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Abstract

Context. Under certain conditions, stellar radial velocities can be determined from astrometry, without any use of spectroscopy. This enables us to identify phenomena, other than the Doppler effect, that are displacing spectral lines.

Aims. The change of stellar proper motions over time (perspective acceleration) is used to determine radial velocities from accurate astrometric data, which are now available from the Gaia and HIPPARCOS missions.

Methods. Positions and proper motions at the epoch of HIPPARCOS are compared with values propagated back from the epoch of the Gaia Early Data Release 3. This propagation depends on the radial velocity, which obtains its value from an optimal fit assuming uniform space motion relative to the solar system barycentre.

Results. For 930 nearby stars we obtain astrometric radial velocities with formal uncertainties better than 100 km s−1; for 55 stars the uncertainty is below 10 km s−1, and for seven it is below 1 km s−1. Most stars that are not components of double or multiple systems show good agreement with available spectroscopic radial velocities.

Conclusions. Astrometry offers geometric methods to determine stellar radial velocity, irrespective of complexities in stellar spectra. This enables us to segregate wavelength displacements caused by the radial motion of the stellar centre-of-mass from those induced by other effects, such as gravitational redshifts in white dwarfs.
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1 Introduction
Stellar radial velocities of enhanced precision are required for applications such as the tracing of stellar wobble caused by an exoplanet, motion against a binary companion, or velocity relative to nearby stars in a moving cluster. The common method of interpreting wavelength positions of spectral lines in terms of a Doppler shift caused by radial motion reaches a limit when accuracies much better than ~1 km s−1 are required. Even for objects with well-defined and rich spectra, limits are set by spectral line asymmetries and displacements caused by physical motions on the stellar surface and by gravitational redshifts. One step towards an improved understanding of such effects and their eventual mitigation is to measure stellar radial velocities also without the use of spectroscopy. With adequate accuracy and sufficient baselines in time, such determinations are now enabled through space astrometry.
Astrometric methods to determine the radial component of stellar motion include monitoring the secular change of the annual parallax, measuring changes in proper motion, and assessing the varying angular extent of moving clusters whose stars share the same space velocity (Dravins et al. 1999). Among these methods, the moving-cluster one offered the highest accuracy based on HIPPARCOS data (Perryman et al. 1997), and radial motions for stars in such clusters have been determined by de Bruijne et al. (2001), Leão et al. (2019), Lindegren et al. (2000), and Madsen et al. (2002). When combining astrometric data with spectroscopic data, it then becomes possible to search for phenomena, other than the Doppler effect, that are displacing stellar spectral lines (Lindegren & Dravins 2003; Madsen et al. 2003; Moschella et al. 2021; Pasquini et al. 2011; Pourbaix et al. 2002). In solar-type stars, both convective blueshifts and gravitational redshifts amount to ~0.5 km s−1, while the moving-cluster method enables accuracies of the order of a few hundred m s−1. Such levels are comparable to the modulation of apparent radial velocities by stellar magnetic activity (Meunier 2021).
2 Perspective change of proper motions
In this paper, we examine how perspective acceleration, measured as proper motions changing over time, permits the radial component of stellar motion to be determined. The potential of such astrometric observations was realised already long ago (Ristenpart 1902; Schlesinger 1917; Seeliger 1900); however, except for a few stars of very large proper motion, they were not practical to apply until adequate observational precision was achieved by space astrometry. By combining positions and proper motions from HIPPARCOS with old measurements from the Carte du Ciel and its Astrographic Catalogue, Dravins et al. (1999) obtained astrometric radial velocities for 16 stars with typical errors in the range of 30–40 km s−1. For one object, however, the data could be combined with the visual observations by Bessel from 1838, reducing the uncertainty to 11 km s−1. Recent data releases from the Gaia mission have enabled order-of-magnitude improvements over the past HIPPARCOS study, and they are thetopic of this paper.
Proper motions of stars change gradually with time even if their space motions are strictly uniform relative to the solar system barycentre (SSB). This perspective (or secular) acceleration is proportional to the radial velocity of the star and therefore allows the line-of-sight component of the space motion to be measured. An assumption is that the space motion is not significantly accelerated by the gravitational pull of a companion body. Because the perspective effect is proportional to the parallax and proper motion of the star, the method is limited to nearby single stars of high proper motion in practice. Contrary to the moving-cluster method, where the attainable precision is ultimately limited by internal motions in the cluster, the perspective acceleration method continues to improve for measurements accumulated over longer periods in time and, therefore, has a higher potential accuracy, albeit only for nearby, unperturbed stars.
3 Method and data
We applied the method to a sample of HIPPARCOS stars that also appear in the Gaia Early Data Release 3 (EDR3; Gaia Collaboration 2021). The nearly 25 yr epoch difference between HIPPARCOS (J1991.25) and EDR3 (J2016.0) is sufficient to give a potentially interesting precision of the astrometric radial velocity for hundreds of stars, although for many of them the measured acceleration is dominated by other effects.
Geometric effects cause the proper motion (μ) and parallax(ϖ) of nearby stars to change at the rates
[image: equation](1)
(e.g. Schlesinger 1917; van de Kamp 1977; Dravins et al. 1999), where ρ is the radial velocity and A is the astronomical unit1. Following Lindegren & Dravins (2003), we use ρ to designate the radial component of the space motion and vr for the (spectroscopic) radial velocity. The perspective acceleration refers to the effect given by [image: equation] in Eq. (1). Propagated over the time interval Δt (= 24.75 yr in this case), the accumulated change in proper motion is −2μϖρΔt∕A, in position −μϖρΔt2∕A, and in parallax −ϖ2ρΔt∕A. The largest changes are expected for Barnards’s star (HIP 87937) owing to its sizeable parallax (≃ 547 mas), proper motion (≃ 10 393 mas yr−1), and radial velocity (≃ − 110 km s−1). For this star, the perspective effects produce, over the 24.75 yr, a position difference of about 393 mas, an increase in the parallax by 0.84 mas, and an increase in the proper motion by about 32 mas yr−1.
Our method to obtain an astrometric estimate of ρ is simple in principle: for a given star, the astrometric parameters, as given in EDR3 for the epoch J2016.0, are propagated back in time to epoch J1991.25, where they are compared with the corresponding values in the HIPPARCOS catalogue, yielding the differences Δα cosδ, Δδ, Δϖ, Δμα*, and Δμα* in the five astrometric parameters. The propagation depends on the assumed value of ρ (at the epoch J2016.0), which is then adjusted for the best overall agreement with the data. We minimised the goodness-of-fit measure
[image: equation](2)
where Δ is the 5 × 1 matrix of the parameter differences, CH, CG are the covariance matrices for the corresponding parameters in the HIPPARCOS catalogue and the (propagated) Gaia data, and Δ′ is the transpose of Δ. Confidence intervals of the estimated ρ were obtained from the increase in χ2(ρ) around the minimum value; in particular, the 68% confidence interval (± 1σρ) is where [image: equation] (Press et al. 2007). For the HIPPARCOS data, we used the re-reduction by van Leeuwen (2007), with covariances computed as described in Appendix B of Michalik et al. (2014).
To identify HIPPARCOS stars in Gaia EDR3, we used the cross-match table gaiaedr3.hipparcos2_best_neighbour provided with the release; of the 99 525 HIPPARCOS entries in that table, 98 004 have valid positions and proper motions in both catalogues. However, it is not meaningful to attempt to estimate the radial velocity for all of them. As indicated by Eq. (1), the precision on ρ mainly depends on the size of the product μϖ, and we therefore consider only the 13 161 sources in this sample that have μϖ > 1000 mas2 yr−1 in EDR3.
The practical implementation of the method to estimate ρ is complicated by the need to use a very accurate algorithm for propagating the astrometric parameters and by possible systematic differences between the Gaia and HIPPARCOS data sets. We used the propagation formulae derived by Butkevich & Lindegren (2014), which assume uniform rectilinear motion relative to the SSB and rigorously take light-time effects into account in addition to the geometric effects in Eq. (1).
In Gaia EDR3, there are known issues with the parallax zero point as well as with the reference frame of the bright stars (G ≲ 13, which includes all HIPPARCOS stars). Moreover, the HIPPARCOS reference frame may differ systematically from the EDR3 frame even after the latter has been corrected for the known issues (e.g. Brandt 2021). All of this could produce errors of the order of 1 mas and 0.2 mas yr−1 in the calculated parameter differences Δ in Eq. (2), which would affect our estimation of ρ. In order to minimise their impact, we used the following correction procedure in three steps. In the first step, the EDR3 data were corrected by subtracting the parallax bias according to Lindegren et al. (2021) and the magnitude-dependent proper motion bias according to Cantat-Gaudin & Brandt (2021). The resulting EDR3 data are, to the best of our knowledge, absolute and on a non-rotating reference frame for all magnitudes.
In the second step, we propagated the corrected EDR3 data to the HIPPARCOS epoch and analysed the HIPPARCOS–Gaia differences in position and proper motion in terms of an orientation error (ε) and spin (ω) of the HIPPARCOS reference frame with respect to the (corrected) Gaia frame. This used the equations
[image: equation](3)
where the subscript H refers to the HIPPARCOS data as published by van Leeuwen (2007), G refers to the corrected and propagated Gaia data, and
[image: equation](4)
Using least-squares solutions weighted by the inverse combined variances, as in Eq. (2), this resulted in the estimates
[image: equation](5)
and
[image: equation](6)
Initially thefull set of 98 004 sources was included; however, after iteratively removing sources with significant residuals (mainly binaries), the final solutions used 86 914 sources for ε and 96 400 sources for ω. The uncertainties were estimated by bootstrap resampling. The offsets in Eqs. (5) and (6) are consistent with the estimated uncertainties of the HIPPARCOS reference frame, namely ± 0.6 mas for the components of ε(1991.25) and ± 0.25 mas yr−1 for the components of ω (Kovalevsky et al. 1997).
In the third and final step, the HIPPARCOS data were transformed to the (corrected) Gaia reference frame by subtracting Mε from the positions and Mω from the proper motions. These were then used together with corrected Gaia data to compute the parameter differences Δ in Eq. (2).
The various systematic corrections to the parallaxes and, in particular, the proper motions have a small but not entirely negligible impact on the estimated values of ρ. However, if none of the above corrections were applied, the resulting changes in ρ would in most cases be less than ±0.3σρ.
We note that other researchers have used similar techniques of combining HIPPARCOS and Gaia data for the somewhat orthogonal purpose of identifying astrometric binaries and stars dynamically accelerated by faint companions. Investigations based on the second release (DR2) of Gaia data include Brandt (2018) and Kervella et al. (2019), while Brandt (2021) provides an update using EDR3. In these studies the perspective effect was removed by adopting the spectroscopic radial velocity, when available, for the radial motion. In principle, the resulting χ2 (or similar) then includes a contribution from a possible difference between the astrometric and spectroscopic velocities; however, in general our method tends to give a high [image: equation] for the same stars that are identified as accelerated in these other studies.
4 Determined radial velocities
When the algorithm outlined above is applied to the selected sample of HIPPARCOS stars, most of them obtain physically unrealistic values of ρ and/or very large formal uncertainties σρ. For 930 stars, we find | ρ | < 2000 km s−1 and σρ < 100 km s−1 and in Table 1 we give the results for the 55 entries among them having σρ < 10 km s−1. Of the 930 stars, all but four have spectroscopic radial velocities (vr) in the SIMBAD database (Wenger et al. 2000), and in Fig. 1 we show the distribution of ρ − vr for these stars as the light-blue histogram. Their median ρ − vr is + 2.3 km s−1 and the interquartile range (IQR) is 101.3 km s−1. The sub-sample of 852 stars that also have a reasonably good fit is shown in darker blue, [image: equation], indicating that the stars are perhaps not strongly perturbed by a companion. For these stars the median difference is + 1.2 km s−1 and the IQR is 95.5 km s−1.
For a number of the high-precision stars with small or moderate [image: equation], the agreement between the astrometric and spectroscopic values is remarkable. This is illustrated in the top panel of Fig. 2, where the two quantities are plotted against each other for the sub-sample with [image: equation]. The correlation is especially clear for the high-precision points shown in darker colours. Excluding the outlier van Maanen 2 (see Sect. 5.1), a least-squares fit to the remaining 851 data points, weighted by [image: equation], yields
[image: equation](7)
The reduced chi-square of this fit is high, about 8.3, as can be expected from the presence of a number of binaries in the sample. The closeness of Eq. (7) to the equality relation ρ = vr, nevertheless, suggests that the binaries do not bias the population mean of ρ. The lower panel in Fig. 2 shows the velocity differences, with error bars, for the sub-sample in Table 1.
The uncertainties of ρ given in the table and diagrams are formal ones obtained as described in Sect. 3, based on the astrometric uncertainties provided in the HIPPARCOS and Gaia EDR3 catalogues. From a comparison of these two catalogues, Brandt (2021) concludes that the uncertainties in EDR3, for these bright sources, are underestimated by a factor of 1.37. If this is also the case for the present high-precision sub-sample, the uncertainties in Table 1 on average should be multiplied by a factor ≃ 1.2, and [image: equation] by a factor ≃ 0.9. It would however have a negligible impact on the estimated values of ρ.
Many entries in Table 1 show a large discrepancy between ρ and vr (by many times the formal uncertainty)combined with a large [image: equation]. These may be components of physical systems where the mutual perturbations cause dynamical accelerations that strongly bias the estimated ρ. A prime example is the binary system 61 Cyg AB (HIP 104214+104127), where the application of the method in Sect. 3 to the individual components gives [image: equation] of 249 and 29 285, respectively.
For binaries such as this, the method should instead be applied to the centre of mass (CM) of the system, yielding an estimate of the systemic ρ. Given the mass ratio q = MB∕MA, the astrometric parameters (a) of the CM in each catalogue can be computed as (aA + qaB)∕(1 + q), with covariance [image: equation]. Propagatingthese parameters from EDR3 to the HIPPARCOS epoch and applying Eq. (2) yields a function χ2 (ρ, q) from which it may be possible to estimate both the (systemic) ρ and the mass ratio q.
Because the mass ratio equals the inverse ratio of the dynamical accelerations (e.g. Eq. (24) in Kervella et al. 2019), it is only possible to determine the mass ratio when the measured accelerations are significantlydifferent for the two components, leading to significantly different (and biased) estimates of ρ when the dynamical contributions are neglected. In addition to 61 Cyg AB (with Δρ ≡ ρB − ρA = −33.54 ± 3.76 km s−1), there are two other systems that fulfil this condition: HIP 91768+91772 (Δρ= −347.55 ± 9.80 km s−1) and HIP 45343+120005 (Δρ= −552.68 ± 41.26 km s−1). Estimates ofq and the centre-of-mass ρ for these systems are given in Table 2. For comparison, the table also gives the estimated ρ and [image: equation] when the mass ratio is constrained to the value based on evolutionary models (for 61 Cyg, from Kervella et al. 2008), or the absolute K band magnitude (for GJ 338 and GJ725, from Kervella et al. 2019 using the calibration by Mann et al. 2015). The q values used in the constrained solutions are given without error limits in the second line of each object in Table 2. For a separate discussion of 61 Cyg AB, see Sect. 5.4.
For many more pairs, it is possible to compute a systemic ρ by assuming a particular value of q for the pair, for example, based on infrared photometry. While these estimates are less biased by dynamical acceleration than the component values ρA and ρB and, therefore, often in much better agreement with the spectroscopic values, we do not report them here as they are to a good approximation given by the weighted averages ρCM = (ρA + qρB)∕(1 + q).
5 Notes on individual objects
5.1 HIP 3829 (van Maanen 2)
In Fig. 2, one strikingly deviating point at vr = 263 km s−1 and ρ = −12 ± 7 km s−1 is van Maanen 2 (HIP 3829 or Wolf 28). At a distance of 4.3 pc, this is the closest single white dwarf and, after Sirius B and Procyon B, the third nearest. Theestimated ρ gives almost perfect agreement between the EDR3 and HIPPARCOS data ([image: equation] for 4 dof).
Although the presence of a possible companion has been suggested, deep infrared imaging (Burleigh et al. 2008) and searches for binarity from possible proper-motion anomalies by Kervella et al. (2019) seem to exclude any nearby orbiting companion more massive than 2 MJup.
The strongly deviant spectroscopic value cannot be reconciled with the astrometric data for any reasonable amount of gravitational redshift. The spectroscopic number is the one generally quoted in catalogue compilations, entering databases such as SIMBAD (Duflot et al. 1995; Gontcharov 2006), and it merits closer scrutiny. In tracing the origins of this quantity, one finds it to come from the General Catalogue of Stellar Radial Velocities (Wilson 1953). Examining the remarks in the printed version of this catalogue2, one finds this value to arise from an observation made at Mt. Wilson Observatory, in a listing of stars with large radial velocities by Adams & Joy (1926). In that work, data for most stars are based upon several spectrograms, although ‘in a few cases of exceptional interest’, even a single observation was included. The stars are typically of visual magnitude 7–9, with van Maanen 2 being the faintest of that sample at V = 12.3 (the second faintest had V = 10.8). Only one exposure was recorded with the lowest resolution camera, and the deduced value is further marked as ‘subject to especial uncertainty’. Clearly, this cannot be seen as a precise or reliable measurement.
Together with other white dwarfs, van Maanen 2 was later observed with the Hale telescope on Palomar by Greenstein & Trimble (1967), yielding vr = +54 km s−1, a value those authors classified as ‘reliable’. In a somewhat later reexamination, Greenstein (1972) arrived at + 39 km s−1 from measuring numerous spectrograms, but with differences between various spectral lines. For such faint sources with very diffuse spectral lines, measured values may fluctuate greatly depending on the spectrograph dispersion and the depth of photographic exposure (Greenstein 1954). Even more precise spectral recordings face challenges: by using only the Ca II K line, Aannestad et al. (1993) obtained vr = +15 km s−1, but a fit to both the H and K lines instead gave + 54 km s−1, probably influenced by pressure shifts in the white-dwarf atmosphere.
The large proper motion of van Maanen 2 caused Oort (1932, page 287), expanding on an earlier suggestion by Russell & Atkinson (1931), to suggest the use of secular changes in proper motion to distinguish the gravitational redshift from actual radial motion, envisioned to be feasible after 30 or 40 yr of observations. Using the long-focus Sproul refractor during 1937–1970, van de Kamp (1971) derived a value for the astrometric velocity, with a significant uncertainty but remarkably consistent with the early spectroscopic measurements. However, Gatewood & Russell (1974) pointed out an error in those calculations. Using images from even longer time series with the Allegheny refractor, they deduced a new value with an astrometric velocity of + 6 ± 15 km s−1 and argued that this implies a plausible gravitational redshift. The Sproul plate series were continued until 1976, and they were re-measured by Hershey (1978), who then found an astrometric value of + 25 ± 18 km s−1.
The actual gravitational redshift depends on the white-dwarf mass. In a spectrophotometric study, Giammichele et al. (2012) obtained the mass 0.68±0.02 M⊙, implying a likely redshift of the order of 40 km s−1, thus leaving a contribution to the wavelength shift caused by the stellar motion that is reasonably consistent with our astrometric value of − 12 ± 7 km s−1.
The misperception of the anomalously large spectroscopic value for this star seems to have originated by the quoting and re-quoting of one particular uncertain observation, whereupon its inclusion in general catalogues was chosen as being the value that had the greatest number of citations. Such a case is by no means unique. For an example where early 19th century visual observations of suggested stellar variability were carried over into modern catalogues, see Dravins et al. (1993).
Table 1 
Estimated astrometric radial velocities for selected HIPPARCOS stars in order of increasing formal uncertainty.

Table 2 
Estimated systemic astrometric radial velocities and mass ratios for physical pairs.

	[image: thumbnail]	Fig. 1 Distribution of the difference ρ − vr between the astrometric and spectroscopic radial velocities for two samples of HIPPARCOS stars. Light blue: 926 stars with | ρ | < 2000 km s−1, σρ < 100 km s−1, and with radial velocities in SIMBAD. Dark blue: sub-sample of 852 stars that, in addition, have 
[image: equation]. The bin size is 50 km s−1.



	[image: thumbnail]	Fig. 2 Comparison of the astrometric and spectroscopic radial velocities. Top: astrometric versus spectroscopic values for the sample shown as the dark blue histogram in Fig. 1 and colour-coded according to the formal uncertainty (σρ) of the astrometric radial velocity estimate. The black line is the 1:1 relation. There are 28 data points that fall outside the limits ofthis plot. Bottom: difference between the astrometric and spectroscopic velocities for the sub-sample with σρ < 10 km s−1 (corresponding to Table 1), with error bars at ±σρ. There are 11 data points outside of this plot.



5.2 HIP 57367 (LAWD 37)
Obtaining accurate gravitational redshifts in white dwarfs remains a challenge. Only in the particular nearby system of Sirius B, observed from Hubble Space Telescope, has a precise value of 80.65 ± 0.77 km s−1 been measured for its rather massive white dwarf (Barstow et al. 2005; Joyce et al. 2018).
In Table 1 the white dwarf with the most precise determination of astrometric radial velocity is LAWD 37 (HIP 57367 or GJ 440) with ρ = +28 ± 5 km s−1. As van Maanen 2, it fits the combined HIPPARCOS and Gaia EDR3 astrometry almost perfectly and has no known companion (Schroeder et al. 2000; Kervella et al. 2019). It does not have a spectroscopic velocity in SIMBAD, but it is clearly an interesting target for the determination of the gravitational redshift if a spectroscopic vr is obtained and an improved astrometric value can be derived using future releases of Gaia data. The significance of such data is enhanced by the prospects of measuring its mass from gravitational microlensing (Klüter et al. 2020; McGill et al. 2018, 2020).
Based on HIPPARCOS and Gaia DR2 data, Kervella et al. (2019) identified a proper-motion anomaly for LAWD 37 at a signal-to-noise ratio of 4.9, which could suggest the presence of a massive companion. That result, however, is not supported by the present study.
5.3 HIP 87937 (Barnard’s star)
This nearby red dwarf yields the most precise velocity value, with an uncertainty comparable to the star’s expected gravitational redshift. At these accuracy levels, differences between spectroscopic and astrometric values may start to provide unique astrophysical information. A feature of both Barnard’s star and other red dwarfs, is the presence of additional effects that are modulating the stellar spectrum. Precise Doppler monitoring sets limits on possible exoplanets (Choi et al. 2013; Kürster et al. 2003; Zechmeister et al. 2009), while variability in chromospheric emission lines suggests a long-term activity cycle (Gomes da Silva et al. 2012; Toledo-Padrón et al. 2019), accompanied by occasional flaring (Paulson et al. 2006). ‘Chromatic’ radial velocities obtained from different parts of the spectrum may segregate signatures from magnetic activity, convection, or other effects (Baroch et al. 2020); however, obtaining a zero point for the different wavelength shifts, corresponding to the radial motion of the stellar centre-of-mass, does require astrometry.
Analogous considerations apply to other red dwarfs including Proxima Centauri and Kapteyn’s star. Nearby red dwarfs are numerous (making up 35 out of the 55 entries in Table 1), and they can be expected to display statistically similar properties. Even if an adequate accuracy cannot yet be obtained for each of them, there is the prospect of averaging astrometric and spectroscopic velocities for groups of such M-dwarfs to identify features in their spectroscopic signatures once adequate data are available for a sufficient number of them. As mentioned in connection with Eq. (7), the possible presence of perturbing companions to some of the stars should not systematically bias the mean astrometric radial velocity for such a group.
5.4 HIP 104214 + 104217 (61 Cyg AB)
For the binary system 61 Cyg AB, we derived the mass ratio MB ∕MA = 0.758 ± 0.049 from the combined HIPPARCOS and Gaia EDR3 astrometry. This gives a significantly better fit to the combined astrometry than the higher mass ratio 0.877 estimated from evolutionary models by Kervella et al. (2008). As discussed therein, the masses of the components are not well constrained by observations and the mass ratio derived here is well within the range of previous dynamical estimates. However, both components are very bright for Gaia (G = 4.77 and 5.45 mag) and the astrometry in EDR3 is known to degrade rapidly for G ≲ 6 mag (Lindegren et al. 2018), which could bias our result.
In Dravins et al. (1999), we derived an astrometric radial velocity for 61 Cyg of ρ = −68.0 ± 11.1 km s−1. This was obtained from a combination of HIPPARCOS data and the visual observations by Bessel (1838), made in 1837–38 as part of his successful campaign to measure the parallax of the system. Considering that the perspective effect in position increases quadratically with the temporal baseline, it might still be relevant to consider Bessel’s measurements in combination with the Gaia and HIPPARCOS data. However, we have not been able to obtain a consistent solution including all three kinds of data. If this inconsistency would be caused by the problem in EDR3 mentioned above for the very bright stars, the results in Table 2 for this system should be viewed with caution.
6 Conclusions
The feasibility of determining radial velocities from purely geometric measurements was already realised long ago, along with its ensuing observational demands. In evaluating the observability of van Maanen’s star, Russell & Atkinson (1931) wrote: ‘in a century or less the true radial velocity of a star of such large proper motion and parallax as this could be found from the second order term in the proper motion’. Accuracies realised in space astrometry now permit such measurements over more manageable timescales. The most precise results should be obtainable for the nearest stars but, unfortunately, the brighter of those are still difficult to observe. Proxima Centauri yielded a precise value (Table 1), but the other components of the α Cen system weretoo bright to be included in Gaia EDR3 and they may have to be tied to the Gaia reference frame by means of other instruments (e.g. Akeson et al. 2021) or await future exploration of space observations. Already now, the method permits one to estimate gravitational redshifts of white dwarfs and to set limits on convective shifts in other stars.
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1  With radial velocity expressed in km s−1 and the astrometric quantities in milliarcseconds (mas), mas per Julian year (yr), and mas yr−2, we have A = (149 597 870.7 km) × (648 000 000∕π mas rad −1)∕(365.25 × 86 400 s yr−1) = 9.7779222168… × 108 mas km yr s−1.


2 For example http://publicationsonline.carnegiescience.edu/publications_online/stellar_radial_velocities.pdf
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      Table 1 

      Estimated astrometric radial velocities for selected HIPPARCOS stars in order of increasing formal uncertainty.

      
        


	HIP
	Name
	Sp
	vr
	ρ
	[image: equation]
	Remark





	87937
	Barnard’s star
	M4V
	− 110.35
	−110.92 ± 0.37
	7.3
	


	114046
	HD 217987
	M2V
	+ 8.82
	+5.86 ± 0.50
	9.2
	


	54035
	HD 95735
	M2+V
	− 84.69
	−86.15 ± 0.68
	22.3
	


	24186
	HD 33793
	M1VIp
	+ 245.23
	+244.11 ± 0.70
	7.4
	Kapteyn’s star



	104217
	61 Cyg B
	K7V
	− 64.25
	−80.86 ± 0.74
	29284.9
	see Table 2



	70890
	Proxima Centauri
	M5.5Ve
	−22.40
	−23.20 ± 0.74
	7.6
	


	57939
	HD 103095
	K1V_Fe-1.5
	−98.01
	−98.61 ± 0.99
	39.3
	Groombridge 1830



	1475
	V GX And
	M2V
	+ 11.82
	−57.57 ± 1.28
	391.7
	


	54211
	BD+44 2051
	M1.0Ve
	+68.75
	+80.97 ± 1.85
	17.2
	


	36208
	BD+05 1668
	M3.5V
	+18.22
	+15.08 ± 1.87
	5.1
	Luyten’s star



	105090
	V AX Mic
	M1V
	+20.56
	+19.82 ± 1.91
	12.4
	


	108870
	ε Ind
	K5V
	−40.03
	−64.19 ± 2.55
	464.1
	


	49908
	HD 88230
	K6VeFe-1
	−25.92
	−25.45 ± 2.75
	16.5
	


	25878
	HD 36395
	M1.5Ve
	+8.63
	+20.63 ± 2.87
	6.8
	


	67155
	HD 119850
	M2V
	+15.81
	+23.35 ± 3.61
	6.2
	


	104214
	61 Cyg A
	K5V
	−65.82
	−47.32 ± 3.69
	248.9
	see Table 2



	55360
	V SZ UMa
	M2V
	+60.43
	+68.24 ± 4.28
	4.5
	


	85295
	HD 157881
	K7V
	−23.52
	−28.96 ± 4.50
	3.0
	


	84478
	V V2215 Oph
	K5V
	−0.09
	+0.15 ± 4.57
	31.6
	


	80824
	BD−12 4523
	M3V
	−21.22
	−34.11 ± 4.83
	0.5
	


	57367
	LAWD 37
	DQ
	–
	+28.05 ± 4.91
	1.1
	


	91768
	HD 173739
	M3V
	−0.77
	+ 138.52 ± 5.28
	564.3
	see Table 2



	76074
	CD−40 9712
	M2.5V
	+21.46
	+1.70 ± 5.51
	6.2
	


	41926
	HD 72673
	K1V
	+14.72
	+15.98 ± 5.64
	10.2
	


	114622
	HD 219134
	K3V
	−18.48
	−7.77 ± 5.79
	20.7
	


	94761
	HD 180617
	M3-V
	+35.88
	+18.07 ± 5.95
	3.2
	


	23311
	HD 32147
	K3+V
	+21.62
	+37.02 ± 6.09
	15.2
	


	79537
	HD 145417
	K3VFe-1.7
	+8.73
	−2.52 ± 6.46
	8.2
	


	65859
	BD+11 2576
	M1.0Ve
	+14.56
	+31.01 ± 6.59
	2.2
	


	117473
	V BR Psc
	dM1
	− 71.13
	− 66.57 ± 6.65
	6.4
	


	86162
	BD+68 946
	M3.0V
	− 28.76
	− 17.96 ± 6.73
	3.1
	


	85523
	CD−46 11540
	M3V
	− 2.90
	− 25.05 ± 6.85
	1.1
	


	3829
	Wolf 28
	DZ7.5
	+ 263
	− 11.74 ± 7.11
	1.7
	van Maanen 2



	106440
	HD 204961
	M2/3V
	+ 13.16
	− 127.25 ± 7.16
	33.8
	


	57548
	Ross 128
	dM4
	− 31.07
	− 30.13 ± 7.18
	3.0
	


	73184
	HD 131977
	K4V
	+ 26.99
	+ 207.16 ± 7.34
	120.4
	


	83591
	HD 154363
	K4/5V
	+ 34.03
	+ 33.34 ± 7.39
	8.7
	


	58345
	HD 103932
	K4+V
	+ 48.57
	+ 63.16 ± 7.41
	3.8
	


	8102
	τ Cet
	G8V
	− 16.60
	− 32.31 ± 7.60
	5.4
	


	4856
	Ross 318
	M3.0Ve
	+ 1.52
	+ 14.19 ± 7.65
	2.6
	


	26857
	Ross 47
	M4V
	+ 105.88
	+ 127.17 ± 7.92
	2.2
	


	91772
	HD 173740
	M3.5V
	+ 1.10
	− 209.03 ± 8.26
	956.5
	see Table 2



	98792
	HD 190404
	K1V
	− 2.47
	+ 28.73 ± 8.74
	7.5
	


	104432
	Wolf 918
	M1V
	− 58.26
	− 66.01 ± 9.03
	2.9
	


	86287
	BD+18 3421
	M1.5Ve
	− 9.51
	+ 4.05 ± 9.03
	0.6
	


	86990
	L 205−128
	M3.5V
	− 42.94
	− 56.77 ± 9.05
	3.1
	


	74235
	HD 134439
	sd:K1Fe-1
	+ 309.99
	+ 318.52 ± 9.11
	2.3
	


	82588
	HD 152391
	G8.5Vk:
	+ 45.12
	+ 27.75 ± 9.12
	9.4
	


	21088
	G 175−34
	M4.0Ve
	+ 28.80
	+ 74.92 ± 9.18
	356.6
	


	112460
	V EV Lac
	M4.0V
	+ 0.29
	− 31.82 ± 9.18
	3.4
	


	10279
	BD+02 348
	M1V
	− 2.56
	− 1.46 ± 9.23
	1.7
	


	67090
	BD+18 2776
	M1V
	+ 18.90
	+ 17.61 ± 9.42
	18.8
	


	29295
	HD 42581
	M1V
	+ 4.73
	− 1011.33 ± 9.50
	4885.0
	


	113020
	BD−15 6290
	M3.5V
	− 1.60
	+ 17.33 ± 9.59
	3.8
	


	60559
	Ross 695
	dM2.0
	+ 51.19
	+ 47.33 ± 9.97
	0.6
	



      

      
Notes. Column 1: HIPPARCOS identifier. Columns 2–4: main identifier, spectral type, and (spectroscopic) radial velocity (vr in km s−1) as given in SIMBAD. Column 5: estimated astrometric radial velocity (ρ) at epoch J2016.0 and its formal uncertainty (±σρ), both in km s−1. Column 6: goodness-of-fit in Eq. (2) for the estimated ρ (4 degrees of freedom).




    

  
    
      Table 2 

      Estimated systemic astrometric radial velocities and mass ratios for physical pairs.

      
        


	System
	HIP (A)
	HIP (B)
	vr (CM)
	ρ (CM)
	q
	[image: equation] (dof)



	 	 	 	 	 	 	 





	GJ 338 AB
	45343
	120005
	+ 11.51
	+ 152.82 ± 32.00
	0.452 ± 0.092
	9.60 (3)



				+ 11.67
	+ 50.83 ± 20.76
	0.959
	26.41 (4)



	


	GJ 725 AB
	91768
	91772
	− 0.11
	+ 16.71 ± 6.31
	0.544 ± 0.030
	49.90 (3)



				+ 0.04
	− 11.27 ± 4.79
	0.766
	89.71 (4)



	


	61 Cyg AB
	104214
	104217
	− 65.14
	− 65.53 ± 2.25
	0.758 ± 0.049
	5.39 (3)



				− 65.09
	− 67.03 ± 2.03
	0.877
	11.29 (4)




      

      
Notes. Column 1: name of the system. Columns 2–3: HIPPARCOS identifiers of the components. Column 4: spectroscopic radial velocity (in km s−1) for the centre of mass (CM), using component values from SIMBAD and the given mass ratio. Column 5: estimated astrometric radial velocity of the centre of mass and its formal uncertainty (± σρ), both in km s−1. Column 6: estimated or assumed mass ratio q = MB∕MA. Column 7: goodness-of-fit with the number of degrees of freedom in brackets. For each system, the first line shows the result when both ρ and q are fitted, and the second shows the result when q is constrained to the value in the line (see text for references).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Distribution of the difference ρ − vr between the astrometric and spectroscopic radial velocities for two samples of HIPPARCOS stars. Light blue: 926 stars with | ρ | < 2000 km s−1, σρ < 100 km s−1, and with radial velocities in SIMBAD. Dark blue: sub-sample of 852 stars that, in addition, have 
[image: equation]. The bin size is 50 km s−1.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Comparison of the astrometric and spectroscopic radial velocities. Top: astrometric versus spectroscopic values for the sample shown as the dark blue histogram in Fig. 1 and colour-coded according to the formal uncertainty (σρ) of the astrometric radial velocity estimate. The black line is the 1:1 relation. There are 28 data points that fall outside the limits ofthis plot. Bottom: difference between the astrometric and spectroscopic velocities for the sub-sample with σρ < 10 km s−1 (corresponding to Table 1), with error bars at ±σρ. There are 11 data points outside of this plot.
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