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ABSTRACT

Context. The study of the kinematic and dynamic evolution of fast, eruptive events from the middle to the high solar corona is one
of the primary scientific objectives of the Metis coronagraph on board the Solar Orbiter satellite. During the spacecraft’s perihelion
passages, Metis operates in an observational mode that acquires visible light images at a cadence of 20 seconds, achieving a spatial
resolution of around 2000 km at a solar distance of 0.28 au. This capability enables the detailed capture of coronal structures and
transient events, such as coronal mass ejections (CMEs), with unprecedented spatial and temporal resolution.

Aims. Between October 8 and 9, 2022, an extensive CME was observed in the Metis plane of the sky while Solar Orbiter was at a
distance of 0.3 au, allowing for a spatial resolution in the visible channel of 4.4-10° km/pixel. We aim to exploit the unprecedented
high resolution of Metis observations to resolve multiple substructures within the CME front, revealing plasma elements propagating
at different speeds and along distinct trajectories, enabling a detailed kinematic characterisation of the eruption.

Methods. To highlight the complex morphology of the solar eruption observed in Metis images, a normalisation-based running
difference enhancement algorithm was applied. Height-time diagrams were implemented to estimate the propagation speeds and
frequency variations of newly emerging features. In addition, a three-dimensional reconstruction model of the flux rope structure,
combined with data from other space-based coronagraphs and disk imagers, enabled tracking of the entire CME evolution from its
early phase in the lower corona up to the middle corona (approximately 5 solar radii). Joint observations with Solar Orbiter/EUI-FSI
provided insights into the eruption’s initiation in the inner corona, while Metis’ high resolution imaging captured its development into
the middle corona, allowing a comprehensive view of CME kinematics across multiple coronal layers.

Results. The high spatial and temporal resolution observations provided by Metis make it possible to study the fine structure of the
CME, highlighting the internal motions of the coronal plasma and characterising its kinematic evolution. The results obtained from
this study contribute to a deeper understanding of the morphology and kinematics of CMEs. Furthermore, the detection of circular,
fast-propagating wavefronts (travelling at ~500 km/s with a characteristic period of ~3 minutes) at the western flank of the CME
front opens new interpretative scenarios, suggesting the involvement of wave excitation and magnetic field reconfiguration processes
in shaping the CME evolution. Multiple interpretations are proposed for the observed coronal plasma wave trains, including the
presence of quasi-periodic propagating fast modes, providing new insights into wave generation and energy transport in the solar
corona.
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1. Introduction

Coronal mass ejections (CMEs) are defined as large-scale ex-
pulsions of magnetised plasma from the lower corona into the
interplanetary medium. Since the advent of space-based ob-
servations, they are among the most extensively studied so-
lar eruptive phenomena (Howard et al.|2023)). Historically, our
understanding of the large-scale morphology and structure of
CMEs comes from space-based white-light coronagraphs, such
as STEREO/SECCHI CORI1 and COR2 (Kaiser et al| 2008}
Howard et al.|[2008a) and SOHO/LASCO C1, C2, and C3
(Domingo et al.|[1995; [Brueckner et al.|19935)), which offer com-

plementary vantage points and continuous solar monitoring.
These instruments enabled extensive statistical studies of CME
kinematics from the standpoint at 1 au and laid the foundation for
the current physical comprehension and theoretical modelling of
these transient phenomena evolution.

The observed appearance of CMEs in white-light images re-
sults from Thomson scattering effects, which describe the inter-
action of sunlight with free electrons present in the corona and
CME plasma. The geometry of the CME relative to the Sun-
observer line (which affects projection), as well as the polarisa-
tion properties of the scattered light, further modulate its appear-
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ance, enhancing or suppressing specific CME features (Vourli-
das & Howard|[2006; [Howard & DeForest||2012)). This results in
a wide range of observed morphologies, with brightness varia-
tions expected to be substantially influenced by the CME’s loca-
tion relative to the Thomson surface (i.e. the sphere of maximum
scattering efficiency, Vourlidas & Howard|2006)).

The standard CME structure consists of three distinct com-
ponents: a frontal loop, a dark inner cavity, and a dense bright
core, which is often aligned with an erupting prominence (Chen
2011; Webb & Howard [2012). Moreover, the appearance of
a CME is strongly influenced by various geometrical factors,
mainly depending on their magnetic configuration and projec-
tion effects (Forbes| [2000; |[Cremades & Bothmer| 2004). Cer-
tain CMEs exhibit more intricate geometries, possibly depend-
ing on their initiation mechanisms and surrounding ambient
corona. Some CMEs appear as narrow jets, while others, known
as streamer blowout CMEs, arise from the disruption of pre-
existing coronal streamers (Vourlidas & Webb| 2018). Halo
CME:s, observed as large-scale and outward expansions, arise
when the eruptions are directed along the Sun-observer line,
causing significant projection effects.

A substantial amount of research has focused on exploring
the internal structure of these phenomena from a magnetic field
perspective and interaction with the surrounding coronal envi-
ronment. Understanding their formation mechanisms and evo-
lution requires detailed studies of their three-dimensional (3D)
structure and origin, such as investigating the role of magnetic
flux ropes and prominences at the core (Cremades & Bothmer|
2004; \Vourlidas et al.|[2013; [Howard et al.[2017).

With the advent of high resolution imaging instruments op-
erating at closer distances from the Sun, such as those on board
Solar Orbiter (SolO, Miiller et al.|2020) and Parker Solar Probe
(Fox et al.[2016)), CME observations have undergone a paradigm
shift (Howard et al.|2022)). The shift is characterised by moving
from traditional, 1 au vantage viewpoint coronagraphy to multi-
perspective and close-proximity observations that capture CMEs
in their early acceleration and formation phases. The improved
spatial and temporal resolution of these instruments enables di-
rect observation of fine-scale structures (Cappello et al.[[2024)),
magnetic reconnection signatures, and rapid dynamical evolu-
tion, previously unresolved in SOHO or STEREO-era data.

Among the key instruments on board SolO, the Metis coron-
agraph (Antonucci et al.|2020) has been acquiring images of the
solar corona in two wavelength bands since 2020. This exter-
nally occulted coronagraph is equipped with two imaging chan-
nels: a visible light (VL) channel, sensitive to Thomson scatter-
ing of photospheric light by coronal electrons (broadband 580-
640 nm), and an ultraviolet (UV) channel that detects H1 Ly-a
line emission at 121 nm, tracing resonantly scattered radiation
from neutral hydrogen atoms. When operating at heliocentric
distances between 0.28 (resulting in a field of view (FoV) rang-
ing from 1.7 to 3.6 solar radii (Rg)) and 0.5 au (with related FoV
from 3.0 to 6.4 R), Metis provides a spatial resolution up to 20
times higher than that achievable at 1 au.

The present study aims to demonstrate the unique capability
of Metis to image the middle corona at high spatial and tempo-
ral resolution, revealing fine-scale structures within CMEs that
have remained unseen by previous coronagraphs. Leveraging its
specific high resolution white-light observation modes, Metis
enables us to resolve both the morphology and kinematics of
CME:s in unprecedented detail, including the identification of
substructures within the magnetic flux rope and the surround-
ing plasma environment. A particularly remarkable achievement
highlighted in the present work is Metis’ ability to capture coro-
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nal wave trains propagating laterally to the CME front. Wave-
like disturbances, closely associated with solar eruptive events,
provide crucial diagnostics for understanding the CME dynam-
ics, energetics, shock formation, and heating processes of the
outermost solar atmosphere (Warmuth! 2015} Jess et al.[|2023a).
Previous research using extreme ultraviolet (EUV) imagers such
as SOHO/EIT (Delaboudiniere et al.|[1995)), STEREO/SECCHI
EUVI-A (Howard et al.|[2008b)), and SDO/AIA (Pesnell et al.
2012) has allowed for the tracking of EUV wave propagation
across the solar disk. Unlike EUV imagers, which capture chro-
mospheric and lower coronal wave signatures, as will be demon-
strated below, Metis allows direct imaging of coronal wave trains
in white light, providing an insight into their propagation in the
middle corona and their potential role in magnetosonic wave
mode generation. Recent works by the Metis team have also ex-
plored the potential of high-cadence observations not only in the
early evolution of the CME (Bemporad et al.|[2025) but also for
the first time detection of wave-like density fluctuations in coro-
nal structures such as streamers and pseudo-streamers (Andretta
et al.|2025).

In Sec.[2] we present the description and the morphology of
the CME under study. Sec.[3]is dedicated to the study of the kine-
matics of the event and its details, as evidenced by the Metis VL.
high-cadence observations. In Sec.[d] a comprehensive synthe-
sis of observations is presented, along with the morphological
analysis of the event and the detailed interpretation of the coro-
nal wave trains. A summary of the main findings is outlined in
Sec.3l

2. Observational study of the 8-9 October 2022
coronal mass ejection

Between 8 and 9 October 2022, the CME under investiga-
tion erupted from the south-western limb of the Sun and was
observed in succession by multiple instrument. SolO/EUI-FSI
(Rochus et al.|[2020) detected the event around 22:00 UT on 8
October; Metis observed the CME entering its FoV from the
south-west by 00:17 UT on 9 October, tracking it until approxi-
mately 12:00 UT, after which only residual plasma flow was de-
tected. The CME remained visible until 18:00 UT the following
day, when it reached the end of the FoV of SOHO/LASCO-C3,
the coronagraph with the widest coverage (up to 30 Ry). Obser-
vations from Metis on Solar Orbiter, positioned at 0.3 au, cap-
tured the event within an annular FoV spanning 1.8-3.9Rg.
During this period, Metis operated in a dedicated observa-
tional mode designed to track coronal wind flows, both slow
and fast streams (namely WIND observation mode, |Antonucci
et al.[2020) [ﬂ Images were acquired at 16 min cadence in the VL
channel and 8 min cadence in the UV channel, corresponding
to exposure times of 3.5 min and 7 min, respectively, over a 12-
hour observation period. This observational sequence was briefly
interrupted for a 40-minute high resolution total brightness ac-
quisition (namely FLUCTS-TBF mode, |Antonucci et al.|[2020)
from 03:30UT to 04:10 UT, during which time the UV chan-
nel was inactive. VL total brightness images were produced us-
ing four quadruplets of linearly polarised images, calibrated fol-
lowing the in-flight radiometric calibration procedure in|De Leo
et al.|(2023). During this high resolution mode, images were ac-

! 'The Solar Orbiter Observing Plan (SOOP) for the 8 and 9 Octo-
ber 2022, performed in coincidence with other SolO instuments, was
L_FULL_HRES_HCAD_Coronal-Dynamics. This SOOP focuses on
the observation of structures in the outer corona and linking them to
the in-situ heliosphere observations.


https://www.cosmos.esa.int/web/solar-orbiter/soops-summary
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Fig. 1: Composite images of the disk observed by SolO/EUI-FSI at 174 A and the corona observed by Metis during the event
on 9 October 2022. The first row displays Metis VL channel images in total brightness (the associated movie is available online
Metis_tB_EUI_FSI174.mp4), while the second row shows the UV channel images. Orange arrows indicate the UV dark ring edges.
Green arrows denote the flanks of CME as seen in the UV FoV. SolO/EUI-FSI images have been processed using the Multi-scale

Gaussian Normalisation algorithm (MGN, Morgan & Druckmiiller] (2014)). Metis total brightness images have been normalised

after subtracting a minimum background image created for this set of images. Metis UV images are shown as base difference
images, where the base frame used to subtract the contribution of the K-corona was acquired on 8 October 2022 at 18:10 UT. The
SolO/EUI-FSI data used in this work are taken from Kraaikamp et al.| (2023).

quired every 20 seconds, optimising the investigation of density
fluctuations in the middle corona (see also|Andretta et al.|[2025).
The combination of high temporal cadence and a pixel-scale of
4.4 -10° km/px] (after rebinning) allowed for an in-depth study
of the CME’s internal structure. For each observational mode
and spectral channel, individual images were generated through
an on-board averaging process of NDIT images, captured with
designated detector integration times (DITs) to ensure a total ex-
posure time matching the total cadence (see Tab.[I)). UV channel

images were instead calibrated according to[De Leo et al.| (2025)).

Figure[l] shows the evolution of the event, displaying the
composite images of SolO/EUI-FSI observations at 174 A and
Metis total brightness (top panels) and UV images (bottom pan-
els). The first and third frames in the top row, acquired in the
standard WIND observation mode, exhibit slightly blurred struc-

tures, due to the longest integration time, compared to the middle
frame, which was obtained during the FLUCTS-TBF mode with
only 0.33-minute integration time. The central image distinctly
reveals well-defined structures within the evolving CME, which
are discussed in detail in Sec.[3l These three frames are base dif-
ferences normalised using an image Byom(7) derived by aver-
aging the values of the minimum background frame B,, along
the azimuthal direction, where r represents the distance from
the centre of the solar disk. The background image B,, was de-
rived by calculating the pixel-by-pixel first percentile across the
brightness image series.

Two movies of the Metis total brightness images are avail-
able as supplementary material: Metis_tB_HR.mp4 shows only
the high resolution 40-min sequence enhanced as described in
Sec.[3} Metis_tB_EUI_FSI174.mp4 shows the whole sequence
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Table 1: Observing parameters for the event as seen by Metis.

Event Time Binning DIT NDIT Texp Cadence  Spatial scale
date [UT] [s] [min] [s] [103 km/pxl]
90Oct.2022 00:17-12:00 | VL UV | VL UV |VL UV | VL UV | VL UV | VL UV
WIND Obs. mode 2x2  2x2 | 30 60 7 7 3.5 7 | 960 480 | 4.5 9
FLUCTS - TBF Obs. mode  2x2 - 20 - 1 - 1033 - 20 - 4.5 -

Notes. The table provides: the event date and time range in the Metis FoV. The data acquisition settings (binning, detector integration time (DIT),
the number of images averaged on board (NDIT), exposure time (T.,,), cadence, and spatial scale of the images after binning for both Metis
channels and observation modes) are on the right side of the table. WIND and FLUCTS - TBF observation modes are described at the beginning

of Sec2l

Fig. 2: Coronal mass ejection observed by STEREO/EUVI disk
imager and COR2 coronagraph at 7:23 UT on 9 October 2022.
The image is produced with the open-source software JHe-
lioviewer (Miiller et al.[2017).

from which the images in the first row of Fig.[T] are taken (the
associated movies are available online).

In both Metis VL and SolO/EUI-FSI images, the eruption
appears as a typical CME structure. A nearly spherical enve-
lope with sharp contours relative to the surrounding plasma un-
dergoes inflation from the solar surface in the SolO/EUI-FSI
images, before continuing its expansion within the Metis FoV.
The CME front presents a well-defined, circular structure in the
Metis FoV, characterised by a void in connection with a highly
structured core. Helical field lines embedded within the bright
leading edge indicate a magnetic flux rope structure. The maxi-
mum angular width of the CME in the plane of sky (PoS) is ~53
degrees.

The core of the CME does not appear particularly bright in
Metis UV channel (second row of Fig.[T]), suggesting that no cool
prominence eruption is present. In contrast, the CME exhibits
a classic three-part structure in STEREO/SECCHI COR2-A
white-light coronagraph FoV (see Fig.[2), where a well-defined
bright core and a large dark cavity are visible, starting about an
hour after the structure left the FoV of Metis. This evidence will
be further interpreted in Sec.[2.2] in light of the morphological
characteristics of the event.

On the other hand, a dark ring, aligned with the eruption
envelope, is clearly visible in the Metis UV channel image
(left panel of the second row in Fig.[I] indicated by orange
arrows). This alignment is further accentuated in the adjacent
SolO/EUI-FSI 174 A FoV. The thickness of the ring is ~ 0.06 R
(~45Mm). The structured plasma flow (speed around 250 km/s
as shown in Sec.[3.1) is also visible in the remaining UV images
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Fig. 3: Multi-spacecraft longitudinal configuration plot (Carring-
ton coordinate system) for 9 October 2022, as provided by the
Solar Mach web application (Gieseler et al.|[2023). The refer-
ence longitude (black arrow) represents the CME propagation
direction (see Sec.[2.T|and Appendix[A).

and in the associated movie available onlineE], as the central part
of the CME exits the FoV. There is a large gap of 40 min in UV
frames that results from the high-cadence acquisition of the VL.
sequence.

2.1. From the source region to the middle corona detection

The relative orbital positions of other spacecraft with respect
to Metis allow us to study the structure and kinematics of the
event from different points of view (see Fig.[3). By combining
coronagraphic VL images acquired by SOHO and STEREO-
A, together with EUV disk imagers STEREO/SECCHI EUVI-
A, SDO/AIA, SDO/HMI (Scherrer et al.|2012), and GOES-
R (GOES-16) Solar Ultraviolet Imagers (SUVI, |Darnel et al.
2022), it is possible to infer the source region of the event and
follow its evolution in the low corona, as well as the magnetic
configuration underlying the eruption.

The 3D geometry of the eruption is characterised using the
graduated cylindrical shell (GCS) model (Thernisien et al.[2006j
Thernisien| 2011). By combining data from multiple vantage
points the model provides an empirical fit of the CME magnetic
flux rope structure to recover the main geometrical parameters
(details of the calculations are provided in Appendix[A). The pa-

2 Metis UV images, available for further examination in the online
movie Metis_UV_EUI_FSI174.mp4, were enhanced with the wavelets
optimised whitening filter (Auchere et al.[2023).
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Fig. 4: Evolution of the event as seen by GOES-R/SUVI (195 A,
the associated movie SUVI_195.mp4 is available online) and
SolO/EUI-FSI (174 A) on the disk and in low corona around
2:44 UT. Orange arrows point to the eruption source region. The
magenta circle encloses the active region of interest. The yellow
line in the left image indicates the solar limb as seen by Solar Or-
biter. The green line in the right image indicates the solar limb as
seen by Earth. The dark boundary of the CME envelope is high-
lighted by manually drawn cyan contours as it expands through
the low corona. Images are enhanced using the MGN algorithm.

rameters relevant for our analysis are: the position of the CME
flux rope apex at longitude 339° and latitude -32° in the Car-
rington coordinate system, at a height of 4.6 R. The Carrington
longitude is used in Fig.[] to indicate the CME’s propagation
direction (black arrow). This direction is closely aligned with
the Metis PoS, implying that projection effects on the measured
PoS velocities are minimal (see Sec.[3.I). The resulting GCS pa-
rameters are also in agreement with the approximate location of
the source region, as demonstrated by the red crosses in the first
panel of Fig.[A7T] which correspond to the region indicated by
the orange arrows in Figures @ and 5]

The eruption source region is clearly visible in the south-
eastern quadrant of GOES-R/SUVI disk images in the 195 A
band, which were acquired with a 4-minute cadence (orange
arrow in Fig.d). In the corresponding frame of SolO/EUI-FSI,
the same region appears almost at the limb (Fig.[] right panel).
Lower in the chromosphere, the H-a@ images of the solar disk
during the initial phase of the eruption (first two rows of Fig.[3)
reveal the presence of two filaments (henceforth the northern
and southern filaments), aligned with the region where the CME
originates (indicated with orange arrows in Fig.[3).

SDO/HMI magnetograms (Fig.[5] bottom row, right panel)
reveal the source area as a bipolar magnetic field region, where
the proxy location of the polarity inversion line (PIL) is indi-
cated as a cyan line. The PIL extends along the northern fila-
ment, enclosing the source region identified by Carrington coor-
dinates. This is likewise visible in the SDO/AIA 304 A image in
the bottom row of Fig.[5 (left panel), where a post-eruptive ar-
cade (PEA) is seen to extend from the source region towards the
northern part of the PIL (see also the discussion in Sec.[2.2).

These observations suggest that the two H-a filaments and
the CME source region are located along the same PIL and are
thus presumably magnetically connected. Therefore, the source
region is located roughly at the southern end of the northern fil-
ament, as inferred from the post-eruptive arcade, and from pro-
jecting the Carrington coordinates onto the solar disk. It is worth
noting that given the deflection, rotation, and over-expansion that
CMEs may experience during eruption, the GCS projection on

short title

Fig. 5: Zoomed images of the solar disk in the source region
on 9 October 2022. Top row: H-a (6562.8 A) images from the
NSO/GONG archive, recorded at Learmonth Solar Observatory
in Australia (03:00 UT, left) and Cerro Tololo Observatory in
Chile (12:00 UT, right). Middle row: Cerro Tololo H-a image at
14:00 UT (left panel) and the Learmonth image of the first panel
(03:00UT) on which the magnetogram measured by SDO/HMI
was superimposed (right panel). Bottom row: On the left, the
source region as detected by SDO/AIA 304 A; on the right, the
SDO/HMI magnetogram, with the PIL approximated by a cyan
line. The last three images were created with the open-source
JHelioviewer software. The white numbers indicate the negative
solar latitude. The filament of interest is indicated by the cyan ar-
rows. The source region is indicated by the orange arrows. These
correspond to the arrow in the SUVI image in Fig.El

the solar surface is typically rather a proxy than an exact match
to the associated PIL’s location, orientation, and extension.

The northern filament starts to show instability around
09:00 UT (top right of Fig.[5) and then disappears from the H-a
images around 14:00 UT (left panel in the middle row of Fig.[3)),
notably several hours after the CME had traversed the corona-
graphic FoVs. It should be noted that, over the time range of the
eruption no flares were reported from or close to this active re-
éion, either at the time of the eruption or in the preceding hours

Furthermore, in the 304 A band of SolO/EUI-FSI (shown in
the associated movie available onlineﬂ on the west limb be-
tween -20 and -40 degree), plasma motion is observed suspended
above the south-west limb for several hours, while material is
seen falling back onto the surface. However, no clear evidence of
a coronal prominence total or partial eruption is detected in these
images and in other EUV band imagers, such as SDO/AIA and

3 Solar flare events for the date of interest were searched on the web-
list|SolarSoft Latest Events|and in the SolO/STIX flare event list.
4 The online movie EUI_FSI_304.mp4 is produced with the open-

source software JHelioviewer (Miiller et al.[2017).
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STEREO/SECCHI EUVI-A, likely owing to the plasma temper-
ature being outside the filter’s response range or to projection
effects.

In the GOES-R/SUVI image sequence processed with the
MGN algorithm (see Fig.@), the CME front becomes visible
in the low corona starting at 23:00 UT of 8 October 2022. The
accompanying movie available online (SUVI_195.mp4) offers
clear evidence of the CME’s darker boundary, revealing how the
eruption envelope can be distinctly detected. This observation is
consistent with the data acquired by the SolO/EUI-FSI, provid-
ing a coherent picture of the dynamic processes involved in the
solar eruption, even in the lower corona.

2.2. Morphological and magnetic structure of the coronal
mass ejection

Based on the information gathered from the images and analysis
presented in Sec.[2.1] as well as previous studies such as [Cre-
mades & Bothmer| (2004), Thernisien et al.| (2006), and [Vourl-
idas et al,| (2013)), it is therefore possible to illustrate the mor-
phology of the event. At ~03:00 UT on 9 October, the coronal
loops above the identified source region exhibit expansion and
upward motion. Shortly thereafter, a system of loops consistent
with a PEA becomes visible, suggesting that magnetic reconnec-
tion is taking place in the low corona beneath the erupting flux
rope (Tripathi et al.|2004). The onset of this process is clearly
visible in EUV emission detected by GOES-R/SUVI (see the as-
sociated movie available online SUVI_195.mp4), and verified in
other observations available in the EUV band (i.e. SDO/AIA and
STEREO/SECCHI EUVI-A). The position of both the filament
and the PEA highlights the location of the magnetic PIL in the
underlying region (see Fig.[3)). The formation of PEAs is under-
stood as a consequence of CMEzs, likely initiated during the mag-
netic reconnection process occurring at the source site. PEAs are
considered reliable tracers of CME source regions and are often
used to study the photospheric magnetic field configuration and
investigate possible CME initiations mechanisms (Cremades &
Bothmer2004).

The position and orientation of the neutral line significantly
influence the projected two-dimensional topology of CMEs in
PoS white-light coronagraph images. As defined in CME mod-
els, the principal axis of the CME appears to be aligned with
a large-scale helical magnetic flux rope originating from the
source region. In this configuration, the prominence constitutes
the lower part of the magnetic system, while the neutral line, al-
though aligned with the prominence axis, can sometimes defer
significantly (Cremades & Bothmer|2004)). During the eruption,
the flux rope may undergo significant deformation and rotation,
depending on the complexity of the surrounding magnetic field
and the dynamics of its evolution. In our particular case, the neu-
tral line is not perpendicular to the solar limb, as observed in both
the Metis and STEREO/SECCHI COR2-A FoVs. This geome-
try results in an axial CME observed along its axis of symmetry,
with most of the core material concentrated along the line of
sight (Fig. 15 in|Cremades & Bothmer|[2004).

The outward expanding flux rope is expected to appear dark
when its orientation is perpendicular to the PoS (Vourlidas et al.
2013)). This explains why the CME observed by Metis presents
a bright and well-defined structure, with a slightly pronounced
void, while in STEREO/SECCHI COR2-A coronagraph images,
taken few hours later, it appears darker and less structured.

The viewing geometry in Metis observations further reduces
the visibility of the bright core, making it virtually indistinguish-
able in high-cadence VL images, while it is clearly evident in
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STEREO/SECCHI COR2-A observations, consistent with the
classic three-part structure of the CME (see Fig.[2). One possi-
ble explanation for the absence of observed prominence material
(whether partially or fully erupted) is that the structure may have
undergone rotation with respect to the line of sight, thereby giv-
ing rise to a denser and brighter material in STEREO-A’s FoV
as a result of the expansion. The different FoV and closer dis-
tance of Metis with respect to STEREO/SECCHI COR2-A and
SOHO/LASCO-C2 leads to differences in the appearance of the
observed structures.

At lower coronal heights, the eruption’s properties of this
event may follow the scenario proposed by [Sun et al.| (2015),
which provides direct evidence of magnetic reconnection in a
3D configuration. Prior to reconnection, two oppositely directed
magnetic loops are anchored on either side of the filament,
forming a pre-eruption cavity similar to what is observed in
SolO/EUI-FSI at the beginning of the event (first image of Fig.[I]
and Fig. 2 in|Sun et al.|2015). As the cavity rises, the underlying
loops of opposite polarity gradually converge, eventually trig-
gering magnetic reconnection. This process leads to the release
of free magnetic energy, the production of post-eruptive arcades,
and an enhanced emission due to the restructuring of the mag-
netic field.

In conclusion, unlike the cases discussed in the aforemen-
tioned studies, the release of energy through reconnection was
weak and gradual, insufficient to produce a detectable impulsive
flare signature. However, PEAs can be observed, confirming that
the CME originates from this region and is related to a flux rope
system instability.

3. Coronal mass ejection evolution with the
high-cadence Metis observations

In this section, we describe and analyse the sequence of high-
cadence Metis observations. This enables us to characterise the
kinematic evolution of the plasma both at the CME front and
its surrounding regions, leveraging its high spatial and temporal
resolution.

Figure[6] presents a representative frame from the Metis total
brightness sequence, acquired in FLUCTS-TBF observational
mode, combined with the corresponding SolO/EUI-FSI 174 A
frame. The Metis total brightness image has been processed
using a normalised running difference algorithm, following a
method similar to that described in detail in |Andretta et al.
(2025). To enhance signal clarity and suppress noise, we applied
a moving average over 2s + 1 frames to the time series of each
pixel; we then computed a running average of the frames, tak-
ing care of subtracting to each image k the previous independent
images k — (2s + 1). The result is then normalised with the pro-
file B,om(¥) created as described in Sec.@ In this analysis, s was
varied between 3 and 5 depending on the signal-to-noise charac-
teristic.

This processing technique enabled the identification of nu-
merous structures throughout the observational sequence, many
of which had not been previously reported in similar events. The
detailed evolution of plasma inside and in the neighbourhood of
the main CME body is evident in the associated movie avail-
able online (Metis_tB_HR.mp4). We define three key kinematic
structures associated with the CME, whose propagation path is
highlighted by dashed coloured segment in Fig.[6] These seg-
ments are also used to build the height-time diagrams in Sec.[3.1]
The three features will be referenced throughout this work in this
way: feature A (magenta segment) identifies the central position
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angle of the CME flux rope and the accompanying compact and
coherent plasma pile-up; feature B (orange segment) tracks rota-
tional and downward motion of the plasma along the CME flank
with a vortex-like morphology (this feature is further highlighted
by orange arrows in Fig.[7] and in the associated movie avail-
able online Metis_tB_HR.mp4 right panel, while is discussed in
Sec.[4.2); and feature C (green segment) delineates circular wave
trains propagating ahead of the CME front which are discussed
in more detail in Sec.3.2land[4.3] The waves detected in the run-
ning difference movies could be barely seen also in the base dif-
ference movies; however the running difference algorithm em-
ployed here is much more effective in enhancing these features.
We also inspected other CMEs observed at high cadence, but we
have not found similar wave-like features.

Finally, in the low corona part of the main circular front,
faster plasma motions are observed, both on the sides of the
front and in the centre. A second, more rapidly propagating front
emerges at the base of the primary CME front around 03:58
UT. This secondary feature appears to interact with the rear of
the primary CME flux rope before dissipating in the subsequent
sequence of images at a reduced cadence (see the associated
movie available online Metis_tB_EUI_FSI174.mp4). The onset
of these movements begin approximately halfway through the
observational sequence; however, the difficulty of visualisation
and the absence of other observations in different instruments
make their interpretation difficult to provide.

The nature of the periodic density perturbations visible in
the eastern streamer in Fig.[6]are unrelated to the CME evolution
and are present also in similar high-cadence observations taken
on October 8 and 10. They have been investigated by
(2025)) and will not be discussed in this work.

3.1. Speed estimation

This section presents the methodology and results for estimat-
ing the PoS speed of the structures highlighted in Fig.[6] with
capital letters A and B. For structure C, the method is applied
with some differences that are discussed in Sec.B2l The ve-
locity analysis was conducted using height-distance diagrams,
commonly known as ’J-maps’, whereby a radial segment was se-
lected from a sample image based on the polar angle correspond-
ing to the trajectory of the moving structure under study. Each
segment was then extracted from every frame in the sequence
(with a cadence of 20s) and the intensity was averaged across
the width of the segment to construct the J-maps (see dashed
segments in Fig.[6). Finally, the speed was derived by applying
a second-order polynomial fit to eight key points manually se-
lected along the feature’s trajectory. The estimated speed values
are summarised in Tab.[2l

The diagrams illustrated in Fig.[8] corresponding to the ma-
genta A and orange B segments in Fig.[f] represent the propaga-
tion of the CME’s central axis and the trajectory of the vortex-
like descending structure, respectively. In the top panel of Fig.[§]
obtained from running difference images, the plasma along the
central position angle of the CME flux rope appears as alternat-
ing bands of varying grey levels. The speed of the CME front was
determined using a second-order fit to the selected magenta dia-
monds which trace one of the outermost edge of the CME front,
yielding a value of speed of approximately 246 + 22 km/s, at alti-
tudes between 2 and 3 R, with an acceleration of 23 + 13 m/s?.
Using the Carrington coordinates obtained from the 3D recon-
struction of the CME front, we deprojected the speed obtaining
a radial component of 251 =22 km/s. The close agreement be-
tween these values confirms that the velocity vector at the apex

2022-10-09 03:45

“““ Loy |

Fig. 6: Single frame from the high resolution Metis total bright-
ness observation mode, acquired at 03:45 UT, after application
of the normalised running difference algorithm. The correspond-
ing SolO/EUI-FSI 174 A frame is overlaid. Magenta line (fea-
ture A): Image cut used to build the J-map of the CME flux rope
along the central position angle in the top panel of Fig.[8] The
radial distances of the edges of the segment are 1.7 and 3.2 R,
respectively. Orange line (feature B): Image cut used to build the
height-time diagram of the vortex-like plasma feature (bottom
panel of Fig.[8). The radial distances of the edges of the segment
are 1.9 and 2.8 Ry, respectively. Green line (feature C): Image
cut used to build the J-map of circular wavefronts in Fig.[9] The
radial distances of the edges of the segment are 1.9 and 2.4 R,
respectively. The red diamonds mark a single circular wavefront.
The cyan dot indicates the centre of the circular wavefront esti-
mated as explained in Sec.[3.2] To further appreciate the visi-
ble features, please refer to the associated movie available on-
line Metis_tB_HR.mp4, where the high resolution observation
sequence is shown twice. In the right panel of the video, the seg-
ments of this figure are superimposed to help track the propaga-
tion of the observed structures.

of the CME as estimated from the GCS model (Sec.2.1) evolved
almost entirely within the Metis PoS.

Despite the availability of only four UV frames, the speed
of the dark ring visible in the UV images was derived using the
same procedure (the J-map is not shown here; we used a radial
cut close to the western flank of the CME). In this case, the de-
projected speed was found to be 61 + 12 km/s, with an accel-
eration of 34 + 8 m/s2. This feature was detected about an hour
before the high-cadence observation sequence of the CME front.

The early phase of the eruption is observable in GOES-

R/SUVI 195 A images (at ~ 22:30 UT on October 8), where the
initial front speed was measured at approximately 16 + 1 km/s
(with slow acceleration of 1.2 +0.2m/s?) at altitudes between
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Table 2: Kinematic parameters of the observed moving features.

Feature S peed Acceleration
[km/s] [m/s?]

Front in Metis 246 + 22 23 £ 13
(A)

(251 + 22) 23 = 13)
UV darkringin 60 + 12 33+8
Metis

61 = 12) (34 £ 38)
Front in SUVI 15«1 1.1 £ 02

(16 = 1) (1.2 = 0.2)
Downflow (B) -138 +7 102 + 6
Upflow (B) 212 £+ 9  compatible with zero
wave trains (C) 482 + 19 [-111+-398] + 30

Notes. Speed and acceleration estimates are obtained from the height-
time diagrams for the features identified in Metis (high resolution total
brightness and UV) and GOES-R/SUVI 195 A imagery. The estimates
obtained are provided with 1-sigma confidence intervals for the param-
eters derived from the fit. The values in round brackets shown for the
CME front and UV dark ring are those obtained by deprojecting the
speed on the PoS.

0.2 and 0.5 R, probably before entering the acceleration phase
(see also comments in Sec.[4.1) ]

The bottom panel of Fig[8] shows the J-map for the vortex-
like structure visible in Fig[6| and [7] (feature B). In this case, ra-
dial segments (orange segment in Fig.[6] and [7) were extracted
from normalised running difference images, averaged over five
frames. The diagram reveals multiple structures with varying
slopes in the radial direction, which can be interpreted as plasma
upflows and downflows, moving outside the CME circular front.
The speed values on the PoS of these structures were obtained
with a second order polinomial fit to the orange points in the
bottom panel of Fig.[8] The orange dots track the motion of what
appears to be the brightest feature of the descending plasma in
this region. Although far from the main CME structure, the up-
flowing material moves at a PoS speed of 212 + 9 km/s (from the
fit of diamonds in the bottom panel of Fig.[8)), comparable to that
of the CME front (246 + 22 km/s). The descending material, on
the other hand, moves 30% more slowly (-138 + 7 km/s), but ex-
hibits considerable acceleration (102 + 6 m/s2). Furthermore, the
evolution observed throughout the image sequence into a circu-
lar morphology implies rotational motion or the development of
vorticity (see orange arrows in Fig.[7).

Since no co-temporal images from other instruments capture
these features, deprojection was not possible for features other
than the CME front. Therefore, the estimated velocities repre-
sent lower limits due to their dependence on the direction of the
chosen cut in relation to the actual direction of propagation.

5 The deprojection was performed assuming a Sun—observer distance
of 1 au, consistent with SOHO. While GOES-R is located in geosta-
tionary orbit (about 0.01 au farther from the Sun than SOHO), this ap-
proximation has a negligible impact on the derived velocities, given the
near-disk-centre location of the observed features.
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3.2. Coronal wave trains

The analysis of high-cadence, normalised running difference im-
ages, time-averaged over three (or five) frames, enabled the iden-
tification of nearly circular, concentric wavefronts propagating
within the Metis FoV, in close proximity to the CME flank.
These wavefronts originate from the lower part of the CME and
propagate along the direction indicated by the green C segment
in Fig.[6] without exhibiting any direct interaction with the erupt-
ing plasma. These wavefronts remain visible for almost the en-
tire duration of the 40 min observational sequence, losing in-
tensity about halfway through the sequence. Each front appears
as successive loop-like waves with bright and dark fronts, with
an average width of ~0.08 Ry (~55Mm) per frame. One such
wavefront is marked with red diamonds in Fig.@ however, these
features are more easily distinguishable in the associated movie
Metis_tB_HR.mp4 available online, as their brightness remains
close to the noise threshold, making them difficult to distinguish
in individual static frames.

To improve visibility and infer the wavefront speed, we used
the same methodology described in Sec. [3.1] In this case, the
construction of the height-time diagram require the selection of
a segment not in the radial direction but along the propagation di-
rection of the wavefronts. A circular fit was performed to one of
the wavefronts indicated with red diamonds in Fig.[6]in order to
estimate its centre indicated with the cyan dot. A radial segment
passing through this point was selected for analysis. The height-
time diagram shown in Fig.[9] obtained by stacking 40 minutes
of green-segment cuts, reveals periodic ridges, which show an
inclination following an arc-like pattern. By applying a second-
order polynomial fit to the green diamonds in Fig.[9] we estimate
a PoS wavefront group velocity of the order of 482 +2km/s,
nearly twice the speed of the CME front (246 + 22 km/s), with
a strong deceleration estimated in the range between -111 and
-398 + 30 m/s?, found from repeated fitting procedures.

Several factors may contribute to this variability, such as the
signal-to-noise ratio and structure visibility. The wavefronts are
close to the noise threshold, making them difficult to track pre-
cisely in individual frames. The use of time-averaged running
difference images enhances the signal, but small variations in
background noise fluctuations can introduce uncertainties in the
determination of the wavefront position. We checked after many
attempts that minor shifts in the manual selection of points along
the wavefront trajectory could slightly alter the curvature of the
second-order fit.

To estimate the frequency of the wavefronts, an empirical
analysis based on time series frequency decomposition was em-
ployed. These time series were derived by extrapolating the in-
tensity variations over time from height-time diagrams at fixed
projected solar radii. Two independent techniques were then ap-
plied: a wavelet-based approach (Torrence & Compo|1998) and
the empirical mode decomposition (EMD) algorithm (Huang
et al.[1998)). At frequencies lower than 10 mHz, a broad peak was
identified around 3 mHz (corresponding to a ~5 min periodicity),
along with a secondary, more pronounced peak in the 5-6 mHz
range (~2.7-3 min periodicity). The wavelet-based methodology
confirmed that both frequency components were statistically sig-
nificant, with the 5-6 mHz peak exceeding the 95 per cent con-
fidence level. This frequency range corresponds to the observed
frequency of the wavefronts.
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Fig. 7: Detailed view of vortex-like structure (feature B) from the high resolution Metis total brightness observation mode. Orange
arrows delineate the rotational dynamics of the plasma, consistent with a vortex morphology. The dashed lines correspond to the

orange segment in Fig.[6]

4. Results and discussion
4.1. Summary and analysis of observations

We investigated the CME that occurred on 8-9 October 2022,
tracking its evolution from an on-disk filament channel to its
propagation through the Metis VL and UV FoVs (see Sec.[2]and
Fig.[T). The source region lay along the boundary of a bipolar
region, while the formation of a well-defined post-eruptive ar-
cade provides unambiguous evidence of magnetic reconnection
beneath the rising flux rope (see Fig.@] and [3)). The absence of
a detectable flare demonstrates that the reconnection was weak
and released limited energy.

In the low corona (0.2-0.5Rg), the CME front expanded
slowly, with radial speed below 20 km/s with minimal acceler-
ation, derived from expanding loops. At ~1.8 R from the solar
photosphere, a well-defined dark ring structure was detected in
the Metis UV channel (see Fig.[T). This structure, faintly visi-
ble in GOES-R/SUVI 195 A (due to the different point of view)
and SolO/EUI-FSI 174 A images, corresponds to the CME front
propagating through regions characterised by lower tempera-
tures and higher densities, in agreement with previous charac-

terisations of slow CME fronts (Robbrecht et al.|2009; [D"Huys
et al[2014).

At greater heights, between 2 and 3Ry, multi-viewpoint
3D reconstruction yields a CME front deprojected speed of
251 +22km/s and an acceleration of 23 + 13 m/s?, with propa-
gation direction strongly aligned with the Metis plane of sky (see
Sec.[2.1). These values confirm the identification of the event
as a slow CME, still in its acceleration phase within the 2Rg
range near the Metis FoV outer limit. This finding is consistent
with previous studies on the kinematic evolution of slow-CMEs

as well as with statistical observations of CMEs
during solar minimum using SOHO/LASCO-C2
2004).

The observations suggest that the event shares some charac-
teristics that are commonly associated with stealth CMEs
[brecht et al.|2009; Howard & Harrison|2013};|Lynch et al.|[2016).
Classical low-coronal signatures were weak or absent, and the
eruption originated from a filament channel, a region of sheared
magnetic field aligned with the PIL and with modest magnetic
fields. Similar events were discussed in works such as
and

Finally, Metis high-cadence total brightness observations
also revealed the presence of two notable features: a structure
resembling a vortex descending along the flank of the CME and
circular coronal wave trains (so far mostly observed in EUV)
propagating ahead of the CME front (see Sec.[3.1]and[3.2). Their
detection underscores the diagnostic power of Metis for resolv-
ing fine-scale CME dynamics in the middle corona and will be
discussed in detail in the following sections.

4.2. On the vortex-like feature

As illustrated in Fig.[6]and in Fig.[7] a large descending structure
resembling a vortex is observed moving along the western flank
of the CME. This motion may result from frictional interaction
between the expanding CME plasma and the ambient corona.

Previous observations from SOHO/LASCO and
STEREO/SECCHI coronagraphs (Sheeley & Wang| 2002}
[Tripathi et al] 2006 [2007) have documented return flows of
plasma trailing CMEs, driven by a combination of gravitational
forces and magnetic tension. In our case, the descending mate-
rial may represent such a return flow, initiated after the plasma
loses outward momentum, possibly due to interaction with over-
lying coronal structures or field-line retractions
2007). The fact that the upflowing plasma maintains a velocity
comparable to that of the CME suggests that it remains coupled
to the expanding eruption, while the descending component
becomes decoupled and decelerated by external forces.

A velocity-shear-driven Kelvin-Helmbholtz instability (KHi)
presents a plausible alternative mechanism for the structural evo-
lution observed here. These occur at the interface of two plasma
flows with different velocities, and are known to produce vortex-
like structures due to shear-driven turbulence. In the context of
solar physics, the KHi have been observed in multiple studies
along the edges of CMEs (i.e. [Foullon et al|2011}; Mdstl et al|
[2013}, [Paouris et al.|[2024; [Ofman et al.|[2026). In solar obser-
vations, KH instabilities have been reported along CME bound-
aries as trains of small vortices, typically with projected regu-
lar separation distances of tens of megameters at heights below
150 Mm. The propagation speed of the vortices envelope on the
PoS (referred to as group speed), is approximately half the speed
of the ejecta front, consistent with predictions from linear the-
ory (Chandrasekhar|1961)). The structure observed in this event,
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Fig. 8: J-maps obtained from the magenta and orange segments
in Fig.[6] Top panel: J-map extracted along the central position
angle of the CME flux rope. It was derived by taking, for each
running difference in the sequence, the magenta segment. Bot-
tom panel: J-map obtained crossing the region along the vortex-
like descending structure. It was derived from the orange seg-
ment by cutting the normalised running difference averaged over
a total of five images. Orange diamonds and dots indicate the
points used for the polynomial fit.

however, differs from classical vortex trains: it exhibits a sin-
gle, large, descending vortex with a PoS speed of -138 + 7 km/s
(group speed on the PoS with a speed 30% lower than the CME
front as discussed in Sec.3.I) and a strong acceleration (see
Tab.[2), spanning a projected linear size of ~80 Mm (~0.11R)
in a nearly concentric loop shape. These features are consistent
with turbulence at the CME flank, potentially driven by the KHi.
If confirmed, this would represent one of the first detections of
a large-scale KHi at middle-coronal heights. A similar KHi-like
feature was hypothesised for the CME observed on 2 October
2021 by Metis, particularly bright in the UV channel in the work
of Russano et al.| (2024).

The orientation and strength of the magnetic field plays a
key role in the evolution of KHi. As demonstrated in theoret-
ical studies (Chandrasekhar|[1961)), strong magnetic fields can
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Fig. 9: Height-time diagram obtained from the green segment
shown in Fig.[6] showing the presence of periodic perturbation.
The figure was derived by cutting the normalised running dif-
ference averaged over a total of three images. Green diamonds
indicate one of the points series used for the polynomial fit.

suppress KHi growth, while weaker or sheared fields may allow
larger and more complex vortex formation. Although the mag-
netic field configuration in this event cannot be directly assessed,
it is plausible that sheared structures along the CME boundary
contributed to the observed vortex morphology. However, de-
tailed characterisation of the magnetic field in this event is be-
yond the scope of the present work. A future investigation could
benefit from magnetohydrodynamic (MHD) simulation similar
to those performed by [Syntelis & Antolin| (2019) to assess the
stability of the CME flank under velocity shear conditions.

4.3. Quasi-periodic wave trains discussion

The coronal wave trains analysed in Sec.[3.2] can be interpreted
in the light of recent studies on quasi-periodic wave trains or

quasi-periodic fast-modes (QFPs) (i.e. |[Liu et al]2012| and [Shen

let al.[2022b). These wave trains are typically observed in the low
corona by SDO/AIA, and are characterised by coherent, con-

centric wavefronts propagating outwards, often associated with
flares and EUV waves. They travel along or across coronal loops
at speeds ranging from several hundred to over 2000 km/s, and
typically display periodicities of a few minutes with measurable
deceleration.

As is summarised in Tab.[3] the coronal wave trains observed
by Metis share some similarities with the QFPs wave trains de-
scribed by [Liu et al.| (2012)) and [Shen et al.| (2022b)) (such as their
coherence, circular shape, and periodicity) but also exhibit no-
table differences. In particular, the Metis wavefronts propagate at
lower speeds (~500 km/s) compared to the ~1400 km/s for AIA
QFPs, show strong deceleration possibly due to the higher coro-
nal heights they are observed (2-3 Rg). They are not associated
with any detectable flare or EUV wave signature. These differ-
ences likely reflect the distinct coronal environment in which the
Metis wavefronts evolve.

The observed frequency range (5-6mHz or period of
2.7-3 minutes) is consistent with QFPs, and falls within the mag-
netoacoustic regime. Other oscillatory modes observed in this
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Table 3: Summary of observational and kinematic parameters for
SDO/AIA and Metis wave trains.

SolO/Metis
coronal wave trains

Observations SDO/AIA

wave trains

Heliocentric height <1.5Rg Whitin 3 Rg
Speed ~ 1400 km/s ~ 500 km/s
decelerating decelerating
up to 650 km/s
Period 2 min 2.7 - 3 min
CME speed 250 km/s 251 + 3 km/s
Lateral expansion Yes Yes
EUV wave Yes No
Flare Yes No
Coherent Rep/2 Rp/2

travel distance

Notes. Observational parameters for SDO/AIA wave trains are adapted
from (Liu et al.|2012). Characteristics for Metis coronal wave trains are
detailed in Section[3.2}

frequency range include the well-known p-modes, which have
been shown to propagate in the upper solar atmosphere, wherein
magnetic forces dominate (Jess et al.|[2023b). However, the coro-
nal wave trains detected by Metis are distinguished by their spa-
tial confinement within an angular extent of roughly 50°, along-
side a limited temporal duration, as evidenced by a progressive
decrease in brightness throughout the sequence. This behaviour
is indicative of an impulsive triggered phenomenon.

A key difference observed in this study is the lack of an
associated EUV wave or flare, which is typically observed in
80% of QFP wave train events (Shen et al.|[2022b). Most ob-
servational and theoretical studies as well as models and MHD
simulations pertaining to QFP modes have attributed QFP wave
trains to flare-associated periodic drivers, where intensity oscil-
lations are observed across a wide wavelength range, from radio
to y-rays. Instead, we propose that the Metis wavefronts are gen-
erated by CME-related mechanisms, such as lateral expansion
of the CME envelope, producing thin, pulse-like perturbations
(Patsourakos et al.|2010)), or sequential stretching of reconnected
magnetic field lines, as the flux rope erupts and expands (Shen
et al.[2022bla)).

The QFP waves identified by [Liu et al|(2012) have been re-
cently replicated in numerical simulations by [Hu et al.| (2024).
These authors propose that large-scale QFP waves, observed on
the flank of the CME, are excited by internal disturbances within
the flux rope triggered by a loss of equilibrium. According to
this model, a fraction of the internal perturbation leaks through
the flux rope boundary into the ambient corona, manifesting as
the observed QFP wave trains. This interpretation could also ex-
plain the circular wavefronts observed by Metis, which seem
to originate from within the CME envelope in the SolO/EUI-
FSI FoV (see red diamonds indicating one of the circular fronts
with its centre denoted by the cyan dot at a radial distance of
1.6 R in Fig.[6). As outlined in Sec.[2.2]and in accordance with
the model proposed by Sun et al.| (2015), this region may repre-
sent the magnetic reconnection zone responsible for the eruption
of the flux rope and, on the lateral side, of this impulsive phe-
nomenon. The SolO/EUI-FSI, GOES/SUVI, and SDO/AIA data
were also checked for wave-like structures by applying the al-

gorithm presented in Sec.[3] In the first two cases the cadence is
too high, while in the third case the cadence is 12 s (compatible
with Metis VL); however, the detector background noise in the
lower corona is too high to obtain good detection and the waves
probably form higher up in the corona.

We cannot exclude the possibility that a weak or undetected
flare occurred, as observational limitations may have obscured
signatures (Chen/2011). Nonetheless, this event provides a com-
pelling example of CME-driven quasi-periodic wave trains in the
middle corona, independent of flare-associated drivers. As such,
it offers a rare opportunity to study wave generation mechanisms
in the extended corona and possibly observe for the first time in
the high-corona the site where the process of disconnection hap-
pens, under conditions not typically accessible with low-coronal
imagers. This might give insight to evolution of stealth CMEs.
Additionally, a search for radio signatures was conducted within
the relevant time range to identify potential shock waves or elec-
tron beams at low coronal heights (below 2 Ry), but none were
found due to the lack of simultaneous radio heliograph observa-
tions.

5. Conclusions

This work has demonstrated the unique capability of the Metis
coronagraph on board Solar Orbiter to capture high-cadence and
high resolution observations, enabling unprecedented insights
into transient coronal phenomena. The detailed analysis of the
8-9 October 2022 event revealed several important findings:

— Successful capture of the intricate CME morphology, unveil-
ing fine-scale internal structures (from the highly structured,
non-uniform leading edge to the dense core) not achievable
with lower temporal resolution of other space-based corona-
graphs.

— Identification of a prominent, descending vortex-like struc-
ture observed along the CME flank that could be interpreted
as evidence of a Kelvin—Helmbholtz instability. If confirmed,
it would constitute one of the first reported detections of
large-scale KHi at intermediate coronal altitudes.

— High resolution detection of quasi-periodic coronal wave-
fronts, attributed to fast-mode magnetosonic waves or CME-
driven field-line oscillations. Their occurrence without flare
or EUV wave signatures suggests a dominant role of CME
expansion and reconnection, with Metis wavefronts differing
from classical QFPs in speed, altitude, and excitation mech-
anisms.

The event studied here serves as a valuable test case for
modelling wave excitation and instability onset in the extended
corona, and underscores the importance of coordinated, multi-
instrument, multi-height analyses for fully understanding CME
propagation and coronal response.

Future coordinated campaigns combining Metis with instru-
ments such as SolO/EUI, SolO/STIX, Parker Solar Probe, SDO,
and ground-based radio observatories will be crucial for fur-
ther constraining the physical mechanisms behind these phe-
nomena. Additionally, MHD simulations will be essential to val-
idate the interpretation of wave generation, vortex evolution, and
magnetic field reconfiguration in CME events observed at these
heights.

This study also opens new avenues for discussion, includ-
ing the role of stealth CMEs (slow, low-energy eruptions lacking
classical low-coronal signatures) in driving wave and instabil-
ity phenomena in the middle corona. Understanding these sub-
tle eruptions is crucial for improving space weather forecasting,
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given their potential geoeffectiveness despite the absence of pre-
cursors. In summary, Metis observations provide a transforma-
tive perspective on CME-driven dynamics in the middle corona,
offering new insights into wave phenomena, plasma instabili-
ties, and magnetic restructuring processes that shape the solar
corona’s response to eruptive events.
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Appendix A: 3D geometric reconstruction of the
CME

To recover the 3D geometry of the CME, we used the Gradu-
ated Cylindrical Shell (GCS) model (Thernisien et al. 2006}
lernisien| 2011). It is an empirical 3D reconstruction technique,
widely used to study the morphology, position, and kinematics
of CMEs when they are approximately fewer than ten solar radii
from the Sun, by representing their magnetic flux rope struc-
ture. This reconstruction process combines simultaneous obser-
vations from multiple coronagraphs in addition with a disk im-
ager (possible in the SolarSoftWare environment available for
the NV5/IDL software), each observing the same event from a
different viewpoint. The plane of the sky of SolO is approxi-
mately 73 degrees relative to that of STEREO-A and 45 degrees
relative to SOHO and Earth (see Fig.[3).

As illustrated in Fig.[A.T] a cylindrical shell configuration
(often referred to as ’croissant” model) is employed to represent
the magnetic flux rope. The model parameters were adjusted to
ensure that the red mesh aligns with the observed CME struc-
ture in all coronagraph images, including the footpoints’ location
with respect to the source region on the disk. The two outer red
crosses in the first panel of Fig.[A-T|mark the intersection of the
two GCS conic legs axes with the solar surface, while the three
inner crosses trace the connecting arc as a visual guide.

The geometrical parameters derived from the red-mesh fit-
ting are: Carrington longitude 339° and latitude -32°; height
4.6 Ry; tilt angle -32°; aspect ratio 0.4 and half angle 4.2°.

Fig. A.1: Graduated cylindrical shell 3D reconstruction of
the CME. Near-simultaneous images from the four instru-
ments used are shown. From left to right: STEREO/SECCHI
EUVI-A 195 A (04:45:00), Metis running difference (04:36:01),
SOHO/LASCO-C2 (04:40:08), and STEREO/SECCHI COR2-
A (04:38:30).
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