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Observations of Magnetic Flux Ropes Opened or Disconnected From the Sun by Magnetic Reconnection in Interplanetary Space
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During solar eruptions, many closed magnetic flux ropes are ejected into interplanetary space, which contribute to the heliospheric magnetic field and have important space weather effect because of their coherent magnetic field. Therefore, understanding the evolution of these closed flux ropes in the interplanetary space is important. In this paper, we examined all the magnetic and plasma data measured in 1997 by the Wind spacecraft and identified 621 reconnection exhausts. Of the 621 reconnection events, 31 were observed at the boundaries of magnetic flux ropes and were thought to cause the opening or disconnection magnetic field lines of the adjacent ropes. Of the 31 magnetic reconnection events, 29 were interchange reconnections and the closed field lines of these related flux ropes were opened by them. Only 2 of the 31 magnetic reconnection events disconnected the opened field lines of the original flux ropes. These observations indicate that interchange reconnection and disconnection may be two important mechanisms changing the magnetic topology of the magnetic flux ropes during their propagation during the interplanetary space.
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KEY POINTS

• Of the 621 reconnection events, 31 magnetic reconnection events are interchange reconnections, and the closed field lines of these related flux ropes were opening by them.

• Only 2 of the 31 magnetic reconnection events were disconnecting the opened field lines of flux ropes.

• These observations indicate that the interplanetary magnetic reconnections near the boundaries of flux ropes make important contributions to their evolution in the interplanetary space.



INTRODUCTION

During solar eruptions, many magnetic flux ropes are ejected from the corona in the form of coronal mass ejections (CMEs). The magnetic field lines of flux ropes are attached to the Sun at both ends and are referred to as closed flux ropes [1]. The durations of these closed ropes vary from tens of minutes (e.g., the small scale interplanetary flux ropes) to a few days (e.g., magnetic clouds) [2, 3]. The ejected flux ropes have significant effect on the space weather because of their coherent magnetic structures [4–6]. Besides, the magnitude of the magnetic field in the heliosphere will increase as the closed flux ropes ceaselessly ejected into the interplanetary space, which is not consistent with observations. Therefore, understanding the evolution of the closed flux ropes as they propagate in the interplanetary space is important.

As Crooker et al. [7] pointed out, without change in magnetic topology, the magnetic field magnitude in the heliosphere would increase indefinitely because of the ceaseless ejection of closed flux ropes, leading to a “magnetic field magnitude catastrophe” [8, 9]. Magnetic reconnection is an important mechanism changing the topology of the magnetic field. Crooker and Owens [10] summarized two possibilities to avoid the “magnetic field magnitude catastrophe”: (1) that closed magnetic field lines of a rope are gradually opened through interchange reconnection between one of its legs and the surrounding open magnetic field lines near the Sun [7, 11]; (2) that open magnetic field lines of ropes are reconnected with opposite polarity open magnetic field lines, thus disconnecting them from the Sun [7, 12]. Previous studies provide some supports for these possibilities [e.g., [13–15]].

A large number of interplanetary magnetic reconnections associated with magnetic flux ropes have been observed [16, 17]. Although the interplanetary magnetic reconnection is not assumed to play any role in the heliospheric magnetic magnitude budget [18], it is thought important in changing the magnetic topology of the interplanetary flux ropes. For example, Ruffenach et al. [19] thought that magnetic reconnection near the boundary of magnetic clouds can erode them causing an imbalance in the azimuthal flux. Wang et al. [17] reported a small flux rope associated with a magnetic reconnection exhaust, which had closed field lines that were opened by an interplanetary magnetic reconnection. The reconnection exhaust and the following small magnetic flux rope were observed on February 2nd, 2002 by Wind and ACE. Their observations provided direct evidence that closed field lines can be opened by interplanetary interchange magnetic reconnection. In 2018, Feng et al. [20] reported a flux rope associated with a reconnection exhaust. In that study, some field lines before the rear boundary of the flux rope were opened, and the opened magnetic field lines were merging with the open field lines after the rope to produce disconnected field lines. The observations of Feng et al. [20] clearly indicate that the open and disconnection of flux ropes can happen in no particular order, supporting the suggestion by Wang et al. [17]. Since the reported interplanetary reconnection exhausts associated with opened (or disconnected) field lines have been very rare, it is uncertain whether interplanetary reconnection is important in the openness and/or disconnection of the magnetic field of the interplanetary flux ropes.

In this study, we aimed to search for interplanetary flux ropes that were opened or disconnected from the Sun by interplanetary magnetic reconnections. We examined all the magnetic and plasma data measured in 1997 by the Wind spacecraft and identified hundreds of interplanetary reconnection exhausts. Further analysis showed that 30 flux ropes were opened or disconnected by 31 reconnection exhausts. Our observations confirmed that interplanetary magnetic reconnections do play important role in the openness and/or disconnection of the magnetic field of the interplanetary flux ropes.



DATA AND METHODS

The data used in this study were obtained from two instruments on board the Wind spacecraft. The magnetic field and plasma data with time resolutions of 3 s are, respectively, from the Fluxgate Magnetometer experiment [21] and the Three-Dimension Plasma (3DP) instrument [22]. The suprathermal electron data were also obtained from the 3DP analyzer. The electrons were measured by the 3DP at 8 pitch angles as spectrograms in terms of energy. The suprathermal electrons used in our analysis were about 220 eV, and their angular and time resolutions were 22.5° and 48 s, respectively. If not specified, the GSE coordinate system (the Geocentric Solar Ecliptic coordinate system in which the x-axis directs from the Earth to the Sun, the z-axis points north, perpendicular to the ecliptic plane, the y-axis completes the right-handed coordinate system) is used in this study.

Suprathermal electron strahls in the solar wind come from the Sun, and they are focused along magnetic field lines [23–28]. Therefore, the suprathermal electron signatures of flux ropes are used to judge the state of their magnetic fields. The presence of counter-streaming suprathermal electron strahls indicates that the magnetic field lines are still attached to the Sun at both ends, unidirectional strahls indicate that the field lines are open, and the disappearance of strahls indicates that the field lines are completely disconnected from the Sun. Magnetic flux ropes are field topologies characterized by bundles of helical magnetic field lines collectively spiraling around a common axis, and their essential observational properties are enhanced magnetic field strength and smooth rotations [29, 30]. Hence, flux ropes were identified to have enhanced magnetic field strength and smooth rotating magnetic field components. This study used the criterion of Gosling et al. [18] to identify interplanetary reconnection exhausts. This criterion requires them to satisfy the following conditions: (1) a roughly Alfvénic jet, (2) an enhancement of proton density and temperature (not all interplanetary reconnection exhausts), and (3) a depression of the magnetic-field strength.



OBSERVATIONS

Using the magnetic reconnection exhaust criteria of Gosling et al. [18], the high-resolution (3 s) plasma and magnetic field data from Wind were examined, and 621 magnetic reconnection exhausts were identified. We then investigated magnetic field characteristics and suprathermal electron signatures near these magnetic reconnection exhausts and found 31 reconnection exhausts may open the closed flux ropes or disconnect field lines of flux ropes from the Sun. Table 1 lists the 31 magnetic reconnection exhausts and their related flux ropes. The second and third columns show the front and rear boundaries of the reconnection exhausts, and the fourth and fifth columns list the start and end times of the flux ropes. The sixth column shows the flux ropes that were opened or disconnected from the Sun by the related magnetic reconnections (“O” indicates opened and “D” indicates disconnected. The use of “opened” and “disconnection” meant that these ropes were assumed originally closed). In this section, we will discuss two flux ropes, and their related reconnection exhausts, as examples to exhibit the process of open or disconnection. The first is the flux rope observed on November 16, 1997, whose closed field lines were thought to reconnect to the adjacent open solar wind magnetic field lines at the front and rear boundaries. The other is a flux rope that was observed on November 9, 1997, but whose open field lines were disconnected by reconnecting to the disconnected solar wind magnetic field lines before the flux rope.


Table 1. The magnetic reconnection exhausts and their related flux ropes.
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Figure 1 shows the suprathermal electron pitch angle distributions, the magnetic field, and the plasma data measured by the Wind spacecraft during the November 16, 1997 flux rope passage. The top panel shows the distributions for the suprathermal electron pitch angle of 228.17 eV. The subsequent panels display the magnitude of the total magnetic field (|B|); the x, y, z components of the magnetic field (Bx, By, Bz); and the x, y, z components of the proton speed (Vx, Vy, Vz), proton density (NP), and the proton temperature (Tp). In Figure 1, there is a small duration (labeled by two vertical dashed lines) that possessed the flux-rope signature of the enhanced magnetic field strength and smoothly rotating magnetic fields. More specifically, the bipolar field appeared in the By component, and the core field appeared in the Bz components. The suprathermal electron pitch angle distribution shows that (1) counter-streaming suprathermal electron strahls were present almost throughout the duration of the small flux rope, but (2) all parallel (0°) suprathermal electron strahls were absent before and after the rope. As mentioned above, the presence of suprathermal electron strahls indicates magnetic connection to the Sun, whereas the absence of suprathermal electron strahls indicates magnetic disconnection from the Sun [31]. Therefore, these observations indicated that almost all magnetic field lines of the small rope were closed and still were connected to the Sun on both ends. However, the surrounding magnetic field lines of the rope were connected to the Sun only on one end. In Figure 1, we see that near the boundaries of the rope, the magnetic strength exhibited depression, some magnetic field component directions were reversed, the proton density and temperature were enhanced, and the accelerated plasma flow was observed. All these features satisfied the criteria of reconnection exhausts [18], and we further confirmed that these are two reconnection exhausts. We will discuss the observations of the two reconnection exhausts in detail below.


[image: Figure 1]
FIGURE 1. Suprathermal electron pitch angle distributions of 228.17 eV, magnetic field, and plasma data measured by Wind during the November 16th, 1997 flux rope passage. The two vertical dashed lines denote the boundaries of the flux rope.


Figure 2 shows the expanded views of the reconnection exhaust near the front boundary of the flux rope. We can see in this figure that outstanding accelerated plasma flow was observed in the y direction, and the y direction magnetic field component was reversed across the accelerated flow, in which the proton density and temperature were also enhanced. All these features are characteristic of interplanetary reconnection exhausts. The Walén relation is often used to identify whether or not the accelerated plasma flows are Alfvénic waves bounding the exhausts [e.g., [32–35]]. We performed a minimum variance analysis (MVA) of the magnetic field data near the reconnection exhaust, and established the LMN coordinate system, where L, M and N represented the directions of maximum, intermediate, and minimum variance of the field component. L was assumed to be along the reconnection outflow direction and N along the normal direction of the reconnection current sheet. Figure 3 shows the magnetic field and velocity curves measured in LMN coordinate system. As shown in the figure, the enhancement of the plasma velocity was mainly in the L direction. Figure 3 also shows the predicted VL velocity from the Walén relation as a blue dashed curve, and the expected VL velocity curve was consistent with the observed velocity curve. Therefore, the observed accelerated flow was an exhaust of a magnetic reconnection. Figure 2 also shows that the antiparallel suprathermal electron strahls occurred throughout the region and that the parallel suprathermal electron strahls were absent before the front boundary of the exhaust, though the weak strahls appeared after the rear boundary of the exhaust. These observations indicated that the field lines prior to the exhaust were opened, but those after the exhaust were still closed. Namely, an interchange reconnection occurred between open magnetic fields before the flux rope and closed magnetic field lines of the flux ropes, and the closed flux ropes were gradually opened by the interchange reconnection at its front boundary. Although here we adopted the term “interchange reconnection” from Crooker and Owens [10], one should keep remember that the reconnection exhausts discussed in this paper were detected in the interplanetary space. The term “disconnection” should also be interpreted in this way.


[image: Figure 2]
FIGURE 2. Magnified images of the suprathermal electron distributions, magnetic field, and plasma data of the reconnection exhaust around 14:45 UT November 16th measured by Wind. The two vertical dashed lines denote the reconnection exhaust interval.



[image: Figure 3]
FIGURE 3. Magnetic field and velocity curves measured in LMN coordinate system of the reconnection exhaust around 14:45 UT November 16th, and the blue dashed curve presents the VL velocity derived from the Walén relation. The two vertical dashed lines denote the reconnection exhaust interval.


Figure 4 shows the expanded views of the reconnection exhaust near the rear boundary of the flux rope. In this figure, accelerated plasma flow was observed in all the three directions from 16:42:30 UT to 16:46:37 UT, during which time all the magnetic field components were reversed and both proton density and temperature were enhanced. Figure 5 provides the magnetic field and velocity curves of the magnetic reconnection exhaust in the LMN coordinate system, and the exhibited expected VL velocity curve was approximately consistent with the observed velocity curve. The suprathermal electron distributions in Figure 5 show that the field lines prior to the exhaust were closed, while those after the exhaust were open; the magnetic reconnection event was also an interchange reconnection. In the same way, this closed flux rope was gradually opened by the reconnection event at its rear boundary.


[image: Figure 4]
FIGURE 4. The reconnection exhaust around 16:45 UT November 16th measured by Wind. The format of the figure is same as Figure 2.



[image: Figure 5]
FIGURE 5. The reconnection exhaust around 16:45 UT November 16th measured by Wind. The format of the figure is same as Figure 3.


Figure 6 shows the suprathermal electron pitch angle distributions, magnetic field, and plasma data of the November 9, 1997 flux rope passage, as well as the preceding magnetic reconnection exhaust. The top panel indicated that (1) the parallel suprathermal electron strahls occurred almost throughout the duration of the rope except for a few brief intervals, but (2) the antiparallel suprathermal electrons strahls were absent except for a brief interval. These observations indicated that most magnetic field lines of the small flux rope were open, and some magnetic field lines were disconnected from the Sun. Before the small rope, all suprathermal electron strahls disappeared, which meant that all the magnetic field lines before the rope were open. Figure 7 provides expanded views of the magnetic reconnection event, which shows that the accelerated flow from 11:17:13 UT to 11:18:58 UT had all the typical observable characteristics of an interplanetary reconnection exhaust. We also tested if the accelerated flow was a reconnection exhaust using the Walén relation (Figure 8). These observations revealed that the open field lines of the flux rope were reconnected with disconnected field lines to produce new U-shaped field lines with no connection to the Sun. This type of disconnection for flux ropes has never been reported before. The previously reported disconnections associated with reconnection exhausts are very rare and only show disconnection that describes two open field lines reconnecting.


[image: Figure 6]
FIGURE 6. Observations of the November 9th, 1997 flux rope passage. The format of the figure is same as Figure 1.
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FIGURE 7. The reconnection exhaust around 11:18 UT November 16th measured by Wind. The format of the figure is same as Figure 2.
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FIGURE 8. The reconnection exhaust around 11:18 UT November 16th measured by Wind. The format of the figure is same as Figure 3.




RESULTS AND SUMMARY

In this study, the magnetic reconnection exhaust criteria of Gosling et al. [18] was used to examine the plasma and magnetic field data measured by Wind in 1997. Using these data, 621 reconnection exhausts were identified, and 31 of the 621 reconnection events were observed at the boundaries of magnetic flux ropes that were thought to lead to the open and/or disconnection of the magnetic field lines of the adjacent ropes. The 31 magnetic reconnection exhausts and their related flux ropes are listed in Table 1. The results of Table 1 can be summarized as follows: (1) 29 of the 31 magnetic reconnection events were interchange reconnections (a type of magnetic reconnection between open magnetic fields and closed magnetic field lines where the closed field lines of these related flux ropes were opened by them); (2) only 2 of the 31 magnetic reconnection events disconnected the opened field lines of flux ropes (one reconnection type was reconnecting with the adjacent open field lines and the other was reconnecting with the adjacent disconnected field lines); and (3) the scales of most magnetic flux ropes are small, and the average time scale is only 127 min. Interchange reconnection and disconnection are two mechanisms proposed to balance the heliospheric magnetic flux increased by the ceaselessly ejection of closed flux ropes from the Sun. Although we used the terms “interchange reconnection” and “disconnection” here, we were not sure if the reconnection reported here make contribution to the balance of the heliospheric magnetic flux. Since although reconnection was ongoing when the exhaust was detected, the closed magnetic flux produced by the reconnection could not go back to the Sun.

In summary, the results presented here revealed that: (1) flux ropes with magnetic reconnections at their boundaries are more likely to remain attached to the sun, which is consistent with previously observations that most of the flux ropes at 1 AU have closed magnetic field [e.g., [1, 25, 27]]; (2) few magnetic flux ropes are open near 1 AU and seldom do the open magnetic field lines of these flux ropes disconnect by interplanetary magnetic reconnection; (3) field lines of small magnetic flux ropes are easy to open or disconnect when magnetic flux ropes move from the Sun to the interplanetary space; and (4) the closed magnetic flux ropes can be gradually opened and/or disconnected through interplanetary magnetic reconnections, and the percentage of closed field lines should continually decrease when magnetic flux ropes move away.
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