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Abstract. The Japanese Lunar Mission “Kaguya” car- (—55, +13, +7Rry GSM) at 24:00 UT on 22 December 2007.
ried out its first magnetic field and plasma measurementg-ortuitously, three multiple onset substorms took place and
in the Earth’'s magnetotail on 22 December 2007. For-Kaguya observed plasmoids and traveling compression re-
tuitously, three well-defined multiple onset substoms tookgions (TCRs) during these substorms.
place. Kaguya was located in the premidnight magnetotail Characteristics of plasmoids and TCRs have already been
at radial distances of 58 and observed plasmoids and/or studied extensively (e.g. Hones et al., 1984; Slavin et al.,
traveling compression regions (TCRs). Although the presentl984, 1989, 1993, 1998, 2002, 2003; Baker et al., 1987;
study is based on limited data sets, important issues on mulMoldwin and Hughes, 1992a, b, 1993; Nagai et al., 1994;
tiple onset substorms can be examined. Each onset in a s¢eda et al., 1998). Since formation of a plasmoid is thought
ries of onsets releases a plasmoid, and magnetic reconnectida be a natural consequence of magnetic reconnection in the
likely proceeds to tail lobe field lines for each onset. Sincenear-Earth magnetotail (e.g. Hones et al., 1984), we can in-
the duration of each plasmoid is less than 5min, these obvestigate development of magnetic reconnection during mul-
servations imply that magnetic reconnection for each onsetiple onset substorms. In this paper we address two ques-
can develop fully to the tail lobe field lines and be quenchedtions. One is whether or not each onset in a multiple onset
within this timescale. substorm creates a plasmoid. Plasmoids and TCRs are of-
ten observed successively during substorm activity. Slavin
g_t al. (1992) examined ISEE 3 observations at radial dis-
tances of 76—8® £ during an extended interval of substorm
activity and found that all of the substorms produced one or
more plasmoids and/or TCRs. However, one-to-one corre-
spondence between each onset and a plasmoid is not fully
1 Introduction examined. The other is whether or not tail lobe open field
lines are reconnected in the magnetic reconnection process

The Japanese Lunar Mission “Kaguya” was launched onfor each onset. This question does not seem to be explored
14 September 2007. The Kaguya spacecraft encircles thgroperly.

moon at an altitude of 100km with an orbital period of

118 min. Its first plasma and magnetic field observations

in the Earth’s magnetotail were carried out on 22 Decem-2 Observations
ber 2007. Kaguya traveled near the northern tail lobe/plasma

sheet boundary from«52, +21, +1R GSM) at 12:00UTto  Figure 1 presents the ground magnetic field data (the H com-
ponent anddH/dt) at the mid-latitude station Kakioka (ge-

_ omagnetic latitude is 27°5and magnetic local midnight is
Correspondence tol. Nagai 14:45 UT) for the period of 13:00-14:00 UT on 22 Decem-
BY (nagai@geo.titech.ac.jp) ber 2007. There are four Pi2 bursts starting at 13:24, 13:29,
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Fig. 1. Ground magnetic field data at Kakioka (the H component
and dH/dt for Pi2) for the period 13:00-14:00 UT on 22 Decem-
ber 2007.
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cal midnight is 18:00 UT) also show these four Pi2 bursts
at the same times. Furthermore, the D variation is positiveFig. 2. Kaguya magnetic field observations of a series of plasmoids
at Urumgi and negative at Kakioka, respectively, so that theand TCRs recorded for the period 13:20-14:00 UT on 22 Decem-
central meridian of this substorm activity is located betweenpPer 2007.
these two stations. The geosynchronous spacecraft LANL-
97A is located just west of the Kakioka meridian (local mid-
night is 14:05 UT), so that the location of this spacecraft iscaused by the existence of the moon, however, origin of the
the best for monitoring the substorm activity. Electron injec- atypical variations in the magnetic field is not identified at
tions are observed at 13:25, 13:32, 13:46, and 13:50 UT, an@resent. Two TCRs are identified in the magnetic field data
electron and proton fluxes do not show any variations for theat 13:41 and 13:46 UT. Hence, there are four plasmoid signa-
period 12:00-13:25 UT (not shown). Hence, this substormtures which are well associated with the four onsets recorded
is identified as a multiple onset substorm with a sequenceé@n the ground and at synchronous orbit.
of four onsets (e.g. McPherron, 1991, Pytte et al., 1976a, b, Figure 3 presents the plasma data from Kaguya as energy-
Nagai et al., 1983), hereafter, called the first multiple onsettime diagrams for the period of 13:20-13:36 UT. The plasma
substorm. instrument is described by Saito et al. (2008). Three-
Figure 2 presents the magnetic field data from Kaguya fordimensional distribution functions from 32 energy channels
the period of 13:20-14:00 UT. The magnetometer on Kaguyaare obtained with a time resolution of 16 s for electrons and
is described by Shimizu et al. (2008). At 13:25 and 13:31 UT,32 s for ions for this time interval. For each energy chan-
two plasmoids are identified in the magnetic field data. Thenel, angular distributions for ions and electrons can be ex-
second plasmoid is a typical one, which has a bipolar (north-amined (a half hemisphere is divided intox4for ions and
then-south) variation irB;. During a depression iB,, B, 64x 16 for electrons). The ion detector (IEA) was operated
becomes largely positive. The first plasmoid is rather atypi-in the solar wind mode in this time interval, so that ion counts
cal. There is a small bipolar variation B, initially, how- were extremely low. The ion mass analyzer (IMA) with
ever, a main body of this plasmoid has a largely positiveless angular resolution was also operated. Tailward flowing
variation in B,. Furthermore, a largely positive deflection ions with energies of-2 keV are observed for the period of
in B, is observed inside this plasmoid. The spacecraft Geo413:26:04-13:29:16 UT. Lower-energy{ keV) ions are si-
tail observes the interplanetary magnetic field (IMF) in the multaneously detected in the ion mass analyzer (not shown).
front of the magnetosphere at (29.0, 0-87.0Rg GSM). Tail lobe electrons are observed until 13:25:48 UT. Electrons
There is no large IMBB,, (less than 3nT) in this interval (not  with energies of higher than 0.5keV appear at 13:25:48 UT
shown). Kaguya is located near the 1¥5longitude merid-  and then electrons with energies of higher than 1keV ap-
ian in the Southern Hemisphere of the moon, and there igear at 13:26:04 UT. These energetic electrons are observed
no strong magnetic anomaly in the moon’s surface in this re-until 13:29:00 UT. This electron behavior is consistent with
gion. These atypical magnetic field behaviors are frequentiythe plasmoid signature in the magnetic field data. Plasmas
observed for plasmoids in the Kaguya observations (for theconstituting the plasma sheet and the plasma sheet/tail lobe
period through August 2008). It is possible that they areboundary are easily identified in ion and electron data from
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Fig. 3. Kaguya electron (the top panel) and ion (the bottom panel) measurements for the period 13:20-13:36 UT on 22 December 2007. lon
observations were made in a mode that were less sensitive to ions with ene2dideV.

this plasma instrument. However, plasmas indicating thebetween each onset in a multiple onset substorm and a plas-

normal plasma sheet and its boundary region are not identimoid. Furthermore, the plasma and magnetic field data show

fied with detailed examinations of the distribution functions that the outer boundary of the plasmoid touches the tail lobe.

for this interval. Hence, the plasma observations strongly in-

dicate that Kaguya directly enters the plasmoid from the tail

lobe. For the second plasmoid, energetic electrons appead Discussion and conclusions

at 13:31:52 UT, when the magnetic field data show an initial

signature of the plasmoid. This also indicates that KaguyaPuring the three multiple onset substorms on 22 December

directly enters the plasmoid from the tail lobe. 2007, Kaguya is located at =52 to—55 R and observes a

Figure 4 shows the magnetic field data from Kaguya forplgsmmd signature for each onset._The results _fror_n the Ge_o-
éan observations show that magnetic reconnection in associa-

the second multiple onset substorm. Three Pi2 bursts art th bst ¢ llv tak I inth »
observed at 15:39, 15:45, and 15:49UT at Kakioka an lon with a substorm onset usually takes place in the premid-

Urumgi (not shown). Unfortunately, there are no particle ob—nlght plasma sheet at X=20 to —30R (€.g. Nagai et al.,

servations near midnight at synchronous orbit and only One1998a, 2005). It is difficult to station spacecraft continuously

gradual increase in the electron flux is observed at LANL—':rth.?] ?rl]aes?;:gteg.lo rbr;izr ?ee(ffl?;mg_jr;eel.tt/t"zy?T?;%?]ugfd'
97A (near 02:00 MLT). A plasmoid signature is observed thy Id ¢ tlt i Th % u th r?tt bpl u fthl best
at 15:39 UT, while two TCRs are observed at 15:45 and € distant taul. € moon 1S thought to be one ot the bes

15:49 UT. Energetic electrons appear at 15:39:08 UT (notstations for monitoring plasmoids. Indeed, Kaguya did not

shown). This plasmoid is another example that Kaguya di—m';S tany ptlﬁsrpmd :tht was Ir etl.e as;e(:hon;hzls day.t For thze ;' rsit
rectly enters the plasmoid from the tail lobe. substorm, tne time gelays relative to the Fi- onsels are , 2, 1,

) o and 1 min. For the second substorm, the time delays relative
Figure 5 shows the magnetic field data from Kaguya for g the pi2 onsets are1, 1, and 0 min. The average time de-
the third multiple onset substorm. For this substorm, thejyy js 1 min. If we assume that magnetic reconnection takes

magnetic field data from the IMAGE magnetometer network pjace at X=-25R and its signals travel earthward and tail-

in Scandinavia are examined. There are at least five intenyarq at the same speed, the signal speed is 530 knTis
sifications of the westward electrojet at 19:25, 19:32, 19:46,gpeeq is consistent with the plasma flow speed estimated by
19:58, and 20:10 UT. The spacecraft LANL-02A (local mid- {he jon mass analyzer data, and is a representative speed of

night is 19:30UT) observes electron injections at 19:25,the plasmoid observed by Geotail in this distance range (leda

19:28,19:34, 19:48, 20:01, and 20:12 UT are identified in thez anq 2 min. Since these time delays are those relative to the

Kaguya magnetic field data. The magnetic signatures of thntensifications of the westward electrojet in the IMAGE net-
first and second events (at 19:28 and 19:34 UT) are not typyork data, they might become larger. It is noted that there is
ical TCRs, and these are accompanied with appearances gf systematic change among the time delays in the sequence
high-energy £ 1 keV) electrons. These seem to be classifiedyf eyents. It is hard to examine whether magnetic reconnec-
as boundary layer plasmoids (Moldwin and Hughes, 1992b)sjon, takes place at the same position in the near-Earth tail or
The third, fourth, and fifth events are identified as TCRs. successively moves tailward (or Earthward) in a sequence
In summary, the observations by Kaguya on 22 Decem-of onsets. For the first and third substorms, the final two
ber 2007 indicate that there is one-to-one correspondencelectron injections are delayed to the ground onset (and the
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Fig. 4. Kaguya magnetic field observations of a series of plasmoidsFig. 5. Kaguya magnetic field observations of a series of TCRs
and/or TCRs recorded for the period 15:30—16:00 UT on 22 Decem+ecorded for the period 19:20-20:20 UT on 22 December 2007.
ber 2007.

position or different sites for a multiple onset substorm and
plasmoid arrival) by 4-5min. This probably indicates that that each magnetic reconnection process can develop fully
these particle injections at synchronous orbit take place faeven for a short duration (the average time duration of the
from the midnight meridian. This is already reported by Na- plasmoids is 3.5 min for the three multiple onset substorms).
gai et al. (1983) and is consistent with the idea that the onseNagai et al. (1998b) examined magnetic reconnection in the
sector moves westward (e.g. Wiens and Rostoker, 1975). near-Earth plasma sheet for a pseudobreakup. Fast tailward

The present study clearly shows that each onset in a mulplasma flows with negativ8, are embedded in the plasma
tiple onset substorm releases a plasmoid. If we assume th&heet and the outer plasma sheet is stationary, so that mag-
plasmoid speed is 500 km$ and its duration is 2min, the netic reconnection likely involves only closed plasma sheet
size of a plasmoid is approximately B@ at X=—50Rp. flux tubes for a pseudobreakup (see also Ohtani et al., 2004).
Hence, a plasmoid created at each onset can develop welWhether or not open tail lobe flux tubes are reconnected
and its size is comparable to the average plasmoid size s&eems to control development of substorm processes.
this radial distance (leda et al., 1998). The Kaguya obser- The present observations provide two important results on
vations provide evidence that the spacecraft directly enters #ghe development of magnetic reconnection in the near-Earth
plasmoid from the tail lobe, at least, for the first plasmoid in magnetotail during a multiple onset substorm. Each onset
the series of plasmoids. Since the outer envelope of a plasn a series of onsets produces a plasmoid, so that each on-
moid extends to the tail lobe, it is reasonably interpreted thatset likely corresponds to one magnetic reconnection process.
magnetic reconnection proceeds to tail lobe field lines. ItIn each event, magnetic reconnection likely proceeds to tail
is interesting to discuss the present results to the previouobe field lines. Since the duration of one plasmoid obser-
observations in the near-Earth magnetotail by Geotail. Navation is less than 5min and the interval of two successive
gai et al. (1998a) reported three tailward plasma flow burstplasmoids can be less than 5 min, magnetic reconnection pro-
with negative B,, each of which is associated with a Pi2 ceeds quickly and all plasma sheet field lines can be recon-
burst, when Geotail continuously stayed inside the plasmanected in less than 5min. In the present observations, so-
sheet. Hence, this is an example of plasma flow observationsalled post-plasmoid plasma sheet signatures are not evident.
in the near-Earth magnetotail for multiple onset substormsin the distant tail (at 22®g), tailward flows, which are a
The plasma sheet became stagnant in the intervals betweemaanifestation of the post-plasmoid plasma sheet, continue
pair of Pi2 bursts. Probably, a multiple onset substorm is notfor more than 40 min (e.g. Baker et al., 1987). Magnetic re-
caused by any modulation of the reconnection rate in a sineonnection in the near-Earth tail seems to be quenched rather
gle magnetic reconnection process. It is likely that magneticquickly during multiple onset substorms. The plasma and
reconnection starts and ceases at several times at the sammagnetic field observations in the magnetotail by Kaguya
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continue and the data are available. Atypical magnetic field storm onsets with Geotail observations, J. Geophys. Res., 103(3),
signatures are frequently observed for plasmoids. Plasmoid 4419-4440, 1998a.

signatures are observed when Kaguya stays in the plasmidagai, T., Fujimoto, M., Nakamura, R., Saito, Y., Mukai, T., Ya-
sheet, the plasma sheet/tail lobe boundary, and the tail lobe. mamoto, T., Nishida, A., Kokubun, S., Reeves, G. D., and
The ion and electron signatures presented in this study are Leppln_g, R. P.: Geotail observations of a fast tailward flow at
repeatedly observed. The results here are initial ones bas a)égiSMr__éL?jilrenEo’th)' clf/leoﬁ)\lhglfériﬁrs; 123’5251?;@:?0’\;99'225
on the limited data sets, however, the observanqns on 2 A. 'Shi,nohara, |.,‘ Me{chida, s.. S’aito’, Y. and Mukéli, T: So-
December 2007 can be judged to be representative. More lar wind control of the radial distance of the magnetic recon-
comprehensive analyses will be needed using the data for the qction site in the magnetotail, J. Geophys. Res., 110, A09208,

whole Kaguya operation period. d0i:10.1029/2005JA011207, 2005.
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