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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/fCMEs. 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 CME:s 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
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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 ICME:s 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
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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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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.

Keywords: magnetic flux rope, interchange reconnection, magnetic disconnection, magnetic reconnection,
interplanetary space

KEY POINTS

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

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

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

Frontiers in Physics | www.frontiersin.org

7 May 2021 | Volume 9 | Article 679780


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.679780
http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.679780&domain=pdf&date_stamp=2021-05-12
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fenghq9921@163.com
https://doi.org/10.3389/fphy.2021.679780
https://www.frontiersin.org/articles/10.3389/fphy.2021.679780/full

Feng et al.

The Opened Magnetic Flux Ropes

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

TABLE 1 | The magnetic reconnection exhausts and their related flux ropes.

Start®

End¢

g
e}
(]

o

No. Front boundary? Rear boundary®

001 1997/02/01 19:05:04 1997/02/01 19:06:49
002 1997/02/03 13:11:41 1997/02/03 13:12:21
003 1997/03/19 12:53:39 1997/03/19 12:54:54
004 1997/04/16 19:07:46 1997/04/16 19:09:23
005 1997/05/13 19:30:59 1997/05/13 19:30:59
006 1997/05/18 01:28:14 1997/05/18 01:34:56
007 1997/05/19 18:33:36 1997/05/19 18:34:07
008 1997/05/24 07:39:47 1997/05/24 07:40:13
009 1997/05/26 15:49:00 1997/05/26 15:50:24
010 1997/06/20 15:24:55 1997/06/20 15:26:29
011 1997/07/13 18:59:29 1997/07/13 19:00:27
012 1997/08/14 11:22:02 1997/08/14 11:27:13
013 1997/08/16 22:30:26 1997/08/16 22:33:34
014 1997/08/17 01:45:15 1997/08/17 01:49:24
015 1997/09/01 07:35:22 1997/09/01 07:36:33
016 1997/09/02 15:46:37 1997/09/02 15:50:14
017 1997/09/03 15:54:59 1997/09/03 15:55:35
018 1997/09/10 22:06:10 1997/09/10 22:06:46
019 1997/09/17 13:53:29 1997/09/17 13:54:20
020 1997/10/09 06:04:35 1997/10/09 06:06:21
021 1997/10/14 14:36:16 1997/10/14 14:38:04
022 1997/10/20 01:53:18 1997/10/20 01:53:59
023 1997/11/01 16:07:08 1997/11/01 16:08:06
024 1997/11/09 11:16:30 1997/11/09 11:19:00
025 1997/11/16 14:44:28 1997/11/16 14:46:24
026 1997/11/16 16:42:30 1997/11/16 16:46:37
027 1997/11/28 17:08:01 1997/11/28 17:08:49
028 1997/12/01 15:02:59 1997/12/01 15:05:43
029 1997/12/20 13:08:20 1997/12/20 13:08:21
030 1997/12/23 08:35:12 1997/12/23 08:35:27
031 1997/12/28 17:08:32 1997/12/28 17:13:07

1997/02/01 17:56:31
1997/02/03 13:12:21
1997/03/19 12:54:54
1997/04/16 18:28.42
1997/05/13 18:18:15
1997/05/18 01:34:56
1997/05/19 18:34:07
1997/05/24 07:40:13
1997/05/26 15:50:24
1997/06/20 15:26:29
1997/07/13 17:57:31
1997/08/14 10:12:46
1997/08/16 20:13:34
1997/08/17 01:49:24
1997/09/01 06:42:35
1997/09/02 15:50:14
1997/09/03 15:55:35

1997/02/01 19:05:04
1997/02/03 14:32:44
1997/03/19 14:50:05
1997/04/16 19:07:46
1997/05/13 19:30:59
1997/05/18 03:40:22
1997/05/19 19:58:33
1997/05/24 09:58:15
1997/05/27 06:31:14
1997/06/20 22:45:36
1997/07/13 18:59:29
1997/08/14 11:27:13
1997/08/16 22:30:26
1997/08/17 04:57:48
1997/09/01 07:35:22
1997/09/02 16:20:04
1997/09/03 20:38:21

1997/09/10 22:06:46 1997/09/10 22:59:18
1997/09/17 13:23:18 1997/09/17 13:53:29
1997/10/09 06:06:21 1997/10/09 07:23:01

1997/10/14 14:38:04
1997/10/20 01:63:59
1997/11/01 14:24:43
1997/11/09 11:18:58
1997/11/16 14:46:28
1997/11/16 14:46:28
1997/11/28 17:08:49
1997/12/01 14:37:01
1997/12/20 13:08:21
1997/12/23 07:08:33
1997/12/28 17:18:07

1997/10/14 15:48:54
1997/10/20 02:32:46
1997/11/01 16:07:08
1997/11/09 13:49:36
1997/11/16 16:42:01
1997/11/16 16:42:01
1997/11/28 18:30:04
1997/12/01 15:02:59
1997/12/20 14:17:42
1997/12/23 08:35:12
1997/12/28 18:00:02

OO O0OO0O0OO0O0OU0UO0OOO0OO0OOODOO0OO0LOOLLOOOOOOOOUwDOoOOoOOoOOo

aThe front boundary of the reconnection exhaust (UT).
bThe rear boundary of the reconnection exhaust (UT).
CThe start time of the magnetic flux rope (UT).

9The end time of the magnetic flux rope (UT).

€T The type of flux ropes was opening or were being disconnected by the related magnetic reconnections, “O” indicates opening and “D” indicates being disconnected. These ropes

were assumed originally closed.
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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.

16:00 17:00

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
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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.

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
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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 V| velocity derived from the Walén relation.
The two vertical dashed lines denote the reconnection exhaust interval.

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 3s 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
220eV, and their angular and time resolutions were 22.5°
and 48s, 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 (3s) 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.

Figure1 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
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FIGURE 4 | The reconnection exhaust around 16:45 UT November 16th measured by Wind. The format of the figure is same as Figure 2.

suprathermal electron pitch angle of 228.17 eV. The subsequent
panels display the magnitude of the total magnetic field
(IB]); the x, y, z components of the magnetic field (By, By,
B,); and the x, y, z components of the proton speed (Vy,
Vy, V), 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 B,
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
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FIGURE 5 | The reconnection exhaust around 16:45 UT November 16th
measured by Wind. The format of the figure is same as Figure 3.

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 Figurel, 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.

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

V1 velocity from the Walén relation as a blue dashed curve,
and the expected Vi 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.

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. Figure5 provides the magnetic field and
velocity curves of the magnetic reconnection exhaust in
the LMN coordinate system, and the exhibited expected
VL velocity approximately consistent with
the observed velocity curve. The suprathermal -electron
distributions in Figure5 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.

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. Figure7 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

curve was
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FIGURE 6 | Observations of the November 9th, 1997 flux rope passage. The format of the figure is same as Figure 1.
(Figure 8). These observations revealed that the open fild ~RESULTS AND SUMMARY

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.

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

Frontiers in Physics | www.frontiersin.org

14

May 2021 | Volume 9 | Article 679780


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Feng et al.

The Opened Magnetic Flux Ropes

log(flux)(cmster~'eV™'sec™")
4.1
—~ 4.0
4 39
B, 3.8
< 3.7
& El X3
OFE
E 1 3
=  g9f E
E E =
T sf .
7E E
o of E
£ E 1 =
o = ! =
F ! g
E 1
-35 ] n
—_ 1 ]
< . ]
1 e
E—s00 | ! —
> 10 C 1 L | 7
L ] 4 1 i
B | ! ]
= F | | ]
£ S5 | 1 -
m» - | |
0 o ! 1 ]
- T -
w 40 I | E
E I 1 | .
2 WL I . ;
> 0 B [ 1 2
L T -l
o | | ]
'\_C/ E ) 1 3
R M e —— E
-5 — 1 , I =
- Of :' | .
Sl = 1 1 o
E -30F : ! -
\_\‘/ WWWM‘VWW‘LW”“’—’W"H\M”
~ 1 i
> _sol L | ]
~ 14F T T ]
13 B I I 7
E 121 I ! =
< F ! .
;; 10 : ! —
8 | | |
10 1 ! T
— r 1 1 1
T ! ; i
= F . ;
5 1 1 i
1 1 1
11:12 11:17 11:22
ime Range o
Ti Range (1997/11/09 to 1997/11/09
FIGURE 7 | The reconnection exhaust around 11:18 UT November 16th measured by Wind. The format of the figure is same as Figure 2.

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
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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.

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
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Coronal mass ejections (CMEs) are one of the most energetic explosions in the solar
system. It is generally accepted that CMEs result from eruptions of magnetic flux ropes,
which are dubbed as magnetic clouds (MCs) in interplanetary space. The composition
(including the ionic charge states and elemental abundances) is determined prior to and/or
during CME eruptions in the solar atmosphere and does not alter during MC propagation
to 1 AU and beyond. It has been known that the composition is not uniform within a cross
section perpendicular to the MC axis, and the distribution of ionic charge states within a
cross section provides us an important clue to investigate the formation and eruption
processes of flux ropes due to the freeze-in effect. The flux rope is a three-dimensional
magnetic structure intrinsically, and it remains unclear whether the composition is uniform
along the flux rope axis as most MCs are only detected by one spacecraft. In this study, we
report an MC that was observed by Advanced Composition Explorer at ~1 AU during
March 4-6, 1998, and Ulysses at ~5.4 AU during March 24-28, 1998, sequentially. At
these times, both spacecraft were located around the ecliptic plane, and the latitudinal and
longitudinal separations between them were ~2.2° and ~5.5°, respectively. It provides us
an excellent opportunity to explore the axial inhomogeneity of flux rope composition, as
both spacecraft almost intersected the cloud center at different sites along its axis. Our
study shows that the average values of ionic charge states exhibit significant difference
along the axis for carbon, and the differences are relatively slight but still obvious for charge
states of oxygen and iron as well as the elemental abundances of iron and helium. Besides
the means, the composition profiles within the cloud measured by both spacecraft also
exhibit some discrepancies. We conclude that the inhomogeneity of composition exists
along the cloud axis.

Keywords: coronal mass ejection, magnetic flux rope, interplanetary coronal mass ejection, magnetic cloud, ionic
charge state, elemental abundance

Frontiers in Physics | www.frontiersin.org

18 July 2021 | Volume 9 | Article 684345


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.684345&domain=pdf&date_stamp=2021-07-15
https://www.frontiersin.org/articles/10.3389/fphy.2021.684345/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.684345/full
http://creativecommons.org/licenses/by/4.0/
mailto:hqsong@sdu.edu.cn
https://doi.org/10.3389/fphy.2021.684345
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.684345

Song et al.

1 INTRODUCTION

Coronal mass ejections (CMEs) are an energetic explosive
phenomenon in the solar atmosphere [1-4], and they are
called interplanetary coronal mass ejections (ICMEs) after
leaving the corona. When ICMEs interact with the Earth’s
magnetosphere, they can cause geomagnetic storms [5-7] and
influence the normal work of high-tech equipments, such as
satellites, power grids, and GPS navigation systems [8, 9].
Therefore, it is of great significance to grasp the trigger
mechanisms and eruption processes of CMEs.

The researchers of the solar physics community have reached a
consensus that CMEs result from eruptions of magnetic flux
ropes (MFRs), which refer to a volumetric current channel with
the helical magnetic field lines wrapped around the central axial
field [10, 11]. In white light coronagraph images, CMEs often
exhibit a three-part structure, that is, a bright front, a dark cavity,
and a bright core [12]. The cavity and core have been considered
as the MFR cross section and erupted filament, respectively, for
several decades. However, recent studies clearly demonstrated
that both the filaments and hot channel MFRs can appear as the
bright core [13-16]. The hot channels are first revealed through
extreme ultraviolet passbands sensitive to high temperatures (e.g.,
131 and 94 A) [17], and they can also be observed in hard X-ray
[18] and microwave [19] images. Researchers also suggest that the
dark cavity corresponds to a low-density region with a sheared
magnetic field in the early eruption stage [16].

Both theoretical and observational studies reveal that MFRs
can form prior to [17, 20-23] and during [24-28] solar eruptions,
while they might exist before eruptions in more events [29]. The
numerical simulations demonstrate that the repetitive magnetic
reconnections could play an important role during the MFR
evolution [30]. The remote-sensing observations have been
widely used to investigate the MFR formation process [26, 31,
32]. The charge states within ICMEs are frozen-in near the Sun
[33], and the relative abundances of elements with different first
ionization potentials (FIPs) are different obviously in the corona
and photosphere [34, 35]. As the composition does not alter
during CME propagation to 1 AU and beyond [36], the in situ
data are also employed to analyze the MFR formation [28, 37, 38]
and plasma origin [39, 40] of CMEs. So far, the most complete
composition data of ICMEs are provided by the solar wind ion
composition  spectrometer (SWICS) aboard Advanced
Composition Explorer (ACE) and Ulysses, which can provide
the charge states and elemental abundances of ~10 elements [41].

When an ICME has its nose pass through a spacecraft, the
MEFR will be detected as a magnetic cloud (MC) [42-44]. This is
schematically shown in Figure 1A (also see [45, 46] for a similar
cartoon), where the purple arrow depicts a spacecraft trajectory
crossing one ICME through its nose portion as marked with the
blue rectangle. Figure 1B displays the MFR within the rectangle,
and the green dots represent the center of each cross section. The
black, blue, and red arrows depict three different trajectories.

Several statistical studies have been conducted on ICME
composition. Huang et al. [47] analyzed the composition
inside 124 MCs and reported that fast MCs have higher
charge states and relative elemental abundances (except the

Inhomogeneity of Composition

FIGURE 1 | Schematic drawing of the spacecraft trajectory crossing an
ICME. The black dashed and solid lines represent the shock and MFR,
respectively. The red dotted lines delineate the MFR axis. The ICME nose portion
is marked with the blue rectangle in Panel (A), which is enlarged for details

in Panel (B). The blue, black, and red arrows describe the different trajectories of
spacecraft, and the green dots denote the center of each cross section.

C/O) than slow ones. Owens [48] analyzed the charge states of
carbon, oxygen, and iron within 215 ICMEs, including 97 MCs
and 118 non-cloud events, and found that MCs exhibit higher
ionic charge states than non-cloud events. Zurbuchen et al. [49]
performed a comprehensive analysis of the elemental abundances
of 310 ICMEs from 1998 March to 2011 August. They reported
that the abundances of low-FIP elements within ICMEs exhibit a
systematic increase compared to the solar wind, and the ICMEs
with elevated iron charge states possess higher FIP fractionation
than the other ICMEs. Very recently, Song et al. [50] reported that
all the ICME compositions possess the solar cycle dependence.

In the meantime, some attentions are paid on the composition
distribution inside each MC. Song et al. [37] found that the
average values of iron charge states (<Qg.>) can present four
regular profiles along the spacecraft trajectories throughout MCs,
that is, (i) a bimodal profile with both peaks higher than 12+, (ii) a
unimodal profile with peaks higher than 12+, and (iii) and (iv) the
<Qge> profile remains beyond and below 12+ throughout the
spacecraft trajectory inside an MC, respectively. Their studies
demonstrated that the charge states can be non-uniform within
the cross section of a specified MC and suggested that the above
profiles are tightly correlated with both the impact factor of
spacecraft trajectories and the formation process of MFRs. For
example, the bimodal profile implies that the MFR exists prior to
eruption; see Figure 8 in [37] for more details. In addition, the
elemental abundances are not uniform within one cross section
either [39]. Therefore, a spacecraft can detect different
composition profiles when it crosses one MC along the blue
and black arrows as shown in Figure 1B, which are located in the
same cross section perpendicular to the axis but with different
impact factors. However, whether the inhomogeneity of
composition exists along the MC axis remains unclear because
most MCs are detected only by either ACE or Ulysses. Given the
MC is a three-dimensional (3D) structure intrinsically, the axial
distribution of composition can reveal whether different portions
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along the MFR axis experience different eruption processes in the
corona.

In this study, we report an intriguing event, in which an MC
was observed by ACE at ~1 AU during March 4-6, 1998, and
Ulysses at ~5.4 AU during March 24-28, 1998. At these times,
both spacecraft were located around the ecliptic plane, and the
latitudinal and longitudinal separations between them were ~2.2°
and ~5.5°, respectively. The Grad-Shafranov (GS) reconstruction
[51, 52] demonstrated that the MC axis oriented in an
approximate east-west direction with the axis direction at
Ulysses being tilted slightly away from that at ACE, and both
spacecraft almost intersected the MC center [53]. This implies
that the two spacecraft cross the MC along two trajectories
resembling the black and red arrows in Figure 1B,
respectively, and provide us an excellent opportunity to
explore whether the composition is uniform along the axis.
We introduce the data in Section 2 and give the observations
in Section 3. Section 4 presents the conclusion and discussion.

2 DATA

The data used in this study are provided by several payloads on
board the ACE and Ulysses spacecraft. ACE is in a halo orbit
around the first Lagrangian point between the Earth and the Sun
since it was launched in 1997. Ulysses was launched in 1990 and
entered an elliptical and heliocentric orbit with an aphelion at
~5.4 AU from the Sun and a perihelion distance of ~1.34 AU.
Magnetic field data are provided by ACE/MAG [54] and Ulysses/
magnetic field [55] instruments. The bulk solar wind properties
and the helium abundances are from the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM) [56] on board ACE and
the Solar Wind Observations Over the Poles of the Sun
(SWOOPS) [57] on board Ulysses. The SWICS instruments
on board both spacecraft [58, 59] offer the composition of
heavy ions.

3 OBSERVATIONS

The criteria used to identify MCs near 1 AU mainly include the
enhanced magnetic field strength, smoothly changing of
magnetic field direction, declining profile of solar wind
velocity, low proton temperature (or low plasma f), and
elevated He?'/H' ratio [42, 60, 61]. ACE detected an MC
during March 4-6, 1998, as shown in Figure 2. The vertical
dashed line denotes the shock driven by the ICME, and the two
dash-dotted lines demarcate the MC boundaries.

Figure 2A shows the total magnetic field strength and its three
components in RTN coordinate, where the x-axis (R) points from
Sun center to spacecraft, the y-axis (T) is the cross product of
solar rotational axis and X axis, lying in the solar equatorial plane
towards the west limb, and the z-axis (N) is the cross product of x
and y axes. The total magnetic field strength (black) increased
obviously compared to the background solar wind, and the Bn
component (blue) changed its direction gradually within the MC,
which are the typical features of MCs. Figures 2B-D present the

Inhomogeneity of Composition

e VAl
ML

Magnetic Field (nT)
(=]

<

Br Bt Bn
Il

Velocity (km s™)

Density (cm™)
[\ ) w ey

Temperature (10* K)

00:00 08:00 16:00 08:00

Start Time (04-Mar-98 06:00:00)

16:00 00:00

FIGURE 2 | Magnetic field and solar wind parameters measured by ACE

near 1 AU. (A) Total magnetic field strength (black) and its three components
in RTN coordinate and (B-D) velocity, density, and temperature of solar wind.
The vertical dashed line denote the shock, and the dash-dotted lines
demarcate the MC boundaries.

velocity, density, and temperature of the ICME sequentially. The
declining profile of velocity indicates that the MFR is expanding.

Ulysses detected an MC during March 24-28 [62] as shown in
Figure 3, where the magnetic field, velocity, density, and
temperature are presented from top to bottom panels
sequentially. The velocity profile in Figure 3B shows that the
MC keeps expansion during the propagation to 5.4 AU. Due to
the continuous expansion, the total magnetic field intensity
within this MC decreased obviously near 5.4 AU compared to
~1 AU, see Figures 2A, 3A. A shock exists within the MC as
depicted with the red arrows in Figures 3A,B, and the MC rear
boundary can be identified through the He**/H" ratio and the
plasma B value [53]. Note that the shock does not influence our
analyses about the ionic charge states and elemental abundances.

Previous studies [53, 63] have confirmed that the MC
displayed in Figure 3 corresponds to that in Figure 2. Skoug
et al. [63] fitted both MCs using a force-free model of the
magnetic field [64] and found that their central speed and
cloud axis direction were very similar. The increase in MC
diameter between 1 and 5.4 AU was also consistent with an
expanding MC. Besides, both MCs had left-handed field
structure and contained the similar magnetic fluxes, which
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FIGURE 3 | Magnetic field and solar wind parameters measured by
Ulysses near 5.4 AU. (A) Total magnetic field strength (black) and its three
components in RTN coordinate and (B-D) velocity, density, and temperature
of solar wind. The vertical dashed line denotes the shock, and the dash-
dotted lines demarcate the MC boundaries. The red arrows in (A) and (B)
depict the shock inside the MC.

were further confirmed by Du et al. [53] with the GS
reconstruction technique. In addition, Du et al. [53] input the
plasma and magnetic field data observed by ACE to their
magnetohydrodynamic model to simulate the MC propagation
and evolution to the Ulysses location. They compared the model
predictions and the Ulysses observations, and identified further
that Ulysses and ACE observed the same MC. As mentioned, the
ACE (at ~1 AU) and Ulysses (at ~5.4 AU) were located near the
ecliptic plane with a latitudinal separation of ~2.2° and a
longitudinal separation of ~5.5° when they detected the MC.
The GS reconstruction showed that the MC axis oriented in an
approximate east-west direction, and both spacecraft almost
intersected the MC center [53], which support that ACE and
Ulysses crossed the MC at different sites along its axis and provide
us an excellent opportunity to explore whether the axial
composition is uniform.

We compare the composition measured by both spacecraft in
Figure 4, where the black and red lines represent the results of
ACE and Ulysses, respectively. Please note that we only plot the
composition within the MC, that is, the left/right boundary of
each panel corresponds to the MC start/end time. The ionic
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FIGURE 4 | Composition within the MC provided by SWICS aboard ACE
(black) and Ulysses (red). Panels (A-E) show the C%*/C%*, O7*/0% <Qpe>,
Fe/O, and He?*/H* sequentially, and their average values are also presented in
each panel. Note that the Ulysses values in Panel (A) correspond to the
right ordinate. The blue horizontal dashed lines depict the corresponding
means of slow wind during solar maximum [65]. The MC started from 14:30
UT on March 4 (3:00 UT on March 24) and ended at 5:30 UT on March 6 (4:00
UT on March 28) for ACE (Ulysses).

charge states (C°*/C°*, O’*/O°*, and <Qp.> and elemental
abundances (Fe/O and He*'/H') are presented in
Figure 4A-E. The average values within the MC are also
shown in each panel. The blue horizontal dashed lines
represent the corresponding means in the slow solar wind
during solar maximum [65] for reference and comparison.

Our study shows that the average values of composition within
an MC can possess significant differences along the axis. For
example, the C**/C°" ratio measured by Ulysses (3.04) is 12 times
higher than that by ACE (0.23). In the meantime, the differences
could be relatively slight for some compositions. For example, the
07*/0%*, ratio measured by Ulysses (0.41) is higher than that of
ACE (0.34) by ~21%. The means of <Qg.> detected by both
spacecraft are nearly identical (~10). As to the elemental
abundance, the Fe/O ratio by ACE (0.17) is ~42% higher than
that by Ulysses (0.12), and the He**/H" ratio of ACE (0.093) is
higher than that of Ulysses (0.053) by ~75%.

Besides the average values, the composition profiles measured
by both spacecraft also exhibit discrepancy. Figure 4A shows that
the C®*/C>* of Ulysses elevated at the MC center, while the ACE
profile did not exhibit the central peak. The O”*/O°" of Ulysses
presented a multi-peak profile, while ACE did not detect obvious
peaks as shown in Figure 4B. The He**/H" of ACE elevated in the
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second half as displayed in Figure 4E, different from the profile of
Ulysses that did not have large variation along the whole path.
These can rule out the possibility that the inhomogeneity of
composition is induced by the erosion [66] completely during
propagation from 1 to 5.4 AU. Moreover, the erosion effect should
be small for this event as both MCs have the similar magnetic fluxes
as mentioned. The profiles of <Qp.> and Fe/O measured by both
spacecraft also exhibit some different fluctuation characteristics as
displayed in Figures 4C,D. The above results prove that the
composition is inhomogeneous along the MC axis.

4 CONCLUSION AND DISCUSSION

An MC was detected by ACE at ~1 AU and Ulysses at ~5.4 AU
sequentially during March 1998, when both spacecraft were
located around the ecliptic plane. The latitudinal and
longitudinal separations between them were ~2.2° and ~5.5,
respectively. The GS reconstruction [53] showed that the axis
oriented in an approximate east-west direction, and both
spacecraft almost intersected the MC center, which provided
an excellent opportunity to explore whether the composition is
uniform along the axis. We compared the ionic charge states of
carbon, oxygen, and iron (C®*/C*, 07*/0°", and <Qg.>), as well
as the elemental abundances of iron and helium (Fe/O and He**/
H") along the two trajectories. The results showed that the
average values of C®'/C’" exhibit significant difference along
the axis, while the differences are relatively slight but still obvious
for O”*/0%, <Qg.>, Fe/O, and He?*/H". Besides the means, the
composition profiles within the MC measured by both spacecraft
also exhibit obvious discrepancies. We conclude that the
inhomogeneity of composition exists along the MC axis.

The magnetic field within the MC measured by Ulysses did not
exhibit the obvious changing of direction compared with the
measurements of ACE, see Figures 2A, 3A. This might indicate
that Ulysses passed through the ICME along a path a little far from
the MC center than ACE. Figure 4A showed that Ulysses detected
high C**/C>* at its central portion, which should also be observed
by ACE if the composition is uniform along the MC axis. However,
the C°*/C** profile of ACE did not present the elevated center.
Therefore, if assuming there were some uncertainties about the
spacecraft path in the GS reconstruction, it will not change our
conclusion about the axial inhomogeneity of MC composition.

The charge states of carbon, oxygen, and iron are frozen-in
sequentially in the corona, that is, the frozen-in altitudes of
carbon and iron are the lowest and highest, respectively, in
these three elements. For example, carbon is frozen-in below
1.5 solar radii [67, 68], while the iron around three to four solar
radii [69, 70]. Therefore, the obvious differences of C®*/C>* along
the MC axis imply that the different portions of MFR along the
axis experience eruption processes with different physical
parameters (e.g., temperature, density, and velocity) in the low
corona. The similar values of <Qg.> indicate that the physical
parameters along the axis approached in the high corona. These
should be taken into account in 3D simulations of CMEs. The

Inhomogeneity of Composition

axial inhomogeneity of elemental abundances implies that the
abundances are not uniform throughout the MC source region on
the Sun.

Our study demonstrated that the axial composition is non-
uniform inside an MC, while we cannot conclude that this large
inhomogeneity exists within each MC. More events are necessary
to investigate the inhomogeneity of composition along the MC
axis, which needs a CME being detected by several spacecraft
sequentially or simultaneously at different locations. This becomes
more realizable as Solar Orbiter was launched in 2020 [71]. Besides,
Chinese solar physicists are proposing several space missions [72]
to explore the Sun and solar eruption further. The Lay a Finger on
the Sun [73] will launch a spacecraft to explore the solar eruption
near the Sun; thus, it will provide more MC cases that are measured
sequentially near the Sun and around 1 AU combined with other
spacecraft. The Solar Ring [74] plans to deploy six spacecraft,
grouped in three pairs, on a sub-AU orbit around the Sun. The two
spacecraft in each group are separated by ~30° and every two
groups by ~120°, which can provide more cases that are measured
simultaneously by two or more spacecraft around the ecliptic
plane. All of these missions will facilitate the studies of solar
eruptions and other related issues.
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Coronal mass ejections (CMEs) represent one type of the major eruption from the Sun.
Their interplanetary counterparts, the interplanetary CMEs (ICMEs), are the direct
manifestations of these structures when they propagate into the heliosphere and
encounter one or more observing spacecraft. The ICMEs generally exhibit a set of
distinctive signatures from the in-situ spacecraft measurements. A particular subset of
ICMEs, the so-called Magnetic Clouds (MCs), is more uniquely defined and has been
studied for decades, based on in-situ magnetic field and plasma measurements. By
utilizing the latest multiple spacecraft measurements and analysis tools, we report a
detailed study of the internal magnetic field configuration of an MC event observed by both
the Solar Orbiter (SO) and Wind spacecraft in the solar wind near the Sun-Earth line. Both
two-dimensional (2D) and three-dimensional (3D) models are applied to reveal the flux rope
configurations of the MC. Various geometrical as well as physical parameters are derived
and found to be similar within error estimates for the two methods. These results
quantitatively characterize the coherent MC flux rope structure crossed by the two
spacecraft along different paths. The implication for the radial evolution of this MC
event is also discussed.

Keywords: magnetic clouds, magnetic flux ropes, coronal mass ejections, grad-shafranov equation, force-free field,
solar orbiter, wind

1 INTRODUCTION

Magnetic clouds (MCs) represent an important type of space plasma structures observed by in-situ
spacecraft missions in the solar wind. They have been first identified in the in-situ spacecraft
measurements of magnetic field and plasma parameters, and have been studied for decades, based on
heliospheric mission datasets [1-4]. These include the earlier missions such as the Interplanetary
Monitoring Platform (IMP), Helios, and Voyager missions. In later times, a number of NASA/ESA
flagship missions, including Advanced Composition Explorer (ACE) [5], Wind [6], Ulysses [7], and
Solar and TErrestrial RElations Observatory (STEREO) [8], have contributed greatly to the study of
Solar-Terrestrial physics in general, and to the characterization of MC structures in particular.
Generally speaking, the opportunities for one MC structure to be encountered by two or more
spacecraft are rare, but when they do occur, it offers a unique opportunity for correlative and
combined analysis between multiple spacecraft datasets (see references below).

A few such examples include an early study by [9] by using five spacecraft and the series of MC
events in May 2007. During 19-23 May 2007, the newly launched twin STEREO spacecraft, Ahead
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and Behind, i.e,, STEREO-A and B, respectively, were separated
from Earth by ~6° and ~ 3°, longitudinally, near 1 au.
Therefore, the ACE, Wind, and STEREO spacecraft
constellations observed a series of MC events, which enabled a
number of correlative studies by using multi-spacecraft
measurements [10-13]. Additionally, a number of studies took
advantage of the rare occurrence of radial alignment of mostly
two spacecraft separated in heliocentric distances, rj,, from the
Sun. For example, Du et al. [14] studied an MC event and its
evolution between the ACE and Ulysses spacecraft when they
were separated radially by a distance of ~ 4 au. They found that
although the time-series data have evolved significantly between
the two spacecraft, a flux rope configuration was still obtained at
each spacecraft location and their magnetic field properties were
compared. In this research topic collection, Song et al. [15] re-
examined this event from the perspective of implications for
elemental charge states in MCs. Lately, Davies et al. [16] analyzed
an MC event detected in-situ by the Solar Orbiter (SO), Wind,
and Bepi Colombo spacecraft in April 2020, and related to its
solar source CME eruption by using the coronagraphic imaging
observations from STEREO. We will re-examine this MC event
by using the in-sifu measurements from both SO and Wind
spacecraft. We focus on the reconstruction of the magnetic field
configurations and characterizations of the MC flux rope derived
from the Wind spacecraft in-situ data. Quantitative comparison
will be made with the magnetic field measurements along the
projected SO spacecraft path across the same flux rope structure.

One commonly applied quantitative analysis method for MCs
based on single-spacecraft in-situ data usually adopts the approach of
an optimal fitting to an analytic solution, such as the well-known
linear force-free field (LFFF) Lundquist solution [17], against the time
series of magnetic field components within a selected interval. These
solutions have limited one-dimensional (1D) spatial dependence,
ie., exhibit spatial variation in the radial dimension away from a
central axis only. Recently we have improved the optimal fitting
approach by extending the Lundquist solution to a quasi-three
dimensional (3D) geometry [18, 19], based on the so-called
Freidberg solution [20]. It represents a more general 3D
configuration that can account for, to a greater degree, the
significant variability in the in-sifu measurements of MCs, such as
the asymmetric magnetic field profile and sometimes the relatively
large radial field component. An alternative two-dimensional (2D)
method has also been applied to in-situ modeling of MCs, by
employing the Grad-Shafranov (GS) equation, describing a two
and a half dimensional (2-1/2D) configuration in quasi-static
equilibrium [21-24]. This so-called GS reconstruction method is
able to derive a 2D cross section of the structure traversed by a
single spacecraft, yielding a complete quantitative characterization of
the magnetic field configuration composed of nested cylindrical flux
surfaces for a flux rope. Such a solution generally conforms to a
cylindrical flux rope configuration with an arbitrary 2D cross section.
The GS reconstruction method has been applied in a number of
multi-spacecraft studies of MCs [see, e.g. [14, 25]], including the
aforementioned MC events in May 2007 during the earlier stage of the
STEREO mission. In addition, it has been widely applied to a variety of
space plasma regimes with extended capability and additional
improvement [26].

Evolution of an MC

A new era has begun for solar and heliospheric physics with
the launch of the Parker Solar Probe (PSP) [27] and the Solar
Orbiter (SO) [28] missions. They will not only yield
unprecedented new discoveries of never-before explored
territories, but also provide two additional sets of in-situ
measurements at different locations in the heliosphere. PSP
will plunge closer to the Sun and reach a heliocentric distance
below 0.lau, and SO will provide highly anticipated
measurements over a range of heliocentric distances and
beyond the ecliptic plane. In this study, we examine one MC
event detected during the month of April 2020 by both SO and
Wind spacecraft when they were approximately aligned radially
from the Sun, but separated by a radial distance of ~ 0.2 au. We
present an overview of the event in Section 2. The analysis results
by using both the GS reconstruction and the optimal fitting
methods are described in Section 3. In Section 4, we discuss
the implications for the radial evolution of MCs under the
condition of a nearly constant solar wind speed, based on the
current event study results. We then summarize the results from
this event study in the last section.

2 EVENT OVERVIEW

The SO mission observed its first ICME event on April 19, 2020
(day of year, DOY 110) at a heliocentric distance ~ 0.81 au near
the Sun-Earth line [16, 29]. As summarized in [16], the ICME
complex arrived at SO at 05:06 UT, as marked by an
interplanetary shock, and followed by a “magnetic obstacle”
3.88h later, which may embody a flux rope structure, and
lasted for about 24h. The Wind spacecraft subsequently
observed the same structures about 1 day later. Figures 1A,C
show the in situ measurements from the spacecraft Wind and SO
(magnetic field only [30]), respectively. Figure 1B shows the
relative locations of a number of objects of interest including SO
and Earth (Wind) on the X-Y plane of the Earth Ecliptic (HEE)
coordinate system. Relative to Wind, SO was offset from the Sun-
Earth (Wind) line by about 4.02° to the East, while it was North of
the ecliptic plane with a latitude of about 1.22° [16].

In Figure 1A, two intervals are marked for the subsequent
analysis of the ICME/MC flux rope structure via the GS
reconstruction method (between 11:36 and 22:28 UT) and the
optimal 3D Freidberg solution fitting approach (between 12:41
and 23:15UT) on April 20, 2020. The in-situ measurements
enclosed by the vertical lines indicate clear signatures for an
MC: 1) elevated magnetic field magnitude, 2) relatively smooth
rotation in field components (i.e., mainly the GSE-Z component
varying from negative to positive values), and 3) depressed proton
temperature and P value. The corresponding measurements of
magnetic field components at SO show similar features with
slightly enhanced magnetic field magnitude. The plasma
measurements were not available during these earlier time
periods of the mission [16]. In particular, the rotation in the
N component of the magnetic field at SO corresponds well to the
rotation in the GSE-Z component at Wind, while the East-West
components (along T and the GSE-Y directions) are
approximately reversed. For a typical cylindrical flux rope
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FIGURE 1 | (A) Time series data from Wind spacecraft (from top to bottom panels) the magnetic field components in GSE-X (blue), Y (red), and Z (gold)
coordinates and the magnitude (black), the solar wind speed, the proton number density (blue; left axis) and temperature (black; right axis), the proton B, and the proton
plasma pressure and the axial magnetic pressure (red). Two sets of vertical lines mark the intervals for the GS reconstruction (green) and the optimal fitting to the
Freidberg solution (red), respectively, and are denoted beneath the last panel. (B) The multiple spacecraft and planets locations around April 20, 2020 in the ecliptic
plane (courtesy of the STEREO Science Center). (C) The corresponding SO magnetic field measurements in the RTN coordinates (see legend).
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configuration crossed by a single spacecraft, the magnetic field
component with a uni-polar pattern usually corresponds to the
field component along the axis of the flux rope, while the change
in the north-south or east-west component usually indicates the
rotation of the transverse field about the axis. Therefore these
signatures, for this particular MC event, hint at a flux rope
configuration lying near the ecliptic with the axial direction
pointing eastward (positive GSE-Y component, aligned with
the thumb of the left hand) with respect to the Sun and with
a left-handed chirality (the handedness; GSE-Z component
rotating from southward to northward direction, aligned with
the other four fingers). Given the difference in the magnetic field
magnitude and a 1-day time delay consistent with the radial
separation distance between SO and Wind [16], it is plausible to
consider an evolution between the two spacecraft as well as the
spatial variation, assuming that the two spacecraft crossed the
same structure along different paths mainly due to their
longitudinal separation. In what follows, we present our
analysis results and discuss the interpretations.

3 METHODS AND RESULTS

We have developed and applied both 2D and 3D flux rope
models to in-situ spacecraft measurements of MCs. The 2D
model is based on the Grad-Shafranov (GS) equation and is
able to derive a 2D cylindrical configuration with nested flux
surfaces of arbitrary cross section shape [see, e.g. [26]]. The
3D model is based on a more general LFFF formulation, the
so-called Freidberg solution [20], and accounts for a greater
deal of variability in the in-situ data through a rigorous x>
optimal fitting approach. This approach was recently
developed and described in [18, 19]. Both methods can
yield a set of parameters characterizing the geometrical
and physical properties of the structure, including the axial
orientation in space, the handedness (i.e., chirality, sign of
magnetic helicity), and the axial magnetic flux content (sum
of axial flux over a cross-section area), for a flux rope
configuration. We apply both methods to the Wind
spacecraft data of the MC intervals marked in Figure 1A,
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and cross-check with the corresponding magnetic field
measurements along the separate SO spacecraft path across
the same structure.

3.1 Grad-Shafranov Reconstruction Results
The GS reconstruction utilizes the spacecraft measurements of
magnetic field B and solar wind velocity V, and additional plasma
parameters as initial conditions to solve the scalar GS equation,
which governs the 2-1/2D magnetic field configuration across the
cross section plane perpendicular to the z axis with B, #0 and
0/0z = 0. The solution to the GS equation is obtained in the form
of a 2D magnetic flux function A (x, y), which fully characterizes
the three components of the magnetic field especially including
the axial field B, (A), among other quantities being single-variable
functions of A. Figure 2A shows the data points along the Wind
spacecraft path across the MC interval, and the functional form
for P,(A) =p+ 35/2;40, the sum of the plasma pressure and the
axial magnetic pressure. Each quantity is a single-variable
function of A as required by the GS equation. An optimal z
axis orientation is found for which the requirement of P, (A)
being single-valued is best satisfied [for details, see, 23]. For this
case, the =z axis orientation is found to be
(8,9) = (79,96) + (4, 9)! degrees, with uncertainties estimated
by error propagation [24]. Then these functions, especially the

"The polar angle § is from the ecliptic north, and the azimuthal angle ¢ is measured
from GSE-X towards GSE-Y axes, all in degrees.

fitted function P;(A), are used to solve the GS equation and
obtain a cross section map of the 2D magnetic field structure
given in Figure 2B for this event. It shows a flux rope
configuration with distinct nested flux surfaces (iso-surfaces or
contours of A), on which the field lines are winding along the z
dimension and the axial field B, remains the same on each
surface. The left-handedness (negative chirality) is readily seen
from this cross section map, by pointing the thumb of the left
hand upward in the positive B, direction, while wrapping the
other four fingers around the direction marked by the white
arrows along y = 0. The center of the flux rope defined by the
location of the maximum B, value appears to be away from the
spacecraft path at y = 0 in this case.

This is a typical rendering of the GS reconstruction result as
viewed down the z axis such that the flux surfaces (contours of A)
are projected onto the cross-section plane as closed loops
surrounding the center for a flux rope configuration. The axial
magnetic field usually reaches the maximum at the center and
decreases monotonically toward the outer boundary. Along the
spacecraft path at y = 0, the observed transverse magnetic field
vectors are tangential to the contours. It is also indicated that the
remaining flow (green vectors along y = 0; see also below) as
viewed in the frame moving with the flux rope structure is
negligible compared with the average Alfvén speed (denoted in
the top right-hand corner of magnitude 126 km/s). The effect
associated with the inertial force in the magnetohydrodynamics
(MHD) framework is assessed via the de Hoffmann-Teller (HT)
analysis [see, e.g. [18]]. Figure 3 shows the HT analysis result for
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FIGURE 3 | The Walén plot for the MC interval at Wind for which the GS
reconstruction is applied. The HT analysis yields an HT frame velocity
[-346.52, -10.81, 21.10] km/s, in the GSE coordinates. The slope of the
regression line shown is denoted the Walén slope.

this MC interval, in terms of the Walén plot, yielding a slope 0.021
of the regression line. This indicates a negligible ratio between the
remaining flow V — Vyr and the local Alfvén velocity. Thus a
quasi-static equilibrium as dictated by the GS equation in the HT
frame moving with frame velocity Vyr is approximately satisfied.
For this event, since the SO spacecraft crossed the same structure
at a close separation distance but at an earlier time, it is useful to
project the SO path onto the cross section map generated by the
Wind in-situ measurements, as indicated by the green line with
circles in Figure 2B. We will further discuss the implications for
the radial evolution between SO and Wind in Section 4.

It is also informative to illustrate the magnetic field configuration in
the perspective view toward the Sun with both Wind and SO
spacecraft locations marked in Figure 4. This provides a direct 3D
view toward the Sun (located at the same position as Wind in this view
but at a distance 1 au away) along the Sun-Earth line. It is seen that the
reconstructed flux rope structure based on the Wind in-situ data along
its path shows selected spiral field lines with arbitrary colors winding
around a central axis represented by the red straight field line, along
the z axis direction, pointing approximately horizontally to the East
with both Wind and SO spacecraft passing beneath the center of the
flux rope, and separated mostly in the East-West direction. With the
2D reconstruction result from the Wind spacecraft, it enables a direct
comparison between the derived magnetic field components along the
SO spacecraft path, as shown in Figure 2B, and the actual measured
ones returned by the spacecraft. Figure 5 shows such comparison of
the three magnetic field components in the SO centered RTN
coordinates. Figure 5A shows the component-wise time series
within the MC interval at SO, while Figure 5B shows the
corresponding one-to-one correlation plot, yielding a correlation

Evolution of an MC

coefficient ¢c = 0.95, for all three components combined. When
the correlation coefficients are computed separately for each
component, they yield ccg =0.65, ccy = 0.12, and ccy = 0.95,
respectively, as denoted in Figure 5B.

One main discrepancy is the underestimated magnitude of the By
component. If one assumes the conservation of axial magnetic flux, it
can be established B, o< 1/r, (ie., inversely proportional to the
heliocentric distance, ;) with the additional supporting evidence
of negligible inertial force provided by, e.g., the HT analysis. When this
is the case, the dependence of the cross-section area becomes o ry,
considering largely the angular expansion but little expansion in the
radial dimension, for a flux rope configuration with a z axis
orientation nearly perpendicular to the radial direction. The so-
called Walén slope as shown in Figure 3 signifies the relative
importance of the inertial force, including the effect of radial
expansion, to the Lorentz force in an MHD equilibrium. A small
Walén slope magnitude is thus generally a prerequisite condition for
the GS reconstruction and the subsequent optimal fitting approach
[18], when they are all based on an approximate magnetohydrostatic
equilibrium, sometimes with even stricter additional condition of
being force-free. An adjustment based on the argument of the 1/r;,
dependence of the axial field can be made to the model output at SO
location, as shown in Figure 5A by the dashed curves. This yields a
correlation coefficient (between the dashed curves and circles)
cc' =0.94, and correspondingly, cc'r =0.65, cc'r =0.23, and
cc'y =0.95, although visually they appear to have improved
agreement, especially in the By component and the magnitude.
We defer additional discussions regarding the radial evolution of
MC to Section 4.

3.2 A Quasi-3D Configuration Based on the

Freidberg Solution

We also apply an optimal fitting approach based on the quasi-3D
Freidberg solution to the MC interval denoted in Figure 1A. For
this interval, an HT frame velocity is obtained Vpyr =

zs=(-0.1013 0.9774 0.1853)

FIGURE 4 | The 3D view toward the Sun (along the +GSE-X direction) of

the selected field lines (with arbitrary colors) from the GS reconstruction result
corresponding to Figure 2. The unit vectors of the GSE-Y and Z coordinates
are denoted in green and black arrows, respectively. The cross section

as seen in Figure 2B is shown to the right where the field lines originate and
spiral along the z axis. The red straight field line originates from the center of
the flux rope as marked in Figure 2B. The spacecraft locations of Wind and
SO are marked by the blue and green dots, respectively. The z axis direction is
denoted on top in the GSE coordinates.
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FIGURE 5 | (A) The comparison between the derived magnetic field components (solid curves) based on the GS reconstruction result from Wind in Figure 2, and
the actual measurements (circles and error bars), along the SO spacecraft path. The field magnitude is in black. (B) The corresponding component-wise one-to-one
scatter plot with the correlation coefficients between the two sets for all three components, cc, and each individual component are denoted. The dashed line marks the
one-to-one diagonal line. The dashed curves in (A) represent an alternative estimate/adjustment based on an argument of the 1/r, dependence of the axial field.
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[-340.95,-4.16,22.24] km/s, in the GSE coordinates, with the
corresponding Walén slope —0.0262. The average proton P is
0.023. The three magnetic field components of the Freidberg
solution in a local cylindrical coordinates (r, 8, z) are given in or
by [20], each with dependence on all three dimensions,

B;(”) = Jo (ur) + CJ (ar)cos (0 + kz) (1)
B;E:) =i (pr) - g [[4],1 (ar) + %]1 (ar)]cos(@ +ke) (2)
B, (r)

--< 3)
(04

[k]’l (ar) + ﬁll (ar)]sin(@ +kz)
20 ar

Here the solution involves the Bessel’s functions of the first
kind, Jp and J;. A set of free parameters includes mainly C, u (the
force-free constant, sign of y representing chirality), and k, and
additional geometrical parameters accounting for the arbitrary
orientation and location of the solution domain relative to the
spacecraft path. The parameter B,y is pre-determined as the
maximum absolute value among all measured magnetic field
components over the analysis interval and «a = +/p? — k2. It is
clearly seen that for C =0, the solution reduces to the 1D
Lundquist solution with only r dependence.

An optimal fitting approach based on y* minimization with
uncertainty estimates derived from in-situ  spacecraft
measurements was devised and applied to a few MC intervals
[18, 19]. The results of minimum reduced y? < 1 were obtained in
terms of the evaluation of the deviation between the model output
from the Freidberg solution and the corresponding spacecraft
measurements of the magnetic field components along a single-
spacecraft path across the structure. Detailed descriptions of the
fitting procedures and comparison of results with the GS
reconstruction output and multiple spacecraft measurements
are presented in [18]. We apply this newly developed
approach to the Wind spacecraft data and obtain an optima
fitting result as shown in Figure 6. The minimum reduced

2__ —
x2=1.7, Q=0.000909
20 T T T T
157 I A i i
I _]_ I
101 NJ g
=] L =T L L | =I= | i
& B I - t |
0 I Tl
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X
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z
Bl
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FIGURE 6 | The optimal fitting result to the Freidberg solution for the MC
interval marked in Figure 1A. The Wind spacecraft measurements of the
magnetic field with uncertainty estimates are shown as error bars, while the
corresponding analytic solution is given by solid curves (see legend). The
horizontal axis is the integral index of the data points.

x> = 1.7 is obtained with associated accumulative probability
Q = 0.001, an indication of the quality of the goodness-of-fit,
marginally considered acceptable (for Qx0.001) [31]. In
addition, the error estimates on the fitted parameters can be
obtained via the standard evaluation of confidence limits
applicable to such y*> minimization as described in [31]. For
example, the 2z axis orientation is found to be
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FIGURE 7 | (A) One cross section of the optimal Freidberg solution where the colored contours represent B, distribution and arrows represent the transverse field
components. The Wind and SO spacecraft paths are shown by the blue and green lines with dots, respectively. (B) The same view and contour lines for B; as (A). The
orange lines are the field lines originating from the cross section plane, and viewed down the z axis.
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FIGURE 8 | The 3D view of the field lines or the flux bundle of the
Freidberg solution given in Figure 7B, from the same viewpoint and in the
same format as Figure 4. The z axis orientation and the locations of Wind (blue

dot) and SO (green dot) spacecraft are also marked.

(8, $)=(60,90) + (7,9) degrees with 90% confidence limits. We
present the other parameters in Section 5.

When compared with the GS reconstruction result, the
significant distinction of this configuration represented by the
Freidberg solution is the 3D nature, not present in any 2D
configurations. There no longer exists distinctive 2D flux
surfaces, and the field lines exhibit more general 3D features,
not lying on discernable individual flux surfaces. Figure 7A
demonstrates one cross section perpendicular to the z axis.
The transverse field vectors are not tangential to the contours
of B;. There is no translation symmetry in the z dimension. To

further illustrate this feature, Figure 7B shows the same view, but
with a bundle of field lines drawn in orange color and originating
from the bottom plane. No distinctive nested loops (flux surfaces)
are seen. As a result, there does not exist a single central field line
that is straight along z. Figure 8 is the same bundle of field lines
viewed from the perspective of the Wind spacecraft toward the
Sun. The flux bundle possesses an overall winding along the z
dimension, likely related to the topological feature of writhe,
giving rise to the 3D feature seen. It also contributes to the
individual field line twist, which can be evaluated by the means
used for the topological analysis of solar active region magnetic
field [e.g. [32]]. The SO spacecraft appears to cross the flux rope
bundle mostly to the East of the Wind spacecraft path, apart from
anominal time delay due to the radial separation. Figure 9 shows
the comparison in a format similar to Figure 5, but for the
optimal fitting result of the Freidberg solution to the Wind
spacecraft data. The correlation coefficient between the field
components from the optimal Freidberg solution and those
from the actual measurements along the SO spacecraft path is
cc = 0.96 (additionally ccg = 0.62, ccr = 0.57, and ccy = 0.92).
The combined correlation coefficient ¢c remains the same if
adjustments are made as represented by the dashed curves in
Figure 9A, while correspondingly, the correlation between each
individual component becomes cc'z = 0.66, cc'r =0.63, and
cc'y =0.92, based on the argument of solely angular
expansion to be discussed in the next section.

4 DISCUSSION

We lay out, briefly, a consideration for the radial evolution of the
MC, given the difference in the average magnetic field magnitude
between SO and Wind during the MC interval, which can be
partially accounted for by the spatial variations [see, also [16]].
Because the solar wind flow speed at Wind shows little variation,
the expansion in the radial direction may be negligible for this
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TABLE 1 | Summary of geometrical and physical parameters for the MC based on Wind spacecraft measurements.

Parameters By (nT) C 17}

GS result 16-17

Freidberg sol. 15 -0.0047 -0.9848
- + 0.0027 + 0.0098

k (8, ¢)? @, (Mx) Chirality
0 (79,96) 1.5-2.1 -
— + (4,9) x1020 (Left-handed)
-0.9845 (60, 90) 2.7-2.8 -
+0.0098 + (7,9) x10%0 (Left-handed)

@The polar angle 8 from the ecliptic north, and the azimuthal angle ¢ measured from GSE-X towards GSE-Y axes, all in degrees.

event (also justified by the small Walén slope as shown in
Figure 3). Therefore by assuming conservation of axial
magnetic flux content and a constant angular extent of the
MC flux rope cross section, A®, the following relation is
assumed to be approximately satisfied,

{(B,YAry, - r,A® ~ ®, =~ Const. (4)

Here the average axial field (B, is obtained over the cross-section
area of the flux rope, which is approximated by the product
Ary - 1, A®. The cross-section length scale Ar, is approximately
constant if there is little change in the solar wind speed such that
any inertial effect including expansion can be omitted (again as judged
by the Walén slope). Then, it follows that the average axial field (B,)
or approximately B, changes proportionally with ,*. This seems to
be true for this particular MC event (Table 1), and also consistent with
[16]. Specifically, they found that the radial change of the mean MC
field strength follows the dependence ocr;'!2*%!, They also
concluded that this MC flux rope was not likely undergoing “self-
similar or cylindrically symmetric expansion.” For this event, from Eq.
4 and Table 1, it is derived (B,) =~ 15nT at 1 au. It should increase to
about 18 nT at SO. From time-series data, the mean (maximum) total
magnetic field strength at SO and Wind are 19 (21) nT and 15 (16)
nT, respectively. It also has to be cautioned that all the reconstructions
are based on single-point measurements. In order to further establish
this type of relationship, more event studies are needed.

This study represents one step forward in the direction of
quantifying how realistic MC model outputs are, based on one

event study with available two-spacecraft in-situ observations.
Future work would involve additional measurements and analysis
based on remote-sensing observations, which will provide
characterizations of solar source region (magnetic) properties
of certain MC events to help further assess the fidelity of each
model. The present implementations represent the best effort we
have made in accounting for the variability in the in-situ
measurements of MCs and proper error/uncertainty estimates
of output parameters. Two models employed are deemed
complementary and both are worth applying for individual
event studies, as judged by the metrics, mainly, the combined
correlation coefficients obtained from this two-spacecraft study
with ¢c>0.9. In addition, the correlation coefficients for
individual components are better for the Freidberg solution as
compared to the GS result. When the radial evolution is
considered as assumed by Eq. 4, the corresponding correlation
coefficients for both methods slightly improve. There also seems
to be a tendency that the Freidberg fitting method is more
versatile which yields an acceptable solution when the GS
reconstruction method fails [e.g., [19]]. Whether this holds for
more number of events has yet to be explored.

5 SUMMARY

In summary, we have examined one MC event in the solar wind
by using the in-situ spacecraft measurements from both the Wind
and SO missions located at heliocentric distances ~ 1 and
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~ 0.8 au, respectively. Two spacecraft were largely aligned along

the Sun-Earth line and nearly on the ecliptic plane, but SO was to
the East of Wind with a longitudinal separation angle of ~ 4”. The
magnetic field measurements from both spacecraft show strong
signatures of a magnetic flux rope configuration. In particular, the
Wind plasma (not available from SO) and magnetic field
measurements confirm the identification of an MC interval,
which correlates with the corresponding magnetic field
measurements at SO subject to a nominal time delay [see,
also, [16]]. We apply both the 2D GS reconstruction method
and the optimal quasi-3D Freidberg solution fitting method to the
Wind spacecraft measurements and obtain the characterizations
of the magnetic field topology at 1 au. A set of parameters from
the analysis is summarized in Table 1. The error estimates of the
parameters for the Freidberg solution are obtained at the 90%
confidence limits, except for B, and ®,. The former is pre-
determined and fixed, while the latter is not a free fitting
parameter. For the GS result, an uncertainty range for B,y is
also obtained, while the parameters C, y, and k are not applicable
(k=0 for being 2D). Both methods yield a flux rope
configuration with left-handed chirality (“-”) and their axial
directions are oriented mainly along the West-East direction,
with inclination angles relative to the ecliptic plane, about 11 and
30°, respectively. The axial magnetic flux content is
1.5-2.1x10° Mx, and 2.7-2.8x10%° Mx, respectively, as
indirectly derived from the model outputs, taking into account
the uncertainties. Although the lack of plasma data from SO
prohibits the same types of rigorous analysis at SO, we use the
available magnetic field measurements at SO to correlate with the
corresponding model outputs from the aforementioned
quantitative analysis based on the Wind spacecraft data. This
becomes feasible for this event study when the two spacecraft
were positioned with an appropriate separation distance. We
conclude that both spacecraft crossed the same structure
exhibiting a flux rope configuration, as characterized by the set
of parameters summarized above. Such an interpretation is
supported by the analysis result that the combined correlation
coefficients for the GS reconstruction result and the Freidberg
solution fitting result are 0.95 and 0.96, respectively.
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In the solar coronal numerical simulation, the coronal heating/acceleration and the
magnetic  divergence cleaning techniques are very important. The
coronal-interplanetary total variation diminishing (COIN-TVD) magnetohydrodynamic
(MHD) model is developed in recent years that can effectively realize the
coronal-interplanetary three-dimensional (3D) solar wind simulation. In this study,
we focus on the 3D coronal solar wind simulation by using the COIN-TVD MHD
model. In order to simulate the heating and acceleration of solar wind in the coronal
region, the volume heating term in the model is improved efficiently. Then, the influence
of the different methods to reduce the V - B constraint error on the coronal solar wind
structure is discussed. Here, we choose Carrington Rotation (CR) 2199 as a study
case and try to make a comparison of the simulation results among the different
magnetic divergence cleaning methods, including the diffusive method, the Powell
method, and the composite diffusive/Powell method, by using the 3D COIN-TVD MHD
model. Our simulation results show that with the different magnetic divergence
cleaning methods, the V- B error can be reduced in different levels during the solar
wind simulation. Among the three divergence cleaning methods we used, the
composite diffusive/Powell method can maintain the divergence cleaning constraint
better to a certain extent, and the relative magnetic field divergence error can be
controlled in the order of 107°. Although these numerical simulations are performed for
the background solar corona, these methods are also suitable for the simulation of
CME initiation and propagation.

Keywords: MHD simulation, corona heating and acceleration, magnetic divergence cleaning, solar wind, volumn
heating

INTRODUCTION

The 3D COIN-TVD MHD model which was proposed in [1-3] and was improved in [4-8] in recent
years can effectively realize the coronal-interplanetary 3D solar wind simulation. This model uses the
TVD Lax-Friedrichs (TVD-LF) scheme uniformly in the corona region and the interplanetary space
region, and a combination of Open Multi-Processing (OpenMP) based on shared memory and
Message Passing Interface (MPI) based on distributed memory has been successfully used to study the
solar wind background from the corona to the interplanetary space.
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The solar energy is stored in the solar nucleus, and the generated
radiant energy spreads from the inside to the outside. The solar
temperature should theoretically decrease with the increase of the
heliocentric distance. However, the temperature of the upper
atmosphere corona is much higher than that of the lower
atmosphere (photosphere). The reason for the abnormal warming
of the atmosphere has not yet been investigated. Therefore, coronal
heating/acceleration is a central issue in the solar coronal simulation
and has been discussed by many researchers (e.g., [9-16]). Parker
proposed a basic theory for the problem of heating an expanding
solar corona [17-19]. Later, various methods for solar wind
acceleration and coronal heating have been developed. For
example, the Alfvén wave heating method (AHM) can accelerate
solar wind through the exchange of momentum and energy between
large-scale Alfvén wave turbulence and solar wind plasma [10]. The
turbulent heating method (THM) assumes that the turbulent free
energy is transformed into the energy accelerated by the solar wind
when the turbulent free energy changes with the heliocentric distance
[10]; By adding momentum and energy source terms to the MHD
equations [16], the volume heating method (VHM) has been widely
used in solar wind simulation (e.g., [15, 20, 21].

In the MHD simulation, the divergence of the magnetic field
should be strictly controlled to zero. The nonzero divergence of
the magnetic field can lead to the V-B error during the
calculation. When this occurs, numerical instability may
develop and the simulation can break down. Therefore,
scientists have proposed many methods to control the
divergence of the magnetic field, such as the generalized
Lagrange multiplier (GLM) method [22-24], the CT method
[21, 25-27], the projection method [28], the vector potential
method [29, 30], the Powell method [31, 32], the diffusion
method [7] and the globally solenoidality-preserving (GSP)
method [33].

In this study, we adopt the COIN-TVD model to simulate the
coronal solar wind. Similar to [20, 21], we use the volume heating
sources to model the solar wind heating/acceleration process in
the simulation.

In Governing Equations of Coronal Interplanetary-Total
Variation Diminishing Model, we introduce the equations of
the COIN-TVD MHD model. Mesh Grid System and
Numerical Scheme describes mesh grid system and boundary
conditions. Volume Heating Method and Magnetic Field
Divergence Cleaning Methods presents the VHM method and
three magnetic field divergence processing methods. Numerical
Results shows the results of numerical simulation and
comparisons of three methods for processing magnetic field
divergence. In Conclusions and Discussions, we make the
conclusion and discussion.

GOVERNING EQUATIONS OF
CORONAL-INTERPLANETARY TOTAL
VARIATION DIMINISHING MODEL

The ideal MHD equations are used to simulate the coronal solar
wind. Under the Corotating coordinate system, equations can be
written as:

Coronal MHD Simulation

op _
a+V-(pv)—0 (D
apv B2 BB _ PGMsr
<§>+V-[<P+2—%>I+pvv—ﬂ—o]—— 2 ;+Pf @)
OB
E+V-(VB—BV)=O (3)
P g (o) =—(y-1)PV-v @)

ot

where p is the mass density, v is the plasma velocity, B is the
magnetic field, P is pressure, 4, is the magnetic permeability of
free space, I is the unit tensor, G is the gravitational constant, M;
is the solar mass, f = —w X (w x r+ 2w x v) is the additional
fictitious force densities, in which w is the angular velocity of the
rotation, and y is the polytrophic index, which is set to be 1.05 in
this study.

MESH GRID SYSTEM AND NUMERICAL
SCHEME

Mesh Grid System

In the spherical coordinate, the range of the calculation area is
expressed as 1Rs<r<22.5Rs, -3<0<7, and 0< & <2m, where r
is the radial distance from the solar center to the solar surface, 0 is
latitude, and & is longitude. To avoid the singularity, the
computation domain is divided into six identical component
meshes to envelop a spherical surface with partial overlap on their
boundaries [34]. The following grid partitions are employed; the
grid mesh is built in the form of 224 (r) x 180(68) x 360 (). The
radial direction uses a proportional grid, the radial step length
increases from 0.0161Rg at the inner boundary of 1Rg to 0.3636Rg
at the outer boundary near 22.5Rg, and the total number of grids
at r-direction is 224. In the latitudinal and longitudinal directions,
the grid resolution is A8 = A =1°.

Numerical Scheme

In the COIN-TVD model, all of the physical quantities are
computed from the TVD-LF numerical scheme in a face-
centered grid structure (e.g., [7, 8]). And this scheme is
performed in the six-component mesh grid system.

The inner boundary is located on the surface of the Sun, where
the inner boundary setting depends on local fluid conditions (e.g.,
[2]; 2007, [16, 21, 33]). When v, >0, p = p,, and T = Ty, B = By,
and V- (pv) = 0; when v, <0, 0p/0r = 0,0T/0r = 0, B = By, v=0.

The Carrington Rotation (CR) 2199 is chosen for
background establishment. The initial magnetic field B, is
given by using the potential field source surface (PFSS)
model [35, 36], the spherical harmonics coefficients were
used to obtain the initial PFSS solution is 6. And other initial
parameters, such as plasma density p,, temperature T,, and
velocity v, are calculated by Parker’s solar wind flow solution
[17]. The temperature and the number density on the solar
surface are set to be 1.5 x 10°K and 1.67 x 10%cm™,
respectively. The boundary condition of the magnetic field at
the inner surface also remains fixed all through the simulation.
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The parameters at the outer boundary are set according to the
projected characteristic boundary conditions e.g., [32, 37, 38].

VOLUME HEATING METHOD AND
MAGNETIC FIELD DIVERGENCE
CLEANING METHODS

In this section, we introduce the numerical schemes of the volume
heating method and three methods to constrain V- B in MHD
simulation.

Volume Heating Method

Due to the limitations of observation and theory, there is no
mature theoretical model to describe the mechanism of coronal
heating and solar wind acceleration. Here, we use the volume
heating method to solve the issue of coronal heating and solar
wind acceleration. We add the source terms of momentum S,
and energy Qg to the MHD Eq. 1, Eq. 2, Eq. 3, and Eq. 4 as
follows:

0
a_ft).f_v.(pv):() (5)
apv B BB _ pGM f’
() [ o 2] 0
(6)
aal:Jrv.(vB—Bv): 7)
opP
E_l_v.(pv):—(y—l)Pv~V+(Y_1)QE (8)

According to the work in [7, 39-41], we set energy and
momentum source terms as follows:

Qe = Qi (r - el )

9
Sn =Sy (r = 1)el ™/t ©)

Here, y =1.05, which is the polytrophic index. In the
calculation region, the polytropic index y need not be set very
large. y = 1.05 can heat the corona and accelerate solar wind.

Here, r is the heliocentric distance, Q; and L), are the intensity
and attenuation length of heating, and S; and L), are the intensity
and decay length of the momentum addition. The parameters L,
and Ly, are set to be 1, Q; = QuC,, and S; = SyC,. To test the
influence of the parameter of energy and momentum source terms,
we set two groups of different parameters for comparison. In model
A, weset: Qq=6x10"107.m3 .51, 8 =7.6x107“N - m™3 and
C, = %ﬁf)z)z) and find that the coronal heating and solar wind
acceleration were not obvious. In model B, we adjust the parameters
based on [33], which are Qy=6x107%].m™3 .51, Sy =7.9x

where C = (1-0.8¢CY)

and C (1+f, )72

10°4N - m~

axC > ), Here, f; =

2

By, . . . .

<§—‘> B—:‘ is the expansion factor, where Rs is the solar radius, Rgs =
'SS \SS

2.5Rg, and By, and B, are magnetic field strength at the solar surface
and at Ry, respectively. Inspired by the Wang-Sheeley-Arge (WSA)

Coronal MHD Simulation

model [42, 43], the solar wind speed is related to the magnetic field
expansion factor f; and the minimum angular distance 6. As f,
increases, the speed decreases, the high-speed stream originating from
the center of the open field region always has large 8, and the low-
speed stream from the coronal hole boundary has a relatively small 6.

Following [20, 44, 45], the source term Qg also contains a heat
conduction term, the expression of the heat conduction term is

(5 TzVT B ) - B, £ is the collisional thermal conductivity parallel to

the magnetic field as given in [46] and the proton and electron
temperatures are equal to T. If we add the heat conduction term
in the Qg, the partial differential in the formula decreases the
calculation accuracy. And after the research in [45], many works
(e.g., Feng, 2012, [21]; 2017 [33]) verify that without adding heat
conduction item, the coronal solar wind can also be accelerated
and heated.

Powell Method

The Powell method to maintain the magnetic divergence cleaning
constraint is given as follows.

Two divergence source terms, —(V - B)B and —(V - B)v, are
added separately on the right side of Eq. (6) and Eq. (7) to get the
following MHD equations:

% -
5V ()=
dpv B BB|  pGM; r
<§>+V~[<P+2—%>I+pvv—a}f 2t pf +Su—- (V-B)B
a—BJrV~(vaBv):7(V~B)v
ot
oP
5tV () ==(y-1)PV-v+ (y-1)Qs

(10)

In this way, the divergence of the magnetic field can be
propagated to the boundary to reduce the numerical error of
V- B in the computational region [31]. From Eq. 10 with the
source term, the quantity V - B/p satisfies the advection equation,

which is,
2<V~B>+V_(V.V-B>:O
o\ p P

This means that the V - B must be transported by the plasma
motions when Powell correction is applied, since the initial and
boundary conditions satisfy V- B = 0, and the V - B will be near
zero for all later times throughout the simulation.

Diffusive Method
The diffusive method is proposed to reduce the error of the
magnetic divergence, in which an artificial diffusivity is added at
each time step as %—f =#V(V-B). Under the condition of
At<p=== @9 ohere ue (0,2),

dlvergence is diffused away at the maximal rate allowed by iterating:

(11)

the error of the magnetic

Bk+1 — Bk + !,{(AX)ZVV . Bk,k =0,1,2...... K (12)
Here, (Ax)* = -

(Ar)2+ 207 (o am)z
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FIGURE 1 | The distribution of the radial speed VR (km/s) (A), density RO x 10° (/cm®) (B) and temperature TP x 10° (K) (C) on the meridional plane of & = 180°-0°
from 1 to 22.5R, deduced from model A. The streamline represents the magnetic field lines.

J. B,ds
[ 1Baas
ten iterations are needed at each time step. This method does not
violate shock capturing property, at least to the second-order
accuracy in smooth regions [8, 47].

For satisfying the condition max <1072, less than

Composite Diffusive/Powell Method

We combined the Powell method and the diffusive method
together in the MHD calculation in the composite diffusive/
Powell method for the first time, and this method can further
control the error of the magnetic field divergence.

The composite diffusive/Powell method adds two divergence
source terms, —(V - B)B and —(V - B)v, to Eq. 6 and Eq. 7 to get
Eq. 10. The divergence of the magnetic field can be propagated to
the boundary, and the quantity V- B/p satisfies the advection
equation (Eq. 11). When solving the equation, the error of
magnetic divergence is diffused away at the maximal rate
allowed by iterating Eq. 12.

NUMERICAL RESULTS

In this section, we show the numerical results of the solar coronal
simulation from 1R to 22.5Rs for CR2199, which are obtained by
executing the methods introduced in Volume Heating Method
and Magnetic Field Divergence Cleaning Methods.

It takes about 100 h in physical time to obtain the steady state
in our simulation. Figures 1,2 present the distribution of the
magnetic field lines, the radial velocity, the number density and
the temperature on the meridional plane at @ = 180°-0" from
model A and model B, respectively. From these figures, it can be
seen that the high latitude areas always have fast speed, high
temperature, and low density. On the contrary, the radial speed is
slower, the temperature is lower, and the number density is higher
at lower latitudes around the heliospheric current sheet (HCS),
and this is the characteristic feature of the solar wind in the
corona [47]. Model B is successful in simulating the acceleration
and heating of the solar wind in the corona, as shown in Figure 2.
Compared with Figure 1, we can find that both the radial speed
and temperature in Figure 2 are higher than those in Figure 1

obviously. This result indicates that the VHM can accelerate and
heat the coronal solar wind, and the parameters Sy, Qp, and C, in
VHM can affect the coronal heating and solar wind acceleration
process significantly.

Then, we present the simulation results of the coronal solar
wind with three magnetic divergence cleaning methods. Figures
3-5, respectively, show the variation in the radial speed, the
number density, and the temperature along heliocentric distance
from 1 to 22.5 Rs with different latitudes of 6 = —80° and 6 = —10°
at the same longitude of @ = 0°, where 8 = —80° locates at the open
field region and 0 = —10° locates at the HCS region. Comparing
the three figures, we can find that the radial speed in the open field
region is larger than that in the HCS region, the temperature is
higher in the open field, and the number density is smaller in the
high latitude region.

The composite diffusive/Powell method which combines the
diffusive method and the Powell method is our new try to handle
the V - B constraint. From Figures 3-5, we can also see that the
curve from the composite diffusive/Powell method is always in
the middle, so it can generate a stable solar wind structure like the
other two methods.

To quantitatively see how V - B evolves, we define the relative
divergence error [48] as follows:

|V - B|Ah

Error(B) = iB|

(13)

Here, Ah = . /ﬁ is the characteristic length of the
mesh element, {7 (207 (1027

To investigate how the three magnetic divergence cleaning
methods control the V-B error quantitaitvely, we make a
numerical comparison for the Error(B) among the three methods.

Figures 6,7 show the distributions of the Error(B) on the
different meridional planes of @ = 180°-0° and @ = 270°-90°,
respectively, for the steady-state solar wind. The three panels in
Figures 6, 7 present the results from the composite diffusive/
Powell method, the diffusive method and the Powell method,
from left to right, respectively. It is obvious that the Error(B)
deduced from the composite diffusive/Powell method is lower
than that from the other two methods, on both meridional planes.
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Radial speed VR

Number density RO

FIGURE 2 | The distribution of the radial speed VR (km/s) (A), density RO x 1 08 (/cm®) (B) and temperature TP x 10° (K) (C) on the meridional plane of ® = 180°-0°
from 1 to 22.5R, deduced from model B. The streamline represents the magnetic field lines.
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FIGURE 3| The distribution of radial speed VR (km/s) along heliocentric distance with different latitudes of 6 = —80° (A) and 6 = —10° (B) at the same longitude ® =0°
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This indicates that the composite diffusive/Powell method is the
most effective method among the three methods in dealing with
the magnetic field divergence.

Here, we use the following metric for measuring divergence,
which was also adopted by other research studies (e.g., [33, 47]):

M
Error (B)™ = Y’ IV BlAh / M (14)
= |Bl

where M is the total number of grid points in the computational
domain. We know that there are other metrics that can be used to
measure the divergence. As pointed in [49], the metric defined by
Eq. 14 may rely on the spatial resolution. However, in this
simulation, we make the comparison among the three cases
with the same mesh system and the same metric definition;
therefore, the influence of the spatial resolution on the
comparison of the metric by Eq. 14 can be ignored.

)ave

Figure 8 shows the evolution of the Error(B)™° with time
deduced from the three methods. It can be recognized that the
value of the Error(B)™* from the composite diffusive/Powell method
is around 107%7-10"*°, from the diffusive method is around
107%°-107%, and from the Powell method is around 10~%°-107"".
The composite diffusive/Powell method has the smallest Error(B)™,
and this method is a new try to maintain the magnetic divergence-
free constraint. From Figure 8, we can also find that the Error(B)™®
from the composite diffusive/Powell method and diffusive method is
smaller than that from the Powell method obviously. Moreover, the
Error(B)™ from the composite diffusive/Powell method keeps on
decreasing after 60 h and is significantly smaller than that from the
diffusive method near 100h. Overall, we can find that all the
divergence cleaning methods can keep the related errors under
control, though the divergence errors of the Powell method are
larger than those of the other methods, the divergence errors shown
in Figures 6-8 are indeed small, and the largest worst number is 10~
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shown as the orange and red colors in Figures 6,7. The Error(B)™*
from the Powell method is about 10772, from the diffusive method is
107%% and from the composite diffusive/Powell method is 107 near
100 h. The composite diffusive/Powell method is the best method to
reduce the error of magnetic divergence among the three methods in
this research.

CONCLUSIONS AND DISCUSSIONS

In this study, by using the 3D COIN-TVD MHD model, we
simulate the solar wind in the coronal region, in which the
divergence cleaning and coronal heating/acceleration methods
are included. The volume heating method is an effective way for
coronal heating, in which the parameters can be adjusted

according to the WSA model in the simulation of the
coronal solar wind. In the COIN-TVD MHD model,
increasing the parameters S, and Qp of the energy and
momentum source terms can make the solar wind accelerate
more obviously.

For the divergence cleaning methods, here we choose the
diffusive method, the Powell method and the composite
diffusive/Powell method. We compared the numerical
characteristics of the combination of each method for
handling the divergence of the magnetic field and the COIN-
TVD MHD model in the solar coronal simulation. The numerical
results show that all of them can produce large-scale structured
solar wind and reduce the divergence of the magnetic field more
or less. The difference between the three divergence cleaning
methods is summarized as follows:
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The Powell method is relatively simple to apply. It only needs
to add two items to the source term of the MHD equations.
In this study, the Powell method can reduce the error of the
relative magnetic field divergence, but it is less effective than
the other two methods in dealing with magnetic divergence.
The diffusive method also has a good effect on reducing
magnetic field divergence error in this study. It reduces the
error of divergence by adding a source term in the induction
equation and the V- B error is diffused away by iterating
B! = B¥ + u(Ax)*VV - BX. If it is coupled with different
numerical schemes, the effects of controlling divergence
error are different. In this study, the diffusive method is
not as good as the composite diffusive/Powell method in
controlling the divergence of the magnetic field, but better
than the Powell method.

The composite diffusive/Powell method is a preliminary new
try in this study, and it combines the Powell method and the
diffusive method during the simulation. It has been proven
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that this composite method is the most efficient way to
reduce the relative divergence errors among the three
methods we used. Moreover, it also the
conservation of the MHD equations during the simulation.

ensures

In addition to the methods we mentioned, there are many
other methods to simulate the coronal heating and the solar
wind acceleration process and to control the divergence of
the magnetic field. For example, both the Alfvén wave
heating method and the turbulent heating method are
effective for coronal heating. The Powell method can also
company with other methods to control the magnetic
divergence, which may be implemented in the future.
Moreover, although these simulations are performed for
the background solar corona, these methods can also be
used for the simulation of CME initiation and propagation
in the interplanetary space.
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Solar radio bursts can be used to study the properties of solar activities and the underlying
coronal conditions on the basis of the present understanding of their emission
mechanisms. With the construction of observational instruments, around the world, a
vast volume of solar radio observational data has been obtained. Manual classifications of
these data require significant efforts and human labor in addition to necessary expertise in
the field. Misclassifications are unavoidable due to subjective judgments of various types of
radio bursts and strong radio interference in some events. It is therefore timely and
demanding to develop techniques of auto-classification or recognition of solar radio
bursts. The latest advances in deep learning technology provide an opportunity along
this line of research. In this study, we develop a deep convolutional generative adversarial
network model with conditional information (C-DCGAN) to auto-classify various types of
solar radio bursts, using the solar radio spectral data from the Culgoora Observatory
(1995, 2015) and the Learmonth Observatory (2001, 2019), in the metric decametric
wavelengths. The technique generates pseudo images based on available data inputs, by
modifying the layers of the generator and discriminator of the deep convolutional
generative adversarial network. It is demonstrated that the C-DCGAN method can
reach a high-level accuracy of auto-recognition of various types of solar radio bursts.
And the issue caused by inadequate numbers of data samples and the consequent over-
fitting issue has been partly resolved.

Keywords: deep learning, deep convolution generation confrontation network, image reconstruction, convolutional
neural networks, space weather

INTRODUCTION

Solar radio bursts are emission enhancements at radio wavelengths released during solar activities
such as flares and coronal mass ejections (CMEs) [1]. They can be used to diagnose the properties of
the associated solar activities and the underlying coronal conditions on the basis of the present
understanding of emission mechanisms. For instance, many solar radio bursts observed in the metric
wavelengths have been attributed to the plasma emission mechanism, according to which the
emission frequency represents the fundamental or harmonic of plasma oscillation frequencies which
are given by the plasma electron density. Thus, the radio data can be used to infer the plasma density
in the corona [2, 3] and of the emission source such as coronal shocks.

Solar radio bursts in the metric wavelengths are classified into various types, including type I to V,
according to their manifestation on the dynamic spectrum which presents the temporal variation of
spectral intensities [4]. In Figure 1, we present examples of these five types of solar radio bursts
observed by the Culgoora Observatory. The type I burst consists of two components, including the
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C-DCGAN for Solar Radio Classification

Type II

Type 1

25-180 MHz.

Type IIT

FIGURE 1| Examples of type I-type V solar radio bursts observed in the metric decametric wavelengths (A-E). The spectra used in this study are obtained from the
Australian Bureau of Meteorology’s Culgoora Observatory and Learmonth Observatory (http://www.sws.bom.gov.au/World_Data_Centre/1/9). The Culgoora
Observatory monitors solar radio bursts in the frequency range 18-1800 MHz, and the Learmonth Observatory radio observatory monitors solar radio bursts in the range

Type IV Type V

background continuum and short-term radio enhancements
(called type I storm). The type II burst represents narrow-
band drifting structures in the dynamic spectrum, generally
attributed to energetic electrons accelerated around coronal
shocks. The type III burst has fast-drifting features on the
dynamic spectrum, usually attributed to fast, energetic
electrons releasing from the flare reconnection site and
escaping outward (or inwards) along field lines. They are
called as the type III storm if they occur in groups over an
extended interval. The type IV burst represents a wideband
continuum on the dynamic spectrum, which can be further
classified into two subgroups, including stationary ones and
moving ones. The type V burst occurs immediately after the
type III burst while occupying a wider spectral regime than the
type III burst; it is generally attributed to energetic electrons that
are strongly scattered by coronal waves.

Radio spectral data with high temporal and spectral
resolutions are important for scientific research of solar radio
bursts. To demonstrate the present status of the field using such
data, in the following, we just present two examples of studies on
the temporal delay of solar spikes. Using the spectral data (with a
temporal resolution of 10ms and a spectral resolution of
100 kHz) from the Chashan Solar Observatory (CSO) operated
by Shandong University, Feng et al. [5] found that the time delay
between harmonics of solar radio spikes could be as small as the
temporal resolution of the data (~10 ms), while in an earlier
study, Bouratzis et al. (2016) found that the duration of metric
radio spikes is ~60 ms according to an analysis of 12,000 events
(6] (see Chernov et al. [7] for more studies on radio fine structures
using high-resolution spectral data).

In addition to the increased resolution of the data, the number
of solar radio observatories also increased around the world. For
example, the Expanded Owens Valley Solar Array (EOVSA) [8] is
operating in the frequency range of 1-18 GHz. Mingantu Spectral
Radioheliograph (MUSER) [9] generates nearly 3.5 TB data per
day. Chashan Solar Observatory (CSO) [6] operated by Shandong
University obtains up to 300 GB of data per day. This results in a
rapid increase of data volume waiting to be classified and
analyzed.

Similar to many other data-intensive scientific research works,
solar astronomy has benefited from interdisciplinary study with

computer science and information technology. In particular, the
rapid development of deep learning technology has provided new
avenues in astronomical research.

The deep neural network (DNN) [10], as a functional unit of
the deep learning technology, has been designed to learn how
human beings think and recognize objects on the basis of
hierarchical layer structures. It represents one of the most
important advancements in the developments of machine-
learning algorithms and has been applied to many research
fields when processing a large amount of data. In the field of
image processing and computer vision, the convolutional neural
network (CNN) [11] becomes the most popular deep-learning
method, which is composed of convolution filters to extract
information from the input datasets automatically without any
human intervention, while traditional machine-learning
algorithms require researchers to manually select and
construct these extractors [12]. This great advantage is very
useful, especially when being applied to research problems
without sufficient knowledge or the problems are just too
complex to build a “good” simplified model.

Deep learning technology has been applied to the
classification of solar radio bursts in the last decade. For
example, Gu et al. [13] used a combination of principal
component analysis (PCA) and support vector machine
(SVM) for the mentioned purpose, yet the obtained accuracy
of recognition needs to be improved. To do this, Chen et al. [14]
applied the multimodal network to auto-classify types of radio
bursts, and later, they also tried the method of the deep belief
network (DBN) [15] and the convolutional neural network
(CNN) [16]. In addition, Yu et al. [17] classified the solar
radio data by using the long short-term memory network
(LSTM) and obtained some improvement of the classification
accuracy.

Nevertheless, to train a neural network model to a satisfactory
level, a large amount of data is needed along with manual labeling
and the input of the classifying information. This is usually very
time-consuming. In addition, the occurrence numbers of
different types of radio bursts are very different from each
other. For example, the numbers of type IV and V bursts are
significantly less than the other types of radio bursts. The main
aim of this study is to utilize a proper deep learning algorithm to
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FIGURE 2 | Structure of the C-DCGAN model, including three major modules: the classifier, the discriminator (D), and the generator (G) (see text for detalils).

Discriminator

Classifier

resolve the issue caused by an insufficient dataset. This is achieved
by applying the method of the generative adversarial network
(GAN) [18].

GAN has received a lot of attention since its emergence. It
[11] introduces the idea of game theory into the training
process, in which generator and discriminator are trained
alternatively to learn the major characteristics of the data. Its
neural network structure greatly enhances the capability in
generating samples to provide more dataset when training
the classification network.

GAN can be further extended to a conditional model (CGAN)
if both the generator and discriminator are conditioned on some
extra information (c). Condition ¢ can be fed into both the
discriminator and generator as additional input information
[19]. In addition, the GAN model is further improved as the
deep convolutional generative adversarial network (DCGAN) to
increase the quality of image fitting through the confrontation
learning of the generating model and the discriminating model
[20]. This potentially increases the number of samples. These
generated samples are then used together with the original dataset
for training purpose.

In this study, we develop a novel machine-learning program,
the conditional deep convolutional generative adversarial
network (C-DCGAN) model, on the basis of the DCGAN
model, to automatically classify solar radio bursts observed
by the Culgoora Observatory from 1995 to 2015 and the
Learmonth Observatory from 2001 to 2019. The model has
been tested using the MNIST dataset. The results demonstrate
that the C-DCGAN method can capture the major
characteristics of each type of solar radio bursts and yield a
satisfactory level of recognition accuracy of these bursts. The
following section presents the details of the model and the
dataset. Section Results of Automatic Identification of Solar
Radio Bursts With C-DCGAN shows the classification results
with the C-DCGAN method. The Discussion and Conclusions
are given in the last section.

THE C-DCGAN MODEL AND THE DATASET
OF SOLAR RADIO BURSTS

In this section, we present the technical details of the C-DCGAN
model, the dataset of solar radio bursts, and how we use the data
to train our model for the purpose of auto-recognition of the
types of bursts.

C-DCGAN Model

The C-DCGAN model is a combination of two networks, CGAN
and DCGAN. In comparison to the initial GAN model, CGAN
performs better in generating categories of images, while DCGAN
is better in generating artificial images. Specific conditions, for
example, types of radio bursts of the sample spectra, are supplied
to the C-DCGAN model during the training process. This allows
the model to generate images representative of any type of radio
bursts, which will be used in the deep learning process.

In Figure 2, we present the basic structure of the network. It
can be seen that the C-DCGAN includes three major modules
including the classifier which is a convolutional neural network
used to classify and identify the different types of solar radio
bursts, the generator (G), and the discriminator (D). G and D are
trained in an adversarial manner; in other words, G is designed to
generate artificial images as real as possible, while D tries to
differentiate the real and fake inputs. And the classifier tries to
classify all available datasets including real data and those
generated by G, designed to get the most optimized outputs.
Through their competition, D can proceed effectively, and the
over-fitting issue caused by insufficient dataset can be largely
avoided, while the classification accuracy can be improved, as
shown by the following results.

The distribution of the real data (x) is taken to be P data(x)’
which is unknown. Yet the discriminator has a known noise of
Py Through G, the model learns this distribution and outputs
artificial image data (G(z|c)) on condition c¢. To generate an
artificial data image (P dm(x)), the data noise PZ(Z) should be
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added by the generator G. This is achieved with the following
cross-entropy loss function:

mGin max V(D,G) = E;_p,,, [l0g D(x)] + E. - p, [log(1 - D(G(z0)))],

where V (D, G) represents the loss functions of G and D, and E
represents the expected value. And x represents the real sample, D
(x) represents the probability of discriminating x as a real sample
with the discriminator D, G(2) is the sample generated from noise
z by the generator G, E, - P (x)represents the real data sample

extracted from the training data x, and E, . p 0
image; D (x) and D(G(zl|c)) are outputs of discriminator D to
determine how close the included dataset to the “real” data. In

ideal situations, both parameters should be close to 1.

the generated

Dataset of Solar Radio Bursts
The dynamic spectral data of solar radio bursts recorded by
the Culgoora Observatory from 1995 to 2015 and the
Learmonth Observatory from 2001 to 2019 are used to
train the C-DCGAN model. The horizontal axis and
vertical axis of a map of the dynamic spectrum are time
and frequency, respectively. The online data are represented
with JPEG format of images with different dimensions in
pixels that are 600 x 1750 for Culgoora and 300 x 1700 for
Learmonth. These spectral data should be preprocessed
before inputting them into the model.

First, we rebind both datasets into the resolution of 128 x 128.
The event lasting longer than 60 min will be downsampled to

128 x 128, and the event shorter than 60 min will be upsampled to
128 x 128. This does not affect the statistical properties of the data
significantly [16], according to Figure 3, which presents the
comparison before and after the rebinding, in particular, the
downsampling process. The comparison of the histogram of the
original and the downsampled images indicates that the data
preprocessing does not change their statistical properties
significantly.

To increase the recognition accuracy, we further remove
events that are incomplete and with mixing types of bursts
according to the online log files of the data. We end up with a
data sample including 36,005 burst images, of which 7,201
are used in the testing process (see Table 1 for a list of the
numbers of various types of radio bursts used here). It can be
seen that type III burst has the largest sample numbers,
while type I burst from Learmonth and type V burst from
Culgoora have the least number of samples. Note that only 4
events are included for type V burst for Culgoora. This
affects the performance of our model, as will be
discussed later.

The Training Process

The model was run on GPU arrays of the NVIDIA GeForce
quadro RTX 8000; the training process lasts up to 43 h. When
the training data are not enough to provide a good estimate of
the distribution of the entire data, in other words, the model
is overtrained and leads to over-fitting of the data; we employ
the dropout method. Typically, the outputs of neurons are set
to zero with a probability of p in the training stage and
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TABLE 1 | Event number of solar radio bursts used in the training process from the two stations.

Type Occurrence number (Leamonth) Occurrence number (Culgoora)
Type | 139 1,144

Type ll 519 1,070

Type lll 10,143 22,273

Type IV 288 74

Type V 351 4

20 epoch 50 epoch

Cc

150 epoch

200 epoch

the loss functions versus epoch number for D and G.

FIGURE 4 | Testing the C-DCGAN model with the MNIST dataset. (A-D) shows the C-DCGAN generated data at Epochs 20, 50, 150, and 200. (E) The values of

Discriminator
7 Generator

suonounj Sso Jo eneA
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multiplied with1-p in the test stage [21]. By randomly
taking out the neurons, in other words, dropout is an
efficient approximation of training many different
networks with shared weights of some neurons. In our
experiments, we applied the dropout to all the layers, and
the probability is set as p = 0.5.

We use the MNIST (Modified National Institute of
Standards and Technology) dataset to evaluate the
performance of the model, which is a large database of
handwritten digits commonly used for similar training
purpose. It has 60,000 training samples and 10,000 test
samples. Figures 4A-D show the wvariation of the
generated image samples with training epochs. Figure 4E
shows the variety of the loss functions of both D and G. It can
be seen that the original data image can be well replicated
within 200 epochs, while at the earlier epochs (<100), the loss
values show large oscillations. And the loss values after Epoch
100 remain below 0.5.

The Recognition Process

The process of image recognition is done through the following
steps: 1) we fix the parameters of G while keeping the accuracy of
D as high as possible, 2) the parameters of D are fixed while
optimizing the output of G so that the discrepancies between the
generated data and the real data are sufficiently small, 3) the

Discriminator
7 Generator

SUOTIdUN SSOT JO an[eA
=y

200 300 400

Epoch Number

FIGURE 5 | Variations of the loss function with epoch number, blue for D
and orange for G.

above two steps are conducted repeatedly until the model
achieves high-enough accuracy of image recognition, and 4)
the discriminator is extracted from the trained C-DCGAN
model to form a new structure of recognition. Both the
samples generated by G and the real samples are taken as
inputs to the classifier.
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FIGURE 6 | C-GCGAN generated data images of the five types of solar radio bursts at different epoch numbers (50-300). Panels from top to bottom correspond to

Epoch 200 Epoch 300

RESULTS OF AUTOMATIC
IDENTIFICATION OF SOLAR RADIO
BURSTS WITH C-DCGAN

In total, 28,804 solar radio spectral data images were used as the “real
part” of the training sample; those images of data generated by the
generator were also used. The loss functions of both D (the
discriminator) and G (the generator) are plotted in Figure 5 as a
function of the epoch number of the training process. It can be seen
that the value of the loss function of G is rather small at the start while
that of D is rather large. With increasing the epoch number, say, after
Epoch 30, the two values manifest strong oscillations, indicating the
occurrence of confrontation. After Epoch 100, both values of loss
function remain mostly below 1, indicating the gradual stabilization
of the two networks. They remain largely below 0.8 after Epoch 250,
indicating the data generated by G can be hardly discriminated from
real data by D; in other words, these generated data contain most, if
not all, essential features of the real data.

TABLE 2 | Accuracy of identification of different types of radio bursts according to
the C-DCGAN model.

Type Accuracy (Leamonth) (%) Accuracy (Culgoora) (%)
Type | 85.82 86.01
Type |l 85.43 85.30
Type il 91.97 91.06
Type IV 89.32 89.16
Type V 84.79 81.43

Examples of the generated data images, at different numbers of
epochs from 50 to 300, for the five types of solar radio bursts
observed in the metric decametric wavelengths are shown in
Figure 6. At the early stage of the training (before Epoch 100), the
generated images are rather blurred; with increasing numbers of
epoch (after Epoch 200), the generated images become very
similar to those observed for the same type of radio burst,
indicating the success of the data-generating process. This
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and (C) as type IIl.

FIGURE 7 | Three cases that have been misidentified as type V by C-GCGAN. According to the online data log file, (A) has been classified as type IIl, (B) as type I,

mostly resolves the issue of insufficient data sample and the consequent
over-fitting problem of earlier network models and improves the
performance of our model as will be demonstrated soon.

Table 2 presents the identification accuracy of different types of
metric decametric solar radio bursts. It can be seen that the accuracy
of type III identification is the highest, reaching above 91% for both
datasets (91.97% for Learmonth and 91.06% for Culgoora). The
accuracy for type IV also has a high rate of 89.32% for Learmonth
and 89.16% for Culgoora. This is likely due to the easy-to-identify
features of the two bursts, in comparison to others. For example, type
III is a very rapidly drifting feature with high brightness, while type
IV is a long-duration wideband continuum. In addition, type III
bursts usually last for less than 60 min; thus, they are not affected
much by the downsampling preprocessing. The recognition
accuracy of type I and type II bursts is relatively low, around
85%, while that for type V bursts are the lowest (84.79% for
Learmonth and 81.43% for Culgoora). This is likely due to the
smaller number of events in the sample for these bursts. Note that
only 4 spectra are available for type V bursts from Culgoora; thus,
C-DCGAN cannot catch the full features of the burst. This indicates
that although C-DCGAN can largely resolve the inadequate data
problem, its performance is yet to improve when the number of
samples is too low. The average identification accuracy for the five
types of radio bursts for Learmonth is higher than that for Culgoora,
mainly because the sample data from Learmonth are more balanced
among different types of bursts than those from Culgoora.

To further look into the causes of false recognition, we present
three such examples in Figure 7. They were all misidentified as
type V bursts. The event in Figure 7A was classified as a type III
event according to the online log file of the Learmonth
Observatory (yet it could be classified as a type V event from
our perspective); the event in Figure 7B was classified as a type II
event, according to the online log file (yet it should be classified as
a mixing-type event with both type III and type II bursts), and the
last event is a type IIT burst (should be classified as a type III storm
event). Since type V usually takes place after type III burst, in this
case, they coexist as mixing events in one spectral data. In
addition, due to their similar morphology, type V could be
easily misidentified as type III, or the two bursts are not
separable in many events. According to our method of data
selection, we have removed the events of mixing types of

bursts. This contributes to the insufficient number of type V
bursts used in the training process and affects the accuracy of
our model.

CONCLUSION AND DISCUSSION

Observations and studies of solar radio bursts are important to
our understanding of the physics of solar activities and relevant
space weather science as well as the physics of plasma radiation
in both astrophysics and space science. With the increasing
volume of data, it becomes timely and demanding to develop
techniques that can classify various types of solar radio bursts
automatically.

To do this, we developed a C-DCGAN model combining two
networks including the conditional generative adversarial network
(CGAN) and the deep convolutional generative adversarial
network (DCGAN). The main motivation is to resolve the issue
caused by inadequate numbers of data samples and the consequent
over-fitting issue. The database of solar radio bursts recorded by
the Learmonth and the Culggora observatories consists of 36,005
events. We concluded that the C-DCGAN performs well for type
II and IV bursts, reaching identification accuracy as high as
89-92%; for type I and type II bursts, the accuracy reaches
around 85%, while for type V burst, the accuracy is the lowest,
being below 85%.

The results show that our C-DCGAN model can
satisfactorily generate artificial data images from a small set
of data and potentially expand the size of the data sample. This is
important for the better performance of our model over others
published earlier [16] and represents a novel way in the auto-
classification of solar radio bursts using the deep learning
technology.

There exist two major limitations of the present model that
should be overcome in the future: 1) downsampling of the data
may lose some critical information of the original data and thus
affect the accuracy of the recognition; 2) the strong signal of radio
interference may become the major features of a radio spectrum
in some cases; thus, further studies should consider either to
remove these signals from the spectra or learn their major
characteristics so as to identify them.
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Prominence eruption is closely related to coronal mass gjections and is an important topic
in solar physics. Spectroscopic observation is an effective way to explore the plasma
properties, but the spectral observations of eruptive prominences are rare. In this paper we
will introduce an eruptive polar crown prominence with spectral observations from the
Interface Region Imaging Spectrograph (IRIS), and try to explain some phenomena that are
rarely reported in previous works. The eruptive prominence experiences a slow-rise and
fast-rise phase, while the line-of-sight motions of the prominence plasma could be divided
into three periods: 2 hours before the fast-rise phase, opposite Doppler shifts are found at
the two sides of the prominence axis; then, red shifts dominate the prominence gradually;
in the fast-rise phase, the prominence gets to be blue-shifted. During the second period, a
faint component appears in Mg it k window with a narrow line width and a large red shift. A
faint region is also found in AIA 304 A images along the prominence spine, and the faint
region gets darker during the expansion of the spine. We propose that the opposite
Doppler shifts in the first period is a feature of the polar crown prominence that we studied.
The red shifts in the second period are possibly due to mass drainage during the elevation
of the prominence spine, which could accelerate the eruption in return. The blue shifts in
the third period are due to that the prominence erupts toward the observer. We suggest
that the faint component appears due to the decreasing of the plasma density, and the
latter results from the expansion of the prominence spine.

Keywords: Sun: corona, Sun: coronal mass ejections (CMEs), Sun: filaments, prominences, Sun: UV radiation,
techniques: spectroscopic

1 INTRODUCTION

Solar prominences are composed of cold and dense plasma suspended in the hot corona [1-4].
Prominence eruptions have a close relationship with flares and coronal mass ejections (CMEs), and
the latter two phenomena are main causes of the space weather storms. Hence studying the triggering
mechanism and evolution of prominence eruptions are important topics in solar physics.
Spectroscopic observation is an effective way to reveal plasma properties and line-of-sight (LOS)
motions. However, high-quality spectral data of eruptive prominences are rare due to limited field of
view (FOV) of general spectroscopic observations and randomness of prominence eruptions.
The Interface Region Imaging Spectrograph (IRIS [5]), is a small explorer spacecraft launched in
2013 June. It provides simultaneous high-resolution spectral and imaging data from the photosphere
to the corona. The IRIS especially has an advantage of observing chromosphere and transition region
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FIGURE 1 | Evolution of the eruptive prominence in EUV images. (A-C) AIA 304 A images. The cyan slice AB in (A} is the position of the time-distance diagram in
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images, respectively. (F) Time-distance diagram along the slice AB in panel (A) from AIA 304 A images. The cyan line marks the onset of the fast-rise phase.
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with some strong resonance lines of Mg 11 (temperature of formation
oflog T [K] ~4.0), Cu (log T [K] ~4.3),and Si1v (log T [K] ~ 4.8).
The prominence core has a chromospheric temperature, and
prominence also has a prominence-corona transition region
(PCTR). So the IRIS is also suitable to observe prominences and
filaments. The IRIS has been widely used to study the dynamics
of quiescent prominences [6-9], but the spectroscopic
observations of eruptive prominences are still rare. Among
the few works [10], reported an erupting prominence in
active region using IRIS observations; the authors found a
faint component with a LOS velocity up to 460 kms™', and
revealed the unwinding motions during the prominence
eruption [11]. studied an eruptive prominence in quiet
region with radiative transfer computations; they derived the
electron densities of the prominence between 1.3 x 10° and 6.0 x
10" cm™, the mean temperature around 1.1 x 10*K, and the
total hydrogen mass between 1.3 x 10'* and 3.2 x 10'* g.

In this work, we focus on the spectral evolution of an eruptive
polar crown prominence (the prominence located at high
latitude) on 2015 April 28th, which erupts successfully with a
CME. The high-quality IRIS observations reveal some
phenomena that have not been reported, and we try to give
reasonable explanations on them. This event was studied by
Reference [12] using extreme ultraviolet (EUV) images, who
were interested in the outflows within the dimming region and
proposed that the outflows are the origin of CME-induced solar

wind. Dai et al. (submitted) used EUV images to explore the
eruption mechanism of this event, and thought that the eruption
is related to the prominence oscillation and mass drainage. Our
paper is organized as follows: Section 2 introduces the
observations and data reduction; Section 3 shows the
prominence eruption process and its spectral features; we give
our explanations on some observed phenomena in Section 4,
which is followed by conclusion in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

An eruption of a polar crown prominence on 2015 April 28th
was well observed by the IRIS. Figure 1A-E show the snapshots
of the eruptive prominence in EUV images from the
Atmospheric Imaging Assembly (AIA [13]), onboard the
Solar Dynamics Observatory (SDO [14]). The observational
channels and times are denoted in each panel. The IRIS
observations were carried out between 10:59-14:54 UT with
24 large coarse raster scans, and each scan had 64 x 2" raster
steps. The binned pixel size along the raster slit is 0.33", the
same as the slit width. The resulting FOV is 126" x 119"
centered at — 742" east and 666" north (see the blue rectangle in
Figure 1B). In the snapshot of a slit-jaw image (S]JI) at 2796 A
in Figure 2A, the dashed white lines mark the slit position
No.30 (left), upper boundary of the FOV of the Mg 1 raster
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(top), and the slit position No.64 (right). The exposure time of
each raster is 8 s and the step cadence is 9.2's. The spectral
resolution is ~ 5.5 km s~' with binned pixels. The slit occurs at
the center of SJIs in Solar-X direction. The FOV of each SJI is
117" x 119", and FOV of SJI observations is marked in
Figure 1B with the white rectangle. The SJIs at 2796, 1400,
and 1330 A are available, which have a cadence of ~ 37 s and the
binned pixel size is 0.333 arcsec in each channel. We mainly use
SJIs 2796 A and 1400 A, the former has a passband of 4 A

centered at 2796 A, mainly contributed by the Mg 1 k line;
the latter has a passband of 55 A centered at 1390 A, mainly
contributed by Si 1v lines but also including O 1v lines, etc.
IRIS level 2 data are used, for which dark current and offsets
are removed, flat field is corrected, and geometric and wavelength
calibrations (for spectrograph channels) are done. The FOV of
SJIs is checked by comparing them with the AIA 304 A images.
The spatial position of spectra is shifted along Solar-Y slightly
“using the fiducial marks on the slit” as suggested by the referee.
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(see Figure 2B at 618" and 708", respectively). The wavelength
calibrations are checked using lines Ni 1 2799.474 A in the Mg 11
window and Fe 11 1392.82 A in the Si v window radiated from the
solar disk; the wavelength errors are expected to be within
2kms . For images of the Si v 1394 A line spectra, bright
and isolated pixels are identified as spikes, and their values are
replaced by their surrounding mean values. Errors of spectral
intensities from signal uncertainty and readout noise are
considered. The former is set to be square root of photon
number, and the conversion coefficient from digital number
(DN) to photons is 18 for near ultraviolet (NUV, including
the Mg 11 k line), and 4 for far ultraviolet (FUV, including the
Si 1v 1394 A line). The readout noise is related to dark current
uncertainty, which is set to be 1.8 DN for NUV (from the negative
values in data) and 3.3 DN for FUV [5].

EUV images from the SDO/AIA and LOS magnetograms from
the SDO/HMI (Helioseismic and Magnetic Imager [15]), are
used. The former has pixel size of 0.6” and temporal
resolution of 12's; the latter has pixel size of 0.5”. Both AIA
and HMI images are processed to level 1.5.

2.1 Estimation of Prominence LOS Velocity
It is almost impossible to describe LOS (Doppler) velocities of
a prominence strictly, due to that a prominence consists of
many threads with different velocities [6, 8]. For optically
thin lines, such as Si 1v 1394 A, double Gaussian fitting could
give two averaged LOS velocities. For optically thick lines,
such as Mg 11 k/h and H 1 Lyman series, the profiles are often
centrally reversed due to self-absorption, and effects of non-
LTE (departure from the local thermodynamic equilibrium)
should be considered [16-19]. Despite these difficulties, we
could still obtain some information of LOS velocities from
the optically thick lines Reference [20]. proposed that for
reversed profiles of Mg 11 k/h lines, the Doppler shift of the
central minimum (or the maximum for a purely emission
profile, called k; for the k line, see Figure 2J) correlates
strongly with the LOS velocity at the 7 = 1 height of the line
core (7 represents the optical thickness), and the average
Doppler shift of the peaks (called k,;, and k,, for the blue and
red sides of the peaks, respectively) correlates with the LOS
velocity at the average 7 = 1 height of the peaks (deeper than
the formation height of the line core). LOS velocity also
affects the asymmetry of the peaks [18]. However, it is
often difficult to identify the positions of kjp, k,,, and k;
for complex profiles.

The center of gravity (COG) method can be used to derive
the Doppler shifts of purely absorption (photospheric lines
[21]) or purely emission lines. When there are multi-velocity
components in a spectral profile, the COG method gives a
weighted average result. However, the COG method is
physically wrong for the emission profiles with central
reversals, although this method is sometimes still useful in
such case [11]. The COG method is expressed as

Spectral Evolution of Eruptive Prominence

TABLE 1 | Estimation of LOS velocities of the eight profiles shown in Figure 2D-K
using different methods: shift of ks, average shift of ko, and ko, average shift at

half maximum, and COG. The velocities are in the unit of “km s~'".

Method 56a 56b 56c 56d 62a 62b 62c 62d
ks - - 16 - 16 - -5

ks - 6 - - - - 3 iRl

Half maximum -6 6 12 11 16 -9 3

COG -7.1 6.9 1.3 134 -116 -108 3.6 6.1

NOTE-The given accuracies of the calculated velocities using the shift of ks, average shift
ofk,, and average shift at half maximum are 1 km s~" due to that the spectral resolution is
~5.5 km s~', and the accuracies using the COG method are 0.1 km s™' because around
40 pixels are considered.

where vp, is Doppler velocity, I is intensity, C is continuum, and
wavelength A is converted into velocity (v) in the unit of “km s
using

2

in which Ay is the rest wavelength and c is the light speed.

To check the reliability of the COG method, we compare it
with the methods proposed by Ref. [20]. Figure 2A is a slit-jaw
2796 A image during the first scan, and Figures 2B,C show the
images of the Mg 11 k line spectra along slit positions No.56 (at 11:
07:39 UT) and No.62 (at 11:08:44 UT), respectively. Four points
along the slit position No.56 and four along the No.62 are chosen
(denoted with “a”, “b”, “c”, “d” for different heights in panel (A)),
and their Mg 1n k line profiles are plotted in Figures 2D-K
sequentially. Positions of k; (marked with the red plus
symbols) and k, (marked with the green stars) are identified
when there is no much confusion. We also calculate the average
shift at half maximum for each profile (marked with the blue x
symbols). The results are listed in Table 1. From the images of the
spectra in Figure 2B-C, it is intuitive that the top part along the
slit position No.56 is slightly blue-shifted and the lower part of the
prominence is red-shifted; along the slit position No.62, the top
part has multi-velocity components and the lower part is also red-
shifted. Among the eight line profiles in Figure 2D-K, the
positions of k; are only identified in four profiles, and three of
them are even questionable (56¢, 62c, and 62d). So the LOS
velocities derived from kj are also questionable. The positions of
kyp, and k,, are determined in three profiles relatively precisely.
The average shift at half maximum is calculated for each profile,
and the results are consistent with what we see in the image of the
spectra. However, this method may not include weak
components as in case of the profiles from Positions 56a and
62a (Figures 2D,H). The LOS velocities derived from the COG
method have the same signs as those derived from the average
shifts of peaks or at half maximum except the 62a profile due to
the aforementioned reason. The results of the COG method are
also consistent with the images of the spectra, which means that
this method is not influenced by occurrence of central reversals
for the chosen profiles.

Z(I(V:‘) - Qv R .
o = 1) We will see that some Mg 11 k line profiles are reversed deeply
D= "C/7/..N . . . .
Y (v)-0O) during the prominence eruption. In most cases, the signs of LOS
i
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velocities derived from the COG method are generally consistent
with the images of the spectra. We will give quantitative results
using Gaussian fitting or directly from the images of the spectra,
and use the COG method to derive LOS velocities statistically
(not physically for profiles with self-absorption) and qualitatively.

3 RESULTS

3.1 Eruption Overview

The long filament, when the prominence is seen against the solar
disk, extends from nearly solar disk center to beyond the
northeastern solar limb on 2015 April 28th. Figure 1A-E
show its EUV images, including the eruption process in AIA

304 A. When seen in AIA 171 and 193 A (Figure 1D-E), the
prominence is thinner than that seen in AIA 304 A (Figure 1A)
due to lower opacities. A part of the prominence is blocked by
itself before the prominence eruption (Figure 1A), and LOS is
mainly along the prominence axis for IRIS observations. In
Figure 1B, the prominence is erupting; a dark region along
the filament spine and two bright ribbons on the solar disk
can be seen. In Figure 1C, the prominence erupts further, and
its spine inclines toward the solar equator. We synthesize a time-
distance diagram in AIA 304 A along the slice AB in Figure 1A,
and the result is shown in Figure 1F. We fit the prominence
height in Figure 1F with a slow-rise phase (linear function) and a
fast-rise phase (exponential function) using the approximation
(22, 23].
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where h represents height, ¢ is time, ¢, is arbitrary, and 7, ¢, ¢1, ¢2
are parameters obtained by fitting. The obtained initial rise speed
is ¢; = 3.78kms™", and the erupting speed at the end of our
tracking is ~ 103 km s~ Onset of the fast-rise phase is defined by
ar
Lonset = 7ln <1_> + £, (4)
Co
which is calculated to be 13:25:30 UT (the cyan vertical line in
Figure 1F).

3.2 Spectral Evolution

We have seen in Figure 2 around 11:07 UT that the top part of the
raster is slightly blue-shifted and the lower part of the prominence
is red-shifted. In this section, we will introduce the spectral

evolution, especially the variations of LOS velocities of the
erupting prominence in detail. Figure 3 shows IRIS
observations around 11:17 UT (the second raster scan),
including SJT snapshots (Figure 3 left column), images of the
spectra along the dark slit in Figure 3A (middle), and spectral
profiles (right) of the Mg 1 k line (upper part) and the Si 1v line
(lower part), respectively. Comparing the prominence images in
the two wavelengths, SJI 1400 A has a narrower bright core with
faint prominence edges (Figure 3B) than SJI 2796 A (Figure 3A),
and the Si v 1394 A line profiles (Figure 3H-J) are weaker with
lower signal-to-noise ratios (S/N) than the Mg 1 k line
(Figure 3E-G). Mg 1 k line profiles are sometimes reversed
(Figure 3F-G), while Si 1v 1394 A line profiles can be fitted using
a Gaussian profile (red curves in Figure 3H-J). Besides, the Mg 11
k line has a larger line width than the Si 1v 1394 A, despite that the
latter is formed at a higher temperature. These performances are
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mainly due to that the Mg 11 k line has a larger opacity than the Si
v 1394 A.

In both of the images of the Mg 11k and Si v 1394 A spectra in
Figure 3C, D, the blue-shifted top part and red-shifted lower part
are visible. We choose three regions in Figure 3A, B from right to
left with respect to the prominence axis, and their average spectral
profiles are plotted in Figure 3E-]. In these panels, the Doppler
velocities derived from the COG method (black fonts) and the full
widths at half maximum (FWHMs, blue fonts, in the unit of “km
s”) are denoted at the left. In Figure 3H-J for the Si 1v 1394 A
line profiles, the Doppler velocities from Gaussian fitting are
denoted at the right (red fonts). Both Mg 11 k and Si 1v 1394 A
lines show that the right part of the prominence is blue-shifted,
with the Doppler velocity of —8.4 + 0.7 kms™' (Figure 3H using
single Gaussian fitting); the left part is red-shifted, with the
Doppler velocity of 11.7 + 0.8 km s~ (Figure 3J).

The prominence spectra vary obviously when the prominence
approaches eruption. The layout of Figure 4 is similar to Figure 3
but observed at ~13:15 UT, about 10 min before the onset of the
fast-rise phase. In Figures 4C, a red-shifted (around 60 kms™")
faint component appears, which can be seen in SJI at the
prominence edges (Figure 4A, B). The Mg 1 k line profiles in
Figure 4E-G are red-asymmetry with multi-velocity
components, and another red Gaussian profile is necessary to
fit the Si 1v 1394 A line profiles in Figure 4H-J. With more
velocity components, the line widths get wider, and FWHM of the
Mg 11 kline is nearly 90 km s~ (Figure 4F, G), and that of the Si v
1394 A line is around 50 km s ' (Figure 41). However, the Mg nk
line of the faint component has a narrower width around
30kms! (Figure 4C).

During the fast-rise phase in Figure 5, the faint components
changes to be blue-shifted, with two main Doppler velocities
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shown in the image of the Mg 11 k line spectra (Figure 5C): -44
and —27 km s™". In the image of Si 1v 1394 A spectra in Figure 5D,
the bright component is also obviously blue-shifted, and the
Gaussian fitting results show that the Doppler velocity is at least
-17 km s™' (Figure 5I). However, the bright component in Mg
k has no obvious shift (Figure 5C), and the line widths are small
(Figure 5E, F). We will see in next section that it is due to the
absorption by the faint component. The emission of the box 3 in
the SJT 2796 A (Figure 5A) is mainly from the faint component,
which is identified from the weak emission of the Mg 11 k line with
blue shifts (Figure 5G). The weak emission of the Si 1v 1394 Aline
from the box 3 (Figure 5J) with the similar blue shift suggests that
the Si 1v line has a contribution to the brightness of the faint
component in SJI 1400 A.

To analyze the evolution of the prominence LOS velocities in
detail, we calculate Doppler images from both the Mg 11 k and Si
1v 1394 A lines using the COG method. After the calculations,
isolated noises in the Doppler images are further removed.

The obtained Doppler images are shown in Figure 6, where
the first row shows AIA 304 A images and the dashed boxes mark
the FOV of the Doppler images in the lower two rows. Initially
(the first column in Figure 6), the left part of the prominence is
red-shifted and the right part is mainly blue-shifted with a
boundary near the prominence axis; the maximum red-shifted
velocity is ~ 30 km s, and the maximum blue-shifted velocity is

~20kms ™' from both Mg 11 k and Si v 1394 A Doppler images
(the difference is < 2kms™!). Then, red shifts dominate the
prominence gradually, and the largest Doppler shifts always
occur at the left edge. At around 13:15 (Figure 6B5), there is
a largely red-shifted region corresponding with the faint
component as shown in Figure 4A, B. About 25 min after the
onset of the fast-rise phase (the rightmost column in Figure 6),
the erupting prominence is mainly blue-shifted, and the average
and maximum LOS velocities in Si v 1394 A window are 22 and
47km s, respectively. The blue-shifted velocities in Mg 1 k
window are smaller, and red shifts can still be seen at the left edge.
Note that in the Mg 1k Doppler image in Figure 6B6, the positive
values along the filament on the solar disk result from the fact that
part of the blue wing of the Mg 11 k line, which is radiated from the
solar disc, is absorbed by the erupting filament (see Figure 5C).

3.3 Faint Component

A detailed view on the evolution of the faint component is shown
in Figure 7, where the AIA 304 A images at different times are
shown in the first row, the slit-jaw 2796 A images are shown in
the second row, the third row shows images of the Mg 11 k line
spectra along the slit positions in Figure 7B, and the remaining
two rows show Mg 1 k profiles at the positions marked in
Figure 7C. Panels C-E share the same abscissa but in different
units. At 12:55:39 UT (the first column in Figure 7), the regions
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FIGURE 7 | AIA 304 Aand Mg k’observations focusing on faint components. (A) The AIA 304 A images. The dashed boxes represent the FOV of the snapshots in
panels (B). (B) The slit-jaw 2796 A images. (C) Images of the Mg I k spectra at the slit positions as shown in images in panels (B). (D) Mg 1 k profiles from the positions
marked with dashed pink lines in panels (C). (E) Mg 1 k profiles from the positions marked with dashed yellow lines in panels (C).

with or without the faint components can be differed in both ATA
304A and SJI 2796 A. In Figure 7Cl, the lower part of
prominence spectrum is not blended by the faint component,
which is reversed with two clear peaks (Figure 7(el)); but the
upper part is overlaid with the faint component and the peak at

the red wing is absorbed with some weak peaks (Figure 7(d1)).
Twenty min later (the second column in Figure 7, the same time
as Figure 4), the faint component is significantly red-shifted.
From Figure 7C2, we can see that the largest Doppler velocity of
red-shifted component is beyond 100 km s™'. The Mg 1 k line in
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Figure 7D2 includes information of both bright and faint
components; it also peaks at blue wing and the red wing is
absorbed. At 13:34:55 UT, about 10 min after the onset of
fast-rise phase (the third column in Figure 7), the sign of
Doppler shifts of the faint component is changing: the lower
part is mainly red-shifted but the upper part is blue-shifted
(Figure 7C3). The Mg 1 k line in Figure 7D3 is seriously
reversed, and the ratio of line peak to central minimum is 4.5.
As a comparison, the ratio of the profile in Figure 7E1 is 1.7.
At13:54:33 UT (the fourth column in Figure 7, the same time
as Figure 5), the faint component is blue-shifted, and the blue
wing of the bright component is absorbed. When focusing on
the AIA 304 A images, we can see the darkening of the faint
region during the eruption process. The expansion of the
faint prominence spine is visible in both AIA 304A and
SJI 2796 A.

4 DISCUSSION

The prominence eruption in the FOV of SDO/AIA can be
divided into slow- and fast-rise phases, and the onset of the
fast-rise phase is around 13:25 UT. However, The prominence
Doppler shifts experience three periods: 1) 2 hours before the
fast-rise phase, the left part of prominence, with respect to the
prominence axis, is red-shifted and the right part is mainly
blue-shifted (first column in Figure 6); 2) then, red-shifted
area increases, and almost the whole prominence (in IRIS
FOV) is red-shifted at 10 min before the fast-rise phase; 3)
during the fast-rise phase, the prominence gets to be blue-
shifted. A faint component is clearly identified at 12:55:39 UT
(first column in Figure 7). The faint component in Mg 1 k
window has a narrow line width (~ 30 kms™?, Figure 4) and

significant variations of Doppler shifts. Besides, the faint
component can absorb the radiation from the bright part,
which leaves a single profile peak when the faint component
has a significant Doppler shift, or results in a deep central
reversal when the shift is slight. In Si 1v window, the faint
component can still be identified in SJI despite the lower S/N;
two Gaussian profiles are necessary to fit the Si 1v 1394 A line
profiles when the bright component is overlapped with the
faint component in LOS. The faint region along the
prominence spine in AIA 304 A images is spatially related
to the faint component. The darkening and expansion of the
faint region during the prominence eruption are visible. The
faint component is also red-shifted before the fast-rise phase,
with a larger LOS velocity than the bright component. In the
fast-rise phase, the faint component gets to be blue-shifted,
too. In the following sections, we will give our explanations on
these phenomena.

4.1 Magnetic Configuration and View of the

Prominence

A knowledge about the magnetic configuration and viewing angle
of the prominence is helpful for understanding its observational
features. The left image in Figure 8 is a AIA 193 A difference
image overlaid with LOS magnetogram contours of +150 Gauss.
The post-eruption loops is left skewed, which suggests that the
filament channel has a negative magnetic helicity [24]. Hence, we
plot the cartoon of the filament as a flux rope [25] with an
exaggerated twist number for a clear view (the right image in
Figure 8). Due to the fact that the faint component can absorb Mg
1 k radiation from the bright component, the faint component
should be in front, which could also be seen in AIA 304 A images
(Figure 7A).
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4.2 Causes of Doppler Evolutions
Opposite Doppler shifts observed in a same prominence are

generally explained as counter-streaming. In previous
observations of counter-streaming, bidirectional flows were
seen thread by thread [26], or blue- and red-wing images
showed different directional flows [27]. Some of counter-
streaming observations could be explained by local motions of
plasma, such as small-scale oscillations [28] or magnetic
reconnection [29]. In our event, the opposite Doppler shifts
are found from the beginning of IRIS observations, and are
possibly a property of the polar crown prominence that we
studied. A major difference from previous observations is that
the opposite Doppler shifts are distributed much regularly,
ie, the left half is red-shifted and the right part is mainly
blue-shifted. This phenomenon reveals large-scale flows along
the prominence spine, and cannot be explained by the local
plasma motions.

Unidirectional flows along the flux rope could also cause
opposite Doppler shifts when the LOS is perpendicular to the
flux rope axis [24, 30-32]. Despite that the LOS is mainly along
the prominence spine in the FOV of the IRIS in our case, we
assume that the opposite Doppler shifts are caused by the flows
within the spine. In this case, in the cartoon of Figure 8, the flows
of the part marked with “bright” should move toward the
observer, or the flows marked with “faint” should move away
from the observer, or both, to cause the left being red-shifted and
the right being blue-shifted with respect to the prominence axis.
In the following period, the spine is dominantly red-shifted, but
the blue shifts are not enhanced. The different evolutions of the
red and blue shifts makes this assumption questionable.

During the fast-rise phase in the third column in Figure 7, the
faint component shows opposite Doppler shift along the slit,
which is possibly caused by untwisting motion of the erupting
prominence [10], which could be seen in AIA 304 A images by
tracking the faint region (Figure 7).

When approaching the fast-rise phase, red shifts dominate
the prominence, and the faint component has a large LOS
velocity. In the Mg 11 k window, the LOS velocity of the
bright component is not clear due to the fact that its
emission is absorbed partly by the faint component. But
from the Si v window, the results of the double Gaussian
fitting (Figure 4H-J) suggest that the Doppler shift of the
bright component is not obvious. The red shifts could be
explained by the mass drainage during the elevation of the
prominence spine, which could accelerate the prominence
eruption in return [33]. In our case, if the prominence mass
moves toward the prominence footpoint behind the solar disk,
the direction of LOS velocity is consistent with the red shifts (see
the cartoon in Figure 8). The large Doppler velocity of the faint
component suggests that the mass near the spine center moves
faster than the mass near the footpoint, which is possibly due to
more significant elevation of the prominence spine center, and
that the large density near the footpoint may slow down
the flows.

During the fast-rise phase, the prominence gets to be blue-
shifted, which reveals the overall movement of the erupting
prominence away from the solar disk and toward the observer.

Spectral Evolution of Eruptive Prominence

4.3 Formation of the Faint Component
Reference [10] did also observe a faint and narrow component

with a large Doppler velocity up to 460 kms™" in an erupting
active region prominence. The authors proposed that the two
components with different Doppler velocities suggest that the
erupting material is distributed in a hollow cone shape. The faint
component in our observations share most of features as reported
by Reference [10]; despite that the Doppler velocity is relatively
small. In addition, there are some phenomena only seen in our
observations. Firstly, we could see the faint component in AIA
304 A images and SJTs directly, hence we observed darkening and
expansion of the faint component during the prominence
eruption (Figure 7A, B). Besides, we observed that the faint
component can absorb the Mg 1 k radiation from the bright
component. On the basis of these phenomena, we suspect that the
Mg 11 k line from the faint component has a lower opacity than
that from the bright component, and the faint component is
composed of low-density and cold plasma due to the expansion of
the prominence spine.

The intensity ratio of Mg 1 k and h lines is widely used to check
the opacity [7, 10, 11, 20]: the ratio is generally in the range of 1-2,
and approaches 2 under the optically thin assumption and gets
small with the increase of opacity. Figure 9 shows the images of
Mg 1 k integrated intensity (panels A,B) and k/h ratio (panels
CD) from spectral observations. Continuum intensity is
subtracted when calculating the images. The left column in
Figure 9 is observed between 11:13 UT and 13:19 UT before
the occurrence of the faint component, and the k/h ratio is
relatively homogeneous. A region is selected in Figure 9C
with yellow box, and the mean k/h ratio is 1.25. The right
column in Figure 9 is observed between 13:11 UT and 13:17
UT, and a faint region is seen at the prominence left edge
(Figure 9B). The k/h ratio image in Figure 9D shows that the
faint component has a larger k/h ratio (1.40) than the bright
prominence (mainly between 1.2 and 1.3), which suggests that the
faint component has a lower opacity. It should be noticed that the
k/h ratios vary for different prominences with different viewing
angles Reference [11]. reported the k/h value around 1.4 in the
main body of an eruptive prominence in quiet region, but in the
erupting prominence studied by Reference [10]; the intensity
ratio of the primary bright component varies from 1.4 to 1.9.

Prominence Mg 11 k radiation is partly from the emission of
local plasma, and partly from the scattering of the chromospheric
radiation [7, 34]. In our observations, the faint component can
absorb or scatter the light from the bright part behind. Using non-
LTE radiative transfer techniques Reference [20], simulated
emergent Mg 11 k and h lines in solar disk; the authors found
that Mg 11 k core intensity is weak if the line core forms at a high
position due to a low density and three-dimensional scattering,
although temperature increases along height in the
chromosphere. In our observations, the low emission
(Figure 7E2-E4) and deep central reversal (Figure 7D3) of the
faint component possibly result from the scattering of low-
density plasma. In addition, line width is mainly determined
by plasma temperature and micro-turbulence. The narrow Mg 11
k line profiles suggest that the faint component is mainly
prominence core, whose temperature is lower than the PCTR.
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TABLE 2 | Main observational results of this work.

Prominence eruption

Evolution of spectra

Faint component

Therefore, we propose that the faint component consists of low-
density and cold plasma, which appear due to the expansion of
the prominence core during the prominence eruption. In this
process, the flows move fast along the prominence spine and
result in significant Doppler shifts. However, non-LTE modeling
is necessary to give a strict explanation on the characteristics of
the AIA 304 A and IRIS Mg 1t k observations.

5 CONCLUSION

We studied spectral evolution of an eruptive polar crown
prominence using its IRIS observations in the Mg ii and Si iv
lines and AIA EUV images. The main observational results of this
work are listed in Table 2. The AIA observations suggest that the

(1) Slow-rise phase
(2) Fast-rise phase

(1) Opposite Doppler shifts with respect to the prominence axis in slow-rise phase
(2) Dominantly red-shifted around the onset of fast-rise phase
(3) Dominantly blue-shifted during prominence eruption

Faint and narrow features in the Mg 11 k line
Large red shifts (~ 60 km s™") around the onset of fast-rise phase
Darkening and expansion in AIA 304 A

prominence experiences a slow- and fast-rise phase before it
leaves the FOV of AIA. Simultaneously, the variation of Doppler
shifts of the erupting prominence could be divided into three
periods. In the first period, more than 2 h before the onset of the
fast-rise phase, opposite Doppler shifts at the two sides of the
prominence axis are found with maximum LOS velocity between
20-30 km s~ . In the second period, around the onset of the fast-
rise phase, the whole prominence gets to be red-shifted gradually.
In the third period, the prominence is dominantly blue-shifted.
The possible cause of the opposite Doppler shifts in the first
period is large-scale counter-streaming, or unidirectional flows
along the prominence spine (as a flux rope). More observations
are necessary to determine which mechanism results in the
opposite shifts, then reveal the mode of flows within the
prominence spine. Besides, the opposite Doppler shifts of the
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faint component during the fast-rise phase may result from the
untwisting motion of the erupting prominence. The obvious red
shifts in the second period may reveal mass drainage along the
prominence spine due to the elevation of the prominence, and the
mass drainage might accelerate the prominence eruption in
return. The blue shifts in the last period is likely to result
from the eruption of the prominence toward the observer.

During the second period, a faint component appears in AIA
304 A, SJI 2796 and 1400 A. The faint component has a narrow
line profile, is initially red-shifted with a typical LOS velocity of
60 km s™!. The Mg 11 k/h ratio of the faint component (~ 1.40) is
larger than that of the bright component (between 1.2 and 1.3),
which suggests that the faint component has a lower opacity. We
also observed the darkening and expansion of the faint
component in AIA 304A images. On the basis of these
characteristics, we propose that the faint component is
composed of low-density and cold plasma due to the
expansion of the prominence during eruption.

Hence we can relate the evolution of the spectra and the
formation of the faint component to the prominence eruption.
The opposite Doppler shifts are properties of the polar crown
prominence that we studied. When the prominence approaches
eruption, the prominence spine elevates and expands, and the
acceleration of the mass drainage causes the obvious red shifts.
Simultaneously, a faint region along the prominence spine forms
and gets darker due to the decreasing of the plasma density during
the spine expansion. Finally, the acceleration of the prominence
eruption results in the blue shifts. Despite the consistence of
above explanations, however, non-LTE radiative transfer
simulations in future are necessary to interpret the
observational characteristics of the Mg 11 k line and AIA 304 A
images.
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On the basis of the Petschek reconnection model and the characteristics of reconnection,
hundreds of reconnection exhausts were reported in the solar wind. Many multi-spacecraft
observations also indicated that interplanetary magnetic reconnection is a quasi-steady-
state plasma process and the reconnection X-line can extend hundreds of Earth radii. In
this study, we report an interplanetary flapping reconnection exhaust observed by Wind on
April 1, 2003 at one AU. The magnetic reconnection event has two adjacent accelerated
flows. We compared the plasma and magnetic characteristics of the two accelerated flows
and found that the second accelerated flow was due to the back-and-forth movement of
the reconnection exhaust. Our observations reveal that not all interplanetary reconnections
operate in a quasi-steady-state manner; some reconnection current sheets can move
rapidly back and forth.

Keywords: interplanetary magnetic structure, interplanetary current sheet, magnetic reconnection, solar wind,
reconnection exhaust

KEY POINTS:

1: A magnetic reconnection event with two adjacent accelerated flows was studied.

2: The detection of the second accelerated flow was due to the back-and-forth movement of the
reconnection exhaust.

3: The observations indicate some interplanetary reconnections operate in an unsteady manner
with reconnection current sheets flapping rapidly.

INTRODUCTION

Magnetic reconnection is a universal plasma process that not only converts magnetic field energy
into plasma kinetic and thermal energies but also breaks and reconnects oppositely directed
frozen-in field lines from different plasma regions. This process is implicated in various contexts,
including space physics, solar physics, and laboratory plasma physics. The authors in reference
[1,2] first established the Sweet-Parker model to describe magnetic reconnection using
observations from solar flare activity. One of the model’s limitations however is that the
reconnection rate is much slower than necessary for flare eruption. In 1964, the authors in
reference [3] proposed a new reconnection model and pointed out that the magnetic reconnection
is a topological process, and the field lines need not reconnect resistively along the entire length of
the boundary layer but could merge over a short length. The key feature of the Petschek model is its
assumed separation between the small length scale of the non-ideal electric field, which is
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FIGURE 1 | Suprathermal electron pitch angle spectrogram of 165.0 eV, magnetic field, and proton temperature data measured by Wind on April 1, 2003 on the
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responsible for breaking magnetic field lines, and the large
length scales on which energy is released and dissipated [4].
The Petschek model yields a sufficiently fast reconnection rate
by virtue of the localized diffusion region and the extended slow
shocks. Reconnection is also characterized by the acceleration of
plasma away from the reconnection site in a pair of oppositely
directed exhaust regions. The authors in reference [5] proposed
a quasi-stationary reconnection exhaust criteria based on the
Petschek reconnection model and the characteristic feature of
the reconnection process. The requirements to identify
reconnection exhausts mainly include 1) a roughly Alfvénic
accelerated flow, 2) the enhancements of proton density and
temperature, and 3) depression of the magnetic field strength. In
accordance with the reconnection exhaust criteria, a large
member of observed solar wind reconnection events has been
identified and reported (e.g., [5-18]). Multi-spacecraft

observations also indicated that the magnetic reconnections
in the solar wind are quasi-steady plasma processes,
reconnecting current sheets are roughly planar, and the
reconnection X-lines can extend hundreds of Earth radii
[6,12,19-21]. Although most reconnection observations
revealed that exhausts have quasi-steady, roughly planar
structures, several reported exhausts were re-entered one or
two times by the same spacecraft after the main exhaust
encounter [11,22-26]. Since these re-entry durations were all
short, the reported narrow re-entry was interpreted as that
exhaust boundaries were non-planar due to their local small-
scale folds, even the folds can be orthogonal to the reconnection
plane [26]. In addition, the quick flapping of reconnection
exhaust may also cause that exhausts were re-entered by one
spacecraft. Here, a possible swinging reconnection exhaust
observed by Wind on April 1, 2003 was presented.

Frontiers in Physics | www.frontiersin.org

67

September 2021 | Volume 9 | Article 736319


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang and Zhao Flapping of Magnetic Reconnection Exhaust

. _ . Dl . D2 D3 D4 ' . _ llog(flux)
150 ; ‘ : 5.0
?{ 50 i [ 4.0
0 = 35
10 e -
= 5r 3
o C ]
ot , . ]
Sl ]
3 ]
Y i N T S R S )y Y S =
m L
-5C : [ . - .
. SF | " 3
£ lE=ssesscesmg SRR RhEG sses s lls s m et C e s -
m _5: 1 I I!. I‘ I.I 1 _;
= ' | T T T =
= 2F E
S 0p---------- AT E
m E | =
OF ' I E
= L | L \ =
= ' T | ' ]
500 | 3
950

w~N O
o O

o

100

o)l
o

1

T

LI LA
lIlllII

Ne(/cm?) V,(km/s) V,(km/s) Vx(klm/sP

Te(eV)

02:00 02:10 02:20 '02:30 02:40 02:50
UT Apri 01, 2003

FIGURE 2 | Magnified images of the suprathermal electron spectrogram, magnetic field, and plasma data of the magnetic reconnection exhaust on April 1, 2003.
The red cures indicate observations of ACE. Note that observations of ACE are shifted toward 22 min in time.

OBSERVATIONS reconnection event, and the following short, fast magnetic

structure, which has been identified as a small flux rope in a
Figure 1 illustrates the suprathermal electron pitch angle  small-scale magnetic flux rope database in reference [27],
spectrogram, magnetic field, and plasma data of the magnetic = measured by Wind at (228.06, 83.01, 10.58) Rg
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(Rg = 6,378 km) in the GSE coordinate system. The top plot
displays the suprathermal electron pitch angle spectrograms of
165.0eV. The subsequent plots show the strength of the
magnetic field (B); the x, y, and z components of the
magnetic field (By, B,, B.); the x, y, and z components of the
proton speed (V, V,, V,); proton density (N); and the proton
temperature (T}), respectively. The suprathermal electron data
were obtained by using a 3D plasma (3DP) analyzer, and the
time resolution was approximately 97 s (Lin et al. 1995). The
resolution of the plasma and magnetic field data is 3 s. Figure 1
also indicates that the magnetic reconnection event occurred at
the interface between a faster magnetic structure and its slower
frontal background solar wind. The faster magnetic structure
lasts less than 3 h, and it exhibits smooth rotations along the
magnetic field directions. Similar to a magnetic cloud, the faster
magnetic structure may have a closed magnetic configuration
because of its smooth field rotations. Magnetic reconnection
may occur because of the compression of the following faster
closed magnetic structure. Figure 2 provides the magnified
images of the suprathermal electron spectrogram, magnetic
field, and plasma curves of the magnetic reconnection event.
The authors in reference [13] first identified and reported the
magnetic reconnection event, and they also determined the
leading boundary of the exhaust at around 02:14:19 UT and
found that the duration of the exhaust is 34 min, that is, their
identified rear boundary is at around 02:48:19 UT. They also
obtained a field shear angle of 153° across the exhaust. Figure 2
also reveals that the accelerated plasma flow and enhanced
proton temperature and proton density regions are mainly at
02:14:19-02:27:52 UT, where the magnetic strength exhibits an
apparent depression. In addition, the phase space densities of
suprathermal electrons display an apparent enhancement in the
region, and these suprathermal electrons may be heated by the
reconnection event. In Figure 2, it seems that the reconnection
event involves two adjacent exhausts, whose boundaries were
denoted by four magnetic field directional discontinuities
(DDs). The first possible exhaust event is about within 02:14:
19-02:21:34 UT, and the second possible exhaust event is from
02:23:31 UT to 02:27:52 UT. Both events have apparent exhaust
signatures: the accelerated plasma flow, the enhanced density
and temperature, and the depressed magnetic field strength.
However, for the first event, the changes between velocity and
magnetic field components are correlated with one another at
the front boundary of the event and are anticorrelated at the rear
boundary, but the changes in velocity and magnetic field are
anticorrelated at both sides of the second one. That is to say,
only the first event can be identified as a reconnection exhaust
according to the reconnection exhaust criteria of Gosling et al.
(2005a). Comparing observed features of the two accelerated
flow events, we can find that the two events have some similar
characteristics. This may indicate that the two accelerated flow
events were just one exhaust, which was detected twice in a short
time by the Wind spacecraft. As mentioned before, both folds of
exhaust boundaries and flapping of reconnection exhausts can
cause that exhausts were re-entered by one spacecraft. In the
following, we will analyze and discuss the cause of the re-entered
reconnection exhaust.

Flapping of Magnetic Reconnection Exhaust

FIGURE 3 | lllustration of motion of the rear boundary of the

reconnection exhaust in the x-y plane. The thick black arrowed line denotes
the trajectory of the spacecraft passing through the rear boundary. (A) The
flapping motion of the rear boundary. The black curve indicates the
position and shape of the rear boundary at D2 time. The orange and magenta
solid curves denote the position and shape of the rear boundary at D3 and D4
time, respectively. The arrowed line indicates the direction of the flap, and its
length denotes the speed. The thin black dashed line denotes the undisturbed
rear boundary of the reconnection exhaust. (B) The fold of the rear boundary.

The spacecraft will detect different signals under different
scenarios. For the scenario of flapping reconnection exhaust, the
spacecraft detects the rear partial exhaust repeatedly, namely, the
spacecraft passes through the same plasma environment twice.
Therefore, the observed plasma and magnetic features of the
partial re-entered exhaust should be similar to that of the rear part
of the main exhaust. In addition, the rear boundary of the main
exhaust and the both boundaries of the partial re-entered exhaust
should have the same DD, which was crossed three times by the
spacecraft. Although the DD moved back and forth with the
exhaust, it may keep the roughly planar structure. For the
scenario of folds in the rear boundary, the trajectory of the
spacecraft should be close to the warping rear boundary so
that it can cross its rear boundary more than two times. The
spacecraft detects different plasma environments at every turn.
Therefore, partial of observed plasma features of two accelerated
(or decelerated) plasma flows may be similar, such as proton
density and the proton temperature for the two scenarios. But the
observations of the magnetic field directions and the proton
velocities should be different for the two scenarios [26].
Especially, the rear boundary of the first accelerated flow and
both boundaries of the second accelerated flow should be not
planar in the fold scenario. The main differences between the two
scenarios are illustrated in Figure 3.

Now, we examine the two adjacent accelerated flows observed
by Wind in more detail. Figure 2 reveals that the plasma and
magnetic characteristics of the two intervals 02:14:19-02:21:34
UT and 02:23:31-02:27:52 UT are approximately consistent, and
these characteristics include magnetic field strength, the magnetic
field direction, the proton velocity, proton density, and the proton
temperature. Especially their profiles of velocity components are
almost unanimous. In addition, the profiles of the magnetic field
and solar wind speed are symmetric at about 02:22:28 UT.
Therefore, we infer that two adjacent accelerated flows only
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TABLE 1 | Normal vectors of the DDs in the GSE coordinate.

X Y z
D2 -0.611 0.732 -0.301
D3 -0.576 0.750 -0.327
D4 -0.539 0.799 -0.264

represent one exhaust detected twice simply due to its back-and-
forth movement. If so, all the directional discontinuities D2, D3,
and D4 are the rear boundary of the exhaust, but D3 is crossed by
Wind from the outside. All the three directional discontinuities
should have consistent variation characteristics. Figure 4 gives
the overlay of time-shifted magnetic field data around the three
directional discontinuities. The data of D3 and D4 were shifted
forward in time by 135 and 378 s, respectively, the time series of
D3 are reversed. Figure 4 demonstrates that three sets of curves
have a similar changing trend, but jump curves of D2 and D4 are
steeper than those of D3. This indicates that the Wind spacecraft
took more time to cross D3 than to cross D2 and D4. The delayed
effect of D3 can be explained with back-and-forth movement of
the exhaust. After Wind passed through the rear boundary the
first time, flapping reconnection exhaust with the solar wind
departs from the Wind satellite quickly. For the second

encounter, the rear boundary needs to come back to scan the
Wind satellite. Thus, the second traversing speed must be lower,
and correspondingly, its traversing duration was longer. Now that
D2, D3, and D4 represent that the rear boundary was crossed at
different time, the three DDs should have similar normal
directions. A minimum variance analysis (MVA) technique is
frequently used to estimate DD normal; here, we also estimated
the normals of the three DDs with the MVA technique, and
Table 1 lists their normal vectors in the GSE coordinate. From
Table 1, one can find that the three normal directions are
coincident, and the angles between two of the three normal
vectors are in the range of 2.72° and 6.06". In conclusion, our
findings suggest that the reconnection current sheet was quickly
moving back and forth when the Wind spacecraft crossed the
reconnection exhaust.

SUMMARY AND DISCUSSION

In this study, we report an interplanetary magnetic reconnection
event, which was detected by the Wind spacecraft on April 1, 2003.
Wind’s observations show that the magnetic reconnection event
has two discrete accelerated flows, and there is an about 2-min
interval between the accelerated flows. The second accelerated flow
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indicates that Wind re-entered the main exhaust. But the cause of
the re-entered exhaust is different from previously reported re-
entered exhaust [11,22-26]. A previous work suggests that the re-
entered parts result from the folded local exhaust boundaries.
However, the analysis of the reconnection event presented here
indicated that the re-entered parts resulted from quickly flapping of
reconnection exhaust. The traversing times of D2 and D3 were
about 30 and 60°s, respectively. The speed of the solar wind in the
normal direction of the rear boundary was about 313 km/s. Taking
this speed as the traversing speed of D2, the traversing speed of D3
should be 156.5 km/s. Such a traversing speed was very likely to be
overestimated since D2 was probably moving in a slower speed due
to the flapping motion. However, the flapping speed could not be
smaller than 313 km/s; otherwise, the observations by spacecraft
may not be able to reveal the flapping movement. The duration
between D2 and D4 was ~330°s. Therefore, the amplitude of the
flapping motion was at least 16 Rg (taking the flapping speed as
313 km/s). This reconnection exhaust was also detected by ACE at
(=5, —29, —65) R relative to the position of Wind 22 min later [13].
The observations of ACE are shown in red curves in Figure 2
(shifted toward 22 min in time for clarity). The rear boundary of
the reconnection exhaust at ACE was thought to be at ~02:18:20
(corresponding to a steep and strong change in Bz). Therefore, the
duration of the reconnection exhaust at ACE was 260°s, which was
less than that of 450°s at Wind. The normal direction of the
reconnection exhaust was estimated to be (-0.32, —0.93, 0.20) at
ACE and (-0.45, —0.85, 0.27) at Wind by applying the hybrid
minimum variance analysis [28] method to the whole exhaust. The
angle between the two normal was ~8°. Therefore, the scale of the
reconnection exhaust in the normal direction was ~4.5 Rg at ACE
and 10.5 Rg at Wind. At ~02:22:50, ACE detected another steep
and strong change in Bz. However, it is hard to decide if this steep
variation in Bz was caused by re-enter the rear boundary of the
reconnection exhaust, due to the low time resolution of the plasma
data from ACE. Besides, one can see that the magnetic field was
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Magnetic flux ropes (MFRs) constitute the core structure of coronal mass ejections (CMEs),
but hot debates remain on whether the MFR forms before or during solar eruptions.
Furthermore, how flare reconnection shapes the erupting MFR is still elusive in three
dimensions. Here we studied a new MHD simulation of CME initiation by tether-cutting
magnetic reconnection in a single magnetic arcade. The simulation follows the whole life,
including the birth and subsequent evolution, of an MFR during eruption. In the early phase,
the MFR is partially separated from its ambient field by a magnetic quasi-separatrix layer
(QSL) that has a double-J shaped footprint on the bottom surface. With the ongoing of the
reconnection, the arms of the two J-shaped footprints continually separate from each
other, and the hooks of the J shaped footprints expand and eventually become closed
almost at the eruption peak time, and thereafter the MFR is fully separated from the un-
reconnected field by the QSL. We further studied the evolution of the toroidal flux in the
MFR and compared it with that of the reconnected flux. Our simulation reproduced an
evolution pattern of increase-to-decrease of the toroidal flux, which is reported recently in
observations of variations in flare ribbons and transient coronal dimming. The increase of
toroidal flux is owing to the flare reconnection in the early phase that transforms the
sheared arcade to twisted field lines, while its decrease is a result of reconnection between
field lines in the interior of the MFR in the later phase.

Keywords: magnetic fields, magnetohydrodynamics (MHD), methods: numerical, sun: corona, sun: flares

1 INTRODUCTION

Solar eruptions are spectacular manifestation of explosive release of magnetic energy in the Sun’s
atmosphere, i.e., the solar corona, and therefore, unveiling the relevant magnetic field structures and
their evolution holds a central position in the study of solar eruptions. Magnetic flux rope (MFR), a
bundle of twisted magnetic field lines winding around a common axis with the same sign, is believed
to be a fundamental structure in solar eruptions [1-3], especially in those which successfully produce
coronal mass ejections (CMEs). By reconstruction of the cross section of ICME (i.e., CMEs that
evolves into the inter-planetary space) from the in-situ data obtained by satellites passing through the
ICME, it has been well established that typical ICMEs have structure of highly twisted MFR

(e.g. [4,5]).
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Although there is little doubt that MFR constitutes the core
structure of CMEs, whether MFR exists in the solar corona before
CME initiation is still in intense debates [6,7]. Currently, there are
two different opinions; one is that MFR does not exist before solar
eruption, and it is the latter that creates MFR through magnetic
reconnection; the other is that MFR should exist prior to eruption
and it is the ideal magnetohydrodynamic (MHD) instability of
the MEFR that initiates the eruption. The typical scenarios for the
first opinion include the runaway tether-cutting reconnection
model [8-10] and the magnetic breakout model [11-14]. In these
models, the coronal magnetic field before eruption is strongly
sheared and eruption is triggered by magnetic reconnection,
internally within the sheared arcade (i.e., tether-cutting), or
above it (i.e., breakout), while MFR is built up during the
eruption through reconnection which transforms the sheared
arcade into the rope. For the models assuming the pre-existence
of MFR, such as the catastrophe model [15,16], the torus
instability and kink instability models [17-21], an MFR is
proposed to either emerge from below the photosphere (i.e., in
the convective zone, where the turbulent convection can create
thin, twisted magnetic tubes [22,23]), or forms slowly by
reconnection in the lower atmosphere [24] through the so-
called flux cancellation process [25]. Observations seem to
indicate that both opinions are possible. For example, on one
hand, Song et al [26] presented a good observation that an MFR
can formed during a CME. On the other hand, an MFR
characterized by a hot sigmoid structure may pre-exist before
eruption, as manifested by precursor oscillation [27] or precursor
external magnetic reconnection between the top of the MFR and
ambient magnetic field [28].

Regardless of which model is relevant to the real case in the
corona, it is commonly agreed that flare reconnection (i.e., the
main reconnection that occurs below the erupting MFR) can
shape substantially the on-the-fly MFR. In the purely two-
dimensional (2D) standard flare model, a plasmoid
(corresponding to the cross section of MFR in 3D) rises from
the top of the flare current sheet, and reconnection in the current
sheet continuously adds poloidal flux to the MFR, which thus
grows and expands during the eruption. As a result, the observed
double flare ribbons, which indicate the locations of the
reconnecting field-line footpoints in the opposite magnetic
polarities, are continuously separated with each other.
However, in a fully 3D case, it is not that straightforward how
the reconnection shapes the MFR. Numerical simulations of the
simplest magnetic configuration (i.e., a bipolar magnetic field),
aided with accurate analysis of magnetic topology evolution, have
been developed to study how an MFR evolves with reconnection
during eruption [20,29], and the findings are becoming known as
the standard flare model in 3D [29-31], although it is still an over-
simplified version of the realistic cases as demonstrated in recent
data-constrained and data-driven simulations (e.g., [32-34]).

In the standard 3D model, the erupting MFR is separated from
the ambient field by a quasi-separatrix layer (QSL [35]), and in
more details, this QSL intersects with itself below the MFR,
forming a hyperbolic flux tube (HFT, [36]), and the flare
reconnection occurs mainly in the HFT. The footprints of this
QSL at the bottom surface, i.e., the photosphere, forms two thin
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strips of ] shape on each side of the main polarity inversion line
(PIL), and the legs of the MFR are anchored within the hooked
parts of the J-shaped strips. Thus, the observed flare ribbons
usually exhibit double-] pattern, and the transient coronal holes
[37], i.e., post-eruptive twin coronal dimmings, are naturally
suggested to map the feet of erupting MFRs, along which
mass leakage into interplanetary space could take place
[38-40], and the boundaries of such twin coronal dimmings
are outlined by the hooks of flare ribbons. With the ongoing of
reconnection, the arms of the double-]J ribbons separate, and their
hooks gradually extends outwards. In such process, the flare
reconnection, which occurs between the pre-reconnection
sheared arcade (as shown in the classic cartoon of tether-
cutting model, ie., Figure 1 of [10]), should increase the
toroidal (axial) flux by increasing the number of field lines
within the MFR.

However, such a “standard” type of flare reconnection in 3D
still cannot explain fully the observations of “standard” two-
ribbon flares. A well-known, unexplained fact is that the feet of
the erupting flux rope, as manifested by twin coronal dimmings
and also by the hook ends of double-] flare ribbons, are found to
be drifting progressively away from the main PIL during eruption
[37], even though the photosphere can be regarded as motionless
during the short time scale of eruption. To this end, Aulanier and
Dudik [41] analyzed in more details the reconnection process in
their simulation of flux rope eruption and showed that the flare
reconnection actually occurs in three different types of events
according to their different effect in building up the flux rope.
The first one is named as aa-rf reconnection, which is the
standard 3D flare reconnection that occurs between two
arcades and results in a long field line joining the flux
rope and a short one as a flare loop. The second one is the
so-called rr-rf reconnection, which occurs within the flux rope
by reconnecting two flux-rope field lines with each other and
generates a new multi-turn flux-rope field line and a flare
loop. The third one is ar-rf reconnection, in which an inclined
arcade reconnects with the leg of a flux-rope field line, and it
generates new flux-rope field line rooted far away from the
PIL and a flare loop. Thus, it is the ar-rf reconnection that
actually leads to gradual drifting of the MFR footpoints.

Observations show even more features not explained (or not
mentioned) in the “advanced” standard model of [41]. For
instance, using high-resolution observations, [42] found two
closed-ring-shaped flare ribbons in the case of a buildup of
highly twisted MFRs with the development of a flare
reconnection. During the separation of the main flare ribbons,
the flare rings expand significantly, starting from almost point-
like brightening. Note that such closed circular shape flare
ribbons have different nature from those formed by null-point
topology which also produce circular ribbon due to reconnection
in the null’s spine-fan separatrix [32]. It is predicted by theoretical
models [35] that if the MFR grows to sufficiently twisted, the
hooks of the double-J shaped footprints of the QSL can indeed
close onto themselves, becoming two closed rings, although this is
not reproduced by the numerical model of [20], possibly because
their simulation run is stopped before the MFR grows to such a
high degree of twist.
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Very recently, a few papers reported that there is a systematic
decrease of the toroidal flux of erupting MFR after its fast increase
(e.g., [40,42,43]). In particular, Xing et al [40] developed a
practical method for estimation of the toroidal flux of MFR
during eruption by combining twin coronal dimmings and the
hooks of flare ribbons. They found that the toroidal flux of the
CME flux rope for all four studied events shows a two-phase
evolution: a rapid increasing phase followed by a decreasing
phase, and moreover, the evolution is well synchronous in
time with that of the flare soft X-ray flux. The increase of
MFR’s toroidal flux can be easily understood by the aa-rf
reconnection while the subsequent decrease remains unclear.
Although Xing et al [40] invoked the rr-rf reconnection as the
mechanism responsible for such decrease, it is still unknown
whether the increase-to-decrease evolution of toroidal flux can
self-consistently be reproduced in any MHD simulation.

This series of papers are devoted to a comprehensive analysis
of a new MHD simulation of eruption [44], focusing on the
formation of MFR during eruption. That simulation
demonstrated in fully 3D that solar eruption can be initiated
from a single magnetic arcade without the formation of MFR
before the triggering of eruption. This is different from the
aforementioned simulations [20,41], in which the eruption is
initiated by torus instability (which is a kind of ideal MHD
instability [17]) of an MFR formed well before the eruption. With
the new MHD simulation, one can follow whole life, i.e., the birth
and subsequent evolution, of an MFR during the eruption. As the
first paper of this series, here we show, for the first time, that both
the closing of the hook ends of the QSLs at the MFR’s feet and the
increase-to-decrease evolution of the toroidal magnetic flux can
be self-consistently reproduced by the simulation, suggesting that
they are genuine features of erupting MFRs. We further
quantified the evolution of reconnection flux during the
eruption, and found that the evolution of QSLs is rather
complex within the MFR. In the second article of this series,
we will illustrate the 3D configuration of the different types of
magnetic reconnection in building up the MFR and disclose why
the QSLs evolve in such a complex way, following the pioneering
work by [41].

2 MHD SIMULATION AND ANALYSIS
METHOD

Recently, Jiang et al [44] performed an ultra-high accuracy, fully
3D MHD simulation and demonstrated that solar eruptions can
be initiated in a single sheared arcade with no additional special
topology. Their simulation shows that, “through photospheric
shearing motion alone, an electric current sheet forms in the
highly sheared core field of the magnetic arcade during its quasi-
static evolution. Once magnetic reconnection sets in, the whole
arcade is expelled impulsively, forming a fast-expanding twisted
flux rope with a highly turbulent reconnecting region
underneath”. They further found that the high-speed
reconnection jet plays the key role in driving the eruption.
The simplicity and efficacy of this scenario, in the theoretical
point of view, argue strongly for its fundamental importance in
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the initiation of solar eruptions. Since the model do not need a
pre-existing MFR, the MFR itself comes into being after the
eruption initiation.

Here we focus on the formation and evolution of MFR during
the eruption by using a simulation run like the one in [44], but
with a lower resolution than the original ones. Such simulation
solves the full set of MHD equations and starts from a bipolar
potential magnetic field and a hydrostatic plasma stratified by
solar gravity with typical coronal temperature. Then shearing
flows along the PIL, which are implemented by rotating the two
magnetic polarities at the photosphere in the same count-
clockwise direction, are applied on the bottom boundary to
energize the coronal field until an eruption is triggered, and
after then the surface flow is stopped. The whole computational
box extends as (32, -32, 0) < (x, ¥, 2) < (32, 32, 64) with length
unit of 11.5 Mm. We solve a full MHD equation with both solar
gravity and plasma pressure included, but with the energy
equation simplified as an isothermal process. The time unit of
the model is 7 = 105, and the shearing motion is applied by
approximately 1207 before the onset of the eruption, during
which a current sheet is gradually built up. Since no explicit
resistivity is used in the MHD model, magnetic reconnection is
triggered when the current sheet is sufficiently thin such that its
width is close to the grid resolution. For more details of the
simulation settings, the readers are referred to [44]. In that paper,
the simulation is managed to be of very high resolutions with
Lundquist number achieving ~ 10° for a length unit. Therefore,
the secondary tearing instability (or plasmoid instability) is
triggered in the current sheet and the magnetic topology
becomes extremely complicated in small scales along with
formation of the large-scale MFR. Such a complexity
substantially complicates our analysis of the large-scale
magnetic topology evolution associated with the erupting
MFR, thus in this paper we used a lower-resolution run
(corresponding to a Lundquist number of ~ 10%). In the
lower-resolution run, the basic evolution of the MFR during
the eruption is not changed as compared to the high-resolution
run, except that the small-scale structure will not arise, and thus
the QSLs are computed in a cleaner pattern. Moreover, with the
lower resolution, we can run the simulation longer and thus
follow a longer evolution of MFR.

To help revealing the variation of the magnetic topology, we
study the distribution and evolution of two parameters, the
magnetic squashing degree and the magnetic twist number,
which are commonly used for the study of 3D magnetic fields
and their dynamics [2,29,30,45-47]. The magnetic squashing
degree Q quantifies the gradient of magnetic field-line
mapping with respect to their footpoints, and it is helpful for
searching QSLs (and true separatries) of magnetic fields [36],
which can have extremely large values of Q (e.g., > 10°) and
are preferential sites of magnetic reconnection. By locating
the QSLs from the high values of Q we can see how the
magnetic topology is evolved by the magnetic reconnection.
Specifically, for a field line starting at one footpoint (x, y) and
ending at the other footpoint (X, Y) where X and Y are both
functions of x and y, the squashing degree Q associated with
this field line is given by [36]
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The magnetic twist number T,, [48] is defined for a given
(closed) field line by taking integration of T,, = I J-B/B*dl/(47)
along the length L of the field line between two conjugated
footpoints on the photosphere. Note that T,, is not identical to
the classic winding number of field lines about a common axis,
but an approximation of the number of turns that two
infinitesimally close field lines wind about each other [47].

3 RESULTS

3.1 Overview of the Eruption
Figure 1 (and Supplementary Movie S1) shows the magnetic
field lines, current density, and energies evolution from slightly

before the eruption onset to a time well after the eruption peak
time (that is, the peak time of energy conversion rate, which is ¢ =
6.5). As can be seen, our simulation demonstrates a typical
coronal eruption leading to a CME, as seen in observations as
well as many previous numerical simulations with different
scenarios [49-51]. The core magnetic field changes from the
pre-eruptive sheared arcades to a inverse S-shaped MFR structure
that subsequently exhibits a huge growth in size. From the top
view, the MFR axis shows a significant anti-clockwise rotation
during the eruption. Figure 1C shows a dimensionless current
density, defined as JA/B (where J is the current density, A is
the grid resolution and B is the magnetic field strength), on
the central cross section, i.e., the x = 0 slice of the 3D volume.
One can see a picture of the 2D standard flare model: a

plasmoid rises and leaves behind a cusp structure
corresponding to the edge of post-flare loop, and
connecting them is a long CS in which magnetic
reconnection occurs continuously. This reconnection

results in high-speed bi-directional (up and down) plasma
jets due to the “slingshot” effect, and the upward jet flow
continuously pushes outward the newly reconnected
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FIGURE 3 | Details of reconnection. (A) Structure of the reconnecting field lines at t = 4. The field lines are colored in red and blue. The cyan object is the iso-
surface of JA/B = 0.2, i.e., the reconnection CS. The magnetic field lines are traced from the QSLs shown on the bottom surface, and as can be seen, they all contact the
CS as these field lines are undergoing reconnection. (B) Sample of reconnecting field lines at t = 8. The thick green lines represent the axis of the newly formed MFR. Note
that the actual sizes of the bottom surfaces shown in (a) and (b) are identical. (C) A stacked time sequence of the bottom Q map in y-direction and centred at x = O,
which shows the separation motion of the two J-shaped QSLs shown in Figure 2A. The sloped, dashed line denotes the largest separation speed. (D) Time evolution of
the height of X point of the hyperbolic flux tube, i.e., the apex of the cusp structure, shown in Figure 2C. The slopped, dashed line denotes the largest rising speed.
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magnetic flux. Eventually, it produces a CME and drives an
arc-shaped fast magnetosonic shock enclosing the erupting
structure.

3.2 Evolution of Magnetic Squashing Factor

and Twist Number

To analyze the evolution of magnetic topology, in particular the
formation of MFR, during the simulated eruption, we calculate
the magnetic squashing factor Q and magnetic twist number T,
at the bottom surface and at a vertical central cross section of the
3D volume. The results are shown in Figure 2 for a few snapshots
and Supplementary Movie S2 for the whole evolution. At the
bottom surface, initially there are two thin strips of high Q,
i.e., QSLs (or more precisely, the footprints of QSLs), forming two
] shapes on either side of the PIL. With onset of the eruption, the
two J-shaped QSLs on the bottom surface begin to evolve rapidly
(see Figure 2A and the high-cadence evolution in
Supplementary Movie S2). In Figures 3A,B, we show the
field lines traced from the bottom QSLs at two different times,
and the 3D structure of the reconnection current sheet by an iso-
surface of extremely strong current density. As can be seen, all the
field lines pass through the reconnection current sheet, which
demonstrates clearly that the field lines in the QSLs are
undergoing reconnection. Consequently, the motion of the

reconnection. Furthermore, from Figure 3, one can see that in
the early phase the reconnection is a fully 3D manner with a
strong guide field component (i.e., B,) because joining in the
reconnection is mainly the strongly sheared, low-lying flux. While
in the later phase, as the sheared flux has been reconnected, the
reconnection transfers into a quasi-2D manner, which consumes
mainly the large-scale, overlying flux that is barely sheared.

On the central cross section (Figure 2C), the QSLs intersect
with each other, developing into an X shape, i.e., an HFT [36], and
the intersection X point is essentially the reconnection site (in
analogy to the null point in a 2D X-shaped reconnection
configuration). As the eruption proceeds, more and more
magnetic fluxes reconnect, and consequently, the two J-shaped
QSLs on the bottom surface continuously separate with each
other (see also Figure 3C, in which the separation speed is
estimated). In the end of the simulation, they have swept to
the center of each magnetic polarity (which is analogous to the
umbra of sunspot). Meanwhile, the X point of the HFT rises
upward progressively (see also Figure 3D, in which the rising
speed is estimated) with the cusp region expanding below. Such
two QSLs with their separation should be manifested as two
separating flare ribbons in observations [33,46], while the rise of
the X point corresponds to the apparent rising of the apex of post-
flare arcades.

Figures 2B,D present the T, distribution on the bottom

bottom QSLs corresponds to the apparent motion of  surface and the central cross section, respectively. Starting
footpoints of the field lines that were undergoing  from the hooks of the J-shaped QSLs, magnetic flux with high
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twist (as denoted by large absolute values of T,,) begins to form
owing to the tether-cutting reconnection, which creates long field
lines connecting the far ends of the two pre-reconnection sheared
arcades. With the twisted flux accumulated through the
continuation of reconnection, the areas occupied by the
footpoints of the highly twisted field lines at the hooks
expand. Consequently, the hook of each J-shaped QSL
continuously extends inward until its end reaches the arm,
forming a closed curve encircling the highly twisted flux (see
the QSL at ¢ = 7). Such a transition of QSLs reproduces the
evolution of flare ribbons that gradually forms close rings at their
ends [42]. With this, the MFR is fully separated with its
surroundings by the QSLs. Consistently, as can be seen in the
vertical cross section at t = 7, the QSL form a closed tear-drop
shape connecting the HFT, within which the twisted flux of the
MFR has twist number T,, mostly below —2.

The evolution speed of the QSLs is related to the rate of
reconnection. As shown in Figure 3C, at the beginning of the
eruption, the distance of the two QSLs is about 10 Mm, and it
reaches ~ 30 Mm at the end of the simulation. The separation
speed first increases and then decreases, with its largest value of
about 18 km s~ at the time of around ¢ = 6.5, which is also the
time the plasma acceleration reaches its maximum (see Figure 1).
Meanwhile, the rising speed of the X point, i.e., the apex of the
cusp structure reaches a maximum of about 40 kms™'. Our
simulated flare-ribbon distances, their separation speed as well
as the rising speed of the cusp are all comparable to typical
observed ones [52-55].

Nearly at the same time when the hook ends of the J-shaped
QSLs close, there is even a new QSL forms within the closed QSLs
(see t = 10 and t = 13 in Figure 2A). In the positive polarity, for
example, this new QSL is bifurcated from the hook end and
moves to the right. As a result, the region bounded by the closed
QSL, ie., the foot of the MFR, is divided into two regions
separated by the newly formed QSL, and the region after
swept by the new QSL shows even stronger magnetic twist
than before. This indicates that there must be internal
reconnection between different field lines of the MFR. Another
noticeable change is the decrease of the area in the closed QSLs,
i.e,, the feet of the MFR, which is quantified below.

3.3 Evolution of MFR’s Toroidal Flux

The toroidal flux of the MFR, i.e, the content of the rope’s flux
that connects the bottom surface, can be quantified by using the
distributions of twist number T, and squashing factor Q at the
bottom surface. Before the full closing of the hook ends of the
QSLs, the feet of the MFR are characterized by the high T,, areas,
while after the closing of the hooked QSLs, they can be identified
more accurately by the area within the closed QSLs, but the T, is
still a good indicator since the QSL-enclosed region has a
distinctly strong twist number (compare T, and Q in
Figure 2). We thus directly use the distribution of T, to
locate the MFR’s feet in the whole evolution. However, it
should be noted that the T, provides only an approximation
of the classic definition of the winding number around a common
axis, and that there is no consensus on the definition of MFR
based on either the winding number or the twist number T,

Formation of Magnetic Flux Rope

although it is generally agreed that the winding of field lines in an
MER should be at least one turn. Therefore, we use two different
thresholds for T,, to locate the MFR, and two values of the
toroidal flux of the MFR are calculated by summing the magnetic
flux with T,, exceeding the two thresholds, respectively. One is T,
< -1, which is also used by Duan et al [2] for searching MFRs in
coronal field extrapolations, and the other is T,, < 1.5, which is
properly chosen such that the MFR can be clearly differentiated
from the background flux that has moderate twist number of T,, ~
-1 but without reconnection during the eruption (thus remains
non-flux-rope field lines during the eruption). We also compute
the areas of the MFR foot using the two thresholds, as well as the
average twist number of the toroidal flux. The results are present
in Figures 4A,B, which clearly show that the toroidal flux (as
computed by either thresholds) first increases, reaching its peak
value fast, and then decrease slowly. Such an evolution pattern
also applies to that of the MFR foot area. This increase-to-
decrease pattern of toroidal flux reproduces the observed
variations of magnetic flux in erupting MFR’s foot as
identified by flare ribbons and transient coronal dimming [40].
On the other hand, the mean twist number shows a systematic
increase to a value close to 3.5 at the end of simulation.

3.4 Evolution of Reconnection Flux

We further quantify how much of the magnetic flux is
reconnected during the eruption. In principle, the total
reconnected flux is simply the flux (by a factor of two) that is
swept by the QSLs at the bottom surface in magnetic polarities of
the same sign. This is analogous to counting the photospheric
magnetic flux swept by flare ribbons to measure reconnection rate
from direct observations [52,56]. However, this requires a very
high time cadence of simulated data to capture the fast motion of
the QSLs, such that the combination of all the QSLs at different
times can seamlessly form the whole area that experiences
reconnection. Furthermore, the geometry of QSLs is rather
complex, and it is not straightforward to compute the areas
swept by the QSLs. For instance, in Figure 5A, the QSLs at
two consecutive times (t = 6 and 6.5) are over-plotted. As can be
seen, there are clearly a margin between them, and this margin
area is exactly the region swept by the QSL in the time increment
(i.e., from ¢t = 6 to 6.5). It is not easy to calculate the flux in this
bounded area owing to its very irregular shape.

Thus, we proposed an alternative way to calculate the
reconnected flux by taking advantage of the fast-slipping
motion of the footpoints of the reconnected field lines. In our
simulation the bottom surface is fixed without any motion, thus
for any field line without reconnection, it will be perfectly frozen
with the plasma, and its two footpoints will not change with time.
So, if tracing from a fixed footpoint of a field line to the other end,
the conjugate footpoint will also be a fixed point at different times.
If the field line undergoes reconnection, the conjugate footpoint
will slip to a different location in the time step, and thus by the
displacement one can easily find whether the field line reconnects
or not during the time step. By this approach, the region between
the two QSLs at the two consecutive times is clearly enhanced, as
shown in Figures 5B,C, and then we can calculate the
reconnected flux in the time step. In Figure 5D all the QSLs
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FIGURE 4 | Temporal evolution of different parameters in the eruption. (A) Toroidal flux (black line), foot area (blue line) and average twist number (red line) of

the MFR as calculated with T,, < —1. They are defined as, respectively, IsBzds, areaof Sand ISBZTst/JsBst, in which S'is the region of T,, < —1 at the bottom surface.
(B) Same as (A) but with T, < —1.5. (C) Magnetic reconnected flux and its increasing rate. The dashed line shows the toroidal flux with T, < —1.5. (D) Kinetic energy and
its changing rate. The pink vertical bar denotes the peak time of the increasing rate of kinetic energy.

at different times (in one polarity) are overlaid, and in Figure 5E  and then slow decrease) like the changing rate of the kinetic and
all the regions swept by the moving QSL are shown. We note that ~ magnetic energies (see also Figure 1), and all of them reach the
a large portion of the polarity is swept and therefore reconnects ~ peak at the same time. Such temporal correlation between
during the eruption, and an evident drift of the MFR foot can be ~ reconnection rate (or flare emission) and CME acceleration
seen. Interestingly, there are some regions that are swept by the ~ has been well revealed in observation studies [57,58], stressing

QSL with more than one time, some even reaching 4 times,  the central role and fundamental importance of magnetic
suggesting a rather complex internal reconnection in the  reconnection in producing flare and CME [59].
erupting MFR. It is interesting to compare evolution of the MFR’s toroidal

The reconnection flux and its changing rate are shown in  flux and that of the reconnected flux. In Figure 4C, the dashed
Figure 4C. The total reconnected flux increases monotonically,  line shows the toroidal flux as present in Figure 4B. In the early
attaining nearly half of AR’s total flux content at the end of the  stage, i.e., before the reconnection rate reaches its peak, the
simulation. The reconnection rate, i.e., the increasing rate of the ~ reconnected flux almost equals to the toroidal flux, meaning
reconnected flux, shows an evolution pattern (ie., fast increase  that the reconnection builds up the MFR by transferring the same
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FIGURE 5 | Areas swept by the QSLs at the bottom surface. (A) A overlaid image of Q at two consecutive times t = 8 and 8.5. (B) The reconnected region
(shown in black) as calculated by using the slipping of the field line footpoints. (C) Same as (B) and overlaid with the QSLs at ¢ = 8 (colored in cyan) and ¢ = 8.5 (colored in
pink). (D) Overlaid plot of the QSLs at all the different times from t = 0 to 16.5. The QSLs at different times are color coded by time. (E) All the regions swept by the QSL.
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overlaid for showing the location of the magnetic polarity.
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amount of sheared arcade flux into the same amount of flux in the
rope. However, after the peak time, although the reconnected flux
continues to increase, the toroidal flux in the rope decreases, and
this suggesting that there must be reconnection within the MFR,
by the so-called rr-rf reconnection [41]. We note that,
interestingly, the peak time of reconnection rate (at t = 6.5)
also coincides with the time of the closing of the QSLs, and
immediately afterward, the toroidal flux also reaches it maximum.

4 SUMMARY

In this paper, we have studied the magnetic evolution of an MFR
formed during the eruption in an MHD simulation. The MFR is
generated absolutely by tether-cutting reconnection of the pre-
eruption, strongly sheared arcade. In the early phase, the MFR is
partially separated from its ambient field by a QSL that has a
double-] shaped footprint on the bottom surface. With the
ongoing of the reconnection, the arms (i.e., the straight parts)
of the two J-shaped footprints continually separate from each
other, which eventually pass through the centers of each polarity.
Meanwhile, the hooks of the J shaped footprints expand and
eventually become closed almost at the eruption peak time, and
thereafter the MFR is fully separated with the un-reconnected
field by a QSL. The reconnection substantially shapes the MFR by
first increasing quickly and then decreasing gradually its total
toroidal flux, which explains a recent observation of magnetic flux
variation in erupting MFR’s foot. In the whole eruption, nearly
half of the AR’s flux is reconnected, and the reconnection rate, as
measured by the increasing rate of the reconnection flux,
synchronizes well with the energy conversion rate
(i.e., magnetic energy releasing rate and the kinetic energy
increasing rate). In the early stage, i.e., before the reconnection
rate reaches its peak, the reconnected flux almost equals to the
toroidal flux in the MFR, whereas after the peak time the toroidal
flux in the MFR decreases despite that the reconnected flux
continues to increase. The increase of toroidal flux is owing to
the flare reconnection in the early phase that transforms the
sheared arcade to twisted field lines, while its decrease should be a
result of reconnection between field lines in the interior of the
MFR in the later phase, as first disclosed in [41].
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This paper studies the magnetic topology of successively erupting active regions (ARS)
11,429 and 12,371. Employing vector magnetic field observations from Helioseismic and
Magnetic Imager, the pre-eruptive magnetic structure is reconstructed by a model of non-
linear force-free field (NLFFF). For all the five CMEs from these ARs, the pre-eruptive
magnetic structure identifies an inverse-S sigmoid consistent with the coronal plasma
tracers in EUV observations. In all the eruption cases, the quasi-separatrix layers (QSLs) of
large Q values are continuously enclosing core field bipolar regions in which inverse-S
shaped flare ribbons are observed. These QSLs essentially represent the large connectivity
gradients between the domains of twisted core flux within the inner bipolar region and the
surrounding potential like arcade. It is consistent with the observed field structure largely
with the sheared arcade. The QSL maps in the chromosphere are compared with the flare-
ribbons observed at the peak time of the flares. The flare ribbons are largely inverse-S
shape morphology with their continuity of visibility is missing in the observations. For the
CMEs inthe AR 12371, the QSLs outline the flare ribbons as a combination of two inverse
J-shape sections with their straight parts being separated. These QSLs are typical with the
weakly twisted flux rope. Similarly, for the CMEs in the AR 11429, the QSLs are co-spatial
with the flare ribbons both in the middle of the PIL and in the hook sections. In the frame
work of standard model of eruptions, the observed flare ribbons are the characteristic of
the pre-eruptive magnetic structure being sigmoid which is reproduced by the NLFFF
model with a weakly twisted flux rope at the core.

Keywords: Sun: CMEs, Sun: magnetic flux ropes, Sun: magnetic fields, Sun: flares, Sun: active region

1 INTRODUCTION

Most often the coronal mass ejections are seen to launch from magnetically concentrated regions
called active regions (ARs). In soft X-rays or in EUV images, the ARs that precede CMEs are seen
with the observational features of S- and J-shaped loops situated over along the polarity inversion line
(PIL). Owing to this specific S- or inverted S-shape, [1] termed these regions as sigmoids and are
considered to be one of the most important precursor structures for the solar eruptions [2-4].
The shape of the sigmoid indicates the loops composed of non-potential magnetic field
configuration characterised by sheared and/or twisted magnetic field lines. As a reason, the
magnetic structure of the sigmoids are described by two competing configurations that are
sheared arcade and magnetic flux rope (MFR). In the sheared arcade model, the two magnetic
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Magnetic Structure in Erupting Active Regions

Erupting MFRs form flare ribbons which trace these photospheric QSL footpoints.

FIGURE 1 | Schematic of the 3D standard model for eruptive flares. left panel: Black thick curves indicate the inverse-S QSL footprints at the photosphere. “N”
(“S”) refers to north (south) polarity magnetic flux distribution. These inverse-S QSLs are regarded as the combination of two inverse-J shaped sections with straight parts
lying in the opposite polarities about the PIL. right panel: Perspective view of the erupting flux rope structure and HFT underneath in a vertical plane across the MFR.

elbows sheared past each other are situated at the opposite ends of
the PIL with a central sheared core at the middle section of the
PIL [5,6]. And in the MFR scenario, a magnetic MFR is embedded
in a stabilizing potential envelope field [1,7,8]. Because of the
non-potential nature of the magnetic field, the magnetic structure
in the sigmoid is approximated with a non-linear force-free field
(NLFFF) which allows different twist parameter for individual
field lines. The force-free modeling is justified by the low-$
corona with a slowly evolving field compared to the Alfven
crossing time.

To understand the eruptive nature of sigmoidal regions, it is
important to study their magnetic structure and evolution both
theoretically and observationally. Observations showed that the
magnetic flux ropes have frequently been associated with
sigmoidal regions [1,9-13] and the modelled NLFFF
magnetic configuration that describes the observed shape of
sigmoids is a weakly twisted flux rope embedded in potential
arcade [14-18]. The flux rope structure constructed from
analytical configurations [4,19,20] exhibits current sheets in
the magnetic interface layers called quasi-separatrix layers
(QSLs) where the connectivity of the field lines changes
drastically just like separatrix layers. In the process of
emerging, such a MFR develops a separatrix surface
touching the photosphere along the PIL section [21,22].
These sections of the PIL are called bald-patches (BPs) and
the separatrix surface at the BP appears as an S-shape from top
view similar to sigmoid shape. After the emergence phase, the
S-shaped bald-patch separatrix surface (BPSS) bifurcates into a
double J-shaped QSL with the main body of the MFR lifted off.
From this BPSS topology, the QSL structure underneath the

rising flux rope develops an X-line configuration referred to as
hyperbolic flux tube (HFT), where the reconnection sets in for
the onset of the eruption. Therefore, the HFT topology is the
predicted site for flare reconnection and CME eruption [23].
Further, the topological analysis of the MFR configurations,
both models and observations, recommends the extension of
the standard CHSHK flare model [24-27] to 3D. In the 2D flare
model two flare ribbons are observed on either side of the PIL,
whereas MFR eruptions found co-spatial flare ribbons with
hook-shaped QSLs [15,28-30]. Figure 1 displays the schematic
of the 3D standard model for eruptive flares as interpreted from
simulations of eruptive MFRs [21,28,31]. In the left panel, the
hook-shape inverse-S shaped QSLs in the photosphere are
shown in thick black curves. The HFT underneath the
uplifting MFR is depicted in the right panel as seen from
perspective view. The photospheric QSL footpoints are co-
spatial with flare ribbons in the 3D-eruptive flare models
which is a signature of the MFR topology.

Motivated by the above topological studies of the erupting
regions, in this paper, we study the pre-eruptive magnetic
structure of five CMEs from two successively erupting ARs.
The coronal field is constructed by NLFFF [32], then we
computed the chromospheric QSLs to compare their spatial
locations with the geometry of the observed flare ribbons. By
this comparison, one can ascertain the model predictions of the
topological features with the observations, and then also validate
the extent of the invoked NLFFF model to reproduce the actual
coronal field. The paper is organized as follows. In Section 2, an
overview of the CME events with a brief description of results
presented in the previous reports. Reconstruction of the magnetic
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AR:11429

AlA 131 2012-03-09T03:00UT

refers to the CMEs and associated X, M-class flares from the AR 11429.
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FIGURE 2 | Observations of the successively erupting AR 11429 (A) Full disk observation of AIA 131 A. The structured emission from AR 11429 is outlined with
yellow rectangular box, (B-C) HMI vector magnetogram observations of the AR 11429 at the onset of CME eruptions on March 6 and 10 respectively. The background
image is vertical magnetic field with contours at +120 G. Green/red arrows denote horizontal field with their length being proportional to the magnitude B, = (Bf + Bﬁ).
Axis units are pixels of 0.5 arc-second, (D) Disk integrated GOES X-ray flux in 1-8 Aband during the disk transit time of the AR 11429. Text near the X-rays peaks

structure by NLFFF modeling is presented in Section 3.
Comparison of the QSLs with the flare-ribbons is made in
Section 4 and concluded with a summarized discussion in
Section 5.

2 OVERVIEW OF THE OBSERVATIONS

Observations of the successive eruptions from the ARs 11429 and
12371 are obtained from the Atmospheric Imaging Assembly (AIA
[33]) and Helioseismic Magnetic Imager (HMI [34]) on board
NASA’s space-based Solar Dynamics Observatory (SDO). The
ATA instrument captures the full disc images of the solar corona
in 10 wavelengths at 0.6 arcsec pixel " resolution. The HMI provides

photospheric line of sight and vector magnetic field observations at
0.5 arcsec pixel ' resolution in Fe 16,173 A wavelength. The pipeline
procedures of deriving the vector magnetic fields from the Stokes
filter images are documented in [35] and [36]. We used vector
magnetic field data product hmi . sharp cea 720s at a cadence
of 720s. Additional information of the CME eruptions is obtained
from web portals like CME catalog', and solar monitor”.

The AR 11429 was a pre-emerged one probably on far-side of
the Sun. Figure 2 demonstrates the eruption scenario in this AR
11429. In panel 2a. the full disk image of ATA 131 A shows the

'https://cdaw.gsfc.nasa.gov/CME_list/
*https://www.solarmonitor.org
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TABLE 1 | Information of CME eruptions and associated flares from the studied ARs.

Magnetic Structure in Erupting Active Regions

Event Flare peak time [UT] Location Associated flare [UT] CME speed [Km/s]
AR NOAA 11429

CMET1 SOL2012-03-07T00:24 N17°E31° X5.4 (00:24) 1825

CME2 SOL2012-03-09T03:53 N15°W03° M6.3 (03:53) 950

CME3 SOL2012-03-10T17:44 N17°wW24° M8.4 (17:44) 1,296
AR NOAA 12371

CMET1 SOL2015-06-18T17:35 N10°E50° M3.1 (17:35) 1,305

CME2 SOL2015-06-21T02:36 N12°E16° M2.2 M2.7 (02:36) 1,366

CMES SOL2015-06-22T18:23 N13°W06° MB.5 (18:23) 1,209

CME4 SOL2015-06-25T08:16 N12°W40° M7.9 (08:16) 1,627

The bold values refer to the events in the AR by name 11429 and 12371.
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FIGURE 3 | Observations of the successively erupting AR 12371 (A) Full disk observation of AIA 131 A. The structured emission from AR 12371 is outlined with
yellow rectangular box, (B-C) HMI vector magnetogram observations of the AR 12371 at the onset of CME eruptions on June 21 and 22 respectively. The background
image is vertical magnetic field with contours at +120 G. Green/red arrows denote horizczntal field vector whose length is proportional to magnitude By, = +/ (Bﬁ + Bﬁ).
Axis units are pixels of 0.5 arc-second units, (D) Disk integrated GOES X-ray flux in 1-8 A band during the disk transit time of the AR 12371. Text near the X-ray
peaks refers to the CMEs and associated M-class flares from the AR 12371. The events marked with vertical lines are studied in this work.
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Bz+NLFFF

Bz+NLFFF

AIA 171+NLFFF

FIGURE 4 | Pre-eruptive magnetic structure modeled by NLFFF in the AR 11429 for the three CME events. First row: Perspective view of the field-line rendering.
Bottom image is photospheric magnetogram (B,). Twisted structure along the PIL is overlaid by the less sheared field lines Second row: field lines plotted on top of the
photospheric magnetogram (Bz). The global structure is a sigmoid with two opposite-J-shaped loops and an inner core of highly twisted field. Vertical blue lines indicate
the location of the slice plane for QSL analysis. Third row: same field lines on AIA 171 A images, Fourth row: AIA 94 A images at the same time. Hot plasma
emission is mainly co-spatial with the strongly sheared core along the PIL. To a good approximation, the modeled structure resembles the coronal plasma loops in the
EUV images. Field lines are color coded (blue (red): 1,200 (2)G) with the horizontal field strength in height in first and second rows.

structured coronal emission from the AR 11429 (yellow
rectangular box) located in the north (N17°) hemisphere.
HMI observations of the photospheric vector magnetograms at
the pre-eruption time on two different days are displayed in
panels 2 (b-c). The AR presents a large interface opposite
polarities known as polarity inversion line (PIL). These
magnetic polarities evolve with persistent shearing and
converging motions which led to continuous flux cancellation
as observed with the decay of the magnetic flux regions. Such
regions are favorable to form stored energy configurations of
sheared magnetic fields along the PIL. As a result, the AR evolved
to a much more complex magnetic configuration (f/y/5)
producing severe flare/CME activity during its disk transit. In
Panel 2(c), GOES X-ray flux (1-8 A band) displays the peaks of
one X and two M-class flares associated with the CME eruptions
from the AR 11429. Because of recurrent eruptions from the same
region under a continuous physical process, these eruptions are
referred to as homologous eruptions [37,38]. Study of this AR by
[39] suggests that the shearing motion and magnetic flux

cancellation by converging fluxes were key processes to
recurrently form the erupting structure and then its eruption.
Details of the CME eruptions from this AR are listed in Table 1.

Another recurrent CME producing AR was NOAA 12371,
which was also a pre-emerged region that passes the visible
solar disk 12°N on June 16, 2015. Figure 3 presents the
eruption scenario of this AR. A representative AIA 131 A full
disk image is displayed in panel 3a, which shows the sigmoidal
morphology of AR corona (yellow rectangular box). Panels 3 (b-c)
display the HMI vector magnetograms at the pre-eruption time on
June 21 and 22. The AR essentially consists of a leading negative
flux region with the following interacting opposite polarity regions.
From these magnetic field observations, the AR’s disk passage
reveals that the following bipolar region was seen with large shear
and converging motion as a result the flux distribution becomes
diffused and disintegrated in successive days. As in the earlier AR,
such an evolution of magnetic polarities leads to formation of the
twisted flux along the PIL, which indeed is revealed by the
sigmoidal loop structure in the EUV images. Four major CME
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FIGURE 5 | Pre-eruptive magnetic structure modeled by NLFFF in the

AR 12371 for the CME2 and CMES events. First row: Perspective view of the
field-line rendering. Bottom image is photospheric magnetogram (B,). Twisted
structure along the PIL is overlaid by the less sheared field lines Second
row: field lines plotted on top of the photospheric magnetogram (B,). The
global structure is a sigmoid with two opposite-J-shaped sections and an
inner core of highly twisted field. Horizontal blue lines indicate the location of
the slice plane for QSL analysis. Third row: same field lines on AIA 171 A
images, Fourth row: AIA 94 A images at the same time. Hot plasma emission
is mainly co-spatial with the strongly sheared core along the PIL. To a good
approximation, the modeled structure resembles the coronal plasma loops in
the EUV images. Field lines are color coded (blue (red): 1,200 (2)G) with the
horizontal field strength in height in first and second rows.

eruptions occurred associated with M-class flares from this AR as
shown by the peaks in the GOES X-ray flux plot of panel 3c. A
detailed study of this AR by [40] interprets the successive eruptions
by the cyclic process of energy and helicity storage over a time scale
of a day or two and then its release by the CME eruptions. Table 1
lists the CME eruptions and associated flares from this AR.

3 MODELLED MAGNETIC STRUCTURE:
NON-LINEAR FORCE-FREE FIELD

The AR magnetic structure in 3D is modelled by applying the
NLFFF extrapolation [32,41,42]. The NLFFF algorithm involves
minimization of the functional

Magnetic Structure in Erupting Active Regions

2
L = J<ww+w|VOBlz>dV
v B )

+ VJ- (B - Bobs) W (B - Bobs) ds.
S

In the above equation, the first integral includes quadratic
forms of the force-free and solenoidal conditions and w is a
weighting function toward the lateral and top boundaries. Second
term is surface integral to take into account measurement errors
and allows a slow injection of the boundary data controlled by the
Lagrangian multiplier » (see [42], for more details). W (x, y) is a
diagonal matrix, which is chosen inversely proportional to the
transverse magnetic field strength.

The observed photospheric vector magnetic field from the
HMLI is used as the lower boundary condition, for which the field
has to satisfy flux balance, force-free conditions. When the
vector magnetic field has full coverage of the AR, the flux
balance condition is normally satisfied within 10% deviation.
To keep this value as small as possible, we multiply the positive
polarity region with a relative flux factor defined by the ratio of
positive and negative flux. The force-free conditions are further
satisfled by applying a pre-processing procedure on the
magnetic field components [43]. To facilitate tracing field
lines in a large extent of volume comparable to EUV field-of-
view, the boundary magnetic field observations are inserted in
an extended field of view and then rebinned to 1 arcsec pixel .
With the normal field component of magnetic field, we
reconstructed the 3D potential field (PF) which is then used
as the initial condition and also to prescribe the top and side
boundaries for the NLFFF algorithm.

In Figure 4, we show the NLFFF magnetic structure of AR
11429 just before the CME events on March 6, 9 and 10. The
NLFFF is constructed on a grid of 450 x 450 x 201 representing
the physical dimensions of 328 x 328 x 146 Mm® AR corona.
Similarly in Figure 5, we show the NLFFF magnetic structure of
AR 12371 just before the CME events on June 21 and 22. In this
case, the NLFFF field is constructed on a grid of 512 x 512 x 256
representing the physical dimensions of 373 x 373 x 186 Mm® AR
corona. For all of the cases, the NLFFF relaxation converges to an
average field divergence of the order 107 and an average field-
aligned current defined by 6; to an extent 9-12".

To capture the most sheared structure, the field lines are
rendered according to total current density (|J|) and horizontal
field component (B,) at the bottom boundary. The field line
rendering is shown in perspective and top views in first and
second rows respectively of Figures 4, 5. In these panels, the
bottom plane is an observed B, map. The field rendering in these
panels comprise two inverse J-shaped field lines sheared past each
other about the main PIL, which together reveal the shape of the
inverse S-sigmoid. Owing to shearing motions of the foot points,
the field lines near PIL are strongly stressed, manifesting low lying
twisted core of the sigmoid, which is regarded as flux rope with
helical field lines. During the onset of the eruption, this flux rope
builds up further by the reconnection of oppositely sheared field,
and therefore is the central structure of the solar eruptions [5,44].
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QF+AIA 1600

FIGURE 6 | Comparison of QSLs and flare ribbons for the pre-eruptive magnetic structure of CME1 (first column), CME2 (second column), CME3 (third column) in

the AR 11429. First row: Inverse maps of Log(Q) obtained atz=1.5 Mm. B,-contours at +120 G are overdrawn (red/blue curves). QSLs with large Q values are identified
by intense black traces in strong field region. All maps are scaled within 1< Log(Q)<7. QSLs of large Q-values separate the sheared/twisted core field from the
surrounding less sheared field in the following bipolar region. Also higher Q-values in quiet regions are due to noisy transverse field and have no relevance to the
magnetic structure of interest. Second and third rows: Co-spatiality of QSLs and flare ribbons. Contours of Log(Q)=[4,5,6] (in cyan color) on AIA 304 A (second row)
and AIA 1600 A (third row) snapshots taken at around the peak flare time. QSLs are co-spatial with the flare riobons including the hooked shape.

In order to judge the NLFFF model to the coronal magnetic field,
the modeled magnetic structure is compared to EUV coronal
observations. To this end, we ensure that the EUV images are co-
aligned to the magnetic field with the same field-of-view. The same
field line rendering is over-plotted on EUV observations of corona
captured in ATA 171 A images (second row panels) which delineates
a good global resemblance of the field lines with the plasma tracers.
Because of the strong volume currents, the intense hot emission in
AIA 94 A images is mostly co-spatial with the NLFFF twisted core
along the PIL.

4 QUASI-SEPARATRIX LAYERS AND
FLARE RIBBONS

QSLs are the regions of the magnetic volume where the field line
connectivity experiences dramatic but continuous variations,
including possible discontinuities in the mapping, so are the
generalized features to the separatrices [45]. From the
constructed 3D coronal fields, the change in magnetic field
line linkage in the volume is measured by the strength of
QSLs which is defined by squashing factor Q [22,46]. Q
describes the gradients in the field line mapping whose larger

values correspond to the cross section of QSLs in any plane. It is
computed by tracing two consecutive field lines with foot points
at an extremely small distance and then measuring the distance
between the respective conjugate foot points as given by the
following mathematical expression

2
22 oX;
ij=1\ ox;

> 2
IBZ,O/BZ,1| ( )

where X; (i =1, 2) is the coordinates of the conjugate foot point in
the Cartesian system and B,, and B,; are vertical field
components at the starting and ending footpoints of a field
line. From the 3D NLFFF, we calculate Q using the code
developed by [47] according to formalism prescribed in [28].
The field lines are traced by integrating the first order differential
equations by fourth order Runge-Kutta solver with the help of tri-
linear interpolation scheme. To have a smooth and dense
distribution of Q, these computations are performed on a finer
grid of resolution increased by eight times that of the
extrapolation grid.

The complexity in the QSL maps of the NLFFF model is
intrinsic to the large amount of fragmentation in the observed
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FIGURE 7 | Comparison of QSLs and flare ribbons for the pre-eruptive
magnetic structure of CME2 (first column) and CMES (second column) in the
AR 12371. First row: Inverse maps of Log(Q) obtained at z =1.5 Mm. B.-
contours at +120 G are overdrawn (red/blue curves). QSLs with large Q
values are identified by intense black traces in strong field region. All maps are
scaled within 1< Log(Q)<7. QSLs of large Q-values separate the sheared/
twisted core field from the surrounding less sheared field in the following
bipolar region. Also higher Q-values in quiet regions are due to noisy
transverse field and have no relevance to the magnetic structure of interest.
Second and third rows: Relation between QSLs and flare ribbons. Contours
of Log(Q)=[5,6] (in cyan color) on AIA 304 A (second row) and AIA 1600 A
(third row) snapshots taken at around the peak flare time. The contours
constitute two inverse-J sections, qualitatively outlining the inverse-S flare
ribbons.

photospheric magnetic-field distribution. It has been shown that
the complexity of QSL maps decreases with the height [14]. This
is a consequence of the magnetic field being progressively
smoother with height. Therefore, to determine important
QSLs, Q maps are computed at 1.5Mm height above the
photosphere, which we refer chromospheric QSLs in this
manuscript discussion.

In the first row panels of Figures 6, 7, we plot log Q maps at
z = 1.5 Mm with inverse sign, so the darker parts correspond to
higher Q values. For a reference, B, contours of +120G are over-
plotted. Due to noisy transverse field, the Q maps of NLFFF are
more fragmented in weak field regions. The relevant QSLs are
having large Q values (>10”) located in the stronger magnetic
polarities related to the sigmoid structure. In panel of 23:36UT
on March 6, the relevant QSLs traces the PIL in addition to the

Magnetic Structure in Erupting Active Regions

QSLs in the hooked sections in the top and bottom of the
sigmoid. A similar distribution is presented in other panels. As
seen in the 02:00 UT map on June 21, the QSL of high-Q values
have two sections each falling in the opposite polarity regions of
inner bipolar regions, both of which extends towards leading
negative polarity. These two sections joined at the top in
positive polarity. Although lower part have smaller values of
Q, this overall QSL is continuous and encloses an inverse
S-shaped region filled with lower Q-values. Essentially, these
QSL highlights the difference between the twisted core flux
within the region and the surrounding potential like arcade
outside.

This picture is even clearer in the vertical cross-section map of
Q obtained across the sigmoid. These are shown in Figures 8,9. B, -
contours (+80G, red for positive, blue for negative), obtained in the
same cut-plane, are over-plotted. Different from horizontal maps,
the vertical Q maps are smooth with an obvious relevance with the
magnetic polarities about the PIL. In these maps, the QSLs of large
Q values well distinguish two closed domains belonging to largely
sheared sections on either side of the PIL and the surrounding
potential like arcade. Importantly the QSLs intersect the magnetic
polarities at the middle in the NLFFF, whereas they cover the entire
polarity region in the PF. This is clearly an indication of a sheared
core being surrounded by less-sheared/potential arcade in the AR.
Given the twisted flux (flux rope) at the core, the QSLs in its cross
section mimics a inverse tear-drop shape as predicted by the
theoretical models quoted in the Introduction. Depending on
the degree of the twist, the identification of such QSLs varies
due to observational and modeling difficulties (see for example
Figure 8 in [48] and Figure 4 in [15]). In our NLFFF structures of
the five CMEs, it is mildly visible as shown in Figures 8, 9. For a
comparison with flare ribbons, the corresponding AIA 304 A
1,600 A observations are displayed in the second and third row
panels of Figures 6, 7 respectively. On these maps, contours of Q
for the corresponding event at 10°, 10° levels are over-plotted in
cyan-color. Note that we are comparing pre-eruptive Q-maps with
the ribbons at around peak time of the flare of each eruption.
Owing to noisy transverse field, and the discontinuous field
distribution, the Q maps have patchy structure and we further
apply a small threshold |B,| < 15 G to remove non-relevant QSLs.
In addition, irrelevant QSLs are removed by applying a mask on the
computed Q-maps.

The correspondence between the photospheric QSLs and flare
ribbons has been shown in several studies. Theoretical studies
predict that the flare ribbons are the photospheric foot prints of
QSLs that encloses a twisted MFR [30,45]. The extremities of the
ribbons are hook shaped for weakly twisted MFRs and are spiral
shaped for highly twisted MFRs, as depicted in the cartoon of the
3D-model for eruptive flares in Figure 1. Moreover, the
characteristic 3D shape of QSLs associated with a twisted MFR
depends on the height of the horizontal cut plane [15,23,46,49].
The QSL is S-shaped if the horizontal cut plane is at HFT and the
cut planes lies below HFT, the QSL will appear as 2 (inverse)
J-shaped with straight parts of ] parallel to each other along the
PIL. From this point of view of the MFR topology, the panels in
Figure 6 for the CME events from AR 11429, the QSLs are
broadly spread over the flare ribbons especially the hook sections
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FIGURE 8 | Inverse maps of Log(Q) in the vertical slice placed across the sigmoid in the AR 11429 as shown in Figure 4. Contours of B, (+80 G, red/blue curves)
are over plotted. QSLs of large Q-values (black) are boundaries of magnetic domains enclosing the twisted-sheared core about the PIL.
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FIGURE 9 | Inverse maps of Log(Q) in the vertical slice placed across the sigmoid in the AR 12371 as shown in Figure 5. Contours of B, (+80 G, red/blue curves)
are over plotted. QSLs of large Q-values (black) are boundaries of magnetic domains enclosing the twisted-flux core about the PIL.

of the QSLs are in good morphological agreement. Such a
remarkable match is an indication of the NLFFF models being
capable of capturing hooked shape QSLs co-spatial with the
observed flare ribbons, and was first reported by [15] in the
topological analysis of AR 12158 employing the Grad-Rubin
based NLFFF model.

From the above described MFR topology, the QSLs in the AR
12371 are also qualitatively match with the observed flare ribbons.
The inverse-S ribbon exactly falls in the region outlined by QSLs
of large Q-values. In fact, these QSLs can be regarded as a
combination of 2 inverse-] shaped with a significant
separation distance between the straight parts along PIL. We
interpret the observed shape of the QSLs in the AR 12371 due to
large part of sheared arcade surrounding the PIL, embedding the
small-scale MFR. The sheared arcade becomes a large-scale
twisted MFR only during onset of eruption by tether-cutting
reconnection. The process of sheared arcade becoming large scale
MFR is a dynamic process and may not be captured in vector
magnetograms. Therefore, the static extrapolation results in a
configuration with QSLs outlining the sheared arcade. Then the

QSLs represents the boundaries of two connectivity domains
separating the sheared arcade and the surrounding potential
arcade.

Another factor that could also contribute to capture the
observed shape of QSL is the amount of twist in the magnetic
configuration [14,28]. A more twisted MFR will present a more
pronounced hook such that the it appears as spiral in shape. In
our cases, the separation distance between the straight parts of
QSL J-sections and their hook shape are very likely due to
insufficient or weak twist. Moreover, the twist of these field
lines increases as a consequence of the eruption. Meeting this
twist criteria, in particular during the dynamic phase of the
eruption, the QSL foot prints would be co-spatial precisely
with the observed flare ribbons.

5 SUMMARY AND DISCUSSION

Topological study of magnetic connectivity gradients provides
more insights on the relation of magnetic structure of the sigmoid

Frontiers in Physics | www.frontiersin.org

October 2021 | Volume 9 | Article 749479


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Vemareddy

and flare ribbons in the frame work of standard model of
eruptions. We studied the pre-eruptive magnetic structure of
five CMEs launched from two successively erupting ARs. The
modelled magnetic structure is largely resembles an inverse-S
sigmoid in good agreement with the coronal plasma tracers in
EUV observations. In all the eruption cases, the QSLs of large Q
values are continuous enclosing core field bipolar region in which
inverse-S shaped flare ribbon is observed. These QSLs essentially
represent the large connectivity gradients between the domains of
twisted core flux within the inner bipolar region and the
surrounding potential like arcade outside. It is consistent with
the observed field structure largely with the sheared arcade.

The QSL maps in the chromosphere are compared with the
flare ribbons observed at the peak time of the flares. The flare
ribbons are largely with inverse-S shape morphology with their
continuity of visibility is missing in the observations. For the
CMEs in the AR 12371, the QSLs outline the flare ribbons as a
combination of two inverse J-shape sections but their straight
sections being separated at the middle of the PIL. These QSLs are
typically associated with the weakly twisted flux rope topology.
Similarly, for the CMEs in the AR 11429, the QSLs are co-spatial
with the flare ribbons both in the middle of the PIL and in the
hook sections. This overall match of the observed flare ribbons
with the photospheric QSLs is an indication that the NLFFF
model of optimization approach reproduces the pre-
eruptive magnetic structure to a very good extent. Earlier
Grad-Rubin implementation of NLFFF model was reported
to capture the hook shaped QSLs co-spatial with the flare
ribbons [15].

However, we can notice that the co-spatiality is not precise to
the predicted extent in the theoretical models of the MFRs. In the
tether-cutting scenario, the MFR forms only during eruption
dynamically at which time we expect hook shaped, two inverse-]
sections of QSLs that are co-spatial with the observed flare
ribbons [15,30,50]. As per the view that the sheared arcades
are weakly twisted MFRs in the sense that the magnetic field is
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profiles within Wind magnetic clouds (MCs) (i.e., observations versus basic model versus
modified model) for 209 MCs observed from launch in late 1994 to July of 2015, where
model modification is based on the studies of Lepping et al. (Solar Phys, 2017, 292:27) and
Lepping et al. (Solar Phys, 2018, 293:162); the basic force free magnetic cloud parameter
fitting model employing Bessel functions (Lepping et al., J. Geophys. Res., 1990, 95:
11957) is called the LUJB model here. The fundamental principles should be applicable to
the B-data from any spacecraft at 1 AU. Earlier (in the LJB study), we justified why the field
magnitude can be thought of as decoupled from the field direction within an MC, and
further, we justified this idea in terms of actual observations seen over a few decades with
examples of MCs from Wind data. The model modification is achieved by adding a
correction (“Quad”) value to the LJB model (Bessel function) value in the following manner:
B (est)/Bo = [LUJB Model + Quad (CA,u)], where By is the LJB-estimated field magnitude
value on the MC’s axis, CA is the relative closest approach (See Supplementary
Appendix A), and u is the distance that the spacecraft travels through the MC from
its entrance point. In an average sense, the Quad technique is shown to be successful for
82% of the past modeled MCs, when Quality (Qp) is good or excellent (see
Supplementary Appendix A). The Quad technique is successful for 78% of MCs
when all cases are considered. So Qg of the MC LJB-fit is not a big factor when the
success of the Quad scheme is considered. In addition, it is found that the Quad technique
does not work better for MC events with higher solar wind speed. Yearly occurrence
frequency of all MC events (Nyeari,) @and those MC events with Aon/onz = 0.5 (Nasn/onz20.5)
are well correlated, but there is no solar cycle dependence for normalizing Nasn/ono=0.5
with Nyearly-

Keywords: magnetic cloud, force free model, magnetic field intensity, solar wind, Wind-MC
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1 INTRODUCTION AND BACKGROUND

A magnetic cloud (MC) is a solar wind region with the following
features: enhanced magnetic field strength, a smooth change in
magnetic field direction as observed by a spacecraft passing
through the MC, low proton temperature compared to the
ambient proton temperature, and low proton plasma beta
(e.g., [1-3]). Also, we must require that the duration of the
MC be 5 h or more, based on numerous observations. Many
MC lists are available (e.g., [4-11]). Enhanced southward
magnetic field of an MC will cause geomagnetic activity while
the MC is passing by the Earth. Here, we call attention to a
method of modifying a normalized magnetic field (B) magnitude
profile within a Wind magnetic cloud (MC) (or for any spacecraft
at 1 AU) by describing a new website that shows B-profiles
(observations vs. model vs. modified model) for 209 cases of
Wind MCs from launch (late 1994) to the end of 2015. The model
modification is based on the studies of Lepping et al. [12] and
Lepping et al. [10]; the basic MC parameter fitting (force free)
model is that of Lepping et al. [13] (henceforth called the LJB
model). The modification is based on the statistics of many actual
MCs observed in the past by the Wind spacecraft. (For articles on
the discovery of MCs and other relevant aspects see [1-3].)

The justification for separating the magnitude of B from its
direction in the implementation of the LJB model results from the
manner in which the model was posed in the first place and in
what was shown to be the characteristics of hundreds of actual
MCs from many different spacecraft. That is, the model always
operated on the fundamental assumption that we could unit-
normalize B (i.e., create B/|B]| at all points) within the MC and
carry out the least-square fitting of the model to the resulting data,
being the unit normalized-B—not on the actual B. And only later
do we adjust the B (model) profile to the average value of B across
the MC; this leads to providing an appropriate By, which is the
estimated value for the magnetic field magnitude on the axis of
the MC. In particular, this treatment for over 200 Wind MCs has
generally provided a faithful reproduction of the profile of the
direction of B within a MC for most cases (i.e., at least at 1 AU)
and especially when considering the lower frequency components
of B, that is, excluding what may be considered “noise.” But the
model rarely gives a very good reproduction of the actual profile
of the magnitude of B. The study by Lepping et al. [10] attempts to
statistically correct for this shortcoming of the LJB model, as
described below.

2 THE QUAD SCHEME FOR MODIFYING
THE B-INTENSITY WITHIN THE MAGNETIC
CLOUD

Recently, a scheme was developed by Lepping et al. [10] to
provide a more realistic B/B, profile of an MC, than that used
in the LJB model, based on the results of 21 years of MCs studied
from the Wind spacecraft (also, see Lepping et al. [10,12] for more
detail on the foundation of the scheme). It was shown statistically
that this scheme should improve MC profiles by about 82% of the
time, when the highest quality (Qo) MCs are considered. Q, can

Magnetic Field Intensity Modification MC

take one of three possible values: 1 (excellent), 2 (good/fair), and 3
(poor) (see Supplementary Appendix A, for a strict definition of
Qo). To provide differing examples, Figure 1 shows plots of B/B,
versus %-of-time through the MC for three MCs (cases of #s 70,
71, and 62, all of Q, = 1), in terms of actual observations (101
averages across each MC, i.e., data averaged into 100 bins across
each MC shown by the dot-dot-dashed curve; called the Obs
curve), the original Bessel function model profile (the black solid-
line curve, described by LJB), and the new statistically modified
version (the red dashed curve, described generically by Lepping
etal., 2018). MC #70 starts on 2002-03-24, #71 starts on 2002-04-
18, and #62 starts on 2001-04-12; these dates are shown on the
first line at the top of each panel of Figure 1. Also, within each
panel of the figure are the start time (also on the first line at the
top), and then the value of the relative closest approach in
percentage (CA = |Yy|/Ry in %), Qp, the MC duration (1), the
average plasma speed within the MC (<V)yc>), and the estimated
By, where Y is the closest approach and R is the estimated radius
of the MC. Below the curves is the quantity Aoy/oy;, described by
Lepping et al. [10] as a good measure of how well the scheme is
performing; when Aoy/0oy; is above 0.5, it is doing very well (or
exceptional when it approaches or exceeds 1.0); when it is
between 0.0 and 0.5, it is acceptable; when it is negative, it is a
failure. We give an abbreviated interpretation of Aon/on; here as
follows:

The ratio Aon/0y; is a relative measure of the improvement in
the B/B, fit to the MC’s profile by using a so-called Quad (CA,u)
formula weighted by the “accuracy” of the final fit, for the LJB
model, where oy, is a quantitative measure of how well the Quad
equations fit the difference-profile between the observations and
the model values; u is the distance measured as the spacecraft
travels through the MC. Aoy is a quantitative measure of the
improvement in the fit of B/B, after adding in the Quad
modification (and Aoy must be greater than or equal to 0.0 for
a success), where B (est)/By = [LJB Model + Quad (CA,u)],
developed for four possible CAs (in%), 12.5, 37.5, 62.5, and 87.5
(these are the center points of four equally spaced segments of the
full span of CA (0-100%)). Quad is a quadratic fit to the difference-
quantity [B/By(Observations)-LJB Model] for each point in the MC
carried out statistically from 124 averaged (good quality, i.e., Qy =
1,2) MCs using Wind B-data (see Lepping et al. [10] for a more
detailed explanation of the ratio Aon/0Ong).

Concerning specifics of the three examples of Figure 1, we
note the following;

e For case #70, we have a Aon/on, = —0.443, a poor (negative)
case, with a CA of 8% and a long duration of 43.0 h. Since the
Quad technique usually works best when B/B,(Observations)
is higher than the Bessel force free field in the early hours of the
MC, which is not the case here, the “correction” field (red
dashed curve in Figure 1) is too high in this case. This is a
somewhat unusual case because of the low intensity field in
these early hours, and therefore, it violates the assumptions on
which the Quad technique was based and not surprisingly
gives poor results, that is, the negative ratio for Aon/on, of
-0.443, even though Qg = 1. In fact, there usually is not a good
correlation between Aoyn/oyn; and Q, (see Figure 2 and related
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FIGURE 1| Three examples (the cases of #s 70, 71, and 62 of Wind MCs; see the associated starting dates of these MCs on the first line at the top of each panel) of
plots of B/Bg-profiles: Bo-normalized B observations (black dash-dot-dot), force free model values (black solid curve) and modified-model values (red dashed curve from
Lepping et al. [10]—all as a function of percent passage through the MC (i.e., u in %); each profile has 101 points across. In each panel the following are shown: TOP OF
EACH PANEL: the start time (year-month-day of month) hour:minute (UT), CA (= |Yol/Ro in %), Quality (Qo), B (in nT), average plasma speed within the MC (<Vuc>,

in km s™"), and duration (t, in hours), BOTTOM OF EACH PANEL: the values of the quantities Aoy ,0n2, and Acy/ons (See text) that are described by Lepping et al. [10].
The ratio Aon/ong in particular is shown to be a good measure of how well the scheme is performing in general.
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FIGURE 2| A plot of Acn/one versus time for the family of Qq, showing almost the same average of Acy/on, for each Qg (the averages are given above each panel),
where Qq = 1 set is represented by diamonds, Qq = 2 by triangles, and Qu = 3 by squares, with a large spread in values in each case.
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text (Section 5) concerning this issue). And finally, notice that
B, is 17.6 nT, a typical value for B,, and <V> = 438 kms ",

e For case #71 we have a Aoy/on; = 1.037, an excellent case, with
a CA of 52% and a fairly typical duration of 22.0 h. Here the
observations are higher than the Bessel force free field (red
dashed curve in Figure 1) in the early hours, which, as stated
above is typical, and, in fact, this is an excellent example of such
front-end enhancement in the field. Also Q, = 1. B,is 16.2 nT,
another typical value for B,, and finally, <V> = 477 km s

e For case #62 with a Aoy/on, = 0.396, we have an acceptable
(intermediate) case, that is, a positive ratio but less than
0.500—and a short duration of the MC of 10 h. Here CA was
moderately large (68%) and again Qg = 1. B, is 20.9 nT, a
somewhat high value for B,, and finally, a moderately high
<V> = 644kms™".

All three cases were deliberately chosen to be in the Qy = 1
category so that Quality would not be an obvious determinate in
the value of the ratio Aoy/oy; (see comments in the Conclusions
and Discussion (Section 5) about Aon/on, versus Q).

3 WIND WEBSITE TO OBTAIN THE FULL
SET OF FIELD INTENSITY PLOTS

The Website to obtain the MC B/B, profiles is within the Wind/
MFI Website, which is https://wind.nasa.gov/mfi/mag_cloud_
publ.html.

The link at that Website to the Field Intensity plots, based on
the Quad scheme, is http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_
B_magnitude.html.
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FIGURE 3 | Example page (p. 2) of set of 11 pages (20 panels each) of the same quantities as shown in Figure 1, and in the same format, of Wind MCs from launch
to July of 2015.

Frontiers in Physics | www.frontiersin.org 99 October 2021 | Volume 9 | Article 712599


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wu et al.

TABLE 1 | Summary of number of MC failures and number of those with Aan/one
>05

Page No.? No. of failures No. of Aon/onz 2 0.5
1 6° (1)° 7° (4)°
2 4(2) 7()
3 5(2) 7(4)
4 42 10 (8)
5 3@ 7(7)
6 6 @) 9 ()
7 3(0) 8 (5)
8 6 (3) 6 (4)
9 3(2) 10 (9)
10 5(3) 6(2)
11 1(1) 70
Sum [%)] 46 [22%]° (22 {18%))° 84 [40%]° (54 {44%))°

4Page number out of 11 pages (initially) of 20 MCs each, except for page 11 which has 9
events.

PFor all cases, that is, MCs of Qy = 1, 2, and 3. There were a total of 209 such cases for
the mission.

°Numbers in parentheses are for the better quality cases, that is, where the MCs are of
quality Qo = 1 or 2 only. There were a total of 124 such cases for the mission.

Each MC has a case number (#) that is given (in parentheses)
in the upper left-hand corner of each panel, as we saw in the three
examples of Figure 1. We give below an example of a single page
in the initial set.

4 EXAMPLE OF A PAGE OF 20 CASES OF
WIND MCS

Figure 3 shows a single example page, that is, page 2, of a set of
pages (20 panels each page, with one MC per panel) of the same
quantities as shown in Figure 1 of Wind MCs from launch to July of
2015. A full set of 11 figures is shown in Supplementary Appendix
B. Initially, there are 11 such pages in the Website described above,
to cover the 209 MCs that are believed to exist over that period.
Notice that the figure shows that the force free Bessel fields (solid
black lines) at the start and end times, for all cases, give the same B/
B, value of about 0.52, as expected. The upper left-hand corner of
each panel shows the case number (#) of the MC.

First, case #039 shows a value of Aoy/oy, of 11.29, which is
unusually high (indicating a good result, even though Q, = 3),
because the value of oy, = 0.005 is unusually small. We will not see
many odd cases like this. Now consider good cases like #035 and
#040, where Aon/ons is 1.31 (with Qg = 2) and 0.91 (with Q, = 1),
respectively; both are well above 0.5. In both cases, we see the
dramatic difference between the ability of the Quad scheme (dashed
curve) to almost reproduce the observed values in the early part of
the MC and the inability of the Bessel function (solid black curve) to
do so in that part of the MC. Notice that #026 is similar to #035 in
that they give similar values of Aon/on;, (1.17 and 1.31, respectively)
even though the first one has a somewhat long duration of 25.0 h and
the second one has a rather short duration of only 5.3 h, and both of
a quality that differs from Qu = 3. Now we consider a very poor case,
#022, that is, where Aon/on, is negative and rather large in the
absolute value, where Aoy/oy; is —0.40 (with Qg = 3). Case #033 is
interesting in that the Quad scheme does well in the early part of the
MC but not in the middle or latter regions, i.e. not as well as the

Magnetic Field Intensity Modification MC

Bessel field, so Aon/0y, is negative, —0.13; notice that this is a very
long duration MC of 40.0 h, and Qo = 1. Those cases where the
observed field is significantly lower in relative intensity than the
Bessel function field, early in the MC, will usually produce the
poorest results, such as in cases #022 and #031. This does not occur
very frequently.

5 CONCLUSION AND DISCUSSION

Here, we describe a new NASA Website (see Section 3) that
provides normalized magnetic field (B/B,) magnitude profiles
within Wind MCs in terms of observations versus the basic-L]B
model versus the Quad-modified model for 209 MCs that cover
the period from launch (late 1994) to July of 2015. The model-
modification is based on the studies of Lepping et al. [12] and
Lepping et al. [10]. The basic force free MC parameter fitting
model that is modified is that of LJB. The statistics of both the
number of MC-modified failures and the number of (very good)
cases where Aon/oy; = 0.5 given by this new website to this point
(July 2021) is provided in Table 1.

For all cases (i.e.,, MCs of Q, = 1, 2, and 3), Table 1 shows that
the percentage of failures is 22%, and for the cases where Q) =1
and 2, only (values in parentheses) the percentage slightly
improves to 18%. However, considering all cases, we find that
40% have Aon/on, = 0.5, but the percentage slightly increases to
44% when the cases are restricted to Qy = 1 and 2 only.

Figure 4 gives a histogram (called f (obs) and shown by a solid
black curve) representing the frequency of occurrence of the
observed ratio Aoyn/on, for the full Wind mission (ie., from
launch to July 2015), and for Qy = 1, 2, and 3, and showing
some key features, such as having a peak at about 0.5, a relatively

60 T T T T T
[ ¢,=48 ¢,=0.35 ¢5=0.55 ¢,=0.35 0=4.0
I ¢, =0.00 ¢'=7.0
o L
c
© 40 o . .
) L \
o 5 N,
) 3 N
Q .
€ 20 L -
=] L a3
c N
0 1 1 1 1 \|
-1.0 -0.5 0.0 0:5 1.0 1.5 2.0
Ao/ 0w

FIGURE 4 | A histogram of frequency of occurrence of the observed

ratio Aon/onez (black solid curve) with a superimposed skewed normal
(Gaussian)-distribution, f(2) (red dashed curve), where Z = Agn/ong; C1, Co, Ca,
and ¢, are the coefficients shown in Eq. 1. The black dotted curve is for

the same Gaussian (i.e., the same values of ¢4, Cy, and c3), except now ¢, is
set equal to zero. o gives a measure of how well the fit-curve approximates the
observed histogram and is given by Eq. 2. The red coefficients hold for the red
dashed skewed Gaussian and the black coefficients are for the simple
Gaussian (second line at the top), where ¢y, Co, and ¢z are the same in both
cases. Note that both black and red curves are approximately Gaussian.
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FIGURE 5 | (A) Yearly occurrence frequency of all MC events, Nveary
(solid-lines), and MC events with Aon/onz = 0.5, Nasnsong =05 (dotted line). (B)
Normalized yearly Naononz2o.5 With Nyeary.

small number of events greater than 1.0. It appears to be a slightly
modified normal distribution. Since the histogram peaks near Aon/
onz = 0.5, we choose it as a separator of “acceptable” from “very
good” values of Aon/on,. In fact, the curve f (obs) appears to be
quite well fitted with a simple skewed Gaussian distribution (called
f(Z) here):

Freq of occurrence = f(Z) = ¢; x (1 — ¢,2)

x exp[ (=1/2)(Z - c;)*/c3], )

where Z = Aon/0n, for ¢ =48, ¢, =0.35, and ¢c; = 0.55 (see [14]);
the skewness factor is (1—c4Z), where ¢4 = 0.35. f(Z) is shown in
Figure 4 as the red dashed curve. For a measure of how well this
modified normal distribution fits the actual histogram, we define
a o as follows:

o= \/(Z[f(obs),. ~£(2),]"/IN), @)

i

where i goes from 1 to 11, and therefore, N in this case is 11 (but
recall that the total number of MCs employed in this analysis is
209). The value of o = 4.0 is shown in the upper right-hand corner
(first line in red) of Figure 4. For comparison, for the same set of
coefficients, except with no skewness (i.e., ¢, = 0.0), we get a

Magnetic Field Intensity Modification MC

larger 0" = 7.0 seen on the second line; this simple Gaussian is the
black dotted curve in Figure 4. And for a set of coefficients of ¢; =
45, ¢, = 0.35, c3 = 0.55, and ¢, = 0.0, we get an intermediate value
for 0”’ = 6.0 (not shown in Figure 4); this is an attempt to lower
the peak in the black dotted curve in the figure. The set of
coefficients giving 0 = 4.0, where only two-place accuracy is
needed, is probably the best set possible, or very close to it. As new
MCs are found in future Wind data, they will be added to this
website, and, of course, they may alter the optimum f(Z) fit curve.

Finally, we discuss Figure 2 which is a plot of Aon/oy, versus
time for a family of Qq (1, 2, and 3) showing almost the same
average of Aon/on, (which goes from 0.43 to 0.48) regardless of the
value of Qy, but with large scatter in each case. This means that there
is a very poor correlation between Aoy/on; and Q. In other words,
better values of Aox/on, should not necessarily be expected, just
because the MCs are of better Quality (based on the LJB model).
However, as Table 1 shows, the better Q, is we might expect
statistically slightly better results in both the success rate and in the
degree of excellence, that is, in the percentage of cases where Aoy/
onz = 0.5.

Concerning the issue of solar cycle dependence, solid and
dotted lines of Figure 5A show yearly occurrence frequency of all
MC events, Nye,,1, and MC events with Aoy/ox; = 0.5, and Nagny
oN220.5- The correlation coefficient between them is 0.94; that is,
they correlate very well. Both Nyear1y and Nagn/onz220.5 vary with
solar activity. Figure 5B shows clearly that there is no solar cycle
dependence for normalized Nagn/on220.5 With Nyeayy.

Speed is also an important input parameter for the LJB model.
We separate 209 MCs into two groups: 1) Aon/on, < 0.5 and 2)
Aon/onz = 0.5. There are 123 MCs with Aon/on, < 0.5 and
86 MCs with Aon/on, = 0.5. The average and median speed are
440 and 405 km/s, respectively, for group (1). The average and
median speed are 433 and 408 km/s, respectively, for group (2).
This implies that the Quad technique does not work better for the
MC events with higher speed.

The Quad modification is derived from the difference in field
magnitude between the actual field profiles and the fields derived
from the LJB (Bessel function) model where many cases are
considered, to develop quadratic correction functions. We have
shown that in general, the L]JB model with the Quad modification
is expected to provide more accurate MC fitting, and it should be
useful particularly for those studies where the spatial variation of
the B-field magnitude across a MC is important, especially in
comparison to the basic LJB model.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

C-CW, RL, and DB contributed to conception and design of the
study. C-CW organized the database. RL and C-CW performed

Frontiers in Physics | www.frontiersin.org

101

October 2021 | Volume 9 | Article 712599


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wu et al.

the statistical analysis. RL wrote the first draft of the manuscript.
RL, C-CW, and DB wrote sections of the manuscript. All authors
contributed to manuscript revision, reading, and approved the
submitted version.

FUNDING

This study was partially supported by the Chief of Naval Research
(CCW), NASA 80HQTR19T0062 (CCW & RPL), S0OHQTR18T0023,
and 80HQTR20T0067 (CCW) grants.

REFERENCES

1. Burlaga L, Sittler E, Jr., Mariani F, and Schwenn R Magnetic Loop
Behind an Interplanetary Shock: Voyager, Helios, and IMP 8
Observations. ] Geophys Res (1981) 86:6673-84. doi:10.1029/ja086ia
08p06673

2. Burlaga LF Magnetic Clouds and Force-Free Fields with Constant Alpha.
] Geophys Res (1988) 93:7217-24. doi:10.1029/ja093ia07p07217

3. Burlaga LF Interplanetary Magnetohydrodynamics. New York: Oxford Univ.
Press (1995). p. 89-114.

4. Cane HV, and Richardson IG Interplanetary Coronal Mass Ejections in the
Near-Earth Solar Wind during 1996-2002. ] Geophys Res (2003) 108:1156.
doi:10.1029/2002JA009817

5. Jian L, Russell CT, Luhmann JG, and Skoug RM Properties of Interplanetary
Coronal Mass Ejections at One AU during 1995 — 2004. Solar Phys (2006) 239:
393-436. doi:10.1007/s11207-006-0133-2

6. Chi Y, Shen C, Wang Y, Xu M, Ye P, Wang S, et al. Statistical Study of the
Interplanetary Coronal Mass Ejections from 1995 to 2015. Sol Phys (2016) 291:
2419-39. doi:10.1007/s11207-016-0971-5

7. Lepping RP, Berdichevsky DB, Wu C-C, Szabo A, Narock T, Mariani F, et al. A
Summary of WIND Magnetic Clouds for Years 1995-2003: Model-Fitted
Parameters, Associated Errors and Classifications. Ann Geophys (2006) 24:
215-45. doi:10.5194/angeo-24-215-2006

8. Lepping RP, Wu C-C, Berdichevsky DB, and Szabo A Magnetic Clouds At/
near the 2007 - 2009 Solar Minimum: Frequency of Occurrence and Some
Unusual Properties. Sol Phys (2011) 274:345-60. doi:10.1007/s11207-010-
9646-9

9. Lepping RP, Wu C-C, Berdichevsky DB, and Szabo A Wind Magnetic Clouds
for 2010 - 2012: Model Parameter Fittings, Associated Shock Waves, and
Comparisons to Earlier Periods. Sol Phys (2015) 290:2265-90. doi:10.1007/
s11207-015-0755-3

Magnetic Field Intensity Modification MC

ACKNOWLEDGMENTS

We thank the Wind MFI and SWE teams for the care that they
employ in producing the magnetic field and plasma data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphy.2021.712599/
full#supplementary-material

10. Lepping RP, Wu C-C, Berdichevsky DB, and Kay C Magnetic Field Magnitude
Modification for a Force-free Magnetic Cloud Model. Solar Phys (2018)
293(19):162. doi:10.1007/s11207-018-1383-5

Lepping RP, Wu C-C, Berdichevsky DB, and Szabo A Model Fitting of Wind
Magnetic Clouds for the Period 2004 -2006. Solar Phys (2020) 295:83.
doi:10.1007/s11207-020-01630-2

Lepping RP, Berdichevsky DB, and Wu C-C Average Magnetic Field
Magnitude Profiles of Wind Magnetic Clouds as a Function of Closest
Approach to the Clouds’ Axes and Comparison to Model. Solar Phys
(2017) 292(2):27. doi:10.1007/s11207-016-1040-9

Lepping RP, Jones JA, and Burlaga LF Magnetic Field Structure of
Interplanetary Magnetic Clouds at 1 AU. ] Geophys Res (1990) 95:11957.
doi:10.1029/ja0951a08p11957

Freund JE Mathematical Statistics. Englewood Cliffs, NJ: Prentice-Hall (1962).
p. 127-8.

11.

12.

13.

14.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wu, Lepping and Berdichevsky. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

102

October 2021 | Volume 9 | Article 712599


https://www.frontiersin.org/articles/10.3389/fphy.2021.712599/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphy.2021.712599/full#supplementary-material
https://doi.org/10.1029/ja086ia08p06673
https://doi.org/10.1029/ja086ia08p06673
https://doi.org/10.1029/ja093ia07p07217
https://doi.org/10.1029/2002JA009817
https://doi.org/10.1007/s11207-006-0133-2
https://doi.org/10.1007/s11207-016-0971-5
https://doi.org/10.5194/angeo-24-215-2006
https://doi.org/10.1007/s11207-010-9646-9
https://doi.org/10.1007/s11207-010-9646-9
https://doi.org/10.1007/s11207-015-0755-3
https://doi.org/10.1007/s11207-015-0755-3
https://doi.org/10.1007/s11207-018-1383-5
https://doi.org/10.1007/s11207-020-01630-2
https://doi.org/10.1007/s11207-016-1040-9
https://doi.org/10.1029/ja095ia08p11957
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

'." frontiers
in Physics

ORIGINAL RESEARCH
published: 11 November 2021
doi: 10.3389/fphy.2021.745152

OPEN ACCESS

Edited by:
Honggiang Song,
Shandong University, China

Reviewed by:

Mengjiao Xu,

University of Science and Technology
of China, China

Emilia Kilpua,

University of Helsinki, Finland

*Correspondence:
Qiang Liu
liugb23@163.com

Specialty section:

This article was submitted to
Stellar and Solar Physics,

a section of the journal
Frontiers in Physics

Received: 21 July 2021
Accepted: 07 October 2021
Published: 11 November 2021

Citation:

Liu Q, Zhao Y and Zhao G (2021)
Statistical Study of Small-Scale
Interplanetary Magnetic Flux Ropes in
the Vicinity of the Heliospheric
Current Sheet.

Front. Phys. 9:745152.

doi: 10.3389/fohy.2021.745152

®

Check for
updates

Statistical Study of Small-Scale
Interplanetary Magnetic Flux Ropes in
the Vicinity of the Heliospheric Current
Sheet

Qiang Liu™?*, Yan Zhao " and Guoging Zhao "?

TInstitute of Space Physics, Luoyang Normal University, Luoyang, China, 2Henan Key Laboratory of Electromagnetic
Transformation and Detection, Luoyang, China

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.

Keywords: interplanetary magnetic structure, interplanetary current sheet, magnetic reconnection, solar wind,
reconnection exhaust

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
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Solar wind

X-line

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.

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 5AU. 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.

Small-Scale Interplanetary Magnetic Flux Ropes

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.
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TABLE 1 | The list of SIMFR studied in this work.

No.

001
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
0562
053
054
055
056
057
058
059
060
061
062
063

4The beginning of the SIMFR (UT).

Start?®

1995/01/16 11:38
1995/03/07 04:00
1995/03/24 11:31
1995/04/06 20:09
1995/04/06 21:12
1995/04/18 06:10
1995/06/29 13:47
1995/06/17 21:43
1995/09/20 12:59
1995/09/21 02:55
1996/06/14 21:53
1996/06/20 16:41
1996/08/06 00:04
1997/05/12 05:24
1997/056/16 06:15
1997/07/23 20:54
1997/07/24 07:00
1997/09/27 15:14
1997/10/07 04:30
1998/01/29 08:10
1998/02/27 05:45
1998/03/25 13:28
1998/03/28 22:47
1998/06/26 00:04
1998/10/27 14:25
1998/11/08 04:42
1999/06/24 09:00
2000/04/27 19:00
2001/01/08 20:59
2001/01/09 02:42
2002/08/19 12:49
2002/11/10 23:07
2002/11/20 22:50
2003/01/14 13:10
2003/01/17 09:22
2003/02/11 05:25
2005/04/22 10:49
2005/10/16 20:14
2005/10/25 22:55
2005/11/11 00:11
2006/01/22 09:52
2006/01/24 23:47
2006/02/19 21:47
2006/04/13 01:23
2006/08/27 15:19
2007/01/01 07:52
2007/02/10 13:13
2007/04/10 21:18
2007/05/22 01:53
2007/11/08 16:44
2008/01/13 09:18
2008/02/07 21:10
2008/12/05 09:19
2009/11/02 10:18
2010/05/26 00:15
2010/08/09 07:33
2010/11/12 09:27
2011/03/10 20:56
2011/04/29 05:54
2012/01/27 03:41
2012/05/31 20:52
2013/06/30 13:56
2013/11/11 06:32

Duration (MIN)°®

81
243
284
49
74
318
161
414
78
119
101
126
226
138
429
80
27
100
169
292
182
170
204
465
74
592
118
254
173
38
76
111
303
150
250
136
39
93
59
47
136
40
70
358
75
69
111
211
360
29
140
95
96
37
171
185
87
85
166
91
354
94
42

SIMFR (longitude, latitude)®

(113.5, -58.2)
(160.91, 23.82)
(14.32, 77.57)
(283.50, —0.89)
(324.42, 2.37)
(81.28, 12.62)
(65.7, 46.48)
(231.64, -45.33)
(48.18, -4.39)
(282.10, 12.74)
(42.54, —4.86)
(181.03, 36.61)
(117.19, -18.96)
(55.11, -17.39)
(236.68, ~34.14)
(58.24, ~40.77)
(269.14, 24.32)
(122.79, —29.58)
(140.71, -46.78)
(84.85, -0.57)
(275.48, —2.85)
(313.08, 14.44)
(291.53, —12.69)
(142.79, -39.25)
(294.07, 7.82)
(140.47, 35.87)
(217.34, —26.63)
(232.19, 48.06)
(296.34, —39.15)
(30.88, 78.00)
(290.00, —17.08)
(312.44, 18.24)
(102.58, 35.74)
(293.59, 57.73)
(317.34, 18.94)
(289.44, -5.54)
(138.67, -7.57)
(115.25, -55.69)
(150.31, 11.37)
(267.47, 59.25)
(73.12, 4.63)
(241.08, 1.87)
(296.73, -3.43)
(246.98, -3.9)
(220.61, 5.64)
(232.58, -15.69)
(252.36, —22.8)
(121.76, 25.72)
(153.80, 44.94)
(313.99, —28.18)
61.29, 12.15)
(231.47, 3.01)
(49.57, 17.94)
(275.14, —12.78)
(180.18, 70.83)
(301.27, 58.47)
(330.46, 40.53)
(280.40, —12.59)
(321.95, 10.57)
(92.71, 9.5)
(141.05, —26.55)
(141.55, ~12.24)
(64.44, —23.00)

HCS (longitude, latitude)®

(176.25, -13.42)
(186.99, 52.87)
(340.37, 36.08)
(76.66, 83.70)
(76.66, 83.70)
(9.54, -57.22)
(231.44, -3.08)
(49.69, 13.14)
(22.46, 72.02)
(22.46, 72.02)
(183.86, 10.82)

(185.45, -34.59)

(38.2, 30.41)

(227.35, -66.39)
(35.74, 37.71)
(16.88, 19.19)
(16.88, 19.13)
(91.47, ~72.12)
(358.13, 57.45)

(220.86, -21.80)

(169.71, -15.51)
(229.4, 50.58)
(229.4, 50.58)

(187.08, -31.71)
(36.54, —18.69)
(168.84, 31.55)
(167.68, 8.66)
(219.72, 10.82)

2.11, -6.75)
2.11, -6.75)
(181.12, 7.14)

(178.11, -19.26)

(298.14,- 0.30)
(31.99, 2.15)
(31.99, 2.15)

(219.25, 10.76)
(24.54, -27.14)
(200.72, 15.38)

36.18, 19.51

212.9, 22.27

54.27, 46.11

54.27, 46.11
(41.42, 6.37)

(315.08, -21.09)
(319.90, —6.40)
(4.21, ~19.55)
(161.22, 34.17)
(34.41, -82.96)
(18.56, 46.71)
(19.48, -62.91)

(62.76, 2.78)

(122.71, 28.84)

(300.64, -14.50)

(150.70, —29.30)
(175.93, 3.01)
(29.36, ~19.43)
(51.29, ~24.06)
(40.62, ~7.91)

(328.74, ~40.31)
(143.02, 76.82)
(157.39, 37.62)
(145.55, 78.38)
(333.20, 62.54)

( )
( )
( )
( )
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Hcs?

1995/01/17 04:55
1995/03/04 11:07
1995/03/24 04:35
1995/04/06 13:10
1995/04/06 13:10
1995/04/18 16:25
1995/05/30 04:20
1995/06/19 08:09
1995/09/22 20:14
1995/09/22 20:14
1996/056/13 01:58
1996/06/19 01:45
1996/08/06 16:15
1997/05/11 05:45
1997/056/15 00:24
1997/07/23 22:14
1997/07/23 22:14
1997/09/30 07:55
1997/10/08 04:32
1998/01/29 20:15
1998/02/27 05:45
1998/03/26 09:30
1998/03/26 09:30
1998/06/23 23:08
1998/10/27 13:45
1998/11/09 15:18
1999/06/23 09:52
2000/04/27 08:15
2001/01/10 20:44
2001/01/10 20:44
2002/08/19 09:30
2002/11/10 07:52
2002/11/20 01:10
2003/01/17 13:40
2003/01/17 13:40
2008/02/12 22:00
2005/04/19 13:30
2005/10/15 00:00
2005/10/24 16:22
2005/11/11 02:05
2006/01/23 06:05
2006/01/23 06:05
2006/02/19 09:40
2006/04/13 03:58
2006/08/27 12:00
2007/01/01 14:04
2007/02/12 17:09
2007/04/09 06:34
2007/05/21 22:15
2007/11/07 16:39
2008/01/12 10:53
2008/02/07 02:20
2008/12/04 11:19
2009/11/02 06:40
2010/05/25 06:09
2010/08/09 15:00
2010/11/12 20:28
2011/03/11 20:16
2011/04/28 14:.06
2012/01/25 20:59
2012/06/01 18:50
2013/06/29 04:34
2013/11/14 05:18

The time interval (h)®

17.3
7.0
8.0

10.3

14.6

55.3

413

38.9

16.2

23.7
1.3
8.8

64.7

121
0.0

20.0

61.3
0.7

231

47.8

42.0
3.3

72.5
4.3

40.6

69.3

44.2

30.6
1.9

4.7

121
3.3
6.2

51.9

26.7
3.6

241

22.4

18.8
3.6

18.1
7.5

11.0

21.3

15.8

30.7

33.4

70.8

17.3
7.0
8.0

10.3

14.6

55.3

41.3

38.9

16.2

23.7
1.3
8.8

64.7

121
0.0

Anglef

64.5
356.12
43.99
96.50
90.02
91.54
134.86
147.77
78.21
81.05
141.25
71.32
90.50
96.01
162.71
71.15
97.32
45.74
165.08
131.63
104.38
74.91
83.11
36.47
104.25
23.91
59.70
38.68
67.03
86.21
110.09
136.87
141.72
92.61
74.72
71.74
107.49
100.14
108.17
53.13
44.60
111.74
106.83
27.46
62.03
120.81
103.29
115.19
80.24
54.06
65.11
72.14
169.99
62.10
67.87
105.49
98.87
117.16
112.55
72.28
162.33
89.97
133.06
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PThe duration of the SIMFR (MIN).

“The longitude and latitude of the axis of SIMFR and the normal direction of HCS with respect to the ecliptic plane.
9The time of HCS crossing (UT).

®The time between the beginning of the SIMFR and the HCS crossing.

"The angle between the axial direction of SIMFR and the normal diirection of HCS.
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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 p values. The vertical dashed line indicates the crossing time of the HCS by the space craft. The
shadow region indicates the magnetic flux rope.
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SIMFRs quasi-parallel to the associated HCS (CAT1). The black squares x direction, which make the detection of HCSs relatlveoly dlfﬁcult.
represent the SMIFRs of CAT2 category. The longitude of the HCS normal is mainly near 45° and 225°,

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 { values. From 04:45, the By
component decreased from ~+5nT 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

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°.

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
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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
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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 (o)

are shown in the upper right corner.

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

ENS type Bz
=] BSN type Bz

Before 2003 After 2003

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.

category. Based on the duration, one may find that, for ropes with
duration less than 350 min, the ropes of CATI 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).

Figures 6, 7 plot the distributions of the plasma (proton)  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 3 and the angle, whereas there was positive
relation between the average field magnitude and the angle.

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.

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
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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 B of CAT1 and CAT2 ropes was
B, =0.84+0.17 and 8, = 0.40 + 0.11, respectively. The SIMFRs
of CAT1 have higher total average plasma {3 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 f 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
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Solar wind dynamic pressure pulses (DPPs) are small-scale plasma structures with abrupt
and large-amplitude plasma dynamic pressure changes on timescales of seconds to
several minutes. Overwhelming majority of DPP events (around 79.13%) reside in large-
scale solar wind transients, i.e., coronal mass ejections, stream interaction regions, and
complex ejecta. In this study, the intermittency, which is a typical feature of solar wind
turbulence, is determined and compared during the time intervals in the undisturbed solar
wind and in large-scale solar wind transients with clustered DPP events, respectively, as
well as in the undisturbed solar wind without DPPs. The probability distribution functions
(PDFs) of the fluctuations of proton density increments normalized to the standard
deviation at different time lags in the three types of distinct regions are calculated. The
PDFs in the undisturbed solar wind without DPPs are near-Gaussian distributions.
However, the PDFs in the solar wind with clustered DPPs are obviously non-Gaussian
distributions, and the intermittency is much stronger in the large-scale solar wind transients
than that in the undisturbed solar wind. The major components of the DPPs are tangential
discontinuities (TDs) and rotational discontinuities (RDs), which are suggested to be
formed by compressive magnetohydrodynamic (MHD) turbulence. There are far more
TD-type DPPs than RD-type DPPs both in the undisturbed solar wind and large-scale solar
wind transients. The results imply that the formation of solar wind DPPs could be
associated with solar wind turbulence, and much stronger intermittency may be
responsible for the high occurrence rate of DPPs in the large-scale solar wind transients.

Keywords: solar wind dynamic pressure pulse, discontinuity, turbulence, intermittency, data analysis

1 INTRODUCTION

Small-scale plasma structures with abrupt and large-amplitude plasma dynamic pressure changes
(increase or decrease) on timescales of seconds to several minutes and small pressure variations in the
preceding and succeeding regions, are frequently observed in the solar wind. They are usually named
as solar wind dynamic pressure pulses (DPPs) [1-5]. DPPs are associated with many fundamental
physical processes, such as plasma instability [1, 6], turbulence [7], magnetic reconnection [8], and
interactions between different kinds of solar wind streams [9]. Meanwhile, DPPs are very
geoeffective, which could affect the transport of energy and momentum from the solar wind to
the magnetosphere-ionosphere coupling system [10], compress the Earth’s magnetosphere and cause
various types of disturbances in the magnetosphere and ionosphere [5, 11-14]. It is important to
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investigate the origin of DPPs and their evolution in
interplanetary space to understand the basic plasma physical
process and the space weather effects.

In the past two decades, the properties of DPPs have been
investigated in depth. The sudden dynamic pressure changes of
DPPs, which are accompanied by variations in the magnetic field
and proton temperature, result mainly from increase or decrease
in density, rather than the bulk speed change [1-3]. For the
majority of DPPs, the sum of the thermal pressure and magnetic
pressure remains in equilibrium. Barkhatov et al. [15] indicated
that the balance of the total pressure across the sharp pressure
changes could affect the evolution of small-scale solar wind
structures. Nearly constant total pressure across the small-scale
structures can be regarded as the evidence of pressure balance [6,
16]. Hence, most DPPs can be considered as pressure balance
structures (PBSs). According to the jump conditions, Dalin et al.
(2002) [1] and Riazantseva et al. (2005a) [16] indicated that most
DPPs can be classified into tangential discontinuities (TDs), or
rotational discontinuities (RDs) with anisotropic thermal
pressure. Zuo et al. (2015b) [3] performed a statistical survey
on the properties of DPPs based on nearly 20 years of
observations from the WIND spacecraft, and verified that the
main components of DPPs may be shocks and directional
discontinuities (DDs) and the occurrence rate of shocks is
extremely smaller comparing with that of DDs. Specially,
DPPs have the feature of grouping occurrence and may exist
in specific solar wind environments. Zuo et al. (2015b) [4] and Xie
et al. (2015) [2] both found that the overwhelming majority of
DPP events in different solar phases reside in large-scale solar
wind transients, i.e., coronal mass ejection-related flows, stream
interaction regions (SIRs), as well as complex ejecta. Since
interplanetary coronal mass ejections (ICMEs), SIRs and
complex ejecta, which usually containing sustaining southward
interplanetary magnetic field (IMF), are the main drivers of
geomagnetic storms [17-20], Zuo et al. (2015b) [4] proposed
that the feature of grouping occurrence may be regarded as an
indicator of space weather events. Zuo et al. (2015¢) [5] inferred
that DPPs in different solar wind flows may have different origins.
In-situ  observations and numerical simulations of
magnetohydrodynamic (MHD) turbulence show that magnetic
discontinuities closely relate to the intermittent turbulence
[21-27]. Zuo et al. (2015b) [4] also found some clues that
DPPs may be the product of magnetic turbulence or repeated
magnetic reconnections.

In this paper, we comparatively analyze the different features
of intermittency and component of DPP events in the
undisturbed solar wind and in the large-scale solar wind
transients based on nearly 21years of WIND observations
(1995-2016). The origin of DPPs is also discussed. In Section
2, we briefly introduce the data set and DPP event selection
approach. Section 3 presents the results of statistical and
comparative investigation of the dynamic pressure change and
the relative dynamic pressure change in the undisturbed solar
wind and solar wind transients. We then compare the
intermittency during the time intervals in the undisturbed
solar wind and in large-scale solar wind transients with
clustered DPP events, respectively, as well as in the
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undisturbed solar wind without DPPs in Section 4. In the
next section, the classification of DPPs is shown. A brief
discussion and summary are given in the last section.

2 DATA AND EVENT SELECTION

In this investigation, we primarily use high time resolution solar
wind plasma and magnetic field data from the Three-
Dimensional Plasma and Energetic Particle Investigation
(3DP) [28] and the Magnetic Field Investigation (MFI) [29]
instruments onboard the WIND spacecraft, respectively. The
solar wind plasma and magnetic field data during the period
from 1995 to 2016, used to the DPP event identification, analysis
on DPPs component and associated intermittency, are available
with a cadence of 3-s in this work.

To identify DPPs in the solar wind, we apply an automated DPP-
hunting computer procedure developed by Zuo et al. (2015a) [3]. The
procedure is capable of: 1) correctly identifying the DPPs, 2)
functionally determining their transition region where abrupt
dynamic pressure changes occur, 3) and simultaneously selecting
representative preceding and succeeding regions as the upstream and
downstream, for which there are very small variations in solar wind
dynamic pressure to represent the quiet plasma status. The selection
criteria are guided as follows: 1) The sharp change of dynamic
pressure exceeds a given threshold value dpy = 1 nPa in less than
dty = 5 min. 2) The transition region should be isolated in the sense
that only small variations in dynamic pressure occur in the preceding
and succeeding 3 min. The preceding and succeeding 3-min regions
are selected to be representative of the upstream and downstream
region. 3) In the upstream and downstream regions, the change in the
amplitude of the dynamic pressure is less than 60% of that in the
transition region, and the ratio of the square deviation of the dynamic
pressure to its corresponding average value is less than 0.6. In order to
ensure that the detected DPPs do not occur in the magnetosphere and
its foreshock region, the events are discarded if the spacecraft was
located in the region with Xymnp < 60Rg and

Yo + Zoinp <60Rg  Xwinps Ywinps  and  Zymp  are
coordinates of WIND location in GSM. R is the radius of the Earth).

An example of DPP event in the solar wind on January 2, 2016
is presented in Figure 1. The region between two red vertical lines
is defined as the transition region and the code-given adjacent
upstream and downstream regions are marked by the red
transverse lines. The top four panels present the magnetic field
magnitude, the three magnetic components (in GSM
coordinates), latitude angle and azimuthal angle of the
magnetic field. As seen in Figure 1, the magnetic field
magnitude drops from-~7.5 to~ 1.0 nT, with abrupt directional
changes (latitude angle change: A8 > 50°), suggesting the existence
of intermittent structures. The subsequent panels show the
proton temperature, proton number density, solar wind bulk
speed and solar wind dynamic pressure from the 3DP
instruments. The values of the four plasma parameters all
increase from upstream to downstream.

ICMEs and SIRs are two types of dominant solar wind
transients [30-32]. A combined ICME list in 1995-2016 is
obtained from publicly available catalogues compiled by Chi
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FIGURE 1 | One typical DPP event in the solar wind observed by WIND on January 2, 2016. The boundaries of the DPP transition region are marked by the red
vertical lines, and the transverse lines before and after the DPP transition region denote DPP’s upstream and downstream regions. The panels from top to bottom are:
magnetic-field magnitude, the three components (x, y, z) of the magnetic field in Geocentric Solar Magnetospheric (GSM) coordinates, magnetic-field latitude angle,
magnetic-field azimuthal angle, proton temperature, proton density, proton bulk speed, and solar wind dynamic pressure, respectively.

Yutian (USTC list)’, Jian Lan (UCLA list)? and Richardson & Cane
(R& C list)*. The lists of SIRs obtained from the websites® ° are also
referred. We classify the near-Earth solar wind into two types: the
undistributed solar wind and the large-scale solar wind transients
including ICMEs, CIRs and the complex ejecta formed due to their
interaction. A DPP event is considered to be associated with the
solar wind transients if its transition region occurs within the time
interval of the solar wind transient passages.

3 STATISTIC OF DPP EVENTS

12,077 DPP events in the solar wind from 1995 to 2016 are
identified with the automatic searching code. There are 2,521

'http://space.ustc.edu.cn/dreams/wind_icmes/index.php.
*https://link.springer.com/content/pdf/10.1007/s11207-006-0133-2.pdf.
*http://www.stl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm#.
*https://link.springer.com/content/pdf/10.1007/s11207-006-0132-3.pdf.
*http://link.springer.com/content/pdf/10.1007/s11207-016-0971-5.pdf.

(20.87%) and 9,556 (79.13%) DPP events residing in the
undisturbed solar wind and solar wind transients, respectively.
Table 1 shows the annual number of DPPs in undisturbed solar
wind and solar wind transients. Figure 2 shows the distribution of
DPPs that are associated with the undisturbed solar wind (indian
red) and solar wind transients (sky blue) in each year during
1995-2016. It is found that except for 1996 (55.81%), the
proportion of DPPs in undisturbed solar wind is much lower
than that related to the solar wind transients, ranging from 3.46 to
28.99%, which is consistent with Zuo et al. (2015b) [4].

Figure 3 presents the comparison of the dynamic pressure change
in the undisturbed solar wind (indian red) and solar wind transients
(sky blue). The distribution of the absolute value of the dynamic
pressure amplitude change from upstream to downstream, i.., dP,
= |Pdown = Pupl> is displayed in Figure 3A. The value of dp,, for the
events in the undisturbed solar wind varies from 1.0 to 14.65 nPa
with an average value of 1.63 nPa, and the value of dP,, in solar wind
transients varies from 1.0 to 41.94 nPa with an average value of
2.18 nPa, which is 33.74% larger than that in the undisturbed solar
wind. It is found that the distributions of dP,, about the cases both in
the undisturbed solar wind and solar wind transients peak at
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TABLE 1 | List of Solar Wind Dynamic Pressure Pulses (DPPs) in the undisturbed solar wind and solar wind transients.

Type 1 Year 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
No. 204 288 162 220 40 173 168 83 140 94 149
Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
No. 8 31 22 20 31 98 129 121 106 135 99

Type 2 Year 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
No 548 228 497 687 448 669 741 562 388 462 792
Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
No. 223 194 258 49 198 412 370 405 319 701 405

Total (1995-2016) Type 1: 2,521 Type 2: 9,556

Type 1: DPP events in the undisturbed solar wind.
Type 2: DPP events in the solar wind transients.

DPPs related to undisturbed solar wind and solar wind transients
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FIGURE 2 | Proportion of DPPs associated with the undisturbed solar wind (indian red) and solar wind transients (sky blue).

1.0-2.0 nPa, and there are about 8243 and 67.12% of the cases,  in the undisturbed solar wind varies from 0.20 to 1.97 with an average

respectively, in this range. Zuo et al. (2015b) [4] defined that strong ~ value of 0.47, and 3.00% of the events have values greater than 1.0.

DPPs should have dynamic pressure changes over 3 nPa in 5 min. It The value of dp,juy. for all cases in solar wind transients varies from

is noteworthy that there are fewer strong DPPs in the undisturbed ~ 0.20 to 1.99 with an average of 0.44, and about 3.40% of the events

solar wind than that in solar wind transients. Only 6.45% of the DPP have values greater than 1.0. However, the most probable relative

events are strong DPPs in the undisturbed solar wind, while in solar ~ pressure changes are 0.4-0.6 for strong DPPs (Figure 3C). About

wind transients this proportion accounts for 15.70% 24.54% of the strong DPPs in the undisturbed solar wind and 14.02%
The strength of the DPP compared with the background  of the strong DPPs in solar wind transients have a value of relative

condition it resides in is determined by the ratio of the absolute  change larger than 1.0.

value of the dynamic pressure amplitude change to the average

dynamic pressure value, i.e., @preative = APayl[(Pup + Paown)/2] [2].

Figure 3B shows the distribution of the relative dynamic pressure 4 TURBULENCE ASSOCIATED WITH DPP

change. Comparison between the two types of solar wind flows  EVENTS

suggests little difference in the distributions. The most probable

relative pressure changes are 0.2-04 in the undisturbed solar ~ Turbulence in the solar wind describes the fluctuation of solar wind

wind and solar wind transients. The value of d, . for all cases parameters over different spatial and temporal scales [33].
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FIGURE 3 | The distributions of absolute dynamic pressure changes for all DPPs (A), relative pressure changes for all DPPs (B) and relative pressure changes for
strong DPPs (C) in the undisturbed solar wind (indian red) and solar wind transients (sky blue).

Intermittency, manifesting inhomogeneity in the energy transfer
between scales [34-37], is a typical feature of turbulence [38]. If
the probability distribution function (PDF) of the fluctuations for a
given solar wind parameter is not Gaussian at different scales and
increasingly departs from a normalized distribution when the time-
scale gets smaller, it reveals the presence of intermittency [36].
DPPs mainly reside in the solar wind transients. Here we
selected sixteen events containing ICME, CIR or complex ejecta
with clustered DPP occurrence, and in front of the solar wind
transient, clustered distributed DPPs are also existed. So it is
convenient to compare the intermittency during the successive
intervals of the undisturbed solar wind without DPPs, the
undisturbed solar wind with DPPs, and the solar wind
transient with DPPs. For simplicity, these regions are termed
as the ndpp-USW region, the dpp-USW region, and the dpp-
LSSWT region, respectively. The time information of these events
is listed in Table 2. Considering the pressure changes of DPPs are
dominated by density variations, we analyzed the intermittency of
density fluctuation in this work. The proton density
increments are defined by dp(7) = p(t + 1) — p(t), and the
function [dp(r) — (8p(r))] represents the fluctuations of
proton density increments. Here, p and 7 are the proton
density, and the time lag between two samples, respectively.
The angle bracket denotes ensemble averaging over time.
Figure 4 presents the magnetic field and plasma data observed
by WIND during September 14-19, 2000. An ICME, which

started at 16:09:00 UT on September 17, 2000 and ended at
06:25:00 UT on September 19, 2000, was observed to interact with
a SIR during 18:30:00 UT on September 16 and 23:21:25 UT on
September 17, 2000, and formed a complex ejecta. Four
remarkably different regions labeled by the red vertical lines
can be defined in sequence: the ndpp-USW region, the dpp-
USW region, the dpp-LSSWT I region and the dpp-LSSWT II
region. The dpp-LSSWT I and dpp-LSSWT II regions are both
inside the complex ejecta. The time information of each region is
given for the Event with NO. 6 in Table 2. The time scale of ndpp-
USW region is same as that of the dpp-USW region and different
from that of two dpp-LSSWT regions. The center position of the
transition regions of the captured DPP events are marked by sky
blue vertical lines. The number of DPP events captured in the
dpp-USW, dpp-LSSWT I, dpp-LSSWT 1I regions is six, eleven
and forty-eight, respectively (see also in Table 2).

Figure 5 shows the PDFs of solar wind proton density
increments normalized to the standard deviation, i.e., [0p(7)
- {0p(1)>1/0,, for different time lags 7 of the corresponding
ndpp-USW region (Figure 5A), dpp-USW region (Figure 5B),
dpp-LSSWT 1 region (Figure 5C) and dpp-LSSWT 1I
(Figure 5D), respectively. o, is the standard deviation of
8p(t). The black curves in Figure 5 denote the standard
Gaussian distribution with {8p(t)) 0 and op = 1. The
different degrees of red lines illustrate the actual distribution
function among different time lags (7 = 12, 24, 48, 96, 192, and
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TABLE 2 | The time information of selected 16 events. The start time, end time, time duration, and number of DPP events are listed separately. The time duration of ndpp-

USW region is same as that of the dpp-USW region and listed in Column 6.

ndpp-USW region

dpp-USW region

dpp-LSSWT region

No. Start End [UT] Start End [UT]
[UT] [uT]
1 19950115/06: 19950115/09: 19950116/06: 19950116/09:
54:35 31:38 54:35 31:38
2 19960215/03: 19960215/07: 19960216/03: 19960216/15:
22:16 40:29 22:16 02:16
3 19960221/02: 19960221/06: 19960222/02: 19960222/06:
04:44 31:38 04:44 31:38
4 19980726/17: 19980728/01: 19980730/17: 19980801/01:
24:57 01:24 24:57 01:24
5 20000822/16: 20000822/18: 20000823/16: 20000823/18:
02:09 13:26 02:09 13:26
6 20000914/19: 20000914/21: 20000915/19: 20000915/21:
00:00 12:46 00:00 12:46
7 20010406/00: 20010406/05: 20010407/00: 20010407/05:
23:30 17:15 23:30 17:15
8 20030225/00: 20030225/08: 20030226/08: 20030226/16:
01:41 54.08 01:41 54:08
9 20041106/14: 20041106/16: 20041107/14: 20041107/16:
26:27 57:31 26:27 57:31
10 20041229/04: 20041229/16: 20041230/04: 20041230/16:
28:46 36:04 28:46 36:04
11 20050512/12: 20050512/15: 20050513/12: 20050513/15:
36:53 12:06 36:53 12:06
20050512/22: 20050513/083:
29:07 04:26
12 20120615/05: 20120615/08: 20120616/15: 20120616/18:
29:32 54:14 29:32 54:14
13 20131106/09: 20131106/11: 20131107/09: 20131107/11:
15:16 20:16 15:16 20:16
14 20140911/04: 20140911/08: 20140911/22: 20140912/02:
45:09 53:35 45:09 53:35
15 20150909/22: 20150910/02: 20150910/17: 20150910/21:
29:16 39:05 29:37 39:05
16 20160505/00: 20160505/05: 20160506/17: 20160506/22:
32:58 08:15 32:58 08:15

384 s). It can be seen that the PDFs in the ndpp-USW region are
near-Gaussian with all given time lags ranging from 12 to 384 s.
But the PDFs are obviously non-Gaussian and the distributions
become more self-similar at larger time lags in the dpp-USW,
dpp-LSSWT I, dpp-LSSWT II regions. Deviation from a
Gaussian distribution indicates that intermittency exists in
the dpp-USW and two dpp-LSSWT regions.

In order to unravel the intermittent character of the density
fluctuations, the method described in Bruno et al. (2003, 2014)
[39, 40] is used to estimate the flatness factor F at different time
lags. The flatness factor F, the fourth-order moment of
distribution, is defined as: F(7) = (8p(‘r)4>/(5p(‘r)2)2. The
larger the flatness factor F is, the longer the tail of the
distribution becomes. For a standard Gaussian distribution,
the flatness factor F should equal to 3 [7]. The flatness factor

Time No. Start End [UT] Time No.
duration of [uT] duration of
[hr] DPPs [hr] DPPs
2.618 5 19950118/03: 19950118/11: 7.957 10
58:35 55:59
11.677 12 19960218/02: 19960218/08: 6.223 7
11:26 24:25
4.448 8 19960224/00: 19960224/13: 13.428 7
18:08 42:18
31.608 49 19980801/11: 19980802/10: 23.126 27
41:41 49:16
2.188 6 20000824/01: 20000824/08: 7.033 7
54:22 56:20
2.213 6 20000916/20: 20000917/03: 6.401 11
01:34 25:30
20000917/13: 20000918/18: 28.738 48
54:08 30:55
4.896 5 20010408/11: 20010409/00: 13.619 16
16:07 53:49
8.874 10 20030226/17: 20030227/00: 6.88 6
54:47 37:29
2.518 5 20041107/19: 20041108/06: 12.863 23
32:48 46:32
20041109/18: 20041110/18: 24.563 44
21:35 59:32
20041111/16: 20041112/17: 24.863 29
44:43 40:38
12.122 12 20050101/16: 20050102/07: 14.965 14
07:12 05:06
2.587 9 20050515/02: 20050515/22: 19.965 41
30:13 28:07
4.589 8
3.412 6 20120616/19: 20120617/11: 15.481 26
57:21 26:12
2.083 6 20131109/01: 20131109/08: 6.259 7
52:34 08:05
4141 5 20140912/15: 20140913/07: 15.553 19
35:44 03:39
4.158 5 20150910/22: 20150911/08: 9.999 9
53:44 53:41
4.588 7 20160508/00: 20160508/07: 7.254 18
2712 42:28

F at the time lags ranging from 3 to 3,072 s in the ndpp-USW
region, dpp-USW region and two dpp-LSSWT regions, are shown
in Figure 6. The flatness factor F approximately equal to 3 in the
ndpp-USW region, while the flatness factors in the dpp-USW and
two dpp-LSSWT regions are all larger than 3, and the values start
to increase at larger time lags and reach higher values at small
time lags. It indicates that distributions become more intermittent
for small time lags and more Gaussian for larger time lags. This is
consistent with the qualitative assessment of distribution shapes
discussed in Figure 5. Moreover, the flatness factors in two dpp-
LSSWT regions are obviously larger than those in the dpp-USW
region. Hence, density fluctuations in two dpp-LSSWT regions
can be considered to be more intermittent than those in the dpp-
USW region. If the flatness factor remains constant within a
certain range of time lags, it indicates that solar wind turbulence is
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FIGURE 4 | Magnetic field and plasma parameters of solar wind observed by WIND from 12:00 UT on September 14, 2000 to 12:00 UT September 19, 2000. The
panels from top to bottom are: magnetic-field magnitude, the three components (x, y, z) of the magnetic field in Geocentric Solar Magnetospheric (GSM) coordinates,
magnetic-field latitude angle, magnetic-field azimuthal angle, proton bulk speed, proton temperature, proton density, solar wind dynamic pressure, proton thermal
pressure, and plasma beta, respectively. The solar wind dynamic pressure, the thermal pressure and plasma beta are calculated as the functions, Py, = mpN, Vﬁ,
Pin=NpKT,, and f = P/ (B?/210), respectively. The four discussed regions, ndpp-USW region, dpp-USW region, dpp-LSSWT | region and dpp-LSSWT Il, are labeled by
the red vertical lines, respectively. The center of the transition regions of the captured DPP events are marked by sky blue vertical lines separately.

not intermittent but self-similar [7]. Flatness factor in the ndpp-
USW region is nearly 3.

Figure 7 presents the solar wind data observed by WIND
during May 11-17, 2005. A typical ICME preceded by a driven
strong shock is detected during May 15-17, 2005. Before the
ICME, one ndpp-USW and two dpp-USW regions can be found,
which are marked by red vertical lines in the figure. A dpp-LSSWT
region is inside the ICME and the sheath region. The time
information of each region is given for the Event with NO. 11
in Table 2. The PDFs of solar wind proton density increments
normalized to the standard deviation for the four regions are
shown in Figure 8. Similarly, as seen in Figure 8A, the PDFs are
near-Gaussian distributions in the ndpp-USW region, while the
PDFs progressively deviate from a Gaussian distribution in two
dpp-USW regions and one dpp-LSSWT region shown in Figures
8B-D. We also calculate corresponding flatness factors F for these
four regions. Figure 9 displays the distributions of flatness factor
F. It can be found that the flatness factors in the ndpp-USW region
are about to 3 and keep self-similar substantially. The F curves for
two dpp-USW regions approximately overlap. It indicates that the

density fluctuations in the two dpp-USW regions exhibit the same
level of intermittency. Besides, the flatness factors in the dpp-
LSSWT region are dominantly higher than those in other three
regions, which illustrates more intermittent in the dpp-LSSWT
region.

In above analysis we have taken two events as examples to
compare the intermittency features in the regions with and
without DPP occurrence. Both the distributions of PDFs and
flatness factor clearly reveal that intermittency does not exist in
the ndpp-USW region, but exists in the dpp-USW and dpp-
LSSWT regions. Furthermore, the intermittency in dpp-LSSWT
regions is stronger than that in the dpp-USW regions. The
remaining events, although not discussed here, have the
similar distributions of PDFs and flatness factor according to
our analysis. Figure 10 illustrates the statistical distributions of
the average values of flatness factor F of all dpp-LSSWT regions,
dpp-USW regions and ndpp-USW regions for the selected sixteen
events. It is found that the average of flatness factor in dpp-USW
regions are evidently smaller than that in dpp-LSSWT regions at
all discussed time lags.
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ranging from 12 to 384 s.
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FIGURE 6 | Flatness factor F as a function of different time lags ranging from 3 to 3,072 s, relative to fluctuations of the plasma density observed in ndpp-USW
region (green), dpp-USW region (blue), dpp-LSSWT | region (red), and dpp-LSSWT Il region (pruple), respectively). The time intervals of four distinct regions are

presented in Figure 4.

5 CLASSIFICATION OF DPP EVENTS role in statistical investigation [4]. DDs are ubiquitous in

interplanetary space and are considered to be a mixture of
Recent studies about DPPs in the solar wind show that the main ~ TDs and RDs [21, 41-45]. A TD, which does not propagate
components of DPPs are directional discontinuities (DDs) or but is convected along with the solar wind, is a special kind of
interplanetary (IP) shocks, but IP shocks are much rare in  pressure-balance structure and usually separate two different
comparison with DDs so that they do not play a significant  plasma regions of solar wind [46]. A RD, which has a
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FIGURE 7 | Magnetic field and plasma parameters of solar wind observed by WIND from May 11, 2005 to May 17, 2005. The panels from top to bottom are:
magnetic-field magnitude, the three components (x, y, z) of the magnetic field in Geocentric Solar Magnetospheric (GSM) coordinates, magnetic-field latitude angle,
magnetic-field azimuthal angle, proton bulk speed, proton temperature, proton density, solar wind dynamic pressure, proton thermal pressure, and plasma beta,
respectively. The four discussed regions, ndpp-USW region, dpp-USW | region, dpp-USW Il region, and dpp-LSSWT region, are labeled by the red vertical lines,
respectively. The center of the transition regions of the captured DPP events are marked by sky blue vertical lines separately.

magnetic field component normal to the discontinuity surface, is
not a static structure and can be regarded as a large-amplitude
Alfvén wave propagating along the magnetic field [45, 47, 48].
Due to plasma compression, TDs are less stable than RDs.

Previous studies proposed some criteria to categorize solar
wind DDs into TDs and RDs [21, 41, 49-51]. In this study, we
follow the criterion of Neugebauer et al. [41] in which only
magnetic field data were used for classification. A DD is classified
as: 1) TD: |B,|/Bynax < 0.4, [B]/Byax = 0.2; 2) RD: |B,|/Bax > 0.4,
[B]/B,ax < 0.2; 3) Either discontinuity (ED): |B,|/B,,4x < 0.4, [B]/
Binax < 0.2; 4) Neither discontinuity (ND): |B,|/B,ax = 0.4, [B]/
Binax = 0.2 [43]. Here | B,)| is the normal field component, [B] is the
absolute change value of field magnitude across the transition,
B,10x is the maximum of the averaged magnetic field magnitude in
the selected upstream region and that in the downstream region.
EDs with a small field component normal to the discontinuity
surface and small absolute magnitude change share the properties
of TDs and RDs [41, 43, 52-54]. Thus it is difficult to judge
whether an ED is a TD or a RD if only the magnetic field data
is used.

To determine the surface normal vector of the DDs, the
minimum variance analysis (MVA) [55] was employed. The

minimum variance direction of the IMF vectors corresponds
to the normal of the discontinuity plane. And the quality of the
result has a positive correlation to the ratio of the intermediate
(A2) to minimum (A;) eigenvalue, which gives information about
the efficiency of the MVA technique. Here we adopt the
consistency requirement to ensure the accurate MVA normal
estimates 1,/A; > 2 [56].

Figure 11 illustrates the percentages of TD, RD, ED, ND for
the DPPs in the undisturbed solar wind (Figure 11A) and in
the solar wind transients (Figure 11B). In the undisturbed
solar wind, 2,121 (84.13%) DPP events match the requirement,
and the occurrence of TDs, RDs, EDs, and NDs accounts for
53.47, 9.48, 31.35, and 5.70%. In the solar wind transients,
8,018 (83.91%) DPP events are obtained, and the
corresponding proportions of TD, RD, ED, and ND are
36.24, 17.88, 42.68, and 3.20%, respectively. By comparison,
the ratio of TD type DPPs in the undisturbed solar wind is
distinctly greater than that in the solar wind transients, while
the ratio of RD-type DPPs in the solar wind transients is
around twice of that in the undisturbed solar wind. Whether
DPP events resides in the undisturbed solar wind or in the
solar wind transients, TDs are obviously more than RDs.
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FIGURE 9 | Flatness factor F as a function of different time lags ranging from 3 to 3,072 s, relative to fluctuations of the plasma density observed in ndpp-USW
region (green), dpp-USW | region (blue), dpp-USW Il region (sky blue), dpp-LSSWT region (red), respectively. The time intervals of five regions are presented in Figure 7.
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6 SUMMARY AND DISCUSSION

DPPs are small-scale plasma structures which are ubiquitous in
the solar wind. With the motivation to rapidly and automatically
identify the numerous DPPs from the solar wind data for further
research, we have developed an automated searching procedure.
This code has been applied to hunt for DPPs from the
observational data stream of WIND from 1995 to 2016.
Totally 12,077 DPP events are identified. Based on these
events, we perform a comparative analysis on the turbulence
and component classification of DPPs in different types of solar
wind. Note that, since we only consider the sharp front with
sudden change of dynamic pressure on timescales of seconds to a
few minutes, in our code, the crossing time of the transition
region dt, is restricted to be less than 5 min, which can be easily
operated. If we restrict the spatial length of the transition region,

the number of samples of DPPs identified and used in the
statistical investigation may be changed. But the statistical
features of the intermittency of the region with and without
clustered DPP occurrence should keep coincident since we don’t
consider the DPP itself but the study the turbulence of the
environment that the DPPs resided in.

The main results of this investigation are as follows:

1) The absolute dynamic pressure changes of most DPP events,
both in the undisturbed solar wind and solar wind transients,
are 1.0-2.0 nPa. Statistically, the most probable values of the
relative dynamic pressure change are 0.2-0.4 for all DPPs. In
comparison, this parameter is larger for strong DPP events in
two types of solar wind flows, being 0.4-0.6.

Intermittency is determined and compared during the time
intervals in the undisturbed solar wind and large-scale solar

2)
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wind transients with clustered DPP events, as well as in the
undisturbed solar wind without the occurrence of DPPs. It is
found that the PDFs and the flatness factors in ndpp-USW
region are almost self-similar at different time lags, while the
PDFs and flatness factor in dpp-USW and dpp-LSSWT
regions are not Gaussian. The intermittency in dpp-
LSSWT region is obviously stronger than that in dpp-
USW region.

Most DPP events are TDs and RDs, and there are far more
TD-type DPPs than RD-type DPPs both in the undisturbed
solar wind and solar wind transients. The occurrence of RD-
type DPPs is higher in solar wind transients than that in the
undisturbed solar wind, while the occurrence of TD-type
DPPs in solar wind transients is smaller than that in the
undisturbed solar wind.

3)

In-situ observations and numerical simulations of MHD
turbulence show that magnetic discontinuities may originate
from MHD turbulence and closely relate to intermittent
turbulence [21-27, 57]. By comparing the statistical analysis
with simulations of MHD turbulence about the waiting-time
and the PDFs of magnetic field increments, Greco et al. (2009a)
[23] found that some discontinuities are reproduced by
intermittent turbulence. Zhdankin et al. [57] studied the
relationship between exponentially distributed angular
discontinuities in the magnetic field and MHD turbulence.
They proposed that strong discontinuities are associated with
inertial-range MHD turbulence, while weak discontinuities
emerge from dissipation-range turbulence. Meanwhile, they
found that the structure functions of the magnetic field
direction exhibit anomalous scaling exponents, which
indicated the existence of intermittent structures. Yang
et al. [26] conducted a simulation of decaying compressive
MHD turbulence with a RD, and they found that the RD
evolves from the steepening, which is caused by the non-
uniformity of Alfvén speed in the MHD turbulence, of
Alfvén waves. And then, they compared the TD’s lifetime
with the travel time of the solar wind from the Sun to 1 AU
and inferred that TDs observed at 1 AU are more possibly to be
generated by local turbulence [27].

This study shows that the PDFs in the solar wind with
clustered DPPs are obviously non-Gaussian distributions and
the intermittency is much stronger in the large-scale solar
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The intensity of the southward component of the magnetic field (Bs) carried by
Interplanetary Coronal Mass Ejections (ICMEs) is one of the most critical parameters in
causing extreme space weather events, such as intense geomagnetic storms. In this work,
we investigate three typical ICME events with extremely intense Bg in detail and present a
statistical analysis of the origins of intense Bg in different types of ICMEs based on the ICME
catalogue from 1995 to 2020. According to the in-situ characteristics, the ICME events
with extremely high Bg are classified into three types: isolated ICMEs, multiple ICMEs, and
shock-ICME interaction events with shocks inside ICMEs or shocks passing through
ICMEs. By analyzing all ICME events with Bs > 10nT and B > 20nT, we find that 39.6% of
Bs mean = 10nT events and 50% of Bs mean = 20nT events are associated with shock-ICME
events. Approximately 35.7% of shock-ICME events have Bs mean = 10nT, which is much
higher than the other two types (isoloted ICMEs: 7.2% and multiple ICMEs: 12.1%). Those
results confirm that the ICMEs interaction events are more likely to carry extreme intense Bg
and cause intense geomagntic storms. Only based on the in-situ observations at Earth,
some interaction ICME events, such as shock-ICME interaction events with shocks
passing through the preceding ICME or ICME cannibalism, could be classified as
isolated ICME events. This may lead to an overestimate of the probability of ICME
carrying extremely intense Bs. To further investigate such events, direct and multi-point
observations of the CME propagation in the inner heliosphere from the Solar Ring Mission
could be crucial in the future.

Keywords: interplanetary coronal mass ejection, shock-ICME interaction, multiple ICMEs, intense Bs, interplanetary
magnetic field

1 INTRODUCTION

Interplanetary Coronal Mass Ejections (ICMEs), the interplanetary counterparts of the Coronal
Mass Ejections (CMEs), are considered to be the main source of geomagnetic storms, especially the
intense geomagnetic storms [1-9]. By studing the intense geomagnetic storms from 1995 to 2014,
Shen et al. [9] reported that 87% of intense geomagnetic storms with Dst,,;, < —100nT were caused by
ICMEs. This result is consistent with the results obtained by Zhang et al. [3] and Kilpua et al. [10].
From another point of view, Shen et al. [9] found that 20% of ICMEs caused intense geomagnetic
storms. This might be caused by the fact that ICMEs are the main sources of the southward
component of the interplanetary magnetic field (B, the absolute value of the southward component
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of the magnetic field). When the southward magnetic field
reaches the Earth, it will interact with the magnetosphere and
then cause geomagnetic storms [11,12]. Thus, the intensities of B,
carried by ICMEs are important parameters in space weather
studies and forecasting. Based on the ICMEs catalogue developed
by the University of Science and Technology of China group [13],
which is abbreviated as USTC ICME catalogue hereafter, the
mean value of the B, in the ICME (B, eq,) varied from 0 to
35.39 nT with the mean value for all ICMEs of 4.40 nT.

According to the previous work, the intensities of geomagnetic
storms caused by ICMEs are strongly associated with the
intensities of B, embedded with ICMEs ([9,14-16], and
references therein). ICMEs with higher B, are more likely to
cause intense magnetic storms [17,18]. Thus, the origin of the
intense B, is an important question. Based on the literature, the
interaction between multiple CMEs would enhance the magnetic
field in the ICMEs [9,15,17-19]. In addition, as a special type of
multiple ICMEs interaction, the interaction between previous
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ICMEs and following shocks could also enhance the B; in the
ICME:s significantly [9,20-24]. Shen et al. [18] found that in the
shock-ICME interaction event of 6-11 September 2017, the shock
compression enhanced By inside the ICME from 10 to 30 nT. In
their following work, Xu et al. [21] analyzed 18 moderate to
intense geomagnetic storms caused by shock-ICME interaction
events, showing that the shock compression can enhance the
intensities of B, in ICME by a factor of 2. But, questions still

remained. For example, is it possible for the isolated ICME to
carry extremely strong B,? If so, why? Are there any other possible
explanations for the abnormally strong B in isolated ICMEs?

In this work, we discuss the possible origins of the extreme
intense B; in the ICMEs based on the typical events anaylsis. In
Section 2-5, we will introduce some typical events with extremely
high B; in the ICMEs. In the last section, we will present some
conclusions and discussions.

Frontiers in Physics | www.frontiersin.org

127

November 2021 | Volume 9 | Article 762488


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Shen et al.

2 EXTREME Bs VALUE INSIDE ISOLATED
ICME: 2003 NOVEMBER 20 EVENT

An ICME with extremely high B; is the 2003 November 20
event. This event caused the strongest geomagnetic storms in
the past 30 years with the peak value of Dst index of —422 nT
[25-27]. As indicated in Figure 1, an obvious fast forward
shock (red vertical line) was detected by Wind spacecraft at 08:
37 UT on November 20. Approximately 3.5 h later, an obvious
ICME reached the Earth and lasted about 16 h, as shown by the
gray shadow region in Figure 1. The ICME exhibits
characteristics of magnetic clouds including a rise in
magnetic field strength, a smooth rotation in magnetic field
vector, and a drop in proton temperature and plasma beta. No
additional ICME was detected by Wind spacecraft in 6h
preceding or after this ICME, indicating that this ICME was
an isolated ICME event. It indicates that the isolated ICME
events also have the potential to carry extremely intense Bi.
The possible reasons are: 1) this ICME has a southward axial
magnetic field with a high inclination (-737) to the ecliptic
plane [25], allowing a long duration and intense Bs to be
embedded. 2) this ICME may have interacted with another
narrow CME, which erupted an hour earlier than this CME
from the same solar source region [27]. During propagation,
the preceding narrow CME may be cannibalised by the
subsequent large CME, or its propagating direction was
deflected away from the Sun-Earth line during the
interaction and thus not recorded by the WIND spacecraft.

3 EXTREME Bs DUE TO MULTIPLE ICME
INTERACTION: 2001 MARCH 31 EVENT

Figure 2 shows an example of multiple ICME interaction event:
the 2001 March 31 event. This event has been widely discussed by
different authors [15,28]. As shown in Figure 2, an ICME (shown
as the first gray shadow) was detected from 06:18 UT to 12:22 UT
on March 31. During this period, the interplanetary observations
show obvious ICME signatures with enhanced magnetic field
strength, smoothly rotated magnetic field vector, low proton
temperature, and low plasma beta. This ICME drove a shock
ahead of it (red vertical line), featured by sudden and
simultaneous enhancements of the magnetic field, solar wind
speed, proton density, and temperature. B, in this ICME was
extremely strong with the mean value of 35.39 nT and maximum
value of 48.44 nT. This is the ICME event with the strongest B,
recorded near the Earth from 1995 to 2020 based on the USTC
ICME catalogue [13]. After the arrival of the extremely strong Bs
carried by this ICME, there was an intense geomagnetic storm
with Dst;, of -387 nT at 09:00 UT. About 1h later, another
ICME crossed the Earth from 13:30 UT to 21:22 UT on March 31.
This ICME also carried intense B, with the mean value of
2536 nT and the maximum value of 35.38 nT. This is the
sixth strongest ICME in B, from 1995 to 2020. Between the
two ICMEs, an interaction region exhibited with less regular
magnetic field direction, lower magnetic field intensity, higher
proton density, higher temperature, and higher plasma f

Origin of Intense Bs

compared with the values in ICMEs [15]. Those signatures are
consistent with the magnetic reconnection between the two
ICMEs, which may reduce the magnetic field strength and
heat the plasma temperature [29]. The abnormally high
plasma temperature in the first ICME and the first half of the
second ICME suggested a strong interaction and compression
between them. The velocity at the rear of the second ICME has
obviously increased from 600-800 kms™". It might be caused by
another ejecta, which was detected by the Wind spacecraft on
April 1 at 05:26UT. The interval between the second ICME and
the following ejecta exceeds 6 h. The following ejecta is not likely
to interact with the second ICME adequately, according to the
interaction criterion from Shen et al. [9]. Therefore, the
interaction between CMEs was primarily responsible for the
extraordinarily intense B, in these two ICMEs.

4 EXTREME Bs DUE TO SHOCK-ICME
INTERACTION

Another widely known mechanism that can cause extremely
intense B, is the interaction between shocks and ICMEs. This
type of interaction event is identified when the shock driven by
the subsequent ICME with a higher velocity propagates into the
preceding ICME [20]. Based on the recent works, there are two
types of shock-ICME interaction events, ie., shock-ICME
interaction event, and shock passing through preceding
ICME event.

4.1 Typical Shock-ICME Interaction Event:
2001 November 5 Event

Figure 3 shows an example of the shock-ICME interaction
event: 2001 November five event. This event has also been
widely studied by many authors [20,30]. Wang et al. [20]
first reported this event as a shock-ICME interaction event.
It caused an intense geomagnetic storm with the peak value of
the Dst index of —292 nT. An obvious ICME signature arrived at
the Earth at 20:19UT on November 5, as shown in Figure 3.
After 9 h, Wind spacecraft recorded the rare boundary of this
ICME at 05:26 UT on November 6. During the passage of the
ICME, an obvious shock was recorded at the time of 01:43 UT
on November 6, which was caused by the subsequent ICME
showing in Figure 3 as the left gray shadow. The magnetic field
intensity increased noticeably from 22 to 68 nT after the arrival
of this shock. In particular, the magnitude of B, increased from 5
to 52 nT. For this ICME, the B, had a mean value of 23.07 nT
and a maximum value of 74.47 nT. The following ICME also
showed a strong B; with a mean value of 25.41 nT. This shock-
ICME event was the fifth strongest ICME in B, from 1995 to
2020 based on the USTC ICME catelogue. The shock
compression from the previous ICME generated this
incredibly severe Bs. It’s worth noting that this shock-ICME
interaction increased not only the magnetic field’s intensity but
also the intensity of solar energy particles (SEP) within it [30].
Such enhancement is another important influence of shock-
ICME interaction in the space weather effect of ICMEs.

Frontiers in Physics | www.frontiersin.org

128

November 2021 | Volume 9 | Article 762488


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Shen et al.

Origin of Intense Bs

>

%o

(o}

m_m @
~

N

450

IS
o
o

3

AN = © © OO0
Log Scale

|

Dst (nT)

® ME
~ E
£ E
= 3
5 3508 =
.l :
gig © :
X100 E
80 —
= Boc =
? A N
<30 H | !
X -
. 2.5 EEES
© 20l i 2,0
R 1. E‘ M'Hl n ~
o o2 By jmllﬂk =
= @: S - e e =N}
08 U l 3
< 0.6 =
0.4F 4
sz A W . m B -

-100 - E
—-200E =
-300

12:00 18:00 00:00 06:00 12:00 18:00 00:00

Time (stort from 5-Nov-2001 12:00:00)

FIGURE 3 | Wind observations from 2001 November 5 12:00 to 2001 November 7 04:00. The panels are the same as in Figure 1.

4.2 Shock Passing Through Preceding
ICME: The 2012 June 16 Event

On 2012 June 16, another ICME with extremely strong B, was
recorded near the Earth. This event caused a geomagnetic storm
with the peak value of the Dst index of —71 nT. Figure 4 shows the
Wind observations of this ICME starting from 08:00 UT on 2012
June 16. From 22:07 UT on June 16, 2012, to 11:20 UT on June 17,
2012, a regular structure, shown as the first shaded region in the
figure, passed through the Earth. During this period, the magnetic
field intensity enhanced, the directions of the magnetic field

rotated smoothly and the temperature and plasma f3 are
relatively lower than those in the solar wind. These signatures
indicated that this structure was an ICME. This ICME structure
has also been reported by Srivastava et al. [31], Kilpua et al. [32],
Scolini et al. [33] and Chi et al. [24]. About 3 h before the arrival
of this ICME, two obvious shocks with the signatures of the
obvious jumps of magnetic field intensity, solar wind velocity,
proton density and proton temperature were recorded by Wind at
19:30 UT (red vertical line) and 20:53 UT (dashed red vertical
line) on June 16. Based on the Wind observations, it is hard to
identify which shock is related to the following ICME and what
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the interplanetary sources of the two shocks are. At 20:02 UT on
June 17, another ICME arrived at the Earth, lasting about 8 h
(indicated as the left gray shadow). It should notice that the
interval between these two ICMEs was 8.6 h, and there were no
significant signatures of CME interaction. Thus, the interaction
between these two ICMEs might be very weak.

The magnetic field intensity of the preceding ICME is
extremely high. The maximum value and the mean value of
the total magnetic field intensity are 41.14 and 30.31 nT,
respectively. It is the top four strongest ICME in magnetic
field strength, according to the ICME catalogue compiled by

USTC ICME catalogue. It is caused by a weak interaction between
two ICMEs, or by an ‘isolated” ICME.

Fortunately, Venus is almost parallel to the Sun-Earth line,
with a separation angle of only 5° at this time. Using the Venus
Express observations [34], different authors studied the evolution
of these structures during their propagation from the Sun to the
Earth [24,32]. Figure 5 shows the observations of this event near
Venus. The intervals of data when Venus Express was close to or
within the Venusian magnetosphere have been cut out based on
the radial distance of the spacecraft to the centre of Venus (as
shown in the last panel). An obvious shock-ICME structure with
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a sudden enhancement in magnetic field can be identified in
Figure 5. Combined with the interplanetary observations near the
Earth, we can suggest that the two ICMEs observed by Venus
Express corresponded to the two ICMEs observed near the Earth.
The shock inside the ICME recorded by Venus Express
corresponded to the second shock before the first ICME near
the Earth. This shock was driven by the second ICME, and it
arrived at Venus at 04:53UT on June 16 and arrived at the Earth at
the time of 20:53 UT. The time of the shock detected at Venus and
Earth is comparable to the predicted arrival time of the second
CME from EUHFORIA model [32] and Heliospheric Upwind
eXtrapolation time model [24]. Combined with these
observations, we can conclude that the shock driven by the
second ICME has already passed through the first ICME.
These analyses have also been done by Chi et al. [24]. This
event show another origination of extremely intense B; in side
ICME: a shock driven by the following ICME passes through the
preceding ICME.

5 STATISTICAL RESULT

To make a further analysis, we analyzed all the ICMEs events with
B imean = 10nT during the period from 1995 to 2020 using the
USTC ICME catalogue. Due to the lack of Venus Express

TABLE 1 | The numbers and percentages of ICME groups in different types with
strong Bs mean-

I-ICMEs M-ICMEs S-ICMEs Total
All events 333 33 56 422
Bg mean = 10 1T 24 4 20 48
(7.2%) (12.1%) (35.7%) (11.4%)
Ba mean = 20 nT 3 1 4 8
(0.9%) (3.0%) (7.1%) (1.9%)

observations for most events, we simply divided all the ICME
events observed by Wind into three groups: isolated ICMEs
(I-ICMEs), multiple ICMEs (M-ICMEs), and shock-ICME
interaction events (S-ICMEs), using the same criteria from
Shen et al. [9]. When the time interval between two ICMEs is
less than 6 h, the two or three ICMEs are grouped together as an
M-ICMEs event. It is characterised as an S-ICME when in-situ
observations identify a shock generated by a subsequent ICME
propagating into the preceding ICME or passing through the
preceding ICME.

During this period, there are 48 ICME groups with B 00, =
10nT and 8 ICMEs with Bg,,cqn = 20nT. Table 1 shows the
numbers of such events originated in different types of ICME

Frontiers in Physics | www.frontiersin.org

131

November 2021 | Volume 9 | Article 762488


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Shen et al.

events. It is found that 39.6% (20 in 48) of B; ,,,can = 10nT events
and 50% (4 in 8) of B neqn = 20nT events are associated with
shock-ICME events. Meanwhile, we also present the percentage
of different types of ICMEs with B0, = 10nT and B eqn =
20nT. It is found that the possibilities of S-ICMEs causing intense
B, are much higher than that of other groups. Meanwhile,
I-ICMEs are much less likely to have intense B;. These results
suggest that the interaction between multiple CMEs, especially
the interaction between shock and CME is the main cause of
intense By in the interplanetary space. It is consistent with the
prior results from Shen et al. [9,18] and Xu et al. [21], that the
interaction between multiple CMEs has a greater chance of
generating severe geomagnetic storms.

6 CONCLUSION AND DISCUSSION

In this work, we studied the origin of extremely intense B
based on the typical events analysis and statistical analysis. In
the analysis of the typical events, four events with extremely
high B, were studied in detail. Extremely intense B have been
discovered to come from a variety of ICME types, including
I-ICMEs, M-ICMEs, S-ICMEs with shocks inside ICMEs, and
S-ICMEs with shocks passed through ICMEs. Furthermore, we
studied all the ICME events with B ,;;04, = 10nT from 1995 to
2020, and found that the interaction events (i.e., M-ICMEs,
and S-ICMEs) can result in extremely high B; with a higher
probability. The possible reason is the compression. For
M-ICMEs, the compression between two ICMEs can
enhance the magnetic field intensity. While, for S-ICMEs,
the shock compression the magnetic field inside the
previous ICME might be the main mechanism. When we
compare the two interaction ICME types, we find that
approximately 35.7% of S-ICMEs events had B ,,,c0, > 1017,
which is significantly higher than that of M-ICMEs (12.1%). It
makes sense because the shock can intensify the pre-condition
B, by a factor of 3-6 [35]. The intensity of B; embedded in the
preceding ICME can be amplified when the shock driven by the
subsequent ICME propagated into the preceding one. Because
the intensity of B; is a key parameter for intense geomagnetic
storms, these findings confirm the previous results that ICME
interaction events are more likely to cause intense geomagnetic
storms [9,17].
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