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¢  MAVENに搭載された⾼時間分解能(4sec)のイオン計測器によって, 
これまでに報告されたことがないtime-dispersedな特徴をもつイ
オンが⽕星誘導磁気圏で頻繁に発⾒された.  

¢ 観測されたイオンの特徴から, 空間変動というより, むしろ時間
変動に起因したものであり, 観測位置から数千km程度離れたある
程度広がった場所から到来した可能性が⾼い.  

¢ このようなtime-dispersedな特徴を説明できる物理機構として, 
時間的に変動に富む対流電場による惑星起源イオンの加速(ピッ
クアップ)が考えうる.  

¢  Time-dispersedなイオンの観測周期がしばしばプロトンジャイロ
周波数に⼀致するため, 低周波波動がこのようなイオンの⽣成に
寄与した可能性がある.  
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論⽂概要�



MAVEN観測例(1): 誘導磁気圏尾部 

¢  Dispersedな特徴をもつイオン
が頻繁に観測される.  

¢  このようなイオンは概ね半太
陽⽅向(=tailward)に移動する.  

¢  観測されたDispersed Ionはす
べてfalling tone型(=時間経過
とともにエネルギーが低くな
る)である.  

¢  Dispersionが空間変動に依る
ものであれば, rising toneと 
falling toneが平均的には同じ
割合で観測されるはず. 
 
 
このようなイオンは時間変動
に依るものである.  
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Express ion measurements had a 192 s cadence in the nominal operational mode. With Mars Atmosphere
and Volatile EvolutioN mission (MAVEN), measurement cadences as fast as 4 s for both the Solar Wind Ion
Analyzer (SWIA) [Halekas et al., 2013] and Suprathermal and Thermal Ion Composition (STATIC) [McFadden
et al., 2014] ion instruments allow new observations of rapidly varying ion fluxes such as those produced
in dispersion events. Figures 1 and 2 show representative examples of two types of ion dispersion events
frequently observed by MAVEN inside the IMB.

Figure 1 shows a complex set of dispersion events in the Martian magnetotail, identifiable in the
omni-directional energy spectra from SWIA, and in three different mass ranges measured by the
STATIC instrument. Angular spectra (not shown) indicate that most of the flux associated with these
events is directed tailward, with a smaller off-axis component directed roughly toward the center of
the magnetotail throughout the interval. All of the dispersion signatures in this event and in the vast
majority of events observed to date have the proper sense for time dispersion of a broad spectrum
produced at a distant location, inconsistent with spatial dispersion, which should on average produce
as many “rising tones” as “falling tones” in the energy spectra.

Figure 1. Spacecraft position in Mars Solar Orbital (MSO) magnetic field components in MSO, densities of major ion
species measured by STATIC, ion omnidirectional differential energy flux spectra measured by SWIA, and corresponding
spectra of protons, oxygen, and molecular oxygen ions measured by STATIC. Solid, dashed, and dash-dotted lines show
time-of-flight dispersion curves calculated for O+, O2

+, and protons, with flight distance adjusted to roughly match
observations (assumed distances range from 1000 to 4000 km]. The inset in the bottom panel shows a cylindrical
projection of the spacecraft motion during this time period, with Mars and the nominal IMB position shown by dashed
lines and a diamond marking the start time.
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MAVEN観測例(1): 誘導磁気圏尾部 

¢  質量Mの⼩さいイオンの⽅が
Dispersionの傾きが急峻になる.  
 
 
1/√M依存性をもつ. 

¢  プロトンより重イオンの⽅が
フィッティングの曲線が観測に
⼀致する傾向にある.  

¢  数千km離れた場所から観測 
位置まで移動する間に,  
プロトンの有限ジャイロ半径 
効果で, 重イオンに⽐べて,  
プロトンの軌跡(⾶⾏距離)が 
変わるため,  
結果的に観測されうる 
エネルギーがフィッテングから
ずれる可能性がある. 
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Express ion measurements had a 192 s cadence in the nominal operational mode. With Mars Atmosphere
and Volatile EvolutioN mission (MAVEN), measurement cadences as fast as 4 s for both the Solar Wind Ion
Analyzer (SWIA) [Halekas et al., 2013] and Suprathermal and Thermal Ion Composition (STATIC) [McFadden
et al., 2014] ion instruments allow new observations of rapidly varying ion fluxes such as those produced
in dispersion events. Figures 1 and 2 show representative examples of two types of ion dispersion events
frequently observed by MAVEN inside the IMB.

Figure 1 shows a complex set of dispersion events in the Martian magnetotail, identifiable in the
omni-directional energy spectra from SWIA, and in three different mass ranges measured by the
STATIC instrument. Angular spectra (not shown) indicate that most of the flux associated with these
events is directed tailward, with a smaller off-axis component directed roughly toward the center of
the magnetotail throughout the interval. All of the dispersion signatures in this event and in the vast
majority of events observed to date have the proper sense for time dispersion of a broad spectrum
produced at a distant location, inconsistent with spatial dispersion, which should on average produce
as many “rising tones” as “falling tones” in the energy spectra.

Figure 1. Spacecraft position in Mars Solar Orbital (MSO) magnetic field components in MSO, densities of major ion
species measured by STATIC, ion omnidirectional differential energy flux spectra measured by SWIA, and corresponding
spectra of protons, oxygen, and molecular oxygen ions measured by STATIC. Solid, dashed, and dash-dotted lines show
time-of-flight dispersion curves calculated for O+, O2

+, and protons, with flight distance adjusted to roughly match
observations (assumed distances range from 1000 to 4000 km]. The inset in the bottom panel shows a cylindrical
projection of the spacecraft motion during this time period, with Mars and the nominal IMB position shown by dashed
lines and a diamond marking the start time.
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The signatures seen in the proton spectra appear on average steeper than those in the O+ spectra, which in
turn are steeper than those in the O2

+ spectra, consistent with the expected 1/√M dependence for the
velocity associated with a given energy per charge. The modeled dispersion signatures overlaid on the
plots, which match the observations well in most cases, have no free parameters other than flight
distance, with this parameter varying from ~4000 km early in the interval to ~1000–2000 km later in the
interval. These time dispersion curves appear to fit the heavy ion signatures significantly better than those
of the protons, suggesting that the protons may have had their energies modified to some degree while
in flight from the source, that magnetic deflection may have played a preferential role given the smaller
gyroradii of the protons, or that protons other than the dispersed populations also play a role.

Figure 2 shows a second orbit on which MAVEN observed a representative dispersion event just inside the
IMB, with a somewhat different character. On this orbit, MAVEN passed from the solar wind (times before
~07:35) to the sheath (~07:35–07:55) and into the tail lobe (~8:05–8:15), encountering closely spaced dispersion
signatures at energies from ~100 eV to ~5 keV near the IMB and in the lobe, from ~8:00 to 8:15. In this case, the
time-dispersed signatures represent primarily tailward-moving heavy ions and display a very clear periodicity at
~0.05Hz. The unidirectional nature of the observed fluxes strongly suggests that repeated mirroring could not

Figure 2. Spacecraft position in MSO coordinates, total density measured by SWIA for ions with energy/charge > 25 eV,
magnetic field components in MSO, power spectral density of the magnetic field summed over all three components,
ion omnidirectional differential energy flux spectra measured by SWIA, and power spectral density of measured differential
energy flux, summed over energies of 200–5000 eV. The white line shows the local proton cyclotron frequency, and the
dashed black line shows the upstream proton cyclotron frequency. The inset in the second panel shows a cylindrical
projection of the spacecraft motion during this time period, with Mars and the nominal IMB and bow shock positions
shown by dashed lines and a diamond marking the start time.
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MAVEN観測例(2): 誘導磁気圏ローブ 

¢  衛星がシースから誘導磁気圏に
⼊った直後に, 準周期的な
(~0.05Hz)Dispersed Ionを観測
した. 

¢  これらも基本的にtailwardに運
動しているため, 時間変動に由
来した現象である.  

¢  観測周期は上流のシースや太陽
⾵で⾒られるような擾乱周期と
だいたい⼀致している. 

¢  上流のプロトンジャイロ周波数
に近い周期をもった事例はしば
しばあるが, すべてではない.  

¢  上流の低周波波動が何らかの 
役割を果たした可能性がある
が, 詳細な伝播機構等はいまだ
不明である. 5�



Dispersed Ionの統計解析 

¢  半暗部境界付近の反電場半球
で最も頻繁に観測された.  

¢  反電場半球では, 電場は惑星
に向かう⽅向であるため,  
Disperse Ionは, 誘導磁気圏境
界付近から, 惑星に向かって
到来してきた.  

¢  上流の太陽⾵密度・磁場に対
する依存性は顕著ではない.  

¢  プロトンベータが⾼い時に 
よく観測される傾向にある. 
→  
イオンが駆動する波の寄与. 

 

¢  IMF cone angleが0°付近(+Bx)
でも観測頻度が⾼くなる傾向
にある.  6�

have produced the periodicity. Furthermore, this periodicity appears at the same frequency as fluctuations
observed in the nearby magnetosheath population, as well as in the upstream solar wind, as shown by a
power spectral analysis of ion differential energy fluxes for energies of 200–5000 eV.

We find that the observed periodicity closely corresponds to the upstream proton cyclotron frequency
(but not the local proton cyclotron frequency) and that some power at this frequency also exists upstream
and throughout the sheath in the magnetic field fluctuations. We observe a similar relationship between the
upstream proton cyclotron frequency and the periodicity of time-dispersed ion signatures on many, but not
all, such events. Though the mechanism for the propagation of the fluctuations through the sheath remains
unclear, upstream waves associated with either hydrogen pickup ions or protons reflected from the bow
shock may produce pressure pulses that perturb the bow shock [Mazelle et al., 2004] and then propagate
through the sheath. These fluctuations may then couple to heavy ions in some way to produce the periodic
time-dispersed signatures that we observe. We will discuss a potential mechanism in more detail in section 4.

3. Distribution of Ion Dispersion Events

In order to investigate the systematics of the mechanisms responsible for producing the observed dispersion
events, we used SWIA omnidirectional spectra to visually identify 4391 dispersion events during the time
range from 27 November 2014 to 16 March 2015. The complex and overlapping nature of events such as
those shown in Figure 1 makes separation of discrete events challenging and subject to interpretation, but
the resulting distribution should at least show the broad systematics of the occurrence of dispersion events.
Figure 3 shows the relative probability of observing the identified dispersion signatures, in Mars Solar Electric
(MSE) coordinates organized by the upstream solar wind velocity from SWIA measurements and the

Figure 3. The first three panels show three projections in MSE coordinates of the relative occurrence frequency of
time-dispersed ion events for the time period 27 November 2014 through 16 March 2015, calculated by dividing the
normalized observation frequency by the normalized frequency with which MAVEN sampled each spatial bin. In MSE
coordinates, the solar wind velocity lies along the!X axis, the convection electric field lies along the Z axis, and the IMF lies in
the X-Y plane with positive Y component. Dashed curves show the nominal positions of the bow shock and magnetic pileup
boundary. The bottom right panel shows the number of events per day as a function of IMF cone angle (defined such
that +Bx corresponds to a cone angle of 0) and upstream solar wind proton beta [npkTp/(B

2/2μ0)]. Each white diamond
represents a single orbit average, so that the distribution of diamonds indicates the data density.
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¢  2014年11⽉27⽇~2015年3⽉16⽇
までに発⾒された4391例の空間
分布(MSE座標系).  



interplanetary magnetic field (IMF) measured by theMagnetometer (MAG) [Connerney et al., 2015]. We find that
the great majority of events take place well inside the nominal IMB, with the highest probability of observation
near the light-shadow boundary, in the hemisphere opposite to the solar wind convection electric field (the!E
hemisphere). In this hemisphere, the electric field points inward toward the center of the magnetotail,
suggesting a possible source near the IMB and propagation inward to the observation location.

The probability distributions of upstream density and magnetic field for orbits with dispersion events do not
differ radically from those for orbits without dispersion events; however, statistical trends do exist, as shown
in Figure 3 (bottom right). Dispersion events occur preferentially during orbits with high upstream solar wind
proton beta (computed from SWIA and MAG measurements), perhaps implying that ion-driven waves
produced upstream may play a role in the formation of the dispersed ion signatures. We also note a
preference for cone angles near 0 and 180, which may also favor the growth and propagation of upstream
waves. Finally, one can identify some clustering of high occurrence rates for +Bx, but this simply
recapitulates the preference for occurrence in the !E hemisphere, given the MAVEN periapsis in the
northern geographic hemisphere throughout the interval in question.

4. Ion Pickup in Quasiperiodic Electric Fields

A number of scenarios for ion velocity dispersion have been discussed in the context of the terrestrial
magnetosphere. At Mars, some of these scenarios, such as dipolarization of the magnetotail, do not
appear viable, given the predominantly open-field geometry of the Martian tail. The systematics of the
observed events provides us with some clues that may help us understand why these dispersion events
occur. First, since the vast majority of observed dispersion signatures show energies that decrease as a
function of time, regardless of the IMF geometry or orbit phase, scenarios involving spatial dispersion
due to energy-dependent drifts most likely do not play a significant role. Instead, time dispersion of a
source population appears likely, in which case the problem becomes how to inject a broad spectrum at
a given location.

In this case, the primarily heavy ion composition and the quasiperiodicity of the observed signatures
provide us with potentially important clues. One way to produce an effectively broad spectrum is to
subject low-energy ions, such as those produced from photo-ionization and charge exchange, to a force
that varies over short timescales. If one could apply this force in a periodic fashion, one could generate
periodic bursts of ions with a range of energies, which would then disperse in time as they traveled from
the source location to the observation point. To test the viability of this hypothesis, we conducted a very

Figure 4. Observed energy as a function of time for O+ pickup ions injected with a uniform production rate in a slab 200 km
thick, subjected to two periods of an electric field uniform throughout the slab, but varying sinusoidally in time, with
amplitude of 18mV/m and frequency of 0.05 Hz, and then measured 1800 km from the nearest point of the source region.
The colors on the left and right panels show the ionization time and the position of ionization in the slab for each ion.
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仮説: 
周期変動する電場によるDispersed Ionの⽣成 

¢  MAVENで実際に観測されたようなDispersion Ionを再現することに 
成功した.  

¢  イオンの質量に応じてDispersionの傾きが変わることも確認された. 
¢  シミュレーションの空間スケールでは, すべてのイオンは磁化してい
ないが, プロトンについては前述したように有限ジャイロ半径効果で
軌跡(⾶⾏距離)が変わるため, 理論的なDispersion曲線からずれる可能
性がある.  7�

¢  振幅: 18mV/m,  
周波数: 0.05Hzで 
正弦波的に変動する
電場を与えた場合, 
 

1800km離れた地点で
観測されるO+の 
エネルギーの 
時間的変化. 



¢ MAVENの⾼時間分解能(4sec)のイオン観測によって,  
これまでにはない新しい⽕星誘導磁気圏の現象が 
明らかになった.  

¢ 地球磁気圏でも, このようなDispersion Ionは, 過去に 
報告されていたが, ⽕星での物理機構は異なる. 

¢ 観測位置から数千km程度離れたある程度広がった場所
から, 準周期的に変動する対流電場によって, 惑星起源
イオンが加速された(ピックアップ)ことがメカニズムの
候補の1つとして考えられる.  

¢ このような準周期的に変動する対流電場を駆動する機構
としては, 上流の低周波波動(プロトンサイクロトロン
波)の寄与が考えられる.  
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