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This study measured the polarization of the white-light corona during the total solar eclipse on 20 April 2023, which occurred under high solar activity. The same instrument that was used for the 2017 and 2019 eclipse observations was employed, and despite the short duration of totality, the obtained data could be used for high-accuracy polarization analysis. We derived the brightness and polarization of the K + F corona and estimated the brightness distributions of the K- and F-coronae using polarization information. The polarization data of the corona are the key to estimating the amount of coronal hot plasma and its electron density distribution. Therefore, we examined the consistency between the eclipse data and those taken by the C2 coronagraph of the Large Angle Spectrometric Coronagraph (LASCO) on board the Solar and Heliospheric Observatory. Consequently, a systematic difference was observed; the polarization measured by LASCO-C2 was approximately 30% smaller than the results from the eclipse. Data from eclipses, which are captured under low background sky brightness and no scattered light due to the Sun’s disk, can be a good calibration source of the brightness and polarization of the white-light corona.
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1 INTRODUCTION
During a total solar eclipse, the solar white-light corona can be observed from immediately above the limb to several solar radii under a low sky-background level. X-ray and EUV observations of the corona, which are conducted by spacecraft every day, show coronal plasma at specific temperatures. In contrast, white-light observations map the density structure of the corona irrespective of the temperature. White-light corona is also regularly observed by coronagraphs. However, the spaceborne coronagraphs, such as the Large Angle Spectrometric Coronagraph (LASCO) (Brueckner et al., 1995) of the Solar and Heliospheric Observatory (SOHO), cannot observe the inner corona (typically [image: image]2 [image: image]) owing to the large occulting disk to block the light from the solar disk, and the ground-based ones, such as the Coronal Solar Magnetism Observatory K-coronagraph (K-Cor) (Hou et al., 2013) of the Mauna Loa Solar Observatory (MLSO), observes only the inner corona under a high sky-background level. Therefore, solar eclipses are still important for obtaining data of the white-light corona over a wide height range, though they occur only approximately twice every 3 years.
The white-light corona primarily comprises the K- and F-coronae, which represent the hot plasma produced by the Sun and interplanetary dust, respectively. The electron density distribution of coronal hot plasma, which is an important piece of fundamental information about the corona, can be derived from the brightness distribution of the K-corona, as proposed by van de Hulst (1950). Therefore, to study the distribution of coronal hot plasma, the K- and F-coronae should be quantitatively separated. This can be done using polarization imaging data of the white-light corona because the K-corona, wherein radiation is produced by Thomson scattering, exhibits polarization, whereas the F-corona does not exhibit polarization up to several solar radii (see Lamy et al., 2021, references therein). Therefore, coronagraphs for white-light observation, both ground-based and spaceborne, can measure polarization.
Polarimetry has also been performed during total solar eclipses. Recently digital instruments have been used for polarimetry. Capobianco et al. (2012) observed the 2006 eclipse using an ‘E-Kpol’ polarimeter and Skomorovsky et al. (2012) observed the 2008 eclipse using a triple-polarized-image telescope. In particular, during the total eclipse of 2017, wherein the path of totality passed the mainland of the United States of America, many observers challenged polarization measurements, and certain successful results were reported (Judge et al., 2019; Vorobiev et al., 2020; Bemporad, 2020; Liang et al., 2023). Similar observations were made during the subsequent eclipses (Liberatore et al., 2023 for the 2019 eclipse; Edwards et al., 2023 for the 2020 eclipse). We also succeeded in conducting polarimetry at multiple sites during the 2017 and 2019 eclipses (Hanaoka et al., 2021).
The derivation of the electron density distribution of the corona has been attempted in certain of the above eclipse studies as well as using spaceborne coronagraphs (e.g., Hayes et al., 2001; Quémerais and Lamy, 2002). To derive the correct electron densities, well-calibrated brightness data for the K-corona are required. Fortunately, the accuracy of polarimetry has significantly improved in recent digital observations. For example, the above-mentioned results for the 2017 eclipse show good agreement; in particular, the consistency between the results by Vorobiev et al. (2020) and those by Hanaoka et al. (2021) is remarkable (Figure 7 in Hanaoka et al., 2021).
However, a systematic discrepancy between the polarimetry results was observed for the data obtained during the 2017 and 2019 eclipses and those captured with LASCO-C2 (one of the coronagraphs comprising LASCO covering up to 6.5 [image: image]) on the eclipse days (Hanaoka et al., 2021). The polarizations measured by LASCO-C2 were systematically lower than those measured during the eclipses by approximately 30%. A comparison between the eclipse results and those obtained by LASCO-C2 was possible because our observations had a wide field-of-view covering up to approximately 4 [image: image], unlike most of the other eclipse observations, which covered only the inner corona [image: image]2 [image: image]. The consistency among the polarimetry results for the corona should be investigated further to study the distribution of the coronal plasma, and wide-field eclipse data will contribute to this.
We observed a total solar eclipse in Australia in 2023 to obtain polarimetry data. We used the same instrument that was used for the 2017 and 2019 eclipses. Although the duration of totality of the 2023 eclipse was less than 1 min, we successfully obtained data from which we could derive high-accuracy polarization signals. This paper presents the results of the polarimetry performed during the 2023 eclipse.
This study is a repetition of the analyses performed for the 2017 and 2019 eclipses. However, not only is it a wide field-of-view record of the corona during the 2023 eclipse, but it also has other significant advantages.
1. Eclipse polarimetry data are often calibrated using the polarization brightness measured by K-Cor of MLSO. However, during the 2023 eclipse, K-Cor was not working, and in such cases, reference data other than the K-Cor data are required. The COR1 coronagraph of Solar Terrestrial Relations Observatory/Sun Earth Connection Coronal and Heliospheric Investigation (Howard et al., 2008), which was located near the Earth during the 2023 eclipse, measured the brightness and polarization of the corona during the eclipse. However, the COR1 data show considerable errors particularly in the inter-streamer low light-level regions, as indicated by Frazin et al. (2012). Therefore, the accuracy of the calibration using the COR1 data is presumed to be limited. We can calibrate the data using our solar disk images captured along with eclipse images.
2. In contrast to the 2017 and 2019 eclipses, which occurred in the declining phase and near the minimum solar activity, the 2023 eclipse occurred during high solar activity. As previously stated, a discrepancy between the polarimetry results was observed in the 2017 and 2019 eclipses. We can check whether the same tendency is observed in the results obtained under high solar activity.
The remainder of this paper is organized as follows. The observations of the 2023 eclipse and reduction for the obtained data are described in Section 2. The measurement results of the brightness and polarization of the K + F corona and the respective brightness distributions of the K- and F-coronae estimated from the polarimetry data are presented in Section 3. Section 4 is devoted to a summary and discussion including a comparison between the eclipse data and LASCO-C2 measurements for the 2023 eclipse as well as the 2017 and 2019 eclipses.
2 OBSERVATIONS AND DATA REDUCTION
The observation and reduction methods were similar to those employed in the study of the 2017 and 2019 eclipses described by Hanaoka et al. (2021). Therefore, we briefly present them here.
2.1 Observations
The observations were conducted under professional-amateur collaborations for eclipse observations, which produced scientific results for former eclipses (Hanaoka et al., 2012; 2014; 2018; 2021). We conducted the observations of the 2023 eclipse on 20 April 2023, at Exmouth of Western Australia, Australia (21.93S, 114.13E) in clear weather. The maximum eclipse occurred at 03:30:17 UT at an altitude of [image: image] and the duration of totality was 56 s.
The polarimetry instrument comprised a 60-mm refractor (Takahashi FS-60Q; focal length = 600 mm), a filter turret (fabricated by Koheisha, Kawagoe, Japan), and a digital single-lens reflex camera (DSLR; Canon EOS6D). The filter turret was equipped with three linear polarizers with transmission axis orientations of [image: image], [image: image], and [image: image], and a neutral density filter to obtain ordinary images. The turret underwent two complete rotations during totality, and coronal images were taken twice at each of the four filter positions. At each position, five images with exposure times of 1/2, 1/8, 1/32, 1/128, and 1/512 s were taken to cover the wide brightness range of the white-light corona. In addition to polarization imaging, ordinary imaging observations were performed using other small telescopes and commercial cameras.
The instruments had a wide field-of-view covering 4 [image: image] or greater from the solar disk-center and were mostly free from ghosting (artifact images of the very bright inner corona produced by internal reflections of the lenses). Ghosting hinders the measurement of the coronal brightness in areas distant from the Sun. In particular, the polarimetry accuracy is severely affected by ghosting. Using our instruments, we can perform reliable photometry and polarimetry down to low brightness levels.
In addition to the coronal images acquired during totality, images of the solar disk before the first contact and after the fourth contact of the eclipse and images of the partially eclipsed Sun were also taken using additional neutral density filters. Solar disk images were used to calibrate the brightness of the corona with respect to the mean brightness of the disk. As stated above, such calibration data are required for the 2023 eclipse, when the K-Cor data are not available. We performed the calibrations using the solar disk images for the data taken during the former eclipses, even when the K-Cor data were available, because the calibration could be performed free from the possible error of the K-Cor data caused by the bright background sky.
2.2 Data reduction
Images captured with each of the polarizers and the ND filter were stacked to produce a single, wide dynamic-range, low-noise map. Each map was produced from a set of ten images (five different exposure times [image: image] two rotations). First, dark and flat corrections were applied. We took images of the sky with the polarizers and the ND filter to obtain their respective flat-field data. To eliminate the influence of the polarization and brightness gradient of the sky, we took flat-field data rotating the telescope around its optical axis. In addition, we took images using a light diffuser with pointing the telescope to the Sun (an unpolarized light source) to examine the throughput differences among the polarizers; we corrected up to 0.6% differences in the throughputs.
Furthermore, before the image stacking, certain preparations were required as described below.
1. Derivation of the positional shifts of the Sun in images. The position of the Sun’s disk center on the raw images fluctuated due to tracking errors and wind effects. Because the solar disk is hidden by the Moon, the shifts in the images were derived by referencing fine coronal structures.
2. Conversion from the data number of raw images to those showing the amount of incident light (brightness of the corona) per second. Basically, the amount of incident light and analog-to-digital converted data number (dark level removed) show a linear relationship. However, certain cameras, including the one used for our polarimetry observation, show a non-linear response. This non-linearity can be examined comparing two images of the solar corona captured at different exposure times. We derived a non-linear function and corrected the raw data numbers of the images. In addition, we estimated the true ratio of the exposure times. The exposure times were 1/2, 1/8, ..., 1/512 s, and the ratio of the adjacent exposure times was nominally 4. However, systematic errors may occur because the shutter is a mechanical device. A comparison of two images with different exposure times (non-linearity corrected) also provides the true ratio of the exposure times. With the corrected exposure times, the data numbers were converted into numbers per second.
3. Images captured at various exposure times have respective brightness ranges that were properly exposed because the dynamic range of the coronal brightness extends over several orders of magnitude. Before stacking the images, underexposed and overexposed parts were discarded.
At this stage, the corrections of the non-linearity and exposure-time errors were applied to the flat-field data, and all the raw images were corrected with the new flat-field. With these newly corrected images, the non-linearity and exposure-time errors were again examined. Following the above preparations, we stacked the images and obtained wide dynamic-range maps for the three polarizers and ND filter.
Certain stars can be found in the stacked maps, and their positions can be found in the Hipparcos catalog (http://archive.eso.org/skycat/servers/ASTROM). Using these stars as a reference, we derived the position of the center of the solar disk, the direction of the solar north, and the pixel scale ([image: image]) in the maps.
To measure the brightness of the solar disk, which is the reference for coronal brightness, we calculated the data number of the disk image without the additional ND filters used to capture the disk images. The effective transmissions of the ND filters were calculated by combining the spectral transmissions of the ND filters, solar spectrum, and spectral response curve of the camera. We checked the variation in the transparency of the atmosphere from the start to the end of the eclipse using the full-disk images and the partial eclipse images, and estimated the disk brightness during totality, which was used as the reference for brightness.
By combining the stacked maps for the three polarizer positions, we obtained the Stokes [image: image], [image: image], and [image: image] signals of the corona, and converted their units to the mean brightness of the solar disk. These Stokes parameters can be easily converted into expressions of the polarization often used for the corona, namely, the polarization brightness, orientation of the linear polarization, and degree of polarization.
The camera used for polarimetry was a commercial DSLR camera, which can capture images of three (red, green, and blue, or R, G, and B) color channels, with central wavelengths of approximately 600, 530, and 470 nm, respectively. Image stacking and brightness calibration were independently performed for each channel, and we obtained brightness and polarization distribution data for the R, G, and B channels.
Ordinary white-light imaging data of the corona obtained with the other telescopes and cameras (not equipped with polarizers) were processed in a similar manner and used to check the consistency of the brightness calibration.
3 RESULTS
The distributions of the derived polarization signals are shown in Figure 1. Figure 1A shows the raw polarization signals (orange ticks) plotted on a coronal image (gray scale). The raw polarization signals include the sky background, which shows the polarization approximately along the zenith-horizon direction (the zenith direction is indicated with arrows in the Figure). The polarization signals distant from the Sun in Figure 1A are dominated by the sky component.
[image: Figure 1]FIGURE 1 | White-light polarization maps of the G-channel covering [image: image] area (A) before and (B) after the removal of the sky background taken during the 2023 total solar eclipse. The degree and orientation of the linear polarization signals are presented with orange ticks, and the grayscale images show Stokes [image: image] signals. The solar north is to the top, and the arrows represent the direction of the zenith.
The brightness and polarization of the sky were estimated as follows. The linear polarization signals of the corona are tangential to the Sun. Therefore, after the removal of the appropriate polarization of the sky (assumed to be constant in the field of view), only the tangential polarization signals remain. In the outermost area in the field of view, the K-corona is very weak, and therefore, the observed brightness comprises the components of the sky and the F-corona. On the assumption that the degree of polarization of the sky does not depend on the wavelength and the spectral distribution of the F-corona is [image: image] (Boe et al., 2021), we estimated the brightness of the sky using the data of the RGB channels.
Figure 1B shows a map of the K + F corona after removing thus derived sky background. Tangentially aligned linear polarization signals produced by the K-corona were observed. The brightness of the corona presented in Figures 1A,B is expressed in units of the mean brightness of the solar disk ([image: image]). We checked the consistency of the brightness calibration between the polarimetry data and other independently calibrated imaging data. The brightness differences were within 7% for the inner corona in channels R, G, and B.
Figure 2 presents an enlarged view of polarization parameters of part of the inner K + F corona, demonstrating the quality of the polarization measurements. Figure 2A shows the brightness distribution of the K + F corona and Figure 2B shows the distribution of the degree of polarization. Figure 2A shows some high-lying prominences denoted by arrows. Unlike the low-lying saturated prominences, the polarization signals of the high-lying prominences were measured correctly. Figure 2B shows that the degree of polarization of these prominences (also denoted by arrows) was lower than that of the surrounding corona. This is because the prominences emit unpolarized free-bound and free-free radiation in addition to Thomson-scattering light (Jejčič et al., 2018). Figure 2B does not show spurious signals around the prominences caused by insufficient alignment corrections.
[image: Figure 2]FIGURE 2 | Maps showing polarization parameters in the southwest quadrant of the inner K + F corona. Panels (A), (B), and (C) show the brightness distribution, distribution of the degree of polarization, and deviation in the orientation of the linear polarization signals from the tangential direction, respectively. There are certain high-lying prominences denoted by arrows in (A) and (B).
Figure 2C shows the deviation in the orientation of the linear polarization signals from the tangential direction. Pixel-wise random errors were found in the corona; however, no systematic errors, which are caused by errors in polarization calibration and/or brightness and polarization estimation of the sky, were observed. In fact, the average unsigned error of the orientation angle of the linear polarization signals within 1.2 [image: image] was as small as approximately [image: image]. This approximately corresponds to a 0.5% error in the Stokes [image: image] and [image: image] signals. At 2 [image: image] and 3 [image: image], the systematic error increases to [image: image] and [image: image], which corresponds to 1.5% and 3.5% errors in the [image: image] and [image: image] signals. As shown in Figure 2, a high accuracy was achieved in our polarization measurements.
Figure 3 shows the brightness ([image: image], upper curves in each panel) and polarization brightness ([image: image], lower curves) of the K + F corona for the R, G, and B channels at several elongations. The position angle was measured counterclockwise from the solar north. The plotted values were averaged over an area of [image: image]. These plots are drawn in a manner similar to that in Figures 5 and 6 of Hanaoka et al. (2021), which show the results for the 2017 and 2019 eclipses, respectively. The measured brightness and polarization during the 2017 and 2019 eclipses are also presented with filled area plots. Compared to these former eclipses, where the bright regions concentrate around the equator, we found that the [image: image] and [image: image] in 2023 were dominated by enhancements due to coronal streamers because of the high solar activity.
[image: Figure 3]FIGURE 3 | Position angle distributions of the total brightness of the K + F corona ([image: image], upper curves) and its polarization brightness ([image: image], lower curves) at elongations of 1.5, 2.0, and 3.0 [image: image] observed during the 2023 eclipse. The R, G, and B channels are represented by red, green, and blue lines, respectively. Filled area plots in the background present the brightness and polarization measured during the 2017 (cyan) and 2019 (magenta) eclipses.
As previously stated, the polarization signals originate only from the K-corona. The polarization parameters shown in Figures 1B, 2, 3 are the sum of the K- and F-coronae; however, we can discriminate them using the polarization brightness [image: image]. The brightness of the K- and F-coronae, [image: image] and [image: image], can be expressed as [image: image] and [image: image], where [image: image] is the degree of polarization of the K-corona alone. Therefore, based on the assumption of a plausible [image: image], we can derive [image: image] and then [image: image]. As described by Hanaoka et al. (2021), a plausible [image: image] at each elongation can be estimated as follows. Assuming the spherically symmetric distribution of electron density in the corona, [image: image] is constant at each elongation. In the inner corona ([image: image]2 [image: image]), the F-corona is approximately circularly distributed (e.g., Saito et al., 1977; see also Koutchmy and Lamy, 1985). Therefore, it is presumed that the correct [image: image] at a certain elongation yields a constant [image: image] [image: image] regardless of the position angle. Beyond 2 [image: image], the F-corona becomes elliptical; therefore, [image: image] estimation assuming a circular F-corona is impossible. However, beyond 2 [image: image], [image: image] becomes approximately constant regardless of the elongation, because the solar disk, which is the light source for Thomson scattering, can be considered a point source beyond 2 [image: image]. We assumed that [image: image] above 2 [image: image] was the same as that derived at 2 [image: image].
Figure 4 shows the approximate distributions of the K- and F- coronae derived based on thus estimated [image: image]. Whereas the K-corona mostly comprised many streamers, the F-corona basically exhibited a structureless brightness distribution. However, there was certain unevenness in the F-corona around the streamer positions seen in the K-corona. Streamers are local high-electron-density structures that break the spherical symmetry of electron density. Therefore, to be accurate, [image: image] was not constant for any elongation. An error in [image: image] produces apparent unevenness in the F-corona. An attempt has been made to derive more realistic brightness distributions of the K- and F-coronae based on the three-dimensional streamer structures (Burtovoi et al., 2022). If the three-dimensional directions of streamers during eclipses can be determined from coronagraph observations, more reliable discrimination of the K- and F-coronae becomes possible. However, the distributions of the K- and F-coronae derived based on simple assumptions are considered reasonable.
[image: Figure 4]FIGURE 4 | Gray-scale maps of (A) the K-corona and (B) the F-corona for the area shown in Figure 1.
4 SUMMARY AND DISCUSSION
We successfully obtained well-calibrated total brightness [image: image] and polarization brightness [image: image] of the corona from immediately above the limb to approximately 4 [image: image] during the 2023 solar eclipse, despite the short duration of totality. The high accuracy of the polarization measurements was demonstrated. Furthermore, we presented the approximate distributions of [image: image] and [image: image].
Our eclipse data covering a wide field-of-view can be compared with the data of the outer white-light corona, such as those obtained by LASCO-C2 of SOHO, which covers the corona in the range of 2.5–6.5 [image: image]. Hanaoka et al. (2021) found that the brightness of the K + F corona derived from the 2017 and 2019 eclipse data and that measured by LASCO-C2 agreed well, indicating that the brightness calibrations were performed appropriately. However, as mentioned previously, they also found a systematic difference between the polarization data obtained during eclipses and those obtained by LASCO-C2.
The 2017 and 2019 eclipses occurred under low solar activity. We then compared the results of the 2023 eclipse, which occurred under high solar activity, with those of LASCO-C2. LASCO-C2 data were obtained from the “LASCO-C2 Legacy Archive” (http://idoc-lasco.ias.u-psud.fr/sitools/client-portal/doc/; refer to Lamy et al., 2020). Figure 5 shows the radial distribution of the brightness ([image: image], panels A–C) and degree of polarization ([image: image], panels D–F) of the K + F corona derived from the 2017, 2019, and 2023 eclipse data (black lines) and those measured by LASCO-C2 on the same days as the eclipses (red lines). The eclipse data were averages of the R and G channels, which covered the filter bandpass of LASCO-C2 of 540–640 nm. The averages within [image: image] of the position angle around the equator or equatorial streamers (solid lines) and the north and south poles (dashed lines) are presented in Figure 5. The position-angle ranges treated as equator/streamers (solid arcs) or poles (dashed arcs) are shown in the insets of Figure 5. As shown in Figure 4, the corona during the 2023 eclipse showed the streamers extending in various directions, as typically observed in the corona near the solar maximum. Therefore, the equator and poles do not correspond to either major streamers or quiet, streamerless corona; Figures 5C, F show no clear differences between the equator and poles. For all three eclipses, we found a gap in the degree of polarization between the eclipse data and LASCO-C2 measurements, whereas the [image: image] of the eclipse and LASCO-C2 agreed well, regardless of the solar activity level. The degree of polarization of LASCO-C2 was approximately 30% lower than that of the eclipse. As discussed by Hanaoka et al. (2021), the possible error in the estimation of the sky component cannot explain this 30% difference.
[image: Figure 5]FIGURE 5 | Panels (A–C) present the comparison of the radial distribution of the brightness of the K + F corona [image: image] of the equator or equatorial streamers (solid lines) and the poles (dashed lines) between our eclipse observations (black) and the LASCO-C2 observations (red) for the 2017, 2019, and 2023 eclipses. The inset images show the white-light corona captured during the respective eclipses, and the arcs indicate the ranges treated as equator/streamers (solid arcs) or those treated as poles (dashed arcs). Panels (D–F) show the comparison of the degree of polarization [image: image] in the same manner. The eclipse data are the averages of the R and G channels.
The results in Figure 5 indicate that there is a discrepancy in the polarization brightness, [image: image] [image: image], which represents the coronal hot plasma. Incorrect [image: image] values cause errors in the estimation of the amount of coronal hot plasma and its electron density distribution. If this discrepancy is resolved, the polarization data of the eclipses and those of LASCO-C2 can be combined. The combined results provide the [image: image] distribution from immediately above the limb to approximately 6 [image: image], and we can derive the electron density distribution of the corona over wide range.
These results highlight the importance of eclipse observations in the present day. Total solar eclipses provide a well-calibrated brightness distribution of the corona over a wide height range under very small disturbances, and such data are difficult to acquire using other methods. The eclipse data can also be used as a good calibration source for the brightness and polarization of the white-light corona, not only for existing coronagraphs, but also for future missions.
To render the data useable for intercomparison among the observations to further check consistency, we have presented our data of the 2023 eclipse along with those of the 2017 and 2019 eclipses at https://solarwww.mtk.nao.ac.jp/mitaka_solar/solar_eclipse/polarization/.
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