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Abstract

Electromagnetic ion cyclotron (EMIC) waves (0.1-5 Hz) play an important role in particle
dynamics in the Earth’s magnetosphere. EMIC waves are preferentially excited in regions
where hot anisotropic ions and cold dense plasma populations spatially overlap. While the
generation region of EMIC waves is usually on or near the magnetic equatorial plane in the
inner magnetosphere, EMIC waves have both equatorial and off-equator source regions on
the dayside in the compressed outer magnetosphere. Using field and plasma measurements
from the Magnetospheric Multiscale (MMS) mission, we perform a case study of EMIC waves
and associated local plasma conditions observed on 19 October 2015. From 0315 to 0810 UT,
before crossing the magnetopause into the magnetosheath, all four MMS spacecraft detected
long-lasting He'-band EMIC wave emissions around local noon (MLT = 12.7 — 14.0) at high
L-shells (L = 8.8 — 15.2) and low magnetic latitudes (MLAT = -21.8° — -30.3°). Energetic (> 1
keV) and anisotropic ions were present throughout this event that was in the recovery phase
of a weak geomagnetic storm (min. Dst =-48 nT at 1000 UT on 18 October 2015). The testing
of linear theory suggests that the EMIC waves were excited locally. Although the wave event
is dominated by small normal angles, its polarization is mixed with right- and left-handedness
and its propagation is bi-directional with regard to the background magnetic field. The short
inter-spacecraft distances (as low as ~15 km) of the MMS mission make it possible to
accurately determine the k vector of the waves using the phase difference technique.
Preliminary analysis finds that the k vector magnitude, phase speed, and wavelength of the
0.3-Hz wave packet at 0453:55 UT are 0.005 km™, 372.9 km/s, and 1242.9 km, respectively.
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I. Introduction

Y Electromagnetic ion cyclotron (EMIC) waves, typically
in the frequency range of 0.1-5 Hz, are called Pc 1-2
pulsations when seen on the ground. They are normally excited
by a temperature anisotropic (7, > 7, ) distribution of hot (~1-100

keV) ions. ** Under a dipole-like magnetic field configuration
in the Earth’s inner magnetosphere (see Fig. 1), the excitation
region of EMIC waves is usually on or near the magnetic
equatorial plane, > where the magnetic energy per particle is
lower and thus the growth rate of waves is larger due to the
greater plasma density and weaker magnetic field strength. 2
EMIC waves are preferentially generated in regions where hot
anisotropic ions and cold dense plasma populations spatially
overlap (Fig. 2). 1 1 the terrestrial inner magnetosphere, these  Figure 1. Schematic sketch of chorus/EMIC
ion populations can commonly be found where the ring current  wave excitation regions, denoted by dots, on
overlaps the outer plasmasphere and plasmapause 4112 and the  the noon-midnight meridian plane. 1

“edges” of plasmaspheric drainage plumes. > '>'* A significant

population of hot anisotropic H™ can also be created on the dayside outer magnetosphere through the drift-shell
splitting, '>'® the Shabansky orbits (a non-energization mechanism), '”'® or during a magnetospheric compression,
which is often driven by a sudden, large increase in the solar wind dynamic pressure (Pdyn). *** Because of the
dayside geomagnetic field compression in the outer magnetosphere by Pdyn, local minimum B regions can be formed
off the magnetic equator in the dayside magnetosphere (see Fig. 2). ' EMIC waves excited near the off-equator
minimum B regions have been investigated in recent theoretical work, '®* followed by observational evidence. 242
Due to the distortion of the geomagnetic field from a simple dipole field and the spatial extent of EMIC wave source
regions, EMIC waves and the associated plasma conditions have not been fully understood in the outer magnetosphere.

As displayed in the lower part of Fig. 2, the excited EMIC waves can result in the energization and loss of
magnetospheric particles. >27° Through resonant wave-particle interactions, EMIC waves are able to accelerate cold
jons into the thermal (~1eV — 1 keV) energy range in the direction perpendicular to the ambient magnetic field 27>
31:32 and cause the pitch angle scattering loss of hot ions in the ring current. ***° Particularly, previous studies *****’
have confirmed that EMIC waves can also resonantly interact with relativistic electrons and result in pitch angle
scattering of the electrons.

Newly excited EMIC waves are often transverse and left-hand polarized, consistent with the direction of ion
gyration in the magnetic field. > After being generated, EMIC
waves can be guided along the magnetic field lines and Excitation
propagate from the source region to other magnetic latitudes lons
(MLATS). In the case of the equatorial source region, they
propagate from the equatorial plane to higher MLATS. Using
the Combined Release and Radiation Effects Satellite
(CRRES) electric and magnetic field data (covering only MLT
= 1400 — 1800), Loto'aniu et al. ® found that the directions of
the energy propagation (i.e., Poynting vector) of EMIC waves
are unidirectional when |[MLAT| > 11° but they are
bidirectional in the MLAT range of [-11°, 11°] in the inner |
magnetosphere. Khazanov et al. *® claimed that most Particle
unidirectional events were indeed detected beyond the range Scattering Loss Effects
of MLAT = [-18°, 18°] due to data gaps in the statistical study
by Loto'aniu et al. ® Depending on their frequency with respect
to the local ion gyrofrequencies such as fy.+, Some waves are
well guided along the field lines and can generally propagate
to the ground. * Some waves may even experience a
polarization reversal where the wave frequency f'is equal to
the crossover frequency f., during their higher-latitude
propagation and then be reflected where f equals the bi-ion
hybrid frequency f; at an even higher latitude. ** As a result,
their polarization is crossed over from a left-hand to a right-
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Figure 2. A schematic diagram depicting the
excitation and effects of EMIC waves. The
overlapping of hot anisotropic ions and cold
dense plasma result in the generation of
EMIC waves, and EMIC waves in turn cause
the ion heating of the cold dense plasma and
the pitch angle scattering of both relativistic
electrons (e) and hot ions through resonant
wave-particle interactions.
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hand or linear mode. These waves could undergo multiple equatorial crossings along magnetic flux tubes without a
large radial or azimuthal drift. Because of their successive passes through the equatorial wave growth region, the
waves are expected to be drastically amplified by continuing to obtain energy from the energetic protons. * >
Nevertheless, Horne and Thorne ' found that, in the absence of density gradients, significant wave amplifications can
only occur on the first equatorial pass because wave normal angles become large after the initial pass. Horne and
Thorne ** concluded that wave damping by thermal heavy ions also makes it impossible for the same EMIC wave
packet to bounce through its source region multiple times. But, a consensus about the wave propagation and reflection
has not been reached. **

In this study, using in situ field and plasma measurements from the Magnetospheric Multiscale (MMS) mission,
we perform a case study of EMIC waves and associated local plasma conditions in the outer magnetosphere on 19
October 2015. The concentration of our current work is on the wave properties, propagation, excitation, and the
calculation of wave k vector at one time point. The current investigation is also a follow-up to our recently published
case and statistical studies of EMIC waves detected by Van Allen Probes *>*® in the inner magnetosphere and by
Cluster **?%°7% in a polar orbit.

This paper is organized as follows: after
the introduction (current section), we describe
MMS instrumentation in Section 2. Section 3
presents results from the case study of the
EMIC wave event. Conclusions and future
work are discussed in Section 4.

MMS3

II. MMS Instrumentation ! :; 0-100
The MMS mission ® has four identical : ™ iﬁ .
spacecraft, which were launched into 24-hour Tosl ' ; &I‘f | dh o g e 00108 Ng
period, highly elliptical, near-equatorial orbits = D THer g 06d | gl E\,ﬁ'zﬁf 8 40 % ! p 3
on 12 March 2015. The MMS spacecraft are 023 . '&ﬁﬂ B GGt ¢ =
positioned in a tetrahedron formation of 01 ifeq' He+ | a ,3,'4 e o001
0.5 80

variable inter-spacecraft distances from tens to
hundreds of kilometers. Multiple instruments
onboard each MMS spacecraft measure and
derive a variety of parameters from plasma
particles and magnetic and electric fields.

In this study, the high-resolution field
measurements are used to obtain wave

Normal Angle
(deg.)

frequency spectrums utilizing the Fast Fourier o
Transform (FFT) technique. Magnetic field (8 02
or 15 Hz) and electric field (33 Hz) data are 00::22
obtained from the Fluxgate Magnetometers T

o
N

(FGMs) ®' and the spin-plane double-probe 2y e L .

electric-field sensors (EDPs) in the FIELDS 01 ' e
. . . 62 - T T T T T T T T T T -
instrument suite, respectively. MMS L 83 92 101 110 118 125 132 138 143 147 151
. . .. MLT 126 128 130 132 133 135 136 137 138 139 139
FIELDS includes a sensor suite consisting of MLAT 208 -227 -243 256 -268 -27.8 -286 -202 207 -30.0 -30.2
. . Xgse 72 77 81 85 88 91 93 95 96 97 97
two axial and four spin-plane double-probe Ygse 11 17 22 27 32 36 41 45 49 53 57
lectre field  sensors, - two - flongue GO 3 32 2 & 32 4 & 4 & 8
CICCHHCRTIC ’ . g hhmm 0300 0330 0400 0430 0500 0530 0600 0630 0700 0730 0800
magnetometers, a search-coil magnetometer, 2015 Oct 19

and two electron drift instruments onboard  Figure 3. (a) Three measured high-resolution magnetic field
each MMS spacecraft. These instruments  components in the geocentric solar ecliptic (GSE) coordinates,
measure the DC magnetic field with a  (b) waveforms in the field-aligned coordinates (FAC) after the
resolution of 10 ms, the DC electric field with  ambient magnetic field is filtered out, and (¢) frequency-UT
aresolution of 1 ms, electric plasma wavesto  spectrograms of wave power, (d) normal angle, and (e)
100 kHz, and magnetic plasma waves to ellipticity (<0, L-mode; >0, R-mode). The vertical dashed lines
6 kHz. indicate the start and end times of the wave event. The

Plasma data are from the Fast Plasma  solid/dashed traces in Panels c-e represent local/equatorial He"
Investigation (FPI) % and the Hot Plasma gyrofrequencies fye+/feq He+
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Composition Analyzer (HPCA). * FPI includes four dual electron spectrometers (DES) and four dual ion
spectrometers (DIS) on each of the four spacecraft. When measurements from the two sets of four dual-
spectrometers are combined, FPI can provide the velocity-space distribution of electrons and ions from 10 eV to
30 keV with a time resolution of 30 and 150 ms, respectively. One HPCA on each spacecraft measures the
composition-resolved velocity-space distribution of ions from 1 eV to 40 keV with a time resolution of 1015 s.

III. EMIC wave event on 19 October 2015
MMS3

A. Field Data and Wave Activity

Figure 3 demonstrates high-resolution
magnetic field data measured by MMS/FGM
from 0300 to 0820 UT on 19 October 2015
and their results from the FFT analysis, using
1024 time points and a step length of 32
points. The magnetic field data are first
converted into field-aligned coordinates
(FAC) and then the FFT spectral analysis * is
applied to obtain waveforms, wave power,
normal angle, and ellipticity (<0, L-mode; >0,
R-mode) for the EMIC wave event. When
wave powers (Fig. 3c) are less than 0.002
nT*Hz, data points are removed from the
spectrogram plots shown in Figs. 3c-e. The
EMIC wave event is labeled with the two
vertical dashed lines, starting at 0315 and
lasting for 4 hours 55 minutes. The event
exhibits multiple shorter-period wave activity
in the frequency ranges mostly above f.+, i.e.,
in the H" band. The wave event is dominated
by small normal angles, and its polarization is
mixed with right- and left-handedness. All
four MMS spacecraft detected the long-lasting
EMIC wave emissions in the same UT time
period. The EMIC waves were around local
noon (MLT = 12.7 — 14.0), at high L-shells (L
= 8.8 — 15.2), and at low magnetic latitudes
(MLAT =-21.8 —-30.3°).

Figure 4 shows the X and Y components
of wave electric and magnetic fields, the Z
component of wave Poynting vector
spectrograms (S,), and angles (AngBS)
between the background magnetic field and
the Poynting vector on MMS3 during the
EMIC wave event. We obtain the waveform
data by applying a 0.1- to 0.5-Hz band-pass
filter to both the in situ FGM magnetic field
measurements and EDP electric field
measurements, after they are transferred into
the local field-aligned coordinate system. The
transverse (i.e., X and Y) components of
electric and magnetic fields are used to
compute S, with the following formula: °
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Figure 4. Wave fields and Poynting vector on MMS3 during
0445 — 0515 UT, 19 October 2015. From top to bottom, the
panels show wave electric field components (JE, and JE)),
wave magnetic field components (6B, and 6B,), Poynting
vector Z component (S;), and the angles (AngBS) of the
background magnetic field and the Poynting vector. The data
are transferred into the local field-aligned coordinate system:
Z is along the magnetic field, Y=ZxXsg, and X =Y XZ, which
completes the right-hand system. The solid/dashed traces in
Panels e-f represent the local/equatorial He" gyrofrequencies

f He+/.fell’He+o
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SZE((SE X5B+0EXJB") (1

where S is the wave Poynting vector spectrograms, E and 8B are the complex spectral matrices of the wave fields,
and 8E" and 8B are their conjugate matrices. The wave Poynting vector points the propagation direction of the wave
energy, same as that of the wave group velocity V,. In the event, the peak value of 6E, (JE,) is 3.5 (-2.6) mV/m, and
the maximum magnitude of 6B, and 6B, is 0.3 (0.3) nT. To highlight the sign change in S., S. is plotted in a narrow
range, i.e., [-0.03, 0.03] W/km?, and all its values are marked as NaN when they are <3x10™* W/km”. The minimum
(maximum) value of S. is -0.25 (1.19) W/km?

wind bulk flow speed Vsw, plasma number
density Nsw, dynamic pressure  Pdyn,
interplanetary magnetic field (IMF) magnitude
B, IMF z-component B,, AE, Kp, and Dst and
Dst* (in the same panel), respectively. The
plotting time period is 3.5 days from 0000 UT,
17 October 2015. Dst* is the Pdyn-corrected Dst,
which does not include the contribution of the
magnetopause currents to disturbances in the
geomagnetic field. Dst*=Dst-7.26Pdyn"*+11
nT. ® The solar wind plasma/IMF data are in 1-
minute resolution and obtained from the High
Resolution OMNI (HRO) database, which is
contained in NASA/GSFC's Space Physics Data
Facility's OMNIWeb service. This service
provides solar wind data propagated to the
Earth's bow shock nose using the minimum
variance analysis (MVA) technique. *%° Similar
to Fig. 3, the vertical dashed lines indicate the
duration of the EMIC wave event.

The EMIC wave event occurred in the middle
recovery phase of a moderate geomagnetic storm
that has maximum AE = 1400, maximum Kp =4,
and minimum Ds¢” = -51.5 nT at 0900 UT, 18
October 2015. The minimum Ds/ is denoted et ot 18 19 20
with the vertical dotted line in Fig. 5. The
intensity of the storm is consistent with the levels ~ Figure 5. Solar wind plasma, IMF, and geomagnetic indices
of disturbances in solar wind plasma and IMF,  during the EMIC wave event: 0000 UT, 17 October to 1200
particularly the magnitude and duration of the =~ UT, 20 October 2015. Shown from top to bottom are solar
southward IMF B.. wind bulk flow speed Vsw, plasma number density Nsw,

dynamic pressure Pdyn, IMF B, IMF B, AE, Kp, and Dst*
C. Plasma Observations and Comparison overplotted with Dstz. The vertical dashed lines indicate the
with Linear Theory time periods of the wave activity, and the vertical dotted lines

To quantitative]y evaluate conditions for the denote the time of min. Dst*. In (e), the horizontal dashed
excitation of the EMIC waves, we test the linear ~ lines indicate the values of 0 and —5 nT, respectively. In (h),
theory of the EMIC instability with local the horizontal dashed lines mark the zero value.

during the plotting period. The energy 2015-10-18/09:00 Min. Dst'= -51.5nT
propagation of the EMIC waves is bi-directional d60.a ‘JM,'JH.\ i - 3
with regard to the ambient magnetic field. This = g%%g: m fWM l!‘ n J ] ]
indicates the local excitation of the wave = <3goi ” ; i Pt ‘W"“MH’"H’“’M i
activity. Later in the paper, we will further test Eto I www'*r-‘fﬁ"" ‘ . T E
whether local plasma conditions are associated 251b ' Mt‘ § :
i 1 —~204 i), :
with the generation of the waves. E 3 1(5) ; ,,,H"Mﬂ (‘NN M,_. WN g i
B. Solar Wind and Geomagnetic Conditions s ' X : W\W.m,? g™ ""‘”:‘”""""" ot
From top to bottom, Fig. 5 shows the solar 84 |
|
|
|
|
|
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magnetic field and plasma parameters, which are derived from the H' energy and pitch angle (PA) fluxes. Based on
linear theory, EMIC wave activity can occur only if X, > S, . 708, is the EMIC instability threshold,

S, =0,+0, 1n(—”)+0'2[1n( )] )

E

where 0, =0.429, 0,=0.124, and O, = 0.0118. These constants are given in Ref. 71, obtained by assuming the

wave growth rate is 0.001 and fitting
linear theory results to LANL
Magnetospheric  Plasma  Analyzer
(MPA) observations at geosynchronous
orbit. ny, (“hp” denotes hot protons) is
the density of hot (e.g., >1 keV) H" and
n, is the total electron density. 2, is the
observational EMIC growth parameter,

—-DB, 3)

where

By, =24, kT, / B* 4)

o, =a,— alln( )azl( ) (5)

e

and ay = 0.409, a; = 0.0145, and a, =
0.00028. ! T, (T”) is the temperature

perpendicular  (parallel) to  the
background magnetic field, T, / T,

is the temperature anisotropy, and B is
the magnetic field magnitude.

MMS measured the plasma and
magnetic field parameters for the
EMIC wave event, which allows us to
test the threshold of the EMIC
instability for the observed conditions.
Fig. 6 shows several associated
parameters from MMS3 from 0240 —
0845 UT on 19 October 2015: HPI-DIS
ion flux spectrograms, HPCA H' flux
spectrograms, temperature anisotropy
for >1 keV H', A =T /T,—1, ny

for >1 keV H, n,, |B|, Byn for >1 keV
H", 2, S, and the difference between
%, and Sj,. The H moments (T, ” s

and ny,) are calculated with H™ 3-D
distributions measured by HPCA over
all energy channels. Again, the start and
end time of the wave events are denoted

MMS3
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Figure 6. EMIC instability related parameters on MMS3 from
0240 —-0845 UT on 19 October 2015. From top to bottom, the panels
show HPI-DIS ion energy-UT flux spectrograms, HPCA H'
energy-UT flux spectrograms, hot-proton (>1 keV) temperature
anisotropy ( Ahple / T -1 ), hot-proton density (n,,), electron

density (n,), magnetic field magnitude (|B|), hot-proton parallel
plasma beta ( ﬁ”h ), the observational EMIC wave growth

parameter (2},), the theoretical EMIC instability parameter (S,),
and their difference (2, —S,). The vertical dashed lines indicate the
start and end times of the wave event. In Figs. 6¢ and 6j, the
horizontal dashed line marks the value of 0.
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by the pair of the vertical dashed lines. In Figs. 6¢-6j, the critical
value of zero is marked with the horizontal dashed lines. n, is the
total electron density by DES with a multiplication factor of 1.2
(suggested by S. A. Boardsen). This factor is estimated by
comparing the difference between the measured total DES #n, and
electron density derived from the frequencies of MMS-detected
upper hybrid waves.

As shown in Figs. 6a-6b, energetic (> 1 keV) ions are present
throughout the EMIC wave event. 4;, is moderately high during
the wave event, with the maximum average value at 0.75. The
ny, average is ~0.3 cm” during the periods of the waves. The
wave event occurred at low MLATS, close to local minimum |B|
regions (i.e., on the magnetic equatorial plane). The average of
|B| is ~60 nT. In contrast to n;, and |B|, g, keeps increasing from

the beginning of the wave event, peaking at 0.4 in the end. While
2y =Sy, (varying as X;) is not always >0 during the EMIC wave
activity, the average of 2, -S,, exceeds 0 and is clearly elevated
closer to the end of the wave event. It reaches a positive value as
high as 0.22 in the end.

D. Wave k Vector
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(SC2 and SC3 not shown)

Figure 7. A schematic diagram of the
EMIC wave packet at ~0453:55 UT on 19
October 2015, which arrived first at SC1
and then at the other three spacecraft (only
SC4 shown) at later times.

9 72

As long as the spatial configuration of the four MMS spacecraft is such that the so-called “spatial aliasing” *“ can
be avoided, multipoint measurements of the spacecraft can make it possible to determine wave vector k.”*”® For
instance, using high-resolution EDP electric field measurements from the four MMS spacecraft during the 19 October

2015 event, we can determine k and thus several

other important wave parameters of the wave 107
activity. ’® Figure 7 illustrates the arrival of the EMIC & o5y
wave packet (f= 0.3 Hz) at ~0453:55 UT first at %E 0.09
MMSI1 (SC1) and then at MMS2 (SC2), MMS4 W —0.51
(SC4), and MMS3 (SC3) with a time delay of 0.031 —1.04
s (dt1,), 0.047 s (dt;4), and 0.054 s (dt,3), respectively. T 051
The wave phase velocity V,, can be found by solving g% 0.0
Vp E%X -0.51
Sli - — = dtli (6) -
VP ME 0.5
2% 007
where i = 2, 3, and 4 and S;; is the distance vector EL: 051
between SC1 and the other spacecraft. In the ©
geocentric solar ecliptic (GSE) coordinates, V, = e ;Z
(43.3, 360.8, 83.3) km/s. Therefore, the wavelength 3> 7
A =Sy ny /(fdty;) = 1242.9 km, K| =2m/2. = 0.005 =5 ZZ
km™' (k has the same direction as V,), phase speed V, = 104 ‘ ‘ ‘ ! ‘ ‘
= M = 372.9 km/s, and the angle between k and  Seconds 00 20 40 00 20 40 00
2015 Oct 19 (0453 0454 0455

magnetic field ¥ = cos™!(n,, - b) = 71.5°. During
the period, the four spacecraft had a separation
distance of 15.8 — 19.3 km and travelled at a speed of
2.0 km/s. The DIS plasma bulk flow speed is ~30
km/s, much smaller than V), This preliminary
analysis suggests the validity of the assumption of the
temporal stationarity and spatial homogeneity of the
MMS plasma data.

Figure 8. Wave electric field forms on four MMS
spacecraft during 0452:50 — 0455:10 UT, 19 October
2015. From top to bottom, the panels show wave
electric field component JE, on MMS1, MMS2,
MMS3, and MMS4. The data are transferred into the
local field-aligned coordinate system: Z is along the
magnetic field, Y=ZxXgsg, and X =YxZ, which

completes the right-hand system.
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IV. Conclusions and Future Work

Using MMS field and plasma measurements, we performed a case study of EMIC waves and associated local
plasma conditions observed on 19 October 2015. It is suggested that the long-lasting EMIC waves were excited locally.
Short inter-spacecraft distances of the MMS mission make it possible to accurately determine the k vector of EMIC
waves using the phase difference technique. This study helps us better understand several aspects of EMIC waves,
e.g., off-equator source regions and wave propagation path and reflection, which still remain under debate or not well
explored. ** %% 377 The present investigation also extends EMIC wave studies with observations from the inner
magnetosphere (e.g., Van Allen Probes) ***°® or a polar orbit (e.g., Cluster) ** ** "% to the low-latitude outer
magnetosphere (MMS).

Future work, following the current study, includes 1) to obtain a dispersion relation of EMIC waves by calculating
the wave k vector as a function of wave frequency, 2) to examine EMIC wave activity in the global magnetosphere
by combing observations from other space missions, e.g., Van Allen Probes, THEMIS, and Cluster, and 3) to extend
this case study to a statistical study.
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