[image: image1]Consolidation of the Gaia catalogue with Chinese Space Station Telescope astrometry

		ORIGINAL RESEARCH
published: 02 December 2022
doi: 10.3389/fspas.2022.1002876


[image: image2]
Consolidation of the Gaia catalogue with Chinese Space Station Telescope astrometry
M. Gai1*, A. Vecchiato1, D. Busonero1, A. Riva1, R. Cancelliere2, M. Lattanzi1 and Z. Qi3
1Osservatorio Astrofisico di Torino, Istituto Nazionale di Astrofisica, Pino Torinese, Italy
2Department of Computer Sciences, University of Turin, Turin, Italy
3Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai, China
Edited by:
László Szabados, Konkoly Observatory (MTA), Hungary
Reviewed by:
Norbert Zacharias, United States Naval Observatory (USNO), United States
Luis Henry Quiroga-Nuñez, Florida Institute of Technology, United States
* Correspondence: M. Gai, mario.gai@inaf.it
Specialty section: This article was submitted to Fundamental Astronomy, a section of the journal Frontiers in Astronomy and Space Sciences
Received: 25 July 2022
Accepted: 14 November 2022
Published: 02 December 2022
Citation: Gai M, Vecchiato A, Busonero D, Riva A, Cancelliere R, Lattanzi M and Qi Z (2022) Consolidation of the Gaia catalogue with Chinese Space Station Telescope astrometry. Front. Astron. Space Sci. 9:1002876. doi: 10.3389/fspas.2022.1002876

The issue of preservation and improvement of the Gaia catalogue throughout the next few decades is addressed. The goal of this study is to evaluate the feasibility of astrometric parameter update, for objects already in the catalogue, by inclusion of new observations from other space missions, in particular CSST. The proposed approach consists in modeling the astrometric fit of sources in the extragalactic region of the Gaia sample with new observations, using the stars in the local field as reference for each target. The concept is verified by simulation, in the framework of the expectations on the Gaia astrometric performance and on the data from the forthcoming CSST Optical Survey. This approach can mitigate the natural degradation of the initial precision on coordinates of Gaia sources with time by improving proper motions by a factor [image: image], thus improving the positional precision in future epochs. Moreover, the catalogue is densified by the inclusion of objects below the Gaia limiting magnitude, improving on the galactic population census and on extragalactic population. CSST-OS data will reduce the Gaia precision degradation on positions by a factor of 2.7 over 30 years and increase the number of available reference sources over 40% of the sky. Future observations from other missions may further improve on the Gaia catalogue by extending the sky coverage and temporal baseline.
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1 INTRODUCTION
The Gaia mission (Gaia Collaboration et al., 2016) will provide a catalogue with unprecedented astrometric accuracy and astrophysical potential. The current version of the catalogue is the Data Release 3 (DR3) (Gaia Collaboration et al., 2021; Lindegren, L. et al., 2021)1, which is already widely used by the astronomical community. For our purposes, the catalogue is materialized mainly in the astrometric parameters (position, proper motion, and parallax) of the sample of observed objects ([image: image] in DR3, mainly stars in our galaxy), but it includes a number of astrophysical parameters not further addressed in this study. The catalogue precision is characterized by the uncertainty of astrometric parameters, and stars’ positions in particular are subject to natural degradation with increasing time elapse from the mission epoch. Inclusion of new measurements may, in principle, help in preserving the initial precision and even improve on some relevant properties.
The ambitious goal of (near-)absolute astrometric determination of Gaia is implemented by a complex approach based on repeated measurement of relative source positions at large angular separation over a few years. The projection of a set of new measurements onto the Gaia catalogue, conversely, can be formulated as a comparably simple problem under convenient assumptions. Preservation of the precision on individual object positions is potentially achieved by means of new measurements over time. This can be conceived in the context of a full-fledged Gaia-like future mission, possibly with modifications and trade-offs to improve on precision in general or with a focus on specific science topics, but the scope of this study is mainly focused on the benefits provided, at a much lower cost, by the observations generated by forthcoming astronomical missions.
In the next few years, some scientific endeavors are going to perform ambitious surveys of large fractions of the sky (mainly at comparably high-galactic latitude) in the visible and near-infrared (NIR) range, in particular the Chinese Space Station Telescope Optical Survey (CSST-OS), Euclid (Laureijs et al., 2020)2, and the Nancy Grace Roman Space Telescope (RST) (Eifler et al., 2021)3. A joint workshop on the three missions has recently been held4, evidencing the consistency of science goals and the complementarity of measurement techniques and performance. Although the missions are designed mainly toward cosmology and exo-planets for RST and CSST, they might contribute to the goal addressed by our investigation in several ways, for example:
• Additional measurements in the visibility on Gaia catalogue sources.
• Extension of the catalogue to the near IR range.
• Extension of the catalogue to the fainter magnitude range.
Hereafter, we will focus mainly on the former aspect.
In Section 2, the issue of natural degradation of the Gaia catalogue (like any other astrometric catalogue), and its potential preservation and improvement thanks to new measurements, is discussed. In Section 3, we address the potential of, in particular, CSST-OS data toward our intended goals. Finally, in Section 4, we discuss our findings and some potential future developments; then, we draw our conclusions.
2 CATALOGUE DEGRADATION AND PRESERVATION
For simplicity, we deal with a simplified one-dimensional problem, describing a source by the true values of a single coordinate η (either α or δ) and its component proper motion μ and parallax ϖ. In the Gaia catalogue, such parameters are provided as a set of estimated values [image: image] from the data reduction chain, with uncertainties [image: image] depending on the source magnitude and other factors. The source position at some time elapse TE from the reference epoch (set to zero) must be consistent with its law of motion, given initial position, proper motion, and parallax:
[image: image]
where the time is expressed in years and the parallax phase is set to zero for simplicity. The Gaia parameters are considered as adequate approximations to the true star kinematics, possibly to be updated thanks to additional measurements.
The uncertainty on the position at time TE is naturally larger than the initial value (at the mission epoch) because of the error propagation from proper motion uncertainty:
[image: image]
With increasing time elapse, the proper motion contribution becomes dominant. The error on coordinates increases also in extrapolating star positions to the past, which is relevant, for example, for reconstruction of the galaxy history. The natural degradation on positions may be reasonably expected to be of order of a factor of 3 in one decade, and about 1 order of magnitude after a 30 year time elapse. The effect is shown in Figure 1, using the Gaia objects within 20 pc. The left-hand panel is the distribution of catalogue positional errors (RA and Dec), extrapolated to the end of mission from DR3 data according to the prescriptions in Lindegren, L. et al. (2021). The right-hand panel evidences the degradation on positional uncertainty suffered after 30 years from the mission epoch, corresponding to a factor [image: image], on average, in this sample.
[image: Figure 1]FIGURE 1 | Estimated position errors at the end of mission for stars within 20 pc (left), from the Gaia EDR3 catalogue extrapolated to the end of mission, and natural degradation after 30 years due to proper motion errors.
Let us assume that a novel set of adequate precision measurements is provided by a forthcoming imaging instrument, for example, CSST-OS. They must be calibrated from a geometric standpoint, in particular, “attaching” them to the reference frame, for example, matching many detected objects to the available catalogue counterparts. The geometric calibration may take the form of plate correction factors. For each object, the coordinate estimate at the current epoch must be
- linked to the Gaia catalogue and reference frame and
- integrated with the previous knowledge to estimate new astrometric parameters.
The two steps will be discussed separately in the next two subsections. In principle, the new observations may help to.
- improve the precision of catalogue positions at different epochs and
- improve on the precision of proper motions.
Even moderate precision measurements, thanks to improvement on proper motion, will substantially mitigate position uncertainty degradation at a later epoch.
2.1 Materialization of the reference frame
The quality of the applied geometric calibration may be evaluated in terms of consistency of the calibrated observations with the reference frame. In the Gaia concept, the reference frame is materialized locally by the astrometric parameters of stars in that region, each source contributing its own uncertainty σηE from Eq. 2 at time TE of new observations. We assume that observed fields include a certain number K of Gaia sources, observed with individual uncertainty σηok depending on the current measurement parameters (instrument and operation setup). It is then possible to use K − 1 of them as references for the position of the remaining Kth object, and the process can be iterated on all sources. Actually, a few more constraints are imposed by calibration and geometric adjustment of the new observations (plate constants), but the number of degrees of freedom does not change significantly when many stars are available. The precision associated to the local framework (Abbas et al., 2017) can be considered as the collective uncertainty σηC associated to the coordinate ηC of the overall photo-center, computed as a weighted mean to account for individual uncertainties:
[image: image]
The frame materialization error adds to the measurement error, either as a systematic term for an individual observation, or randomly for a set of independent observations in different fields. The target position (dropping index K) projected in the Gaia reference frame materialized by the other K − 1 stars has therefore an accumulated uncertainty
[image: image]
The precision improves with the number of available reference stars (Gai et al., 2022c) and hence the field size. In favorable cases, the field referencing error is negligible with respect to the individual source uncertainty due to photon noise.
2.2 Update of astrometric parameters
For a given set of targets, the set of Gaia estimated parameters is assumed to be complemented by a single additional observation ηo at a subsequent epoch TE, affected by the noise level σηa and catalogue uncertainty σηE from Eq. 2, that is, [image: image].
The solution of Eq. 1 for all three astrometric parameters, based on a single new measurement, must also be consistent with our previous knowledge on parameters from the Gaia catalogue. We define, thus, an error function
[image: image]
adopting the notation [image: image], which must be minimized simultaneously with respect to the unknowns η, μ, and ϖ. Since the parameters are obviously correlated (Gai et al., 2017) through the equations of motion, naive independent evaluation is liable to introducing systematic errors and be computationally inefficient in the case, for example, of iterative implementation. The problem can be solved according to the maximum likelihood approach to provide the new estimate of astrometric parameters [image: image], with uncertainties [image: image]. In practice, we search for a minimum of the error function simultaneously for all three variables:
[image: image]
With some computations, we get the system of linear equations:
[image: image]
which can be solved with ordinary techniques to provide the new estimate of object coordinate, proper motion, and parallax consistent with both Gaia and the additional measurement. Additionally, further computations (Gai et al., 2017), omitted here for the sake of brevity, lead to the estimate of the expected uncertainty on astrometric parameters.
3 CSST-OS CASE STUDY
Xuntian, the Chinese Space Station Telescope (CSST) (Zhan, 2011; Gong et al., 2019; Cao et al., 2022), is a 2 m class instrument, planned for launch at the end of 2023, and located in proximity to the China Manned Space Station, thus allowing for periodic docking aimed at maintenance and upgrade. Nominal lifetime is set to 10 years. The CSST Optical Survey (Cao et al., 2018; Zhan, 2018) includes a Wide Survey, which will cover 17,500 square degrees of the extra-galactic sky in several bands from near-ultraviolet (NUV) to near-infrared (NIR), with a typical exposure time of 2 × 150 s, and a Deep Survey observing [image: image] square degrees, with exposure time [image: image] s. The survey camera has a very large field of view (FOV), [image: image], with high-spatial resolution [image: image] and populated by a mosaic of individual detectors with dedicated filters and gratings.
An approximate estimation of typical CSST-OS astrometric performance based on the aforementioned literature, in terms of position uncertainty vs. magnitude for unresolved, near-solar spectral type sources, observed over several of the available bands according to the current operation definition, is shown in Figure 2 (left-hand side panel), evidencing the position uncertainties of the Wide Survey (solid blue line), Deep Survey (dashed red line), and Gaia position uncertainties expected at the end-of-mission (dotted black line) and at CSST epoch (dashed-dotted line).
[image: Figure 2]FIGURE 2 | Left: approximate plot of position uncertainty vs. magnitude for unresolved sources with near solar color in CSST-OS observations, in the Wide Survey (solid blue line), Deep Survey (dashed red line), and Gaia position uncertainties, final (dotted black line) and extrapolated to CSST epoch (dashed-dotted black line). Right: field positions (in Galactic coordinates) selected for simulation of Gaia catalogue update by CSST-OS observations.
It may be noted that the bright limiting magnitude is significantly affected not only by the different exposure time of Wide and Deep Surveys but also by the actual source spectrum; precision is affected also by the number of observations in different filters. Also, saturation may not impose a severe limitation to astrometric performance, depending on detector response and operation, for example, CCD images affected by moderate blooming (Gai et al., 2022b) still provide high-astrometric precision in the horizontal (row) direction. Further investigations are in progress and will be presented in a forthcoming study.
Due to the large FOV, the CSST-OS images will include a large number of Gaia sources, even observing at comparably high-galactic latitude [image: image]. Several science goals will benefit from high precision astrometry derived by proper link to the Gaia reference frame. Besides, the positions of many new (mainly extragalactic) objects may thus be considered for densification of the Gaia catalogue.
Many faint components of the galactic populations will also be observed by the CSST-OS, as well as by other future missions, for example, Euclid and RST, sometimes more than once, at different epochs. Whenever enough observations are available, this will allow for determination of their astrometric parameters directly in the Gaia framework, which will greatly benefit, for example, galactic science studies. However, the issue depends on a number of as yet undefined aspects, in particular, actual operation, performance, and data policy of each mission, and shall not be further addressed herein.
We focus on the set of sources common to both Gaia and the CSST-OS, appearing, respectively, in the faint and bright region of the magnitude range of their observations. Therefore, the CSST-OS images will provide a high signal-to-noise ratio (SNR) measurement, with comparable bidimensional resolution, corresponding to an astrometric precision level comparable to the Gaia performance. In particular, we focus on the CSST-OS Wide Survey data, since they provide larger sky coverage than the Deep Survey. This context appears to have the potential for significant contributions to the maintenance of position estimates of the sources involved, according to the evaluation in Section 2.2, and by extension to the preservation of the overall catalogue.
3.1 Gaia DR3 population on high-galactic latitude sky
We address the potential benefits of the technique by selecting N = 100 random positions on the sky at comparably high-galactic latitude [image: image]. Our assessment is performed on this sample of fields by extracting the data of Gaia DR3 sources within a radius 0°.75 around such positions. Then, an internal 1 ° × 1 ° square region (representative of realistic CSST-OS observations) is selected within the circle, and the suggested procedure for update of astrometric parameters is applied, under the assumption of a typical time elapse TE = 10 years between Gaia and CSST-OS epochs. The selected fields are shown in Figure 2 (right-hand side panel). In particular, for each region we report the number of objects and average magnitude, and we evaluate the field referencing performance as the collective photo-center uncertainty from Eq. 3. Then, we proceed at the estimation of the performance of astrometric parameters update by simulating a CSST-OS Wide Survey observation and applying the procedure defined in Eq. 7. The results are discussed as follows.
The histograms illustrating the Gaia DR3 source distribution in the selected fields are shown in Figure 3. On the left-hand side panel, the effects of bright limiting magnitude is evidenced by the reduction in source density when the total population (red solid line) is cut, respectively, at G = 16 mag (black dashed-dotted line) and at G = 18 mag (blue dashed line); the number of sources affects the performance of field referencing, that is, the quality (astrometric precision) of the reference frame materialization. The two magnitude cutoffs are selected as an indication of realistic saturation levels over the range of CSST spectral bands.
[image: Figure 3]FIGURE 3 | Histograms of number of fields populated with a given Gaia source density. Left: total DR3 population (red solid line), reduced by cutting to bright CSST-OS limiting magnitude G = 16 mag (black dashed-dotted line) and G = 18 mag (blue dashed line). Right: density of five- or six-parameter DR3 sources in the selected fields.
On the right-hand side panel, the distribution of sources actually used in our evaluation over the selected fields is shown. The sample is selected in the G ≥ 18 mag range ([image: image] objects) and further reduced to the five- or six-parameter (Lindegren, L. et al., 2021) DR3 sources because two-parameter sources ([image: image] objects, 21% of the total number) do not provide, in particular, proper motion and parallax errors from which position uncertainty degradation may be estimated according to Eq. 2. For comparison, in the G ≥ 16 mag range there are [image: image] objects and two-parameter sources ([image: image] objects) represent 17% of the total number.
The nominal Gaia errors used in our evaluation are derived from those reported in DR3, by simple scaling to final catalogue expectations according to the improvements related to the larger number of measurements, increasing from three to about 10 years of operations, that is, roughly by a factor [image: image] on positions and parallax, and by a factor [image: image] on proper motions (scaling as t−3/2 with the temporal baseline). The position degradation is referred to the aforementioned TE = 10 years period.
3.2 CSST-OS materialization of the reference frame
The assessment described in Section 2.1 is applied to the selected fields in order to provide a feeling of the realistic expectations on noise achieved in using the limited set of Gaia sources as materialization of the reference frame. According to the aforementioned considerations on bright limiting magnitude of CSST-OS observations, the computation is performed either on all DR3 sources or on those over the range G ≥ 16 mag or over the range G ≥ 18 mag.
The results are shown in Figure 4 as the solid red, black dashed-dotted, and blue dashed lines. In the most conservative case (G ≥ 18 mag), the reference frame materialization is affected by a typical error in the 3–5 μ as range, which is reduced to 1.5–2 μ as in the intermediate case (G ≥ 16 mag), and drops below 1 μas for most fields in the most optimistic case in which all Gaia sources are included. This may be achieved, for example, by extending CSST-OS observations with shorter exposures or by exploitation of moderately saturated images (Gai et al., 2022b). The feasibility and benefits of extended dynamic range observations shall be addressed in future with more detailed investigations. Independent observations of the same regions by other instruments (e.g., Euclid and RST) may further strengthen the reference frame materialization.
[image: Figure 4]FIGURE 4 | Histogram of uncertainty on reference frame materialization over the selected fields, using all stars (solid red line) or cutting to bright CSST-OS limiting magnitude G = 16 mag (black dashed-dotted line) and G = 18 mag (blue dashed line).
3.3 Astrometric parameter update on Gaia stars
Following the approach described in Section 2.2, the selected Gaia sources from Section 3.1 in each field are fed to a Monte Carlo process to evaluate numerically the noise level associated to a new estimate of astrometric parameters taking advantage of CSST-OS observations. For each source, a set of “true” values of position η, proper motion μ, and parallax ϖ is generated, compatible with the Gaia DR3 catalogue. Then, the uncertainty on parameters is derived by extrapolating the expected final catalogue errors to the measurement epoch TE. A set of NI = 10, 000 noisy observations is built according to the presumed CSST-OS position precision (Figure 2, left), each fed to the astrometric parameter estimation of Eqs. 7. Finally, the new estimates are compared with the initial “true” values, in order to assess the performance of the estimation process.
The histogram of discrepancy between estimated and input values of position δη and proper motion δμ is shown in Figure 5 on the left-hand side and right-hand side panels, respectively. The sample mean is consistent with the desired zero value, and the bell-shaped curve is not obviously different from a normal distribution. It is indeed possible that residual sample selection effects are present, at a level which does not appear to be critical with respect to the current preliminary investigation. The relevant statistical parameters (mean, median, and standard deviation) are reported in Table 1.
[image: Figure 5]FIGURE 5 | New estimate of the astrometric parameters with inclusion of CSST-OS measurements: distribution of the variation of position η (left) and proper motion μ (right).
TABLE 1 | Estimated reference frame tie errors (CSST-OS data to Gaia frame) per field for position and proper motion: mean, median, and standard deviation of the simulated sample.
[image: Table 1]The position precision is shown in Figure 6, left-hand panel, illustrating the uncertainty at the Gaia catalogue central epoch (dotted black line), its degradation at epoch TE (dashed-dotted red line), and the histogram of RMS errors from the Monte Carlo (solid blue line), considered as representative of the performance of catalogue update with inclusion of the CSST-OS observations. The average position error on our sample is 0.3386 mas on the final Gaia catalogue, degraded after 10 years to 3.59 mas (due to the larger proper motion errors at fainter magnitudes), that is, by a factor of 10.60; the correction by CSST-OS data mitigates the average position error to 1.74 mas, that is, by a factor of 2.
[image: Figure 6]FIGURE 6 | Left: position precision of Gaia, initial (dotted black line), degraded after 10 years (dashed-dotted red line), and partially restored with inclusion of CSST-OS measurements (solid blue line). Right: position precision of Gaia after 30 years, degraded without CSST-OS update (dashed black line) and mitigated with inclusion of CSST-OS measurements (solid blue line).
The right-hand panel shows the natural degradation of the Gaia catalogue position uncertainty at 30 years, without any update (dashed black line), and mitigated by inclusion of the CSST-OS observations taken 10 years after the mission. The average position error on our sample at 30 years is 11.06 mas without mitigation and 3.89 mas with it, corresponding to an improvement factor of 2.7.
The new measurements are actually effective in mitigating significantly the natural degradation with the time of catalogue positions.
The precision on proper motion is shown in Figure 7, evidencing the Gaia catalogue uncertainty (dashed black line) and the histogram of RMS errors from the Monte Carlo (solid blue line). CSST-OS observations, thanks to the longer time baseline of the compound dataset, actually improve on Gaia proper motions by an average factor of 3.6. The improvement on parallax is marginal, but this is not surprising since a single epoch observation is considered in our simple approach; basically, parallax just has to be taken into account to perform a correct estimate of position and proper motion, which benefit substantially from the additional measurement.
[image: Figure 7]FIGURE 7 | Proper motion precision of Gaia (dashed blue line) and improvement with inclusion of CSST-OS measurements (solid black line).
3.4 Gaia catalogue densification
The Gaia catalogue includes a number of extra-galactic sources or stars (mainly at the faint end) not endowed with full astrometric information, for which only position information is provided (i.e., two-parameter astrometry in the Gaia jargon). About 360 million such objects are included in DR2, with more than 500,000 bona fide QSOs. CSST-OS observations include most of them, in the common areas, as well as a huge number of additional sources, either extragalactic objects or faint components of the Milky Way (e.g., far away or dwarf stars), providing a quite interesting complement to the Gaia survey. Since CSST-OS-only sources have in general a single observation, no proper motion or parallax can be deduced but only positions (two-parameter astrometry). The individual precision degrades naturally with increasing magnitude, consistently with the decreasing photon level (an actual image size for resolved objects).
Sources are observed against a framework of Gaia sources and therefore may be located in the Gaia reference frame, with reference frame tie accuracy corresponding to the field averaging error in available reference Gaia sources, that is, at the level of a few μ as (Figure 4) or better. The net result is that a large number of faint sources, beyond the Gaia limiting magnitude, can be included in an “extended catalogue” with much higher density, useful for narrow field observations, for example, by large size, narrow field telescopes. Such fainter-than-Gaia sources can be used in all legitimacy as auxiliary materializations of the Gaia catalogue proper. Also, since most sources are imaged in both visible and near-infrared (NIR) bands, the catalogue is implicitly extended to the longer wavelength range; this aspect is promising, but it will require dedicated future investigations.
4 DISCUSSION
The astrometric benefit achieved from complementing the Gaia catalogue with the CSST-OS Wide Survey observations is remarkable, since the Gaia catalogue may be preserved to a large extent, on positions, and significantly improved, on proper motions, over a significant fraction of the sky [image: image], at least for the faint part of the sample. In particular, the natural degradation on position uncertainty is reduced by a factor of 2 after 10 years from the mission epoch (2.7 after 30 years), and proper motion errors are reduced by an average factor of 3.6, as reported in Section 3.
Besides, it may be noted that the technique outlined in this study is based on local field and individual source processing, thus implying a very low-computational cost of astrometric processing per se. In computer science terms, the construction of the enhanced Gaia catalogue from the combination of the final release of Gaia and CSST-OS data is an “embarrassingly parallel” problem. Potential troubles are mostly hidden in the calibration aspects within either project and should be investigated in detail in the implementation process. The cost to benefit budget of the proposed CSST-OS enhanced Gaia catalogue seems to be appealing, thus suggesting the worth of further investigation, also focused on the NIR extension.
The proposed technique for catalogue maintenance and extension is applicable, in principle, to the data provided by any other space mission, for example, Euclid and the Nancy Grace Roman Space Telescope (RST), providing comparably deep exposures on rather wide fields in the visible and/or NIR range. A preliminary assessment of the performance for either mission may be deployed according to the present study case and eventually implemented in more detailed frameworks.
For each set of measurements and for many individual five-parameter sources, the Gaia catalogue precision may be largely restored on positions and improved on proper motion. Furthermore, the combination of several observations at different epochs can be expected to provide even better results, in this case also on parallaxes.
Many sources already in Gaia may thus be “boosted” from two-parameter to five-parameter astrometry, as the additional information will allow to retrieve their parallax and proper motion. Besides, sources not included in the Gaia catalogue, for example, faint stars and extragalactic objects beyond Gaia’s limiting magnitude, may be “attached” to it by position, even with a single observation by the CSST-OS, Euclid, or RST, as two-parameter objects, with sufficient observations, parallax, and proper motion may be derived as well.
This densified catalogue will be useful for operation of several existing or future large telescopes, either in space or ground based, which in turn may provide high-precision relative astrometry (mainly in space), based on the improved reference frame. An important application example is the recently launched JWST (McElwain et al., 2020; Stiavelli, 2022)5 also because of its potentially much higher astrometric precision, bearing the potential of impressive improvements on few selected targets. After a default period of one year, in which exclusive access is reserved to proposers, JWST observations will be made available to other scientists for additional research, for example, for astrometric purposes. The main shortcoming of JWST, in our opinion, is the limited field of view (few arc minutes) of its imaging instrumentation, which result in low probability of having a sufficient number of reference Gaia objects. JWST, in particular, is endowed with the near-infrared camera6 (NIRCam), observing from 0.6 to 5 μm on a field of view of 2 × 2′.2 × 2′.2, with a pixel scale of 0.031 arc sec/pixel, through a set of narrow to wide band filters.
However, the densified Gaia catalogue, derived by inclusion of CSST-OS observations, provides just the required extension of the reference frame to fainter magnitudes, significantly raising the probability of having enough reference sources in the NIRCam field. Therefore, the densified Gaia catalogue appears to be an extremely convenient tool for future JWST observation and similarly for other telescopes.
An obvious solution for preservation and improvement of the Gaia catalogue may appear to be a replication of the Gaia mission itself after some decades, but this is not necessarily the case. First of all, space technology develops rapidly, and this may suggest deep modifications in the implementation concept; also, our understanding of the Universe evolves as well, and the science goals of the next decades may set performance and/or operation requirements significantly different from the current Gaia design. Bidimensional measurement is likely to be a must (Vecchiato et al., 2022). Besides, future missions will build on an already consolidated ground taking advantage of the high-precision Gaia catalogue, which, as outlined herein, may be preserved and somewhat improved without the need for a full-fledged global astrometric instrument. High precision, relative astrometry missions are being actively investigated for exoplanet characterization and cosmology (Malbet et al., 2021; Gai et al., 2022c).
Significant improvements in terms of “absolute” measurement quality, for example, pushing the full sky reference frame at (or well below) the micro-arc sec level would probably require a scale of mission significantly larger than Gaia. Indeed, a scanning satellite appears to be a most convenient way to provide such coverage, although propositions for a pointed mission concept have been advanced (Zacharias and Dorland, 2006), not without merit. However, a significantly larger instrument is probably required in order to improve on individual astrometric precision and sensitivity and to achieve higher source density and include a larger set of extragalactic sources. Multiple epoch measurements are necessary for proper motion and parallax, and in any case of complex objects requiring dynamical solutions, for example, binary systems, solar system objects, and extra-solar planetary systems (Gaia Collaboration et al., 2021). Options toward the goal of a large size, multiple line-of-sight instrument implementing true simultaneous large-angle astrometric measurements on the sky are being investigated by the authors’ team (Gai et al., 2022a; Riva et al., 2022).
A family of high-precision global astrometry missions might be envisaged, on a time scale of a few 10 years after each other, to ensure maintenance and improvement of an excellent reference frame in the visible and other spectral bands over the long period. Of course, the scientific requirements and available technologies cannot easily be extrapolated to the remote future. Therefore, the discussion of even the first Gaia successor is beyond the scope of this study. In the meantime, the CSST-OS may prove the feasibility of such perspective and achieve quite relevant early results.
5 CONCLUSION
The preliminary investigation of a simple approach for maintenance and improvement of the Gaia catalogue, preventing natural degradation of the knowledge on individual positions, provides encouraging results. Usage of available sources as proxies of the Gaia catalogue, in a comparably small field around each object of interest, is straightforward and quite effective, providing a good local reference.
The case study of the CSST-OS Wide Survey is considered: the coordinates of the faint Gaia sample in extragalactic regions (about 40% of the sky) can be restored nearly to the initial Gaia precision, improving at the same time the proper motions by a factor [image: image]. The main limitation of our simple concept consists in the assumption of a single epoch measurement, which does not support improvements on parallax of isolated stars or dynamic solution of more complex systems.
Besides, thanks to the sensitivity of CSST-OS, this process may provide a densification of the Gaia catalogue to fainter magnitudes, including many extragalactic objects and the faint galactic population. This enhanced Gaia catalogue will be precious in support of future space and ground based telescopes.
Finally, dedicated missions for maintenance and improvement of the Gaia catalogue, or for relative astrometry, may be planned with considerable flexibility, building on the Gaia catalogue and its enhanced version achieved also thanks to the inclusion of CSST-OS observations.
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