but a weak correlation in B,. Estimated solar wind
propagation time is ~35-37 min.

this estimate. Nevertheless, the estimated propagation and He' from Hydra and CAMMICE in the mag-
time is consistent with the one based on the magnetic netosheath, averaged over an interval from ~0840 to
field comparison. ~1200 UT excluding the solar wind intervals. Ion fluxes
are plotted against the ion energy per charge. Gener-
. ally speaking, the two H* spectra agree well. Some
5 MagnetOSheath Energetic lons differences may persist from different pitch angle av-

Figure 6 depicts energy spectra of H*, Het2, O>%2, eraging and detector efficiency for different ion species
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Figure 5. Polar/Hydra electron density in the magnetosheath (thick) from 0840 to 1200 UT and
the solar wind proton density from Wind/SWE (thin) offset 33 min. Two quantities are strongly
correlated. The 33-min lag associated with the best correlation gives an estimate of the solar
wind propagation time. Data in the shaded areas are excluded in the cross-correlation analysis.
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Figure 6. Energy spectra of magnetosheath H*, He*2, 0>*2, and He™* ions from Polar/Hydra
and CAMMICE averaged over the interval 0842-1158 UT excluding the solar wind intervals.
Spectral shapes of the first three species are similar, ordered by energy per charge. They are
nearly identical for H* and He*? at energies above 20 keV/e. Differences in O>+2 are due to
low count rate as shown by the error bars. These three spectra are continuous with a common
spectral break approximately at the energy channel of 41.1 keV /e (vertical dotted line). Energetic
He™ ions show a slightly harder spectrum with a less obvious spectral break.

in the two instruments. In this plot format, spectral
shapes for the first three ion species above are simi-
lar; in particular, they are nearly identical for H* and
He*? for energies above 20 keV/e. The differences in
0>*2 may be attributed to the low counting statistics
which get worse with increasing energy. Nevertheless,
all three spectra are continuous with a spectral break at
about the detector energy channel of 41.1 keV /e where
the spectral curves start to deviate from their common
higher energy power law tail. This break is most clear
when spectra are viewed from the highest energy toward
lower energy. These spectra resemble those upstream
and downstream from the quasi-parallel bow shock (cf.
Figures 3 and 4 of Mébius et al. [1987] and Figure 2
of Ellison et al. [1990]). Although there are substantial
intensity variations for these ions during this magne-
tosheath interval, their spectral shapes remain similar.

Unlike the above three ion species, Het has a some-
what different spectral shape. This spectrum is slightly
harder and does not show an obvious spectral break.

This suggests Het may have a source different from
those of the other three ion species.

A cross-correlation analysis of integrated Ht flux
with the IMF cone angle g, (the angle between the
IMF and Sun-Earth line) was performed to examine
the hypothesis that magnetosheath energetic ions are
regulated by the bow shock geometry permitted by the
cone angle which is used as a proxy of 8, (see the Dis-
cussion section below). Figure 7a presents the H flux
integrated 41.1-193.4 keV /e at the highest time resolu-
tion from 0840 to 1200 UT and #p, offset by 36 min.
Both quantities show large temporal variations with the
maximum to minimum flux ratio ~100 and 6p, rang-
ing ~10°-90°. In addition, H* flux and 65, are strongly
anticorrelated with a correlation coefficient of —0.82.

The correlation coefficient for the energetic ion flux
and 0p; during this magnetosheath interval depends
on the time lag assumed for 65, ranging from 0 to 60
min with an 1-min increment as shown in Figure 7b.
Starting at 0-min toward 60-min lag, the correlation
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Figure 7. (a) Energetic (41.1 < E < 193.4 keV) H* jon flux (thick line) from Polar/ CAMMICE
in the interval 0840-1200 UT and 85, (thin line) from Wind/MF1I offset 36 min. Both show large
temporal variations and are strongly anticorrelated. (b) Correlation coefficient as a function of
the time lag assumed for fp,. As the lag increases from 0 to 60 min, the coefficient decreases
from ~0, reaches the peak at —0.82 for a lag of 36 min, and then monotonically increases toward
0. Note that the shaded intervals are excluded in the calculation of the correlation coefficient.

coefficient decreases from ~0, reaches its peak at —0.82
for a lag of 36 min, and then monotonically increases
toward 0. This 36-min lag associated with the optimal
correlation is consistent with the estimated solar wind
propagation time and other time estimates (see discus-
sions below).

Tons of three species, namely HY, He*2, and 0>%%,
respond similarly at energies above and below their
common spectral break point. Correlation coefficients
of the integrated magnetosheath ion flux with 0p; as a
function of the time lag (0-60 min) for these ions are
presented in Plate 2. For comparison, results of cor-
relation analysis for He™ are also included in Plate 2.
The energy range of integration is from B, to E,, where
E; steps through the detector energy channels from 1.0
(17.5 for He™) to 100.1 keV/e and E; is fixed at the
highest channel, 193.4 keV/e for all the species but

0>%? whose maximum energy is 100.1 keV/e. These
correlation curves are color coded according to their F;
values displayed in the color bar. The first remarkable
result is that all the curves at E; > 41.1 keV/e (blue)
from Plates 2a and 2b are nearly identical. In addition,
these curves have a unique peak correlation coefficient
~—0.8 at a time lag of ~36 min, suggesting that mag-
netosheath energetic (> 41.1 keV/e) H* and He*? ion
fluxes are strongly anticorrelated with 0p;.

The correlation curves for HY and He*2? begin to
change drastically by including ion fluxes from one or
two energy channels below 41.1 keV/e. They become
much flatter and closer to the line of null correlation as
shown by the green curves in panels a and b. This result
suggests a critical energy for the anticorrelation between
the magnetosheath energetic ion flux and 0p,. As E
continues to decrease toward 1 keV /e, the correlation
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Plate 2. Correlation coefficient curves of the magnetosheath ion flux (E; < E < E;) and 0p,
for three ion species, (a) H, (b) He*2, (c) 0>*2, and (d) He*. Curves are color coded according
to their E;’s given in the color bar with E, equal to 193.4 keV /e for H*, He*% and He™ and
101.1 keV /e for O>*2. All the curves with E; > 41.1 keV/e (blue) in Plates 2a and 2b are nearly
identical, showing a strong anticorrelation between the H*, He*? ion flux and 0p, offset ~36
min with the peak correlation coefficient ~—0.8. Below 41.1 keV /e, curves sharply shift toward
weakly positive correlation (red). Similar trends also appear in O>*2. Correlation curves for
He* show a trend opposite to the other three species. Literally, no correlation is found between
energetic He™ ion flux and 0pg,.
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curves for HT and He*? begin to show some positive
correlation and then move toward weak correlation as
indicated by the yellow and red curves. Because ener-
getic O>*2 ions have very low count rates, correlation
curves are rather irregular as shown in panel c. Never-
theless, these curves show a trend similar to those for
H* and He*?. Furthermore, at lower energies O>+2
ions have sufficient statistics to yield correlation coef-
ficient curves with more significance. These curves are
nearly identical to those of Het? at the same energies
(cf. red curves in Plates 2b and 2c).

Correlation coefficient curves for He't illustrate a
completely different picture. As shown by the green
curves in panel d, Het flux at lower energies is only
slightly anticorrelated with 8p,. At higher energies
(blue curves) there is nearly no correlation between the
ion flux and 0p,. These results demonstrate a trend
opposite to the one for the other three ion species.

To demonstrate the strong energy dependence in the
correlation coefficient, the peak correlation coeflicient
o is plotted against E; for each ion species as shown
in Figure 8a. There are two types of curves, one for
three ion species Ht, Het2, and O>%2 and the other
for Het. In the first type it is clear that a critical en-
ergy E. has to be reached for ion flux to be anticorre-
lated with 8p,. It is the energy at which correlation
curves start to deviate from the plateau at high ener-
gies. This energy approximately occurs at the detector
energy channel of 41.1 keV/e for all three ion species
and happens to be the same energy channel at the spec-
tral break suggested in Figure 6. Furthermore, r, values
are nearly constant for E; above E;, ~—0.82 for both
H* and He*? and ~—0.71 for O>*2, However, when
E, is above 70 keV /e, 7, begins to move toward 0 due
to poorer counting statistics. This trend is more obvi-
ous for higher-energy O>*2 since their fluxes are nearly
close to the background value. Nonetheless, the sharp
transition from strong anticorrelation to moderate posi-
tive correlation just below E is vividly illustrated. The
curve of the second type, on the other hand, shows a
completely different result. It clearly demonstrates a
trend opposite to the curves for the other three species.

The time lag At, associated with the peak corre-
lation can be quite different for different energies as

shown in Figure 8b. However, when r, is very small
(< =0.7), At, is nearly the same for H*, He*?, and
0>*2 ions at ~36 min. This common At, suggests
a unique signal transmission time independent of ion
energy and species. In contrast, At, for He* varies
with the ion energy and deviates further away from the
common lag for the other three species. Results of the
cross-correlation analysis for the three ion species have
demonstrated that magnetosheath energetic ions with
energy above the spectral break are strongly anticorre-
lated with 6p, offset by a lag consistent with the solar
wind propagation time and other time estimates that
are addressed in the discussion section. Results of 7,
and At, for lower-energy (E; < 10 keV/e) ions shown
in Figure 8, however, can only indicate average results
for lower-energy ions and are discussed more later.
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Figure 8. (a) Peak correlation coefficient r, and (b)
the associated time lag At, as a function of energy E;
for four ion species. Ion fluxes for H, He*2?, and O>*2
with energy above a critical energy, E. = 41.1 keV /e,
are anticorrelated with g, offset At, ~36 min. Be-
low E. this anticorrelation disappears. Energetic He'*
fluxes, on the other hand, are not correlated with 6p;.

Since the observed magnetosheath energetic H*,
Het2, and O>12 jon fluxes are controlled by 6p., one
would expect they flow antisunward away from the bow
shock. In this storm event the magnetosheath mag-
netic field was most of the time close to the Polar’s spin
axis so that CAMMICE detector only covered a lim-
ited range of pitch angle around 90°. However, during
the interval from ~0850 to 1000 UT, CAMMICE pro-
duced a nearly full coverage of pitch angle for energetic
ions and can then deduce their average flow direction.
Figure 9 presents the normalized angular distribution
of energetic ion flux at the highest time resolution for
H+, Het? (both 41.1 < E < 193.4 keV/e), and O>*?2
(41.1 < E < 101.1 keV/e) in the spacecraft frame for
three different intervals in the magnetosheath. Because
the plasma flow speed measured by Hydra in the Po-
lar spin plane is ~300 km/s which is much smaller than
the speed of the lowest-energy ions (2800 and 2000 km/s
for 41.1-keV/e H* and He*?, respectively), the maxi-
mum pitch angle correction for ion distribution in the
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Figure 9. Normalized angular distribution of energetic ion flux for H, He*? (both 41.1 < E <
193.4 keV/e), and O>*2 (41.1 < E < 101.1 keV/e) in the spacecraft frame for three intervals in
the magnetosheath, (a) near the magnetopause boundary layer, (b) in the magnetosheath proper,
and (c) near the bow shock. H* and He*? ions are streaming along the magnetic field direction.
The hatched areas in Figures 9a and 9c indicate pitch angles that were not sampled. Energetic

O>+2

rest frame of plasma is less than 9°, smaller than the
maximum pitch angle width (11.25°) sampled by the
CAMMICE detector in each measurement. Therefore
ion distributions in the rest frame of plasma are ex-
pected to be similar to those in the spacecraft frame.

As shown in Figures 9b and 9¢, almost all the H* and
He*? in the magnetosheath proper and near the bow
shock have pitch angles less than 90° with the maximum
flux occurring at ~45° pitch angle. Therefore these ions
show a strong flow along the magnetic field direction.
During the interval covered in Figure 9a, Polar was in
the magnetosheath close to the magnetopause and ener-
getic ions with pitch angles within 30° to the magnetic
field line were not sampled by CAMMICE. Neverthe-
less, the observed partial angular distributions for H
and He*? in this region are consistent with those ob-
served in the magnetosheath proper and near the bow
shock. As to energetic O>7%2 ions, they show a trend
similar to those of the other two species although their
statistics are poorer.

Within the above magnetosheath interval (0850-1000
UT), the angular distributions of energetic ions are ba-
sically the same as those presented in Figure 9, showing

ions show a trend consistent with the other two species although their statistics are poorer.

a predominant flow along the magnetic field direction.
Meanwhile the magnetosheath magnetic field B, com-
ponent turned negative and B, turned positive after
0840 UT and maintained the same polarity until ~1002
UT as shown in Figure 4. Therefore the observed mag-
netosheath energetic ions during the above interval were
streaming antisunward and northward away from the
bow shock.

6. Discussion

In the previous section we have presented plasma and
magnetic field measurements from the NASA GGS/Po-
lar and Wind satellites for the May 4, 1998, storm event.
Here we discuss the possible origin of the observed mag-
netosheath energetic ions. While two major sources are
the solar wind and magnetospheric plasmas, the mecha-
nism of acceleration and transport can be quite different
for each of the sources. Energetic magnetospheric ions
in the plasma sheet on closed field lines can leak into
the magnetosheath [e.g., Croley et al., 1986; Sibeck et
al., 1987]. Their intensity is more related to geomag-
netic activity [e.g., Christon et al., 1994]. Energetic ions
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previously on closed field lines can escape the magne-
tosphere into the magnetosheath along open field lines
either by gradient and curvature drift across field lines
or magnetic reconnection [e.g., Scholer et al., 1981]. So-
lar energetic particles can also directly contribute to the
magnetosheath energetic ions. Diffuse ions accelerated
at the quasi-parallel bow shock can be another possibil-
ity [e.g., West and Buck, 1976; Fuselier et al., 1991].

Because there are two types of energetic ions observed
in the magnetosheath, one for Ht, He*2, and 0>12 and
the other for He*. Each type shows distinct features as
presented in the previous section. This suggests the
acceleration region for Het ions is different from the
one(s) for H*, He*%, and 0>*2 ions. The discussions
below apply to the first type for the three ion species
unless stated otherwise.

The composition of the observed magnetosheath en-
ergetic ions (He*2, O>*2) suggest they are ultimately
from the solar wind not from the ionosphere. It is
a question whether keV ions of solar wind origin’en-
tered the magnetosphere, convected to the magneto-
tail, were accelerated there and injected to the dayside,
and then escaped the magnetosphere. Because the day-
side plasma sheet/LLBL and magnetosheath traversed
by Polar during this event show distinct energetic ion
composition, leakage of magnetosphericions is not likely
the main cause of the magnetosheath energetic ions. In
addition, Polar was on magnetosheath field lines which
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were most of the time connected to the solar wind, not
the open magnetosphere (cusp, mantle, lobe, etc.). Es-
cape of energetic ions along open field lines is unlikely
an explanation for the observations. Most importantly,
a magnetospheric source would not explain the magne-
tosheath energetic ion flux of solar wind origin being
anticorrelated with the IMF cone angle (85;).

Solar energetic ions observed by Wind are much less
intense than the magnetosheath energetic ions during
this event. Results of cross-correlation analysis reveal
that ion fluxes in the above two regions are slightly an-
ticorrelated. Therefore solar energetic ions are not a di-
rect source of magnetosheath energetic ions. However,
an acceleration region at the bow shock can account for
ions accelerated to hundreds of keV. It is noted that
energetic ion spectra downstream from the shock are
nearly identical to those in the upstream wave region
(see, for example, Figure 10 of West and Buck [1976)).
Ions undergo first-order Fermi acceleration by scatter-
ing back and forth across the quasi-parallel bow shock
in the turbulent regions upstream and downstream from
the shock. This mechanism is most efficient for highly
charged ions [Lee, 1982]. The magnetosheath energetic
ton spectra observed by Polar have shown such a prop-
erty.

Results of the cross-correlation analysis for the mag-
netosheath ion flux and p, are very striking. In order
to lower the statistical error especially for higher-energy

Figure 10. Projection of the dayside bow shock surface onto the y-z plane using the Fairfield
[1971] model. Contours of constant 0p,, are calculated for IMF (B,, By, B,) = (—13.3,5.5,5.5)
nT with 8p; = 30.3°. The shaded region is the quasi-parallel shock located at the most part of
the southern hemisphere and part of the northern hemisphere.
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ions, we have done this analysis using the integrated ion
number flux instead of the differential number flux at
each MICS energy channel. Because of the steep drop
in the energetic tail of the ion spectra, ion flux detected
at the lowest energy channel in the integration energy
range contributes most to the total flux. Therefore the
integrated flux for ion energy above ~10 keV/e truly
reflects the behavior of the differential flux at the low-
est energy as demonstrated by the sharp transition in
Figure 8. In fact, the correlation coefficient curves for
ion differential number flux at energy above ~10 keV /e
are very similar to the corresponding ones for the inte-
grated flux presented in Plate 2. On the other hand,
for ion energy below 10 keV/e the ion differential en-
ergy flux at the lowest energy of the integration does
not dominate the total flux because the ion flux at this
energy is not large enough to compensate the reduced
energy in the integration. Thus results of correlation
analysis including ions below ~10 keV /e only represent
average results, rather than results for ions detected at
the lowest energy channel within the integration. The
correlation curves for the differential ion flux at energy
below 10 keV/e become more erratic showing a trend
toward null correlation with decreasing energy, unlike
the smooth, asymptotic behavior shown in Figure 8.
This result of little correlation is expected because the
intensity of the keV solar wind ions at the bow shock is
not related to the IMF or shock geometry.

The most remarkable feature in the results of the
cross-correlation analysis is that the correlation coef-
ficient is energy dependent. Correlation coefficients as
a function of ion energy show a sharp transition at the
same energy (precisely energy per charge) for all three
ion species. Above this critical energy ion fluxes are
strongly anticorrelated with 8p, and essentially uncor-
related for energies immediately below it. It is even
more striking that this critical energy is identical to the
energy at the spectral break of the ion spectra. All the
above results are consistent with the Fermi accelera-
tion process since it is responsible for the energetic ions
above the spectral break and creating the break [e.g.,
Lee, 1982). This process takes place at the quasi-parallel
bow shock.

Statistical studies show that probability of enhanced
energetic ion events upstream and downstream from the
bow shock increases as 0, of the field line being sam-
pled decreases, and vice versa [e.g., Crooker et al., 1981;
Mitchell and Roelof, 1983)]. In principle an appropriate
0. should be used in the cross-correlation analysis.
Since the observed magnetosheath energetic ions are ex-
tremely energetic, they are guided more or less by the
magnetic field lines not the flow streamlines in the sub-
sonic medium [e.g., Bonifazi and Moreno, 1981; Mitchell
and Roelof, 1983]. For example, a 41.1 keV/e H' ion
with a pitch angle of 45°, the velocity component par-
allel to the magnetic field is ~1900 km/s which is more
than 4 times of the E x B drift speed observed in the
magnetosheath. Because the associated 6p,, where the
magnetosheath magnetic field line through Polar inter-
sets the bow shock is not readily known, 6. is used as
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a proxy for f g, in this study. Furthermore, 85, and the
angle between the IMF B, and B, components would
completely determine the bow shock magnetic geome-
try.

Magnetosheath energetic ion fluxes are enhanced in
two intervals, ~0900-1000 and ~1100-1200 UT. Fig-
ure 10 shows the average dayside bow shock surface
projected onto the y-z plane for the first interval. This
bow shock surface is based on the Fairfield model [Fair-
field, 1971]. For the average IMF associated with this
interval, (—13.3,5.5,5.5) nT, 6 gz is 30.3° and the quasi-
parallel shock as shown by the shaded region covers
the major portion of the southern hemisphere and part
of the northern hemisphere of the dayside bow shock
surface. During the second interval, IMF B, and B,
components reverse the orientation and 0p; is further
reduced to ~10°. The quasi-parallel bow shock switches
to the east side and further expands, covering a great
portion of the southern hemisphere and most of the
northern hemisphere of the dayside bow shock surface.
As for the interval of weak magnetosheath energetic ion
fluxes, ~1000-1100 UT, 6p, is ~80° and nearly the en-
tire dayside bow shock surface is quasi-perpendicular.
The quasi-parallel shock in this case occupies only a
small portion of the dusk flank for IMF B, positive.

The majority of magnetosheath energetic ions ob-
served by Polar have pitch angles ~45° (Figure 9). Thus
almost all the energetic ions with the exception of those
with pitch angles nearly 90°, would be guided by the
magnetic field lines. During the first interval of the en-
hanced magnetosheath energetic ion flux, ~0900-1000
UT, both IMF and magnetosheath magnetic field have
a negative B, and positive B, component. Such an
IMF condition is commonly seen during CEP events
[Chang et al., 1998]. On the basis of the general solar
wind flow and magnetosheath flow [Spreiter and Sta-
hara, 1985] the most likely scenario for the magnetic
field topology is illustrated in Figure 11. Polar is on
magnetosheath magnetic field lines (e.g., field line a)
that are connected to the quasi-parallel bow shock (cf.
Figure 10). Energetic ions produced at the shock follow
field lines, reach Polar and are detected by the CAM-
MICE instrument. This magnetic topology also appears
in the global hybrid simulations results for this IMF
boundary condition (N. Omidi, private communication,
1999). For the second interval of intense energetic ion
flux, magnetosheath magnetic field B, and B, compo-
nents reverse their sign, but the magnetic topology re-
mains similar. Polar is again on a field line connected to
the quasi-parallel bow shock and observes intense ener-
getic ions. On the other hand, between the two intervals
of enhanced energetic ion flux, § 5, is very large and Po-
lar is on field lines connected to the quasi-perpendicular
shock and detects very weak energetic ion flux.

Because the observed energetic ions have a very high
speed parallel to the magnetic field line, it takes less
than 1 min for them to travel from the quasi-parallel
bow shock to the Polar location in the magnetosheath.
The solar wind propagation time from the Wind satel-
lite to the bow shock is ~29 min in the interval se-
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Figure 11. Schematic of the geospace under a northward and antisunward IMF condition,
showing the bow shock (BS), magnetosheath (MS), magnetopause (MP), cusp (CP), merging site,
and the Polar location. Polar is in the magnetosheath upstream from the cusp and on magnetic
field lines (e.g., field line a) connected to the quasi-parallel bow shock, observing the tailward-
streaming energetic ions that are accelerated at the quasi-parallel shock. The magnetosheath field
orientation is northward and antisunward in favor of high-latitude reconnection, poleward of the
cusp and energetic magnetosheath ions can then directly enter the cusp along the interconnected

field lines (e.g., field line c).

lected for the correlation analysis. However, the as-
sociated time lag for the best correlation between the
energetic ion flux and fp, is ~36 min that is ~7 min
more than the estimated solar wind propagation time.
This time difference can be attributed to the growth
time for the energetic ions at the bow shock. As the
bow shock geometry changes from quasi-perpendicular
to quasi-parallel, a growth time of ~10 min is required
for enhanced 50-200 keV ions [e.g., Scholer et al., 1980;
Mitchell and Roelof, 1983]. Taking into account the un-
certainty due to the CAMMICE detector sampling time
(3.3 min), the above time difference is consistent with
the early finding of the average growth time.

Unlike the above three ion species, Het fluxes are
not correlated with 8p;. Therefore the observed ener-
getic He™ ions are not Fermi accelerated at the shock.
Since their fluxes are very weak and relatively uni-
form throughout the midlatitude magnetosheath inter-
val, leakage of magnetospheric ions may account for
these ions [e.g., Kudela et al., 1992].

There is little doubt that the majority of magne-
tosheath energetic ions came from the quasi-parallel
bow shock during this event. As discussed above, He*?

ions are a part of the solar wind ions accelerated at
the quasi-parallel shock not the leaked magnetospheric
ions and then transported to the magnetosheath. The
remarkable similarity between the magnetosheath ener-
getic H* and He™2 ions in three aspects, spectral shape,
correlation coefficient curves, and angular distribution,
suggests that energetic H* ions are likely the solar wind
protons accelerated at the quasi-parallel shock and then
transported to the magnetosheath just like Het2. Mag-
netospheric contribution to the magnetosheath ener-
getic ions has to be very minor. The simultaneously
enhanced low-frequency waves associated with the mag-
netosheath energetic ions (Plate 1) are possibly like the
energetic ions from the quasi-parallel bow shock as re-
ported before [e.g., Luhmann et al., 1986; Mdbius et
al., 1987]. When Polar was upstream from the cusp
in the magnetosheath and magnetosheath field had a
negative B, and positive B, according to the antipar-
allel merging hypothesis the reconnection site was prob-
ably at the high-latitude magnetopause poleward of the
cusp [Crooker, 1979]. Magnetosheath field lines would
be subsequently interconnected with the cusp field line
and energetic ions produced at the quasi-parallel shock
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would then enter the cusp along the interconnected field
lines (e.g., field line c in Figure 11). The present investi-
gation of magnetosheath energetic ions observed by Po-
lar strongly support the hypothesis of bow shock source
of CEPs [Chang et al., 1998].

7. Summary and Conclusions

We have presented plasma and magnetic field ob-
servations from NASA GGS/Polar and Wind satellites
during the May 4, 1998, magnetic storm event. Polar
was at the dayside magnetosheath in the northern hemi-
sphere and observed energetic (41.1-193.4 keV/e) HY,
He*?, and O>*? ion fluxes with large temporal varia-
tions (maximum to minimum flux ratio ~100). Their
intensity is controlled by the bow shock magnetic ge-
ometry. These intense energetic ions appear to be from
the bow shock accelerated ions, not from the magneto-
sphere based on the following results.

1. Polar observed distinct ion composition (O<*3)
and different relative abundance of H*, Het2, and
0>*2 jons in the plasma sheet/LLBL and magneto-
sheath. These magnetosheath energetic ions are of solar
wind origin.

2. The magnetosheath ion energy spectra for all
three ion species are continuous with a spectral break at
~40 keV /e, resembling those at the quasi-parallel bow
shock. Spectral shape for energetic HY and Het? are
nearly identical.

3. These magnetosheath energetic ions flow antisun-
ward away from the bow shock along the magnetic field
lines. Angular distributions for H¥ and He*? are very
similar.

4. Correlation coefficient for the magnetosheath ion
flux of each of the three ion species and the IMF cone
angle (6p;) depends on the ion energy and time lag
for 8p,. Ion flux and 8, (offset ~36 min) are strongly
anticorrelated for energies above the spectral break. Be-
low the break energy there is little correlation.

5. Correlation coefficient curves as a function of the
time lag peak at ~36 min for all three ion species. This
lag is consistent with the solar wind propagation time
estimated by four different methods plus an allowance
for the energization time of the energetic ion fluxes at
the quasi-parallel bow shock.

6. Correlation coefficient curves for H* and He*?2
with energy above the spectral break are nearly identi-
cal.

7. When Polar was on field lines connected to the
quasi-parallel bow shock, it observed intense energetic
ion fluxes. When it was on field lines connected to the
quasi-perpendicular bow shock, few energetic ions were
observed.

These results can be easily understood by the first-
order Fermi acceleration process at the quasi-parallel
bow shock. While magnetosheath magnetic field was
northward and antisunward in favor of the high-latitude
reconnection poleward of the cusp, energetic magne-
tosheath ions upstream from the cusp were streaming
tailward in the magnetic field direction. As the field
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lines convected and were interconnected with the geo-
magnetic field lines, energetic magnetosheath ions on
these field lines would travel along the interconnected
field lines into the cusp. These magnetosheath energetic
ion observations strongly support the model of the bow
shock source of CEPs [Chang et al., 1998]. Follow-up
studies of analyzing multisatellite observations at the
bow shock and in the cusp, self-consistent global hy-
brid simulations, and MHD modeling are underway.
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