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ABSTRACT

In the reconstructed nonlinear force-free magnetic field of NOAA Active Region 9077 before the X5.7/3B
(10:24 UT) flare on 2000 July 14, we reveal for the first time the presence of a magnetic rope from the extrapolation
of the three-dimensional magnetic field structure. This magnetic rope is located in a space above the magnetic
neutral lines of the filament. The calculated field lines of the rope rotate around its axis for more than three
turns. Overlying the rope are multilayer magnetic arcades with different orientations. These arcades are in
agreement with theTransition Region and Coronal Explorer observations. The estimated free magnetic energy
in this rope system is about ergs. Such magnetic field structure provides a favorable model for the321.6# 10
interpretation of the energetic flare processes as revealed by Ha, EUV, and radio observations. In particular, the
intermittent cospatial brightening of the rope in EUV 1600 A˚ image leading to the onset of the flare suggests
that the rope instability may have triggered the flare event, and the drifting pulsation structure in the decimetric
frequency range is considered to manifest the initial phase of the coronal mass ejection.
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1. INTRODUCTION

Magnetic ropes are believed to play an important role in the
eruptions of filaments, coronal mass ejection (CME) processes,
and flares (Priest 1981; Shibata 1995; Low 1996; Tsuneta
1996). The concept of magnetic ropes has been introduced
theoretically and has been used to interpret prominences and
CMEs (Low 1992; Plunkett et al. 2000). But, in this Letter, we
present for the first time the magnetic rope structure recon-
structed from observed vector magnetograms, using a newly
developed non–constanta force-free field extrapolation tech-
nique (Yan & Sakurai 1997, 2000). We also discuss the as-
sociated flare and CME initiation processes as revealed by Ha,
EUV, and radio observations.

2. OBSERVATIONS

The 2000 July 14 flare, classified as X5.7/3B, was observed
at 10:03–10:43 UT in the NOAA Active Region 9077 at a
position N22�, W07�. In connection with this flare, the halo
CME, type II and moving type IV radio bursts, and relativistic
protons were reported.3 We employed the vector magnetograms
and Ha images taken at the Huairou Station of the Beijing
Astronomical Observatory (BAO; Deng et al. 1997), the EUV
images taken by theTransition Region and Coronal Explorer
(TRACE; Handy et al. 1999), and the radio observations per-
formed by the newly developed Solar Radio Broadband Dy-
namic Spectrometers (1–2, 2.6–3.8, and 5.2–7.6 GHz) at Huai-
rou Station of the BAO (Fu et al. 1995) and by the 0.8–2 and
2–4.5 GHz radiospectrographs at the Ondrˇejov Observatory
(Jiřička et al. 1993). Figure 1 shows magnetogram, Ha, and
EUV images of the active region before and during the X5.7/
3B flare.
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The evolution of the photospheric magnetic fields in AR
9077 on 2000 July 14 did not show significant changes before
the flare, and we chose the higher quality vector magnetograms
taken at 01:19 UT before local meridian time (Fig. 1a). No
significant new emerging flux region was observed during this
period (H. Wang 2000, private communication). However, the
negative polarity fields between the two main opposite poles
were stretched around 08 UT, and the neutral lines were elon-
gated in the directions indicated by the arrows. The Ha ob-
servations indicate that there was a long filament with a tri-
angular shape (Fig. 1b); this filament existed for a long time
before its right side (above the location marked by the arrow)
began to erupt toward the northwest. The EUV 1600 A˚ image
taken byTRACE shows a lane patch brightened intermittently
before the flare at the lower portion of the Ha filament, where
it began to brighten again at 09:22 UT, and the bright lane
(marked by the arrow in Fig. 1c) was formed at 09:26 UT
before the onset of the flare. The high-cadence Ha observations
indicate that the northern ribbon was growing from the west
to the east, parallel to the neutral line, and was expanding in
a perpendicular direction (see, e.g., the bright bulb marked by
the black arrow and the ribbon patches in Fig. 1d). The sep-
aration of the western bright patch into two ribbons was also
observed at 10:30:21 UT.

The 0.8–4.5 GHz radio emission of this flare is shown in
Figure 2. The first indication of an enhanced radio emission
appeared at 10:00–10:07 UT in the 0.8–1.0 GHz frequency
range. Then, at 10:24–10:25 UT in the 0.8–3.0 GHz frequency
range, the fast drift burst was observed. Its drift was determined
to be�240 MHz s . After this burst, at 10:24–10:32 UT in the�1

2.7–4.5 GHz range, the continuum (with the drifting features at
its initial phase) was observed. In the lower frequencies in the
0.8–1.5 GHz range at 10:27–10:35 UT, this burst was accom-
panied by the drifting pulsation structure (DPS). Its frequency
drift is �3.3 MHz s , and the instantaneous bandwidth is greater�1

than 1 GHz. These radio bursts were observed with the same
features at both distant observatories. Finally, in the further phase
of the flare, two radio bursts were observed at 10:42–10:45 and
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Fig. 1.—(a) Huairou mosaic longitudinal magnetogram with white (black)
indicating north (south) polarity of more than 3000 G. (b) Huairou Ha image
showing a long triangle-shaped filament. (c) TRACE EUV 1600 Å image
showing a bright lane in a space above the filament. (d) Huairou Ha flare
image at 10:20:25 UT, overlaid with flare ribbon patches at 10:30:21 UT. The
small contours overlaid on the EUV and Ha images indicate the locations of
sunspots. Each panel is about in size; north is to the top, and west is′ ′6 # 4
to the right.

Fig. 2.—The 0.8–4.5 GHz radio emission observed on 2000 July 14 by the
Ondřejov radiospectrographs. The dark horizontal bands represent gaps where
strong artificial radio sources appeared. The white line at 2 GHz expresses the
border between two spectra obtained from two different radiospectrographs
(0.8–2.0 and 2.0–4.5 GHz).

10:46–11:00 UT in the 0.8–1.5 and 0.8–1.7 GHz ranges,
respectively.

3. RECONSTRUCTION OF THE MAGNETIC ROPE

The extrapolation code is based on the work of Yan & Sak-
urai (1997, 2000) so that a non–constanta force-free magnetic
field (satisfying ) with a finite energy content in� � B p aB
open spaceQ above the solar surfaceG can be represented by
the following boundary integral equation:

�B �Y
B(r ) p Y(r ; r) (r) � (r ; r)B(r) dG, (1)i � i i[ ]�n �nG

where is the proposedY(r ; r) p cos (lFr � rF)/(4pFr � rF)i i i

fundamental solution, and are, respectively, a fixed pointr ri

in Q and the variable source point onG, and is al p l(r )i
local parameter implicitly defined by the following equation if
no currents are at infinity (Yan & Sakurai 1997, 2000):

2 2Y(r ; r)[l (r )B(r) � a (r)B(r) � �a(r) � B(r)]dQ p 0.� i i
Q

(2)

We followed the second approach as described in Yan & Sakurai
(2000) in order to avoid solving forl in equation (2), but we
approximately chosel-values according to thea-distribution on
G. In this way, over the boundary can be obtained from�B/�n
vector , which is known overG as a boundary condition. ThenB
the field at any point inQ can be calculated by equation (1).
Thus, we obtain a numerical approximation of the non–constant
a force-free field.

Figure 3 shows the calculated magnetic field lines projected
onto the photospheric magnetogram at 01:19 UT. It can be seen
that the main features of the magnetic fields are the multilayer
magnetic field lines forming arcades with different orientations.

Inside this magnetic arcade, there is a magnetic rope suspended
in the corona above the stretched neutral lines. The calculated
field lines of the rope rotate around its axis for more than three
turns.

The three-dimensional structure of the magnetic rope is shown
in Figure 4. As marked by the arrows in Figures 1b and 1c, the
right branch of the rope was cospatial with the Ha filament and
the EUV bright lane. As indicated in Figure 1d, the left branch
of the rope was cospatial with the Ha flare bulb at 10:20:25 UT,
and furthermore it had the same shape as the bulb. The rope was
located at the center of the flare patch as shown in Figure 4d.
The front and side views are shown in Figures 4e and 4f as well.
From these figures, we see that the reconstructed rope in the
chromosphere and low corona has a total projected length of
about 100� and a height ranging from about 2� to 30�. The rope
thickness is about 20�, as shown in Figure 4f. The estimated free
magnetic energy in this rope system is about ergs.321.6# 10

4. DISCUSSIONS

Low (1992) proposed a magnetostatic model to obtain the
levitated magnetic ropes interpretable as chromospheric fila-
ments. Karlicky´ (1997) considered the force-free currents in
ropes in an initial potential field. Aulanier et al. (1999) applied
Low’s (1992) linear model to the real magnetograms for an
explanation of magnetic dips. Amari (2000) simulated the for-
mation of helical fields by MHD. Here we have obtained the
magnetic rope, for the first time, from observed vector mag-
netograms by using Yan & Sakurai’s (1997, 2000) technique
for non–constanta force-free field problems. The reconstructed
magnetic field structures contain exactly the same components
as shown in Figure 6 of Low (1992).

For a single loop, the critical stability value of the twist is
about 2.5p (Hood 1991). But, in the present case, the twist
values of some calculated field lines forming the magnetic rope
were found to be above 3.0p, much greater than 2.5p, and they
existed about 10 hr before the X5.7/3B flare. This can be ex-
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Fig. 3.—Reconstructed magnetic field lines projected onto the photospheric magnetogram of Fig. 1a. (a) Overall calculated field lines that are closed to the
photosphere; (b) lower lying lines ( high) showing arcades across the neutral lines; (c) higher lying lines ( high) showing arcades with different′′ ′′ ′′ ′′2 –25 25 –50
orientations; and (d) the magnetic rope along the neutral line embraced by overlying arcades. The blank areas are due to the mosaic of the vector magnetograms.

plained by the surrounding arc structure that kept the magnetic
rope stable. For the X5.7/3B flare in this active region, no new
emerging flux region was found (H. Wang 2000, private com-
munication). Therefore, magnetic shearing, as revealed by the
stretch of the neutral lines, may be the cause of the magnetic
rope destabilization. The free magnetic energy in this rope
system is estimated to be ergs. Indeed, the 1600 A˚321.6# 10
bright lane was exactly cospatial with the right branch of the
rope, and it brightened intermittently until the onset of the
filament eruption and the flare/CME process.

Recently, the DPS observed during the 1992 October 5 plas-
moid ejection (Ohyama & Shibata 1998) was explained in
Kliem, Karlický, & Benz (2000) by the upward plasmoid mo-
tion. As described by Ohyama & Shibata (1998), the plasmoid
ejection process is connected with the extended loop (magnetic
rope) moving upward. In the present case, the rope was co-
spatial with the Ha filament, at which location the brightening
of the EUV 1600 Åimage first occurred, and the whole rope
was eventually located in the Ha flare kernel. At 10:20:25 UT,

the rope confined an Ha bright bulb with the same shape; this
bulb was growing fast from west to east at 10:30:21 UT. There-
fore, the DPS observed at 10:27–10:35 UT in the 0.8–1.5 GHz
range is most likely interpreted as the radio signature of the
plasmoid ejection accompanied by the upward-moving mag-
netic rope. Since the halo CME was developed from this fil-
ament (or rope) eruption, we think that this DPS in the deci-
metric frequency range manifests the initial phase of the CME.
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Fig. 4.—Magnetic rope overlaid with the same (a) magnetogram, (c) EUV image, and (b, d) Ha images as in Fig. 1. Panels (e) and (f) are the front and side
views of the rope, respectively. Some low-lying field lines ( high) forming arcades across the filament are also displayed over the (b, d) Ha images.′′ ′′2 –33
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