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ABSTRACT

Recent Solar Dynamic Observatory observations reveal that coronal mass ejections (CMEs) consist of a
multi-temperature structure: a hot flux rope and a cool leading front (LF). The flux rope first appears as a twisted hot
channel in the Atmospheric Imaging Assembly (AIA) 94 Å and 131 Å passbands. The twisted hot channel initially
lies along the polarity inversion line and then rises and develops into a semi-circular flux-rope-like structure during
the impulsive acceleration phase of CMEs. In the meantime, the rising hot channel compresses the surrounding
magnetic field and plasma, which successively stack into the CME LF. In this paper, we study in detail two well-
observed CMEs that occurred on 2011 March 7 and 2011 March 8, respectively. Each of them is associated with an
M-class flare. Through a kinematic analysis we find that (1) the hot channel rises earlier than the first appearance
of the CME LF and the onset of the associated flare and (2) the speed of the hot channel is always faster than
that of the LF, at least in the field of view of AIA. Thus, the hot channel acts as a continuous driver of the CME
formation and eruption in the early acceleration phase. Subsequently, the two CMEs in white-light images can be
well reproduced by the graduated cylindrical shell flux rope model. These results suggest that the pre-existing flux
rope plays a key role in CME initiation and formation.
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1. INTRODUCTION

Coronal mass ejections (CMEs) are large-scale solar eruption
activity, releasing a vast amount of plasma and magnetic field
into the interplanetary space. They may severely affect the
space environment around the Earth (e.g., Gosling et al. 1993;
Webb et al. 1994). Coronagraph observations show that CMEs
generally have a three-part structure: a bright leading front (LF),
a dark cavity, and an inner bright core (e.g., Illing & Hundhausen
1983; Chen et al. 2011). The cavity is usually believed to be a
helical flux rope (e.g., Gibson et al. 2006; Riley et al. 2008). The
bright core is thought to be cool filament/prominence matter that
is suspended in magnetic dips of a flux rope configuration (e.g.,
Guo et al. 2010; Jing et al. 2010). The flux rope structure has
been revealed by Faraday rotation observations that can measure
CME magnetic field (e.g., Liu et al. 2007), and recently validated
by well-separated multi-spacecraft in situ measurements (Liu
et al. 2008).

The flux rope structure is also inferred from frequent appear-
ance of sigmoids in EUV and X-ray observations of the solar
corona (Canfield et al. 1999; McKenzie & Canfield 2008). These
sigmoid structures are composed of two bundles of opposite
J-shaped loops and then form a twisted configuration by mag-
netic reconnection (e.g., McKenzie & Canfield 2008; Liu et al.
2010; Green et al. 2011). Many authors successfully simulated
the formation of the flux rope. Amari et al. (2000, 2003) im-
posed a slow converging motion toward the polarity inversion
line (PIL) to the footpoints of field lines to produce the flux rope.
Using flux cancellation in a bald-patch separatrix, Aulanier et al.
(2010) transformed the preexisting sheared arcades into a flux
rope. Török & Kliem (2003, 2005) and Kliem & Török (2006)
did a theoretical analysis for the flux rope and found that the
kink and/or torus instability of the flux rope can initiate a CME.

Olmedo & Zhang (2010) also found that the eruption of the flux
rope can be fully driven by a partial torus instability (see also
Williams et al. 2005). The flux rope can also be formed in a
nonlinear force-free field model based on the observed photo-
spheric vector magnetic fields (e.g., Canou et al. 2009; Canou
& Amari 2010; Guo et al. 2010; Cheng et al. 2010a).

Another key issue in understanding CMEs is the relationship
between CMEs and their associated flares. Zhang et al. (2001,
2004) studied the kinematics of flare-associated CMEs and
proposed a scenario of three phases of CME evolution: a slow
initiation phase, an impulsive acceleration phase, and then a
propagation phase. Further, they found that the three kinematic
phases are closely related to the three phases of the associated
flare: the pre-flare phase, flare rise phase, and decay phase,
respectively (see also Burkepile et al. 2004; Vršnak et al. 2007;
Cheng et al. 2010b). Qiu et al. (2004) and Temmer et al.
(2008, 2010) studied the temporal correlation between CME
acceleration and the flare hard X-ray (HXR) flux and found that
they coincide in time very well. These results suggest that the
CMEs are coupled together with the associated flares by the
same physical mechanism, especially during the main energy
release phase, presumably via magnetic reconnection (Lin &
Forbes 2000; Priest & Forbes 2002; Zhang & Dere 2006).

Recently, Cheng et al. (2011) provided possible observational
evidence for magnetic reconnection that may form the flux
rope fully in the impulsive acceleration phase of a CME.
They found that a plasma blob appeared in the Atmospheric
Imaging Assembly (AIA; Lemen et al. 2011) passbands of high
temperatures (94 Å and 131 Å), rose from the solar limb, then
rapidly moved outward, and finally developed into a flux-rope-
like structure (see also Su et al. 2012; Vourlidas et al. 2012;
Patsourakos et al. 2012). In the cooler AIA passbands (171 Å
and 211 Å), the background magnetic field and plasma were
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compressed to form the CME LF. This resulted in the CME in the
inner corona being composed of multi-temperature structures:
the hot flux-rope-like channel and the cool LF (Cheng et al.
2011, 2012b).

Because the associated source region was partially blocked by
the solar limb, Cheng et al. (2011) was not able to determine the
CME structure prior to the eruption. In order to resolve this issue,
Zhang et al. (2012) further studied one CME originating on the
solar disk. They found that a twisted channel first appeared in
the low corona before the CME eruption and was visible in the
hot 131 Å and 94 Å passbands. The twisted hot structure initially
lay close to the surface and along the PIL. Once the impulsive
acceleration phase began, it erupted explosively outward and
developed into the flux-rope-like structure. Zhang et al. (2012)
thus concluded that the flux rope, observed as the hot channel,
exists prior to the eruption. In this paper, we investigate the
kinematics of two CMEs in detail, especially looking into the
relations between the observed hot channel and the LF. We find
strong observational evidence that the CME hot channel acts
as the engine that drives CME formation and acceleration, at
least in the early acceleration phase. In Section 2, we describe
the data. In Section 3, we present the observations and results,
which are followed by a summary and discussion in Section 4.

2. INSTRUMENTS

AIA on board the Solar Dynamic Observatory (SDO) has
four telescopes that observe the solar atmosphere almost si-
multaneously from the photosphere up to the corona using 10
narrow UV and EUV passbands. In this paper, we mainly use
five passbands including 131 Å (Fe viii, Fe xxi), 94 Å (Fe xviii),
211 Å (Fe xiv), 171 Å (Fe ix), and 304 Å (He ii); they provide
a range of effective temperatures from 0.05 to 20 MK (see
Lemen et al. 2011, for response functions of AIA channels).
AIA’s multi-temperature coverage capability allows us to im-
age different temperature structures of CMEs (O’Dwyers et al.
2010). During the impulsive phase of a CME, the 131 Å and
94 Å passbands observe the hot plasma structures with a tem-
perature range of ∼7–11 MK, the 211 Å and 171 Å passbands
primarily observe the CME cavity and LF with a temperature
range of ∼0.6–3 MK (Cheng et al. 2011, 2012b; Zhang et al.
2012), and the 304 Å passband reveals the associated filament
material. Note that the AIA 131 Å passband also includes the
emission from the cool plasma in the transition region in ad-
dition to the high temperature plasma from the corona. AIA’s
temporal cadence, pixel size, and field of view (FOV) are 12 s,
0.′′6, and 1.3 R�, respectively. The multi-temperature capability
and super-high cadence provide a unique opportunity to study
CME formation in the low corona in detail. Coronagraphs on
board STEREO (COR1 and COR2; Howard et al. 2008) and
SOHO (LASCO; Brueckner et al. 1995) image CMEs in white
light. In addition, GOES X-ray data reveal the temporal profile
of the soft X-ray flux for associated flares. The Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI; Lin et al.
2002) provides the HXR spectrum and imaging of the flares.

3. OBSERVATIONS AND RESULTS

On 2011 March 7 and 8, two limb solar eruptions took
place and were observed simultaneously by SDO, STEREO,
and SOHO. Each of these two events was associated with an
M-class flare from NOAA active regions (ARs) 11164 and
11171, respectively. AIA 94 Å and 131 Å (∼7–11 MK) images
show that a twisted hot channel appeared along the PIL before

the onset of the flare. Zhang et al. (2012) presented the evolution
of the flux-rope-like hot channel for the 2011 March 8 event.
Here, we quantitatively analyze the full evolution of the CME
hot channel and LF for both events with much more detail.

3.1. Initiation Phase of CME Hot Channels

The AIA 94 Å and 131 Å images of the hot channels of the
2011 March 7 and 8 CMEs are shown in Figures 1 and 2. For
both events, a hot channel appeared prior to the onset of the
corresponding flare by several minutes.

As for the 2011 March 7 event, an interesting feature is
that the cool filament material appeared along the magnetic
structure of the hot channel, which is identified in the 304 Å
passband (Figures 1(g)–(i)). From the 304 Å images, one also
notices a brightening that started to appear after ∼19:20 UT.
The brightening occurred inside the filament, which indicates
that magnetic reconnection initially took place there. The
reconnection gradually heated the plasma in the filament and
made the intensity in the 304 Å passband increase. With the
heating going on, the brightening was further enhanced and
extended upward. At the same time, the whole filament structure
started to rise slowly. By visually inspecting the movies of the
131 Å and 304 Å passbands (available in the online journal),
we infer the possible existence of an X-type reconnection point
inside the filament structure, and the location of the brightening
is almost coincident with that of the X-type point, which is
shown in the small box of Figures 1(c) and (f). In order to
compare the emission produced at the X-type point with the
GOES soft X-ray 1–8 Å flux, we plot the temporal profiles of
the EUV intensity for all AIA EUV passbands (Figure 3(a)),
integrated over the brightening region shown by the small box in
Figure 1. The temporal profiles of the intensity in the whole AR
are also plotted. One can see that the intensity of the brightening
in all AIA EUV passbands rapidly increases about 10 minutes
prior to the beginning of the associated flare (∼19:43 UT).
However, for the whole AR no apparent increase of the emission
intensity appears; the evolution is basically consistent with that
of the GOES soft X-ray 1–8 Å flux.

Similarly, for the 2011 March 8 CME, the hot channel appear-
ing in the 131 Å and 94 Å passbands is shown in Figures 2(a)–(f).
It first became visible at ∼03:30 UT (Figures 2(a) and (d)). With
the passing of time, it took on a twisted shape with a double el-
bow above at ∼03:34 UT. Then, the twisted hot channel rose
slowly with the southern elbow field slipping down (Figures 2(b)
and (e)). Just prior to the onset of the associated flare, the hot
channel apparently presented a twisted shape and had fully
detached from the elbow field lines (Figures 2(c) and (f)).
By checking the EUVI-B 195 Å images, we find that the
2011 March 8 event originated from a forward sigmoid AR
(Figures 2(g)–(i)). The hot channel lay along the PIL, which
can be indicated by the connection line of the two footpoints
of the channel (black arrows in Figure 2(i)). It is worth noting
that, for this case, there is no filament material associated with
the hot channel structure. This may be the reason why the hot
channel is only visible in the 131 Å and 94 Å passbands but not
in the 304 Å passband. We also compare the temporal evolution
of the integrated flux intensity of the whole AR with the GOES
soft X-ray 1–8 Å flux. From Figure 3(b) we see that, except the
335 Å emission, the AIA EUV intensity has started to increase
slightly along with the GOES soft X-ray flux prior to the be-
ginning of the associated flare (∼03:37 UT). The decrease of
the intensity in the 335 Å passband is probably caused by the
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Figure 1. (a)–(f) AIA 131 Å (∼0.4 MK and 11 MK) and 94 Å (∼7 MK) images of the 2011 March 7 CME hot channel in its initiation phase; (g)–(i) 304 Å (∼0.05 MK)
images of the associated filament. The hot channel is pointed out by two white arrows in panel (c); the brightening is indicated by the small box in panels (c), (f),
and (i).

(Animations (a, b, c) and a color version of this figure are available in the online journal.)

heating moving the plasma out of the temperature response
range sensitive to this passband.

Here, we also study the property of the magnetic field asso-
ciated with the eruptions. It is generally accepted that the decay
index of the background magnetic field (n = −d ln B/d ln h;
B denotes the background magnetic field strength at the ge-
ometrical height h above the solar surface) controls the torus
instability of the flux rope; the torus instability will take place
if the decay index n is greater than a threshold value (Török
& Kliem 2005; Kliem & Török 2006; Olmedo & Zhang 2010;
Fan 2010; Cheng et al. 2010b). Here, the decay index of the
background field is calculated from the potential field model

based on the line-of-sight magnetograms observed by the He-
lioseismic and Magnetic Imager (HMI; Schou et al. 2012) on
board SDO (Figures 4(a) and (b)). Note that, in calculating the
decay index, only the transverse component of the coronal mag-
netic field is used, since the line-of-sight component does not
contribute to the downward constraining force exerted onto the
flux rope. The final decay index is an average value over the
main PILs (red lines) of AR. The decay index distributions with
height for the 2011 March 7 and 8 events are displayed in Fig-
ures 4(c) and (d), respectively. Through the AIA 131 Å images,
we find that the hot channels initially located at the height of
∼20 Mm over the AR (see Figures 7(a), 8(a), 9(b), and 10(b)),
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Figure 2. (a)–(f) AIA 131 Å (∼0.4 MK and 11 MK) and 94 Å (∼7 MK) base-difference images of the 2011 March 8 CME hot channel in its initiation phase; (g)–(i)
EUVI-B 195 Å images of the associated source region. The hot channel and its footpoints in the source region are indicated by two white and two black arrows,
respectively.

(An animation and a color version of this figure are available in the online journal.)

where the decay indices are always smaller than 1.5 (a nomi-
nal critical value of the torus instability; Török & Kliem 2005),
thus may not be able to trigger the torus instability. Taking the
pre-flare brightening into account, we argue that it is most likely
the magnetic reconnection that drives the slow rise phase of the
two hot channels. This reconnection during the initiation phase
should be similar to the suggested first step reconnection in a
tether-cutting model which helps the formation and rise of the
flux rope (Moore et al. 2001; Aulanier et al. 2010).

Furthermore, we study the transition of the hot channel from
the slow rise phase to the impulsive acceleration phase. At the
end of the slow rise phase, the 2011 March 7 (8) hot channel
obtained the velocity of ∼200 km s−1 (∼100 km s−1) and

attained the height of ∼50 Mm (indicated by the arrows in
Figures 7(a) and 8(a) and the vertical dashed lines in Figures 9(b)
and 10(b)), where the decay index of the background field is
greater or only slightly greater than 1.5 (Figures 4(c) and (d)),
thus possibly triggering the torus instability and playing an
important role in the transition from the slow rise phase to the
impulsive acceleration phase. For the 2011 March 8 hot channel,
the transition occurred exactly at the height of ∼50 Mm, while
for the 2011 March 7 one, the transition possibly took place at
a lower height, such as at ∼30 Mm, where the decay index has
been larger than the critical value 1.5. Moreover, we note that
the time of the magnetograms we used is several days before or
after that of the CME eruption and the exact location of the hot
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Figure 3. (a) GOES soft X-ray 1–8 Å flux and EUV integral intensity at 131 Å (∼0.4 MK and 11 MK), 94 Å (∼7 MK), 335 Å (∼2.5 MK), 211 Å (∼2 MK), 193 Å
(∼1.3 MK and 20 MK), 171 Å (∼0.6 MK), and 304 Å (∼0.05 MK). The bundle of upper and bottom lines refer to the FOV of Figure 1 and the box, respectively. (b)
Same as (a) but for the FOV of Figure 2. These EUV intensities are normalized to their maxima and shifted downward to avoid overlapping. The vertical dotted lines
show the onset time of the flares in GOES observations.

(A color version of this figure is available in the online journal.)

channel in the AR is unknown, which may have some influence
on the calculation of the decay index and determination of the
torus instability occurrence.

3.2. Kinematics of CME Flux Rope and Leading Front

When the associated flare starts to brighten in soft X-ray or
hard X-ray, a CME often impulsively accelerates outward. For
the two CMEs on 2011 March 7 and 8, the CME hot channel
started to rapidly rise and expand immediately at the time of the
flare onset (Figures 5(a)–(c) and 6(a)–(c)). In order to clearly
present the kinematic evolution of the CME hot channel, we take
slices from the images along a direction of the rising motion
(Figures 5(b) and 6(b)) and show the time evolution of the hot
channel brightness along these slices (Figures 7(a) and 8(a)). For
the 2011 March 7 event, the hot channel quickly expanded and
seemed to split into two parts: the hot channel top and bottom.
The bottom part is actually related to the cool filament. The quick
rise and expansion of the hot channel also occurred in the 2011
March 8 event without, however, the splitting of the structure
(Figure 8(a)). From Figures 5(d)–(f) and 6(d)–(f), we find that
the overlying field of the hot channel gradually formed an
EUV cavity resembling a bubble. The temporal evolution of the
bubble brightness along the same slices is shown in Figures 7(b)
and 8(b). One can see that the CME bubble experienced internal
expansion and also external compression of the surrounding
field and plasma to produce the CME LF with enhanced plasma
density, especially for the 2011 March 8 event. Note that in
these two cases we do not find any evident features of the
EUV shocks, which usually is driven by the early expansion
of the CME bubble and appears ahead of the CME LF with
a small standoff distance (e.g., Cheng et al. 2012a; Dai et al.
2012; Downs et al. 2012; Patsourakos & Vourlidas 2009, 2012;
Olmedo et al. 2012).

By tracking the hot channel in the 131 Å images, we measure
the height–time variations of the hot channel top and bottom,
as shown by the crosses in Figures 5(a)–(c) and 6(a)–(c). The

distance between the hot channel top and bottom is considered
to be its width. In order to obtain the height–time measurements
of the CME LF, we fit the CME bubble as a circle and take the
height of the bubble top as the height of the LF. The radius of
the circle is regarded as the size of the CME bubble. The fitting
circles are shown in Figures 5(d)–(f) and 6(d)–(f), in which the
bubble center is indicated by a cross. One can find that the circle
fits the upper part of the bubble very well in the FOV of AIA.
Note that all heights are measured from the surface of the Sun.

We first study the expansion properties of CME structures
through the measurement of aspect ratios. The aspect ratio
of the hot channel is the ratio between its top height and
width, while that of the bubble is the ratio between the height
of its center and its radius. The temporal evolution of these
aspect ratios is shown in Figures 9(a) and 10(a). For the 2011
March 7 CME, the aspect ratio of the hot channel remained
almost at a constant value for ∼4 minutes after the flare onset
at ∼19:43 UT and then decreased from ∼4.0 to 3.0 over the
next ∼3 minutes. The aspect ratio of the bubble changed more
rapidly. It continuously decreased from ∼2.2 to 1.2 during the
six minutes of measurement. While for the 2011 March 8 CME,
the aspect ratio of the bubble kept a constant value of ∼1.1 with a
slight decrease ∼3 minutes after the onset, the aspect ratio of the
hot channel monotonically decreased from ∼5.0 to 3.0 during
the six minutes of measurement. These results indicate that the
growth rate of the width of the hot channel is generally larger
than that of its height during the initial rise phase of the flares. It
implies that the hot channel always undergoes an overexpansion
(here an overexpansion is defined as the expansion speed being
larger than the bulk propagation speed). For the CME bubble,
the evolution is different from case to case. Apparently, for the
2011 March 7 CME, the bubble undergoes an overexpansion,
while for the 2011 March 8 event, it mainly has a self-similar
expansion. However, note that the overexpansion of the 2011
March 8 CME bubble before ∼03:39 UT may have been missed
because of the indiscernibility of the initial CME bubble.
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Figure 4. (a) Line-of-sight magnetogram at 12:00 UT on 2011 March 3 observed by SDO/HMI with the main neutral lines (red lines) overlaid. (b) Same as (a) but
on 2011 March 12. (c) and (d) Distributions of the decay index of the background magnetic field with height; dash-dotted line shows the decay index of 1.5 and two
dashed lines point out the heights of 20 and 50 Mm above the photosphere.

(A color version of this figure is available in the online journal.)

We also study the kinematics of CME structures. The tempo-
ral variations of the height and width of the CME hot channel
and bubble are plotted in Figures 9(b) and 10(b), from which
one can see that the CME hot channel is catching up with the LF
in the FOV of AIA. Specifically, the distance between the hot
channel top and the CME LF decreases. In order to obtain the
temporal variations of their speed and acceleration, the height
measurements usually need to be smoothed first in order to re-
duce the uncertainty in the measurement. Here, we use a cubic
spline smoothing method to reduce uncertainty, and then cal-
culate the speed with a piecewise numerical derivative method,
i.e., the Lagrangian interpolation of three adjacent points (e.g.,
Zhang et al. 2001, 2004; Cheng et al. 2010b; Patsourakos
et al. 2010b). The deduced speed–time profiles are plotted in
Figures 9(c) and 10(c). Note that the uncertainty in the speed
mainly results from the error in the height measurements, which
is estimated to be 2 pixels for AIA observations. With the same
method the CME acceleration can be further derived from the
speed, as shown in Figures 9(d) and 10(d).

For both events, the speed of the CME hot channel is larger
than that of the CME LF during the early acceleration phase.
It is likely that the hot channel drives the CME bubble upward.
For the 2011 March 7 event, the hot channel ascended with
an average speed of ∼100 km s−1 prior to the flare beginning
(∼19:43 UT). After the onset of the flare, the speed quickly
increased from ∼200 km s−1 to ∼800 km s−1 within ∼6 minutes.
At all times, the speed of the hot channel was ∼100 km s−1

greater than that of the LF. The speed evolutions of the CME
hot channel and LF are synchronized in time with the GOES
1–8 Å soft X-ray flux profile (Figure 9(c)). The results also
hold for the 2011 March 8 event. The hot channel rose slowly
with an average speed of ∼60 km s−1 in the initiation phase.
Subsequently, at each instant the speed of the hot channel was
∼50 km s−1 greater than that of the LF (Figure 10(c)).

In addition, we find that the onset of the acceleration of the
hot channels is always earlier than the onset of the HXR flux
of the flares, as well as the first appearance of the LF. The
acceleration evolutions of the CME hot channel and LF, as well
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Figure 5. (a)–(c) AIA 131 Å (∼0.4 MK and 11 MK) images of the 2011 March 7 CME hot channel in the acceleration phase. Two pluses in each panel show the
top and bottom positions of the hot channel. In panel (b), the dashed line indicates the slice orientation, the vertical and inclined arrows show the north pole and the
direction of the hot channel axis, respectively. (d)–(f) Circular fitting of 2011 March 7 CME bubble. The crosses mark the center of the circle. The bottom panels (d)–(f)
are difference images at 211 Å between the times shown in each panel.

(A color version of this figure is available in the online journal.)

as the RHESSI 15–25 keV HXR curves of the associated flares,
are displayed in Figures 9(d) and 10(d). One can see that the
hot channel on 2011 March 7 had begun to accelerate at ∼19:41
UT while both the onset of the 15–25 keV HXR flux of the
associated flare and the first appearance of the LF occurred later
at ∼19:43 UT. For the 2011 March 8 CME, the acceleration of
the hot channel took place at ∼03:35 UT, whereas the 15–25 keV
HXR flux of associated flare began at ∼03:37 UT and the LF
first appeared at ∼03:38 UT. The leading time is ∼2 minutes for
both events. The results imply that the CME hot channel plays
an important role in inducing the energy releases of flares and
in forming the CME LF, and also imply that the transition of
the hot channel from the slow rise to the impulsive acceleration
probably takes place earlier than the flare onset. Nevertheless,
due to it being very difficult to determine the exact onset of the
impulsive acceleration caused by the torus instability, we use
the flare onset as an approximation of the transition onset in
previous section.

The speed evolution of the CME hot channel and the LF
is generally consistent in time with the variation of the soft
X-ray flux although the hot channel acts as a driver in the CME
formation and eruption. After the CMEs have left the FOV of
AIA, they are well observed by COR1, COR2, and LASCO.
Since the two events are close to the solar limb, the height–time
measurements from LASCO are only slightly affected by the
projection effect. As for the COR1 and COR2 observations,

we use the “SCC_MEASURE” routine in the SSW package
to estimate the three-dimensional heights (e.g., Li et al. 2010).
All the height–time data are plotted in Figures 9(e) and 10(e)
including the measurements from AIA. The corresponding
speed is plotted in Figures 9(f) and 10(f). For the 2011 March 7
CME, the speed profile of the CME is coincident in time very
well with the variation of the GOES soft X-ray 1–8 Å flux. The
CME speed increases to ∼2000 km s−1 at ∼20:10 UT and then
decreases to ∼1500 km s−1 at ∼21:10 UT. The 2011 March 8
CME seems to keep a constant speed of ∼1100 km s−1 after
the peak time of the flare. Due to the lack of high-cadence
measurements during the later rise phase of the associated flare,
we cannot determine exactly (i.e., in 1 minute of accuracy) when
the CME reached its maximum speed. Note that for COR1,
COR2, and LASCO observations, the uncertainty of measuring
the LF height is estimated to be 4 pixels.

3.3. Flux Rope Fitting of CMEs in White-light Images

The graduated cylindrical shell (GCS) model is proposed by
Thernisien et al. (2006) and represents CMEs as flux-rope-like
structures. It consists of a tubular section forming the main body
and two cones rendering the “legs” of the CME. The geometry is
shown in Figure 1 of Thernisien et al. (2006, 2009). The model
is controlled by six free parameters: the Carrington longitude
(φ) and latitude (θ ) of the source region, the tilt angle (γ ) of
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Figure 6. (a)–(c) AIA 131 Å (∼0.4 MK and 11 MK) images of the 2011 March 8 CME hot channel in the acceleration phase. The two pluses in each panel show
the top and bottom positions of the hot channel. In panel (b), the dashed line indicates the slice orientation, the vertical and inclined arrows show the north pole and
the direction of the hot channel axis, respectively. (d)–(f) Circular fitting of the 2011 March 8 CME bubble. The crosses show the center of the circle. The bottom
panels (d)–(f) are difference images at 171 Å between the times shown in each panel.

(A color version of this figure is available in the online journal.)

the flux rope, the height (r) of the CME LF, the half-angle (α)
between the two legs of the flux rope, and the aspect ratio (κ)
of the CME flux rope. Note that κ is defined by Thernisien
et al. (2006) as the ratio between the minor radius (ω) of the
flux rope and the height (r). It is different from the definitions
of the aspect ratios of the CME hot channel and bubble in this
paper, but the two kinds of definitions can be converted to each
other (see Patsourakos et al. 2010a, page 9). The GCS model has
been implemented in many aspects, e.g., fitting the CME cavity
(Patsourakos et al. 2010a), determining flux rope orientation
and comparing the results with in situ measurements (Liu et al.
2010), and studying the kinematics and expansion of CMEs
(Poomvises et al. 2010). In this section, we test whether it can
reproduce the morphology of the 2011 March 7 and 8 CMEs and
then determine the orientation of the flux ropes in white-light
observations, comparing with that in EUV observations.

Using the EUVI 195 Å images, we first estimate φ and θ
through the location of the AR. Then we vary α, κ , γ , and
r until the best approximations to COR2 and C2 images are
obtained. In fact, α is usually kept as a constant value; κ and γ
only change slightly when the CME is propagating in the FOV
of COR2. The final positioning and model parameters of the two
CME flux ropes are listed in Table 1. A wireframe rendering is
shown in Figures 11 and 12. One can see that the flux rope model
reconstructs the CME images very well. For the 2011 March 7
CME, the flux rope propagated toward the northwest in the FOVs

of STEREO-B and LASCO, and toward the northeast in the
FOV of STEREO-A. In the meantime, it expanded self-similarly
(κ = 0.4). At 21:08 UT, it had appeared as a partial halo CME,
which was possibly preceded by a shock (Figures 11(d)–(f)).
The 2011 March 8 CME also expanded self-similarly (κ =
0.3) and may also have caused a shock surrounding the CME
(Figures 12(d) and (f)), but it had a propagation direction toward
the southwest in the FOV of STEREO-B and toward the southeast
in the FOVs of LASCO and STEREO-A (Figure 12). Moreover,
by inspecting the orientation of the flux rope, we find that the
2011 March 7 (8) CMEs have a counterclockwise (clockwise)
rotation while rising. Assuming that the initial orientation of the
CME is the orientation of the axis of the hot channel, as shown
in Figures 5(b) and 6(b), the rotation angle is ∼−30◦ (25◦) when
out of the FOV of COR2. This result is well compatible with the
hemispheric preference of the CME rotation (counterclockwise
(clockwise) rotation in the northern (southern) hemisphere; Rust
& Kumar 1996; Green et al. 2007).

4. SUMMARY AND DISCUSSIONS

In this paper, we investigate in detail the formation and evo-
lution of different structural components of two well-observed
CMEs. In the initiation phase, the pre-eruption structure appears
as a twisted hot channel, having an orientation consistent with
that of the PIL and showing a shear with the overlying field.

8



The Astrophysical Journal, 763:43 (13pp), 2013 January 20 Cheng et al.

Hot channel top

Filament

(a)

Flare onset

Leading Front

Hot channel top

Filament
Dimming

(b)

Figure 7. Temporal evolution of the brightness along the slice as shown in Figure 5(b) for 131 Å (∼0.4 MK and 11 MK; upper) and 171 Å (∼0.6 MK; lower)
base-difference images. An overall picture of the early CME evolution can be seen in a lower temperature passband, as shown in the bottom panel. The vertical arrow
indicates the onset of the flare rise phase.

(A color version of this figure is available in the online journal.)

Hot channel top

(a)

Flare onset

Leading Front

Hot channel top
Dimming

(b)

Figure 8. Temporal evolution of the brightness along the slice as shown in Figure 6(b) for 131 Å (∼0.4 MK and 11 MK; upper) and 171 Å (∼0.6 MK; lower)
base-difference images. The dashed line depicts the height evolution of the hot channel top. The vertical arrow indicates the onset of the flare rise phase.

(A color version of this figure is available in the online journal.)
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Figure 9. (a) Temporal evolution of the aspect ratios of the 2011 March 7 CME hot channel and bubble, (b) the height and width of the CME hot channel, LF and
bubble, (c) the speed of the CME hot channel and LE, and (d) the acceleration of the CME hot channel and LF. All of measurements in panels (a)–(d) are for the FOV
of AIA. The vertical dashed lines indicate the onset of the flare rise phase. (e) and (f) Temporal evolution of the height and speed of the CME LF in a larger FOV. The
GOES SXR 1–8 Å flux of the associated flare is shown in panels (c) and (f); the RHESSI 15–25 keV HXR flux is shown in panel (d).

(A color version of this figure is available in the online journal.)

The twisted channel is most likely heated by the magnetic re-
connection during the initiation phase, making it visible in the
high temperature passbands, e.g., 131 Å and 94 Å. The recon-
nection location may be inside or around the hot channel and

the corresponding reconnection rate is relatively small, being
different from the impulsive phase reconnection underneath the
CME flux rope (e.g., Fan 2010). As for the physical mecha-
nism of the slow rise phase of the flux-rope-like hot channel, we
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Figure 10. Same as Figure 8 but for the 2011 March 8 CME.

(A color version of this figure is available in the online journal.)

examine the decay index of the background field with height and
find that the decay index is small enough at the initial height
of the hot channel (∼20 Mm), which possibly does not allow
the torus instability to occur. We thus speculate that the mech-
anism driving the slow rise of the hot channel is most likely
to be magnetic reconnection, but not the one producing X-ray
flares. Such reconnection should be similar to the coronal slip-

running reconnection in the simulation of the flux rope (Aulanier
et al. 2010). Nevertheless, with the reconnection ongoing, the
hot channel rises gradually with a speed of 50–100 km s−1 and
finally reaches a critical height, such as ∼50 Mm for the two
CMEs studied in this paper, where the background field declines
rapidly enough, thus being able to trigger the torus instability,
resulting in the onset of the hot channel impulsive acceleration
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Figure 11. GCS flux rope (red lines) modeling of the 2011 March 7 CME.

(A color version of this figure is available in the online journal.)

Figure 12. GCS flux rope (red lines) modeling of the 2011 March 8 CME.

(A color version of this figure is available in the online journal.)

Table 1
Model and Positioning Parameters of CME Flux Ropes

Event Time Lon (φ) Lat (θ ) Tilt (γ ) H (r) Ratio (α) Half-angle (κ)
(UT) (deg) (deg) (deg) (R�) (r/H) (deg)

2011 Mar 7 CME 20:08 156.5 29.6 −77.1 4.4 0.4 15.6
21:08 156.5 29.6 −86.6 15.2 0.4 40.2

2011 Mar 8 CME 05:08 30.2 −10.6 43.0 6.7 0.3 32.7
06:08 30.2 −10.6 45.8 11.1 0.3 35.7
07:08 30.2 −10.6 54.2 15.3 0.3 35.7

phase and the flare rise phase; such a scenario has been proposed
in earlier numerical simulations by Aulanier et al. (2010).

In the acceleration phase, the speed of the CME hot channel
is larger than that of the CME LF, at least in the FOV of AIA.
In a classic eruptive flare model (Carmichael 1964; Sturrock
1966; Hirayama 1974; Kopp & Pneuman 1976), when the
explosive magnetic reconnection underneath the CME flux rope
is triggered, the anchored overlying magnetic fields are quickly
stretched upward by the erupting flux rope, and the magnetic
field underneath is pushed together and forms a current sheet
(CS). The reconnection in the CS converts more and more
poloidal magnetic fluxes into the flux rope. The enhanced
poloidal flux in the flux rope would essentially increase the
upward Lorentz self-force and thus further accelerate the flux
rope outward. This is similar to the flux injection model of

Chen (1996), although his model is not reconnection driven
but the flux comes from below the photosphere. In response to
the fast escape of the flux rope, a plasma inflow would form,
which in turn makes more ambient magnetic fields reconnect in
the CS. Thus, it is this positive feedback reconnection process
that impulsively accelerates the CME flux rope. It is found that
the hot channel studied here behaves just like the flux rope
in the classic model. After the associated flare begins, the hot
channel rapidly rises and expands through the positive feedback
reconnection process into a full-fledged large-scale flux rope
with the CS underneath and two footpoints still anchored at the
ends of the main PIL. In the meantime, the flux rope compresses
the overlying field and plasma that successively stack into the
CME LF. Since the hot channel drives the formation of the CME
LF, it is reasonable that the speed of the hot channel is larger than

12
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that of the LF in the early acceleration phase. Combined with
the fact that the observed morphological evolution resembles
that of the magnetic flux rope in theoretical models and 3D
numerical simulations, we thus argue that the hot channel is
possibly the magnetic flux rope of CMEs, which acts as a
central engine driving the CME formation and eruption (see
also Zhang et al. 2012). However, it is worth noting that the flux
rope top may catch up and merge with the CME LF quickly
(e.g., the 2011 March 8 hot channel; Figure 8(b)), making the
LF sharper and brighter. The main flux rope body takes the
form of the dark cavity in white-light coronagraphs. A detailed
study building the connection between the CME cavity in
white-light observations to the hot channel and bubble in the
EUV passbands is under the way.

In addition, we have studied the aspect ratio (height to width)
of the hot channel and find that it tends to decrease during
the impulsive acceleration phase. This means that the expansion
speed of the hot channel is larger than its bulk propagation speed,
which is defined as an overexpansion of the hot channel in this
paper. The overexpansion possibly results from the magnetic
reconnection in the acceleration phase, which rapidly transfers
the ambient fields into the hot channel and causes the increase
of the poloidal flux. An ideal MHD process can also result in
the overexpansion of the flux-rope-like hot channel. During the
rise phase of the hot channel, the poloidal flux in the channel
decreases because its twist does not change. In response to
the decreasing polodial flux, the channel will expand laterally
(Patsourakos et al. 2010a). In addition, the internal pressure
(thermal plus magnetic) of the hot channel may be much larger
than its external pressure, which can also drive the lateral
expansion.

We believe that the lateral expansion of the hot channel also
drives the formation of the CME bubble in the early acceleration
phase. For the 2011 March 7 and 8 CMEs, it is found that the
aspect ratio of the CME bubble gradually or slightly decreases
after the beginning of the flare, indicating that the CME bubble
also undergoes an overexpanding process like the hot channel
(also see, Patsourakos et al. 2010a, 2010b). However, our
observational results suggest that the overexpansion of the CME
bubble may be the result of the overexpansion of the hot channel;
when the small-scale hot channel (the nascent flux rope) is
developing into the large-scale CME flux rope structure, it
may result in the lateral expansion of surrounding magnetic
loops, quickly forming the CME bubble and driving the bubble
expansion in the low corona. Therefore, the overexpansion of
the CME bubble is actually a manifestation of the dynamics of
the hot channel.
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712, 1410
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