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ABSTRACT

Context. The Solar Orbiter mission completed its first remote-sensing observation windows in the spring of 2022. On 2 April 2022, an M-class
flare followed by a filament eruption was seen both by the instruments on board the mission and from several observatories in Earth’s orbit,
providing an unprecedented view of a flaring region with a large range of observations.
Aims. We aim to understand the nature of the flaring and filament eruption events via the analysis of the available dataset. The complexity of the
observed features is compared with the predictions given by the standard flare model in 3D.
Methods. In this paper, we use the observations from a multi-view dataset, which includes extreme ultraviolet (EUV) imaging to spectroscopy
and magnetic field measurements. These data come from the Interface Region Imaging Spectrograph, the Solar Dynamics Observatory, Hinode,
as well as several instruments on Solar Orbiter.
Results. The large temporal coverage of the region allows us to analyse the whole sequence of the filament eruption starting with its pre-eruptive
state. Information given by spectropolarimetry from SDO/HMI and Solar Orbiter PHI/HRT shows that a parasitic polarity emerging underneath
the filament is responsible for bringing the flux rope to an unstable state. As the flux rope erupts, Hinode EIS captures blue-shifted emission in the
transition region and coronal lines in the northern leg of the flux rope prior to the flare peak. This may be revealing the unwinding of one of the
flux rope legs. At the same time, Solar Orbiter SPICE captures the whole region, complementing the Doppler diagnostics of the filament eruption.
Analyses of the formation and evolution of a complex set of flare ribbons and loops, of the hard and soft X-ray emissions with STIX, show that
the parasitic emerging bipole plays an important role in the evolution of the flaring region.
Conclusions. The extensive dataset covering this M-class flare event demonstrates how important multiple viewpoints and varied observations
are in order to understand the complexity of flaring regions. While the analysed data are overall consistent with the standard flare model, the
present particular magnetic configuration shows that surrounding magnetic activity such as nearby emergence needs to be taken into account to
fully understand the processes at work. This filament eruption is the first to be covered from different angles by spectroscopic instruments, and
provides an unprecedented diagnostic of the multi-thermal structures present before and during the flare. This complete dataset of an eruptive event
showcases the capabilities of coordinated observations with the Solar Orbiter mission.
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1. Introduction

Solar flares are amongst the most energetic events taking place
in our Solar System. They correspond to the release of free mag-
netic energy stored in the Sun’s atmosphere. This process leads
to a variety of phenomena following the energy deposition in
various forms (see Benz 2017, for a review of flare observa-
tions). These phenomena are seen in the different layers of the
solar atmosphere, from Extreme UV (EUV) emitting loops to
chromospheric, and sometimes photospheric, flare ribbons. EUV
imaging also shows the formation of hot coronal loops as well
as, in some cases, indications of the ejection of a twisted mag-
? Movies associated with Figs 7, 9, 11, and 15 are available at
https://www.aanda.org

netic field structure called a flux rope (e.g., Cheng et al. 2014;
Kumar & Cho 2014). Both loops and ribbons indicate a change
in the magnetic field configuration, as shown for example by the
location of electric current ribbons (derived directly from pho-
tospheric magnetograms). These currents are spatially located
where the EUV ribbons are seen (Janvier et al. 2014). Non-
thermal hard X-ray sources are routinely seen at the footpoints
of flare loops (e.g., Krucker et al. 2011), and in some cases at the
top of flare loops as well (e.g., Masuda et al. 1994). Generally,
the accelerated electrons that are associated with these sources
are considered as a major mechanism to heat the chromospheric
and coronal plasma (e.g., Warmuth & Mann 2020).

The ultraviolet (UV) range gives access to emission
lines that formed at all layers of the atmosphere from the
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chromosphere at 10 000 K to the flaring corona at 20 MK.
UV slit spectrometers such as the Interface Region Imaging
Spectrograph (IRIS, De Pontieu et al. 2014), the EUV Imag-
ing Spectrometer (EIS) on Hinode (Culhane et al. 2007), and
the Spectral Imaging of the Coronal Environment (SPICE) on
Solar Orbiter (SPICE Consortium 2020) yield line profiles for
studying plasma dynamics as well as temperature, density, and
element abundance diagnostics. Specific topics studied with
spectrometer data include chromospheric evaporation at flare
ribbon sites (Milligan & Dennis 2009), enhanced line broad-
ening during the flare build-up (Imada et al. 2008; Harra et al.
2013), and large Doppler shifts during filament eruptions (Young
2023). A review of spectrometer flare results is given by Milligan
(2015). A disadvantage of slit spectrometers is that spatial
scans of active regions can take much longer than the evolu-
tionary timescales of eruptive flares. By leaving the slit in a
fixed position, high cadence observations can be obtained but
only for a single part of the active region. An example is pre-
sented here where the EIS slit was ideally positioned to cap-
ture the filament eruption. Furthermore, diagnostics from spec-
trometers are strongly constrained by the projection effect of the
sources. While some evolution of parameters such as sustained
Doppler shifts can be decorrelated from the projection by tak-
ing into account the solar rotation (e.g., Démoulin et al. 2013;
Baker et al. 2017), most observations would benefit from better
constrained measurements obtained with two different lines of
sight, which is the case for the present event.

With all the different observational constraints, a flare model
emerged over the years, starting from the CSHKP model
(Carmichael 1964; Sturrock & Coppi 1966; Hirayama 1974;
Kopp & Pneuman 1976). Different views of this model have
been proposed since, to include the various features seen in
the observations. However, a key piece missing from most of
these models is the 3D aspect, which is essential to explain the
morphology of flare ribbons and understand the 3D nature of
the magnetic field reconnection leading to the formation and
apparent dynamics of flare loops (e.g., Aulanier et al. 2010;
Dudík et al. 2014). Using numerical simulations, several authors
have analysed the consequences of 3D magnetic reconnection
during flares in an effort to complete our understanding of
the observations (e.g., Aulanier et al. 2012; Kliem et al. 2013;
Amari et al. 2018). The flare reconnection produces a feedback
effect since it increases the poloidal flux of the rope, aiding
its acceleration away from the Sun. This can in turn affect the
flare reconnection rate (Lin & Forbes 2000). If a flux rope is
pre-existing, the specific configuration of the rope can influence
how its eruption proceeds (more discussions can be found in
Patsourakos et al. 2020). Therefore, a strong interest lies in the
formation and characterisation of pre-flare flux ropes.

The formation and initiation of a coronal mass ejection
(CME) is also the subject of various scenarios, starting with the
existence or not of a flux rope prior to the eruption, and different
trigger processes such as the torus instability (discussed below)
or the breakout model (Antiochos et al. 1999). The physical pro-
cesses involved in the onset of an eruption involve both ideal and
non-ideal processes acting on non-potential fields. A theoretical
view is a pre-eruptive magnetic field that is formed by a sheared
arcade where reconnection is initiated and drives the eruption
(Karpen et al. 2012). In other models, the pre-eruptive configu-
ration is a flux rope. When a flux rope is present, the eruption can
be driven by a loss of equilibrium (van Tend & Kuperus 1978),
a flux rope catastrophe (Forbes & Isenberg 1991), or the torus
instability (Kliem & Török 2006), which are different views of
the same physical phenomena (Démoulin & Aulanier 2010).

Observationally, flux cancellation due to photospheric
motions and flux emergence are among the most recognised
processes at the origin of the filament shearing and destabilisa-
tion. They result in local reconnection events that partially dis-
sipate the accumulated magnetic energy and partly change the
magnetic topology. In the corona, this is manifested by EUV
brightenings and fading, both in the main body and at the foot-
points of the filament. During the pre-eruption phase, the fila-
ment body can show deformation and helical motion, as well
as oscillations (see Parenti 2014, for a general review of these
processes). Furthermore, non-thermal velocities in the corona
have long been measured in the early phases of an eruption. The
non-thermal velocity is inferred from a line-width enhancement
above the thermal width in an emission line. These enhance-
ments can be seen minutes before a flare begins and in some
cases hours before, and can be related to pre-flare activity turbu-
lence or multi-directional flows. For example, Harra et al. (2013)
looked at three large eruptive flares and found that the enhanced
non-thermal velocity in the pre-flare stages was found to lie away
from what would become the flare footpoints, and on what would
become the footpoints of the dimming regions. This provides
further evidence that pre-flare non-thermal enhancements in the
corona can be related to a magnetic flux rope slowly reaching a
threshold leading to a subsequent eruption.

For flux ropes that formed low in the solar atmo-
sphere, likely through the process of flux cancellation
(van Ballegooijen & Martens 1989; Green et al. 2011), the spe-
cific configuration can contain field lines that graze the pho-
tosphere and have a concave-up shape, forming so-called bald
patches (BPs: Titov et al. 1993; Müller & Antiochos 2008). In
BP ropes, the underside of the rope reaches down into the denser
plasma layers (photosphere, chromosphere) where helical field
lines have concave-up sections and are therefore anchored by
the line tying condition.

There are observational and modelling studies which show
that although flux ropes may form with a BP configuration via
the process of flux cancellation, magnetic reconnection can then
occur within the BP separatrix layer or at the separator present
between two BPs (Titov & Démoulin 1999). The result of this is
that the flux rope transitions from a BP configuration to one in
which the underside of the rope is higher in altitude with quasi-
separatrix layers (QSLs) separating it from the neighbouring
arcade (Démoulin et al. 1996b). The thinnest region of the QSLs
is known as a hyperbolic flux tube (HFT; Titov et al. 2002). A
thin current layer is naturally formed at the QSLs, and especially
at the HFT, during the flux rope evolution and an even stronger
one is built when the flux rope gets unstable (Aulanier et al.
2010; Green et al. 2011; Savcheva et al. 2012; Zuccarello et al.
2015). Then, magnetic reconnection occurs, aiding the eruption
of the rope.

Flares can also inject particles and magnetic flux into the
heliosphere. Solar energetic particles (SEPs) originating from
flaring regions can be injected via different mechanisms, from
the flare site to the shocks that can accompany the release of
a CME. As flares are space weather inducing events (Temmer
2021), a strong interest remains in understanding the mecha-
nisms underlying the events leading up to flares.

One of the objectives of the Solar Orbiter mission
(Müller et al. 2020; García Marirrodriga et al. 2021), launched
in February 2020, is to understand how the solar variability
on different scales affects the heliosphere. Since the launch,
the probe has recorded a variety of eruptive solar flares
(Berghmans et al. 2023). In this paper, we present the first
comprehensive study of an eruptive solar flare seen by the
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Fig. 1. Overview of the Solar Orbiter position and instruments fields of view. Left: positions of Solar Orbiter (blue) and Earth (green) on 2 April
2022. The fields of view of the different instruments observing the flare, namely: IRIS and Hinode/EIS, Solar Orbiter EUI/HRI, PHI/HRT and
SPICE, as viewed from Earth (middle) overlaid on top of an AIA 171 Å image, and as viewed from Solar Orbiter (right) overlaid on top of an EUI
FSI 174 Å image.

remote-sensing instruments on board the mission, completed by
near Earth assets.

The paper is outlined as follows. In Sect. 2, we present an
overview of the set of observations from the 2 April 2022 erup-
tive flare event. In Sect. 3, we discuss the precursor phase of
the flare taking place a few days to a few hours before the erup-
tion. The flare loops and ribbons are analysed with the spectro-
scopic observations taken by Solar Orbiter/SPICE (Sect. 4.1),
the filament eruption by Solar Orbiter/SPICE and Hinode/EIS
(Sect. 4.2), while the hot plasma and energetic electrons are stud-
ied by Solar Orbiter/STIX (Sect. 4.3). In Sect. 5 all observations
are placed in the context of our present understanding of 3D
MHD flare/eruption models. Finally, our conclusions are given
in Sect. 6.

2. Overview of the observations

2.1. Long-term Active Region SOOP

In the first months of 2022, three remote-sensing windows of
ten days each were targeting different science objectives1. The
third remote-sensing window during which the observations pre-
sented in this paper were conducted ran from 27 March 2022
until 6 April 2022. Then, Solar Orbiter was situated between
0.323 AU (first perihelion) and 0.391 AU, as indicated in Fig. 1.
On 2 April 2022, the distance between Solar Orbiter and the
Sun centre was 0.356 AU. Because of this distance, the timings
of the observations made at Solar Orbiter are different for the
same events recorded at Earth. Due to the difference in light
travel time to Solar Orbiter compared to the Earth, an obser-
vation time at the spacecraft needs be increased by 321 s to be
equivalent to the observing time for an Earth-orbiting spacecraft
(Hinode, Solar Dynamics Observatory – SDO). Throughout the
paper, both times are indicated when relevant.

The Solar Orbiter remote-sensing observations are designed
to address the mission’s science objectives, and executed by
means of the Solar Orbiter observing plans (SOOPs, see
Zouganelis et al. 2020). During the first remote-sensing obser-
vation campaign of the nominal mission phase in March–April
2022, one of the SOOPs was dedicated to study the long term

1 See https://issues.cosmos.esa.int/solarorbiterwiki/
display/SOSP/LTP06+Q1-2022 for more detailed information on
each.

evolution of an active region (long-term AR follow-up2) and
was coordinated by L. Bellot Rubio. This corresponded to four
full days of observations from 31 March 17:45 UT to 4 April
16:20 UT with a short-term pointing decision made a few days
before the start of the observations. Coordinated observations
were performed with Hinode and IRIS through the Hinode
Operation Plan (HOP) 4363.

Since the primary science objective for this SOOP was to
look at the decay of an active region, and considering the state of
the Sun a few days prior to the start of the observations, a choice
was made to focus on the two nearby regions AR 12975 and AR
12976 (see Fig. 2 for different views of the region taken with
the HMI and AIA instruments aboard SDO). While both active
regions had started their decay, region 12976 showed a consis-
tent leading polarity sunspot (see Fig. 2b for the SDO/HMI con-
tinuum data), which became the focus of the pointing decision.
Region 12975 was also in its decay phase but new flux emerged
into the positive polarity between 27 March and 31 March. Due
to the relatively large field of view chosen for the Solar Orbiter
EUI and SPICE instruments (see Fig. 1), the following polarity
region of AR 12975 was also planned to be observed.

2.2. M-class flare on 2 April 2022

On 2 April 2022, two M-class flares were recorded between
12:00 and 22:00 UT from the region containing AR 12975 and
12976, as shown by the GOES X-ray Sensor (XRS) light curves
in Fig. 3. This figure also shows the availability of the FUV/EUV
datasets presented in the paper at different times during the
flares. We focus on the first flare, which featured a filament
eruption and CME and had a GOES classification of M3.9. The
filament was located between the two active regions, as indi-
cated with the yellow contour shown in Fig. 2d. The flare started
around 12:50 UT, and reached a peak at 13:56 UT in the low
energy bands of GOES-16. The impulsive phase shows a two-
step increase in the GOES/XRS light curve rather than a mono-
tonic increase usually seen in flares. The peak is followed by a
long decrease, as often seen in eruptive flares with long-lasting
flare loops (e.g., Harra et al. 2016).

2 https://issues.cosmos.esa.int/solarorbiterwiki/
display/SOSP/R_SMALL_MRES_MCAD_AR-Long-Term
3 https://www.isas.jaxa.jp/home/solar/hinode_op/hop.
php?hop=0436
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Fig. 2. Overview of the two active regions AR 12975 and AR 12976
seen from the Sun-Earth line on 30 March 2022 during the pointing
decision meeting. The different views correspond to the (a) HMI mag-
netogram and (b) continuum data, (c) AIA 171 Å and (d) AIA 304 Å. A
filament is present in between the two regions in the AIA 304 Å image
(d) (yellow contour). The AIA images have been processed using the
multi-scale Gaussian normalisation (Morgan & Druckmüller 2014).

Fig. 3. X-ray flux seen in the two GOES channels (1–8 Å and 0.5–4 Å)
on 2 April 2022. The first flare corresponds to the filament eruption,
which is the focus of this paper, while the second confined flare occurred
later on in the same region. The vertical dashed black line shows the
beginning of the impulsive phase of the first flare, while the two verti-
cal dashed grey lines show the peaks of the two flares. Both flares were
classified as M-class flares. The bottom of the graph shows the tem-
poral coverage of the observations by the different optical instruments
discussed in the paper, namely SPICE (green), EIS (blue), EUI/HRI
(yellow) and IRIS (orange).

The flare was recorded by different EUV imaging instru-
ments and a selection of images is shown in Fig. 4. The
SDO Atmospheric Imaging Assembly (AIA, Lemen et al. 2012),
recording the flare at 12 s cadence in different passbands, clearly
shows the filament/prominence in eruption (panel a in 304 Å)
while flare structures such as flare loops are seen in the decay-
ing phase of the flare (e.g., panel b in 171 Å). Hot flare emis-

sion was also recorded in soft X-rays by the Hinode X-Ray
Telescope (XRT, Golub et al. 2007). The subsequent CME was
observed with different coronagraphs, such as the Large Angle
Spectroscopic Coronagraph (LASCO, Brueckner et al. 1995)/C2
on board SoHO (panel c). Throughout the day on 2 April, the
EUV Imager (EUI, Rochus et al. 2020) on board Solar Orbiter
took images (see data release Mampaey et al. 2022) with the Full
Sun Imager (FSI) in the 174 Å channel every 10 min, and in the
304 Å channel every 30 min. The EUI High Resolution Imagers
(HRIEUV and HRILya) recorded images of the region every 10 s
in the pre-flare phase between 09:19 and 10:34 UT. We discuss
in more detail the observations obtained from HRIEUV in Sect. 3.
For convenience, we simply write in the following EUI/HRI to
refer to EUI/HRIEUV as we do not discuss HRILya further. The
FSI 304 Å image shows the pre-existing filament and its sig-
moidal shape (panel d) as well as the flare ribbons (panel e)
appearing after the flare onset. The FSI 174 Å image also shows
the flare loops from the Solar Orbiter point of view as shown
in panel f. These features are typical of eruptive flares and are
expected in the framework of the 3D standard flare model (see
the review of Janvier 2017, and references therein).

2.3. Polarimetric observations

During the entire duration of the SOOP, the High Resolution
Telescope (HRT) of the Polarimetric and Helioseismic Imager
(PHI, Solanki et al. 2020) on Solar Orbiter tracked the lead-
ing spot of AR 12976 and part of the trailing polarity of
AR 12975 at a regular cadence of 30 min. Each observation
consisted of a full polarimetric scan through the Fe i 6173 Å
line at 5 wavelength positions plus a continuum point. The
raw data were downlinked to Earth and processed on-ground
with the standard PHI/HRT pipeline (Sinjan et al. 2022). This
included the inversion of the data using the C-MILOS code
(Orozco Suárez & Del Toro Iniesta 2007), resulting in maps of
the full vector magnetic field and line of sight velocity field at
photospheric levels. The calibration of the data presented here is
preliminary, as it does not yet include compensation for wave-
front errors due to thermal loads on the heat rejection entrance
window of the instrument (Kahil et al. 2023). This, however,
does not influence the longitudinal magnetic field maps, in par-
ticular the polarity of the field, which is the main parameter of
interest for the present study.

Coordinated observations with the spectropolarimeter (SP,
Lites et al. 2013) on the Hinode Solar Optical Telescope
(Kosugi et al. 2007) allowed to extend the coverage of the AR
evolution by several days before the start of the SOOP. On 2
April 2022, the leading spot of AR 12976 was scanned by the
Hinode/SP in the normal map mode at 03:40, 07:39, 11:55 and
18:24 UT, covering a FOV of 80′′×80′′ with a pixel size of 0′′.16.
Additionally, a wider normal map covering both AR 12975 and
12976 was taken at 14:06 UT (not shown).

The PHI/HRT and Hinode/SP observations provide views of
the flaring region, and in particular of emerging flux during the
active region evolution, from two very different vantage points.
In both cases, the region was recorded near the limb on 2 April,
but PHI/HRT observed it close to the eastern limb and Hin-
ode/SP close to the western limb. This difference in viewing
angles led to apparent changes in the polarities of some areas
over the FOV which are just due to projection effects. Having
the two observations makes it possible to disentangle projec-
tion effects unambiguously, and will ultimately allow to apply
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Fig. 4. Views of the flaring region from different imagers and at different times. The SDO/AIA 304 Å image from the impulsive phase of the event
shows the prominence in eruption (a) while the SDO/AIA 171 Å image from the decay phase shows the flare loops (b). The filament eruption
subsequently led to a CME detected by the SOHO/LASCO C2 coronagraph (c). Times are at Earth time. The Solar Orbiter EUI-FSI 304 Å image
shows the pre-flare filament and the flare ribbons (d and e), and the 174 Å image shows the flare loops (f). Times are at the observation time (321s
before Earth time). The AIA images have been processed using the multi-scale Gaussian normalisation (Morgan & Druckmüller 2014).

magnetic stereoscopy to retrieve the vector magnetic field with-
out the azimuth ambiguity that affects single vantage point mea-
surements (Valori et al. 2022, 2023).

The PHI/HRT observations permit a simpler interpreta-
tion of the observations taken by EUI and SPICE, given that
the three instruments have similar fields of view and observe
the same target from the same vantage point, which makes the
co-alignment of the different fields of view much easier. The
PHI/HRT and EUI observations were manually aligned using
the PHI/HRT longitudinal magnetograms and the EUI/HRI Ly-α
images, which show good correspondence between photospheric
magnetic flux concentrations and chromospheric enhanced emis-
sion. Further adjustments were made visually to correct for the
slight offset between EUI/FSI and EUI/HRI.

2.4. Spectroscopic observations

A compelling aspect of the present observation is that the flare
was monitored by the three available solar spectrometers situ-
ated at different positions. These are Hinode/EIS (Culhane et al.
2007) and IRIS (De Pontieu et al. 2014) from the Sun-Earth
line, and SPICE on Solar Orbiter (SPICE Consortium 2020;
Fludra et al. 2021). As this SOOP was planned as a coordinated
campaign with the other missions Hinode and IRIS, both regions
were part of their respective observing programmes under the
observing time request HOP 436.

2.4.1. Chromospheric observations with IRIS

IRIS contributed to HOP 436 on 2 April, with Tiago M. D.
Pereira as planner, with seven large, dense 320-step rasters, each
spaced by around 4 h (see Fig. 3 and Table 1 for the timing of
these observations relative to the flare evolution). The period
of the M3.9 flare rise and filament eruption was not observed,
but there were two rasters obtained during 11:32–13:00 UT
(before the flare/filament eruption) and 15:39–17:07 UT (after
the flare/filament eruption) and we focus on these here. The
rasters have a 112′′ ×119′′ field-of-view (FOV) and a step
cadence of 16.5 s. The IRIS raster data provide information
about the solar chromosphere (Mg ii emission), upper solar chro-
mosphere (C ii emission), as well as the transition region (Si iv
emission). Here we focus on the k line of Mg ii at 2795.5 Å and,
in particular, images formed from the core of the line, which is
referred to as k3 (e.g., Pereira et al. 2013).

We analysed the level-2 data, downloaded from the IRIS
database4. To find the extrema of the Mg ii spectral line (inten-
sities) for the whole raster, we used the SolarSoftWare (SSW)
routine iris_get_mg_features_lev2 (Pereira et al. 2013). Finally,
the routine computed the intensity raster map of Mg ii k3.

The raster maps of the Mg ii k3 line core also show the fil-
ament seen in the AIA images before the flare peak (Fig. 5a).
Interestingly, we also see that the lowest portion of the northern

4 https://iris.lmsal.com/search/
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Table 1. Observations and associated individual events before and during the M3.9-class flare.

Approx. time (UT) Observations Event description Notes

From 1 April PHI/HRT, HMI, Hinode/SP Flux emergence in between AR 12975 and 12976 Fig. 7
From 1 April AIA Filament slow rise Figs. 7,10
2 April
03:39–11:53 EIS Non-thermal velocities seen near Fig. 8

the filament northern root part
09:24–10:39 EUI/HRI, SPICE Overlying arcade above filament apparent motion Fig. 9
11:32 IRIS Northern part of the filament seen in IRIS/Mg ii Fig. 5a
12:50 GOES, STIX Start of the flare Figs. 3, 6
13:10 AIA Filament fast rise Figs. 4a, 10
13:00–14:00 EUI/FSI 304 Å, SPICE, STIX Flare ribbons, HXR sources, strong Doppler shifts Figs. 4e,11,12,13
13:05–17:08 EIS Sit and stare observations Figs. 14, 15, 16, 17, 18
13:56 GOES, STIX Peak of the flare Figs. 3, 6
14:12 SOHO/LASCO Coronal mass ejection Fig. 4c
≈4:50 AIA, EUI/FSI 174 Å, SPICE Flare loops Figs. 4b, f,11,12
15:39 IRIS Part of the northern filament leg still seen in Mg ii Fig. 5b

Notes. All timings are given at Earth time.

Fig. 5. Views of the flaring region by IRIS with Mg ii k3 line before the flare peak (a), after flare peak (b), AIA 304 Å (c), and EUI/FSI 304 Å (d).
The white arrows highlight the hook part of the filament, as well as the dotted contour lines in the AIA and EUI/FSI observations.

part of the filament is still present after the flare, as indicated by
the white arrow in Fig. 5b. This structure is also seen in the 304 Å
filters of EUI (Fig. 5c) and AIA (Fig. 5d). These observations
show that while the filament eventually erupted, its northern part
separated with some of the filament remaining anchored at the
Sun. Other examples of partial eruption of filaments have been
reported, and Gibson & Fan (2006) have shown with an MHD
numerical simulation that this is compatible with the initial fila-
ment plasma being caught in a flux rope.

2.4.2. Upper chromosphere/TR/low corona observations with
Solar Orbiter SPICE

On 2 April, SPICE (instrument planners M. Janvier and É. Buch-
lin) took ‘dynamics’ studies throughout the day, from 03:15 to
23:15 UT. These comprised 160-step rasters with the 4′′ × 11′
slit and 5 s exposure time, giving a raster cadence of 14 min 10 s.
Projecting the SPICE raster size to an Earth observer gives an
area of 228′′ × 324′′. Eight spectral windows were selected for
the study corresponding to the emission lines shown in Table 2.
We note that the Fexviii line is only observed in active regions
and becomes strong during flares.

The level-2 FITS files from the data release 3.0
(SPICE Consortium 2023) are used in the following. Level-2
files are calibrated to physical units, and are corrected for flat-

field, dark current, geometric distortion, etc. (SPICE Consortium
2020). Depending on the number of expected spectral lines, each
spectral window is fitted via a Gaussian or multiple Gaussians
with the curve_fit function provided by Python SciPy library
(Virtanen et al. 2020). In areas with low signal-to-noise ratio,
pixels are first convolved with a smoothing kernel, where this is
needed for the fitting.

2.4.3. Coronal observations with Hinode EIS

The EIS Chief Observer for 2 April was D. H. Brooks, and
HOP 436 was supported by EIS with four runs of the study
HPW021VEL260x512v2 beginning at 03:39, 07:39, 11:53 and
18:21 UT (see Fig. 3 and Table 1 for the timing of these obser-
vations relative to the flare evolution). The study resulted in one
raster of size 260′′ × 512′′ with a duration of 61 min, discussed
in Sect. 3.1.

The level-0 data were obtained from the Hinode/EIS
archive5. The data were calibrated with the eis_prep standard
calibration routine from the Solar Software IDL library. This
routine removes the CCD dark current, cosmic ray pattern, and
hot and dusty pixels from detector exposures and provide the

5 http://solarb.mssl.ucl.ac.uk/SolarB/SearchArchive.
jsp
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Table 2. Analysed spectral lines with EIS, IRIS and SPICE.

Instrument Spectral line λ [Å] log(T [K])

IRIS Mg ii 2795.5 4.5
H Lyman β 1025.72 4.0

C iii 977.03 4.5
SPICE N iv 765.15 5.1
(Solar Orbiter ) Ovi 1031.93 5.5

Neviii 770.42 5.8
Mg ix 706.02 6.0

Fexviii 974.84 6.9
EIS (Hinode) He ii 256.32 4.9

Feviii 194.66 5.7
Fexii 195.12 6.2
Fexv 284.16 6.4

Fexxiv 192.03 7.3

radiometric calibration to physical units (erg cm−2 s−1 sr−2 Å−1).
The slit tilt correction is also made. The coronal emission line
Fexii at 195.12 Å was analysed. To perform the fitting of the
spectral lines, the eis_auto_fit routine6 was used. A single
Gaussian fit was applied to each spectrum from the Fexii emis-
sion line.

Following the large flares on 30 and 31 March, the Hin-
ode planning team called a Major Flare Watch for AR 12975
beginning on 2 April around 11 UT. This led to the study
Flare_SNS_v2 being run for two periods, 13:05–17:07 UT and
19:53–23:55 UT, and the first of these caught the flare studied in
the present work. The study uses a fixed slit position (“sit-and-
stare” mode) and 900 exposures were obtained for each observ-
ing period. Each slit position has a 10 s exposure followed by
a 5 s delay time, and the cadence averages to 16.1 s. The 2′′
slit is used and the spatial coverage along the slit is 152′′ in
the Y-direction. A comprehensive study of these observations
is given in Sect. 4.2.2, for which the software and data for gen-
erating the figures are available in the GitHub repository pry-
oung/papers/2023_orbiter_flare (Young 2023b).

During the first Flare_SNS_v2 observing period, the Hinode
spacecraft was tracking solar rotation and so the EIS slit drifted
westwards by around 10′′. The x location at the beginning of the
sequence was +917′′, and the centre of the slit was at y = +279′′.

2.4.4. Hard X-ray imaging spectroscopy with STIX

In addition to EUV imaging and spectroscopy, hard X-ray
(HXR) imaging spectroscopy is provided for the M3.9 flare
by the Spectrometer/Telescope for Imaging X-rays (STIX) on
Solar Orbiter (Krucker et al. 2020). In Fig. 6, we show the soft
X-ray fluxes from GOES/XRS together with the background-
subtracted STIX HXR count rates in five broad energy bands
for the impulsive phase of the flare. The lightcurves show a
pronounced pre-flare phase up until ≈13:10 UT (time at Solar
Orbiter), after which the impulsive phase starts. The HXR emis-
sion at the lower energies is mainly caused by thermal plasma,
which is reflected by the smooth time evolution. In contrast,
the emission above 25 keV is clearly dominated by non-thermal
bremsstrahlung, which shows the typical spiky behaviour which
is interpreted as successive episodes of electron acceleration. We
note that the non-thermal counts after the third HXR peak are

6 Solar Software; eis_auto_fit.pro
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Fig. 6. X-ray lightcurves of the impulsive phase of the M3.9 flare. Top:
GOES-16 soft X-ray fluxes. The GOES fluxes have been shifted in time
to be consistent with the observations at Solar Orbiter. Bottom: STIX
HXR count rates in five energy bands: three broad energy bands that
are dominated by thermal emission, and two energy bands that show
non-thermal emission. The vertical dotted lines indicate the three major
non-thermal peaks. A pre-event background has been subtracted from
all STIX count rates. The high-energy count rates after the third peak
are enhanced due to a detector saturation issue.

affected by an instrumental issue that will be solved by a new
release of the STIX analysis software currently under develop-
ment. Due to this reason we refrain from performing the full
quantitative STIX spectroscopy and will revisit this task in a
follow-up paper. Here, we focus on imaging the HXR sources
using the STIX pixelated count rates (e.g., Massa et al. 2022).
The results of HXR imaging are discussed in Sect. 4.3.

3. Precursor activity: From flux emergence to
overlying coronal arcade motion during the early
filament rise

3.1. Flux emergence of a parasitic bipole

Prior to the eruption, the filament was located between the lead-
ing (positive) spot of active region 12976 and the following (dis-
persed negative) spot of active region 12975, and small negative
flux further to the south (Fig. 2). The polarity inversion line (PIL)
along which the filament resided was the site of supergranular
and moat flows during its disk passage, which led to minor flux
cancellation in the days leading up to the CME on 2 April. The
reverse-S shaped filament was present when the region rotated
over the eastern limb from Earth viewpoint.

The most significant evolution of the PIL is due to a flux
emergence episode that begins on 1 April at 11:30 UT (yellow
dashed circle in Fig. 7). This flux emergence is observed both
from SDO/HMI (second row), and from Solar Orbiter PHI/HRT
(third row). The bipole emerges on the PIL of the filament, under
the filament’s axis as can be seen by comparing the position of
the new bipole (second row) and the SDO/AIA 304 images (top
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Fig. 7. SDO/AIA 304 (top row) and HMI (second row), as well as Solar Orbiter PHI/HRT magnetograms (bottom row) taken at different times
before the flare. The evolution of the magnetic field constrained with the two different views with SDO/HMI and PHI/HRT shows the emerging
bipole (yellow circle, with the ‘-’ sign indicating the negative polarity and ‘+’ the positive one). Since observations are close to the solar limb
(western one for AIA and HMI, eastern one for HRT), reversed magnetic polarities appear on the longitudinal magnetic field component on the
limb side of true polarities. The emergence of the bipole in time can be seen in the online movie and at https://owncloud.ias.u-psud.fr/
index.php/s/4iaifYwMjkHSPJ2.

row). The new loops of the emerging flux therefore form and
grow under the filament. The leading (following) polarity of the
new bipole is positive (negative), see third row, opposite to the
orientation of the polarities at the PIL along which the filament
resides.

The bipole emergence implies the formation of a magnetic
configuration with a potentially very complex set of interlink-
ing field lines and QSLs, where strong electric current layers are
expected to form (Démoulin et al. 1996a; Aulanier et al. 2005).
The emerging bipole further enhances the formation of this cur-
rent layer by pressing the emerging magnetic field against the
pre-existing one above. When the current layer becomes thin
enough, magnetic reconnection sets in and transforms part of the
magnetic field supporting the filament to new field connections.
The exact process depends on parameters such as the emerg-
ing bipole orientation, its field strength and its location relative
to the main PIL (Dacie et al. 2018). This leads to a progressive
detachment of the filament from the lower layers. This could be
related to what is observed in the studied case (as indicated by
the white arrow, “detached” in Fig. 7, top right panel). How-

ever, to discriminate with certainty other possible interactions
between the emerging bipole and the flux rope, or surrounding
arcades, a thorough magnetic modelling of the region is neces-
sary and out of the scope of the present paper.

Over the next ≈24 h, more and more of the filament appears
to become detached from the lower atmosphere and the filament
structure becomes more semi-circular by ∼13:20 UT on 2 April
as seen from the AIA perspective. After sufficient time, such a
process typically destabilises the original magnetic configura-
tion. Then, the filament starts to rise.

In conclusion, the role of the flux emergence that takes place
along the PIL could be significant for transitioning the flux rope
from a bald patch structure (an expected configuration during
filament formation via flux cancellation along the PIL) to HFT
(slow rise phase/precursor phase), as present in MHD simula-
tions (Aulanier et al. 2010; Zuccarello et al. 2015).

The intensity and the non-thermal velocities derived from
three of the EIS HPW021 rasters are shown in Fig. 8. The fil-
ament is seen as a dark absorption feature in coronal emission
lines in the first three rasters (with reverse colour) but is absent
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Fig. 8. Observations from the Hinode EIS instrument in the pre-flare
period. Left column: Fe XII intensity maps of the active region over 3
times using data from Hinode EIS. The rasters start at 03:39, 07:39 and
11:53 UT from top to bottom. The colour table is reversed colour, so
dark is the highest intensity. The filament is seen as white (low inten-
sity). Right column: non-thermal velocity of the Fe XII emission line
for the same raster times. The filament region (indicated with cyan dot-
ted lines) shows enhanced non-thermal velocity in each raster, as well
as the emerging bipole (green arrows). The colour bar shows the ranges
of the non-thermal velocity in km s−1.

in the fourth raster (not shown) that was taken by EIS during
the decay phase of the second M-class flare, which peaked at
17:45 UT. Some of the brightest parts of the active region show
the strongest non-thermal velocities. The non-thermal velocities
around the filament are distinctly enhanced especially in the sec-

ond and third raster. The second raster at 07:39 UT shows a clear
enhancement of non-thermal velocity at the location of the fila-
ment. This demonstrates that, at this time, 5 h before the flare
began, the corona is dynamic or turbulent around the region
of the filament. This is consistent with the filament detach-
ing from the lower atmosphere and reconnection taking place.
Enhanced non-thermal velocities are an expected consequence
of the reconnection from the emergence of the parasitic polarity,
as it leads to complex flows.

3.2. Overlying coronal arcades

The EUI/HRI FOV was centred on the region between AR 12975
and 12976, therefore capturing the dynamics of the filament
and surrounding coronal loops in the 174 Å passband (Fig. 9)
between 09:19:15 UT and 10:34:05 UT.

As shown in the two snapshots a and b in Fig. 9 and the
online movie, a striking apparent motion of both the northern and
southern coronal arcades (indicated with white arrows) overlying
the filament is present during the observation sequence. These
loops are anchored in the same western footpoints (their eastern
counterparts are not visible). This fixed position is indicated as
the horizontal dashed white lines in Figs. 9a,b. By choosing two
areas across the northern and southern loops where the intensity
of the loops is best seen during the EUI/HRI observation time,
we investigated the motion of the bright front of these loops
in time-distance plots (Fig. 9c) defined on EUI/HRI images
(Figs. 9a,b). By visualising the intensity along the synthetic
slits (y-axis) over time (x-axis), the highest intensity regions are
seen to move monotonically, giving an apparent motion speed
of vnorth = 3.1 km s−1. The motion of the southern loops is less
smooth, which renders a less clear linear fit with an apparent
speed of vsouth = 5.5 km s−1. This motion characterised visu-
ally is indicated with the black solid lines. This apparent motion
could either be due to an actual motion of the loop tops or a
change in the density or temperature so that loops appear sub-
sequently (similar to the sequential evaporating plasma filling
within flare loops, which consequently appear as growing in
height). To test these two scenarios, we used the SPICE dynam-
ics studies that were running about every 15 min in the same time
frame. In Figs. 9d–g, time-distance plots are shown for different
ions where the overlying arcades are seen. These time-distance
plots were constructed from the intensity maps obtained via the
Gaussian fitting described in Sect. 2.4.2. For the northern loop,
the motion seen in EUI/HRI EUV (Fig. 9c) is also visible in the
SPICE lines Neviii 770 Å, Ovi 1032 Å, and N iv 765 Å, with
peak temperature formation at 0.63, 0.32, and 0.13 MK, respec-
tively. The dark solid lines indicate this motion found for each
of the ions. For the southern loop, the motion is harder to iden-
tify in SPICE because of the lower contrast, and is only visible
in lines Neviii 770 Å and Ovi 1032 Å. No sign of the motion
was found in H i Ly β 1025 Å, suggesting a temperature higher
than 0.01 MK. To conclude, the associated EUI/HRI and SPICE
stackplots show that the apparent motion of the loops corre-
sponds to a multi-thermal structure that is moving in one block,
rather than a heating and cooling process.

3.3. Comparison with the standard model in 3D

This apparent motion of overlying arcades is expected from the
3D standard model. In the 10 September 2014 X-class flare
analysed by Dudík et al. (2014), the authors showed a growing
system of expanding warm coronal flare loops in the precursor
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Fig. 9. Solar Orbiter EUI/HRI views of the region in between AR 12795 and 12796 at 09:19:15 UT (a) and 10:34:05 UT (b). The x and y
axes represent respectively the longitude and latitude in Carrington coordinates and are given in degrees. The inverted S-shaped filament in
absorption and the overlying coronal loops in emission can be seen in between the two active regions. The two solid white rectangles represent
the areas where the time stackplots in (c)–(g) have been made. The stackplots show the intensity along the slits (northern slit in the top row,
and southern slit in the bottom row), for all the frames obtained by EUI/HRI with a cadence of 10 s (c) and by SPICE with a cadence of 15 min
(d)–(g). Four spectral lines observed by SPICE are shown, ordered by decreasing temperature: Neviii 770 Å (d), Ovi 1032 Å (e), N iv 765 Å (f),
and H-Ly β 1025 Å (g). The black solid lines indicate the motion of the northern and southern loops characterised visually for each, and are
used to obtain the projected motion speed. The temporal evolution of the EUI/HRI and SPICE maps can be seen in the online movie and at
https://owncloud.ias.u-psud.fr/index.php/s/z2eWkHD3gQrHFaK

Fig. 10. SDO/AIA 304 Å images of the erupting filament taken at 13:13:53 UT (a) and 13:21:53 UT (b) on 2 April. The blue cross indicates the
top of the filament used to track the eruption. Each distance from the disk centre (in arcsec) is reported against time in panel c, after removing the
solar rotation (see text). The two vertical black dashed lines indicate the start and the end of the EUI/HRI observation window.

phase and on the active region periphery (Fig. 2 in that paper).
These overlying loops had an apparent expansion motion rang-
ing from ≈6 km s−1 to 21 km s−1 in the AIA 171 Å images (their
Fig. 3), similar to that found in the EUI/HRI data here (Fig. 9).
Furthermore, they were seen to move co-temporal to the start of
the filament rise. In their Fig. 11, Dudík et al. (2014) showed
a numerical modelling of the 3D standard flare model made
with the OHM code (see details in Aulanier et al. 2010, 2012;
Janvier et al. 2013). In particular, the authors pinpointed a series
of overlying loops pushed by the flux rope expansion. They
explained that the overlying coronal loops expand and move
sideways due to the unstable flux rope pushing them as the
expansion starts. Overall, the expanding behaviour observed in
their paper and obtained here with the highest spatial resolution
and temporal resolution with EUI/HRI are consistent, pointing
out that the observations are well within the predictions given by
the standard flare model in 3D.

Next, since the filament is seen as late as 13:30 UT in the
AIA FOV (ultimately as a prominence eruption), we report in
Fig. 10 the position of the top part of the filament against time.
This position is corrected from the solar rotation by taking into
account the actual rotation speed of the region on the solar disk
starting from 25 March. The EUI/HRI observation time window
is indicated with the vertical dashed lines in panel c. During this
time, the filament top is not seen to rise significantly. This profile
is similar to the ones studied in the filament early rise analysis of

Cheng et al. (2020) in stackplots of intensity vs. time as a mea-
sure of height evolution in time. They found that the early, slow
rise phase preceding the main filament acceleration phase is a
common feature, with both having different dominant mecha-
nisms. Here, the early rise phase has been shown to be linked to
the parasitic bipolar emergence.

4. Eruption dynamics in multi-thermal observations

4.1. Multi-thermal flare ribbons and flare loops seen by
SPICE

We show in Fig. 11a intensity maps obtained from the intensity
peak parameter of the line Gaussian fits. These maps show the
spectral radiance of the peak of emission for four of the SPICE
emission lines. Each row is ordered by the emission temperature
of the species (see Table 2), starting with H-Lyβ at the top and
Neviii at the bottom. The columns correspond to different raster
times, from before the flare to ten hours after. The start time of
each raster is given as observation time at the spacecraft (‘Obs
time’) and the projected time at the Earth (‘Earth time’).

The SPICE raster that corresponds to the filament erup-
tion began at 13:15:36 UT (second column) and was completed
at 13:29:46 UT at the spacecraft, and runs from right to left.
These correspond to times 13:20:57 and 13:35:07 UT at Earth.
Figure 11b presents the maps of the same region obtained with
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Fig. 11. Sequence of observations taken by four different Solar Orbiter remote-sensing instruments. a) Intensity maps for the four ions H-Ly β
(104 K) , C iii (104.5 K), Ovi (105.5 K) and Neviii (105.8 K) (using the line peak intensity) and for six different times from 2 April 13:00 UT until
23:00 UT. The different structures referenced in the text are indicated with their respective arrow and label. A movie is available online and at
https://owncloud.ias.u-psud.fr/index.php/s/aESgKF6FXTy5YS5. b) FSI maps with the same field of view for the closest corresponding
times. These maps are overlaid with the closest magnetograms from PHI (contour plots, with red indicating positive polarities and blue negative
ones), as well as the non-thermal HXR sources from STIX at 13:20 and 13:30 UT (contour plots in gardients of green/blue). A movie is available
online and at https://owncloud.ias.u-psud.fr/index.php/s/nedpLpAzsmRTdYz.

EUI/FSI 174 Å. These maps are overlaid with the closest in time
magnetograms obtained by PHI/HRT (LOS magnetic flux den-
sity contours from 13:00, 13:40, 15:30 and 23:00 UT), as well as
HXR from STIX showing the non-thermal HXR sources (inten-
sity contours between 25 and 50 keV) at 13:20 and 13:30 UT (see
also Sect. 4.3 for a description of this dataset).

Flare ribbons are seen clearly as high intensity emissions in
three of the lines (Lyβ, C iii, and Ovi), while the Neviii line

shows some of the most intense flare kernels. The system of rib-
bons is more complex than the typical two J-shape ribbons often
reported in the literature in the context of eruptive flares (see,
e.g., Moore et al. 1995; Démoulin et al. 1996b; Chen 2011, and
references therein). We distinguish primary flare ribbons as indi-
cated with the white arrows, with the eastern arrow showing a
hooked, J-shaped structure expected for a flux rope eruption (see
e.g., Démoulin et al. 1996b; Janvier et al. 2014). As the flux rope
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Fig. 12. Intensity maps for the C iii (104.5 K) and Fexviii (106.9 K) lines (using the line peak intensity) for five different times around the peak
of the flare. The dashed lines, in the first and fourth panels, correspond to the positions and times of the two spectograms shown on the right.
Spectrogram (1): data from raster starting at 13:15:35 UT located around −2100 ′′ in helioprojective longitude, showing the emission peak of C iii
and the absence of Fexviii (interpolated over their positions). Spectrogram (2): data from raster starting at 14:15:37 UT located around −1950 ′′
in helioprojective longitude, showing the emission peaks of C iii and Fexviii (interpolated over their positions). The green curve is the mean
spectrum over all selected pixels in latitude in the spectrogram while the red curve indicates the wavelength position of the peak line intensity. The
width of the spectral profiles is dominated by the instrumental broadening. The Doppler velocity scale for C iii is written in red at the top.

spine extends in the N-S direction, the western ribbon extends
southwards outside of the instrument’s FOV.

Next, we observe a set of two small flare ribbons seen to
appear at 13:15 UT (indicated with green arrows in the 13:29 UT
frame of Neviii line). The EUI/FSI 174 Å + PHI/HRT overlay
obtained at 13:40 UT shows that this area also corresponds to a
secondary set of flare loops, which are anchored in the emerg-
ing bipole region described in Fig. 7. This second set of flare
ribbons and new loops correspond to a complex magnetic field
configuration and associated reconnection: see Sect. 3.1. The
EUI/FSI 174 Å + PHI/HRT overlay shows that flare loops are
both anchored between the positive polarity of AR 12976 and
the negative polarity of the emerging bipole, as well as that of the
positive polarity of the emerging bipole and the negative polar-
ity of AR 12975. The different orientations of the flare loops are
also visible in the hotter Neviii line.

We also observed the Fexviii 974.86 Å emission line in the
SPICE dataset. This line has been observed previously (e.g.,
Teriaca et al. 2012) in active regions with the Solar Ultravio-
let Measurements of Emitted Radiation (SUMER: Wilhelm et al.
1995) experiment. The Fexviii line lies close to the strong C iii
977 Å line and the lines were fitted together with a double-
Gaussian fit. Two examples of these fits are shown in Fig. 12.
In this figure, we also show the intensity maps for these two
lines for five rasters, corresponding to times before and after the
peak flare emission. No emission from the Fexviii line is seen
in the raster commencing 13:15:36 UT, while a set of flare loops
are seen in the following raster starting at 13:29:46 UT. These
flare loops correspond to the same set of secondary flare loops
seen in the 13:40 UT EUI/FSI 174 Å + PHI/HRT overlay shown
in Fig. 11b and anchored on one side in the emerging bipole.
Further hot flare loops are seen to appear subsequently, while
the C iii intensity map shows the flare ribbons at the footpoints
of the flare loops (Fig. 12). We notice that the second set of flare
loops to appear at 13:45 UT is connecting the positive polarity
of AR 12976 to the negative polarity of the emerging bipole, as
discussed above for Fig. 11.

In summary, the different emission lines obtained with
SPICE show a complex set of flare ribbons and loops due to
the magnetic field configuration (main bipole and emerging par-
asitic bipole). In the following, we investigate the Doppler shifts
obtained with SPICE as well as with EIS.

4.2. Filament eruption captured by SPICE and EIS

4.2.1. Erupting plasma as seen by SPICE

The Doppler velocities are analysed in the following from the
‘dynamics’ rasters, and are directly deduced from the spectrum
intensity peak shifts. However, the wavelength reference is not
precisely calibrated and the flight performance (as discussed in
Appendix B of Fludra et al. 2021) also alters the results. Con-
sequently, the wavelength used as a reference was calculated
directly from each raster, by considering the mean wavelength
value over a selected region considered as quiet Sun region, and
the Doppler velocities given further below are relative to this ref-
erence wavelength rather than absolute.

For the same spectral lines and raster scans as in Fig. 11, we
show the corresponding Doppler velocity maps in Fig. 13. In the
raster commencing at 13:15:46 UT, the strong blue shifted com-
ponents are clear, with velocities reaching up to 400 km s−1 (see
e.g., spectrogram (1) on the right of Fig. 12). The multi-stranded
appearance of the structure moving upwards is reminiscent of
the filament leg seen in the AIA and EIS frames and discussed
further below (see Figs. 15 and 18). While most of the filament
structure corresponds to a low intensity area in the different lines
in Fig. 11, one can however see some strong emission in a colli-
mated thin region indicated with the green arrow in the third row
of Fig. 11.

Furthermore, a cross-section of the SPICE data cube has
been selected in Fig. 12 (dashed grey line in (1) on the left
image) which relates to the moving filament leg. High val-
ues (>100 km s−1) of Doppler shifts are seen there, as indi-
cated by the spectrogram of I(λ, y) to the right (spectrogram
1). We also observe red shifted line emission along the flare
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Fig. 13. SPICE Doppler velocity maps for the four ions Lyβ, C iii, Ovi and Neviii and for five different times from 2 April 13:05 UT until 3 April
23:05 UT (Earth time). The corresponding intensities are shown in Fig. 11. The different structures referenced in the text are indicated with their
respective arrows and labels.

ribbons indicated with black arrows in Fig. 13, and some strong
red shift along the flare loops, as in the raster commencing at
15:29:46 UT.

In the SPICE data, there is however some uncertainty in
the Doppler shifts in that intensity gradients will cause red and
blueshifts in the direction along the slit next to bright features.
This is because the point spread function (PSF) of SPICE is ellip-
tical and rotated. While first steps have been taken to correct
this effect (Plowman et al. 2023), here we use the original SPICE
data. Still, because the flare ribbons are associated with only red-
shifts (and no blueshifts), it seems reasonable to assume that the
redshifts are real and not simply due to the SPICE PSF. To help
differentiate what features might be due to the astigmatism and
what may be solar in origin, such as the strong Doppler shift
values found related to the filament leg, we extend the analysis
further in Appendix B. Following this further step, we ensured
that that the strong blueshifts are indeed of solar origin, and that
the redshifts indeed indicate downflows.

4.2.2. Blue-shifted component in the filament leg as seen by
EIS

The sit-and-stare EIS observation began prior to the flare impul-
sive phase and continued through most of the long decay phase.
As the slit was located to the west of the flare ribbons, this aspect
of the flare evolution could not be studied. However, the fila-
ment eruption was observed from 13:10 UT to 13:35 UT, and
the cooling of hot post-flare loops was captured from 13:30 UT

to the end of the observation at 17:08 UT. Figure 14 shows
these two aspects of the event as they appear in a contin-
uous time sequence (x-axis) of 54 min. The He ii 256.32 Å
line is used to show the complex intensity variation associ-
ated with the filament eruption during the first 21 min. Next,
from 13:28 UT onwards, the intensity in Fig. 14 comes from
Fexxiv 192.03 Å, the hottest line observed by EIS. It shows
the development of hot post-flare loops at the spatial locations
through which the filament had previously passed. The 192.03 Å
line is principally formed in the temperature range 13–33 MK,
and so the presence of this line gives supporting evidence
for the high-temperature component found from STIX data
(Sect. 4.3).

The remaining of this section will focus on aspects of the
filament eruption. Three features are highlighted on the left panel
of Fig. 14 from the filament eruption stage:
EIS-1: Between 13:09 UT and 13:20 UT a succession of dark

filament threads are seen in absorption against the back-
ground He ii emission, and are approximately parallel to
the EIS slit. These reveal the slow, early rise phase of the
filament.

EIS-2: A bright section of the north filament leg moves pro-
gressively northwards during 13:12 UT–13:22 UT due to
the stretching and straightening of the leg (Fig. 15). It
becomes very intense at 13:21 UT.

EIS-3: A tangle of bright plasma clumps and twisted threads
that appear to unwind from EIS-2 after it reached its
maximum brightness.
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Fig. 14. Hinode/EIS observations over the flaring period. The left panel of this image shows the intensity of the He ii 256.32 Å line observed by
EIS, as a function of time and solar-y position, formed in the blue wing of the line between −190 and −10 km s−1. Three features discussed in
Sect. 4.2.2 are highlighted with arrows and numbers. The right panel shows the intensity of the Fexxiv 192.03 Å line. A square-root intensity
scaling has been applied for both lines.

Fig. 15. A focus on the filament eruption as seen from Hinode/EIS. (a) A frame from a movie showing the evolution of the EIS He ii 256.32 Å line,
and (b) the AIA 304 Å emission at 13:23 UT. A square-root intensity scaling is used for the EIS images. Two vertical blue lines on the AIA images
show the location of the EIS slit. The movie (between 13:07 UT and 13:27 UT) is available online and at https://owncloud.ias.u-psud.fr/
index.php/s/z86YZGWM9jZtAcL. (c,d) Diagrams summarising the interpretations of the observations, in particular the unwinding motion of the
magnetic flux rope supporting the filament.

Figure 15 shows a frame from a movie that compares the
evolution of the He ii emission along the EIS slit to the AIA
304 Å images, which is dominated by the He ii 304 Å emission
line. Both datasets were spatially aligned, with details of the
method given in Appendix A.1.

For the EIS frame (panel a), the x-axis is wavelength con-
verted to line-of-sight (LOS) velocity. Panel b shows the AIA
image nearest in time to the EIS exposures, as determined from
the mid-points of the exposures. The y-ranges for the two sets of
images are the same, and the location of the EIS slit is shown
on the AIA image. Inspection of the EIS spectral images shows
many transient, compact brightenings on the short-wavelength
side of the 256.32 Å line with LOS velocities between −50 and
−400 km s−1. These can be directly associated with bright fila-
ment plasma in the AIA images, and demonstrate that the fila-
ment plasma is moving towards the Earth.

For the simplistic model of the filament leg being a curved
cylinder (as shown in panels c and d) that is approximately
moving radially away from the Sun’s centre, the Doppler shifts
imply plasma moving away from the Sun. There may also
be a tilting of this cylinder towards the Earth during the

early phase of the eruption that contributes to the blue-shifted
emission.

The standard flare model predicts that the flux rope will
unwind as the eruption progresses. This was shown, for example,
in panels (g, h, i) of Fig. 1 in Barczynski et al. (2020) where the
numerical modelling made with the OHM code (Aulanier et al.
2012) allowed to quantify the flux rope expansion. This MHD
simulation confirmed the predictions that the twist per unit
length decreases due to this expansion.

Here, evidence for this unwinding comes from both AIA
image sequences and the EIS spectral data. Between 13:10 UT
and 13:15 UT, faint, thin emission threads can be seen in front
of the dark absorption cloud of the filament at about position
(+870,+315)′′ in the AIA 304 Å images (movie attached to
Fig. 15). They move southwards across the absorption patch
and, since the bright threads are covering the background fea-
tures, provided that they are optically thick, they must be in
front of the absorption patch and thus on the Earth-facing side
of the filament. The southward motion then implies an anti-
clockwise winding motion (Fig. 15d). Later, between 13:19 UT
and 13:23 UT, this same effect is seen more clearly around
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Fig. 16. An EIS exposure from 13:16:15 UT showing the variation of the
He ii 256.32 Å line along the slit. A blue arrow indicates the heated fil-
ament plasma that shows an increasing blueshift with y-position, giving
evidence of a clockwise unwinding for the filament (see Figs. 15c,d).

position (+900,+305) in the transition from feature EIS-2 to
EIS-3 of Fig. 14.

Further evidence for an anti-clockwise motion comes from
the Doppler-shifted He ii 256.32 Å emission. Figure 16 shows
the line profile as a function of y-position at 13:16:15 UT. The
bright, erupting filament plasma is seen as a “spur” on the rest
wavelength emission that extends along the slit. The plasma
becomes more blueshifted with increasing y between y = 265′′
and y = 285′′. If the filament is interpreted as embedded in a flux
rope (see Fig. 15d) then an anti-clockwise unwinding implies
that plasma on the north side of the cylinder moves towards the
observer with a greater speed than plasma on the south side. We
note that as the filament further evolves and unwinds, then some
of the windings will not be able to support the material against
gravity anymore, with material being dragged up by the unsta-
ble field and with material flowing down along the legs (see e.g.,
Sasso et al. 2014). Here, the observations are only catching the
early unwinding phase.

Next, Figs. 14 and 15 show the EIS He ii emission, which
corresponds to plasma at around 8 × 104 K. The transition from
absorption in He ii to emission implies heating of the initially
cold filament plasma as the eruption proceeds. The heating leads
to plasma with a wide range of temperature, as demonstrated by
Fig. 17. This is similar to what is found in both the intensity
and Doppler maps obtained from the SPICE dynamics studies
with a relatively wide range of temperatures. The part of the
filament evolution that corresponds to the transition from fea-
ture EIS-2 to EIS-3 (Fig. 14) is shown in four different emis-
sion lines. The temperatures of maximum ionisation (obtained
from the CHIANTI database) are displayed. We conclude that
the filament evolution is remarkably similar in all four lines.
This demonstrates that each bright clump or thread of the fila-
ment is a multi-thermal structure. The filament plasma is weakly
visible in Fexvi 262.99 Å (2.8 MK), but not in hotter lines.
In particular, the filament is not heated to flare temperatures
(10 MK).

As feature EIS-3 evolves, a number of fast-moving plasma
clumps are seen in the AIA 304 Å images and so there is
the opportunity to compare LOS velocities from EIS with

plane-of-sky (POS) velocities from feature-tracking of the AIA
clumps. Figure 18 shows three consecutive He ii 256.32 Å expo-
sures from EIS (panels E1–E3). Emission from the solar sur-
face behind the filament gives rise to fairly uniform emission
along the length of the slit close to the rest wavelength of
the line. A number of bright, compact features are seen on
the short-wavelength side of the profile that belong to the fila-
ment. The centroids of the features range in LOS velocity from
−140 km s−1 to −340 km s−1, which translate to radial speeds of
340 km s−1 to 820 km s−1 (see Appendix A.2).

Panels A1–A3 of Fig. 18 show the three AIA 304 Å images
that are closest in time to panels E1–E3. The spatial coverage
in y is the same for all panels, and the horizontal dotted lines
can be used to help compare features between panels. The loca-
tion of the EIS slit on an AIA image is indicated by short blue
lines at the top and bottom of the image. Arrows on panels A2
and A3 highlight a plasma clump that can be tracked for three
frames (it is also seen at 13:22:18 UT). The motion of this clump
corresponds to a POS speed of 520 km s−1, which translates to
a radial speed of 580 km s−1. The clump locations are to the
right of the EIS slit. We estimate that the clump was at the EIS
slit position for the 13:22:09 UT exposure (panel E1). The cir-
cle on panel A1 shows the estimated position of the clump in
the AIA 13:22:06 UT exposure based on extrapolation, although
the clump itself cannot be clearly identified in this exposure.
The corresponding position on the EIS slit is indicated by the
circle on panel E1, and there is emission here with a centroid
at −270 km s−1. This translates to a radial speed of 650 km s−1,
which is larger than the speed derived from AIA but not incon-
sistent given the uncertainties involved.

In summary, the EIS data provide high time resolution spec-
tral data of the filament eruption and the development of post-
flare loops. The filament shows unwinding motions in both the
EIS and AIA data, consistent with 3D models of solar eruptive
events. Filament plasma is heated to temperatures of 2 MK as the
eruption proceeds, and a radial speed of 580–650 km s−1 is esti-
mated from EIS and AIA data at 13:22 UT. This complements
the observations obtained by SPICE of the same northern region
of the filament, showing a filamentary structure as well as emis-
sion in multiple temperatures, and with speeds of several hun-
dreds of km s−1.

4.3. Energetic electrons as seen in X-rays with STIX

We employed the pixelated (information on individual detectors
and pixels contained in the L1 ‘pixel’ data) nature of the STIX
science data to reconstruct the HXR sources.

Here we focus on the non-thermal HXR emission (i.e., ener-
gies above 25 keV) that emanates from the chromospheric foot-
points and is generated by non-thermal electrons. STIX images
were generated using the maximum entropy method (MEM_GE,
Massa et al. 2020), where visibilities were computed after inte-
grating the counts over the energy range 25–50 keV, and over
time intervals with durations between two and three minutes that
cover the three major HXR peaks. The time bins are indicated in
Fig. 6 with the vertical dashed lines. The location of the sources
was determined using the pointing information provided by the
STIX aspect system (Warmuth et al. 2020).

We show the sources overplotted on the SPICE rasters and
the EUI/FSI 174 Å images in Fig. 11b. During the first HXR
peak (near 13:20 UT at Solar Orbiter), a single footpoint source
is seen close to the centre of the field of view. It coincides with
the northern part of the eastern flare ribbon seen in EUV. This
source remains visible (but is decaying) over the next 10 min.
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Fig. 17. Intensity maps as functions of time and y-distance for four EIS emission lines, showing the transition from feature EIS-2 to feature EIS-3
(Fig. 14). Square-root intensity scaling is used for each image.

Fig. 18. Comparisons betwen Hinode/EIS and SDO/AIA observations of the filament material. Panels E1–E3 show three consecutive EIS exposures
of He ii 256.32 Å line. Panels A1–A3 show nearest-in-time AIA 304 Å images with the same y-range as panels E1–E3. The location of the EIS slit
on the AIA images is indicated with two short vertical blue lines at the panel top and bottom. A logarithmic intensity scaling is used for all images.
The horizontal dotted lines are used to help compare different panels. Features marked with circles and arrows are discussed in Sect. 4.2.2.

During the second HXR peak (near 13:25 UT), a new footpoint
source has become dominant that is associated with the west-
ern EUV ribbon, near −1800′′ longitude. We note that since this
HXR peak is located just in the middle between the EUI frames
at 13:20:50 and 13:30:50 UT, we have plotted the source on both
images. Since the eastern footpoint source is still present dur-
ing the second HXR peak, we now observe the usual pair of
non-thermal footpoints. Comparing the source locations with the
PHI/HRT magnetogram (also plotted in Fig. 11b) reveals that
the HXR footpoints are located in regions of opposite polarity,
as is predicted by the magnetic reconnection scenario of solar
flares. The third, fainter HXR peak (near 13:30 UT) is dominated
by a new footpoint on the western ribbon that is located further
southwards.

In summary, the evolution of the non-thermal STIX sources
suggests two distinct reconnection locations: one in the northern
part of the AR (associated with the first two HXR peaks), and
one further towards the south (third peak).

5. Interpretation of observations with 3D MHD
models

A summary of the scenario of the flare is given in Fig. 19, with
the following steps and panels:

(a) A few days and up to a few hours before the flare, the
filament is seen as a low-lying structure, as indicated in Fig. 7
and discussed in Sect. 3.1. This low-lying filament is inter-
preted as a bald-patch filament. While the northern leg of the
filament is anchored in the positive polarity of AR 12976, the
southern leg is anchored in a region of low magnetic field (see
Fig. 2).

(b) In the pre-flare conditions, the core of the flux rope is
represented by the grey shaded cylinder, with one set of foot-
points anchored in the positive polarity, and the other anchored
in the negative field polarity extending southwards outside of
the FOVs of the Solar Orbiter high resolution channels of the
remote-sensing instruments. The single red line represents one of
the flux rope field lines that encircles the grey core. We also dis-
tinguished the non-eruptive, C-shaped filament part in pink. This
remaining filamentary part was pointed out in Sect. 2.4.1 and
was seen before and after the flare in the IRIS FOV. The emerg-
ing ‘parasitic’ bipole field lines are represented with the green
lines. At this stage, the parasitic bipole is believed to be a precur-
sor of the early filament rise phase, as discussed in Sect. 3. This
emergence leads to the filament ‘detaching’ from a bald patch
configuration to an HFT configuration (see Sect. 3.1). Finally, a
set of arcades overlying the filament are represented in orange
and blue. These different sets of field lines are also indicated
in one of the EUI/HRI images so as to guide the eye, and are
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Fig. 19. Summary diagram showing the three reconnection events involving the overlying arcades as well as the underlying arcades of the parasitic
bipole. Some observations from SDO/AIA, Hinode XRT and Solar Orbiter EUI/HRI and SPICE are shown as links to the features shown in the
diagrams. Panel a) is related to the pre-flare magnetic field configuration of the bald patch filament, prior to the emergence of the parasitic polarity.
Panel b shows the set of field lines describing the flux rope (red lines) and its core (grey cylinder), the overlying arcades (blue and orange), the
emerging parasitic bipole (green) and the part of the northern filament that is seen after the eruption (pink). Panels b and c focus on the primary
reconnection as expected from the Standard Flare Model in 3D, while panels d and e show the implication of reconnection involving the parasitic
bipole. Panel f shows the complex flare ribbons and loops signatures observed in the dataset.
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accompanied by the online movie showing the PHI/HRT mag-
netograms overlaid on top of the EUI/HRI images7.

(c) At the flare trigger, the overlying arcades reconnect at
site A. This is the archetypical scenario of the standard flare
model in 3D, with more details shown in, for example, Fig. 5
in Aulanier et al. (2012). The parasitic bipole is still represented,
but does not intervene in this sequence.

(d) This primary reconnection leads to the formation of two
sets of field lines: a set of field lines that wrap around the core
of the flux rope (orange), and a set of field lines corresponding
to the flare loops (light blue). This main reconnection is accom-
panied by hot emission sources as seen in the AIA 131 Å images
and XRT (shown as inserts on the right), and a pair of non-
thermal HXR footpoint sources detected by STIX, as discussed
in Sect. 4.3.

(e) As the eruption goes on and the flux rope moves upwards,
two sets of magnetic field lines have converging motion. Next,
the flare loops (in blue) of the main reconnection site shrink
down, against the emerging magnetic field. These two sets of
field lines then reconnect at site B (indicated in pink).

(f) This second reconnection leads to a new pair of field
lines (in dark blue and dark green). This reconnection process
is linked to the formation of hot coronal loops seen, for instance,
in the Neviii line with SPICE (as discussed in Sect. 4.1) as
well as to the appearance of an additional HXR footpoint source
(Fig. 11). Next, the region between the two sets of new field lines
becomes magnetic flux-depleted because of the time-dependent
removal of the eruptive flux rope. This drives sink flows that
induce a third reconnection (more details on the vortex and sink
flows created by eruptive flares are given in Zuccarello et al.
2017).

(g) This tertiary reconnection then reforms loops situated in
the parasitic emerging bipole accompanied by ribbons at their
footpoints (pink ribbons), as well as another overarching, low-
lying set of field lines. The change in the magnetic connectivity
related to the quadrupolar reconnection at the tertiary stage is
best seen in the structures of the emitting loops in the XRT and
AIA 131 Å images (insert).

In summary, we interpret, in the framework of present 3D
MHD models of flares and eruptions, the overall evolution of the
plasma and magnetic configuration, the flare loops and ribbons
as seen in the different observations, from EUI/FSI 174 Å, to
SPICE, to SDO/AIA and Hinode/XRT as summarised in Fig. 19.
It comprises the set of field lines (orange and blue) from the
primary reconnection site A, and accompanying flare ribbons in
cyan (panel c), as well as the field lines from the tertiary recon-
nection site C (light and dark green) and one set of ribbons in
pink (panel f).

Multiple reconnection processes in complex regions such
as quadrupolar ones are not rare. An example is given in
Gary & Moore (2004) where the authors investigate an erup-
tive flare and subsequent events in a quadrupolar topology. In
their case, the initiation of the magnetic flux rope eruption
was believed to be triggered first by breakout. In that scenario,
the fluxes of the central and overlying systems remain closed.
Another event in the form of the release of a highly twisted fil-
ament was studied in Williams et al. (2005). Then, an emerging
bipole was suggested to play an important role in weakening the
tether of a near-to-instability filament, bringing a small amount
of magnetic stress to push the magnetic field structure to a crit-
ical state. This scenario is similar to the present one, although

7 https://owncloud.ias.u-psud.fr/index.php/s/
8ycFaMFg4CBtZEi

multi-points observations of the filament suggest that the 2 April
eruption is not due to a highly kinked flux rope. A further analy-
sis on the instability criteria (e.g., kink unstable vs. torus unsta-
ble) would be needed. Other examples of emerging flux trigger-
ing flux rope eruption can be even more complex than the situa-
tion described above (e.g., Louis et al. 2015) with forced recon-
nection between the expanding CME structure and neighbouring
magnetic field that can also lead to long duration events (e.g.,
Goff et al. 2007).

Another point to discuss is that the question of the destabil-
isation from the emerging bipole is not clearly evident. In the
present scenario, we have considered that the emerging field is
simply pushing the overlying flux rope up (stages a and b). How-
ever, reconnection between emerging magnetic structures and
overlying fields also happens, as shown for example in numer-
ical simulations such as those of Galsgaard et al. (2007) and
Leake et al. (2014). In the present case, this would ultimately
lead to changes of connectivity in both the emerging flux and the
pre-existing flux rope anchor points, and the amount of helicity
carried by each structure. This, in turn, may have consequences
in the observations found, such as the shapes of the ribbons, or
the thread-like nature of the outflows, as discussed for instance in
Fig. 13. To better characterise the interaction between the emerg-
ing bipole and the overlying flux rope, one possibility is to use
the information on the magnetic fields provided by both Hin-
ode/SOT and PHI for a non-linear force-free field extrapolation,
as an initial condition to a dynamical simulation of the magnetic
fields during the eruption. This is however out of the scope of
the paper, and is left aside for further investigation.

Atypical flares such as the one studied in Dalmasse et al.
(2015) showed the importance of considering the 3D magnetic
volume and the topological signatures to decipher the mecha-
nisms at the heart of flares that do not fit within the typical, stan-
dard flare model. In the present case, the combination of multi-
ple points of view and diagnostics made understanding the role
of the complex quadrupolar topology possible.

6. Conclusions

The 2 April 2022 M-class eruptive flare was the first eruptive
flare caught simultaneously by all remote-sensing instruments
onboard the Solar Orbiter spacecraft (except Metis), and with
several Earth-orbiting assets (the heliospheric imager on board
the mission, SoloHI, did also monitor a CME which is the sub-
ject of a subsequent study). Because of the location of the space-
craft in relation with Earth (shown in Fig. 1), this event provided
for the first time ever the possibility to obtain an extensive diag-
nostic of the flaring region via the help of three spectrometers
positioned at different longitudes, complemented by measure-
ments of the magnetic field and hard X-rays.

Thanks to the long term coverage of the region by the Solar
Orbiter remote-sensing instruments (see the time coverage in
Fig. 3), we were able to catch the pre-eruptive evolution of the
region. Both SDO/HMI and Solar Orbiter/PHI/HRT were cru-
cial in detecting the emergence of a parasitic polarity (Fig. 7)
that plays an important role in triggering the filament eruption.

We observed several pre-eruptive activities: from enhanced
non-thermal velocity in the filament region (Fig. 8), to the
apparent motion of overlying arcades above the filament dur-
ing its slow rise (Figs. 9 and 10). This provides several pieces
of evidence that activation processes can be observed a few
hours before a flaring event and can be used as a warning
before the flare takes place. It is compatible with models that
put forwards a filament-bearing magnetic configuration being
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brought up to an unstable state via photospheric/lower corona
activity.

IRIS at Earth’s orbit showed that not all the filament actu-
ally erupts during the flaring event (see Fig. 5), with a portion
of the northern part remaining anchored at the negative leading
polarity of AR 12976. SPICE on Solar Orbiter provided inten-
sity and Doppler maps every 15 min. Figures 11 and 12 showed a
complex network of flare loops and ribbons, related to the recon-
nection processes taking place in the quadrupolar configuration
due to the presence of the parasitic bipole. Figure 13 showed
the blueshifted components of the filament’s northern leg, with
velocities reaching up to 400 km s−1. EIS on Hinode showed
blue-shifted emission in the transition region and coronal lines
in the northern leg of the flux rope prior to the flare peak, with
radial velocities of ≈300 to ≈800 km s−1. The motion detected
in the AIA coaligned images, along with the Doppler-shifted
He ii emission are suggestive of the unwinding motion of the
flux rope as it expands (Fig. 15). Finally, the development of hot
post-flare loops is demonstrated with the emission intensities of
Fexxiv.

The co-aligned STIX data and intensity maps from both
SPICE and EUI/FSI (Fig. 11b) show that the non-thermal emis-
sions are co-spatial with specific locations along the flare rib-
bons.

These different sets of observations provide for the first time
a multipoint spectroscopic measurement of a flaring region, not
only allowing multi-thermal diagnostics of the different parts of
the region (from the ribbons to the flare loops and the filament
material), but also constraining the velocity of the erupting struc-
ture.

The magnetograms provided by PHI/HRT are invaluable in
complementing the data from HMI. In particular, due to the
late emergence of the parasitic bipole, the evolution captured by
PHI/HRT was almost missed by HMI, and not well constrained
due to the position on the western limb (see Fig. 7). The overlays
of the magnetograms with the FSI images obtained of the flare
loops shown in Fig. 11b were crucial to understand the anchor
of these loops, and therefore understand the different steps lead-
ing to the apparition of the different structures. The addition
of the HXR sources seen by STIX offered sharp observations
of non-thermal emissions, and further insight on the connectiv-
ity of the loops especially when overlaid with the flare ribbons
(Fig. 11a).

This extensive set of observations has allowed us to study
and propose an explanation for the complex multi-step reconnec-
tion process taking place during this M-class flare, as shown in
Fig. 19. Although seemingly typical of usual flares, the current
event, with its complex network of ribbons and loops, showed
the importance of taking into account the parasitic bipole in both
triggering the filament eruption, and reconnecting with the erupt-
ing filament, leading to the formation of secondary and tertiary
flare loops and ribbons systems. Understanding these complex
observations with multiple reconnection sites within the context
of 3D MHD models was only possible due to the complementary
nature of the data.

This first extensively observed flare with the Solar Orbiter
mission also provides some insights on what is yet to come in
the following years. While this observation was made in the
first nominal mission perihelion campaign, similar active region
follow-up and ‘flare watch’ observing plans will continue to
be proposed for future campaigns. With the added coordination
with external observatories, both in space and on ground, more
insights will be gained by such multi-point, multi-instrument
observations.
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Appendix A: Complementary EIS and AIA data
analysis explanation

A.1. EIS and AIA alignment

To compare the EIS data with AIA 304 Å, the two datasets were
spatially aligned by extracting slits of emission from the AIA
image sequence in order to reproduce the time-y image from the
EIS He ii 256.32 Å line. The IDL routine aia_make_eis_raster
was used for the alignment and is available from the GitHub
repository pryoung/sdo-idl. Further details are available in EIS
Software Note No. 26 (Young 2023a). The best alignment was
found by adding an offset of (+8′′,+15′′) to the EIS data in addi-
tion to the standard EIS–AIA offset obtained from the IDL rou-
tine eis_aia_offsets. All EIS pointings discussed in Sect. 4.2.2
include this correction.

A.2. LOS to radial speeds conversion

Doppler shifts of the EIS emission lines yield line-of-sight
(LOS) plasma speeds, while the tracking of intensity features in
the AIA images yields plane-of-sky (POS) speeds. Combined,
the two speeds can then give the true plasma velocity, but given
the complexity of the filament evolution it can be difficult to
associate an imaged feature with a spectral feature. An alterna-
tive is to assume the filament erupts radially and then the POS
or LOS speed can be converted to the plasma velocity. The posi-
tion of the filament projected back onto the solar disk can be
made based on the flare ribbons that are assumed to be under-
neath the filament and near the photospheric level. Comparing
an AIA 171 Å image from 13:35 UT with the SPICE images
at this time (Fig. 11), we estimate the position angle to be 65◦
(from the Earth-Sun line). Thus the LOS and POS speeds should
be multiplied by 2.4 and 1.1, respectively, to estimate the radial
speeds.

Appendix B: SPICE astigmatism and its effect on
the Doppler analysis

The astigmatism of the SPICE optics produces false velocity sig-
nals that are correlated with the intensity gradients in the image.
The primary source of these false velocity signals is due to inten-
sity gradients along the slit, which is negatively correlated with
apparent velocity. There is also a smaller (positive) correlation
with the intensity perpendicular to the slit.

A simple IDL routine was developed to explore how the
intensity gradients could be affecting Fig. 13. The intensity gra-
dient at a pixel location j along the slit was estimated by sub-
tracting the intensity at pixel j − 1 from that at pixel j + 1,
and compared with the fitted velocity at pixel j. Similarly, the
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Fig. B.1. Sample correlations between the intensity gradients along
(top) or across (bottom) the SPICE slit with the velocity derived from
line fitting. The verticle dashed lines represent the ±1σ range that
was excluded from the linear fit (solid line). This sample was taken
from the C iii raster taken between 13:15:36 and 13:20:57 UT. The
strong blueshift from the erupting filament is clearly visible between
the dashed lines.

intensity gradient at raster position i was estimated by subtract-
ing the intensity at position i − 1 from that at i + 1. A sample
comparison is shown in Fig. B.1. A linear fit was made along
each dimension, excluding the region within 1σ of zero gradi-
ent, where the real solar signal is assumed to lie. We used the
SSW routine poly_fit_most.pro to filter out extreme values,
but the results do not differ much from what a simple linear fit
would give for most images. The slopes of these fits were then
multiplied into the gradient along each dimension, and combined
to form a proxy for the instrumentally generated velocity. These
proxy maps are shown in Fig. B.2.

Examining Fig. B.2, it is clear that the strong blue-shift of
the erupting filament in Fig. 13 has no counterpart in the instru-
mental proxy, and therefore can be safely taken as solar in ori-
gin. The proxy images do show velocity signals at the locations
of the flare ribbons that are similar to those in Fig. B.2, and
thus most are assumed to be instrumental in origin. A possible
exception is the strong redshift feature associated with the east-
ern primary ribbon in the 13:15:36–13:20:57 data; the simulation
shows both red and blue shifts, but the data show only redshift,
and much stronger than the simulation. Similarly, the strong red-
shift features seen in the 15:29:46–15:35:06 data do not seem
to have an obvious counterpart in the simulated data. However,
no attempt is made to interpret these features in the present
work.
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Fig. B.2. Simulated Doppler velocity maps representing a proxy for the effect of the astigmatism in the SPICE optics on the velocities derived
from line profiles in Figure 13. The times correspond to the observation time.
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