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Abstract A three-dimensional particle-in-cell simulation is performed to study secondary reconnection
between two interlinked flux tubes produced by neighboring guide field reconnection x-lines. The reconnecting
magnetic fields of this secondary reconnection is enhanced toward the diffusion region, agree well with that in
observations. The magnetic field pileup is attributed to the upstream magnetic tension force, that smashes the
flux tubes into each other. We propose that the primary reconnection x-line length is a key parameter to
determine the formation of interlinked flux tubes and secondary reconnection therein. Interlinked flux tubes will
form only if the x-line is short; when the x-line is long enough, the regular flux ropes are formed instead. The
critical x-line length to form interlinked flux tubes is determined by the distance between two neighbor x-lines
and the magnetic shear angle of the primary reconnection. The results provide a novel scenario of secondary
reconnection generation during three-dimensional reconnection.

Plain Language Summary Magnetic reconnection is a fundamental energy conversion process in
plasmas, and exists in varieties of space environments. Recent observations find magnetic reconnection
occurring in the current sheet between two elbow like flux tubes interlinked with each other. The observational
features of such a kind of event are very similar to that of a flux rope, which is a helical magnetic field structure.
However, the formation condition for interlinked flux tubes and magnetic reconnection between them is not well
understood, the relation between interlinked flux tubes and flux ropes is also not very clear. In this letter, we use
three-dimensional particle-in-cell simulation to study the formation of magnetic reconnection between
interlinked flux tubes, and propose an explanation for its formation.

1. Introduction

Magnetic reconnection converts magnetic energy into plasma kinetic and thermal energy by rearranging the
magnetic connectivity, and is believed to be responsible for explosive phenomena in space environments, such as
solar flares, coronal mass ejections (CMESs), and magnetospheric substorms (Angelopoulos et al., 2008; Lu
et al., 2022; Masuda et al., 1994; Sergeev et al., 2012; Shibata et al., 1995). Recent studies also found that
reconnection occurring on planets can enhance the ion escape and therefore may play an important role during the
evolution of planets' atmosphere (Chen et al., 2023; L. Wang et al., 2023; L. Wang et al., 2022; T. L. Zhang
et al., 2012). Besides large-scale current sheets like Earth's magnetopause and magnetotail current sheets,
reconnection can also occur inside kinetic-scale current sheets generated by the earlier magnetic reconnection.
Such a kind of reconnection is referred to as secondary reconnection. It can occur in the reconnection diffusion
region (Daughton et al., 2006; Drake et al., 2006; Fermo et al., 2012; R. Wang et al., 2010; R. Wang et al., 2015;
Z. H. Zhong et al., 2018), in the separatrix region (Daughton et al., 2011; K. Huang et al., 2022; S. Y. Huang
etal., 2016), in the outflow region (C. Huang et al., 2015; Lapenta et al., 2022), at the reconnection fronts (Lapenta
et al., 2015), and inside flux ropes (C. Huang et al., 2017; Lu et al., 2023; S. Wang et al., 2020).

Interlinked flux tubes are two elbowlike flux tubes interlinked with each other, and there is no magnetic con-
nectivity between them. They are typical magnetic structures observed at magnetopause (Cardoso et al., 2013;
Hesse et al., 1990; Kan, 1988; Lee et al., 1993; Louarn et al., 2004; Otto, 1995). They may form through random
patchy reconnection, multiple x-line reconnection due to the accumulation of interplanetary magnetic field IMF),
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the evolution of a flux rope into more complex 3D structures, or the bifurcated reconnection x-line (Fargette
et al.,, 2020; Farinas Perez et al., 2018; Nishida, 1989). Recent observations at magnetopause showed that
magnetic reconnection occurs between two interlinked flux tubes which are thought to originate from two
reconnecting x-lines (Fargette et al., 2020; Kacem et al., 2018; Maheshwari et al., 2022; @ieroset et al., 2016,
2019). However, little was known about the condition for interlinked flux tubes as well as magnetic reconnection
between them to form. Interlinked flux tubes have observational features similar to a flux rope, which has a
bipolar variation of the magnetic field component in the normal direction of the current sheet and a strong core
field along its axis (Russell & Elphic, 1978). However, their magnetic geometries are completely different. Flux
ropes are helical magnetic field structures, while interlinked flux tubes have no internal twist. The relation be-
tween these two structures is far less understood.

Using a three-dimensional (3D) particle-in-cell (PIC) simulation, we show that secondary reconnection develops
between interlinked flux tubes generated by neighboring short x-lines of guide field reconnection. We propose the
detailed condition for the generation of interlinked flux tubes and explain the upstream flux pileup of reconnection
between them. We also compare the differences between the generation of two interlinked flux tubes and a flux
rope, and explain why secondary reconnection with upstream flux pileup may not occur inside a flux rope.

2. Simulation Model

The simulation is performed using the open-source 3D PIC code VPIC, which has been successfully used to
numerically study plasma physics (Bowers, Albright, Bergen, et al., 2008; Bowers, Albright, Yin, et al., 2008;
Bowers et al., 2009). The simulation set up is similar to that in K. Huang et al. (2023). The initial configuration is a
Harris sheet with magnetic field B(z) = B tanh(z/5)e, + B,e, and plasma density n(z) = ny sech?(z/8) + np.
Here, By is the asymptotic magnetic field, B, = B is the guide field, ¢ is the half-thickness of the current sheet,
ny is the peak density of the current sheet, n, = 0.05n is the background density. The initial distributions of ions
and electrons are Maxwellian while the current sheet populations have drift velocities along the y direction with
—Viyo/ Veyo = Tio/ Top = 5 to satisfy the Ampere's law V. X B = p,J. Ion to electron mass ratio is set to be
m;/m, = 100. The light speed is ¢ = 20V, where V,, is the Alfvén speed defined by V, = By/+fugnom;. The
simulation domain is centered at x = y = z = 0 and the size is L, X L, X L, = 32d; X 64d; X 16d; with a
spatial resolution Ax = Ay = Az = 0.05d; ~ 3.51p,, here, d; is the ion inertia length based on ng, 4p, is the
electron Debye length in the current sheet. The time is normalized using the ion gyro-frequency Q; = eB/m;.
Over 2.6 x 10'° particles for each species are used in our simulations. An initial perturbation on the magnetic
field is introduced to trigger the reconnection. The perturbation is centered at (x,y,z) = (16d;,0,0), the edge of
the simulation box, and spatially localized in the y direction with a length L,,,, = 20d;. In the x and y direction, we
use periodic boundary conditions, while in the z direction, conducting boundary conditions are used for elec-
tromagnetic field, reflecting boundary conditions are used for particles.

3. Simulation Results

Figure 1 shows the time evolution of the primary reconnection. The primary reconnection x-line is introduced at
the x boundary. Due to the periodic boundary conditions, the results shown here are similar to what occurs be-
tween two neighbor reconnection x-lines. The top panels show the reconnected magnetic field B, on the x — y
plane, and the bottom panels show the out-of-plane current density J, on the x — z planes located at the horizontal
lines plotted on the top panels, respectively. After reconnection occurs, the reconnected magnetic field B, is
gradually enhanced, forming two flux pileup regions. Near the two boundaries in the x direction, there is a thin
current sheet extending along the upper-left to lower-right direction (Figure 1d), corresponding to the separatrices
of the primary x-line. Later, the two flux pileup regions move toward x = 0 in the x direction (Figures le and 1),
and finally squeeze each other at Q;# = 45, forming a current sheet extending along the z direction (Figures 1g
and 1h).

We note that in Figure 1, B, varies from positive to negative from —x to +x direction, such kind of bipolar B,
structure was usually identified as a flux rope, or magnetic island in 2D conditions. However, in our simulation,
where the primary reconnection x-lines are short in the y direction, the bipolar B, structure corresponds to a pair of
interlinked flux tubes, rather than a flux rope. Figure 2f shows the 3D magnetic field lines and the current density
Jy at Q;t = 45, where the color of the magnetic field lines represents the amplitude of B,. We find that the
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Figure 1. The top panels show the reconnected magnetic field B, on the z = 0 plane at Q;r = 0, 25, 35, and 45, respectively.
The bottom panels show the current density J, on the x — z planes located at the horizontal lines plotted in the corresponding
top panels.
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Figure 2. (a) Magnetic field B, (b) current density Jy;, (c) energy conversion rate J - E, (d) ion flow velocity V;,, and (¢) ion
flow velocity V;, ony = 14d; plane at Q;t = 45. Panel (f) shows the 3D magnetic field lines with the color representing the
amplitude of B, and the contour of the current density J, at Q;z = 45.
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Figure 3. Panels (a—e) plot the line profiles of the quantities in Figures 2a—2e along the horizontal lines plotted in the
corresponding panels in Figure 2. The blue line in panel (d) show 0.1V, where the local V4, is defined by V., = B./+[uonm;.

Panel (f) plots the magnetic, thermal, and dynamic pressures. Panel (g) plots the magnetic tension force and the gradient of
magnetic pressure in the x direction. Both panels (f) and (g) are plotted along z = O and y = 14d;.

magnetic field lines on the two sides of the current sheet form two elbowlike flux tubes which hook each other.
There is no magnetic connectivity between the two flux tubes (i.e., no helical magnetic structure as in a flux rope
is formed). In panels (a-e) of Figure 2, we plot the detailed characteristics of the current sheet formed between the
two interlinked flux tubes. The bipolar B, structure in Figure 2a corresponds to the two interlinked flux tubes, and
a thin current sheet is formed in between (see Figure 2b). This current sheet is ideal for the onset of secondary
magnetic reconnection. In Figure 2c, we find large amplitude energy conversion rate J - E inside the current sheet,
and there is a net positive J - E in the region around —2 < z/d; < 0. Figures 2d and 2e show the ion flow velocity,
V. presents converging flows toward the vertical current sheet, while V;, shows diverging flows, consistent with
the convection pattern of reconnection inflow and outflow.

Figure 3 shows the reconnection signatures inside the current sheet between the two interlinked flux tubes, the
quantities in panels (a-e) are plotted along the horizontal lines shown in Figures 2a—2e) respectively. The
reconnecting current sheet is highlighted using the Gy bar Figure 3a shows the three components and the
amplitude of the magnetic field. At around x = 0, B, reverses sign from positive to negative. The peak amplitude
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(a) (b) () (d)

Figure 4. A cartoon sketch showing the formation of interlinked flux tubes (panels a and b) and a flux rope (panels ¢ and d)
during multiple x-line guide field reconnection.

of B, is around 0.9By, and both the amplitudes of B, and B reach the maximum. There is a small dip in the profile
of B, which is similar to the crater-shaped distribution observed by Li et al. (2023). Figure 3b shows the current
density J, and it is mainly carried by electrons. The thickness of the current sheet is around 5d,,; based on the local
electron density n,; ~ 0.5n, (not shown). Figure 3c shows the energy conversion rate J - E, which is positive and
dominated by J, - E, indicating that magnetic energy is mainly converted to electrons. Figure 3d plots the ion flow
velocity V;, and 0.1V,,. V,, is the local Alfven speed calculated by V,, = BZ/W. Vi, shows converging
flows on the two sides of the current sheet, and the amplitude is comparable with 0.1V, indicating a reconnection
inflow with a reconnection rate around 0.1. Figure 3e shows the ion flow velocity V;,, which is plotted along the
horizontal line cross the upper outflow region (see Figure 2e). An Alfvenic ion outflow jet is observed inside the
current sheet. All these features, which are similar to the observations by @ieroset et al. (2019), suggest the
proceeding of magnetic reconnection inside the current sheet between the interlinked flux tubes.

In Figure 3a, we also find that the amplitude of B, is enhanced toward the current sheet at x = 0, indicating strong
pileup of the upstream magnetic field during reconnection. This is a typical feature for reconnection events
between interlinked flux tubes in observations (Maheshwari et al., 2022). The B, pileup was explained to
overcome the suppression of magnetic reconnection due to the diamagnetic drift under the pre-pileup condition
when the plasma beta f on the two sides of the current sheet is different (Maheshwari et al., 2022; Swisdak
et al., 2003; Gieroset et al., 2019). Because the flux pileup leads to a lower plasma beta f, therefore the post-pileup
condition is in favor of the development of reconnection. However, in our simulation, the plasma beta f on the two
sides of the current sheet is symmetric, which means that this explanation for the B, pileup does not apply to our
case. In Figure 3f, we plot the profile of magnetic, thermal, and dynamic pressures along z = 0, the magnetic
pressure reaches a maximum around x = 0. The thermal and dynamic pressures are much smaller than the
magnetic pressure, indicating that the increase of the magnetic pressure cannot be explained by the compression
by the converging flows. In Figure 3g, we plot the magnetic tension force and the gradient of magnetic pressure
along the x direction. We find that the tension force has large amplitude and points toward the current sheet,
balancing the gradient of magnetic pressure, consistent with the estimation by Bieroset et al. (2019). This result
suggests that the pileup of the upstream magnetic field in our simulation is driven by the magnetic tension force.
This situation is similar to the formation of reconnection fronts in the reconnection outflow regions (Fu
et al., 2019; K. Huang et al., 2021; Sitnov et al., 2009).

In Figure 4, we use a cartoon sketch to explain why interlinked flux tubes and secondary reconnection between
them can form during guide field reconnection when the x-line is short enough. Figures 4a and 4b show the
condition of primary reconnection with short x-lines, while Figures 4c and 4d show the condition with long x-
lines. The figures are shown in the same coordinate as our simulation, where x is the direction of the recon-
necting component of the upstream magnetic field of the primary reconnection, y is the direction of the current. z
is the normal direction of the current sheet. In Figures 4a and 4c, the two black thick lines represent two primary

HUANG ET AL.

5of 8

5UB01 7 SUOWILIOD AAIE8.D 3[edtdde au) Aq peuBAB 918 SDIME VO ‘95N JO 3|1 104 Ae1q 17 8UIIUO ABJIA UO (SUOBIPUOO-PUE-SWRILIOY' A8 |1 Ae.q1UIUO//SANY) SUOHIPUOD PUE SWi L 3y} 89S *[7202/2T/90] U0 A1 8uIuO AS|im ‘Ueder aUe14a00 Ad ZT8TTT 191202/620T OT/I0PLcY Ao Asidputiuo'sandnBe//sdiy Woiy popeojumoq ‘€2 ‘vZ0Z ‘L008rv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111812

reconnection x-lines on the x — y plane. The red and blue ribbons represent the flux tubes in the outflow regions
of these two reconnecting x-lines. Note that there is a guide field, the magnetic field lines do not lie on the x — z
plane, but also extend in the y direction. Figure 4a shows that when the newly formed flux tubes from one primary
x-line connect to regions outside of the neighboring x-line, it becomes one of the interlinked flux tubes. Assuming
a simplified condition, if the two neighbor primary x-lines have the same length and location in the y direction,
and the distance between them is D, then, interlinked flux tubes can form if the x-line length satisfies
Ly _jine <DB,/ By. In contrast, in Figure 4c, where the primary x-line is long enough, the magnetic field lines from
the outflow region of one x-line can connect with those from the other x-line, forming a typical flux rope with
helical magnetic field lines (Lee et al., 1993).

These two scenarios lead to different outcomes. The two interlinked flux tubes in blue and red colors in Figures 4a
and 4b can drive converging flows due to the tension force; the magnetic field frozen-in to the plasma is also
convected to the central region and piled up. Because there is no magnetic connection between the two interlinked
flux tubes, the curvature of the magnetic field lines does not need to decrease during the convection of the field
lines, as shown in Figure 4b. This process is similar to the colliding of two reconnecting fronts; the two interlinked
flux tubes can continuously compress each other, forming a current sheet and secondary reconnection between
them. On the other hand, in Figure 4d, during the contracting of the flux rope, the magnetic field lines only
become round, and then the contraction is slowed down, preventing the formation of a thin current sheet.

4. Conclusions and Discussion

In this letter, we perform a 3D PIC simulation to study the formation of secondary reconnection between
interlinked flux tubes driven by neighboring short x-lines of guide field reconnection. The characteristics of the
reconnecting current sheet in our simulation agree well with observations. The pileup of the reconnecting
magnetic field is attributed to the driving of the magnetic tension force. We also explain the formation condition
of interlinked flux tubes versus flux ropes during multiple x-line reconnection. We estimate that the x-line should
be shorter than around L,_j,, = DB,/B, for the system to develop interlinked flux tubes and secondary
reconnection between them, it is related to the distance between two neighbor x-lines and the magnetic shear
angle of the primary reconnection.

The interlinked flux tubes in our simulation show a bipolar magnetic field B, structure and an enhancement in the
out-of-plane magnetic field B,. This feature is quite similar with a flux rope in observations. In fact, such a kind of
structure had been identified as a flux rope (Bieroset et al., 2016). A statistical study of 229 FTE-type events at
Earth's magnetopause found that 43 events are interlinked flux tubes with reconnection between them, while the
other 186 events are regular flux ropes (Fargette et al., 2020). Based on our simulation, these interlinked flux tubes
are generated through multiple x-line reconnection with a short x-line. These statistics indicate that reconnection
with a short x-line (i.e., patchy reconnection) may be a common phenomenon at magnetopause. For the inter-
linked flux tubes observed in @ieroset et al. (2016), the spatial scale is ~ 100d;, and the magnetic shear angle of
the primary reconnection is ~26°, that means the primary x-line should be shorter than ~430d;, still much longer
than the shortest possible active x-line length around 10d; (K. Huang et al., 2020; Liu et al., 2019). Recent
observation and simulation studies found the entanglement and coalescence between two flux ropes (Guo
et al., 2021; Jia et al., 2021; Russell & Qi, 2020), which have helical magnetic field lines and more complicated
magnetic topologies. In our simulation, magnetic reconnection occurs between two interlinked flux tubes rather
than flux ropes, as shown by the 3D magnetic field lines, there is no internal twist in the flux tubes. In the real
magnetosphere environments, it is expected to observe reconnection between both flux ropes and flux tubes,
because the plasma conditions and magnetic geometries are much more complicated. All these studies show that
magnetic reconnection plays an important role during the interaction of different magnetic structures in varieties
of scenarios.

It is believed that the evolution of 3D reconnection is dominated by the formation and interaction of flux ropes
(Daughton et al., 2011). Secondary reconnection can be triggered not only between two flux ropes, but also inside
a single flux rope through interchange instability and Kelvin-Helmholtz instability (C. Huang et al., 2017,
Lapenta et al., 2015; Lu et al., 2023; S Wang et al., 2020), and has a considerable contribution on the energy
dissipation during reconnection (Lu et al., 2023). Here, we show that localized reconnection sites with short x-line
is critical to the formation of interlinked flux tubes. The magnetic energy stored in these flux tubes can be further

HUANG ET AL.

6 of 8

3SUS01T SUOWILIOYD) BAIRR.ID 3|ceal|dde ay) Ag pausenob afe sajoie YO ‘@SN JO S3|nJ 104 AriqiTauIUQ A8]1IAA UO (SUOIPUOD-pUR-SWIBYWOD" A3 | IM A ReIq1[BUUO//:SANY) SUO I} IPUOD pue SWid | 8y} 89S *[7202/2T/90] Uo AiqiauluQ A8 ‘Ueder aueiyooD AQ ZISTTT 19202/620T 0T/I0p/wod A8 im Ariqipuijuo'sgndnBe//sdny wouy pepeojumoq ‘€2 ‘v202 ‘2008v76T



ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111812

Acknowledgments

This work was supported by the NSFC
Grant 42204157, and the National Key
Research and Development Program of
China (2022YFA1604600).

dissipated through secondary reconnection between them. This result provides a new avenue for energy dissi-
pation during 3D magnetic reconnection.
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