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    Astrometric measurement and reduction of Pulkovo photographic observations of the main Saturnian satellites from 1972 to 2007 in the Gaia reference frame

Introduction

There are two main motivational factors for performing digitization and astrometric processing of relatively large samples of old astrophotographic plates containing the main Saturnian satellite images. First is the opportunity to investigate phenomena in the dynamical evolution of the giant planet satellite systems, using positional data gathered over several decades. The second is more traditional for ground-based astrometry: the construction and improvement of accurate dynamical models.

The successful and relatively long-lasting Cassini-Huygens space-research mission (2004 to 2017) drew extra attention to the Saturnian satellites. Cassini's positional data of the Saturnian moons are unprecedentedly accurate and became the source for the newest dynamical investigations and improvements of the corresponding ephemerides. This is covered in a series of papers on the resonance locking and migrations of Titan and other satellites (Lainey et al. 2012(Lainey et al. , 2017(Lainey et al. , 2020)). However, the satellite positional data obtained with old astrometric observations and converted to the modern reference frame are still relevant in investigations of the satellite dynamics.

Full Tables 3 and7 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc. u-strasbg.fr/viz-bin/cat/J/A+A/645/A76

The results of astrophotographic observations performed during the 20th century are crucial as they may contain information about dynamical effects appearing over a large time span. Hence, the astronegatives obtained through the United States Naval Observatory (USNO) program of the Saturnian satellites investigation became an important source of data [START_REF] Pascu | [END_REF]. The digitization and astrometric calibration of this material were performed successfully (Robert et al. 2016). A similar observation project was executed at the Pulkovo Observatory from 1972 to 2007. A small sample of the Pulkovo photographic plate collection related to this program was measured and the results were published in a series of papers (Kiseleva et al. 2010(Kiseleva et al. , 2015(Kiseleva et al. , 2016)). This work contains the results of the digitization, image processing, and astrometric reduction to the Gaia (Gaia Collaboration 2018) reference frame of the complete astronegative collection.

Details of the observations, scanning procedures, and data reduction processes are described in Sect. 2. Verification of the results was provided with the modern ephemerides and a comparison with similar available data (results of the remeasurement of the USNO astrographic plates with the Saturnian satellites). The corresponding analysis can be found in Sect. 3. An additional overview of the data quality presented in Sect. 4 is based on the analysis of the close approaches of the Saturnian satellites to Gaia reference stars. Section 5 contains a brief description of the final results and conclusions. These telescopes are located in Saint Petersburg (latitude 59 • 46 ). Hence, the effective photographic observations of the Saturnian satellites with the PNA and P26 were limited to the declination (Dec) of -10 • . Therefore, Pulkovo astronomers organized observations of the Saturn system using telescopes in the Soviet Union's more southern observatories. Unfortunately, only a limited number of these plates are available now. The results obtained with a small set of 14 of those plates are included in this paper. These plates were obtained with the Zeiss Double Astrograph (ZDA; D = 0.4 m, F = 3.024 m, FOV = 3.5 × 4.5 degrees, angular scale 68 arcsec mm -1 ) of the Abastumani Astrophysical Observatory in Georgia (Kiseleva et al. 2012(Kiseleva et al. ) in 1984. . Regular observations of the Saturnian system were made from 1972 to 1984 when the declination of the planet was larger than -10 degrees. After a relatively long break, the observations resumed in the late 1990s and the last plate was taken in 2007. Figures 1 and2 show the distribution of the observations in time and over the celestial sphere.

The total number of digitized photographic plates is 357. The number of exposures per astronegative varies from two to nine, with a shift of the plate cassette or the telescope between the exposures. Exposure times are distributed as shown in Table 1. It can be seen that 1-min and 3-min exposure times dominate in the P26 material, and the PNA sample manly contains images taken with 0.5-min, 1-min, and 2-min exposure times. The ZDA allowed us to take two plates at the same time. Exposure times of 1 min and 5 min were usually used for this telescope. Filters or coatings of the photographic plates for dimming the Saturn images were not applied.

Manual measurements of parts of these plates were performed with the Ascorecord measuring machine, and the equatorial and intersatellite coordinates were published with respect to the reference frames of various catalogs (from the third version of the Astronomische Gesellschaft Katalog (AGK3; Heckmann 1975) to the Positions and Proper Mothion Catalog (PPM; [START_REF] Roeser | [END_REF]. The set of plates taken with the P26 between 1972 and 1974 was digitized with the Pulkovo Mobile Digitizing (Kiseleva et al. 2015). This paper presents the results of the digitization and remeasurement of all plates with the Saturnian satellites (225 plates) from 1972 to 2007, the plates taken with the PNA from 1972 to 1977 (118), and 14 Georgian plates.

Digitization details

All measurements were performed with the Mobile Digitizing Device (MDD). This system allows us to scan a 12 cm × 12 cm area of each photographic plate. The image of the Saturn system fits this FOV for the P26, PNA, and ZDA astronegatives with a sufficient number of the second Gaia data release (Gaia DR2) stars. It is thereby possible to scan all the necessary parts of the photographic plate in one shot. We were able to set up the level of back illumination for the correct representation of the satellite images. Examples of scans are shown in Fig. 3. An opportunity to analyze all target images in one FOV of the camera is an advantage of the MDD. Relatively low resolution (MDD scale = 26 µm pix -1 , P26 scale = 0.5 arcsec pix -1 , PNA scale = 1.6 arcsec pix -1 ) limits the astrometric quality. Moreover, the lens system has significant and unknown distortion for this FOV.

Thus, the success of the MDD scan calibration and the taking of systematic errors into account depended on the geometric stability of the device parts. The MDD digitizer was not equipped with a moving table or a rotator. The lens and astronegative frame were in rigid connection. These MDD features allowed us to solve the scan-to-scan stability problem.

The field distortion pattern of the MDD lens was investigated by comparing scans of the same plate taken with the MDD and the New Astrometric Reduction of Old Observations (NAROO 1 ) digitizer located at the Paris Observatory [START_REF] Robert | SF2A[END_REF]. The NAROO digitizer scanning pipeline is based on the digitization of small overlapped sub-images (16.7 mm × 14 mm) with the scale ≈6.5 µm pix -1 . The source images (stars and plate artifacts) were automatically detected with the Source Extracor (SExtractor; Bertin & Arnouts 1996) software. The cross-identification procedure was performed using the Delaunay triangulation algorithm (Delaunay 1934) and a search for the same triangles for each pair of the sub-images. Finally, an image merging procedure was followed. The transformation constants were calculated with the Nelder-Mead algorithm (Nelder & Mead 1965) to minimize the sum of squares of pixel-to-pixel signal differences of the overlapped parts of the images. Figure 4 shows the quality of the merging procedure. The constructed image is shown in Fig. 5. As a result, the template astronegative guarantees an accuracy of about ±0.32 µm, which is sufficient for the MDD digitizer calibration.

Astronegative No. 43, with the image of Caldwell 14 filmed with the P26 (Fig. 5), was used as a "reference scan" for 1 NAROO webpage https://omekas.obspm.fr/s/narooproject/page/home 

P26

PNA ZDA 14 -52 27 -147 22 -41 the MDD calibration. Scanning of this plate was performed twice in each digitizing session. Thus, the parameters of the transformation from each MDD distorted scan to the accurate reference NAROO scan were calculated for tens of MDD working sessions. Analysis of the residuals allowed us to construct the corresponding field distortion pattern (Fig. 6). As a result, the MDD-caused positional systematic errors were taken into account. The typical unit weight error of the MDD calibration is about 1 µm.

Stellar image centering and astrometric reduction

All of the Gaia DR2 reference stars and the satellite images were centered using the shapelet method (Refregier 2003;Khovrichev et al. 2018). The bright planet produced a huge scatteredlight background gradient at the satellite image locations. A multi-scale median filter algorithm was applied to remove the background gradient. An example of the original image and the result of the gradient removal are displayed in Fig. 7. Further astrometric calibration was performed with the linear model using the Gaia DR2 catalog as a reference. The number of reference stars depends on the exposure time, α, δ, and the telescope. The corresponding ranges of the reference star numbers are presented in Table 2. To avoid significant systematic errors, only stellar images located in the central part of the astronegatives were used for the ZDA. The positional residuals were analyzed to represent the averaged field distortion patterns for the P26 and PNA in various magnitude intervals. About 86 000 and 180 000 separate residuals for the Gaia stars were calculated for the P26 and PNA, respectively. In the case of the ZDA, a small number of astronegatives were available, not enough for an adequate investigation of the positional systematic errors. The vector fields for the P26 and PNA are displayed in Fig. 8. As can be seen, the distortion pattern depends on the magnitude. In some cases, the vector length achieves 0.1 arcsec. The area of the typical Saturnian satellite image locations is shown in Fig. 8 as a color map. Analysis of the Fig. 8 data shows that the positional systematic corrections are significant for the Saturnian satellite coordinate measurements. The field distortion patterns allow us to take x-dependant, y-dependent, and magnitude-dependent systematic errors into account through the interpolation of these vector fields. The color-dependent systematic errors are shown in Fig. 9. The ∆α, ∆δ residuals are shown for the central part of the plates where the satellite images are located. It can be seen that significant color-dependent correction with the value ∆δ = -0.025 arcsec should be applied to the Titan positions that were measured with the PNA. As a result, the necessary corrections were applied and the final equatorial coordinates of the satellites were determined. We note that hereafter designations such as ∆α, (O-C) α , σ α , and ε α are reduced values (multiplied by cosine δ).

An electronic table containing the equatorial coordinates of the main Saturnian satellites calculated in this study is available at the CDS. 

Statistical remarks and internal positional errors

Table 4 contains data regarding the number of observations for each satellite and the internal error values (ε). As described in Sect. 2.2, each plate was scanned four times and rotated 90 degrees between scans. Measurement and astrometric reduction procedures give us four separate positions in equatorial coordinates for each exposure per satellite. The final α, δ of the satellite is the mean of the set of the four separate measurements. Naturally, we calculated standard deviations ε α , ε δ over the considered set. It appears that the mean values of the standard deviations are the same for both coordinates, and they are presented as ε values in Table 4. The ε values independently characterize the quality of the digitization and image calibration. As mentioned in Sect. 2.2, the accuracy of the calibration of the MDD-scanned astronegatives is about 1 µm. For the P26, 1 µm corresponds to 20 mas. As can be seen from Table 4, accuracy is ≈1.5 times worse than expected, while the accuracy of the PNA and ZDA is at the predicted level (the PNA scale corresponds to 60 mas µm -1 ). As a result, the described approach of digitization and calibration allows us to reach a 1-1.5 µm accuracy level for the positional measurements of the satellite images on the photographic plates. The results of the overall data comparison are presented in Tables 5 and6. Table 5 shows that the mean residuals in both coordinates vary mostly within ±25 mas from satellite to satellite for both telescopes, excluding the Hyperion (O-C) α for the PNA. This demonstrates a possible level of mutual systematic effects between the P26, the PNA, and the theories. The positional standard errors are in the 70-80 mas range, which is typical of similar studies (i.e., Robert et al. 2016). Table 6 shows preliminary estimates since only 14 plates were available.

Comparison with the satellite ephemerides

Comparison between the 26-inch refractor and the normal astrograph results

As already mentioned, the P26 and PNA photographic plates were taken in a parallel mode on practically the same nights over five years. Hence, a mutual comparison of the (O-C) between the P26 and the PNA could reveal the telescope-dependent monotonic trends in the behavior of the residuals. The images of the first four of the main Saturnian satellites were usually located within oversaturated areas caused by Saturn, due to the relatively short focal length of the PNA. Hence, the Rhea, Titan, and Iapetus positions form the main part of the PNA results.

Figure 10 provides examples of the (O-C) residual variations over time for Rhea and Iapetus. The (O-C) values for these satellites are more suitable for comparison between the P26 and PNA data. It can be seen that the seasonal mean (O-C) values mostly lie within ±50 mas for both coordinates, and the results of both telescopes are usually overlapped within a 1-σ -2-σ range, with the exception of several points. We believe that the P26 and PNA data contain a common part of the (O-C) trend over time.

Satellite minus Titan (O-C)

Traditionally, "satellite minus satellite" relative positions are calculated to eliminate the trends caused by planetary theory imperfections from the analysis. To avoid too many similar details, satellite minus Titan positional residuals for the P26 data are discussed below.

As expected, the positional accuracy for various satellites depends on an image's signal-to-noise ratio. It should be looked at as a linear trend of the root mean square (RMS) residuals in the satellite minus Titan separations versus magnitude difference. The corresponding plot is presented in Fig. 11. As can be seen, such a trend does appear in the real data. It can be concluded that the accuracy of the P26 coordinates is higher than the accuracy of the PNA data because of the angular scale of the photographic plates.

Figure 12 displays the behavior of the seasonal mean values of satellite minus Titan (O-C) for both coordinates for the P26 data. The standard errors of the mean (SEMs) of those seasonal mean values are shown as an error bar. The SEM values are usually in the range of 20 to 50 mas. There are no significant systematic trends in this representation of (O-C) values. Almost all residuals are within the ±50 mas limits (about ±300 km at Saturn). This supports the conclusion that the results are in agreement with the satellite motion theory at the level of positional accuracy for considered sets of observations. Small deviations of a group of points from zero that are seen for both coordinates have a very low level of significance and can be explained by both ephemeris and observation imperfections.

Residual magnitude-dependent systematic errors can be revealed in the analysis of the satellite minus Titan (O-C) as a function of the satellite minus Titan magnitude difference. Notes. All values are given in milliarcseconds. SEM is the standard error of the mean. (2016) show that the mean residuals differ slightly from each other. This can be explained by mutual systematic effects and possible biases between the UCAC4, which was a reference in Robert et al. (2016), and the Gaia DR2 system.

Hence, a mutual analysis of the relative satellite minus satellite positions could show the presence of common trends in residuals variations. This comparison requires a representative number of points in bins for both data sets. The Iapetus-Titan pair data satisfy this requirement. Figure 14 contains two plots with the (O-C) of the Iapetus minus Titan positions as a function of the sidereal planetocentric longitude difference. The size of the bin was adopted according to the condition of a representative data sample forming. It can be concluded that both the P26 and USNO residuals change with longitude in a very similar manner in the case of a sufficient number of points. Therefore, it is most probable that both data sets contain a common part that comes from ephemerides.

Saturnian satellite close approaches to the Gaia stars

There is a well-known way to improve the accuracy of the astrometric data of Solar System bodies: using observations of their close approaches to the stars of fundamental catalogs (Kovalevsky 2009) or other satellites [START_REF] Pascu | Galactic and Solar System Optical Astrometry[END_REF]Morgado et al. 2016). Gaia DR2 is characterized by unprecedentedly high positional accuracy and a relatively dense distribution of stars over the celestial sphere, which makes this type of astrometry particularly effective (Bikulova 2019). Therefore, a search for this event was included in our scan processing procedure.

Information about 51 events is available at the CDS. An extraction of this data set is presented in Table 7. An event was considered a close approach if the angular distance (ρ) between the star and the satellite was less than 1 arcmin. The minimal value of ρ is 10.6 arcsec, and the mean is 40 arcsec. In most cases, several exposures were analyzed. As a result, the mean internal errors of the determination of the relative A76, page 7 of 9 Unfortunately, the event sample is too small to form a satisfactory conclusion. However, our results show the potential of this method in improving the astrometric accuracy of old observations. 

Conclusions

The results of the digitization and remeasurement of astrographic plates with the images of the main Saturnian satellites taken with the P26 and PNA at the Pulkovo observatory from 1972 to 2007 are presented in this paper. Data obtained by analyzing a small number of plates (14 astronegatives) filmed with the Abastumani ZDA are included. The Pulkovo MDD digitizer was used to scan 357 photographic plates. The template astronegative was digitized by NAROO (Paris Observatory). A sub-image merging pipeline was developed and successively applied to calibrate the field distortion patterns of the MDD. A multi-scale median filter was implemented to remove scattered-light gradients in the images. The MDD accuracy of pixel x, y coordinate determination is 1-1.5 µm. As a result, equatorial coordinates of the main Saturnian satellites were calculated in the Gaia DR2 reference frame with an internal error of 30 mas for the P26 and 65 to 70 mas for the PNA and ZDA.

The electronic tables that contain the equatorial coordinates of the main Saturnian satellites and the parameters of the close approaches of the satellites to the Gaia DR2 stars are available online. A comparison of the satellite positions with the presentday ephemerides (EPM-2017+, Lainey et al. 2017) shows that the mean residuals are within ±50 mas in the overwhelming number of cases. We can conclude that the observations are in good agreement with the theories on satellite motion. Coherent variations of the residuals revealed in the comparisons of our data with the USNO Saturnian photographic plate analysis results led to the estimation of systematic trends in the ephemerides that appeared in several decades of observations. The level of this systematic deviation is approximately 10 mas (about 60 km).

The results of the analysis of the close approaches of the Saturnian satellites to the Gaia stars are presented. They do not contradict the conclusions that are based on the main data (equatorial coordinates). Further analysis of these past events using old astrographic plates can be considered as a prospective method for future investigations.

Fig. 1 .

 1 Fig. 1. Distribution of observations over the years.

Fig. 2 .

 2 Fig. 2. Distribution of observations over the celestial sphere in equatorial coordinates.

Fig. 3 .

 3 Fig. 3. Parts of astronegatives used in this paper. Upper panel: P26 plate No. 6035 taken at UTC = 1972-12-28T22:02:57. Bottom panel: extraction of ZDA astronegative No. 01655 filmed at UTC = 1984-06-15T18:37:38. The satellites designations are S0 -Saturn, S1 -Mimas, S2 -Enceladus, S3 -Tethys, S4 -Dione, S5 -Rhea, S6 -Titan, S7 -Hyperion, and S8 -Iapetus.

Fig. 4 .

 4 Fig. 4. Demonstration of the quality of the sub-image merging procedure. Images I1 and I2 are the same part of two different overlapped sub-images. I2-I1 is a result of subtraction.

Fig. 5 .

 5 Fig. 5. Template scan constructed on the base of 30 sub-images taken with the NAROO digitizer. This is a part of plate No. 43 with the image of Caldwell 14 filmed with the P26 on October 16, 1957.

Fig. 6 .

 6 Fig. 6. Field distortion pattern for the NAROO-MDD template astronegative.

Fig. 8 .

 8 Fig. 8. Field distortion patterns for the P26 and PNA in different magnitude intervals. Each vector is an average of more than 100 separate residuals. Colored areas show the distribution of the satellite positions over the photographic plate. Color bars show the number of satellite images in a corresponding location. Top and bottom diagrams: results from the P26 and PNA, respectively, for bright (left) and faint (right) stars.

Fig. 9 .

 9 Fig. 9. Residuals for the Gaia stars as a function of color indices for the P26 and PNA satellite location areas. Red semi-transparent spans show the color indices of the main Saturnian satellites (the thin band at the G BP -G RP ≈ 1.9 mag represents Titan's color). The (B-V) values for the Saturnian satellites were taken fromCruikshank (1978). They were converted to the Gaia color system according toJordi et al. (2010). Color maps show the distribution of the differences over the color. Blue represents the number of differences in each bin, as indicated by the color bar.
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  comparison of the resulted coordinates with the current version of the ephemerides and a search for possible trends that could potentially show ephemerides and/or observation imperfection are natural ways to understand the quality of the observational data. The natural satellites ephemerides facility MULTI-SAT (Emel'Yanov & Arlot 2008) was used to provide those comparisons. A combination of the planetary theory EPM-2017 (Pitjeva & Pitjev 2014) and satellite theory (Lainey et al. 2017) was adopted as the ephemeris source.

Fig. 10 .

 10 Fig. 10. Rhea and Iapetus mean RA, Dec residual variations vs. time for the P26 and the PNA. Each point is a result of averaging within the time intervals that correspond to the seasons of the observations. Error bars correspond to SEMs.
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Fig. 11 .

 11 Fig. 11. RMS residuals in separation from Titan. The green line shows RMS increasing with magnitude for the P26 measurements. The blue line shows the same for the PNA.

Fig. 12 .

 12 Fig. 12. Satellite minus Titan positional residuals as a function of time. Each point is a result of averaging over the corresponding seasons of observations. The ephemerides of the main Saturnian satellites used in the calculations are from Lainey et al. (2017).

Fig. 13 .

 13 Fig. 13. Satellite minus Titan positional residuals as a function of magnitude difference.

Fig. 14 .

 14 Fig. 14. P26 and USNO residuals variations for the Iapetus minus Titan positions vs. the sidereal planetocentric longitude difference. Each point is a result of averaging within the same longitude intervals. The colors indicate the number of separate residuals used to form mean values. Error bars show the SEMs. RA residuals are on top and Dec residuals are at the bottom.

Table 1 .

 1 Number of exposures as a function of exposure time and instrument.

	Exp. time [s] P26 PNA ZDA
	30 60 241 -90 6 120 64 180 197 210 11 240 29 300 -360 -540 64	123 296 4 216 --1 -1 1	-58 --6 --34 --
	Device (MDD) digitizer (Izmailov et al. 2016), and the satellite positions were computed in the fourth USNO CCD Astrograph Catalog (UCAC4; Zacharias et al. 2013) frame

Table 2 .

 2 Number of Gaia reference stars per plate used for the astrometric reductions.

  Table 3 is an extract.
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Table 3 .

 3 Extract from the CDS table that contains the equatorial coordinates of the main Saturnian satellites calculated in this study.

	MJD INST	SAT	RA[h]	Dec[deg]
	. . .	. . .	. . .	. . .	. . .
	54 195.80337	P26	RHEA 9.4060104	16.616749
	54 204.88419	P26	RHEA 9.3956943 16.658398
	41 676.96077	P26 TITAN 5.0099836	21.120410
	41 676.96164	P26 TITAN 5.0099816 21.120428
	41 676.96250	P26 TITAN 5.0099739 21.120397
	. . .	. . .	. . .	. . .	. . .

Notes. SAT is the corresponding Saturnian satellite designation. The INST column indicates the designations of the telescopes (P26, PNA, or ZDA).

Table 4 .

 4 Number of observations and internal errors per coordinate (ε).

	P26	PNA		ZDA	
	Sat N Mimas Enceladus 415 54 Tethys 639 Dione 786 Rhea 808 Titan 774 Hyperion 138 Iapetus 860 Total 4474	27 40 29 30 29 31 45 34 33 1907 3 2 102 251 549 582 16 402	--43 69 72 71 -69 65	---10 19 55 -48 133	---60 73 63 -74 68

obs ε, mas N obs ε, mas N obs ε, mas

Table 5 .

 5 Mean (O-C) values in equatorial coordinates and error budget for the P26 and PNA. SEM α(O-C) δ σ δ SEM δ (O-C) α σ α SEM α (O-C) δ σ δ SEM δNotes. All values are given in milliarcseconds SEM is the standard error of the mean.

		P26				PNA		
	Sat (O-C) α σ α Mimas -40 81 Enceladus 5 92 Tethys -5 85 Dione 2 76 Rhea -7 72 Titan -15 74 Hyperion -0 93 Iapetus 3 77	19 6 4 3 3 3 14 3	42 77 12 76 1 83 6 84 6 73 3 78 -2 96 1 78	18 5 4 4 3 3 14 3	---31 70 --2 83 -10 74 -4 66 -66 50 -6 73	--15 9 5 4 22 6	--11 62 --0 63 3 69 -14 76 24 93 10 66	--13 7 5 5 42 6

Table 6 .

 6 Mean (O-C) values in equatorial coordinates and error budget for the ZDA.

	Dione Rhea Titan Iapetus	-55 54 33 83 10 69 19 93	31 23 11 17	-49 94 33 74 23 90 -1 88	54 20 14 16

Sat (O-C) α σ α SEM α (O-C) δ σ δ SEM δ

  Robert et al. 2016). The USNO Saturnian satellite astrometric observations program was similar to the Pulkovo observations described above. Therefore, a comparison between the Pulkovo and USNO results should give us more information about the quality of both data sets.Analysis of the Table5data and the results of Robert et al.

	1998 have been digitized with the Royal Observatory of Belgium (ROB) digitizer (De Cuyper et al. 2012); the remeasured and equatorial coordinates have been published (
	3.3. Comparison of the P26 data with the USNO
	photographic plate measurement results
	A full series of photographic plates of the main Saturnian satel-lites taken with the USNO 26-inch refractor between 1974 and

Table 7 .

 7 A76, page 8 of 9 M. Yu. Khovritchev et al.: Pulkovo photographic observations of the main Saturnian satellites from 1972 to 2007 in the Gaia reference frame Extract from the CDS table that contains the results of observations of Saturnian satellites' close approaches to the Gaia stars. Notes. SAT is the corresponding Saturnian satellite designation. The INST column indicates the designations of the telescopes (P26, PNA, or ZDA).

	MJD	SAT INST	Gaia DR2 source id	RA	Dec	G	∆α	∆δ σ ∆α σ ∆δ	n (O-C) ∆α (O-C) ∆δ
					deg			arcsec	mas			mas	
	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .
	42 111.73400	IAPETUS	P26 3424373649827134976	88.06995868 22.62870463 14.140	-0.771 -43.859	89 155	3	192	81
	42 456.88282	IAPETUS	P26 3379983444836082048 103.94510467 22.48118463 13.974 -15.874 -48.173	47	54 12	72	197
	42 456.88745 HYPERION	P26	3379979940142745472 104.03792609 22.47528143 12.843	0.512	44.496	30	32	3	-138	187
	42 459.87966 HYPERION	P26 3379983513555559424 103.92925989 22.49333663 12.315 -37.020 -16.571	76	67 14	-46	-153
	42 468.81721	IAPETUS	P26 3378538338662520192 103.51207907 22.52580202 14.274	13.255	11.408	78	96 10	-242	-344
	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .	. . .
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