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Abstract

The Sun Watcher with Active Pixels and Image Processing (SWAP) instrument on-
board ESA’s PRoject for On Board Autonomy 2 (PROBA2) has provided the first un-
compressed, high-cadence, continuous, large field-of-view observations of the extended
extreme-ultraviolet (EUV) corona for over a complete solar cycle. It has helped shape our
understanding of this previously understudied region, and pioneered research into the mid-
dle corona. In this article, we present a review of all publications that have utilized these
observations to explore the extended EUV corona, highlighting the unique contributions
made by SWAP. The review is broadly divided into three main sections of SWAP-based
studies about: i) long-lived phenomena, such as streamers, pseudo-streamers, and coronal
fans; ii) dynamic phenomena, such as eruptions, jets, EUV waves, and shocks; iii) coronal
EUYV emission generation. We also highlight SWAP’s imaging capabilities, techniques that
have been applied to observations to enhance the off-limb observations and its legacy.
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1. Introduction

The Sun Watcher with Active Pixels and Image Processing instrument (SWAP: Seaton et al.,
2013b; Halain et al., 2013) is a large field-of-view (FOV) extreme-ultraviolet (EUV) observ-
ing telescope onboard the European Space Agency’s (ESA) Project for Onboard Autonomy
2 (PROBA2) spacecraft (Santandrea et al., 2013), observing a FOV of ~ 1.7 x 1.7 solar radii
(as measured from the disk center; R hereon), or 54 x 54 arcmin, along the image axes, and
2.5 Ry, along the diagonal. This is spread over 1024 x 1024 pixels, with 3.17 arcsec pixel .
SWAP produces some of the largest FOV images of the off-limb EUV corona, which we will
describe as the extended EUV corona. SWAP was designed to monitor all space-weather-
related phenomena through a spectral bandpass centered on 17.4 nm, around the Fe 1X/X
emission lines, corresponding to an observing temperature of 7 ~ 0.8 MK.

PROBA?2, launched in November 2009, was originally designed as a technology-
demonstration mission with a secondary mission goal to exploit the payload of the scientific
instruments, including the SWAP EUV instrument. The mission has been observing almost
continuously since its launch, with a few gaps owing to calibration campaigns and its Sun-
synchronous polar orbit, at an altitude of approximately 720 km, which creates short eclipse
seasons for a few weeks per year (where the Earth occults SWAP’s FOV). The short eclipse
seasons only create sub-hour blind spots, which do not interfere with studies focused on
long-term dynamics rather than transient studies.

As SWAP has been observing the Sun for over 12 years (at the time of writing), it al-
lows us to capture the evolution of the corona over a whole solar cycle. This has provided
the longest continuous set of observations of the extended EUV corona from the Earth’s
perspective. SWAP’s nominal observation mode produces Sun-centered images, however,
many PROBA?2 off-point campaigns have been performed to extend the off-limb FOV in a
particular direction.

SWAP observes dynamic events like flares, eruptions, EUV waves, and coronal dim-
mings. In addition, SWAP has continuously tracked long-lived structures such as streamers,
coronal holes, and active regions, the locations of which are essential data for space-weather
forecasting. SWAP’s large FOV has also given researchers the ability to study the previously
under-observed middle corona.

The middle corona is roughly defined as the region of the solar atmosphere extending
from 1.5 to 6 Ry, and it has become synonymous with important transitions between the
inner corona and the heliosphere. The middle corona is where the coronal fields transition
from predominantly closed to open, and the plasma 8 (plasma gas pressure/magnetic pres-
sure) transitions from low to high values. These transitions shape coronal structures, such as
coronal mass ejections (CMEs: e.g. Webb and Howard, 2012; Zhang et al., 2021), jets (e.g.
Sterling et al., 2015), supraarcade downflows (SADs: e.g. Savage, McKenzie, and Reeves,
2012; Shen et al., 2022) as well as the more static structures discussed above.

Prior to SWAP, the region known as the middle corona was largely overlooked from the
Earth’s perspective, and it was seldom studied using EUV imagery. Observing out from the
inner corona, EUV and X-ray instrumentation required dedicated observing programs to
capture the middle corona, sacrificing observations of the solar disk. SWAP’s nominal ob-
servation program has allowed monitoring of background structures and transient structures
alike. In addition, SWAP’s deep-exposure data product (often referred to as Carrington data)
combined multiple nominal observations to enhance off-limb sensitivity. These products are
equivalent to long-exposure images, which blur transient phenomena but enhance longer-
lived structures, such as coronal fans, streamers, and pseudo-streamers, which extend out
into the heliosphere.
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Observing inward from the heliosphere with white-light (WL) instruments is equally
challenging; observations from compact WL space-based coronagraphs are significantly
degraded close to the solar disk due to stray-light issues, and there are inherent difficul-
ties associated with launching long-base-line instruments required to observe this region.
Ground-based coronagraphs, meanwhile, can overcome some of these limitations, but must
contend with background sky brightness and have a limited duty cycle. The Large Angle
and Spectrometric COronagraph (LASCO: Brueckner et al., 1995) onboard the SOlar and
Heliospheric Observatory (SOHO: Domingo, Fleck, and Poland, 1995) did incorporate the
C1 coronagraph, which observed between 1.1 to 3 Ry, but was lost early in the mission.

The SWAP instrument has helped produce many publications that focus on the extended
EUYV corona, out into the middle corona, and phenomena that transition it. This article serves
as a review of those articles. In Section 2 we provide an overview of the SWAP instrument
and what it observes, and we compare it to other contemporary instruments; in Section 3 we
present a review of observations that have utilized SWAP’s large FOV for science, divided
into dynamic and long-lived phenomena; in Section 4 we review articles that investigate
coronal EUV-emission generation; in Section 5 we discuss the observations made by SWAP,
and briefly discuss SWAP’s legacy and the future of large field-of-view EUV imagery.

2. SWAP Observations

The SWAP design was largely driven by the limited spacecraft dimensions and the available
mass budget combined with the program rationale to test new innovative technologies. Thus,
SWAP was designed as a miniaturized off-axis two-mirror Ritchey—Chrétien coronal imager,
with dimensions of 565 x 150 x 125 mm, a mass of approximately 11 kg, and a peak power
consumption of 2.6 W.

This design was largely facilitated by SWAP’s combination of aluminum-foil filters and
multi-layer coatings (Mo/Si) on the mirrors, achieving a bandpass centered on the 17.4-nm
EUV wavelength, with 80% transmission, and allowing a small aperture size. This bandpass
contains the brightest coronal emission lines in the EUV spectrum. The selected bandpass
represents an excellent compromise between overall instrument sensitivity and sensitivity to
the features associated with SWAP’s science objectives.

In SWAP’s camera, photons are collected on a CMOS (Complementary Metal-Oxide-
Semiconductor) Active Pixel Sensor (APS) detector, covered by a phosphorous P43 scin-
tillator coating, which absorbs EUV radiation and reemits it as visible light (at 545 nm)
to which the CMOS-APS is sensitive (see Seaton et al., 2013b, for further details.) The
CMOS-APS detector also facilitated a shutterless and non-blooming design.

Two representative SWAP images can be seen in Figure 1, taken near a solar maximum
(left), and near a solar minimum (right). The images are composed of a stack of consecutive
SWAP images (see Section 2.2). The stacked images enhance coherent signals over noise,
allowing for the detection of faint structures in the extended EUV corona. These images
show the changing activity of the Sun through the solar cycle, with increased numbers of
active regions at the solar maximum, and large polar coronal holes at the solar minimum.
They also show structures off the solar limb in the extended EUV atmosphere, including
streamers, pseudo-streamers, and coronal-fan structures.

SWAP is one of several EUV instruments observing the Sun. A non-exhaustive list
of contemporary instruments, with some key characteristics, includes: Extreme ultraviolet
Imaging Telescope (EIT: Delaboudiniere et al., 1995) onboard SOHO, which has been in
operation since 1996, observing the Sun through four passbands, with peak wavelengths at
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PROBA2/SWAP 174 2014-08-21 11:24:52 PROBA2/SWAP 174 2019-08-22T21:38:23

Figure 1 Two representative SWAP images, from 21 August 2014 near a solar maximum (lef), and from
22 August 2019 near a solar minimum (right). The images are composed of stacked SWAP images (see
Section 2.2) to increase signal-to-noise. The intensity scale is different in the two images.

17.1, 19.5, 28.4, and 30.4 nm; the twin Extreme Ultraviolet Imagers (EUVI: Wuelser et al.,
2004) that are part of the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI: Howard et al., 2008) package onboard the Solar TErrestrial RElations Obser-
vatory (STEREO: Kaiser et al., 2008) spacecraft, launched in 2006, providing observations
off the Sun—Earth line through passbands with peak wavelengths at 17.1, 19.5, 28.4, and
30.4 nm; and the Atmospheric Imaging Assembly (AIA: Lemen et al., 2012) onboard the So-
lar Dynamics Observatory (SDO: Pesnell, Thompson, and Chamberlin, 2012), which pro-
vides the highest resolution images of the solar disk along the Sun—Earth line (4096 x 4096
at 0.6 arcsec pixel"), passbands with peak wavelengths at 9.4, 13.1, 17.1, 19.3, 21.1, 30.4,
and 33.5 nm. Since 2017 the Solar Ultraviolet Imager (SUVI: Darnel et al., 2022), on the
several Geostationary Operational Environmental Satellite (GOES-R) spacecraft, has been
observing through six passbands, with peak wavelengths at 9.4, 13.1, 17.1, 19.5, 28.4, and
30.4 nm, through a similar FOV to SWAP of ~ 53’. Since November 2021, the Extreme
Ultraviolet Imager (EUIL: Rochus et al., 2020) onboard Solar Orbiter (Miiller et al., 2013)
has been making observations of the solar atmosphere at various heliocentric distances, at
times providing the highest resolution images of the solar disk, as well as some of the widest
FOV images of the solar atmosphere. EUI will also provide the first-ever images of the Sun
from an out-of-ecliptic viewpoint. EUI observes through bandpasses centered on 17.4 and
30.4 nm. Figure 2 shows a comparison of several contemporary EUV instruments, the rela-
tive FOVs, and passbands (peak temperatures) observed.

SWAP’s response as a function of wavelength extends from 16.6 to 19.5 nm with a peak
transmission near 17.4 nm and a secondary transmission peak at longer wavelengths. Al-
though relatively narrow, it contains several lines including the Fe 1X, Fe X, and Fe XI lines,
formed across a range of temperatures and densities, which can originate from many heights
in the corona. Raftery et al. (2013) calculated the sensitivity and temperature-response func-
tion of the SWAP passband, and compared it to that of EIT, the Transition Region and
Coronal Explorer (TRACE: Handy et al., 1999), EUVI, and AIA. Raftery et al. found that
although the wavelength responses for each instrument have some distinctly different fea-
tures, the overall variation with temperature is consistent from instrument to instrument.
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Figure 2 A comparison of available EUV imagers currently in operation. The rows are separated into pass-
bands with the peak wavelength and characteristic temperature indicated. The columns indicate the instru-
ment name and platform, pixel size, field-of-view (FOV), and year of launch. Note, images are rotated 90°
clockwise, solar North is to the right.

Instruments such as EUVI and AIA offer a higher spatial resolution in comparison to
SWAP, but the observing programs are designed to focus on solar-disk emission. EUVI has
a comparable FOV to SWAP, but due to the heavy compression applied to the images, which
is required in the telemetry-limited environment in which it operates, only the largest and
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brightest structures can be monitored beyond a few megameters off of the solar limb. SWAP
is the only instrument that has been monitoring the extended EUV solar atmosphere for over
a complete solar cycle, and as a consequence has pioneered research in the middle corona.

2.1. Emission in the Extended Corona

As a result of the low-lying, hot, dense plasma, and the optically thin nature of the EUV
observations, there is a large range in the intensity of emission (which can exceed 10°)
between the bright structures observed on-disk compared to those observed in the middle
corona. Due to a general prioritization of the lower solar atmosphere in EUV observations,
the extended solar atmosphere was largely overlooked prior to SWAP.

The composition of the extended corona and what generates the emission from the re-
gion, especially in the middle corona, have long been debated (e.g. Del Zanna et al., 2018).
However, a lack of in-situ or direct measurements has led to much speculation. The EUV
emission [E] is believed to be generated by a mixture of collisional excitation of ions
by electrons (E o n2), where n. is the electron density, and resonant scattering of the
monochromatic radiation generated in the underlying corona (E  n.). As density decreases
with height, the fall-off rate of collisionally excited emission is steeper than the rate of
fall-off of resonantly scattered emission. At low heights, all emission is dominated by col-
lisionally excited processes, but as height increases, the steep fall-off in this component
of emission means that resonantly scattered emission becomes proportionally more impor-
tant.

In contrast to the EUV emission in the lower solar atmosphere, the WL coronal emission
is created by Thomson scattering, the scattering of photospheric continuum radiation by free
coronal electrons (E « n.) (see introduction of Goryaev et al., 2014, for a thorough discus-
sion). This change in emission mechanism, combined with the temperature that generated
the emission often makes it difficult to reconcile the fine structure of phenomena that extend
from EUV to WL.

2.2, SWAP Observations and Image Processing

The SWAP nominal observing program is composed of ten-second, Sun-centered exposures
made with a roughly two-minute cadence. However, PROBA?2 also offers an adaptive oft-
point program, which has permitted several special observing campaigns (e.g. O’Hara et al.,
2019), and allows SWAP to off-point by up to one degree, providing further imaging of ex-
tended coronal features, reaching the inner edge of WL instruments, such as the LASCO-C2
coronagraph on the SOHO spacecraft. Figure 3 shows a composite image constructed from
70 images obtained during the 26 November 2014 Mosaic campaign, comprised of 60 off-
pointed and 10 Sun-centered images. The image highlights that EUV emission can be seen
out to nearly 3 Ry, from the Sun center through the SWAP bandpass.

An important, higher-level, SWAP data product is Carrington-rotation images. These im-
ages combine multiple individual SWAP Level-1 images into a deep-exposure, high signal-
to-noise, median-averaged image to make faint structures in the outer FOV visible. The in-
dividual input images are grouped in 100-minute intervals to ensure stacked images include
some images from each of the four orientations of the spacecraft over the course of a full
90-minute orbit, which helps to eliminate positional anisotropy from the resulting stacked
image.

At the edges of the SWAP images the data are dominated by temporal noise, which results
primarily from uncorrectable dark and fixed-pattern noise, and cosmic-ray spikes, and is
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Figure 3 A composite image from the 26 November 2014 SWAP Mosaic campaign combining nominal and
off-point observations, where the inner square indicates the AIA nominal FOV, and the outer square is the
nominal SWAP FOV. The two circles indicate distances of 2 Rg and 3 Rp from the solar-disk center.

uncorrelated with the coronal signal. When stacking images in which the noise is correlated
with the image (i.e. error arises primarily from photon shot noise) using the mean yields
the best result, because the primary goal of stacking is to aggregate more counts to reduce
the significance of the shot noise to the total image signal. When the noise is uncorrelated
with the image, the primary goal is to suppress random variations and preserve the stable
signal (the image), thus the median is more effective. The median also has the benefit of
suppressing dynamics within the stacked images, resulting in an image that emphasizes the
steady-state coronal features such as streamers and fans.

Stacked images are subsequently grouped into collections of images corresponding to
Carrington-rotation periods (hence the name), and they can be found at proba2.sidc.be/swap/
data/carrington_rotations/. Users requiring non-standard image stacks can use the SWAP
utility p2sw_long_movie.pro, included in the SWAP IDL software package in SolarSoft.

Figure 4 shows a comparison of a SWAP Carrington-rotation image (bottom panel), from
14 November 2014 at about 18:30 UT, to a nominal Level-1 image (top panel) near the
center of the stack (18:27:36 UT). The median-stacked image is composed of 34 individual
exposures obtained over the 100-minute image aggregation window. Both images have been
processed with an azimuthally varying radial-normalizing filter (see the methods section
in Seaton et al., 2021), developed specifically for these SWAP data products, which helps
compensate for the large radial gradient from the solar limb to the edge of the FOV to reveal
coherent structures across the entire image. When stacking (summing) images to enhance
signal, fast-moving structures become smeared as they are recorded at different positions
in successive images. If summed for long enough, the same is true for long-lived structures
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Figure4 A comparison of a
single SWAP Level-1 image (top)
with a corresponding
median-stacked SWAP
Carrington-rotation image
(bottom), demonstrating how
stacking SWAP data suppresses
noise and reveals large, coherent
structures in the corona that are
too faint to be seen in single
exposures.

that corotate with the Sun, such as active regions as they cross the solar disk, and streamers

in the extended solar atmosphere.

The optically thin nature of the solar atmosphere makes tracking structures difficult, due
to projections and superimposed structures. On the solar disk, where the emission from the
lower corona dominates, structures will roughly rotate across the solar disk at the solar ro-
tation rate (with projection effects). Off the solar limb, the optically thin signal is composed
of all observable emission along the line-of-sight, with the dominant emission in the plane
of the sky. The projected signatures of structures close to the plane of the sky will appear to
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move away from the Sun as they approach the plane of the sky, before moving back toward
the Sun.

If we consider a hypothetical instrument, with a perfect point-spread function, no scatter-
ing or distortion, and where the emission recorded in each pixel is assumed to be located at
the center of each pixel, we can estimate the time taken for a packet of plasma to rotate from
one pixel to an adjacent pixel due to solar rotation. Figure 5 shows a contour plot of time
taken for a feature to pass from one pixel to an adjacent pixel, where the dimensions and
number of pixels correspond to those of SWAP. Structures on the solar disk are assumed to
rotate at the differential rotation rate, and structures off-limb are assumed close to the plane
of the sky and are crudely assumed to rotate as rigid bodies. The calculations required to
make this plot are described in the Appendix.

Figure 5 shows that pixels in the extended corona can be stacked for longer periods, in an
ideal case up to approximately five hours. However, this assumes that structures are close to
the plane of the sky. The short rotation times on the solar disk imply structures will become
smeared with extended stacking periods, even with the relatively short 100-minute stacks
used to make the Carrington-rotation images. However, by using a median stack as opposed
to a mean stack some of the smearing can be mitigated.

As EUV images of the corona contain information over a wide range of spatial and bright-
ness scales, image-processing techniques have been developed to tease out this information.
Morgan and Druckmiiller (2014) developed a very efficient processing technique based on
localized normalizing of the data at many different spatial scales, the Multiscale Gaussian
Normalization (MGN) technique, revealing information at the finest scales while maintain-
ing enough of the larger-scale information to provide context. Importantly for SWAP and the
middle corona, MGN also intrinsically flattens noisy regions revealing structure in off-limb
regions, out to the edge of the field of view. Morgan and Druckmiiller (2014) successfully
applied MGN to several datasets, including SWAP images (see Figure 7 in Morgan and
Druckmiiller, 2014), where the MGN-processed SWAP image from 31 August 2012 reveals
the structure of an erupting filament out to the extremity of the FOV, and other quiescent
structures to ~ 1.5 Rg. Even low-signal structures are enhanced without too much amplifi-
cation of noise. Figure 6 shows an example of the results of processing the stacked image
shown in Figure 4 with an MGN filter to enhance structure over the FOV.

3. SWAP-Based Studies of Phenomena Observed in the Extended
Corona

Structures observed in the extended EUV corona can be roughly divided into dynamic and
long-lived phenomena, which are not necessarily mutually exclusive. Dynamic events rely
on nominal-cadence observations to track fast-moving structures that pass through the off-
limb corona on time scales of minutes to hours. These include: eruptions, flows, and blobs. In
contrast, long-lived structures can persist for days to weeks, and include streamers, pseudo-
streamers, and fans. The long-lived structures are well observed in Carrington-rotation im-
ages, which enhance persistent coherent structures, and are not smeared by the median-
stacking process.

This section reviews all articles that have used SWAP to help investigate the extended
EUYV solar atmosphere and phenomena observed there. It has been broadly divided into
two main sub-sections: i) a review of long-lived phenomena in Section 3.1; ii) a review of
dynamic phenomena in Section 3.2.
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Figure5 (Top) A contour plot of periods indicating the time taken in seconds for idealized emission to rotate
from one SWAP pixel to an adjacent pixel due to differential rotation. The dark circle indicates the solar
limb. Points within the solar limb rotate at the solar differential rotation rate, and those off-limb are assumed
to rotate as rigid bodies in the plane of the sky. (Bottom) A slice through the O latitude of the contour plot,
indicating the period of rotation in seconds, days, and number of successive SWAP images. See the Appendix
for further details.

3.1. Long-Lived Phenomena
3.1.1. Streamers and Pseudo-streamers

Streamer-like structures have been studied for many years, and they are generally classified
into two categories: (helmet) streamers and pseudo-streamers (Pneuman and Kopp, 1971;
Wang, Sheeley, and Rich, 2007). As discussed by Rachmeler et al. (2014), a streamer is a
magnetic structure overlying a single (or an odd number of) polarity inversion lines (PILs),
whereas a pseudo-streamer is a magnetic structure overlying two (or an even number of)
PILs. Both types of structures can also contain coronal cavities, tunnel-like areas of rarefied
density, which possess a circular or elliptical cross section (Gibson and Fan, 2006).
Streamers are more traditionally observed in WL coronagraph observations as bright ra-
dial features extending out into the heliosphere; however, the lower coronal magnetic topol-
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Figure 6 Stacked SWAP image
from 14 November 2014,
processed with the MGN filter
(Morgan and Druckmiiller,
2014).

ogy cannot be discerned from such observations. Large-FOV EUV observations allow the
magnetic topology to be traced from the lower corona out into WL observations, via the
emission generated by the contained plasma.

Rachmeler et al. (2014) used SWAP with Coronal Multichannel Polarimeter (CoMP:
Tomczyk et al., 2008) (1074.7 nm), and Chromospheric Telescope (ChroTel: Bethge et al.,
2011) (Ho 656.3 nm) observations to investigate a streamer—pseudo-streamer observed be-
tween 5 and 10 May 2013, and reported on the first observation of a single hybrid magnetic
structure that contained both a pseudo-streamer and a double-streamer structure. The struc-
ture consisted of a pair of filament channels, where a double streamer was located adjacent
to one channel and a coronal pseudo-streamer (without a central open-field region) adjacent
to the other. The structure could be traced out to the edge of the SWAP FOV, in the middle
corona.

Guennou et al. (2016) used SWAP data to investigate a large-scale coronal pseudo-
streamer/cavity system that was visible for approximately a year (February 2014 — February
2015). The authors used EUV tomography with both SWAP and AIA observations to probe
the structure of the pseudo-streamer and to determine its 3D temperature and density struc-
ture using a differential emission measure (DEM: e.g. Plowman, Kankelborg, and Martens,
2013) analysis. Reconstructions of the observed pseudo-streamer showed the associated cav-
ity to be less dense than the surrounding pseudo-streamer, and the volume enclosed within
to be systematically hotter than the surrounding plasma.

During the 11 July 2010 eclipse, Pasachoff et al. (2011) drew comparisons between
ground-based WL eclipse observations and SWAP observations of a streamer structure. The
streamer appeared bright in WL observations, but in contrast it appeared as a void in the cor-
responding SWAP observations. Using observations from the hotter AIA 19.3-nm passband,
the authors were able to determine that the streamer was largely emitting at higher temper-
atures, and it was therefore largely invisible in the cooler Fe 1X and Fe X lines observed by
SWAP.
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Figure 7 Inverse-color image of the long-term evolution of a large, fan-shaped structure that persisted for
several solar rotations in 2012. (Figure 8 from Seaton et al., 2013a, used with permission).

3.1.2. Coronal Fans

Coronal fans are large-scale extended structures observed off the solar limb in EUV and WL
observations (see, e.g., Koutchmy and Nikoghossian, 2002; Morgan and Habbal, 2007, and
references therein). They are often observed to be composed of open magnetic fields that
overlie polar-crown filaments and extend out into WL observations. Seaton et al. (2013a)
used SWAP observations over a three-year period to study the evolution of the extended
EUV corona during the rise of Solar Cycle 24. Their analysis indicated that coronal fans can
persist for many solar rotations, they are the single largest source of brightness at heights
above 1.3 Ry, and they are closely associated with the appearance of active regions at lower
heights. Mierla et al. (2020) also showed that fans can last for extended periods of time, and
in particular observed one fan for more than 11 Carrington rotations (from February 2014
to March 2015), which could be seen extending out to 1.6 R

Fans are typically associated with active regions and periods of increased solar activity.
They appear to be predominantly open features, which bend over large, closed loops, before
extending outwards (Mierla et al., 2020). Figure 7, from Seaton et al. (2013a), shows the
long-term evolution of such a fan-shaped structure. A cusp-shaped void, indicative of a
prominence cavity, is often observed beneath the curve of a fan. SWAP observations indicate
that the structures of fans are sheet-like, in that they extend along a particularly deep line of
sight, which can be seen as they rotate around the solar limb. Sharply defined boundaries are
seen at the interface between the fan structure and adjacent closed magnetic field. Seaton
et al. (2013a) hypothesized that the nearby closed magnetic-field structures are not visible
in SWAP observations due to being too hot to be observed in the 17.4-nm passband.

Fan structures are almost always associated with small, long-lived regions of activity,
near the edges of the closed-field region that the fan overlies (Seaton et al., 2013a). These
small regions appear to be the footpoints of the fan structure and are observed as bright-
enings with SWAP. The evolution of 15 fans observed by SWAP between March 2010 and
July 2010, and during a second period between July 2012 and October 2014, is discussed
by Mierla et al. (2020). The footpoints of the fans were always found within the interval
[—40°, 40°] latitude, indicating a correlation with active latitudes, although they found that
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only half of the fans could be associated with large active regions. For most of the fans con-
sidered, the footpoints remained within the same magnetic domain, meaning that they were
unipolar. Nearly half of the footpoints were located close to coronal holes, but none were
found within a coronal hole. Mierla et al. (2020) focused on the off-limb EUV-intensity
variations of a particularly long-lived fan from the study, which persisted for more than 11
Carrington rotations. From this, they estimated the rotation rate of the fan to vary between 10
and 15° per day, with an average of 12.45° per day. They hypothesized that this variation in
rotation rate could indicate that a fan is not rigidly anchored to its photospheric footpoints,
or that some coronal phenomena could affect the rotation rate. They cautioned, however,
that the EUV-intensity variations could also result from the superposition of many features
when integrating along the line of sight.

An important question is the extent to which fans can be associated with streamers and
pseudo-streamers. In some cases, there does appear to be evidence of a relationship between
these features. Seaton et al. (2013a) presented an example where the void beneath the fan
structure appears to have a double-lobe shape, which is consistent with the base of a pseudo-
streamer. This is backed up by the magnetic structure obtained through a potential-field
source-surface (PFSS: Schrijver and De Rosa, 2003) extrapolation, which they compared
with the SWAP observations. Further, a cusp-shaped feature associated with a sequence of
filament eruptions was observed by SWAP in August 2010. Modeling by Titov et al. (2012)
indicated that such structures can be associated with pseudo-streamers. Seaton et al. (2013a)
also discussed other cases, however, where it is less obvious if there is a relationship between
a fan and pseudo-streamer. They point out that fan structures appear to be more localized
than either streamers or pseudo-streamers, with the latter two often extending out into the
heliosphere.

On the other hand, Mierla et al. (2020) discussed that fans can be associated with both
streamers and pseudo-streamers. They found that structurally, if a fan appears to have a
“knee” (an abrupt bend, see panel labeled “2012-Oct-11" in Figure 7) then it most likely
overlies a pseudo-streamer, whereas those lacking a knee are more likely associated with a
streamer.

Meyer et al. (2020) simulated the global coronal magnetic field out to 2.5 Rg from 1
September 2014 to 31 March 2015 using a continuous, time-evolving, nonlinear force-free
field model (see Section 3.1.4). They compared the simulated coronal magnetic field with
co-temporal observations from SWAP of a fan that persisted for five Carrington-rotations. It
was observed that the simulated magnetic-field structure in the vicinity of the fan changed
from a streamer configuration to a double-lobed pseudo-streamer configuration between the
second and third rotations.

3.1.3. Prominences and Cavities

Prominences, also called filaments when observed in absorption on-disk (we will use both
terms interchangeably in this article), are large structures observed in the extended EUV at-
mosphere. They are often modeled as twisted magnetic-flux ropes (Gibson and Fan, 2006),
and they can contain plasma two orders of magnitude cooler and denser than the average
background corona, and as such they can appear dark in several EUV passbands, including
SWAP. Prominences can dissipate in several ways, including slow decay, or through a dy-
namic instability. A more violent phenomenon is the prominence eruption, resulting from
the explosive rearrangement of the magnetic structure, and its ejection into the extended
corona (Parenti, 2014).
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Observations of prominences at the limb often reveal a darker region, a coronal cavity,
extending above and around a prominence up to around 1.6 Rg (Parenti, 2014). In magnetic-
flux-rope models, the filament and cavity are described as two parts of the same magnetic
structure, where the cavity is the upper coronal part of a filament channel (Gibson et al.,
2010). Cavities are believed to be the density-depleted cross sections of the magnetic-flux
ropes, where the magnetic-field strength has attained greater values than the background
corona (Rachmeler et al., 2013).

Bazin, Koutchmy, and Tavabi (2013) compared off-limb SWAP observations of a couple
of prominence and cavity structures to simultaneous, slitless flash spectra obtained dur-
ing the total solar eclipse of 11 July 2010. The flash spectra (see description by Bazin,
Koutchmy, and Tavabi, 2013) were used to measure the continuum emission outside the
prominences, and to study the electron density of the cavity. Intensity deficits were ob-
served and measured at the boundaries of cavities in both eclipse and SWAP images. Bazin,
Koutchmy, and Tavabi observations also tend to confirm earlier results reported by Harvey
(2000) that cavities are hot plasma inside the filament channels.

Quiescent prominences, when viewed at the limb, often appear as curtains of vertical,
thread-like structures (Berger et al., 2008). Occasionally, they have the appearance of torna-
does, composed of rotating magnetic structures. As described by Panesar, Innes, and Tiwari
(2013), the driving mechanism for this rotation is not resolved, but it is often attributed to
a coupling and expansion of a twisted flux rope into the coronal cavity (Liu et al., 2012)
and/or can be related to photospheric vertices at the footpoint of the tornado (Attie, Innes,
and Potts, 2009).

Panesar, Innes, and Tiwari (2013) used a combination of SWAP and AIA observations
to investigate the triggering mechanism of a solar tornado observed in a prominence cavity
close to the solar limb around 25 September 2011. A neighboring active region produced
three eruptive flares, with associated coronal waves. Panesar, Innes, and Tiwari (2013) sug-
gest the magnetic reconfiguration may have affected the cavity—prominence system trigger-
ing the solar tornado, where the active-region coronal field contracted by the Hudson effect
(Hudson, 2000) through the loss of magnetic energy via flares. As a consequence, the cavity
expanded due to its magnetic pressure, filling the surrounding corona, and the tornado was
the dynamical response of the helical prominence field to the cavity expansion.

3.1.4. Structural Evolution of the Extended Atmosphere

The first-ever study of the evolution of the large-scale EUV corona, over a three-year pe-
riod between February 2010 and December 2012, which included the complete rise phase
of Solar Cycle 24, was made by Seaton et al. (2013a). Using carefully processed images
with stray light removed, and applying techniques similar to those used to construct the
Carrington-rotation images, described in Section 2.2, Seaton et al. (2013a) produced high
signal-to-noise composites that revealed the structure of the large-scale EUV corona to rela-
tively large heights. Similar techniques were used by Mierla et al. (2020) to extend the study
throughout the whole of Solar Cycle 24 (from 2010 to 2019).

By comparing the EUV signal at different heights with international sunspot number
(ISN: SIDC - sidc.oma.be/silso/datafiles), both Seaton et al. (2013a) and Mierla et al. (2020)
show the growth of the complexity and extent of the EUV corona at large heights are closely
correlated. In particular, the inner corona was linked to rising activity in the extended corona
through the development of long-lived, extended structures (coronal fans, see Section 3.1.2),
which were observed to persist over many solar rotations. Figure 8, which is taken from
Seaton et al. (2013a), shows both the sunspot number and extended SWAP EUV emission
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Figure 8 Sunspot number (SSN) and EUV signal as a function of time from February 2010 to December
2012. The top panel shows the SSN, the second panel shows the on-disk EUV signal measured by SWAP,
and the subsequent panels show the mean off-limb brightness above 1 Rp, 1.3 Re, and 1.6 R, respectively.
(Figure 6 from Seaton et al., 2013a, used with permission).

as a function of time. The figure highlights the correlation between growing sunspot number
(SSN) and EUV emission, and a strong periodicity due to the appearance and disappearance
of bright structures as a result of solar rotation. Seaton et al. (2013a) note a lack of under-
standing as to the source of brightness in coronal structures at large heights (see discussion
in Section 2.1).

The study of Mierla et al. (2020) was able to draw comparisons of extended structures
over a whole solar cycle, where it is noted that peaks in EUV averaged intensity were ob-
served at both poles in the descending phase of Solar Cycle 24, which appear to be associated
with the start of the development of polar coronal holes. It is also noted that large-scale off-
limb structures were largely absent around the solar-minimum phase of solar activity. Mierla
et al. (2020) also analyzed the rotation rate of bright structures at three latitudes: +15°, 0°,
and —15°, and found a consistent rotation rate of around 15° per day.

To study and validate the modeling of extended coronal structures that transcend the
extended corona, Meyer et al. (2020) compared SWAP observations to a global non-
potential magnetic-field simulation, which uses a magneto-frictional method (see, e.g.,
Yeates, Mackay, and van Ballegooijen, 2008; Yeates et al., 2018). The simulation, driven by
newly emerging bipolar active regions determined from Helioseismic and Magnetic Imager
(HMI: Schou et al., 2012) magnetograms, produces a continuous evolution of the coronal
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magnetic field through a series of nonlinear, force-free equilibria, which allows the build up
of magnetic connectivity, electric currents, and free magnetic energy in the simulation (see
references within Meyer et al., 2020).

The Meyer et al. model assumes that under the low-8 assumption the plasma is dom-
inated by the magnetic structures that contain it, and thus the solar atmosphere is highly
structured. By studying the period from 1 September 2014 to 31 March 2015, around a so-
lar maximum, when there were extensive bright and extended structures, they were able to
show that the model was capable of accurately reproducing observed large-scale, off-limb
structures. In particular, they showed that the model was capable of replicating the evolution
of a coronal fan observed over several rotations. Comparisons were also drawn with a cav-
ity/pseudo-streamer structure at the South Pole (Guennou et al., 2016), where an observed
decrease in height over time was also captured by the simulation, although the simulation
does not produce the correct scale of the structure. Such simulations allow further long-term
exploration of the extended EUV atmosphere.

3.2. Dynamic Phenomena
3.2.1. Eruptions and Jets

Solar eruptions are the largest and most dynamic phenomena produced by the Sun (e.g.
Webb and Howard, 2012; Zhang et al., 2021). These eruptions of magnetized solar plasma
can propagate into interplanetary space at speeds up to thousands of kms™! (e.g. Yashiro
et al., 2004). When Earth directed, they can lead to geomagnetic storms upon impact with
the Earth’s magnetosphere. As a consequence, understanding the physics and kinematics
of eruptions has been at the forefront of heliophysics and space-weather research for many
years (Temmer, 2021).

Solar eruptions are described as emerging in three phases: an initiation (or gradual) phase
that generally occurs in the lower corona < 2 Ry, an impulsive acceleration phase through
the lower and middle corona where the eruption undergoes the most dramatic acceleration,
and a propagation phase (e.g. Zhang and Dere, 2006) where the eruption approaches a con-
stant (cruise) speed, or acceleration. The first two phases are dictated largely by the Lorentz
force, while the third phase, as the CME propagates through the outer corona and helio-
sphere, is mainly dictated by the drag force (e.g. Cargill et al., 1996). Many CMEs consist
of a three-part structure: a bright ejecta front, a dark cavity, and a bright core. Faster erup-
tions can develop a shock front ahead of the ejecta front (e.g. Zhang and Dere, 2006).

Typically, an eruption is believed to be initiated by an ideal magnetohydrodynamic
(MHD) instability and/or magnetic reconnection. As a consequence, most eruptions are as-
sociated with flaring activity (sometimes referred to as eruptive flares). Beyond the initiation
phase, the eruption is mainly influenced by the background corona/solar wind (e.g. Schri-
jver et al., 2008; Mierla et al., 2013; O’Hara et al., 2019), especially in the relatively dense
lower and middle coronal regions, where an eruption’s kinematics are shaped and it under-
goes its main acceleration phase. The large FOV of SWAP has provided several authors the
opportunity to track eruptions through this critical phase.

The formation and eruption of six limb events observed with SWAP, AIA, and LASCO,
between June 2010 and June 2011, were studied in a series of articles by Fainshtein and
Egorov (2013), Egorov and Fainshtein (2013), Fainshtein and Egorov (2015). In Fainshtein
and Egorov (2013) two classes of CME, separated by their velocity profiles, were identified.
The first includes eruptions whose velocity reaches a maximum before sharply dropping
by > 100 kms™' into a regime of slow change. The second class includes eruptions whose
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Figure 9 Successive SWAP images of the cavity eruption observed on 13 June 2010 at ~06:00 UT,
~07:00 UT, and ~08:00 UT studied by Sarkar et al. (2019).

velocity changes slowly immediately after reaching a maximum. All eruptions exhibited
rapid expansion phases in the early stages of their development. Egorov and Fainshtein
(2013) and Fainshtein and Egorov (2015) also discussed the finding that associated shocks
show a self-similar motion, leading the authors to conclude that the shocks were not driven
by a piston-like action.

A filament eruption observed on 5 May 2015 was tracked from the lower corona out
through the heliosphere using a variety of instruments by Johri and Manoharan (2016). The
CME underwent rapid acceleration and expansion through the lower and middle corona (up
to ~ 6 Ry), before settling at a speed > 800 kms~'. The initiation and near-Sun signatures,
located < 2 Ry, were tracked using off-limb SWAP and AIA observations. Further out,
interplanetary-scintillation (IPS) measurements obtained from the Ooty Radio Telescope
(ORT: Swarup et al., 1971) at 327 MHz, were used to track the eruption and ambient solar
wind. This particular eruption was observed to interact with a preceding slower CME. This
interaction, which led to increased turbulence levels, was captured in solar-radio-dynamic
spectra obtained from the Hiraiso Radio Spectrograph (HiRAS) and the WAVES radio ex-
periment onboard the Wind spacecraft (Bougeret et al., 1995).

Sarkar et al. (2019) studied the evolution of an erupting cavity/prominence structure from
its quiescent state (between 30 May and 13 June 2010) through its eruptive phases using
EUYV observations from multiple vantage points and observatories, including SWAP, AIA,
and EUVL. Prior to eruption, the quiescent cavity went through a sequence of quasi-static
equilibria, which exhibited a slow rise and an expansion phase. By comparing the decay
index of the cavity system during the different phases, Sarkar et al. found that, assuming
the eruption was triggered by a torus instability, the magnitude of the decay index at the
cavity-centroid height is a good indicator to predict an eruption. Figure 9 shows successive
images of the 13 June 2010 cavity eruption studied by Sarkar et al. (2019).

Combined observations from SWAP and LASCO were used by Sarkar et al. (2019) to
track the evolution of the cavity (EUV observations) into the three-part structure of the
associated CME (WL observations), that was observed on 13 June 2010. The kinematic
study captured both the impulsive and residual phases of acceleration along with a strong
deflection. By successively fitting the cavity with an expanding ellipse, they found that the
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cavity exhibited non-self-similar expansion (the ratio of the major to the minor axis of the
ellipse did not increase linearly with height) in the low and middle corona, below 2.2 £
0.2 R, which resembles the radius of the source surface (2.5 £ 0.25 R) where the coronal
magnetic-field lines are believed to become radial (Hoeksema, 1984).

In contrast to the larger events described above, small filament-channel outbursts can
form smaller eruptions, or coronal jets (e.g. Sterling et al., 2015). Magnetic-flux ropes re-
connect low in the corona, transferring magnetic twist and filament plasma to the surround-
ing open field. This creates a narrow plasma ejection that adds no new open flux to the
heliosphere, unlike larger eruptions that can remain connected to the surface.

As discussed by Wyper et al. (2021), the unifying feature of all these eruptions are fil-
ament channels. They are strongly sheared magnetic-field lines that follow PILs, and they
can provide the free magnetic energy for the eruption. One important aspect dictating how
a filament erupts, is its interaction with the surrounding magnetic-field topology, as this
strongly affects how the eruption is triggered, the kinematics, trajectory, and morphology of
the event.

Wyper et al. (2021) present a numerical simulation of a new type of coupled eruption,
in which a jet initiated by a large pseudo-streamer/filament eruption triggers a sympathetic
streamer-blowout CME from a neighboring helmet streamer. Wyper et al. used SWAP ob-
servations from 24 July 2014 to provide evidence of such a pseudo-streamer harboring a
small filament observed on the limb. The pseudo-streamer topology resembled that of a sin-
gle null point above two coronal arcades, which sit between coronal holes of like polarity
(see Figure 1 in Wyper et al., 2021). This multi-polar topology shows that pseudo-streamers
can host filament eruptions that occur via magnetic breakout.

Alzate and Morgan (2016) applied the MGN technique (see Section 2.2) to observations
from several instruments to help track a series of fast eruptions, or puffs, over the course
of a three-day period starting on 17 January 2013. As part of this study they focused on
an intermittent eruption that had a very gradual initial phase and was linked to a series of
fast eruptions. The eruption was faint in EUV observations, but it could be tracked through
the SWAP FOV (see Figure 3 in Alzate and Morgan, 2016), linking it to structures in WL
coronagraph observations.

3.2.2. Eruptions: Bridging the Observational Gap

Tracking the early phases of an eruption using space-based instrumentation along the Sun—
Earth line has proved challenging, as the transition from the main acceleration to the propa-
gation phase often occurs between the inner corona (EUV observations) and the outer corona
(WL observations) (Byrne et al., 2014; D’Huys et al., 2017; Reva et al., 2017). As a conse-
quence, the larger FOV of SWAP has been used in multiple publications to explore the early
stages of eruptions, especially in combination with surrounding LASCO WL observations.
However, even with the wider FOV, a gap still exists between the outer edge of SWAP ob-
servations and the inner edge of LASCO observations, as can be seen in the top panel of
Figure 10.

One method of bridging the observational gap using SWAP involves the use of obser-
vations made during periods when the PROBA?2 platform was off-pointed, increasing the
extended EUV FOV in a particular direction. O’Hara et al. (2019) tracked two eruptions,
observed on 1 and 3 April 2017 near the western solar limb, while SWAP was off-pointed to
the solar west by 495 arcsec, as part of an international campaign for coordinated observa-
tions (HOP 334: www.isas.jaxa.jp/home/solar/hinode_op/hop.php?hop=0334). A SWAP and
LASCO composite image made during this campaign can be seen in the bottom panel of Fig-
ure 10. O’Hara et al. (2019) used these unique observations to directly trace the eruptions
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Figure 10 A Sun-centered
SWAP image from 1 June 2014
overlaid on top of a
corresponding LASCO WL
image (7op), highlighting the
observational gap between
nominal EUV and WL images.
The bottom panel shows a SWAP
image from 1 April 2017
off-pointed to the West, bridging
the observational gap.

from EUV observations (ending at approximately 2.5 Ry) into WL LASCO coronagraph
observations. It is discussed that although the overarching kinematics could be matched
between the EUV and WL datasets, exact features were difficult to reconcile due to the
different passbands.

Although the eruptions described by O’Hara et al. (2019) were produced by the same
source region, they had very different kinematic profiles. The first eruption was more en-
ergetic and showed a clear deceleration as it transitioned into coronagraph observations,
whereas the second eruption, although associated with a larger flare, was slower and exhib-
ited less deceleration, suggesting the eruption did not have such an energetic initiation. The
deceleration is believed to be caused due to a mixture of Lorentz, gravity, and drag forces
created by the ambient corona and solar wind.

A few explanations are postulated as to why the initiation phases of the eruptions ob-
served were so different from one another, including: different destabilization mechanisms,
different amounts of available free energy, or varying background conditions. The differ-
ences observed between these two seemingly similar eruptions highlight the need for further
exploration of the early phases of eruption dynamics in the extended EUV corona.

Byrne et al. (2014) used SWAP observations combined with WL imagery from the
ground-based Mark-1V K-coronameter (Mk4: Elmore et al., 2003) to bridge the observa-
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tional gap between AIA and LASCO observations. In contrast to the observations shown
by O’Hara et al. (2019), which increased the EUV FOV to bridge the observational gap,
the Mk4 observations, which are made between 1.1-2.8 R, decreased the height of the
WL observations to bridge the gap. The observations were co-aligned to study the initiation
phase of an eruption observed on 8 March 2011, and multi-scale techniques (Young and
Gallagher, 2008) were applied to improve the signal-to-noise. Byrne et al. found the erup-
tion to be driven by a rising flux-rope structure from a rwo-stage flaring event located under
a helmet streamer. The initial outward motion of the erupting loop system coincided with a
flare peak, and it led to a plasma pile-up, which became the CME core material. The accel-
eration of the CME core then further increased, coinciding with a second flare peak, and it
expanded into an overlying streamer (see Figure 4 in Byrne et al., 2014). It was concluded
that the formation of either a kink-unstable or torus-unstable flux rope was the most likely
cause of the eruption.

Similar to Mk4 (and, subsequently, KCor) observations, ground-based eclipse observa-
tions have provided other unique opportunities to overlap WL (and other passbands that
can penetrate Earth’s atmosphere) observations with nominal SWAP observations. Eclipse
observations have less stray-light issues than conventional coronagraphs, and they can gen-
erally reach far lower heights, even overlapping EUV observations. Example campaigns
include those presented by Pasachoff et al. (2011, 2015), where WL eclipse observations
were combined with SWAP and AIA observations to create composite images and trace
structures from on-disk sources out to several solar radii (e.g. see Figure 14 of Pasachoff
et al., 2015).

Pasachoff et al. (2011) used observations from the 11 July 2010 eclipse to analyze and
contrast signatures of coronal holes, streamers, polar rays, faint loop structures, an eruption,
and a puzzling curtain-like object above the North Solar Pole. Some structures were clearly
visible in the WL observations but did not appear in SWAP imagery. The disparities were
mainly attributed to differences between the density of the emitting structure and that of the
surrounding corona. As the intensity of EUV emission scales with the density squared, in
contrast to WL images, where intensity scales linearly with density, although the tempera-
ture of the emitting structure is likely to have contributed to the disparity as well.

Observations from the 13/14 November 2012 total-solar-eclipse campaign were pre-
sented by Pasachoff et al. (2015), where large-FOV WL, SWAP, and AIA composite images
were used to trace structures out into the middle corona. During this campaign a weak erup-
tion was captured in both WL and EUV observations. In particular, Pasachoff et al. (2015,
Figure 17) showed a series of SWAP running-difference images highlighting the evolution
of an eruption both on-disk and off-limb. By tracing the leading edge of the eruption, the
authors estimated the speed through the lower and middle corona to be 413 kms™!.

3.2.3. Eruptions: Multiperspective Tracking and 3D Reconstruction

As discussed in Section 2, the STEREO mission (Kaiser et al., 2008) is comprised of twin
solar-observing spacecraft, which were launched into orbits around the Sun that cause them
to orbit increasingly ahead of the Earth (STEREO-A) and behind the Earth (STEREO-B).
Each STEREO/SECCHI suite of instruments contains a large-FOV EUV imager (EUVI),
as well as COR-1 and COR-2 coronagraphs and the HI-1 and HI-2 Heliographic Imagers
(Eyles et al., 2009). The mission has enabled multiple stereoscopic studies, in particular of
eruptions and other large-scale structures extending into the heliosphere. The comparable
FOVs of SWAP and the EUVI instruments have led to multiple joint studies between these
instruments.
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Figure 11 Left and right panels: EUVI (STEREO-B, and STEREO-A, respectively) images of prominence
material observed on 13 April 2010. Middle panel: The corresponding prominence observed by SWAP. The
center of the white square indicates the location where 3D reconstruction was performed and back-projected
onto the 2D images (see Mierla et al., 2013, for further details). (Figure 1 from Mierla et al., 2013, used with
permission).

Observations of the initiation phase of an eruption can provide clues about the forces
acting on it. However, observations made from a single perspective may be misleading due
to projection effects biasing measured kinematics. Therefore, several studies have tried to
constrain the kinematics of an eruption using multiple viewpoints. Mierla et al. (2013) per-
formed such a study of a prominence eruption observed on 13 April 2010, by combining
the large FOVs of the SWAP and EUVI instruments, which in that period were separated
by ~ 70°. Mierla et al. identified features in the prominence from the different perspectives
and triangulated the positions to ascertain the true direction of propagation and the accelera-
tion profile. By tracking the eruption they were able to show that the acceleration increased
smoothly, and they concluded that the prominence was not accelerated immediately by local
reconnection, but it was swept away as part of a large-scale relaxation of the coronal mag-
netic field. Figure 11, from Mierla et al. (2013), shows images from SWAP and the EUVI
instruments of the 13 April 2010 prominence at around 08:15 UT, with the location where
3D reconstruction was performed and back-projected onto the 2D images.

A combination of SWAP, AIA, LASCO, and the SECCHI suite of instruments were
used by Filippov, Koutchmy, and Tavabi (2013) to perform a multi-wavelength and multi-
viewpoint study of a jet observed on 7 April 2011, originating from an active-region com-
plex. The observations revealed an Eiffel Tower type configuration extending into a narrow
jetin the outer corona, when observed from the Earth perspective. The event was observed to
start growing following a failed cavity/flux-rope eruption (see Section 3.2.8). The resulting
magnetic configuration corresponded to a saddle-like shape, providing the possibility for the
plasma to escape along the overlying open field lines into the outer corona, forming the WL
jet. The large FOV of SWAP helped provide evidence of the connectivity between the inner
coronal structures and the corresponding outer coronal features observed by LASCO.

D’Huys et al. (2017) studied a fast (v > 900 kms~') wide-angled eruption observed
on 14 August 2010, produced by an atypically weak (C4.4) flare. The eruption occurred
near the west solar limb from the Earth’s perspective, but it was clearly observed from all
view points. The unwinding of the associated destabilized filament gave the eruption the
appearance of an untwisting motion. D’Huys et al. examined the eruption with multiple
instruments from both the Earth and STEREO perspectives, as well as with ground-based
radio observations. Three-dimensional (3D) reconstructions were made using the epipolar
geometry (Inhester, 2006) of the eruption, measured between SWAP and STEREO-A/EUVI
19.3-nm observations. SWAP was utilized to track the eruption off of the west solar limb
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from the Earth perspective. Combined with coronagraph observations, they were able to
extend this out to 10 Ry (see Figure 13 in D’Huys et al., 2017).

The eruption clearly passed through different acceleration regimes, where the flux rope
initially rose with a very low velocity and with a small amount of acceleration, before getting
accelerated as it erupted catastrophically (between approximately 1.25 and 2 Rg), and finally
it propagated with a near-constant, high velocity out through the heliosphere.

Seaton et al. (2011) also used a combination of SWAP and SECCHI observations to look
at the three-dimensional structure of an eruption (observed on 3 April 2010), located at the
disk center from the perspective of SWAP. The eruption occurred in two parts, with an initial
flow of cooler material in the lower corona, followed by a flux-rope eruption in the higher
corona. It is discussed that mass off-loading possibly led to the rise and loss of equilibrium
of the flux rope (see Priest and Forbes, 2002).

Another multi-point study was performed by Witasse et al. (2017), but this time to track
a large interplanetary coronal mass ejection (ICME) that was ejected from the Sun on 14
October 2014, not towards Earth, but throughout the Solar System. It was observed to hit
Mars on 17 October, by the Mars Express, Mars Atmosphere and Volatile EvolutioN Mis-
sion (MAVEN), Mars Odyssey, and Mars Science Laboratory (MSL) missions, and possibly
beyond. The ICME was also detected by STEREO-A on 16 October at 1 AU and by Cassini
in the solar wind around Saturn on 12 November at 9.9 AU.

The multispacecraft observations helped Witasse et al. derive the early properties of the
ICME, such as its angular extent (116°), its speed as a function of distance, and its magnetic-
field structure at four locations from 1 to 10 AU. SWAP characterized the post-eruptive
arcades (described by West and Seaton, 2015) observed in the wake of the eruption, and the
observations from SWAP, AIA, and EUVI (which was located on the backside of the Sun
from the perspective of the Earth) helped Witasse et al. (2017) constrain the source and early
direction of the eruption.

3.2.4. Eruptions: Shocks and Particle Acceleration

The locations and mechanisms of particle acceleration generated during flares and eruptions
are still subject to much investigation. Observing particle-acceleration sites can help confirm
how the flare and eruption are initiated and how they evolve (Carley, Vilmer, and Gallagher,
2016). Radio imaging combined with metric and decimetric radio spectrography can be
used to identify the sites of electron acceleration during an eruption. Beams of electrons can
generate different radio signatures: two of the most common are Type-II radio bursts, which
are believed to be generated by shock-accelerated electrons, and Type-III radio bursts, which
are believed to be produced by fast flare-accelerated electron beams (see, e.g., Reid and
Ratcliffe, 2014, for a review). Type-IV radio bursts are believed to be generated by electrons
that are trapped inside CME loops, producing gyro-synchrotron emission. However, they
are rarely observed in the extended solar atmosphere. If detected, these bursts can be used
with numerical models to probe the source magnetic-field strength.

A flare and erupting flux rope observed on 18 April 2014 were studied by Carley,
Vilmer, and Gallagher (2016), combining SWAP, AIA, and LASCO observations with ra-
dio dynamic spectra from the Nan¢ay Decametric Array (NDA: Lecacheux, 2000) (between
10-80 MHz), and observations from several other instruments. Their analysis showed evi-
dence of a slowly rising flux rope becoming destabilized co-temporally with the occurrence
of a C-class flare, a plasma jet, and the escape of =75 keV electrons, where various particle-
acceleration sites were located throughout the eruption. LASCO and SWAP observations
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Figure 12 Two representative SWAP images of the 18 April 2014 flare observed by Carley, Vilmer, and
Gallagher (2016) at 13:00 UT, with NRH data sets at 150.9 MHz (left) and 432.0 MHz (right) over-plotted
(blue).

were combined with Nangay Radioheliograph (NRH: Kerdraon and Delouis, 1997) con-
tours (between 150 and 445 MHz) to map and compare the CME front and sources of par-
ticle acceleration, which were found to be in good spatial correspondence. Figure 12 shows
two representative SWAP images of the 18 April 2014 flare observed by Carley, Vilmer, and
Gallagher (2016), with NRH data sets at 150.9 MHz and 432.0 MHz over-plotted.

Carley et al. (2017) reported on the observation of a Type-IV radio burst associated
with a CME occurring on 01 September 2014. A combination of spectral flux-density mea-
surements from the Nangay instruments and the Radio Solar Telescope Network (RSTN:
Guidice, 1979) were used to reveal a gyro-synchrotron spectrum with a peak flux density at
~1 GHz. Using these measurements with a gyro-synchrotron radiation model, and a non-
thermal electron-density diagnostic, Carley et al. were able to calculate both the magnetic-
field strength and the properties of the emitting energetic electrons within the CME. They
found that the radio emission was produced by non-thermal electrons of energies >1 MeV
in a CME magnetic field of 4.4 x 10~# T at a height of 1.3 R;. SWAP and AIA observations
were used to help constrain the source of the radio emission, However, only SWAP was
capable of tracking structures beyond 1.3 Ry (see Figure 2 in Carley et al., 2017).

Bain et al. (2014) also combined NRH observations with large-FOV EUV and WL im-
agery to study a moving Type-IV radio burst (Type-IVM), which occurred in association
with a CME observed on 14 August 2010. The Type-IVM source was found to be co-spatial
with the CME core, which was identified in SWAP, AIA, and LASCO observations (see
Figures 3 and 4 of Bain et al., 2014). Similar to Carley et al. (2017), observations with op-
tically thin gyro-synchrotron emission were present, and compared to models they allowed
the authors to estimate several key parameters of the underlying plasma: a low-energy cutoff
of 10— 100 keV, with a non-thermal electron density in the range 1 x 10°—1 x 103 m™3, in
a magnetic field of a few 10~* T. By looking at the energy-loss timescales, it was also pro-
posed that electrons accelerated during the initiation phase may have been trapped within
the CME core, removing the need for the electrons to be replenished.

Similarly, Morosan et al. (2019) also analyzed a complex Type-IV burst that accompanied
a flare and CME observed on 22 September 2011. Using radio imaging from the NGH, spec-
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troscopic datasets from several spectrometers (see references within), and EUV imagery (in-
cluding limb-enhanced SWAP observations), Morosan et al. showed the 22 September 2011
eruptive flare was accompanied by numerous radio bursts, including a prominent Type-IV
emission that changed over time. The Type-IV radio burst was found to have two compo-
nents: an earlier stationary Type-1V showing gyro-synchrotron behavior, and a later moving
Type-IV burst covering the same frequency band.

Tun and Vourlidas (2013) used multi-wavelength radio imaging techniques to derive the
magnetic field within the core of a CME observed on 14 August 2010, where the core was
found to be the source of a moving Type-IV radio burst. Tun and Vourlidas used the two
viewpoints from STEREO to make stereoscopic reconstructions to constrain emission mod-
els (Thernisien, Vourlidas, and Howard, 2009) and derive the core three-dimensional tra-
jectory, electron density, and line-of-sight depth. The authors tracked the detachment of the
filament off the solar limb, out through the SWAP FOV into the LASCO FOV, overlaying
173-MHz radio contours from the NRH observations (see Figure 1 in Tun and Vourlidas,
2013). The authors found the CME to carry substantial numbers of mildly relativistic elec-
trons (E <100 keV) in a strong magnetic field, and that the spectra at lower heights were
preferentially suppressed at lower frequencies due to absorption from thermal electrons.

Maguire et al. (2021) investigated a well-observed EUV jet, a WL streamer and a metric
Type-II radio burst observed by the LOw Frequency Array (LOFAR: van Haarlem et al.,
2013), on 16 October 2015. LOFAR interferometrically imaged the fundamental and har-
monic sources of the Type-II radio burst and revealed that the sources did not appear to be
co-spatial. By correcting for the separation Maguire et al. showed the Type-II radio sources
were located = 0.5 Ry above the jet, propagating at a speed significantly faster than the
jet. This suggests that the Type-II burst was generated by a piston shock driven by the jet
in the low corona. SWAP observations were used to highlight locations of the fundamental
and harmonic sources (see Figure 3 in Maguire et al., 2021), which originated in the middle
corona, above the FOV of AIA and below the inner edge of LASCO.

In a series of articles, Frassati et al. (2017, 2019a,b) studied the early phases of a CME-
driven shock, observed on 1 November 2014, through SWAP, AIA, and LASCO obser-
vations. Although the associated filament eruption occurred near the limb, it resulted in a
partial-halo CME. During its early propagation, the CME produced a Type-II radio burst
(seen by the Bruny Island Radio, BIRS: Erickson, 1997). In order to identify the source of
the burst, Frassati et al. studied the kinematics of the eruption through EUV images, extrap-
olating out to ~ 2 R,. Profiles of the observed EUV front speed were compared with Alfvén
speed profiles. The northern portion of the front was found to become super-Alfvénic at the
same time as the start of the Type-II radio burst.

Frassati et al. (2019a) derived velocity and density maps, and a detailed investigation of
the CME-driven shock associated with the event was performed. By comparing the tem-
perature up- and down-stream of the shock with estimates of the adiabatic compression, no
additional heating mechanisms were identified during the initiation phase, implying that the
shock formed beyond the AIA field of view, in the middle corona.

A backside CME observed on 23 July 2012 received a lot of attention due to the ener-
getics involved; if it had been Earth directed it is believed it would have been one of the
most geoeffective events of the last century, rivaling the 1859 Carrington storm (e.g. Baker
et al., 2013). The associated solar energetic particle (SEP) event had a > 10-MeV proton
flux peaking at ~5000 pfu, and the associated energetic-storm particle event was an order of
magnitude larger. Gopalswamy et al. (2016) compared the event with other well-connected
SEP events of Cycle 23, and they found a positive correlation between the CME initial
speeds and the fluence spectral indices; the highest initial speeds were associated with SEP
events with the hardest spectra. The 23 July event was in the group of hard-spectrum events.
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Figure 13 Five successive base-difference (preevent image subtracted) SWAP images of the EUV wave ob-
served on 7 March 2012 by Feng et al. (2020), at ~00:05 UT, ~00:10 UT, ~00:15 UT, ~00:20 UT, and
~00:25 UT. Each panel shows the North-East hemisphere of the Sun, extending approximately from the disk
center (on the right) to 1.2 Rg. The wave is observed to propagate over the solar disk to distances > 1 Rg
from the source region.

The 23 July eruption was located behind the solar disk during its early phases, from
the Earth perspective, and near the limb from the perspective of STEREO-B. Although not
shown, Gopalswamy et al. used SWAP and EUVI observations to estimate the time—height
profile of the eruption. Observations of associated Type-II bursts suggest the presence of a
strong shock, which along with estimates of the shock speed (> 2000 kms™"), the initial
acceleration (¢ 1.7 kms~2), and the shock-formation height (= 1.5 Ry), confirms that the
13 July 2012 event was likely to be an extreme event in terms of the energetic particles it
accelerated.

3.2.5. EUV Waves

Most phenomena related to, or generated by, eruptions, such as flares, coronal dimmings,
and EUV waves (e.g. Hudson and Webb, 1997; Thompson et al., 1998; Zhukov and Auchere,
2004; Cliver et al., 2005; Thompson and Myers, 2009), are generally observed on, or close
to, the solar disk. However, EUV waves, when observed close to the solar limb can have
a significant radial component in the extended EUV atmosphere. They are often, but not
always, observed with eruptions, and have eruption—-EUV wave association rates recorded
between 58% and 95% (see references in O’Hara et al., 2019).

The nature of EUV waves is still debated; there is strong evidence that some of them
might be fast magnetosonic waves, or at least have a fast magnetosonic-wave component
(West et al., 2011). EUV waves are often linked to shocks leading the front and flanks of
an eruption, especially when observed near the limb, which often share similar propagation
angles to the waves (Biesecker et al., 2002). Several studies have used SWAP to study such
waves, their kinematics, and their association with eruptions. However, these structures are
not always easy to reconcile. O’Hara et al. (2019) attempted to associate EUV waves ob-
served in the lower corona with the 1 and 3 April 2017 west-limb eruptions observed by
SWAP while it was off-pointed to the West (see Section 3.2.2). The extended SWAP FOV
not only provided an opportunity to track the erupting structures above the limb, but also to
track the full extent of the off-limb wave, connecting the wave to the eruption front in the
lower corona. The wave showed a weak correlation with the expanding eruption, although
an in-depth analysis was not pursued.

Koukras et al. (2020) also utilized the off-pointed SWAP observations of 3 April 2017,
along with several other instruments, a ray-tracing method, and the WKB (Wentzel-
Kramers—Brillouin) approximation to analyze the kinematics of EUV waves in the inner
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Figure 14 Successive SWAP images of the emerging posteruptive loops observed in October 2014, as re-
ported by West and Seaton (2015), at: 20:24 UT on 14 October 2014; 01:15 UT, 10:09 UT, and 19:37 UT on
15 October 2014; and 04:10 UT and 12:48 UT on 16 October 2014. (Figure 2 from West and Seaton, 2015,
used with permission).

corona, and also their connection with Type-II radio bursts. Koukras et al. were able to pro-
vide supporting evidence that EUV waves are likely fast-mode MHD waves, and further
constrain the source regions of the radio-burst emission associated with the event.

Feng et al. (2020) utilized the large FOV of SWAP, with AIA and EUVI observations,
to build 3D reconstructions of EUV disturbances (coronal-wave surfaces) observed on 7
March 2012, using a new mask-fitting method, adapted from one used to track CMEs (Feng
et al., 2012). The observed disturbance and associated shock front were fitted with a three-
dimensional (3D) ellipsoidal model. To detect temporal variations in the EUV observations,
Feng et al. applied a running-center-median (RCM) filtering method (Plowman, 2016), al-
lowing them to track the EUV wave to over 1.5 Ry in both SWAP and STEREO observations
(see Figure 4 in Feng et al., 2020). They observed the speed of the 3D-wave nose to increase
from a value below a few hundred kms~' to a maximum value around 3800 kms™!, before
slowly decreasing afterwards. It is speculated that the low initial speed may be due to the
magnetic reconfiguration in the beginning. They also found that the wave in the extended
corona had a much higher speed than the speed of EUV disturbances across the solar disk.
Surprisingly, Feng et al. observed poor correlation between the measured wave speeds, the
flare class, and the CME speed, nor were the EUV disturbances strongly associated with
Type-II radio bursts. Figure 13 shows five successive base-difference SWAP images of the
EUV wave observed on 7 March 2012 by Feng et al. (2020).

Around 2011, when the STEREO spacecraft were in a quadrature configuration with
Earth (positioned approximately 90° either side of the Sun—Earth line), structures could be
observed simultaneously head-on and in profile. Kienreich et al. (2013) used a combination
of SWAP and EUVI observations from 27 January 2011 to study three consecutive large-
scale coronal waves. They were observed to emanate from near the disk center from the
STEREO-A perspective, and along the limb in SWAP observations (see Figures 1 and 2 in
Kienreich et al., 2013). Each wave was observed to reflect off of a southern polar coronal
hole, obeying the Huygens—Fresnel principle.

The study of Kienreich et al. (2013) revealed that the velocities of the reflected waves
were diminished when compared to the incident wave. However, they were proportional,
indicating a continual change, rather than a loss of energy due to the interaction with the
coronal hole. These results, together with an observed correlation between the speed and
the strength of the waves, suggest that the EUV transients are nonlinear large-amplitude
MHD waves. One surprising result observed in the SWAP off-limb observations, was that
a component of the reflected wave propagated toward larger coronal heights. This study
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suggests a further need to investigate coronal waves in the extended EUV atmosphere with
more sensitive instrumentation, and perhaps through a hotter passband, where EUV waves
are measured with a higher contrast.

3.2.6. Posteruptive Loop Systems

Another phenomenon associated with eruptive flares is posteruptive loop systems. These
systems are observed to build up in the lower corona following an eruption, and they are
usually interpreted as a signature of hot plasma trapped on field lines that are generated
by magnetic reconnection in the posteruption current sheet (e.g. Forbes and Acton, 1996).
When the eruption occurs close to the limb, these systems can be seen to grow with height as
successive magnetic fields are ejected from the reconnection region. Usually, the systems are
observed to stop growing after a few hours, and they terminate in the lower corona. However,
on 14 October 2014, West and Seaton (2015) observed an eruption with SWAP that led to
the formation of perhaps the largest posteruptive loop system seen in Solar Cycle 24. The
system grew for an unprecedented 48-hour period, and to a height of approximately 4 x
10° km (> 0.5 Rg,). Figure 14 shows successive SWAP images of the emerging posteruptive
loops observed in October 2014, from West and Seaton (2015). The first panel shows the
preeruptive EUV structure, and the final panel shows the system after the termination of the
growth phase.

Although rare, large-scale loop systems have been observed before, in particular in X-ray
observations, where they were described as postflare giant arches (e.g. de Jager and Svestka,
1985). Originally it was concluded that these giant arches could not be generated by the
same mechanism that generates classical postflare loops, because reconnection could not be
sustained to such great heights. However, the model of Forbes and Lin (2000) showed that it
was possible to maintain this reconnection. The observations of West and Seaton (2015) help
to validate this model, and indicate that ordinary posteruptive loops and so-called postflare
giant arches are fundamentally formed by the same mechanism.

3.2.7. Stealth CMEs

Stealth CMEs are a special subset of solar eruptions that do not exhibit any lower coro-
nal signatures, e.g. waves, flares, EUV eruptive signatures, etc. (e.g. Howard and Harrison,
2013). These are of special interest to the space-weather forecasting communities as they
can create space-weather events with little warning. The nature of stealth CMEs suggests a
different production mechanism is at play, and/or special conditions are created by which
observables are not generated. There is some evidence that stealth CMESs originate high in
the solar corona, thus explaining the lack of on-disk signatures (e.g. Robbrecht, Patsourakos,
and Vourlidas, 2009).

D’Huys et al. (2014) used SWAP, AIA, and LASCO to identify 40 CMEs without low-
coronal EUV signatures. SWAP’s large FOV helped further constrain the stealth observation
set, by removing eruptions with lower and middle coronal signatures out to 1.7 R along the
image axes and 2.5 Ry along the diagonal. D’Huys et al. (2014) found that stealth CMEs
are diverse in appearance, often originating near the solar poles. They are generally slow
events, with a limited angular width. The frequency distributions for CMEs, and separately
for stealth CMEs, as a function of width, both exhibit linear behavior suggesting scale in-
variances (see Figure 10 in D’Huys et al., 2014), but the different power laws observed
between the types of CME suggest they are governed by different eruption mechanisms.
However, the kinematic profiles of stealth eruptions fit both the breakout model (e.g. Lynch
et al., 2004) and models of ideal MHD instabilities (e.g. Kliem and Torok, 2006).
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Alzate and Morgan (2017) used the same set of 40 stealth CME:s identified from the study
by D’Huys et al. (2014), but they applied the MGN image-processing technique to both the
AIA and SWAP images (where possible) to search for lower coronal signatures. Alzate and
Morgan (2017) identified several associated signatures, such as small flares, jets, or filament
eruptions. Of the largest stealth CMEs, seven were associated with jets and a further eight
with filament eruptions. In general, Alzate and Morgan were in agreement with the conclu-
sions of D’Huys et al. (2014), in that lower coronal signatures of stealth CMEs are very faint
events that either form high in the corona, or in low-density regions of magnetic field. The
conclusion that such eruptions can form higher in the corona is important justification for
low-noise, wide-field imagers to be used for space-weather forecasting, particularly away
from the Sun—Earth line.

3.2.8. Problem Eruptions for Space-Weather Forecasting

As discussed above, solar eruptions are one of the most impressive manifestations of space
weather, producing some of the most dramatic geoeffective events (e.g. Temmer, 2021).
Therefore, predicting if, and when, an eruption may strike the Earth, or another body in
the solar system, is of great interest to the space-weather forecasting community. In their
simplest form, eruptions emerge radially from the Sun with a constant speed, or acceleration,
allowing for an accurate estimate of their kinematics, and potential trajectory. However,
many events deviate from this simplistic scenario.

A tricky sub-category of eruption experienced by the space-weather forecasting commu-
nity are those that become deflected at initiation, or during transit through the heliosphere.
Deflections often occur in the lower or middle corona during the acceleration phase.

Sieyra et al. (2020) used a combination of SWAP, AIA, LASCO, the SECCHI instru-
ments, and He GONG observations (NSO/GONG Ho Archive: Harvey et al., 2011; Hill,
2018) to perform an extensive analysis of 13 CME events that experienced deflections from
their nominal trajectory during their early development in the low corona, between Octo-
ber 2010 and September 2011. By using forward-modeling and tie-pointing to constrain the
3D positions of eruptions, the direction of propagation for each event could be carefully
analyzed. Tie-pointing, the identification of the position of a structure from different per-
spectives along an intersecting plane, is the most used method for reconstructing CMEs in
coronagraph data, and is closely related to triangulation, see Mierla et al. (2010) for further
details. Sieyra et al. (2020) used PFSS models to estimate the coronal magnetic-field struc-
ture in the ambient corona, and the influence this had on the early phases of the eruption.

The results from Sieyra et al. (2020) highlight the need to understand the ambient mag-
netic environment for determining the trajectory of CMEs, both in latitude and longitude.
Moreover, the variety of behaviors exhibited by different eruptions made systematization a
difficult task. The large FOVs of SWAP and EUVI were instrumental in bridging the EUV-
WL gap (see Section 3.2.2), allowing a more comprehensive study of the lower coronal
evolution.

Cécere et al. (2020) also used the tie-pointing reconstruction technique on EUV and WL
observations to characterize the 3D evolution of one of the deflected eruptions cataloged by
Sieyra et al. (2020), observed on 24 January 2011. The eruption presented an interesting case
study as it suffered a large deflection from its source region and expected trajectory, which
amounted to 42° in latitude and 20° in longitude, before experiencing a subsequent deflec-
tion later in its propagation. The initial deflection occurred in the lower and middle corona
regions, at altitudes below 4 R,. The large FOV of SWAP was used to help characterize the
early evolution of the eruption. Extrapolated magnetic fields helped confirm the presence of
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Figure 15 Successive SWAP-AIA (30.4 nm) composite images of the deflected eruption studied by Cécere
et al. (2020), observed on 24 January 2011 at ~00:00 UT, ~01:00 UT, ~02:00 UT, and ~03:00 UT.

two magnetic structures near the eruption source region. Figure 15 shows successive com-
posite SWAP images, with ATA (30.4 nm) observations overlaid, of the deflected eruption
studied by Cécere et al. (2020).

The results from Cécere et al. (2020) showed that the magnetic fields associated with
a southern coronal hole acted as a magnetic wall, producing a latitudinal deflection, while
a nearby pseudo-streamer, and a northward extension of a coronal hole may have been re-
sponsible for an eastward deflection of the CME.

Front-sided halo CMEs (typically observed in WL observations), which are seen to en-
tirely or partially encompass the solar disk, are generally of greater interest to the Earth-
orientated space-weather communities, usually being associated with geomagnetic storms
(e.g. Rodriguez et al., 2009). In contrast, most limb eruptions are observed to travel perpen-
dicular to the Sun—Earth line and are not always geoeffective, or of primary interest to the
space-weather community. However, some wide limb eruptions can also be geoeffective, but
often only result in glancing encounters (less geoeffective). These have been classified as an-
other subset of problematic eruptions (see Palmerio et al., 2019, and the references within),
where their geoeffectiveness is unpredictable, mainly because the eruption and associated
interplanetary shock and sheath widths, deflections, and dispersions cannot be accurately
predicted.

Palmerio et al. (2019) used multi-point measurements to study the propagation of four
such problematic CMEs that erupted from the solar limb (from the Earth perspective), were
observed between 21 —23 May 2013, and were detected in interplanetary space both by the
STEREO-A spacecraft and in the near-Earth environment by a variety of instruments. The
onset and lower coronal signatures of the eruptions were tracked using SWAP and EUVI (see
Figure 2 in Palmerio et al., 2019). The propagation and possible deflection were modeled
using 3D fitting with the graduated cylindrical shell (GCS) model (Thernisien, Howard,
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and Vourlidas, 2006). Palmerio et al. (2019) found that predicting moderate geomagnetic
disturbances, such as those generated by glancing blows, can be difficult to forecast, and they
emphasized the utility of observations off of the Sun—Earth line in tracking the kinematics
of problem events, especially from multiple vantage points.

A further problem for the space-weather forecasting community is represented by failed
eruptions (e.g. Gilbert, Alexander, and Liu, 2007), where lower coronal signatures are sim-
ilar to those of a regular CME, but the eruption either does not occur or initially lifts off
before falling back towards the lower corona.

Tavabi, Koutchmy, and Bazin (2018) analyzed a failed plasmoid (blob) eruption using
a combination of observations, including off-limb SWAP observations, and ground-based
observations from the 11 July 2010 total solar eclipse. Summed SWAP images were used
to improve signal-to-noise in the off-limb corona, and isophote maps produced to track the
plasmoid through the SWAP FOV. These were co-aligned with WL observations allowing
a complete analysis of the blob velocity (12 kms™!). Electron densities of the blob were
photometrically evaluated, and a density of &~ 10'* m~3 at 1.7 R, was derived. The mass of
the cloud was found to be &~ 1.6 x 10'° kg, which is typically 0.6 x 10~ of the background
coronal mass. The blob was seen to emerge and decelerate. It is noted that such small events
could supply material for the ubiquitous slow solar wind.

Kumar and Cho (2014) used multiple instruments, including SWAP, to analyze the acti-
vation of a small filament associated with a kink instability on 30 April 2012. The eruption
was initially triggered by magnetic reconnection at one of the footpoints of the filament,
which subsequently underwent an unwinding motion, but failed to erupt. However, subse-
quent magnetic-reconnection events occurred above the kinked filament causing the flux
rope to slowly rise (= 100 kms™"), producing a large twisted structure. Observations from
SWAP and AIA revealed a cool compression front surrounding the expanding hot flux-rope
structure.

4, SWAP-Based Studies of Coronal EUV-Emission Generation

Few studies have focused on understanding the dominant EUV-emission mechanisms in the
extended corona (see Section 2.1). The first study of the coronal lines up to about 3 R, was
made by Del Zanna et al. (2018). They provided estimates of the expected quiet-Sun signal
that might be observed by the proposed EUV CME and Coronal Connectivity Observatory
(ECCCO; previously referred to as the COronal Spectrographic Imager in the EUV (COSIE:
Golub et al., 2020)), through the 18.6—20.5 nm range, using a simple model to reproduce
observed EUV radiances. However, prior to this, the only significant study of the extended
corona emission was performed by Goryaev et al. (2014), who modeled an active-region
streamer out to 2 Rg using SWAP observations.

To compute the EUV emission of coronal plasma in a coronal streamer structure observed
in October 2010, Goryaev et al. (2014) investigated the underlying plasma properties, by
performing a photometric study using the SWAP instrument during a special off-point cam-
paign. SWAP observations were combined with EUV Imaging Spectrometer (EIS: Culhane
et al., 2007) measurements from the Hinode spacecraft, as part of the international campaign
for coordinated observations (HOP 165: www.isas.jaxa.jp/home/solar/hinode_op/hop.php?
hop=0165). Goryaev et al. used a line-ratio method to derive the plasma density and tem-
perature out to 1.2 Ry, where the temperature in the streamer ray was found to increase
smoothly from 1.25 MK at the limb to 1.35 MK at 1.2 R. The electron density decreased
from ~2 x 10" m™3 to &~ 3 x 104 m=3.
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Distributions of plasma parameters higher up along the streamer ray were determined
using a forward model of coronal brightness, combined with SWAP (EUV) and Mk4 coron-
agraph (WL) emission. Between 1.2 and 2 R, the plasma was found to be nearly isothermal
(T =1.43 £0.08 MK), in line with earlier UVCS results. However, the density decreased
to ~ 1-2 x 10" m~3. Using this density with a simple hydrostatic scale-height model, the
temperature was estimated to be 7 = 1.72 &+ 0.08 MK, which is significantly higher than
the measured value. Therefore, the density drop is slower than anticipated, indicating the
streamer contains a non-thermal component of motion, perhaps associated with an outward
plasma flow.

Goryaev et al. (2014) used the plasma parameters derived above and atomic data from
the CHIANTTI atomic database (Dere et al., 1997) to calculate emissivities in the observed
spectral lines produced by collisional excitation and resonant scattering. Goryaev et al. con-
clude that collisional excitation contributed >90% of the observed EUV emission inside
the streamer. In the background corona, the contribution to the emission from resonance
scattering became comparable with that of collisions at R 2 2 R,

Goryaev et al. further analyzed the October 2010 streamer, and flows (blobs) from the
streamer, as part of a study by Goryaev, Slemzin, and Rodkin (2020), where they analyzed
the relationship between the mean charge and the charge-state distributions of Fe ions. They
found the expected distribution to be consistent with one produced from an equilibrium
plasma with a mean temperature 1.43 MK. They also found that the kot ion component
of streamer blobs are nearly frozen-in at 2.2 Ry, where the temperature equals the mean
temperature of the streamer.

Goryaev et al. (2018) used SWAP observations of two large eruptive flares (X9.3 and
X8.2), observed on 6 and 10 September 2017, respectively, to investigate resonant scattering
of the flare radiation by the Fe 1X —Fe X1 ions in the coronal plasma.

The X9.3 flare was observed to increase coronal brightness up to 30 —45% at heights of ~
1.35-1.7 Rg. Numerical simulations indicate this might be produced by resonant scattering
of the flare radiation by the Fe ions at a temperature of 7 =~ 0.8—1 MK, a density of ~
10" m~3, and outward velocities of 30—40 kms~'. The brightening was followed by a
darkening of 30—-40% due to the evacuation of the coronal plasma by the associated CME.

The X8.2 flare was also accompanied by a CME, which depleted the plasma density at
the observed temperatures, dimming the background corona. A DEM analysis performed
with AIA measurements showed a decrease in the background plasma electron density, at
distances 1.24—1.33 Ry by 2-3.5 times after the CME, with T &~ 1-2 MK. At the same
time, an additional DEM peak at T ~ 0.8 MK appeared, which Goryaev et al. (2018) con-
cluded may be produced by flare radiation resonantly scattered by the coronal plasma.

In an article by Tavabi, Koutchmy, and Bazin (2018), which focused on the precise mea-
surements of a failed plasmoid (blob) eruption, where SWAP’s EUV photometric data were
evaluated and instrumental stray-light removed, the weak 17.4-nm emission of the plasmoid
was suggested to be produced by resonant scattering in the Fe IX/X lines, similar to that
considered by Schrijver and McMullen (2000) to explain the background haze observed in
TRACE images of the quiet corona.

5. Discussion and Conclusion
The SWAP instrument is an EUV imager observing the Sun through a spectral bandpass

centered on 17.4 nm, around the Fe 1X/X emission lines, corresponding to a temperature of
T =~ 0.8 MK. Although SWAP has been observing nearly continuously for over one solar
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cycle, minimal degradation has been experienced. There is on average 1% sensitivity loss
per year (as measured from the built-in LED). Each year, an additional ~2500 pixels stop
working (e.g. hot pixels), resulting in about 3% of all pixels malfunctioning at the time of
writing. It was originally designed as a technology demonstration, with a secondary mission
goal as a tool for scientific research. A third goal was introduced later in the mission’s life:
to monitor space weather (see Section 5.1) for the ESA Space Safety Program (S2P) Space
WEather (SWE) segment.

The longevity of the SWAP mission has allowed investigations into the long-term evo-
lution of the extended EUV corona (see Section 3.1.4). Mierla et al. (2020) and Seaton
et al. (2013a) showed the evolution of the extended EUV corona to have a strong solar-cycle
dependence, correlating with solar activity recorded through sunspot numbers.

SWAP was designed to include many innovations; however, its most prominent feature
has been its extended FOV, which has provided access to the off-limb EUV corona out to
1.7 R. The lack of observations at these heights has been driven by historical decisions to
prioritize observations of the inner corona. Optimization choices have led to the extended
coronal signature being compressed in some cases, such as that experienced by EUVI (e.g.
Howard et al., 2008), and an understanding that EUV emission in the middle corona is too
weak to observe with current instrumentation (e.g. Schrijver and McMullen, 2000).

As discussed in Section 2.1, the difference in emission generated between the hot, dense
plasma found in the lower corona, and the rarefied plasmas observed in the middle corona
can lead to large disparities in the dynamic range (which can exceed 10%). To enhance the
signal in the middle coronal regions, instruments have to collect more photons, either by
increasing the aperture size of the instrument, or by increasing the exposure time. How-
ever, this can lead to saturation in the bright regions observed on the solar disk. As such,
instruments have often focused on lower coronal structures, and relied on post-processing
techniques, such as those described in Section 2.2, to enhance extended corona observations.

Although the SWAP instrument uses post-processing to generate its Carrington data sets,
it has occasionally performed campaigns with longer exposures. SWAP has a CMOS de-
tector, which has the advantage over typical charge-coupled devices (CCDs) in that it does
not experience blooming effects when pixels become saturated. Blooming can lead to loss
of information not just in the saturated pixel but also in surrounding pixels. The SUVI in-
strument, the large-FOV imager on the GOES-R platforms, has incorporated antiblooming
circuitry in its CCD to avoid blooming-saturated pixels (Darnel et al., 2022), allowing SUVI
to observe extremely bright features, such as solar flares, without the destructive image ef-
fects of blooming.

The next generation of instruments that is being designed to observe the extended EUV
corona will also incorporate novel techniques to compensate for the dynamic-range dispar-
ity. The COSIE instrument (Golub et al., 2020) will use a spot filter over the brightest part
of the Sun and then stack multiple images to increase the photon count in the outer FOV,
without saturating the inner FOV. Alternatively, the Sun Coronal Ejection Tracker Concept
(SunCET: Mason et al., 2022) mission will leverage new CMOS-APS detector technology
to read out different areas of the detector with different integration times, resulting in a
simultaneous high dynamic range.

The misapprehension that EUV emission in the middle corona is too weak to observe
with current instrumentation is discussed by Seaton et al. (2021), but it stems from a lack of
direct measurements of the region. It is discussed by Del Zanna et al. (2018) that the EUV
intensity of the solar disk is comparable with that of the inner corona observed off-limb, but
the behavior of the coronal lines up to about 3 R, was not known until their study. There
were no direct measurements of coronal lines up to 3 R, in the quiet Sun, and the only study

@ Springer



SWAP and the Extended EUV Corona Page330f47 136

of the extended EUV corona is that by Goryaev et al. (2014), who concluded that collisional
excitation contributed >90% of the observed EUV emission inside the streamer. However, in
the background corona, the contribution to the emission from resonance scattering became
comparable with that of collisions at R 2 2 Rg. The lack of measurements can be directly
attributed to the difficulties in observing the region, and the nearly exponential decay of the
electron density with radial distance (see Section 2.1).

SWAP EUV images clearly show the complex and dynamical behavior of open and
closed structures extending out into the extended EUV corona. These observations, and later
those from SUVI and EUI FSI, have increased interest in the region, particularly the middle
corona, the region spanning heliocentric altitudes 1.5 and 6 Rg. The region is believed to
encompass almost all of the influential physical transitions and processes that govern the
behavior of coronal outflow. Importantly, it also modulates inflow from above that can drive
dynamic changes at low heights (e.g. Seaton et al., 2021). Correspondingly, this region is
essential for understanding and developing global models of the corona, the heliosphere,
and the eruptions that propagate through them.

As discussed in Section 3.2 the initiation phase of an eruption often occurs at heights
< 2 Rg, and the impulsive acceleration phase mainly occurs below, or within the middle
corona. As a consequence, the extended FOV of SWAP has been utilized by several authors
(e.g. Fainshtein and Egorov, 2013; Mierla et al., 2013; Sarkar et al., 2019) to study eruptions
through these early stages, which are crucial in shaping the kinematics of the eruptions.

Although SWAP has the largest FOV of any EUV imager along the Sun—Earth line,
an observational gap (Byrne et al., 2014; D’Huys et al., 2017; Reva et al., 2017) still exists
between its outer edge and the inner edge of WL LASCO (the only space-based coronagraph
also observing along the Sun—Earth line). Several studies have tried to bridge this gap (see
Section 3.2.2), either by using off-pointed SWAP observations (e.g. O’Hara et al., 2019) to
bring the EUV observations to the inner edge of the WL observations, or alternatively by
using ground-based coronagraphs with lower FOVs (e.g. Mk4; see Byrne et al., 2014), or
complementary eclipse observations (e.g. Pasachoff et al., 2011, 2015; Bazin, Koutchmy,
and Tavabi, 2013), although these observations are intermittent and cannot be used on a
continuous basis. The observational gap is gradually being filled with new EUV and WL
instruments.

SUVI has been making periodic off-point observations of the extended EUV atmosphere
since 2019 (Darnel et al., 2022). Seaton et al. (2021) used SUVI to carry out the first com-
prehensive study of the dynamics of the extended EUV atmosphere through multiple band-
passes on long timescales. The EUI FSI instrument onboard Solar Orbiter, launched in 2020,
thanks to its unique orbit, has made the widest observations of the EUV atmosphere through
its 17.4-nm passband, which extend out to several Rg. For comparison, Figure 16 shows a
SWAP and an EUI image (from SolO/EUI Data Release 5.0: Mampaey et al., 2022) side by
side, when EUI was positioned at a heliocentric distance of 0.4 Astronomical Units (AU);
the blue square in the left image highlights the periphery of the SWAP FOV.

The next generation of EUV instruments is being designed specifically to capture the
extended EUV corona, into the middle corona. SunCET is a new mission being developed
and designed to observe through a bandpass around 19.5 nm, out to 4 R, (Mason et al.,
2021). Separately, COSIE is a coronal spectrograph and imager (Golub et al., 2020), which
will observe out to around 3 R, and is currently being proposed to capture the energetics
of eruptions in their infancy.

From the WL perspective, the Association of Spacecraft for Polarimetric and Imaging
Investigation of the Corona of the Sun (ASPIICS: see references within Shestov et al., 2021)
is a novel externally occulted solar coronagraph currently scheduled to be launched in 2023
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Figure 16 SWAP (left) and EUI FSI (right) images from 08 April 2022 at 22:20 UT, when EUI had a separa-
tion angle of 132° with respect to the Sun—Earth line, near the back of the Sun, and at a heliocentric distance
of 0.4 AU. The blue square in the left image highlights the periphery of the SWAP FOV.

onboard the PROBA3 platform. The external occulter will be placed on a separate satellite
allowing WL observations between =~ 1.1 Ry and 3.0 Ry. Similar FOVs are also being
proposed on the Visible Emission Line Coronagraph (VELC) coronagraph to be launched
onboard the Aditya-L1 mission (Seetha and Megala, 2017).

Due to the observational gap few studies have been able to track eruptions directly from
the inner corona into the outer corona. The off-pointed SWAP observations presented by
O’Hara et al. (2019) (see Section 3.2.2) were used to track an eruption directly from EUV
into WL observations, allowing for a study of the eruption kinematics during the crucial
acceleration phase. However, it is discussed that associating features observed through EUV
passbands with those in the WL is challenging. In particular, the leading edge of the WL
eruption was not found to correspond to that observed in the EUV. O’Hara et al. (2019)
discuss that SWAP’s temperature response peaks at around 0.85 MK (as shown in Figure 4
of Raftery et al. (2013)), and as such, the leading edge observed in the EUV observations
most probably corresponds to the core of the eruption in the WL observations, rather than
the leading edge, which contains cooler filament material.

For meaningful studies to be made with combined EUV and WL datasets, overlapping
rather than side-by-side observations are required. Such observations would allow the ob-
server to understand which parts of the observed structure are co-spatial. Another benefit of
such observations would be to obtain thermal characteristics using the EUV bandpasses with
DEM techniques (Plowman, Kankelborg, and Martens, 2013), while estimating the density
from the corresponding WL observations.

The extensive use of SWAP to study solar eruptions, and its ability to monitor the sources
of space-weather activity in the lower corona, have made it an invaluable tool also for space-
weather forecasting, as described in the following section.

5.1. SWAP and Space-Weather Monitoring

Space weather comes in many forms, from the background solar-wind plasma, to more
short-lived events, including CMEs, solar flares, and SEPs accelerated by CME-driven
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shocks and flares. Even with its modest resolution, SWAP is able to observe all on-disk
space-weather-related phenomena, such as flares, coronal holes, active regions, and coronal
arcades (see discussion by West et al., 2020). Due to its large FOV it can also monitor off-
limb structures such as the kinematics of eruptions (see Section 3.2.1), helping to improve
forecasts of eruption arrival times; the positions of streamers and pseudo-streamers (see Sec-
tion 3.1.1); and the position of corona holes. Each event can influence the Earth in different
ways; SEPs can trigger solar-radiation storms throughout the solar system (Laurenza et al.,
2009), whereas the plasmas in eruptions and the solar wind can induce geomagnetic storms
and ionospheric disturbances, among other effects (see Hapgood, 2017). Due to the impacts,
especially on ever-increasing space-based sensitive equipment, space-weather forecasting
has become increasingly important.

The PROBA?2 spacecraft has served as one of ESA’s primary space-weather monitors
since the start of ESA’s Space Situational Awareness (SSA) programme (Luntama, Glover,
and Kraft, 2018). SWAP images are used routinely in space-weather forecasts, and support
several monitoring tools in the SSA Space Weather Coordination Centre (SSCC), and Solar
Weather Expert Service Centre. SWAP has also supported several ESA missions through
critical operational phases (Kruglanski et al., 2017).

In January 2014 the SSCC assisted the Gaia team (Prusti et al., 2016) during their
launch window and L2 insertion manoeuvre with dedicated space-weather forecasts, and
particle-storm / flaring-activity alerts. SWAP observations were used to monitor solar activ-
ity throughout the period. Similar forecasts and alerts were issued for a Vega rocket launch
in 2015.

During the aero-braking campaign when Venus Express (Titov et al., 2006) entered the
atmosphere of Venus (May to July 2014), SWAP was used to help monitor sources of en-
hanced solar radiation that could affect the atmospheric density at aero-braking altitudes.

Support was given throughout the Rosetta mission (Glassmeier et al., 2007), especially
in September 2014 during the landing and operations of the Philae probe, and again in
November 2014 when the spacecraft was escorting comet 67P/Churyumov-Gerasimenko
around the Sun, during a critical phase of the mission.

For Mars-based missions, such as Mars Express (Chicarro, Martin, and Trautner, 2004),
dedicated dashboards have been developed. These include annotated SWAP observations,
which are used as a reference for solar activity that may produce space-weather activity
affecting spacecraft operations and communication. More recently, SWAP has supported
the SSCC in their forecasts for the BepiColombo mission (Benkhoff et al., 2021) during its
Venus flybys in 2020.

5.1.1. Automatically Detecting Eruptions

Several algorithms have been constructed to automatically track and characterize eruption
kinematics in WL observations, including the Computer Aided CME Tracking System (CAC-
Tus: Robbrecht, Patsourakos, and Vourlidas, 2009) and Solar Eruptive Events Detection Sys-
tem (SEEDS: Olmedo et al., 2008). Such tools are important for the space-weather forecast-
ing and scientific communities, who can rely on them both to provide automated warnings,
and also to build up catalogs of eruption statistics.

In recent years, with processing enhancements improving the observation of off-limb
EUYV signals in large-FOV EUV instrumentation, instruments such as SWAP have been able
to detect eruptions to greater heights in the extended EUV corona. Therefore, automated-
detection algorithms could in principle be developed to supply additional, and earlier fore-
casts of eruptions, as well as offer a backup to WL-based techniques.
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Inspired by the WL automated-detection algorithms of CACTus and SEEDS, Patel et al.
(2021) used the large FOV of SWAP, along with EUVI and AIA observations to build and
test an automated-tracking algorithm, CME Identification in Inner Solar Corona (CIISCO),
that uses Fourier motion filtering and the parabolic Hough transform for the first time to
automatically detect off-disk solar eruptions in the lower and middle corona. The Hough
transform is suited to tracking the kinematic profiles of eruptions in their initiation and
impulsive phases.

The potential for large-FOV EUV imagers to not only monitor the sources of space-
weather activity in the lower corona but also eruptions off the solar limb have led to such
instruments being proposed for future space-weather monitoring platforms, such as the pro-
posed Lagrange eUv Coronal Imager instrument (LUCI: West et al., 2020) onboard the ESA
Vigil (formerly Lagrange) mission, which would observe from the Ls Lagrangian point.

5.2. SWAP’s Legacy

In recent years there has been a push to prioritize missions that observe and connect the
corona and heliosphere, in particular through observations of the middle corona. The region
encompasses almost all of the influential physical transitions and processes that govern the
behavior of coronal outflow, where the magnetic-field topology changes from predominantly
closed to open, and the plasma 8 from low to high values. Historically, this region has been
difficult to observe because it is too close to the Sun for practical WL observations, while
EUYV emission in this region was believed to be too weak to observe. Interest in this region is
due in no small part to the observations from SWAP, especially the Carrington data products,
which have revealed structures out through the extended EUV corona.

SWAP was able to create such an impact due to its innovative design and longevity.
Its large FOV (54’ x 54’) combined with optional off-points, observing through a spectral
bandpass centered on 17.4 nm, allowed it to monitor all space-weather related phenomena
in the lower and extended EUV corona, facilitating short-term and long-term studies alike.

The low-power and compact design of SWAP led to several design choices that directly
influenced the development of the EUI instrument onboard Solar Orbiter, and those being
implemented in the LUCI instrument on the proposed ESA Vigil mission. Instruments such
as the SUVI, can claim observational heritage from SWAP, in particular, the adoption of
optional off-point strategies to see further into the extended EUV corona.

SWAP has revealed the large-scale structures that populate the extended corona, in par-
ticular the middle corona. The next generation of instruments being designed, or recently
launched (including SunCET, COSIE, EUI, ASPIICS, VELC, and the Polarimeter to UNify
the Corona and Heliosphere (PUNCH: DeForest et al., 2022)), will explore: the substruc-
ture, the underlying composition, and the energetics and dynamics that generate emission of
the region. This will be performed co-spatially, at higher resolution, and through multiple
passbands, providing further access to this under-explored region.

Appendix

Here, we calculate the time taken for a hypothetical point source, located at a height H
from the solar-disk center, to rotate with the Sun a projected distance Ax from an arbitrary
projected distance xy. The corresponding angular distance is A8, and the starting angle 6,
as summarized in Figure 17a. The projected starting distance, from the disk center, can be
expressed as

xo = H sin (6) . (1
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Figure 17 Two schematics of the Sun observed from above the equatorial plane, showing the perceived
motion of hypothetical point sources, rotating with the Sun, at height H# from the Sun center. Panel a shows
a point source rotating across the solar disk, whereas Panel b shows a point source rotating off-limb, close to
the plane of the sky. See text for further details.

After a period At, the projected distance will have changed by

X0+ Ax = Hsin(6p + A9). 2)
Assuming the Sun has a constant angular rotation rate of ws = %, Equation 2 can be ex-
pressed as

xo Ax .

E-}-?:SIH(QQ-F(J)SAI), 3)

rearranging and substituting xo from Equation 1 we obtain:
.1 . Ax
sin sin (6p) + 573 =6y + wsAt. “4)

Rearranging for A¢, we find:

1 ( i < ' Ax) )
At = — | sin sin(@o) + — ) — 6 |- )
ws H

A similar derivation can be made to show the time taken for a source to rotate a projected
distance to the left of the disk center:

l ( i < ! Ax ) )
At = — [ sin sin(@p) — — | +6y ). (6)
ws H

When tracking a structure on the solar disk, we can assume H = Rg, and the point of
interest rotates across the solar disk. However, close to the limb the above formalism breaks
down, and equations 5 and 6 are only valid between —1 < (sin (6o) + %) <land —-1<
(sin (6) — %) < 1, respectively. At the solar limb we are only interested in the time taken
for a point to rotate a projected distance (Ax) close to the plane of the sky. Therefore,
a simpler, less arbitrary solution is used, as outlined in Figure 17b, where the projected
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distance changes from H — Ax to H in a time At. The angle subtended in this period can
be shown to be

1 H—Ax
A6B =cos — ), (@)
H
where once again we can substitute for the rotation rate:
1 o H—-Ax
At = — cos — . (8)
[N H

Equation 8 allows for more accurate estimates of the rotation time close to the limb, over
Equation 6.
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