R011-01 go:B O0:110 30 11:10-11:25

Co-rotating Interaction Regions0 0 0 0 00000000 OOO

#00 OO0 [1;00 000 [4; 00 00 [2; 00 00O [3]
[1]000;[2]00 STED;[3]00000000

Moon originating heavy ions associated with Co-rotating Interaction Regions

# Yoshifumi Saito[1]; Shoichiro Yokota[1]; Masaki N Nishino[2]; Hideo Tsunakawal3]
[1] ISAS; [2] STEL, Nagoya University; [3] Dept. Earth Planet. Sci., Tokyo TECH

Interaction between the solar wind and a solar system object varies largely according to the object’s properties, such as tt
existence of a global intrinsic magnetic field and/or thick atmosphere. It is well known that the Moon has neither global intrinsic
magnetic field nor thick atmosphere. Different from the Earth’s case where the intrinsic global magnetic field prevents the
solar wind from penetrating into the magnetosphere, solar wind directly impacts the lunar surface. On the other hand, the ion
generated or reflected/scattered at the lunar surface are accelerated by the solar wind convection electric field and are detec
by ion detectors on the spacecraft orbiting around the Moon. MAP-PACE on Kaguya made observations of low energy charge
particles around the Moon at a circular lunar polar orbit of 100km altitude for about 1 year, at "50km-altitude for about 2months,
and some orbits had further lower perilune altitude of “10km during the last 4 months. Besides the solar wind, MAP-PACE-
IMA (Moon looking ion analyzer) found four clearly distinguishable ion populations on the dayside of the Moon. 1) Solar wind
protons reflected/backscattered at the lunar surface, 2) solar wind protons reflected by magnetic anomalies on the lunar surface,
reflected/backscattered protons picked-up by the solar wind, and 4) ions originating from the lunar surface/lunar exosphere. Or
of the dayside plasma populations 4) consisted of heavy ions such as C+, O+, Na+, and K+. These heavy ions were accelerat
by the solar wind convection electric field and detected by the ion energy mass spectrometer MAP-PACE-IMA on Kaguya. Since
the gyro-radius of these heavy ions was much larger than the Moon, the energy of these ions detected at 100km altitude was
most cases lower than the incident solar wind ion energy. Recently, two special examples were found where the energy of th
heavy ions was higher than the incident solar wind ion energy. These high-energy heavy ions were observed on the dayside
the Moon when CIR (Corotating Interaction Region) passed the Moon. The high-energy heavy ions were observed for severe
hours with the highest heavy ion flux observed when the solar wind pressure increased due to the passage of the CIR. The me
spectrum of the heavy ions observed associated with CIR showed H+, He++, He+, C+, N+, O+, Na+/Mg+, Al+/Si+, P+/S+,
K+/Ar+, Ti+/Fe+. Although many observational features of the alkali ions around the Moon show that the major generation
mechanism of the lunar alkali ion is photon-stimulated desorption, existence of the high-energy non-alkali heavy ions associate
with CIR indicates that the contribution of the solar wind sputtering becomes important when the solar wind pressure is high.

The newly obtained knowledge about the solar wind-Moon interaction by Kaguya must contribute to the understanding of the
plasma environment around non-magnetized solar system objects.
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Estimation on source structure of the lunar magnetic anomalies

# Takashi Yokoyama[1]; Futoshi Takahashi[2]; Hideo Tsunakawa]3]
[1] Dept. Earth Planet. Sci., Tokyo Tech; [2] Kyushu Univ.; [3] Dept. Earth Planet. Sci., Tokyo TECH

There are many magnetic anomalies on the moon, although the moon has no global magnetic field at present. Several mods
have been proposed for the origin of the lunar magnetic anomalies. According to the basin-forming impact model (e.g. Lin et
al., 1988; Hood et al., 2001; Halekas et al., 2001; Hood and Artemieva, 2008), basin ejecta due to the impact are scattered al
accumulate at the antipode of the basin to result in acquisition of shock remanent magnetization (SRM) under a transient magnet
field of the interplanetary magnetic field or the lunar dynamo field. On the other hand, the recent studies have indicated lineatiol
patterns of the lunar magnetic anomalies and their sources of dike intrusions (e.g. Purucker et al., 2012; Tsunakawa et al., 201
In this model, magnetization would have been acquired as thermoremanent magnetization (TRM) under the lunar dynamo fielc
Thus the analysis on the lunar magnetic anomalies could give crucial information on the ancient lunar dynamo and magmati
event. Assuming the configuration of magnetic anomaly source such as a dipole, a disk or a prism, magnetization directiol
could be estimated to examine the lunar dynamo (e.g. Nicholas et al., 2007; Hood, 2011; Takahashi et al., 2014; Arkani-Hame
and Boutin, 2014). In the present study, we have modeled several magnetic anomalies with uniformly magnetized prism(s)
in which three dimensional position, size, horizontal direction and magnetization are parameterized. The observation data b
Lunar Prospector and Kaguya at the low altitude have been used in the analysis. The appropriate number of prism is determine
with AIC (Akaike, 1973). The results suggest that sources of magnetic anomalies may be subsurface materials like dike and si
intrusions rather than surface materials such as impact ejecta. We will also discuss vertical structures of intrusion-like bodie
using multi-prism model concerning depth.
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# Masao Nakamura[1]
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The interactions between high speed plasma flows and magnetized celestial bodies generate various magnetospheres.
this study, the ion scale magnetospheres of small magnetized objects with a magnetic dipole moment in the solar wind ar
investigated by a three-dimensional hybrid simulation, which treats the ions as kinetic super particles via particle-in-cell methoc
and the electrons as a massless fluid. The ion scale magnetospheres are that their sizes are not less than a few and not more
a hundred times ion gyroradius of the solar wind proton in the magnetic field strength at the subsolar magnetopause boundat
Their macroscopic structures look similar to magnetohydrodynamics scale ones. However, the structures of their bow shock
dayside sheath and magnetopause boundary layer are comparable to the ion kinetic scale and mutually influence each ot}

through ion kinetic effects. We will discuss the plasma convections, current flows, and field structures in various solar wind
conditions.
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Full Particle-In-Cell 3D simulation on the interactions between the solar wind and a
lunar magnetic anomaly

# Misako Umezawal1]; Hideyuki Usui[2]; Yohei Miyake[3]; Masaki N Nishino[4]
[1] System Informatics, Kobe Univ.; [2] System informatics, Kobe Univ; [3] Kobe Univ.; [4] STEL, Nagoya University

http://www.lab.kobe-u.ac.jp/csi-usui/index.html

The objective of this research is to explain the response of solar wind plasma to magnetic anomalies which is found on the
lunar surface. We used the Full Particle-In-Cell simulation that treats both electrons and ions as particles. We will discuss the
case of magnetic anomaly found in Reiner Gamma with the 3D plasma particle simulations.

What we found by previous 2D plasma simulations is that some of solar wind ions do not reach the lunar surface because c
reflection by the local magnetic field. To simulate more realistic situation, we performed 3D plasma particle simulations using
plasma simulation code EMSES.

The magnetic anomaly we focus on consists of one magnetic dipole. We define the size of magnetic anomaly L as the
distance between the dipole center and a position where the solar wind pressure balance the magnetic pressure. In the lut
magnetic anomaly is that L is much larger than electron Larmor radius and smaller than that of ions. In such a meso-scal
dipole field, solar wind ions and electrons react to magnetic field differently because of the finite Larmor radius effect. As a
result, charge separations occurs and electrostatic field is locally created. lons which can be assumed unmagnetized in this sc
are also influenced by this electrostatic field. We focus on the dependence of the formation of a magnetosphere on L in ternr
of the distribution of plasma particle density, the velocity distribution and the current structure. Moreover, we will discuss the
interactions between magnetic dipole and solar wind with and without the lunar surface.
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Generation mechanism of ELF waves in the deepest wake associated with the type-l|
entry protons

# Tomoko Nakagawa[1]; Tsunakawa Hideo KAGUYA/MAP/LMAG Team[2]; Yoshifumi Saito[3]
[1] Tohoku Inst. Tech.; [2] -; [3] ISAS
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Magnetic fluctuations in the ELF range were observed by MAP-LMAG magnetometer onboard Kaguya in the deepest wake
behind the moon associated with the type-Il entry protons (Nishino et al., 2009). Most of the waves were detected on the magnet
field lines which were not connected with the lunar surface, along which the solar wind electrons were injected into the wake.
Since a large cross-field velocity difference is expected between the type-Il protons and the solar wind electrons injected alon
the magnetic field, it seems that some cross-field current driven instability such as the lower-hybrid two-stream instability is
responsible for the generation of the waves.
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Particle-in-cell simulations on the plasma environment near lunar vertical holes

# Yohei Miyake[1]; Masaki N Nishino[2]
[1] Kobe Univ.; [2] STEL, Nagoya University

The lunar explorer KAGUYA has discovered vertical holes in the Marius Hills, Mare Tranquillitatis, and Mare Ingenii of the
Moon. The diameter and depth of the holes are both in a range of 50 through 100 m, which is comparable to or greater tha
the Debye lengths of the solar wind plasma and the photoelectron layer near the lunar surface. The holes are thus expected
create characteristic plasma and electrostatic environment around it. It is of practical importance to assess such a distincti
environment, reminding that it is planned to explore the lunar holes and caverns associating to the holes in near future.

In the present study, we apply our particle-in-cell simulation techniques, which have been used to study spacecraft-plasm
interactions, to assessment of plasma environment around the lunar vertical holes, We have a three-dimensional computatior
domain including a simplified lunar hole structure and introduce a solar wind plasma inflow to the lunar surface. We also simulate
the photoelectron emission from the lunar surface by taking into account the presence or absence of sunlight illumination, and it
incident angle. We will report our preliminary simulation results on the spatial profiles of charge density and electric potential,
and the solar wind plasma / photoelectron dynamics as a result of plasma interactions with the lunar surface. We plan to exter
our research to study of dust dynamics around the lunar hole environment.
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Comparison study of plasma wave disturbances around wakes of ionospheric sounding
rockets

# Ken Endo[1]; Atsushi Kumamoto[2]; Yuto Katoh[1]
[1] Dept. Geophys., Grad. Sch. Sci., Tohoku Univ.; [2] Dept. Geophys, Tohoku Univ.

When a body moves in plasma at supersonic velocity, a rarefied plasma region called ‘plasma wake’ is formed behind the bod
Wakes can develop behind a solar system body immersed in solar-wind plasma as well as behind spacecraft such as satellites
ionospheric sounding rockets.

Plasma waves around the rocket wake have been suggested by the observational results from previous rocket experimer
while there are also several studies which reported plasma waves around the wakes of a satellite and of the moon. In the S-52
26 rocket experiments, carried out in Japan at dawn of January 12, 2012, three kinds of plasma waves, which show differer
spin-phase dependence, were identified (hereafter denoted Group-A,B, and C). We concluded that they are electrostatic electr
cyclotron harmonic (ESCH) waves or upper hybrid resonance (UHR) mode waves (Group-A waves), and whistler mode wave:
(Group-B and Group-C waves). The Group-A and Group-B waves were observed intensively when the dipole antenna pointe
in the parallel and vertical direction, respectively, relative to the motion vector of the rocket. Meanwhile, the Group-C waves
were found at spin-phase angles different from them. The difference of spin-phase dependence among the three kinds of plasr
waves suggests that the plasma waves are generated inhomogeneously around the wake of the rocket.

In order to clarify if the above characteristics obtained in the S-520-26 rocket experiment are universal or specific, we now
analyze wave data from the S-520-23 rocket experiment, which was performed in Japan at dusk of September 2, 2007. Tt
apexes of the two rocket trajectories are nearly the same; they are 298 km and 279 km in the S-520-26 and S-520-23 rock
experiments, respectively. Thg/fi. ratios of the ambient plasma, however, are different; they are 2.2 and 4.7 at the apexes in
the former and latter case, respectively. Hegas the plasma frequency and fis the electron cyclotron frequency.

As a result, it is found that Group-A waves were also observed in the S-520-23 rocket experiment and that the frequenc
range is 3.4-4.5 MHz (3.1§-4.1f..) at around the apex. The wave frequencies are higher than those obtained at the apex of
the S-520-26 rocket trajectory, which are from 1.6 MHz (I.4fo 2.4 MHz (2.2f.). This result suggests that there is a good
correlation between the frequency range of Group-A waves and the plasma frequency. In addition, the intensity of the Group-£
waves varies with rocket spin also in the S-520-23 rocket experiment. Waves changing their intensity periodically can be found ir
a frequency range below the electron cyclotron frequency. However, their structures in the spectrogram are different from thos
of the Group-B and Group-C waves observed in the S-520-26 rocket experiment; the waves obtained in the S-520-23 rocke
experiment consist of several narrow-band emissions, while those measured in the S-520-26 rocket are broad-band emissions

In this presentation, we show the observational results of plasma waves from the S-520-26 and S-520-23 rocket experiment
comparing their characteristics with each other. In addition, we clarify the similarities and differences in their wave modes and
in their spin-phase dependence, and discuss the generation mechanisms of the observed plasma waves.
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Lunar alkali exosphere in the Earth’s magnetosphere

# Shoichiro Yokota[1]; Yoshifumi Saito[1]; Masaki N Nishino[2]; Hideo Tsunakawa][3]
[1] ISAS; [2] STEL, Nagoya University; [3] Dept. Earth Planet. Sci., Tokyo TECH

The Moon has no global intrinsic magnetic field and only has a very thin atmosphere called surface-bounded exosphere. Son
ground-based measurements have revealed the structure of the lunar exosphere since the discovery. The alkali components s
as Na or K have especially been observed to understand the generation process and the transport mechanisms.

KAGUYA is a Japanese lunar orbiter which was launched on 14 September 2007 in Japan. MAP is one of the scientific
instruments onboard KAGUYA. MAP consists of LMAG (Lunar MAGnetometer) and PACE. PACE consists of two electron
sensors and two ion sensors. One of the ion sensors is equipped with a mass analyzer. KAGUYA observation as well as tf
previous ground-based measurements and laboratory experiments have confirmed that the alkali exospheric components
produced by ion-induced desorption (sputtering), photon-stimulated desorption (PSD), meteorite-induced vaporization and/o
thermal desorption from the surface. It is suggested that the dominant source mechanism is PSD and that the solar wind
not indispensable. Moreover, the KAGUYA observation shows the dependence on the solar zenith angle and the dawn-dus
asymmetry of the lunar exosphere.

Although the ions from the Moon are detected by KAGUYA in the Earth’s lobe region, the number of the ion gradually
decreases to 50%. After the Moon goes out of the Earth’s magnetosphere, the number recovers to nearly the same value as bef
coming into the Earth’'s magnetosphere. The observation results suggest that the solar wind ions support the emission of tt
exospheric particles from the lunar soil. The solar wind supporting mechanism is called solar wind gardening effect. Here we
show the variation of the number of the ions from the Moon especially when passing through the Earth’s magnetosphere an
discuss the solar wind gardening effect.
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Electrons on closed field lines of lunar crustal fields in the solar wind wake

# Masaki N Nishino[1]; Yoshifumi Saito[2]; Hideo Tsunakawa[3]; Futoshi Takahashi[4]; Masaki Fujimoto[5]; Shoichiro
Yokota[2]; Yuki Harada[6]; Masaki Matsushima[7]; Hidetoshi Shibuya[8]; Hisayoshi Shimizu[9]
[1] STEL, Nagoya University; [2] ISAS; [3] Dept. Earth Planet. Sci., Tokyo TECH; [4] Kyushu Univ.; [5] ISAS, JAXA, [6]
Dept. of Geophys., Kyoto Univ.; [7] Dept Earth & Planetary Sciences, Tokyo Tech; [8] Dep’t Earth & Env., Kumamoto Univ.;
[9] ERI, University of Tokyo

Plasma signature around crustal magnetic fields is one of the most important topics of the lunar plasma sciences. Althoug
recent spacecraft measurements are revealing solar-wind interaction with the lunar crustal fields on the dayside, plasma signatu
around crustal fields on the night side have not been fully studied yet. Here we show evidence of plasma trapping on the close
field lines of the lunar crustal fields in the solar-wind wake, using SELENE (Kaguya) plasma and magnetic field data obtained
at 14-15 km altitude from the lunar surface. In contrast to expectation on plasma cavity formation at the strong crustal fields,
electron flux is enhanced over Crisium Antipode (CA) anomaly which is one of the strongest lunar crustal fields. The enhancec
electron fluxes over the CA anomaly are characterised by (1) occasional bi-directional field-aligned beams in the lower energ)
range (&lt; 150 eV) and (2) a medium energy component (150-300 eV) that has a double loss-cone distribution that represent
bounce motion between the two footprints of the crustal magnetic fields. The low-energy electrons on the closed field lines ma:
come from the lunar night side surface, while supply mechanism of medium-energy electrons on the closed field line remains t
be solved. We also report that a density cavity in the wake is observed not above the strongest magnetic field but in its vicinity.
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Conditions to observe broadband magnetic fluctuations near the Moon and their
generation processes

# Yasunori Tsugawa[1]; Yuto Katoh[1]; Naoki Terada[2]; Hideo Tsunakawa]|3]; Futoshi Takahashi[4]; Hidetoshi Shibuya[5];
Hisayoshi Shimizu[6]; Masaki Matsushima[7]; Yoshifumi Saito[8]; Shoichiro Yokota[8]; Masaki N Nishino[9]
[1] Dept. Geophys., Grad. Sch. Sci., Tohoku Univ.; [2] Dept. Geophys., Grad. Sch. Sci., Tohoku Univ.; [3] Dept. Earth Planet.
Sci., Tokyo TECH; [4] Kyushu Univ.; [5] Dep’t Earth & Env., Kumamoto Univ.; [6] ERI, University of Tokyo; [7] Dept Earth &
Planetary Sciences, Tokyo Tech; [8] ISAS; [9] STEL, Nagoya University

Broadband magnetic fluctuations in the frequency range up to “10 Hz have been reported near the Moon. Halekas et al. [200
pointed out a close association of the waves with electron energization near the Moon. Nakagawa et al. [2011] suggested th
they are whistler-mode waves associated with scattered protons in various directions from the lunar surface. Tsugawa et ¢
[2012] performed statistical analyses, which indicate a clear correlation between the intense waves and the lunar crustal magne
anomalies. However, their generation processes have not been clarified yet.

In the present study, we investigate the conditions to observe the waves, such as the solar wind parameters, ambient magne
field direction, and velocity distributions of particles reflected from the Moon, using dataset of MAP-Kaguya in order to reveal
the generation processes. The results indicate that the essential conditions to observe the waves are the connection between
Kaguya and the lunar surface by the magnetic field as well as the presence of ions considerably reflected from the Moon. Th
latter condition is satisfied mostly above the magnetic anomalies in a typical solar wind condition and also above unmagnetize
surface under the fast and dense solar wind condition. Since the ions have no preferred direction to the magnetic field at Kaguya
position and the electrons are isotropically energized, the waves possibly propagate from altitudes lower than Kaguya’s positio
along the magnetic field and energize the electrons. We suggest that the perpendicular component of the relative velocity betwe
reflected ions and electrons with respect to the ambient magnetic field line drives an instability generating whistler-mode wave
in the frequency range around the lower hybrid resonance frequency, which is relevant to the regime of the modified two strear
instability.
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Estimation of the permittivity and the electrical conductivity of lunar surface from LRS
data

# Keigo Hongo[1]; Hiroaki Toh[2]; Atsushi Kumamoto[3]
[1] Kyoto Univ; [2] DACGSM, Kyoto Univ.; [3] Dept. Geophys, Tohoku Univ.

Lunar Radar Sounder (LRS ) onboard the SELENE (KAGUYA) spacecraft is a frequency modulated continuous wave (FMCW)
radar with carrier frequencies from 4 to 6 MHz and its purpose is exploring lunar subsurface structures. LRS succeeded in globe
sounder observations and detection of subsurface reflectors in some maria.

In order to understand the evolution of the moon, it is important to investigate lunar subsurface structures. The phase velocit
of the electromagnetic wave in each medium is necessary to convert delay time of the echo into actual distance. If the subsurfa
permeability is equal to that in the vacuum, the phase velocity is determined by the permittivity. In the past, the permittivity was
estimated from lunar sample rocks of Apollo or ALSE (Apollo Lunar Sounder Experiment) data.

On the othernhand, the electrical conductivity is useful to know the composition of the Moon. It is important for the future
exploration of the satellite to establish the method of calculating the permittivity and the electrical conductivity from sounder
observation data.

Loss tangent is a ratio of the conduction current to the displacement current. If loss tangent is small enough, the permittivity
and the electrical conductivity inside the Moon can be estimated by comparing amplitudes and phases of the source pulses a
the received echoes. However, observed data is mixed with local signal to compress the source pulse. Therefore, it is necess:
to restore the original waveforms from the recorded echoes.

In order to calculate expected echoes, we assume horizontally stratified Moon and simulate the wave propagation beneath t
Moon’s surface. The subsurface model has the permittivity and the conductivity as parameters, and the number of subsurfa
layers is determined by considering existing radargrams of the LRS data. Both permittivity and conductivity are determined by
comparing the calculated echoes and the restored waveforms from the observed data.

The lunar surface topography influences the simulation as well. The received echoes are originated not only from the nadi
direction but also from off-nadir direction. The surface topography can cause complicated wave scattering. Therefore, latera
reflections have to be considered as the surface becomes rougher.
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