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The small-scale interplanetary magnetic flux ropes (SIMFRs) are common magnetic structures in the interplanetary space, yet their origination is still an open question. In this article, we surveyed 63 SIMFRs found within 6-day window around the heliospheric current sheet (HCS) and investigated their axial direction, as well as the local normal direction of the HCS. Results showed that the majority (48/63) of the SIMFRs were quasi-parallel to the associated HCS (i.e., the axial direction of SIMFRs was quasi-perpendicular to the normal direction of the associated HCS). They also showed that the SIMFRs quasi-parallel to the associated HCS statistically had shorter duration than the cases quasi-perpendicular. The results indicate that most of these SIMFRs may be generated in the nearby HCSs.
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HIGHLIGHTS

1 Most of the small-scale interplanetary magnetic flux ropes were parallel to the nearby heliospheric current sheet.
2 Among the ropes parallel to the nearby heliospheric current sheet, the majority of the ropes had a short duration.
3 Most of the small-scale interplanetary magnetic flux ropes were generated within the nearby heliospheric current sheet.
INTRODUCTION
Magnetic flux ropes (MFRs) are a helical magnetic structure that is very common in solar corona, the interplanetary space, planetary ionosphere, and earth magnetosphere [1]. The interplanetary MFRs (IMFRs) play an important role in connecting the earth magnetosphere and the solar atmosphere. For example, it is found that IMFRs (e.g., magnetic cloud [MCs]) usually have strong geomagnetic effect [2–5]. Therefore, the generation, evolution, and propagation of IMFRs structure are important problems in research of solar-terrestrial space physics. According to the size and duration, IMFRs can generally be divided into two categories. One is large-scale MCs, whose diameter ranges from 0.2 to 0.4 AU near the Earth [2, 6–9]. The other one is small-scale IMFR (SIMFRs). Unlike large-scale MCs, the diameters of the SIMFRs are approximately 0.02 AU, and their durations are usually less than 12 h [10, 11, 34]. Moldwin et al. [12] first reported an SIMFR detected by Ulysses spacecraft near 5 AU. From then, SIMFRs have aroused researchers’ great interest. It is generally believed that the solar corona and interplanetary medium are two important source regions of SIMFRs [10, 11, 13–28, 30]. Moldwin et al. [13] found the SIMFRs and MCs had both similar and different characteristics, and they suggested that the SIMFRs and MCs are two different categories and have different source regions. Feng et al. [10] investigated the data of Wind during 1995–2005 and identified 144 IMFRs. They found that the diameters of these events showed a continuous distribution; thus, they proposed that all IMFRs had the same source regions, namely, originated from solar eruptions. Then, based on the counterstreaming suprathermal electrons (CSEs), the average ionized state distribution of iron or oxygen, and the interplanetary observational characteristics, the idea that the SIMFRs originated from the sun was adopted by many researchers [16, 19, 24]. And some researchers [29–32] have found direct observational evidence for some SIMFRs to come from solar explosive events. In addition, the view that SIMFRs could be generated by heliospheric current sheet (HCS) was also proposed by many studies based on the observational data [10, 13, 20, 33–35]. Magnetic reconnection is one of the important mechanisms forming MFRs. Figure 1 illustrates the formation of MFRs by multiple X-line reconnection in the x-z plane of the Geocentric Solar Ecliptic (GSE) coordinate system [36]. If SIMFRs were formed by magnetic field reconnection in the HCS, these SIMFRs should lie in the plane of HCS (i.e., the axis of the SIMFRs should be perpendicular to the normal of the HCS). Besides, as solar wind and structures embedded in it mainly move in the Sun–Earth line direction, assuming that the magnetic field points from the Sun to the Earth in the upper hemisphere and points from the Earth to the Sun on the bottom hemisphere, as illustrated in Figure 1, the spacecraft should detect negative to positive variation of the z component of the magnetic field. In this article, we surveyed SIMFRs detected near the HCS. The results indicated that most of these SIMFRs may be generated in the HCS.
[image: Figure 1]FIGURE 1 | An illustration of a magnetic flux rope (MFR) formed by multiple X-line magnetic reconnection. The dashed arrowed line indicates the direction of the movement of the solar wind.
DATA AND METHODS
In this study, the high-resolution magnetic field and plasma data are provided by instruments on Wind spacecraft. We used the magnetic field data from the Magnetic Field Investigation instrument and the plasma data from the WIND 3-D Plasma instrument, both with time resolution of 3s [37]. For events during which there are no plasma data from the WIND 3-D Plasma, data with time resolution of 92s from the Solar Wind Experiment [38] are used. The GSE coordinate system is used in this article, if not specified.
The SIMFRs studied in this article were detected by Wind from 1995 to 2013 in the vicinity of HCSs. The crossing of an HCS is identified by a flip in at least one component of the magnetic field, and the polarity of the magnetic field should be kept several hours or more before and after the flip. The width of the HCS is approximately 10,000 km near 1 AU, and its surrounding plasma sheet is approximately 30 times thicker [39]. The transit of the HCS varies from several seconds to hours [39]. However, due to, for example, waves, the spacecraft could cross the HCS several times in relatively short time interval. In such cases, the center one crossing would be considered as the crossing time of the HCS. Feng et al. [2015] shows that CSEs were found in most SIMFRs, and the CSEs usually are detected within 3 days of sector boundary [19, 40]. Therefore, we investigate SIMFRs found within 6-day window around HCS [19]. The identification of SIMFRs is based on a bipolar variation of the one component of the magnetic field and enhancement of the magnitude of magnetic field near the center of the bipolar variation. Part of the studied SIMFRs is adopted from the SIMFRs in the study of Feng et al. (2015) [19]. We estimate the axial direction of flux ropes using the Grad–Shafranov (G-S) reconstruction method [41–44]. The basic idea of the G-S method is that assuming a flux rope is two-dimensional and quasi-steady, the thermal pressure and the magnitude of the axial magnetic field should be constant along one magnetic field line in the plane perpendicular to the axial direction, according to the G-S equation [41]. The normal of the HCS was obtained by applying minimum variance analysis to the magnetic field data and that the minimum variance direction is thought to be the normal direction the HCS [45–47]. As the movement of the solar wind and the magnetic structures within it is mainly in the x direction, to improve the reliability of estimation of the normal direction of HCSs, only HCSs with the angle between the normal and the y directions within the range of 30°–150° are considered. Finally, we obtained a total of 63 cases, and the properties of these flux ropes are shown in Table 1. In Table 1, the second and third columns show the front boundary and duration of SIMFRs. The fourth and fifth columns show the longitude and latitude of the axis of SIMFRs and the normal direction of HCS with respect to the ecliptic plane. The sixth column shows the time when the spacecraft crosses the HCS. The seventh column shows the time difference between the beginning of the SIMFR and the HCS crossing. The eighth column shows the angle between the axis of SIMFRs and the normal direction of the associated HCSs.
TABLE 1 | The list of SIMFR studied in this work.
[image: Table 1]RESULTS
Figure 2 shows an example of an SIMFR in the vicinity of an HCS on February 27, 1998. From top to bottom, Figure 2 shows the pitch angle distribution of electrons with energy of 228 eV, the magnitude and the three components of the magnetic field, the angular coordinates of the magnetic field vector, the three components of velocity, the number density, the temperature of protons, and the plasma β values. From 04:45, the By component decreased from ∼+5 nT to zero around 05:45 and then changed sign and increased in magnitude. The pitch angle of electrons also changed from 0° to 180° around 05:45. Such a variation in the magnetic field is thought to be caused by crossing of an HCS. Just after crossing the HCS, the spacecraft detected a bipolar variation in the Bz component (varied from −5 to 5 nT). In the meantime, the magnitude of the magnetic field and the By component peaked. Therefore, the bipolar signal in Bz is thought to be caused by crossing of an MFR. The direction of the axis of the flux rope is (275.48°, −2.85°). The normal direction of the HCS is (169.71°, −15.51°). The angle between the axis of the flux rope and the normal of the HCS is 104.38, which means that the flux rope almost lied in the plane of the HCS. Consider the observations were made in the increasing phase of the 23rd solar cycle, the dipolar Bz varying from −5 to 5 nT is consistent with an MFR generated by magnetic reconnection in the HCS moving to further heliosphere.
[image: Figure 2]FIGURE 2 | An example of a magnetic flux rope detected in the vicinity of an HCS on February 27, 1998. From top to bottom, the pitch angle distribution of electrons with energy of 228 eV, the magnitude and the three components of the magnetic field, the angular coordinates of the magnetic field vector, the three components of velocity, the number density, the temperature of protons, and the plasma β values. The vertical dashed line indicates the crossing time of the HCS by the space craft. The shadow region indicates the magnetic flux rope.
Figure 3 plots the distribution of the latitude and longitude of the normal direction of the HCSs. The distribution of the latitude is mainly in the range between −60° and 60°, which is reasonable, considering that the movement of the solar wind is mainly in the x direction, which make the detection of HCSs relatively difficult. The longitude of the HCS normal is mainly near 45° and 225°, which is not unexpected considering that the parker spiral angle is 135° at Earth. Figure 4 displays the distribution of the latitude and longitude of the axial direction of the studied flux ropes. The longitude of the axis ranges from 25° to 325°, whereas the latitude mainly lies between −60° and 60°.
[image: Figure 3]FIGURE 3 | The distribution of the latitude and longitude of the normal direction of the HCSs.
[image: Figure 4]FIGURE 4 | The distribution of the latitude and longitude of the axial direction of the studied SIMFRs. The red dots represent cases that the SIMFRs quasi-parallel to the associated HCS (CAT1). The black squares represent the SMIFRs of CAT2 category.
In order to explore the possible connection between SIMFRs and HCSs, the angle between the axis of the flux rope and the normal of the associated HCS is investigated. Based on the angle, the studied flux ropes are divided into two categories. The first category (CAT1) is for the flux ropes quasi-parallel to the HCS; that is, the angle between the axial direction of the flux ropes and the normal direction of the associated HCS are within the range of 45° and 135°. The other category (CAT2) is for ropes quasi-perpendicular to the HCS, and their angles are less than 45° or greater than 135°. A total of 48 flux ropes are found in the CAT1 category; the percentage is 76.2%. That is, most of SIMFRs were quasi-parallel to the associated HCS.
Out results also show that, among the ropes quasi-parallel to the associated HCS, the majority of the ropes have a short duration. Figure 5 presents the scatter plot of the angle between the axis of the rope and the normal of the associated HCS as a function of the duration of the flux ropes. The red dots represent the SIMFRs of CAT1 category, which are quasi-parallel to the HCS. The black squares represent the SMIFRs of CAT2 category. Based on the duration, one may find that, for ropes with duration less than 350 min, the ropes of CAT1 category dominated, and the ratio is 83.9% (47 of 56 ropes). For those with duration greater than 350 min, the ropes of CAT2 category dominated, and the ratio is 85.7% (six of seven ropes).
[image: Figure 5]FIGURE 5 | The distribution of the angle between the axis of the rope and the normal of the associated HCS as a function of the duration of the flux ropes. The red dots represent the SIMFRs of CAT1 category. The black squares represent SIMFRs of CAT2 category.
Figures 6, 7 plot the distributions of the plasma (proton) β and the average field magnitude of SIMFRs as a function of the angle between the axis of the rope and the normal of the associated HCS, respectively, where the red dots are for the SIMFRs of CAT1 category, and the black squares are for the SMIFRs of CAT2 category. Note that we only consider the size of the angle, the direction of the angle is ignored, and the range of the angle is from 0° to 90°. It seems that there was weak but negative relation between the plasma β and the angle, whereas there was positive relation between the average field magnitude and the angle.
[image: Figure 6]FIGURE 6 | The distribution of plasma β with the angle between the axis of the rope and the normal of the associated HCS. The red dots represent the SIMFRs of CAT1 category. The black squares represent SIMFRs of CAT2 category. The correlation coefficient (cc) and p value (p) are shown in the upper left corner.
[image: Figure 7]FIGURE 7 | The distribution of the average field magnitude with the angle between the axis of the rope and the normal of the associated HCS. The red dots represent the SIMFRs of CAT1 category. The black squares represent SIMFRs of CAT2 category. The correlation coefficient (cc) and p value (p) are shown in the upper right corner.
Assuming that one SIMFR was generated by HCS magnetic reconnection and lay in the HCS plane. The spacecraft traversing it should detect south-to-north (SN) or north-to-south (NS) variation of the z component of the magnetic field (Bz) [11]. Furthermore, as Janivier et al. [2014] pointed out that the variation of Bz depends on the globe solar dipole magnetic field [21, 48]. The change of the sign of the global solar dipole happens typically 1 year after the solar maximum (∼2003 years in this work) [49]. Figure 8 shows the distributions of the two-type variation of the Bz component of CAT1 category flux ropes with the angle range from 60°””” to 120°. One can see that before the year of 2003, the ratio of SN to NS type was 3:1 and became 1:2 after 2003.
[image: Figure 8]FIGURE 8 | The distribution of the Bz type of the SIMFRs with axial direction near the y direction. The left (right) histogram represents SIMFRs observed before (after) 2003.
SUMMARY AND DISCUSSION
SIMFRs are common structures in the interplanetary space and play an important role in space weather [16]. Determining the source region of SIMFRs is important for understanding of their generation and evolution. In this article, we surveyed the axial distribution of SIMFRs detected within 6-day window around HCS and found that most of the ropes (76.2%) was quasi-parallel to the HCS. If SIMFRs are originated from HCS (e.g., generated during magnetic reconnection), then the axis of the ropes should tend to have large angle (be perpendicular) to the normal of the associated current sheet [11]. Therefore, our result indicated that these flux ropes detected near the HCSs may be generated within the HCS. Except for the angle distribution feature, the scales of flux ropes originated in HCS should also be limited by the thickness of the HCS bearing them [11, 21]. From Figure 4, one can see that for most of the ropes (56 of 63 ropes) with short duration (<350 min), and most of these ropes (47 of 56 ropes) are quasi-parallel to the associated HCS. While for those with long duration (>400 min), the ropes are all quasi-perpendicular to the HCS. That is, these short-duration flux ropes are probably generated within the associated HCSs. For those long-duration ropes, the angle distribution is not consistent with those predicted by HCS magnetic reconnection. These ropes may have their source region in the solar corona.
The total average plasma β of CAT1 and CAT2 ropes was [image: image] and [image: image], respectively. The SIMFRs of CAT1 have higher total average plasma β and smaller average magnetic fields magnitude than CAT2 (Figures 6, 7). If flux ropes of CAT1 were from HCS and flux ropes of CAT2 were from the solar corona, then the difference in the magnetic field magnitude and the plasma β seems reasonable, since the magnetic field in the solar corona is much stronger than that of the HCS.
The data studied in this work cover the whole 23rd solar cycle and the increasing phase of the 24th solar cycle. According to Janivier et al. [2014], if SIMFRs are formed in HCS, the dominate type of SIMFRs (i.e., the variation of Bz) should be different in different phase of solar cycle. We selected the variation of Bz of flux ropes with the angle range from 60° to 120° in the CAT1 category, and then comparing them before and after the time when the sign of the global solar dipole field changes (∼2003 years), we found that the SN type dominated before 2003, whereas after 2003, the NS type dominated. Such a change was consistent with the magnetic topology of HCS during this period and thus consistent with the conclusion that MFRs of CAT1 may be generated in HCS. Moldwin et al. [2008] found no dependence of variation of Bz of SIMFRs on solar cycle, which is inconsistent with the result present here. The possible reason of such contrary is that unlike in the study by Moldwin et al. [2008], this article only focuses on the SIMFRs near the HCS.
In summary, we surveyed the SIMFRs detected within 6-day window around HCS. The results indicate that most of these SIMFRs may have their source region within the HCS.
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