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Abstract

Context. We present the results of the in-flight radiometric calibration performed for the ultraviolet (UV) H I Ly-α channel of the Metis coronagraph on board Solar Orbiter.

Aims. The radiometric calibration is a fundamental procedure required to produce data in physical units. The quantity that allows us to pass from raw data into calibrated data is the radiometric calibration factor, ϵUV.

Methods. To obtain the ϵUV results, we used observations of stellar targets transiting the Metis field of view. We derived ϵUV by determining the signal of each calibration star by means of the aperture photometry and evaluating its expected flux in the Metis narrow bandpass (121.6 ± 10 nm). The analyzed data cover a time range from the beginning of the Cruise Phase in June 2020, up until August 2021.

Results. We find that the UV channel requires a significant additional correction of the response across the field of view, compared to that provided by the vignetting function measured on the ground and refined in flight, specifically tailored to the UV channel. This correction is provided by the ratio of images of the back-illumination of the closed door. Here, we use the stellar measurements to refine and improve such a correction map. After correcting for the spatial disuniformity, a radiometric calibration factor ϵ̅UV = 0.20 ± 0.03 DN/photon was found. No significant changes in the UV channel throughput were observed during the period from June 2020 to August 2021. In addition, the analysis of a smaller number of stars observed in 2022 and 2023 enabled us to extend the validity of the radiometric calibration to that period, after considering a suitable scaling factor due to the change of operating voltages occurred in April 2022. From this second analysis, the value of the radiometric calibration factor is ϵ̅UV = 0.11 ± 0.03 DN/photon. In order to support the radiometric calibration results, we performed a comparison between average radial profiles of the H I Ly-α intensity obtained from Metis UV images acquired in 2020–2021 and those measured with the Ultra-Violet Coronagraph Spectrometer (UVCS) on board the Solar and Heliospheric Observatory (SOHO) during the period of the activity minimum of solar cycle 22 in 1996. We found that intensity profiles of these instruments are consistent with each other.
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1 Introduction
Metis is the coronagraph on board the ESA/NASA Solar Orbiter mission (Müller et al. 2020), designed to perform simultaneous imaging of the off-limb solar corona in two channels: the ultraviolet (UV) channel in a 20 nm pass band centered on the H I Ly-α line at 121.6 nm and the visibile light (VL) channel in the broadband between 580 and 640 nm (Antonucci et al. 2020b; Fineschi et al. 2020).
Thanks to its simultaneous acquisition capability, by combining Metis VL and UV data, it is possible to trace the global dynamics and evolution of the hydrogen component in the solar atmosphere from 1.7 R⊙ to 9 R⊙. The images in polarized brightness (pB) trace the radiation caused by electron scattering (K-corona) and (in a negligible way) by dust particle scattering (F-corona), whose effect is prevalent with increasing heliocentric distances (Blackwell & Petford 1966). Using the VL data, it is possible to compute the coronal electron density by means of an inversion technique (see e.g., van de Hulst 1950). Afterward, we can then simulate the UV emission of the static corona (Romoli et al. 2021). In fact, the coronal emission at 121.6 nm originates through the neutral hydrogen resonant scattering of the chromospheric H I Lyman-α photons (Gabriel 1971). Thus, from the UV data we can derive the maps of the solar wind velocity by means of the Doppler dimming effect; namely, the decrease of the UV emission from the expanding corona relative to a static one (Noci et al. 1987; Withbroe et al. 1982).
This work is focused on the radiometric calibration of the UV channel. The radiometric calibration is a necessary procedure for obtaining the absolute brightness data of the solar corona from the images acquired with the UV channel during the mission.
The in-flight radiometric calibration presented here is based on the observation of stellar targets as they transit the field of view (FoV) of Metis and it is aimed at inferring the radiometric calibration factor, ϵUV. Stars with known and stable fluxes are ideal targets to verify the radiometric response of the instrument and monitor it over time. Moreover, stars, as point sources, are very useful in characterizing the instrumental spatial resolution by gaining information on its point spread function (PSF). Very often, stars have been used for the in-flight calibration of space-based instruments; thus, the heritage knowledge on this topic is significant. The calibration campaigns of the following coronagraphs exploited the same methodology: Large Angle Spectrometric COronagraph C2 (LASCO-C2, Brueckner et al. 1995; Colaninno & Howard 2015) on board the Solar and Heliospheric Observatory (SOHO, Domingo et al. 1995), LASCO-C3/SOHO (Thernisien et al. 2006), (SECCHI)-COR2 (for details, see STEREO/SECCHI Calibration and Measurement Algorithms Documents1) on board the Solar Terrestrial Relations Observatory (STEREO, Kaiser et al. 2008), and Ultra-Violet Coronagraph Spectrometer/SOHO (UVCS, Kohl et al. 1995; Romoli et al. 2002). The obtained radiometric calibration is then used to convert the observed Digital Numbers (DNs) per pixel into photons and to express the calibrated frames in radiance (photons cm−2 sr−1 s−1). In addition, repeated stellar observations allow us to monitor the UV channel response, starting from the Cruise Phase of Solar Orbiter mission.
We also compared the calibrated data of the Metis UV channel with that of UVCS. The operations of the latter started at the end of January 1996 (during the solar minimum of cycle 22) and covered more than one entire solar cycle with daily observations of the solar corona (Kohl et al. 1995). Among other UV spectral lines in the range from 50 to 135 nm, UVCS measured the H I Ly-α radiation from coronal heights, generally from 1.4 to 3.0 R⊙ (often extendable out to ~6 R⊙). The observations of UVCS and LASCO carried out in 1996–1997 showed that during the minimum phase of solar cycle 22 the solar corona has persistent and rather extended coronal holes at the polar regions and a very stable streamer belt in the equatorial regions, modulated only by the rotation of long-lived structures (see Schwenn et al. 1997, Giordano & Mancuso 2008, and also Antonucci et al. 2020a for detailed review). The UVCS data acquired in the declining phase of cycle 23, although providing a statistically less significant sample, confirmed the intensities observed during the previous solar minimum. They also show that during maximum activity the coronal intensity of H I Ly-α increases by almost an order of magnitude (Giordano, in prep.).The observations of coronal structures, which are rather stable during the minima of solar activity, allow us to estimate the characteristic intensities at different coronal heights and heliographic latitudes on a statistical basis. We thus compared the H I Ly-α line intensity obtained with UVCS with that measured with the Metis UV channel at the beginning of its operation, when solar cycle 24 was in a minimum phase comparable with that of solar cycle 22 in 1996 – although it is fair to note that the physical properties of the solar corona can be in principle different during the considered periods.
On January 04, 2022, Metis suffered an automatic switchoff due to a threshold overrun of the UVD current limit. The instrument underwent a failure investigation and while the VL channel was turned on again on February 21, the complete recovery and recommissioning of UVDA was performed successfully only about three months later, on April 14. To increase safely margins in operating the UVD after the recovery, the values of the applied high voltage (HV) to the camera were lowered. Although a change of voltage produces a change of response predictable from the ground calibration activities at the camera level (Schühle et al. 2018, Uslenghi et al. 2017), it is still necessary to verify the overall response of the UV channel. This includes confirming the radiometric calibration factor ϵUV through additional in-flight calibration campaigns.
The aim of this work is to describe in detail the process leading to the radiometric calibration of the UV channel of Metis. The in-flight calibration is described in Sect. 2, the comparison of the Metis data with those of UVCS is reported in Sect. 3. The main results and conclusions are summarized in Sect. 4.
2 The Metis UV channel radiometric calibration
This section presents an in-depth description of the method used to infer the value of the radiometric calibration factor ϵUV (in DN/photon). The results from the performed analysis are currently included in the sequence of operations applied to the images obtained onboard Solar Orbiter, referred to as the Metis “pipeline.” These operations are performed on the decoded telemetry, which is saved as level 0 (L0) data. The purpose of the pipeline is to process the data and generate calibrated data, referred to as level 2 (L2) data, for both channels of Metis2.
The approach described here is similar to that used for the calibration of the Metis VL channel which is introduced in De Leo et al. (2023). First, the dark and bias signal (measured in-flight) is removed, as described in detail in Sect. 2.2. Additionally, the images are corrected for the flat-field pattern (measured on ground)3. Then the signal is transformed into count rates by dividing for the exposure time and corrected for the vignetting pattern (also measured on ground). After these processes, the count rates from calibration stars should remain constant across the entire field of view (as it is the case for the VL channel). Instead, the observations reveal a response disuniformity across the FoV. We thus derived a further spatial correction to be applied before inverting the star data, which is described in Sect. 2.6. Finally, we optimized the correction by performing a statistical analysis on the star data set, as explained in Sect. 2.7.
The application of the radiometric calibration factor is the final passage that transforms the count rates (DN/s) into physical units (photons cm−2 sr−1 s−1). The produced L2 data also contain the uncertainty matrix derived by multiplying the uncertainty in the obtained radiometric calibration coefficient to the vignetting function and the additional spatial correction map that accounts for the spatial response of the UV channel, as described in Sect. 2.7.
The data used for this analysis cover a time range from June 2020 (observations of α and ρ Leonis) to August 2021 (observation of 121 Tauri), as reported in Table 1. In addition, the analysis of a smaller sample of stars allows us to extend the validity of the radiometric calibration to 2022 and 2023.
Table 1 
Stellar targets used for the radiometric calibration of the UV channel.

2.1 Availability of the stellar targets
The in-flight radiometric calibration of the two channels of Metis uses observations of stellar targets transiting the FoV. An accurate study on the availability of calibrating stars was performed before the launch of Solar Orbiter, on 10 February 2020. We made use of the ESA/NASA Spacecraft, Planet, Instrument, C-matrix pointing, and Events (SPICE) toolkit considering the peculiar orbit of Solar Orbiter and the instrument characteristics (Focardi et al. 2014). This analysis needs to be periodically refined, particularly after any orbital corrections, such as gravity-assisted maneuvers, to ensure accurate and up-to-date results. Furthermore, as Metis does not acquire images at all times due to the telemetry constraints of an interplanetary mission, the choice of the available targets was driven by the overall needs of the radiometric calibration campaigns, which prioritizes the observation of stars suitable for the calibration of the UV channel (as those are in most of the cases also suitable for the calibration of the VL channel).
Having a band pass of 121.6 ± 10 nm, Metis UV channel is expected to detect sufficient signal from bright stars of early spectral types, such as O and B stars. These stars have very stable UV spectra (Mihalas & Binney 1981) and, hence, are suitable for the calibration of UV instruments such as the Metis UV channel. Therefore calibration campaigns have been scheduled to cover the transits of these targets.
The recognition of possible stellar objects, the expected stellar track on the FoV, along with the retrieval of useful quantities (stellar type, magnitude) was performed by a tool developed by the Metis team, via queries of the Set of Identifications, Measurements, and Bibliography for Astronomical Data (SIMBAD).The tool uses Metis square FoV (±2.9° in width) and the boresight coordinates (RA and Dec) to query the SIMBAD4 catalog (Wenger et al. 2000). It then returns the star coordinates in the sensor frame (1024 × 1024 pixels). The stellar targets used for the calibration of the UV channel are listed in Table 1, while their tracks within the FoV are shown in Fig. 1.
	[image: thumbnail]	Fig. 1 Map of the tracks along the Metis UV field of view of the stellar targets used to infer the radiometric calibration factor ϵUV. The background UV image was acquired on January 16, 2021, at 12:31 UT. Image is in detector coordinates (in pixels).



2.2 UVDA dark optimization
At the time of the radiometric calibration observations used in this work, the UV detector was subject to a “transient” effect that reduced the signal level of the images acquired in the first ~90 seconds after the command initiating the acquisition sequence. A description of this effect can be found in Andretta et al. (2021), Russano et al. (2024) and Uslenghi et al. (2024).
If single frames are acquired without the on-board co-adding step, the transient only affects the first few frames (which can be discarded during analysis). However, when on-board co-adding is employed to limit the data rate, the transient affects each group of images, leading to a complex alteration in the signal level of the resulting averaged image. This variation is dependent on several parameters, such as integration time, cadence, and the number of images averaged. Therefore, the acquisition of dark frames has been planned for each set of parameters used during science and calibration observations. Nevertheless, the transient also impacts the light signal, albeit to a lesser extent, introducing an additional uncertainty in photometric measurements. Thus, during the second part of the Cruise Phase, the on-board co-adding of frames was avoided.
In addition to the variations in the dark level caused by the transient issue, we observed small but significant (tens of DN) variations that appeared randomly, even over time scales of just a few hours. This resulted in dark frames acquired just a few hours later potentially failing to properly correct the science and/or calibration images. A detailed analysis revealed that these fluctuations are not consistent with pure offset or pure gain variations but rather with a linear combination of the two. Hence, if we have a dark frame (DF) measured at time t0, the dark frame at time t will be:
[image: equation](1)
This is a purely empirical approach based on the study of dark frame sets acquired over long timescales. For dark images, the parameters a(t) and b(t) can be derived through a linear fit. To determine a(t) and b(t) for each non-dark image to be corrected, we utilized information contained within the images themselves; specifically, from the areas that are not illuminated by photons. In addition to the area behind the occulter, there are four corners not illuminated by the round fiber optics taper that connects the intensifier to the sensor (for a detailed description of the UV detector, see Antonucci et al. 2020b). By using the average values of boxes located in the non-illuminated areas of the detector, it was possible to compute the optimal dark subtraction for each calibration image. This was necessary due to the high nonuniformity of the sensor dark current, as these areas exhibit very different dark values. This allowed us to perform a fit with the Eq. (1) over five points. This algorithm has been validated on pairs of dark images.
The origin of these problems was identified and largely resolved through an upgrade to the on board software (OBSW) in April 2022.
2.3 Aperture photometry
Once the frames from the radiometric calibration observations were acquired and pre-processed with the steps described above, it was then possible to evaluate the star signal using the aperture photometry method, as previously done for the VL channel of Metis (De Leo et al. 2023). Briefly, the method consists in computing the signal measured over a circle of radius, r1, centered on the star after subtracting from it the corresponding background, proportionally calculated over an annular region with the same center, inner radius, r1 and outer radius, r2, as described by the equation:
[image: equation](2)
where Sij represents the signal per pixel within the circular area, Bkl is the background signal per pixel within the annular region, and n and m are the total number of pixels for the circle and the annulus, respectively. The conditions for {i, j} and {k, l} are given as: [image: equation] and [image: equation].
The best choice for the aperture radii r1 and r2 used for the background subtraction took into account the PSF of the instrument and the binning factor of the considered frame (when applicable). Considering that the full width half maximum (FWHM) of the Metis PSF ranges from 4 to 6.5 pixels throughout the FoV in the UV channel (Da Deppo et al. 2021), for our measurements, we chose a radius r1 of 12 pixels and r2 of 16 pixels. In case of data binned aboard, r1 and r2 have been divided by the binning factor of the frame. Fig. 2 shows the stellar flux growth as a function of the photometry aperture radius, r1. The variation in the star signal is about few percent for aperture radii larger than 10 pixels. We determined the error bars by propagating the error with the equation:
[image: equation](3)
where σS is the statistical error associated with the star signal [image: equation], n is the number of pixels of the circular area (depending on the value of r1), and σB is the standard deviation of the background signal values evaluated on the annular region. The count rate, NUV, differs from the integrated counts, CUV, only by the time exposure normalization of the frame in exam.
	[image: thumbnail]	Fig. 2 Measured stellar flux of λ Librae as a function of the aperture radius r1 in pixels. The image was acquired on November 19, 2021, at 19:32 UT.



2.4 Vignetting function correction
After the aperture photometry, we carried out another important step in the frame processing before proceeding with the calibration, which is the vignetting function (VF) correction. The FoVs of externally occulted coronagraphs are highly vignetted (see Fig. 3). Thus, a correction for the VF is required, to remove the artificial variation in the stellar flux along its track on the FoV. To this goal, for each frame used in this analysis, we divided the count rate, NUV, by the value of the vignetting function corresponding to the x and y-coordinates of the star centroid, VF (xstar, ystar). Considering that the VF values can vary over the pixel radius of the aperture photometry circle, we checked the difference of the count rate on one target, β 01 Scorpii, by performing the aperture photometry before and after the vignetting removal. The difference was found to be irrelevant.
The VF map used for the UV channel is the one measured for the VL channel during the on ground calibration campaign of the instrument (Antonucci et al. 2020b) and then corrected after the in-flight adjustment of the internal occulter (Liberatore et al. 2021). The VF map was also shifted to align its center with the in-flight center of the internal occulter (IO) and its size is rebinned in order to match that of the UV frame.
	[image: thumbnail]	Fig. 3 Map of the VL vignetting function measured on-ground and adapted to the UV channel characteristics. The solid magenta line is the trend along the equatorial direction. Image is depicted in detector coordinates (in pixels).



2.5 Metis UV photometric response
The Metis UV detector assembly (UVDA) consists of three main elements: (a) an intensifier, consisting of a micro channel plate (MCP) with KBr photocatode and a phosphor output screen, in optical contact with (b) a fiber optics 2:1 de-magnifying coupler connected to (c) a CMOS APS STAR1000 (1k × 1k format, 15 μm square pixel). The UVDA is installed at the end of the optical train consisting of the occulting sub-system, the telescope and the interferential filter assembly (IFA, Antonucci et al. 2020b; Fineschi et al. 2020). The IFA is an interferential Al/MgF2 multilayer filter deposited on a MgF2 crystal flat window. This element has the double purpose of selectively trans-mitting the H I Ly-α radiation to be detected by the UVDA, and of reflecting the visible light into the Metis VL channel. A High Voltage Unit (HVU) provides the high voltages required by the intensifier.
To determine the fluxes, f*, of the radiometric stellar targets in the UV narrow band, we calculated the results of the convolution of the UV spectra with the transmission curve of the interferential filter and the spectral response of the detector. In fact, the count rate, NUV, for each star is given via the equation:
[image: equation](4)
where f*,λ is the star spectrum, ϵF,λ = ϵF,121.6 · ϕF(λ) is the spectral profile of the filter transmission and ϕF(λ) the spectral profile normalized to the filter transmission at H I Ly-α121.6 nm, ϵUVD,λ = ϵUVD,121.6 · ϕUVD(λ) is the MCP spectral response and ϕUVD(λ) is the spectral profile normalized to the UVD quantum efficiency at H I Ly-α 121.6 nm (see Fig. 15 of Antonucci et al. 2020b), ϵM is the reflectivity of the telescope mirrors that can be assumed constant within the band pass, Apup is the telescope aperture, given by the external occulter stop, and VF (FoV) is the vignetting function, whose values depend on the position across the FoV.
The star spectra, f*,λ, in the UV band pass, can be observed only from space and come from the International Ultraviolet Explorer (IUE) experiment (Willis 2013), as well as from the SPectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) experiment (Bertaux et al. 2006). In Eq. (4), the Metis efficiency (or radiometric calibration factor) at H I Ly-α 121.6 nm is defined as
[image: equation](5)
and the star flux integrated in the UV pass band as
[image: equation](6)
In Table 1, the values of the fluxes, f*, for each measured star, are reported with their errors dominated by the uncertainties on the stellar spectra, which (especially in the case of IUE data, in proximity of the H I Ly-α wavelength) can reach values of ~30%. The relative error on the detector response has a stable value of ~5% for the band pass and the relative error on the filter transmission is negligible. Fig. 4 shows some of the UV stellar spectra used in our analysis. Given the large and often unknown uncertainty in the stellar spectra data base we decided to uniformly weight the contribution of each star to the averaged ϵUV.
The radiometric calibration factor ϵUV (in DN/photon) is estimated by inverting the star signal NUV obtained from the aperture photometry, as follows:
[image: equation](7)
In the ideal case (e.g., for the VL channel), the vignetting function correction removes completely the dependence of the star count rate on the position across the FoV, while the radiometric calibration factor maintains a constant value. As an example of our observations, Fig. 5 shows the signal of β 01 Scorpii along the FoV of the UV channel and the corresponding values of the vignetting function. The error bars in the figure are evaluated accordingly with the Eq. (3).
	[image: thumbnail]	Fig. 4 Spectra of α Leonis, ω Scorpii and σ Sagittarii. The shaded area represents the UV narrow band of Metis, centered around 121.6 nm. Not all the spectra error bars are shown for clarity.



	[image: thumbnail]	Fig. 5 Comparison between the normalized count rate (magenta diamonds) of β
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      Stellar targets used for the radiometric calibration of the UV channel.

      
        


	Star ID
	Spectral type
	U
	V
	Observation date
	f* ± σf* (×103 phot cm−2 s−1)
	ϵUV,* (DN/phot)





	α Leonis (a,b)
	B8IVn
	0.88
	1.40
	15 June 2020
	31 ± 2
	0.223



	ρ Leonis (b)
	B1Iab
	2.78
	3.87
	17 June 2020
	15.3 ± 1.1
	0.220



	ν Scorpii (b)
	B2V
	3.42
	4.00
	15 March 2021
	8.9 ± 0.7
	0.188



	β 01 Scorpii (b)
	B1V
	1.68
	2.62
	15 March 2021
	68 ± 15
	0.197



	δ Scorpii (a)
	B0.3IV
	1.30
	2.32
	15 March 2021
	119 ± 7
	0.219



	ω Scorpii (b)
	B1V
	3.10
	3.97
	15 March 2021
	16.3 ± 1.3
	0.179



	λ Librae (b)
	B3V
	4.43
	5.03
	15 March 2021
	3.5 ± 0.3
	0.210



	θ Ophiuchi (b)
	OB
	2.18
	3.26
	25 March 2021
	48 ± 13
	0.246



	σ Sagittarii (a)
	B2V
	1.06
	2.07
	09 April 2021
	126 ± 7
	0.189



	τ Tauri (b)
	B3V
	N.A.
	4.26
	24 August 2021
	9 ± 2
	0.169



	121 Tauri (b)
	B2.5IV
	4.67
	5.38
	28 August 2021
	3.4 ± 1.2
	0.145





      

      
Notes. (a)SPICAM. (b)IUE. The Johnson–Cousins U, V apparent magnitudes of the target stars are listed in the third and fourth columns. Starting date of the target observations is in the fifth column. Values of the UV H I Ly-α flux f* and its uncertainty σf* (in photons cm−2 s−1) are in the sixth column (see Sect. 2.5). Values of the radiometric calibration factor for every star (weighted average, in DN/photon) are in the last column (see Sect. 2.8). Reported information is taken from the SIMBAD catalog, with the exceptions of the last three columns.
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        Map of the tracks along the Metis UV field of view of the stellar targets used to infer the radiometric calibration factor ϵUV. The background UV image was acquired on January 16, 2021, at 12:31 UT. Image is in detector coordinates (in pixels).
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        Measured stellar flux of λ Librae as a function of the aperture radius r1 in pixels. The image was acquired on November 19, 2021, at 19:32 UT.
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      Fig. 3 
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        Map of the VL vignetting function measured on-ground and adapted to the UV channel characteristics. The solid magenta line is the trend along the equatorial direction. Image is depicted in detector coordinates (in pixels).
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      Fig. 4 
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        Spectra of α Leonis, ω Scorpii and σ Sagittarii. The shaded area represents the UV narrow band of Metis, centered around 121.6 nm. Not all the spectra error bars are shown for clarity.
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      Fig. 5 
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        Comparison between the normalized count rate (magenta diamonds) of β 01 Scorpii and the normalized VF (black dots). The VF is evaluated in the same positions of the star along the FoV. The black dashed line represents the continuous trend of VF. All trends have been normalized to the value of the first frame of this observation. In the figure, a discrepancy between the star signal and the VF trend is evident, on the east and the west sides of the UV FoV. The star signal error bars are multiplied by a factor 3 for clarity of the plot. The trend of the count rate corrected for the VF is shown in the first panel of Fig. 7.
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      Fig. 6 
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        Spatial correction map MUV2VL (FoV) modeled (right panel) by using the back-illuminated door frames (left panel). The white square indicates the normalization region. See the text for more details. The image is in detector (pixels) coordinates.
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      Fig. 7 
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        Comparison between the star count rate corrected with the standard VF (blue triangles) and the count rates corrected with the spatially corrected VF (red triangles). The four stars of the panels are β 01, ν, ω Scorpii, and 121 Tauri. See the text for details.
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      Fig. 8 
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        Values of the least squares test with respect to the p parameter for each star and for the entire data set (red squares). See the text for details.
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      Fig. 10 
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        Radiometric calibration factors as a function of the radial distance of the star images from the center of the occulter. The solid red line is the average value of [image: equation]. The red dashed lines depict the uncertainties of the in-flight radiometric factors. The vertical black solid line is the radius of the internal occulter in pixels.
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      Fig. 11 
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        Trend of the radiometric calibration factor ϵUV with respect to time, starting from June 2020 until August 2021. For every stellar target, the reported ϵUV is the weighted average value. The solid red line is the average value of [image: equation]. The red dashed lines depict the uncertainties of the in-flight radiometric factors. For each star, the error bar is multiplied by a factor of 2 for clarity in the plot.
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      Fig. 12 
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        Radiometric calibration factors as a function of the radial distance of the star images from the center of the occulter. The solid red line is the average value of [image: equation]. The red dashed lines depict the 1σ uncertainty of the in-flight radiometric factors. The green solid line represents the theoretical value according to the scaling of the UVDA tensions (see the text for details). The vertical black solid line is the radius of the internal occulter in pixels.
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      Fig. 13 
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        H I Ly-α intensity profiles for polar and equatorial observations of UVCS at solar minimum.
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      Table 2 

      Metis UV data used for calculation of average radial profiles.

      
        


	Date
	Nimg
	FoV [R⊙]
	dMetis [au]





	Nov. 18–22, 2020
	351
	5.6–9.4
	0.92



	Jan. 14–17, 2021
	23
	3.7–6.1
	0.60



	Feb. 12–24, 2021
	411
	3.25–5.2
	0.51



	Mar. 15–29, 2021
	300
	4.5–6.9
	0.69



	Apr. 21–28, 2021
	730
	5.4–8.6
	0.87



	Aug. 17–31, 2021
	3350
	4.1–6.5
	0.64





      

      
Notes. The second column shows the number of images (Nimg) of the corresponding month reported in the first column, which were considered in the analysis. Field of view (FoV, in R⊙) of Metis considered in the analysis and spacecraft distance to the Sun (dMetis, in astronomical units, au) are in the third and fourth columns, respectively.
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      Fig. 14 
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        Top panel: equatorial radial profiles of the H I Ly-α line intensity. Average Metis profiles obtained for different months are shown as green (November 2020), purple (January 2021), orange (February 2021), pink (March 2021), olive (April 2021) and cyan (August 2021) lines. UVCS data and intensity profile obtained for equatorial observations and summed with the contribution of the interplanetary H I Ly-α line intensity (IP, dotted line) are depicted as gray squares and red solid line, respectively. The dashed red line shows the extrapolation of the UVCS profile up to 9.5 R⊙ for comparison. Bottom panel: difference between the profiles of Metis and UVCS. The shaded areas represent the width of the distribution of Metis data (see text for details).
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      Fig. 15 
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        Same as Fig. 14, but for polar radial profiles of Metis and UVCS. Top panel: UVCS data and intensity profile obtained for polar observations and summed with the contribution of the interplanetary H I Ly-α line intensity (IP, dotted line) are depicted as gray circles and blue solid line, respectively. The dashed blue line shows the extrapolation of the UVCS profile up to 9.5 R⊙ for comparison. Bottom panel: symmetrical logarithmic scale of the vertical axis for better visualization; i.e., it is logarithmic in both the negative and positive directions with a linear scale between −109 and 109 photons cm−2 s−1 sr−1.
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      Fig. A.1 
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        Star signal (magenta triangles) and coronal background (blue triangles) as a function of time for λ Librae. The star signal is shifted in the y-direction for clarity. The first image of the series was acquired on November 19, 2021, at 09:14 UT.
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      Fig. A.2 

      
        [image: thumbnail]
      

      
        Three frames of the ζ 04 and λ Librae observation, happened in November 2021. ζ 04 Librae is the star on the top right of the detector, λ Librae is on the bottom left. The top panel depicts an example of “low state”, the middle panel depicts the “high state” and bottom panel a “high state” with “halos” surrounding the stars. The cyan squares highlight the area around the stars where the effect is visible.
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