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Abstract. Three-dimensional configuration of earthward fast proposed the spontaneous fast reconnection model. This
flow in the near-Earth plasma sheet is studied using threemodel predicts that the fast reconnection mechanism spon-
dimensional magnetohydrodynamics (MHD) simulations ontaneously develops from inside the system by the self-
the basis of the spontaneous fast reconnection model. In thisonsistent interaction between plasma microscopic processes
study, the sheared magnetic field in the plasma sheet is newlgind macroscopic reconnection flovidgai, 1984 1986. The
considered in order to investigate the effects of it to the earthprevious magnetohydrodynamics (MHD) simulations have
ward fast flow, and the results are discussed in comparisodemonstrated that the spontaneous fast reconnection model
with no-shear simulations. The virtual probes located at dif-works quite effectively even in three-dimensional situations
ferent positions in our simulation domain in shear/no-shearUgai and Kondoh2001 Ugai et al, 2004 2005. Once the
cases could explain different behavior of fast flows in the realfast reconnection builds up, an Aémic fast flow is caused,
observations. and if the fast flow is obstructed, the reconnected field lines

Keywords. Magnetospheric physics (Plasma sheet) — Spac are piled up, and a magnetic loop is formed. A magnetic

plasma physics (Magnetic reconnection: Numerical simula- oop in our simulations is allowed to be formed because of a
tion studies) wall boundary assumed at one edge of a current sheet system

(Ugai et al, 2003.

In the previous study, we showed that virtual probe obser-
vations, which were located in our simulation domain, con-
1 Introduction sist with superposed epoch analysis of actual in-situ GEO-

TAIL satellite observation datakKpndoh and Ugai2008.
The existence of earthward fast flow events, which areHowever, the time variations observed by actual satellites are
called Bursty Bulk Flows (BBFs) or Flow Bursts (FB#r(- quite different in each observation. Figuteshows the time
gelopoulos et al.1992), in the near-Earth plasma sheet dur- variations of earthward component of flow velocity,{,
ing active magnetospheric conditions have been pointed outagnetic field component®(, By, B;) and plasma density
by a lot of individual case studieSérgeev et 812000 2001, (N) in the GSM coordinate system in the two sample earth-
Angelopoulos et al.1992. These previous studies have ward fast flow events observed by GEOTAIL satellite in 23
shown that earthward BBFs are generally accompanied byanuary 1997 (a) and 26 November 1997 (b). In the left event
dipolarization of the plasma sheet, and BBFs are directed eia), the long enhancement &% and the rapid decrease of
ther earthward or tailward. BBFs are, therefore, often con-N are observed. On the other hand, the rapid decrease of
sidered to be signatures of bursty and localized reconnectiof¥, and the gradual small decreaseMdfare observed in the
in the plasma shee©htani et al.2004 Schodel et a).2001). right event (b). These differences are usually interpreted by

Magnetic reconnection can convert magnetic energy tothe position of the satellite without considering the magnetic
plasma energies most effectively by slow shocks. We havdield structure. Here, we should notice the variation of mag-
netic field components, especialB;. In the event (b), the
large shear field componest, is observed before observing

Correspondence ta<. Kondoh the fast flow event. In this study, we focus to the effects of
BY

(kondo@cosmos.ehime-u.ac.jp) the shear fieldB, on the fast reconnection evolution so as
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0 O<z<1; By (z)=1for 1<z<Z1; By (z)=c0S[(z—Z1)7/1.2]
01 . ! for Z1<z<Z,,(=Z140.6); B,(z)=0 for Z, <z, also,
160500 e 100 24500 a0 B, (z)=—B,(—z) for z<0. The shear magnetic field com-
(a) Jan. 23, 1997(-30.40, 2.83, -2.56) (b)Nov. 26, 1997(-18.82, 0.72, -2.01) ponentByO is considered to be 0.2 in this Study The plasma

pressureP(z) initially satisfies the pressure-balance condi-

ti
Fig. 1. Two sample events of earthward fast plasma flow observed
by GEOTAIL satellite in 23 January 199@) and 26 November P + Bf =1+ Bo Q)

1997(b). . . .
where B is the ratio of plasma pressure to the magnetic

pressure in the ambient magnetic field regionzk Z1, so
to predict the satellite position. The 3-D fast reconnectionthat P (z=0)=1+ g initially (in the present study$p=0.15
evolution in a shear field has not been studied for detaileds taken); Initially, fluid velocityu=(0, 0, 0), and, constant
applications to the BBF observations. temperature’ =P /p=1+p0 is assumed, so that the plasma
densityp initially satisfies

2 Simulation model p(z2) = P(2)/(1+ o), 2

As mentioned in the introduction, the purpose of this study!n Our previous studies, a number of computations have
is to investigate the effects of the shear field component inP€€n done for different plasmés and temperatures to ex-
the plasma sheet on the earthward fast flow event. Hencé*Mine these effects on the fast reconnection evolutitag

the simulation domain is extended to the second quadrani992 1999 Ugai and Zheng200§. The normalization of
whereas in the previous studies only the first quadrant is conduantities, based on the initial quantities, is self-evident;
sidered Kondoh and Ugai2008. As shown in Fig2, the Distances are normalized by the half-width of the current

axis symmetry boundary conditions are adopted in order tosheetdg, B by thg field strength in the magnetic field re-
consider the shear field component. gion Byo, P by Bfy/(2110), and p by pi=p(z=0); also,u

by Vaxo(=Bxo//1wopi), timet by do/ Vaxo, current density
2.1 Simulation modeling J by Jo=B-0/(unodo), and so forth. Note that the Alén ve-

locity in the ambient magnetic field region<€t<Z1) at ini-
Simulation model in this study is the same as that in thetial state is given by .=V40/./pc(p. is the density there).
previous simulationsKondoh and Ugai2008 except for Here, the conventional axis symmetry boundary condi-
the above boundary conditions. Our previous magnetic loogions are assumed on the, (), and (y, z) planes. Hence, the
simulations using the wall boundary showed that the fastcomputational region can be restricted to the first and sec-
magnetic reconnection produces fast reconnection jet, and ibnd quadrants and taken to be a rectangular bex, 0L,
flows in plasma sheet and is suddenly braked at the bound-L,<y<L,, and G<z<L_; also, for simplicity, the con-
ary between the dipolar and tail-like magnetic field becauseventional symmetry boundary condition is assumed on the
of the counterward pressure force, and the reconnection jeduter boundary plane=L,, and on the other boundary
is deceleratedgai et al, 2003. This situation may be con- planes¢=—L,, L, andz=L;) the free boundary conditions
sistent with the earthward flow, and these results are in goo@re assumed.
agreement with the situation inferred from the observation Current-driven anomalous resistivity have been studied
results of earthward flon§hiokawa et a).1997). theoretically and experimentallyLgi, 2001, Treumann
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200Z, Ono et al, 2001, Petkaki and FreemaB008. Here, as
in the 2-D model, the anomalous resistivity model is assumed
in the form,

(2)-By0=0.0

n(r,t) =kg[Va(r, 1) — Vel for Vg > Ve,
=0 for vV, < V¢ 3)

where V,(r, t)=|J(r, t)/p(r, t)] is the relative electron-ion
drift velocity, and V¢ may be a threshold for micro-
instabilities. Herekz=0.003 andV=12 are taken{gai,
1984 1992 1999.

In order to disturb the initial static configuration, a local-
ized resistivity model is assumed around the origin in the 3-D
form,

n(r) = noexpl—(x/ k)% — (v/ky)* = (z1/ k)] @)

Here, we takek,=k,=0.8 andnp=0.02 in the manner sim-
ilar to the previous 2-D simulations. Als@, provides the
3-D effects. Previous studies showed that thespecifies
the effective extent of diffusion region in the y-direction, and
magnetic reconnection cannot effectively grow in the case of
smallky, k,<3 say Kondoh et al. 2009, so thatk,=8 is
taken in the present study.

The disturbance4) is imposed only in the initial time
range G<r<4, and the anomalous resistivity modé) (s
assumed for>4. Hence, the fast reconnection mechanism
may be triggered at=0 in this model.

It should be noted that sufficiently small mesh sizes are
required for precise computations of the spontaneous fast re-
connection evolution especially in the z-direction, so thatweFi 3. Isosurfaces of high oressure region (dark arav (red
assumeAx:_O.Q4, Ay:Q.Z, a_ndAz=0.015. Also, we take onges,P=1.4) and earthwart?plzi,ma speed %Iight(gray (kg)]lug) c()nes),
the magnetic field region siz€;=4, and the whole com- V,=14) in the two cases oB,0=0.0 (a) and Byo=0.2 (b) at

putational region size is assumed tobe=14, L,=20 and  7-39 0 derived by our MHD simulations.
L.=9.6.

(b) By0=0.2

3 Results pressure region propagates in the x-direction and swells. As
can be seen, the thickness of the fast flow region in the z-
At first, let us show the general results of present 3-D MHD direction is thin near the reconnection region because of the
simulations. Initiated by the disturbane® (n the finite ex-  pinch effect Ugai, 1992. The top panel (a) shows those in
tent|y|<8, the current sheet thinning occurs near the origin,the case of no initial shear fiell,oc=0, whereas the bottom
giving rise to distinct enhancement of the current density.panel (b) shows those in the case of the initial shear filed
Once the drift velocityV; exceeds the threshold. (Eq.3),  B,0=0.2. In the case (b), the fast flow channel deflects in
fast reconnection drastically grows as a nonlinear instabilitythe direction of the shear field compared with that in the
because of the positive feedback between the anomalous réase (a), although the width of fast flow channel and high
sistivity and the reconnection floJgai, 1992 1999: that pressure region is almost same in the both cases. The deflec-
is, the reconnection flow grows so as to enhance the currention angle of the fast flow is largest at the edge of the fast flow
driven anomalous resistivity, which in turn enhance the re-channel in the negative y-direction, and that angle is almost
connection flow. Ahead of the Alénic reconnection jet arctan(Byo/Bxo).
flowing to x-direction, a large-scale 3-D plasmoid is formed In order to compare the simulations directly with the satel-
and propagates, and the plasmoid collides withithd., lite observations, let us consider such a virtual probe that
wall boundary, giving rise to a 3-D magnetic loop. is located at a spatial poiri, y, z) in the plasma sheet.
Figure3 shows 3-D configurations of high pressure region For simplicity, we assume that the probe does not move in
(dark gray (red) iso-surfac®=1.4) and earthward fast flow spite of the progress of time as in the previous paper. Then,
(light gray (blue) iso-surfacd/,=1.4) at timeT=39 just be-  the virtual probe can readily detect the temporal changes of
fore the plasmoid collides with=L, wall boundary. High  plasma quantities at its location on the basis of the simulation
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Fig. 4. Time profiles ofV, B, P, p detected at different positions in the y-direction, (6.0, 0.0, 0.36) (left panels) and-®.0, 0.36) (right
panels) in our simulation domain in the caseBgh=0.0 (top panels) an@,,=0.2 (bottom panels).

results. Figure4 shows the time variations of three com- and (b) show those in the case®fy=0.0, while the bottom
ponents of flow velocity ¥y, V,, V;), three components of ones (c, d) show those in the caseByp=0.2. These posi-
magnetic field B,, By, B;), and plasma pressure and plasma tions of virtual probes are indicated in Fi§. Vertical dotted
density detected by two virtual probes located near the cenlines in Fig.4 indicate the timel'=39, and horizontal dotted
ter of the fast flow channel (6.0, 0.0, 0.36) (a, c) and neaidines indicate the earthward flow speed which is shown
the limb of it (6.0,—3.0, 0.36) (b, d). The top panels (a) as the isosurface in Fi@. These two probes are located at
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different positions in the y-direction, and this difference dras- netic field components are similar in these two observations,

tically changes the time variations observed by them in spitealthough the variations of them in Figb are large proba-

of the same event. bly due to the observation position at far position from the
In the case with no shear magnetic field,§=0), the  reconnection region.

probe near the center of the fast flow channel in the y-

direction (i.e.y=0), which is inside of the fast flow region

at T=39 as shown in Fig3, observes rapid enhancement o

V., large enhancement &, and large rapid drop of plasma . .
density as shown in Fig. 4a. On the other hand, the virtualm this paper, the spontaneous fast reconnection model was

robe near the limb of the fast flow channel in the v-direction applied to the earthward fast flow events observed in the near-
P y Earth plasma sheet. The 3-D plasma configurations found in
(i.e. y=—3.0) observes gradual enhancementlpf small

. the present simulation considering shear magnetic field are
enhancement oB, and gradual decrease of as shown in . ) .
Fig. 4b summarized as follows: (1) The fast flow channel deflects in

In the case with shear magnetic field,§=0.2), the vir- the direction of shear field. (2) The plasmoid is formed ahead

. of the fast reconnection jet and develops in three dimensions,
tual probe near the center of the fast flow channel (&@J. J P

- , . . and the plasmoid cross-tail size in the y-direction in the case
observes very similar profiles to those in the case with NOwith shear magnetic field almost the same as that in the case
shear field in Fig4a. On the other hand, the virtual probe g

. . . of no shear magnetic field.
near the limb of the fast flow channel in the case with shear On the basis of the simulation results, virtual probes were

field observes significantly different variationsWify and B, . . .
from those in the no shear case, that is, rapid drop of earthlocate{j In the plasma sheet, so that they could directly ob

. ; serve the temporal variations of plasma quantities. The vir-
ward flow velocity ;) and rapid recover of earthward com- tual probe located at far position from tail axis in the negative
ponent of magnetic fieldR) just beforeT=45 in Fig.4d. P P 9

A L a/-dwectlon easily goes out from the fast flow channel in the
The reasons of the observations of these variations are th ﬁq .
. Shear case, where it usually observes long and small enhance-
the virtual probe suddenly goes out from the fast flow chan-

ment of earthward fast flow due to the gradual thinning of the

'?heel 3;2:?30?; ttzéhceh::?gﬂg g;gi;zsrtﬁﬂe%\/ dCi?:cr][ir:)er: apﬁefast flow channel in the no-shear case. Considering the shear
o o : magnetic field, the rapid decrease of earthward fast flow as
thinning of the fast flow channel at the position far from the S
o T : shown in Fig.1b was able to be reproduced.
tail axis in the y-direction is usually very gradual in the case

with no shear field, so that the virtual probe observes gradual In summary, we have demonstrated that the satellite obser-
X . pro €S g vations of the earthward fast flow event are generally consis-
long enhancement ¢f, as shown in the Figlh. Considering

the shear field. however. the virtual probe even at the saméent with the results caused by the fast reconnection mecha-
: LT P nism. In fact, the virtual probe observations in the simulation
observation position is derailed from the fast flow channel . o !
. . . . domain could well explain different behavior of fast flows
due to the deflection of it as shown in the Fg.and Fig.3b. .
. . o observed by GEOTAIL satellite.
In Fig. 4b, c, d, the bipolar type variations ¥, are ob-
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