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Abstract

Context. White dwarf masses are among the most important properties used to constrain their past and future evolution. Direct estimates of white dwarf masses are crucial for assessing the validity of theoretical evolutionary models and methods of analysis.

Aims. The main goal of this work was to measure the masses and radii of white dwarfs that belong to widely separated, common proper-motion binaries with non-degenerate companions. These can be assessed, independently from theoretical mass-radius relations, through measurements of gravitational redshifts and photometric radii.

Methods. We studied 50 white dwarfs with hydrogen-dominated atmospheres, performing a detailed analysis of high-resolution (R ≈ 18 500) spectra via state-of-the-art grids of synthetic models and specialized software. We measured accurate radial velocities from the Hα and Hβ line cores to obtain the white dwarf gravitational redshifts. Jointly with a photometric analysis, formalized by a Bayesian inference method, we measured precise radii for the white dwarfs in our sample, which allowed us to directly measure the white dwarf masses from their gravitational redshifts.

Results. The distributions of measured masses and radii agree within 6% (at the 1-σ level) from the theoretical mass-radius relation, thus delivering a much smaller scatter in comparison with previous analyses that used gravitational redshift measurements from low-resolution spectra. Our comparison against model-dependent spectroscopic estimates produces a larger scatter of 15% on the mass determinations. We find an agreement within ≈10% from previous model-based, photometric mass estimates from the literature.

Conclusions. Combining gravitational redshift measurements and photometric analysis of white dwarfs delivers precise and accurate empirical estimates of their masses and radii. This work confirms the reliability of the theoretical mass-radius relation from the lightest to the heaviest white dwarfs in our sample (≈0.38–1.3 M⊙).
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1. Introduction
Stellar masses, along with their initial chemical composition and rotation, are a key ingredient of theoretical evolutionary models (Hurley et al. 2000; Ekström et al. 2012). Despite its importance, measuring precise stellar masses remains a difficult task (Popper 1980; Serenelli et al. 2021), which can be made easier for visual binaries and often requires precise spectro-photometric characterization and trigonometric parallaxes. White dwarfs, which are the most common end product of stellar evolution, are not exempt from this problem.
White dwarfs are fundamental for constraining important aspects of stellar evolutionary models (e.g., the initial-to-final-mass relation linking white dwarf masses to those of their progenitors; Marigo 2022) or global properties of the Milky Way, such as the star formation history (e.g., Tremblay et al. 2014; Torres et al. 2021; Cukanovaite et al. 2023), which are directly connected to the white dwarf mass distribution (Tremblay et al. 2016; Jiménez-Esteban et al. 2023) and luminosity functions (García-Berro & Oswalt 2016). White dwarfs do not sustain nuclear burning in their cores and their structure is supported by electron degeneracy pressure; thus, their evolution is a cooling process that shapes their mass-radius relation as a function of time (Althaus et al. 2010). Due to their Earth-sized radii, average white dwarfs are intrinsically faint stars that pose observational difficulties to their identification and accurate characterization.
Even before the publication of Gaia Data Release 1 (Gaia Collaboration 2016), the mass-radius relation for a limited number of white dwarfs with measured parallaxes had been tested via model-dependent spectroscopic determinations of surface gravities (e.g., Provencal et al. 1998; Holberg et al. 2012), but the improvement provided by the Gaia parallaxes has been notable both in terms of precision and accuracy (Tremblay et al. 2017; Bédard et al. 2017). Nowadays, a statistically significant all-sky sample of white dwarfs, containing at least 350 000 reliable candidates (Jiménez-Esteban et al. 2018; Gentile Fusillo et al. 2019, 2021), has been identified in Gaia Data Release 2 (Gaia Collaboration 2018) and the Early Data Release 3 (EDR3; Gaia Collaboration 2021). As a result, excellent comparisons have been achieved for about 10 000 white dwarfs with existing low-resolution spectra and broad-band photometry (Bergeron et al. 2019; Tremblay et al. 2019). On the other hand, very precise and accurate results are also achievable with complementary methods, including the analysis of white dwarfs in eclipsing binaries that have enabled a detailed characterization of low-mass helium (He) or carbon-oxygen (CO) core objects that are formed via binary interactions (Parsons et al. 2017). The disadvantage of the eclipsing binaries is that the majority of white dwarfs have low masses due to their evolution through a common envelope phase; thus, the mass-radius relation is not easily tested in the high-mass white dwarf regime.
Before the Gaia era, a number of authors attempted to derive white dwarf masses from the measure of their gravitational redshifts in pioneering works (Adams 1925; Popper 1954; Greenstein & Trimble 1967; Trimble & Greenstein 1972; Greenstein & Trimble 1972; Wegner 1974). This method is suitable for all mass ranges, as the general theory of relativity predicts for the light emitted by a massive object to be systematically displaced by a gravitational-redshift factor, vgr = GM/cR; where G is the gravitational constant, c is the speed of light, and M and R are the mass and radius of the considered object.
The lack of high-resolution spectroscopy for white dwarfs is what mostly plagues the measurements of gravitational redshifts. In fact, it is widely known that radial velocities measured from low-resolution spectra can introduce relatively large systematic uncertainties and scatter around the true value (Chandra et al. 2020; Raddi et al. 2022; Arseneau et al. 2024). This issue is due to the Stark effect, which causes the pressure-broadened lines to be characterized by asymmetries and pressure shifts. Such a phenomenon has been widely studied for the Balmer lines of hydrogen-atmosphere (DA spectral type) white dwarfs, which exhibit a discrepancy among their individual radial velocities by a few tens of km/s (Wiese & Kelleher 1971; Grabowski et al. 1987; Halenka et al. 2015). The narrow cores of the Hα and Hβ lines are almost unaffected by the pressure shifts (< 1 km/s systematic shifts; Napiwotzki et al. 2020) because they form in the upper layers of stellar atmospheres in non-local thermodynamic equilibrium (NLTE) conditions, where Doppler broadening dominates; thus, due to the typically slow rotation of white dwarfs, they have narrow Gaussian profiles (Koester & Herrero 1988; Heber et al. 1997). These sharp line-cores can be used to measure accurate radial velocities from sufficiently high-resolution spectra (σv < 10 km/s; Napiwotzki et al. 2020). Under the assumption that peculiar velocities of randomly selected white dwarfs would cancel out, Falcon et al. (2010) showed that the mean mass-distribution of the white dwarf population can be retrieved from their distribution of gravitational redshifts measured from high-resolution spectra, thereby confirming the value of such data. More recent works by Crumpler et al. (2024) used the same idea to derive an empirical mass-radius relation, by binning with a bootstrapping procedure the masses and radii obtained from ≈26 000 isolated white dwarfs with low-resolution spectra from SDSS-V (Kollmeier et al. 2017); their work confirms the temperature dependence of the mass-radius relation that is predicted by theoretical relations.
White dwarfs in wide, common proper motion binaries with non-degenerate companions can be used effectively to measure their gravitational redshift. By assuming a negligible contribution from the orbital motion of the companion star, typically of the order of 0.1 km/s (cf von Hippel 1996; Arseneau et al. 2024), the gravitational redshift of a white dwarf can be simplified as vgr = vWD − vsys, where vsys is the systemic radial velocity that is assumed to be equal to that of the white dwarf companion, when its gravitational redshift is considered to be negligible. This method can be rather accurate if the white dwarf distance is known, enabling us to directly estimate both its radius and mass (e.g., Shipman et al. 1997; Joyce et al. 2018). Typically good results that are in agreement with spectroscopic estimates (but often characterized by large uncertainties) have been obtained in the past (Koester 1987; Bergeron et al. 1995; Reid 1996; Holberg et al. 2012; Silvestri et al. 2001). White dwarfs in open clusters are also used to measure gravitational-redshifts by taking advantage of a larger number of co-moving objects. However, the nearby clusters where high-resolution spectroscopy is achievable, thus far, only include the Praesepe (Casewell et al. 2009) and Hyades (Pasquini et al. 2019, 2023) clusters.
The identification of over a thousand such white dwarfs in common proper-motion pairs (El-Badry et al. 2021; Rebassa-Mansergas et al. 2021; Raddi et al. 2022) offers an excellent opportunity to empirically investigate the mass-radius relation of white dwarf. Indeed, Arseneau et al. (2024) analyzed 135 white dwarfs from the Sloan Digital Sky Survey (Abdurro’uf et al. 2022) that belong to wide binaries. By measuring radial velocities from their low-resolution spectra, they obtained masses and radii broadly in agreement with theoretical predictions although characterized by a large dispersion.
In the present work, we analyze a sample of 50 DA white dwarfs with high-resolution spectroscopy. These white dwarfs belong to widely separated, common proper motion binaries, whose non-degenerate companions have published radial velocities in the Gaia Data Release 3 (DR3; Gaia Collaboration 2023). Thanks to the accurate Gaia parallaxes, we have been able to directly measure the white dwarf radii and combine the results to sufficiently precise and accurate gravitational redshifts, allowing us to measure empirical masses. Our results are compared to a theoretical mass-radius relation as well as to model-dependent estimates.
2. Sample selection
In Raddi et al. (2022), we presented a sample of 7256 reliable white dwarfs in common proper motion pairs with non-degenerate companions, by means of which we studied the age – velocity dispersion relation. Those stars were identified by relying on improvements of the selection criteria introduced by Gentile Fusillo et al. (2021) and El-Badry et al. (2021) for white dwarfs and common proper-motion pairs, respectively. The parallaxes of the identified pairs agreed within 3σ uncertainties. Our list of wide binaries included 1092 systems with accurate radial velocities that were either published in the Gaia Data Release 2 (DR2; Katz et al. 2019) or in other spectroscopic surveys, that is RAVE DR5 (Kunder et al. 2017), LAMOST DR5 (Luo et al. 2019; Xiang et al. 2019), APOGEE DR16 (Jönsson et al. 2020), and GALAH+ DR3 (Buder et al. 2020). Moreover, the common proper motion pairs were chosen not to have nearby brighter stars at less than 10-arcsec separation from the non-degenerate stars, to safely avoid contaminated radial velocity measurements (see tests on Gaia DR2 Boubert et al. 2019). With the publication of new radial velocities in the Gaia DR3 (Katz et al. 2023), a total of 3224 such binaries possess radial velocity measurements for the non-degenerate members.
Among the sample of wide binaries, we found 28 DA white dwarfs that were observed by the Supernova Ia Progenitor surveY (SPY; Napiwotzki et al. 2001, 2020), which were shown to possess high-resolution spectra (R ≈ 18 500; 0.36 Å at Hα) taken with the UV-visual echelle spectrograph (UVES; Dekker et al. 2000) at the European Southern Observatory (ESO) Very Large Telescope (VLT) in Cerro Paranal (Chile). The SPY project aimed at identifying close double-degenerate binaries, by measuring the radial velocity variations or resolving spectroscopic-binaries among a sample of bright white dwarfs that were observed at different epochs. These high-resolution spectra are suitable for measuring accurate radial velocities of white dwarfs as shown by various authors (Napiwotzki et al. 2001, 2020; Pauli et al. 2006; Falcon et al. 2010). Out of the 28 white dwarfs with SPY spectra, we selected 17 objects that were reliably classified as not having unresolved stellar components according to the criteria given by Napiwotzki et al. (2020) and that have wide common proper motion companions with Gaia radial velocity measurements. The published atmospheric parameters and radial velocities of the considered SPY white dwarfs are listed in Table A.1; the 11 stars excluded from the following analysis (listed in Table A.2) do not have radial velocity measurements published by Gaia.
In addition, we selected 48 new white dwarfs to be observed with UVES, whose companions had existing radial velocity measurements. The adopted selection criteria were: their visibility from Paranal, projected separations below a = 50 000 au to exclude most of the chance alignment systems (El-Badry et al. 2021), and their being sufficiently bright to be observable with UVES. The Gaia color-magnitude diagram of the 48 observed targets and 17 SPY white dwarfs is shown in Fig. 1a, while their projected separations and tangential velocity differences are displayed in Fig. 1b. We note the diagonal trend in the latter figure that limits the maximum separation and projected velocity for a bound binary whose total mass is below ∼8.5 M⊙ (see Raddi et al. 2022, and references therein for more details).
	[image: thumbnail]	Fig. 1. Properties of the selected targets. Symbols and colors are explained in the legends. (a): Color-magnitude diagram of the studied sample. For reference, we plot the white dwarf cooling tracks for He-, CO-, and oxygen-neon (ONe)-core white dwarfs (Althaus et al. 2013; Camisassa et al. 2016, 2019) and the isochrones, which we converted to the Gaia magnitudes by means of synthetic spectra (Koester 2010); the corresponding masses, in Solar units, and cooling ages are labeled. The solar metallicity BaSTI isochrones with [Fe/H] = +0.06 (Hidalgo et al. 2018) are also plotted at 1 and 10 Gyr (dashed and solid curves, respectively). (b): Projected velocity difference plotted against projected orbital semi-major axis of the studied binaries.



Figure 2 shows the comparison among those non-degenerate companion stars that have radial velocity measurements in Gaia DR3 as well as in Gaia DR2 or other spectroscopic surveys. The agreement is much better than ±5 km/s. We note that one object, 0207+0355, has the Gaia DR2 and DR3 measurements that are more discrepant than 5 km/s, but it is not listed as radial-velocity variable in Gaia DR3. All studied targets have more than six Gaia DR3 radial velocity measurements, but we did not exclude those that do not have deblended observations. However, we flagged them in Table B.2 and we did not limit our targets based on their flags_gspspec that are more relevant for chemical analysis (Recio-Blanco et al. 2023). Relevant Gaia parameters of the studied white dwarfs and non-degenerate stars are listed in Tables B.1 and B.2, respectively.
	[image: thumbnail]	Fig. 2. Comparison among radial velocity measurements for the non-degenerate companions that have both radial velocities in Gaia DR3 and other surveys. The color scheme is shown in the legend. Uncertainties are typically of 1–2 km/s and the error bars have almost the size of the symbols used. The dashed lines represent a difference of ±5 km/s from the equality.



3. Observations
We were awarded with 39 hr of observing time at the ESO VLT with UVES, which was mounted at the Nasmyth B focus of the 8.2-m UT2 (Kueyen). We employed a standard configuration, also adopted by the SPY survey (Napiwotzki et al. 2020); unless otherwise indicated, we used the dichroic 1, which has the central wavelengths at 3900 Å and 5640 Å in the blue and red arms, respectively. This setup allowed us to cover all the Balmer series down to the Balmer jump. We adopted a 2.1-arcsec wide slit that delivers a resolving power of R ≈ 18 500, corresponding to a spectral resolution of about 0.36 Å at the Hα, as for the SPY project. The spectra are oversampled, with dispersions of 0.03 and 0.045 Å per pixel, respectively, in the red and blue arms. The observations were executed in service mode; the seeing was on average 1 arcsec and roughly covered a 0.4–2 arcsec interval. The typical signal-to-noise ratio per pixel is S/N = 10, per exposure. All in all, we observed 51 objects; these data include 48 new targets, plus the SPY white dwarf WD 1544−377 for comparison purposes, and two objects with featureless spectra (DC type), LAWD 1, and LAWD 57, to assess the flux calibration. The observing logs, presented in Table C.1, list all the individual exposure times and relevant information for the observed science targets.
We reduced and calibrated the raw data and extracted the 1D spectra by means of the ESO Reflex pipeline (Freudling et al. 2013), using the standard set of UVES recipes. The final products are very mildly affected by the quasi-periodic ripple pattern that is typically observed in UVES spectra, which is due to a small misalignment between the spectral and flat-field traces. Nevertheless the results are comparable to those obtained for the data reduction of SPY targets (Napiwotzki et al. 2020). The telluric correction was applied by scaling the average template provided by Napiwotzki et al. (2020), which was made available along with the individual SPY spectra at the VizieR catalog access tool (Ochsenbein et al. 2000).
4. Spectroscopic analysis
Of the 48 new observed white dwarfs, 33 have hydrogen dominated atmospheres (DA spectral type) that include a DAZ showing Ca II H&K absorption lines and a magnetic white dwarf (DAH), nine turned out to possess helium-dominated atmosphere (seven DB/DBA/DBZ spectra and two DZ that show Ca II H&K absorption), and six are featureless DC white dwarfs. Our spectral classification is given in Table B.1.
In the present work, we focus on the analysis of 50 hydrogen-dominated white dwarfs that include the 33 new observations and the 17 objects with SPY spectra, while the non-DA spectra will be analyzed in another publication.
The spectroscopic analysis detailed here is crucial for measuring the radial velocities of the sample. The spectroscopic parameters will be used to derive model-dependent masses and radii, as it is typically done in the literature, which will be compared to the independent measurements of photometric radii and masses derived from the gravitational redshift.
4.1. Spectroscopic parameters
We analyzed the new UVES spectra and the old ones from the SPY survey with two grids of synthetic spectra for DA white dwarfs. The first grid consists of 1D LTE pure-hydrogen models with the mixing-length parameter ML2/α = 0.8 that are computed following the prescriptions presented by Koester (2010) and updated with more recent physics (Koester et al. 2020); their effective temperature and surface gravity range between Teff = 3000–80 000 K and log g = 6–9.5 dex. The second grid consists of 3D LTE pure-hydrogen models (Tremblay et al. 2013, 2015b, and references therein for details on convection, neutral hydrogen broadening, and H2 collision induced absorption; and line-profiles from Tremblay & Bergeron 2009), which cover ranges of Teff = 3000–40 000 K and log g = 7–9 dex.
For our spectroscopic analysis we employed the program FITSB2 (based on FITPROF; Napiwotzki et al. 1999, 2020), which measures Teff, log g, and radial velocity (vWD) via χ2 minimization with the AMOEBA routine (Press et al. 1992). The atmospheric parameters, Teff and log g, of DA white dwarfs are known to be degenerate in the range of Teff = 13 000–15 000 for log g = 8 dex, at which temperature the equivalent widths of Balmer lines reach a maximum. Thus, we adopted initial Teff values obtained from photometry (Gentile Fusillo et al. 2021) as they help to discriminate for the correct spectroscopic parameters. We fitted the first six Balmer lines, reaching a compromise between line visibility due to the energy level dissolution and spectral noise, because the latest Balmer lines are surface gravity indicators. We included the Hα line although its red wing is not entirely covered by the spectral range, but this is not expected to have a strong impact on the results. The statistical uncertainties are determined via a Monte Carlo (MC) method, which determines a number of realizations of the observed spectrum based on the variance of the data. For these high-resolution spectra, systematic uncertainties are known to be much larger (Koester et al. 2009). In addition, we estimated systematic uncertainties on a spectrum-by-spectrum basis by fitting individual sub-exposures of the observed white dwarfs and measuring their scatter with respect to the average spectrum. A more realistic assessment of the overall systematic uncertainties is discussed next in this section.
The atmospheric parameters measured with the two grids are listed in Table D.1, where the errors account for both the statistical and systematic uncertainty estimates. The best-fits results obtained with the Koester grid of synthetic spectra are displayed in Figs. E.1 and E.2, while those obtained from the Tremblay grid are shown in Figs. E.3 and E.4. We refer to Appendix A for a comparison with the spectroscopic measurements published by Napiwotzki et al. (2020).
In Fig. 3, we present the results of the spectroscopic analysis, comparing the two estimates of Teff and log g. We corrected the atmospheric parameters obtained by means of the Koester (2010) 1D models, with the 3D corrections proposed by Tremblay et al. (2013), when the Teff is in the 6000–14 500 K range. These corrections are also listed in Table D.1, but we stress that caution should be taken due to the fact that they were derived by Tremblay et al. (2013) via the analysis of low-resolution spectra with their 1D and 3D models. The studied sample approximately spans over Teff = 6000–30 000 K. The measured Teff and the log g broadly agree within ±5% and ±0.15 dex, respectively, that imply an estimate of the overall systematic uncertainties. Such differences are more marked between 10 000–15 000 K, where the treatment of atmospheric convection is relevant. We note that the atmospheric parameters of the object WD 1544−377, which we re-observed for comparison purposes, are in excellent 1-σ agreement with the parameters measured from the SPY spectra (cf Table D.1), thus suggesting a good stability of the instrument over a 20-year period.
	[image: thumbnail]	Fig. 3. Comparison between spectroscopic parameters measured with two set of synthetic spectra. The dashed lines represent the equality and a 5% temperature difference in the upper panel and the equality in the bottom panel.



In Table D.1, we include model-dependent estimates of white dwarf masses that are derived via interpolation of Teff and log g onto the white dwarf evolutionary tracks computed by the La Plata group (Althaus et al. 2013; Camisassa et al. 2016, 2019). These tracks account for different white dwarf core-compositions (He, CO, and ONe) and thickness of the hydrogen layer, which depend on the detailed evolution of the white dwarf progenitor.
4.2. Radial velocities
Napiwotzki et al. (2020) extensively discussed the accuracy of radial velocities for white dwarfs, analyzing the impact of pressure shifts on the measured values and emphasizing the importance of using only the closest spectral range around the NLTE cores of the Hα and Hβ lines. While those authors were mostly concerned with relative radial-velocity shifts, they estimated that measuring the combined radial velocity from Hα+Hβ would provide the best absolute estimate.
We measured the radial velocities with two different methods and compared the results in order to quantify the systematic uncertainties in terms of white dwarf masses. In the first one, we adopted a procedure that is similar to that adopted by Napiwotzki et al. (2020). We measured the radial velocity shifts by fitting the Hα+Hβ line-cores on a line-by-line basis and averaging the result as well as the Hα core alone, in both cases limiting the spectral range to ±15 Å, and using the spectroscopic best fit to model the line wings. We note that the exclusion of the reddest part of the Hα wings from the UVES spectra does not impact the radial velocity measurement. Frequently, the line cores are not well modeled by neither of the employed synthetic spectral grids, due to the exclusion of NLTE effects in the models, thus it is necessary to add a Gaussian and/or a Lorentzian to improve the fit (Napiwotzki et al. 2020). Thus, we followed their iterative procedure by using the best-fit spectroscopic measurement as starting point, then adding the Gaussian or Lorentzian when necessary, and iterating between small Teff, log g, and vWD adjustments until the solution converges in a few iterations. The radial velocity uncertainties are estimated via a Monte Carlo method as in the previous section. The measured values are listed in Table D.1, where we indicate whether a Gaussian and/or Lorentzian were also used.
In the second method, we fitted the Hα and Hβ line cores by modeling them and the neighboring ±15 Å region with two Gaussian functions with the same central wavelength plus a quadratic polynomial (see Maoz & Hallakoun 2017, for a similar approach). The purpose of this alternative method is that of assessing possible systematic shifts in the radial-velocity measurements from the first method. The fit is performed with the PYTHON library LMFIT (Newville et al. 2015), using the Nelder-Mead (i.e., AMOEBA) algorithm to find the minimum χ2 and estimating the uncertainties with the Markov chain Monte Carlo sampler of the EMCEE module (Foreman-Mackey et al. 2013). The results for the measurements from the average of Hα+Hβ and Hα alone are also listed in Table D.1.
As an example, Figure 4 shows a comparison of the best-fitting models, identified with the different methods for two white dwarfs. In the upper panels, we note that the 3D models overestimate the core depth. This issue was discussed by Tremblay et al. (2013), who noted that the 3D structure deviates from the 1D equivalents in the upper atmosphere due to the cooling effect of convective overshoot, thus affecting the overall quality of the fits. Radial velocity measurements for such peculiar cases do not show significant differences. The same comparison is shown for all the studied stars in Fig. F.1 through Fig. F.10.
	[image: thumbnail]	Fig. 4. Examples of the radial-velocity fitting for the white dwarfs 0209−0140 (top panels) and 0807−3622 (bottom panels), respectively of Teff ≈ 9500 K and Teff ≈ 17 000 K. The red-dashed curves represent the model-fit without the additional Gaussian functions, which are included in the blue-solid curves. The shaded region in the Gaussian fit panels represent 50 random draws of the best-fit distributions.



The average differences among the two radial-velocity fitting methods are listed in Table 1. To understand the impact of measuring radial velocities with different methods, we converted the differences to Solar-mass units by using the gravitational redshift formula and considering a typical white dwarf of Teff = 10 000 K and 0.6 M⊙. The systematic differences in radial velocities would result in uncertainties of the order of 0.01–0.02 M⊙, with a maximum scatter of 0.07 M⊙. The listed results are compatible with those presented by Napiwotzki et al. (2020), who measured the Hβ to be on average blueshifted with respect to the Hα.
Table 1. 
Radial velocity differences from various methods.

As an additional test, we downgraded the spectral resolution of our sample down to 2 Å as it is typical for most of the follow-up observations or legacy spectroscopic surveys. In this case, we measured the radial velocities by fitting all five visible Balmer lines with the Koester (2010) models, including the entire line profile. The comparison with the radial velocities measured in the first method delivers an average difference of ΔvWD = 2.85 ± 11.84 km/s, which corresponds to a striking systematic uncertainty of M = 0.06 ± 0.23 M⊙. This result is not surprising and it explains the large scatter that is frequently observed for empirical or semi-empirical determinations of the mass-radius relation; typically using low-resolution spectra of white dwarfs and measuring radial velocities by means of the cross-correlation method tends to overestimate masses and introduce random noise.
We plot some of the comparisons of Table 1 in Fig. 5, which shows no significant trends as a function of radial velocity. In this figure, we note that the scatter is reduced when only the Hα core is used for the comparisons. When discussing the results in Sect. 6, we anticipate a better agreement between observed and theoretical masses and radii when using the radial velocities measured from the combined Hα+Hβ.
	[image: thumbnail]	Fig. 5. Comparison among the radial velocity estimates. On the x-axes we plot the radial velocities measured with the second method, which fits two Gaussian functions and a quadratic polynomial to the line cores and wings. The y-axes display the difference between the Gaussian fit and the first method that uses the spectral templates to fit the line wings, respectively for the Koester and Tremblay models on the left and right panels. The left panels compare the Hα+Hβ measurements, while the right panels show the same comparison for the Hα line. The colors and shapes of the symbols are the same as in Fig. 3.



4.3. Peculiar objects
4.3.1. A DAZ white dwarf
In the studied sample, the object 0209−0140 shows the thin resonance lines of Ca II H&K that could be due to the accretion of planetary material. We measured the radial velocity of the bluest of the two lines, at 3933.66 Å, that is v(Ca II H) = 12.6 ± 0.5 km/s. This line is known to be blue-shifted due to the quadratic Stark effect (cf Dimitrijević & Sahal-Bréchot 1992; Vennes et al. 2011); the comparison with the velocity obtained via the Gaussian-fit of the Hα line results in a difference of Δv = −1.8 ± 0.7 km/s (cf Δv = −0.8 ± 1.5 km/s with respect to the radial velocity from the fit of Hα+Hβ), which is in 3–σ agreement with theoretical predictions for a blueshift of −3.7 km/s, likely suggesting a photospheric nature for this line.
4.3.2. A magnetic white dwarf
The white dwarf 1426−5716 shows a Zeeman splitting of the Hα, Hβ, and Hγ lines, due to the presence of a surface magnetic field. For this object, we only measured the redshift of the Hα core and the average intensity of the magnetic field. We fitted the wings of the Hα line within ±15 Å from the center with second-order polynomial, while we performed a three Gaussian fit of the core by varying the central wavelength of the π component and the separation, ΔλZ, of the two σ components that are assumed to be symmetric with respect to the center and identical. The best-fit result is shown in Fig. 6, from which we obtained a redshift for the line core of Δλ(Hα) = 0.66 ± 0.04 Å that corresponds to a radial velocity of v(Hα)WD = 30.3 ± 1.7 km/s. The magnetic field of this white dwarf is rather weak, causing just a line split of ΔλZ = 1.7 ± 0.1 Å that implies a magnetic field intensity of ⟨|B|⟩ = 84 ± 5 kG (cf Eq. (1) in Landstreet et al. 2016).
	[image: thumbnail]	Fig. 6. Triple Gaussian fit of the Hα core of the magnetic white dwarf 1426−5716. The shaded curve represents random draws from the best-fit distribution.



5. Photometric analysis
To determine the masses and radii of the studied white dwarfs without relying on a theoretical mass-radius relation, we performed a photometric analysis that consists of a fit of the observed spectral energy distribution (SEDo), with a theoretical representation of it (SEDθ). The observed SEDo is obtained by the externally calibrated BP/RP low-resolution spectra published in the Gaia DR3 (De Angeli et al. 2023; Montegriffo et al. 2023), while the theoretical SEDθ is a function of the stellar radiance, radius, distance, and interstellar extinction, namely,
[image: thumbnail](1)
where fλ and Fλ are the apparent and intrinsic flux of a white dwarf, R is the radius, d is the distance, and Aλ is the interstellar extinction. The stellar flux is a function of Teff and log g, and it is represented by the previously described grids of synthetic spectra for DA white dwarfs for which we have that the surface gravity is linked to the white dwarf mass and radius via the Newton’s gravitational law: g = GM/R2.
We defined a parameterized model, where θi = {Teff,  i,  Ri,  di,  A(55)i,  Mi} are the set of unknown parameters (temperature, radius, distance, extinction, and mass) that we chose to represent the SEDθ of the i-th white dwarf in our sample. We used the monochromatic extinction at 5500 Å as unknown parameter, which is tied to the Fitzpatrick et al. (2019) parametrization of the Milky Way’s reddening law as a function of wavelength; hence, we adopt the total-to-selective extinction parameter R(55) = 3.02 that is equivalent to the standard R(V) = 3.1 for the average Galactic extinction in the Johnson V-band.
Our goal is to determine the set of unknown parameters that best represent the observations for each white dwarf, oi = {SEDo,  i,  ϖi,  vgr,  i,  ℓi,  bi}, where ℓi and bi are the Galactic coordinates of a given star from which the measured interstellar extinction depends. This problem can be formalized by a probabilistic approach via the Bayes theorem:
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where, omitting the i subscript, P(θ) represents our prior knowledge on the model parameters, P(o) is to be considered as a normalization constant that can be ignored, and P(o|θ) is the joint probability distribution relating the model and the data or, in other words, the likelihood, ℒ(θ|o), of estimating an unknown physical parameter θ given a measured quantity o. We can break down Eq. (2) further, by rearranging the individual variables and observed quantities, thus expressing the joint probability distribution as:
[image: thumbnail](3)
The first joint probability term, on the right hand side, is equivalent to a standard photometric fit and summarizes the probability of observing a white dwarf spectrum given a set of physical parameters, the second one relates the probability of measuring a given parallax based on the real white dwarf distance, the third one corresponds to the probability of measuring the gravitational redshift based on the corresponding white dwarf radii and masses, and, finally, the last joint probability term represents the relation between the extinction and location within the Galaxy. The remaining five probabilities summarize our prior knowledge on the adopted model.
5.1. Likelihoods
Assuming normally distributed, uncorrelated uncertainties, we can write the joint probabilities (likelihoods) of Eq. (3) as Gaussian distributions, 𝒩(χ,  σo), where we have that:
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In our analysis, we express the observed Gaia BP/RP spectrum as [image: equation], where mj are fictitious magnitudes computed in 24 rectangular pass-bands with a 300 Å width (noting that the Gaia spectra cover the 3360–10 200 Å range). By applying the same parametrization to SEDθ, the first line of Eq. (4) corresponds to the traditional formulation of photometric fitting. Both the apparent magnitude of the model and the observed magnitude in the j-th band are defined as:
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where fλ is the apparent flux of the observed spectrum or that of the model (Eq. (1)) and Sλ is the rectangular band-pass. We note that in our model we adopt a monochromatic parametrization of the interstellar extinction, meaning that we applied the interstellar extinction to our models before computing the integrated magnitudes.
The other likelihoods of Eq. (4) use the mathematical relations among parallax and distance, as well as the definition of gravitational redshift. The likelihood function applied to the interstellar extinction includes a mean value, A0, which is extracted from the 3D maps of interstellar dust (Lallement et al. 2022); the extinction at 5500 Å is given as a function of distance and Galactic coordinates (assumed to have infinite precision), A0 = ℱ(ϖ,  ℓ, b), to which we associate a conservative 10% uncertainty of σA0 = 0.1 × ℱ(ϖ,  ℓ, b) mag.
We took into account two additional caveats. First, we applied a flux-correction to the BP/RP spectra, of the order of −1 ± 1%, as we normalize them to the measured GaiaG magnitudes. Secondly, we accounted for systematic effects in the radial velocities of the non-degenerate companions that are assumed to be equal to the systemic velocity in the equation: vgr = vWD − vsys. We applied the suggested correction for Gaia radial velocities (Katz et al. 2023) and corrected for the companion’s gravitational redshift given in the Gaia archive or interpolated by us, which are in the region of 0.2 and 0.6 km/s, respectively.
Finally, we noted that Gaia DR3 provided estimates of individual zero-point corrections for the parallaxes of each detected source and, moreover, the selected white dwarfs belong to binary systems where the companions have typically even more precise parallaxes. In Sect. 6, we discuss the impact of different assumptions on the distance-based parallaxes or assuming no fixed extinction-distance relation.
5.2. Priors
We adopted the following priors on the physical parameters to measure:
We anticipate here that for the star WD 1147+255, we measure a physically unrealistic mass (Sect. 6), which required a modified P(M) = 𝒰(0.1 M⊙,  3 M⊙) to estimate it without incurring into numerical errors.
5.3. Sampling the joint distribution
Having set the probabilistic model, we sample the posterior P(θ|o) as the product of priors and likelihoods (cf Eq. (3)). Thus, the problem is equivalent to maximizing the overall logarithmic likelihood, which can be written as the sum of individual logarithmic likelihoods and priors:
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where χθ,  k2 and σo,  k are the four likelihoods defined in Eq. (4); the logarithms of uniform priors are equal to zero within the specified limits, while the distance prior is also included.
We first use the brute function of the PYTHON module LMFIT, to explore the parameter space. Then, we find the best-fit values via the minimize function, using the Nelder-Mead algorithm. At this point, we sample the probability distributions with the PYTHON library EMCEE. The routine converges within a few-thousand steps in less than two minutes per star using 42 walkers, by running it on a single core of a cluster with two 32-cores AMD EPYC 9354P 3,25 GHz units with 64 GB of RAM each. An example of the correlations among each physical parameter is shown in Fig. 7a along with the corresponding best-fitting model in Fig. 7b.
	[image: thumbnail]	Fig. 7. Results of the photometric analysis for the star 0319−7254. (a): Corner plot (Foreman-Mackey 2016) showing the correlations among the measured physical parameters. The colored lines respectively mark the estimated parameters obtained from the spectral analysis (blue: Koester models; orange: Tremblay models) or other works (green: the Gentile Fusillo et al. 2021 parameters as well as the parallax-based distance and the interstellar extinction from the 3D maps). (b): The best-fitting SED (black line) is compared to the Gaia BP/RP spectrum (cyan). The gray shaded line represents fifty random draws from the parameters distributions (using the Koester models). The bottom-panel shows the residuals between the model and the observed data.



In order to mitigate for differences in the chosen synthetic spectra, we performed distinct photometric fits using the two different spectral libraries (i.e., the Koester and Tremblay models) to represent the SEDθ. Moreover, for each fit we determined the physical parameters using both the radial velocity measurements, v(Hα + Hβ)WD and v(Hα)WD, which we averaged among the different methods.
We list the photometric estimates of physical parameters in Table G.1. We note that Teff, R, d, and A(55) are either averaged values for the two spectral libraries, or fixed by their likelihoods; the masses and the other parameters are listed separately for the two radial velocity estimates, that is v (Hα+Hβ)WD and v (Hα)WD, combining the results from the model and the Gaussian fits. This table also lists the correlation among mass and radius, ρ(M,  R), that arises from the posterior distributions (Fig. 7a for an example), as well as the differences ΔR and ΔM with respect to the theoretical evolutionary tracks, which are discussed in Sect. 6.
6. Results
The main goal of this work is to measure masses and radii of white dwarfs in widely separated, common proper motion binaries that are independent from theoretical mass-radius relations. In this section, we discuss the comparison with theoretical predictions and the impact of different radial velocity measurements, interstellar extinction, and parallax-based distances.
6.1. Mass-radius relation
We display the results of our photometric analysis in Fig. 8, where we compare the empirical measurements to the theoretical mass-radius relation. In the two panels, we show the results obtained by adopting the average of the v(Hα + Hβ)WD measurements (Fig. 8a) and those for the average of the v(Hα)WD values (Fig. 8b). A visual inspection of this figure suggests a rather good agreement between theoretical predictions and measured values across the full range of masses. Moreover, we note a sensible reduction of uncertainties and scatter of the data points with respect to previous analyses that use the same method applied to low-resolution spectra (Arseneau et al. 2024), or equivalent ones (Reid 1996; Tremblay et al. 2017).
	[image: thumbnail]	Fig. 8. Empirical masses and radii, computed adopting the radial velocity measured from the Hα+Hβ lines together (left panel) and Hα line only (right panel), are overplotted onto theoretical relations. The color-scheme maps the measured Teff, while the inclined error bars account for the mass/radius correlation. Symbols represent the SPY sample (squares) and new UVES data (circles); up-/down-pointing triangles are used in the right panel for the DAH white dwarf, when it is analyzed with convective (Tremblay et al. 2011) or radiative models (Tremblay et al. 2015a), respectively. The theoretical curves account for different core-compositions (He, CO, and ONe; see Fig. 9 for comparison and Althaus et al. 2013; Camisassa et al. 2016, 2019, for more details). The mass-radius relation for Fe-core white dwarfs (Panei et al. 2000) is represented by dashed lines. (a) vWD measured from the Hα+Hβ lines. (b) vWD measured from the Hα line.
	[image: thumbnail]	Fig. 9. Distribution of gravitational redshifts as a function of log Teff. The theoretical curves are plotted as solid lines, which are labeled based on the corresponding mass and core compositions (He-, CO-, and ONe-cores Althaus et al. 2013; Camisassa et al. 2016, 2019). For reference, we also plot the models for two ultra-massive CO-core white dwarfs of 1.23 and 1.29 M⊙ (Camisassa et al. 2022) and the relativistic models for the 1.3 M⊙ ONe- and the 1.29 M⊙ CO-core white dwarfs (dashed curves; Althaus et al. 2022, 2023). The observed stars are color coded accordingly to their measured masses; the adopted symbols are the same as in Fig. 8. The four labeled stars are discussed in the text.







Despite the overall good agreement, we note a group of six outliers on the right side of the theoretical curves, which are more evident in Fig. 8b (0115−1534, 0806−0006, 1054−4123, 1126−7631, 1524−2318, and WD 1015−216) and have masses clustering around 0.8 M⊙. There are other two less obvious outliers, 1140−3142 and 2245−1102, with masses of ≈0.6 and 0.9 M⊙, respectively. The disagreement with the theoretical curves reduces when v(Hα + Hβ)WD is used, but for the other six objects we may still be overestimating both the radius and the mass. The most extreme outlier, WD 1147+255, is not shown in Fig. 8; for this object, we measured an unrealistically high mass of ≈2.5 M⊙. This star was also analyzed by Reid (1996), who reported inconsistencies in the available radial velocity measurements of the companion. We note that Gaia DR3 detects a much-fainter G ≈ 20 mag source at 5 arcsec separation from the companion that; nevertheless, it should not have an effect on its radial velocity measurement. Instead, we speculate that the non-degenerate companion of WD 1147+255 is likely an unresolved binary or an active star, whose radial velocity is not sufficiently reliable.
We note that a poor calibration of the Gaia data for the outliers (with the exception of WD 1147+255) should be excluded, given the stringent quality cuts we applied for their selection. Instead, a small systematic offset in the noisier spectra could be caused by a less effective telluric removal; for instance, inspection of the spectral regions used for the radial velocity fits (Figs. F.1–F.10) shows that 1054−4123, 1126−7631, 1140−3142, and 1524−2318 have noisier cores or small dips that; however, do not cause large discrepancies among radial velocity measurements (Table D.1). For the star 0806−0006, the 3D models are not able to reproduce the Hα core, but its radial velocity measurements are still consistent. On the other hand, the radial velocity measurements of WD 1015−216 that is one of the hottest stars are rather discrepant, due to the weakness of its Hα and Hβ cores, which leads to very different positions in Fig. 8; a similar issue is noted for the star 0818+1211.
Although white dwarfs are known to be slow rotators (Koester & Herrero 1988), the NLTE core of the Hα is sensitive to rotational broadening or to the presence of unresolved Zeeman splitting due to very weak magnetic fields at their surface (Heber et al. 1997; Koester et al. 1998; Karl et al. 2005). Both of these effects could also contribute to offsetting the gravitational redshift. While white dwarf rotation remains complicated to be extracted, particularly from noisy data, the high resolution provides a tool for detecting week magnetic fields down to a few kG such as that of 1426−5716, discussed further below. Here, we note that also the massive white dwarf 0207+0335 (Fig. F.2) possesses unusual, although noisy, Hα and Hβ cores that may hint at the presence of another weak magnetic field. Concerning both the two most massive white dwarfs (M > 1.0 M⊙), we note that their measurements agree with the tracks within the error bars. It may seem that the radial velocity measured from the Hα gives a better result for 0207+0335, while the Hα core of 0608−0059 is poorly fitted by the model atmospheres. However, we note that in this mass regime the pressure shifts would have a larger impact, and a larger sample of objects is necessary to test the mass-radius relation in this parameter space.
Another possibility for the observed outliers can also be the presence of an unseen third companion, which could both affect the radius and the radial-velocity measurements. Given the short baseline of our observations, it is challenging to infer the presence of another unresolved object, unless the spectrum clearly appears as that of a double white dwarf. A longer baseline, like that adopted by the SPY project, is more effective at detecting line-core variations that can be associated to unresolved binaries (e.g., Fig. 12 in Napiwotzki et al. 2020). However, we note that our lowest-mass, He-core white dwarf, 1011+0536, might have a split Hα core (Fig. F.4), which would need further time-resolved follow-ups. Another star, 1434−3256, that is not an outlier, also shows an unusual Hα core that may be altered by the presence of an unresolved object.
The magnetic white dwarf, 1426−5716, mentioned above, also appears as an outlier falling on the left side of the mass-radius relation (up-pointing triangle in Fig. 8b). For comparison with this object, we added the theoretical mass-radius relation of iron white dwarfs (Fe-core; Panei et al. 2000), which would appear as more compact than standard CO- and ONe-core white dwarfs. A few well-known white dwarfs, such as Procyon B, GD 140, and EG 50, were previously questioned to possess Fe-cores due to their smaller-radii (Panei et al. 2000, and references therein) and later reassessed as standard white dwarfs (Provencal et al. 2002). The existence of Fe-core white dwarfs would be intriguing, as it is linked to the supernova explosion of ONe-core white dwarfs (Isern et al. 1991; Jones et al. 2019); however, those uncommon objects are predicted to be hydrogen-depleted, thus they would be unlikely to appear as a normal (although magnetic) DA white dwarf such as 1426−5716.
On the other hand, weak magnetic fields of more than 50 kG are predicted to suppress convection in cool white dwarf atmospheres, however, without having an impact on the mass-radius relation (Tremblay et al. 2015a). Nevertheless, such magnetic fields are observed to alter the ultraviolet flux (Gentile Fusillo et al. 2018). We performed an additional photometric fit as in Sect. 5, but employing radiative synthetic spectra (Tremblay et al. 2015a; Gentile Fusillo et al. 2018). This test confirmed a rather small effect, increasing the measured mass and radius of 1426–5716 by ≈3% as shown in Fig. 8b by the additional down-pointing triangle. Such an increase moves the white dwarf closer to theoretical predictions, but it is not sufficient to significantly improve the comparison. Hence, we speculate that a slightly noisy spectrum combined with a complex line-profile may have negatively impacted its radial velocity measurement. Including the Hβ into the fit would add more noise, due to the lower S/N of the blue arm.
6.2. Physical properties of the sample
In Fig. 9, we display the distribution of gravitational redshifts as a function of Teff. The plotted values are those obtained by adopting the average vWD of the Hα+Hβ fits from Table D.1. The adopted theoretical mass-radius relation (Althaus et al. 2013; Camisassa et al. 2016, 2019) transitions from He- to CO-core and from CO to ONe-core at specific white dwarf masses that depend on the progenitor evolution. By interpolating the measured gravitational redshifts onto the theoretical curves of Fig. 9, we determine the expected values of mass and radius for our sample. The percentage differences with respect to the measured masses and radii are listed as ΔR and ΔM in Table G.1. These values are typically very similar, for each star, due to the direct proportionality between mass and radius in the gravitational-redshift formula, implying that an overestimate (underestimate) of the radius corresponds to a larger (smaller) mass. The agreement with the theoretical estimates is confirmed to be very good for the results employing the v(Hα + Hβ)WD, leading to an average of ⟨ΔM⟩ = [image: equation]% and ⟨ΔR⟩ = [image: equation]%. On the other hand, when using the v(Hα)WD measurements, we obtain on average slightly larger differences of ⟨ΔM⟩ = [image: equation]% and ⟨ΔR⟩ = [image: equation]%.
The visual comparison with the overplotted theoretical curves of Fig. 9, as expected, shows that the studied sample is mostly dominated by CO-core white dwarfs. The white dwarf with the lowest mass, 1011+0536, is the only one that could harbor a He-core, based on our results, and observations of eclipsing binaries that evolved through binary interactions (Parsons et al. 2017). However, at the level of precision of our measurements it is not possible to exclude a low-mass CO-core, if episodes of intense mass-loss took place during the evolution of this object (e.g., Prada Moroni & Straniero 2009). The two most massive white dwarfs, 0207+355 and 0608–0059, are at the CO-and-ONe-core boundary, where it is also difficult to establish (with an accuracy better than a few percent) the most likely core composition. The most massive of the two, 0608−0059, with a mass of ≈1.3 M⊙ is expected to have an ONe-core. Interestingly, we measure ΔM ≈ 2.6% with respect to ultramassive CO-core white dwarf models (Camisassa et al. 2022), suggesting a slightly better agreement for the mass estimate in contrast to ΔM ≈ 4.4% with respect to ONe-core models. The mass of this white dwarf is also approaching a regime where general relativity effects should be taken into account (Althaus et al. 2022, 2023), but the relatively large error on the gravitational redshift would not allow for sufficient precision to distinguish between relativistic and non-relativistic models.
The outlier WD 1147+255, labeled in Fig. 9, which was already discussed in the previous section, possesses a gravitational redshift that implies a mass of ≈1.15 M⊙. This confirms that an unreliable measurement could arise from the radial velocity variability of its wide common proper-motion companion.
In Fig. 10, we plot the mass-distribution of our sample. The average mass distribution of the studied sample is compatible with that of a random selection of field white dwarfs. Accounting for the measured uncertainties, we find a relatively good agreement between the peak of our mass distribution and that obtained from the model-dependent analysis of Gentile Fusillo et al. (2021) for the same sample of white dwarfs. Model-dependent masses interpolated from the gravitational-redshift curves of Fig. 9 compare slightly better with the results of Gentile Fusillo et al. (2021). As discussed before, we measure an excess of white dwarfs with ≈0.8 M⊙ that should mostly be attributed systematic uncertainties in the radial velocity measurements. Employing radial velocity measurements from the Hα line would shift our results towards a slightly larger peak mass.
	[image: thumbnail]	Fig. 10. Mass distribution of the studied sample. Our direct measurements (blue curve) are compared to the model-dependent estimates obtained via interpolation of the gravitational redshift curves of Fig. 9 (orange curve) and the photometric estimates by Gentile Fusillo et al. (2021) (green curves). The width of the colored bands represents the scatter due to the 1σ uncertainties.



6.3. Comparison with other methods
Figure 11 gives an overview of the comparisons among Teff and mass estimates, obtained from our spectroscopic (Sect. 4) and photometric analyses (Sect. 5), as well as a comparison with the measurements provided by Gentile Fusillo et al. (2021). Our spectroscopic measures are derived via interpolation of Teff and log g onto the reference mass-radius relation (Althaus et al. 2013; Camisassa et al. 2016, 2019). On the other hand, Gentile Fusillo et al. (2021) performed a photometric fit of the three Gaia bands by fixing the theoretical mass-radius relation, namely, adopting those computed by Bédard et al. (2020) for CO-core white dwarfs and Serenelli et al. (2001) for the He-core white dwarfs. They also used the 3D extinction-distance maps (Lallement et al. 2022), although in their analysis the effect of the extinction is modeled as band-integrated values.
	[image: thumbnail]	Fig. 11. Comparison among different estimates of Teff and masses. From left to right: we compare our photometric results to those obtained from the spectroscopic analyses of Sect. 4 and the published values from Gentile Fusillo et al. (2021). Symbols and colors are shown in the legend. The most discrepant object in the lower panels is WD 1147+255.



We observed an overall good agreement among our spectroscopic and photometric Teff, except for some hotter white dwarfs that are typically found at larger distances where the interstellar extinction may have an impact in the photometric measurement. The photometric masses are (on average) slightly larger (1–2%) with respect to the spectroscopic estimates and the mass-differences present a scatter of about 15% around the mean value that is seen to vary as a function of the white dwarf temperature. The comparison with the Teff published by Gentile Fusillo et al. (2021) is much better, due to the similar photometric approach. On the other hand, the mass comparison confirms the average systematic difference of about 1.2% with respect to their results. The scatter around this average is of about 12%.
A more insightful comparison with the work of Gentile Fusillo et al. (2021) is presented in Fig. 12, where the relative differences of mass and radius measurements highlight the slight overestimate of masses (⟨ΔM⟩ = [image: equation]%) in contrast to the photometric radii that are slightly underestimated (⟨ΔR⟩ = −1 ± 2%). The negative value of ΔR is likely due to our renormalization of the BP/RP spectra and to a different approach in measuring the interstellar extinction.
	[image: thumbnail]	Fig. 12. Comparison of measured masses and radii against the model-dependent photometric estimates by Gentile Fusillo et al. (2021). The color-scheme and symbols are the same as in Fig. 8. The solid curves represent the 3, 5, and 10% contours with respect to the equality, while the dashed curves represent the 1–3σ levels around the average differences (listed at the top corners of the figure).



6.4. Parallax and extinction biases
The approach employed for our photometric analysis allowed us to test a few different assumptions. Along with the Gaia EDR3, a zero-point correction for each source was provided (Lindegren et al. 2021). This correction is roughly equivalent or much smaller than the parallax errors for the white dwarfs (≲5% for our sample). Additionally, as members of binary systems, we note that the non-degenerate companions have either equivalent or much smaller parallax measurement errors. A change in the adopted parallax-based distance likelihood would imply a consequent change in the extinction derived from the 3D maps (Lallement et al. 2022).
Numerical test showed that accounting for the parallax zero-point in Eq. (4), produces changes of the order of ±1% on the white dwarf masses, and (at most 2%) for the two hottest, most distant white dwarfs. Adopting the companion’s parallaxes to constrain the distance, again produces masses that are typically different by ±1%; however, we note larger changes (as large as 6)% in excess for 0207+0355 and in defect for 1011+0536 that are the second most massive and the least massive white dwarfs in our sample, respectively. These two stars also are among the most distant objects in our sample.
We also considered the possibility of keeping the extinction as a free parameter, only limiting its maximum value to that provided by the 3D maps at a distance of 350 pc along the corresponding sightlines. In this case, the scatter is again below 2% and it does not strongly depend on distance, but a few objects beyond 100 pc experience differences between 2–7%. It is worth pointing out that when assuming the prior on the interstellar extinction, all white dwarfs but 1524–2318 have values of A(55) below 0.025 mag. These tests suggest that, inevitably, a direct measurement of white dwarf masses is affected by additional uncertainties, which may depend on the relevant assumptions on distance and extinction priors.
7. Summary and conclusions
In this work, we have presented the high-resolution spectroscopic follow-up of 48 white dwarfs with VLT/UVES. The observed objects belong to widely separated, common proper motion pairs with non-degenerate stars. We focused our analysis on the 33 objects classified as DA white dwarfs, to which we added 17 more objects of the same spectral class that are drawn from the SPY survey (Napiwotzki et al. 2020), also observed with VLT/UVES and belonging to common proper motion pairs.
We performed a spectroscopic analysis with two sets of synthetic spectra, which parametrize the convection in 1D (Koester 2010) or treat it with 3D hydrodynamics (Tremblay et al. 2013). We derived precise and accurate radial velocities by fitting a narrow spectral region of ±15 Å centered on the NLTE cores of the Hα and Hβ lines. Testing the simultaneous fitting of both lines and the Hα line alone confirms small systematic differences that are known as pressure shifts in the Stark broadened wings of the Balmer lines of white dwarfs.
By taking advantage of the radial velocity of the companions, which is a suitable proxy for the systemic radial velocity, we have directly measured the gravitational redshifts of the white dwarfs. Thus, we modeled the spectral energy distributions of the white dwarfs employing the Gaia BP/RP spectra, from which we directly measured the white dwarfs radii by means of a formalized Bayesian approach that uses the Gaia parallaxes and 3D extinction maps as likelihoods for the white dwarf distances and extinction. Finally, we obtained model-independent masses estimates using the gravitational redshifts as external constraints.
Our results confirm a very good agreement with theoretical mass-radius relations (Althaus et al. 2013; Camisassa et al. 2016, 2019), with a dispersion of 6% around the equality (at the 1-σ level). We also find that measuring white dwarf radial velocities from the Hα+Hβ together delivers a better agreement with the theoretical mass-radius relations, with respect to radial velocities of the Hα only.
In our sample of binaries, we found a low-mass white dwarf of 0.41 M⊙, which could either possess a He- or a CO-core, and two massive white dwarfs of M > 1.05 M⊙ that could either possess ONe-cores or ultramassive CO-cores. Despite the good precision of the results, it is not sufficient to clearly disentangle the degeneracy among core compositions. The majority of white dwarfs have an average mass of ∼0.60 M⊙ and CO-cores, as is expected for a random selection. There is a number of outliers, concentrated around ∼0.8 M⊙, which we speculate to either have biased radial velocities due to their noisier line cores spectra or that could belong to unresolved binary systems (thus forming triple hierarchical systems) that can be investigated through time-resolved spectroscopy. The most extreme outlier, WD 1147+255, has an unrealistic mass of 2.5 M⊙, but its companion is known to have incompatible radial velocity measurements in the literature; thus, it might be confirmed to hide another unresolved companion. We found two more peculiar white dwarfs in our sample. A DAZ white dwarf, whose radial velocity measured from the Ca II H line seems to confirm an externally polluted atmosphere. A weakly magnetic white dwarf, whose mass does not match the theoretical mass-radius relation, but we note that its radial velocity may be slightly offset due to noise in the spectrum. An inspection of the Hα cores also hints at another magnetic white dwarf among the most massive objects in our sample and two possible spectroscopic binaries visible from unusual line-cores.
A comparison between our model-independent mass determinations against the spectroscopic masses confirms a rather good agreement, but with a scatter of the order of 15% around the equality. Additionally, comparing our results with the photometric estimates provided by Gentile Fusillo et al. (2021), indicates a slight offset of a few percent with respect to their physical parameters.
We also tested that additional uncertainties may arise from different assumptions on distances; for instance, by accounting for the Gaia parallax zero-point or adopting the companion’s parallax to constrain the distance. Different assumptions on the interstellar extinction could affect the final results too.
To conclude, we stress that high-resolution spectroscopy of white dwarfs is confirmed to provide the only reliable way of measuring their radial velocities, as it mitigates the impact of pressure shift due to their Stark broadened lines; thus, it enables a precise and accurate comparison with theoretical mass-radius relations on a star-by-star basis. Moreover, we stress that common proper motion pairs are favorable for analyzing the most massive white dwarfs that are more difficult to detect in eclipsing binaries. Nevertheless, a signal-to-noise ratio of at least 10 per pixel is recommended to achieve the best results, as well as observations at different epochs are also required to verify dubious outliers. The main limitations remain the intrinsic low-luminosity of white dwarfs, which decreases with their masses and age; hence, it is implied that 8-m class or larger telescopes need to be used.
Future multi-fiber facilities, such as the 4-metre Multi-Object Spectroscopic Telescope (4MOST; de Jong et al. 2012), and existing ones, such as the WHT Enhanced Area Velocity Explorer (WEAVE; Jin et al. 2024), SDSS-V (Kollmeier et al. 2017), and the Dark Energy Spectroscopic Instrument (DESI; DESI Collaboration 2022), will provide large numbers of white dwarf companions (e.g., Toloza et al. 2023) with well characterized low- and medium-resolution (R = 2000–5000) spectra, unresolved binary fractions, and very reliable radial velocities that will complement those provided by the upcoming Gaia data releases. These projects are also providing large unbiased samples of white dwarfs (Manser et al. 2024; Crumpler et al. 2024) that enable a powerful statistical tool to investigate further the mass-radius relation. Of these upcoming projects, only WEAVE will deliver high-resolution (R ≈ 20 000) spectra of white dwarfs, but the 4-m William Herschel telescope can likely provide reliable data down to ≈16-mag white dwarfs and below that magnitude range the results need to be verified. However, looking ahead on a 15–20 yr timescale, other survey facilities under development, such as the planned 12-m Wide Field Spectroscopic Telescope (WST; Mainieri et al. 2024) could provide large numbers of fainter white dwarfs with high-resolution spectroscopy that would be useful for precise studies.

[bookmark: S20]Data availability
Appendices B to G are available at the following link: https://zenodo.org/records/14793626
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Appendix A:  SPY white dwarfs in wide binaries
Table A.1 summarize the relevant physical parameters of the 17 SPY white dwarfs from Napiwotzki et al. (2020), which we have reanalyzed in this work. Those authors measured the atmospheric parameters of white dwarfs with Teff ≥ 20 000 K using their own grid of pure hydrogen NLTE model atmospheres for DA white dwarfs (Napiwotzki et al. 1999), while the cooler stars were analyzed with a grid of LTE Koester model atmospheres whose spectral-synthesis was supplemented with NLTE line formation physics.
Fig. A.1 shows the comparison among our measured atmospheric parameters with the results published by Napiwotzki et al. (2020). The comparison among Teff determinations is very good with respect to the Tremblay models; small discrepancies are observed with respect to the Koester models for a small number of objects with Teff ≈ 13 000 K. The comparison among log g determinations is worse for the coolest objects (Teff < 15 000 K) and, again, it appears better for the 3D models rather than the 1D ones. Nevertheless, we note that the parameter estimates presented in Sect. 4 are rather consistent with each other, apart from the known differences due to the 1D vs 3D modeling.
More important is the comparison among radial velocity measurements for this sample, which confirms our consistent approach as it is shown in Fig. A.2. Our measurements based on the combined Hα+Hβ lines are compatible within the small uncertainties with the results presented by Napiwotzki et al. (2020).
Finally, in Table A.2 we list the 11 additional white dwarfs from the SPY project that have wide companions matching their parallaxes and proper motions in Gaia DR3. They were excluded from our analysis because their companions do not have radial velocity measurements in Gaia DR3.
Table A.1. 
Atmospheric parameters of the SPY white dwarfs of DA spectral type (Napiwotzki et al. 2020).

Table A.2. 
SPY white dwarfs in wide binaries that have been excluded from our analysis.

	[image: thumbnail]	Fig. A.1. Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.



	[image: thumbnail]	Fig. A.2. Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.
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	[image: thumbnail]	Fig. 1. Properties of the selected targets. Symbols and colors are explained in the legends. (a): Color-magnitude diagram of the studied sample. For reference, we plot the white dwarf cooling tracks for He-, CO-, and oxygen-neon (ONe)-core white dwarfs (Althaus et al. 2013; Camisassa et al. 2016, 2019) and the isochrones, which we converted to the Gaia magnitudes by means of synthetic spectra (Koester 2010); the corresponding masses, in Solar units, and cooling ages are labeled. The solar metallicity BaSTI isochrones with [Fe/H] = +0.06 (Hidalgo et al. 2018) are also plotted at 1 and 10 Gyr (dashed and solid curves, respectively). (b): Projected velocity difference plotted against projected orbital semi-major axis of the studied binaries.
In the text



	[image: thumbnail]	Fig. 2. Comparison among radial velocity measurements for the non-degenerate companions that have both radial velocities in Gaia DR3 and other surveys. The color scheme is shown in the legend. Uncertainties are typically of 1–2 km/s and the error bars have almost the size of the symbols used. The dashed lines represent a difference of ±5 km/s from the equality.
In the text



	[image: thumbnail]	Fig. 3. Comparison between spectroscopic parameters measured with two set of synthetic spectra. The dashed lines represent the equality and a 5% temperature difference in the upper panel and the equality in the bottom panel.
In the text



	[image: thumbnail]	Fig. 4. Examples of the radial-velocity fitting for the white dwarfs 0209−0140 (top panels) and 0807−3622 (bottom panels), respectively of Teff ≈ 9500 K and Teff ≈ 17 000 K. The red-dashed curves represent the model-fit without the additional Gaussian functions, which are included in the blue-solid curves. The shaded region in the Gaussian fit panels represent 50 random draws of the best-fit distributions.
In the text



	[image: thumbnail]	Fig. 5. Comparison among the radial velocity estimates. On the x-axes we plot the radial velocities measured with the second method, which fits two Gaussian functions and a quadratic polynomial to the line cores and wings. The y-axes display the difference between the Gaussian fit and the first method that uses the spectral templates to fit the line wings, respectively for the Koester and Tremblay models on the left and right panels. The left panels compare the Hα+Hβ measurements, while the right panels show the same comparison for the Hα line. The colors and shapes of the symbols are the same as in Fig. 3.
In the text



	[image: thumbnail]	Fig. 6. Triple Gaussian fit of the Hα core of the magnetic white dwarf 1426−5716. The shaded curve represents random draws from the best-fit distribution.
In the text



	[image: thumbnail]	Fig. 7. Results of the photometric analysis for the star 0319−7254. (a): Corner plot (Foreman-Mackey 2016) showing the correlations among the measured physical parameters. The colored lines respectively mark the estimated parameters obtained from the spectral analysis (blue: Koester models; orange: Tremblay models) or other works (green: the Gentile Fusillo et al. 2021 parameters as well as the parallax-based distance and the interstellar extinction from the 3D maps). (b): The best-fitting SED (black line) is compared to the Gaia BP/RP spectrum (cyan). The gray shaded line represents fifty random draws from the parameters distributions (using the Koester models). The bottom-panel shows the residuals between the model and the observed data.
In the text



	[image: thumbnail]	Fig. 8. Empirical masses and radii, computed adopting the radial velocity measured from the Hα+Hβ lines together (left panel) and Hα line only (right panel), are overplotted onto theoretical relations. The color-scheme maps the measured Teff, while the inclined error bars account for the mass/radius correlation. Symbols represent the SPY sample (squares) and new UVES data (circles); up-/down-pointing triangles are used in the right panel for the DAH white dwarf, when it is analyzed with convective (Tremblay et al. 2011) or radiative models (Tremblay et al. 2015a), respectively. The theoretical curves account for different core-compositions (He, CO, and ONe; see Fig. 9 for comparison and Althaus et al. 2013; Camisassa et al. 2016, 2019, for more details). The mass-radius relation for Fe-core white dwarfs (Panei et al. 2000) is represented by dashed lines. (a) vWD measured from the Hα+Hβ lines. (b) vWD measured from the Hα line.
	[image: thumbnail]	Fig. 9. Distribution of gravitational redshifts as a function of log Teff. The theoretical curves are plotted as solid lines, which are labeled based on the corresponding mass and core compositions (He-, CO-, and ONe-cores Althaus et al. 2013; Camisassa et al. 2016, 2019). For reference, we also plot the models for two ultra-massive CO-core white dwarfs of 1.23 and 1.29 M⊙ (Camisassa et al. 2022) and the relativistic models for the 1.3 M⊙ ONe- and the 1.29 M⊙ CO-core white dwarfs (dashed curves; Althaus et al. 2022, 2023). The observed stars are color coded accordingly to their measured masses; the adopted symbols are the same as in Fig. 8. The four labeled stars are discussed in the text.
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	[image: thumbnail]	Fig. 9. Distribution of gravitational redshifts as a function of log Teff. The theoretical curves are plotted as solid lines, which are labeled based on the corresponding mass and core compositions (He-, CO-, and ONe-cores Althaus et al. 2013; Camisassa et al. 2016, 2019). For reference, we also plot the models for two ultra-massive CO-core white dwarfs of 1.23 and 1.29 M⊙ (Camisassa et al. 2022) and the relativistic models for the 1.3 M⊙ ONe- and the 1.29 M⊙ CO-core white dwarfs (dashed curves; Althaus et al. 2022, 2023). The observed stars are color coded accordingly to their measured masses; the adopted symbols are the same as in Fig. 8. The four labeled stars are discussed in the text.
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	[image: thumbnail]	Fig. 10. Mass distribution of the studied sample. Our direct measurements (blue curve) are compared to the model-dependent estimates obtained via interpolation of the gravitational redshift curves of Fig. 9 (orange curve) and the photometric estimates by Gentile Fusillo et al. (2021) (green curves). The width of the colored bands represents the scatter due to the 1σ uncertainties.
In the text



	[image: thumbnail]	Fig. 11. Comparison among different estimates of Teff and masses. From left to right: we compare our photometric results to those obtained from the spectroscopic analyses of Sect. 4 and the published values from Gentile Fusillo et al. (2021). Symbols and colors are shown in the legend. The most discrepant object in the lower panels is WD 1147+255.
In the text



	[image: thumbnail]	Fig. 12. Comparison of measured masses and radii against the model-dependent photometric estimates by Gentile Fusillo et al. (2021). The color-scheme and symbols are the same as in Fig. 8. The solid curves represent the 3, 5, and 10% contours with respect to the equality, while the dashed curves represent the 1–3σ levels around the average differences (listed at the top corners of the figure).
In the text



	[image: thumbnail]	Fig. A.1. Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.
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	[image: thumbnail]	Fig. A.2. Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.
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        Comparison between spectroscopic parameters measured with two set of synthetic spectra. The dashed lines represent the equality and a 5% temperature difference in the upper panel and the equality in the bottom panel.
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        Comparison among the radial velocity estimates. On the x-axes we plot the radial velocities measured with the second method, which fits two Gaussian functions and a quadratic polynomial to the line cores and wings. The y-axes display the difference between the Gaussian fit and the first method that uses the spectral templates to fit the line wings, respectively for the Koester and Tremblay models on the left and right panels. The left panels compare the Hα+Hβ measurements, while the right panels show the same comparison for the Hα line. The colors and shapes of the symbols are the same as in Fig. 3.
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        Results of the photometric analysis for the star 0319−7254. (a): Corner plot (Foreman-Mackey 2016) showing the correlations among the measured physical parameters. The colored lines respectively mark the estimated parameters obtained from the spectral analysis (blue: Koester models; orange: Tremblay models) or other works (green: the Gentile Fusillo et al. 2021 parameters as well as the parallax-based distance and the interstellar extinction from the 3D maps). (b): The best-fitting SED (black line) is compared to the Gaia BP/RP spectrum (cyan). The gray shaded line represents fifty random draws from the parameters distributions (using the Koester models). The bottom-panel shows the residuals between the model and the observed data.

      

    

  
    
      Fig. 10. 
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        Mass distribution of the studied sample. Our direct measurements (blue curve) are compared to the model-dependent estimates obtained via interpolation of the gravitational redshift curves of Fig. 9 (orange curve) and the photometric estimates by Gentile Fusillo et al. (2021) (green curves). The width of the colored bands represents the scatter due to the 1σ uncertainties.

      

    

  
    
      Fig. 11. 
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        Comparison among different estimates of Teff and masses. From left to right: we compare our photometric results to those obtained from the spectroscopic analyses of Sect. 4 and the published values from Gentile Fusillo et al. (2021). Symbols and colors are shown in the legend. The most discrepant object in the lower panels is WD 1147+255.

      

    

  
    
      Fig. 12. 
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        Comparison of measured masses and radii against the model-dependent photometric estimates by Gentile Fusillo et al. (2021). The color-scheme and symbols are the same as in Fig. 8. The solid curves represent the 3, 5, and 10% contours with respect to the equality, while the dashed curves represent the 1–3σ levels around the average differences (listed at the top corners of the figure).

      

    

  
    
      Fig. A.1. 
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        Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.

      

    

  
    
      Fig. A.2. 
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        Comparison of our measured spectroscopic parameters against those published in Napiwotzki et al. (2020), which are listed in Table A.1. The equality lines and ±5% Teff boundaries are plotted as dashed lines.
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