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ABSTRACT

Context. We investigate the physical conditions of erupting prominences embedded in coronal mass ejection (CME) cores.

Aims. The physical parameters of interest were derived by combining the hydrogen Lyman o (La) and visible-light (VL) images
simultaneously observed by Solar Orbiter/Metis. In particular, we focus on the bright CME event that occurred on April 25-26, 2021.
Methods. Our method is based on 2D non-LTE (i.e. non-local thermodynamic equilibrium) modeling of moving structures to derive
the integrated intensity of the La line (EL @), together with VL emission. Our method is based on a novel diagnostic tool that combines
the emission measure (EM) at a given temperature derived from the observed Lo intensity with the electron column density (N.)
obtained from VL Stokes / and Q data. This approach determines the electron density () and the effective thickness (D.g) inside the
prominence structure. Here, we use a similar diagnostic tool to the one that we proposed for solar eclipses by combining hydrogen
Balmer o (He) and VL data in previous studies.

Results. We analyzed 32 spatial points within the northern part of the prominence. We ran a 2D non-LTE transfer code for these points
by assuming a uniform prominence temperature. The results are presented as 2D maps of the electron density and effective thickness
at a given temperature. For the brightest pixel, we also estimated the temperature by assuming collisional ionization equilibrium and
compared the result with our value obtained using the emission-measure method.

Conclusions. We demonstrate how n. and D¢y inferences depend on the temperature of the structure. The higher the temperature,
the lower the effective thickness, and the higher the electron density. This study creates foundation for future diagnostics of eruptive
prominences with the Solar Orbiter/Metis coronagraph. It shows that combined UV and VL diagnostics provides a powerful tool for
analyzing such events. But it also confirms that the consideration of the helium D5 line emission within the VL channel is essential to
obtain accurate results.

Key words. Sun: atmosphere — Sun: coronal mass ejections (CMEs) — Sun: filaments, prominences — Sun: UV radiation

1. Introduction

Coronal mass ejections (CMEs) are the most energetic erup-
tive phenomena in the Solar System and the primary drivers
of severe space weather disturbances at Earth (e.g., Chen 2011;
Webb & Howard 2012). Observations in visible light (VL) using
coronagraphs often reveal a classic three-part structure consist-
ing of a bright leading front, a dark cavity, and a bright core
(see review by Webb & Howard 2012). This core corresponds to
the erupting prominence (EP), which represents a magnetic flux
rope carrying cool, chromospheric material into the heliosphere.

* Corresponding author: sonja.jejcic@guest.arnes.si

Characterizing the physical conditions of the plasma within
these EPs, specifically their electron density, temperature, and
ionization state, is crucial for understanding the thermodynamic
evolution of the ejecta and the energy budget of the eruption
(e.g., Gilbert et al. 2000; Akmal et al. 2001; Gopalswamy et al.
2003; Schmieder et al. 2013). However, determining the physi-
cal plasma parameters of EPs is a challenge once the structure
moves away from the solar limb. While ground-based Ha
observations provide important information, observations in
the ultraviolet (UV), and namely the bright hydrogen Lyman
a (La) line, are an important diagnostic for cooler plasma
components within these structures, Heinzel et al. (see e.g.,
2016). Historically, determining these parameters relied on
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combining data from different instruments, such as the spectro-
graphs and coronagraphs on board the Solar and Heliospheric
Observatory (SOHO). For instance, combining data from the
UV coronagraph spectrometer (UVCS) and the Large Angle and
Spectrometric Coronagraph (LASCO) allowed researchers to
infer properties of the prominence plasma (e.g., Ciaravella et al.
2000; Raymond & Ciaravella 2004; Heinzeletal. 2016).
Although these instruments provided invaluable spectroscopic
data, their analyses are often limited by single-slit spatial cover-
age (Kohl et al. 2006; Susino & Bemporad 2016; Bemporad et al.
2018) and by the lack of co-spatial and co-temporal VL images,
which prevented them from capturing the full complexity of the
rapidly evolving 3D structure.

The launch of the Solar Orbiter in 2020 (Miiller et al. 2020)
offers a new vantage point for the study of EPs. The on-board
Metis coronagraph (Antonucci et al. 2020) has a unique ability
to study the extended solar corona in both broadband VL (580-
640nm) and narrowband UV L« line (121.6 nm; Fineschi et al.
2020; Romoli et al. 2021). This combination of simultaneous
spatial and full field-of-view (FoV) imaging represents a sig-
nificant leap in diagnostic capability. The VL channel primarily
observes the K corona (Thomson scattered light) and potentially
bright emission lines within the channel’s passband, such as the
helium Dj line from EPs, while the UV channel captures the
La emission from the embedded cool EP material. Early Metis
observations have already captured numerous events with excep-
tionally bright La emission (Russano et al. 2024) and the first
detections of the helium Dj line in an EP (Heinzel et al. 2023).

In this paper, we use these unique capabilities of simulta-
neous VL and La observations to determine important physical
parameters, namely the electron density (n.) and effective thick-
ness (Deg) of a large, bright EP observed on April 25-26, 2021,
as it propagated through the Metis FoV at de-projected heights
of about 4.6-10.9 Ry. We combine the measured integrated La
intensity (Epa) from the Metis UV images with the estimated
electron column density (N.) derived by Heinzel et al. (2023)
from the Metis VL Stokes I and Q data. A crucial part of this
process is the careful correction for significant contamination of
the VL signal by the helium Dj line emission. Finally, we com-
pare these observational data with a large grid of 2D non-LTE
(i.e., non-local thermodynamic equilibrium) models computed
with the Multi-level Accelerated Lambda Iteration (MALI) code
(Heinzel & Anzer 2001; Jejcic et al. 2025), which allows us to
determine both n. and D.g for the observed EP. This diagnos-
tic method, which allows us to constrain the temperature of the
prominence core, builds upon techniques originally proposed for
eclipse observations (e.g., Jej¢i¢ & Heinzel 2009) but is applied
here for the first time to coronagraphic Metis data.

This paper is organized as follows. Section 2 describes the
Metis observations and geometrical reconstruction. In Sect. 3 we
present the data analyses together with the 2D non-LTE models
and the diagnostic method. The results are presented in Sect. 4,
focusing on the derived plasma parameters and their dependence
on temperature. Finally, in Sect. 5, we discuss the implications
of our results and summarize our main conclusions.

2. Metis observations

This study focuses on a large, bright EP observed by the Metis
coronagraph on April 25-26, 2021. The Solar Orbiter space-
craft was at a heliocentric distance of 0.87 AU, meaning it had
a unique vantage point with respect to the event. The promi-
nence was associated with the core of a CME and was visible
in the Metis FoV in the range between 5.3 and 11.2Rg. This
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event is one of several exceptionally bright Le eruptions stud-
ied by Russano et al. (2024), who presented a detailed analysis
of the kinematics from different viewing angles using coordi-
nated observations from Metis, SOHO/LASCO, and STEREO-
A. Our analysis focuses on a snapshot of temporally and spatially
aligned images taken on April 26, 2021 at 01:05 UT, showing
the well-developed structure of the EP. In the Metis images (see
Fig. 1), the prominence appears as a large, twisted structure that
is well defined and bright in both the La and VL channels.

The Metis instrument provides imaging in the UV channel
with a narrow bandpass filter centered at 121.6 = 10 nm to iso-
late the hydrogen La line. The VL channel observes a broad
band continuum between 580 and 640 nm and is equipped with
polarizers to measure the linearly polarized brightness due to
Thomson scattering. For this study we use calibrated level 2
data (De Leo et al. 2023, 2025). The snapshot analyzed here
was obtained by averaging 15 individual images with integration
times of 60s for the UV channel and 30s for the VL channel,
respectively, to improve the signal-to-noise ratio (S/N). Further
details can be found in the papers by Heinzel et al. (2023) and
Russano et al. (2024).

To properly analyze the Metis data, the interpretation of both
the La and the VL signals depends on the viewing geometry. The
polarization of the Thomson scattered light depends on the scat-
tering angle, while the L« intensity is affected by the Doppler
dimming effect (DDE), which depends on the velocity of the
plasma relative to the Sun (Withbroe et al. 1982; Noci et al.
1987). Physically, the DDE occurs because the absorption pro-
file of the scattering atoms in the prominence is Doppler-shifted
with respect to the exciting solar chromospheric La line profile
due to the flow velocity (Vr) of the plasma. As the flow velocity
increases, the amount of resonant scattering decreases, leading
to a dimming of the observed intensity.

For this analysis, we used the 3D geometry derived by
Russano et al. (2024) for this particular event. Using the triangu-
lation method with SOHO/LASCO-C2 and STEREO-A/COR2
images, they tracked the central part of the “fork-like” UV
prominence feature as it crossed the Metis FoV. This method
yields an inclination angle of the prominence plane of 19.3° with
respect to the plane of the sky (PoS) of Metis (Carrington longi-
tude 179.5°, latitude —6°) and a de-projected flow velocity of 177
kms~!. These parameters were used to calculate the actual de-
projected height of the prominence snapshot (4.6-8.3R¢) and
served as inputs for our non-LTE models as well as for col-
umn density inferences using the VL polarimetry (Heinzel et al.
2023).

The accuracy of this velocity estimate is critical for the La
analysis because uncertainty in velocity directly translates to
uncertainty in the Doppler dimming factor. For instance, if flow
velocity is underestimated (e.g., by using only the projected PoS
velocity), the dimming would be underestimated, leading to an
artificially high intensity and consequently an incorrect deriva-
tion of plasma parameters. In cases in which 3D reconstruction is
not available, the use of projected velocities introduces a signifi-
cant systematic uncertainty that must be bracketed by assuming
a range of possible inclination angles.

3. Derivation of physical parameters
3.1. Corrected column density

The primary observational output from the VL channel is the
electron column density, which was derived from the Thomson
scattering of photospheric light by the prominence electrons.
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Fig. 1. Simultaneous Metis VL (left) and La (right) images of the EP on April 26, 2021, at 01:05 UT.
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Fig. 2. Zoomed region of the selected brightest points in Stokes 7 inside
the prominence. Points in the northern leg are highlighted in orange,
while those in the southern leg are highlighted in yellow. The brightest
pixel is marked in green, corresponding to the selection in Heinzel et al.
(2023).

Prior to analysis, the background contribution (mainly the F-
corona) was removed by subtracting the pre-event coronal image
taken on April 25,2021 at 15:00 UT from all three Stokes images
(I, O, and U; see Heinzel et al. 2023). However, the interpre-
tation of the resulting VL signal is complicated as the Metis
VL passband (580-640 nm) is contaminated by the emission of
the neutral helium Dj line at 587.7 nm, which is often bright
in prominences. For this particular event, Heinzel et al. (2023)
found that the D3 line can contribute up to 50% of the total
VL signal in the brightest pixel. Neglecting this contamination
would lead to a significant overestimation of the Thomson scat-
tering signal and consequently of the electron column density.

To isolate the pure Thomson scattering signal, we applied the
method of Heinzel et al. (2023) to the Metis data. This method
exploits the distinct polarization signatures of the Thomson scat-
tering and D3 emission and allows us to separate the two sig-
nals and obtain a realistic N.. Figure 2 shows a zoomed view of
the entire prominence, with marked pixels indicating the maxi-
mum intensity identified in a series of vertical slices across the
prominence structure. Points in the northern leg are highlighted
in orange, while those in the southern leg are highlighted in yel-
low. The brightest pixel is marked in green, corresponding to the
selection analyzed by Heinzel et al. (2023).

We restricted our quantitative study to the northern leg of
the structure, where the relatively simple geometry satisfies
the assumptions required for a reliable separation of these sig-
nals. Applying the polarization analysis method of Heinzel et al.
(2023) to the southern leg produced physically inconsistent
results for several pixels. Specifically, the method yielded a neg-
ative helium density, resulting in an unphysical negative pure
electron column density. This likely reflects systematic effects
in the observational data, such as insufficient accuracy in pre-
event background subtraction and/or residual instrumental bias
in the Stokes measurements. To avoid introducing these system-
atic errors into our derived parameters, we excluded the southern
points from our diagnostics and focused our detailed investiga-
tion on the subset of 32 bright pixels in the northern leg, post-
poning analysis of the southern leg to a future study.

For these 32 selected points inside the northern leg of
the prominence, the Stokes [/ values are between about 0.04
and 0.16ergs™' cm™2sr™!, while the polarization ratio Q/I is
between 0.25 and 0.55, as shown in the top panels of Fig. 3. It is
important to emphasize that these Stokes parameters in the top
panels are observed values that contain both VL and D3 emis-
sion. After applying the correction, we obtained the pure electron
column density for each of the 32 points. The resulting values are
plotted as a function of projected distance in the PoS from the
solar disk center. However, it is important to clarify that for the
subsequent physical modeling and derivation of plasma parame-
ters, we strictly used the de-projected distances derived from the
3D reconstruction described in Sect. 2.

3.2. Integrated L« intensity

The Metis UV channel enables the estimation of the inte-
grated Le intensity. This was measured directly from the cal-
ibrated level 2 data. The background signal, which consists of
a combination of instrumental offsets, scattered light and weak
emission from the surrounding corona, was characterized in
a region adjacent to the prominence and subtracted to isolate
the net emission from the EP structure itself. Following the
approach of Russano et al. (2024), we subtracted the background
using pixels immediately adjacent to the feature within each
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Fig. 3. Physical parameters of the EP as a function of projected distance from the solar disk center, calculated at 32 selected points along its northern
leg. Top panels: Observational values before subtraction of the D; contribution: Stokes / (left) and ratio Q/1 (right). Bottom: Column density after
subtracting the helium D3 contribution (left based on the zero-magnetic field case from Heinzel et al. 2023) and the integrated intensity emitted in

the La line (right).

individual frame. We adopted this local subtraction method,
rather than using a fixed pre-event coronal background, to
account for the instrumental behavior of the Metis UV detec-
tor. As documented by Russano et al. (2024, see Appendix A),
the detector can exhibit nonlinear temporal and spatial response
instabilities. Consequently, a static pre-event background sub-
traction would fail to correct for these short-term instrumental
fluctuations. Specifically, a local background model was derived
for each UV frame by defining a 70 x 70 pixel area around
the target feature. We characterized the background radiance
through a surface fitting procedure by selecting only the pix-
els external to the visible structure. Subsequent subtraction of
this surface from the original sub-frame yielded a background-
corrected view of the structure’s intensity distribution.

Despite the inherently low S/N of such faint structures at
high altitude, the 15 images averaged by the onboard soft-
ware provide a robust measurement of the L« radiation in the
prominence. Uncertainties in the measured intensity were esti-
mated based on the photon statistics and the readout noise of
the detector, following the standard Metis calibration pipeline
(Romoli et al. 2021). Additionally, we considered the system-
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atic uncertainty in the radiometric calibration of the UV chan-
nel, which is estimated to be approximately 10% (De Leo et al.
2025). Regarding the signal quality, for the 32 selected bright
points, the S/N varies depending on the position within the
prominence structure. The central, brightest part of the leg
exhibits a high signal quality, with the S/N reaching up to 10.5.
However, we note that approximately 25% of the selected points,
primarily located at the fainter edges of the structure, exhibit
S/N < 1. Therefore, while the core measurements are robust,
these specific low-S/N data points are interpreted with caution.
The distance-dependent Epa was calculated for all 32 selected
points in the northern leg of the prominence, as shown in the
bottom right panel of Fig. 3, with a range between 0.005 and
0.03ergs ' cm™2sr!.

3.3. 2D non-LTE models

To interpret the Metis observations, we compared the derived
observational quantities with a comprehensive grid of the-
oretical models computed with the Multi-level Accelerated
Lambda Iteration (MALI) 2D non-LTE radiative transfer code
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(Heinzel & Anzer 2001). The full details of this model grid,
developed specifically to support Metis data analysis, are pre-
sented in Jejcic et al. (2025). The models are based on a 2D slab
geometry that simulates an EP flux rope parallel to the solar sur-
face irradiated by the incident solar disk radiation field. The code
solves the radiative transfer and statistical equilibrium equations
for a hydrogen atom model with five levels and continuum.
While the full grid of Jejcic et al. (2025) explores a range
of physical conditions, for the specific analysis of the April 25-
26, 2021 event, we fixed some parameters based on the observa-
tions. We used the de-projected height to model the prominence
emission because it represents the real prominence height above
the solar surface which determines the incident solar radiation.
Using the projected height, which is smaller, would cause an
overestimate of the incident radiation (although for this particu-
lar event the difference is small taking into account the projection
angle of 19.3°). We used a single average de-projected height of
6.7 Ry, for the models, given that the prominence height ranges
from 4.6 to 8.3 Ry, because otherwise we would need to con-
struct our extensive grid of models (i.e., the plots in Fig. 4) for
each individual pixel height. This would be computationally very
expensive for 2D non-LTE modeling. Moreover, the prominence
is brightest in its middle part, so the most reliable data corre-
spond to heights near this average value. Furthermore, the vari-
ations in the geometrical dilution factor over this height range
are on the order of the radiometric calibration accuracy of the
L channel. However, in a future paper, we aim to develop a
more sophisticated inversion technique based on the Levenberg-
Marquardt method to fully account for these height variations.
The de-projected flow velocity was set to 177kms~! (Sect. 2)
and was calculated at the same average de-projected height of
6.7 Ry, used for the non-LTE modeling, ensuring consistency in
our evaluation of the DDE. Microturbulent velocity (V) was set

Table 1. Parameters used for the model calculations.

Input parameters Values

T (kK) 20, 30, 60, 100, 150

p (dyncm™2) 1076, 5-10°, 1075, 51075, 1074, 5:107%, 1073
Degr (km) 1000, 5000, 10000, 30 000

V, (kms™) 10

Vi (kms™) 177@

H (Ry) 6.7

Notes. A total of 140 models were created. “The flow velocity uncer-
tainty of +7 kms was derived from the second-order fit of the height of
the brightest point versus time (Russano et al. 2024).

to 10kms™'. With these parameters fixed, our analysis exam-
ines the dependence of the model grid on the remaining free
parameters: kinetic temperature (7'), gas pressure (p), and effec-
tive thickness. All input parameter values are listed in Table 1.
We chose a very low range of pressures for the structure so that
the observed Ep« lie within the range of calculated models. In
total, we obtained 140 models. The output parameters are the
integrated L« intensity and the line optical thickness, the elec-
tron density, hydrogen-level populations, and radiative and col-
lisional rates.

The sensitivity of the primary observable,Ey «, to these var-
ious input parameters (especially flow velocity and height) is
demonstrated in JejCic et al. (2025). However, we explicitly
tested the sensitivity of the model output Epa to variations in
the input kinematic parameters using test calculations at 150 kK.
The La scattering is governed by the DDE and the geomet-
ric dilution of the incident radiation. Our tests indicate that the
intensity is extremely sensitive to the flow velocity. Varying the
flow velocity by 15% around its nominal value causes the result-
ing theoretical La intensity to change by about 40%. Regarding
height, varying the model slab location by +1 R, from our aver-
age value 6.7 Ry results in La intensity variations of approxi-
mately 20%. As was explained above, the use of a fixed average
height simplifies the calculation, and we treated these height-
dependent intensity variations as a systematic uncertainty in our
approach.

Finally, it is important to emphasize that all models consis-
tently account for the solar illumination corresponding to the
specific date of the Metis observation (see Gunar et al. 2020).
Furthermore, the predicted Epa explicitly include the reduction
due to DDE caused by the flow velocity of 177 km ™!, which is
essential for the analysis of such fast-moving structures.

3.4. The diagnostic method

Our diagnostic approach extends the diagnostic tool proposed
by Jejc¢i¢ & Heinzel (2009), which was originally developed for
the combination of Ha and VL eclipse data. In this work, we
applied this technique for the first time to exploit the unique
capabilities of the Metis coronagraph, specifically the simulta-
neous FoV images in the La and VL channels. This enables 2D
mapping of the prominence plasma, a capability not offered by
previous instruments. This approach is different from previous
diagnostics of EPs, which relied on slit-based spectroscopy. For
example, when analyzing the SOHO/UVCS data (Heinzel et al.
2016), line profile measurements could be used to directly con-
strain the effective temperature of the observed plasma. Since
Metis is not a spectrograph, we cannot determine the kinetic
temperature of the prominence from thermally broadened line
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profiles. Therefore, we must assume a uniform kinetic temper-
ature within the structure. Our analysis thus explores a range
of physically plausible uniform temperatures to understand how
this unknown parameter affects the derived results.

The underlying logic of the method is to combine two inde-
pendent observational quantities (N, and Ey«) to determine the
two unknown plasma parameters, n, and D.g. The fundamen-
tal physical basis relies on the behavior of the La emission in
the physical regime of eruptive prominences. The MALI models
show that for a given kinetic temperature, the theoretical inte-
grated Lo intensity is a direct function of the emission measure
(EM) of the plasma, which is defined as EM = n? D.g. This
relationship, shown in Fig. 4, allows us to convert the observed
La emission into a corresponding emission measure for a cho-
sen temperature. We quantified the uncertainty of this conver-
sion using the model fit at 150 kK, based on the scatter of the
model points around the linear fit (solid blue line in Fig. 4). By
defining an envelope that encloses this scatter, indicated by the
dashed blue lines, we estimate that the relative uncertainty in
deriving the EM from the observed intensity is approximately
40% across the observed range. In parallel, the pure VL signal
provides a direct measurement of the electron column density,
defined as N, = ne Deg.

By combining the measured Ep @ and N, from the observa-
tions (Fig. 3), we solved the set of two equations to derive values
for n. and D¢g. For a range of assumed temperatures, we used
the grid of models to find the EM corresponding to the observed
Epa. The system can then be solved for each temperature:

EM
Ne =
e N.
Ne
De = —. (1)
ne

With this emission-measure method, we can therefore esti-
mate n and Deg as a function of the assumed kinetic tempera-
ture and thus constrain the physical state of the plasma over the
entire observed structure. It is important to clarify that while we
assumed a uniform kinetic temperature for the entire structure
in a given model run, the gas pressure was not fixed. Instead,
it was treated as a free parameter that varies for each of the 32
selected pixels. Regarding the robustness of this inversion, we
refer to Sect. 3.2, in which we demonstrated that the majority of
the selected points have a sufficient S/N (ranging up to 10.5) to
constrain the model.

4. Results

Applying the diagnostic method described in Sect. 3.4, we
derived the electron density and effective thickness of the stud-
ied prominence. We selected five typical kinetic temperatures
(Heinzel et al. 2016): 20, 30, 60, 100, and 150kK, assuming
them to represent the uniform temperature of the whole promi-
nence plasma structure. An important finding is that the assump-
tion of low kinetic temperatures around 30kK (a range where
the helium D3 emission is expected to be significant; see, e.g.,
Heinzel et al. 2020, 2023) leads to physically unrealistic solu-
tions. For example, the derived effective thickness at a tempera-
ture of 30kK ranges between 5 and 230 Ry, which is orders of
magnitude larger than the observed size of the entire CME. This
result strongly suggests that the EP plasma must be hotter than
typical quiescent prominences to maintain a realistic geometry.
In Fig. 5 we show the derived n. and D.g as a function of
distance for plausible high temperatures of 60, 100, and 150 kK,
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Fig. 5. Derived electron density (top) and effective thickness (bottom) as
a function of projected distance from the solar disk center for assumed
kinetic temperatures of 20, 30, 60, 100, and 150 kK, shown in different
colors.

together with the physically unrealistic low-temperature solu-
tions for comparison (20 and 30 kK). The top panel shows that
the electron density generally decreases with distance for all
temperature assumptions, consistent with an expanding plasma
structure as it propagates outward. Assuming 150kK, the den-
sities derived are systematically higher than those for lower
temperatures, but temperatures >60kK are within a physically
plausible range for a CME core. The bottom panel of Fig. 5
shows the corresponding effective thickness. At all temperatures,
D.g increases with distance for most points, which is physically
intuitive as one would expect the prominence material to expand
as it spreads outward. However, the absolute values differ con-
siderably. The temperature of 100kK gives an effective thickness
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Fig. 6. Distribution of electron density (top) and effective thickness
(bottom) inside the studied prominence structure assuming a uniform
kinetic temperature of 150kK. The points are superimposed on the
Metis VL image.

that increases up to 1 Ry, whereas at 150kK, it remains below
0.6 R,. This is a more realistic value for the structure inside
a CME and comparable to the projected width in the PoS. In
contrast, the temperature of 60 kK and lower gives much larger
D.g, exceeding 10 Re, which is physically less plausible and not
detected. Such values would also imply a large asymmetry in the
shape of the eruptive prominence, where the dimension along
the PoS is much smaller than that along the line of sight (LoS).
Therefore, a temperature on the order of 100—150kK seems to
provide a more consistent and realistic description of the EP,
even though both higher-temperature assumptions represent a
significant improvement over the lower temperatures. Note that
such high temperatures were also obtained from UVCS La spec-
tral observations (Ciaravella et al. 2003; Heinzel et al. 2016).

Based on our finding that the temperatures higher than
100kK give physically reasonable results, we produced the first
2D maps of the electron density and effective thickness at such
high altitudes. The resulting distributions are shown in Fig. 6
assuming the 150kK case, which provides the most compact and
thus most likely geometric solution.

To further validate these results and independently check the
most plausible temperature, we performed an analysis of the
brightest pixel in the northern leg of the prominence, marked by
a green circle in Fig. 2, and followed the methodology described
by Susino & Bemporad (2016). Their method combines VL and
L emission and relies on the assumption of collisional ioniza-
tion equilibrium for hydrogen, which is a reasonable approxi-
mation for hot plasmas. Their method assumes optically thin La
emission, a condition that is consistent with our detailed non-
LTE calculations. Key input parameters for such a calculation
include the inclination angle, de-projected flow velocity, and de-
projected distance, La and VL brightness, and the electron den-
sity and effective thickness of the plasma in this particular pixel.
For our specific calculation, it is essential to use the pure VL.
emission due to Thomson scattering to account for ~50% con-
tamination by the helium D3 line within the VL channel. As a
result we obtain 170 kK. To ensure the robustness of this result,
we extended the validation to +3 points around the brightest
point. These points represent the core of the northern leg, where
thermodynamic conditions are expected to be relatively uniform.
Indeed, in all tested locations, the independent check yields

kinetic temperatures in the range of (170 + 10)kK. This falls
within the range where emission-measure method yields phys-
ically plausible solutions (Fig. 5). Therefore, considering this
independent validation, we selected the temperature of 150 kK as
arepresentative value for the EP core in this analysis because it is
compatible with the Susino & Bemporad (2016) method within
a discrepancy of about 10%, while also satisfying the geometric
constraints of the VL and UV images.

5. Discussion and conclusions

In this work, we have presented a novel diagnostic method of
determining the physical parameters of EPs and applied it to a
bright event observed by the Solar Orbiter/Metis coronagraph
on April 25-26, 2021. Our approach was the first to utilize the
unique capabilities of Metis to combine simultaneous full FoV
images in VL and UV La. We successfully adapted and applied
a diagnostic tool using the electron column density derived
from polarized VL data and the emission measure derived from
Le intensity by the non-LTE modeling. This enabled the cre-
ation of 2D maps of plasma properties within a CME core at
high altitude, a significant step beyond the limitations of previ-
ous single-slit instruments. In the future, the method could be
extended systematically to all prominence points to produce 2D
maps of the plasma parameters.

A crucial aspect of our analysis was the treatment of the
significant contamination of the VL signal by the line emis-
sion of helium D3, which accounted for up to 50% of the
signal in the brightest parts of the structure. We have shown
that a careful correction of this contamination is essential to
obtain physically reliable results. Tests performed by ignor-
ing this correction revealed two major physical inconsistencies.
First, within our primary diagnostic, the uncorrected (higher)
VL brightness leads to an overestimation of the electron col-
umn density. Second, regarding the independent validation using
the Susino & Bemporad (2016) method, we found that attribut-
ing the D3 intensity to Thomson scattering results in a derived
kinetic temperature higher than 300 kK.

Since the Metis coronagraph does not provide direct temper-
ature measurements, we treated the kinetic temperature as a free
parameter in our models. This approach showed a strong depen-
dence of the derived physical parameters on the assumed tem-
perature. Our analysis showed that assuming low temperatures,
say T < 60KkK, leads to unphysically large values of effective
thickness that in some cases exceed the full scale of the CME
itself. Only higher temperatures, in the range of 100 kK or more,
lead to geometric solutions consistent with the observed struc-
ture. This strongly suggests that the EP plasma was heated to
high temperatures during its eruption, which is consistent with
some previous findings for which UVCS data were exploited.

We confirmed our conclusion by independently analyzing
the brightest pixel based on the assumption of collisional ion-
ization equilibrium in hydrogen, which yielded a temperature
of 170kK. This result is a strong validation of our emission-
measure method and confirms that the plasma is indeed hot. On
this basis, we adopted a representative temperature of 150 kK to
produce the first 2D maps of electron density and effective thick-
ness for an EP at heliocentric distance of 5-9 Rgy. These maps
show trends consistent with an expanding plasma structure: the
electron density (n, ~ 10°-10° cm™3) generally decreases with
height, while the effective thickness increases. The derived den-
sities are plausible for a CME core at these heights and provide
a quantitative snapshot of the state of the EP.
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Independent confirmation of our diagnostics approach comes
from comparing our results for the event of April 25— 26, 2021
with the broader study by Russano et al. (2024). For the core of
the same event, they give an electron density of 2.0 x 10° cm™>.
The conversion from N, to n. in their work requires the geo-
metric assumption that the spatial dimensions along the LoS
structure are comparable to those in the PoS. This approach
effectively averages over the specific orientation (tilt) of the
structure. Their method is therefore independent of the plasma
temperature. The agreement between our density range and
their values, despite the different approaches, is a strong inde-
pendent confirmation of our diagnostic technique. Moreover, it
means that our assumption of a hot plasma (>100kK), which
was necessary to obtain a physically realistic effective thick-
ness, leads to a density estimate that is consistent with a
temperature-independent method. This supports the conclusion
that the prominence material was indeed heated to these high
temperatures. However, here we are faced with a problem that
the significant presence of the helium D3 emission, confirmed for
this event by Heinzel et al. (2023), requires much lower plasma
temperatures on the order of 30kK to be efficiently produced
(Heinzel et al. 2020). This may suggest that the EP plasma has
a multi-thermal nature, sort of a prominence-corona transition
region. To investigate the impact of such a multi-thermal distri-
bution on our UV intensity analysis, we tested a two-component
model. We assumed that half of the La emission comes from the
hot part of EP at T = 150kK and the other half from the cool
part at T = 30kK where D3 is supposed to be formed. We used
our emission-measure method to get EM (cool) and EM (hot) and
found that EM(hot) > EM(cool). Because practically all elec-
trons come from the hydrogen ionization (which is almost com-
plete at 150 kK but partial at 30 kK), we assumed that N, = (n,)
D.g, where (n.) is a mean electron density over hot and cool
plasmas. The resulting D is close to 0.4 R, so still quite realis-
tic comparable to the PoS size of EP visible in VL. This implies
that, while cool threads exist and are visible in D5, the ioniza-
tion budget and total mass of the prominence at these heights are
dominated by the hot component.

This study demonstrates the diagnostic potential of combin-
ing simultaneous UV and VL coronagraphy achieved for the
first time with Metis. However, we recognize the limitations of
our approach. The primary assumption is that of a single uni-
form temperature throughout the structure, whereas real promi-
nences are known to be multi-thermal. Furthermore, our analysis
was limited to the northern part of the prominence, where the
diagnostic method yielded physically consistent results, and our
non-LTE models are based on a simplified 2D slab geometry
although the structure is optically thin in the Le line. Future
work should incorporate more realistic physical conditions such
as multi-thermal plasma distributions and possibly more com-
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plex geometries. We will also need a self-consistent treatment of
the hydrogen and helium ionization and line formation.

Looking forward, this work provides a basis for systematic
studies of the large population of CMEs observed by Metis.
Applying this method to several events will help to produce a
more comprehensive statistical picture of the thermodynamic
evolution of CME cores.
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