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Abstract. 

We show evidence that left-hand polarised electromagnetic ion cyclotron (EMIC) plasma waves can 

cause the loss of relativistic electrons into the atmosphere. Our unique set of ground and satellite 

observations shows coincident precipitation of ions with energies of tens of keY and of relativistic 

electrons into an isolated proton aurora. The coincident precipitation was produced by wave-particle 

interactions with EMIC waves near the plasmapause. The estimation of pitch angle diffusion 

coefficients supports that the observed EMIC waves caused coincident precipitation ofboth ions and 

relativistic electrons. This study clarifies that ions with energies of tens of ke V affect the evolution 

of relativistic electrons in the radiation belts via cyclotron resonance with EMIC waves, an effect 

that was first theoretically predicted in the early 1970's. 



12 1. Introduction 

13 

14 Populations ofrelativistic electrons in the radiation belts vary greatly with geomagnetic disturbance 

15 [e.g., Reeves et aI., 2003; Miyoshi and Kataoka, 2005] and they are a major source of damage to 

16 space vehicles [e.g., Baker et aI., 1987]. In order to know when and how much these populations of 

17 relativistic electrons increase, it is important to elucidate not only the cause of acceleration of 

18 relativistic electrons but also the cause of their loss from the radiation belts. 

19 

20 Several loss processes of relativistic electrons of the outer belt have been proposed re.g; Millan and 

21 Thome, 2007]. Relativistic electrons precipitate into the earth's atmosphere through pitch angle 

22 scattering caused by plasma waves, which is an important loss process in the outer belt. Whistler mode 

23 waves are essential for both non-adiabatic acceleration of relativistic electrons and pitch angle 

24 scattering [e.g., Lyons and Thome, 1973; Li et aI., 2007], and recent studies have shown that 

25 acceleration caused by whistler mode waves is very important for the flux enhancements of 

26 relativistic electrons in the outer belt [e.g., Home, 2007; Miyoshi et aI., 2003, 2007]. 

27 

28 Left-hand polarized EMIC waves exist in the outer belt and usually precipitate ions with energies 

29 of tens ofkeV [Cornwall et aI., 1970; 10rdanova et aI., 2001], generating the proton aurora in the 

30 upper atmosphere [Sakaguchi et aI., 2007; lordanova et aI., 2007]. Resonance between EMIC waves 

31 and moderately energetic electrons is not possible because of their opposite polarisations. Theory 

32 suggests that EMIC waves can resonate with electrons when the energy of electrons becomes 

33 sufficiently high for the electrons to be relativistic [Thome and Kennel, 1971; Lyons and Thome, 

34 1972; Home and Thome, 1998]. It is predicted that precipitation of relativistic electrons takes place 

35 near the dusk-side plasmapause, where EMIC waves are typically generated by ions with energies of 

36 tens ofkeV [Cornwall et aI., 1970; Erlandson and Ukhorskiy, 2001; Meredith et at, 2003; 10rdanova 

37 et aI., 2008], and observations of MeV electron precipitation from ground and satellites have been 

38 suggestive of electron scattering caused by EMIC waves [Lorentzen et aI., 2000; Millan et aI., 2002; 

39 Sandanger et al., 2007]. However, it has not been possible thus far to confirm whether EMIC waves 

40 actually cause electron precipitation on the basis of particle observations alone. We describe here 

41 unique simultaneous ground and satellite observations of MeV electron precipitation caused by 

42 EMIC waves. 

43 

44 2. Observation 

45 

46 At about 0500 DT on September 5, 2005, we observed an isolated proton aurora in the southern sky 

47 at Athabasca, Canada, as shown in Figure 1a. Figure 1b shows an image of the proton aurora at the 



48 wavelength of the H~ (Hydrogen Balmer ~) line obtained by averaging images captured from 0430 

49 to 0500 UT with an all-sky cooled CCD imager at Athabasca [Shiokawa et aI., 1999]. The stable 

50 isolated proton auroral arc, shown by the red rectangle, was observed just south of the zenith. The 

51 latitudinal width of the proton aurora was -1 deg. 

52 

53 Simultaneously, we recorded magnetic pulsations with an induction magnetometer at Athabasca. 

54 The pulsations were observed continuously from 0230 to 0800 UT, during the recovery phase of a 

55 moderate geomagnetic storm. The sinusoidal nature of the pulsations is clear from Figure 2a, and 

56 results of a spectrum analysis shown in Figure 2b indicate that pulsations in the frequency range of 

57 0.5-0.9 Hz are dominant. The three vertical lines in the figure indicate hydrogen, helium, and oxygen 

58 gyro-frequencies calculated from a geomagnetic field model [Tsyganenko, 2002a, b] for the 

59 geomagnetic eqnator along the magnetic field line of the observed proton aurora. The dominant 

60 frequency of the observed pulsations is between the helium and oxygen gyro-frequeneies at the 

61 geomagnetic equator, indicating that the pulsations are helium-band EMIC waves that have 

62 propagated from the geomagnetic equator. Related observations [Sakaguchi et aI., 2007, 2008] have 

63 shown the expected link between isolated proton auroras, pitch angle scattering of ions caused by 

64 EMIC waves, and resulting ion precipitation, which are consistent with previous studies[S0rras et al., 

65 1980; Yahnina et al., 2000, 2003]. 

66 

67 A nnique opportnnity to identify other precipitating particles and extend such observations to 

68 include high-energy electrons was realised when the low-altitude POES-I7 (formally NOAA-17) 

69 satellite passed over Athabasca during this event. The dashed linc of Figure 1 b shows the POES-17 

70 footprint trajectory during the overpass, mapped from satellite altitude of 800 km to the ionosphere 

71 along the magnetic field line, and transiting the eastern part of the proton arc. The POES satellite 

72 measures ions in six energy bands from 30 ke V to more than 6900 ke V, as well as electrons in three 

73 integrated energy ranges of>30 ke V, > 1 00 ke V, and>300 ke V. Separate particle detector telescopes 

74 observe locally mirroring particles returning to the magnetosphere via the magnetic mirror force, as 

75 well as particles precipitating into the atmosphere [Evans and Greer, 2000]. 

76 

77 Figure 3 shows the precipitating (red) and trapped (black) ion and electron connt rates observed by 

78 the POES-I7 satellite over Athabasca together with the emission profile of H~ (Figure 3a), with the 

79 POES footprint shown in the label. The black line in Figure 3b indicates the 30-80 ke V ion connt 

80 rates obtained from the telescope viewing the near locally mirroring particles along the satellite 

81 trajectory. Trapped ions of 30-80 keY were distributed over a wide magnetic latitude (MLAT) range 

82 from 50 deg to 70 deg, and high connt rates of over 1000/s were seen in a MLAT range of 59 deg to 

83 62 deg. The precipitation of 30-80 keY ions (red line in Figure 3b) showed an isolated peak from 



84 04:58:35 lIT to 04:58:50 UT when the satellite footprint was just crossing the proton aurora, as 

85 shown in Figure 3a. The latitudinal width of the ion precipitation region was less than I deg, which 

86 is consistent .vith the proton aurora observations. As reported previously [Sakaguchi et aI.,2007, 

87 2008], isolated proton auroras observed at Athabasca. usually show very good temporal 

88 correspondence with the appearance and disappearance of EMIC waves. Moreover, the 

89 gyro-frequencies estimated at the geomagnetic equator along the magnetic field line of the proton 

90 aurora agree well with the observed EMlC frequencies. It is therefore concluded that the observed 

91 EMIC waves scattered energetic ions into the atmosphere to cause the proton aurora. Similar ion 

92 precipitation was seen in the 80-240 keY energy range but not at energies higher than 240 keY. The 

93 fluxes of both trapped and precipitating protons above 240 keY were too small to be observable [see 

94 Figure 3 of Sakaguchi et aI., 2007]. 

95 

96 The POES-17 footprint was conjugate to the outer belt during the event, as shown by the locally 

97 mirroring electrons with energies between 300 keY and a couple of MeV (black line in Figure 3c). 

98 No significant precipitation of electrons below a couple of MeV (red line in Figure 3c) was found at 

99 04:58-04:59 UT when EMIC waves were observed associated with the proton precipitation. Absence 

100 ofprecipitation was also observed for lower energy electrons of30-100 keY and 100-300 keY, while 

101 significant fluxes of trapped electrons existed at those energy ranges [see Figure 3 of Sakaguchi et 

102 aI., 2007]. 

103 

104 Although the POES-17 satellite does not have sensors designed specifically to observe MeV 

105 electrons, the ion telescopes respond to relativistic electrons. A case of significant count rates in the 

106 nominal >6900 keY proton energy channel of the ion telescopes but no response in the 2400-6900 

107 keY proton energy channel would represent an unphysical proton energy spectrum, and a detector 

108 response of that character is interpreted as being due to >800 keY electrons. In addition, an ion 

109 sensor designed to monitor> 16 MeV protons over a wide acceptance angle will respond to electrons 

110 of >3 MeV that precipitate into the atmosphere and can provide both confirmation of the inferred 

111 presence of>800 keY electron precipitation and an indication of the presence of even higher energy 

112 electrons. 

113 

114 The inferred presence of>800 keY electrons showed weak precipitation of >800 keY electrons (red 

115 line in Figure 3d) between 04:58 UT and 04:59 lIT, concurrently with the 30-80 keY ion 

116 precipitations in Figure 3b. The count rates of precipitating electrons are less than 10% that ofthe 

117 trapped electrons (black line in Figure 3d). At the same time, we also found precipitation of>3 MeV 

118 electrons (Figure 3e) at rates about 100 times the background levels, and more intense than 

119 precipitation of >800 keY electrons because of the larger acceptance angle of that detector. The 



120 latitudinal width of the electron precipitations is about 2 deg, which is slightly wider than that of ion 

121 precipitations. Since the proton aurora shown in Figure 3a is a manifestation of the flux tube where 

122 EMIC-ion interaction is occurring, precipitation of relativistic electrons into the proton aurora was 

123 the result ofEMIC-electron interactions. 

124 

125 

126 3. Summary and Discussion 

127 

128 The observations from ground and the satellite identified coincident precipitation of both tens of 

129 keY ions and MeV electrons associated with the helium-band EMIC waves. The observation of the 

130 proton aurora identified the flux tube in which EMIC-ions interactions actually occurred. It is 

131 noteworthy to note that during this event the DMSP satellite identified the plasmapause location 

132 conjugate point of Athabasca in the southern hemisphere (Sakaguchi et aI., 2007]. Therefore, the 

133 coincident precipitation of ions and electrons observed by POES in the northern hemisphere 

134 occurred near the plasmapause. These aspects of the observations are consistent with theoretical 

135 suggestions of the early 1970's (Thome and Kennel, 1971; Lyons and Thome, 1972]. 

136 

137 Energy-dependent scattering of relativistic electrons has been predicted theoretically: only 

138 high-energy electrons precipitate if EMIC waves resonate with electrons and cause pitch angle 

139 scattering (Summers and Thome, 2003; Albert, 2003]. In order to confirm that the observations 

140 actually indicated EMIC-electron interactions, we calculated the pitch angle scattering coefficients 

141 for both ions and electrons using the quasi-linear approach (Albert, 2003]. A wave spectrum with a 

142 wave power peak and band width obtained from observation (Figure 2), and a typical EMIC wave 

143 amplitude of 1 nT at the geomagnetic equator, were assumed [Summers and Thome, 2003; Albert, 

144 2003]. The resonance conditions are largely influeneed by the ambient plasma density, magnetic 

145 field intensity, and ion compositions. Two values of equatorial plasma density, 10 cm­3 and 100 cm­3 
, 

146 were assumed for the calculations since these values are typical for regions near the plasmapause. 

147 The magnetic field intensity was calculated using an empirical model (Tsyganenko, 2002a, b]. 

148 Relevant thermal ion compositions of 70%H+, 20%He+, and 10%0+ were assumed for the magnetic 

149 active period (Loto'aniu et aI., 2006J. 

150 

151 Figure 4 shows the energy dependence of the pitch angle diffusion coefficients near the loss cone 

152 for protons (red) and electrons (blue). In both the 10 and 100 cm­3 cases, the observed EMIC waves 

153 can resonate with electrons of>3 MeV. Electrons of >800 keY can also resonate with the observed 

154 EMIC waves when the thermal plasma density is 100 cm­3 
, but low-energy electrons of 30-100 keY 

155 are not able to do so, which is consistent with the POES observations. The scattering rate of 800 ke V 



156 electrons is much smaller than that of 3 MeV electrons. Also, in both cases the observed EMIC 

157 waves can resonate with ions with energies from tens ofkeV to MeV, and the pitch angle diffusion 

158 coefficient at lower proton energies is larger than that at higher energies. Again, this is consistent 

159 with the POES observations for ions. 

160 

161 One may expect that the latitudinal width of ion precipitations should be the same as that of 

162 electron precipitations if EMIC waves cause a coincident precipitation of ions and electrons, while 

163 Figure 3 shows that the electron precipitation region was different from that of ions. The recent 

164 RAM-simulation for the inner magnetosphere [Jordanova et aI., 2008], in which the generation of 

165 EMIC waves and pitch angle scattering was calculated for both ions and electrons in a 

166 self-consistent manner, indicated that spatial distributions of electron and ion precipitations can 

167 differ from each other even if the same EMIC waves cause the pitch angle scattering. Thus, based on 

168 our simultaneous ground and satellite observations and theoretical calculations, we conclude that the 

169 observed EMIC waves caused precipitation of relativistic electrons in the outer belt into the proton 

170 aurora. 

171 

172 Theory suggests that the pitch angle scattering of high-energy electrons by EMIC waves is much 

173 faster than that by whistler mode waves [Albert, 2003; Li et aI., 2007], meaning that EMIC waves 

174 would be important for rapid loss of relativistic electrons from the outer belt. Further statistical 

175 studies are necessary to see how much EMIC waves contribute the net loss of the outer belt electrons. 

176 Since EMIC waves are generated from a plasma instability involving ions with energies of tens of 

177 keY, the pitch angle scattering of relativistic electrons by EMIC waves indicates that such ions drive 

178 the dynamics of relativistic outer belt electrons through cyclotron resonance. 
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269 Figure caption. 

270 

271 Figure 1. 

272 (a). Photograph of the isolated proton auroral arc in the southern sky of Athabasca, Canada, taken on 

273 September 5, 2005, and the Athabasca observatory building with two all-sky camera domes on the 

274 roof. (b). An auroral image at a wavelength ofH~ line obtained by averaging images captured from 

275 0430 to 0500 UT. The arc-like structure perpendicular to that arc is the Milky Way, as can be seen in 

276 Figure la. The dashed line shows the trajectory of the POES-I? footprints that are mapped onto the 

277 ionospheric altitude of 120 km. The rectangle highlights the location of the isolated proton aurora. 

278 

279 Figure 2. 

280 (a). Waveform ofEMIC waves during the event. (b). Power spectral density ofEMIC waves. Three 

281 vertical lines in the panel indicate gyro-frequencies at the magnetic equator for hydrogen, helium, and 

282 oxygen, respectively. 

283 

284 Figure 3. 

285 Emission profile ofH~ (a), and count rates ofenergetic ions and electrons observed by POES-I? (b-e) 


286 on September 5, 2005 with UT, MLAT, the McIlwain L-value, and magnetic local time (MLT) of the 


287 satellite footprint during the period when the satellite was crossing over Athabasca. The vertical blue 


288 line indicates the time when the satellite footprint crossed the stable isolated proton aurora. MLAT 


289 and L-value are calculated by the IGRF model. 


290 


291 Figure 4. 


292 Pitch angle scattering rate of ions (red lines) and electrons (blue lines) by EMIC waves indicated 


293 by left and right axes, respectively. Solid and dotted lines correspond to the cases of thermal 


294 densities of 100 cm-3 and 10 cm-3
, respectively. 




i 
i 
i
i
"
i
"
"
i
:
:
:
:
 i
i 

-
­

a 
b 

~
 

co
 

Q
 

l{
) 

~
 

E-
< .....
. 

E-
< 

co
j 

l{
) 

~
: 
-~

. '
S:

2:
~~

:.
:'

:q
 

b.
....z

\ 
~ 

..~
I 

f-
3

0
 

u .....
. ::c:
 

-.::
t' 

0.
. 

l{
) 

-ex
: 

0:
: 

_
_

 2
0

c..'
J o 

C
\l 

~
 

l{
) 

c..'
J 

0 l{
) 

10
 

2
4

0
 

2
4

5
 

2
5

0
 

2
5

5
 

G
E

O
G

R
A

PH
IC

 
LO

N
G

IT
U

D
E 

R
b

et
a 



power (nT2/Hz) 

0 0 
i-> + 

;- 0 
.0 
c U... 
~ " 
~ 
~ :I: 

It 
+ 

N 

:I: 
+ 

0 
I 

'" 
0 0 0 0 0 

I I I I I... .... .. ..'" 

o 
"",. nT 
<II 

~''-~~~~~~~~~~ 

N 
~ 

"" ~ 

<II co .. 
C 

",," 
0 
~~ 

3".. 
N 
~ 

~ "" 

0 

~ 
q, 3 

I I 0 0 0 
0 0 " """ "" 

N 
N " " 



2005/09/05 Hbeto & POES-17 MEPED 

30 
(0) 

25 

105 

104 

1000 
( ) b 100 

10 
1 

1000 
(c) 100 

10 
1 

100 
(d) 10 

1 

(e) 
100 

10 

1 

UT 
MLAT 

L 
MLT 

04h55m 

50.0 
2.5 

22.2 

56m 57m 58m 59 m 05hOO m 01 m 

53 .0 56.0 59.0 61 .9 64.7 67.5 
2.8 3.2 3 .8 4.6 5.6 6.9 

22.1 22 .0 21.9 21.8 21.6 21.4 

Hbeta 

(Rayleigh) 

30-S0 keV 
ions 

(trapped) 

(precipitation) 

>300 keV 
electrons 
(trapped) 

(precipitation) 

>SOO keV 
electrons 

(trapped) 
(precipitation) 

>3 MeV 
electrons 

(precipitation) 

02m 

70.1 
8 .8 

21.2 



electron scattering rate (1/s) 
o 

o o oI
01.. VI 

(1) <> <>0 !l::J <3 ~ 
(1) --" :> :> -, 

u:l 0 0 

'< 1f ~ .----. ..':' 3 
..':'s::: 

(1) 

<'-" 

o r---r-'-~~Tn~~r-~rrTTnT---' 

(1) (1) 

000 
I I I 

0> U1 oj>. 

proton scattering rate (1/s) 


