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ABSTRACT

Context. On 2021 February 12, two subsequent eruptions occurred above the western limb of the Sun, as seen along the Sun-Earth
line. The first event was a typical slow coronal mass ejection (CME), followed ∼7 h later by a smaller and collimated prominence
eruption, originating south of the CME, followed by a plasma blob. These events were observed not only by the SOHO and STEREO-
A missions, but also by the suite of remote-sensing instruments on board Solar Orbiter.
Aims. We show how data acquired by the Full Sun Imager (FSI), the Metis coronagraph, and the Heliospheric Imager (HI) from the
Solar Orbiter perspective can be combined to study the eruptions and different source regions. Moreover, we show how Metis data
can be analyzed to provide new information about solar eruptions.
Methods. Different 3D reconstruction methods were applied to the data acquired by different spacecraft, including remote-sensing
instruments on board Solar Orbiter. Images acquired by the two Metis channels in the visible light (VL) and H i Ly-α line (UV) were
combined to derive physical information about the expanding plasma. The polarization ratio technique was also applied for the first
time to Metis images acquired in the VL channel.
Results. The two eruptions were followed in 3D from their source region to their expansion in the intermediate corona. By combining
VL and UV Metis data, the formation of a post-CME current sheet (CS) was followed for the first time in the intermediate corona.
The plasma temperature gradient across a post-CME blob propagating along the CS was also measured for the first time. Application
of the polarization ratio technique to Metis data shows that by combining four different polarization measurements, the errors are
reduced by ∼5−7%. This constrains the 3D plasma distribution better.
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1. Introduction

Space-based coronagraphs are currently the main available
tools for continuously monitoring the intermediate solar corona
(see, e.g., Hochedez et al. 2005). Images acquired by these
instruments provide unique input for the release of the first
? Movies associated to Figs. 4–7 are available at
https://www.aanda.org

alert and forecasting of the occurrence of prominence erup-
tions and coronal mass ejections (CMEs) and their possi-
ble impact on the Earth’s magnetosphere (see the review by
Webb & Howard 2012). Over the past decades, many space-
based coronagraphs allowed us to continuously monitor CMEs
and to study their early evolution from ∼1.5 to ∼30 R� over more
than two solar cycles (Yashiro et al. 2004; Gopalswamy et al.
2009), and more than 4 × 104 CMEs have been observed by
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these instruments (Lamy et al. 2019). The more recent multi-
spacecraft coronagraphic observations provided by the STEREO
mission also allowed (in combination with data acquired by
other instruments) investigating and unveiling the 3D structure
of CMEs, which can be now reconstructed with many different
forward- and backward-modeling techniques (see the review by
Thernisien et al. 2011, and references therein).

With the launch of the Solar Orbiter spacecraft (Müller et al.
2020) in February 2020, a new era of space-based coronag-
raphy started: the era of multiband coronagraphy. In partic-
ular, the Metis coronagraph (Antonucci et al. 2020) on board
Solar Orbiter is the first instrument that simultaneously observes
in the polarized visible light (VL) broadband in the inter-
val 580–640 nm, and in the UV narrow-band centered around
the 121.6 nm Ly-α line emitted by neutral H atoms (the most
intense line in the UV solar spectrum). A combined analy-
sis of VL and UV data can provide 2D maps of the electron
density and temperature inside CMEs (Bemporad et al. 2018),
thus allowing us to study the thermodynamical evolution of
CMEs during their early expansion phases for the first time (e.g.,
Susino & Bemporad 2016). These types of observations might
be decisive to finally understand the physical origin of the mys-
terious additional heating source observed by the UV Corona-
graph Spectrometer (UVCS; Kohl et al. 1995) on board SOHO
and reported by many previous authors (see Wilson et al. 2022,
and references therein). A comprehensive review of CME obser-
vations with UVCS can be found in Kohl et al. (2006), while a
catalog was compiled by Giordano et al. (2013).

Unlike coronagraphs, space-based extreme-UV (EUV)
imagers are the only instruments capable of providing
unique information about the pre-CME evolution in their
source regions and their early evolution in the inner corona
(Georgoulis et al. 2019), as well as the evolution of related
phenomena (Hudson & Cliver 2001; Zhukov 2007), such as
the so-called EUV waves (see review by Liu & Ofman 2014),
EUV dimmings (e.g., Zhukov & Auchère 2004), post-eruption
arcades (Tripathi et al. 2004), and CME-driven shocks (see,
e.g., Shen & Liu 2012; Mancuso et al. 2019). In this way, EUV
images help identify the most probable source of type II radio
bursts and acceleration of solar energetic particles (SEPs; e.g.,
Frassati et al. 2019; Kozarev et al. 2015). These instruments
were used for a long time, in combination with photospheric
magnetometers, to identify possible precursors or progenitors of
CMEs and flares (see the review by Chen 2011). Moreover, since
the launch of the STEREO mission, the CME origins in the inner
EUV corona can now also be imaged from perspectives differ-
ent than the Sun-Earth line. The Full Sun Imager (FSI), a tele-
scope of the EUI instrument (Rochus et al. 2020) on board Solar
Orbiter, added an additional view with images in its 17.4 nm
and 30.4 nm channels. A particularly useful aspect of FSI for
CME studies is its large 3.8◦ field of view (FoV), which provides
ample overlap with the Metis FoV (see Auchère et al. 2020).

To track CMEs farther away from the Sun, space-based
heliospheric imagers such as SMEI (Jackson et al. 2004) and
STEREO/HI (Howard et al. 2008) became a fundamental plat-
form for understanding the Sun-to-Earth propagation of any
solar disturbance, such as the interplanetary counterpart of
CMEs (ICMEs). These instruments became the baseline for our
understanding of the evolution of ICMEs and their associated
shocks, as well as for the prediction of their arrival times on
Earth and their possible geo-effectiveness (see the recent review
by Temmer 2021).

This capability is now being further enhanced by the Solar
Orbiter Heliospheric Imager (HI; Howard et al. 2020). HI is

comprised of four separate advanced pixel sensor (APS) detec-
tors that are combined to form a single optical system observing
the heliosphere in white light. The instrument has a 40◦ FoV,
typically centered near 0◦ in latitude and 25◦ elongation from
the Sun. HI is on the anti-ram side of the spacecraft, meaning
that in a nominal observing configuration for the spacecraft, HI
always observes off the east limb of the Sun.

We analyze the observations of three subsequent solar erup-
tions acquired by the above remote-sensing instruments on board
Solar Orbiter. After describing the events as observed by well-
established instruments to introduce the main ongoing phenom-
ena (Sect. 2), we describe the images acquired by the EUI
(Sect. 3.1), Metis (Sect. 3.2), and HI (Sect. 3.3) instruments in
more detail. The combination of these data allowed us to deter-
mine the 3D kinematics of the eruptions, as discussed in Sect. 4.
Finally (Sect. 5), the Metis polarized images acquired with the
VL channel are analyzed and inverted with the so-called polar-
ization ratio technique (Moran & Davila 2004). Results are then
summarized in the conclusions (Sect. 6), and we also discuss the
advantages of the Metis coronagraph with respect to previous
similar instruments.

2. Observations from the Sun-Earth line and
STEREO-A

On 2021 February 12, two subsequent eruptions occurred above
the west limb as seen along the Sun-Earth line. The complex
sequence of events is shown in Fig. 1 with regular (top) and
running-difference (bottom) images. The first event appeared
in the SOHO/LASCO-C2 images (Brueckner et al. 1995) as
a typical CME that started to appear in the instrument FoV
around 12:48 UT. The CME propagated in between two pre-
existing coronal streamers that were mostly unaffected by the
eruption. The subsequent images (see Fig. 1) show the progres-
sive expansion of the CME front, which enclosed a flux-rope-
like structure without any clear CME core. The CME had a
projected speed of ∼110 km s−1, as provided by the CACTUS
catalog (Robbrecht & Berghmans 2004). More refined evalua-
tions, based on LASCO running-difference images, give values
of∼80−90 km s−1 in the LASCO-C2 FoV and∼110 km s−1 when
the CME front entered the LASCO-C3 FoV, hence this can be
classified as a slow and accelerating event, as also reported by
the CDAW CME catalog (Gopalswamy et al. 2009), which pro-
vides an average acceleration by 5.8 m s−2.

Accordingly, the CME was not associated with any solar
flare, filament eruption, or radio burst, but the EUV images
acquired by the PROBA2/SWAP instrument (Berghmans et al.
2006; Seaton et al. 2013) show some activity (formation of
posteruption arcades) in a region located around 30◦–40◦ west
and 30◦ south (in the Stonyhurst coordinate system) starting
from ∼10 UT. This is two hours before the appearance of the
CME in the LASCO FoV and is outlined in Fig. 2 (third
panel). This is the most likely location of the CME source
region, as also supported by the EUV full-disk images acquired
by the STEREO-A/EUVI instrument (Howard et al. 2008) in
the 17.1 nm channel. In particular, on 2021 February 13, at
00:00 UT, the STEREO-A spacecraft was located at a separation
angle with the Earth of 55.86◦ east (see Fig. 3), and from this
vantage point, the spacecraft observed the off-limb early propa-
gation phase of the CME, appearing at 10:09 UT as a loop arcade
expanding from the west limb close to the instrument plane-of-
sky. The footpoints of the expanding arcade were located around
∼20◦south and ∼40◦south (see Fig. 2, right panel) in the Stony-
hurst coordinates.
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Fig. 1. Complex sequence of events between 2021 February 12 and 13 as shown by the PROBA2/SWAP imager and SOHO/LASCO-C2 and C3
coronagraphs (see text). The top panel shows intensity images, and the bottom panel shows the corresponding running difference images. All these
combined images have been created with JHelioviewer (Müller et al. 2017).

This slow CME was followed by a complex sequence of two
small-scale events. First, as observed from the ground by the
K-Cor coronagraph at the Maunaloa Solar Observatory (ML)
and the Global Oscillation Network Group Hα network moni-
tor operated by the National Solar Observatory, (NSO-GONG,
Harvey et al. 2011), a prominence following the CME started to
erupt on February 12 around 18:00 UT, leaving the instrument
FoV around 21:00 UT (see Fig. 4 and relevant data1). The promi-
nence appeared to leave the solar limb as seen from the Earth

1 https://search.datacite.org/works/10.5065/d69g5jv8

from a projected latitude of about 25◦ S, propagating mostly
toward the equatorial plane. The initial projected propagation
speed of the prominence is low, about 22 km s−1 as measured
with K-Cor images, but the prominence slowly accelerated up to
a speed of about 51 km s−1 when it left the instrument FoV. Dur-
ing its early expansion phase, the prominence clearly assumed a
hook-like shape, as shown in detail in the third bottom panel in
Fig. 4 acquired at 20:01 UT. This apparent shape is likely related
to twisting motions that occur in the early expansion phases: the
Hα images, acquired at earlier times at the Kanzelhöhe Obser-
vatory (KO; Pötzi et al. 2015) and by the NSO-GONG network
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Fig. 2. Early expansion of the CME front as observed at the beginning
of February 12 in the STEREO-A/EUVI 17.1 nm channel (see text). The
solid yellow line shows the location of the central meridian as seen from
Earth, and the latitude and longitude grid coordinates are given in the
Stonyhurst reference frame.

Fig. 3. Locations of the different spacecraft and Earth between 2021
February 12–13, as seen projected onto the ecliptic plane.

monitors (Fig. 5), show that the prominence rotated around a
vertical axis during the outward propagation, and changed its
orientation from mostly east-west to mostly north-south. Inter-
estingly, the K-Cor images also show that starting from ∼21 UT,
the northern leg of the prominence leaves the Sun. This resulted
in an almost radial intensity enhancement, while its southern leg
material was apparently deposited in the surrounding corona.

Associated with the prominence, the PROBA2/SWAP instru-
ment also simultaneously detected an expanding tongue of
plasma, outlined in Fig. 1 (top right panel), that was also
observed by the SDO/AIA telescopes. Hence, higher up in the
LASCO-C2 FoV, this eruption resulted in more filamentary
plasma features following the CME (Fig. 1, middle row pan-
els). The clear identification of features observed in the coron-
agraphs with the prominence is complicated by the occurrence
of the nearby CME, which was partially aligned along the line
of sight (LoS), and also because by the described prominence
twisting motions observed in the low corona which probably
proceed higher during the expansion. The prominence, propa-
gating at about 80 km s−1in the LASCO FoV, finally merged with
the post-CME plasma, becoming nearly indistinguishable from

the CME in the LASCO-C3 FoV. The observations of the same
prominence by Solar Orbiter/FSI is discussed below.

After the CME and the prominence, the LASCO images
show the propagation of an inverted V-shape smaller-scale inten-
sity enhancement (Fig. 1, middle row panels), resulting in a
radial coronal feature (aligned with the CME propagation lati-
tude) that we identify here as the post-CME current sheet (CS).
This identification is supported by and discussed below based
on Metis observations. Moreover, after the CME and the promi-
nence, the LASCO images also show the expansion of a col-
limated plasma blob that is almost coaligned with the post-
CME CS, and propagates much faster at a projected speed
of ∼380 km s−1 (see Fig. 1, middle and right bottom panels)
in the LASCO/C2 FoV. It therefore rapidly merges later on
with the slow CME and with the prominence that propagated
ahead. The origin of this post-CME blob is more uncertain
because no clear activity was observed by the SDO/AIA and
PROBA2/SWAP full-disk imagers. The study of this blob with
Solar Orbiter/Metis data is also discussed below.

When we consider the small separation angle between the
apparent source regions of the CME (Fig. 1, top panels) and
the prominence eruption (Fig. 4) and their time sequence, these
two events might be candidates for sympathetic eruptions (see
the review by Lugaz et al. 2017). The first event (a typical slow
CME with a front and a cavity, but no clear core) possibly
destabilizes a nearby prominence and opens (by some kind of
interchange reconnection) the route for its propagation, which
finally leads to the prominence eruption that expands near the
CME flanks. A similar sequence of events was described, for
instance, by Bemporad et al. (2008). The subsequent formation
of a post-CME CS (Fig. 1, middle panels) is typical for solar
eruptions because these features are thought to form as a conse-
quence of post-CME magnetic reconnection (e.g., Lin & Forbes
2000). This also suggests a possible physical explanation for the
subsequent more compact and faster plasma blob (Fig. 1, bot-
tom panels). Because this feature was also apparently aligned
with the prominence, it is possible that the blob was acceler-
ated by magnetic reconnection in the reconfiguration phases of
the solar corona in the post-CME CS. The formation of similar
plasma blobs is typical for the evolution of post-CME CS (e.g.,
Ko et al. 2003; Vršnak et al. 2009), and is thought to be driven
by a tearing instability that is related to the CME expansion (e.g.,
Shibata & Tanuma 2001; Bárta et al. 2008).

3. Events as observed from Solar Orbiter

In order to understand the different appearance of the events
described above as seen from Solar Orbiter, it is important to
consider that between 2021 February 12–13, the spacecraft was
separated by 161.6◦ east from the Earth in heliographic longi-
tude (see Fig. 3), hence was mostly observing the opposite solar
hemisphere with respect to the Earth. This means that all the
events that were observed above the west (east) limb from the
Sun-Earth line view are expected to propagate above the east
(west) limb as seen from Solar Orbiter.

3.1. EUI observations

We used Release 2 of the calibrated EUI/FSI data2. The cadence
of the FSI 17.4 nm images was about 30 min (see Fig. 6), and
no 30.4 nm images were taken. There is no counterpart of the
main slow CME observed in the Metis data, probably because

2 https://doi.org/10.24414/z2hf-b008
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Fig. 4. Prominence eruption as observed in the late hours of February 12 by the K-Cor coronagraph and the NSO-GONG network Hα monitor at
the ML (see also Fig. 6). The size of the FoV in the top and bottom panels is 1840′′ × 3000′′ and 850′′ × 310′′, respectively. The outer radius of
the off-limb annulus is about 115′′ larger than the solar radius. A movie is available online.

its source region was located on the opposite side of the Sun
(see Sect. 2) and because of the low speed of the CME, which
does not allow observing the development of coronal dimmings
above the limb (Kilpua et al. 2014; Palmerio et al. 2021). The
eruption of the prominence, in contrast, was well observed by
FSI (Fig. 6). The corresponding structure (bright in the 17.4 nm
passband) above the east limb slowly rose, starting from about
16:15 UT on February 12. By 18:15 UT, a concave-out structure
is formed, which evolves to the hook-like morphology seen at
19:45 UT. The hook-like structure rises with an average speed of
∼40 km s−1, becoming at 22:15 UT difficult to distinguish from
compression artifacts in the outer FoV of FSI. The southern leg
of the structure can still be seen to rise slowly even early on
February 13, while the northern leg has already erupted. No clear
coronal dimming was observed.

The origin of the propagating plasma blob observed by
LASCO at 08:16 UT (Fig. 1, bottom middle panel) is not seen in
the low corona by FSI. As anticipated, this structure was proba-
bly formed higher up in the corona in the post-CME CS.

3.2. Metis observations

Between 2021 February 12–13, the Metis coronagraph acquired
low-cadence sequences of VL and UV synoptic images. Both
instrument detectors were binned with a 2 × 2 binning, resulting
in 1024× 1024 pix2 VL images and 512 × 512 pix2 UV images,
with spatial scales of 20.3′′ pix−1 and 40.8′′ pix−1, respectively.
The Solar Orbiter spacecraft was located at a heliocentric dis-
tance of ∼0.5 AU, therefore the Sun was observed with an
apparent photospheric radius of 1934.52′′ , and the above pro-
jected plate scales correspond on the instrument plane of the
sky to about 7300 km pix−1 in the VL and 15 000 km pix−1 in the
UV.

The instrument acquired one full VL polarimetric sequence
every hour, consisting of four images at different orientations of
the linear polarizer, in parallel with two UV images. Each VL
image was obtained by averaging on board 15 frames acquired
at the same polarizer orientation with an integration time of
30 s, corresponding to a total effective exposure time of 450 s.
However, because Metis polarimetric observations are carried
out by cycling over the four specified polarizer orientations for
each acquired frame, which results in an interleaved stream of
polarimetric frames (see Sect. 9.1 in Antonucci et al. 2020), the

Fig. 5. Prominence eruption as observed from the beginning by the KO
and the NSO-GONG network Hα monitors at the CT and the ML. The
size of the FoV is 300′′ × 300′′. A movie is available online

elapsed time between the acquisition of the first and the last
frames, corresponding to the same polarizer orientation, is about
30 min, which is nearly equal to the time taken by the acquisition
of the full sequence. The UV images were obtained by averaging
15 frames acquired with an integration time of 59.967 s, corre-
sponding to a total effective exposure time of 899.5 s, so that the
acquisition of both images required about 30 min.

The data were calibrated by performing standard opera-
tions such as bias and dark subtraction, flat-field and vignetting
corrections, and exposure-time normalization (see Romoli et al.
2021). The improvements in the UV vignetting function
described in Appendix A of Andretta et al. (2021) were also
included. Each set of polarimetric VL images was combined
using the Müller matrix obtained from laboratory calibrations
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Fig. 6. Eruption of a bright structure (corresponding to the prominence shown in Fig. 4) observed in FSI 17.4 nm base-difference images taken
on 2021 February 12 at the different times given in each panel. The image taken at 15:15 UT was subtracted from each of the original images to
reveal the evolution of the coronal structure during the eruption. An online movie showing the event is also available. The images and the movie
were created with the JHelioviewer software (Müller et al. 2017).

to derive the corresponding total- (tB) and polarized-brightness
(pB) images.

It is worth noting that the synoptic program to which the
observations presented here belong was primarily designed to
monitor the status of the solar corona in a long time interval and
to provide additional context data for the joint science with the
other Solar Orbiter instrumentation. Acquisitions were therefore
not optimized for the study of solar transients and CMEs. For
this reason, considering that the acquisition of each VL sequence
was approximately twice as long as that of any single UV image,
some differences are expected in the appearance of moving fea-
tures. In particular, given the above pixel scales and acquisition
times, a partial blurring in the images is expected for every fea-
ture moving faster than ∼4 km s−1 and ∼16 km s−1 in the VL and
UV channels, respectively. In order to take the different dura-
tion of the UV and VL acquisitions into account, it is possible to
average the two subsequent UV images.

Selected VL pB and UV images are shown in the different
panels of Fig. 7 (top), in red and cyan, respectively; for each
image, the starting acquisition time is given at the top. Similar
to Fig. 1, this figure also provides the identification of differ-
ent features in the regular (top) and running-difference (bottom)
images. This figure shows that Metis observed the first CME as
a very faint front enclosing a darker cavity, followed by mul-
tiple filamentary features without any evident core. The CME
appeared to propagate in the Metis FoV above the east solar
limb as seen from Solar Orbiter, moving at an apparent pro-
jected speed of ∼80−100 km s−1 (a more precise value of this
speed is provided below based on 3D reconstructions). After the
transit of the CME, the Metis images also show faint filamentary
expanding features that resemble those that were observed by
LASCO and are likely related with the expansion of the promi-
nence. They are too diluted at these altitudes to produce signif-
icant Ly-α emission. The subsequent images also show a radial
intensity enhancement associated with the formation of the post-
CME CS, and the subsequent trailing plasma blob moving at a
projected speed of ∼210 km s−1 (as measured with the two UV

frames acquired at 08:15 and 08:30 UT). All these features (indi-
cated with white arrows in Fig. 1) are also marked in different
panels of Fig. 7.

The presence of spatial gradients in the plane-of-sky (PoS)
distribution of plasma velocities or temperatures should result
in variations in UV intensity distribution with respect to VL,
related with the Doppler dimming of UV Ly-α emission or the
abundance of neutral H atoms. A comparison between pB and
UV images shows no evident differences between the appear-
ance of CME features in the two channels, however, that could
suggest such gradients. On the other hand, the bottom left panels
of Fig. 7 show very interestingly that the post-CME radial fea-
ture that we identified as the CS appears as an intensity enhance-
ment in the VL and an intensity depletion in the UV Ly-α. This
difference is better shown in Fig 8, showing a zoom of the coro-
nal regions involved in the formation of this radial feature (left
panels), and a vertical (north-south) cut proving the normalized
intensity distributions across this feature in the VL (red lines)
and in the UV Ly-α (blue lines) before (top right) and after (bot-
tom right) its formation. These observations agree very nicely
with what was previously observed with the UVCS instrument
(see, e.g., Lin et al. 2005). In particular, the depletion in the Ly-
α emission is a signature of higher radial velocities along the CS
and higher plasma temperatures, both related to ongoing mag-
netic reconnection processes, and both resulting in a reduction
of the observed Ly-α emission.

In order to compare VL and UV observations of moving fea-
tures, it is important to take into account that considering the
above CME and blob propagation speeds in the Metis FoV dur-
ing the acquisition times, the observations are expected to be
blurred by approximately 24–69 and 6–17 pixels in the VL and
UV channels, respectively. These expected blurrings in the VL
channel are four times stronger than those in the UV because
the VL pixel resolution is twice better than in the UV, and the
VL acquisition time is twice as long as the UV. Because the
VL acquisition lasted ∼15 min longer than the UV acquisition,
we expect displacements between the VL and UV images by
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Fig. 7. Sequence of events between 2021 February 12–13, as observed by the Metis coronagraph in the VL (red) and UV (cyan) channels (see
text). The top panel shows regular intensity images, and the bottom panel shows the corresponding running-difference images. A movie is available
online

∼0.13 R� and ∼0.30 R� for the CME and the blob, respectively.
We also recall that the effective Metis spatial resolution of the
UV channel is degraded to 80′′ pix−1 (Antonucci et al. 2020).

To reduce differences related to the different acquisition time
intervals, it is sufficient for this sequence to average the two suc-
cessive UV frames to cover the same acquisition time in the

UV that is covered by one full VL polarized observation, and
avoid possible differences related with plasma motions. As an
example, by averaging the two UV images acquired between
08:15–08:30 UT and 08:31–08:46 UT, it is possible to perform
a comparison between the VL and UV normalized light distribu-
tions across the post-CME plasma blob, as is shown in Fig. 9,
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Fig. 8. The formation of the post-CME CS as observed by the two Metis channels. Left: zoom over the post-CME CS as observed by Metis on
February 13 between 02:38 and 06:38 UT in the UV (top) and the VL (pB, bottom) channels (see also the bottom right panel of Fig. 7). Right:
normalized UV (blue) and VL (red) north-south intensity profiles as obtained at 02:38 UT (top) and 06:38 UT (bottom) by averaging east-west
between −5.4 R� and −4.4 R� (see text for explanations).

Fig. 9. Propagation of the post-CME plasma blob as observed by the two Metis channels. Left: zoom of the expanding small-scale post-CME
plasma blob observed by Metis on February 13 between 08:15 and 08:46 UT in the UV (top) and the VL (tB, bottom) channels (see also the
bottom right panel of Fig. 7). These images are obtained from the ratio of the actual frames and those acquired between 12:15 and 12:46 UT on
February 12; the horizontal dashed lines mark the area in which the VL and UV intensities have been averaged to create the east-west profiles
shown in the right panels. Right: normalized UV (top) and VL (tB, bottom) east-west intensity profiles as obtained by averaging north-south
over the areas shown with horizontal dashed lines in the left panels. These profiles are obtained after a subtraction of the actual frames and those
acquired between 12:15 and 12:46 UT on February 12. The dotted line in the bottom right panel shows a comparison to the square root of the UV
profile shown in the top right panel (see text for explanations).
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which is also to be compared with the bottom right panel of
Fig. 7. The resulting radial distribution of the plasma blob emis-
sion appears to be broader in VL than in the UV image, where
the blob extension is instead more limited (Fig. 9, right panels).
In particular, the blob in the radial direction has an extension of
0.60 R� in VL and 0.48 R� in UV (by measuring the extension
within 75% of the intensity peak). Moreover, the blob in the UV
appears to be radially shifted with respect to the VL by about
0.15 R�. These interesting differences between the VL and UV
light distributions can be explained as discussed below.

A comparison between different VL and UV frames acquired
during the blob propagation shows that its radial extension
did not increase significantly with time. In particular, from the
analysis of the LASCO/C2 frames acquired on February 13 at
08:12 UT and 08:48 UT, it turns out that in this time interval the
blob expanded radially by no more than ∼0.09 R� (correspond-
ing to a projected expansion speed by ∼29 km s−1), propagat-
ing radially by 0.42 R� (corresponding to a projected propaga-
tion speed of 135 km s−1). Hence, the blob appeared to propagate
with a very limited radial expansion rate (∼20%), which means
that the radial speed distribution across the blob can be consid-
ered constant. As a consequence, no significant radial variations
of the Ly-α emission across the blob are expected because of
the Doppler dimming effect. Moreover, when we consider that
the unprojected propagation speed of ∼210 km s−1 corresponds
to a normalized Ly-α Doppler dimming factor ∼0.3 (see, e.g.,
Capuano et al. 2021, Fig. 3), and when we consider that the blob
is brighter in the VL hence has also a higher plasma density,
the observed Ly-α intensity increase associated with the blob
is expected to be mainly due to collisional rather than radia-
tive excitation of H atoms, similarly to what has previously been
discussed by Bemporad et al. (2018) for the Ly-α observations
of CME cores. Because the collisional component of the EUV-
UV emission lines is roughly proportional to the square of the
plasma density while the VL emission is roughly proportional to
the density, this could also explain why the radial extension of
the UV blob appears much more limited than what is observed
in VL.

To support this interpretation, the right panels of Fig. 9 show
the normalized radial intensity distributions across the blob as
obtained after subtraction of the pre-CME images for the UV
(top) and VL (bottom, solid line) acquired between 12:15 and
12:46 UT on February 12, as well as the square root of the UV
distribution (bottom, dotted line). The square root of the nor-
malized UV intensity profile appears much more similar to the
VL intensity profile, supporting the interpretation that the UV
emission is mostly collisional, but the evident shift by ∼0.15 R�
between the two profiles requires a different explanation. This
effect can be interpreted instead as an interesting signature of
a temperature gradient across the blob. In particular, when we
assume that the ascending top fraction of the plasma blob at
4.5 R� has a typical coronal streamer temperature at this altitude
by 1.0×106 K (see e.g., Vásquez et al. 2003), a gradual tempera-
ture increase across the blob up to ∼1.55× 106 K at 3.9 R� could
explain the observed apparent shift between the UV and VL pro-
files, as determined with the H ionization equilibrium curve pro-
vided by the CHIANTI spectral code (Dere et al. 2019). This
temperature increase corresponds to a decrease in the density of
neutral H atoms by about a factor 1.6: once the normalized VL
and UV profiles in the bottom right panel of Fig. 9 are equalized
at 4.5 R�, this factor allows us to reproduce the UV to VL inten-
sity jump at 3.9 R�. We also note that any possible radial varia-
tion of the Ly-αDoppler dimming coefficient across the blob due
to its radial expansion (neglected in the temperature estimate)

would lead to a shift between the VL and UV emissions opposite
to what is observed (bottom right panel of Fig. 9), by more sig-
nificantly reducing the Ly-α intensity in the blob regions located
at higher altitudes and moving faster, and vice versa. The possi-
ble physical explanation for this temperature gradient across the
blob is discussed in the last paragraph.

3.3. HI observations

During the period of February 12–14, HI was performing a test
observing program with a 2-h cadence on a single tile (Tile 1) of
the detector. This is the bottom right tile in the overall mosaic,
providing coverage of roughly 5◦–25◦ in elongation and −20◦–
0◦ in latitude. This coverage was sufficient to observe much but
not all of the CME front and associated material observed in
Metis. In particular, Fig. 10 shows a series of snapshots of the
HI observations between February 12 and 14. The images were
processed to minimize the F-corona and highlight the small solar
outflows visible in HI before the CME appears. The front of the
CME enters the instrument FoV just after 00:00 UT on Febru-
ary 13. Complex structures are visible behind the leading edge,
likely corresponding to the CME flux rope and outflows asso-
ciated with the restructuring behind the CME. This is shown in
Fig. 7.

A distinct structure is visible around 10:00 UT on
February 13, although it does not become easily isolated until
18:24 UT. This is thought to be related to the eruptive promi-
nence seen in Metis at 06:30 UT. Behind it, a small blob is also
observed, which likely is the HI counterpart of the plasma blob
highlighted in Fig. 7 at 08:30 UT in Metis.

To better illustrate the connection between structures seen in
Metis and those observed in HI, a J-map or height time plot fea-
turing data from both instruments is shown in Fig. 11, built by
extracting intensity slices at position angle of 94◦ or 4◦ below
the equatorial plane. The map has a gap of approximately 2◦ in
elongation between Metis and HI, but even without direct over-
lap of each FoV, it is possible to relate the features seen in each
instrument in a manner consistent with a streamer blowout CME
that has a gradual rise phase in the Metis FoV before it is acceler-
ated to a more constant speed in HI. The CME front in Fig. 11 is
denoted with a red line and corresponds to a profile with an aver-
age speed of ∼250 km s−1 throughout the combined FoV. Every-
thing between the red and green lines is considered to be either
part of the CME flux rope or an associated outflow. The eruptive
prominence is marked with the blue line and corresponds to a
slower speed of ∼170 km s−1.

4. Reconstructions with multiple observations

In order to identify the source regions of the events described
above and their subsequent evolution, we applied differ-
ent reconstruction techniques to derive their 3D positions,
namely, the graduated cylindrical shell (GCS) model (see e.g.,
Thernisien et al. 2009; Thernisien 2011) for the main CME, and
triangulation (Inhester 2006) for the erupting prominence.

The GCS model is meant to reproduce the large-scale struc-
ture of flux-rope-like CMEs. It consists of a tubular section form-
ing the main body of the structure that is attached to two cones
that correspond to the legs of the CME. Only the surface of the
CME is modeled, and its internal structure is not rendered. This
gives us information mostly about the propagation of the lead-
ing edge of the CME. The model fits the geometrical structure
of CMEs as observed by different white-light coronagraphs. The
output of the model is the propagation longitude and latitude, the
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Fig. 10. Series of HI still frames showing the passing of the CME
through Tile 1. Each frame is a cropped area of the full detector and
corresponds to all 2048 pixels in the x-direction and the top 920 detec-
tor pixels in the y-direction. The CME front is labeled in red in the
three frames where it is visible. The eruptive prominence (blue) and the
following plasma blob (yellow), corresponding to structures in Metis
(Fig. 7), are also shown.

half-angular width, the aspect ratio, the tilt angle with respect to
the solar equator, and the leading-edge height of the CME. The
fitting can be made for multiple consecutive time steps in the
corona giving the height and time profiles and the evolution of
the CME geometrical and kinematic parameters in the corona.

We performed the GCS fitting for the CME observed by
Metis at 15:15, 16:15, and 17:17 UT (see Fig. 12, right pan-
els). The corresponding LASCO-C2 and COR2-A images were
taken at 15:22, 16:22, and 17:22 UT (Fig. 12, left panels) and
at 15:24, 16:24, and 17:24 UT (Fig. 12, middle panels), respec-
tively. As the light travels in about four minutes from Solar
Orbiter to Earth and STEREO-A, these images were taken
3 min (LASCO-C2) and 5 min (COR2-A) later than the corre-
sponding Metis images. The results of the GCS reconstruction
are provided in Table 1 in the Stonyhurst coordinate system.

Fig. 11. Combined Metis and HI J-map at position angle 94◦. The
CME front (red), trailing edge (green), and the later eruptive promi-
nence (blue) are all denoted with lines on the plot. The HI FoV was
cropped to 16◦ in elongation to allow the Metis FoV from ∼1.25◦ to 3◦
to be seen better.

The CME propagates in a radial direction along a longitude
by 60◦ west and a latitude by 6◦ south. These coordinates
agree well with the location of the possible source region as
observed by the PROBA2/SWAP and STEREO/EUVI instru-
ments at approximately ∼20◦–30◦eastward and ∼24◦southward
(see Sect. 2), indicating that in the early propagation phases, the
CME expanded more westward and northward. This nonradial
expansion is also clearly suggested by the different locations of
the EUV front as outlined in the sequence of STEREO/EUVI
images (yellow lines in Fig. 2). Moreover, the height values pro-
vided in Table 1 correspond to an average radial speed of approx-
imately 60 km s−1, which is even lower than previous estimates
based on single images acquired by the LASCO and the Metis
coronagraphs. These differences are likely related to the weak-
ness of the CME front emission, which leads to uncertainties in
the position tracking that can be mitigated only by using multi-
ple view-point observations. It is important to note as well that
with such a low speed, no significant Doppler dimming effect is
expected in the Ly-α emission observed by Metis. This explains
the similarity between CME coronagraphic images acquired in
the VL and UV channels (Fig. 7).

We also performed triangulation on the leading edge of the
erupting prominence observed by FSI 17.4 nm at 19:15 UT and
by SWAP at 19:18 UT. The triangulation method requires iden-
tification of the same point in the two images (a process called
tie-pointing; see, e.g., Inhester 2006). Moreover, the method can
only be applied to relatively smaller-scale and compact features
(e.g., prominences or blobs) because a point-like geometry needs
to be assumed as well (Liewer et al. 2011). This assumption is
valid in this case, also because the separation angle between the
SWAP and FSI LoS was small (18◦), and by tracking the outer-
most bright region of the prominence, the errors are minimized.
The 3D positions of the LoS passing through the point that is
visible in the two images were calculated, and the position of the
intersection point in 3D space was determined. We performed
the triangulation on the outermost bright point of the leading
edge of the prominence observed by FSI and SWAP using the
scc_measure.pro program of SolarSoft (Thompson & Reginald
2008; Thompson 2009), which outputs the position of the fea-
ture in Stonyhurst coordinates (longitude, latitude, and height
from the center of the Sun; see Thompson 2006).

The images recorded at the time mentioned above showed
the erupting prominence in the FSI and SWAP FoV best. Later
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Fig. 12. The February 12 CME as observed by coronagraphs on board different spacecraft at different times. Upper row: GCS reconstruction of
the CME on February 12 observed by LASCO-C2 at 15:22–07:58 UT (left panel), by COR2-A at 15:24–08:24 UT (middle panel), and by Metis
at 15:15–12:15 UT (right panel). Middle row: GCS reconstruction of the CME on February 12 observed by LASCO-C2 at 16:22–07:58 UT (left
panel), by COR2-A at 16:24–08:24 UT (middle panel), and by Metis at 16:15–12:15 UT (right panel). Lower row: GCS reconstruction of the
CME on February 12 observed by LASCO-C2 at 17:22–07:58 UT (left panel), by COR2-A at 17:24–08:24 UT (middle panel), and by Metis at
17:15–12:15 UT (right panel).

Table 1. 3D CME parameters as derived from the GCS fitting.

CME Date and time Longitude Latitude Tilt angle Height Ratio Half angle
(yyyy-mm-dd hh:mm) (◦) (◦) (◦) (R�) (◦)

2021-02-12 15:15 W 60 S 06 0 4.042 0.4 30
2021-02-12 16:15 W 60 S 06 0 4.328 0.4 30
2021-02-12 17:15 W 60 S 06 0 4.642 0.4 30

Notes. Column (1): date and time of the reconstruction in Metis. Columns (2) and (3): longitude and latitude of the CME as observed from the
Earth. Column (4): tilt angle with respect with the solar equator. Column (5): height of the CME measured from the center of the Sun in solar radii
(R�). Columns (6) and (7): aspect ratio and half-angle of the CME, respectively.
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Fig. 13. 3D distribution of plasma-emitting elements as obtained from the polarization ratio technique applied to the VL Metis observations of the
CME front (top panels) and the post-CME blob (bottom panels). Different colors correspond to different distances from the PoS (located at Z = 0)
as given in the left panels.

on, the leading edge of the eruption is hardly visible in SWAP
images. The derived longitude, latitude, and height are 85◦ west,
16◦ south and 1.447 R�, respectively. This places the erupting
prominence approximately 25◦ westward and 10◦ southward
with respect to the main CME propagation direction as recon-
structed by the VL coronagraphs. When we also consider the

value of the CME half-angle of about 30◦ as provided by the
GCS reconstruction, this suggests that the prominence erupted
from a region that was located on the disk very close to the pos-
sible location of the flanks of the expanding CME. This sup-
ports the possibility that the final prominence destabilization was
related to the nearby CME expansion.
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Fig. 14. Scatter plot comparisons between the distributions of LoS positions as obtained with the polarization ratio technique applied to the same
Metis data points using four (Z4) and three (Z3) different orientations of the linear polarizer for the CME front (left) and the post-CME blob (right).
The solid lines show the reference curve for Z4 = Z3, and the dashed lines show the best fit.

5. Reconstruction with polarization ratio

We also performed the 3D reconstructions with the polariza-
tion ratio technique (first described by Moran & Davila 2004)
that has been applied by many different authors to reconstruct
solar eruptions in 3D based on single viewpoint observations.
This technique is particularly interesting for halo CMEs (e.g.,
Dolei et al. 2014; Lu et al. 2017), and results from this technique
were compared and validated with multiple viewpoint observa-
tions (see, e.g., Mierla et al. 2010, 2011; Feng et al. 2013) and
also with spectroscopic observations (Susino et al. 2014). Nev-
ertheless, before Metis, all the coronagraphic space-based data
so far were acquired in the VL and using only three differ-
ent angular orientations of the linear polarizer, typically sepa-
rated by 60◦ or 120◦. This number of exposures may result in
errors in the estimate of the pB and polarization angle, as inves-
tigated with magnetohydrodynamic (MHD) numerical simula-
tions by Pagano et al. (2015) and more recently quantified by
Inhester et al. (2021). These errors might be mitigated by acquir-
ing a larger number of exposures.

With the Metis coronagraph, it is now possible for the first
time to have sequences VL of coronagraphic images that were
acquired with four different orientations of a linear polarizer,
separated by ∼45◦(see Antonucci et al. 2020, for more details).
Hence, the polarization ratio technique can be applied to pB and
tB images for the first time that were derived from polarized
sequences acquired with four different orientations of the lin-
ear polarizer. This is expected to reduce the uncertainties in the
polarization measurement, hence smaller dispersion in the mea-
surement of the LoS average position of the scattering plasma.

In order to quantify the advantages of using four polarimet-
ric acquisitions instead of three, for the analysis performed here,
we combined selected sequences of Metis VL polarized images
in two different ways for the three and four polarizer orien-
tations. Because Metis polarimetric observations are routinely
performed using polarization angles δ1 = 181.8◦, δ2 = 49.1◦,
δ3 = 84.3◦, and δ4 = 133.2◦, we neglected the fourth image
of the selected sequences to simulate an acquisition obtained
with only three polarizer orientations. The Stokes vector images,
and in turn, the pB and tB images, were then derived from the
three polarized images using the inverse of the theoretical Müller

matrix corresponding to the effective polarization angles δ1, δ2,
and δ3. Furthermore, to reliably compare the two cases, we also
derived special pB and tB images from the full polarimetric
sequence (i.e., also including the image corresponding to the
δ4 orientation) by using the theoretical Müller matrix instead
of that measured during laboratory calibrations. This alterna-
tive approach is necessary because the laboratory Müller matrix
has been derived from pixel-by-pixel measurements in order
to account for inhomogeneities in the polarimetric response of
Metis polarimeter. Therefore it cannot be used to derive the
Stokes images from a subset of the four polarized images of a
nominal sequence.

Starting from the resulting pB and tB images as obtained
with four different orientations of the linear polarizer, we applied
the polarization ratio technique to measure the LoS distribution
of plasma-emitting elements located in the CME front and in the
the post-CME blob. In particular, for the CME front, the tech-
nique was applied to the polarized sequence acquired by Metis
on February 12 between 20:15 and 20:45 UT after subtracting
the pre-CME sequence acquired on the same day between 13:15
and 13:45 UT. On the other hand, for the post-CME blob, the
technique was applied to the polarized sequence acquired by
Metis on February 13 between 08:15 and 08:45 UT after sub-
tracting the previous sequence acquired on the same day between
07:15 and 07:45 UT. For comparison, the reconstructions were
then also performed using the same images as obtained with only
three different orientations of the linear polarizer.

The resulting 3D distributions are shown in Fig. 13 for the
CME front (top three panels) and the post-CME blob (bottom
three panels). The Cartesian coordinates are the same as those
employed in Fig. 9. These measurements show that the CME
front plasma was located at an average heliocentric distance of
hfront = 3.65 R� and a distance from the PoS along the Metis
LoS by Zfront = (2.87 ± 0.57) R�, while the post-CME blob
was at an average heliocentric distance of hblob = 4.04 R�,
at an average distance from the PoS along the Metis LoS by
Zblob = (1.62±0.16) R�. In the Stonyhurst coordinates, the CME
front therefore expanded at an average longitude θfront = 68◦
west, while the post-CME blob expanded at an average longitude
θblob = 85◦ west. These angles agree very well with values pro-
vided by the 3D reconstruction of the CME with the GCS model
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and with the location of the erupting prominence derived with
triangulation. This means that the post-CME blob, whose ori-
gin is unclear because it was observed only in the coronagraphic
images and not in the EUV disk images, was almost aligned with
the previous propagation of the erupting prominence. This sug-
gests a clear association of the two events.

It is also interesting to compare the LoS coordinate distribu-
tions Z of the plasma-emitting points as obtained by Metis using
images acquired with three (Z3) or four (Z4) different orientations
of the linear polarizer. This interesting comparison, performed
here for the very first time, is given by two scatter plots in Fig. 14
for the CME front (left panel) and the post-CME blob (right
panel). Each panel shows the ideal reference curve for Z4 = Z3
(solid lines), and the best linear fitting curves (dashed lines).
Fig. 14 shows that the LoS measurements of Z3 as obtained only
with three different orientations of the linear polarizer would be
systematically underestimated by 0.14 R� and 0.12 R� on aver-
age for the CME front and the post-CME blob, respectively.
These underestimates correspond to relative errors in the LoS
positioning of 4.9% and 7.4%, respectively. This quantifies the
improvement in the 3D reconstructions of CMEs based on the
polarization ratio technique applied to the Metis data.

6. Summary and conclusions

We analyzed a complex sequence of three successive eruptive
events that occurred on the Sun between 2021 February 12–
13. During these days, the Sun released a slow and accelerating
CME, followed by a nearby prominence eruption and a trailing
plasma blob. The events have been observed not only by ground-
and space-based instruments located along the Sun-Earth line,
but also by the STEREO-A and Solar Orbiter spacecraft, located
at separation angles with the Earth of 55.86◦ east and 161.6◦
east, respectively. The analysis presented here focused mostly on
the data acquired by remote-sensing instruments on board Solar
Orbiter, and was also supported by data acquired by other instru-
ments; the main results are summarized here.

The combination of images acquired by different view points
with triangulation (applied to FSI data) and GCS fitting tech-
nique (applied to Metis data) allowed us to reconstruct the 3D
trajectory and source regions of the CME and the erupting
prominence. The 3D location of the plasma blob was inferred
with the polarization ratio technique. The CME originated in
the western hemisphere (as seen from the Earth) and then prop-
agated westward and northward. The following prominence
erupted closer to the west limb (as seen from the Earth) and prop-
agated northward. The subsequent blob followed approximately
the same trajectory as the prominence.

These results once again confirm the importance of 3D
reconstructions for measuring the real propagation speed and
direction of solar eruptions, which were both different from what
was determined from single view-point observations. This is
important not only for space weather applications, but also for
a physical interpretation of the observed events: in this case,
the westward early CME propagation and its angular exten-
sion support a possible cause-effect association with the subse-
quent destabilization of the erupting prominence, making these
two candidate sympathetic events. Moreover, the coalignment
between the prominence and the following post-CME blob also
suggests that the blob originating in the corona is likely due to
magnetic reconnection that occurred in the corona after the tran-
sit of the prominence. All the events were also observed by the
HI instrument, and despite the existing gap between the Metis

and HI instrument FoVs, the combined J-maps allowed us to
clearly track the same features in the two instruments.

For the first time, a post-CME CS has been observed in the
intermediate corona with a multichannel coronagraph in the VL
and UV Ly-α. This radial feature appears as a classical inten-
sity enhancement in the VL (because plasma is compressed in
the CS), and an intensity depletion in the UV Ly-α (because the
radial speeds and temperatures of plasma that propagates along
the CS are higher), thus confirming previous UVCS observations
of similar features in the H i Ly-α (Lin et al. 2005) and also in
the Ly-β (Bemporad et al. 2006) lines. Also for the first time, the
images acquired by the two Metis channels in VL and UV were
combined to measure the plasma temperature gradient across the
post-CME blob. The observed shift between the VL and UV blob
location was explained here by assuming that the Ly-α emission
is entirely collisional because of Doppler dimming. With this
assumption (and by also assuming ionization equilibrium), the
shift is explained by a radial temperature increase across the blob
from 1.0 × 106 K in the ascending top part up to ∼1.55 × 106 K
in the lower bottom part.

The polarization ratio technique applied to Metis images pro-
vides values for the 3D location of the CME that agree very well
with 3D reconstructions obtained with other methods. Moreover,
we quantified the improvement in the 3D reconstruction capabil-
ities based on images acquired with four (instead of three) dif-
ferent polarization angles for the first time.

Before we conclude, it is interesting to discuss a possi-
ble explanation and the implications for the measured tem-
perature gradient across the post-CME blob. Similar small-
scale post-CME blobs are usually interpreted as a result of
post-CME coronal rearrangement and magnetic reconnection
(e.g., Lynch & Edmondson 2013), in particular, along the newly
formed post-CME CS (see, e.g., Liu et al. 2009; Chae et al.
2017). These blobs are typically hardly observed in EUV disk
images (Schanche et al. 2016), making it difficult to understand
their origin, and are typically observed in post-CME CS (see,
e.g., Ko et al. 2003; Vršnak et al. 2009). Recently, Lee et al.
(2020) reported the identification of the same plasma blobs as
observed by LASCO and also in ground-based images acquired
by the K-Cor coronagraph, demonstrating that their formation
is likely due to a tearing instability (Shibata & Tanuma 2001;
Bárta et al. 2008) that occurs just above the tip of post-CME
CS, leading to magnetic reconnection that in most cases accel-
erates these blobs upward. This also agrees with Reeves et al.
(2019), who studied the formation of dense plasmoid-like struc-
tures that break up the post-CME CS by a tearing instability,
whose plasma is heated predominantly by adiabatic compres-
sion rather than ohmic heating. This implies that the onset of
the plasmoid instability increases the heating of the surround-
ing plasma by adiabatic compression as the inflow velocity
increases.

These previous findings suggest that the temperature gradi-
ent reported here for the first time might be the result of post-
eruption magnetic reconnection driven by tearing instability and
occurring in the corona just below the plasma blob. This recon-
nection therefore causes the outward acceleration of the blob
and additional heating of the plasma by adiabatic compression,
resulting in the observed temperature gradient. Future observa-
tions of similar blobs by Metis will be helpful to confirm or
refute this scenario.
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was built with hardware contributions from Germany (Bundesministerium für
Wirtschaft und Energie (BMWi) through the Deutsches Zentrum für Luft- und
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