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Abstract

The 3-dimentional structure of magnetic reconnection ion diffusion region
has been studied in this paper. Steady magnetic null-pair structure is found
among the Cluster tetrahedron within a thin current sheet when magnetic
reconnection takes place in the near-Earth magnetotail. Two magnetic null
points in the null-pair are well coupled, with an angle of about 3~7° between
the spin line of one and the fan surface of the other. The magnetic null-pair
detected in the ion diffusion region, is quasi-stable in spatial structure but fast
evolved in time, consistent with the fast reconnection scenario. The spatially
steady magnetic null-pair within the diffusion region of the collision less fast
magnetic reconnection presents an advanced understanding of the magnetic
reconnection process.
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1. Introduction

Being regarded as the most important mechanism of the energy release and
momentum transportation in the space and the laboratory plasma, magnetic re-
connection [1] [2] is complicated in both magnetic structure and physical
processes. With multi-scale processes of different physics in the vicinity of the
magnetic reconnection X-line (2-D) or the magnetic null point (3-D) [3]-[7] in
the reconnection process, the magnetic configuration remains ambiguous even
though it has been studied for decades. Most studies on the reconnection, both

theoretical and simulative, are in the regime of the ideal 2-D model. However,
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the reconnection taking place in the natural space is of 3-D structure, with mag-
netic null as the reconnection diffusion site. There are a lot of studies on the
possible topology of reconnections in the 3-D regime with or without magnetic
nulls (e.g., [3]-[15]).

The magnetic null structure in the magnetic reconnection diffusion region
(hereafter called “MRDR”) has been studied in detail. Firstly, Xiao et al [12] ap-
plied the null concept and arithmetic to space physics to interpret the 3-D mag-
netic reconnection in the near-earth central current sheet. They went even fur-
ther to investigate the geometry of the magnetic null in detail and found a
null-pair around which lower-hybrid wave was found [13]. Secondly, He et al
[14] developed a new method to construct the magnetic topology around a
magnetic null in the magnetotail. The method is developed for reconstructing
the local magnetic field based on the four-point measurement from Cluster te-
trahedron. The method makes use of a fitting function with 10 fitting parameters
in 10 spherical harmonic functions and another two in the Harris current sheet
model, thus matching the 12 observed field components. Thirdly, He et al [15]
studied the electron dynamics in the region close to the null point, observing
electron beams in two directions as seen in the pitch angle distributions (PAD)
of electron differential energy flux measured by SC2/PEACE, and Deng et al
[16] have studied the structure of magnetic null and the micro process of wave
turbulence that are very close to the coupled magnetic null in the diffusion re-
gion.

However, some issues remain ambiguous. For example, what is the difference
between the structure of 2-D reconnection model (X-line) and 3-D geometry
(magnetic null)? How does the 3-D reconnection develop? What other pheno-
mena may arise and develop during the 3-D reconnection and what roles they
play in the development of the 3-D reconnection? In present work, we apply the
Poincare index [17] and the magnetic null fitting method [14] to the study the
geometry of magnetic null-pairs, which are observed within the MRDR on 10
September 2001. This event has been studied by Wang et al [18] [19] and Li et
al. [20] extensively which mainly focused on the energetic electrons within the
reconnection diffusion region [18] and electron pitch angle distributions in the
vicinity of the X line and the outflow region [19]. We have also investigated the
waves and particle dynamics around the magnetic null point in our previous
work [20]. We will go further on this event to extend our understanding on the
magnetic structure of the magnetic reconnection diffusion region.

Data used in this paper include Spin-resolution (4 seconds) data from the
FluxGate Magnetometer (FGM) instrument [21] and the Cluster Ion Spectro-
metry (CIS) [22]. The full resolution (22.46 Hz) data is from the FGM. This pa-
per is arranged as follows. In Section 2, the magnetic reconnection process is re-
viewed briefly. In Section 3, geometry of the magnetic null-pair in the diffusion
region is studied in detail. Summary and discussion will be addressed in the final

section.
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2. Magnetic Reconnection Overview

The magnetic reconnection event occurred on 10 September 2001, when Cluster
is located in the near-earth tail at (—19.29, 2.19, 0.46) R; in the Geocentric Solar
Magnetospheric (GSM) coordinate system (the same coordinate system will be
used throughout this paper), has been studied extensively by Wang et al [18]
[19]. The crossing of all the spacecrafts to the ion diffusion region during the
time interval of 07:50 - 08:05 UT has been confirmed by the key observation
characteristics in Wang et al [18] [19] which include 1) A reversal of high-speed
flow V_ (from negative to positive) coincides with a reversal of B, (from
negative to positive); 2) Out-of-plane Hall magnetic field B is observed by the
four satellites of the Cluster.

In this study, we will focus on the structure of the ion diffusion region. We
will brief review this event by plotting the X- and Z-component of the magnetic
field (B, and B.), X-component of plasma velocity (7, ), plasma beta (f),
current density (Jw) and the half thickness of the current sheet ( A csp2
07:50 UT to 08:05 UT in the top part of Figure 1. Note that the plasma flow re-

versal takes place at around 07:57 UT, indicating that the satellites have crossed

) from

the ion diffusion region from tail ward side to earthward side in a rather short
time interval. The four spacecrafts are directly crossing the ion diffusion region
with C1, C2 and C4 mainly from the northern side of the current layer (B, >0,
Figure 1(a)) and C3 from the southern side ( B, <0, Figure 1(a)).

Figure 1(e) plots the current density (/,.) within the Cluster tetrahedron
which is calculated from the magnetic field vectors of the 4 terminals of the te-
trahedron by the Cluster “Curlometer” analysis technique [23]. The Cluster
“Curlometer™ analysis tool determines the current by calculating curl B from the
magnetometer measurements on all four spacecraft [23]. The black, red and
green lines represent the X-, Y-, and Z-components respectively. Though all the
spacecrafts are not in the center of the current sheet (20 nT > |Bx| > 10 nT), the
current density (J,.) is indeed in the barycenter of the Cluster tetrahedron,
which may be in the neutral current sheet since the satellites are on both the
northern and southern sides of it. During the time interval when the spacecrafts
cross the ion diffusion region, large cross-tail currents (ref. to Figure 1(e),
J,=10~15 nA/m?) in the neutral current sheet can be differentiated.

The half thickness of the current sheet ( H ), , Figure 1(f)) is estimated [24]
by pressure balance condition [25] providing that the spacecraft is in the plasma
sheet boundary layer (PSBL). Figure 1(f) plots the half thickness of the current
sheet ( Hy),
points, such as 07:56 UT, 07:57:10 UT, and 07:58 UT. Thus, a tendency of

»

). As is seen, the current sheet becomes rather thin at several time
“thickening-thinning-thickening-thinning...” in the variation of the current
sheet can be inferred from the variation of the current sheet’s half thickness as
shown in Figure 1(e), suggesting the flapping or other kinds of motion of the
current sheet [26]. During the small time interval around 07:57 UT, the plasma

flow reversal is observed by C1, C3 and C4 (data in C2 are not available) and
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Figure 1. Overview of magnetic reconnection observation on 10 Sep. 2001. In each panel,
black, red, green and blue lines represent the C1, C2, C3 and C4 observation. (a)-(b) X
and Z-component of magnetic field; (c) X-components of the plasma velocity observed by
CIS. The flow reversal occurs at 07:56 - 07:57 UT; (d) Plasma f. The two horizontal dot-
ted lines represents f= 0.1 and B = 1, which indicate the plasma sheet boundary layer lo-
cation of spacecraft; (e) The current density (J__) within the Cluster tetrahedron ob-
tained by the “Curlometer” analysis technique; (f) Half thickness of the current sheet. The
two vertical dashed lines indicate the time span (marked by the black rectangle in Figure
1(f)) for study; (g)-(h) Poincare index and corresponding V-B in the time span from
07:56 UT to 07:59 UT.

meanwhile, the half thickness of the current sheet reduces severely to < 500 km
(Figure 1(f)). Magnetic reconnection which takes place in a thin current sheet

seems more likely to be three-dimensional [10] [27].
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Forming a tetrahedron in space, the Cluster mission provides data from four
similarly instrumented spacecraft and thus provides unique opportunities to
study the 3-dimentional structures within the ion diffusion region of magnetic
reconnection. The Poincar’e-index method, which was originally introduced by
Greene [17] and developed by Zhao et al. [28], has been successfully employed to
infer the presence of a true magnetic null point [12] [13] [14] [15]. In bottom
part of Figure 1, the Poincare index and the corresponding V-B from 07:55:00
UT to 07:59:00 UT by applying the Poincar’e-index method are shown. With
poincare index of +1 or —1, magnetic null points are included by the Cluster te-
trahedron during this time (Figure 1(g)). The corresponding V-B (Figure
1(h)) is very small (from —0.005 to 0.005, the values indicated by the two hori-
zontal dotted lines), confirming that the singular points are physical magnetic
nulls. In this paper, we will mainly study the magnetic structure within reconnection

diffusion region at around 07:57 UT.

3. Geometry of Magnetic Null in the Diffusion Region

3.1. Magnetic Null-Pairs in the Reconnection Diffusion Region

The magnetic structure around the reconnection diffusion region is much more
complex than that in the ideal 2-dimensional model. In the case presented here,
as indicated in Figure 1(f), the half thickness of the Current Sheet decreases ra-
pidly to about 400 - 500 km when the flow reverses at about 07:57 UT. The
thickness of the thin CS is as small as the scale of the ion inertial length d, (d, -
360 km). Magnetic reconnection which takes place in a thin current sheet seems
more likely to be three-dimensional [17] [28]. In this section, we will study the
3-D reconnection structure by employing the FGM data with a resolution of
22.46 Hz [21].

There are six types of null in space, ie., the X-type and O-type in 2-D; A-type
and B-type in 3-D and As-type and Bs-type in 3-D. The type of null is deter-
mined by the eigenvalues of the VB matrix [5]. One can refer to Dorelli et al.
[11] for details on the determination for these types of magnetic null structure.
The magnetic nulls indicated by the Poincare index as shown in Figure 1(g) are
almost observed in the time span when plasma flow reverses (Figure 1(c)). They
can be divided into 3 groups according to the observation time, namely N1
(07:56:33.3 - 07:56:37.8 UT), N2 (07:57:02.7 - 07:57:14.6 UT) and N3 (07:58:08.0
- 07:58:10.8 UT). For N1, the Poincare index for all the data points is -1; and it is
+1 for N3. For N2, there are +1 and —1 with fast changes, which suggests
complex structure in N2.

We classify the null types into A-, B-, As- and Bs-types according to the ei-
genvalues of the VB matrix [5]. The field lines along the spine line of an
A-type null direct out from the null, while field lines in the fan plane direct to-
ward the null. And for the B-type null, the field line direction is opposite to the
A-type null. The field lines around the As- and Bs-types are more complex than
those in the A- and B-type nulls, with a spiral structure. Therefore, the type of
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magnetic null can be verified. Group N1 is of type-B, N3 is of type-As, and N2
contains types B-As-B (Bs)-As. The types of the null points are also marked in
Figure 1(g) and shown in Table 1. Note that in Table 1, “j” is the current den-
sity calculated by the Curlometer technique [23] and the “spine” and “fan” de-
note the y-line and the Z-surface of the magnetic null geometry, respectively.

The 3-dimentional magnetic reconnection occurs on a separator line that is
analogous to a magnetic reconnection X-line in 2-dimensional scenario. The legs
of this line are called separatrices in 2-dimensional. They correspond to fans
(X-surfaces) bounded by spines ()-line) that emerge from the nulls in
3-dimentional [8]. For each magnetic null, the geometry of X-surface and y-line
and the current density are studied. The angles between the current density and
the Z-surface and )-line are used to help us to understand the null geometry.
The results are shown in Table 1, in which columns 3 to 6 are the type of null
points, angle between j and X-surface, angle between j and y-line, and the aver-
aged value of the corresponding V-B.

It is very interesting that there are 4 null points (they are hereafter named as
N2a, N2b, N2c and N2d as in Table 1) in N2, separated by small time intervals.
This suggests a very complex magnetic structure in the magnetic reconnection
diffusion region. To study the relationship between 2 adjacent magnetic nulls,
we take N2a-N2b, N2b-N2c, N2¢-N2d as candidate magnetic null-pairs [13] [14]
[15] [16]. For each candidate null-pair, we calculate the angle between the cur-
rent density to the p-line and the X-surface, and the angles between the )-line
and the Z-surface. The results are summarized in Table 2 (N1 and N3 are ana-
lyzed with the same procedure, but we only want to illustrate the characteristics
for these two magnetic nulls).

The angles are calculated under the assumption that there are two different
magnetic nulls adjacent to each other, and the “1” and “2” denote the first and
the second ones, respectively. “j” is the current density; “spine” and “fan”
represent the )-line and the X-surface for the corresponding magnetic null.
Taking the N2a-N2b pair for an example, the angle between the y-line of N2a
(B-type null) and the X-surface of N2b (As-type null) is as small as 3.36°, indi-
cating that the y-line of the N2a null is almost in the Z-surface of N2b; the angle
between the As-type null y-line and the X-surface of the B-type null is 34.72°.
This angle is not very small. It is suggested to be caused by the deviation brought
about from the spiral characteristic of the y-line of the As-type null. Thus, this
magnetic null-pair is confirmed to be a “B-As” coupled null-pair. Figure 2 illu-
strates the magnetic null-pair of N2a-N2b. The rough dashed lines represent the
y-line.

The same analysis is performed for the magnetic null-pair of N2¢c-N2d, but
with the result slightly different from that of the N2c-N2d pair with regard to the
angles. For the N2b-N2c null-pair, the situation is almost the same as for the
N2c¢-N2d pair, with the angle of the y-line of the Bs-type null (N2c) and the
>-surface of the As-type null (N2b) as small as 3.09°. Though the angle between
the y-line of the B (Bs) type null and the X-surface of the As-type null is not
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Table 1. Magnetic null structure observed at 07:55:00 - 07:59:00 UT on 10 September
2001.

Ni time type Angle (j, fan)  Angle (j, spine) V-B
N1 07:56:33.3 - 07:56:37.8 B 9.46 82.83 0.0015
N2a 07:57:02.7 - 07:57:05.0 B 37.61 77.26 0.003
N2b 07:57:05.2 - 07:57:09.1 As 82.05 46.61 0.003
N2c 07:57:10.7 - 07:57:12.5 B (Bs) 29.81 79.88 0.0015
N2d 07:57:14.2 - 07:57:14.6 As 59.99 39.14 0.0021
N3 07:58:08.0 - 07:58:10.8 As 27.18 43.46 -0.0015

Table 2. Magnetic null-pair structure at 07:55:00 - 07:59:00 UT on 10 September 2001.

null-pair  j_spinel j_fanl j_spine2 j_fan2  spinel_fan2 spine2_fanl  coupled

N1-NI1 82.83 9.46 82.83 9.46 34.36 34.36 Single B
B (Bs)-As

N2a - N2b 77.26 37.61 46.61 82.05 3.37 34.72
coupled
As-(B) Bs

N2b - N2¢ 46.61 82.05 79.88 29.81 24.07 3.09
coupled
(B) Bs-As

N2c-N2d 79.88 29.81 39.14 59.99 7.41 24.37
coupled
N3 -N3 43.46 27.18 43.46 27.18 31.47 31.47 Single As

2

mmmmm Spine_As
mmmmm Spine B
X ¥

Fan_B

Figure 2. Cartoon for magnetic null-pair inclusion by the Cluster tetrahedron at 07:57:04
UT. Cluster includes the B-type null of the magnetic null-pair. The oblique orange cy-
linder represents an As-type magnetic null, while the blue one represents a B-type null.
The parallelograms are the Fan-surfaces (Z-surface) of the corresponding magnetic null,
while the thick dashed lines as shown in the left-upper inlet represent the spine line of the
magnetic null. The spine line of B-type null is almost located in the Z-surface of As-type
null. The thick black solid lines in the outermost indicate the direction of the magnetic
field lines in the northern PSBL and southern PSBL.
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exactly the same as the former null-pair addressed above, their analogy can still
be reliable. The relationship between the two groups of the magnetic null-pairs

will be dressed in the following.

3.2. Magnetic Fitting of Magnetic Null-Pairs

The magnetic null observation during the time span from 07:56:33.3 UT to
07:58:10.8 UT was divided into 3 stages: Stage-1: 07:56:33.3 - 07:56:33.8 UT
(N1); Stage-2: 07:57:05.2 to 07:57.14.6 UT (N2); Stage-3: 07:58:08.0 to 07:58:10.8
UT (N3). It was found that in stage-1 (N1), it is a single B-type magnetic null; in
stage-3 (N3), it is a single As-type magnetic null. However, in Stage-2, there are
3 magnetic null-pairs in which the angle between the j-line of one null and the
2-surface of the other is rather small. The 3 magnetic null-pairs are: 1) B (Bs)-As
coupled magnetic null-pair; 2) As-(B) Bs coupled magnetic null-pair; 3) (B)
Bs-As coupled magnetic null-pair. The difference between topologies of these 3
magnetic null-pairs is very small. This small difference suggests that the magnetic
geometry can change itself slightly during the reconnection process at this time.
In this subsection, further study of the magnetic null geometry will be done.

To study the relationship among these 3 above-mentioned magnetic null-pairs,
the magnetic field fitting method [14] is applied here to reconstruct the field line
around the magnetic null. The fitting method is restated below.

The magnetic fitting method was designed by He et al [14] on the year of
2008. This method is to fit the recorded 4 vectors with 12 magnetic field com-
ponents simultaneously measured by the Cluster satellites. There are 12 func-
tions in the fitting model, including ten spherical harmonic functions and a
function taken from the Harris current sheet model by Harris [29] in 1962, to-
gether with a constant background field. They adopted the spherical harmonic
functions as part of the fitting model for their convenience of describing a po-
tential field. Considering the special feature of magnetic field configuration in
the magnetotail, we add the Harris current sheet function with a constant back-

ground field to the fitting function. Such a fitting can be expressed as

B, By B, tanh ( 5 ] +B,
~ L
B, |=| B, |+ T;cvz—nﬂgb ) ’ (1)
B —~ ’ 0
¢ B¢ 0

where ( B,,B,, B,) represent 3 magnetic field components at a spatial position
(r,0,¢) in a spherical coordinate system with its origin at the center of the
Earth. The first term on the right-hand side (RHS) of Equation (1), ( ]3: , E; ,E; ),
is the contribution from the spherical harmonic series describing a potential

field, as shown below in Equation (2). The transform matrix 7T converts a

xyz—>r0¢
vector field from the GSM to a geocentric spherical coordinate system. The
magnetic field in the Harris current model plus a constant background field is in

the x-direction as shown in Equation (1). Expression for ( E,EZ,E; ) reads
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Zn:;[—(wrl)}(%jﬂ (‘1;” cos(mp)+h Sin(mgo))~p;” (cos)

B, .
T Re Re " m m s . a m
}ig = T;;(Tj -(qn cos(mep)+h) s1n(m(p))~(—smt9)-%(pn (cosH))
B¢
Re

ZZ(%}M -(q;” (—m)-sin(me)+h)" -m~c0s(mgo))~p;” (cosd)

rsin@ 5%,

)

where g and &' are the coefficients in the spherical harmonic series, and

" is the associated Legendre function of degree n and order m, with [n, m] =

{[1, 1], [2, 1], [{2, 2}], [3, 1], [3, 2]}. The second term on the RHS of Equation (1)
is designed specifically to represent the magnetotail environment.

Figure 3 shows the fitting result of this structure when the magnetic null is
included by the tetrahedron at 6-time points, corresponding to N1 (a), N2 (b -
d), N3 (e and f) stages. The fitting parameters are: half thickness of current sheet
is 500 km (refer to Figure 1(e)); the normal direction of the current sheet is (0,
0, 1). Figure 3(a) shows a single magnetic null included by the Cluster tetrahe-
dron, which well matches the observation of N1. Figures 3(b)-(d) show the fit-
ting structure corresponding to the 3 sub-stages in N2 stage. Fitting result in this
stage shows that magnetic null-pair does exist within the tetrahedron of Cluster.
Figure 3(e) and Figure 3(f) show the fitting results corresponding to the N3
stage. The magnetic null-pair still exists in Figure 3(f), with only a part of it in-
cluded by the Cluster tetrahedron. For those single magnetic nulls shown in
Figure 3, as the magnetic null-pair is steady observed in stage 2, each of them

can be suggested to be one part of a magnetic null-pair.

3.3. Temporal Evolution of Magnetic Null-Pairs

As is addressed above, some magnetic nulls form within the diffusion region
crossing during time span from 07:56:33.3 UT to 07:57:14.6 UT. We have di-
vided the null observation into 3 stages in the observation time span from
07:56:33.3 UT to 07:58:10.8 UT (stage 1: 07:56:33.3 - 07:56:33.8 UT (N1); stage 2:
07:57:05.2 to 07:57.14.6 UT (N2); stage 3: 07:58:08.0 to 07:58:10.8 UT (N3)).
Provided that the 3-D magnetic reconnection takes place in the space at a
fixed time point, forming a magnetic null-pair as shown in Figure 2. In the first
stage, Cluster moves into the diffusion region, and includes one part of the
null-pair, which is presented to be the B-type null during 07:56:33.3 - 07:56:33.8
UT as seen in Figure 3(a). During this time span, the magnetic null structure is
stable, only with its B-part included in the cluster tetrahedron. After that, the
magnetic reconnection pauses temperately. About 20 seconds later, the magnetic
reconnection re-occurs, forming the magnetic null-pair again. Firstly, one part
of the null-pair (B-type null) is included by the Cluster tetrahedron, ref. to the
illustrating drawing in Figure 2; and as the spacecrafts moving forward, the
other part of the null-pair (A or As-type) is in turn included (Figure 3(c)). The
magnetic null-pair lasts only several seconds. It moves from left to right (in

DOI: 10.4236/ijg.2019.1011055

975 International Journal of Geosciences


https://doi.org/10.4236/ijg.2019.1011055

S.Y. L

Magnetic Null Pair Evolution. TIME: 2001-09-10 07:56-07:58
Fitting Parameter: Ncs=[0, 0,1]; Hcs/2 = 500Km; Dr=25 Km; number of field line: 30

time: 07:56:36.3 time: 07:57:4.5 time: 07:57:11.7 time: 07:58:8.9

2000

~ 1000

0
2000
2000
-2000 -2000 -2000 -2000 -2000 -2000 -2000 -2000
(@ (c)4 (e) (a) *
v(b) v(d) v(f) v(h)
time: 07:56:37.0 time: 07:57:7.3 time: 07:57:14.3 time: 07:58:10.3

2000

1000

0
2000
2000

-2000 -2000 -2000 -2000 -2000 -2000 -2000 -2000

Figure 3. Magnetic field structure fitting in different stages of the observation, corres-
ponding to the N1 (a), N2 (b - d), N3 (e) and (f) stages. The fitting parameters are: half
thickness of current sheet is 500 km; the normal direction of the current sheet is set as (0,
0, 1).

Figure 3) and again, after ceasing for about 5 seconds, the reconnection re-occurs
and form a new magnetic null-pair, which is detected by the tetrahedron during
07:57:10.7 - 07:57:14.6 UT (Figure 3(d)). In the third stage from 07:58:08.0 UT
to 07:58:10.8 UT (Figure 3(e), Figure 3(f)), the results in Table 2 tell the same
story for the As-type part of the magnetic null-pair of the magnetic reconnection
diffusion region as what is addressed in the first stage.

The analysis above suggests that the magnetic null-pair, which is detected in
the magnetic reconnection diffusion region, is a quasi-stable in spatial structure
but with fast evolution in time. The temporal evolution and spatial qua-
si-stability of the magnetic null-pair shed a new light on the magnetic diffusion

geometry in the reconnection region.

4. Conclusion and Discussion

We have studied the magnetic diffusion structure in regimes of 2-D ideal recon-
nection model and 3-D magnetic null as the reconnection taking place in the
neutral current sheet in the near-earth tail on 10 Sep. 2001. Main points are
summarized as follows:

1) Many magnetic null points have been detected by the Cluster in the diffu-
sion crossing time. The N1 from 07:56:33.3 - 07:56:33.8 UT is a B-type single
magnetic null; the N2 from 07:57:05.2 UT to 57.14.6 UT is composed of 4 mag-
netic nulls, which are regarded to be the coupled magnetic null-pair according to
the angle between the j-line of one and the Z-surface of the other for each
null-pair. N3 is also a single magnetic null (As type).

2) The magnetic field fitting result around the magnetic null or null-pair in

the reconnection diffusion region has shown good magnetic structure around
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the null in different stages. The small difference in magnetic null-pairs suggests
that the magnetic spatial topology in the reconnection diffusion region is very
steady. For spatial geometry, the magnetic field forms a steady magnetic
null-pair (B-As) in the magnetic diffusion region, suggesting a steady spatial
geometry for the 3-D reconnection.

The 3-dimensional geometry of the magnetic null-pair, in this case, is differ-
ent with the case on 15 September 2001 studied by Xiao et al [12]. There is only
one single magnetic null in the case. Though it can be inferred to be one part of
the magnetic null-pair from the magnetic lines as in our case (N1), the two are
not the same because of the lack of other parts of the magnetic null-pair. A
magnetic null-pair is more stable than a single magnetic null in a 3-D magnetic
regime. Our case is also different from the A-B-As coupled magnetic null struc-
ture in 1 October 2001 introduced by Xiao et al [13] and studied in detail by He
et al. [15] and Deng et al [16]. The magnetic null-pair in the presented case
evolves with time and is detected by Cluster time again, and therefore reinforces
the topology modification during the relative stable 3-D magnetic geometry.

In Figure 1(g), when C1 C3 and C4 are located in the outflow region (Figure
1(c), [Vx|~300 - 400 km/s), there are several places where Poincare indexes were
1. They denote that there were also magnetic nulls there. However, this is just
one single magnetic null, or at least it is one part of the magnetic null-pairs,
which is included by the Cluster tetrahedron. Though the satellites are mainly
located in the outflow region, however, the C3 maybe go back to the other side
since Vx (c3) decreases rapidly to zero at this time. Thus it is possible for the
magnetic nulls to be included by the tetrahedron.

The current sheet during this time is unstable. As addressed in part 2, the
current sheet presents a kink-like configuration with a tendency of “thickening,
thinning, thickening, and thinning” of the current sheet variation. The thickness
of the current sheet is less than 1000 km in the magnetic null observation, e,
the magnetic null-pair forms a steady 3-D reconnection structure in a thin cur-
rent sheet. Moreover, SC2 is located northern relative to the other 3 satellites.
Thus the relative location of SC2 to SC3 is further than those of SC1 and SC4 to
SC3. However, the X-component of magnetic field (B ) detected by SC2 is
smaller than what detected by the SC1 and SC4 during the time interval from
07:56:20 UT to 07:57:40 UT. This suggests a tilt of the current sheet X-Y plane.
Thus, the current sheet during this time is completely in the 3-D regime, which
might be a response or an exciter of the 3-D magnetic structure in the 3-D mag-
netic reconnection process. The large scale of the current sheet associated with

the 3-D geometry of magnetic diffusion region remains to future work.
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