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Abstract

Context. Previous studies based on the latest realisation of the International Celestial Reference Frame (ICRF3) have suggested a correlation between astrometric properties (such as the radio-optical offset) and redshift for active galactic nuclei (AGNs).

Aims. We extend these investigations by using a large, all-sky sample of approximately 22 000 compact radio sources from the Radio Fundamental Catalogue (RFC) to examine this relationship in a systematic and statistically robust manner.

Methods. We compiled redshifts for about 10 000 RFC sources over the range 0 < z < 5 by combining data from the Dark Energy Spectroscopic Instrument Data Release 1 and the Sloan Digital Sky Survey Data Release 17/19 with additional datasets from the NASA/IPAC Extragalactic Database. Cross-matching with Gaia Data Release 3 yielded a sample of 4068 RFC objects with reliable spectroscopic redshifts and classifications, including galaxies and quasi-stellar objects (QSOs). We analysed the redshift dependence of their radio astrometric properties from very long baseline interferometry (VLBI) and their optical astrometric properties from Gaia.

Results. We find that the VLBI astrometric properties show no significant dependence on redshift within the achieved level of precision. In contrast, several optical astrometric quantities exhibit clear redshift-dependent behaviour. The median absolute radio–optical offsets decrease markedly over 0< z< 0.5, where galaxies dominate the sample, decline more gradually over 0.5 < z< 1.3, and exhibit a mild increase at z > 1.3, where QSOs dominate. Similar behaviour is observed for several Gaia astrometric quantities, including astrometric uncertainties, proper motions, and G magnitudes. These behaviours can be largely explained by the dependence of Gaia astrometric performance on G magnitude and by the evolution of the G magnitude with redshift.
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1 Introduction
Accurate celestial reference frames are fundamental to modern astrometry. These frames are constructed through observations of extragalactic active galactic nuclei (AGNs) with compact radio cores, which provide the most stable reference points. A prominent example is the International Celestial Reference Frame (ICRF), which is established using geodetic very long baseline interferometry (VLBI) to measure the radio positions of thousands of compact AGNs with sub-milliarcsecond (mas) precision. The latest version of the ICRF (ICRF3; Charlot et al. 2020) includes 4536 objects at S/X bands (2.3/8.4 GHz), 824 objects at K band (24 GHz) and 678 objects at X/Ka bands (8.4/32 GHz). With the advent of the Gaia mission (Gaia Collaboration 2016), particularly the release of Gaia DR3 (Gaia Collaboration 2023), an optical celestial reference frame with precision comparable to that of VLBI has become available (Lindegren et al. 2021b; Gaia Collaboration 2022). For the majority of ICRF3 sources, the Gaia and VLBI positions are consistent within the expected uncertainties, typically at the mas level. However, at least 6% of sources with both VLBI and Gaia positions show statistically significant offsets at the 99% confidence level (Mignard et al. 2016; Petrov & Kovalev 2017).
A number of recent studies have investigated the origin and behaviour of these radio–optical offsets. They have shown that radio–optical offsets correlate with various physical parameters, such as AGN variability (Secrest 2022; Lambert & Secrest 2024), colour index (Lambert et al. 2025), radio structure (Xu & Charlot 2025), and jet orientation (Kovalev et al. 2017, 2020; Plavin et al. 2019; Petrov et al. 2019; Lambert et al. 2021). Some works have also reported a dependence on redshift (Makarov et al. 2017, 2019; Liu et al. 2021), suggesting possible evolutionary or observational effects. Moreover, several Gaia astro-metric uncertainties, including those of parallax, proper motion and source position, depend strongly on the G magnitude (Gaia Collaboration 2023). Since the G magnitude varies systematically with redshift (Lambert et al. 2025), these uncertainties may also show a corresponding dependence on redshift. Additionally, redshift provides a direct measure of cosmic time and is a fundamental parameter for studying the physical nature and evolution of AGNs (DESI Collaboration 2024a) and kinematic structure of the Universe (Makarov 2025). Thus, studying the astrometric properties of reference sources as a function of redshift contributes to the evaluation of systematic effects and the improvement of the accuracy and long-term stability of the celestial reference frame.
Recent studies have explored the connection between the physical properties, redshifts, and astrometric behaviour of reference sources (Makarov et al. 2019; Liu et al. 2021; Secrest 2022; Gaia Collaboration 2023; Makarov 2024; Lambert & Secrest 2024; Lambert et al. 2025; Huda et al. 2025). In particular, Sexton et al. (2022) presented a detailed spectroscopic characterisation of a subset of ICRF3 sources based on Sloan Digital Sky Survey Data Release 16 (SDSS DR16; Ahumada et al. 2020). This work indicates the importance of reliable redshifts and spectral classifications for understanding the physical nature of reference frame objects and their astro-metric behaviour. Extending such analyses to larger samples can improve our understanding of the redshift dependence of astrometric properties.
With more than four times the number of sources in ICRF3, the Radio Fundamental Catalogue (RFC; Petrov & Kovalev 2025) provides a large all-sky sample of compact radio sources, enabling robust statistical studies of astrometric properties as a function of redshift. At present, while the RFC cross-match table includes redshift and classification information for a substantial fraction of sources, this information remains incomplete and non-uniform. Only ∼45% of the RFC sources have literature-based data from the NASA/IPAC Extragalactic Database (NED; Helou et al. 1991). These literature-based redshifts differ in precision because they are obtained from different methods, such as spectroscopy (Jones et al. 2009; Albareti et al. 2017), photometry (Richards et al. 2009; Bilicki et al. 2014), and machine-learning estimates (Narendra et al. 2022; Makarov & Secrest 2023). Similarly, literature-based classifications rely on non-uniform criteria across different studies.
A comparable situation applies to the Optical Characteristics of Astrometric Radio Sources catalogue (OCARS; Malkin 2016; 2018; 2025) and the Large Quasar Astrometric Catalogue (LQAC; Souchay et al. 2009, 2012, 2015; Gattano et al. 2018; Souchay et al. 2019, 2024), which includes most RFC sources and whose redshifts are likewise primarily compiled from NED, the SIMBAD astronomical database (Wenger et al. 2000), and SDSS. The rapid development of large spectroscopic surveys now enables a substantial improvement. The latest data releases from the Dark Energy Spectroscopic Instrument (DESI DR1; DESI Collaboration 2025) and the SDSS (SDSS DR19; SDSS Collaboration 2025) provide high-quality spectra and precise spectroscopic redshifts for a much larger fraction of RFC objects. Based on these spectroscopic data, the present work provides an independent compilation of spectroscopic redshifts based directly on SDSS and DESI data and supplements the RFC cross-match table with updated and more homogeneous redshift and classification information for RFC sources.
In this work, we provide the largest RFC-based spectroscopic-redshift sample cross-matched with Gaia DR3, based on the latest spectroscopic data from DESI DR1 and SDSS DR17/DR19, and systematically analyse redshift trends of both radio and optical astrometric properties, separating galaxies and quasi-stellar objects (QSOs). The paper is organised as follows. In Sect. 2, we describe the RFC catalogue, DESI/SDSS spectroscopic data, and our sample selection procedures. In Sect. 3, we analyse the redshift dependence of astrometric parameters for the total sample and for different source classes. We discuss the physical origins of the redshift dependence of the astrometric parameters and compare our results with previous studies in Sect. 4. Finally, we present our conclusions in Sect. 5.
2 Data and sample selection
2.1 The Radio Fundamental Catalogue
In this work, we adopted the release version rfc_2025c of the RFC catalogue1 as the parent sample for redshift determination and cross-matching with Gaia DR3 data. This release contains 21 949 sources, whose absolute positions and correlated flux densities were determined from the analysis of virtually all publicly available VLBI sessions conducted over the past four decades. The catalogue achieves milliarcsecond-level astro-metric accuracy by applying a novel technique that combines and calibrates heterogeneous VLBI datasets, and by rigorously evaluating systematic and random errors through decimation tests, cross-comparisons, and error modelling (Petrov & Kovalev 2025). Its high precision and wide sky coverage make it fundamental to a wide range of applications, from celestial reference frame definition to space geodesy, spacecraft navigation, AGN studies, and modern VLBI phase-referencing observations.
2.2 DESI/SDSS spectroscopic data
In this work, we primarily used spectroscopic data from the first data release of DESI (DESI DR1; Dey et al. 2019; DESI Collaboration 2025), a next-generation wide-field survey installed on the 4-metre Mayall Telescope at Kitt Peak National Observatory, to determine redshifts. DESI is equipped with 5000 robotic fibre positioners and a 3.2◦ field of view, enabling highly efficient simultaneous observations of thousands of targets. Its spectrographs provide continuous wavelength coverage from 3600 Å to 9800 Å with a typical resolving power of R ∼ 2000–5000, allowing precise measurements of spectral features across a broad range of astrophysical sources. The main survey of DESI DR1 provides high-confidence redshifts for approximately 18.7 million objects, including 13.1 million galaxies, 1.6 million quasars, and 4 million stars, making it the largest extragalactic redshift sample ever assembled. We show DESI spectra and their high-precision redshifts for three example sources in Appendix A: a galaxy exhibiting Balmer emission lines (z<0.6), a QSO showing Mg II, C III] and C IV lines (z<2.1), and a QSO showing Lyα emission line with Lyα forest (z>2.1). In all three cases, the redshift uncertainties are at the level of ∼10−4.
We also made use of spectroscopic data from the seventeenth data release of SDSS (SDSS DR17; Abdurro’uf et al. 2022), the final release of the SDSS-IV programme. SDSS DR17 provides one of the most comprehensive spectroscopic datasets available, obtained with the 2.5 m Sloan Foundation Telescope at Apache Point Observatory. Compared to earlier releases such as DR13, SDSS DR17 represents a major expansion and refinement of the spectroscopic dataset. The number of reliable spectra in the main QSO sample from the Extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al. 2016) has increased from roughly 34 000 in DR13 to more than 430 000 in DR17. Similarly, the spectroscopic sample of LRGs and ELGs has expanded from about 47 000 to over 460 000 objects. DR17 also incorporates significant methodological improvements, including the use of PCA-based spectral fitting and extensive visual inspection in addition to the standard SDSS pipeline, resulting in more accurate classifications, particularly for quasars. As the final data release of SDSS-IV, DR17 thus provides a more complete and higher-quality spectroscopic dataset than previous releases, enabling more robust studies of galaxies, quasars, and the large-scale structure of the Universe.
In addition, we also made use of spectroscopic data from the latest SDSS DR19 (SDSS Collaboration 2025), which is part of the SDSS-V program. As the first substantial public release of new data from the SDSS-V ecosystem, DR19 provides updates relative to the final SDSS-IV release. The DR19 data include early observations from the Black Hole Mapper (BHM), which provide expanded spectroscopic coverage of quasars and AGN. The new data and improved measurements of DR19 complement the DR17 dataset, allowing for more robust analyses.
2.3 Sample selection
The redshift information for RFC sources was assembled in a hierarchical manner during the sample selection process. We adopted a sequential strategy that prioritised the most reliable spectroscopic measurements. First, we used spectroscopic redshifts from the DESI DR1 catalogue with quality flag ZWARN = 0, resulting in 3403 reliable redshifts. For sources without reliable DESI redshifts, we adopted spectroscopic redshifts from SDSS DR17 and SDSS DR19 with ZWARNING = 0, which provided an additional 1832 sources. In total, this sequential procedure provided 5235 sources with reliable spectroscopic redshifts from DESI or SDSS. All these spectroscopic redshifts were required to satisfy z>0 and have measurement uncertainties smaller than 0.01.
For sources lacking spectroscopic measurements, we supplemented the sample with 4672 redshifts compiled from the literature. Most of these literature-based redshifts were compiled from NED by the RFC cross-match table.
Following this procedure, we obtained redshift information for 9907 RFC sources in the catalogue. More than half of these redshifts were provided by the latest DESI and SDSS spectroscopic observations. This combined dataset provided broad coverage over the redshift range 0 < z < 5, ensuring both high reliability for the majority of the sample and extensive completeness for statistical analysis.
To assess the reliability of the adopted spectroscopic redshifts, we performed cross-checking between independent surveys (Appendix B). Overall, we found that the majority of sources show good agreement in redshifts across different methods (|∆z| < 0.1). However, we found that DESI spectroscopic redshifts in the range 1.6 < z < 1.7 show significant deviations from redshifts measured by other methods. According to DESI Collaboration (2025), DESI spectra in the range 1.6 < z < 1.63 are constrained only by the [O II] λλ3726, 3729 doublet and are affected by significant sky background, whereas spectra in the range 1.63< z< 1.7 have no major emission line coverage. As a result, the DESI spectroscopic redshift solutions in this range are susceptible to unphysical fits and show systematic offsets compared with other determinations.
To minimise the impact of such unreliable measurements, we first excluded all DESI redshifts within the range 1.6 < z < 1.7 from our sample. For the remaining sources that had both SDSS and DESI spectroscopic measurements, we retained only those for which the two redshifts were consistent within |∆z| < 0.1. The consistency criterion of |∆z|<0.1 was chosen conservatively to flag catastrophic failures rather than statistical uncertainties. Additionally, for sources with DESI redshifts in the range 1.6 < z < 1.7 but still satisfied the consistency criterion, we retained these objects and used the SDSS redshift for our analysis. These conservative cuts ensured that our sample used in the statistical analysis was both robust and internally consistent across surveys. After applying these selection criteria, 464 sources were excluded, leaving a sample of 4771 objects (∼90%) with reliable spectroscopic redshifts from either DESI or SDSS. By subsequently cross-matching with Gaia DR3, we obtained 4 068 objects that had spectroscopic redshifts from either SDSS or DESI, including 934 ICRF3 sources, which constitute our final sample.
We are particularly interested in whether the spectral classification of RFC sources affects the relationship between their astrometric properties and spectroscopic redshift. For this purpose, we used the spectral classifications provided by SDSS and DESI, resulting in 784 galaxies, 3151 QSOs, and 133 sources that were classified as stars or had inconsistent classifications between SDSS and DESI. Based on this classification, we further examined the relationships between the astrometric parameters of RFC sources and redshift.
2.4 Redshift distributions
After applying the sample selection and spectral classification, we present a series of redshift distributions in Fig. 1. A complementarity is seen in the redshift distribution of RFC sources: SDSS spectroscopic redshifts are primarily concentrated at low redshifts, whereas DESI spectroscopic measurements extend the redshift coverage toward higher redshifts. A deficit of DESI sources appears at 1.6 < z < 1.7, reflecting known reliability issues in this redshift range. The corresponding excess of SDSS redshifts in this range arises because we used the SDSS redshift for the sources in this range whose DESI and SDSS redshifts satisfy the |∆z| < 0.1 criterion in our analysis. The distribution of the same sample separated by spectral classification shows that galaxies dominate the low-redshift population, close to the local Universe (0< z< 0.5), whereas QSOs populate a broad redshift range extending to z > 4, with their highest concentration occurring at 1.0< z< 1.5.
3 Results
We systematically analysed the redshift dependence of the astro-metric parameters of RFC sources obtained from radio VLBI observations and optical Gaia DR3 measurements (binned with ∆z = 0.2). All the data were smoothed using the Nadaraya– Watson estimator to better illustrate the trends of the astrometric parameters as a function of redshift.
3.1 Astrometric positional precision
We compared the median positional uncertainties for RFC and Gaia DR3. The positional uncertainties (σp) of VLBI and Gaia are both defined as the semi-major axis of the positional error ellipse and are calculated as (Lindegren et al. 2016):
[image: Mathematical equation: ${\sigma _{\rm{p}}} = \sqrt {{1 \over 2}\left( {\sigma _{\alpha * }^2 + \sigma _\delta ^2} \right) + {1 \over 2}\sqrt {{{\left( {\sigma _{\alpha * }^2 - \sigma _\delta ^2} \right)}^2} + {{\left( {2{\sigma _{\alpha * }}{\sigma _\delta }{\rho _{\alpha ,\delta }}} \right)}^2}} } ,$](1)
where [image: Mathematical equation: ${\sigma _{\alpha * }} = {\sigma _\alpha }$] cos δ and σδ are the formal uncertainties in right ascension and declination, respectively, and ρα,δ is their correlation coefficient. As shown in Fig. 2, the radio positional uncertainties of the sample show no significant variation with redshift, remaining around 0.8 mas across all redshift ranges. In contrast, the optical positional uncertainties decrease rapidly over the range 0 < z < 0.5, followed by a slower decrease over 0.5 < z < 1, while remaining roughly constant at ∼0.2 mas for z>1. For most RFC sources at z>0.5, the Gaia optical positional uncertainties are smaller than the corresponding radio positional uncertainties. We note that for ICRF3 sources, the median radio and optical positional uncertainties both remain roughly constant at approximately 0.2 mas across all redshifts.
We further examined the positional uncertainties of different types of RFC sources and find that QSOs at z > 0.5 show no significant redshift dependence in either the radio or optical bands. Galaxies have much larger positional uncertainties than QSOs in both radio and optical bands, and their optical uncertainties decrease significantly with redshift within 0 < z < 0.5. This suggests that the negative gradient in the optical positional uncertainties of the total sample within this redshift range is most likely driven by the contribution from galaxies.
We also analysed the redshift dependence of the structure index and compactness of ICRF3 sources in our sample separately at the S, X, K, and Q bands (Fey & Charlot 2000). These two parameters characterise the radio morphological properties of the sources and are obtained from the Bordeaux VLBI Image Database (BVID; Collioud & Charlot 2019)2. Since only a small number of sources in our sample have observations at the K and Q bands, reliable results are obtained only for the S and X bands. At the S band, the median structure index is about 2, while at the X band it is about 3. The median compactness of the sample is about 0.6 in both the S and X bands. We find that the structure index of our sample shows no significant correlation with redshift in any band.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Redshift distribution of objects in this work. Panel a: the grey histogram shows sources with spectroscopic redshifts from DESI/SDSS, the blue and red histograms show the distributions of DESI and SDSS redshifts, respectively. Panel b: the same sample as panel a separated by spectral classification: green for galaxies, orange for QSOs, and pink for sources classified as stars or lacking a reliable classification.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of redshift. For each panel, the orange data points indicate QSOs, the green data points indicate galaxies in the sample, and the grey data points indicate sources that are either unclassified or lack a reliable classification. The blue and red solid lines represent the median values of the galaxies and QSOs, respectively, whereas the purple line represents the median value of the total sample. In addition, to ensure the reliability of the results, median values are not shown for bins containing fewer than 20 data points.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.



3.2 Radio-optical offset
We calculated absolute and relative offsets following the same procedures as in Mignard et al. (2016), where these offsets are referred to as the angular and normalised separations, respectively. As shown in Fig. 3, the median absolute and relative radio-optical offsets of the total sample decrease rapidly with increasing redshift over the range 0 < z < 0.5, followed by a slower decrease over 0.5 < z < 1.3. The median absolute offset reaches a minimum around z≃1.3 and exhibits a slight increase over the range 1.3< z< 3.0 (from 0.7 mas at z≃1.3 to 1.2 mas at z≃3.0). However, the median relative offset remains nearly constant beyond z > 1.3. This overall trend of absolute and relative offsets is consistent with the results reported by Makarov et al. (2019) for ICRF3 sources. Additionally, this behaviour is similar to the trends observed in the optical positional uncertainties (Fig. 2).
This similarity suggests that the observed trend largely reflects the changing composition of the sample. Galaxies dominate the total sample at low redshift (0 < z < 0.5). They not only exhibit systematically larger absolute offsets than QSOs, but also show a strong decrease in their offsets with increasing redshift. As a result, the median offsets of the total sample decrease rapidly over 0 < z < 0.5. Over the range 0.5 < z < 1, the fraction of galaxies becomes smaller and the offsets of the total sample decrease more slowly. At higher redshift (z > 1), the total sample is dominated by QSOs, whose absolute offsets show only a weak increase with redshift, while the relative offsets remain roughly constant. The combination of these population fractions and their distinct redshift behaviours results in the overall trend observed for the total sample.
3.3 Parallaxes and proper motions
As shown in Fig. 4, we investigated the relationships between parallax and redshift. We find that the parallax of the sample shows no clear dependence on redshift, with the median values in different bins concentrated between 0 and −0.1 mas. For QSOs, the median parallax remains around −0.02 mas over the redshift range 0.5 < z < 1.5, which likely reflects the parallax zero-point offset present in Gaia measurements (Lindegren et al. 2021a; Ding et al. 2024). In both the total sample and the QSO subsample, the parallax uncertainty decreases significantly with increasing redshift over the range 0 < z < 0.5, followed by a slower decrease over 0.5 < z < 1. For z > 1, the parallax uncertainty increases slowly with redshift, rising from about 0.2 mas at z ∼ 1 to about 0.3 mas at z ∼ 3.5. In addition, compared with QSOs at comparable redshifts, galaxies exhibit a more negative median parallax and larger parallax uncertainties.
We also investigated the relationships between proper motion and redshift (Fig. 5). We find a similar behaviour to that of the optical positional uncertainties: both the median proper motion and its median uncertainty decrease rapidly over 0< z< 0.5, followed by a slower decrease over 0.5 < z < 1, and exhibit only a slight increase at z>1. This trend is consistent with the changing source composition, in which galaxies dominate at low redshift and exhibit larger values that decrease clearly with increasing redshift, whereas QSOs dominate at high redshift (z > 1) and exhibit smaller values with only a weak increase.
Furthermore, we computed the error-normalised proper motion χ as in Makarov & Secrest (2022):
[image: Mathematical equation: ${\chi ^2} = {1 \over {1 - {\rho ^2}}}\left[ {{{\left( {{{{\mu _{\alpha * }}} \over {{\sigma _{{\mu _{\alpha * }}}}}}} \right)}^2} + {{\left( {{{{\mu _\delta }} \over {{\sigma _{{\mu _\delta }}}}}} \right)}^2} - 2\rho {{{\mu _{\alpha * }}{\mu _\delta }} \over {{\sigma _{{\mu _{\alpha * }}}}{\sigma _{{\mu _\delta }}}}}} \right],$](2)
where [image: Mathematical equation: ${\mu _{\alpha * }}$] and µδ are the Gaia proper motions in right ascension and declination, with uncertainties [image: Mathematical equation: ${\sigma _{{\mu _{\alpha * }}}}$] and [image: Mathematical equation: ${\sigma _{{\mu _\delta }}}$], and correlation coefficient ρ. The median error-normalised proper motion of the total sample decreases from 1.6 at z ≃ 0 to 1.2 at z ≃ 0.5, and remains roughly constant at 1.2 at redshifts z > 0.5. This behaviour is consistent with the expectation for a Rayleigh distribution with σ = 1, whose median is 1.18. Within the statistical precision of our relatively small RFC-based sample, the intrinsic proper motions of most sources with z > 0.5 are consistent with zero. Our result is therefore in agreement with the results obtained from a much larger Gaia EDR3-based sample (Makarov & Secrest 2022), which indicate that the observed Gaia proper motions are on average dominated by random measurement uncertainties.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Parallax (left) and parallax uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Proper motion (left) and proper motion uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.



3.4 Photometric properties
The main differences between different types of RFC sources, based on their spectral classification, are most clearly seen in the relationship between magnitude and redshift. As shown in Fig. 6, we examined the relationships between redshift and the three Gaia magnitudes (G, BP, and RP) of the sample. We find that the median G magnitude of galaxies remains roughly constant at ∼20 and shows no significant dependence on redshift, while the median G magnitude of QSOs is around ∼19 at the same redshift. Therefore, although the G magnitudes of both galaxies and QSOs show no strong redshift dependence individually, the concentration of galaxies within 0 < z < 1 combined with their systematically fainter G magnitudes compared to QSOs results in a noticeable negative gradient in the median G magnitude of the total sample over this redshift range. In contrast, the BP and RP magnitudes of galaxies exhibit a strong dependence on redshift. Within 0< z< 1, the median BP magnitude of galaxies increases sharply from ∼17 at z = 0 to ∼20.5 at z = 1, while the median RP magnitude increases from ∼16 to ∼19.5 over the same redshift range. However, QSOs exhibit only a slight increase with increasing redshift in G, BP and RP magnitudes. This difference is reflected in the median BP and RP magnitudes of the total sample. They increase rapidly over 0 < z < 0.5, followed by a slower increase over 0.5 < z < 1. However, at z > 1, the sample is dominated by QSOs and the median magnitudes show only a weak increase with redshift.
The relationships between G, BP, and RP magnitudes and redshift also influence the evolution of the corresponding colour indices with redshift. As shown in Fig. 7, we examined the relationships between redshift and three colour indices: BP − RP (left), G − RP (middle), and BP − G (right). These colour indices exhibit relatively tighter distributions compared to the magnitudes. We find that the median BP − RP colour of the total sample decreases sharply with increasing redshift over 0< z< 1, remains nearly constant at ∼0.6 over 1 < z < 3 (with a slight increase to ∼0.7 near z ≃ 1.5), and rises significantly at z > 3. This trend is consistent with that of the QSOs. For galaxies, the median BP − RP remains around ∼1.5 within 0< z< 0.5, which likely contributes to the negative gradient observed in the total sample over this redshift range. The redshift dependence of the median G − RP and BP − G colours is mainly determined by the strong redshift dependence of the median BP and RP magnitudes in galaxies, whereas the median G magnitude remains nearly constant over 0 < z < 1. As a result, the median G − RP colour of galaxies decreases sharply and the median BP − G colour increases sharply with redshift within this range. For z>1, the median G − RP colour of QSOs is concentrated around ∼0.4 while the median BP − G colour is concentrated around zero, and neither of them shows significant dependence on redshift. Since galaxies dominate the sample at low redshift (0< z< 0.5), the total sample exhibits strong gradients in the median G − RP and BP − G colours over this range, consistent with the trends of galaxies. Over 0.5< z< 1, the fraction of galaxies decreases and the evolution becomes more gradual. At higher redshift (z > 1), the sample is dominated by QSOs and the median values remain nearly constant, at ∼0.4 and ∼0.1, respectively. It is worth noting that the median G − RP colour of QSOs shows a slight enhancement near z≃1.5 and a modest increase at z>3, consistent with the trend of the median BP − RP colour with redshift.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 G (left), BP (middle), and RP (right) magnitudes as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 BP − RP (left), G − RP (middle), and BP − G (right) colour indices as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.



4 Discussion
4.1 Comparison with existing redshift catalogues
In the RFC cross-match table, redshift information is available for approximately 8900 sources, most of which were compiled from NED. These redshifts originate from a mixture of spectroscopic and photometric measurements, as well as machine-learning estimates. About 2 500 sources (28%) are based on SDSS DR13 spectroscopy (Albareti et al. 2017), while an additional 713 sources (8%) rely on photometric redshifts from SDSS DR6 (Richards et al. 2009) and the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006), which are subject to relatively large uncertainties. In this work, we substantially expanded and updated the spectroscopic redshift content by incorporating the latest measurements from SDSS DR17 and DR19, and in particular from DESI DR1 (released in March 2025; DESI Collaboration 2025). As a result, we obtain a sample of 4774 RFC sources with reliable spectroscopic redshifts, accounting for more than 50% of the redshifts in the RFC cross-match table. During the compilation process, we carefully considered redshift quality indicators (e.g. ZWARN and ZWARNING) and performed cross-checks between independent measurements from SDSS and DESI. This procedure ensures a reliable spectroscopic redshift sample, forming the basis of our analysis of redshift-dependent astrometric properties.
In similar previous studies (Makarov et al. 2019; Liu et al. 2021; Huda et al. 2025), redshift information was primarily drawn from catalogues such as OCARS and LQAC. In addition to ground-based SDSS DR16 spectroscopy, the most recent OCARS (Malkin 2025) and LQAC-6 (Souchay et al. 2024) releases also include redshifts from the Gaia DR3 Quasar Source Classifier (QSOC; Delchambre et al. 2023). However, Huda et al. (2025) reported significant offsets relative to ground-based spectroscopy for 37.8% of QSOC redshifts. At the time of submission of this work, neither NED, OCARS, nor LQAC-6 included redshifts from the newly released DESI DR1 or SDSS DR19, although NED did contain redshifts from the earlier DESI EDR (DESI Collaboration 2024b).
The RFC cross-match table also provides source classifications primarily based on NED. We refined these classifications using spectroscopic information from SDSS and DESI, adopting a simplified scheme that separates RFC sources into galaxies and QSOs, while excluding objects with uncertain or missing classifications. This approach reduces classification complexity and facilitates a clearer comparison of redshift-dependent astrometric behaviour between the two populations. In future work, we plan to implement a more detailed spectroscopic classification, similar to that of Sexton et al. (2022), by identifying subclasses such as Seyfert I, Seyfert II, and blazars, and to include this information in an updated RFC redshift catalogue.
4.2 Comparison with previous studies
The median absolute and relative radio–optical offsets decrease significantly with increasing redshift over the range 0 < z < 1, while the absolute offset reaches a minimum at z ≃ 1.3 (Fig. 3). This overall decrease at low redshifts is consistent with the findings of Makarov et al. (2019), who reported a similar decline up to z ≃ 1.5 based on 2 074 ICRF3 radio-loud quasars cross-matched with Gaia DR2 positions and OCARS redshifts. The modest difference between the turnover redshifts identified in our study (z ≃ 1.3) and in theirs (z ≃ 1.5) is well within the expected uncertainties and likely reflects differences in sample selection and binning strategies. At higher redshifts, Makarov et al. (2019) found that the relative radio–optical offset becomes approximately constant, while the absolute offset increases steadily for z > 1.6. This result is consistent with our findings, in that the absolute offset exhibits a slight increase over the range 1.3 < z < 3.0, while the relative offset remains nearly constant beyond z > 1 in our sample. They attributed the rise in absolute offsets at high redshift to a combination of instrumental and astrophysical effects, including the systematic fading of G magnitudes with increasing redshift and the entrance of the C IV emission line into the Gaia G band at z > 1.6, which may shift the optical photocentre relative to the radio core. In our analysis, we find a similar redshift dependence of the G magnitudes (Fig. 6). At z < 1.3, the presence of host galaxies causes the G magnitudes of the total sample to become significantly brighter with increasing redshift, whereas at z > 1.3, both the QSOs and the full sample exhibit a mild fading trend, in agreement with Lambert et al. (2025). In addition, we find that the C IV emission line fully enters the Gaia G band (wavelength range 330–1050 nm) by z ∼ 1.48, as illustrated in Fig. A.1b. This implies that the C IV line begins to contribute appreciably to the G-band flux already at z ≃ 1.3, slightly earlier than the z ≃ 1.6 threshold suggested by Makarov et al. (2019). This earlier onset may partly explain the slightly lower turnover redshift found in our analysis.
Additionally, the redshift dependence of the BP − RP colour in our sample (Fig. 7) is consistent with the trend reported by Makarov et al. (2019). Over 0 < z < 1, the BP − RP colour of both QSOs and the total sample decreases significantly with increasing redshift. This behaviour reflects the diminishing contribution of red galaxies at higher redshift, together with the fact that the intrinsically stronger UV emission of QSOs is progressively redshifted into the BP band. At intermediate redshifts, a slight increase in BP − RP around z ≃ 1.5 may be related to the Mg II emission line entering the RP band. As shown in Fig. A.1, Mg II appears at ∼690 nm at z ∼ 1.48, just beyond the upper wavelength limit of the BP band (330–680 nm) and within the RP band (640–1050 nm), consistent with the interpretation of Makarov et al. (2019). At high redshift (z > 3), the BP − RP colour increases sharply for Lyα-forest QSOs. In this regime, the BP band is strongly affected by Lyα-forest absorption: as redshift increases, the Lyα break shifts redward across the BP band, causing a growing fraction of the band to be absorbed and the BP magnitude to become significantly fainter than the RP magnitude. This effect naturally explains the pronounced reddening observed at z>3.
Similarly, Liu et al. (2021) investigated the optical-to-radio offsets at the S/X, K, and X/Ka bands as a function of redshift for a sample of 456 ICRF3 sources with redshift measurements from the LQAC-5 catalogue. They found no evidence for a dependence of the optical-to-radio offset on the redshift. There are 934 ICRF3 sources in our sample, and the radio-optical offset as a function of redshift obtained from this subset exhibits a trend that is consistent with that of the total sample as shown in Fig. 3. The difference between our results and theirs may be explained by the much smaller number of sources in their sample, which limits the statistical robustness of their result. They also reported a clear dependence of both absolute and relative optical–to–radio offsets on the Gaia G magnitude: absolute offsets increase toward fainter sources, while relative offsets decrease with increasing G magnitude at all three radio bands. The increase of absolute offsets toward fainter G magnitudes is consistent with our findings. However, unlike Liu et al. (2021), we do not find evidence for a significant dependence of the relative radio-optical offsets on G magnitude (Fig. C.1).
Using Gaia DR3 astrometry for quasars in LQAC-6, Huda et al. (2025) showed that both the optical positional and proper-motion uncertainties follow an exponential dependence on G magnitude, consistent with the Gaia astrometric performance reported by Gaia Collaboration (2023). In agreement with these results, we find that the Gaia positional uncertainties (Fig. C.2), parallax uncertainties (Fig. C.3), and proper-motion uncertainties (Fig. C.4) in our sample all increase steeply toward fainter G magnitudes and are well described by exponential relations. Moreover, the measured proper motions exhibit a G-magnitude dependence that closely mirrors that of their uncertainties. This similarity indicates that the observed proper motions of RFC sources are, on average, dominated by random measurement uncertainties rather than intrinsic source motions.
Overall, we find that the Gaia optical positional uncertainties, parallax uncertainties, proper motions and their uncertainties, G magnitudes, and both absolute and relative optical–radio offsets of RFC sources exhibit a consistent redshift dependence: they decrease rapidly over 0 < z < 0.5, decline more gradually over 0.5< z< 1, and show little variation or only a weak increase at z > 1. At the same time, most of these quantities increase exponentially toward fainter G magnitudes. This strongly indicates that the apparent redshift dependence of these quantities mainly reflects their fundamental dependence on G magnitude, which is the dominant factor governing Gaia’s astrometric precision.
We therefore conclude that the redshift evolution of Gaia astrometric uncertainties is primarily a consequence of the redshift-dependent behaviour of the G magnitudes of RFC sources. The approximately constant median error-normalised proper motion (∼1.2) at z>0.5 further indicates that the observed Gaia proper motions in this regime are dominated by random measurement uncertainties. Similarly, the redshift dependence of the absolute optical–radio offsets is mainly driven by the behaviour of the optical positional uncertainties.
Physically, the evolution of G-band magnitude with redshift can arise from several factors, including changes in the dominant source population (e.g., a transition from galaxies to QSOs), the redshifting of strong spectral features into or out of the G band (such as C IV or Lyα), and distance-related selection effects. These factors naturally produce systematic variations in the G magnitude with redshift, which in turn govern the observed redshift dependence of Gaia astrometric parameters.
4.3 Difference between QSOs and galaxies
In this work, we separate RFC sources into galaxies and QSOs to investigate differences in the redshift evolution of their astrometric properties. At the same redshift, galaxies are systematically fainter than QSOs, with median G magnitudes of ∼20 and ∼19, respectively (Fig. 6). Since the G magnitude is the dominant factor determining Gaia astrometric precision (Gaia Collaboration 2023), this systematic faintness leads galaxies to exhibit larger optical astrometric uncertainties and consequently larger radio-optical positional offsets. In addition, galaxies show more negative measured parallaxes and larger proper motions than QSOs at the same redshift, reflecting increased measurement noise rather than intrinsic motions.
The photometric evolution further highlights the distinction between these two populations. For galaxies, both BP and RP magnitudes increase rapidly with redshift (Fig. 6) because these two bands correspond to bluer rest-frame wavelengths where galaxies are much fainter and this effect becomes stronger when the 4000 Å break shifts into the BP or RP bands. Thus, the flux in these bands drops sharply, causing the corresponding magnitudes to rise rapidly. In contrast, the spectra of QSOs are well described by a power law and remain bright in the UV band, resulting in much weaker redshift dependence in these bands. This effect is less pronounced in the broad G band because its wide wavelength coverage smooths over these spectral variations.
In addition to photometric effects, source morphology may also play an important role. As extended systems, galaxies are susceptible to photocentre shifts induced by structural features such as spiral arms, dust lanes, bulges, bars, tidal tails, or interaction-driven asymmetries, which can significantly increase astrometric uncertainties and optical–radio offsets (Kharb et al. 2026). QSOs intrinsically exhibit morphological structures such as jets, accretion disks, and in some cases, double or multiple systems that can induce photocenter shifts (Hwang et al. 2020; Lambert et al. 2021). However, most QSO sources are typically unresolved and effectively point-like in Gaia observations, making their measured centroids less sensitive to morphological structures than those of extended galaxies and rendering them more reliable astrometric reference sources (Gaia Collaboration 2022). This difference is directly reflected in Fig. C.2 where galaxies show larger optical positional uncertainties than QSOs at the same G magnitude, further resulting in larger parallax and proper motion uncertainties, as well as radio–optical offsets.
Finally, classification effects may partially blur the distinction between the two populations at low redshift. Some galaxies exhibit unusual broad emission-line components that may be misclassified as QSOs by automated spectral pipelines. Such misclassifications can make the statistical properties of QSOs at low redshift (0< z< 0.5) appear more similar to those of galaxies. In addition, genuine AGNs (including QSOs) at low redshift (0 < z < 0.5) often have partially resolved host galaxies, which introduce additional extended emission that complicates centroid determination and increases astrometric uncertainties. A more robust classification of galaxies and QSOs will therefore require future work involving careful spectra inspection and improved spectral fitting techniques.
5 Conclusion
We have combined DESI DR1 and SDSS DR17/DR19 spectroscopy with Gaia DR3 to construct a large and homogeneous sample of RFC sources with reliable redshifts and classifications. Using this sample, we investigate the redshift dependence of astrometric parameters from VLBI observations and Gaia DR3, providing additional observational support for the consistency between the optical and radio celestial reference frames.
The radio-related quantities, including radio positional uncertainties, structure index, and compactness, show no significant dependence on redshift within the current precision. In contrast, Gaia astrometric parameters exhibit clear redshift-dependent behaviour. For the total sample, optical positional uncertainties, proper-motion uncertainties, radio–optical offsets, and the G magnitude decrease rapidly over 0 < z < 0.5, decline more slowly over 0.5 < z < 1, and remain approximately constant at higher redshift, reflecting the transition from galaxy-dominated to QSO-dominated populations.
The absolute radio–optical offsets show an exponential dependence on G magnitude and are systematically larger for galaxies than for QSOs. While radio positional uncertainties depend only weakly on G magnitude, optical positional uncertainties increase exponentially toward fainter sources, indicating that radio–optical offsets are primarily driven by optical astro-metric errors. Parallaxes show no significant dependence on either redshift or G magnitude; for QSOs, the median parallax remains close to −0.02 mas, consistent with the known Gaia parallax zero-point offset. Proper motions and their uncertainties exhibit an exponential dependence on G magnitude, and the nearly constant median error-normalised proper motion (∼1.2) at z>0.5 indicates that the observed proper motions are dominated by random measurement uncertainties.
Galaxies are systematically fainter than QSOs, with median G magnitudes of ∼20 and ∼19, respectively, and therefore show larger Gaia astrometric uncertainties at a given redshift. Even at fixed G magnitude, galaxies exhibit larger uncertainties, implying an additional contribution from their extended morphology. Their BP and RP magnitudes fade rapidly with redshift as the 4000 Å break shifts into these bands, whereas QSOs show much weaker photometric evolution. Consequently, the colour evolution of the sample is governed by population changes at low redshift and by spectral-feature shifts at higher redshift. The BP − RP colour decreases over 0< z< 1, shows a mild increase near z≃1.5 due to Mg II entering the RP band, and rises sharply at z > 3 when the Lyα break crosses the BP band, extending previous studies (Makarov et al. 2019) to higher redshift.
In future, we will construct a more comprehensive redshift catalogue for RFC sources by using additional spectroscopic surveys and performing a more detailed classification. We will further complement these data with photometric redshifts and machine-learning estimates where spectroscopic measurements are unavailable. This will enable a more robust characterisation of redshift-dependent astrometric effects and further strengthen the optical–radio reference frame connection.
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Appendix A  Examples of DESI spectra
DESI targets five primary classes of objects, including Milky Way Survey (MWS) and backup-program stars, bright galaxies from the Bright Galaxy Survey (BGS; 0< z< 0.6), luminous red galaxies (LRGs; 0.4< z< 1.1), emission-line galaxies (ELGs; 0.6< z< 1.6), and quasars (QSOs; 0.9 < z < 4). For cosmological analyses, DESI further divides the QSO sample into “tracer” QSOs at z < 2.1 and Lyα forest QSOs at z>2.1, with the latter used as an independent probe of the matter-density field through absorption features in the Lyα forest. We show DESI spectra and their high-precision redshift measurements for three example sources in Fig. A.1: a BGS galaxy exhibiting Balmer emission lines (panel a), a “tracer” QSO showing Mg II, C III] and C IV lines (panel b), and a QSO showing Lyα emission line with Lyα forest (panel c). In each panel, a DESI Legacy Surveys DR9 image cutout of the source is shown on the left, together with the observed spectrum (red), the DESI pipeline best-fit spectrum (black), and the noise estimate (blue), while the source information derived from the pipeline fits is summarised in a table on the right. The table lists the redshift and its uncertainty, the redshift quality flag (ZWARN), the primary and secondary spectral classifications, and the ∆χ2 statistic from the pipeline fitting.
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Spectra of three example sources. Panel a: A Bright galaxy survey (BGS) galaxy exhibiting Balmer emission lines (z<0.6). Panel b: A “tracer” QSO showing Mg II, C III] and C IV lines (z < 2.1). Panel c: A Lyα forest QSO with a prominent Lyα emission line and associated Lyα forest absorption (z>2.1).




Appendix B  Cross-checking of redshifts from different methods
As shown in Fig. B.1, we performed cross-checking of redshifts between different methods. DESI spectroscopic redshifts are compared with the literature-based redshifts (panel a), and SDSS spectroscopic redshifts from DR17 and DR19 (panel c). Similarly, SDSS spectroscopic redshifts are cross-checked against the literature-based redshifts (panel b). We find that the majority of sources show good agreement in redshifts across different methods (|∆z| < 0.1). However, we find that DESI spectroscopic redshifts in the range 1.6< z< 1.7 show significant deviations from redshifts measured by other methods (panels a and c). In this work, for sources with both SDSS and DESI spectroscopic redshifts, we retained only those with consistent redshifts satisfying |∆z|<0.1 (panel d).
	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Cross-checking of redshifts derived from different methods. Panel a: Spectroscopic redshifts from DESI versus redshifts from other literature. Panel b: Spectroscopic redshifts from SDSS versus redshifts from other literature. Panel c: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS. Panel d: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS after excluding data points with offsets larger than 0.1, representing the most reliable subset of our final sample. In each panel, grey points represent the original data, the red diagonal dashed line shows the 1:1 relation. The two blue dashed lines mark the region 1.6 < z < 1.7 on the vertical axis, where DESI redshift measurements show known systematic issues. The two black dashed lines mark the region where |∆z| < 0.1; most data points fall within this region, indicating that the redshifts from the two independent measurements are largely consistent.




Appendix C  Astrometric properties as a function of G magnitude
In this work, we find that the absolute radio-optical offsets (Fig. C.1), the Gaia optical positional uncertainties (Fig. C.2), parallax uncertainties (Fig. C.3), proper motions and proper motion uncertainties (Fig. C.4) in our sample all increase steeply toward fainter G magnitudes and can be well described by an exponential dependence on G. In contrast, as shown in Fig. C.2, the median radio positional uncertainties increase only mildly and approximately linearly with G magnitude, from about 0.5 mas at G ∼18 to roughly 1.5 mas at G ∼ 21, which is significantly smaller than the corresponding optical positional uncertainties at faint G magnitudes. However, at a given G magnitude, both the absolute and relative radio–optical offsets are significantly larger for galaxies than for QSOs. The Gaia optical positional uncertainties are also significantly larger for galaxies than for QSOs, while the radio positional uncertainties are comparable between galaxies and QSOs. Taken together, these results indicate that the observed radio–optical offsets of RFC sources are most likely dominated by uncertainties in the Gaia optical positions rather than in the VLBI radio measurements.
	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.



	[image: Thumbnail: Fig. C.2 Refer to the following caption and surrounding text.]	Fig. C.2 Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.



	[image: Thumbnail: Fig. C.3 Refer to the following caption and surrounding text.]	Fig. C.3 Parallax (left) and parallax uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.



	[image: Thumbnail: Fig. C.4 Refer to the following caption and surrounding text.]	Fig. C.4 Proper motion (left) and proper motion uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.






1 https://astrogeo.org/sol/rfc/rfc_2025c/


2 https://bvid.astrophy.u-bordeaux.fr/



All Figures
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Redshift distribution of objects in this work. Panel a: the grey histogram shows sources with spectroscopic redshifts from DESI/SDSS, the blue and red histograms show the distributions of DESI and SDSS redshifts, respectively. Panel b: the same sample as panel a separated by spectral classification: green for galaxies, orange for QSOs, and pink for sources classified as stars or lacking a reliable classification.
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of redshift. For each panel, the orange data points indicate QSOs, the green data points indicate galaxies in the sample, and the grey data points indicate sources that are either unclassified or lack a reliable classification. The blue and red solid lines represent the median values of the galaxies and QSOs, respectively, whereas the purple line represents the median value of the total sample. In addition, to ensure the reliability of the results, median values are not shown for bins containing fewer than 20 data points.
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Parallax (left) and parallax uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Proper motion (left) and proper motion uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 G (left), BP (middle), and RP (right) magnitudes as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 BP − RP (left), G − RP (middle), and BP − G (right) colour indices as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Spectra of three example sources. Panel a: A Bright galaxy survey (BGS) galaxy exhibiting Balmer emission lines (z<0.6). Panel b: A “tracer” QSO showing Mg II, C III] and C IV lines (z < 2.1). Panel c: A Lyα forest QSO with a prominent Lyα emission line and associated Lyα forest absorption (z>2.1).
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	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Cross-checking of redshifts derived from different methods. Panel a: Spectroscopic redshifts from DESI versus redshifts from other literature. Panel b: Spectroscopic redshifts from SDSS versus redshifts from other literature. Panel c: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS. Panel d: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS after excluding data points with offsets larger than 0.1, representing the most reliable subset of our final sample. In each panel, grey points represent the original data, the red diagonal dashed line shows the 1:1 relation. The two blue dashed lines mark the region 1.6 < z < 1.7 on the vertical axis, where DESI redshift measurements show known systematic issues. The two black dashed lines mark the region where |∆z| < 0.1; most data points fall within this region, indicating that the redshifts from the two independent measurements are largely consistent.
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	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.
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	[image: Thumbnail: Fig. C.2 Refer to the following caption and surrounding text.]	Fig. C.2 Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.
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	[image: Thumbnail: Fig. C.3 Refer to the following caption and surrounding text.]	Fig. C.3 Parallax (left) and parallax uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.
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	[image: Thumbnail: Fig. C.4 Refer to the following caption and surrounding text.]	Fig. C.4 Proper motion (left) and proper motion uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.
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        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Redshift distribution of objects in this work. Panel a: the grey histogram shows sources with spectroscopic redshifts from DESI/SDSS, the blue and red histograms show the distributions of DESI and SDSS redshifts, respectively. Panel b: the same sample as panel a separated by spectral classification: green for galaxies, orange for QSOs, and pink for sources classified as stars or lacking a reliable classification.
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        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of redshift. For each panel, the orange data points indicate QSOs, the green data points indicate galaxies in the sample, and the grey data points indicate sources that are either unclassified or lack a reliable classification. The blue and red solid lines represent the median values of the galaxies and QSOs, respectively, whereas the purple line represents the median value of the total sample. In addition, to ensure the reliability of the results, median values are not shown for bins containing fewer than 20 data points.
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        Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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        Parallax (left) and parallax uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.

      

    

  
    
      Fig. 5 
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        Proper motion (left) and proper motion uncertainty (right) as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.

      

    

  
    
      Fig. 6 
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        G (left), BP (middle), and RP (right) magnitudes as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.
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        BP − RP (left), G − RP (middle), and BP − G (right) colour indices as functions of redshift. The meanings of the colours, data points, and lines are the same as those in Fig. 2.

      

    

  
    
      Fig. A.1 

      
        [image: Fig. A.1 Refer to the following caption and surrounding text.]
      

      
        Spectra of three example sources. Panel a: A Bright galaxy survey (BGS) galaxy exhibiting Balmer emission lines (z<0.6). Panel b: A “tracer” QSO showing Mg II, C III] and C IV lines (z < 2.1). Panel c: A Lyα forest QSO with a prominent Lyα emission line and associated Lyα forest absorption (z>2.1).

      

    

  
    
      Fig. B.1 

      
        [image: Fig. B.1 Refer to the following caption and surrounding text.]
      

      
        Cross-checking of redshifts derived from different methods. Panel a: Spectroscopic redshifts from DESI versus redshifts from other literature. Panel b: Spectroscopic redshifts from SDSS versus redshifts from other literature. Panel c: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS. Panel d: Spectroscopic redshifts from DESI versus spectroscopic redshifts from SDSS after excluding data points with offsets larger than 0.1, representing the most reliable subset of our final sample. In each panel, grey points represent the original data, the red diagonal dashed line shows the 1:1 relation. The two blue dashed lines mark the region 1.6 < z < 1.7 on the vertical axis, where DESI redshift measurements show known systematic issues. The two black dashed lines mark the region where |∆z| < 0.1; most data points fall within this region, indicating that the redshifts from the two independent measurements are largely consistent.

      

    

  
    
      Fig. C.1 

      
        [image: Fig. C.1 Refer to the following caption and surrounding text.]
      

      
        Absolute radio-optical offset (left) and relative radio-optical offset (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.

      

    

  
    
      Fig. C.2 

      
        [image: Fig. C.2 Refer to the following caption and surrounding text.]
      

      
        Positional uncertainty derived from RFC VLBI observations (left) and Gaia optical measurements (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.

      

    

  
    
      Fig. C.3 

      
        [image: Fig. C.3 Refer to the following caption and surrounding text.]
      

      
        Parallax (left) and parallax uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.

      

    

  
    
      Fig. C.4 

      
        [image: Fig. C.4 Refer to the following caption and surrounding text.]
      

      
        Proper motion (left) and proper motion uncertainty (right) as functions of G magnitude. The meanings of the colours, data points, and lines are the same as those in Fig. 2. Median values are not shown for bins containing fewer than 10 data points.
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