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Abstract. Coronal Mass Ejections (CMEs) are eruptive events that originate, propagate away
from the Sun, and carry along solar material with embedded solar magnetic field. Some are
accompanied by prominence eruptions. A subset of the interplanetary counterparts of CMEs
(ICMEs), so-called Magnetic Clouds (MCs) can be characterized by magnetic flux-rope struc-
tures. We apply the Grad-Shafranov (GS) reconstruction technique to examine the configuration
of MCs and to derive relevant physical quantities, such as magnetic flux content, relative mag-
netic helicity, and the field-line twist, etc. Both observational analyses of solar source region
characteristics including flaring and associated magnetic reconnection process, and the corre-
sponding MC structures were carried out. We summarize the main properties of selected events
with and without associated prominence eruptions. In particular, we show the field-line twist
distribution and the intercomparison of magnetic flux for these flux-rope structures.

Keywords. Magnetic Clouds, Magnetic Flux Rope, CME/ICME, In Situ Measurements, Promi-
nence

1. Introduction

This report addresses the magnetic field topology of Magnetic Clouds (MCs) and
the connection to their solar sources. We focus on the quantitative characterization of
MC/flux-rope structures at 1 AU, and illustrate our approach to inter-connecting the
solar and interplanetary analysis. We treat the magnetic structure of prominence as an
integral part of the MC observed in-situ (Schmieder et al. 2013; van Ballegooijen &
Martens 1989). We note that all events examined here were associated with solar flares.
Some were accompanied by prominence eruption (PE) and others were not (non-PE),
according to Li (2012) and our own assessment.

2. Grad-Shafranov Reconstruction of Magnetic Clouds

Magnetic Clouds are a subset of ICMEs that possess the following characteristics based
on in-situ spacecraft measurements (e.g., Burlaga 1995): 1) relatively strong magnetic
field, 2) smooth rotation of the magnetic field direction, and 3) relatively low proton
temperature or proton 3 value. This is a traditional definition and has enabled the
modeling of such structures via traditional force-free approaches (Burlaga 1995). An
alternative and now widely used approach, beyond the force-free assumption, is based on
the plane Grad-Shafranov equation that allows the analysis of events that are not strictly
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MCs. For example, when electron temperature is included, the total plasma pressure can
be significantly increased, resulting in total plasma 3 values > 1 where the GS method is
still applicable (Hu et al. 2013). Overall all approaches have yielded flux-rope solutions
for the structures embedded within MC or ICME intervals. A typical output of a GS
reconstruction result is shown in Fig. 1.
Here a typical cylindrical flux-rope config-
uration is illustrated by three selected thick
spiral field lines, lying on nested isosurfaces
of the magnetic flux function A whose pro-
jection onto the x — y plane is shown in the
back as equi-value contours of A. The flux
rope axis along z represents the invariance
direction (i.e., /0z =0, and B, = B,(A)).
Various physical quantities can be derived
based on the GS reconstruction result. For
example, the total toroidal (axial) magnetic
flux &, = fBZ dxdy and the total poloidal Figure .1. A typical GS reconstruction result
magnetic flux ®, = |Ag— Ay |-L, i.c., the flux of a cyl}ndrlcal magnetic flux rope. See text
across the shaded area in Fig. 1, for certain for details.
effective length L along z. Correspondingly, the relative magnetic helicity within certain
volume can be calculated (Webb et al. 2010). Additionally the axial magnetic field and
electric current density distributions, the accumulative and total current etc. can also be
obtained. In particular, we derive the field-line twist as a function of A to examine its
variation within the flux rope. A highly relevant study was carried out by Dasso et al.
(2006) where four different analytic flux-rope models were employed to derive various
physical quantities for one event.
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Figure 2. Summary plot of various quantities as functions of A for selected events (Li 2012).
(from top to bottom) Left column: toroidal and poloidal ("+’) flux, relative magnetic helicity,
and field-line twist; right column: axial magnetic field, axial current density, and accumulative
axial current.
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Figure 3. Field-line twist for PE (left) and non-PE (right) events. The horizontal dashed line
is of value 1.5.

Fig. 2 shows the summary plot of various quantities for a handful of events, especially
as organized by the shifted flux function A, which represents different cylindrical shells
of varying radial distance away from the center (A = Aj) of the flux rope, the larger
the shifted A values, the farther the distances away from the center. Generally speaking,
the maximum A value indicates the transverse size of each flux rope. The distributions
of B,(A) and |J,(A)| show greater ranges of variation, while the integral quantities of
magnetic flux, electric current and relative magnetic helicity do not. They all increase
monotonically, and they do not appear to have clear distinctions between PE and non-PE
events.

The average magnetic field line twist is approximated by 7(A4) = K, (A)/®?(A) (Berger
& Field 1984), and similarly 7(A) = ®,(A4)/®;(A), based on the assumption of a constant
twist. Both are functions of A, representing an average twist, in terms of number of turns
per AU, within the volume enclosed by each A shell. The bottom left panel of Fig. 2 shows
such twist distributions of the two numbers (dots of blue and red colors, respectively)
for each event. Each set of blue and red dots overlaps very well, except for the one of the
largest values. The general trend is that the smaller the flux rope, the larger the twist
becomes. However, for events of large sizes, the twist remains fairly constant (e.g., ~ 2
turns/AU for the largest event) throughout the A shells.

We further separate the events into two categories of PE and non-PE events, and show
their twist distributions, respectively, in Fig.3. The main distinction between the two
sets is that for the PE events, the twist remains largely constant within the flux rope,
while for the non-PE events, the twist shows significant variations. Some exhibit declining
gradient outward from the center. The implications of such behaviors are discussed in
Section 4.

3. Intercomparison of Magnetic Flux

An important approach to utilize the GS reconstruction results outlined above is to
make quantitative comparison with their solar sources. Following the original study of
Qiu et al. (2007), we augmented the original list of events and show the magnetic flux
comparison among ®,, ®;, and the corresponding flare-associated magnetic reconnection
flux ®,, in Fig.4. The comparison indicates that ®, > ®, and ¢, ~ ®, for L =1 AU
with uncertainty range L € [0.5,2] AU, which conforms to prior result (Qiu et al. 2007).
The caveat associated with the few low points in the right panel is that the poloidal
flux was significantly underestimated due to selection of a rather short interval for the
GS reconstruction (~ 2 hours as opposed to normally ~ 20 hours) in some cases. There
are generally no clear distinctions between PE and non-PE events, except for the two
PE events of significantly greater poloidal flux than the corresponding reconnection flux.
Whether or not that indicates the significant contribution from the pre-existing flux rope
(prominence) is worth pursuing.
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Figure 4. Magnetic flux comparison of ®, vs. ®; (left) and ®, vs. ®, (right). The events
associated with PE are marked by filled squares. The least-squares fit to each data set is given
and the dashed line indicates the one-to-one line.

4. Summary and Discussion

In summary, the GS reconstruction method has matured and been widely used in
analyzing in-situ measurements of magnetic flux ropes. A software package has been de-
veloped and distributed world-wide for interested users. We presented the summary of the
GS reconstruction results in a congregated form for a number of events, in terms of the
distributions of various quantities along the A shells. Among them are the total magnetic
flux ranging between 10'1-10'3Whb, the total relative helicity ranging 10**-10°6Wb? /AU,
and the total axial current ranging 107-10°A. The poloidal MC flux compares well with
the magnetic reconnection flux accumulated during flare in solar source region. In ad-
dition, the non-PE (flare dominant) events showed greater gradients in field-line twist
variation, especially near the flux-rope center, corresponding to the formation of flux-rope
core primarily via magnetic reconnection. As a distinction for PE events (lack of strong
flares), the twist distribution remains constant, which might indicate a fundamentally
different formation process of the core. We plan to further elaborate on this issue and
present detailed case studies elsewhere.
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