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Abstract

The 3-part appearance of many CMEs arising from erupting filaments emerges
from a large magnetic flux tube structure, consistent with the form of the erupting
filament system. Other CMEs arising from erupting filaments lack a clear 3-part
structure and reasons for this have not been researched in detail. This paper
aims to further establish the link between CME structure and the structure of
the erupting filament system and to investigate whether CMEs which lack a 3-part
structure have different eruption characteristics. A survey is made of 221 near-
limb filament eruptions observed from 2013/05/03-2014/06/30 by EUV imagers
and coronagraphs. 92 filament eruptions are associated with 3-part structured
CMEs, 41 eruptions are associated with unstructured CMEs. The remaining
88 are categorized as failed eruptions. For 34% of the 3-part CMEs, processing
applied to EUV images reveals the erupting front edge is a pre-existing loop
structure surrounding the filament, which subsequently erupts with the filament
to form the leading bright front edge of the CME. This connection is confirmed by
a flux-rope density model. Furthermore, the unstructured CMEs have a narrower
distribution of mass compared to structured CMEs, with total mass comparable
to the mass of 3-part CME cores. This study supports the interpretation of
3-part CME leading fronts as the outer boundaries of a large pre-existing flux
tube. Unstructured (non 3-part) CMEs are a different family to structured CMEs,
arising from the eruption of filaments which are compact flux tubes in the absence
of a large system of enclosing closed field.

keywords - Sun: corona—Sun: CMEs—Sun:filaments
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1 Introduction

Observed by white light coronagraphs in the extended corona, Coronal Mass Ejections (CMEs)
are huge eruptions of magnetised plasma which possess a broad range of masses and outflow
speeds (Liu et al., 2010; Yashiro et al., 2004). These eruptions and their associated bursts
of energetic particles can cause adverse space weather at Earth, such as geomagnetic storms,
which can lead to the damage of satellites, power grid failures and the disruption of commu-
nications and GPS (Schwenn et al., 2005). Due to these potential risks, the physics governing
their eruption and propagation through the heliosphere needs to be understood.

The eruptions of solar filaments and their associated cavities (and/or overlaying arcade
systems) are a major source of CMEs. A statistical study by Jing et al. (2004) showed that
56% of filament eruptions were associated with CMEs. The dense material of the erupting
filament is then later observed as the bright inner cores of CMEs as described in the 3-part
structure model: the bright CME leading front, followed by a cavity and a bright central core
(Vourlidas et al., 2013; Chen, 2011). There is a strong connection therefore between general
studies and models of filaments and their associated cavities and the CMEs observed when
they erupt (e.g. Cheng et al., 2014). In a quiescent state in the low corona, the filament, or
filament-cavity system is a magnetic flux tube. The dense filament exists due to the larger
surrounding flux tube (Low et al., 2012b; Berger et al., 2012). The so-called cavity contains
low-density hot coronal plasma which, entrapped in the flux tube, can condensate and sink,
forming a high-density region in the lowest part of the flux tube. This region has a lower
temperature than the surrounding cavity system due to thin radiative cooling (Gibson et al.,
2010; Habbal et al., 2010; Liu et al., 2012). If a flux tube in an equilibrium state is elevated
in the corona, this material can pass through the lower part of the flux tube and collect in
the complex field surrounding the underlying current sheet forming spectacular prominences
above the solar limb (Low et al., 2012a).

The appearance of the filament-cavity flux tube system can vary greatly according to
the relative alignment of the flux tube axis with the observer (Habbal et al., 2014), or if it
is observed against the disk or above the limb. The quiescent filament-cavity flux tube is
anchored to the Sun by overlying magnetic field arcade and by the field of the flux tube itself
linked to the photosphere. Eruptions occur due to instabilities formed during the evolution
of the external magnetic field (Chen, 2011) or the field of the flux tube itself. The processes
causing this can be tether-cutting (a weakening of the field connecting the flux rope to the
Sun by reconnection, Moore & Roumeliotis (1992)), tether-cutting caused by emerging flux
near the base of the filament system (Chen & Shibata, 2000; Sterling et al., 2007), breakout
(a weakening of the overlying arcade field, Antiochos et al. (1999)), or an instability of the
flux tube due to twisting (e.g. Török & Kliem, 2005). Recent observations show that filament-
cavity systems may unravel without eruption by reconnection with neighbouring open field,
leading to an outward-propagating twist in the corona’s open field (Habbal et al., 2014).
Active region filaments are smaller and shorter-lived, embedded within active regions above
the polarity inversion line (see Mackay et al. (2010); Labrosse et al. (2010) for an extensive
review). They exist within the surrounding closed field which is often complex and dynamic,
and the concept of a surrounding cavity (or enclosing flux tube structure) is not so applicable,
and certainly difficult to observe.

Structured 3-part CMEs observed in white light in the extended corona, are well-modeled
as large flux tubes, with the CME leading front as the front boundary of the tube, expanding
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and broadening in the background coronal plasma and magnetic field. The bright inner
core is formed from the dense material of the erupted filament. Several studies have found
good agreement between the observed structure of white light CMEs and a model wire-
frame of a flux-tube: for example, Thernisien et al. (2009) describes the resulting shape of a
CME as being “reminiscent of a hollow croissant”. UltraViolet spectroscopy of CMEs show
emission from cool material in CME cores, thus giving direct evidence of their source as dense
filaments (Landi et al., 2010). Many in situ magnetic field measurements of Interplanetary
CMEs (ICMEs) agree well with a flux rope model (e.g. Gopalswamy, 2006), with direct
measurement of the filament material (Lepri & Zurbuchen, 2010). The model of erupting
filaments and CMEs as flux tubes is well-established to the point that some scientists even
pose the challenge of identifying CMEs that are clearly not flux rope CMEs (FR-CMEs)
(Vourlidas et al., 2013). As an alternative, some suggest that CME leading fronts are wave
phenomena, that is, fast-mode MHD waves excited by the pressure pulse from the underlying
erupting filament (Chen, 2011). Providing a link between these two possible sources is clear
observational evidence of a 5-part structure to some white-light CMEs. This is the standard
3-part structure, but with a shock and depletion region leading the bright front-edge of the
CME (Jackson & Hildner, 1978; Vourlidas et al., 2013) - thus there is a faint yet observable
shock region leading the front structure of the 3-part CME.

The main source of uncertainty in linking the structure of erupting filaments, observed
in the lowest corona, and the structure of the resulting white-light CMEs, is the current ob-
servational limitations due to the lack of quality coronagraph observations below a height of
∼1R� above the limb. Extreme UltraViolet (EUV) imaging of the lowest corona has become
routine, giving the main source of information on the initial eruptions of CMEs. The EUV
signal, however, drops very quickly with height, effectively restricting current observations to
below ∼ 0.3R� above the limb. The collisional excitation of coronal EUV lines leads to a
drop in intensity proportional to density squared, leading to an inherent rapid drop in signal
with height (e.g. Habbal et al., 2013). There is therefore a cruicial gap in observation be-
tween ∼ 1.3−2.2R�. Above ∼2.2R�, the Large Angle Spectrometric Coronagraph (LASCO)
C2 coronagraph gives quality observations of the corona in broadband visible light. The
Sun Watcher using Active Pixel System Detector and Image Processing (SWAP) instrument
aboard the Projects for Onboard Autonomy (PROBA2) is an EUV imager which can observe
to larger heights given specific observational sequences (Seaton et al., 2013; Halain et al.,
2013).

This study shows how structural connections between the erupting filaments and white
light CMEs may be made by the use of a flux-rope model, with the position and propagation
of the flux rope constrained by the kinematics of the observed filament and CME. Recently
developed image processing techniques are also employed, which aid in both revealing impor-
tant structural detail, including the CME front edge, in EUV images (Morgan & Druckmüller,
2014), and in white light coronagraph images (Morgan et al., 2012). The instruments and
methods are presented in section 2, and results presented in section 3 with emphasis on a few
case studies. Discussion and conclusions are given in sections 4 and 5.

3



2 Instruments and methods

2.1 Instrumentation

The instruments used in this study are:

• The Atmospheric Imaging Assembly on board the Solar Dynamics Observatory (AIA/SDO,
Lemen (2014)) provides high spatial resolution (0.6 arcsec/pixel) full disk images with
a cadence of 12 s in 10 wavelength bands, including seven EUV, two UV and one visible
filter (Panesar et al., 2014). For this study, images in the 171Å channel are mostly used.
This waveband peaks in temperature at ∼ 0.8MK and generally gives the best signal
above the limb (Pagano et al., 2014). Images in higher temperature channels are used
for further study.

• The Large Angle Spectrometric Coronagraph (LASCO) instruments C2/C3 on board
the Solar and Heliospheric Observatory (SOHO) (Brueckner et al., 1995) are white light
coronagraphs that record the Thompson-scattered emissions from the CME plasma.
The spatial resolution of C2 is 11.4 arcsec/pixel, with an useful FOV of 2.2-6.0 R�.
The spatial resolution of C3 is 56 arcsec/pixel, with an outer FOV limit of 32 R�. In
2013/2014 both C2 and C3 usually have a cadence of ∼12 minutes.

• The Extreme Ultra-Violet Imagers (EUVI) of the Sun-Earth Connection Coronal and
Heliospheric Investigation (SECCHI) on board of the paired Solar Terrestrial Relations
Observatory (STEREO) Ahead (A) and Behind (B) spacecraft (Howard et al., 2008)
gives this study an additional perspective for some of the erupting filaments. As with
AIA we use mostly the 171Å channel with the maximum available cadence, usually ∼ 5
minutes. During the period of this study, the two STEREO spacecraft were separated
by 83o on 1st May 2013, and 35o on 30th June 2014, aligned on the far side of the Sun
from Earth.

• The COR2 instruments are twin coronagraphs, aboard STEREO A & B. They provide
a useful field of view of ∼3-14R�.

2.2 Image Processing

Image processing is important to this study as it can reveal structure hidden within the
unprocessed data. In particular, we wish to reveal the possible existence of CME front edges
in the low corona before, and during, a filament eruption. Two main methods are employed in
this work. For the EUV images we use Multi-scale Gaussian Normalization (MGN) processing
technique (Morgan & Druckmüller, 2014). For the white-light coronagraph images we use a
Dynamic Separation Technique (DST) to separate the dynamic and quiescent components of
the images (Morgan, 2010; Morgan et al., 2012; Morgan, 2015).

2.2.1 MGN Processing

Figure 1 shows an example EUV image to demonstrate the application of MGN. EUV images
of the corona contain information over a large range of spatial scales and brightness regimes,
and an example image is shown in figure 1a. A common approach to overcome the large
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contrast between bright and dark regions is to display a gamma transform (e.g. take the
square root of the original image) to reveal more of the low-brightness regions, as shown in
figure 1b. The MGN method normalizes the image at many different spatial scales. This is
done by creating a series of new images by applying Gaussian kernels at varying FWHM to the
raw AIA image. The mean of these images is taken, and the result is summed together with the
original, unprocessed AIA image to create the final result. The method is similar in concept
to the Adaptive Histogram Equalisation, but at multiple spatial scales. Information at the
finest scales is revealed, while enough of the larger scale information is maintained to provide
context. Most important for this study, off-limb structure is enhanced, as shown in figure 1c.
For a full description of the procedure see Morgan & Druckmüller (2014). In this work, in order
to further reveal very faint static structure in off-limb regions, a further improvement is made
to the method for AIA data by combining exposures. Using the maximum 12 second cadence
of AIA, 5 consecutive observations are combined, and the summed images are normalized by
the total exposure time of the 5 frames. AIA usually uses a 2 sec exposure. This creates a
series of images each combined over an exposure time of 10 seconds. Such a combined image is
created for every 1 minute’s worth of observation before processing with the MGN procedure,
as shown in figure 1d. At the risk of introducing motion blur for very rapid changes, the
structural detail is greatly enhanced, particularly above the limb. Combining of exposures
is not used on EUVI images as the cadence is generally too low. As described in Morgan &
Druckmüller (2014); the globally normalized images are processed using a global weighting
parameter h=0.9.

2.2.2 Dynamic Separation Technique (DST) & coronagraph calibration

In coronagraph images CMEs are not viewed in isolation, but in the presence of the fine struc-
tural detail of the quiescent corona such as streamers or coronal holes. In order to accurately
track the expansion of CMEs, a processing technique based on spatial and time deconvolu-
tion is used that is able to separate the dynamic CME signal from the background quiescent
coronal structures (Morgan, 2010; Morgan et al., 2012). When applied to observations by
LASCO C2 and C3, or SECCHI/COR2, the clear structures of CMEs are revealed despite
the presence of background structure that may be several time brighter than the CME. Figure
2 shows an example of the DST applied to a CME observed by LASCO C2 on 2013-09-10.
Figure 2a shows the image prior to separation, and figure 2b shows the dynamic component
of the image post-separation.

For visual inspection of coronagraph images, or a study of kinematics or structure, DST
is applied with specific convolving kernel widths in the time and radial dimensions. These
are set narrow enough (particularly the spatial, or radial, dimension) to reveal the higher-
frequency structures. All the DST images in this work are processed using this bias towards
higher frequency detail (or finer spatial detail). For estimates of CME mass, it is necessary
to increase the kernel width in the radial direction. This allows lower-frequency components
(or broader spatial detail) into the dynamic images, and an improved estimate of mass. See
Morgan (2015) for a description of this implementation of DST.

All quantitative use of coronagraph data in this work (in particular the mass estimates)
have been gained using new calibration techniques described in detail in Morgan (2015).
These techniques enable the conversion of the LASCO C2 total brightness measurements
(i.e. the most frequent observations made by C2) into k-coronal brightness (Bk). This is
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Figure 1: An AIA 171Å observation of 2013-08-27 15:54 UT showing the west disk
and off-limb region with a) no processing, b) a gamma transform (square root), c)
MGN processing, and d) MGN processing on an image combined from five consecutive
observations.

Figure 2: CME observed by LASCO C2 on 2013-09-10 14:00. a) C2 image prior to
DST, b) separated dynamic component showing the main bright CME, other fainter
dynamic events, and noise.
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achieved by using the less frequent C2 polarized brightness (pB) observations as ‘tie-points’,
enabling a very robust estimate of the F-corona and stray light backgrounds for subtraction
from the total brightness observations. New calibration factors for the pB observations are
used (calculated using stars by Morgan (2015)), and the radiometric calibration of Colaninno
& Howard (2015) are used (also calculated using stars).

In the calculation of CME mass from LASCO C2 observations, there are two main sources
of uncertainty. One is the radiometric calibration uncertainty, estimated at around 11% by
Morgan (2015). Another more dominant error is the lack of information on the distribution
of mass along the line of sight. This is a difficult error to quantify. In this work, most of the
CMEs are propagating close to the plane of sky, which minimises the line-of-sight error.

2.3 Bootstrapping

Using a point-and-click procedure, the heights of the leading edges of features seen in the
processed images of the filament eruption can be tracked through the AIA FOV. The leading
edges of the corresponding CMEs as observed by the LASCO C2 and C3 coronagraphs are also
recorded using this procedure. These results are combined to form a complete height/time
profile of the leading fronts from the starting height above 1R� to 25R�. To use these
measurements in the flux-rope model, a fitting of the points to an analytical function is
required. This enables the creation of the model at arbitrary times for comparison between
the three coronagraphs. In general, the kinematics of events are not well-modelled using a
linear height-time fit, especially since our recorded measurements begin in the AIA field of
view. To allow for a complicated height-time profile of the CME from eruption to the extended
corona, acceleration (a) is modeled as a second-order function of time:

a(t) = αt2 + βt+ γ (1)

A second order function was chosen so that the returned bootstrapping is able to fit the
kinematic profile of any CME as accurately as possible. A first order function would not be
sufficient as such a function is limited to only allowing for a linear change in acceleration
with time; and previous studies have shown that kinematics of different CMEs can take many
profiles, triggered by any number of different physical mechanisms (Byrne et al., 2013).

By integrating, height (r) is given by:

r(t) =
α

12
t4 +

β

6
t3 +

γ

2
t2 + v0t+ r0, (2)

where r0 is the initial height of the loops and α, β and γ are fitted parameters. x0 is set to
the initial height of the observed structure prior to the eruption. In order to find estimators
for α, β, γ and v0 a resampling method called bootstrapping is used. This technique was first
introduced by Efron (1979), and more recently described in the context of coronal data by
Byrne et al. (2013). The implementation of the iterative residual resampling bootstrapping
scheme as described in Byrne et al. (2013), is as follows:

1. An initial fit to the data r is obtained using the standard IDL procedure mpfitfun.pro,
which performs a Levenberg-Marquardt least-squares fit. This yields the initial model
fit r̂ with parameters p.
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2. The residuals of the fit are calculated as e=r-r̂

3. The residuals are randomly resampled with replacement to give e*

4. The model is then fit to the new data vector r*=r̂+e* and the parameters p* stored.

5. Steps 3-4 are repeated many times (e.g., 10,000).

6. Confidence intervals on the parameters are determined from the resulting distributions.

The bootstrapping scheme is applied to the height-time measurements gained from the
manual identification of an eruption’s front edge, and the resulting parameters used in equation
?? to yield an analytic function describing the propagation of each event.

2.4 Synthetic FR-CME

A synthetic wire-frame model is used to reproduce the large-scale structure of flux-rope-like
CMEs. Similar to Thernisien et al. (2009), the model consists of a long tubular shape of
varying radius, with two foot points anchored to the photosphere which create the body of
the CME. This model will be used, along with the kinematic measurements described above,
to look in detail at several eruptions.

The profile of the inner axis (or inner boundary) of the FR model is given initially in a
cartesian space by

y = sin(t)[1− exp(−|t|/α)] (3)

z = 0.5− 0.5 cos(t) (4)

x = 0, (5)

with parameter t ranging from −π to π. α is a parameter that controls the shape of the inner
axis. A helix is formed by

xh = wh sin

(
ns2πs

smax

)
(6)

zh = wh

[
1 + cos

(
ns2πs

smax

)]
. (7)

s is the path length along the inner axis, of total length smax, with wh dictating the width of
the helix. The number of helix turns is given by ns. A rotation is applied to xh and zh so that
the helix turns are aligned correctly with the inner axis (rotational plane perpendicular to
the CME axis), then the helix coordinates are summed with the inner edge axis as defined by
equations 3-5. The resulting CME shape is centered on the z-axis (or the Sun’s north pole).
Appropriate rotations and scaling are applied to the model CME coordinates, easily giving
self-similar radial expansion and views of the CME from the positions of different spacecraft.

By specifying a low number of turns to the helix, and a small number of points, a wire-
frame representation of the CME can be given, as shown in figure 3a. The wire-frame CME
shown in figure 3 has been rendered as if observed by SOHO/LASCO C2, with the sizes
and locations of the Sun and coronagraph occulter represented by the inner and outer circles
respectively. A line-of-sight integrated white light observation of the model CME is formed
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Figure 3: Example synthetic flux-rope model. a) A simple rendering of the wire frame
structure. b) A volume within a small distance from the surface of the model now
contains a random distribution of points to imitate Thompson scattering. Examples
rendered as if observed by LASCO C2. Inner and outer circles represent the sizes and
positions of the Sun and the C2 occulting disk respectively.

by increasing the number of points to millions, specifying a large number of rotations in the
helix, and also including a small amount of random scatter in the position of points in the
model. These points are then treated as individual electrons. For each pixel in the output
image, the ‘electrons’ of the model CME which lie within the backprojected solid angle of
that pixel’s line of sight are summed after weighting with appropriate geometrical factors (as
given by Quémerais & Lamy (2002) for example). An example of such an image is given in
figure 3b. This implementation of a FR-CME model is computationally very efficient, and
many millions of points can be used within the CME model. Pixels in the output image thus
contain contribution from many thousands of points which represent individual scattering
electrons in the model CME.

Applying the height-time function (equation 2) to the expansion of the model CME recre-
ates the entire eruption as well as extrapolating the heights at time intervals smaller than
that of the coronagraph cadence, filling in the time gaps between coronagraph images in the
sequence. Other input parameters for the model are the central longitude and latitude of
the CME origin, which are assumed to be those of the filaments as seen by AIA/EUVI. The
orientation and width of the synthetic flux-rope is adjusted through manual comparison of
the synthetic and real observations.

3 Results

During a 14-month period from 2013/05/03 to 2014/06/30 a total of 221 filament eruptions
were identified which were centered near the limb in AIA images. For each event, a time-
sequence of MGN-processed images are created using AIA and STEREO A or B (as appro-
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Figure 4: (a) AIA 171Å image of a filament during eruption. Arrows point to a system
of large loops overlying the filament, which are in the process of erupting along with
the underlying filament. (b) A classic 3-part structure CME with arrows pointing to
the front edge, cavity and inner core. (c) A CME without clear 3-part structure.

priate) EUVI observations. The appropriate time sequence of LASCO C2, C3 and STEREO
A or B COR2 observations are DST-processed for each event. These sets of processed images
are examined for specific observational characteristics: the existence of a set of loop struc-
tures lying above the pre-eruptive filament in EUV images which subsequently erupt with
the filament, and a clear 3-part CME structure in the coronagraph observations. Figure 4a
shows an example of a pre-existing system of loops above a filament which is in the process
of erupting with the underlying filaments. Figure 4b shows an example of a CME which has
a clear 3-part structure, and figure 4c is an example of a CME which fails to show a clear
3-part structure.

Of the 221 events, 88 eruptions failed to reach the coronagraph field of view. These 88
events will be discarded for the remainder of this study. Each of the remaining 133 events are
categorized according to the following criteria:

• Category 1: Filament eruptions that are seen to have pre-existing system of loops,
observed in EUV, overlaying them prior to and during eruption, which are followed by
a clear 3-part CME, with the leading front clearly arising from the pre-existing loops.
In this category there are 31 events (23.3% of the total 133).

• Category 2: Filament eruptions that did not show pre-existing loop structures, but
which did have a clear 3-part CME. In this category there are 61 events (45.9%).

• Category 3: Filament eruptions that did show pre-existing loop structures, but no clear
3-part CME. In this category there are 2 events (1.5%).

• Category 4: Filament eruptions with neither pre-existing loop structures nor a clear
3-part CME. In this category there are 39 events (29.3%).

Table 3 in the Appendix gives details of all 221 events, along with their category. The following
sections discuss each category and show details of case studies relating to each category.
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Figure 5: MGN processed EUV images of the 2013-08-27 event in 15 minute intervals
from 15:30-16:00 UT, showing the looped structures above the filaments. Top row (a-c)
AIA images, bottom row (d-f) the corresponding EUVI A images. Animations of this
event are available online. See Appendix.

3.1 Category 1

This section, dedicated to 3 examples of Category 1 events, shows the detailed analysis which
shows the careful selection of events as ones which possess a pre-existing system of loops, and,
more importantly, the association of these loops with the bright front edge of a 3-part CME.
The three selected events are:
Event 1, 2013/08/27: The eruption begins at 15:30UT. An active region filament eruption,
emerging from the west limb, is seen near the equator in the AIA FOV. See figure 5.
Event 2, 2013/09/10: Begins 12:00UT. Erupting near the south-east limb in the AIA FOV.
See figure 6.
Event 3, 2013/09/24: Begins 20:00UT. Erupting on the north-east limb in the AIA FOV. See
figure 7.

Although the primary EUV observations are made from SDO/AIA, STEREOs EUVI in-
struments were also used to confirm the existence of pre-existing loops and to gain a better idea
of their three-dimensional (3D) shape. Based on the relative positions of the two STEREO
spacecraft at the time, EUVI-A was used for the 2013-08-27 event, and EUVI-B for the other
two. Processing reveals loop-like structures existing above the filament prior to the eruption
for all three case events, and which erupt and expand in front of the erupting filament.
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Figure 6: As figure 5, but for the 2013-09-10 event in 15 minute intervals from 12:10-
12:40 UT, using AIA (top row) and EUVI B (bottom row). Animations of this event
are available online. See Appendix.

Using the processed images from AIA, height-time stack plots were made for each of the
events. These plots were created by selecting a single array of pixels, starting at the edge of
the solar disk and tracing a straight line outwards, following the path of each eruption. The
stack plots are used to track the height of the leading loops, and the filaments, above the
solar surface with time (figures 8a-c). Both the 2013/09/10 and 2013/09/24 events (figures
8b and c) show very clearly a bright loop structure existing above the erupting filament for at
least several hours prior to eruption, at heights ∼0.2R� above the limb. These consequently
erupt with the filament. The 2013/08/27 event (figure 8a) originates from an equatorial active
region, with many other bright structures in the same region which conceals any clear view of
the leading loops in the stack plot. However there is a large amount of structure prior to the
eruption at heights ∼1.2R� (figure 8a) that disappear with the eruption. In the movie, the
front system of loops is more clearly seen to expand out with the erupting filament. Movie
clips for each of these three events are available online. See Appendix for details.

The profile of the eruptions seen in the stack plots (Figure 8) can give clues to the triggering
mechanisms. The stack plot for the 2013/09/10 event shows that the loop structure exists for
several hours before the eruption. The loop structure is visible from as early as 08:00 at heights
1.14-1.20R�, up to the eruption at 12:30. The loops themselves begin to move at around
12:10, approximately 20 minutes earlier than the filament. This could be evidence of the
breakout model triggering magnetic reconnection in the overlaying field holding the filament
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Figure 7: As figure 5, but for the 2013-09-24 event in 15 minute intervals from 19:50-
20:20 UT, using AIA (top row) and EUVI B (bottom row). Animations of this event
are available online. See Appendix.

in equilibrium. This would decrease the field strength of the overlaying loop structures,
causing them to expand first. The subsequent decrease in magnetic pressure in the overlaying
fields triggers the eruption of the filament. The 2013/09/24 loops also exist long prior to
the eruption, visible from at least as early as 17:00. Existing at heights of 1.20-1.26R� they
share a common apparent thickness as the loop structures of the previous event. Unlike the
previous event, the filament appears to erupt before the loops begin to expand - possible
evidence of reconnection occurring below the filament/cavity flux tube, which is indicative of
the tether-cutting model or of a kink-instability.

Having shown the existence of pre-existing loop structures which erupt with the filaments,
we aim to show that these expanding loops become the bright leading edges of the CMEs as
viewed by LASCO C2. For this, we employ a flux-rope density model, with kinematics
constrained by both EUV and coronagraph observations. The expansion of the leading fronts
of these flux rope loop structures are manually tracked outwards through the AIA FOV, and
the same manual tracking records the position of the leading front of the CME through the
C2/C3 FOVs. Combining these data gives a total height-time profile of the expanding flux-
rope. The bootstrapping method is applied to produce an accurate estimator for the complete
kinematic profile of the eruptions. Figures 9a-c show the height data with the bootstrapping
fit, and table 1 contains the information on the starting condition of the loop structures for
the three case events (start time of the eruption, latitude and longitude of the filament on the
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Figure 8: Height-time stack plots showing three example eruptions corresponding to
Category 1 events. (a): 2013/08/27, (b): 2013/09/10 and (c): 2013/09/24 event.

Figure 9: Height of the flux rope leading front vs. time from AIA, C2 and C3 data for
(a) 2013/08/27, (b) 2013/09/10, and (c) 2013/09/24 events. The fitted kinematics is
the solid line.

solar surface, and the initial height of the loops above the limb) as well as the bootstrapped
fitting parameters (α, β, γ and v0) for each of the case events (see equations 1 and 2). Given
the high number of degrees of freedom, the uncertainties for velocity and acceleration are
calculated using reduced chi squared goodness of fit. The mean uncertainties for category 1
events are 7.66 km.s−1 for velocity and 5.84 m.s−2 for acceleration.

The important parameters of the flux-rope density model are the central longitude, central
latitude, peak height, leg-to-leg width relative to height, peak diamater of flux tube and
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Table 1: Date, start time, central Carrington position and the initial height (heliocen-
tric) of the pre-existing loop structures prior to eruption. α, β and γ are constants for
the polynomial as defined in equations 1 and 2, and v0 is the bootstrapped estimate for
the initial velocity of the erupting filament.

Date Time Lat. Lon. Ht. (R�)
2013-08-27 15:30 −10o 101o 1.35
2013-09-10 12:30 −70o −35o 1.72
2013-09-24 20:00 35o −70o 1.41

α (10−9 km.s−4) β (10−5 km.s−3) γ (km.s−2) v0 (km.s−1)
3.06 -4.85 0.16 305.0
4.83 -8.39 0.3 130.0
5.91 -8.93 0.33 23.8

orientation around the central axis. For this analysis work, the central longitude and latitude
are fixed by the central longitude and latitude of the erupting filament. The peak height (as a
function of time) is given by equation 2 and the fitted kinematic parameters listed in table 1.
The orientation around the central axis is adjusted to give the best agreement between model
and coronagraph observations (from LASCO C2 and COR2A & B). The leg-to-leg width and
peak diameter of the flux tubes are kept fixed, but proportional to the peak height (thus
maintaining radial expansion). In this way, we show that the CME front edge is consistent
with a flux-rope structure, and that the outer layer of the flux rope structure is consistent
with the observed kinematics of the expanding cavity above the erupting filament. Figures
10a-f show the C2 images of the coronagraph data (left) and the corresponding synthetic
white light images taken from the flux-rope density model (right). Likewise, the left columns
of figures 11, 12 and 13 show the coronagraph images of COR2A, C3 and COR2B (top to
bottom) taken at a similar time, and the right columns show the corresponding synthetic
CME images.

The 2013/08/27 CME is seen by LASCO to erupt off the west limb from an active region
close to the equator. A good visual agreement is seen between the model leading edge and
the CME front at the corresponding times for all observers (figure 11). Given the position
of STEREO B, the CME is erupting away from the observatory. The leading edge of the
CME is very faint, but still visible in the STEREO B images, and is in good agreement
with the model. As shown by highest initial velocity (v0=305km.s−1) as estimated by the
bootstrapping scheme, this event is more impulsive than the other two case studies. However,
by the time the CME is visible in the C2 FOV, and thereafter, the CME propagates with
velocities very similar to that of the 2013/09/10 event. Both CMEs reach a height of 15R�
approximately 4:30hr after erupting. Reviewing the magnetogram data from SDO/HMI in
the days leading up to this eruption shows that the regions magnetic field was indeed highly
active. However by the start of 2013/08/27 the active region had already moved to the solar
limb, so it is not possible to comment on the evolution of the magnetic field inside of the
active region soon prior to eruption.

The 2013/09/10 example is probably associated with a breakout trigger. There was an
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unfortunate large datagap in COR2 B from 13:54UT to 16:42UT. The leading front of the
CME becomes faint very quickly, especially by the time it emerges into the C3 FOV. However
the bright core of prominence material and the dark cavity are still both clearly visible. A
comparison of the synthetic CME and the coronagraph data shows a good visual agreement
in figure 12.

The CME of 2013/09/24 has the brightest, most clear structure throughout the entire
eruption in all views (figure 13). In this case the central core of the CME can easily be
identified as the filament eruption as seen by AIA (figure 7) as much of the structural charac-
teristiccs are maintained in the C2 images. The clear structure of the CME made the leading
edge height easy to identify manually, giving confidence in the heights and kinematics: the
height-time plot and the bootstrapped kinematics show the best correlation of all events. This
event also shows the best visual agreement between CME and synthetic images.
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Figure 10: Left column: Dynamic separated, white light LASCO C2 coronagraph im-
ages of the CMEs corresponding to each case event of category 1. Right column: The
synthetic wire-frame flux rope model of that CME. a,b) Event 1: 2013-08-27. c,d)
Event 2: 2013-09-10 e,f) Event 3: 2013-09-24.
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Figure 11: Images of the observed 2013-08-27 event (left column) and corresponding
model images (right column) for (a,b) STEREO-A COR2. Middle(c,d): LASCO C3.
Bottom row(e,f):STEREO-B COR2.
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Figure 12: Images of the observed 2013-09-10 event (left column) and corresponding
model images (right column) for (a,b) STEREO-A COR2. Middle(c,d): LASCO C3.
Bottom row(e,f):STEREO-B COR2.
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Figure 13: Images of the observed 2013-09-24 event (left column) and corresponding
model images (right column) for (a,b) STEREO-A COR2. Middle(c,d): LASCO C3.
Bottom row(e,f):STEREO-B COR2.
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Figure 14: 2013-10-26 Eruption. a) and b) show the MGN processed images from
SDO-AIA of the event with no clear loop structures overlaying the erupting filament.
c) Dynamic C2 image of the eruption which has a clear 3-part CME structure, despite
the lack of corresponding loop structures in the processed AIA data.

3.2 Category 2

Category 2 consists of CMEs with clear 3-part structure, but are associated with erupting
filaments without observable pre-existing loop structures. After the exclusion of the 88 failed
eruptions, this is the largest category, containing 61 out of the main 133 events. As an
example, the filament eruption observed by AIA on 2013/10/26 11:00 near the South-West
limb is seen in figure 14a,b to have no loop structure overlaying the filament prior to or during
the eruption. However, as shown in figure 14c, the corresponding CME is seen to have a clear
3-part structure in LASCO-C2, with the core of the ejection easily being identified as the
filament eruption as much of the morphology is maintained. The search for pre-existing loops
was repeated without success in hotter EUV wavelength channels (193Å and 211Å), and in
the EUVI imagers of STEREO A and B. There can be several observational reasons why
pre-existing loops may exist but are simply not observable, as listed in section 4. In this case,
we believe that if there is a pre-existing magnetic structure, the alignment of the pre-erupted
filament is not favourable, and that the apex of the flux tube may be too high in the corona
for detection.

3.3 Category 3

Category 3 events are filaments that have pre-existing loop structures, but lead to either very
faint disturbances in the extended corona, or CMEs which lack a clear 3-part structure. From
the 133, only 2 events fall into this category. The 2013/06/04 14:00 eruption from the North-
East limb of AIA is one example. Figure 15a,b show EUV images with a clear loop structure
overlaying the filament prior to, and which expands outwards with, the eruption. However
the corresponding eruption seen later in the LASCO-C2 white light image of figure 15c has
no 3-part structure, and certainly no clear sign of a bright leading edge. This is an interesting
case. The eruption is not from a compact active region, yet the overlying and surrounding
magnetic structure seems very complicated. The overlying field seems not to be formed from
large continuous loops, but instead contains a gap labelled by the white arrow in figure 15a.
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Figure 15: 2013-06-04 category 3 eruption. a) and b) show the MGN processed images
from SDO-AIA of the erupting filament. c) Dynamic C2 image of the eruption which
has no discernible structure, despite the loop structure seen in AIA.

Figure 16: 2013-05-16 category 4 event. Eruption of a filament without pre-existing
loop structures in EUV (a), and the accompanying CME which has no clear structure
(b).

This configuration is disrupted and moved aside by the erupting filament, but does not form
an enclosing closed sheath. From a comparison of structure of the erupting filament and the
white light CME, we suggest that this CME is formed solely of the material of the filament
itself, and the magnetic structure may be of a compact flux tube containing the filament.
That is, there is no extended flux tube which leads to a 3-part CME structure.

3.4 Category 4

This category consists of 39 CMEs or faint ’blobs’ visible in the LASCO C2 FOV without
clear 3-part structure, associated with filament eruptions which show no sign of overlying loop
structures. Figure 16 shows an example of such an unstructured CME in the LASCO C2 field
of view and the associated filament eruption.
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4 Discussion

Given the careful selection of the 31 Category 1 events, it is clear that the loop structures which
overlie filaments (i.e. cavities) can erupt with the filament and, furthermore, form the bright
leading edges of CMEs in the extended corona. Despite the data gap between heights of ∼0.3
and 1.2R� above the limb, the argument is convincing, particularly given the good agreement
between a flux rope density model and observation, with the kinematics and position of the
eruption used as input for the model. This supports the model of filament/cavity systems as
two observable features (the filament and overlying loops) of a single entity (large magnetic
flux tube, with the filament lying at the bottom of the tube). Just over a third of all events
with clear 3-part CMEs are category 1 events.

Category 3 and 4 events are CMEs with no clear 3-part structure as observed in coron-
agraph images. There are a total of 41 events belonging to these categories, of which only
2 events started with eruptions which had a clear set of pre-existing loops. Category 1 and
2 events are CMEs with a clear 3-part structure, of which 31 have clear pre-existing loop
structures which form the leading part of the CME, giving a ratio of ∼34%. CMEs with a
clear 3-part structure are therefore far more likely to arise from eruptions which have a front
edge formed from a pre-existing magnetic structure in the low corona.

Around 66% of clear 3-part CMEs as viewed in coronagraph images arise from erupting
filaments without clear evidence of a system of pre-existing and co-erupting loops (category
2). There are several reasons that pre-existing loops may exist for these events, but are simply
not observed. The first three reasons listed here are likely the most important:

• The pre-existing cavity loops, if present, lie at a height either beyond the field of view
of the EUV imager, or at a height where signal is too low to detect even using advanced
image processing.

• The pre-existing cavity loops, if present, are obscured by other quiescent structures
along the line of sight. This is particularly relevant to active region eruptions.

• The pre-existing cavity loops, if present, are not aligned favourably relative to the ob-
server. A favourable alignment would be East-West. If the cavity structure is misaligned
from East-West, it becomes more difficult to detect due to the line-of-sight integration.

• The temperature of the pre-existing cavity loops may not fall favourably into the AIA
channels, although our search was made in the 171, 193 and 211Å channels which does
give a large appropriate temperature range.

• The magnetic cavity/loop structure may be at a density which is not significantly above
the background medium, that is, the magnetic structure is not appreciably traced by
the density structure.

It is likely that these factors, particularly the first three observational reasons, lead to a large
number of Category 2 events which have pre-existing loops which are simply not observable.
The 33% of 3-part CMEs which arise from erupting filaments which have observed systems
of enclosing loops (i.e. cavities) is therefore very much a lower limit. Many of the category
2 events probably have pre-existing systems of enclosing loops which are simply not observed
or detectable in EUV images.
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For all events, the velocity, acceleration and mass of each CME was estimated, as listed
in the table in the appendix. The velocities and accelerations were estimated using the
bootstrapping method. As all events erupted from close to the limb, no correction has been
made for projection effects. The mass of each CME was calculated using the DST for isolating
the CME signal in LASCO C2 data, and assuming that the measured CME intensity all arose
from electrons situated in the point of closest approach along each line of sight (plane-of-
sky approximation). Histograms of mass, velocity and acceleration are plotted for category
1, 2 and 4 events in figure 17. There is an obvious difference between the mass of non-
structured CMEs (category 4) and the other two categories. These CMEs are considerably
less massive than the structured CMEs. There are no significant differences in the distribution
of velocities and acceleration between all three categories. Category 1 events are peaked in
mass at ∼ 1.4 × 1015g, whilst the category 2 events peak at a lower mass, but with a good
number of CMEs at higher masses. There is likely a connection between the higher most
probable mass of category 1 events compared to category 2. Category 1 events all have
pre-existing, detectable, systems of surrounding loops which erupt with the filament. The
surrounding loop systems exist at heights which can be detected by EUV imagers (i.e. the
higher-density lower corona), and/or are bright enough to be detectable. It is not surprising
therefore to find that the associated CMEs in coronagraph data are more likely to be brighter.
A similar argument holds for projection effects. If the surrounding loop systems are more easily
detected in category 1 events due to favorable alignment, they will likely appear brighter in
the coronagraph data.

By a manual ‘point-and-click’ method, the core regions of the 3-part structured CMEs
are isolated from the rest of the CME, and a mass calculated separately for the core. This is
applied to the category 1 and 2 events. The mean core mass is 1.18 × 1015g for category 1
and 8.5× 1014g for category 2. The mean (total) mass for category 4 unstructured CMEs is
3.9×1014g. The mean core mass to total mass ratio is 0.26 for category 1, and 0.34 for category
2. All these values have a large variation. In general, and given the large uncertainties inherent
in CME mass estimates, the masses of category 4 unstructured CMEs are of the same order
of magnitude as the cores of 3-part structured CMEs. The bulk of the 3-part CME mass is
contained outside the core, and it seems as if non-3-part-CMEs do not possess this additional
mass or structure.

Table 2 lists category 1 and 2 events according to region at the limb. The argument that
some pre-existing loops may not be detected due to alignment effects can be strengthened
by a significant difference between east and west limbs. Not including the north and south
regions, there are 49 clear 3-part structure CMEs in the east, and 40 in the west. Of these,
27% have pre-existing loops in the east compared to 43% in the west. All regions show a
similar ratio of category 1 events to category 1 and 2 events, except for the north-west which
has an almost equal number in each category. In truth, our numbers are too small to form
any conclusions from this information and an extended study is required. Furthermore, we
would expect a relationship to become apparent if the eruption of extended filaments only
were considered. For small filaments or active region eruptions, such a dependence of region
on alignment is not expected.

Category 3 is a small yet interesting set of 2 events. These are filaments with clear pre-
existing loops which erupt along with the filament, but which fail to form clear 3-part CMEs in
coronagraph images. The case event from this category (2013-06-04 event described in section
3.3) erupted to form a ejection seen by LASCO/C2, but which had no clear structure, despite
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Figure 17: Histograms of CME mass (left column), velocity (middle column) and accel-
eration (right column) for category 1 (top row), category 2 (middle row) and category
4 events (bottom row).

the clear loop structures seen by AIA. The erupting filament has only a very small surrounding
loop structure, and this structure seems to lie under a larger system of complicated field which
may not be entirely closed (see figure 15). In truth, this one case may well belong in category 4.
The large outmost overlying magnetic structure (which is draping over the erupting filament
and other closed systems of loops), does not appear to be a closed loop. The resulting CME
therefore does not possess an enclosing large expanding flux tube, and is composed of just
a core which may be a compact magnetic flux tube with a complicated structure. 88 events
were discarded from the survey as they had no CME because the eruption failed to reach the
coronagraph field of view. Within this set, 3 events are seen to have pre-existing loop systems.
The loop systems seen with these filaments expand outwards with the initial expansion, but
for unknown reasons, fail to form a CME.

The emphasis of our study has been on the detection of pre-existing loops. Category 1 and
2 events formed structured 3-part CMEs, and the high percentage (given the observational
limits) of category 1 events, suggests that all 3-part CMEs are formed from the eruption
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Table 2: Distribution of Category 1 and 2 events (as defined in Section 3) according to
region of the limb. The total column gives the total number of CMEs (all events).

Region Total Non-fails Cat. 1 & 2 Cat. 1 Ratio
S 6 4 3 1 0.333
SE 46 32 23 5 0.217
E 27 18 10 3 0.3
NE 32 21 16 5 0.313
N 7 1 0 0 0
NW 37 17 12 7 0.583
W 28 15 11 3 0.273
SW 38 25 17 7 0.412

of pre-existing large flux tubes in the low corona. This is consistent with current models
of filament/cavity systems, CME initiation and 3-part CMEs in the extended corona and
heliosphere. 39 of the events (category 4) did not possess observable pre-existing loops, and
did not form structured CMEs. Furthermore, the unstructured CMEs were considerably less
massive than the 3-part structured CMEs, and their masses are similar to the masses of 3-part
CME cores. An important question is what is the reason for their lower mass and unstructured
appearance? Prior to eruption, if they exist as extended flux tubes, their outer envelopes must
be disrupted by some process during eruption in the low corona, which allows only the core
filament eruption to escape. Our study strongly suggests this is not the case since we do
not find any evidence of pre-existing loops which would be evidence of a large flux tube. We
suggest that they exist initially as compact flux tubes which forms the dense filament. These
compact structures can erupt and do not appear as clear 3-part CMEs in the extended corona
since they do not possess a large flux tube which encloses the underlying filament. If this is
true, then there is a large family of eruptive filaments which are not associated with a large
overlying flux tube and do not fit into the model of a large erupting flux tube. Rather, they
are narrow, constrained flux tubes containing only the filament material. Their signature, if
measurable, in in situ measurements should be distinct from the magnetic clouds arising from
larger structured CMEs.

In the context of eruptions which form higher in the corona (at the cusp of helmet stream-
ers), Sheeley et al. (2009) have shown that unstructured ‘blob’ CMEs as seen in coronagraphs
are consistent with narrow extended flux tubes. Category 4 events are different, being formed
from filament eruptions near the Sun. Jetting activity in, or near, active regions can also
lead to ‘puff’ CMEs which lack internal structure. Yu et al. (2014) show such jet CMEs
propagating to large distances from the Sun and into interplanetary space. A recent study of
a rapid series of 12 jet CMEs arising from a single region over a ∼2-day period was made by
Alzate & Morgan (2015), giving mass estimates in the range of 0.4-3.2×1014g, with a mean
mass of 1.8×1014g. These are considerably less massive than even the category 4 events. The
category 4 events lack a clear 3-part structure, but they do contain internal structure, albeit
complicated and difficult to interpret. The jet CMEs presented by Alzate & Morgan (2015)
lack internal structure, they appear as unstructured ‘puffs’ of material.

Our study has not made an attempt to categorize filament eruptions according to their
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association with active regions. Outside of active regions, large filaments which are embedded
within a system of enclosing loops are commonly filament-cavity systems. Within active
regions, filaments cannot be associated with cavity strutures. Nevertheless, many of the
active region erupting filaments are seen to possess large systems of loops which erupt with
the filament. These are extended canopies of closed fields or arcades within which the filament
is embedded, and are seen to erupt with the filament (see for example the Category 1 event
of 2013/08/27).

As a last point of discussion, the loop structures seen in EUV images, lying quiescently
in the low corona long prior to the eruption, are often very difficult to observe. Advanced
image processing, such as the MGN process used in this work, is cruicial to reveal such faint
structures. Time differencing, often used for studies of eruptions, would not help in such a
study. To the contrary, time differencing would conceal any evidence of a pre-existing static
structure, and its eventual eruption would manifest as a sudden appearance of material at
the front of the CME. This is of course an artifact of the process and highlights how time
differencing can lead to misinterpretation of coronal data.

5 Conclusion

221 solar filament eruptions which erupted very near or on the limb as observed from the
Sun-Earth line are studied in detail in EUV images of the low corona, and in white light
coronagraph images of the extended inner corona. From this study, we find that:

• ∼40% were failed eruptions (no CMEs). Of the remaining 133 filament eruptions, 94
led to 3-part structured CMEs (70%), and 41 led to unstructured CMEs (30%).

• 3-part CMEs are large flux tubes, with the leading edge of the CME corresponding to
the outer envelope of the flux tube, and the inner core of the CME corresponding to
the dense filament material near the base of the flux tube.

• Around 33% of 3-part CMEs arise from filament/enclosing loop systems, where the
enclosing loops erupt with the filament and forms the leading bright edge of the CME.
Due to observation limitations, the 33% is very much a lower limit. In the case of
non-active region filaments, the enclosing loop systems are cavities.

• In general, brighter 3-part CMEs are more likely to arise from erupting filaments which
possess a detectable system of enclosing loops. This can be interpreted as an observa-
tional bias (brighter CMEs = detectable loops).

• Only 2 of the 41 unstructured CMEs possess pre-existing systems of loops, and these 2
events are suspect in that there is some ambiguity in the definition of their pre-existing
loops.

• Unstructured CMEs are significantly less bright/massive than the 3-part CMEs. Their
mass is of the same order of magnitude as the masses of 3-part CME cores. The bulk
of 3-part CME mass is outside of the core region.

We conclude that the bright frontal structures of 3-part CMEs arise from pre-existing
structures in the low corona - namely the systems of closed loops which surround filaments.
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This bright front edge is not the shock wave which accompanies many active region impulsive
eruptions - it is part of the magnetic structure of the eruption and expands behind any shock
wave. The study of category 1 and 2 events are consistent with two connected models: 1)
filament/cavity systems as two observable parts of one structure - a large magnetic flux tube
embedded in the low corona, with the dense filament material lying at the bottom of the flux
tube, and 2) structured 3-part CMEs as the subsequent eruption and expansion of the large
flux tube, with the core formed from dense filament material distributed along the bottom of
the tube.

This study also suggests that non-3-part CMEs are a different family to 3-part CMEs.
They do not arise from the eruption of large filament/enclosing flux tube (cavity) systems,
but rather from the eruption of a filament in the absence of a larger enclosing flux tube. We
believe them to be compact flux tubes containing only the dense filament material. This has
implications for models of filaments in general (in the absence of eruption), models of CME
initiation and eruption, and for the detection and interpretation of ICMEs in interplanetary
measurements.

A recent study by Wang (2015) looked carefully at the overlaying magnetic field config-
uration of pseudostreamers as cause for lower-mass unstructured CMEs using potential-field
source-surface extrapolation. For a future study, we propose to apply the EUV image pro-
cessing used in this paper on pseudostreamer source events to establish more clearly the link
between CME structure and the structure of the erupting filament system. Whether or not
the results of this research match those found here could be a very important finding.

Acknowledgements Joe’s work is conducted under an STFC studentship to the Solar
Systems Physics group at Aberyswyth University. Huw is grateful for a research fellowship
from the Leverhulme Foundation, which made this work possible. The SOHO/LASCO data
used here are produced by a consortium of the Naval Research Laboratory (USA), Max-Planck
Insitut für Aeronomie (Germany), Laboratoire d’Astronomie (France), and the University of
Birmingham (UK). SOHO is a project of international cooperation between ESA and NASA.
The STEREO/SECCHI project is an international consortium of the Naval Research Labo-
ratory (USA), Lockheed Martin Solar and Astrophysical Laboratory (USA), NASA Goddard
Space Flight Center (USA), Rutherford Appleton Laboratory (UK), University of Birmingham
(UK), Max-Planck Institut für Sonnen-systemforschung (Germany), Centre Spatial de Liege
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6 Appendix 1

A list of all events analysed in this study. Supplementary movies of the Figure 5, 6 and 7
events are available at:

http:/users.aber.ac.uk/joh9/erupting filaments.html
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Table 3: List of the 221 filament eruptions from May 2013 to June 2014 examined.
Using reduced chi squared, the uncertainties in velocity and acceleration were found to
be 9.6 km.s−1 and 4.5 m.s−2 respectively.
Start Date/Time Long Lat Region 3-part CME AIA loops Mass (g) v (km.s−1) a (m.s−2)
2013-05-03T06:20:23 -89 07 E N Y
2013-05-06T01:00:03 -78 -19 SE N N
2013-05-06T07:30:35 -49 -12 SE N N
2013-05-07T05:00:03 78 -75 S Y Y 3.83× 1014 231 13
2013-05-10T00:00:03 85 56 NW N N
2013-05-10T18:10:03 88 27 NW Y N 1.41× 1015 493 0
2013-05-11T20:00:03 85 55 NW Y N 2.93× 1014 445 15
2013-05-14T04:40:03 -90 -7 E N N
2013-05-14T06:30:03 86 -61 SW N N
2013-05-14T21:10:03 90 -11 W Y Y 8.72× 1014 676 4
2013-05-15T01:40:03 88 -47 SW N N
2013-05-16T04:50:03 -89 -24 SE N N
2013-05-16T07:10:03 -89 10 E N N 1.09× 1015 953 -41
2013-05-18T01:04:03 -89 10 E Y Y 3.40× 1014 68 7
2013-05-18T07:02:03 -89 -21 SE N N 3.40× 1014 118 17
2013-05-21T12:00:03 88 40 NW Y Y 2.33× 1014 443 18
2013-05-22T08:00:35 -88 -47 SE N N
2013-05-23T09:50:23 -90 -05 E N N 1.39× 1014 746 11
2013-05-26T18:16:03 -88 57 NE Y N 2.22× 1014 454 -28
2013-05-27T07:00:35 83 78 N N N
2013-05-29T16:32:03 90 -14 W N N
2013-05-29T16:38:03 89 33 NW N N
2013-05-30T08:06:03 -89 27 NE Y N 1.33× 1015 494 -34
2013-05-31T05:48:03 90 -24 SW Y Y 1.53× 1015 529 43
2013-05-31T21:30:03 90 -30 SW N N
2013-06-04T13:00:03 -89 46 NE N Y 3.58× 1014 683 98
2013-06-09T08:00:03 90 55 NW N N
2013-06-10T06:32:03 63 14 W Y Y 6.03× 1014 331 -67
2013-06-11T00:00:03 90 21 NW Y N 1.46× 1015 434 -12
2013-06-12T00:00:03 90 50 NW N N
2013-06-12T10:48:03 -69 89 N N N
2013-06-13T11:20:03 90 32 NW N N 4.22× 1014 378 -247
2013-06-15T22:10:03 86 -70 SW Y N 3.28× 1014 137 26
2013-06-16T03:55:03 90 29 NW N N no data 307 77
2013-06-17T00:40:03 87 -62 SW N N
2013-06-17T00:40:03 -90 32 NE N N
2013-06-17T12:00:03 -87 -64 SE Y N 8.73× 1014 242 21
2013-06-18T01:30:03 89 35 NW N N no data 341 -40
2013-06-22T08:00:03 -52 45 NE N N
2013-06-30T18:00:03 -88 -25 SE N N 2.27× 1014 646 56
2013-07-01T11:32:03 -87 -37 SE N N
2013-07-02T18:27:35 47 86 N N N
2013-07-06T18:24:03 -88 -23 SE Y N 1.27× 1015 506 15
2013-07-13T05:40:03 -88 -17 E N N
2013-07-17T20:24:03 -89 -03 E N N 4.74× 1014 294 10
2013-07-18T16:30:03 -89 -11 E Y Y 2.77× 1015 393 -16
2013-07-18T19:39:03 88 -17 W N N
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Start Date/Time Long Lat Region 3-part CME AIA loops Mass (g) v (km.s−1) a (m.s−2)
2013-07-21T20:30:03 83 56 NW Y N 6.76× 1014 320 2
2013-07-24T04:30:03 89 13 W N N
2013-07-24T22:00:03 80 64 NW N N
2013-07-29T22:10:03 89 11 W N N
2013-07-31T17:06:03 -86 -32 SE N N
2013-08-03T02:00:35 78 64 NW N N
2013-08-04T06:15:35 -56 24 NE Y N 2.23× 1014 403 -6
2013-08-04T14:30:35 55 -20 SW N N 2.42× 1014 531 157
2013-08-05T01:10:11 75 -66 SW N N
2013-08-05T13:50:23 88 20 W N N
2013-08-06T01:12:03 88 -19 W N N 2.25× 1014 712 36
2013-08-06T01:16:03 -50 28 NE Y N 6.94× 1014 612 -29
2013-08-06T05:28:03 -86 -29 SE N N
2013-08-10T06:48:03 52 -25 SW Y N 8.83× 1014 440 2
2013-08-12T19:40:11 -25 -43 SE N N
2013-08-14T05:00:03 81 -51 SW N N
2013-08-14T18:30:35 55 -31 SW Y N 2.26× 1015 298 4
2013-08-16T18:00:03 -57 33 NE Y N 3.81× 1014 489 14
2013-08-17T10:00:03 -87 26 NE N N
2013-08-17T16:00:03 60 -33 SW Y N 4.19× 1015 1069 100
2013-08-18T13:40:03 86 -26 SW N N 3.75× 1013 501 -7
2013-08-18T19:44:03 85 -32 SW N N
2013-08-20T03:44:03 26 -38 S Y Y 1.30× 1015 926 24
2013-08-21T00:16:03 88 19 W N N
2013-08-27T06:45:03 89 -08 W Y Y 2.26× 1015 621 -7
2013-08-28T00:00:03 75 65 NW Y N 2.72× 1013 265 11
2013-08-28T12:25:03 89 -08 W N N 2.65× 1014 450 14
2013-08-28T13:20:03 -82 -46 SE Y N 6.54× 1014 524 13
2013-08-29T00:00:03 26 -48 SW Y N 2.82× 1014 539 61
2013-08-30T13:05:03 -78 -58 SE N N 3.49× 1014 324 -8
2013-08-31T00:00:03 84 43 NW N N
2013-08-31T17:20:03 -85 -30 SE Y N 3.11× 1014 311 3
2013-09-01T19:45:03 -40 -50 SE Y N 3.11× 1014 329 6
2013-09-02T05:40:03 -81 53 NE N N
2013-09-04T20:00:03 -63 -16 SE N N 4.74× 1014 561 25
2013-09-05T09:50:03 76 63 NW Y N 3.81× 1013 207 2
2013-09-10T10:44:03 -81 -50 SE Y Y 7.19× 1014 748 -38
2013-09-11T08:00:03 -82 -45 SE Y N 6.17× 1014 412 39
2013-09-13T14:00:03 -20 -82 S Y N 1.79× 1014 149 10
2013-09-14T00:10:03 -84 -40 SE Y N 4.42× 1014 195 6
2013-09-15T09:00:03 -45 -80 SE Y N 7.23× 1013 231 6
2013-09-16T14:40:03 79 59 NW Y N 5.97× 1014 134 17
2013-09-20T18:40:11 -75 30 NE N N
2013-09-20T20:00:03 82 -46 SW N N 3.55× 1014 595 14
2013-09-21T01:00:03 -86 29 NE Y N 1.08× 1015 218 17
2013-09-21T09:15:35 -88 -13 E N N
2013-09-22T02:45:35 85 -35 SW Y N 7.20× 1014 464 4
2013-09-22T18:00:03 09 -60 S N N
2013-09-23T07:00:03 59 -26 SW Y N 2.74× 1014 317 -1
2013-09-24T03:04:03 -80 -52 SE N N 1.73× 1014 168 -29
2013-09-24T18:36:03 -86 31 NE Y Y 1.54× 1015 719 42
2013-09-29T00:00:03 76 65 NW N N
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Start Date/Time Long Lat Region 3-part CME AIA loops Mass (g) v (km.s−1) a (m.s−2)
2013-10-01T14:00:03 77 -61 SW Y N 2.95× 1015 239 -14
2013-10-02T23:10:03 -50 -14 E Y N 1.53× 1015 806 39
2013-10-06T18:06:03 -86 -30 SE N N
2013-10-07T06:57:35 82 52 NW N N
2013-10-11T15:00:11 83 51 NW N N
2013-10-12T13:00:03 88 -18 W Y Y 1.53× 1015 357 4
2013-10-12T16:00:03 86 39 NW N N
2013-10-13T06:45:35 -60 -15 E N N 1.12× 1014 238 21
2013-10-13T10:30:35 84 -43 SW Y N 3.41× 1014 169 6
2013-10-13T10:30:35 24 84 N N N
2013-10-18T00:00:03 -38 47 NE Y N 4.14× 1014 314 24
2013-10-18T20:12:03 88 -16 W N N
2013-10-19T11:38:03 -17 69 N N N 1.01× 1014 326 7
2013-10-25T01:32:03 -52 24 NE Y N 1.91× 1015 474 8
2013-10-26T09:16:03 49 -52 SW Y N 5.44× 1014 548 6
2013-10-27T03:30:03 -88 -19 E N N no data 57 -39
2013-10-28T02:42:03 88 22 NW Y N 1.34× 1015 686 -160
2013-10-28T10:28:03 42 -52 SW N N 1.89× 1014 322 9
2013-11-04T14:00:03 87 43 NW N N
2013-11-04T18:20:23 59 -55 SW N N
2013-11-13T12:30:03 -88 32 NE Y N 8.09× 1014 294 21
2013-11-17T01:00:03 45 -38 SW Y Y 9.45× 1014 707 38
2013-11-17T09:00:03 -51 -38 SE Y N 1.20× 1015 396 -3
2013-11-22T13:36:03 -89 -09 E Y Y 4.62× 1014 181 -3
2013-12-08T03:12:03 90 -02 W N N
2013-12-09T10:32:03 -90 -37 SE N N
2013-12-11T00:00:03 -89 31 NE N N
2013-12-11T05:30:03 -59 -58 SE Y N 1.32× 1014 340 4
2013-12-12T17:00:03 89 50 NW N N
2013-12-20T06:30:35 57 28 NW N N
2013-12-20T20:00:31 -88 40 NE Y N 5.91× 1013 118 3
2013-12-21T03:20:23 -90 -22 SE N N 3.26× 1013 463 12
2013-12-22T01:45:35 -85 69 NE N N
2013-12-22T04:30:35 88 -48 SW N N
2013-12-23T07:20:23 88 34 NW Y N 7.83× 1014 853 28
2013-12-24T09:15:35 -90 -16 E N N
2014-01-01T08:12:03 -88 -41 SE Y N 1.80× 1015 221 24
2014-01-01T18:00:03 -36 -43 SE N N
2014-01-03T00:40:03 -88 23 NE N N 1.01× 1015 1026 -233
2014-01-05T02:20:03 -90 -01 E N N 3.47× 1014 629 -80
2014-01-06T05:10:03 -88 31 NE N N
2014-01-06T07:30:35 62 -15 W Y N 3.75× 1015 1246 -75
2014-01-13T04:30:03 -89 15 E N N
2014-01-13T06:15:03 86 43 NW N N
2014-01-16T11:30:03 88 -28 SW Y N 7.70× 1014 268 3
2014-01-21T07:52:03 90 -02 W Y N 4.66× 1014 861 -82
2014-01-26T20:24:03 -84 -48 SE Y Y 1.60× 1015 450 63
2014-01-29T00:00:03 61 -31 SW N N no data 254 4
2014-01-30T13:14:03 -53 -20 SE Y N 3.02× 1015 1299 -3
2014-02-06T03:32:03 -82 -53 SE N Y
2014-02-15T20:50:23 89 07 W N N no data 207 -47
2014-02-17T04:30:35 89 03 W Y Y 1.24× 1015 354 -16
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Start Date/Time Long Lat Region 3-part CME AIA loops Mass (g) v (km.s−1) a (m.s−2)
2014-02-18T14:00:03 -69 -72 SE Y N 4.56× 1014 671 -48
2014-02-18T21:30:03 -61 28 NE Y N 4.70× 1014 428 34
2014-02-25T00:40:03 -89 -12 E Y Y 1.45× 1014 1603 -96
2014-02-27T07:42:03 -87 -22 SE N N
2014-02-28T19:24:03 -90 00 E N N 3.68× 1014 447 -20
2014-03-01T04:20:03 -89 -11 E N N 6.47× 1014 564 13
2014-03-02T09:00:03 -90 -00 E N N
2014-03-04T20:00:03 51 -50 SW N N
2014-03-04T20:35:23 -53 09 E Y Y 4.09× 1014 1082 -136
2014-03-10T15:36:03 -45 -20 SE Y Y 1.46× 1015 560 28
2014-03-11T07:40:03 89 -13 W N N 3.50× 1014 208 1
2014-03-14T07:33:03 -88 -16 E Y Y 2.78× 1015 481 1
2014-03-16T01:48:03 -60 -43 SE Y Y 7.08× 1014 599 17
2014-03-18T13:00:03 84 41 NW N N
2014-03-19T12:10:11 65 73 NW N N
2014-03-26T04:50:23 -82 -51 SE Y N 5.77× 1014 579 22
2014-03-26T07:00:03 86 27 NW N Y
2014-03-27T12:30:35 65 -26 SW N N
2014-03-28T01:20:23 81 -10 SW N N
2014-03-29T01:20:03 -46 27 NE N N no data 572 -30
2014-03-30T10:24:03 -86 29 NE Y Y 1.18× 1015 309 31
2014-03-31T07:40:03 89 -10 W Y Y 1.78× 1015 286 -6
2014-04-02T12:38:03 -79 22 NE Y Y 3.06× 1015 1322 18
2014-04-03T13:24:03 72 -46 SW Y Y 1.50× 1015 440 -6
2014-04-03T14:10:03 89 08 W N N
2014-04-03T18:00:03 72 -71 SW Y Y 1.50× 1015 171 21
2014-04-04T13:30:03 -36 24 NE Y N 8.67× 1014 800 -29
2014-04-04T23:10:03 -86 -34 SE Y N 8.06× 1014 598 -5
2014-04-06T09:08:03 88 15 NW Y N 5.80× 1014 421 8
2014-04-06T14:00:03 88 19 NW N N
2014-04-07T20:30:03 86 -34 SW Y Y 1.54× 1015 428 15
2014-04-09T14:06:03 90 01 W N N
2014-04-12T07:00:03 -89 -11 E Y Y 4.71× 1015 911 -188
2014-04-14T21:10:03 -90 01 E N N
2014-04-19T06:30:35 70 11 W N N
2014-04-21T00:15:35 87 -32 SW N N
2014-04-21T10:30:35 88 23 NW N N 6.88× 1014 211 -1
2014-04-22T04:44:03 -60 -81 S N N 7.03× 1013 356 -3
2014-04-22T08:00:03 -48 25 NE Y N 4.86× 1014 472 12
2014-04-23T06:46:03 -84 -54 SE N N
2014-04-29T04:36:03 -44 -60 S N N
2014-04-29T18:04:03 87 -36 SW Y N 4.08× 1014 182 3
2014-04-30T07:12:03 -51 40 NE N N
2014-04-30T23:00:03 77 71 N N N
2014-05-01T20:20:03 -88 28 NE N N
2014-05-03T07:30:03 -67 12 E N N
2014-05-04T14:16:03 88 21 NW Y N 1.07× 1015 263 4
2014-05-05T14:00:03 89 07 W N N
2014-05-07T12:00:03 89 -17 W Y N 1.07× 1015 1101 -105
2014-05-08T02:00:03 -89 -26 SE N N 2.69× 1014 618 -68
2014-05-09T01:00:03 77 -16 W Y N 1.47× 1015 851 no data
2014-05-10T22:50:03 -88 34 NE N N
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Start Date/Time Long Lat Region 3-part CME AIA loops Mass (g) v (km.s−1) a (m.s−2)
2014-05-15T17:20:03 85 62 NW N N
2014-05-15T19:40:03 -88 -38 SE Y Y 2.17× 1015 620 24
2014-05-23T04:10:35 -89 -35 SE N N 2.70× 1014 462 9
2014-05-26T09:35:03 -67 34 NE N N 1.21× 1015 395 37
2014-05-27T13:00:03 89 -34 SW N Y 1.13× 1014 213 -8
2014-05-28T10:50:23 89 13 W N N
2014-05-28T12:00:03 89 -48 SW N N 6.46× 1014 554 107
2014-05-30T05:00:03 73 86 N N N
2014-05-30T23:30:35 90 -35 SW N N 2.70× 1014 209 11
2014-06-04T10:16:03 -52 -36 SE Y Y 1.41× 1015 226 42
2014-06-08T22:59:59 -63 -18 E Y N 1.02× 1015 no data no data
2014-06-13T00:00:03 -90 26 NE N N no data no data no data
2014-06-13T00:00:03 -89 -33 SE N N no data no data no data
2014-06-14T19:00:33 -90 -12 E Y Y 1.35x15 756 135
2014-06-15T12:16:03 -89 -31 SE Y N 5.99× 1014 531 51
2014-06-16T08:12:03 89 38 NW N N no data 267 17
2014-06-30T16:40:11 -89 -21 SE Y N 2.46× 1015 653 136
2014-06-30T17:00:03 89 -20 W Y N no data no data no data
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