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Abstract We present a survey on coronal prominence cavities conducted using 19 months
of data from the Atmospheric Imaging Assembly (AIA) instrument aboard the Solar Dynam-
ics Observatory (SDO) satellite. Coronal cavities are elliptical regions of rarefied density
lying above and around prominences. They can be long-lived (weeks to months) but are
often observed to eventually erupt as part of a coronal mass ejection (CME). We deter-
mine morphological properties of the cavities both by qualitatively assessing their shape,
and quantitatively fitting them with ellipses. We demonstrate consistency between these two
approaches, and find that fitted ellipses are taller than they are wide for almost all cavities
studied, in agreement with an earlier analysis of white-light cavities. We examine correla-
tions between cavity shape, aspect ratio, and propensity for eruption. We find that cavities
with a teardrop-shaped morphology are more likely to erupt, and we discuss the implications
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of this morphology for magnetic topologies associated with CME models. We provide the
full details of the survey for broad scientific use as supplemental material.

Keywords Solar corona - Magnetic fields - Prominences - Cavities - Coronal mass
ejections

1. Introduction

Coronal cavities, commonly observed in association with prominences (also known as fil-
aments), possess clearly defined boundaries implying a self-contained organized magnetic
system. Cavities are one component of a characteristic three-part magnetic field structure
observed in the corona: a central prominence, an elliptical region of depleted material that
is often referred to as the cavity itself, and a surrounding bright plasma structure (e.g., ar-
cade loops or a helmet streamer). Characterizing coronal magnetic structures is helpful for
understanding the magnetic field of the corona as a whole; since cavities are often seen
in association with coronal mass ejections (CMEs), a better understanding of their struc-
ture and evolution helps illuminate pre-CME magnetic field configurations (Engvold, 1989;
Hudson et al., 1999; Low and Hundhausen, 1995; Gibson et al., 2006; Mari¢i¢, VrSnak, and
Rosa, 2009; Régnier, Walsh, and Alexander, 2011).

Multiple approaches can be used to describe and infer information about the structure
of the magnetic field of coronal cavities. One method is to make measurements sensitive to
the coronal magnetic field. Using the Coronal Multi-channel Polarimeter (CoMP), it is pos-
sible to obtain information about the direction of the underlying magnetic fields (Tomczyk
et al., 2008). This is complicated by the fact that the corona is optically thin; however, for-
ward modeling of specific magnetic field topologies has been demonstrated as an effective
means of enabling interpretation of the CoMP observations of cavities (Dove et al., 2011;
Rachmeler, Casini, and Gibson, 2012; Rachmeler et al., 2013; Bak-Ste¢slicka ef al., 2013).

The approach utilized in this paper is to analyze observational data from the Atmospheric
Imaging Assembly (AIA: Lemen et al., 2012) on board the Solar Dynamics Observatory
(SDO: Pesnell, Thompson, and Chamberlin, 2012), characterizing the morphology of cavi-
ties and determining any relationship they may have to eruptions. Our objective is to create
a database of coronal cavities to identify morphologies indicative of pre-eruptive magnetic
configuration and to also make the database available for future study. The high cadence
of AIA and the fact that it has been operating for the rise of the solar cycle make the AIA
dataset ideal for this type of analysis. Cavities are visible on a daily basis in this dataset
and are clearly distinguishable from other structures in the corona — especially near the
poles. We conduct a survey of 19 months of data and create a database that notes specific
characteristics of the cavities, both qualitatively and quantitatively determined. We first es-
tablish a qualitative morphology of the observed cavities, classifying them as semicircular,
elliptical, or teardrop-shaped. By fitting ellipses to each cavity, we are also able to quantify
specific morphological properties such as cavity size, center position, and aspect ratio of
ellipse width to height. We monitor the evolution of the cavity over several days, in order to
identify a subset of cavities that erupt. In Section 2 we describe this methodology in detail.
In Section 3, we present our analysis and results; in particular, our finding that both our
qualitative assessment and quantitative measurements of cavity morphology indicate that a
teardrop shape is an indicator of an increased propensity to erupt. In Section 4 we discuss
these results in terms of theoretical models of magnetic precursors to CMEs, and in Section 5
we present our conclusions.
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2. Methodology

In order to determine which line to use for a survey of cavities, we examined the visibility
of cavities in each of the SDO/AIA lines. Both the 211 A and 193 A lines were potential
candidates: of these two lines we deemed 193 A more useful for our survey because it had
a high contrast between the depleted region at the center of the cavity and the boundary
between the cavity and the bright external plasma.

Although the 193 A line is the most suitable line, standard online images are not optimal
for isolating cavities due to the steep intensity drop-off above the solar limb. For this reason
we developed a new image processing routine. We fit the theta-averaged data from the solar
limb to the edge of the AIA viewing area to a function we defined as

I(ry=a-e """ )

where a and b are fitting parameters and / () is the intensity averaged over all polar angles
for a given radius r. The intensity in each pixel above the limb is then multiplied by the
inverse of I (r). The result is an increase in the visibility and contrast of the cavities, making
them more clear at higher heights (Figure 1).

We processed AIA data in this manner at a one-hour cadence to create movies covering
the time interval 01 June 2010 through 31 December 2011. We then analyzed these movies in
order to identify and characterize the cavities in our survey. Three-dimensional analyses of
cavities indicate that they possess a tunnel-like morphology with an elliptical cross section
(Gibson et al., 2010). Solar rotation of such a structure extended along the line of sight
manifests as a two-dimensional, often elliptical, cavity at the solar limb lasting for several
days but varying somewhat in size and shape.

In order to make our survey as reproducible and consistent as possible, we developed
criteria for defining cavities. One of the fundamental cavity characteristics that we docu-
mented is the shape of the cavity. We categorized cavities as having a teardrop, elliptical, or
semicircular shape (Figure 2).

Since the cavity is three dimensional, its two-dimensional projection could be described
as one or more of these three shapes during its rotation past the limb. If a cavity was first
observed as a semicircle but was later observed as an ellipse, it was recorded as an ellipse.
If at any time a teardrop shape was observed, we classified that cavity as a teardrop.

We also determined criteria for labeling cavities in order to ensure that each observed
structure was a unique cavity. Cavities often came into and out of visibility over the course
of minutes or several hours. If a cavity reoccurred at the same latitude within 12 hours
of a previously well-defined cavity, it was considered part of that same three-dimensional
cavity structure. If more than 12 hours passed without a clear cavity, any cavity appearing at
that latitude was classified as a separate structure. This meant that cavities were defined as
distinct, although they may have been associated with the same extended filament channel.
In addition, no attempts were made to connect cavities that existed on opposite limbs at the
same latitude. Along with the beginning and end times and qualitative assessment of cavity
morphology, many other characteristics of the cavities were documented. The full survey is
available as supplemental online material. The entry for a single cavity is shown in Table 1
as an example of the information contained in the survey.

Of particular interest was that, for those cavities that were observed to erupt, we recorded
information about the eruption such as the time of eruption, the point at which it was most
clear that the cavity was unstable and that equilibrium had been lost, and the state of the
cavity post-eruption. In associating a cavity with an eruption, in order to ensure that the
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Figure 1 Comparison of pre-
and post-processed AIA

193 A images. (Top)
Unprocessed image, (bottom)
image processed with radial filter
to highlight cavities above the
limb. Note the increased
visibility and detail of the cavity
in the North-East associated with
the extended northern
polar-crown filament.
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cavity existed before the eruption, we required the cavity to be clearly visible at the limb and
stable (possessing nearly constant center height) for more than six hours prior to an eruption.
In some cases an eruption occurred in the filament channel associated with a portion of
the cavity that had rotated onto the disk. In such cases we required that some part of the
cavity still be visible at the limb and that this limb portion be visibly perturbed by the
eruption occurring in the filament channel. We noted cases in which there was an associated
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Figure 2 Examples of the three different morphologies used to characterize cavities for this survey. Semi-
circular (left) cavities did not show evidence of elliptical or oval cross section at any time while visible.
Elliptical (middle) cavities possessed symmetry about both width and height axes. A teardrop shape (right)
was assigned to cavities that departed from an elliptical shape (i.e., possessing a narrower bottom than top).
Ellipses shown overlaid on bottom row are best fits to data — fit to semicircle extrapolates ellipse below the
solar limb, and fit to teardrop is necessarily overwide at its base.

Table 1 Example survey entry for a coronal cavity. Quadrant of the cavity; Start and end times (when cavity
was visible); Best time (when cavity was most visible — this is the time the cavity was fit with an ellipse);
Shape (as described in text); Eruption time, type, and post-eruption status (as described in text); Axis height,
colatitude (coordinates of center of ellipse fit); Aspect ratio (ratio of ellipse fit width to height, where height
is axis closest to radial); Non-radial tilt (tilt of height axis from radial); Cavity bottom (radial height from
photosphere of bottom of the ellipse, in tilted coordinate frame). The online supplemental table includes this
information for all of the cavities and also the quantitative data from the ellipse fits that define the cavity size,
position, and shape.

Location Start time End time Best time Shape Eruption
(time)

NW 2010-06-11 2010-06-13 2010-06-12 Teardrop 2010-06-13
10:30:08 12:30:08 19:30:08 09:30:08

Eruption Post- eruption Axis height Axis colatitude Aspect ratio Non-radial

type status Rsun Degrees tilt Degrees

Complete No clear cavity 1.20+£0.011 42 40.37 (north)  0.71 £0.05 —1.1+£42

cavity visible

Ellipse

bottom

Rsun

1.02+0.01
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prominence eruption, and/or the cavity was observed to bodily erupt (Gibson et al., 2006;
Maricié, Vrs$nak, and Rosa, 2009; Marici¢ et al., 2004).

In order to quantitatively analyze our cavities, we fitted them with ellipses (Figure 2, bot-
tom row) and recorded information about their size, center position, and aspect ratio. This
was done through a semi-interactive SolarSoft IDL program, in which users selected the bor-
der between the cavity region and the surrounding bright plasma to trace out the ellipse that
best fit this boundary (Gibson et al., 2010). The program interpolated regions of ambiguity,
such as those where the boundary could not be confidently traced, or where the boundary
departed from an ellipse as in the case of teardrop-shaped cavities. The bottom of the el-
lipse could be either above or below the solar limb: semicircles were fit with ellipses that
extended below the solar limb. Ellipse fitting of all the observed cavities was independently
completed by three of the authors in order to gauge measurement error.

3. Results

We located 129 unique cavities in the 19 months of AIA data that we surveyed, classifying
39 teardrop-shaped cavities, 66 elliptical cavities, and 24 semicircular cavities. Of these 129
cavities, 28 % erupted. 13 % of semicircular and 17 % of elliptical cavities, compared to
56 % of teardrop-shaped cavities erupted. Teardrop-shaped cavities accounted for 61 % of
all eruptions observed (Figure 3, top).

We further considered observational biases associated with observing cavities at the east
vs. the west limbs. Eruptions are as likely to occur on the back of the Sun as the front. As
mentioned above, we examined the filament channel associated with the cavity for evidence
of eruption. In several cases we identified front-side, east-limb eruptions where the cavity
had almost completely rotated onto the disk and eruption would have been difficult to detect
based solely on the remaining portion of the cavity at the limb. Equivalent cases where an
eruption occurred after a west-limb cavity had largely rotated behind the west limb, were
likely to go unnoticed. Such cases would therefore be “false negatives.” (Similar east-limb,
back-side and west-limb, front-side filament eruptions would not affect our survey since
the eruptions would tend to remove the cavities before they could be identified.) Indeed,
as indicated in Figure 3 (middle and bottom), we found 33 % of east-limb cavities to be
eruptive as opposed to 22 % of west-limb cavities, indicative of our observational bias.

The associations with eruptions for the east limb are therefore more accurate, and Fig-
ure 3 (middle and bottom) shows that they strengthen the result that teardrop-shaped cavities
are more likely to erupt: 68 % of teardrop-shaped east-limb cavities erupted, as compared
to 23 % of elliptical and 10 % of semicircular east-limb cavities. Teardrop-shaped cavities
were thus nearly three times more likely to erupt than elliptical cavities, and seven times
more likely to erupt than semicircular cavities.

The assignment of cavity shape as teardrop, elliptical, or semicircular was necessarily a
qualitative assessment. We therefore turned to fits of the cavities to investigate the relation-
ship between shape and eruption more quantitatively. We first considered the width-to-height
aspect ratio of the ellipses that were fit to each cavity. Figure 4 shows that most cavities had
aspect ratios less than one, implying a norm of “narrow” elliptical cavities. This is in agree-
ment with an earlier survey of cavities observed in white light (Gibson et al., 2006), which
found that cavities with heights less than 1.4 solar radii were taller than they were wide.

Figure 4 also demonstrates that cavities classified as teardrop-shaped had the smallest as-
pect ratios on average, followed by ellipses and then semicircles. Table 2 shows that this was
true for all populations of cavities, including erupting and non-erupting. This indicates that
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Figure 3 Comparison of the number of eruptive and non-eruptive cavities vs. morphology, with three
samples: the full dataset, only east-limb cavities, and only west-limb cavities. Notice that not only do
teardrop-shaped cavities have more eruptions than any other morphology, they are also the only morphol-
ogy with more eruptive cases than non-eruptive cases. For reasons stated in the text, the east-limb results
are most trustworthy for identification of eruptions; the predominance of erupting teardrop-shaped cavities is
particularly clear for this subset.

@ Springer



610 B.C. Forland et al.

Radius Center vs. Aspect Ratio
1.30[ L S & S N
- Semicircular — Diamond ]
125 Elliptical — Triangle i
C Tear—Shaped — Square J
5 1.20F -
5 i J% : %% : % I ]
sk 3 I %ﬁ 3 L ﬁ -
R T ¢ |33 1 ]
3 3 N L B2 ]
> 1.10 T. & z ET.
r = I i gg& =11 = }E i ]
B 5 B }%Eﬂh RS E N i .
1.05 { kS 3 - Fig, 3
\: \\\\\\\\\\\\\\\\\\\\\\\\\¥\\\\\\\\\\\\\\\\\\\\\\\\\\\\:
0.5 0.6 0.7 0.8 0.9 1.0 1.1

Aspeét Ratio
Cavity Bottom vs. Aspect Ratio

115 1

E - Semicircular — Diomondz

110+ Elliptical — Triangle —

r . Tear—Shaped — Square 7

c L - i

o C (] I ]

= 1.05 3 ]

c% C Iﬁﬁ T i:% I%L:mr} i il g-r T ﬁf I I i T - ]

NI E A 115 0 5 ST S s
> . [ I 23 T 1% = b3

S pIE e e b g

0.95[- 1 q { ot ! } |

0.5 0.6 0.7 0.8 0.9 1.0 1.1

Aspect Ratio

Figure 4 Cavity morphology plotted against ellipse parameters. (Top) Cavity center height (solar radii)
vs. aspect ratio (width to height) shows a trend for teardrop-shaped cavities to possess smaller (narrower)
aspect ratios and lie at higher heights. (Bottom) Height of cavity bottom (solar radii) vs. aspect ratio shows a
related trend of teardrop-shaped cavities to be fit by ellipses lying completely above the limb. By definition,
semicircular cavities were fit with ellipses with bottoms lying below the limb. Horizontal and vertical lines
indicate averages for each of the populations, color-coded by morphology (black is the entire population).
See also Table 2.

our qualitative assessment of shapes is directly related to the quantitatively measured aspect
ratio. However, the characterization of “teardrop-shaped” was not completely captured by
the aspect ratio of our ellipses. Figure 4 (top) shows that the central height of the cavity
is also correlated with its morphology; in particular, teardrop-shaped cavities on average
had higher centers, followed by elliptical and then semicircular cavities. Figure 4 (bottom)
demonstrates that teardrop-shaped cavities also tended to be fit to ellipses whose bottoms
lay above the limb (by definition semicircular cavities were fit to ellipses with bottoms lying
below the limb). As seen in Table 2, all three of these quantitatively measured properties —
aspect ratio, center height, and (to a lesser extent) bottom height — may be correlated to a
teardrop-shaped morphology.

Figure 5 and Table 2 show that, consistent with our conclusion regarding teardrop-shaped
cavities, on average eruptive cavities are narrow, high-centered, and high-bottomed. If we
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Table 2 Mean and standard deviation of properties of the cavity ellipse fits as described in Table 1 for various
populations of cavities. East-limb cavities only are used for the non-erupting cases, because of the possibility
of false negatives in west-limb analysis (see text).

Mean aspect ratio Mean axis height Ro Mean ellipse
bottom R

All tear-shaped 0.73£0.12 1.13 £0.047 1.02+0.024
All elliptical 0.81£0.10 1.10£0.037 1.00 £ 0.027
All semicircular 0.89£0.13 1.06 £0.020 0.98 £ 0.020
All erupting 0.73 £0.13 1.12 £ 0.050 1.01 £0.036
Erupting tear-shaped 0.70£0.11 1.15£0.051 1.03 £0.028
Erupting elliptical 0.78+£0.12 1.09 +0.049 0.99 +0.039
Erupting semicircular 0.86 £0.16 1.06 +0.038 0.98 +0.020
All non-erupting 0.83 £0.12 1.09 +£0.038 1.00 £ 0.025
Non-erupting tear-shaped 0.76 £0.12 1.11£0.028 1.02 +£0.017
Non-erupting elliptical 0.82+0.10 1.10 +£0.050 1.00 +0.023
Non-erupting semicircular 0.90+0.13 1.06 £ 0.037 0.98 +0.021

take as a dividing line an aspect ratio of 0.8, which is the average aspect ratio for the total
population of cavities, we find that 40 % of cavities with aspect ratios smaller than this
(narrow cavities) erupt, as compared to 16 % for the cavities with aspect ratios greater than
this average. If we consider just east-limb cavities, we find the following: narrow cavities
erupt 50 % of the time; cavities with heights greater than average (1.1 solar radius) erupt
47 % of the time (as opposed to 22 % for cavities with heights below average); cavities with
bottoms higher than average (1.0 solar radius) erupt 39 % of the time (compared to 27 %
for cavities with bottoms below average). East-limb cavities possessing all three properties
together — narrow aspect ratio, high center, and high bottom — erupt 77 % of the time, as
opposed to 20 % for cavities with below-average values for these three qualities.

It is important to note that there is a significant spread in the ellipse properties of eruptive
and non-eruptive cavities, as seen in the large standard deviations in the distributions (e.g.,
uncertainties). Figure 6 illustrates this for aspect ratio.

The cavities have been separated into eruptive (green) and non-eruptive (red) popula-
tions, and plotted as normal distributions for aspect ratio, with shading indicating one stan-
dard deviation on either side of average (see also Table 2). These standard deviations are
approximately equivalent to the difference between the peaks in the normal distributions.
This large spread is partly due to uncertainties in the fitting process, but may also be af-
fected by both false positives and false negatives in identifying eruptive cavities in relation
to aspect ratio. False negatives have been discussed above, and we have addressed them
to some extent by plotting only east-limb cases in our baseline non-eruptive (red) distribu-
tion. False positives occur if a CME is associated with a cavity that has a relatively large
aspect ratio, but the true aspect ratio has been misidentified because the cavity has not ro-
tated fully into view before the eruption. It is also possible that some CMEs are triggered by
a global redistribution of coronal magnetic fields which perturbs the cavity (Schrijver and
Title, 2011), resulting in the loss of equilibrium of a large aspect-ratio cavity that otherwise
would not have erupted. Despite these caveats, the consistency of our results, both qualita-
tive and quantitative, leads us to believe that a teardrop-shaped morphology is a significant
indicator of impending eruption.
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Radius Center vs. Aspect Ratio
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Figure 5 Eruptivity plotted against ellipse parameters. (Top) Cavity center height (solar radii) vs. aspect
ratio (width to height) shows a trend for narrower, higher cavities to erupt. (Bottom) Height of cavity bottom
(solar radii) vs. aspect ratio shows a related trend for those with higher bottom heights to erupt. Horizontal
and vertical lines indicate averages for each of the populations, color-coded by eruptivity (black is the entire
population). See also Table 2.

4. Discussion

The long life of the cavity before eruption indicates that it exists in a quasi-stable magneto-
hydrodynamic (MHD) equilibrium. The elliptical cross section of most cavities coupled with
coronal magnetic observations of a sheared field at the heart of the cavity (Bak-Steslicka
et al., 2013) suggest a magnetic flux rope topology. Loss of equilibrium of flux ropes has
been simulated for cases where an ideal “torus instability” occurs due to the flux rope axis
height lying above a critical point relative to the radial drop-off of the overlying field (Bate-
man, 1978; Torok and Kliem, 2005; Fan, 2005). Recent simulations (Aulanier et al., 2010;
Fan, 2010) find a slow evolution of the flux rope via reconnections that increase its mag-
netic helicity and its axis height to a point where it is unstable to the torus instability. The
mechanisms leading up to the loss equilibrium may involve multiple processes (see Forbes
and Isenberg, 1991; VrSnak, 1990; Torok and Kliem, 2005). This hypothesis is supported
by three-dimensional nonlinear force-free extrapolations of vector magnetic field observa-
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Normal distributions
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Figure 6 A normal distribution of the aspect ratio for total eruptive and east-limb non-eruptive cavities. The
shaded region is an indication of one standard deviation up and down from the mean aspect ratio.

Figure 7 Magnetic flux surfaces (blue, orange, green) within a flux rope at three stages of evolution. Flux
surfaces are shown in a plane perpendicular to the underlying polarity inversion line. The possible location
of prominence mass accumulation is indicated by brown dots, which fill dips in magnetic field lines up to a
prominence scale height (0.01 Rg). (Left) The flux rope axis (black) is very low lying, and the flux surfaces
are largely semicircular; (middle) flux surfaces are now elliptical, and dipped fields are now present; (right)
the flux surfaces are now teardrop-shaped, and a current sheet is beginning to form aligned with the dipped
magnetic field at the flux rope base. Compare to the three types of cavities in Figure 2.

tions, indicating the gradual formation of magnetic flux ropes and their eventual eruption
(Savcheva et al., 2012). In that analysis, the flux ropes are initially confined to lower heights,
but just before eruption they develop a teardrop-shaped cross section with vertical current
sheets beneath the rising flux ropes.

Figure 7 illustrates a similar sequence of quasi-stable equilibrium from the flux rope
simulation of Fan (2010). Initially, the amount of magnetic twist is minor, lying within
semicircular flux surfaces of sheared field (Figure 7, left). After the flux rope axis emerges,
the flux surfaces are ellipses. These ellipses are narrow, due to the upward expansion of
the flux rope into the corona and lateral confinement by a surrounding arcade field. When
helicity is further increased, a current sheet begins to form at the base of the flux rope
aligned with the dipped field region identified with the filament, and the flux surfaces are
teardrop-shaped (Figure 7, right).

If cavities are indeed signatures of magnetic flux ropes, we can explain the two main
observational findings of this paper: the narrow elliptical cross section of cavities in general,
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and the association of a teardrop shape with impending eruption. The increased height of
near-eruptive cavities is also consistent with the torus instability as a driver of eruption, and
in general with theories of critical heights for eruption onset (Vr$nak, Ruzdjak, and Rompolt,
1991; Chen et al., 2006; Filippov and Koutchmy, 2008). This is related to prominence obser-
vations that indicate an upper limit for prominence height (Liu and Schuck, 2012), although
we note that, as seen in Figure 7 (right), because of the curvature of the rope, the location
of the prominence may lie well below its axis. It is possible that the center of the cavity is
a better indicator of the axis than the prominence height. This height could be monitored to
establish thresholds for the torus instability by comparisons to the coronal field (de Toma,
private communication).

5. Conclusions

We have undertaken the first large survey of extreme ultraviolet coronal prominence cavi-
ties and have made the survey open and available for future research. Our analysis demon-
strated connections between cavity morphology and eruptivity. Our two major findings are
that cavities are nearly always narrow (with a larger height than width) and that teardrop-
shaped cavities have an increased propensity for eruption. We have found by fitting ellipses
to cavities that this teardrop-shaped morphology is correlated to some extent to aspect ratio
(narrow), center height (high), and bottom height of ellipse (above limb), and that all of
these quantities are associated with cavities that erupt from hours to days later. However,
we believe that the fundamental quantity is the teardrop shape, and that it is indicative of
topological changes associated with the formation of a current sheet beneath a flux rope.
This acts as a slow-burning fuse, pushing the flux rope ever higher until ultimately it crosses
a threshold height for the torus instability, and the cavity and some or all of its entrained
prominence erupt as a coronal mass ejection.
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