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Study on complex magnetic structure of solar eruptions
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Abstract: Solar eruptions, such as flares and coronal mass ejections, are the major drivers of space weather
between the Sun and the planets. Therefore, understanding the mechanism of solar eruption and further predicting
solar eruption is an important prerequisite for the accurate and quantitative forecast of space weather. Although it
has been well recognized that solar eruptions originate from the complex structure and evolution of the coronal
magnetic field, the underlying physical mechanisms remain elusive. The key to studying the coronal magnetic field
associated with solar eruption is to obtain the three-dimensional (3D) coronal magnetic field. Due to the difficulty
of directly measuring the solar coronal magnetic field, physical models with numerical implementation and con-
strained by the photospheric magnetogram have been developed. The model statically reconstructs the three-dimen-
sional coronal magnetic field with a single magnetogram snapshot and dynamically simulates the coronal magnetic
field with a time series of magnetograms. We review the progress made during the last decade in studying the three-
dimensional complex magnetic structure of the corona in solar eruptions, including the development of new coro-
nal magnetic field extrapolation methods and a data-driven coronal evolution model based on time-series vector
magnetograms. During the eruption, the complex magnetic topological properties and their evolutionary compo-

nents are investigated. Finally, a comprehensive discussion of the eruption mechanism is investigated in conjunc-
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tion with observations and simulations. These advanced techniques of coronal magnetic field modeling have played

an important role in characterizing the formation and evolution of the complex coronal magnetic field and reveal-

ing the physical mechanism of the eruptions. Such new techniques can track the generation process of the coronal

magnetic flux rope. Alternatively, they can be used to analyze the specific role of photospheric motion in creating

the magnetic flux rope and diagnose their instability. The new simulation techniques can also realistically repro-

duce the magnetic field evolution during an outburst. By in-depth analysis of magnetic topology and evolution

combined with observation and simulation, these studies have significantly improved our knowledge of the com-

plexity of the 3D coronal magnetic field and will continue to refresh our understanding of the mechanism of solar

eruptions.
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Fig. 1 Corona photographs taken by Solar Dynamics Observa-
tory (SDO) in the extreme ultraviolet wavelengths. The
corona presents a complex structure of coronal loop
system, which reflects the complexity of the coronal
magnetic fields (picture from observational data of
SDO)
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Fig.2 The corresponding magnetic fields of different coronal structures as reconstructed using the CESE-MHD-NLFFF method.
(a) Comparison of the structure of coronal loops and three-dimensional magnetic field lines in AR 11158. The image of
corona in SDO/AIA-171 wavelength is shown on the left, and the extrapolated magnetic field lines are shown on the right
(modified from Jiang and Feng, 2013); (b) Comparison of extrapolation and observation of the structure of the S-shaped
coronal loops (sigmoid) (modified from Jiang et al., 2014a); (c) Reconstructing the magnetic field of large-scale prominences
(or dark filaments). The magnetic field lines in the figure above show a large-scale magnetic flux rope structure. The figure in
the middle shows the structure formed by all the dip parts of the magnetic field lines (which can support the filament material).
The figure below shows Ha observation of the filament (modified from Jiang et al., 2014a)
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Fig.3 Global coronal magnetic field extrapolation based on the Yin-Yang grid. (a)Yin; (b) Yang partial grids and their (c)
overlapping grid. Global coronal extrapolation of the semi-analytic force-free field solution of Low and Lou (1990). The

sphere is shown with radial magnetogram and the overlying lines are magnetic field lines. (d) The original solution;
(e) Extrapolation; (f) Potential field solutions (modified from Jiang et al., 2012)
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Fig. 4

Comparison of observation and simulation ofan X2.1 flare and filament eruption which occurred on September 6,2011in AR 11283.

The above figure is the simulated evolution of magnetic field lines. The image below shows the observed filament eruption as
taken by SDO/AIA-304. By comparing the observations and simulations, it shows that the simulated magnetic field (in both
the erupting direction and the morphological evolution) is in good agreement with the actual eruption and evolution (modified

from Jiang et al., 2013)
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M T BOERIE LD 56 (Wu et al., 2006) SKARIE
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Fig. 5 Data-driven MHD simulation reproduces the process of solar eruption initiation by continuous magnetic flux emergence. (a)

SDO/AIA 304 A observation images (b) and (c) are simulated magnetic field line evolution, where (b) is the top view and the
background is the photospheric magnetic flux distribution; (c¢) A side view with the background as the distribution of z
direction velocity on the central vertical section; (d) The distribution of magnetic squashing factors on the vertical section

(modified from Jiang et al., 2016)
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TAEAL Cactive-region cluster) & ‘E (Wang et al.,
2015) . 2 W tih &5 K vh 25 Dy W IR S B AS 1) i b
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Fig. 6 (a) Basic topology associated with magnetic null point. The color on the bottom represents the distribution of magnetic
polarity on the surface of the photosphere, where blue represents positive polarity and red represents negative polarity. A
positive parasitic polarity appears in the middle of the negative polarity. There is a magnetic null point above it. There are two
special magnetic field lines that end at the magnetic null point, i.e., the inner spine and outer spine. The magnetic field lines
around closely the spine form a fan (modified from Pariat et al., 2010). (b) Quasi-circular topological interface formed by

magnetic bald patch (modified from Jiang et al., 2016)
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WA, i Wang 2% (2014) ) GST 235 sh X
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7. Liu &8 (2016a) W2 #7 TG 31X AR 11967 i
SR — R X AR BE A, J T 837 bt 4h
RGN 8T, ABATTRIE T % W AEAE— N E i 4
F, XIS AU 2 N TAH AT TE 1 T 23 26 4351
LR S (P 1 ) 26 2 TE ST SETE R T — A X B
AR, AR ) X TP A A WS
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Fig. 7 Magnetic topology of the X-shaped flare ribbons in AR 11967. (a) SDO/AIA 1600 A image of the flare ribbons. The red and
blue lines represent the basic magnetic topology skeleton calculated based on the potential field model. (b) Three-dimensional

and slice of the electric current sheet calculated based on MHD relaxation method. (c) Several sampled magnetic lines that is

traced with locations at the current slice. (d) The blue dots denote that photospheric footpoints of the magnetic field line traced

from the current sheet. These footpoints form the location of flare ribbons (modified from Jiang et al., 2017)
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I 28 LA 8 B A (1) 2 2 4% 3)). Li Al Zhang (2014)
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JCERME A CEEONIER, RO TR . (b) BESRRNS S 2 M HIHE> B2 X —HE2» H1 2 AEMESR T IR TE B

MUEE . (o) S _EIRASE N1 O 120, ATLAE i O (i (AL 1000 DX s AN ) 0 B4, Xt
JEXHE DT AL CIR I 4. (d) AErP DT CBIREZE AR ROROEIRD b O 9o, wTRLE e O B — 1

IR, IFAEIRIAS SR X . (o) £ LI T LD Zeth 7 B i 1 2 B, 0 BT~ MR ) Plasmoid-
X Gk, () UGS AR AR — 28, XA X AZ AT REAEGER T 5, X I R4 IR R NDCIRAH YT, B A B 73
Fi (5 H Jiang and Feng, 2016)

TD topological model of coronal magnetic flux ropes. (a) The magnetic field line configuration of the magnetic flux rope
system, the red line representing the magnetic field line of the magnetic rope, the blue line representing the background
magnetic field, and the distribution of the photospheric magnetic polarities (white for positive polarity and black for negative
polarity) is shown on the bottom. (b) Quasi-separatrix layer (QSL) between the magnetic flux rope and the background field.
This QSL intersects itself under the magnetic flux rope and forms a hyperbolic flux tube. (c) Distribution of the magnetic
squashing factor Q on the bottom surface. The areas with high Q values (>> 100) form two regular J-bands, which are the
footprints of the hyperbolic flux tube on the bottom surface. (d) The distribution of Q on the central vertical slice (i.e., the
cross section of the main body of the magnetic flux rope) shows that the high Q values form a teardrop shape and its bottom
forms an X shape. (¢) The magnetic field line formed by the tangent magnetic component on the central vertical slice, which
corresponds to the typical plasmoid-X point structure in 2D. (f) If the height of the magnetic flux rope is lower, the X point
may be beneath the photosphere, where the magnetic field line of the magnetic flux rope and the photosphere are tangent,
forming a bald patch interface (modified from Jiang and Feng, 2016)

BRI SR BB e 2. kel 8 s, A=
Yembnth B s, WESRA 2 M Re TR —
ANHESEIZE, I EARYE R A AR, X —HE
ok = e Sl T T = e i D W R T

( hyperbolic flux tube), 1] g J& & B 73 1 [fi
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TGS AT B, Hr EON R i e s TAE A
TR A () I 100 ) i v S AR T 0 2, A
10 _FJE Rfis % (plasmoid) Al—AN X g4 1), XU iHh

T E ROCERFHAZ TE 8 H A e e XS RR PR T T4
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iy IR L8 S G AR A OC AR Fh T R N =Y
(53 A3 2] T 38 4E - (Ul Guo et al., 2013; Jiang et
al., 2014b, 2018b; Liu et al., 2016a) .

b T 20k 3 53 A1 AN X Bk R 4 52 A% 1k
SCPRI H RS E S AR e, AR —HIEA R
SRAE AR, BRSO g ) h 2 K 3R
H S % (Jiang et al., 2013; Liu et al., 2018), MM
WM TEAS 25 e B 4K A, 0T I R Je 44 1) il ) 5 )
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Fig. 9 Topological structure of coronal magnetic field in AR 11283 before a flare eruption. There is an S-shaped magnetic flux rope,
and a magnetic null point at the western side above the flux rope. (a) Side view; (b) SDO view; (c) Observations from
SDO/AIA 94 A for the S-shaped coronal loops and from SDO/AIA 304 A for the circular flare ribbons (modified from Jiang et
al., 2013)
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Fig. 10 The magnetic flux rope topology of an X9.3 flare that occurred in AR 12673. (a) Three-dimensional topological surface of
the magnetic flux rope drawn by calculating the magnetic squashing factor for the whole computational volume; (b) Magnetic
field lines that form the topological surface; (c) Distribution of the magnetic squashing factor at the bottom, with red in
positive polarities and blue in negative polarities. (d) Observed flare ribbons. The arrows point to a nearly closed weak flare

ribbon (modified from Jiang et al., 2018b)
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Fig. 11

Four moments of complex evolution of the magnetic flux rope during the X2.1 flare occurrence in AR 11283. The blue line
represents the initial magnetic flux rope (the same structure as the yellow line in Fig. 4), and the white line represents the
initial background field, but a new tornado-like complex winding magnetic structure is formed during the reconnection
process (modified from Jiang et al., 2018a)
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