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Abstract. To investigate the cold plasma sheet formation un-(IMF) points northward (e.g. Zwolakowska et al., 1992;
der northward IMF, we study the temperature anisotropiesZwolakowska and Popielawska, 1992; Terasawa et al., 1997;
of electrons and two-component protons observed by théBorovsky et al., 1998; Nishino et al., 2002; Wing et al.,
Geotail spacecraft. The two-component protons, which are2005). Since the trend of low temperature is more typical
occasionally observed in the dusk plasma sheet near thim the dawn and dusk flank regions than in the midnight re-
low-latitude boundary, are the result of spatial mixing of gion, the cold plasma is thought to be of the solar wind origin
the hot protons of the magnetosphere proper and the coldnd to come through the flankBgrasawa et al., 1997). How-
protons from the solar wind. Recent research focusing orever, the entry process of solar wind plasma into the plasma
the two-component protons reported that the cold protonsheet under northward IMF has not been totally understood.
component at times has a strong anisotropy, and that th&ignatures of the cold plasma sheet may provide some clue
sense of the anisotropy depends on the observed locationt understanding the solar wind entry and resultant formation
Since electrons have been known to possess a strong parallef the cold plasma sheet.

anisotropy around the low-latitude boundary layer, we com-  An interesting feature of the cold plasma sheet is the oc-
pare anisotropies of electrons and protons to find that theasional coexistence of cold and hot protons near the magne-
strengths of parallel anisotropies of electrons and the coldopause (Eastman et al., 1976; Sckopke et al., 1981). In par-
proton component are in good correlation in the tail flank. ticular, recent satellite observations have revealed that two
The parallel anisotropy of electrons is stronger than that ofseparate components of cold and hot protons coexist in the
the cold proton component, which is attributed to selectivedusk plasma sheet under northward IMF (Fujimoto et al.,
heating of electrons. We further find that the strengths 0f1998; Hasegawa et al., 2003; Nishino et al., 2005; Wing et al.,
the parallel anisotropies in the tail flank depend on the lati-2005). These two components of protons are thought to have
tudinal angle of the IMF; strong parallel anisotropies occur separate origins: the cold component from the solar wind
under strongly northward IMF. We discuss that the Kelvin- and the hot component of magnetospheric origin. To study
Helmholtz vortices, which developed under strongly north-signatures of the cold plasma sheet with the two-component
ward IMF, and the resultant magnetic reconnection thereinprotons is important to understand the formation of the cold
may lead to the strong parallel anisotropies observed in thglasma sheet under northward IMF.

tail flank. It has been reported that electrons and protons in
Keywords. Magnetospheric physics (Magnetotail; Magne- the Earth’s magnetosphere have significant temperature
totail boundary layers; Plasma sheet) anisotropies, which are regarded as a useful tool in diagnos-

ing the physical processes that the plasma undergo there. As
for protons, it has been widely accepted that protons in the
near-Earth plasma sheet are roughly isotropic or possess a
perpendicular anisotropy with the perpendicular temperature
m(g(ceeding the parallel temperatuitdauk and McPherron,
d1980). Concerning the cold protons, Traver et al. (1991)
reported that the protons in the plasma sheet near the low-
Correspondence to: M. N. Nishino latitude boundary possess a parallel anisotropy under north-
(nishino@stp.isas.jaxa.jp) ward IMF. On the other hand, Wing et al. (2005) pointed out

1 Introduction

The near-Earth plasma sheet has been known to beco
cold and dense when the interplanetary magnetic fiel
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1418 M. N. Nishino et al.: Anisotropies of electrons and two-component protons in the dusk plasma sheet

a perpendicular anisotropy of the cold protons in the day-2 Instrumentation
side plasma sheet near the low-latitude boundary. Recently,
Nishino et al. (2007), analyzing the temperature anisotropyWe use data from three-dimensional (3-D) ion and electron
of two-component protons in the dusk plasma sheet near thdistribution functions obtained every 12s by the low en-
low-latitude boundary, found that the cold proton componentergy particle (Geotail/LEP) experiment (Mukai et al., 1994)
occasionally possesses a strong anisotropy, and that the seraed the magnetic field data obtained by the flux-gate mag-
of the anisotropy depends on the observed locations; parallelietometer (Geotail/MGF) (Kokubun et al., 1994). The ion
temperature is enhanced in the tail flank, while perpendicu-energy-per-charge analyzer of LEP-EAI detects ions between
lar temperature is enhanced on the dayside. They have als#? eV/q and 39 keV/q, which covers most of the typical en-
reported that the hot proton component is nearly isotropic inergy range of plasma sheet protons. The electrons are de-
the tail while the perpendicular temperature is enhanced ortected by the electron analyzer of LEP-EAe, which is oper-
the dayside, which is roughly consistent with the statisticalated with the two energy ranges; one is from 60 eV to 38 keV
picture of the plasma sheet (Mauk and McPherron, 1980). (high-energy mode) and the other is from 8.3 eV to 7.6 keV
In addition to protons, it has also been known that elec-(low-energy mode). Solar wind parameters obtained by the
trons at times possess a temperature anisotropy around th&ind and the ACE spacecraft were provided by CDAWeb.
magnetopause. In the flank plasma sheet and the low-latitud€he Wind data are from SWE (Ogilvie et al., 1995) and
boundary layer (LLBL), a parallel anisotropy of electrons MFI (Lepping et al., 1995), and the ACE data are from MFI
has been observed under northward IMF (or geomagneticallySmith et al., 1998) and SWEPAM (McComas et al., 1998).
quiet condition) (Hada et al., 1981; Traver et al., 1991; Phan
et al., 1997; Fujimoto et al., 1998; Gary et al., 2005). In par-
ticular, a strong parallel anisotropy is observed in the Earth-3 Calculation of moment parameters
side region in the LLBL, where the parallel electron temper-
ature is about 3 times as high as the perpendicular electroin order to separate the ion distribution function into cold
temperature (Phan et al., 1997). In contrast, a perpendiculaand hot components, we utilize a two-Maxwellian mixture
anisotropy of electrons is observed in the plasma depletiormodel with a scheme developed by Ueno et al. (2001a). In
layer that forms in front of the dayside magnetopause undethis scheme we use the ion phase space density (PSD) to es-
northward IMF (Phan et al., 1996). Therefore, the paralleltimate densities, velocities and pressure tensors of the cold
anisotropy of electrons in the LLBL should be attributed to and hot components with an algorithm based on maximum
some physical process(es) within the magnetosphere. likelihood, assuming that all of the detected positive ions are
Adiabatic change in the magnetotail is a candidate forprotons. Perpendicular and parallel temperatures of the cold
plasma heating and resultant temperature anisotropies (e.@nd hot components are calculated from the pressure tensors.
Treumann and Baumjohann, 1997). Owing to conservationdVe denote these temperaturesTas, Tcy, THi, and Ty,
of the first and second adiabatic invariants, both electrongespectively.
and protons undergo heating in both perpendicular and par- As for electrons, we perform simple moment calculations
allel directions, as a result of the interplay between betato obtain effective perpendicular and parallel temperatures,
tron and Fermi accelerations, as they move earthward in thevhich are denoted a&, , T¢, respectively. For the interval
plasma sheet (e.g. Cowley and Ashour-Abdalla, 1975; Ya-of the low-energy mode, we utilize electron PSD with energy
mamoto and Tamao, 1978). A parallel anisotropy of elec-higher than 12.86 eV, in order to exclude the effects of photo-
trons in the plasma sheet was shown by observational studieslectrons whose energy is typically lower than 10eV in and
(Hada et al., 1981; Sugiyama et al., 1997; Shiokawa et al.around the cold plasma sheet of our interest (Ishisaka et al.,
2003) in which the possibility of Fermi acceleration of elec- 2001). Since some of the detected photoelectrons have ki-
trons in the plasma sheet was discussed. A recent study biyetic energy higher than the electric potential of the satellite
Nishino et al. (2007) suggested that some portion of the ob{Ueno et al., 2001b), the lower limit is set to be higher than
served parallel anisotropy of the cold proton component inthe satellite potential.
the dusk flank plasma sheet could be explained by adiabatic
heating.
Although both electron and proton anisotropies have beent Case studies
known to exist in the cold plasma sheet, they have been dis-
cussed separately in past studies and their relation has ndtl 24 March 1995 event (dusk tail-flank)
been examined yet. In this paper, we study temperature
anisotropies of electrons and two-component protons in théOn 24 March 1995, protons in the dusk plasma sheet near
plasma sheet near the dusk low-latitude boundary. the low-latitude boundary consisted of two separate com-
ponents, and the cold proton component possessed a strong
parallel anisotropy. We first revisit this event to investigate
anisotropies of both electrons and protons.
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The IMF pointed strongly northward between 00:00— ponent {c./7c;~0.47). The ratio of the cold-proton tem-
08:00 UT, and it kept the northward polarity after 08:00 UT perature to the electron temperature is roughly as low as 3,
(see Nishino et al., 2007, for details). The maximum lat- which is much lower than the typical ratio that is as high as
itudinal angle of the IMF in the 1-h averaged data was as7 (Baumjohann, 1993).
large as 84 degrees (between 02:00-03:00 UT at the Wind Figures 2a and b show two-dimensional (2-D) cuts of
location). The solar wind density was higher than 10€m  the jon and electron PSDs for the 12-s interval between
throughout the interval, and its speed was as slow as abou§9:30:10-09:30:22 UT in the plane that includes the mag-
330-340km/s £0.6 keV). The convection time of the so- netic field that was (11.9-7.5, 8.9)nT in the GSM co-
lar wind from the Wind locationX~219Rg) to the Earth’s  ordinates, whose direction is shown by a red arrow in
magnetosphere was about 70 min. the figure. The left (right) portion of each cut shows

On this day Geotail came from the dusk magnetosheathhe sunward (tailward) moving particles, and the maxi-
into the magnetosphere and observed the cold plasma shegfum speeds shown in the figure are about 2100 km/s for
in the midst of the prolonged northward IMF interval (Fu- jons and 23 900 km/s for electrons, respectively. The tem-
jimoto et al., 1998; Fairfield et al., 2000) Figure 1 shows perature anisotropies for the interval Wg@l/TC”’\’OA-l,

(a) ion and (b) electron data between 09:00-10:00 UT ob-THl/TH”Nojg, and Te) / Tey~0.40, where Tc) ~99eV,
served by Geotail. In panel (a), from the top, E-t spec- Tcy~240eV, Ty ~1.9KkeV, Ty ~2.4 keV, T, ~35 eV, and
trograms of omni-directional, sunward, and tailward ions, Te~88 €V, respectively. Elongations of the PSD contours
temperatures and densities of cold and hot proton compogyellow-red colored region in Figs. 2a and b) in the direction
nents are presented. The perpendicular (parallel) tempergsarallel to the magnetic field are owing to the strong parallel
ture is shown by the green (blue) points, and the density ofanisotropies of the cold proton component and the electrons.
the cold (hot) component is shown by the blue (red) points. Figures 2c and d show one-dimensional (1-D) cuts of ion

Pfanel (.b()j.ShOWS tr|1e lelectron obgervatlons; E-t spectrﬁgrargnd electron PSDs in the direction parallel and perpendicu-
of omni-directional electrons and temperatures are shOWN, . 1 the |ocal magnetic field. Green (blue) lines correspond

Until %9:10 Ut Geotal was in the LLBL _With de_nse tai,l' to the PSDs in the perpendicular (parallel) direction, and the
ward flows (x~~—100km/s), and after 09:11 UT it was in iy jines correspond to the one-count level. The ions consist

the stagnant cold plasma sheet (Fairfield et al., 2000). A f the cold and hot components, and the electrons are a su-

09:10 UT Geotail was located at(5.3,18.4, 2.2Rg inthe 05 qgjtion of the photoelectron component and the ambient
GSM coordinates. We focus on the interval between 09:11—0 0410 component. A couple of vertical red broken lines in
09:59 UT when two peaks of the ion counts in the energyr;y o4 correspond to the lowest energy used for the temper-
space are evident (Nishino et al., 2007). ature calculations. We find that the low-energy part of the

. As V\;asﬁstudigd by Nisrrnlino el'ijal. (2007), throughom;t the observed electron PSD (with speed less th&000 km/s)
interval after 09'1_1 UT, the cold proton component has agy, g 5 flat-topped shape in the direction along the local
strong parallel anisotropyc, /Tc;~0.47, whereTc; and magnetic field

Tc) were about 100 eV and 210 eV, respectively. Anisotropy
of the hot component was much weaker than that of the ,
cold component, with the perpendicular and parallel temper#-2 6 February 1996 event (dusk tail-flank)

atures (. andTy) being 1.9keV and 2.2 keV, which give

Th /Ty ~0.87. As for densities of the two components, the We study another event under prolonged but weakly north-
cold Component (22 Crﬁ;) dominated over the hot compo- ward IMF, where both electrons and cold proton Component
nent (0.3 cr3). However, thermal pressures of the hot com- Were less anisotropic than those in the previous event. On
ponent in the perpendicular and parallel directions (83 pp February 1996, Geotail stayed in the plasma sheet near
and 97 pPa) were Comparab|e to or still h|gher than those the dusk low-latitude boundary and observed the cold plasma
the cold component (36 pPa and 75 pPa). sheet with two-component protons.

Next we study signatures of electrons in the plasma sheet. Figure 3 shows the solar wind observations by the Wind
Since the LEP-EAe was operated in the low-energy modespacecraft between 00:00-15:00 UT. From the top, (a) the
(from 8.3 eV to 7.6 keV) throughout the interval of our inter- latitudinal angle of the IMF4ur), (b) the solar wind den-
est, original electron PSD data includes a high contribution ofsity (Nsw), and (c) the solar wind speed are plotted. After an
the photoelectrons which are seen in the lower energy rangextended southward IMF that continued for more than 12 h
(<10eV) of the electron E-t spectrogram. The effect of thefrom the noon of the previous day, the IMF pointed weakly
photoelectrons is eliminated in the following moment calcu- northward around 03:25 UT (Fig. 3a). The northward polar-
lations. For the interval of our interest, the electron in theity of the IMF continued with the latitudinal angle of about
plasma sheet had a strong parallel anisotropy. The averagezD—40 degrees, except for several short excursions toward the
electron anisotropyZe, / Tej) was 0.37, wherde, andTg southward direction. The maximum valueépfiF in the 1-h
were 32 eV and 86 eV, respectively. The parallel anisotropyaveraged data is 41 degrees, which was observed between
of electrons was stronger than that of the cold proton com-10:00-11:00 UT. The solar-wind proton density and bulk

www.ann-geophys.net/25/1417/2007/ Ann. Geophys., 25, 1417-1432, 2007
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Geotail LEP 09:00-10:00 UT 24 March 1995
(@) ion parameters

omni-dir.

sunward
ions
(keV/q)
counts/sample

tailward
ions
(keV/q)

cold p+
(eV)

,,,,,,,,,,, e THL

(cm®)
-

counts/sample

_1Te|

. . : . : Tel
09:00 09:20 . 09:40 10:00 (UT)
09:30:10

Fig. 1. Geotail observations between 09:00-10:00 UT on 24 March 1995. Ranshows the ion observations. From the top, E-t
spectrograms of omni-directional, sunward, and tailward ions, temperatures and densities of cold and hot proton components are presentec
The perpendicular (parallel) temperature is shown by the green (blue) points, the density of the cold (hot) component is shown by the
blue (red) points. Pandb) shows the electron observations. E-t spectrogram of omni-directional electrons (7.4 eV-8.5keV) and their
temperatures are shown.

speed were 11.4cnd and 360 km/s, respectively (Figs. 3b 12:00 UT Geotail was located at-23.1, 19.4—~1.3)R in
and c). the GSM coordinates. In the following analysis, we focus on
the interval 12:01-14:29 UT during which two components

Figure 4 shows the Geotail observations between 11:00~ ; j :
15:00 UT in a similar format to Fig. 1 but the energy range in the sunward and tailward E-t spectrograms are evident and

of the electrons (LEP-EAe) is from 43 eV to 41.6keV. At the flows are stagnanti(x| <50 km/s).

Ann. Geophys., 25, 1417-1432, 2007 www.ann-geophys.net/25/1417/2007/
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lon and electrons PSDs Geotail LEP-EAI, EAe
09:30:10-09:30:22 UT 24 March 1995

(a) ion PSD o (b) electron PSD o
o a
n
8 2
g B
N~ o
A N
Vmax = 2100.4 km/s Vmax = 23903 km/s
(c) ion PSD (d) electron PSD
-9 - - - -12
—perp ! ! ! —perp A
-10 :gﬁ;alclgtm level | M H H -13 Zgﬁ;agglum level Frrea

log(PSD)
log(PSD)

7 : : : : : o
-3000 -2000 -1000 O 1000 2000 3000 20000 -10000 0O 10000 20000

V (km/s) V (km/s)

Fig. 2. Panel(a) shows a cut of ion PSD for the 12-s interval 09:30:10-09:30:22 UT on 24 March 1995, in the plane that includes the
magnetic field. The field direction is shown by the red arrow. Pérethows a cut of electron PSD for the same interval and in the same
plane as shown in the left panel. Pan@lsand(d) show 1-D cuts of ion and electron PSDs in the direction perpendicular and parallel to the
local magnetic field, which are shown by green and blue lines, respectively. A couple of vertical red broken lines in Panel (d) correspond to
the lowest energy used for fitting calculations.

The cold proton component had a weak parallel0.2cnm2 and did not change around 12:00 UT. The density
anisotropy,Tc, / Tc|~0.84, where averages @t andTg of the cold proton component dominated over that of the hot
were 184 eV and 220 eV, respectively. The hot proton com-component, while thermal pressures of the hot component
ponent was isotropicTt | / TH~1.0), where both averages in the perpendicular and parallel directions (betfi0 pPa)
of Th1 and Ty were about 2.1-2.2 keV. Botfyy; and Ty were higher than those of the cold component (28 pPa and
gradually decreased from 2.6 keV to 1.5keV, which is at- 33 pPa).
tributed to spatial and/or temporal variations of the plasma The electrons predominantly had a parallel anisotropy
sheet. The average densities of the cold and hot prc_)ton COMproughout the interval of the two-component proton ob-
ponents were about 0.94Cﬁ1and 0.21cm?®, respectively.  servation.  The average anisotropy of electrons was
Before 12:00 UT the density of the colq _component was Tey / Toi~0.73, where averages @t and T were about
less th%” 0.§cm°’, and around 12:04 UT it increased t0 be g7 g\ and 91 eV, respectively. In Fig. 4b we can find tempo-
0.9cn®, while the density of the hot component was about 5| and/or spatial variations of the electron temperatufes:

www.ann-geophys.net/25/1417/2007/ Ann. Geophys., 25, 1417-1432, 2007
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Solar wind data (from Wind spacecraft)
00:00-15:00 UT 6 February 1996

90
45
0
-45
-90
20

theta IMF
(deg)

G)
bulk speed density

00:00 03:00 06:00 09:00 12:00 15:00
um

Fig. 3. Solar wind observations by the Wind spacecraft between 00:00-15:00 UT on 6 February 1996. Fron(#é¢hefatitudinal angle
of the IMF @;mE), (b) the solar wind densityNsyy), and(c) the bulk speed of the solar wind flowW¢yy) are presented. The convection time
of the solar wind from the Wind to the Earth’s magnetospherk(f) is not included in the figure.

gradually increased and the parallel anisotropy gradually dis- The IMF pointed northward between 03:04-08:15 UT at
appeared. The parallel anisotropy of electrons was stronghe Wind location X~68 Rg), except for two short excur-
(Te1/Te~0.5-0.7) between 12:01-12:56 UT. After 12:57 sions to southward direction (see Nishino et al., 2007, for de-
UT the anisotropy was weaker but the parallel temperaturdails). Near the end of the prolonged northward IMF period,
was still dominant {e1 /T ~0.8), except for several brief Geotail crossed the dayside magnetopause from the magne-
intervals whenTe /Te) was~1.1, and then the anisotropy tosheath into the magnetosphere. The solar wind speed was
gradually disappeared by 14:30 UT. The ratio of the cold-386 km/s (0.77 keV) and its density was about 11.48m
proton temperature to the electron temperature is about 2—3The convection time from the Wind location to the Earth’s
Figures 5a and b show PSDs of ions and electrons bemagnetosphere is roughly 20 min.
tween 13:08:08-13:08:20 UT in a similar format to Figs. 2a Figure 6 shows the Geotail observations between 07:30—
and b, but the maximum speeds for ions and electrons areg:10 UT in the same format as Fig. 4. Before 07:40 UT
about 2300 km/s and 36 500 km/s, respectively. The magGeotail was in the dense magnetosheath-like region, and it
netic field was 3.1, —1.8, 3.6)nT in the GSM coordi- came into the magnetosphere, crossing the dayside magne-
nates. The temperature anisotropies for the 12-s interval wergopause around 07:41 UT when Geotail was located around
Tcy/Tcy~0.84, Ty /Tw~1.1, andTe) / Te~0.58, where (5.3, 9.1,—0.8) R in the GSM coordinates. Since the ion
Tc1~210eV, T¢~250eV, Ty ~2.3keV, Ty ~2.1keV,  counts had two peaks in the energy space between 07:41—
Te1~64 €V, andTg~110eV. In Figs. 5a and b, elongations 07:58 UT, we apply the two-Maxwellian mixture model to
of PSD contours of cold protons and electrons are muctthe ion PSD data for this interval. After 07:59 UT Geotail

weaker than those in the previous event (Figs. 2a and b). Figeame into the hot plasma sheet, separating from the low-
ures 5¢ and d show 1-D cuts of PSDs of protons and electrongititude boundary.

in the same format as Figs. 2¢ and d. Nishino et al. (2007) found that both cold and hot com-

ponents of protons in the plasma sheet had a perpendicular
4.3 23 September 1995 event (dusk dayside) anisotropy in this eventlc, / Tcy~1.4 andTi . / Tuj~1.3).

The perpendicular and parallel temperatures of the cold com-
We next proceed to a dusk-dayside event on 23 Septembgionent {c, and7cy) were 220 eV and 160 eV, and those of
1995 to find that both cold and hot components of protonsthe hot componently; and7y)) were 4.5keV and 3.4 keV,
had a perpendicular anisotropy while electrons had a parallelespectively. Since the average densities of the cold and hot
anisotropy in contrast to the two previous cases in the tail-components were about 2.0 chand 0.7 c®, respectively,
flank region. the cold component dominated over the hot one in terms of

Ann. Geophys., 25, 1417-1432, 2007 www.ann-geophys.net/25/1417/2007/
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Geotail LEP 11:00-15:00 UT 6 February 1996
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Fig. 4. Geotail observations between 11:00-15:00 UT on 6 February 1996 in a similar format to Fig. 1 but the energy range of the electron
E-t spectrogram is from 43 eV to 41.6 keV.

the density. The thermal pressures of the hot component ithe electrons had a parallel anisotrofy.(/ 7e; ~0.66). The
the perpendicular and parallel directions (about 500 pPa ang@erpendicular and parallel temperatures of the electrfins (
380 pPa) dominated over those of the cold one (about 70 pPandTg)) were 90 eV and 135 eV, respectively. In addition, we
and 50 pPa). In the plasma sheet adjacent to the boundarfynd that the cold electrons in the plasma sheet of our interest
layer, both components were stagnaab0 km/s). occasionally accompanied a high-energy (hot) component of
We investigate the electron anisotropy in the plasma sheeglectrons. In the E-t spectrogram of the electrons, hot elec-
for the interval of our interest (Fig. 6b). In contrast to the trons, whose energies are in the range of 1-10keV, are oc-
cold proton component with the perpendicular anisotropy,casionally seen (i.e. 07:41-07:44 UT, 07:46 UT, 07:47 UT,

www.ann-geophys.net/25/1417/2007/ Ann. Geophys., 25, 1417-1432, 2007
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lon and electrons PSDs Geotail LEP-EAIi, EAe
13:08:08-13:08:20 UT 6 February 1996
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Fig. 5. Phase space densities of idayand electrongb) between 13:08:08-13:08:20 UT on 6 February 1996, in the plane that includes the
local magnetic field. Pane(s) and(d) show 1-D cuts of ion and electron PSDs in the same format as Figs. 2c and d.

07:49 UT, 07:50-07:51 UT), although they were not ob- T, /THj~1.2, and Te| /T ~0.62, where Tc; ~170€V,
served for most of the interval. Since the energy range oflcj~210eV, Ty ~4.0keV, Ty ~3.4keV, Te ~73 eV, and
the hot component resembles that of the thermal electrons il ~120 eV. Enhancement of the perpendicular anisotropy
the plasma sheet observed after 07:59 UT, the hot compdfor the cold proton component is seen as the elongation of
nent is thought to be of magnetospheric origin. The lack ofthe PSD contours in the direction perpendicular to the mag-
the hot electron component is usually attributed to a leakagaetic field in Fig. 7a (yellow-red colored region). The parallel
of hot electrons along the field line that was once opened tanisotropy of electrons is seen as the elongation of the PSD
be connected to the IMF (Onsager et al., 2001). contours in the magnetic field direction in Fig. 7b. Figures 7c
Figure 7a (7b) shows a cut of ion (electron) PSD and d represent 1-D cuts of the phase space density of ions
between 07:48:27—-07:48:39 UT in a similar format to @and electrons in the same format as Figs. 2¢ and d. Enhance-
Fig. 2a (2b) but the maximum speed shown in the fig-ment of the perpendicular component of the proton PSD is
ure is about 2750km/s (51700km/s). The magneticevidentin Fig. 7c. In Fig. 7d, the parallel anisotropy of elec-
field was (2.7, 34.3, 30.6)nT in GSM. The tempera- {rons is seen in the low energy range, while there is a high-
ture anisotropies for the 12-s interval wefe, /Tcj~1.3, energy component with a slight perpendicular anisotropy.
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Geotail LEP 07:30-08:10 UT 23 September 1995
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Fig. 6. Geotail observations between 07:30—08:10 UT on 23 September 1995 in the same format as Fig. 4.

5 Statistical study

According to the statistical study by Nishino et al. (2007), the

of electrons and the cold proton component change their
strength in the tail flank. In order to further investigate the

trend of the temperature anisotropies, we perform a statisti-
cal study as follows. In this paper we use the same data sets

sense of anisotropy of the cold proton component depends 0 njishino et al. (2007); that is, the Geotail E-t spectrograms
the locations. On the other hand, the electrons have beeﬂ)r the period 1995-2000 were scanned by eye and 15 inter-

known to possess a parallel anisotropy around the LLBL

'vals of the two-component protons, which consist of 11 in

with WhICh the result of our case studies agrees. In gddltlonthe tail and 4 on the dayside, were chosen. The relatively
case studies performed above show that both anisotropies

www.ann-geophys.net/25/1417/2007/

Ann. Geophys., 25, 1417-1432, 2007



1426 M. N. Nishino et al.: Anisotropies of electrons and two-component protons in the dusk plasma sheet

lon and electrons PSDs Geotail LEP-EAI, EAe
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Fig. 7. Phase space densities of ions and electrons between 07:48:27-07:48:39 UT on 23 September 1995 in a similar format to Fig. 2.

small number of two-component events is due to the lim-trons, the ratio Tz / T¢y) is in the range of 0.37-0.8, which
ited acquisition of 3-D data and to the seasonal change ofmeans that both in the tail and on the dayside the electrons
the spacecraft orbit. The projection onto ti& (X Z) plane  have a parallel anisotropy. The strongest parallel anisotropy
of the observed locations is shown in Fig. 8a (8b). The es-s observed in the tail-flank plasma sheet betw&en—10
timated parameters of each event are averaged over the imnd—20Rg. The spatial profile of temperature anisotropies
tervals when the ion counts had two peaks and flows weref protons differs from that of electrons. As was shown by
stagnant|(Vx | <50 km/s). There was a continuous northward Nishino et al. (2007), the sense of the temperature anisotropy
IMF period longer than 3 h just before each event, which isof the cold proton componeni¢, / Tc)) depends on th&
consistent with previous studies (e.g. Hasegawa et al., 2003;00rdinate of the observed location (Fig. 9a). The strong par-
Nishino et al., 2005; Wing et al., 2005). allel anisotropy of the cold component is occasionally ob-

. h h . h io of i served aroun& ~—10 to~—20Rg, being accompanied by
Figure 9a shows the anisotropy (the ratio of perpen ICU%he strong parallel anisotropy of electrons. Nishino et al.

lar to parallel tempgrature) of each component. The gree 2007) pointed out that the hot proton component is less
squares, the blue triangles and the red plus symbols Corre‘a'misotropic than the cold component in the tail flank, and

spond to the anisotropies of eIe(_:trons, and the_cold and h as a perpendicular anisotropy in the dayside region. The
components of protons, respectively. Concerning the elec-
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Observed locations of two-component proton events
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Fig. 8. Observed locations of the plasma sheet with the two-component protons near the dusk low-latitude boundary. Projedf#&ns onto
the GSMXY plane andb) the GSMXZ plane are shown. Dayside (tail) events are plotted as red squares (blue circles).

perpendicular anisotropy of the hot proton component may Figure 10a shows the relation between the latitudinal angle
be due to the result of adiabatic transport from the tail regionof the IMF @mr) and anisotropies of the electrons and the
and losses into the ionosphere, as is usual in the plasma sheatld and hot proton components for the 11 tail-flank events.
(Mauk and McPherron, 1980). Green squares, blue triangles, and red plus symbols corre-
Figure 9b shows the perpendicular and parallel temperaspond to the anisotropies of the electrons, the cold proton
tures of electrons normalized by the kinetic energy of solarcomponent, and the hot proton component, respectively. For
wind protons ESW) The green squares (b|ue Circ|es) cor- the data of the latitudinal angle of the IMF, we use the maxi-
respond to the normalized perpendicular (parallel) temperamum value of the 1-h averaged data within 6 h before the de-
ture. The larger variation of the parallel temperature than theection of the two-component protons. There is a trend that
perpendicular temperature could be attributed to some parastrongly northward IMF leads to strong parallel anisotropies
lel heating process. of both electrons and the cold proton component in the tail
Let us compare the temperatures of electrons with thosé'ank region. The parallel anisotropy of electr_ons_is stronger
of the cold proton component. The perpendicular and par_than that of the cold proton component, which is stronger
allel temperatures of the cold proton component normalizedan that of the hot proton component; i.e. there is a relation
by Esw are shown in Fig. 9c. Most of the temperatures of TeL/ Tel<Tc1/Tcy<Tu1/Thy in the tail-flank plasma sheet
the cold component are in the range of 2040 percent of th&/ith two-component protons.
kinetic energy of the solar wind protons. Comparing Figs. 9b  On the other hand, no dependence of anisotropies on the
and 9c, we find that temperatures of the cold proton compostrength of the northward IMF can be found in the dayside
nent are roughly twice as high as those of electrons. The typevents. Figure 10b shows the relation betwégg and
ical temperature ratio of protons to electrons is about 7 in theanisotropies for the 4 dayside events. The electrons have a
near-Earth plasma sheet (Baumjohann, 1993), and thereforefrong parallel anisotropy, being independent of the latitu-
selective heating works on protons in the plasma sheet. Thédinal angle of the IMF, while both proton components have
observed temperature ratio in the cold plasma sheet meargerpendicular anisotropies.
that the cold pl’OtOﬂ Component does not significantly receive Figures 10c and d show relations between the electron
selective heating during the cold plasma sheet formation.  anisotropy and the proton anisotropies in the tail flank and
Comparing the normalized temperatures of the hot protoron the dayside, respectively. The blue triangles correspond
component (Fig9d) to the normalized electron temperatures to the anisotropy of the cold proton component, and red plus
(Fig. 9b), we note that the temperature ratio of the hot protonsymbols designate the hot proton component. In the tail
component to the electrons can be as large as 20, which mafjank, the anisotropy of electrons is in a good correlation with
be attributed to escape of the high-energy electrons along th&hat of the cold proton component, with a correlation coeffi-
open (or once-opened) field line. cient of 0.87, while it is not correlated with that of the hot

www.ann-geophys.net/25/1417/2007/ Ann. Geophys., 25, 1417-1432, 2007
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Statistical plots of two-component proton events
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Fig. 9. Statistical plots for the 4 dayside and 11 tail events. P@)alhows anisotropies (i.e. ratios of perpendicular to parallel temperature)

of the cold protons, the hot protons, and the electrons. The blue (red) points correspond to the ratio of the cold (hot) component temperatures
and the green squares represent the electron temperatures. (Badgeshow the relation between tiecoordinate of the observed locations

and the temperatures normalized by the kinetic energy by the solar wind protons (43&LkeY§. Panel (b) shows the normalized
temperatures of electrons in the perpendicular and parallel direction to the magnetic field, with green squares (blue circles) corresponding
to the perpendicular (parallel) temperature. Panels (c) and (d) present the normalized temperatures of the cold and hot proton components
respectively.

proton component. As for the cases on the dayside, we camsut that the sense of anisotropy of the cold proton component
not judge whether there is a correlation between the electroiepends on the observed locations; the cold proton compo-
anisotropy and the proton anisotropies because of the narrowent possesses a parallel anisotropy in the Tail { Tc; <1)
range of the observed anisotropies. and a perpendicular anisotropy on the daysidg ( 7c;>1).
What they found suggests that the cold proton component
on the dayside and in the tail flank region came into the
6 Discussion magnetosphere through separate locations, and implies that
a different entry mechanism works on the dayside and in
In order to discuss what findings in the present study meanthe tail flank. They mentioned that the kinetic Aéiv waves
we first summarize the results and suggestions of the study bk AWSs) are not inconsistent with the observed perpendicu-
Nishino et al. (2007). Focusing on the two-component pro-lar anisotropy of the cold proton component on the dayside,
tons in the dusk plasma sheet, Nishino et al. (2007) pointed
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Fig. 10. Statistical plots of observed temperature anisotropies. The top two panels show the dependence of the anisotropies on the IMF lati-
tudinal angle ) for (a) tail-flank events an¢b) dayside events. The bottom two panels present the relation between electron anisotropy
and proton anisotropies fgc) the tail-flank andd) the dayside events. Green squares, blue triangles, and red plus symbols correspond to
the anisotropies of the electrons, the cold proton component, and the hot proton component, respectively.

since the KAWSs can heat ions in the direction perpendicularanisotropy. Since the KAWSs can explain both the electron
to the local magnetic field (Johnson and Cheng, 1997). Conheating in the parallel direction and ion heating in the perpen-
cerning the cold proton component in the tail flank (Fig. 9c), dicular direction (Johnson and Cheng, 1997; Johnson et al.,
they proposed that the enhancement of the parallel tempe2001), the KAWSs around the dayside magnetopause might
ature in the tail flank might be partly attributed to adiabatic explain the observed anisotropies, although we have not ob-
heating due to earthward convection in the plasma sheet. Thined direct evidence of the KAW's excitation in our data.
adiabatic heating is a result of the interplay between betatron Another candidate for solar wind entry and heating under
and Fermi accelerations, and the parallel temperature is ern(strongly) northward IMF is double high-latitude reconnec-
hanced as the result of earthward convection in the regioriion at the dayside magnetopause (Song and Russell, 1992;
with the tail-like magnetic field configuration (Yamamoto Li et al., 2005; @ieroset et al., 2005). Previous observational
and Tamao, 1978). studies (Onsager et al., 2001; Lavraud et al., 2005, 2006)

Let us discuss a plausible mechanism on the dayside Ir§howed that electrons on the newly-closed field lines around
. " th ide magn rallel anisotr n-
the present study, we have confirmed that the cold electront e dayside magnetopause possess a parallel anisotropy, co

Zistent with our observations on the dayside.
possess a parallel anisotrop¥e(/7ej<1) on the dayside y
where the the cold proton component has a perpendicular
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In the tail flank region a good correlation between the par- Other waves, such as the electric solitary wave (ESW)
allel anisotropy of electrons and that of the cold proton com-and the lower-hybrid drift wave (LHDW), are also candi-
ponent supports the idea of the adiabatic heating, for bottdates for serving as a plasma heating mechanism around
electrons and protons undergo the same sense of heating #'®e magnetopause. The ESW has been known to lead to
long as they move together on the same field line. Howeverglectron heating (Omura et al., 1996; Goldman et al., 1999)
the observed parallel anisotropy of electrons is stronger thaand was observed at the magnetopause under northward IMF
that of the cold proton component in the tail flank, which (Cattell et al., 2002). The LHDW has also been proposed
means that adiabatic change by itself cannot totally explairas a plasma transport mechanism across the magnetopause
the observed anisotropies and that some other mechanism ¢freumann et al., 1991; Shukla and Mamun, 2002). Since
parallel heating acts on the electrons. The observed deperthe LHDW might play an important role in the formation of
dence of parallel anisotropies in the tail flank on the latitudi- the flat-topped electrons in the magnetotail (Shinohara and
nal angle of the IMF#ur) also implies an additional mech- Hoshino, 1999; Shinohara et al., 2001), the LHDW around
anism other than adiabatic heating. the magnetopause, if any, might produce the flat-topped elec-

We consider roles of Kelvin-Helmholtz (KH) instability trons observed on 24 March 1995. Further studies of wave-
in plasma heating around the magnetopause. In the velocitparticle interactions, as well as distribution functions, in de-
shear layer around the magnetopause, the Kelvin-Helmholtzail, may help us understand what is going on around the
(KH) instability is expected to develop under strongly north- magnetopause under northward IMF.
ward IMF (Fairfield et al., 2000). Simulations (Otto and Fair-
field, 2000; Nykyri and Otto, 2001; Matsumoto and Hoshino, _

2006; Nakamura et al., 2006), as well as observational stud? Conclusions

les (Hasegawa et al., 2004, 2006), have suggested the O%Ve have found that both electrons and protons have temper-

tcrl: rrenc\(jvof KT 'Tﬁtibt':]'ty tand growtth oft\r:otrrglcaltstructuresl ature anisotropy in the cold plasma sheet. The electrons have
ere. Ve note that the two events wi € strong paral, parallel anisotropy both on the dayside and in the tail flank,
lel anisotropy of the cold proton component in the tail flank

. while the sense of the anisotropy of the cold proton compo-
(TeL/Tey<0.5 on 24 March 1995 and 13 April 1998) are nfnt depend on the locations. Although the observed par-

those where Hasegawa et al. (2006) showed the existence Wlel anisotropies of the electrons and the cold proton com-

;Ihe lzolled-up_:?}l:hvomca:(l structlflrels, z_inotl that other 9t Fg'l' ponent in the tail flank may be partly explained by adia-
rank cases wi € weaker paraliel anisolropy Were notideny, ;. heating by earthward convection in the plasma sheet,
tified as the rolled-up KH vortices by them. As for the

e some other mechanism that selectively heats electrons in the
event on 24 March 1995, Fairfield et al. (2000) and Otto y

- : arallel direction may work. Strong parallel anisotropies
and Fairfield (2000) performed a comparison between thezbserved under strongly northward IMF may be attributed

Geotail data and MHD simulations, and concluded that the

low-latitude bound the dusksid table to th to the development of Kelvin-Helmholtz vortices in the tail
ow-1atitude boundary on the duskside was unstable 10 g, 5 g the resultant magnetic reconnection in the vortical

KH instability. We therefore propose that the strong paral'structures. Wave-particle interactions are also candidates for

lel anisotropies may be related to the KH vortical structuresplasma transport and heating around the magnetopause.
developed under strongly northward IMF. Furthermore, re-
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