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Editorial on the Research Topic
The Magnetic Structures and Their Role in The Evolution of Coronal Mass Ejections

Coronal mass ejections (CMEs) are the most energetic eruptions from the Sun and an important driver for space weather [1], which has significant impact on the technological systems of modern society. The aim of this research topic is to present multi-faceted research, from distinctive perspectives involving the forefront of Heliophysics—the science about the Sun, the Earth, and what’s in-between, on the magnetic structures and other key ingredients of CMEs at different evolution stages. Multiple analysis tools, including theoretical, numerical, and observational ones, are employed, making use of a variety of ground-based and space-borne remote-sensing and in-situ measurements [2–5].
The magnetic structures of the solar source regions (usually the so-called active regions, i.e., ARs) are key to understanding the origination of CMEs [6–9]. Jiang et al. report a detailed analysis of the formation of a magnetic flux rope, the typical magnetic field configuration embodied by a CME, during the eruption process associated with solar flares/CMEs. They perform the state-of-the-art magnetohydrodynamic (MHD) numerical simulation for a general source region magnetic field topology. Their results reveal the corresponding topological change of the magnetic flux rope configuration. They find that the flux rope is formed via magnetic reconnection through a well-known process, and additionally in the later phase, the reconnection proceeds between the field lines of the flux rope. The corresponding “increase-to-decrease” change in the amount of toroidal magnetic flux agrees with the latest observational results. In a related numerical study, combined with observations, but focusing more on particular event studies, Vemareddy presents the topological analysis of two ARs that produced multiple CMEs, and shows the co-location between the remote-sensing signatures of flare ribbons, the brightening features as observed during flares, and the extrapolated magnetic field above the AR (indicative of magnetic flux rope structure at one particular point in time) based on a non-linear force-free field (NLFFF) model. This study confirms the role of magnetic flux rope in forming the core magnetic structures of CMEs. In another study, Xue et al. discuss the relatively rare spectroscopic observation of a prominence eruption leading to CME. A prominence is generally considered to be a proxy of magnetic flux rope. They are able to derive the change in plasma properties and kinematics associated with this prominence eruption.
As CMEs erupt and propagate into the interplanetary space, they may be detected in-situ when passing one or more spacecraft (thus identified and named as interplanetary CMEs, i.e., ICMEs), in addition to continuous remote-sensing observations such as coronagraphic imaging and radio waves. Such in-situ observations often yield a more complete and quantitative set of magnetic field and bulk plasma parameters, albeit only along one or more discrete points/lines across the structures. This has enabled many studies of ICMEs (including the so-called magnetic clouds, or large-scale magnetic flux ropes) for decades. Wu et al. present a large study by using a simple model for magnetic flux ropes based on the Wind spacecraft in-situ measurements. They show modifications and improvement to the original model by applying to many Wind spacecraft events. Hu et al. present a detailed study of a magnetic flux rope event detected in-situ by two spacecraft that were approximately aligned radially but separated by about 0.2 astronomical units in radial distance. By applying both a two-dimensional (2D) and a three-dimensional (3D) magnetic flux rope model, they reveal the reconstructed magnetic flux rope configurations characterized by spiral magnetic field lines. It is worth noting that the evolution of ICMEs in interplanetary space is also affected by the background solar wind medium. Therefore an improved characterization of the ambient solar wind conditions, e.g., via numerical means, is also being actively pursued, as demonstrated by Liu et al. They report a numerical study for improving the performance of a 3D MHD model of the interplanetary medium in which CMEs propagate. Shen et al. investigate the role of ICMEs in causing geomagnetic disturbances, especially by imposing strong and long-duration southward magnetic field onto near-Earth environment. They find that the interactions between large-scale structures including multiple ICMEs and interplanetary shock waves lead to intensified southward field component. A unique study by Zhang et al. examines the solar radio burst signatures often associated with the CMEs upon their eruptions and propagation. They employ the advanced deep learning algorithms to automatically identify and classify different types of radio bursts.
In addition to the direct employment of magnetic and plasma fluid property measurements of ICMEs, the discrete particle populations including streaming electrons and heavy ions are also important in probing the magnetic structures and other relevant conditions in the heliospheric environment. In addition, a series of studies looks into the relatively small-scale structures or those with more intermittent occurrence in the solar wind. Wang and Zhao find magnetic reconnection signatures that deviate from a quasi-steady state. Liu et al. perform a statistical study of small-scale magnetic flux ropes near the heliospheric current sheet (HCS) and find that they may mostly originate from the HCS. The role of magnetic reconnection in the interplanetary space on the change of topology/connectivity of magnetic flux ropes is further examined by Feng et al., using primarily the high-resolution magnetic field and plasma measurements, together with the suprathermal electrons (in the energy range of a few hundred eV) that always stream away from the Sun along magnetic field lines. Different topologies can be inferred from these observations and the results indicate that magnetic reconnection is an active process for magnetic flux ropes in the interplanetary space. Ruan et al. study the solar wind dynamic pressure pulses (DPPs) often embedded within the ICME streams. DPPs are found to be related to intermittency, an intrinsic feature of solar wind turbulence. This type of studies helps improve our understanding of dynamic processes across multiple scales. Finally, Song et al. carry out a unique study by using the elemental composition measurements of heavy ions, including Helium, Carbon, Oxygen, and Iron ions with different charge states. By examining their variations along two spacecraft paths, widely separated but crossing the same ICME structure, it is concluded that significant inhomogeneity of composition exists along the axial dimension. Such analysis has significant implications for the origination of CMEs because the composition signatures are generally believed to preserve the conditions in solar corona where the formation of CMEs involving coronal plasmas takes place.
It is especially fitting and timely for this new collection to come to light, when we enter the era of Parker Solar Probe (PSP) [10], Solar Orbiter (SO) [11], and additional forthcoming spacecraft missions like Solar Ring (see Shen et al.), among others. We may conclude by quoting from Hu et al., “It is worth noting that as multi-spacecraft measurements become increasingly more available, . . . , new and exciting multi-messenger science will be enabled by using multiple analysis tools. It is highly anticipated that the constellations of current and future missions will usher in new frontiers in heliophysics research”.
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