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early observations and models of CMEs

CMEs observed during solar 
eclipses, and by Mauna Loa and 
SMM, showing their three-part 
structure. (Hundhausen et al, 80-90s, 
Low, Gibson et al., Low 1996).
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modern coronagraphs observing CMEs

Large Angle and 
Spectrometric 
COronagraph (LASCO, 
1995 -) observes CMEs 
from earth view, with 
the FOV in solar radii:
C1: 1.1 - 3 , 
C2: 1.5 - 6, 
C3: 3.5 – 30



modern coronagraphs observing CMEs

STEREO (2006 - ) carries EUVI (0 – 1.7), COR1 (1.5– 4), 
COR2 ( - 15), HI (- 1AU) instruments in a twin spacecraft 
A and B.

Where is STEREO today?



the three-part white light CME

Mass and velocity are 
measured in white-light 
images.
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Figure 16: Histograms of LASCO CME mass distribution (upper left), kinetic energy (upper right), and
total mechanical energy (bottom left) for 7668 events. Also shown are the histograms for events reaching
maximum mass < 7R� (dashed lines) and events reaching maximum mass 7R� (dash-double dot). Not
all detected CMEs have been included because mass measurements require: (i) a good background image,
(ii) three consecutive frames with CMEs, and (iii) CMEs well separated from preceding CMEs. Image
adapted from Vourlidas et al. (2010, 2011b), courtesy A. Vourlidas (2011).

mass reaches a minimum in 2009 and is roughly equivalent to the 1996 minimum. MacQueen et al.

(2001) found that the mass density variation between Solar Cycle 22 minimum and maximum
varied by a factor 4 even in the background corona.

Measuring CMEmasses and energies using white light images farther from the Sun has proven to
be a di�cult task (see Section 5.3), due to the lack of calibration information and the uncertainties
imposed by the faintness of the CMEs compared to the background noise. Mass and energy
estimates have also been made from 3-D density reconstructions of a few CMEs observed in the
heliosphere by SMEI (Jackson et al., 2008a, 2010a). The mass estimates generally agree with the
mass of the same CMEs as derived from LASCO data. Some attempts are currently being made
using some highly developed processing techniques with the STEREO SECCHI images. DeForest
et al. (2012) performed some mass measurements on a small disconnection event (i.e., not a CME)
using photometric measurements and the theory of Thomson scattering. The technique is currently
being applied to CME measurements.

The reader must note that as with the kinematical properties, mass calculations are based on
coronagraph images and, therefore, subject to the same problems of projection and perspective.
For example, the CME mass calculations in the CDAW catalog make the assumption that all of
the CME mass is in the sky plane, as has always been the standard assumption. The Thomson
scattering theory from which the density is derived includes a direction term �, and so the direction
of propagation is an integral component of the density calculations. Traditionally, auxiliary data
such as solar flare or filament location have been used provide an estimate of CME direction but
more recent work making use of the stereoscopic capabilities of STEREO have provided more
accurate measurements (Colaninno and Vourlidas, 2009). Finally, the Thomson scattering theory
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mass and energy of CMEs
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CME mass is estimated from the white-light images, where 
enhanced brightness is due to Thomson scattering by 
electrons (Vourlidas et al. 2000, 2006), ranging from 1013-16

grams.

Coronal Mass Ejections: Observations 19

In pre-SOHO coronagraph observations the angular size distribution of CMEs seemed to vary
little over the cycle, maintaining an average width of about 45 (SMM – Hundhausen, 1993; Sol-
wind – Howard et al., 1985). However, the CME size distribution observed by LASCO and the
CORs is a↵ected by their increased detection of very wide CMEs, especially halos. Including halo
CMEs from January 1996 – June 1998, St Cyr et al. (2000) found the average (median) width of
LASCO CMEs was 72 (50 ). Including all measured LASCO CMEs of 20 – 120 in width through
2002, Yashiro et al. (2004) found the average widths to vary, from 47 at minimum to 61 at max-
imum (1999), then declining again. Figure 12 from Gopalswamy et al. (2010a) gives the updated
distributions of LASCO CME speeds and widths. The average width of 41 corresponds to non-
halo (width  120 ) CMEs, whereas inclusion of all CMEs yields an average width of 60 . On
the bottom are the speed and width distributions of all LASCO CMEs with widths > 30 . That
the CACTus automatic catalog contains many more narrow CMEs is illustrated in Figure 13 from
Robbrecht et al. (2009b). Shown on a log-log scale are the CACTus and CDAW width distributions
for each year from 1997 – 2006; CACTus does not measure structures with widths below 10 .
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Figure 12: Speed and width distributions of all CMEs (top) and wider CMEs (W � 30 ; bottom). The
average width of wider CMEs is calculated using only those CMEs with W � 30 . Image reproduced with
permission from Gopalswamy et al. (2010a), copyright by Springer.

Along with their white light imaging capabilities, the benefits of polarized images have also
been demonstrated with some instruments. A polarizing strip across a fixed radial was part of the
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Figure 16: Histograms of LASCO CME mass distribution (upper left), kinetic energy (upper right), and
total mechanical energy (bottom left) for 7668 events. Also shown are the histograms for events reaching
maximum mass < 7R� (dashed lines) and events reaching maximum mass 7R� (dash-double dot). Not
all detected CMEs have been included because mass measurements require: (i) a good background image,
(ii) three consecutive frames with CMEs, and (iii) CMEs well separated from preceding CMEs. Image
adapted from Vourlidas et al. (2010, 2011b), courtesy A. Vourlidas (2011).

mass reaches a minimum in 2009 and is roughly equivalent to the 1996 minimum. MacQueen et al.

(2001) found that the mass density variation between Solar Cycle 22 minimum and maximum
varied by a factor 4 even in the background corona.

Measuring CMEmasses and energies using white light images farther from the Sun has proven to
be a di�cult task (see Section 5.3), due to the lack of calibration information and the uncertainties
imposed by the faintness of the CMEs compared to the background noise. Mass and energy
estimates have also been made from 3-D density reconstructions of a few CMEs observed in the
heliosphere by SMEI (Jackson et al., 2008a, 2010a). The mass estimates generally agree with the
mass of the same CMEs as derived from LASCO data. Some attempts are currently being made
using some highly developed processing techniques with the STEREO SECCHI images. DeForest
et al. (2012) performed some mass measurements on a small disconnection event (i.e., not a CME)
using photometric measurements and the theory of Thomson scattering. The technique is currently
being applied to CME measurements.

The reader must note that as with the kinematical properties, mass calculations are based on
coronagraph images and, therefore, subject to the same problems of projection and perspective.
For example, the CME mass calculations in the CDAW catalog make the assumption that all of
the CME mass is in the sky plane, as has always been the standard assumption. The Thomson
scattering theory from which the density is derived includes a direction term �, and so the direction
of propagation is an integral component of the density calculations. Traditionally, auxiliary data
such as solar flare or filament location have been used provide an estimate of CME direction but
more recent work making use of the stereoscopic capabilities of STEREO have provided more
accurate measurements (Colaninno and Vourlidas, 2009). Finally, the Thomson scattering theory
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tracking different parts of the 
CME in a time-height plot, or 
Jmap (Sheeley et al. 1999).

height, velocity, and acceleration of CMEs
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Figure B1. Geometry for deriving the apparent acceleration 
of an obliquely directed CME. The distance from the Sun (S) 
to the Earth (E) is 1 AU. The CME (C) lies a distance r from 
the Sun and D from the Earth, at angles of a and/3, respec- 
tively, from the Sun-Earth line. 

2 sin 2a. (B7) as = ar sin ot + v r 
The requirement that all lengths be expressed in AU does not 
really affect equations (B5) or (B6) provided that the lengths 
and speeds on the two sides of these equations are expressed in 
the same units. However, to make this procedure work in 

2 by the dimensionally correct equation (B7), we must replace Vr 
term Vr2/1 AU. 

Equations (B5) and (B6) indicate that for small angular 
distances from the Sun, r s and v s are just the radial distance 
and speed, respectively, projected onto the sky plane. How- 
ever, equation (B7) indicates that the sky-plane acceleration is 
enhanced by an extra term proportional to sin2 a. Thus, unlike 
the ordinary sky plane projections which are always positive 
and greatest when a = 90 ø, this "fake" acceleration vanishes at 
a = 90 ø and has its positive and negative extremes at a - +45 ø 
and -45 ø, respectively. This means that a projectile moving at 
constant speed will appear to accelerate when it is aimed gen- 
erally toward the observer, but to decelerate when aimed away. 
In particular, this geometric effect cannot be responsible for 
the deceleration of those events that are directed toward the 
Earth. 

However, the magnitude of this extra term is so small that it 
cannot even account for the events directed away from Earth. 
To see this, we assume the "worst-case scenerio" of sin2 a = 
-1 and consider several possible radial speeds. A fast halo 
CME whose initial speed is in the range 1000-1500 km/s would 
have a "fake deceleration" in the range 7-15 m/s 2, which is 
much smaller than the decelerations of 100-200 m/s 2 that are 
often observed. As discussed in Appendix A, the gradually 
accelerating halo CMEs seem to be more like expanding bub- 
bles than projectiles, and their measurements probably refer to 
the expansion, not the radial motion of these events. Further- 
more, for these gradually accelerating events, the geometric 
contribution would be negligible while the speed is low and the 
CME is accelerating, and would not reach even 1 m/s 2 until the 
CME speed approaches 400 km/s toward the end of its accel- 
eration. We conclude that the geometric effect cannot account 
for the observed accelerations and decelerations of halo 
CMEs. 

Because r is expressed in AU, we can regard d l3/dt as the 
sky-plane speed expressed in the same dimensions as the radial 
speed dr/dt (which we shall now call Vr). In this case, equation 
(B2) becomes 

sin 2 (a + /3) 
= . 033) Vs Vr sin a 

The sky-plane acceleration as is then obtained by taking an- 
other derivative with respect to time: 

sin2(a+/3) [ 2sin2(a+/3)] (B4) as -- _ a r + v r - sin cr sin cr ' 

where a r is the radial acceleration d vr/dt. Thus the sky-plane 
speed is proportional to the radial speed, but the sky-plane 
acceleration has an extra term proportional to the square of 
the radial speed. 

Because the C3 field of view extends only 8 ø from Sun 
center,/3 must also be <8 ø. For such a small angle, equations 
(B2)-(B4) reduce to 

rs = r sin a, (BS) 

vs = Vr sin a, (B6) 
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height, velocity and acceleration of CMEs
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Figure 3. Jmaps of the 2012 July 12–14 CME for each STEREO spacecraft along the propagation angle as measured by the raytrace method. The CME is clearer in
STEREO A. The bright density enhancement is considered the sheath region of high density. The edge leading this sheath is considered to be the shock front. The red
crosses show the elongation measurements used for the shock obtained from each jmap.
(A color version of this figure is available in the online journal.)

will have the highest density. The shock front will be the leading
edge of the bright feature in the jmap.

In the coronagraph FOV near the Sun, the interpretation of
the bright features is different. Due to the observational fact
that the CME ejecta is brighter than the shock near the Sun, the
assumption in the previous paragraph may be invalid. The HI-1
data is where the two fronts begin to separate themselves more
distinctly, so this is more important, and in the majority of the
HI-1 data the sheath gains more optical significance.

While this general assumption of the fronts should be valid,
there is one more significant issue that should be considered
with this interpretation of jmap data. Jmaps are constructed
using running difference images. In the case of the shock front,
this should not matter, as the shock front is generally traveling
into an empty region of space and can be well seen in a running
difference image. However, if the sheath region is larger than
the distance traveled by the shock front between two images, the
shock region that gets subtracted out from the previous image
will remove the back of the sheath and leave a dark void. In
a jmap it is possible that this void would be interpreted as the
ejecta, when it is actually an observational artifact. Therefore
with the jmap data, the focus will remain on the shock front.

In addition, errors are also introduced in jmaps because
generating a clear and coherent image of the different images
stacked together requires pre-processing and smoothing of the
images. While this creates an image that is easier to interpret,
it is possible that data will be smoothed over. Between these
issues and the fact that a jmap only takes data from one vantage
point, as opposed to the three views in raytrace, the raytrace
is considered the more accurate measurement (but limited to
within HI-1 FOV), although all data sets are useful.

2.3. Modeling the Data

With both the GCS model and jmap interpretation to get
height time data, a method is needed to obtain velocity profiles
for each front. As shown in Byrne et al. (2013), simply taking
a numerical derivative of the measurements is not a reliable
way to get an accurate result for the CME velocity. Typically,
to get data that makes sense using a numerical derivative such
as this, smoothing and other manipulations must be performed,
introducing more errors. Error is also caused by the non-uniform

time cadences of the different instruments and fields of view.
Given all this information, it is typically more reliable to choose
a certain functional form to fit the data in the height time space
and analytically derive this function to obtain a velocity and
acceleration.

For this work, the model used to fit the height time data is the
drag model (Vršnak et al. 2013), which is a semi-empirical
model that assumes that after the initial CME acceleration,
magnetic forces are no longer a significant factor in governing
CME evolution and aerodynamic drag is the primary force
acting on the CME. The equations of motion in the drag model
begin with an assumption of a quadratic acceleration and can
be analytically integrated to produce velocity and height as a
function of time. The equations of motion are

a(t) = −γ (v(t) − vsw)|v(t) − vsw|, (4)

v(t) = v0 − vsw

1 + γ (v0 − vsw)t
+ vsw, (5)

r(t) = 1
γ

ln[1 + γ (v0 − vsw)t] + vswt + r0, (6)

where v0 is the initial CME speed, vsw is the upstream solar
wind speed, r0 is the initial CME height, and γ is the drag
parameter that controls the rate at which the CME reaches the
solar wind speed. For our work with these equations, we are
assuming that both γ and vsw are fixed throughout the CME
propagation. Both of these parameters are actually functions of
radial distance, especially lower in the corona as the solar wind
gets accelerated and the CME begins to expand (Vršnak et al.
2004). This also assumes the entire CME is encountering one
static solar wind regime, which may be very incorrect for some
events. Approximating γ and vsw as constants allows us to use
the equations above, and fit them as a static parameter.

For theses fittings and with our assumptions, most of the
parameters can be determined with just a little information. The
initial CME speed and height can be well constrained from
observations. vsw is obtained by taking the average upstream
speed of the solar wind eight hours ahead of the arrival of the
CME at ACE. For events that experience drastically different

5

Jmap from the twin spacecraft from different views 



height, velocity and acceleration of CMEs

Forward fitting a CME 
structure (Thernisien et al. 
2006, 2009)

The Astrophysical Journal, 792:49 (13pp), 2014 September 1 Hess & Zhang

Figure 1. Model fitting of CME ejecta and shock front. Images at 17:54 UT on 2012 July 12 from STEREO A COR2 (left) and STEREO B COR2 (right) are shown,
along without (top) and with (bottom) the raytrace mesh. The green mesh shows the GCS fitting to the CME ejecta, whereas the red mesh shows the spheroid fitting
to the CME shock front. A supplemental movie showing the CME and the mesh is provided.

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

direction (longitude and latitude), tilt, and height. The other two
parameters, ε and κ , control the major and minor axis of the
spheroid.

As this work is focusing mostly on the shock and ejecta
leading edges, less attention was paid to ε and κ , which are more
important to the detailed three-dimensional shock geometry.
However, both features can be tracked in such a way that the
heights along the leading edge can be tracked, leading to an
understanding of the independent evolution of each front, as
well as the size of the sheath region between them.

In order to track the different features into the heliosphere,
it is important to process image data in such a way that both

features are distinguishable. In white light observations, the
CME flux rope is best seen in direct images, which are made
through a base-ratio technique where an average background is
used as the denominator, while a particular image is numerator
in the ratio; a direct image allows the bright features of the
flux rope and the internal structure to be seen. On the other
hand, to make the shock front and sheath more clear, a running-
difference image subtracting the previous image from the current
one is more useful, as the outermost features corresponding
to the shock are often faint and diffuse. An example of
both types of images and the different features is seen in
Figure 2.

3

Forward Modeling of CMEs Using STEREO-SECCHI Data 115

Figure 1 Representations of the Graduated Cylindrical Shell (GCS) model (a) face-on and (b) edge-on. The
dash-dotted line is the axis through the center of the shell. The solid line represents a planar cut through the
cylindrical shell and the origin. O corresponds to the center of the Sun. (c) Positioning parameters. The loop
represents the axis through the center of the shell, φ and θ are the longitude and latitude, respectively, and γ
is the tilt angle around the axis of symmetry of the model.

Ne(d) = Ne exp
[
−

(
d − a

σs

)2]
,

with σs =
{

σtrailing if d < a,
σleading if d ≥ a. (3)

Finally, the model can be positioned in space using spherical coordinates, as shown in
Figure 1(c): φ and θ are the longitude and the latitude, respectively, and γ is the tilt angle
around the axis of symmetry of the model.

Here, we focus only on the geometric aspect of the modeling, leaving the photometric
aspect (i.e., the electron density) to be addressed in future studies. Accordingly, we do not
compare the observed total brightness images directly to the corresponding total brightness
rendered model images, but rather we compare the overall observed shape to what we define
to be the wireframe of the hollow croissant. The wireframe representation is simply the set of
points located on the surface of the croissant, where the profile of electron density is peaked.
The advantage of using a wireframe is that it allows real-time rendering, whereas it requires
few seconds to few minutes for a full Thomson scattering rendering. Figure 2 shows two
synthetic coronagraph images and two wireframe images of the model, viewed in the same
orientation as in Figures 1(a) and (b), face-on and edge-on, respectively. The two top images
are generated using a ray-tracing renderer that takes full account of the Thomson scattering
equations; the two bottom images show only the projection of the wireframe on the virtual
CCD. This demonstrates clearly that the wireframe representation reproduces accurately the
geometry of the Thomson scattering view.

4. The Data

Although this technique can be applied to images from all the instruments of the SECCHI
package, we focus our study mostly on the COR2 data since its field of view (FOV) is well
adapted to observe fully developed flux-rope-like CMEs. Indeed, the flux rope might not be



CME kinematics and flare emissions
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Relationship 
between flares 
and CMEs has 
been studied for 
decades.
(Harrison 1986, 
Hundhausen 1995, 
Low 1996)



ß CME velocity

flare
SXR à

closely related CME motion 
and flare emission (Zhang et 
al.  2001; Gallagher et al. 2003 
…. Patsourakos et al., 2010 ….)

CME kinematics and flare emissions



CME kinematics and flare emissions

Acceleration of many CMEs 
takes place early in their 
life, during the rise phase 
of flare emission.

Cheng et al. 2014 …...
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Measurement of 
reconnection rate by  
Poletto and Kopp (1989)

MA ~ 0.1



CME evolution often tracks 
reconnection rate measured in 
flares (Qiu et al. 2004-)

CME kinematics and magnetic reconnection
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CME kinematics and magnetic reconnection

Measurements with instru-
ments from different views.



CME kinematics and magnetic reconnection

Measure CME and reconnection 
multiple ways (Li et al. 2017)

– 16 –

Fig. 5.— Evolution of flare loops and the footpoints. (a) AIA 171 Å images at four times in the

main phase of the flare with the same field of view as the magenta box marked in Figure 1(c). (b)

Ribbon brightening pixels (plus symbols) superimposed on the HMI magnetogram. The purple,

cyan, green, and yellow dashed lines (also shown in panel (a)) connect a pair of conjugate footpoints

brightened at four successive times. The magenta line represents the mean PIL of the flaring region,

perpendicular to which is used to measure the shear angle for flare loops. (c) Time-distance map

at AIA 171 Å along the slice S2 marked in Figure 1(b). The dashed line traces the apparent rising

motion of flare loops during the main phase. (d) Apparent motion pattern of the flare ribbons in

the AIA 304 Å images with the same field of view of panel (b). The orange and violet contours

mark the magnetic polarities at +300 and −300 G, respectively. The two magenta arrows are used

to measure the average speeds of the ribbon separation.

MA ~ 0.01



CME speed and reconnection 
flux (Qiu et al. 2005, Toriumi et 
al. 2017, Welsch et al. 2017)

CME kinematics and magnetic reconnection



model prediction

Martens & Kuin 1989

Reeves (2006) (and Forbes-
Isenberg-Lin-Reeves)



382 K. Shibata and S. Takasao

From the Soft and Hard X-ray observations of impulsive flares, Ohyama and
Shibata (1997) found that (1) a plasmoid was ejected long before the impulsive
phase, (2) the plasmoid acceleration occurred during the impulsive phase (see
Fig. 10.4a). As a result of the magnetic reconnection, plasmoid formation takes
place (usually about 10min) before the impulsive phase. When the fast reconnection
ensues (i.e., in the impulsive phase), particle acceleration and huge amount of energy
release occurs for ! 10tA. During this process the plasmoid acceleration is closely
coupled to the reconnection inflow.

A similar relation between the energy release (and fast reconnection) and
plasmoid acceleration has also been found in the case of CMEs (e.g., Zhang et al.
2001; Qiu et al. 2004; see Fig. 10.4d) as well as in laboratory experiment (Ono
et al. 2011). What is the physical understanding that can be drawn from the relation
between the plasmoid ejection and the fast reconnection?

It was Shibata and Tanuma (2001) who suggested that plasmoid ejection induces
a strong inflow into the reconnection region as a result of mass conservation, and
drive fast reconnection. Since the inflow (that determines the reconnection rate) is
induced by the plasmoid motion, the reconnection process was termed as plasmoid-
induced reconnection (Shibata et al. 1995; Shibata 1999).
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Fig. 10.4 (a) Time variations of the height of an observed plasmoid as well as hard X-ray
intensity. From Ohyama and Shibata (1997). (b) Height-time relation of a magnetic island in a
two-dimensional numerical simulation, which is supposed to be the two-dimensional counterpart
of a plasmoid. Time variation of the electric field (i.e., the reconnection rate / Vinflow is also
plotted. From Magara et al. (1997). (c) Analytical model of plasmoid acceleration in the plasmoid-
induced-reconnection model. From Shibata and Tanuma (2001). (d) Observations of a CME and
associated filament eruption (Qiu et al. 2004). It is seen that the filament acceleration (+) show the
time variation similar to that of electric field (reconnection rate; thick solid curve)
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stretches the core field lines to the point that a vertical current
sheet forms and fast reconnection sets in. The first truly ex-
plosive energy release begins with the fast flare reconnection,
which simultaneously creates the flare loops, the reconnection
jets, and the CME flux rope. All fully eruptive breakout calcula-
tions to date (e.g., MacNeice et al. 2004; Lynch et al. 2008; van
der Holst et al. 2009) agree on this point and find that fast CME
acceleration and flare reconnection onsets are close in time, but
the precise relationship between flare and CME is not clear
from these papers. The current study was deliberately designed
to settle this issue.

The key point is that the impulsive flare and the energized
CME flux rope are formed by a single reconnection process,
and hence are physically simultaneous. This is a critical ob-
servational distinction between the breakout model and ideal
models based on kink or torus instability (e.g., Török & Kliem
2005). For at least some ideal models, we expect the CME to
accelerate to Alfvénic speeds appreciably before flare onset. In
contrast, a recent analysis of EUV images and hard X-ray emis-
sion from 37 fast eruptive events confirms the tight coupling
predicted by our model (Berkebile-Stoiser et al. 2012).

The partitioning of energy in eruptive events—that is, the
amount of energy directed downward into the flare versus the
amount directed upward into the CME—also offers critical
insight into the physical processes governing the CME–flare
relationship, and thus provides an important basis for evaluating
closure between theory and observations. Our model-based
estimates are not fully definitive because the simulation does not
include kinetic effects and particle acceleration. Nevertheless,
we can get an indication of the balance between flare and
CME by examining the kinetic energies of the upward and
downward flare-reconnection jets. At the very beginning of the
jets’ existence, the downflows are twice as fast as the upflows
(vr ≈ −120 versus 60 km s−1), but thereafter the maximum
upflows are stronger than the downflows by as much as a factor
of two, implying that approximately twice as much energy goes
into the CME as into the flare. This result is consistent with
studies of the energetics of fast CMEs/eruptive flares (e.g.,
Webb et al. 1980; Emslie et al. 2004).

As in an actual event, the speed and acceleration of the CME
in our simulation depends on exactly where one measures the
evolution. In broad terms, one can consider the eruption to
be driven by two main forces: the direct impulse imparted by
the upward reconnection jet and the magnetic buoyancy of the
disconnected CME plasmoid. The velocity of the upward jet sets
the initial speed of the flux rope for roughly 1 hr after flaring
begins. We find that the flux-rope axis rises at ∼460 km s−1 until
∼95,000 s, then slows down to ∼150 km s−1 when the axis rises
beyond the direct influence of the jet, and the flux rope becomes
sufficiently large to be identifiable as a CME (see Figure 15).
We can now explain why the sharp rise in integrated kinetic
energy (Figure 4) is not simultaneous with the CME front take-
off. The integrated kinetic energy is dominated first by the jet
flows caused by the retraction of the newly reconnected field
upward, which do not immediately affect the plasma closer to
the breakout sheet. When the jet has transported the first-formed
island to the CME core, where the flow stagnates and develops
complex structure, the CME gains sufficient momentum and
energy, and the restraining tension becomes sufficiently low, to
enable fast acceleration of the CME.

The magnetic buoyancy of the CME is responsible for the bulk
of the mass acceleration, but it does not become dominant until
the plasmoid has grown to global size. As shown in Figure 15,

Figure 15. Height of the cavity front and flux-rope axis vs. time. Here the front
is defined as the location where the mass density increases sharply behind the
breakout current sheet, and the flux-rope axis is an O-type null. A thicker track
is shown in certain intervals before ∼102,000 s because two O-type nulls exist
in the flux rope at those times.
(A color version of this figure is available in the online journal.)

CME front “take-off” occurs at t ≈ 95,000 s, well after the
onset of reconnection in the flare current sheet. Thereafter, the
CME front accelerates to ∼360 km s−1, comparable to the local
Alfvén speed, and remains at that speed until the end of the run.
The flux-rope axis, however, lags behind the CME: it accelerates
again around 105,000 s from ∼150 to ∼260 km s−1, remaining at
that speed thereafter. This expected disparity in speed between
the cavity front and the flux-rope axis follows directly from
the expansion that is inherent to the evolution of a global
structure such as a CME. However, the key point remains
that the flare impulsive phase and the CME strong-acceleration
phase have the same physical origin: the onset of fast flare
reconnection.

4. DISCUSSION

4.1. The Eruption Mechanism

The results described above demonstrate that the trigger
for the explosive energy release and ejection is the onset
of fast reconnection in the flare current sheet, essentially
a resistive instability. This conclusion requires verification,
however, because the buildup of the CME plasmoid may trigger
instead an ideal instability or a loss of equilibrium, which could
produce the observed late-stage acceleration. We can distinguish
between ideal and resistive mechanisms by calculating the
energy required for an ideal eruption and comparing it to
the actual system energy. Note that for an ideal ejection, the
system’s magnetic energy must exceed the magnetic energy
of the appropriate partially open configuration as described in
DeVore & Antiochos (2005). If the energy of this partially open
state is less than or equal to the simulation magnetic energy
at take-off, then the physical mechanism is likely a loss of
equilibrium or ideal instability; if the partially open energy is
higher, then additional reconnection is needed for eruption, so
the mechanism is inherently a resistive instability.

We have determined the energy of the relevant partially open
magnetic field, Eopen, at 2500 s intervals throughout the cal-
culation (solid line in Figure 16), using the same procedures
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Fig. 2.—Profile of horizontal magnetic field above the erupted regions. The
field is averaged along the magnetic neutral line of the active region where
the eruption took place. This is a log-log plot. The green, red, and black curves
represent FE, KI, and TI, respectively. The green and red curves with cross,
star, diamond, and triangle symbols represent events 1–4 and events 5–8, while
the black curves with cross and star symbols denote events 9 and 10 (see
Table 1). The height ranges from 42 to 140 Mm.

Fig. 3.—Horizontal magnetic field above the erupted regions as a function
of height. The field strength and height are both in log units. The height ranges
from 42 to 840 Mm. The strength is computed by averaging the whole area
of the active region where the eruption took place. Since we are going to
examine behaviors of a magnetic field at high altitude that is comparable with
the size of active region, the field averaged over the whole active region is
more appropriate. Again, as in Fig. 2, the green, red, and black curves represent
FE, KI, and TI, respectively, and the symbols denote each individual event.

TABLE 2
Three Types of Eruption: Average

Type

Flux
(e22)
(Max)

n1

(NL)

Bt1

(NL)
(G)

n2

(AR)

Bt2

(AR)
(G)

FE . . . . . . . . . . 6.60 ! 0.33 1.62 ! 0.05 63.3 ! 18.0 1.42 ! 0.13 36.4 ! 11.8
KI . . . . . . . . . . . 2.16 ! 1.25 1.93 ! 0.15 22.3 ! 9.8 1.72 ! 0.19 13.7 ! 6.5
TI . . . . . . . . . . . 4.13 ! 0.43 1.89 ! 0.15 29.7 ! 3.3 1.57 ! 0.15 14.8 ! 3.2
KI!TI . . . . . . 2.81 ! 1.48 1.91 ! 0.15 24.7 ! 8.2 1.67 ! 0.18 14.0 ! 5.4

trend is further confirmed by the plot in Figure 2, which shows
magnetic strength as a function of height. Both strength and
height are in log units. For comparison, we shift the curves in
y-axis so that they all have the same maximum value. It is seen
that the field for FE (green curves) tends to decrease with height
more slowly than those for KI (red curves) and TI (black
curves). This supports the theoretical and MHD simulation re-
sults (Török & Kliem 2005; Kliem & Török 2006). In high
altitude, however, the field for FE declines with height more
quickly than those for KI and TI (see Fig. 3), indicating that
the field immediately above the filaments is more important
than the field at high altitude to decide whether a confined
event or a CME occurs.

To make a more quantitative comparison, we average the
parameters for each type of eruption (see Table 2). We also
included KI and TI together as a type of full eruption (the
bottom row in Table 2) in order to compare with the failed
eruption (FE). Basically, the decay index for FE is smaller than
those for KI and TI. It is confirmed by a 90% confidence test
that clearly discriminates the decay indexes between a failed
eruption and a full eruption. A critical decay index was sug-
gested theoretically to range from 1.5 to 2.0 (Kliem & Török
2006), while MHD simulations gave values of 1.53 (Török &
Kliem 2005) and 1.9 (Fan & Gibson 2007) for a full eruption

of a flux rope. In this study, the average of decay index for
KI!TI is at the upper end of this range, and the index for FE
is at the lower end. No decay indexes are smaller than the
lower limit of the critical value for full eruption events, nor do
any exceed the upper limit for the failed eruption events (see
Table 1). These results are supportive of the previous theoretical
and simulation results (Török & Kliem 2005; Kliem & Török
2006; Fan & Gibson 2007).

Another outstanding difference between FE and KI!TI is
the strength of the horizontal field at low altitude: at a height
of 42 Mm, the average of initial height of erupted filaments,
the strength for the failed eruption events is about a factor of
3 stronger than that for full eruption events. It suggests that
the magnetic strength in low altitude is probably another main
factor in deciding whether a full eruption or a failed eruption
eventually takes place. In a detailed analysis of a failed eruption
of a filament, Ji et al. (2003) reported that the erupted filament
reached a maximum height of 80 Mm before falling back to
the Sun. The deceleration of the filament is estimated to exceed
the gravitational deceleration by more than a factor of 10, sug-
gesting that the strong closed field at low altitude pulled the
filament material back down.

The difference of magnetic strength between FE and KI!TI
is probably due to the size of the active regions. The total flux

erupt or not, and why

Magnetic properties of 
primordial CMEs and their 
surrounding from magnetic 
field extrapolations, e.g., 
NLFF, PFSS, used to test 
instability models (Liu et al. 
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Fig. 2.—Profile of horizontal magnetic field above the erupted regions. The
field is averaged along the magnetic neutral line of the active region where
the eruption took place. This is a log-log plot. The green, red, and black curves
represent FE, KI, and TI, respectively. The green and red curves with cross,
star, diamond, and triangle symbols represent events 1–4 and events 5–8, while
the black curves with cross and star symbols denote events 9 and 10 (see
Table 1). The height ranges from 42 to 140 Mm.

Fig. 3.—Horizontal magnetic field above the erupted regions as a function
of height. The field strength and height are both in log units. The height ranges
from 42 to 840 Mm. The strength is computed by averaging the whole area
of the active region where the eruption took place. Since we are going to
examine behaviors of a magnetic field at high altitude that is comparable with
the size of active region, the field averaged over the whole active region is
more appropriate. Again, as in Fig. 2, the green, red, and black curves represent
FE, KI, and TI, respectively, and the symbols denote each individual event.

TABLE 2
Three Types of Eruption: Average
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Flux
(e22)
(Max)

n1

(NL)

Bt1

(NL)
(G)
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(AR)

Bt2

(AR)
(G)

FE . . . . . . . . . . 6.60 ! 0.33 1.62 ! 0.05 63.3 ! 18.0 1.42 ! 0.13 36.4 ! 11.8
KI . . . . . . . . . . . 2.16 ! 1.25 1.93 ! 0.15 22.3 ! 9.8 1.72 ! 0.19 13.7 ! 6.5
TI . . . . . . . . . . . 4.13 ! 0.43 1.89 ! 0.15 29.7 ! 3.3 1.57 ! 0.15 14.8 ! 3.2
KI!TI . . . . . . 2.81 ! 1.48 1.91 ! 0.15 24.7 ! 8.2 1.67 ! 0.18 14.0 ! 5.4

trend is further confirmed by the plot in Figure 2, which shows
magnetic strength as a function of height. Both strength and
height are in log units. For comparison, we shift the curves in
y-axis so that they all have the same maximum value. It is seen
that the field for FE (green curves) tends to decrease with height
more slowly than those for KI (red curves) and TI (black
curves). This supports the theoretical and MHD simulation re-
sults (Török & Kliem 2005; Kliem & Török 2006). In high
altitude, however, the field for FE declines with height more
quickly than those for KI and TI (see Fig. 3), indicating that
the field immediately above the filaments is more important
than the field at high altitude to decide whether a confined
event or a CME occurs.

To make a more quantitative comparison, we average the
parameters for each type of eruption (see Table 2). We also
included KI and TI together as a type of full eruption (the
bottom row in Table 2) in order to compare with the failed
eruption (FE). Basically, the decay index for FE is smaller than
those for KI and TI. It is confirmed by a 90% confidence test
that clearly discriminates the decay indexes between a failed
eruption and a full eruption. A critical decay index was sug-
gested theoretically to range from 1.5 to 2.0 (Kliem & Török
2006), while MHD simulations gave values of 1.53 (Török &
Kliem 2005) and 1.9 (Fan & Gibson 2007) for a full eruption

of a flux rope. In this study, the average of decay index for
KI!TI is at the upper end of this range, and the index for FE
is at the lower end. No decay indexes are smaller than the
lower limit of the critical value for full eruption events, nor do
any exceed the upper limit for the failed eruption events (see
Table 1). These results are supportive of the previous theoretical
and simulation results (Török & Kliem 2005; Kliem & Török
2006; Fan & Gibson 2007).

Another outstanding difference between FE and KI!TI is
the strength of the horizontal field at low altitude: at a height
of 42 Mm, the average of initial height of erupted filaments,
the strength for the failed eruption events is about a factor of
3 stronger than that for full eruption events. It suggests that
the magnetic strength in low altitude is probably another main
factor in deciding whether a full eruption or a failed eruption
eventually takes place. In a detailed analysis of a failed eruption
of a filament, Ji et al. (2003) reported that the erupted filament
reached a maximum height of 80 Mm before falling back to
the Sun. The deceleration of the filament is estimated to exceed
the gravitational deceleration by more than a factor of 10, sug-
gesting that the strong closed field at low altitude pulled the
filament material back down.

The difference of magnetic strength between FE and KI!TI
is probably due to the size of the active regions. The total flux
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Fig. 2.—Images from the AlMg filter of SXT (a) prior to the CME-related flare, and (b) late in the decay phase of the CME flare. In these images north is up
and west to the right. The contour in (b) is the 40% intensity contour from the image in (a). (c) Difference image formed by subtracting the image in (a) from
that in (b). (d) As in (c), with R1 and R2 showing the strongest dimming regions, R3 showing a third dimming region, R4 and R5 covering regions without any
dimming, and R6 denoting the brightest 75% intensity contour from the image in (b). The bar in (d ) is a 100,000 km length scale. Other dimming regions also
occurred, but they are not clearly visible in this figure. To represent the difference images, we have used square-root compression separately on the positive and
negative areas.

Sterling & Hudson (see 491, L56)

PLATE L2

coronal dimming and CME properties

Coronal dimming 
observed in SXR 
and EUV images 
indicates mass 
“loss” with an 
erupting CME, 
estimated to be 
1014g (Hudson et 
al. 1996, Sterling 
& Hudson 1997)  



Coronal dimming and CME properties

Coronal dimming in EUV images



Coronal dimming and CME properties

Moore et al. (2001)



Dimming tracks the 
CME evolution and flare 
reconnection. 
Significant dimming 
occurs at the onset of 
flare reconnection
(Cheng et al. 2016)
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Fig. 2.— CME evolution observed by STEREO EUVI, COR1 and COR2. A very bright

core is clearly seen from COR1.
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Coronal dimming and CME properties

As CME rises, the 
emission measure 
(EM) decreases, 
and the corona 
becomes dimmer.
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Fig. 10.— Left: predicted dimming light curves in 193 (left) and 171 (right) bands based on

di�erent CME expansion models (colorable lines), compared with observed dimming light

curves from the dimming cores in the LF (top), RF (middle), and RB (bottom) regions.
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Coronal dimming and CME properties

Aschwanden 2016



CME energetics with dimming analysis

A large number of events can 
be analyzed in SDO era.

(Aschwanden 2016)
Figure 16. Log–log histograms of various physical parameters measured from the 399 CME events based on AIA/SDO data. Power-law fits are applied on the right-
side tails of the distributions.
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CME energetics with EUV and WL obs.

(Aschwanden 2016)
Figure 18. Comparison of of CME masses (top panels), CME velocities (middle panels), and CME kinetic energies (bottom panels) between AIA and LASCO data
sets, in form of (log–log) size distributions (left panels) and scatterplots (right panels). The diagonal solid line indicates identity, along with the means (dashed line)
and standard deviations (dotted lines) of the logarithmic ratios.
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Figure 20. Scatterplot of CME kinetic energies vs. the dissipated magnetic energy (top row), the free (magnetic) energy (second row), the multithermal energy (third
row), and the nonthermal energy (bottom row), for both LASCO/C2 (left column) and AIA observations (middle column). The total (kinetic and gravitational)
energies are shown in the right column. Equality (dotted diagonal line), the mean (dashed line) and standard deviation (dotted line) of the energy ratios are indicated.
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Summary

• CME energy from coronagraph WL observations and
EUV dimming observations

• Timing of CME acceleration, flare emission, and
magnetic reconnection


