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[1] This paper reports for the first time the identification of a magnetic structure around a
magnetic null in a magnetic reconnection region in the magnetotail. Magnetic
reconnection is one of the fundamental processes in astrophysical and solar-terrestrial
plasmas. Though the concept of reconnection has been studied for many years, the process
that really occurs has not been fully revealed by direct measurements. In particular, the
lack of a description of three-dimensional (3-D) reconnecting magnetic field from
observations makes the task more difficult. The Cluster spacecraft array provide an
opportunity to reconstruct the 3-D magnetic reconnection structure based on magnetic
field vectors simultaneously measured at four positions. The identification of this
structure comes from a new method of analysis of in situ measurements proposed here.
Applying a fitting model of 10 spherical harmonic functions and a Harris current

sheet function, plus a constant field, we reconstruct a 3-D magnetic field

configuration around the magnetic null in an reconnection event observed by Cluster in

the geo-magnetotail.

Citation:
A05205, doi:10.1029/2007JA012609.

1. Introduction

[2] Magnetic reconnection is an important physical
process which changes the topology of magnetic fields in
magnetized plasmas, converts magnetic energy to plasma
dynamic energy and accelerates particles. The concept of
magnetic reconnection helps to explain and accounts for
most of the energy release and transfer processes observed
in solar-terrestrial plasmas.

[3] Theoretical studies of magnetic reconnection have
made great progress [e.g., Priest and Forbes, 2000; Birn
and Priest, 2007] since the initial reconnection models were
proposed [e.g., Sweet, 1958; Parker, 1957]. Nevertheless,
the underlying physical process has not yet been completely
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discovered by direct measurements. A major difficulty is
how to identify the complicated magnetic configurations
and plasma flow patterns predicted by the theory. In two-
dimensional (2-D) reconnection, for example, various field
and plasma configuration features such as current sheets,
slow shocks, Hall quadruple components, and a guide field
have been thoroughly studied, and their properties are more
or less well understood [e.g., Petschek, 1964; Nagai et al.,
2001; Birn et al., 2001; Pritchett and Coroniti, 2004; Ricci
et al., 2004]. For 3-D (three-dimensional) reconnection,
however, complicated magnetic field topologies consisting
of null points, spines, fans, and separators have also been
implied, and various reconnection models such as spine
reconnection, fan reconnection, and separator reconnection
have been suggested [e.g., Greene, 1988; Priest and Forbes,
1989; Priest and Titov, 1996; Parnell et al., 1996; Priest
and Demoulin, 1995; Biichner, 1999].

[4] In fact, to identify a specific 3-D reconnection model
from observations, it is necessary to describe both the flow
pattern and the magnetic field configuration in a small scale
region around the reconnection site. Such an attempt has
been made for decades in laboratory experiments and
through solar atmosphere and magnetosphere observations.
In laboratory plasmas, magnetic field diagnostic is still a
great challenge to experimentalists [e.g., Ding et al., 2004],
and therefore it is difficult to properly construct the related
3-D current density distribution [e.g., Priest and Forbes,
2000]. In the solar atmosphere, global 2-D and 3-D recon-
nection configurations can be roughly approximated from
solar images of certain radiation or scattering lines [e.g., Lin
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et al., 2005; Filippov, 1999] or derived from the surface
magnetic field distribution of the photosphere based on either
force-free or potential-field assumptions [e.g., Aulanier et al.,
2000; Fletcher et al., 2001; Zhao et al., 2005]. However, it is
hard to obtain a related flow pattern from either method.

[5] In the Earth’s magnetosphere, 3-D reconnection char-
acteristics at the dayside terrestrial magnetopause have been
investigated through resistive MHD simulation, and sepa-
rator reconnection has been predicted under generic north-
ward interplanetary magnetic field conditions [Dorelli et al.,
2007]. Satellite in situ measurements can be used to check
the theoretical predictions and simulation results. Satellite
measurements have detected, in particular, 2-D reconnec-
tion features, such as the flow reversal, quadruple magnetic
field associated with the Hall current, whistler and lower
hybrid waves near or in the reconnection region in a number
of reconnection events [e.g., Phan et al., 2000; Qieroset et
al., 2001; Deng and Matsumoto, 2001; Frey et al., 2003;
Henderson et al., 2006; Vaivads et al., 2004]. However, 3-D
reconnection features have rarely been observed, and in
particular continuous magnetic field distributions derived
from observations have not been reported. The lack of a
real-time description of 3-D field configurations around the
reconnection site weakens the preciseness and solidity of
the related reconnection models and analysis.

[6] The Cluster mission [Escoubet et al., 1997] is
designed to perform 4-point measurements in geospace.
The main scientific objective of the mission is to study
small-scale 3-D structures in the Earth’s magnetosphere and
near-Earth solar wind. Recently the existence of a 3-D
magnetic null point at a reconnection site in the magnetotail
was reported based on the method using Poincaré index and
the measurements taken by the four separately positioned
Cluster spacecraft [Xiao et al., 2006]. The determination of
a magnetic null is the first step in exploring the 3-D
reconnection feature from in situ measurements. The Poin-
caré index method, however, requires the closed surface to
be sampled surrounding the null and a large number of field
samples on the surface. The Cluster can sample only four
field vectors at the same time. The magnitudes of the
Cluster magnetic field surrounding the null reported by

n m

m

Re Re n+l1 .
rsinf zn: Zm: (7) ‘(q” ‘

[Xiao et al., 2006] total about 20 nT, which is a rather large
value for the field in the magnetotail. Therefore the closed
tetrahedron surface made by the four cluster spacecraft does
not lie close to the null. Furthermore, the 3-D field config-
uration near the reconnection site has not yet been modeled.

[7] We propose here a new method to reconstruct a local
magnetic field configuration based on the four magnetic
vectors observed by the Cluster constellation. By applying
this method to the in situ measurements, we reconstruct the
magnetic field configuration around a reconnection site.
With this fitted magnetic field we can calculate the
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Poincaré index with a closed surface very near to the null,
rather than with the peripheral tetrahedron made by the
four Cluster spacecraft. The data were taken while Cluster
was in a magnetic reconnection region in the magnetotail
on 15 September 2001. We find for the first time from in
situ measurements, a magnetic structure around a 3-D null.
We believe the fitting method and the reconstructed field
structure cast new lights on nature of 3-D magnetic
reconnection.

2. Method Description

[8] In order to fit the recorded 4 vectors with 12 magnetic
field components simultaneously measured by the Cluster
satellites, we design a fitting model, based on a summation
of 12 functions, which includes ten spherical harmonic
functions and a function taken from the Harris current sheet
model [Harris, 1962], together with a constant background
field. We adopt the spherical harmonic functions as part of
the fitting model for their convenience of describing a
potential field. Considering the special feature of magnetic
field configuration in the magnetotail, we add the Harris
current sheet function with a constant background field to
the fitting function. Such a fitting can be expressed as

Br B:y Bo tanh (Z z ZO) + B]
B(.} = Ba + Txyz—»rﬂd) : OZ
By

B, 0

where (B, By B,,) represent 3 magnetic field components at a
spatial position (» 6 @) 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), (8, and By and B,),
is the contribution from the spherical harmonic series
describing a potential field, as shown below in equation (2).
The transform matrix 7%,._.,94 converts a 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 (B, By B,) reads

) (1)

R n+2
£ S 1)(%) ez costme) + 4 sinGme) - P coso)
Er n+1
(g}) = % Z Z (%) (g} cos(me) + R} sin(mg)) - (—sin 6) % (P (cosh)) |, (2)

(=m) - sin(me) + k) - m - cos(me)) - Pl (cos 6)

where ¢ and %, are the coefficients in the spherical
harmonic series, and P, 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 environ-
ment. When the Cluster constellation is in the lobe where
the magnetic field is mainly earthward or tailward, the
background field B; dominates over the Harris magnetic
field configuration. Conversely, when Cluster is near the
current sheet, the local magnetic field configuration may be
represented mainly by the Harris configuration. Since both
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An event of reconnection region crossing in the magnetotail by Cluster. (a) Temporal

variations of magnetic field components (B,, B,, B.) in GSM with a 0.04 s resolution in the interval of
05:03:32-05:03:40 UT as measured by FGM on board C1, C2, C3 and C4 (from left to right). B,, B, and
B. are plotted in black, blue and red respectively. (b) Plasma velocity components (Vy, V;, V2) in GSM
respectively in black, blue and red as measured by CIS on board C1, C3 and C4 (from left to right). (c-e)
Reconstructed magnetic field structures in the GSM coordinates at 05:03:32, 05:03:36 and 05:03:39 UT
based on measurements averaged over ls. Magnetic field lines are represented with black lines and
Cluster constellation tetrahedrons are marked in green. Four red arrows denote the local magnetic field
directions. The contour projections on the right sides show the magnitude of B, from small to large as

colored from white to blue.

the sum of the Legegdre polynominals and the Harris current
sheet satisfy V - B = 0, the fitted field is automatically
solenoidal.

[v] Two parameters for the Harris sheet configuration,
L. and z,, are assumed in the following manner. In the
case studied, the characteristic half thickness of the Harris
current sheet, L., is taken as 920 km. For the purpose of
estimating L., we take a set of data {z3, B3, z4, B4} in a
period from 05:03:20 to 05:03:42 to fit the formula
z3—z4= L, [tanh™' (B,3/By) — tanh™' (B./By)], where
23, z4 are z coordinates in GSM of the Cluster C3 and C4
and B3, B,4 are x components of C3 and C4 respectively.
It is found that L. is about 920 km if B, lobe magnetic
field is given as 33 nT which is a typical value of
magnetic field in the geo-magnetotail lobe. This thickness
scale is about twice as large as the typical ion inertial
length of geomagnetotail. The other parameter z, is
determined as follows. We first use a set of fitting
functions expressed with a summation of 12 spherical
harmonic functions to fit the magnetic field with the same
observation data. Degree n and order m for these spherical
harmonic functions are taken as: [n, m] = {[1,1], [2,1], [2,2],
[3,1], [3,2], [3,3]}. In this test fitting, the minimum magnetic
field strength can be found at (xo, yo, zo), Where zq is the

parameter to be taken. In our calculation, the minimum
magnetic field strength is about 0.41 nT in the potential field
obtained by fitting four magnetic field vectors measured at
05:03:36. The GSM position of this minimum magnetic field
isat (—18.67, 3.62, —2.68) Re. After L. and z, are given, the
12 parameters including five g, five &), By, and B can be
determined with the 12 observed magnetic field components
by exactly solving equation (1). The magnetic null is found at
(—18.58, 3.64,—2.68) Re.

3. Data Analysis

[10] We use the fitting method described above to recon-
struct the magnetic field near the magnetic reconnection site
observed by Cluster in the magnetotail on 15 September
2001 from 05:03:32 to 05:03:40 UT. This magnetic recon-
nection event has already been studied elsewhere [e.g., Xiao
et al., 2006, 2007], and an isolated null point has been
identified in the reconnection region around 05:03:36 UT,
by using topological analysis of the magnetic field [Xiao et
al., 2006].

[11] Magnetic field data measured by the FGM on board
Cluster [Balogh et al., 1997] in the time interval from
05:03:32 to 05:03:40 UT are used with 0.04 s resolution
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Figure 2. Magnetic structure reconstructed at 05:03:36 UT with a 1 s resolution viewed from different
angles. (a) Appeared as an X-type topology viewed in the diagonal direction in the x-y plane. The green
surface is with B = 16 nT, and the yellow surface is with B = 2.5 nT. The tetrahedron formed by Cluster
constellation is denoted in white lines and dots, with 4 red arrows indicating the local magnetic field
vector at the 4 vertices. (b) An array of X-type magnetic field lines are shown obliquely aligned with the
y axis when viewed from the x-direction. The magnitude of the magnetic fields on green and yellow
surface are 16 nT and 2.5 nT, respectively. (c) A structure consisting of two convergent spines and a
divergent fan is located adjacent to the tetrahedron when viewed from top. Magnetic fields on green and

yellow surfaces are 26 nT and 1.5 nT, respectively.

and are plotted in Figure la. These data have an estimated
accuracy of less than 0.1 nT. The “curlometer” [Dunlop et
al., 1988] linear estimate from Cluster measurements at
05:03:36 UT is 0.0268 nT/km. The curl of the fitted
magnetic field at the Harris current neutral sheet is calcu-
lated to be 0.0331 nT/km at 05:03:36 UT. These two curl
values are on the same order of magnitude.

[12] The plasma velocity measurements during the same
interval with a 4 s resolution of the CIS on board Cluster
[Reme et al., 2001] are plotted in Figure 1b. Figures lc, 1d,
and le illustrate the reconstructed magnetic field configura-
tions at 05:03:32, 05:03:36 and 05:03:39 UT, respectively, by
using 1s-averaged magnetic field data, where magnetic
field lines are indicated in black, the Cluster spacecraft
positions are indicated by green rectangles, and the
observed magnetic field direction in red arrows. We see
an apparent X-point like magnetic field configuration at
05:03:36 UT, as shown in Figure 1d.

[13] At 05:03:32 UT, just before the reconnection event,
the reconstructed field shows the magnetic field line bend-
ing tailward. After the reconnection event, at 05:03:39 UT,
the field lines are found to bend earthward. This time
sequence can be understood as the reconnection regions
move ecarthward through the Cluster satellites. Such a
temporal variation of the magnetic configuration is consis-

tent with the observations of the negative-to-positive rever-
sal of B, and the positive-to-negative reversal of V. during
this interval as shown in Figures la and 1b, respectively.

[14] In Figure lc, the magnetic field lines in the volume
appear to be bending tailward and left part (earthward part)
of the X-type field structure dominates the calculation
volume at this moment. In Figure 1d, one can see the left
part, central part, and right part of X-type field structure. In
Figure le, right part (tailward part) of X-type field structure
dominates the calculation volume. Therefore we can state
that the reconnection site is moving earthwards through the
Cluster satellites.

[15] No magnetic null exists in Figure 1c and Figure le
respectively because the central part of X-type field struc-
ture where magnetic null may be located is outside or on the
edge of the calculation volume at these two moments. We
should point out that, the grey iso-B surfaces in Figures 1c—
le do not necessarily surround a magnetic null. If we
decrease the B-value of these iso-B surfaces from 2.5 nT
to 1.5 nT, then the iso-B surfaces in Figure 1c¢ and Figure le
disappear, which indicate that there is no magnetic null at
05:03:32 and 05:03:39 UT respectively.

[16] We now analyze in detail the reconstructed magnetic
structure at 05:03:36 UT, and illustrate it from different
viewing angles. Figure 2a shows a magnetic structure
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Figure 3. Mapping of magnetic field vectors from the configuration space (x, y, z) to the “M” space (B,,
B,, B.). (a) The magnetic field structure with two convergent spines and a divergent fan are placed in the
GSM coordinate system with magnetic field lines denoted in black. The surface of B = 1.5 nT is marked
by numerous positions scattered on it forming red meshes. (b) Mapping of magnetic field vectors in
various positions on the red meshes in Figure 3a to the “M” space. Three black axes represent the “M”
space coordinate system with the origin at B = 0 nT. (c) Four surfaces of the tetrahedron formed by
Cluster constellation are partitioned into numerous meshes in red, green, blue and yellow respectively.
Black arrows located at some nods of the meshes indicate some local magnetic field vectors. (d) The
mapping of the tetrahedron in Figure 3c in the “M” space, with colors unchanged and the origin shown

by the intersection of the three black bars.

appearing as an X-type configuration viewed in a diagonal
direction in the x-y plane. It is found that such an X-type
magnetic configuration is composed of an array of X-type
magnetic field lines in a direction obliquely aligned to the y
axis, as illustrated in Figure 2b. Figure 2c¢ is the view from
the direction looking down at the magnetic field configura-
tion; it shows a typical 3-D magnetic null structure with a
divergent fan and two convergent spines.

[17] The 3-D null point shown in Figure 2¢ can be further
confirmed by using the field topological analysis. A null
point in a small enough volume can be confirmed, if the
origin of the coordinate system in “M” space (B,, B,, B.) is
located inside the closed “M” space surface which is
mapped from a set of the magnetic field vectors on the
closed space surface of this small volume [e.g., Greene,
1992; Zhao et al., 2005]. Otherwise, no null point exists in
the volume. Figure 3 demonstrates the use of the field
topological analysis and confirms the existence of the null
point. Figures 3a and 3b show that the iso-B surface with a

small B-value in the reconstructed magnetic field does
include a null point, whereas Figures 3c and 3d show that
the null point is not located inside the Cluster tetrahedron.
Figure 3a displays a closed iso-B surface with B = 1.5 nT.
Magnetic field vectors at about 500 positions selected on
that surface are then mapped to the “M” space, as illustrated
in Figure 3b. The mapped surface is found to surround the
origin in Figure 3b. Therefore the constructed magnetic
structure here reconfirms the existence of a null point,
which is presented in Figure 1 and Figure 2, in the vicinity
of Cluster constellation at 05:03:36 UT. Figure 3c shows the
magnetic vectors at about 400 positions on the tetrahedron
surface of Cluster constellation. Finally, Figure 3d shows
the closed surface in the “M” space mapped from those
magnetic field vectors in Figure 3c. We see that the origin in
“M” space is located outside of but close to the mapped
surface. This result is consistent with the result shown in
Figure 2c. The magnetic null identified outside the Cluster
tetrahedron is reliable. We tested the fitting method pre-
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sented in this paper with assumed 3-D elliptic flux tube
structure, hyperbolic flux tube structure, and uniform field
configuration. We found that the fitted field including a null
geometry in the vicinity of the assumed tetrahedron is
reliable.

[18] This null point belongs to the B-type category, since
the eigenvalues for the gradient matrix of the magnetic field
near the null, v;, v,, and v;, are —0.0271, 0.0103, and
0.0168 (nT/km), respectively. Corresponding eigenvectors,
¢, €, and €3, are [0.9073, —0.0555, —0.4168],
[—0.7814, —0.5013, —0.3716], and [0.6971, —0.5559,
0.4528], respectively. The latter two eigenvalues are real.
This result shows no current flowing along the spine
direction. However, this result should be considered as a
result of the limitation of the fitting method which contains
only a Harris current sheet.

4. Summary

[19] In this paper, a new method is presented for the first
time to identify a magnetic structure around a magnetic null
in the magnetotail using Cluster observations. The method
is developed for reconstructing the local magnetic field
based on the Cluster four satellite measurements by making
use of a fitting function approach with 10 fitting parameters
in 10 spherical harmonic functions and another two fitting
parameters in the Harris current sheet model, thus matching
the 12 observed field components. With this method we
have reconstructed the local magnetic field by fitting the
magnetic field vectors measured simultaneously by the four
satellites of Cluster. With this fitted magnetic field we
calculate the Poincaré index with a closed surface very near
to the null. Magnetic field vectors at about 500 positions on
the closed surface are selected for this calculation. The
calculations confirm the existence of a magnetic field null.
With the fitted results we present from in situ observations,
a magnetic structure around a 3-D null in the magnetotail.

[20] In general it is necessary to make assumptions for
reconstructing magnetic field with limited observation data.
In the method presented here we assume a potential field
plus a Harris current sheet field. We also examine this fitting
method by reconstructing assumed typical model fields,
such as the elliptic flux tube and the hyperbolic flux tube
structures, and find consistent fitting results. Therefore the
assumption and the fitting method are applicable for the
geo-magnetotail.
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Natural Science Foundation of China under contracts 40574078,
40336053 and 40436015, the foundation Major Project of National Basic
Research under contract 2006CB806305, as well as the Beijing Education
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