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Abstract14

Coronal mass ejections (CMEs) are energetic releases of large-scale magnetic structures15

from the Sun. CMEs can have impacts on spacecraft and at Earth. This trajectory is16

typically assumed to be radial, but often the CME moves outward with some spatial off-17

set from the source region where the eruption initially occurred. A CME is frequently18

accompanied by a prominence eruption, a movement of cool, dense material up into the19

corona that can be ejected or fall back down. We investigate eruptions in which some20

portion of the prominence material falls back to the Sun along field lines which have re-21

configured in the eruption, rather than draining back to the source or escaping with the22

CME. Using a method called persistence mapping, 304 Å images from the Solar Dynam-23

ics Observatory (SDO), and coronagraph images from the Solar and Heliospheric Ob-24

servatory (SOHO), we measure and compare the offsets in latitude of 20 CMEs and their25

respective prominences with respect to the source region. The 20 events were chosen to26

sample over the first 10 years of the SDO mission. We find that the offsets are correlated.27

We find no difference between eruptions offset towards the equator or the poles, suggest-28

ing that the offset is a result of local changes in the eruptive field, rather than of the Sun’s29

global magnetic field structure. These findings help us contextualize individual eruptions30

and highlight changes in the local magnetic field associated with the prominence erup-31

tion.32

Plain Language Summary33

Solar eruptions can have impacts on spacecraft and at Earth. We investigate two com-34

ponents of solar eruptions: the coronal mass ejection (CME), which is an energetic re-35

lease of large-scale magnetic structure from the Sun, and partially erupted prominence36

material (PEPM) that falls back to the Sun along changing magnetic field lines during37

the eruption. For multiple eruptions, we measure and compare the offset in latitude of38

both the CME and PEPM from the source region where the eruption originated. We find39

that the two offsets are correlated, indicating that the changing magnetic field topology40

impacts both of these components. These findings can help us contextualize individual41

eruptions and highlight the changing local magnetic field.42

1 Introduction43

A solar eruption occurs when there is an energetic release of a large-scale magnetic44

structure from the Sun. Eruptions are often characterized by a flare, which is an emis-45

sion of light ranging in frequency from radio to gamma rays, a prominence, which is a46

movement of cool, dense material up into the corona that can either be ejected from the47

Sun or fall back down, and/or a coronal mass ejection (CME), which is observed as a48

large volume of material that successfully escapes from the Sun.49

Space weather forecasters use the eruption source location on the Sun to inform50

an initial guess for the CME trajectory, especially in cases in which the CME shows up51

faint in coronagraph imagery and is difficult to measure using typical tools. Given the52

significant impacts that CMEs can have at Earth, accurate forecasting, especially early,53

is very important. In many cases, the eruption does not simply move radially from the54

observed source region where the prominence material first emerged; very often there is55

some offset of the CME trajectory from the source. Therefore, source coordinates alone56

are not an accurate prediction of CME trajectory.57

Approximately 72% (Gopalswamy et al., 2003) of prominence eruptions are asso-58

ciated with CMEs. Because prominences are dense material embedded in a CME’s mag-59

netic field, they are often transported away from the Sun during an eruption. Their con-60

nection to CME topology and kinematics provides important information about the erup-61

tive process (Gilbert et al., 2000).62
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However, in a typical eruption, at least a portion of the prominence material is ob-63

served to “drain” back down to the eruption’s source region (van Ballegooijen & Martens,64

1989; Schmieder et al., 2013). Additionally, in some cases a significant portion of the ma-65

terial is observed to fall back to the Sun, landing in a location significantly displaced from66

the eruption’s source. This phenomenon has been called by some “partial” or “failed”67

eruptions, in that the material that was initially rising fails to escape the Sun and en-68

ter the solar wind (Ji et al., 2003; Tripathi et al., 2013; Filippov, 2020; Mason et al., 2021).69

The material that falls back follows magnetic field lines, which have changed during the70

course of the eruption. The location of the partially erupted prominence material (PEPM)71

outside of the source region reveals clues about the changing magnetic field structure of72

a solar eruption and provide diagnostics about the larger-scale topology of the associ-73

ated CME (Susino et al., 2014; Uritsky et al., 2022).74

Uritsky et al. (2022) demonstrated how falling prominence material can be used75

as a diagnostic of the magnetic forces on the plasma during and after an eruption. They76

tracked the motion of the material from the source site, and measured the trajectories77

of the individual blobs. The eruption they used in this analysis is one of the events in78

our study (2011-06-07). They determined that the falling material can serve as an in-79

dicator of changing coronal magnetic forces during a coronal mass ejection. The initial80

acceleration of material was confined to the flaring source region. However, as the CME81

expanded and rose, most of the material was accelerated away from the source and landed82

at locations distant from the erupting site. Several authors (van Driel-Gesztelyi et al.,83

2014; Petralia et al., 2016; Dud́ık et al., 2019) used the modeled magnetic field and plasma84

motion to infer changes in the magnetic connectivity of the coronal field due to recon-85

nection from the eruption. They demonstrated how the moving material, and the regions86

of the corona that it now can access, can form a more complete picture of the extent of87

the magnetic fields that evolve during the CME.88

The analysis presented in this paper extends those results by addressing the ques-89

tion of how one aspect of the evolving topology at the base of a CME, in the form of falling90

material away from the source site, compares to the overall CME’s structure and tra-91

jectory. In particular, we ask whether material’s behavior at the bottom can be used as92

an indicator of the CME’s extent as observed in coronagraph data.93

To attempt to answer these questions, we compare how the latitude of an eruption’s94

PEPM and CME compare and change over the course of an eruption and investigate the95

changing magnetic field conditions associated with these eruptions. In § 2, we describe96

how we selected a set of eruptions for this study, the data we used, and the process by97

which we made our measurements. In § 3, we present our findings on the correlation be-98

tween the motion of the PEPM and CME, as well as how the CME evolves over time.99

In § 4, we discuss the implications of these findings and what they reveal about the erup-100

tive magnetic field. In § 5, we summarize the results and implications.101

2 Methods102

In this section we describe how we found and selected solar eruptions for this study,103

as well as the data we used for our measurements (§ 2.1). We then describe how we made104

measurements of each eruption’s latitude in source (§ 2.2), PEPM (§ 2.3), and CME (§ 2.4).105

2.1 Selection of prominence eruptions and data106

In our initial search for eruptions, we looked through the Space Weather Database107

Of Notifications, Knowledge, Information (DONKI; Wold et al., 2018) from the Com-108

munity Coordinated Modeling Center (CCMC). This database contains a record of all109

observations of CMEs made by space weather forecasters since 2010, as well as measure-110

ments of each CME’s latitude, longitude, width, and speed for fast (> 500 km/s) CMEs111
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in the plane of the ecliptic. Because these measurements were made limited to data avail-112

able at the time of the forecast, often inferred from only a few data points, and for dif-113

ferent CMEs were made by different forecasters with varying levels of experience, we made114

our own measurements for each CME; we used DONKI only to find events to measure.115

We selected only eruptions that occurred since the Solar Dynamics Observatory (SDO;116

Pesnell, Thompson, & Chamberlin, 2012) began regular observations in May 2010 and117

that had full coverage in both of the instruments we use: the Atmospheric Imaging As-118

sembly (AIA; Lemen et al., 2012) onboard SDO and the Large Angle and Spectromet-119

ric Coronagraph (LASCO; Brueckner et al., 1995) onboard the Solar and Heliospheric120

Observatory (SOHO; Domingo, Fleck, & Poland, 1995). To ensure that we would be able121

to easily observe and accurately measure the eruption in a plane-of-sky image, we nar-122

rowed our search to eruptions in which the CME was measured in DONKI to be only123

±10◦ from the limb, ±90◦ of longitude. We considered CMEs where in DONKI the de-124

scription mentioned a prominence or filament in the source description and selected events125

that had clearly visible PEPM. Specifically, we looked at AIA images in 304 Å to deter-126

mine for which events the falling material is offset from the source of the eruption, in-127

dicating that the magnetic field topology clearly changes, rather than those in which the128

material drains back along the same field lines that were present prior to the eruption.129

The sample is somewhat arbitrary in that it was a function of the DONKI observer’s notes130

and was also dependent on the clear appearance of the PEPM in the summary movies,131

which were much lower cadence than that data used to analyze the PEPM. Therefore,132

the DONKI database and summary data were systematically searched, but our sample133

does not contain all of the events that would be found in a high-cadence examination134

of all AIA images. Table 2 lists all events used in this study.135

For each eruption chosen, we noted whether it was from an active region. These136

regions have more complex magnetic field topology, are bright in EUV wavelengths, and137

are designated as active regions and numbered by NOAA. We selected 20 eruptions in138

total, 14 of which erupted from active regions and 6 of which came from “quiet Sun” re-139

gions, where the magnetic field is weaker. The prominence eruptions varied in duration,140

lasting between 1.5 and 6.5 hours.141

For each event, we downloaded SDO AIA data from the Joint Science Operations142

Center (JSOC) database for the full time range in 304Å, a He II emission line at around143

50,000 K, as well as in 193Å, emission lines of Fe XII and Fe XXIV at around 1 million144

K and 20 million K, respectively. The cadence was selected such that there were a sim-145

ilar number of frames used for each eruption. There were typically ∼ 300 frames per146

event.147

2.2 Source measurement148

To measure the northern and southern bounds of the source region, we used the149

Map object from the python package SunPy (SunPy Community et al., 2020) to load one150

frame during the eruption from the data we downloaded in 304Å. We looked at a movie151

of the full eruption to determine which frame best shows the beginning of the eruption,152

when there was a sudden noticeable change from the ambient conditions, which we used153

to pinpoint the source region. We then plotted this frame interactively using the canvas.mpl connect154

function from the matplotlib package, which we set up such that when we clicked some-155

where on the image, the pixel position of the click is recorded. This position was then156

converted from a pixel coordinate to a heliographic longitude and latitude using SunPy’s157

pixel to world function and printed as an output, which we recorded. We defined the158

uncertainty in the source measurement as approximately 10 pixels at equatorial locations.159

This means that in degrees, the latitude-dependent uncertainty of each measurement is160

0.358◦/ cos θ, where θ is the latitude measured. All our uncertainties in raw measure-161

ment came out to be ≤ 1◦. Using this method, we determined the latitude of the north-162
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ern and southern bounds of the source region at the level of the chromosphere for each163

eruption.164

2.3 Prominence measurement165

Persistence Mapping, first described by Thompson and Young (2016), is a technique166

for capturing the evolution of a feature over the course of time and representing it in a167

single diagram. It has been used to study the motion of EUV jets (McCauley et al., 2017),168

coronal dimmings (Dissauer et al., 2018), EUV waves (Ireland et al., 2019), and promi-169

nence eruptions (Zheng et al., 2020). In this work, we used it to investigate the evolu-170

tion of prominence eruptions, specifically of PEPM that falls back to the Sun.171

The persistence mapping algorithm iterates through EUV images of the eruption172

in AIA 304 Å. When a pixel reaches a maximum value, it retains that value, so extreme173

values persist into subsequent image frames until those values are exceeded. The bright-174

ness of the pixel indicates the degree of change. Darker pixels did not exhibit much change,175

while bright pixels exhibited a great deal of change. This helps us to distinguish noise176

and ambient variations from major changes associated with the prominence evolution.177

Here, we also use a variation on persistence mapping to add time data to the im-178

age, described by Mays et al. (2015) as the “Time Convolution Mapping Method” (TCMM).179

In this variation, when a pixel reaches a maximum value, it retains that value and is col-180

ored by the time when it reached that maximum. The brightness of the pixel is convolved181

with the color code, so that bright regions have a bright hue and faint regions in the per-182

sistence map remain faint in the TCMM map. The product reflects four values: two di-183

mensions for space, color code for time, and brightness for intensity.184

Persistence maps allow us to easily see and measure the extent of the PEPM and185

allow us to better trace PEPM and therefore the changing magnetic field. A compar-186

ison of original images, persistence maps, and time convolution maps for a prominence187

eruption on 2012-04-22 are shown in Figure 1. Three examples of the result of time con-188

volution mapping are shown in Figure 2.189

For each eruption, after creating a persistence map, we opened it as a SunPy map190

like we did for the source measurement and used the same interactive plotting function191

to determine the northern and southern bounds of the PEPM footprints in heliographic192

latitude. We used a frame at the end of the prominence eruption, so that the full range193

of prominence motion is included in the persistence map. We determined the PEPM mea-194

surement uncertainty in the same way as we did for the source measurement.195

2.4 CME measurement196

To make measurements of the northern and southern bounds of the CME, we used197

StereoCAT, a tool for measuring CMEs using coronagraph data from the SOHO and So-198

lar Terrestrial Relations Observatory (STEREO) spacecraft. For this work, we only used199

the data from SOHO, as it is located at the Sun-Earth L1 Lagrange point and takes im-200

ages of the Sun from Earth’s field of view. Because we have selected only eruptions that201

occur on or close to the solar limb, plane of sky measurements from this one telescope202

are sufficient to measure the latitude of the CME. We do not extend this study to lon-203

gitude because three-dimensional measurements of CMEs require geometric assumptions204

and well-positioned measurements from multiple spacecraft. The error associated with205

longitude determination of both the CME and prominence makes the study less reliable206

in three dimensions.207

We measured the northern and southern bounds of the CME latitude as projected208

onto the Sun in LASCO’s C2 and C3 fields, which extend to 6 R⊙ and 30 R⊙, respec-209

tively, so that we measure the CME at two different times in its progression. All three210
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Figure 1. Prominence eruption on 2012-04-22 as seen in SDO AIA 304 Å. Original images

(left), persistence map (center), and Time Convolution Map, which is a persistence map colored

by time at which each pixel reaches its greatest intensity (right). By the end of the prominence

eruption in the last image frame, there is no clear sign of the prominence in the original image.

However, the persistence maps retain the time history of the prominence eruption. The full

eruption lasts 2 hours 11 minutes, with 44 minutes between each frame shown. Dark purple des-

ignates the beginning of the eruption at 13:34, lighter purple designates 14:17, green shows 15:01,

and yellow signifies the end of the eruption at 15:45.
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Figure 2. Persistence maps of prominence eruptions on 2012-04-22, 2011-02-24, and 2019-04-

22 as seen in SDO AIA 304 Å. The colorbar at right denotes time, beginning with dark purple

and ending with bright yellow. The eruptions lasted 2 hours 11 minutes, 2 hours 7 minutes, and

1 hour 11 minutes, respectively. The arrow in each image denotes the motion of the PEPM.

authors independently measured the northern and southern bounds of the main loop struc-211

ture of each CME at the same point in its progression. We use a single frame in C2 and212

a single frame in C3. In C2, the measurement time was chosen such that the CME was213

close to 6 R⊙ from solar disk center, and in C3, the measurement time was chosen such214

that the CME was close to 15 R⊙ from the center. For the northern and southern bounds215

of each CME in C2 and C3, we calculated the average and standard deviation of the three216

measurements. The eruptions that took place on 2015-04-28 and 2019-04-22 were too217

faint in the outer corona to measure in C3. We therefore excluded these events from Fig-218

ure 5 and used the measurement taken in the C2 field for Figure 4.219

3 Results220

In this section we present the results of our measurements. We compare the CME’s221

positional offset in latitude from the source with the PEPM’s offset from the source (§ 3.1).222

We then investigate how this offset continues into the corona as the CME propagates223

outward (§ 3.2).224

3.1 Comparing CME and PEPM offset225

We compared the offset in latitude of the CME from the source with the offset of226

the PEPM from the source. By first taking the mean of the northern and southern bounds227

then subtracting the latitude of the source from the latitudes of the CME and PEPM,228

we determined the CME and PEPM offsets. The offset is assigned a negative sign if the229

CME or PEPM is closer to the equator than the source, and it is assigned a positive sign230

if it is offset towards the pole.231

To better investigate how different types of eruptions proceed and how the mag-232

netic field evolves over the course of the eruption, we grouped eruptions with PEPM into233

three types, shown in Figure 3 as idealized representations and examples.234
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Figure 3. Idealized representations (left) and examples (right) of three possible outcomes

for falling prominence eruptions. The left shows the idealized progression from source (blue) to

prominence (pink) to CME (orange). The right shows the SOHO LASCO C2 difference image,

SDO AIA 304 Å full Sun image, and the persistence map from Figure 2 showing the prominence

motion, with a colorbar at far right. The example images have an arrow pointing from solar cen-

ter to the source, a second arrow showing the PEPM, and two lines denoting the CME plane of

sky width. The three types of eruptions examined are (a) CME offset in the same direction as

the PEPM but to a lesser extent, (b) progression in offset from PEPM to CME, and (c) PEPM

and CME offset in different directions.
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Type (a) are eruptions where the CME is offset in the same direction as the PEPM235

but its offset is less than that of the PEPM. The example shown is from 2012-04-22, where236

the PEPM is offset to the South and the CME is also offset to the South.237

Type (b) are eruptions where the CME is offset in the same direction as the PEPM,238

and its offset is greater than that of the PEPM, so that there is a progression from source239

to PEPM to CME. The example shown is from 2011-02-24, where the PEPM is offset240

to the South and the CME is offset even further South.241

Type (c) are eruptions where the PEPM and CME are offset in different directions.242

The example shown is from 2019-04-22, where the PEPM falls predominantly to the North,243

but the CME is offset South of the source.244

Figure 4. Comparison of CME (measured in SOHO LASCO C3) offset from source with

PEPM offset from source, for both active region eruptions (pink) and quiet Sun eruptions (blue).

Points representing eruptions of types (a) through (c) as defined in Figure 3 are found in their

designated areas. Area (b), shaded in gray, is especially populated. The shaded boxes show the

bounds in latitude of each prominence and associated CME. The vertical error bars signify the

standard deviation of the three measurements taken for each CME and the horizontal error bars

are based on latitude-dependent uncertanties.

For our full dataset of 20 eruptions, we compared the CME offset (as measured in245

SOHO LASCO C3) from the source with the PEPM offset from the source. For the two246

eruptions on 2015-04-28 and 2019-04-22 which were not visible in C3, we instead use their247

measurements in C2. The results are shown in Figure 4. The number of points appear-248

ing in each region defined by the categories from Figure 3 are shown in Table 1. The ma-249

jority of points fall in or near the area formed between the diagonal x = y line and the250

y-axis, which represents eruptions of type (b) from Figure 3 - those where the offset in-251

creases from the PEPM to the CME.252
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(a) (b) (c)

Active (n=13) 0.0% 61.5% 38.5%
Quiet (n=8) 37.5% 50.0% 12.5%

(a) (b) (c)

Percent of eruptions (n=20) 15% 55% 30%

Table 1. Percent of eruptions which fall into the three categories described in Figure 3. The

majority of eruptions measured are of type (b), where the CME is offset in the same direction as,

and to a greater extent than, the PEPM.

There is no difference between eruptions offset towards the equator and those off-253

set towards the pole. A similar number of eruptions fell into each of these two categories,254

and eruptions of both categories followed the same trend in latitude offset.255

3.2 Progression from SOHO LASCO C2 to C3256

We also investigated the progression in latitude of the CME as it moves farther out-257

ward in the corona. To do this, we found the offset in latitude as before, but this time258

we measured the latitude of the CME at two points in its progression, at 6 R⊙ from disk259

center in the LASCO C2 field of view and at 15 R⊙ in the LASCO C3 field of view. We260

compared the offset in latitude from C2 to C3 with the offset in latitude from the source261

to the PEPM (Figure 5). We found a positive correlation between the two offsets. This262

continuing progression, demonstrated by eruptions that fall anywhere in the first and263

third quadrants, indicates that offset continues to increase from 6 R⊙ to 15 R⊙, at least264

as far out as C3. This effect could be due to continued non-radial progression and is not265

necessarily evidence of further deflection.266

4 Discussion267

4.1 Statistical interpretation of results268

We measured 20 eruptions that were observed to have PEPM falling back to the269

Sun during an eruption with a coronal mass ejection. We observed a correlation between270

PEPM offset in latitude from source and CME offset from source.271

To quantify this relationship, we performed a Spearman rank correlation test (Spearman,272

1904) on the sample of 18 eruptions with measurements in C3. The eruptions that took273

place on 2015-04-28 and 2019-04-22 were too faint to be measured in C3, so we do not274

include them in this quantitative analysis. This statistical test provides a measure of how275

strongly two variables (in this case, the PEPM offset and the CME offset) are correlated276

without assuming any specific parametric relationship, linear or otherwise. Because our277

sample size is small, we used a bootstrap method, performing the statistical test on 10,000278

individual samples of 14 events drawn from 18 total, with replacement. The median cor-279

relation coefficients were ρ = 0.64 and R = 0.66 for the Spearman and Pearson tests,280

respectively. We determined the significance level from the fraction of samples that had281

a Spearman correlation coefficient less than 0, the test statistic we would expect if there282

were no correlation. We found it to be p = 0.0073, meaning there is a 0.73% chance283

we would have observed these data if there were no correlation. We also computed a Pear-284

son correlation coefficient by performing a linear regression on each of the 10,000 sam-285

ples. We calculated a p-value in the same way as we did for the Spearman correlation,286
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Figure 5. Comparison of CME measurement in C3 offset from CME measurement in C2 with

PEPM offset from source, for both active region eruptions (pink) and quiet Sun eruptions (blue).

Eruptions fall disproportionately in or near the first and third quadrants, indicating that the

offset progression continues from C2 to C3.

which we determined to be p = 0.0031, indicating an even lower probability that we287

would observe this linear trend in the data if they were uncorrelated.288

We observed a continued offset in CME latitude from C2 to C3, which correlated289

with the offset from the source to the PEPM. As we did for the comparison between the290

CME and PEPM offset, we used a bootstrap method and calculated Spearman and Pear-291

son correlation coefficients for these two sets of measurements and for 10,000 samples292

drawn from our data. From the two distributions of coefficients, we calculate probabil-293

ities p = 0.0213 and p = 0.0147, respectively, that we would observe these data if the294

offset from source to PEPM and the offset from C2 to C3 were not correlated.295

There is no meaningful difference in our data between eruptions offset towards the296

equator and eruptions offset towards the pole. A similar number of eruptions fall into297

each of these two categories, suggesting that the offset in latitude and the correlation be-298

tween the PEPM and CME offsets in latitude is more likely a result of the local topol-299

ogy and dynamics of the eruptive field than a result of global magnetic structure deflect-300

ing the CME towards the equator. Cremades and Bothmer (2004), Liewer et al. (2015),301

Möstl et al. (2015), Sahade et al. (2020), and Mierla et al. (2022), among others, have302

reported deviations from radial direction that form early in the eruptive process. How-303

ever, this does not exclude the possibility that the CME may undergo further deflection304

as it propagates. An extensive study by Kay et al. (2017) indicated that CME deflec-305

tion and non-radial propagation are strongly dependent on magnetic field topology; lo-306

cal structures can influence the early trajectory of a CME while global structures can307

have an impact as the CME transits from the corona to the inner heliosphere.308
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4.2 Magnetic field morphological interpretation309

The eruptive field changes over the course of the eruption, something that can be310

seen in the persistence maps of the PEPM. This material frequently falls back to the Sun311

under the influence of both gravity and the magnetic field. The material follows new field312

lines rather than fall back to the source, tracing out a changing magnetic field topology,313

which impacts the CME trajectory as well as the PEPM.314

Persistence mapping (Thompson & Young, 2016) helps to better visualize this ma-315

terial as it falls back to the sun along magnetic field lines, allowing us to make diagrams316

of the magnetic field and how it changes over the course of the eruption. Here, we de-317

vote some time to deeper investigation of the magnetic field changes in the various types318

of eruption presented in this study. In Figure 6, we illustrate the prominence eruption319

and the changing magnetic field structure for the same three eruptions used as exam-320

ples in Figures 2 and 3.321

Figure 6. Magnetic field diagrams showing (from left to right) the changing magnetic field

structure before, during, and after the three eruptions used as examples previously. The closed

field is shown in blue, the flux rope in pink, and the open field in yellow. The eruption on 2019-

04-22 occurred slightly behind the observed limb, so the assumptions about the flux rope location

are approximate.
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The initial, intermediate, and final configurations shown in Figure 6 were deter-322

mined via comparison of SDO AIA 171 Å and 304 Å data, with occasional reference to323

data from the Mauna Loa Solar Observatory K-Coronagraph (MLSO KCor), which we324

used to confirm streamer configurations prior to some eruptions. The 171 Å data pro-325

vides the clearest individual loop signatures with the minimum hot “haze” seen in other326

coronal filters such as 193 Å or 211 Å, which makes it the most useful channel for the327

assessment of magnetic configurations.328

The first eruption is a pseudostreamer eruption that occurred on 2012-04-22. There329

were two filaments underlying a very large pseudostreamer. The one on the western limb330

was split into two sections, forming a “double-decker” filament. One section reconnected331

with the overlying closed field in the pseudostreamer and drained onto the far side of the332

quiescent filament to the east, while the other section continued erupting and escaped333

the pseudostreamer along with the CME.334

The second event, from 2011-02-24, involved a flux rope which had formed under335

one half of a pseudostreamer adjacent to an equatorial prominence. The flux rope erupted336

towards the equator, pushing southward some nearby open field which was located on337

the other side of the low-lying prominence. Reconnection appears to occur between the338

open field and flux rope outside the SDO field of view, as some of the prominence plasma339

from the flux rope drains down onto the southern side of the equator where the open field340

had been before the eruption.341

The final example, dated 2019-04-22, presents a contrast to this case; the flux rope342

expanded outwards rapidly, leaving the nearby pseudostreamer and low-lying active re-343

gion fields. The cold plasma returned to the surface in a sheet after reconnecting with344

nearby open field from an adjacent coronal hole.345

4.3 Limitations346

This study only looked at the offset in latitude. With current spacecraft, which in-347

clude SDO, SOHO, and STEREO A, (and STEREO B data available up until 2014), there348

are not enough viewpoints to make robust measurements of the PEPM or CME longi-349

tudes such that a similar study of longitude would be reliable. All of the missions used350

in this study were near the orbital plane of Earth, so the images were integrating along351

the line of sight in the longitudinal direction. Whereas a clear boundary could be iden-352

tified in latitude, the longitude boundary (and its variation in time) was much less ac-353

curate to identify. With more viewpoints, particularly those out of the ecliptic plane, it354

will be possible to make more reliable measurements of CME velocity, which would al-355

low for a study of whether and how velocity correlates with the latitude offset effects we356

observe in this study.357

5 Conclusions358

A comparison in the offset in latitude of the CME associated with a solar eruption359

from its source with the PEPM’s offset from its source shows that the dynamics of the360

erupting prominence, not just the source location, can provide information about CME361

progression. The positive correlation between the offset in PEPM and CME latitude in-362

dicates that observations of remote draining of cool material during a prominence erup-363

tion can serve as a potential indicator of the extended magnetic influence of a coronal364

mass ejection. We find that the CME motion is typically farther from the source region365

than the PEPM, implying the “offset effect” increases with altitude. The PEPM can serve366

as a “midpoint” between the source and CME, connecting complex CME magnetic topol-367

ogy back to the entire lower coronal volume involved in the eruption.368
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These results indicate a potential diagnostic tool for CME modelers who seek to369

understand the extended corona involved in an eruption. Additionally, it poses a ques-370

tion as to why some events do exhibit PEPM and some do not, and why PEPM appear371

where they do. We did not observe any PEPM that fell far from the source region but372

were symmetric about the source location. As CME models are often centered on ac-373

tive region or prominence locations, PEPM can help identify additional magnetic field374

regions playing a role in post-eruptive processes.375
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ber). Observation of All Pre- and Post-reconnection Structures Involved in402

Three-dimensional Reconnection Geometries in Solar Eruptions. Astrophys.403

J., 887 (1), 71. doi: 10.3847/1538-4357/ab4f86404

Filippov, B. P. (2020). Failed Eruptions of Solar Filaments. Astronomy Reports,405

64 (3), 272–279. doi: 10.1134/S106377292002002X406

Gilbert, H. R., Holzer, T. E., Burkepile, J. T., & Hundhausen, A. J. (2000, July).407

Active and Eruptive Prominences and Their Relationship to Coronal Mass408

Ejections. Astrophys. J., 537 (1), 503-515. doi: 10.1086/309030409

Gopalswamy, N., Shimojo, M., Lu, W., Yashiro, S., Shibasaki, K., & Howard, R. A.410

(2003, March). Prominence Eruptions and Coronal Mass Ejection: A Statisti-411

cal Study Using Microwave Observations. Astrophys. J., 586 (1), 562-578. doi:412

10.1086/367614413

Hovis-Afflerbach, B. (2023, March). berylha/persistence-mapping: Persistence Map-414

ping for Solar Imagery [Software]. Zenodo. doi: 10.5281/zenodo.7754546415

Ireland, J., Inglis, A. R., Shih, A. Y., Christe, S., Mumford, S., Hayes, L. A., . . .416

Hughitt, V. K. (2019, November). AWARE: An Algorithm for the Auto-417

mated Characterization of EUV Waves in the Solar Atmosphere. Solar Phys.,418

294 (11), 158. doi: 10.1007/s11207-019-1505-8419

–14–



manuscript submitted to Space Weather

Ji, H., Wang, H., Schmahl, E. J., Moon, Y.-J., & Jiang, Y. (2003). Observations of420

the Failed Eruption of a Filament. The Astrophysical Journal , 595 (2), L135–421

L138. doi: 10.1086/378178422

Kay, C., Gopalswamy, N., Xie, H., & Yashiro, S. (2017, June). Deflection and Ro-423

tation of CMEs from Active Region 11158. Solar Phys., 292 (6), 78. doi: 10424

.1007/s11207-017-1098-z425

Lemen, J. R., Title, A. M., Akin, D. J., Boerner, P. F., Chou, C., Drake, J. F., . . .426

Waltham, N. (2012, January). The Atmospheric Imaging Assembly (AIA) on427

the Solar Dynamics Observatory (SDO). Solar Phys., 275 (1-2), 17-40. doi:428

10.1007/s11207-011-9776-8429

Liewer, P., Panasenco, O., Vourlidas, A., & Colaninno, R. (2015, Novem-430

ber). Observations and Analysis of the Non-Radial Propagation of Coro-431

nal Mass Ejections Near the Sun. Solar Phys., 290 (11), 3343-3364. doi:432

10.1007/s11207-015-0794-9433

Mason, E. I., Antiochos, S. K., & Vourlidas, A. (2021, jun). An Observational434

Study of a “Rosetta Stone” Solar Eruption. The Astrophysical Journal Let-435

ters, 914 (1), L8. Retrieved from http://dx.doi.org/10.3847/2041-8213/436

ac0259https://iopscience.iop.org/article/10.3847/2041-8213/ac0259437

doi: 10.3847/2041-8213/ac0259438

Mays, M. L., Thompson, B. J., Jian, L. K., Colaninno, R. C., Odstrcil, D., Möstl,439
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Table 2. Data for all 20 eruptions, including eruptive region types and measurements in de-

grees.
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