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Abstract. To further our understanding of the solar wind en- boundary layer (LLBL) in the tail-flank regions (e.gera-

try across the magnetopause under northward IMF, we persawa et al.1997 Fujimoto et al, 1998. The entry mecha-
form a case study of a duskside Kelvin-Helmholtz (KH) vor- nism of the solar wind plasma under northward IMF is still
tex event on 24 March 1995. We have found that the pro-under debate.

tons consist of two separate (cold and hot) components in As candidates for entry mechanism of the solar wind
the magnetosphere-like region inside the KH vortical struc-plasma under northward IMF, double high-latitude reconnec-
ture. The cold proton component occasionally consisted otion on the dayside and Kelvin-Helmholtz (KH) instability
counter-streaming beams near the current layer in the KHn the tail flanks have been proposed. Double high-latitude
vortical structure. Low-energy bidirectional electron beamsreconnection has been thought to take place under strongly
or flat-topped electron distribution functions in the direction northward IMF Song and Russelll992 Li et al., 2005
along the local magnetic field were apparent on the magnetogieroset et a).2005, and in-situ evidence of this process
sphere side of the current layer. We discuss that the bidirecwas found by recent satellite observatio@néager et a|.
tionality of the electrons and the cold proton component im-2001; Lavraud et al.2005 2006. The KH instability is ex-
plies magnetic reconnection inside the KH vortical structure.pected to occur in the flank regions because of velocity shear
In addition, we suggest selective heating of electrons insideacross the magnetopausgaifield et al, 2000. Simulations

the vortical structure via wave-particle interactions. Com- (Otto and Fairfielgd200Q Nykyri and Ottq 2001, Matsumoto
paring temperatures in the magnetosphere-like region insidand Hoshinp2006 Nakamura et a]2006), as well as obser-
the vortical structure with those in the cold plasma sheet, weyational studies (e.ddasegawa et al2004 2006 have sug-
show that further heating of both the electrons and the coldyested a development of the vortical structure under strongly
proton component is taking place in the cold plasma sheet oporthward IMF. Furthermore, simulation studies (e3ito

on the way from the vortices to the cold plasma sheet. and Fairfield 2000 Nykyri and Ottg 2001 Nakamura et a).
Keywords. Magnetospheric physics (Magnetotail; Magne- 2006 suggested that magnetic reconnection may occur in the
totail boundary layers; Plasma sheet) KH vortices and that it can play an important role in plasma

transport across the magnetopause. A recent observational
study byNykyri et al. (2006 suggested reconnection signa-
tures in the flank region on the dawnside associated with KH
instability, although the IMF did not point strongly north-

The plasma sheet in the near-Earth magnetosphere bé"-’ard in their event,
comes cold under the northward interplanetary magnetic In the cold plasma sheet_ and the LLBL, the electrons fre-
field (IMF) (e.g. Zwolakowska et a).1992 Zwolakowska quently r_\ave a parallel anlsotropy where parallel tempera-
and Popielawskal992 Terasawa et al.1997 Borovsky ture dominates over the perpendicular odada et al.1981;

e : ' : Traver et al. 1991, Phan et a].1997 Fujimoto et al, 1998.
et al, 1998 Nishino et al, 2002 Wing et al, 2005. Such

cold plasma is thought to be of solar wind origin and to Come;ll—zr?kpp?;lrlr?; zw:g:rr?:g ac:;;ot\:ve s:;gﬁtgéoé?]rt‘fb;grtgtea?wk
into th -Earth pl heet th h the low-latitud -
into the near-tarih plasma sheet throug € low-latiu e(199]) andNishino et al(20073. A recent study bishino

Correspondence td¥l. N. Nishino et al.(2007H showed that strong parallel anisotropies of both

(nishino@stp.isas.jaxa.jp) the electrons and the cold proton component occur under

1 Introduction
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2070 M. N. Nishino et al.: Origin of temperature anisotropies in the cold plasma sheet

strongly northward IMF, and suggested that the anisotropiedn the present study, all of the detected positively-charged
may be related to the rolled-up KH vortices in the tail flank. ions are assumed to be protons. Solar wind parameters ob-
Nishino et al.(20078 also found that the low-energy por- tained by the Wind spacecraft were provided via CDAWeb.
tion of the electron distribution functions in the cold plasma The Wind data are from SWEgilvie et al, 1995 and MFI
sheet has a flat-topped shape, and that the parallel anisotroffizepping et al. 1995. We use the GSM coordinate system
of electrons is stronger than that of the cold proton com-throughout the paper.

ponent, which implies that some other mechanism, such as

wave-particle interactions, works besides adiabatic heating. .

In order to study strong parallel anisotropies around the3 ~Calculation of moment parameters
KH vortices under strongly northward IMF, we focus on the
duskside magnetopause crossing event on 24 March 199
During this day strongly northward IMF was monitored by
upstream Wind for a prolonged interval, and the Geotail

spacecraft observed quasi-periodic wavy structures aroun ric potential of the spacecraft, which is lower than 10eV in

the LLBL on the dusksideRujimoto et al, 1998. Fairfield the cold plasma shedshisaka et al 2001, some photoelec-
et al. (2000 suggested that the wavy structures are due totrons have energy higher than the spacecraft poteniaie
the development of KH vortices, with the support of sim- gy nig P P

ulations byOtto and Fairfield 2000 that proposed the oc- et al_, 2Q01l:). WE.I therefore qhecked the (_)bserved ele_ctron
. S . distribution functions, and utilize PSDs with energy higher
currence of magnetic reconnection in the KH vortical struc-

Bhan 12.86 eV to exclude photoelectrons.
tures. Furthermore, the magnetopause has been shown to Cor protons. we not onlv calculate moment parameters b
rolled-up at times due to the KH instability, as demonstrated P ' y b Y

in an observational study byasegawa et a(2008. In the simple moment calculations but also deal with cold and hot

cold plasma sheet adjacent to the LLBL, the ions consisteacomponents separately, for the data where two components

i : . are apparent. To separate the ion distribution function into
of two separate components, which showed spatial admix- o .

S . .~ the cold and hot components, we utilize a two-Maxwellian
ture of the solar wind ions and the magnetospheric hot ions

- ; mixture model with a scheme developed byno et al.
(Fujimoto et al, 1998. The low-energy portion of the elec @001&’ asNishino et al.(20073 performed. Perpendicu-

trons on the_ magnetOSphe.re side around the boundary hqar and parallel temperatures of the cold and hot components
a parallel (bidirectional) anisotropy along the magnetic field are denoted a#c., Tc;, Th., andTi, respectively. Proton

(Fujimoto et al, 1998 Fairfield et al, 2000. Nishino et al. : .
temperatures from the simple moment calculations are rep-
(2007H reported that both the electrons and the cold pro-
resented byl andTp.

ton component in the cold plasma sheet had strong parallel

anisotropies in this event. A detailed study of distribution

functions, in addition to temperature anisotropies around the,  Opservations

KH vortical structures, will provide more information about

the physical mechanism which has impacted the plasmas du#.1  Overview

ing the cold plasma sheet formation. We examine tempera-

ture anisotropies of electrons and protons inside the KH vorFigurel shows the solar wind observations between 00:00-

tical structures, as well as inspect the velocity distribution10:00 UT on 24 March 1995. From the top, (a) latitudi-

functions in detail, comparing them with those in the cold nal angle of the IMF &ug), (b) strength (black line)y

plasma sheet. (green) andZ (red) components of the IMF, (c) proton den-
sity, and (d) bulk flow speed are presented. The IMF pointed
strongly northward §jr >45°) and the density was higher

2 Instrumentation than 10 cnm® throughout the interval. The bulk flow speed
was as slow as 330-340 km/s. The convection time of the so-

We use data from the three-dimensional (3-D) electron andar wind from the Wind locationX~219Rg) to the Earth’s

ion distribution functions obtained every 12s by the low magnetosphere, which is not included in the figure, was

energy particle (Geotail/lLEP) experimertkai et al, about 70 min.

1994. The magnetic field data are obtained every 1/16s by Figure 2 shows the projection onto the GSMY plane

the flux-gate magnetometer (Geotail/MGRpkubun et al, of the Geotail orbit between 06:50-10:00 UT. The space-

1994. The electrons are detected by the electron analyzecraft gradually moved toward the midnight region with its

of LEP-EAe, and we use data of the low-energy mode inZ coordinate decreasing from 38, to 1.9Rg (not shown).

the range between 8.3 eV and 7.6 keV. The ion energy-perFigure3 shows an overview of the Geotail observations for

charge analyzer of LEP-EAI detects ions between 32 eV/ghe interval. From the top, (a—b) energy-time (E-t) spec-

and 39 keV/q, which covers most of the typical energy rangetrograms of omni-directional electrons and ions, (c) elec-

of protons in the boundary layer and the cold plasma sheetiron temperatures in the direction perpendicular (green) and

gor electrons, we obtain effective temperatures in the per-
pendicular and parallel directions to the local magnetic field,
which are denoted @&, andTg, respectively. Although the

typical kinetic energy of photoelectrons is less than the elec-
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Fig. 1. Solar wind observations by Wind{(~219Rg) between [ [ [ [

|

|
00:00-10:00 UT on 24 March 1995. From the t@g), the latitudi- 20 10 0 -10 -20
nal angle of the IMF(b) strength (black)Y (green), andZ (red) Yasu (Re)
components of the IMKg) proton density, an@) bulk flow speed
are presented. The convection timee/Q min) is not included in the

figure.
9 Fig. 2. Projection onto the GSM¢Y plane of the Geotail orbit

between 06:50-10:00 UT on 24 March 1995. A dotted curve in the
figure corresponds to the averaged location of the magnetopause

llel (bl he local ic fiel -
parallel (blue) to the local magnetic field, (d) proton tem calculated with a model broelof and Sibeck1993.

peratures, (eyx (blue) andVy (green) of bulk proton ve-

locity, and (f) three components of the magnetic field are
presented. Locations of the Geotail spacecraft are given aﬁ
the bottom of the figure. Large perturbations in the mag-

netic field, the velocity, and the electron and proton tem-, rio 4 we expand the Geotail observation for the 16-min

peratures are attributed to encounters with the vortical struc;,iarval 07:54—08:10 UT during which the satellite repeated
tures of the KH instability around the boundary. Concern- o, inje crossings of the boundary. From the top, E-t spec-
ing the inbound transition of the Geotail spacecraft from they. - m of omni-directional electrons, electron temperatures,
magnetosheath to the plasma shéetirfield et al.(2000 g ¢ gpectrograms of sunward and tailward ions, ion densi-
categorized the observed data into four separate regiongies nroton temperatures from the simple moment calcula-

the magnetosheath (until 03:54 UT, not shown here), th;,ng " temperatures of the hot and cold proton components,
exterior interaction region (between 03:54-07:16 UT), thep proton velocity, and magnetic field are presented. At

interior interaction region (between 07:16-09:10 UT), and yg.00 UT Geotail was located at(4.9,19.2, 2.9R . Prior
the cold plasma sheet (after 09:11 UT). In the interior in- 4, ey amining velocity distribution functions in detail, we in-

teraction region Geotail observed magnetosheath-like densgpect plasma moment parameters and the magnetic field, di-

plasma and magnetosphere-like plasma alternately with g;jing the data between 07:57-08:05 UT into 6 categories,
quasi-period of about 3-5min. By a visual inspection of the as follows.

data shown in Fig3, we have found that around 08:00 UT

the bulk flow speed slowed down, fluctuations in the mag-(a) Magnetosheath-like region

netic field reduced, and magnetosphere-like plasma was ob-

served for several minutes. In order to examine the transigetween 07:57:05-07:58:57 UT Geotail stayed in the

tion of plasma from the dense magnetosheath-like region tinagnetosheath-like region, where denset ¢n3), low-

the stagnant magnetosphere-like region, we study the datgmperature plasma flows tailward 150~—100 km/s). Pro-

around 08:00 UT in more detail. tons have a perpendicular anisotro (/ Tpj~1.0-1.5),
whereTp, and Ty were ~65 eV and~52 eV, respectively.
Since these temperatures include the effects from the higher
energy component which may be from the magnetosphere,
we recalculate moment parameters using ion PSD with

2 Categorization of regions inside vortices

www.ann-geophys.net/25/2069/2007/ Ann. Geophys., 25, 2Z0885-2007
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Geotail 24 March 1995 06:50-10:00 UT
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Fig. 3. An overview of the Geotail observations between 06:50-10:00 UT on 24 March 1995. From tli&) tepergy-time (E-t) spec-

trogram of omni-directional electronfy) E-t spectrogram of omni-directional ior(g) electron temperatures in the direction perpendicular
(green) and parallel (blue) to the local magnetic figtt), perpendicular and parallel proton temperatute}Vy (blue) andVy (green) of

protons in km/s, andf) three components of the magnetic field in nT are shown. Vertical dashed lines around 07:16 UT and 09:11 UT
correspond to transitions of the observed regions delineatégisffeld et al.(2000, who categorized the data into 4 separate regions: the
magnetosheath (not shown here), the exterior interaction region, the interior interaction region, and the cold plasma sheet. The observation:
between 07:54—08:10 UT shown by two vertical dashed lines are expanded 4 Fig.

energy-per-charge less than 3 keV/q. (This criterion is basedhe magnetic field in the dense region was directed sunward,
on a visual survey of the observed PSD.) Then we ob-with Bz being slightly negative, which implies a compli-
tain a perpendicular anisotrop¥y /7p~1.1-1.7), where cated interaction between the magnetosheath and the mag-
Tp, ~55-60eV andlp ~35-45eV, respectively. The elec- netospheric plasmaéirfield et al, 2000.

tron temperatures were about 15-20eV, with the parallel

temperature being slightly higher than the perpendicular tem-

perature. In spite of the strongly northward IMF (Fig),

Ann. Geophys., 25, 2062086 2007 www.ann-geophys.net/25/2069/2007/
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Geotail 24 March 1995 07:54-08:10 UT
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Fig. 4. Expansion of the Geotail observation between 07:54—08:10 UT on 24 March 1995. From the top, E-t spectrogram for electrons,
parallel (blue) and perpendicular (green) electron temperatures, E-t spectrograms for sunward and tailward ions, proton density, parallel anc
perpendicular proton temperatures, temperatures of the hot and cold proton components (for selected intervals), three components of the bul
proton flow, and the magnetic field are shown. Time resolution of plasma data is 12 s and that of magnetic field data is 3 s. Black triangles at
the top of the figure correspond to the data whose cuts of the velocity distribution functions are shownSn7iaisd8.
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(B) Boundary | tively. The perpendicular and parallel electron temperatures
(Ter andTg) were 24 eV and 65 eV, respectively. The mag-

Between 07:58:57-07:59:22 UT the proton temperaturesetic field was directed northward®£~13-15nT), as is of-

started to increase, and a large enhancement of the pafen seen in the central region of the plasma sheet.

allel temperature resulted in the parallel anisotropy. The

parallel temperature of electrongef) was about 30eV  (E) Magnetosphere-like region Il

while the perpendicular temperaturg () was still~15 eV,

which suggests parallel heating of the electrons coming fromBetween 08:01:14-08:02:29 UT the parallel electron tem-

the magnetosheath-like region. The tailward bulk plasmaperature was further enhanced to 60-70eV, and the per-

flow decreased {100km/s) and density decreased from pendicular temperature also slightly increase@@-30eV).

~4.3cn 3 to ~3.6 cm3. The magnetic field in this region The density of the cold proton component decreased
was still directed sunward, as it was in the magnetosheath¢yc~2.2 cm3) while the hot proton component increased

like region. (Ny~0.24 cnm8), where the total proton density slightly de-
) ) creased but was higher than 2t The temperatures of
(C) Boundary Il (including a current layer) the cold proton component were similar to those in region

(D), while the hot component had a perpendicular anisotropy
(Tvy/ Twy~1.2), whereTy | ~2.7 keV andTiy ~2.2 keV. We
note that the increase in the proton temperatufgs @nd
creased to be 30-40eV affyd, was about 20eV. Inspect- Tp) was not due to a temperature increase in the cold proton

Itﬂgtt:]he rgaglze.tllc field da’;? at 16':;2 resolutltoln, webfotund component but due to an enhancement in the fluxes of the
at the &eotall spacecralt crossed a current layer bEtweey) proton component. In short, the electron temperatures

07:59:29_07.:59.:32 U.T’ V\./h'Ch shows a sudden change "were enhanced as the spacecraft moved from region (D) to
the magnetic field dlrect!on frpm sunward to northward. region (E), while the temperatures of the cold proton com-
:)n (;t?%grp;frcje_l'fothere-llke tS|de ?:; thed (i]urtrent Itayer (af'ponent were not. This observation suggests that selective
er .t j ) Wotﬁepgr? e (cot and ho )Tphro Onlgom'heating of electrons was taking place around the boundary
?oonniggp%rr?e?\?igc;na eraIIelsgr?izgz%r;%&S/.T %23) P%etween regions (D) and (E). In region (E) the plasma flows
c|~0.64), . N ;
whereTg, ~90 eV andTe;~130eV. The bulk flow was di- were low, but the positivéy (~70km/s) was dominant.
rected slightly tailward€50 km/s), and the density was 3.5—
3.8cm3. In this region the positivedz; was not dominant
but comparable t®x.

In the boundary Il between 07:59:22—07:59:59 UT the elec
tron temperatures were further enhanced, whggge in-

(F) Magnetosphere-like region lll

For the last 3min of the magnetosphere-like plasma ob-
servation (between 08:02:29-08:05:36 UT), plasma flows
were directed tailward {100km/s). As for the densi-

After moving across the boundary layer, Geotail stayed!ies, Nt increased to~0.35 cn %, andNc was~2.2cm>.

in the magnetosphere-like region with two-component pro-Both the electrons and the cold proton component pos-
tons, whereB; was positive and dominant. Since the two- fsesse.d.strong paraII.eI anisotropies, with temperatures be-
component protons in the stagnant plasma sheet on the dusid Similar to those in region (E). Th&, and Tg were

side is occasionally observed under northward IMF (e.g.~30&V and~61eV, respectively. The high-energy elec-
Hasegawa et al2003 Wing et al, 2005 Nishino et al, ~ fons (up to~5 kgV), whose. flux was low but undoubtedly
20073, regions (D—F) resemble the cold plasma sheet (disligher than that in the ambient regions, such as (D) or (E),
cussed later). For the two-component protons, we obtain pal@y be of magnetospheric origin. Geotail came out of the
rameters of the cold and hot components separately 4Fig. magnetosphere-like region around 08:05:36 UT and moved

We divide the region into 3 categories based on observe(!PaC_k into a dense magnetosheath-like region that resembles
plasma signatures, as follows. region (A).

(D—F) Magnetosphere-like regions

(D) Magnetosphere-like region | 4.3 Proton distribution functions

In the initial 75 s of the plasma sheet observation (07:59:59-We examine the velocity distribution functions in each re-
08:01:14 UT), Geotail was in a stagnant region. Thegion to know the substance of the temperature anisotropies.
cold proton component had a strong parallel anisotropyFigure5 presents snapshots of the ion distribution functions
(Tci/Tgy~0.53), whereTc ~73 eV andIg ~140eV. The  in each region of the 6 categories mentioned above. Each
hot proton component was almost isotropic or had a perpenpanel (a—f) shows 2-D cuts of the ion distribution function in
dicular anisotropy T / Tw~0.96-1.1T, andTy~1.9— the plane that includes the local magnetic field and the ve-
2.5keV). The densities of the cold and hot proton compo-locity obtained from the moment calculations. In region (A),
nents (V¢ and Ny) were 2.7 cm® and 0.18 cm®, respec-  the contours of the low-energy portion (red-yellow colored

Ann. Geophys., 25, 2062086 2007 www.ann-geophys.net/25/2069/2007/
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2-D cuts of ion PSDs Vmax=2100 km/s
07:57:54-08:03:43 UT on 24 March 1995

(@) 07:57:54-07:58:06 UT (b) 07:58:57-07:59:09 UT
o | vz

(e}
I i

|
log(PSD)

(c) 07:59:34-07:59:46 UT (d) 08:00:24-08:00:36 UT
B

(e) 08:01:51-08:02:03 UT (f) 08:03:31-08:03:43 UT
Vz

Fig. 5. 2-D cuts of the ion distribution functions for the boundary crossing. Each ganBlcorresponds to categorization shown in Hg.
Each plane includes the local magnetic field (shown by a narrow black line and indicated by a red letter “B”) and the velocity center from
the moment calculation.

region) are elongated in the direction perpendicular to the lo-magnetosphere-like regions (D-F), further elongations of the
cal magnetic field. The velocity center is shifted to the right contours in the parallel direction are apparent at low energy.
side, which corresponds to the fast tailward flow in this re-  We focus on regions (D-F), where a strong parallel
gion. Inthe boundary region (B) thatis on the magnetosheattnisotropy of the cold proton component was observed.
side of the current layer, the elongation of the low-energyThe top panel (a) of Figé expands the low-energy por-
portion is weaker and the flux of the high-energy componention (jV|<1020 km/s) of the distribution function between
increased. In region (C), slight elongation of the contours 0f08:00:24—08:00:36 UT in region (D). The 1-D cuts of the dis-
the low-energy portion in the parallel direction is seen. In thetribution function in the directions perpendicular and parallel

www.ann-geophys.net/25/2069/2007/ Ann. Geophys., 25, 2Z0885-2007
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Counter-streaming proton beams in region (D) the magne_tic field~10nT (assumed to be1/+/2 o.f the
magnetic field strengthv14 nT) and the proton density3—

(a) 2-D cut, expansion of low-energy portion 4cm 3, we obtain the Alfén speed ¥a) of about 110—

Vimax=1020 km/s 120km/s. Therefore, the observed speeds of the counter-
streaming proton beams are comparable to the&hifspeed

' and thus consistent with the signature of magnetic recon-

nection. If we assume purely an anti-parallel configuration

o of the magnetic field on both sides of the current layer and
g use 14nT as the anti-parallel field component, we obtain
D
e}

the Aflven speed of~150-180 km/s, which is slightly faster
than the observed proton beam speed but not so different
from it. Such low-energy counter-streaming protons were
~ continuously observed throughout region (D) (6 data points
™ between 07:59:59-08:01:14 UT), while they were not seen
in regions (E) nor (F) (Figsse and f). In regions (E) and

(b) 1-D cuts (F), the low-energy portion of protons consisted of a sin-
-9 gle component with a strong parallel anisotropy. In previ-
10 P el ous studies counter-streaming protons were observed near
the high-latitude magnetopaudeagraud et al.2002 Retind
A et al, 2009 and those in the dawnside low-latitude boundary
(% (Nykyri et al, 2006. These counter-streaming protons have
a -12 been interpreted as evidence of magnetic reconnection under
8 northward IMF, and the shape of their PSDs resembles that
-13 in region (D).
1 4.4 Electron distribution functions
1.51000 -500 0 500 1000 We next examine electron distribution functions in each re-
V (km/s) gion. Figures7 and8 show snapshots of 2-D and 1-D cuts

of the electron velocity distribution functions for the same
: . . - intervals as shown in Figp. The plane shown in Figl in-
Fig. 6. An expansion of the low-energy portion of the ion distribu- ¢Judes the local magnetic field, and the maximum speed cor-
tion function between 08:00:24-08:00:36 UT (the same data Sho"‘"}esponds to about 23 900 km/s.

In Fig. 5d). The upper pangk) shows a 2-D cutin the plane that ., v magnetosheath-like region (A), where the electrons
includes the local magnetic field. Counter-streaming beams (high- .
. o had a weak parallel anisotropy, an enhancement of the low-
lighted by black arrows) along the local magnetic field are apparent.

The lower pane(b) presents 1-D cuts in the directions perpendicu- energy eIeptron ﬂl_jx (V\,/ith speed less than :,I'O (_)OO km/s) W‘T"S
lar (green) and quasi-parallel (blue) to the magnetic field. Two redS€€N only in one direction along the magnetic field and not in

curves correspond to the one count level of the detector. Since th#S opposite direction (Fig8a). The unidirectional enhance-
direction purely parallel to the magnetic field was out of sight of ment of the electron flux might have originated from the elec-

the detector, the phase space density in the quasi-parallel directiotron strahl that is often observed in the solar wind flow (e.qg.
is presented. Rosenbauer et al1977 Pilipp et al, 1987, while it might
also result from the occurrence of magnetic reconnection on
the field line (e.gOnsager et al2001).
to the magnetic field are shown in the bottom panel (b). Fo- In region (B), the parallel temperature of electrons started
cusing on the cold proton component (red-yellow colored re-to be enhanced. In addition to an enhancement of the uni-
gion), we find counter-streaming proton beams in the direc-directional flux in the low-energy range which may be the
tion along the local magnetic field. Although the counter- electron strahl of solar wind origin, the flux in the direction
streaming proton beams, which are highlighted by black ar-opposite to the strahl component was also enhanced.
rows in the figure, are not isolated from the thermal compo- Since the rotation of the magnetic field around the current
nents, the distribution function along the magnetic field haslayer was observed within 3s (07:59:29-07:59:32 UT), i.e.
a couple of peaks in the energy range from 42 eV to 123 eVshorter than the time resolution of the particle datd Z s),
(90-150km/s). To discuss later whether the observed prowe select the data right after the crossing of the current layer
ton beams fit with reconnection signature, we estimate thdn the vortical structure. Figuré& and8c show cuts of the
parallel/anti-parallel component of the magnetic field andelectron distribution function observed between 07:59:34—
Alfvén speed. With the parallel/anti-parallel component 0f07:59:46 UT when the spacecraft was on the magnetosphere
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2-D cuts of Electron PSDs Vmax=23900 km/s
07:57:54-08:03:43 UT on 24 March 1995
(@) 07:57:54-07:58:06 UT (b) 07:58:57-07:59:09 UT o
=)
wn
a
o))
S
o
Q

(e) 08:01:51-08:02:03 UT

Fig. 7. 2-D cuts of the electron velocity distribution functions, which correspond to the ion distribution functions shown3n Fig.

side of the current layer. A flat-topped shape can be seemwith an edge around-3000 km/s (Fig.8d). The distribu-

in the low-energy range (with speed less tha#000 km/s).  tion function in regions (E) and (F) was further broadened in
The low-energy bidirectional electron component started tothe direction along the magnetic field and had energy peaks
be observed just on the magnetosphere side of the currer the low-energy range (2000—-4000 km/s) rather than being
layer. a flat-topped shape (Fig8e and8f). This broadening of

In the magnetosphere-like regions (D—F), the Iow-energythe distribution function along the magnetic field may cor-

bidirectional component became further apparent. In regior{eSpond to selective heating of electrons around the bound-

(D), we find that the electron distribution function has a flat- &Y Petween regions (D) and (E) mentioned above, for the
topped shape in the direction along the local magnetic field ‘€MPeratures of the cold proton component did not increase
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1-D cuts of Electron PSDs =
07:57:54-08:03:43 UT on 24 March 1995 —_one count level
(a) 07:57:54-07:58:06 UT (b) 07:58:57-07:59:09 UT
-12 —— -12 ——
-13 -13
-14 14 |-
(% -15 (% -15
o o
D -16 D -16
S S
-17 -17
-18 18 f---
-19 -19 -
-20000 -10000 0 10000 20000 -20000 -10000 0 10000 20000
V (km/s) V (km/s)
(c) 07:59:34-07:59:46 UT (d) 08:00:24-08:00:36 UT
-12 — T T -12 —
-13 -13
-14 -14
(% -15 (% -15
o o
D -16 D -16
S S
17 17
-18 -18 |-
-19 M= — = -19 S
-20000 -10000 0 10000 20000 -20000 -10000 0 10000 20000
V (km/s) V (km/s)
(e) 08:01:51-08:02:03 UT (f) 08:03:31-08:03:43 UT
-12 ‘ ‘ T " " -12 —T
-13 -13
-14 14 |-
3 s 3 s
[a o
D -16 D -16
S o]
-17 -17
-18 -18
ol BRI 9 B
-20000 -10000 0 10000 20000 -20000 -10000 0 10000 20000
V (km/s) V (km/s)

Fig. 8. 1-D cuts of the electron velocity distribution function for the boundary crossing. Each (@asfiptorresponds to each in Fig. The
PSDs in the perpendicular (blue) and parallel (green) directions to the local magnetic field are presented. Red curves show the one-coun
level of the detector, and the PSDs within a couple of red vertical lines may contain high contributions of the photoelectrons.
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Counter-streaming proton beams in the interior interaction region

(a) N-Vx (all data) (b) N-Vx (color-coded by Bz)
100 — — ; 100 ———— ‘
i Lo )
50 % - | % 50
4 P i
()] - 1 “.:. ......................... O 0
B0 |- Pt ; e -50
by’ g : F
Vx p . : P Vx
00 |- R o -100
(km/s) f?' Ay, ; (km/s)
B0 |- s O D Y TN R — -150
200 |-t S AT -200
250 | R i R -250
300 — - 3 300 ——— :
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Np (cm™) Np (cm™)
(c) N-Vx (color-coded by Te|| ) (d) N-Vx (color-coded by Te1)
e A Te|| 10 A TeL
(ew 50 : ; ; ; ; : (ev)
80 0 80
70 50 70
60 Vx 60
-100
(km/s)
50 501 50
40 40
200
30 30
250
20 i : : : : 20
-300
0 2 4 6 8 10 12 14
Np (cm)
(e) Tc| - TcL (stagnant region) (f) Te| - TeL (stagnant region)
200 ‘ —— 80 :
160 |- T - Ter 40 e
4 R 8 | eaa bl
TeL 4ol IR N &) 20 R
) BT - Y I
50 ; : b 0 20 40 60 80 100 120 140
' ' Tell (V)
0

0 60 100 150 200 250 300
Tl (eV) Colors in panels (a), (), and (f) :

+ all counter-streaming protons

= counter-streaming protons in region (D)

Fig. 9. Scatter plots in the interior interaction region between 07:16-09:10 UT. In P@)e(g), and(f), data for the counter-streaming

protons are shown as black and red points, the latter of which show those obtained in region (D). In Panel (a) relationVipetwd &y

is presented, where gray points correspond to all other data obtained in the interior interaction region, and data in regions (A—F) are also
plotted. The upper-right pan@h) shows the same data as shown in Panel (a) but color-cod®d bipanelqc) and(d) are color-coded by

the parallel and perpendicular temperatures of electrons. In Panels (e) and (f), temperatures of the cold proton component and the electron
are presented, respectively, where gray points correspond to data obtained in the stagnantsggid0Q km/s).

as Geotail moved from region (D) into (E). In regions (E) 4.5 Survey through the interior interaction region

and (F), the shape of the velocity distribution in the low-

energy range resembled each other, but a high-energy cond© further investigate counter-streaming proton beams found
ponent &15000 km/s) was seen in region (F) while not in in region (D), we have surveyed the data through the interior
region (E).Fairfield et al.(2000 mentioned that electrons interaction region between 07:16-09:10 UT. Apart from 6
in the magnetosphere-like region of the vortical structuresdata points obtained in region (D), 27 samples were identified
had a parallel anisotropy that is most often seen at 75e\as counter-streaming proton beams by visual inspection of
(~5100km/s), which is near the energy of the low-energy Pproton PSDs.

bidirectional component in the present study.
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Geotail 08:00-09:00 UT 24 March 1995

e o counter-streaming proton beam sample

Vx
| Teu
(© %
2= 60 Te |
= 30
0
d 20
( ) . 10 Bx
m'c 0
-10 Bz
-20

08:00 08:10 08:20 08:30 08:40 08:50 09:00 (UT)

Fig. 10. Counter-streaming proton beam samples observed between 08:00-09:00 UT. The large circles correspond to the counter-streaming
proton beam samples. From the tg¢p) proton velocity,(b) temperatures of the cold proton component (data in the stagnant region are
shown),(c) electron temperatures, afd) magnetic field are presented.

Figure 9a shows the relation between the proton densitypresents the relation between the perpendicular and parallel
(Np) and theX component of the bulk proton flow/). As temperatures of the cold proton component (the electrons)
was mentioned byHasegawa et a(2006§ andTakagi et al.  in the stagnant regionVk <100km/s). For the counter-
(2000, the scatter plot oV andVy is like a butterfly wing  streaming beam samples we use a two-Maxwellian fitting
in shape. Most of the counter-streaming proton beam sammethod; that is, the counter-streaming beams are dealt with
ples are seen in the stagnant regipvix(<100km/s). The as a simple cold proton component. The counter-streaming
beam samples represent 15 percent of the data in the stagroton beam samples (black and red points) represent the ma-
nant region. jority to the right side of all data points, which means that

In Fig. 9b the same data as shown in Fdg.are presented the parallel anisotropy of the cold proton component is the
but color-coded byB;. Weak or negativeBz (yellow-red  strongest for the counter-streaming beam samples. In the
colored points) are identified between the stagnant regiorplot of the electron temperatures, the counter-streaming pro-
and the magnetosheath-like dense region, which corresponden beam samples appear not on the right side but in the
to the current layer in the vortical structures. The counter-midst of all data points. The strongest parallel anisotropy
streaming proton beam samples were not just at the currerf the electrons corresponds to samples without the counter-
layer but on the magnetosphere side of the current layer, astreaming proton beams. This means that electrons receive
well. further heating in the magnetosphere-like region, which is

Figures9c and d are the same as Fi§s.and b but show consistent with the enhancement in the electron temperatures
the parallel and perpendicular temperatures of electrons, rén the regions (D—F) between 07:59:59-08:05:36 UT.
spectively, and in a color-coded fashion. The parallel elec- Figure 10 shows counter-streaming proton beam samples
tron temperature was enhanced in the stagnant region, whilebserved in the interval 08:00-09:00 UT. The large solid cir-
the perpendicular temperature was hardly enhanced thergles correspond to the counter-streaming proton beam sam-
The variation of the parallel temperature in the stagnant reples. The parallel temperature of the cold proton component
gion was large, and the proton beam samples did not correof the beam samples is enhanced (Higb), while the par-
spond to the highest parallel electron temperature, as showallel temperature of electrons is not the highest (Rig).
later (Fig.10). We note that the beam samples were found near the current

Since most of the counter-streaming proton beam samplekyer that is characterized by the change in the magnetic field
were obtained in the stagnant region, we now compare thélirection (Fig.10d).
beam samples and non-beam samples there. Fgu(ef)
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4.6 Comparison with the cold plasma sheet Stagnant region and cold plasma sheet

Let us compare the stagnant regiofigq( <100 km/s) inside (a) Tc| - TcL
the vortical structures with the cold plasma sheet between

cold plasma sheet
09:11-09:59 UT. Figuré1 shows the perpendicular and par- 200 ! : ; ;
allel temperatures of the cold proton component (top panel) 150
and electrons (bottom panel). The temperatures of the cold Tcl
proton component in the cold plasma shegt;(~100eV 100
andT¢~210eV) were roughly 1.5 times higher than those (eV)
in the stagnant regions, and in particular, the enhancement ir 30
the parallel temperature was remarkable. This means that the 0 ] : : ‘ : ‘ ‘
cold proton component would require further heating, pre- 0 100 200 300 400
dominantly along the magnetic field, in the cold plasma sheet Tcl| (eV)
or on the way from the vortices to the cold plasma sheet. A
similar trend is seen in the electron temperatures. The aver-
aged perpendicular and parallel temperatures of the electron:
in the cold plasma sheet for the interval 09:11-09:59 UT (D) Tell - Tel cold plasma sheet
were 32eV and 86 eV, respectively, which are roughly 1.5 60 ‘ ‘ : ! ‘

times higher than those in the magnetosphere-like regions in . ‘ ‘ . ‘ ‘
the KH vortical structure. The electron distribution function Tel 40 | e - o T R

in the cold plasma sheet was flat-topped with an edge arounc (eV) : s SmEeTe

5000 km/s (Fig. 2d iNishino et al, 20078, being further 20 B = A
broadened in shape along the magnetic field than that in re- E 3 3 : 3 3

gions (D-F). Enhancement of both electron and proton tem- 0 0 20 40 60 80 100 120 140
peratures in the parallel direction suggests Fermi-like accel-

eration due to conservation of the second adiabatic invariant Tell (eV)

(discussed later).

Fig. 11. Comparison between the temperatures in the stagnant re-
gions of the interior interaction region and those in the cold plasma

5 Discussion
sheet.

We first discuss a candidate mechanism for plasma heat-

ing inside the KH vortical structures (a summary is given fact that the electron temperatures increased while the proton
in Fig. 12). In the present study, the sense of the pro-temperatures did not therdNishino et al.(20070 reported

ton anisotropy changed from perpendicular to parallel acroshat the parallel anisotropy of electrons is stronger than that
the current layer. Around the border between regions (D)of the cold proton component, which may be partly attributed
and (E), the low-energy portion of the proton distribution to the selective heating of electrons inside the vortical struc-
functions changed from counter-streaming beams to a sintures.

gle component with a strong parallel anisotropy. For the The counter-streaming proton beams observed in region
electrons, parallel heating was suggested in the following(D) may be evidence of magnetic reconnection inside the
portions inside the vortical structure: (1) region (B) on the vortical structure. The proton beam speed was roughly com-
magnetosheath side of the current layer inside the KH vorparable to the Alfén speed, which is consistent with re-
tical structure, (2) region (C) on the magnetosphere side otonnection signatures. We examine whether the observed
the current layer, and (3) in the magnetosphere-like region®lectron signatures fit the expectations of magnetic recon-
(D-F). The heated electrons had a parallel anisotropy in thenection. The low-energy bidirectional electrons were ob-
boundary layer and in the magnetosphere-like regions, whiclserved in the magnetosphere-like regions inside the KH
is consistent with previous studies (eIgaver et al. 1991, vortical structures. According téloshino et al.(2007),
Fujimoto et al, 1998. Although bidirectional anisotropies magnetic reconnection can accelerate the electron flow
of electrons were commonly seen through regions (B—F)speed up to the electron Afn speed ¥a ¢), defined by

the shape of the electron distribution functions in region VA,ezB/\/MomeNesz\/mp/me, where g, Ne, me, and

(B) differs from that in regions (C—F). In particular, an en- mp are the magnetic permeability, electron density, elec-
hancement of the bidirectional fluxes in the low-energy rangetron mass, and proton mass, respectively. Wkgnwas
(with speed less than 5000 km/s) was seen in regions (C=-120 km/s,Va e was~5000 km/s. The observed energy of
F) while not in region (B). Selective heating of electrons the low-energy bidirectional electron beams is roughly com-
in the magnetosphere-like regions (D—F) is suggested by th@arable toVa e.
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KH vortical structure magnetosphere
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Fig. 12. Summary of observations and implicated candidates for physical mechanism.

Let us consider the reason why the observed proton PSDBlowever, because the pitch angle of a charged particle that
do not represent a uni-directional beam but rather countermirrors at the magnetic field strength 25nT is as large as
streaming beams, for magnetic reconnection is likely to gen—~50 for the location at the field strength 15nT, mirror
erate a uni-directional beam. One possibility is magneticreflection inside the vortical structures might not play an
reconnection at two separate locations on the same fielédmportant role in the generation of the counter-streaming
line (say, both above and below the spacecraft locations)beams.

Beams from two reconnection sites might lead to the counter-

streaming velocity distributions. Another possibility is the proton beams existed, comparing observation and simula-

mirror reflection of the beam due to a stronger magnetic fieldijoy oy dies. A candidate for the spacecraft trajectory rela-
in the vortical structures. The mirror reflection would take tive to the vortex flow is illustrated in Fig.3. The counter-

place in the vortices, for the magnetic field strength in the
vortices was at times enhanced+@5 nT while that of the
counter-streaming beam samples was as smatt HsnT.

We examine where in the vortex the counter-streaming

streaming proton beam samples (in region (D)) seem to
have existed near but not at the current layer, which im-
plies that magnetic reconnection would take place in a region
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somewhat away from the satellite location. In a simulation
study of the KH instability byNakamura et al(2006, mag-

netic reconnection takes place near the center between the
two vortices. Since a hyperbolic point of the plasma flows
(“H” in Fig. 13) exists when we are in the frame of refer-
ence moving with the vortices, a thinning of the current layer
and the resultant magnetic reconnection may occur there. If
the satellite was located on the magnetosphere side of the
hyperbolic point, it might detect the counter-streaming pro- N

IMF

X
|
\
\
\

proton beams

\

nection region(s). Furthermore, the observation of negative

Vv in the latter half of region (F) may represent plasma flow

away from the hyperbolic point, and thus supports the idea\

that the spacecraft passed through the magnetosphere side of Vps

the hyperbolic point. magnetosphere | B L \
We discuss a possible heating mechanism around/inside

the KH vortical structures, as well as in the cold plasma

sheet. It has been proposed that magnetic reconnection in t:f('}ig';r’]‘%

the KH vortices may excite kinetic Alen waves (KAWS)

(Sibeck et al. 1999. The KAWSs can heat electrons in the

direction parallel to the local magnetic field and protons in _. - . .

the perpendicular directiorl¢e et al, 1994 Johnson and Fig. 1_3. A schematic picture of the r_elatlv_e traJectory of the space-
i craft in the frame of reference moving with the vortices. A candi-

Cheng 1997 t]ohnson et al200:l)_. The parallel _amsotrqpy date for the trajectory is presented as a red arrow on which rough

of electrons inside the KH vortical structure is consistentgcations of regions (A-F) are appended. The magnetic field line

with signatures of the parallel heating by the KAWS. In that passes through region (D) is depicted. The symbol “X” and

addition, the ponderomotive force of the Afiw waves can  “H” in the figure show candidates for reconnection region and the

heat electrons but not sufficiently heat iofisrutani et al. hyperbolic point, respectively. A blue-colored region between re-

2003. Since complicated interactions between the solargions (B) and (C) corresponds to the observed current layer.

wind and the magnetospheric plasma inside/around the vorti-

cal structures may be a possible source of the &ifwaves,

the ponderomotive force may play an important role in selecphase space holes created by the ESWs lead to particle trap-

tive heating of electrons in the magnetosphere-like region. ping and heating@mura et al. 1996 Goldman et al.1999.

We suppose that the counter-streaming beams may excitgince recent observations Rattell et al (20029 showed that
specific waves that can heat electrons through the ion beargolitary waves exist at the magnetopause on the dayside un-
instability (Davidson et al.1970. The observation that the der northward IMF, the observed flat-topped electrons dis-
parallel electron temperature of the proton beam samples walsibution functions might be explained by the ESWs excited
lower than that of non beam samples (Fif)gb and c) sug- around the magnetopause. However, since the observations
gests transformation of energy from the proton beams to thdy Cattell et al.(2002 were performed not in the tail flank
electrons via wave-particle interactions. but on the dayside magnetopause, further inspections of the

As a candidate for plasma transport processes across tHgil flank magnetopause are necessary in future works.
magnetopause, diffusion mediated by the lower-hybrid drift Comparing plasma inside the KH vortical structures with
wave (LHDW) has been proposed@iréumann et al.199% that in the cold plasma sheet, we have confirmed that the ad-
Shukla and Mamuy2002. Obliquely propagating LHDWs  ditional plasma heating must occur in the cold plasma sheet
can heat cold electrons in the direction parallel to the localor on the way from the vortices to the cold plasma sheet.
magnetic field, giving rise to a flat-topped electron distri- Nishino et al.(20073b) mentioned that some portion of the
bution function Shinohara and Hoshind999. While the  observed parallel anisotropies of the electrons and the cold
study byShinohara and Hoshind999 focuses on magnetic proton component may be attributed to adiabatic heating due
reconnection in the magnetotail, such processes might be db earthward convection in the plasma sheet under conser-
physical importance in the LLBL, as well. Furthermore, if vation of the first and second adiabatic invariants. The idea
magnetic reconnection occurs in the KH vortical structure, of adiabatic heating can also be supported by the fact that in-
the accompanied LHDWSs might play a role in parallel heat- crease ratios of temperatures of the electron and the cold pro-
ing of the electrons. ton component from the KH vortices to the cold plasma sheet

Electrostatic solitary waves (ESWs) are expected to octesembled each other (roughiyl.5). We also suggest that
cur around the magnetopause and to form flat-topped electhe cold plasma observed in the plasma sheet would come
tron distributions. Simulation studies showed that electroninto the magnetosphere across the downtail magnetopause,

relative trajectory
of Geotail
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possibly via highly developed KH vortices. Since the KH netotail boundary for parallel northward fields, J. Geophys. Res.,
vortical structure is expected to develop in the tail regions 105(A9), 21 159-21174, doi:10.1029/1999JA000316, 2000.
more than near the terminatdigsegawa et al2009), effi- Fujimoto, M., Terasawa, T., Mukai, T., Saito, Y., Yamamoto, T.,
ciency of plasma transport by magnetic reconnection inside and Kokubgn, S. P!asma entw from the flanks of the near-Earth
the KH vortices should be higher as the distance downtail magnetotail: Geotail observations, J. Geophys. Res., 103, 4391-
increases. This qualitative picture is consistent with the spa- 4408, 1998.

. R . . Goldman, M. V., Oppenheim, M. M., and Newman, D. L.: Nonlin-
tial distribution of the cold plasma obtained from low altitude ear two-stream instabilities as an explanation for auroral bipolar

satellite data mapped into the tail, as reported\ig et al. wave structures, Geophys. Res. Lett., 26(13), 1821-1824, 1999.

(2005. Hada, T., Nishida, A., Terasawa, T., and Hones Jr., E. W.: Bi-
directional electron pitch angle anisotropy in the plasma sheet,
J. Geophys. Res., 86,11211-11 224, 1981.

6 Conclusions Hasegawa H., Fujimoto, M., Maezawa, K., Saito, Y., and Mukai,
T.. Geotail observations of the dayside outer boundary region:

We have studied temperature anisotropies for a Kelvin- Interplanetary magnetic field control and dawn-dusk asymmetry,

Helmholtz (KH) vortex event on the duskside. The cold J. Geophys. Res., 108(A4), 1163, doi:10.1029/2002JA009667,

proton component had a strong parallel anisotropy in the 2003. } .

magnetosphere-like region, and it consisted of counterHiasegawa H., Fujimoto, M., Phan, T-D.pRe, H,, Dunlop, M.

streaming beams in the region near the boundary, which sug- \\-» Hashimoto, €., and TanDokoro, R.: Transport of solar wind

gests magnetic reconnection inside the KH vortical structure. 'nto.Earths magnetosphere through rolled-up Kelvin-Helmholtz

. vortices, Nature, 430, 755-758, 2004.

The parallel anlsotrop_y of electrons starts to b_e enhanced Ofyasegawa, H., Fujimoto, M., Takagi, K., Saito, Y., Mukai, T.

the magnetosheath side of the current layer in the KH vor- 54 peme, H.: Single-spacecraft detection of rolled-up Kelvin-

tical Structure, and IOW'energy bidirectional eleCtron beamS Helmholtz vortices at the flank magnetopause’ J. Geophys_ Res_,

or flat-topped electron distribution functions in the direction 111, A09203, doi:10.1029/2006JA011728, 2006.

along the local magnetic field are apparent on the magneHoshino, M., Hiraide, K., and Mukai, T.: Strong electron heating

tosphere side of the current layer. We have suggested the and non-Maxwellian behavior in magnetic reconnection, Earth

occurrence of selective heating of electrons inside the vorti- Planets Space, 53, 627-634, 2001. _

cal structure via wave-particle interactions. Further heating'shisaka, K., Okada, T., Tsuruda, K., Hayakawa, H., Mukai, T., and

predominantly along the magnetic field by the Fermi-like ac- Matsumoto, H.: Relationship between the Geotail spacecraft po-

celeration is likely to be taking place in the cold plasma sheet tential and the magnetospheric electron number density includ-

. ing the distant tail regions, J. Geophys. Res., 106(A4), 6309—
or on the way from the vortices to the cold plasma sheet. 6320, doi:10.1029/2000JA000077, 200L.
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