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fUniversità degli Studi di Urbino Carlo Bo and INFN, Firenze, Italy

gAcademy of Science, Astronomical Institute, Ondrejov, Czech Republic
hINAF - Osservatorio Astronomico di Trieste, Italy

iPolitecnico di Torino, Italy
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ABSTRACT

Metis coronagraph is one of the remote-sensing instruments of the Solar Orbiter mission launched in February
2020. The mission profile will allow for the first time the remote-sensing observation of the Sun from as close
as 0.28 Astronomical Units (AU) and from ecliptic latitudes as high as 30°. Metis, in particular, is aimed at
the study and the overall characterization of the solar corona and solar wind. This instrument is an innova-
tive inverted-occultation coronagraph that will image the solar corona for the first time simultaneously in two
different wavelength band-passes: in the linearly-polarized visible-light (VL), between 580 and 640 nm, and in
the ultraviolet (UV) HI Lyman-α line of hydrogen, at 121.6 nm. The visible channel includes a broad-band
polarimeter to observe the linearly polarized component of the K corona. These measurements will allow a com-
plete characterization of the physical parameters, such as density and outflow speed, of the two major plasma
components of the corona and the solar wind: electrons (protons) and hydrogen.

After a period of commissioning, by the summer of 2020, Metis has performed the First-light Science Obser-
vations during the “Remote-Sensing Check-out Window” (RSCW) that is a telemetry contact period, specifically
allocated before entering the operational phase at the end of 2021.

This paper reports the first-light science observations of Metis represented by the UV and polarized VL
images of the corona. The resulting first-light maps of the coronal electron distributions are presented. These
results are compared to the observations of the visible-light ground-based coronagraph K-Cor and the visible-
ligh coronagraph LASCO onboard SOHO mission orbiting on the Lagrangian-1 Point and therefore offering a
different viewpoint of the solar corona with respect to Solar Orbiter.
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1. INTRODUCTION

Solar Orbiter, launched from Cape Canaveral, Florida, in February 10th 2020 at 04:03 UTC aboard a NASA-
provided Atlas V 411 launch vehicle, is an ESA-led mission, with strong NASA participation, that will allow for
the first time the remote-sensing observation of the Sun from as close as 0.28 AU. This spacecraft (S/C) will be
progressively more inclined to the ecliptic plane (until an ecliptic latitudes as high as 30°) observing, for the first
time, the polar regions of the Sun.1 On board Solar Orbiter there are 6 remote-sensing instruments and 4 sets
of in-situ instruments for a total of 10 different experiments. The goal of the mission is to perform a detailed
measurements of the inner heliosphere and solar wind by combining observations from all these instruments.
Among the Solar Orbiter remote-sensing instruments, there is the coronagraph Metis∗.

Metis instrument is a multi-wavelength externally occulted coronagraph.2,3,4 It acquires images of the solar
corona in two different wavelengths simultaneously: ultraviolet (UV) and visible light (VL). The UV channel
works on the narrow-band HI Lyman-α, 121.6 nm, while the VL one works on the broadband 580-640 nm (Fig. 1).

One of the science objectives of Metis coronagraph is to study the Kontinuierlich corona (“K-corona”) deriving
the electron density in order to characterize the coronal plasma and to determine the origin and acceleration of
the fast and slow solar wind. The K-corona, generated by Thomson scattering of the photospheric light from
free coronal electrons, is linearly polarized (e.g., Refs. 5, 6) In particular, it is well known that the K-corona
brightness is directly proportional to the electron column density along the line-of-sight. Then, by measuring the
brightness and adopting proper geometrical assumptions, it is possible to estimate the electron density.5 These
observations will contain not only the K-corona but also a component due to the scattering of photospheric light
from dust as well as a stray light component. In order to eliminate these components, Metis will measure the
polarized brightness (pB) - defined as the difference between polarization component tangential to the solar limb
and that parallel to the solar radius. Along the optical path of the visible channel, a polarimeter assembly with
the presence of an electro-optically modulating Liquid Crystal Variable Retarder (LCVR) would measure the
linear polarization brightness (pB) of the K-corona (through the acquisition of 4 images with different angle of
polarizations).7,8,9 From the pB the coronal electron density can be derived.

Section 2 describes in more details the Metis optical design and characteristics. Section 3, reports the first-
light images of the visible-light polarized K-corona and of the UV HI Lyman-α line-emission acquired by Metis on
May 15th, 2020. The same section shows the composite images of Metis polarized pB and UV observations with
with the pB observations from the coronagraphs LASCO onboard SOHO and the ground-based, High Altitude
Observatory (HAO) K-Cor. Finally, Section 4 shows the cross-calibration of Metis with LASCO and K-Cor.
This cross-calibration is then used to derive the coronal electron density.

2. METIS CORONAGRAPH

Due to the Solar Orbiter wide range of distances from the Sun, the on-board instruments need a particular design
to be able to sustain the high thermal flux at the perihelion. For this reason, the Metis occultation scheme is
based on an “inverted” external-occulter (IEO) to reduce the high thermal load (temperatures up to 400 °C) on
the instrument when the spacecraft is nearest to the Sun. In a classical externally-occulted coronagraph, the
annular disk-light rejecting mirror is much larger than the circular one used in the inverted-occultation scheme
(M0 in Fig. 1). This reduces by two orders of magnitude the thermal load on the rejection mirror.3 The coronal
light is collected by an on-axis aplanatic Gregorian telescope. The suppression of the diffracted light off the
edges of the IEO and M0 is achieved, respectively, with an internal occulter (IO) and a Lyot trap (LS).4

The primary (M1) and secondary (M2) telescope (see Fig. 1) have a Al/MgF2 coating to enhanced reflectivity
at HI Lyman-α 121.6 nm and with high reflectivity also in the visible wavelength range 580-640 nm.2 The coronal
light is then splitted by an UV interference filter that works by selecting the 121.6 nm UV band in transmission
and reflecting the VL into the polarimeter where the broadband filter selects the VL bandpass 580–640 nm.7,10,11

The inset in Figure 1 shows the detail of the Metis polarimeter.

The platescale of the UV and VL detectors are 20 arcsec/pixel and 10 arcsec/pixel respectively. All these,
and others, optical characteristics are summarized in Tab. 1. More detailed information on the Metis instrument
can be found in Ref. 3, 4.

∗In ancient Greek mythology, Metis was the first wife of Zeus and symbol of wisdom and deep thought.
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Figure 1: Metis ray trace for the UV (top) and VL (bottom) channels. The inset on the bottom, right-hand
side shows the polarimeter with its optical components: a collimating doublet (CD), the VL bandpass filter
(BP), focus lens system (FLS), a quarter-wave (QW) plate retarder, a polarisation modulation package (PMP)
comprising two liquid crystals variable retarders (LCVRs).7,9

Figure 2 (left) shows the Metis’ field-of-view (FoV) in units of heliocentric heights when Solar Orbiter’s
distance from the Sun is 0.25 AU. The table on the right in the same figure shows the changing FoV for different
Sun-Solar Orbiter distances.

Figure 2: Left: Field-of-View of Metis in heliocentric height at 0.25 AU. Right: Field-of-View as corresponding
to different Solar Orbiter to Sun distances in AU units.
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Table 1: Main optical performances of Metis instrument.4,3

Spectral range

Multi-wavelength VL: 580-640 nm

UV: HI Lyman-α, 121.6 ± 7.5 nm (FWHM)

Telescope

Type (Inverted) Externally occulted, on-axis aplanatic Gregorian

Overall length 1309 mm

Effective focal length VL: 200 mm

UV: 300 mm

Focal Plane

Plate scale VL: 10 arcsec/pixel

UV: 20 arcsec/pixel

Image size VL: 20.7 mm (2048 × 2048) with 10µm pixel size

UV: 30.7 mm (1024 × 1024) with 30µm equivalent pixel size

Field of view (FoV) 1.6°- 2.9°annular, off-limb corona

1.7 – 3.1 R� @ 0.28 AU

3.0 – 5.5 R� @ 0.5 AU

Average instrumental stray light VL Bstray/B� < 10−9

(stray light to solar-disk irradiance ratio) UV Bstray/B� < 10−5

Broad-band linear polarization sensitivity ≤ 10−2

3. METIS FIRST-LIGHT OBSERVATIONS

Metis acquired the first-light images on May 15th, 2020 starting at 11:20 UT, just after the commissioning activity
relative to the centerting the internal-occulter (Activity IT-6B1, cfr. Romoli et al., this volume)

Figure 3 shows the position of Solar Orbiter on that day relative to Earth and the Sun. The orbital plot
is in geocentric solar ecliptic coordinates, so Earth is at [0,0], the Sun is at [1,0]. The plot is the projection
of the orbit on the ecliptic plane†. The Solar Orbiter’s distance from the Sun was 0.64 AU. The angle Solar
Orbiter-Sun-Earth was 15°. This allowed for coordinated observations with the ground-based coronagraph K-Cor
of the High Altitude Observatory (HAO),12 and the LASCO coronagraph onboard SOHO.13

3.1 Visible-light Polarized-Brightness and UV Images

Figure 4 shows the Metis first-light images in polarized visible-light, within 580-640 nm wavelength bandpass
(left, shown in red) and HI Lyman-α (right, shown in blue) acquired on May 15th, 2020.

The images clearly show the two bright equatorial streamers and fainter polar regions, which are characteristic
of the solar corona during times of minimal magnetic activity. The ultraviolet image (shown in blue) records
emission from neutral hydrogen atoms in the corona. This is the first UV image of the extended solar corona
ever obtained. When Metis acquired these images, Solar Orbiter was at a distance of 0.64 AU from the Sun and
the instrument field of view covered heliocentric heights (R�) from 3.8 R� to 7.0 R� (cfr. Table in Fig. 2).

†https://issues.cosmos.esa.int/solarorbiterwiki/display/SOSP/LTP01+May+2020-June+2020
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Figure 3: Orbital plot of the Solar Orbiter in geocentric solar ecliptic coordinates. Earth is at [0,0], the Sun is
at [1,0]. The plot is the projection of the orbit on the ecliptic plane. On May 15th, 2020, Solar Orbiter was at a
distance of 0.64 AU (black square). The angle Solar Orbiter-Sun-Earth was 15°.

Figure 4: Metis first-light images, from a vantage point of 0.64 AU, acquired on May 15th, 2020 at 11.39.25 UT,
within a field-of-view ranging from 3.8 R� and 7 R�. Left: VL pB. Right: HI Lyman-α at 121.6 nm.

On May 15th, 2020, two VL pB sequences were acquired with detector integration time equal to 15 s and
30 s, respectively, and two sets of 6 UV images each with integration time of 8 s and 16 s, respectively. Both
VL and UV detectors had a 1×1 pixel binning, corresponding to an image scale on the plane of the sky of about
4300 km and 8600 km, respectively. Figure 4 shows on the left the VL pB obtained with integration time of 30 s.
The corresponding UV HI Lyman-α corona image acquired with integration time of 16 s is shown on the right.
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The set of images were processed and calibrated by applying bias and dark subtraction, flat-field and vi-
gnetting correction, exposure-time normalization, and radiometric calibration. The bias and dark images for
both detectors were acquired in flight, whereas flat-field and vignetting images as well as the radiometric pa-
rameters, used to convert the image values from digital number to the physical units, were measured on ground
during laboratory calibrations4 carried out at the INAF Optical Payload Systems - OPSys - facility in ALTEC.14

The VL pB images were obtained from sets of four polarimetric VL images combined with the demodulation
matrix obtained by inverting the polarimeter’s Muller matrix derived from on-ground calibrations.10,11

The ultraviolet image of the emission from neutral hydrogen atoms in Figure 4 is the first HI Lyman-α image
of the outer solar corona ever obtained, in this case extending up to 6.0 R�. The brightness distribution in
the field-of-view is very similar to that of the visible light polarized brightness with the two bright equatorial
streamers and fainter polar regions. The streamers appear significantly bright all the way to the upper limit of
the field-of-view, showing the presence of emitting neutral hydrogen at large distances from the Sun.

3.2 Coordinated observations with LASCO and K-Cor

During the Metis observations on May 15th, 2020, the LASCO-C2 coronagraph onboard SOHO and the HAO,
ground-based coronagraph K-Cor were also acquiring pB images. The LASCO-C3 coronagraph acquired pB
images on May 14th and 16th, 2020.

Figure 5 shows on the left-hand side the combined coronal images of Metis VL (green), LASCO-C2 (red) and
K-Cor (deep blue) on the left. The same is shown on the right-hand side, but with the coronal image of Metis
UV (light blue). K-Cor field-of-view (FoV) covers heliocentric heights from 1.01 R� to 3 R�.12 LASCO-C2
field-of-view (FoV) covers heliocentric heights from 1.5 R� to 6 R�.13 Metis field-of-view (FoV) at 0.64 AU
covers heliocentric heights from 3.8 R� to 7.0 R�. Thus, on May 15th, 2020, the FoVs of all three coronagraphs
guaranteed a good overlap in their respective coverages of the corona. The images from these coronagraphs
allowed the imaging of the corona from 1.01 R� to 6.5 R� in VL and - for the first time - the comparison with
the UV coronal line-emission HI Lyman-α from 3.8 R� to about 7 R�.

Figure 5: Left: Combined coronal images of Metis VL (green), LASCO-C2 (red) and K-Cor (deep blue). Right:
Same as in the image on the left, but with the coronal image of Metis UV (light blue). K-Cor field-of-view (FoV)
covers heliocentric heights from 1.01 R� to 3 R�.12 LASCO-C2 field-of-view (FoV) covers heliocentric heights
from 1.5 R� to 6 R�.13 Metis field-of-view (FoV) at 0.64 AU covers heliocentric heights from 3.8 R� to 7.0 R�.
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Images of the coronal VL pB broadband emission acquired by LASCO-C3 (FoV: 3.7 R� - 30 R�) allowed a
similar comparison at heliocentric heights up of 30 R�, as shown on the image on the right-hand side in Figure 6

The composite image on the left-hand side in Figure 6 shows the entire corona obtained by combining images
acquired by Metis in polarized light (red), by K-Cor, by the AIA instrument15 (19.3 nm, solar disk) on board
the SDO probe,16 and the reconstruction of the global structure of the magnetic field obtained starting from
extrapolations of the photospheric magnetic field.‡ In the quiet phases of the solar activity cycle, the Sun’s global
magnetic field confines the plasma mainly to the equatorial belt, where the field lines are closed, thus giving rise
to bright structures.

Figure 6: Left: Composite image with Metis VL pB (red), K-Cor VL pB (blue) and AIA instrument15 (19.3 nm,
solar disk) on board SDO.16 Superposed is the reconstruction of the global structure of the magnetic field obtained
starting from extrapolations of the photospheric magnetic field.‡ . Right: Combined coronal images of Metis
VL pB (green), LASCO-C3 pB (blue) and LASCO-C2 pB (red).

The composite image of the coronal VL pB clearly shows the characteristic configuration of the solar corona
during the minimum phase of magnetic activity, when the global scale solar magnetic field is predominantly
dipolar and confines the plasma mostly near the equatorial belt, giving rise to two bright streamers. The polar
regions, where the magnetic field lines are open, exhibit a fainter brightness due the plasma outflow in the solar
wind. The classic solar minimum configuration of the solar corona observed with Metis on May 15th, 2020, shaped
by a predominantly dipolar magnetic field and characterized by an equatorial streamer belt, closely resembles
the simple and persistent dipolar configuration observed during 1996, that is, one full magnetic cycle earlier
when the streamer belt and the coronal current sheet were only slightly warped around the equatorial plane. At
the limb, on the plane of the sky, this is viewed as two almost equatorial streamers stretching out to form the
coronal and, further out, the heliospheric current sheet. The 1996 solar minimum corona, studied extensively in
the first year of the SOHO coronagraphs observations, is described, for example, in Ref. 17 by combining the
observations of the three LASCO coronagraphs, thus ensuring a continuously coverage of the off-limb corona
from 1.1 R� to 32 R� .

‡Courtesy of Predictive Science Inc. https://www.predsci.com/portal/home.php

ICSO 2020 
International Conference on Space Optics

Virtual Conference 
30 March-2 April 2021

Proc. of SPIE Vol. 11852  1185211-8



4. CORONAL ELECTRON DENSITY DERIVED FROM POLARIZED BRIGHTNESS

The line-of-sight of Metis onboard Solar Orbiter was very closely aligned (about 15°, cfr. Fig. 3) to those of
the ground-based K-Cor and of LASCO onboard SOHO on the Lagrangian-1 Point. This, together with the
overlap of the Metis’ FoV with those of K-Cor and LASCO-C2, -C3, allowed the first in-flight, radiometric
cross-calibration of the Metis’ VL polarimetric channel.

4.1 Polarized Brightness cross calibration with K-Cor and LASCO

The radiometrically calibrated pB maps derived from the Metis data have been compared with those obtained
from K-Cor and LASCO-C2, -C3.

The West and East streamers, having the higher signal, were selected for this calibration. Figure 7 shows the
VL pB profiles, in units of mean solar disk brightness (B�), of Metis, K-Cor and LASCO-C3, -C3 as a function of
heliocentric heights along the axes of the West and East streamers (left- and right-hand side plots, respectively).

At the heliocetric heights of ovelap, the pB values from the four coronagraphs compare relatively well,
considering that for the reduction of the LASCO data was used the standard LASCO calibration provided in
the Solarsoft package§ instead of the most recent radiometric calibration obtained from the reduction of 24 years
of LASCO observations.18,19 There are no LASCO-C3 observations of the coronal pB on May 15th, 2020, but
only on May 14th and 16th. During the minimum of the solar cycle, the steady-state corona is not expected to
vary considerably over the time period of two to three day, and at the spatial scale at which these observations
were performed (i.e., tens of arcsec). Also, the projection effects due to the solar rotations have been neglected,
in first approximation, over that time interval. The differences between the LASCO-C2 pB values and those of
LASCO-C3 may be due more likely to the use of not the most updated versions of their calibration, rather than
to the difference in the observing days. Indeed, on the West streamer, Metis pB profile on May 15th matches
better that of LASCO-C2, also on May 15th, whereas on the East streamer it matches better that of LASCO-C3,
on May 14th and 16th.

The K-Cor data above 2 R� are affected by considerable noise due to the sky-brightness and have not been
considered. Nevertheless, the gradient of the pB profiles of K-Cor matches quite well that of Metis.

Figure 7: Comparison among Metis, K-Cor and LASCO-C3, -C3 of their VL pB profiles as a function of
heliocentric heights along the axes of the West and East streamers (left- and right-hand side, respectively).

§https://sohowww.nascom.nasa.gov/solarsoft/.
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4.2 Coronal Electron Density

The pB maps of all four coronagraphs were inverted to derive the coronal electron densities by assuming a simple
spherically symmetric corona, following the classical approach described in Ref. 5.

As expected, the electron density profiles compare well among themselves, reflecting some of the differences
already present in the pB profiles. Also in this case, for instance, on the West streamer, Metis electron density
profile on May 15th matches better that of LASCO-C2, also on May 15th, whereas on the East streamer it
matches better that of LASCO-C3, on May 14th.

Figure 8 shows the resulting coronal electron densities profiles (in units of [cm−3]) as a a function of helio-
centric heights along the axes of the West and East streamers (left- and right-hand side plots, respectively).

Figure 8: Coronal Electron density profiles as a a function of heliocentric heights along the axes of the West and
East streamers (left- and right-hand side plots, respectively). The electron density maps of all four coronagraphs
were derived by inverting the pB with the simplifying assumption of a spherically symmetric corona.5

These results, while very preliminary, nonetheless they show that the ground calibration of the Metis VL
channel is still valid, in first approximation, also in flight. Additional and regular cross-calibrations will take
place during the nominal mission, not only of the VL channel, but also of the UV one. In the meanwhile, the VL
pB measurements by Metis can already be used to derive the electron density of the corona from the different
observation viewpoints made possible by Solar Orbiter as it progresses along its orbit.

The electron density is the cornerstone physical parameter of the corona. For instance, this quantity is needed
to derive - together with the UV measurements of the HI Lyman-α line-emission - the solar wind speed in the
outer corona through to the Doppler-dimming diagnostics.20,21

The VL pB and UV first-light images of Metis reported in this paper have been recently used to derive the
velocity maps of the expanding solar corona, about ±10° wide, centered on the extension of the quiet equatorial
streamers axis present at the West and East limb.22 The electron densities derived for those streamers and used
for this Doppler dimming diagnostics are the ones presented in this paper.
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5. CONCLUSION

On May 15th 2020, Metis onboard Solar Orbiter acquired its first-light images of the visible-light (VL) polarized
brightness (pB) of the K-corona and of the ultraviolet (UV) HI Lyman-α line-emission from the coronal hydrogen.
This was the first time that the same instrument observed the corona simultaneously in two different wavelength
band-passes: in the linearly-polarized VL, between 580 and 640 nm, and in the UV HI Lyman-α line of hydrogen,
121.5 nm. Solar Orbiter was at 0.65 AU from the Sun. The line-of-sight of Solar Orbiter was very closely aligned
to those of the ground-based K-Cor and of LASCO onboard SOHO on the Lagrangian-1 Point. This, together
with the overlap of the Metis’ FoV with those of K-Cor and LASCO-C2, -C3, allowed the preliminary in-flight
radiometric cross-calibration of the Metis’ VL polarimetric channel. The comparison of the Metis pB maps to
those of K-Cor and LASCO indicates that the on-ground calibration of the Metis VL polarimetric channel is
reliable. The electron densities derived from these VL pB observations will be used - together with the UV
measurements - to derive velocity maps of the expanding solar corona through the Doppler dimming diagnostics.
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