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Abstract. The present paper studies fundamental featured Introduction
of plasmoid propagation by virtual satellite observations in
the simulation box. The plasmoid domain is divided into the In space plasmas, magnetic reconnection is essential for
plasmoid reconnection region P, where magnetized plasmalairge dissipative events, such as solar flares and geomag-
with reconnected field lines, heated by dissipation mechanetic substorms (Priest and Forbes, 2000; Runov et al., 2003;
nisms of fast reconnection, are accumulated, and the plasNakamura et al., 2006), and the so-called fast reconnection
moid core region C, where magnetized plasmas with sheareghechanism, involving slow shocks and Agfvic plasma jets,
field lines, initially embedded in the current sheet, is adia-should be most applicable to substorms (Petschek, 1964).
batically compressed. When the virtual satellite is located inHence, the key question is to clarify how the fast recon-
a position through which the plasmoid core region passes, ihection mechanism can be realized as an eventual solution.
detects distinct changes in quantities at the interface betweeRistorically, possible fast reconnection configurations were
the regions P and C, where the north-south field componenproposed for two-dimensional (2-D) steady magnetohydro-
B; has the bipolar profile and the sheared field componentlynamic (MHD) flows, and it was argued that the fast recon-
By has the peak value. The observed magnetic field profilenection mechanism should be controlled by external bound-
is, both quantitatively and qualitatively, in good agreementary conditions (Petschek, 1964; Vasyliunas, 1975; Priest and
with the standard one detected by actual satellite observarForbes, 1986). On the other hand, Ugai and Tsuda (1977)
tions, although when the satellite location is very close tofirst demonstrated that the fast reconnection mechanism can
the X neutral line, where reconnection occurs, #efield  spontaneously be realized if an anomalous resistivity is lo-
profile becomes dipolarization-like rather than bipolar. If the calized in the current sheet. They demonstrated that the
satellite detects only the plasmoid region P outside region CJ x B force resulting from magnetic reconnection drives the
the standard magnetic field profile becomes obscure even ifilasma flow so as to vitally concentrate the current density
notable plasmoid signatures, such as enhanced plasma tenmto the diffusion region to enhance the reconnection evo-
perature and plasma flow, are observed. Unlike the tradijution. This remarkable reconnection dynamic results from
tional flux rope model based on multiple reconnections, itthe basic properties of current sheet systems in collisionless
is demonstrated that the standard magnetic field profile, ob¢space) plasmas.
served for plasmoids propagating in the geomagnetic tail, is  On the basis of their results, we have proposed the spon-
the direct outcome of the single fast reconnection evolution. tgneous fast reconnection model. The details of this model
are described in Ugai (2008, 1999, 1992) and references
Keywords. Magnetospheric physics (Magnetotail; Storms therein. In this model, the fast reconnection mechanism
and substorms) evolves by a nonlinear instability due to positive feedback
between current-driven anomalous resistivities and global re-
connection flows. In three-dimensional (3-D) current sheet
systems without initial sheared field, the key physical con-
dition for the fast reconnection evolution is that the current
sheet width in the sheet's current direction is about three

Correspondence tal. Ugai times larger than its thickness. Once such a thin current sheet
BY (ugai@cosmos.ehime-u.ac.jp) is formed in collisionless plasmas, initiated by a reconnection
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region. In fact, since in collisionless plasmas extreme cur-
rent concentration occurs in the diffusion region, if physical
dissipations are not sufficiently large, magnetic reconnection
drastically occurs by numerical (artificial) dissipations. For
MHD simulations, if the resistivity formulation is specified
explicitly, the numerical resistivity involved can directly be
checked (Ugai, 2008). For particle simulations, the effective

resistivity is frequently provided by electron inertial effects,
but the inertial resistivity must be zero in the limit of zero
electron massye = 0. Hence, itis essential to check how the
inertial resistivity becomes reduced by reducing, which
requires a sufficiently large number of particles to always be
retained in the reduced electron diffusion region of electron
inertial length. It should be noted that numerical resistivi-
ties usually cause drastic buildup of magnetic reconnection,
leading to, for instance, magnetic islands, which might look
fit for some substorm observations, but they cannot be ap-
plied to actual phenomena.

Any theoretical model responsible for substorms must rea-
sonably explain fundamental observational features. Geo-
magnetic substorms, where magnetic reconnection may oc-

Fig. 1. Superposed epoch analysis performed using 1s averages gurina S'mp'? Cl_”rem sh_eet conflguratlon, can d_lrectly be
the Geotail magnetic field measurements for all 35 BBF flux rope Measured by in situ satellite observations. In particular, so-
events (after Slavin et al., 2003). called plasmoids are known to propagate in the geomagnetic

tail in accordance with substorm onset, and it is the long-
standing question to clarify the physical mechanism. If a
) o magnetic neutral sheet is formed somewhere in the near-earth

dlst.urbance, extreme current sheet Fhlnnlng' (current conceng,| plasma sheet, magnetic reconnection may suddenly be
tration) occurs around a¥ neutra_l line, which cannot bg triggered to give rise to a pair of plasmoids propagating in
suppressed by MHD effects (Ugai, 1986, 2008). Accordingihe tajlward and earthward directions, since magnetic recon-
to the extreme current concentration, some dissipation mechsetion jtself occurs symmetrically. In the classical model,
anism (effective resistivity) in the form @ - / > O should be ¢ aijward moving plasmoid is considered to be formed be-
caused around the line. In generalized Ohm's law, the Hall - 0en the reconnected field lines and the pre-existing north-
term does not provide any dissipation and electron inertialy o4 field lines (Hones Jr., 1977), so that the field lines in-
effects are considered to cause a dissipation. However, thgjye the plasmoid will be closed (or helical). Regarding the
inertial effects work so as to short-circuit the reconnection g thward moving plasmoid, Fig. 1 shows the typical satellite
electric fieldE, so the current sheet thinning could not effec- observations, which indicate that the field compongnhas
tively be suppressed. Hence, it is reasonable to consider thaf o bipolar structure when the sheared field compotgnt
the current sheet thinning drastically proceeds, until currenty,5¢ the peak value (Slavin et al., 2003). This characteristic

driven anomalous resistivities are ”e_cessaf"y caused in COlyagnetic field profile may be called the standard field profile
lisionless plasmas (Lui, 2001, 2004; Petkaki and Freeman, this paper, since it is also observed for tailward moving

2008). In fact, in laboratory experiments, such current-drivenmasmoidS (leda et al., 1998). On the basis of this field pro-
anomalous resistivities are definitely detected aroundithe o the plasmoid is supposed to be a (force-free) flux rope

neutral line (Ono et al., 2001; Ji et al., 1998). We then find,\jth helical field lines generated by multiple reconnections.
that the fast reconnection evolution is neither influenced by o, the other hand, we recently studied the plasmoid struc-
the functional form nor the parameter value of current-driven; .o and dynamics, generated by the fast reconnection mech-
anomalous resistivity model. In other words, the fast ré-gnism and demonstrated that the field lines inside the plas-
connection mechanism can readily build up spontaneouslyyiq are not helical nor closed (Ugai, 2010, 2011). A similar
in such thin current sheets once they are formed in spacgynciusion is also suggested on the basis of satellite observa-
plasmas. tions (Sormakov and Sergeev, 2008; Sergeev et al., 1992).
The reconnection dynamics involves complicated nonlin-Hence, the main theme of the present paper is to examine
ear plasma processes, so computer simulations have playehis controversial issue by virtual satellite observations. On
an important role. However, in performing reconnection sim-the basis of Ugai (2011), Fig. 2a shows the schematic draw-
ulations, special care must be paid to the physical dissipaing of a plasmoid travelling in the earthward direction, where
tion (effective resistivity) in theX reconnection (diffusion) the x-, y- and z-axes are directed to the earthward, duskward
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and northward directions, consistent with the GSM coordi- 2z (a)
nates; also, the origin= 0 is taken to be the initiaX line lo- b
cation, where magnetic reconnection starts. Figure 2b show
the magnetic field lines passing through the plasmoid, whick
indicate that they are not helical inside the plasmoid. In this
case, the region P above and below region C is inversel)y®
shifted in the y-direction to bend the field lines accumulated
in region C, marked by the lettd®?, in the z-direction (Ugai,
2011).

In this paper, the “plasmoid” means such a plasma shee
bulge that is directly generated by the fast reconnection jet
which was first reported by Ugai (1989, 1995) and exten- (b)
sively studied (Nitta, 2004; Zenitani and Miyoshi, 2011); y
in fact, magnetic islands, usually generated in the active re
connection region, may also propagate as smaller-scale pla:
moids in the geomagnetic tail, which are not considered here
Also, in the present modeB; =0 is assumed in the initial 0O
current sheet, so that the northward field comporgnt 0,
which exists in the tail plasma sheet outside the magnetic
neutral sheet, is not considered.

Eart

B

2 Simulation modelling

The present simulation model is the same as Ugai (2011)719- 2- (&) Schematic drawing of a plasmoid propagating in the
ositive x-directions in the = 0[(x, z)] plane, where the plasmoid

and all the details of the numerical procedure are alread)Pomain is divided into the plasmoid reconnection region P and the
described in Ugai (2008), which assures us that throughoug P d

. . R lasmoid core region C, whet®p and X¢ indicate, respectively,
the present computations the numerical resistivity involved,o plasmoid backward end and the plasmoid cer(gthe re-

is much smaller than the physical resistivity. All the present connected field lines denoted Hyin x < X¢ and the accumulated
simulation results can readily be confirmed on the basis ofheared field lines denoted yin x > X¢. In (a) typical satellite

Ugai (2008). observation trajectories are indicated by | and Il.

2.1 Basic equations

] ) guantities, based on the initial quantities, is self-evident: Dis-
The compressible MHD equations are tances are normalized by the z-directional current sheet half-
thicknessly, magnetic fieldB by Byg, plasma pressurg by
Py = B2)/(2u0); also, plasma density by p; = p(z =0),
plasma flow velocityu by Vaxo(= Bxo//Itopi), time ¢ by
0B/3t—v x(uxB)=—vxl), (1) do/ Vaxo. The Alfvén velocity based oByg in the ambient
magnetic field region is given b¥ae = Vaxo//pe (e is the
plasma density in the magnetic field region).
J=vxB/uo, v-B=0, The magnetic fieldB = [Bx(z), By(z),0] is initially as-
sumed as: Bx(z) =sin(rz/2) for 0<z <1; By=1 for
whereD/Dt = /3t +u-v; the gas lawpP = (y — Dpe, is 1 <2 <5; Bx=c04(z ~5)n/0.6] for 5 <z <5.3; By =0
assumedd is the internal energy per unit mass, apds ~ [OF 2> 5.3; als0, Bx(z) = —Bx(—z) for z <0. The sheared
the specific heat ratio witly = 5/3 assumed here (an adi- field componenty is initially assumed asBy(z) = Byo +
abatic case)], as is Ohm’s laé+u x B = nJ (3 may be =~ @C€0Sz7/2)for |z|<1andBy = Byo for | z|> 1. Here,Byo
an effective resistivity). The basic Egs. (1) are transformedanqa are tqken to be parameters for the initial sheareq field.
to a conservation-law form and the modified Lax-Wendroff Fluid velocityu = (0,0,0), and plasma pressuré(z) satis-
scheme is used for the numerical computation (Ugai, 2008).fies the pressure-balance condition,

Dp/Dt=—pvy-u, pDu/Dt=—yP+JxB,

pDe/Dt =—P-u+nlJ?

2.2 Initial-boundary conditions P+Bf+B$= 1+:30+B§o» (2

Initially, a long current sheet with sheared antiparallel mag-wherefg is the ratio of the plasma pressure to the magnetic
netic fields Bx) is assumed. Then, the normalization of pressurero/(Zuo) in the magnetic field region £ z <5

www.ann-geophys.net/29/1411/2011/ Ann. Geophys., 29, 1¥22-2011
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(By0=0.1, a=0.1) which causes magnetic reconnection as an initial disturbance
[, =41 at (z,y=0,2=0) | to break the initial static condition. Here, we tage= 0.02
\ Pp” S . e
! L andky =k, = 0.8, andky =5. This disturbance (5) is im-

posed only in the initial time range9t¢ < 4, and the resis-
tivity model (4) is assumed far> 4.

The parameters for the numerical computations are taken
tobeLy=20,L,=7.2,andLy =10, and the mesh sizes are
Ax =0.04,Az=0.015 andAy =0.1.

3 Results

In previous papers (Ugai, 2010, 2011), the structure and dy-
namics of the plasmoid generated by the fast reconnection
mechanism are generally studied for three cases3(d)=

0.1 ande =0.1, (2) Byo=0.1 ande = 0.2 and (3)Byg=0.2
anda = 0. In the present paper, these simulation results are
employed for virtual satellite observations. First of all, some
basic features of the plasmoid structure, which are needed
for the satellite observations, are shown for the typical case
'," of Byo=0.1 anda. = 0.1 as before, since the basic plasmoid

¢ structure is not influenced by the parameter values. Then,
observations by virtual satellites, located along some charac-
teristic trajectories, are demonstrated mainly for the typical
case 0fByp = 0.2 anda = 0.

LY
LY
1
.
.
L.

] * lh < Xc * 20
Fig. 3. Profiles of P/p¥ along the x-axis at different timey (=
5/3) and those op, ux, —By and Bz att =45 along the x-axis,
where X¢ is the plasmoid centre, for the case Bjp = 0.1 and

a=0.1. 3.1 Basic plasmoid structure

_ o As shown in Fig. 2a, the overall plasmoid structure is divided
(here, fo=0.15 is taken). Also, plasma densityinitially into the plasmoid reconnection region P and the plasmoid
satisfies core region C (Ugai, 2011). In region P, magnetized plasmas
p(@)=P@)/(A+fo+ Byo— (Byo+ )%, (3)  With the reconnected field lines, which were heated by dis-

sipations of the fast reconnection mechanism, are accumu-
so thatpe = Bo/(1+ Bo+ 330 — (Byo+@)?) in the ambient  lated. Inregion C, magnetized plasmas with the sheared field
magnetic field region, and the initial temperatdte= P/p lines initially embedded in the central plasma sheet, which
is, for simplicity, assumed to be constant everywhere. Thewere ejected by the reconnection jet and adiabatically com-
computational region is taken to be a rectangular box, 0 pressed, are accumulated without reconnection. In Fig. 2b,
x <Ly, 0<z<Lz and—Ly <y < Ly, and the axis sym- the reconnected sheared field linesia X¢, denoted byA,
metry boundary conditions are assumed with respect to théhat pass through region P, and the sheared field lines with-
x- and z-axes (Ugai, 2011). On the other boundary planegut reconnection i > Xc, denoted byB, that pass through
(x=Ly,y=Ly,y=—Ly,z= L), the free boundary condi- region C are shown. The plasmoid cenkie corresponds to
tions are assumed, so that the reconnection ouflow is open tée so-called contact discontinuity that bounds the regions P

the free space. and C. In order to see this more clearly, Fig. 3 shows the
The effective resistivity for the Ohm’s law (normalized by profiles of the quantityP/p” along the x-axis at different
odoVaxo) is assumed to be, times (- = 5/3); similarly, profiles of plasma quantities and
magnetic fields are shown at time=45. SinceP/p? does
n(r.0) = kd[Va(r.t) = Vel for Vg > Ve, not change by convection if plasma experiences no physi-
=0 forVy<Vc, (4)  caldissipation, the distinct plasmoid compression i X,

whereP /oY remains constant, occurs adiabatically, whereas

in x < X¢ strong non-adiabatic heating occurs. The nonadia-

batic heating is found to be most distinct aroundXheeutral

line, so the peak around= 2 atr =49 indicates that a new

X line is located there because of the secondary tearing.
Note that the region P is characterised by the high-

n(r)= noexp[—(x/kx)z— (y/ky)4— (z/ k)™, (5) temperature plasmas that has been heated nonadiabatically,

whereVy(r,1) =| J(r,t)/p(r,t) | is the relative electron-ion
drift velocity. Here, we takeg = 0.003 andVc =12 in

Eq. (4) as before. Also, in order to disturb the initial config-
uration, a localized resistivity is assumed around the origin
(r =0) in the form,

Ann. Geophys., 29, 1411422 2011 www.ann-geophys.net/29/1411/2011/
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Fig. 4. Plasma temperature distributions with a contour interval of Fig. 5. Plasma density (contour interval ofli®) and temperature
0.4 (a) in thez =0 plane andb) in they =0 plane, andc) plasma (contour interval of 34) distributions in the(@) y =1 plane and
density distribution with a contour interval of15 in they =0 (b) y =—1 plane, at time =45 for the case oByg= 0.1 anda =
plane, at time = 45 for the case oByg = 0.1 anda = 0.1, where 0.1, where the plasmoid regions P and C are indicated.
Xc is the plasmoid centre and the plasmoid regions P and C are
indicated.
(smaller| z |) and observe region C and then region P. In the
trajectory I, the satellite may be located in the upper part of
whereas region C is characterised by the high-density plasthe plasmoid (largerz |) and observe only region P, or the re-
mas due to adiabatic compression. Hence, Fig. 4 shows thgions P, C and P. Regarding the typical structure along the tra-
distributions of the temperaturg in the y=0 andz=0  jectory I, Fig. 6 shows the x-directional profiles of magnetic
planes and those of plasma densityn the y =0 plane at  fields and plasma quantities at= 0 andz = 0.45 (Fig. 4).
t =45 for the case oByo=0.1 anda =0.1. We see that Inside the plasmoid, th&, field decreases and the temper-
the temperatur@, which was initially constant£1.12) ev-  ature7 and fluid velocityuy increase in region P, whereas
erywhere, is extremely enhanced in the region where reconin region C both7 anduy decrease and the plasma density
nected magnetized plasmas accumulate. Also, the fast rey increases. Also, notable changes in quantities occur at the
connection region of high temperature remains to be signif-plasmoid boundaries (at~ 6 andx ~ 17). Similarly, Fig. 7
icantly limited in a narrow channel in the y-direction (Ugai, shows those of magnetic fields and plasma quantitigs-e0
2010, 2011), and the plasma dengitis distinctly enhanced  andz = 1.35, which may provide the typical structure along
in region C. Figure 5 shows the distributions of the temper-the trajectory |l across the regions P, C and P.
atureT and the plasma densify in they =1 andy = -1 Distinct changes in quantities occur at the interface be-
planes at =45, which indicates that the plasmoid regiBn  tween the regions P and C inside the plasmoid. Along the
has shifted in the positive (negative) y-directionfor O(z < x-axis, which may be considered to be the plasmoid central
0); accordingly, region C is bent in the z-direction as shown axis, this interface is identified with the plasmoid cenitie
in Fig. 2b (Ugai, 2011). In fact, as seen from Fig. 3, it is at= X¢ that the field
An actual satellite located in the geomagnetic tail will de- componentB, changes its sign and th& field has the peak
tect changes in quantities along a trajectory across the plas/alue. However, at larger distances from the plasmoid cen-
moid as it travels in the positive x-direction. In view of the tral axis (x-axis), the interface may become more obscure,
basic plasmoid structure (Fig. 4), the characteristic satelliteand the standard magnetic field profile (Fig. 1) cannot be
observation trajectories may typically be divided into the two clearly seen even if there are still significant plasma flows.
types, I and 1l, as shown in Fig. 2a. In the trajectory I, the For instance, Fig. 8 shows the x-directional profiles of quan-
satellite may be located in the inner part of the plasmoidtities aty =2 and 3 ¢ =0.6), which indicate that inside the

www.ann-geophys.net/29/1411/2011/ Ann. Geophys., 29, 1/22-2011



1416

(By0=0.1, a=0.1)

i ——————-———

o.sl —
t=45 «’%‘%Bx ogl 1525 "“s_i Ba S
L ot (v=0,2=0.45) 1 A 8 Lt (v=0,2=1.35) i gs“"% ;’
- s £ ‘\5
0.4f ;E A\
L
0.4}
0 Bz
-0.4} o
-—"l‘.~' .~
i . P
-By \_\ / \, -t
| |~
~.)
4 -0.4 .
(Pzw
3 2f N ®)
-
T B O & %
H e :
F - |
H i
a2t 5 S, -
1f o ux
7~
Vi Nl "~
[ ——— 8 A
1f i i
P
0 gy )
K
0

20

M. Ugai: Virtual satellite observations of plasmoids

(By0=0.1, a=0.1)

20

Fig. 6. Profiles of magnetic field and plasma quantities along theFig. 7. Profiles of magnetic field and plasma quantities along the

x-directional line,(x, y =0,z = 0.45), at timer = 45 for the case of
Byo=0.1 ande = 0.1, where(P) and(C) indicate the correspond-
oY . .

ing plasmoid regions.

x-directional line,(x,y =0,z = 1.35), at timer = 45 for the case of
Byo=0.1 ande =0.1, where(P) and(C) indicate the correspond-
oy . .

ing plasmoid regions.

t=45 (By0=0.1, a=0.1)

plasmoid, wherey is reduced andy is distinctly enhanced, , ,| at=22=00 LR AN i;"\,\
the magnetic fields8y and B, are considerably small and — F N/ N
present no definite standard profile. In general, we find tha ¢ s} Y . ]
in the extent y |< 1 the field componentBy and B, become ﬁg Py \“ff """" ]
so large to have clear standard profiles. Therefore, in wha o.4} I\ V4 %‘x A

. . . . : . L & S |
follows, virtual satellite locations will be taken mainly in the M \_
narrow extent y |< 1, and the results will be shown for the — © """ e —
typical case of8,0=0.2 anda =0, since the results forthe [ " N N T
other cases are, at least qualitatively, quite similar. o By o

. . . T
3.2 Virtual satellite observations e ax N
o8} e ,-’! \ .

On the basis of the plasmoid structure (Figs. 2, 4 and 5), le N bl YA
us examine how a virtual satellite, located in the simulation ,.é Ny z
box, observes changes in quantities as the plasmoid prop: o4 i A\ M”*—;i_‘
gates in the positive x-direction. Here, the satellite location ] B 1y
is assumed to be fixed in spite of the progress of time. Firsto! o == o, — o
all, let us consider the trajectory I, so the satellite is located [~~~ """""=====aus e . - N

in the inner part of the plasmoid around the x-axis. Figure 9, ,
o

shows the magnetic fields measured by the three virtual sate:-
lites, located atx =9,y =0,z=0.075,(x =13 y=0,z=
0.0795 and(x =17,y =0,z =0.075) in the immediate vicin-
ity of the x-axis for the case aByg= 0.2 ando =0. Since
the plasmoid is generated and propagated near the origin, the
satellite atv = 9 first detects the plasmoid. Then, we notice
that the plasmoid, that the satellitexat= 9 observes, is not

Ann. Geophys., 29, 1411422 2011

Fig. 8. Profiles of magnetic fields and flow velocity along the x-
directional lines(x,y =2,z =0.6) and(x,y =3,z =0.6), at time

t =45 for the case oByg=0.1 anda =0.1.

www.ann-geophys.net/29/1411/2011/
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at (=0,z=0.075) (By0=0.2, a=0) at (x=15,y=0,z=0.45) (By0=0.2, a=0)

05f ==9 1 .,

Bz ) b
. A /
i | 4
u &

60

) . ) . . ) ) . Fig. 10. Temporal variations of magnetic field8x, By and Bz,
40 16 52 temperaturel’, plasma density and flow velocityuy detected by
the virtual satellite located &k =15,y =0,z = 0.45), for the case
of Byo=0.2 anda =0, where(P) and(C) indicate the correspond-
ing plasmoid regions.

Fig. 9. Temporal variations of magnetic field, By and Bz de-
tected by the virtual satellites located @t=9,y =0,z =0.075),
(x =13,y =0,z=0.075, and (x =17,y =0,z = 0.075 for the
case 0fByg=0.2 anda =0. ]

For the case of the satellite locatedyat 1, the tempera-

ture T remains large with the large flow velocity, whereas
) . ] for the cases of =0 andy = —1 the temperature becomes
yet fully established, since th, field component does not gjstinctly reduced with the considerably smaller velogity
have the definite bipolar structure, but has the dipolarization-This is pbecause region P shifts in the positive y-direction, so
like structure. On the other hand, the satellites located abnly the satellite ap = 1 observes the major part of the re-
x =13 andx = 17 observe the plasmoid fully established, gion P, whereas the satellites yat= 0 and—1 may observe
where the magnetic field profile is consistent with the stan-ine edge of P (Fig. 5).
dard one. Hence, in what follows, observations by the satel- Nexi |et us consider observations along the trajectory I
lite located at =15 will be shown. (Fig. 2), so that the satellites are located in the upper part
Figure 10 shows the temporal changes in magnetic fieldof the plasmoid (larger). Figure 13 shows the temporal
and plasma quantities observed by the virtual satellite lo-changes in magnetic fields and plasma quantities observed
cated at(x =15,y =0,z = 0.45) along the trajectory I. At at (x =15y =0,z =1.35). The satellite detects the plas-
time ¢ ~ 43, the plasmoid core region C arrives at the satel-moid arrival atr ~ 42, when both the temperaturfeand the
lite, since then theBy field decreases and the plasma den-flow velocity uy begin to increase notably, so the plasmoid
sity is enhanced. As the region C passes away, the temregion P arrives. Then, at~ 44 the temperature reduces
peratureT distinctly increases and the densyiydecreases, and the plasma density increases, so the region C arrives.
which indicates that the plasmoid reconnection region P arFinally, atr ~ 47 the temperature increases and the density
rives (Fig. 2). At the interface between the regions P and Cdecreases, so region P again arrives and is passing through.
the By field has the peak value and tiBg field changes its  Hence, in this case, the plasmoid regions P, C and P pass
sign to have the definite bipolar structure. Also, Figs. 11 andthrough the satellite as can be expected from Fig. 7. Com-
12 show the same quantities observed at the satellites locatgzhred to the case of the trajectory | (Fig. 10), the changes in
at(x=15y=1,z=0.45 and(x =15y = -1,z =0.45), guantities are more complicated, and both the temperdture
respectively. In each case, the magnetic field profile is con-and the flow velocity:x are considerably smaller, since these
sistent with the standard one, but thermodynamic quantitiegjuantities become reduced in the upper part of the plasmoid
are considerably different after the region C passes awayFig. 4); in particularuy may become negative because of
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Fig. 11. Temporal variations of magnetic field8x, By and Bz, Fig. 12. Temporal variations of magnetic field8x, By and Bz,
temperaturel’, plasma density and flow velocityuy detected by  temperaturdl’, plasma density and flow velocityuyx detected by
the virtual satellite located &k = 15,y =1,z = 0.45) for the case  the virtual satellite located &t = 15,y = —1, z = 0.45) for the case

of Byg=0.2 ande =0, where (P) and (C) indicate the correspond- of Byg=0.2 andx = 0, where (P) and (C) indicate the correspond-
ing plasmoid regions. ing plasmoid regions.

vortex flows around the plasmoid boundaries. However, thebecomes obscure despite that it detects apparent plamsoid
magnetic field profile is still consistent with the standard one,signatures like enhancement of the temperature and the flow
since theB; field changes its sign at the interface between re-velocity uy.
gions C and P, where th®, field has the peak value.

In order to see the plasmoid distortion in the y-direction,
Fig. 14 shows the temporal changes in the quantities ob4 Summary and discussion
served atx =15,y = —1,z =1.35). In this case, the satellite
may observe mainly the upper part of the plasmoid region COn the basis of the plasmoid structure generated by the fast
(Fig. 5), so that the temperatufeor the flow velocityuy is reconnection mechanism (Ugai, 2011), the present paper ex-
not effectively enhanced. The magnetic field profile is gen-amines its propagation by virtual satellites in the simulation
erally consistent with the standard one, althoughBiédield box. The plasmoid domain is divided into the plasmoid re-
does not have such a sharp peak value. Similarly, Figs. 1®onnection region P, where magnetized plasmas with recon-
and 16 show the observations @ =15y =1,z =135 nected field lines, heated by reconnection dissipation mech-
and (x =15,y = 2,z = 1.35), where the satellites measure anisms, are accumulated, and the plasmoid core region C,
mainly the plasmoid region P (Fig. 5), where both the tem-where magnetized plasmas with sheared field lines, initially
peratureT and the flow velocityuy are notably enhanced. embedded in the current sheet and adiabatically compressed
For the case of = 1, unlike the standard one, the time when by the reconnection jet, are accumulated (Fig. 2). The obser-
By field has the peak value somewhat deviates from the timevation trajectories, along which quantities are measured by
when B; changes its sign. For the caseyof 2, T anduy the satellite, are typically divided into the trajectories | and
become larger than those for the caseyef —1,0 and 1, |l (Fig. 2a). In the trajectory I, the satellite is located in the
which indicates that the satellite passes through the majomner part of the plasmoid around the plasmoid central axis
part of the plasmoid region P, since region P has shifted in th€x-axis). In this case, the region C first arrives at the satel-
positive y-direction. In this case, the magnetic field profile lite position, and subsequently region P passes through. The
becomes quite different from the standard one. Hence, we®bserved magnetic fields (Figs. 9-12) are in good agreement
may recognize that when a satellite observes only the plaswith the standard magnetic field profile detected by the actual
moid region P, the standard magnetic field profile (Fig. 1) spacecraft (Fig. 1). However, if the satellitgoosition is too
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Fig. 13. Temporal variations of magnetic field8x, By and Bz, Fig. 15. Temporal variations of magnetic field8x, By and Bz,

temperaturel’, plasma density and flow velocityuy detected by  temperaturdl’, plasma density and flow velocityuy detected by
the virtual satellite located &t = 15,y =0,z = 1.35) for the case  the virtual satellite located &k = 15,y =1,z = 1.35) for the case
of Byg=0.2 ande =0, where (P) and (C) indicate the correspond- of Byg=0.2 andx =0.

ing plasmoid regions.
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Fig. 14. Temporal variations of magnetic field8x, By and By, Fig. 16. Temporal variations of magnetic fieldsy, By and Bz,
. . temperaturdl’, plasma density and flow velocityuy detected by
temperaturdl’, plasma density and flow velocityuy detected by . .
: . the virtual satellite located ak = 15,y = 2, z = 1.35) for the case
the virtual satellite located @t = 15, y = —1, z = 1.35) for the case
of Byg=0.2 anda =0.
of Byp=0.2 anda =0.
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at (z=15,y=0,2=0.45) us consider the typical field profile shown in Figs. 9 and 10;

(By0=0.1,a=0.1) also, in view of generality, Fig. 17 shows the temporal vari-
| ations of magnetic fields detected by the satellite located at
e, ; (x =15,y =0,z =0.45) for the other two case$Byo=0.1,
a=0.1) and(Byp=0.1,« =0.2). These field profiles seem
i e e et = almost completely consistent with those detected by actual
N | L spacecrafts, such as those shown in Figs. 2b and 3 in Slavin
i ] et al. (2003) and in Fig. 2 in Sormakov and Sergeev (2008).
In these cases, the bipolar structure of ladield looks more
symmetric, so this magnetic field profile is considered to be
1 an apparent evidence of the force-free flux rope with heli-

Bz (By0=0.1,=0.2) . . . . .
cal field lines due to multiple reconnections (Slavin et al.,

2003), whereas Sormakov and Sergeev (2008) pointed out
that the field lines should not be helical inside the plasmoid.
The present virtual satellite observations demonstrate that
the flux-rope-like field profile is the direct outcome of the
plasmoid generated by the single fast reconnection evolution
(Fig. 2).

More quantitatively, the normalized quantities may be ap-
plied to actual geomagnetic tail situations. Here, let us take
the unit velocityVaxo = Bxo//top; ~ 500 km s1 wherep;

Fig. 17. Temporal variations of magnetic fields,. B, andB, mea- is the plasma density measu_red at the initia_l _p_Iasma sheet

sured by the virtual satellite located@t= 15,y =0,z =0.45), for ~ CeNtre {=0), and the half thickness of the initial plasma

the other cases 0B(p=0.1,« =0.1) and B,0=0.1,a = 0.2). sheetdp ~ 5000 km llm.medllately before the reconnection on-
set. Then, the unit time idy/ Vaxo ~ 10s for the present
simulation model. We may then see that virtual satellite ob-

. . . servations are generally consistent with actual satellite ob-
close _to thex neutral line, wh_ere ma_lgnetlc reconnec_non O_C_' servations (e.g., Fig. 1) both qualitatively and quantitatively.
curs, it observes f[he plasmoid that is not fully e;tgbhs_hed, "N the tail lobe region outside the plasmoid too, we recently
particular, theBZ field does not yet have the definite bipolar demonstrated that satellite observations of the so-called trav-
structure (Fig. 9). elling compression regions (TCRs) (Slavin et al., 1993) can

Regarding the trajectory I, the satellite is located in the pe exactly explained both qualitatively and quantitatively by
upper part of the plasmoid, and it may subsequently observene plasmoid generated by the fast reconnection mechanism
the plasmoid regions P, C and P. The observed magnetingai and Zheng, 2006; Ugai, 2010). Hence, we may con-
fields are generally consistent with the standard field pro-cjude that the spontaneous fast reconnection model is respon-
file (Fig. 13), although changes in quantities become moresjple for the plasmoids and TCRs observed in the geomag-
complicated, and the temperature and the flow velocity arenetic tail.
considerably smaller than those for the trajectory I. Since Finally, let us consider some basic assumptions adopted
the plasmoid region P is shifted in the positive y-direction jn the present study. When a magnetic neutral sheet with
in z> 0, the satellites located at the largeipositions ob-  p. ~ 0 is formed somewhere in the tail and becomes suffi-
serve only region P (Fig. 5). The observed magnetic fields n@;jently thin, magnetic reconnection drastically builds up and
|0nger have the definite standard pI’Ofile deSpite that the temproceeds Symmetrica”y_ Then, if the northward field com-
perature and the flow Ve|OCity are Signiﬁcantly enhanced. Inponenth > 0’ neg'ected here, is assumed to exist outside
general, in the y-directional narrow channel, sayifi<1,  the neutral sheet, the sheared field lines vigh- 0, initially
the observed magnetic fields are in good agreement with thempedded in the current sheet, will be accumulated in the
standard plasmoid field profile (Fig. 1), since the fast recon-plasmoid core region C. Hence, the initié4 > 0 should be
nection jet region is significantly limited in the narrow chan- gdqded to the field components in the region C, whre: 0
nel in the y-direction (Fig. 4). for the present earthward moving plasmoid (Fig. 10). For

Unlike the traditional concept that the magnetic field lines the tailward moving plasmoid (far < 0), B, > 0 in region
inside the plasmoid should be helical (or closed), we demon<C sinceB;(—x,y =z =0) = —B;(x,y =z =0), so the ini-
strate that the standard magnetic field profile (Fig. 1) doedial northward field may tend to enhand® > 0 in C as
not necessarily mean helical field lines inside the plasmoid;seen in actual satellite observations (leda et al., 1998), al-
in fact, inside the plasmoid (Fig. 2) the reconnected field linesthough the plasmoid will significantly change its structure
in x < Xc cannot be topologically connected to the sheared(in particular, the thermodynamic quantities) as it propagates
field lines inx > X¢c. In order to see this more clearly, let in the distant tail. Also, the temperatufe is assumed to

"~ —

40 50

60
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be initially constant everywhere unlike the actual geomag-Priest, E. R. and Forbes, T. G.: New models for fast steady state
netic tail. In this respect, we already studied the plasmoid magnetic reconnection, J. Geophys. Res., 91, 5579-5588, 1986.
dynamics for different initial temperature distributions to ex- Priest, E. R. and Forbes, T. G.: Magnetic reconnection: MHD the-
amine the TCRs and found that the basic 3-D magnetic field ©ry and applications, Cambridge University Press, Cambridge,
structure is not influenced (Ugai and Zheng, 2006). In ad- UK, 2000. _

dition, we assume the MHD model, which neglects particIeRUQI:’Z’n ;‘T NLak\/ZTV\L/Z?k i{/l” \E/;;Lé?;hag;’ogwh” ATrgZSar:;'eFkA”
effects like those of flnlte.Larmor radius; in fact-, thgse effe_cts H., Klecker, B., Reme, H., and Kistler, L.: Current sheet structure
may affect the ‘?‘eta"e_d fine Strucwr,e of the diffusion r_eg'F’” near magnetic X-line observed by Cluster, Geophys. Res. Lett.,
and the plasmoid region. Also, besides the present principal 30 1579 d0i:10.1029/2002GL0160732003.

plasmoid, small-scale magnetic islands are generated in thgergeev, V. A., Elphic, R. C., Mozer, F. S., Saint-Marc, A., and
active X reconnection (diffusion) region and may propagate Sauvaud, J. A.: A two-satellite study of nightside flux transfer
in the tailward or earthward direction (Ugai, 1985; Ugai and events in the plasma sheet, Planet. Space Sci., 40, 1551-1572,
Zheng, 2006), which is not considered in the present study. 1992.

Hence, in understanding more details of complicated subSlavin, J. A., Smith, M. F., Mazur, E. L., Baker, D. N., Hones Jr,,

storm observations, these points should also be taken into E: W., lyemori, T., and Greenstadt, E. W.: ISEE 3 observations
account relevantly. of traveling compression regions in the Earth’s magnetotail, J.

Geophys. Res., 98, 15425-15446, 1993.
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