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ABSTRACT

The magnetic structure and topology of the three-dimensional magnetic reconnection region are significantly dynamic and complex. Small-
scale flux ropes and magnetic null points are frequently detected in the reconnection outflow region and diffusion region due to the increased
in situ measurements at high temporal cadences. Previous studies have demonstrated that X-line and small-scale flux ropes are both related
to null points. In this study, by applying a fitting-reconstruction method with the input of the Cluster dataset, we reveal three types of spiral
null pairs that serve as the skeleton of the flux ropes. Two spiral nulls can be connected by a spine, or by a separator, or by both a spine and a
separator. A theoretical model is proposed to explain these spiral null pairs. The observational results and the model indicate that the number
of magnetic loops of the flux rope is restricted by the linkage pattern of two nulls, while the flux rope is confined by the two nulls and their
fan surfaces. The model predicts that the magnetic perturbations in the reconnection region can transform the linkage types of the nulls and
eventually lead to the evolution of flux ropes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5114620

I. INTRODUCTION

Magnetic reconnection (MR) is a fundamental process in plasma
environments, which changes the magnetic field configuration and
converts magnetic field energy into plasma thermal and kinetic ener-
gies.1,2 It is widely accepted that in a three-dimensional (3D) MR
region, magnetic null points (where the magnetic field vanishes) are
pivotal in the process of magnetic field lines’ breaking and rejoining3

and play a crucial role in the activity regions of the solar corona4 and
the planetary magnetospheres.5,6 The field lines in the vicinity of a 3D
null point constitute a “spine line” where field lines are concentrated
and a “fan surface” on which field lines are tiled (clear illustrations for
magnetic null points can be found in Figs. 1 and 2 in Ref. 7). Based on

the orientation of the field lines on the fan surface and spine line, four
types of null points are identified,7 namely, A-null, As-null, B-null, and
Bs-null. The A-null and As-null are termed as “negative” nulls whose
field lines on the fan surface converge to the null point. The B-null and
Bs-null are “positive” nulls whose field lines on the fan surface diverge
away from the null point. The subscript “s” refers to the “spiral nulls”
whose field lines on the fan are spiraled, while the nulls with straight
field lines on the fan are termed as radial nulls. The magnetic null
points are likely to be formed in pairs8 where one corresponds to the
negative null, while the other corresponds to the positive null. A well-
known null pair model is termed as the 3D separator MRmodel.5,7,9–14

The fan surfaces of two radial null points intersect at the separator to
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connect the two null points. In the plane perpendicular to the separa-
tor, the two-dimensional (2D) X-type feature is observed (see the illus-
tration in Fig. 1 of Ref. 5). There have been observations inside Earth’s
magnetosphere5,11,12,14 and at the magnetopause,13 which agree with
the separator model. The length of the separator can affect the strength
of the guide field: a long separator with a sizable magnetic field
strength leads to component reconnection, while a short separator
with a negligible field strength corresponds to antiparallel MR.14

Simulation results also indicate that the separator can stretch across
the magnetopause and display componentMR features at low latitudes
and the antiparallel MR features at high latitudes.15

Flux ropes, consisting of twisted magnetic field lines (as shown in
Fig. 1 in Ref. 16), are another crucial element in the 3D MR. When the
guide field in a flux rope vanishes, the magnetic structure exhibits a
closed-loop configuration, which is termed as the magnetic island.
Generally, the formation of amagnetic island can result from spatial peri-
odicity in a system like tokamaks,17–19 but this is rare in a space environ-
ment, which is usually lacking in periodicity. The flux rope structure
with a finite guide field is more common in space. The evolution and
interaction of flux ropes play important roles in the dynamics and heat-
ing of the solar atmosphere.20,21 Flux ropes are also observed with a small
guide field in Earth’s magnetotail between two X-lines22 and in thin cur-
rent sheets in the reconnection region.23 On the magnetopause, the
MHD scale flux rope, i.e., the flux transfer events (FTEs), can transfer
mass from the solar wind into the magnetosphere.24 Ion-scale flux ropes
are also observed on the magnetopause with small current structures.25,26

In 3DMR, turbulence and electron physics dominate in the reconnection
region, where the flux ropes are generated and interact with each other.27

Additionally, the secondary reconnection sites can also form in the
reconnection-generated flux ropes and reconnection fronts.28

Recent studies indicate that the flux ropes are formed in close
relation to spiral null points.29–34 In the solar active regions, the spiral
nulls can manifest the skeleton of flux ropes where a solar flare
occurs.29 Flux ropes in association with the spiral null pairs have been
detected in the magnetotail.33 The spiral nulls can be chained by the
spine lines along which flux ropes are formed, while torsional spine
reconnection occurs on the spiral nulls.32,33 Flux ropes and multiple
3D null points have also been found in the turbulent reconnection
region.34 Statistical analysis has been performed on the magnetic nulls
observed by the Cluster multiple spacecraft35 in the Earth’s magneto-
pause and magnetotail.36,37 Magnetic nulls are also reproduced in par-
ticle-in-cell simulations of turbulent magnetosheath plasma.32 Both
observations and simulations indicate that approximately 80% of the
null points correspond to spiral type nulls (As and Bs), which indicates
that the spiral nulls are crucial in the formation of flux ropes and also
play an important role in the evolution of the reconnection region.
Various linkage types between two null points can exist due to differ-
ent perturbations during their formation from a degenerated null
point.38 The topology varies in different types of null pairs, which
affects plasma properties inside the flux ropes. It is suggested that a
chain of helically wrapped spine linked null pairs can connect two
regions with various characteristics and make the flux rope signifi-
cantly complicated.33 The aforementioned extant studies imply that
the spiral nulls and the way to link them are important in examining
the properties and evolution of flux ropes.

In the present study, we show three different types of null pairs as
visualized by reconstruction of the magnetic field data35 when Cluster

detected flux ropes in the Earth magnetotail. The reconstruction results
demonstrate that two spiral nulls can be connected by a spine, or by a
separator, or by both and that the field lines between two spiral nulls are
twisted and wrapped up to form flux ropes. Thus, we propose an analyt-
ical model to illustrate the magnetic field configuration at and around
the three types of spiral null pairs and predict that large perturbations in
the reconnection region can lead to a mutual transformation between
the three types of null pairs. In Sec. II, the observational features and 3D
reconstructed pictures of three types of spiral null pairs are presented.
The analytical model is shown in Sec. III. Section IV contains the discus-
sion, and the summary is presented in Sec. V.

II. IN SITU OBSERVATIONS

In order to investigate the 3D structure of flux ropes, we apply
the fitting-reconstruction approach39 to the multiple-point magnetic
field data from Cluster measurements.35 The fitting-reconstruction
method is previously used to reconstruct the magnetic field inside and
around the Cluster four spacecraft tetrahedron.11–14,33,34 Detailed
benchmarks14,33 indicated that the magnetic topology and essential
features of the magnetic fields can be well reassembled with reliability
by the fitting-reconstructing technique, when the reconstruction scale
does not exceed thrice the tetrahedron size. The magnetic field data we
used in the study are from the FGM instrument40 on board Cluster,
while ion data are from the CIS instrument41 and electron data are
from the PEACE instrument42,43 and the RAPID instrument.44 The
electron density is derived from spacecraft potential.45 The magnetic
null points can be indicated by the Poincar�e index (þ1 denotes posi-
tive null, –1 denotes negative null, and 0 denotes no null),8,46 and the
spiral index33 can be used to diagnose whether the null point corre-
sponds to a spiral null. If the null corresponds to a radial one, the spiral
index is zero; otherwise, the spiral index is set as þ1/–1 to represent
the As-/Bs- type null. A brief introduction to the Poincar�e index and
the definition of the spiral index are given in Ref. 33. In this section,
we show three types of spiral null pairs to form flux ropes.

A. Two spiral nulls paired by the spine to form a flux
rope

A flux rope formed with two spiral nulls in the magnetotail is
analyzed in a previous study33 where two nulls are paired by their
spines and the magnetic field lines are wrapped up to form the flux
rope. It is difficult to use the reconstructed magnetic field geometry to
distinguish whether the two nulls are linked by their common spine or
by two helically wrapped spines although the topology is nearly identi-
cal when the two spines are very close to each other. Thus, we termed
both situations as the “helically wrapped spine” model and provided
the following analytical model for the configuration:

Bx;By;Bzð Þ ¼ xy � 1
2
jz þ ey; 1� y2; zy þ 1

2
jx

� �
: (1)

The origin of the coordinates is set at the center of the null-null line.
The Y axis is parallel to the null-null line, which is very close to the
dawn to dusk direction for the previously studied events33 in the mag-
netotail. The X axis is perpendicular to the Y axis and approximately
points toward the Earth, and the Z axis completes the right-hand
orthogonal coordinate systems. In this model, j denotes the current
density along the Y axis and e denotes the disturbing degree of the
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magnetic field. The term ey represents the magnetic perturbation par-
allel to the direction pointing from one null to the other. If e ¼ 0; then
the two nulls are located at y ¼ 61, the spine lines of two spiral nulls
lay in the Y-direction, and the field lines around the common spine
are twisted and exhibit a flux rope structure. When the perturbation
term ey � 1, the two nulls appear as connected by their common
spine line.33

Two events where flux ropes formed with two spiral nulls paired
by helically wrapped spine were examined in Ref. 33. These two events
were observed by the Cluster spacecraft in the magnetotail at [–18.7,
3.5, –2.7] RE (Earth’s radius) in GSM coordinates on September 15th,
2001, at 05:01:21.781 UT and at 05:03:24 UT, respectively. They were
both detected in the reconnection outflow region albeit with different
plasma features due to the formation of the flux ropes.33 Figure 1
shows the reconstruction result of the first event (quoted from Fig. 4
in Ref. 33). The electron density is low in both cases, which is typical
for the magnetotail. Additionally, we proposed that one of the flux
ropes was newly formed in the outflow region, which can locally per-
turb the plasma environment.

B. Two spiral nulls connected by a separator to form a
flux rope

In addition to the X-line, the separator model can also reproduce
the flux rope. Figure 2 shows observations of two such flux rope

events. Figures 2(a)–2(c) show the three components of the magnetic
field for all four Cluster spacecraft. All spacecraft with the exception of
C1 recorded two bipolar signals (marked by the two vertical dashed
lines in Fig. 2) between 09:46:30 UT and 09:48:30 UT on 1st October,
2001, at [–16.4, 7.9, 0.7] RE in GSM coordinates, which have been
studied in previous studies.22,47 Furthermore, the electron density
[Fig. 2(d)] and the flux of energetic electrons [with energies exceeding
30 keV and below 96 keV as shown in Figs. 2(e)–2(h)] increased. The
large By component implied that the magnetic structures correspond
to flux ropes but not magnetic islands. When Bz changed its sign, the
Bx components detected at all spacecraft remained large and positive,
thereby suggesting that Cluster crossed the northern part of the flux
rope and did not come into the center region and that the size of the
flux ropes should exceed the separation of four spacecraft.

We used the fitting-reconstruction method to diagnose the struc-
ture of the flux ropes. Figure 3(a) shows the reconstructed results at
09:47:12 UT (denoted as the first vertical dashed line in Fig. 2). One
As-null and one Bs-null can be found at the southern side of the space-
craft tetrahedron. The fan surfaces of the two spiral nulls intersect to
form a separator. Similarly, the reconstruction result at 09:47:47 UT
[Fig. 3(b)] during the second Bz bipolar crossing exhibited two spiral
nulls connected by a separator as well. The two nulls were both outside
of the spacecraft tetrahedron, and thus, the Poincar�e index corre-
sponded to zero in this time interval (not shown). Previously, the sepa-
rator model with two radial nulls suggested the X-line topology.5,11–14

However, the two spiral nulls linked by the separator led to a different
X-line configuration. In the cases shown in Fig. 3, two fan surfaces of
the spiral nulls in conjunction with the separator and spines form a
half-closure cell in which magnetic field lines were folded into the
shape of a flux rope [see the thick purple lines in Figs. 3(a) and 3(b)].
It appears likely that the same flux rope was recorded twice by Cluster
due to the flapping of the current sheet and results in the repeating Bz
bipolar signatures in Fig. 2.

C. Two spiral nulls linked by both the separator and
the spine to form a flux rope

At �09:48 UT on 1st October, 2001, as shown in Figs. 4(a)–4(c),
the bipolar signature of Bz (in the brown shadow region) in conjunc-
tion with the increase in electron density and energetic electron flux
was detected in the magnetotail (at [–16.4, 7.9, 0.7] RE in GSM coordi-
nates).47 The presence of a small By guide-field revealed that the mag-
netic structure corresponded to a flux rope. During the interval, 3D
electron distribution measurements were available with a resolution of
3 spins per minute on C2 and provided the details of electron dynam-
ics inside the flux rope [Fig. 4(g)]. The dataset in Fig. 4(g) is recon-
structed from the 3D distribution measurement over the spin where
every time stamp displays one azimuthal bin with a total of 16 bins.
For every azimuthal bin, the polar bins were replaced by the data
re-binned into 12 pitch angle bins. The first six panels from top to bot-
tom in Fig. 4(g) correspond to pitch angle distributions for electrons
with energies of 13 keV –20 keV, 8 keV –13 keV, 3 keV –8 keV, 1 keV
–3 keV, 300 eV –1 keV, and 100 eV –300 eV, respectively. The last
panel of Fig. 4(g) corresponds to the energy spectrogram of electrons.
The data gaps were due to the limited angular coverage of the instru-
ment. At �09:48:40.4 UT, Bz began to change its sign, Bx exhibited a
maximum of �24 nT, while the magnetic field in the lobe exceeded
35nT as measured by C1 (not shown), thereby implying that the

FIG. 1. Reconstruction results for the time at 05:01:21.781 UT. Reproduced with
permission from Guo et al., Phys. Plasmas 23(5), 052901 (2016). Copy right 2016
AIP Publishing.33 Colored spheres present the location of four Cluster satellites
(black, red, green, and blue represent C1, C2, C3, and C4, respectively). The axes
of coordinates are parallel to those of the GSM (Geocentric Solar Magnetic) coordi-
nate, while the original point is set at the center of the spacecraft tetrahedron.
Colored curves correspond to the constructed magnetic field lines. The arrows on
the curves show the direction of the field lines. The configuration consists of a Bs-
null and an As-null. The two spiral nulls are interlinked by their spine that approxi-
mately directs in the Y-direction. The thick purple curve corresponds to the field line
to show the flux rope.
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spacecraft was at the northern side of the flux rope center and at the
leading edge of the flux rope. The first two panels of Fig. 4(g) indicate
that antiparallel electron beams with energy exceeding 8 keV at the
leading edge exist. It is not known whether a parallel electron beam
exists since the parallel pitch angle was beyond the instrument’s view.
At around 09:48:43 UT, the magnetic strength jBj decreased to less
than 10 nT, while Bz had changed to a positive value. This indicated
that C2 moved to the tailward edge of the flux rope and was consider-
ably closer to the flux rope center. The flux of electrons detected by C2
with an energy higher than 3 keV increased in all the available pitch-
angles (which range from 0� to 120�, while the rest of the pitch angles
were not covered by the sensor at that time). The measurement of the
high-resolution electron energy spectrum suggested that the flux rope
consisted of multiple layers with different electron properties.

The Poincar�e index and the spiral index [Fig. 4(d)] also imply
that spiral null points were present inside or near to the flux rope. The
reconstruction results in Fig. 5 visualize the structure of the flux rope.
The reconstruction time is shown in Fig. 4 by vertical dashed lines.

From the view angle displayed in Fig. 5(a), an X-line is shown on the
tailward (right) side of the flux rope, and the perspective projection of
the flux rope in the plot displays a loop-like configuration that can be
often easily confused with an island. There was no magnetic null
related to the X-line, and this was potentially because the nulls that
formed the X-line were too far from the spacecraft to be reconstructed.
The flux rope was embedded in the earthward outflow region and
exhibited a size of approximately 1500 km (di �1140 km, while ion
number density n �0.04 cm�3 as obtained from CIS) in the outflow
direction. The X-line was separated from the flux rope by approxi-
mately 2000 km.

From another view angle of the reconstruction result, shown in
Fig. 5(b), the As-spine-Bs configuration was observed. Additionally, as
shown in Fig. 5(c), the fan surfaces of the two spiral nulls are inter-
sected at the separator to form a half-closure cell. The As-null was at
� [30, 220, –730] km, and the Bs-null was at � [–350, 730, –730] km.
The length of the “common spine” that connects the two spiral nulls is
approximately 640 km. The field lines near the spine line and inside

FIG. 2. Overview of the flux rope event in the magnetotail on 1st October, 2001. (a)–(c) Three components of the magnetic field for four Cluster spacecraft in the GSM
coordinate. (d) Electron densities derived from spacecraft potential. (e)–(h) Differential energy flux of electrons with energies ranging from 37 keV to 244 keV for four Cluster
spacecraft, respectively. Two vertical dashed lines represent the reconstruction times.
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the half-closure cell were wrapped to form the flux rope [see the thick
purple line in Fig. 5(b)]. Specifically, C2 was near the fan surface of the
Bs-type null [see Fig. 5(c)]. The E�B drift velocity at C2 [Fig. 4(e)]
contains a large component of –Vy in a manner similar to the events
shown in Ref. 33, and this implied that the magnetized electrons are

FIG. 3. Reconstruction results for the flux rope formed by spiral nulls linked by separa-
tor. The two reconstructions are obtained at the time marked by two vertical dashed
lines in Fig. 2. The axes of coordinates are parallel to those of the GSM coordinate,
while the original point is set at the center of the spacecraft tetrahedron. Colored
spheres present the location of four Cluster satellites (black, red, green, and blue rep-
resent C1, C2, C3, and C4, respectively). Black curves correspond to constructed
magnetic field lines. The arrows on the curves show the direction of the field lines.
Both configurations consist of a Bs-null and an As-null. The two spiral nulls are inter-
linked by the intersection lines of the fan surfaces. The field lines of fan surfaces are
not significantly displayed in (b) to avoid overcomplexity, while we have confirmed that
the two fan surfaces can be intersected. The thick purple curves correspond to the field
lines to show the flux rope.

FIG. 4. Flux rope event observed by Cluster 2 at 09:48 UT on 1st October, 2001.
(a) Magnetic field vector and strength for C2. (b) Electron density derived for space-
craft potential for C2. (c) Differential energy flux of electrons accumulated from all
pitch-angles for C2. (d) The black line denotes the Poincar�e index, and the dashed
green line denotes the spiral index. (e) E�B drift velocity and (f) electric field for
C2. The dotted lines in (f)–(i) denote the original data provided by CSA, and the
solid lines denote the smoothed results of the original data. The smooth window
corresponds to one second. The brown mask highlights the interval when Bz exhib-
its a bipolar signal. The dashed vertical line denotes the times to perform recon-
struction. The coordinate for all vectors is the GSM coordinate. (g) The dataset is
reconstructed from the 3D distribution measurement over the spin where for every
azimuthal bin, the polar zones are replaced by data re-binned into 12 pitch angle
bins. The first six panels are the pitch angle distributions for electrons with energies
of 13 keV–20 keV, 8 keV–13 keV, 3 keV–8 keV, 1 keV–3 keV, 300 eV–1 keV, and
100 eV–300 eV, from the top to bottom. The last panel is the energy spectrum of
electrons. The white color denotes data gaps.
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flowing across the fan surface from the Bs-null to the As-null and are
co-aligned with the spine line.

III. THEORETICAL MODEL

We observed three types of flux ropes through reconstruction of
magnetic field configuration in the magnetotail based on the Cluster
multispacecraft measurement. The flux ropes are all related to the spi-
ral null pairs. The results indicate that two spiral nulls can be paired by
the spine, or by the separator, or by both the spine and separator. All
the structures can cause field lines to be wrapped up to exhibit flux
rope features. In this section, we propose a theoretical model by modi-
fying model (1) to catch the topology of the spiral null structures. The
model is as follows:

Bx;By;Bzð Þ ¼ xy � 1
2
jz þ ey; 1� y2 þ ax; zy þ 1

2
jx

� �
: (2)

In the model, the term ax represents the magnetic perturbation
perpendicular to the null-null segment. When a ¼ 0, the model is
identical to model (1), the helically wrapped spine model. Evidently,
when e is zero or small, the model exhibits the structure wherein two
spiral null points are linked by their spine [see Fig. 6(a), with e ¼ 0, a
¼ 0, and j¼ 6]. However, if e becomes very large, the spine of two spi-
ral nulls is separated notably and the two spiral nulls are not linked
together (the configuration is similar to Fig. 3 in Ref. 38).

Furthermore, when e keeps small, but a is significant, the two spi-
ral nulls can still be linked by the spine, while the two fan surfaces are
also intersected to form a separator. This configuration is shown in
Fig. 6(c) (e ¼ 0, a ¼ 3, and j¼ 6). The structure is similar to that ana-
lyzed in Ref. 38 in the third bifurcation example when the perturbation
corresponds to a function of time and space. The structure shown in
Fig. 5 is an example of this type.

Moreover, if both e and a are significant, the spines of two spiral
nulls are separated and the fan surfaces are intersected at the separator
as shown in Fig. 6(b) (e ¼ 2, a ¼ 3, and j¼ 6). The structures in Fig. 4
belong to this type. In the structure, the field lines are wrapped
between the two fan surfaces [red lines in Fig. 6(b)]. The flux rope field
lines in Figs. 6(a) and 6(c) are springlike and can form more than one
loop. However, the red field lines in Fig. 6(b) can only exhibit one
loop.

IV. DISCUSSIONS

Previous studies mainly focus on the X-line formation in the light
of the separator model, i.e., two radial nulls linked by the intersecting
line of their fan surfaces. In this study, the results in Sec. II B indicate
that the separator model also produces flux ropes with the two null
points corresponding to spiral nulls. The key issue is that a strong
current exists along the spine line, which makes the nulls correspond
to spiral nulls and causes the field lines to be wrapped up. For
example, given the model in Eq. (2), the Taylor expansion of magnetic
field B at the center of the structure (i.e., at [x, y, z] ¼ [0, 0, 0]) gives
B(r) ¼ (0, 1, 0) þ dB � r. The first term of the Taylor expansion
presents the magnetic guide field, which is aligned with the current
density. The three eigenvalues of the matrix dB are 0 and 6�(ea � j2/4).
In a manner similar to Ref. 7, the spiraling magnetic field requires
that the two nonzero eigenvalues are complex, i.e., ea � j2/4< 0.
When ea is large [such as the case shown in Fig. 6(b)], the current
density j should exceed 2�ea to overcome the perturbation to form a

FIG. 5. Reconstruction result for the flux rope formed by spiral nulls linked by both
the spine and the separator. (a) Magnetic configuration reconstructed at
09:48:42.221 UT. The time marked by the dashed line in Fig. 4. Colored spheres
present the location of four Cluster satellites (black, red, green, and blue represent
C1, C2, C3, and C4, respectively). The axes of coordinates are parallel to those of
the GSM coordinate, while the original point is set at the center of the spacecraft
tetrahedron. Colored curves correspond to constructed magnetic field lines. The
arrows on the curves show the direction of the field lines. The flux rope displays a
loop-like configuration. An X-line is located tailward of the flux rope with an approxi-
mate separation of 2000 km. (b) Different view angles to display the same recon-
struction result as that in (a). From this view angle, the configuration consists of a
Bs-null and an As-null. The two spiral nulls are interlinked via their common spine
that is approximately directed in the Y-direction. The thick purple curves also corre-
spond to field lines to show the structure of the flux ropes. (c) Zoom-in view of the
field lines near the two null points.
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flux rope. In the first and the third type cases in this study, the
spine lines connecting the two spiral nulls are helically wrapped
together. Currents can flow directly from one null point to the
other, and the field lines wrap around the spine lines to form the
flux rope structure. More than two magnetic nulls can coexist in
the reconnection region.34 The linkage pattern between any two of
the multiple nulls can affect the magnetic topology and dynamics
in the reconnection domain. For example, if the “As-spine-Bs-like”
configuration in Sec. II A is part of a chain of spiral nulls in a man-
ner similar to the simulation results shown in Ref. 32, then the flux
ropes can extend far away from the spacecraft in the out-of-plane
direction, and this makes the generation of flux rope significantly
more complicated.33

It has been shown that flux ropes and spiral nulls can be formed
locally in the outflow region, which is observed as a secondary recon-
nection site.33 The flux rope is also observed in the separatrix region.48

In 3D simulation results,27 flux ropes can be formed in arbitrary places
in the reconnection region, while only one X-line can be clearly recog-
nized. Additionally, the evolution of flux ropes can lead to a turbulent
process where electron physics plays a central role.27 The flux rope
shown in Sec. IIC is located in the outflow region, and only one X-line
is found in this region. The two spiral nulls are linked by both the
spine and the separator and correspond to the case with large a in
model (2). This configuration can potentially evolve from the helically
wrapped spine model (negligible a) if a large perturbation perpendicu-
lar to the spine exists. Reference 38 indicated that a degenerated null
can bifurcate into different types of null pairs when the magnetic per-
turbation changes with time and space, including the first case and the
third case described above in our model. The reconnection region is
highly dynamic, and the magnetic perturbations can vary quickly.
Thus, we speculate that, during the reconnection processes with dis-
turbances inside the reconnection region, the different types of spiral
null pairs can evolve between each other along with variations of the
perturbations. The change in the linkage type can also change the
magnetic topology and morphology, and this modifies the plasma
properties inside the flux rope. The observation and simulation results
suggest that the flux ropes can be formed without multiple X-lines,
and the proposed model (2) implies that different flux ropes may be in
different evolution stages related to the turbulent magnetic region.

Small-scale flux ropes and spiral nulls are commonly observed
in the reconnection region in both space plasma and simulations.
It is widely known that flux ropes, spiral nulls, and turbulence are
closely related to each other, and they all play roles in the evolution
of reconnection process.27,33,34 The present study shows that the
null points and flux ropes are indispensable features of the recon-
nection region. The cases in Secs. II B and II C are observed within
a short duration of two minutes and have been reported to be sepa-
rated by multiple reconnection sites.47 The different linkage types
of the null points for the two cases may expose different magnetic
perturbation environments in different reconnection domains.
Additionally, the spiral null pair and the flux rope could experience
different types of perturbations during their transport away from
the X-line after their formation in the outflow region, during which
the electrons can get accelerated. The potential transformation
between the three types of linkages also implies the possibility that
the flux ropes described in Secs. II and III were potentially at dif-
ferent evolution stages.

FIG. 6. Plots for three types of spiral null pairs based on the analytical model in
Sec. III. Blue curves denote magnetic field lines adjacent to the null points. Red
curves denote the magnetic field lines wrapped up to form flux ropes. Two spiral
nulls are linked by the (a) spine line, (b) separator, and (c) both the spine and the
separator.
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V. CONCLUSION

The study explored three types of magnetic null pairs with differ-
ent linkage modes to form flux ropes in the magnetotail reconnection
region. The result implies that the null points play a vital role in the
reconnection processes, not only in the X-line configuration but also
in the formation of flux ropes. In the latter case, the two null points
are both spiral ones that are linked by a spine, or by a separator, or by
a combination of a spine and a separator. All three types of spiral null
pairs can be summed up into an analytical model as expressed by
Eq. (2). The observational results and the model indicate that the two
nulls and their fan surfaces serve as the boundaries of the flux rope. A
distinct characteristic is the number of the loops. The separator config-
uration shown in Figs. 3 and 6(b) has just one loop. With respect to
the other two configurations with helically wrapped spines, the loop
number exceeds one and can be determined by the current density
along the spine and the distance between the two nulls. Differences in
the flux rope size and loop number can lead to different particle trajec-
tories and acceleration processes. Furthermore, as shown in Eq. (2),
different types of magnetic perturbations can lead to different types of
linkages between nulls.

Different linkages between null points lead to the diversity of
the flux ropes regarding the loop number and the boundary, indi-
cating that the 3D reconnection is a highly dynamical process with
complex geometry. The investigation of null points and their link-
age is extremely helpful in the understanding of the nature of 3D
reconnection. In order to understand the evolution of the flux
ropes and magnetic null pairs, it is necessary to conduct statistical
studies using in situ data from spacecraft or studies of the solar
active regions using continuous images from the telescope(s) on
the ground or in space.
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