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Abstract. We report observational evidence of cold plamsmaspheric elec-

tron (< 200 eV) acceleration by ultra-low-frequency (ULF) waves in the plas-

maspheric boundary layer on 10 September 2015. Strongly enhanced cold elec-

tron fluxes in the energy spectrogram were observed along with second har-

monic mode waves with a period of about 1 minute which lasted several hours

during two consecutive Van Allen Probe B orbits. Cold electron (<200 eV)

and energetic proton (10-20 keV) bi-directional pitch angle signatures ob-

served during the event are suggestive of the drift-bounce resonance mech-

anism. The correlation between enhanced energy fluxes and ULF waves leads
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to the conclusions that plasmaspheric dynamics is strongly affected by ULF

waves. Van Allen Probe A and B, GOES 13, GOES 15 and MMS 1 obser-

vations suggest ULF waves in the event were strongest on the dusk-side mag-

netosphere. Measurements from MMS 1 contain no evidence of an external

wave source during the period when ULF waves and injected energetic pro-

tons with a bump-on-tail distribution were detected by Van Allen Probe B.

This suggests that the observed ULF waves were probably excited by a lo-

calized drift-bounce resonant instability, with the free energy supplied by substorm-

injected energetic protons. The observations by Van Allen Probe B suggest

that energy transfer between particle species in different energy ranges can

take place through the action of ULF waves, demonstrating the important

role of these waves in the dynamical processes of the inner magnetosphere.
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1. Introduction

Ultra-low-frequency (ULF) waves in Earth’s magnetosphere are geomagnetic micropul-

sations with mHz frequencies [Jacobs et al., 1964], wavelengths comparable to the scale

of the magnetosphere [Allan and Poulter , 1992], and largest power flux among the mag-

netospheric wave signals [Lanzerotti , 1978]. ULF waves can be excited by external (solar

wind) or internal (plasma instabilities) sources. In the case of external source, there are

several generating mechanisms, including the Kelvin-Helmholtz instability at the magne-

topause [e.g. Chen and Hasegawa, 1974; Pu and Kivelson, 1983; Claudepierre et al., 2008;

Turkakin et al., 2013], sudden changes in the solar wind dynamic pressure and interplan-

etary (IP) shock [e.g. Zong et al., 2007; Zong et al., 2009; Foster et al., 2015], and waves

in the solar wind [e.g. Kepko et al., 2002; Kepko and Spence, 2003]. Internal sources in-

clude ion-cyclotron instability [e.g. Yumoto et al., 1984; Hughes et al., 1978; Pope, 1964],

drift-bounce instability [e.g. Southwood et al., 1969; Dai et al., 2013], and the drift-mirror

instability [e.g. Hasegawa, 1969; Lanzerotti et al., 1969], etc.

When wave-particle interactions occur in the inner magnetosphere, the second and

third adiabatic invariants can be broken when wave periods are comparable with the

bounce periods of energetic ions and the drift periods of energetic electrons [Zong et al.,

2008]. The drift-bounce resonant condition for poloidal mode ULF waves can be described

theoretically by [Southwood et al., 1969] as

ω −mωd = Nωb (1)
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where ω and m are the wave angular frequency and azimuthal wave number, respectively;

ωd and ωb are the particle drift and bounce angular frequencies, respectively; N is an inte-

ger depending on the wave harmonic modes. For odd mode (e.g. fundamental mode, third

harmonic mode), N= 0,±2, ...; for even mode (e.g. second harmonic mode, fourth har-

monic mode), N= ±1,±3, ... [Southwood and Kivelson, 1981, 1982; Ren et al., 2015, 2016;

Takahashi et al., 1990].

An increasing number of spacecraft observations suggest ULF waves significantly affect

the dynamics of charged particles in the inner magnetosphere [e.g. Zong et al., 2009, 2012;

Foster et al., 2015; Takahashi et al., 2006; Yang et al., 2011a; Ren et al., 2015, 2016; Dai

et al., 2013; Pokhotelov et al., 2016; Zhou et al., 2015, 2016]. In terms of particle energy

and species, the inner magnetosphere can be divided into the radiation belts, ring current

and plasmasphere. The outer radiation belt lies between L=3-7 and is mainly populated

by electrons with energies ranging from tens of keV to several MeV. The ring current is

carried by ions (H+, O+, etc) with tens to hundreds of keV that undergo magnetic field

gradient and curvature drift around Earth [e.g. Williams , 1985]. The plasmasphere has

a high density of trapped cold (∼ eV) ions and electrons of mainly ionospheric origin

[Lemaire et al., 2005; Yue et al., 2016]. Spacecraft observations and simulations have

confirmed the important role of ULF waves in the inner magnetosphere, including their

effect on radiation belt electron acceleration [Mathie and Mann, 2000; Mann et al., 2013;

Foster et al., 2015], loss [Turner et al., 2012; Murphy et al., 2015; Millan and Thorne,

2007], and transport [Pokhotelov et al., 2016; Fei et al., 2006; Elkington and Sarris , 2016].

Processes associated with ring current ion wave-particle interactions have been reported,

including ring current O+ ion acceleration and deceleration [Yang et al., 2011a; Zong et al.,
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2012; Ren et al., 2016], different ion species behaviors [Ren et al., 2016; Zong et al., 2012;

Yang et al., 2010], changes in pitch angle characteristics along field lines [Yang et al.,

2011b; Ren et al., 2017], and the use of phase relationship between resonant ions and

ULF waves as a diagnostic of wave electric field morphology [Ren et al., 2016, 2017], etc.

The interaction between cold plasmasphere electrons and ULF waves has not been

extensively investigated. Zhang et al. [2012] investigated the global magnetospheric re-

sponse to IP shocks, and found that during the enhancement of a plasmasphere plume

the ion distribution changed from isotropic to anisotropic after IP shock arrival. Adrian

et al. [2004] studied plasmasphere features using EUV observations, and suggested that

the plasmasphere configuration can change as a result of convective motion caused by

standing ULF waves. Zong et al. [2012] reported spacecraft observation of the significant

enhancement of plasmapsheric O+ ions during the appearance of ULF waves induced by

an IP shock, and suggested a possible relationship between ULF waves and the oxygen

torus. Zong et al. [2017] found that low energy plasmaspheric electrons could be accel-

erated by third harmonic mode ULF waves excited by interplanetary shocks. Using Van

Allen Probes observations, Yue et al. [2016] examined two IP shock events which showed

rapid enhancement of cold (<100 eV) ion flux. Their study suggested that in addition to

the E×B drift by the IP shock induced electric field, betatron acceleration also plays an

important role in the ion flux enhancements.

In this paper, we report Van Allen Probes observations of the interaction between cold

(< 200 eV) plasmapshere electrons and ULF waves when there is no IP shock impact on

the magnetosphere, and study how cold electrons are accelerated by ULF waves. We also

report multi-spacecraft observations of ULF waves interacting with energetic protons on a
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global scale in order to explore the wave excitation mechanism. Section 2 briefly describes

the methodology. Section 3 summarizes observations of ULF waves, cold electrons, and

energetic protons that we analyze. Sections 4 and 5 present a discussion and conclusions

of our main findings, respectively.

2. Data Set

In this paper, we mainly use Van Allen Probe B observations of electrons and protons,

magnetic fields, and electric fields. The Van Allen Probes mission consists of two iden-

tically instrumented spacecraft (RBSP-A and RBSP-B), which have an orbital period of

∼9 h near the equatorial plane, a perigee at ∼1.1 RE, and an apogee at ∼5.8 RE [Mauk

et al., 2013]. Electron and ion measurements are provided by the Helium, Oxygen, Proton

and Electron (HOPE) mass spectrometer [Funsten et al., 2013] and the Energetic particle,

Composition, and Thermal plasma (ECT) suite [Spence et al., 2013]. The spectral mea-

surements cover an energy range from ∼ 15 eV to 50 keV for electrons, and from ∼ 1 eV

to 50 keV for ions, including protons, He+ and O+. The pitch angle measurement of the

HOPE instrument is divided into 11 bins. The Electric and Magnetic Field Instrument

and Integrated Science (EMFISIS) instrument provides DC magnetic field measurements

from DC to 30 Hz and AC electric and magnetic fields from 10 Hz up to 400 kHz [Kletzing

et al., 2013]. Measurements of the electric field y and z components in a Modified Geo-

centric Solar Ecliptic coordinate (MGSE) are obtained from the Electric Field and Waves

(EFW) instrument [Wygant et al., 2013]. The x component of electric field used in this

study is derived by assuming E ·B = 0 when the angle between the spacecraft spin plane

and magnetic field line was larger than 15◦ [Dai et al., 2013].
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On March 12, 2015, the Magnetospheric Multiscale (MMS) mission [Burch et al., 2016]

with four spacecraft in a tetrahedral configuration was launched into an elliptical Earth

orbit with a 28.5◦ inclination, a perigee at 1.08 RE, and an apogee at 12 RE. The

FluxGate Magnetometer (FGM) [Torbert et al., 2016] onboard MMS 1 provides magnetic

field measurements in a burst rate with a time resolution of 128 Hz. Magnetometers

onboard GOES 13 and GOES 15 spacecraft provide magnetic field measurements with a

time resolution of 512 ms at geosynchronous orbit.

3. Observation

3.1. Overview

Figure 1 shows the equatorial plane position in GSM coordinates for two Van Allen

Probes in the inner magnetosphere, the GOES 13 and GOES 15 in geosynchronous orbit,

and MMS 1 travelling inbound and outbound in the magnetosphere. From 00:00 UT to

16:00 UT on 10 September 2015, the suite of spacecraft observations cover a region of the

magnetosphere with MLT ranging from 0 to 24 and L shell from 1.1 to 10, which makes

it possible to explore the global distributions of ULF waves and examine possible wave

sources. In-situ solar wind observations from WIND and ACE, not shown here, indicate

there were low-velocity (< 450 km/s) solar wind and no sudden dynamic pressure, which

implies there was no IP shock impact.

Figure 2 presents an overview of Van Allen Probe B observations with magnetic field

from EMFISIS instrument, electric field from EFW instrument, and electron and proton

fluxes from ECT/HOPE instrument from 20:00 UT on 9 September 2015 to 16:00 UT

on 10 September 2015. The wavelet power spectra of the original Bx in Figure 2a and

Ey in Figure 2c show that there exist ULF wave oscillations in the period of ∼ 1 min
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near the Probe B apogee during the time intervals of 01:00-04:00 UT (Part I) and 09:00-

13:00 UT (Part II). During the wave appearance in wavelet power spectra, Bx and Ey

component oscillations after subtracting a 10 min running average are shown in Figure 2b

and 2d, respectively. The data in other times are not shown in Figure 2b and 2d because

it is impossible to take away the background after subtracting a 10 min running average

near the Probe B perigee. These ULF waves in the period of ∼ 1 min lasted several

hours and are mainly distributed in the region L = 5-6. As shown in Figure 2d, there

appeared ULF waves in the period of 2 min from 10:30 UT to 11:30 UT. Probe B was

located near the magnetic equator where fundamental and second harmonic mode electric

fields should have an anti-node and node, respectively. As shown in Figure 2d, the 2-min

period ULF waves have a stronger electric field wavelet power than the 1-min period ULF

waves, which indicates that 2-min and 1-min period ULF waves might be fundamental and

second harmonic mode, respectively. Figure 2e - 2g show electron energy spectrum and

pitch angle distributions for W>200 eV and W<200 eV, respectively. During the 1-min

period ULF wave appearance, plasmasphere electrons (<200 eV) show a flux enhancement

in Figure 2e and bi-directional pitch angle distributions in Figure 2g. Electrons with W>

200 eV in Figure 2f reveal a pancake-like pitch angle distribution. Figure 2h and 2k

show proton energy spectrum and pitch angle distributions in different energy channels,

respectively. Protons in the energy channel of 11.2 keV show a bi-directional pitch angle

distribution during the 1-min period ULF wave appearance, but have a pancake-like pitch

angle distribution when there are no ULF waves. Protons both in higher (e.g. 28.1 keV

in Figure 2i) and lower energy channels (e.g. 2.4 keV in Figure 2k) have a pancake-like

distribution during the 1-min period ULF wave appearance.
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3.2. ULF Wave Properties

To explore the properties of poloidal mode ULF waves in the period of∼ 1 min, magnetic

and electric fields are projected into a local mean field-aligned (MFA) coordinates [Ren

et al., 2016; Zong et al., 2012]. In Figure 3, we use magnetic and electric field data from

01:00 UT to 02:00 UT to show the phase relationship between the oscillations. Figure 3a

shows Br (radial) and Ea (azimuthal) oscillations of the poloidal mode ULF wave. Ea has

a ∼ 90◦ phase difference with Br, which suggests the poloidal mode are standing waves.

The wavelet power spectra of Br in Figure 3b and Ea in Figure 3c show that the poloidal

mode waves have a period of ∼ 1 min. The wavelet coherence analysis in Figure 3d shows

the phase difference between Ea and Br when the wavelet coherence is larger than 0.8.

Ea leads Br by 90◦ when Probe B is located in the northern hemisphere, which indicates

the 1-min period poloidal waves are second harmonic mode ULF waves [Singer et al.,

1982]. The Poynting vector along the magnetic field line in Figure 3e oscillates around

zero, which further indicates that the poloidal and toroidal mode field components are

standing waves.

Figure 4a presents the EMFISIS spectrum of electric field spectral intensity from Probe

B. The black line indicates the detected upper hybrid resonance frequency. Figure 4b

shows the plasma number density derived from the upper hybrid wave dispersion relation.

The plasma number density is within the range 10 to 30 cm3 during wave appearance,

which indicates that Probe B was located in the plasmasphere boundary layer. The

black and red lines in Figure 4c are the calculated second harmonic mode eigenfrequency

[Degeling et al., 2010; Ren et al., 2015] and the peak frequency from wavelet power analysis

of the Br component during wave appearance. In the modeling, we adopted an infinite
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ionosphere conductance condition in both hemispheres, a power-law density variation

[Cummings et al., 1969] with power index of 4, and assumed the particles are all protons.

The calculated wave periods are consistent with Van Allen Probe B observations in both

Part I and Part II, which further indicates that the 1-min period ULF waves are second

harmonic modes. The discrepancy between the modeling calculation and the observations

in Part II is likely related to the assumed density distribution along the magnetic field

lines.

3.3. Cold Electrons and Energetic Protons during ULF wave appearance

Figure 5a and 5b present the wavelet analysis spectra of Br component from 00:00 UT to

06:00 UT and from 08:00 UT to 15:00 UT on 10 September 2015, respectively. In Figure 5c

and 5d, electron flux with W<200 eV obviously enhanced in the parallel and anti-parallel

directions during the 1-min period ULF wave appearance. For protons in Figure 5e and

5f, bi-directional pitch angle distributions appear in the energy channels from 10 keV to

20 keV during wave appearance, but pancake-like distributions are shown in the lower or

higher energy channels. These observations indicate that the bi-directional pitch angle

distributions for both plasmaspheric electrons (< 200 eV) and energetic protons (10-20

keV) are related to these 1-min period ULF waves. But particle flux modulations caused

by ULF waves could not be observed because of the cadence (∼22 s) of HOPE instrument

in comparison to ULF wave period (∼ 60 s) and some invalid data points.

Figure 6 presents the Van Allen Probe B phase space density (PSD) spectra for two

orbits before ULF wave appearance (dark cyan and green), two orbits during wave appear-

ance (red and purple), and one orbit after wave appearance (blue). The PSD spectrum

for each orbit is the average PSD when Probe B was located in the region with L > 5
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where ULF waves were observed by Probe B. The PSD spectra of plasmasphere elec-

trons (<200 eV) before and after ULF wave appearance show a power-law distribution

of f = f0W
−γ, where γ is the power-law index with the value of 3.5. The PSD during

ULF wave appearance is enhanced up to 5 times on average. The frequency of ULF waves

usually has a finite wave bandwidth, which can cause a spread in resonant energy [Ren

et al., 2016; Yang et al., 2011a; Takahashi et al., 1990]. The wave bandwidth in this study

is defined by the wave power dropping from maximum to half strength [Ren et al., 2016].

The gray and red shadow regions in Figure 6 indicate the resonant energy range satisfying

the drift-bounce resonance with Br wave bandwidth in Part I and Part II, respectively.

We adopted the drift-bounce resonant condition with N=1 because 1-min period ULF

waves are in the second harmonic mode (See details in discussion section). These HOPE

observations indicate that ULF waves cause an obvious acceleration of electrons through

drift-bounce resonance in the plasmasphere boundary layer.

4. Discussion

4.1. Drift-bounce Resonance of Cold Electrons and Energetic Protons

Based on Equation 1, the resonant energy of particles can be determined for a given L

shell, pitch angle, and value of N when the wave frequency and azimuthal wave number

are known. In Figure 7a and 7b, the resonant energy of electrons and protons versus

azimuthal wave numbers is calculated to quantify the drift-bounce resonance conditions.

In the calculation, the drift frequency (ωd) includes both the magnetic field gradient-

curvature drift term (ωd.gc) and the E×B drift terms due to convection (ωd.Econ×B) and

co-rotation electric fields (ωd.Ecor×B) [Li et al., 1993; Chisham, 1996],
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ωd = −6WLP (α)

qBER2
E

+
2Ψ0L

3sinΦ

BER2
E

+ ΩE (2)

where P (α) = 0.35 + 0.15sinα [Hamlin et al., 1961], in which α is the equatorial pitch

angle, W is the particle energy, L is the McIlwain L shell value, BE is the magnetic field

strength at the equator at Earth’s surface, RE is Earth’s radius, Ψ0 is the electric potential

representing the dawn-dusk convection electric field, which is empirically Kp-dependent

[Maynard and Chen, 1975], Φ is the azimuthal angle, which is positive eastward with 0◦

at midnight, and ΩE is the angular frequency of Earth’s rotation. For electrons of energy

1 eV to 1 keV, the drift-bounce resonant conditions N=1 and N=2 can be satisfied with

−100 < m < 100, as shown in Figure 7a. Considering that the 1-min period ULF waves

are second harmonics, only the drift-bounce resonant conditions N=1 can be satisfied, for

which the resonant energy is tens of eV, which is consistent with the electron observations

from the HOPE instrument in Figure 5c and 5d.

As the ULF wave frequency has a broadband bandwidth, the resonant energy should

be spread over a range, as indicated by the black and red shadow regions in Figure 6. The

shadow regions in Figure 6 imply that electrons of energy several eV (out of the range

of measurement of the HOPE instrument) can also be influenced by ULF waves through

drift-bounce resonance. For protons of energy 10 keV to 20 keV only the drift-bounce

resonant condition N=1 can be satisfied, which is consistent with the proton observations

from the HOPE instrument in Figure 5e and 5f. During the intervals of interest, the

fluxes of >200 eV electrons and protons at 28.1 keV show some variations (decrease or

increase) mainly near 90◦ with L shell increasing, which should result from the spatial

effect and substorm activities, but have no relationship with the drift-bounce resonant
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interaction with ULF waves. Because when the drift-bounce resonance is satisfied for

second harmonic mode waves, the flux changes of the resonant particles should be mainly

in the pitch angles near 0◦ and 180◦ [e.g. Yang et al., 2011b; Ren et al., 2017]. We

further checked other wave activities, such as EMIC and VLF waves, and their possible

effect on the cold electron acceleration and bi-directional pitch angle distributions. Some

chorus waves in the frequency range of 0.1-0.5 fce appeared during Part I and two previous

orbits, but there was no cold electron acceleration during two previous orbits. There were

almost no EMIC wave observations during Part I, Part II, and two former orbits. All

there observations indicate that the cold electron acceleration and bi-directional pitch

angle distributions during Part I and Part II have no apparent relationship with VLF and

EMIC wave activities.

Figure 7c gives a schematic to explain the electron acceleration by second harmonic

mode electric fields in the drift-bounce resonant condition N=1. When the drift-bounce

resonant electrons with a certain equatorial pitch angle have a mirror point at the anti-

nodes of wave electric fields in both hemispheres, they will experience the largest acceler-

ating electric fields and get the largest net acceleration in one bounce period. Assuming

that the anti-nodes are located in Mlat= ±45◦, the equatorial pitch angle for electrons

with maximum acceleration is about 16◦ according to sin2αeq =
cos6λm

(1+3sin2λm)(1/2)
, where αeq

is the equatorial pitch angle, and λm is the magnetic latitude of mirror point. This value

is within the second and penultimate pitch angle bins of the HOPE instruments. When

the equatorial pitch angle is closer to the perpendicular direction, the net acceleration

in one bounce period will be weaker. This explains why the drift-bounce resonant elec-
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trons (Figure 5c and 5d) and protons (Figure 5d and 5f) show bi-directional pitch angle

distributions.

The PSD spectra in Figure 6 indicate that cold electrons were accelerated when there

were 1-min period ULF waves. Based on the drift-bounce resonance theory, the resonant

electrons will get a net energy from waves and their PSD will increase when more particles

are transported into accelerating regions with westward Ea than those into decelerating

regions with eastward Ea [McPherron, 2005; Dai et al., 2013; Ren et al., 2016]. The

plasmasphere electron energy change can be written as

dW

dt
= qVd ·E (3)

where Vd = Vd.gc +Vd.E×B +Vd.p, in which Vd.gc, Vd.E×B, and Vd.p are drift velocity

from magnetic field gradient-curvature drift, E × B drift and polarization drift, respec-

tively; E = Ew + Econ. + Ecor., in which Ew, Econ., and Ecor. are wave, convection and

corotation electric fields, respectively. Wave electric field (Ew) consists of azimuthal com-

ponent (Ea) and radial component (Er). Adopting Kp = 3, Φ = 50◦, γ = 2, and L = 5.5,

the convection electric field (Econ.) in the azimuthal direction is about 0.15 mV/m. In

Part I and Part II, the electric field data in the time range from 01:00 UT to 03:30 UT can

be projected into MFA coordinate system to obtain Ea component, which meet the re-

quirement that the angle between the spacecraft spin and magnetic field line is larger than

15◦ [Dai et al., 2013]. The amplitude of Ea in this time range is mainly from 0.5 mV/m

to 1 mV/m, which is the value of second harmonic mode near the magnetic equator. The

amplitude should be larger when the magnetic latitude is approaching the anti-node of the

second harmonic mode electric field [e.g. Cummings et al., 1969; Takahashi et al., 2011], so
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Ea ≫ Econ.. For 10 eV electrons at L=5.5, ωd.gc ∼ 10−4 mHz · rad and ωd.p ∼ 10−6 mHz

· rad. So Vd.gc ≫ Vd.p. Considering (E × B) · E = 0, Vd.gc ≫ Vd.p, and Ea ≫ Econ.,

then Equation 3 can be rewritten as

dW

dt
≃ sqVd.gcEa (4)

where s = 1 when Ea < 0 (westward), and s = −1 when Ea > 0 (eastward). Equation 4

indicates that plasmasphere electron energy change is mainly from magnetic field gradient-

curvature drift and poloidal mode electric field. The PSD change caused by energy change

can be expressed as δf |W = −δW ∂f
∂W

. Then the relative PSD change can be written as

δf
f
|W = γ δW

W
. By taking δW = sqVd.gcδEa, Vd.gc = −6WL2P (α)

qB2
ERE

, and f = f0W
−γ, we can

get δf
f
|W = −6γsL2P (α)δEa

B2
ERE

, in which the relative PSD change is related to power index

(γ) but not particle energy (W) and particle species [Ren et al., 2016]. Therefore, cold

electrons experience acceleration by ULF waves similar to energetic oxygen and proton

acceleration. In reality, the PSD variation depends not only on energy change ( δf
f
|E), but

also on the radial displacement ( δf
f
|L), because δf = −δW ∂f

∂W
− δL ∂f

∂L
[Southwood and

Kivelson, 1981]. In other words, the PSD variation is not only related to how much wave

energy is transformed to particle energy, but also on how many particles are transported

into the accelerating and decelerating regions, respectively [McPherron, 2005; Dai et al.,

2013; Ren et al., 2016].

4.2. Possible Excitation Mechanism of ULF Waves

In Figure 1, multi-spacecraft observations in different regions of magnetosphere provide

a good chance to explore the global distributions of ULF waves and their excitation

c⃝2017 American Geophysical Union. All Rights Reserved.



mechanism. Figure 8 shows the wavelet power analyses of original Bx component and its

oscillations after subtracting a 10 min running average from Probe A (Figure 8a), MMS

1 (Figure 8b), GOES 13 (Figure 8c) and GOES 15 (Figure 8d). The Mlat is labelled at

the bottom. From 00:00 UT to 16:00 UT on 10 September 2015, the MLTs of the 1-min

period ULF wave appearance are listed in Table 1. Their values are within the range from

12 to 24 MLT, which indicates these ULF waves were distributed in the duskside. Among

all the spacecraft in this study, only MMS could travel inbound and outbound in the

magnetosphere to verify whether there were external sources for ULF waves or not. From

the wavelet power analysis in Figure 8b, it could be found that the periods of ULF waves

increased with increasing L values during the inbound and outbound passing of MMS 1,

and the wave power was discountinuous in the outer region, which indicates these waves

were not from external sources. At the end of 9 September 2015, there occurred two

large substorms with AL index up to -1000 nT, and substorm injections were observed by

GOES spacecraft (not shown here). From observations of Probe B, the energetic protons

with bump-on-tail plasma distributions at ∼ 10 keV (not shown here) interacted with

1-min ULF waves through drift-bounce resonance.

All the aforementioned observations imply that these waves were generated through

drift-bounce instability with the free energy from a bump-on-tail distribution of substorm-

injected protons [e.g. Liu et al., 2013]. From the magnetic field observations of MMS 1,

the continuous variations of the wave period with increasing L shell values range from Pc3

(10-45 s) to Pc4 (45-150 s), which indicates the wave period is controlled by the resonance

properties (e.g. eigenfrequency) of the magnetic field lines [Surkov and Hayakawa, 2014].

Previous studies found that there were two main sources of Pc3 including upstream waves
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related to the ion cyclotron instability in the Earth’s foreshock [e.g. Miura, 1984; East-

wood et al., 2005, 2011] and surface waves excited by Kelvin-Helmhotz instability [e.g.

Southwood , 1979; Miura, 1984]. This study suggests that ULF waves in the period of

Pc 3 also can be generated through drift-bounce instability when substorm particles are

injected into enough deeper regions in the inner magnetosphere.

5. Conclusion

The objective of this paper is to explore the role of ULF waves in the dynamics of

cold plasmasphere electrons with Van Allen Probes observation. The main findings are

summarized as follows.

1. When Van Allen Probe B was travelling through the plasmasphere boundary layer

on September 10th, 2015, long-lasting (several hours) ULF waves with a period on the

order of ∼ 1 minute were observed over two consecutive orbits. These ULF waves are

identified as second harmonic modes because (1) their electric field intensity is lower

than that of 2 minute period ULF waves near the magnetic equator and their magnetic

field power is higher; (2) Ea leads Br by 90◦ at magnetic latitudes larger than 0◦; (3) the

observed wave period is consistent with the estimated second harmonic mode eigenperiod;

(4) they satisfy the drift-bounce resonance condition with N= 1 for both cold electrons

and energetic protons.

2. A bi-directional pitch angle distribution was observed for both cold electrons (<200

eV) and energetic protons (10-20 keV) when the 1 minute period ULF waves appeared,

which is expected from drift-bounce resonance with ULF waves. From the electron PSD

spectra in five orbits, it was found that cold electron fluxes during the interval when

ULF waves appeared were enhanced by up to several times the background power-law
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distribution when no ULF waves are present, which demonstrates the important role of

ULF waves in the dynamics of cold electrons in the inner magnetosphere.

3. According to global observations from both Van Allen Probes, GOES 13 and GOES

15, and MMS 1, it is found that the 1 minute period ULF waves are mainly confined to the

dusk side. No external sources were observed by MMS 1 when it was travelling inbound

and outbound in the outer magnetosphere. During the same interval, Van Allen Probe

B observed drift-bounce resonance between 1 minute period ULF waves and substorm-

injected energetic protons in a bump-on-tail distribution. All these phenomena indicate

that the 1 minute period ULF waves were excited through the drift-bounce resonance

instability and that cold plasmaspheric electrons and substorm-injected energetic protons

are connected through the energy transferred to them by ULF waves.

This study presented in this paper shows that cold (∼15-200 eV) electrons interact effi-

ciently with 1 minute period ULF waves. The evidence suggests that even colder electrons

(∼ eV) will be affected by ULF waves, although this possibility cannot be confirmed by

the Van Allen Probes as because the energies are out of the range of measurement. Based

on the drift-bounce resonance condition, cold electrons can be affected by ULF waves at

even lower frequencies (e.g. Pc5). Even though plasmasphere electrons of energy ∼ 1 eV

are invisible to instruments, their interaction with ULF waves can be inferred from the

behaviour of higher-energy electrons that satisfy the drift-bounce resonance condition for

broadband ULF waves. More event studies and statistical studies are needed to improve

understanding of the role of ULF waves in the dynamics of the plasmasphere.
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Table 1. MLTs of different spacecraft observing the 1-min period ULF waves from 00:00 UT

to 16:00 UT on 10 September 2015

Satellite RBSP-B RBSP-A MMS 1 GOES 13 GOES15

MLT 14.3-16.8 14.8-16.5 19.6-20.3 20.0-24.0 18.0-23.0
13.8-16.8 13.6-15.0 13.7-14.7
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Figure 1. Equatorial plane positions in GSM coordinates for two Van Allen Probes in the

inner magnetosphere, two GOES spacecraft (GOES 13 and GOES 15) in the geosynchronous

orbit, and MMS 1 travelling inbound and outbound in the magnetosphere. The red dashed lines

represent the time intervals of interest (Part I: 01:00-04:00 UT and Part II: 09:00-13:00 UT) in

Probe B.

c⃝2017 American Geophysical Union. All Rights Reserved.



2015/09/09 20:00 − 09/10 16:00    RBSP-B     

El
ec

tr
o

n
P

ro
to

n

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
 F

lu
x

L
o

g
1

0n
T

2 /H
z

L
o

g
1

0(m
V

/m
)2

B
x

P
e

ri
o

d
(s

)
 

 
   32
   64

  128
  256

1

2

3

 

−5

0

5

B
x 

(n
T

)
E

y
P

e
ri

o
d

(s
)

 

 
   32
   64

  128
  256 0

1

2

 

−4
−2

0
2

E
y 

(m
V

/m
)

4

E
 (

e
V

)

 

 

10

100

1000

10000

5

10

>
2

0
0

e
V

P
A

 (
d

e
g

)

 

 

0

90

180

4.5

5

5.5

6

<
2

0
0

e
V

P
A

 (
d

e
g

)

 

 

0

90

180

6

8

E
 (

e
V

)

 

 

1
10

100
1000

10000

5

10

2
8

.1
ke

V
P

A
 (

d
e

g
)

 

 

0

90

180

2

4

1
1

.2
ke

V
P

A
 (

d
e

g
)

 

 

0

90

180

3

4

5

2
.4

ke
V

P
A

 (
d

e
g

)

 

 

0

90

180

3

4

5

20:00
4.65

15.33
17.64

22:00
1.34

−16.78
6.95

00:00
4.80
8.96

13.39

02:00
5.89
9.50

15.12

04:00
5.34
8.01

16.79

06:00
2.61
5.95

20.12

08:00
3.31

−1.50
12.36

10:00
5.43
1.62

14.73

12:00
5.78
3.17

16.06

14:00
4.34
2.28

17.70

16:00
1.22

−6.11
6.50

UT
L

Mlat
MLT

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Part I Part II

Figure 2. Overview of Van Allen Probe B observations: (a) Wavelet power spectrum of original Bx;
(b) Bx component in GSE coordinates after subtracting the 10 min running average; (c) Wavelet power
spectrum of original Ey; (d) Ey component after subtracting the 10 min running average; (e-g) Electron
energy spectrum, pitch angle distributions with W>200 eV and W<200 eV, respectively; (h-k) Proton
energy spectrum, pitch angle distributions in the energy channel of 28.1 keV, 11.2 keV and 2.4 keV,
respectively. The red rectangular bars on the top illustrate the time intervals when there are distinct
wave oscillations in two consecutive orbits. The L value, magnetic latitude (Mlat), and magnetic local
time (MLT) are labelled at the bottom.

c⃝2017 American Geophysical Union. All Rights Reserved.
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Figure 5. ULF wave, electron and proton observations from Van Allen Probe B during the time
intervals of 00:00-06:00 and 08:00-15:00 on Sep. 10, 2015. (a and b) Wavelet power spectra of Br
component. (c and d) Energy spectra, pitch angle distributions in the energy range from 10 eV to 500
eV for electrons. (e and f) Energy spectra, pitch angle distributions in the energy range from 1 keV to
40 keV for protons.
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