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Abstract
Short-period magnetic enhancements were detected by the MAP-LMAG magnetometer onboard Kaguya orbiting the moon in the solar wind at an altitude of 100 km. The duration was typically 10 s, which corresponds to 0.5 degrees in latitude along the Kaguya orbit and a scale size of 15 km. The magnitude of the magnetic field was enhanced up to 1.5–3.6 times as large as that of the preceding quiet periods. No such magnetic enhancements were found in the upstream solar wind magnetic field. The short-period magnetic enhancements were categorized into 2 groups. One is the sub-ion-gyro-scale limb compression detected at the terminator region of the moon in a nearly constant solar wind magnetic field. The magnetic field flared away from the moon consistently with the previously known limb compressions. The scale size deduced from the duration was 11 km, 85 times as small as that of previously reported limb compressions. It is significantly smaller than the typical proton gyroradius 50–100 km in the solar wind at 1AU. The other types of magnetic enhancements appeared at crossings of magnetic discontinuities of the solar wind. Some of them were found on the nightside of the moon. A possible explanation is that they were magnetic fields compressed by the solar wind ions reflected at the moon channeled back along the current sheet of an interplanetary tangential discontinuity, similar to the hot flow anomalies observed at the Earth’s bow shock. The reflected ions themselves were not detected on the nightside of the moon, while the magnetic field compressed by the expanding region can penetrate through the moon to be detected as magnetic field enhancements on the nightside of the moon.
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Introduction
The solar wind interaction with the moon is governed by the absorption and reflection of solar wind particles by the lunar surface or the lunar crustal magnetic field. The absence of a global dipole field enables direct access of the solar wind to the lunar surface. Most solar wind particles are absorbed by the lunar surface, creating the lunar wake downstream of the moon (Lyon et al. 1967; Schubert and Lichtenstein 1974; Ogilvie et al. 1996; Bosqued et al. 1996), while a small fraction of solar wind particles is backscattered by the lunar surface in the form of plasmas or energetic neutral atoms or reflected by the local crustal magnetic field (Saito et al. 2008, 2010, 2012; Wang et al. 2010; Lue et al. 2011; Futaana et al. 2001; McComas et al. 2009; Wieser et al. 2009, 2011; Poppe et al. 2014, 2017).
Magnetic perturbations generated by the solar wind interaction with the moon have attracted great attention since the early stage of exploration of the moon. Although the solar wind magnetic field passing through the moon is essentially unimpeded due to the low electric conductivity of the moon (Sonett 1982; Lin et al. 1998), slight enhancements in the magnitude of the magnetic field were found in the wake, together with magnetic field perturbations at the wake boundary (Colburn et al. 1967; Ness et al. 1968; Russell and Lichtenstein 1975; Owen et al. 1996; Fatemi et al. 2013; Holmström et al. 2012). The reflected or backscattered solar wind particles decelerate the bulk flow and modify the velocity distribution function of the solar wind plasma to cause various kinds of wave activities (Halekas et al. 2006b; Nakagawa et al. 2011, 2012; Tsugawa et al. 2011, 2012; Harada et al. 2015; Harada and Halekas 2016; Nakagawa 2016). Above the intense local lunar crustal magnetic field termed magnetic anomalies, where solar wind reflection is efficient, the deceleration of the solar wind flow causes magnetic compression, which propagates at the speed of magnetohydrodynamic (MHD) waves. When the magnetic anomaly comes across the terminator, the wavefront flares away from the moon and can be detected as a limb shock or a limb compression if it reaches a spacecraft (Russell and Lichtenstein 1975; Lin et al. 1998; Halekas et al. 2017). Above the dayside anomaly, magnetic perturbations can be detected as lunar external magnetic enhancements (Halekas et al. 2006a). A large-scale limb shock arising from a major magnetic anomaly was detected by Lunar Prospector at an altitude of 100 km from the lunar surface (Lin et al. 1998). It lasted for 10 min and was detected recurrently in successive revolutions of the Lunar Prospector when the spacecraft came across the magnetic anomaly until the solar wind dynamic pressure increased and overwhelmed the surface fields.
On the other hand, major magnetic anomalies are not the only drivers of limb compression. ARTEMIS detected a limb shock with a duration of a few minutes, which was supposed to be generated by a small-scale crustal field via reflected protons (Halekas et al. 2014).
The scale of the crustal magnetic field ranges from a few thousand kms down to less than 1 km (Dyal et al. 1974; Hood et al. 2001; Mitchell et al. 2008; Tsunakawa et al. 2015). It is expected that small-scale crustal fields also interact with the solar wind, but observational studies have been difficult because small-scale events are often masked by large-scale phenomena. Zimmerman et al. (2015) carried out kinetic simulations of solar wind interaction with a small-scale crustal magnetic field and showed that a shallowly buried dipole magnetization can produce a mini-magnetosphere smaller than 1 km.
This paper focuses on short-period (< 10 s) magnetic enhancements generated via solar wind interaction with the moon and detected by Kaguya on its orbit at an altitude of 100 km from the lunar surface. They are thought to be sub-ion-gyro-scale limb compressions whose scale size was on the order of 10 km or a magnetic compression generated by reflected protons channeled back along interplanetary tangential discontinuities. The spatial extent on the order of 10 km along the Kaguya orbit estimated from their duration is much smaller than the typical proton gyroradius at the Kaguya position, suggesting that they are not in the magnetohydrodynamic scale but in kinetic scale in which separation of motion of ions and electrons would be important, as seen in the formation of an ambipolar electric field.
Data
The magnetic field data used in this study were obtained by the Lunar Magnetometer (LMAG) subsystem of the Magnetic field and Plasma experiment (MAP) onboard the Kaguya spacecraft (Kato et al. 2010) during the period from January 1, 2008 to December 31, 2008. The spacecraft was on its polar orbit encircling the moon at an altitude of 100 km within 118 min. MAP-LMAG obtained magnetic field vectors with a sampling frequency of 32 Hz (Shimizu et al. 2008; Takahashi et al. 2009; Tsunakawa et al. 2010).
The plasma density and velocity were calculated from the velocity distribution function obtained by the Kaguya Plasma energy Angle and Composition Experiment (MAP-PACE) instrument (Saito et al. 2010). Ion density and bulk velocity were obtained separately from 2 sensors, the Ion Mass Analyzer (IMA) sensor facing the moon and the Ion Energy Analyzer (IEA) looking nadir direction, and then combined to produce total ion density and bulk velocity.
Unperturbed solar wind magnetic field and plasma conditions were monitored using Level 2 data from Magnetic Field experiment (MAG) and Solar Wind Electron Proton Alpha Monitor (SWEPAM) onboard Advanced Composition Explorer (ACE) spacecraft. The data were extracted from the ACE Science Center (http://​www.​srl.​caltech.​edu/​ACE/​ASC/​index.​html). OMNIWeb Plus data were used in cases where ACE Level 2 data were not available.


Results
A sub-ion-gyro-scale limb compression on January 1, 2008
Figure 1 shows a short-period magnetic enhancement found in a two-hour summary plot of the 1 s averaged magnetic field observed by Kaguya on 1 January 2008. The black curves in panels (a)–(c) are the magnetic field observed by Kaguya at an altitude of 100 km above the lunar surface, while the gray curves are the solar wind magnetic field observed by ACE far upstream of the moon, shifted by 1.06 h for the solar wind with a speed of 365 km s−1 to travel the distance from ACE to Kaguya. At 13:29, a spike-like, short-period enhancement is recognized in the magnitude of the magnetic field observed by Kaguya (Fig. 1a). The magnetic enhancement was not seen in the upstream solar wind magnetic field observed by ACE.[image: ]
Fig.1A short-period magnetic enhancement detected by Kaguya at 100 km above the moon. a The magnitude, b the azimuthal angle, and c the latitude angle of the magnetic field observed by Kaguya (black curves) in the Selenocentric Solar Ecliptic (SSE) coordinate system compared with that of the upstream solar wind observed by ACE (gray curve) in the Geocentric Solar Ecliptic (GSE) system shifted by a travel time of 1.06 h from ACE to Kaguya. d The position of Kaguya in SSE coordinates. e The magnetic connection between Kaguya and the dayside (red) or nightside (blue) lunar surface estimated from linear extrapolation of the magnetic field


The magnetic enhancement was not accompanied by variation in the direction of the magnetic field in Fig. 1b, c. Accordingly, the change in the magnetic field vector was parallel to the magnetic field vector itself. The vector normal to the compression surface must be perpendicular to the variation vector and thus the magnetic field, and the wave surface should be parallel to the magnetic field.
Figure 2 shows the position of the spacecraft in (a) Geocentric Solar Ecliptic (GSE) coordinates and in (b)–(d) Selenocentric Solar Ecliptic (SSE) coordinates at the time of detection of the magnetic enhancement. The moon was in the solar wind upstream of the Earth’s bow shock. Kaguya was above the dawnside terminator, a favorable position for the detection of limb compression. Green bars in panels (b)–(d) represent 1-s averaged magnetic field vectors plotted on the orbit of Kaguya during the period from 13:29:20 to 13:29:27. The magnetic field flared away from the lunar surface with a flaring angle of 16°. The magnetic compression with the wave surface flaring away from the moon above the limb is a signature of limb compression. For this event, the intrinsic solar wind magnetic field was in the same direction as the flaring magnetic field.[image: ]
Fig. 2Kaguya position and magnetic field vectors of limb compression on 1 January 2008. a Position of the moon in the GSE coordinate system, with the nominal bow shock (BS) and magnetopause (MP) of the Earth, and (b–d) Position of Kaguya in the SSE coordinate system, projected onto the (b) x–y, c x–z and (d) y–z planes. Thin-lined curves show that Kaguya was behind the moon. Green bars represent 1-s averaged magnetic field vectors observed by Kaguya during the period from 13:29:20 to 13:29:27


Figure 3a shows an enlarged view of the magnetic field enhancement obtained at a sampling frequency of 32 Hz. Until 13:29:20, the magnetic field was stable, and the magnitude was 3.0 nT. It began to increase slowly at 13:29:20, jumped up to its maximum of 4.9 nT abruptly at 13:29:22, and then decreased in two steps at 13:29:24 and 13:29:26. The magnitude returned to the initial value at 13:29:27. The duration of the enhancement was as short as 7.0 s. Multiplied by the velocity of the orbital motion of Kaguya, the 7 s duration corresponds to 0.36° in latitude, or 11 km along the polar orbit. It is 85 times smaller than the limb shock reported by Lin et al. (1998). It was much smaller than the ion inertia length of 180 km calculated from the Alfvén speed 52 km s−1 and the proton gyrofrequency 0.29 rad/s.[image: ]
Fig. 3High-time resolution magnetic field and ion momenta of short-period magnetic enhancement on 1 January 2008. a The magnitude, b the azimuthal angle and c the inclination of the magnetic field observed by MAP-LMAG at a sampling frequency of 32 Hz during the period from 13:28 to 13:30 on 1 January 2008. The magnetic field enhancement is significant from 13:29:20 to 13:29:27 with no directional change. d Magnetic connection between Kaguya and the lunar surface estimated from linear extrapolation of the magnetic field line at Kaguya. The magnetic field line at Kaguya did not connect to the lunar surface during the magnetic field enhancement. e Ion densities observed by IEA (pink) and IMA (orange) sensors of MAP-PACE onboard Kaguya, looking zenith and nadir directions, respectively, combined to obtain the total ion density (red). f [image: $$x_{{SSE}}$$], g [image: $$y_{{SSE}}$$], h [image: $$z_{{SSE}}$$] components of the ion velocity in SSE coordinates and (i) the ion bulk speed |V|. During the magnetic enhancement in a, only the ion component from the nadir direction (orange) fluctuated


Figure 3e–i shows the ion density and velocity observed by MAP-PACE onboard Kaguya. The plasma number density 1.6 × 106 m−3 and the bulk velocity on the order of 330 km s−1 (red lines) were smaller than those of a typical solar wind. In such a slow solar wind, magnetic perturbations originating from the lunar surface can travel a significant distance before they are convected down by the bulk flow of the solar wind and can be detected by a spacecraft at an altitude 100 km from the lunar surface especially at the limb of the moon (Halekas et al. 2006a). From these characteristics, the short-period magnetic enhancement is interpreted as limb compression.
The limb compression was accompanied by a slight deceleration of the ion bulk velocity. Figure 3f, i shows a slight deceleration of ions during a 16 s period from 13:29:18.386 to 13:29:34.386 which included the limb compression. Deceleration is clearer in the data from the IMA sensor (the orange lines in Fig. 3f–i), which detects ions coming from the moon. This suggests that ion reflection by the moon was intensified during limb compression. Figure 4 shows the energy-time spectra of the plasma particles during an 8 min period from 13:24 to 13:32. The intensification of the reflected ions was observed by the IMA sensor at 13:29 (Fig. 4d) simultaneously with the short-period enhancement of magnitude of the magnetic field (Fig. 4e).[image: ]
Fig. 4Energy time spectra of plasma particles obtained by MAP/PACE onboard Kaguya on January 1, 2008. a Electrons detected by ESA2 sensor (on zenith-looking panel), b electrons detected by ESA1 sensor (on nadir-looking panel), c ions detected by IEA sensor (on zenith-looking panel), d ions detected by IMA sensor (on nadir-looking panel), e magnitude and f directions of magnetic field measured by LMAG, g solar zenith angle of Kaguya, and h longitude and the latitude of Kaguya in SSE and ME coordinate systems


We can estimate the propagation speed of the magnetic compression from the flaring angle 16°, which is determined by the ratio of the propagation speed of magnetic compression and the solar wind convection speed. Here, the solar wind speed was 330 km s−1, and the wave speed was estimated to be approximately 91 km s−1. It is consistent with the speed of the fast mode wave if we assume the ion sound speed to be approximately 75 km s−1, as the Alfvén speed was 52 km s−1 calculated from the ion number density 1.6 × 106 m-3 and the magnitude of the ambient magnetic field 3.0 nT. Using the sound speed 75 km s−1 thus obtained we can estimate the proton gyroradius of the order of 260 km. The scale size of the limb compression was one order smaller than the proton gyroradius.
An attempt was made to find a local crustal magnetic field structure that drove the limb compression. Figure 5a, b illustrates a 3-dimensional view of Kaguya (represented by a yellow cube) at 13:29. The lunar surface is color-coded with the magnitude of the Lunar Surface Vector Mapping of the Kaguya LMAG (Tsunakawa et al. 2015). The magnetic field line at Kaguya (a purple line extending from the cube) did not connect the spacecraft and the lunar surface (Fig. 5b). The closest distance of the line of force of the magnetic field linearly extrapolated from Kaguya was 68 km from the lunar surface. An open square in Fig. 5c marks the closest point. The magnitude of the surface magnetic field below the closest point was smaller than 12 nT. There was a stronger magnetic anomaly on the east (solar side) of Kaguya (southwest of the closest point). It should be noted that the actual line of force of the magnetic field is not straight and that the crustal magnetic field could be highly deformed under the condition of shallow incidence angle of the solar wind flow near the limb (Deca et al. 2021).[image: ]
Fig. 5Kaguya position at 13:29 on January 1, 2008, and the lunar crustal magnetic field. Kaguya is represented by a yellow cube (not in scale). The line of force of the magnetic field observed at Kaguya is represented by a purple bar extending from Kaguya. The orange line points to the Sun. The red, green, and blue lines indicate the [image: $$x_{{ME}}$$], [image: $$y_{{ME}}$$], and [image: $$z_{{ME}}$$] axes, respectively, of the mean Earth/Polar Axis (ME) reference system, where the [image: $$x_{{ME}}$$] axis is defined by the mean Earth direction, and the [image: $$z_{{ME}}$$] axis is defined by the mean rotational pole (LRO Project et al. 2008). The lunar surface is color-coded with the magnitude of the lunar crustal field at 0 km altitude (Tsunakawa et al. 2015). a A dawnside view. b A view from dayside, southern hemisphere. c An enlarged projection of Kaguya (a cross) and the closest approach of the linearly extrapolated line of force of the magnetic field at Kaguya (a square) radially onto the lunar surface


The limb compression was not detected recurrently in the next revolution of Kaguya, although the solar wind plasma and magnetic field conditions remained nearly the same.

Hot flow anomaly on August 5, 2008
Figure 6 shows another short-period magnetic enhancement observed by Kaguya on August 5, 2008. The black curves on the top 4 panels show the magnetic field observed by Kaguya, and the gray curves are the magnetic field observed by ACE approximately 1.2167 × 104 km upstream in the solar wind shifted by the travel time 62.4 min calculated with the solar wind speed 325 km s−1. At 3:28:35, Kaguya detected a jump in the magnitude of the magnetic field from 0.89 nT to 3.36 nT, 3.8 times as large as the initial value, followed by another jump down to 1.28 nT. No such spiky magnetic enhancement was found in the upstream solar wind. Instead, there was a magnetic discontinuity at the shifted time of 3:29 (in reality, 2:27 at the ACE position), where the magnitude |B| of the magnetic field jumped from 3 to 1 nT. The large jump in a magnetic field with no variation in the solar wind velocity (gray dots in Fig. 6g–j) suggests that it was a tangential discontinuity (e.g., Neugebauer et al. 1984). The discontinuity was also recognized in the Kaguya magnetogram at 3:28 (Fig. 6a–d).[image: ]
Fig. 6Magnetic compression at a hot flow anomaly on August 5, 2008. a–d The magnetic field observed by Kaguya (black curves) in SSE coordinates and by ACE (gray curve) in the GSE coordinate system shifted by a travel time of 1.04 h from ACE to Kaguya. e Magnetic connection between Kaguya and the dayside (red) or nightside (blue) surface of the moon. f Ion density and g–j bulk velocity observed by MAP/PCE. Pink, orange and red curves are measurements from IEA, IMA sensors and their combination. Gray dots are upstream solar wind parameters observed by ACE. k The position of Kaguya in SSE coordinates. The yellow line shows [image: $$\sqrt {y_{{SSE}}^{2} + z_{{SSE}}^{2} }$$] normalized by the lunar radius. Vertical dashed lines mark Kaguya crossings of the boundary of the shadow of the moon


Figure 7 shows the position of Kaguya at the time of magnetic enhancement detection. It cannot be a limb compression because it was detected on the nightside of the moon. Red bars indicate the vectors of the enhanced magnetic field embedded in the ambient magnetic field (green bars).[image: ]
Fig. 7Kaguya position and magnetic field vectors produced by a hot flow anomaly on 5 August 2008. The format is the same as in Fig. 2. Red bars represent directions of the 1-s averaged magnetic field vectors of the short-period magnetic enhancement at approximately its maximum intensity at 3:28:41, while green bars represent ambient magnetic field vectors plotted every 60 s during the period from 3:25 to 3:30


Figure 8 shows an expanded magnetogram obtained at a sampling frequency of 32 Hz. The magnitude |B| of the magnetic field began to increase at 3:28:35.3, peaked at 3:28:41.7, and returned to the initial level at 3:28:44.6. The duration of the enhancement was as short as 9.3 s. Here, the start and end times were defined as moments at which the magnitude |B| of the magnetic field exceeded 5 min averages of |B| of pre- and post-event, respectively.[image: ]
Fig. 8High time resolution magnetic field of a hot flow anomaly on August 5, 2008. a–d The magnitude and the [image: $$x_{{SSE}}$$], [image: $$y_{{SSE}}$$], [image: $$z_{{SSE}}$$] components of the magnetic field in SSE coordinates, e the azimuth and f the latitude angles observed by Kaguya at a sampling rate of 32 Hz. g Magnetic connection between Kaguya and the nightside surface of the moon




Discussion
Scale size of the limb compression on January 1, 2008
The 7 s duration of the magnetic enhancement detected on January 1, 2008 corresponds to 0.36° in latitude, or 11 km along the polar orbit. It is smaller than the longitudinal shift of approximately 1° of Kaguya orbit per 1 revolution, which corresponds to 29 km at Kaguya latitude 14.1° at the detection of this limb compression. This may account for the nonrecurrent detection of compression.
The spatial extent 0.36° is close to the spatial resolution of 0.2° of the Lunar Surface Vector Mapping of Kaguya LMAG (Tsunakawa et al. 2015). The driver magnetic structure of the limb compression may not be resolved in the Lunar Surface Vector Mapping of the Kaguya LMAG. On the basis of kinetic simulations, Zimmerman et al. (2015) showed that a km-scale strong magnetic field at the terminator region of the moon changes the motion of solar wind ions and electrons, creating an ambipolar electric field and a mini-magnetosphere that can reflect solar wind ions. A small-scale crustal magnetic field that cannot be resolved in the Lunar Surface Vector Mapping of Kaguya LMAG might have created a mini-magnetosphere at dawn to reflect the solar wind protons, causing a reduction in the solar wind bulk speed and compression of the magnetic field.
There is another possibility that the reflected ions were originating from an intense crustal field far from the closest point of the magnetic field or detection site of the compression. It should be noted that the proton reflection is not specular nor uniform, but highly variable depending on the topology of the crustal field and the solar wind conditions, as discussed by Deca and Divin (2017).

Possible hot flow anomaly on August 5, 2008
In Fig. 6, we have seen a magnetic enhancement at an interplanetary tangential discontinuity. It is a common signature with hot flow anomalies at the Earth’s bow shock. A hot flow anomaly, also termed a hot diamagnetic cavity, is formed by solar wind ions reflected by the Earth’s bow shock interacting with an interplanetary tangential discontinuity (Schwartz et al. 1995, 2000). The reflected ions are channeled back along the current sheet of the discontinuity under the condition that their motional electric field points toward the current sheet on at least one side of the discontinuity, resulting in a hot ion population of deflected solar wind flow that expands, compressing the magnetic field at the edge and producing magnetic enhancements (Burgess 1989; Thomas et al. 1991; Schwartz et al. 2000; Eastwood et al. 2008). There is a possibility that the same mechanism worked at the moon. The solar wind ions reflected by the moon or the lunar crustal magnetic field would be accelerated toward the discontinuity surface if the motional electric field points toward the current sheet. If we assume the sunward motion of reflected ions, they would cross the upstream magnetic fields [image: $${\mathbf{B}}_{{up}} =$$] (0.08, 0.75, 0.23) nT (a 2 min average from 3:26:30 to 3:28:30) and induce a northward-directed electric field, while in the downstream magnetic field [image: $${\mathbf{B}}_{{down}} =$$] (− 0.65, − 0.94, 0.66) nT (a 2 min average for 3:29:30–3:31:30), the ions induce a southward-directed electric field. Here, we assume the downstream region as a period of a stable magnetic field after 3:29:30 because there was another magnetic perturbation at 3:29:12 in Fig. 8, which bound a transition region from 3:28:35 to 3:29:12 in which the azimuthal angle [image: $$\phi$$] of the magnetic field turned from 60 to 210°. The induced electric fields point toward the discontinuity surface, as illustrated schematically in Fig. 9, which is favorable for hot flow anomaly conditions. The vector normal to a discontinuity surface (0.84, − 0.24, 0.49) was calculated with the vector product [image: $${\mathbf{B}}_{{up}} \times {\mathbf{B}}_{{down}}$$] for a tangential discontinuity. The minimum variance analysis (Sonnerup and Cahill 1967) was not employed because the magnetic field variation during the transition must be perturbed by the hot flow anomaly.[image: ]
Fig. 9A schematic illustration of hot flow anomaly formation on August 5, 2008. The motional electric fields induced by the reflected ions point toward the tangential discontinuity on both sides of the discontinuity surface


The ions accelerated toward the current sheet of the tangential discontinuity are expected to form a high-pressure region to compress the ambient magnetic field. The reflected ions themselves cannot be detected by Kaguya behind the moon, but it is expected that the compressed magnetic field can penetrate through the moon due to the low conductivity of the moon.

Search for hot plasma to compress the magnetic field
We assumed that the magnetic compression detected on August 5, 2008, was produced by hot plasmas channeled back along the tangential discontinuity, but we cannot examine the presence of hot plasmas themselves because the spacecraft was on the other side of the moon. An attempt was made to find similar magnetic compressions on the dayside of the moon, where the reflected plasmas can be detected. Table 1 shows a list of the 6 smallest scale magnetic field compressions detected by visual inspection of the magnetograms obtained by Kaguya following the criteria:	1)
Magnetic enhancement [image: $$\Delta |B| &gt;$$] 1.9 nT in a short period < 10 s

 

	2)
Preceded by a magnetically quiet period (not embedded in larger magnetic enhancements).

 



Table 1Short period magnetic enhancements detected by Kaguya


	#
	yr/mm/dd
	hh:mm:ss
	Duration [s]
	|B| max [nT]
	|B| pre [nT]
	Kaguya Altitude [km]
	Solar wind Vx [kms−1]
	Solar wind density [× 106 m−3]
	Dynamic pressure*
[nPa]
	IP magnetic discon-tinuity

	1
	2008/1/1
	13:29:20.0442
	6.969
	4.9
	3.0
	108
	Kaguya 330
ACE 380
	Kaguya 1.6
ACE -
	0.29
-
	no

	2
	2008/3/10
	09:26:45.0810
	2.250
	6.6
	4.5
	91
	Kaguya -i
ACE 630
WIND 652
	Kaguya -i
ACE -
WIND 2.4
	-
-
1.7
	no

	3
	2008/6/8
	05:43:06.0615
	9.969
	8.5
	3.7
	92
	Kaguya -i
ACE 501
	Kaguya -i
ACE 3.6
	-
1.5
	yes

	4
	2008/8/5
	03:28:35.3177
	9.281
	3.4
	0.9
	90
	Kaguya -n
ACE 310
WIND 315
	Kaguya -n
ACE -
WIND 9.0
	-
-
1.5
	yes

	5
	2008/11/27
	04:26:28.0460
	3.469
	6.0
	3.3
	110
	Kaguya -
ACE 600
	Kaguya -
ACE 2
	-
1.2
	yes

	6
	2008/12/21
	23:50:28.0383
	9.969
	5.8
	3.6
	101
	Kaguya -n
ACE 300
WIND 296
	Kaguya -n
ACE -
WIND 5.7
	-
-
0.83
	yes


(-) no data (-n) nightside (-i) Kaguya IMA no data (*) typical value of dynamic pressure was 1.7 nPa calculated from the solar wind speed 450 km s−1 and density 5 × 106 m−3



Four events (#3–#6) are candidates of hot flow anomalies found at interplanetary magnetic discontinuities, while the others are limb compressions found in a constant solar wind magnetic field. Figure 10 shows the distribution of the 6 events in SSE coordinates. All the events were found in the northern hemisphere, perhaps because such small-scale events cannot be detected if they were embedded in larger-scale magnetic perturbations or large-amplitude wave activities produced by solar wind reflection by the major magnetic anomalies in the southern hemisphere. It suggests that small-scale magnetic enhancements occur more often than detected. Red dots (events #1 and #2) are candidate limb compressions. They were found above the terminator. Black dots indicate magnetic enhancement found at interplanetary magnetic discontinuities. Events #4 and #6 are thought to be produced by hot flow anomalies because they were found downstream of the moon and thus cannot be limb compressions. Events #3 and #5 are candidate hot flow anomalies detected on the dayside terminator region, although there is a possibility that they were limb compressions. Unfortunately, the plasma measurement was not available during the moments of the two dayside events.[image: ]
Fig. 10Distribution of short-period magnetic enhancements detected by Kaguya. Position of Kaguya at the detection of short-period magnetic enhancements projected on the a [image: $$x - y$$], [image: $$x - z$$], and [image: $$y - z$$] planes of the SSE coordinate system. Red dots (#1 and #2) are limb compressions found in the constant solar wind magnetic field, and black dots are those found at interplanetary magnetic discontinuities. Event numbers are the same as those in Table 1




Conclusions
Short-period magnetic enhancements with durations less than 10 s were detected by Kaguya 100 km above the moon. They are thought to be generated through solar wind interaction with the moon. Two events out of 6 examples were found in the unperturbed solar wind and thought to be sub-ion-gyro-scale limb compressions whose scale was on the order of 11 km, smaller than the ion inertia length and the proton gyro radius. Other short-period magnetic enhancements were found at interplanetary tangential discontinuities. Two of them found on the nightside of the moon are thought to be generated on the dayside by magnetic field compression by the reflected solar wind ions channeled back along the current sheet of interplanetary tangential discontinuities, similar to hot flow anomalies at the Earth’s bow shock, and then penetrated through the moon, but no hot plasmas that would evidence this scenario have yet been detected. Such small-scale magnetic structures are thought to be present more frequently than detected but are not noticed because they are embedded in larger magnetic perturbations or wave activities.
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