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A B S T R A C T 

We use the ESPRESSO spectrograph at the Very Large Telescope to measure velocity shifts and gravitational redshifts of eight 
bona fide Hyades white dwarfs, with an accuracy better than 1.5 per cent. By comparing the gravitational redshift measurements 
of the mass-to-radius ratio with the same ratios derived by fitting the Gaia photometry with theoretical models, we find an 

agreement to better than one per cent. It is possible to reproduce the observed white dwarf cooling sequence and the trend of 
the mass-to-radius ratios as a function of colour using isochrones with ages between 725 and 800 Myr, tuned for the Hyades. 
One star, EGGR 29, consistently stands out in all diagrams, indicating that it is possibly the remnant of a blue straggler. We also 

computed mass-to-radius ratios from published gravities and masses, determined from spectroscopy. The comparison between 

photometric and spectroscopic stellar parameters reveals that spectroscopic effective temperature and gravity are systematically 

larger than the photometric values. Spectroscopic mass-to-radius ratios disagree with those measured from gravitational redshift, 
indicating the presence of systematics affecting the white dwarf parameters derived from the spectroscopic analysis. 

Key w ords: (star s:) white dwarfs – stars: masses – stars: radii – stars: open clusters – techniques: spectroscopy – ESPRESSO. 
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 I N T RO D U C T I O N  

hite dwarfs (WDs) are the most common stellar remnant in
he Galaxy, being the final evolutionary stage of low- and inter-

ediate-mass stars ( M �8 − 10 M �, Siess 2007 ), which represent
 v er � 95 per cent of the stars in the Milky Way (e.g. Althaus et al.
010 ). The accurate determination of their physical parameters is
ele v ant to address several astrophysics questions. First, thanks to
heir long cooling times, WDs are a powerful tool to estimate the
ge of the Galactic disc (Fantin et al. 2019 ) and halo (Kalirai 2012 ),
nd to investigate the local star formation history and the initial
ass function. Moreo v er, the difference between the WD masses

nd the initial masses of their progenitors provides the initial–final
ass relation for single stars (IFMR – see, e.g. Kalirai et al. 2008 ;
alaris et al. 2009 ) that is essential to model stellar populations and,
ore generally, to verify predictions of stellar evolutionary models.
inally, the IFMR can be used to test the predicted integrated mass

oss of low- and inter-mediate-mass stars, a key ingredient in the
hemical evolution of galaxies. 

It is therefore important to obtain accurate and reliable measure-
ents of WD masses, that can be derived employing various meth-

ds. One possibility is to employ WD colour-magnitude diagrams
 E-mail: lpasquin@eso.org 
 Observations based on ESO observing program 0106.D-0972(A) and 
108.D-0872(A) 
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CMDs): the interpolation of grids of WD cooling models to the
bserved colours and absolute magnitudes provides the mass (and
ooling time) of the targets. For example, using Gaia photometry and
arallaxes for WDs in the Hyades cluster, Salaris & Bedin ( 2018 )
etermined masses with a precision of 1 −2 per cent. Alternatively,
t is possible to determine the WD surface gravity (log g ) and the
f fecti ve temperature ( T eff ) by employing synthetic spectra to fit the
bserved Balmer lines (see, e.g. Gianninas, Bergeron & Ruiz 2011 )
r spectral energy distribution (e.g. Raddi et al. 2017 ). If the distance
o the system is known and assuming a mass–radius relationship, it
s possible to derive WD masses with a precision of a few per cent. 

There are also other methods that minimize the input from theoret-
cal models. One is the full solution of binary systems hosting a WD,
ncluding eclipsing binaries, that can accurately be applied to only a
ew systems (e.g Parsons et al. 2017 ; Joyce et al. 2018 ; Muirhead,
ordhaus & Drout 2022 ). Another method is the comparison between

he WD astrometric radial velocity and the spectroscopic velocity
hift along the line of sight, � V , which provides a measurement of
he WD gravitational redshift and, thus, a direct determination of the
tellar mass-to-radius ratio ( M / R ) (e.g. Pasquini et al. 2019 ). Here,
e use this latter method to determine accurate M/R for WDs in the
yades open cluster. 
The Hyades cluster is the ideal laboratory for this study. First,

iven its proximity, the parallax provided by Gaia is accurate to �
.2 per cent (the centre-of-mass distance is equal to 47 . 50 ± 0 . 15 pc,
aia Collaboration et al. 2018a ). Second, the astrometric radial
elocities of the Hyades stars have smaller uncertainties than the
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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luster velocity dispersion, which amounts to �340 m s −1 (Le ̃ ao 
t al. 2019 ). Consequently, spectral � V measurements of the WDs
n the Hyades allow us to determine the gravitational redshift with 
n uncertainty of �340 ms −1 , which yields an accuracy better than 
ne per cent for M / R . 
Pasquini et al. ( 2019 ) determined the masses and M / R ratios

f six Hyades WDs from gravitational redshift measurements, by 
ombining UVES archive spectra obtained by the Supernovae Type 
a Progenitor Surv e y (SPY) (Napiwotzki et al. 2001 ) with published
esults from the analysis of data from the HIRES spectrograph at 
eck. The masses derived for all targets were systematically lower 

han those derived with other methods, such as the spectroscopic 
t of the Balmer lines and the analysis of the photometric spectral
nergy distribution. The uncertainty in the � V measured by those 
uthors were � 2 km s −1 , which translates into an uncertainty of �
 −10 per cent in the derived masses. This fact did not allow Pasquini
t al. ( 2019 ) to reach definitive conclusions about the observed
ass differences, although the systematic trend suggests that the 

iscrepancy is real. 
The present paper aims at measuring accurate masses and M / R ra-

ios of Hyades WDs from the gravitational redshift using ESPRESSO 

Echelle SPectrograph for Rocky Exoplanets and Stable Spectro- 
copic Observations) at the Very Large Telescope (VLT). We use 
his new spectral data to determine � V values by using the narrow
on-local thermodynamic equilibrium (NLTE) cores at the centre 
f the Balmer lines (see e.g. Reid 1996 ; Zuckerman et al. 2013 ;
asquini et al. 2019 ) with an accuracy of a few hundreds m s −1 . This
ork is organized as follows. Section 2 presents the methods used 

or measuring the gravitational redshift and for deriving the stellar 
arameters from photometry. Section 3 presents the results, while 
ection 4 summarizes the conclusions. 

 OBSERVATIONS  

he spectra have been acquired during several observing runs during 
020–2022 with ESPRESSO at the VLT (Pepe et al. 2021 ). Each
tar had a minimum of three observations available in the European 
outhern Observatory (ESO) data archive, from which we retrieved 

he reduced spectra. 
ESPRESSO is fibre fed and equipped with a double scrambler 

nput fibre that makes the measured � V independent of the centring
f the star in the fibre and of seeing. The spectrograph was used in
ingle UT (unit telescope) mode, which provides a resolving power 
f ∼140 000 and a spectral co v erage between 3782 and 7887 Å.
he wavelength calibration accuracy of ESPRESSO reaches up to 
4 m s −1 based on peak-to-valley discrepancies between Th-A plus 
abry–Perot and Laser Frequency Comb spectra (Schmidt et al. 
021 ). 
Provided the WD spectra have a signal-to-noise ratio S / N � 15,

he measurement of the centre of the H α core in a single spectrum is
ossible with an accuracy better than 2 km s −1 . Three spectra were
lassified as not usable (class C) by the ESO quality control team
ecause of some instability in ESPRESSO, therefore they were not 
ncluded in our analysis, as well as those spectra with S / N < 7. 

 M E T H O D  

iven that the aim is to determine accurate WD M / R values, it is
orth recalling the main ingredients of the measurements and the 
ncertainties affecting each step. We describe below the theoretical 
oundation for measuring the gravitational redshift velocity and the 
ethods used for the data analysis. 
.1 Gravitational redshifts 

he concept of gravitational redshift ( z g ) was introduced by Einstein,
nd predicts that the shift in wavelength of electromagnetic radiation 
n the presence of a gravitational potential U can be approximated
y z g ∼ U / c 2 , where c is the speed of light. The gravitational redshift
elocity V z is defined as follows: 

 z = 636 . 3 
M 

M �

R �
R 

ms −1 − 3 . 2 ms −1 , (1) 

here M is the mass of the star and R its radius, and the second term
ncludes the corrections given by the observer distance from the Sun
nd the Earth’s gravitational redshift (Pr ̌sa et al. 2016 ). 

V z of a star can be derived from the total stellar velocity shift along
he line of sight � V , once this has been corrected for (i) the stellar
adial velocity ( V r ) and (ii) any additional motions ( V add ) in the stellar
tmospheres: 

 z = �V − V r − V add . (2) 

he radial velocity V r can be written as 

 r = V astro + V clus , (3) 

here V astro and V clus are the astrometric radial velocity and the
nternal velocity field of the cluster, respectively. 

In the case of the Hyades, Le ̃ ao et al. ( 2019 ) have shown that,
or non-degenerate stars, astrometric (Dravins, Lindegren & Madsen 
999 ) and spectroscopic radial velocities agree to better than 30 m s −1 

nd that the cluster has an internal velocity dispersion of � 340 m s −1 .
herefore, we computed the stars’ astrometric velocity ( V astro ) using

he Hyades centre and velocities derived from the Gaia Early Data
elease 3 (EDR3). We considered the cluster centre given by Reino
t al. ( 2018 ), [x,y,z] = [ −44.16 ± 0.74, 0.66 ± 0.39, −17.76 ± 0.41]
c, and UVW velocities from Gaia Collaboration et al. ( 2018b ): [U,
, and W] = [ −6.059 ± 0.031, 45.691 ± 0.069, 5.544 ± 0.025]
m s −1 . 
Following Le ̃ ao et al. ( 2019 ), we computed V clus accounting for

ts dependence on the star’s right ascension α: 

 clus = (0 . 034 × α − 2 . 12) km s −1 , (4) 

nd, for the purpose of this work, it is not rele v ant whether this
ependence is due to the cluster rotation (Le ̃ ao et al. 2019 ) or the
luster disruption (Oh & Evans 2020 ). 

Given the accuracy of Gaia measurements, the astrometric radial 
 elocities hav e an associated error of less than 80 m s −1 , so the cluster
elocity dispersion dominates the uncertainty in V r . None the less,
 clus represents a minor correction, by at most � 270 m s −1 , for our
tars. 

By assuming that the uncertainty on V r is dominated by the cluster
ispersion velocity ( � 340 m s −1 ), we exclude the possibility that
he observed WDs are affected by peculiar motions. The velocity 
ispersion of the Hyades has been measured with non-degenerate 
tars, but WDs may be subject to anisotropic motions. For instance,
l-Badry & Rix ( 2018 ) show that the presence of asymmetric kicks
t a level of � 0.75 km s −1 reproduces the distribution of WDs in wide
inaries. Other authors identified WDs that can be associated with 
he Hyades, but are escaping from the cluster (see, among others
remblay et al. 2012 ; Reino et al. 2018 ), so it can be questioned
hether the WDs in our sample can experience anisotropic velocities. 
dopting a typical cooling time of 200 Myr (Salaris & Bedin 2018 ),

nd the conserv ati ve assumption that the anisotropic velocity is
roduced at the beginning of the cooling sequence, a velocity of
.75 km s −1 would produce a displacement of the star of � 153 pc
MNRAS 522, 3710–3718 (2023) 
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M

Figure 1. Close-up on the H α NLTE core of sample ESPRESSO spectra for the eight Hyades WDs. As an example, for the top left-hand spectrum (EGGR 29), 
the best-fitting model is o v erplotted in orange. The photospheric H α is modeled with a quadratic polynomial and the NLTE core with a Gaussian. In some 
spectra a second narrow absorption line, whose position is highlighted by the grey band, is visible on the blue side of the core (see e.g. HZ 4 and EGGR 29), 
resulting from the imperfect subtraction of the H α sky emission line. We fitted this residual with a second Gaussian. Without it, the measured � V would have 
been systematically smaller. 
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uring the cooling sequence. Of all the WD in our sample, GD 52
s the most distant from the cluster centre, at 15.7 pc. Therefore, we
onclude that any anisotropic velocity larger than � 0.08 km s −1 can
e safely neglected in our analysis. 
Additional motions in the stellar atmospheres ( V add ) includes

onv ectiv e motions. These are dominant in solar-type stars but can
e negligible in WD atmospheres as the theory predicts negligible
o no conv ectiv e shift in the NLTE core of the Balmer lines for
 eff � 14 500 K (Tremblay et al. 2011 ), which is the case for all
tars in our sample (see Section 3.4 ). Finally, any other additional
ontributions to V add discussed by Le ̃ ao et al. ( 2019 ) (e.g. stellar
otation and activity) were found to be negligible. 

.2 Gravitational redshift measurements 

elocities have been measured by fitting the H α line with a quadratic
unction for the wings and a Gaussian for the NLTE core. A second
aussian was necessary for several spectra to fit an additional narrow

omponent around the line core originating from the residuals of
n imperfect sky subtraction. We opted to analyse each spectrum
ndividually (instead of combining the dif ferent observ ations) to
btain realistic estimates of the fitting errors. � V measurements
rom the H β line suffer from much higher uncertainties because the
 β NLTE core is shallower and broader than the H α one, and the

pectra have lower S / N in the region around H β. As such, the H β and
igher Balmer lines recorded in the ESPRESSO spectra were used
or cross-checking the H α velocities, not for measuring � V . 
NRAS 522, 3710–3718 (2023) 
Fig. 1 shows one spectrum for each star in the region of the H α

ine. As an example, the best-fitting model is overplotted in the case
f EGGR 29. Narrow absorption lines resulting from an imperfect
ky subtraction are clearly visible in the spectra of EGGR 29, HZ 4,
Z 7, and LAWD 18. 
For each object, the corresponding � V measurements have been

veraged and weighted by the inverse square of the fitting error,
o minimize the contribution of inaccurate fit results to the average
alue. We aimed to reach an uncertainty in the measured � V smaller
han or comparable to the cluster velocity dispersion (340 m s −1 ),
hich is the case for five of the eight WDs. For three objects, namely
Z 4, LAWD 18, and HZ 14, the � V uncertainties lie around 0.5
m s −1 . Table 1 reports the average � V for each star, the associated
rror as computed from the weighted average of the measurements,
nd the number of spectra used for each average. 

The table also provides the gravitational redshift V z of each
tar, which we computed using equation ( 2 ). Given that we need
bsolute V z measurements, it is worth reporting that we have
dopted vacuum values equal to 6564.6081 Å and 4862.6829 Å for
 α and H β, respectively, as derived by Reader ( 2004 ). The errors
n V z have been computed by adding the uncertainty given by the
luster velocity dispersion of 340 m s −1 added in quadrature to the
ncertainty of the � V measurements. The final errors vary between
.7 per cent and 1.6 per cent and determine the accuracy of the M / R
easurements. We computed the latter using equation ( 1 ) and the

orresponding values are reported in the last column of Table 2 . In
he following, we refer to these results as M / R 

ESPRESSO , to differ-

art/stad1252_f1.eps
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Table 1. Velocity measurements for the eight Hyades WDs. Column 2 reports 
the number of spectra ( N ) analysed for each object. 

Star N � V V astro V clus V z 

(km s −1 ) (km s −1 ) (km s −1 ) (km s −1 ) 

HZ 14 4 76.2 ± 0.5 41.26 ± 0.08 0 .27 34.7 ± 0.6 
LAWD 19 4 74.89 ± 0.05 39.64 ± 0.08 0 .16 35.1 ± 0.3 
HZ 7 3 76.2 ± 0.2 40.50 ± 0.08 0 .21 35.5 ± 0.4 
LAWD 18 3 75.5 ± 0.4 39.24 ± 0.08 0 .12 36.2 ± 0.5 
HZ 4 4 83.2 ± 0.5 36.38 ± 0.08 − 0 .12 46.9 ± 0.6 
EGGR 29 3 94.0 ± 0.3 37.63 ± 0.08 0 .0 56.3 ± 0.5 
HG 7–85 4 88.8 ± 0.2 37.16 ± 0.08 − 0 .05 51.7 ± 0.4 
GD 52 4 86.0 ± 0.3 32.52 ± 0.08 − 0 .15 53.6 ± 0.4 
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ntiate from the ratios derived from the fit to the Gaia photometry
Section 3.4 ). 

.3 Systematic uncertainties 

ur velocity measurements agree with those by Pasquini et al. 
 2019 ) within the 2 km s −1 uncertainty quoted in that work for the
ombined UVES and HIRES observ ations. Ho we v er, for fiv e of
he six stars that have been analysed in this work as well as by
asquini et al. ( 2019 ), the ESPRESSO � V s are systematically larger
y � 2 km s −1 . The reasons for this systematic difference are not
bvious. There are, ho we ver, se veral reasons leading us to believe
hat the ESPRESSO velocities are of superior quality and free of
he systematic uncertainties that affected the UVES and HIRES 

elocities, as detailed below: 

(i) Pasquini et al. ( 2019 ) used a literature value equal to
562.801 Å in air as reference value for the H α central wavelength. 
he v acuum v alue adopted in this work is the center -of-gra vity of
acuum wavelengths from recent measurements, which corresponds 
o 6562.7952 Å when in air. The difference between the two adopted 
alues accounts for a difference of 265 m s −1 between our results and
hose by Pasquini et al. ( 2019 ). 

(ii) UVES and HIRES are not in vacuum, hence all reference 
avelengths are reported to wavelengths in air assuming standard 

ir pressure and temperature values. Any changes in pressure and/or 
emperature would cause the air refraction index n to vary by � n
 1 × 10 −6 / ◦ celsius and � n � 1.3 × 10 −6 /Kpascal (Ciddor

996 ). A variation of � n � 7 × 10 −6 would be sufficient to
roduce a shift of 2 km s −1 around the H α therefore, if the observing
onditions were different from the assumed standard values, they 
ould cause (systematic) shifts in the wavelength calibration. Notice 

hat, while for precise velocity determinations only the difference 
n atmospheric conditions between the time of the wavelength 
alibration and the time of the observations matters, for accurate 
easurements the difference in atmospheric parameters between the 

ime of calibrations and the assumed standard values is rele v ant.
iven the instrument configuration, ESPRESSO observations do not 

uffer from these uncertainties. 
(iii) For slit instruments such as UVES and HIRES, the observed 
 V depends on the position of the photocentre of the star in the slit
idth, (Pasquini et al. 2015 ). In contrast, ESPRESSO is fibre-fed 

nd the light is scrambled to produce a stable spectrograph injection 
ith a long-term stability of a few m s −1 . Since the same light path

s used by the calibration light, this implies also high accuracy. 
(iv) Finally, UVES and HIRES wavelength calibrations are known 

o suffer from distortions of several hundreds m s −1 (Whitmore & 

urphy 2015 ). This is not the case for ESPRESSO, as shown using
 Laser Frequency Comb (Schmidt et al. 2021 ). This could also
enerate systematic differences. 

As for the analysis, contaminating sky lines may also introduce 
 systematic effect. ESPRESSO resolving power is much higher ( �
40 000) than that of the UVES ( � 18 500) and HIRES ( � 40 000)
bservations. In general, this is not so critical for the H α NLTE core,
hich typically is as broad as � 1 . 2 Å. Ho we ver, the gravitational

edshift and the positive radial velocity of the cluster shift the H α

bsorption line from the WD photosphere al w ays redw ards the H α

ky emission line. In the case of improper sky subtraction, sky
esiduals skew the velocity measurements towards lower values. The 
 V values measured from the spectra with a double Gaussian fit are

ystematically larger than the measurements from the same spectra if 
btained from a single Gaussian fit. Given that such an approach has
ever been used in the past, it is possible that the combination of the
ower quality (mainly in resolution) of the previous observations, 
oupled with neglecting the contribution of sky contamination, 
re an important cause of the systematic discrepancy between the 
SPRESSO observations and the previous (UVES and HIRES) ones. 

.4 WD parameters 

e used the Gaia EDR3 data to derive physical parameters, 
amely ef fecti ve temperatures, masses, and radii, for the WD in our
ample, and compare them with our M / R measurements obtained
rom the gravitational redshifts. Specifically, we used the Gaia 
DR3 parallaxes, colours, and magnitudes in combination with 

he synthetic colours of hydrogen-atmosphere WDs provided by 
he Montreal group 1 (Bergeron, Wesemael & Beauchamp 1995 ; 
olberg & Bergeron 2006 ; Tremblay et al. 2011 ), updated in January
021, and including the synthetic photometry in the Gaia EDR3 G ,
 BP , and G RP filter passbands. 
The Gaia parallaxes for the eight WDs in our sample have a

recision of 0.2 per cent or better. Ho we v er, their accurac y is affected
y well-known systematics associated with imperfections in the 
nstruments and in the data processing methods (Lindegren et al. 
021 ). The mean value of this systematic error, the so-called zero-
oint � ZP , can be modelled according to the Gaia magnitudes and
olours, as well as the ecliptic latitude of the source. We used
he python script gaiadr3 zeropoint 2 provided by the Gaia 
onsortium to correct the parallaxes of our Hyades WDs for their
orresponding zero-points. These corrections ranged between 0.02 
nd 0.03 mas. Moreo v er, as described in Riello et al. ( 2021 ), we
orrected the Gaia G -band photometry for known systematic effects 
sing the python code gaiaedr3-6p-gband-correction 3 

rovided by the Gaia collaboration. 
We used the Gaia parallaxes to compute the absolute G , G BP , and
 RP magnitudes. First, we estimated the reddening correction for 

ach object following the method from Gentile Fusillo et al. ( 2019 ,
021 ), which, given the proximity of the Hyades cluster, results in
 negligible reddening of � 10 −3 mag. We then performed a fit
o the grid of synthetic magnitudes using the Markov chain Monte
arlo (MCMC) implementation for python, emcee , developed by 
 oreman-Macke y et al. ( 2013 ). The free parameters of the fit are

he WD surface gravity and temperature, for which we assumed flat
riors in the ranges co v ered by the grid of synthetic magnitudes
1500 K ≤ T eff ≤ 150 000 K and 7.0 ≤ log g ≤ 9.0, with the surface
MNRAS 522, 3710–3718 (2023) 
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Table 2. Best-fitting parameters derived from the photometric fit to the Gaia data (Section 3.4 ). The last column reports the M / R derived from the 
gravitational redshifts obtained from the analysis of the ESPRESSO data (Section 3.2 ). 

Photometric fit Gravitational 
redshift 

Star T eff log g R M M b ol M G Total age M/R 

Gaia M / R 

ESPRESSO 

(K) (0.01 R �) (M �) (mag) (mag) (Myr) (M �/R �) (M �/R �) 

HZ 14 26 762 ± 540 8.11 ± 0.03 1.23 ± 0.02 0.703 ± 0.016 7.7 ± 0.1 10.387 662 57 ± 2 54.5 ± 0.9 
LAWD 19 23 449 ± 410 8.09 ± 0.02 1.23 ± 0.02 0.688 ± 0.012 8.2 ± 0.1 10.635 767 55.8 ± 1.8 55.1 ± 0.5 
HZ 7 20 493 ± 390 8.08 ± 0.02 1.239 ± 0.018 0.674 ± 0.012 8.80 ± 0.08 10.867 880 54.4 ± 1.7 55.8 ± 0.6 
LAWD 18 18 882 ± 310 8.10 ± 0.02 1.221 ± 0.017 0.682 ± 0.012 9.20 ± 0.08 11.050 871 55.9 ± 1.6 56.9 ± 0.8 
HZ 4 14 243 ± 170 8.27 ± 0.01 1.071 ± 0.010 0.781 ± 0.009 10.70 ± 0.06 11.829 754 72.9 ± 1.5 74 ± 1 
EGGR 29 15 075 ± 280 8.36 ± 0.02 1.006 ± 0.016 0.835 ± 0.013 10.59 ± 0.08 11.860 630 83 ± 3 88.4 ± 0.8 
HG 7–85 14 288 ± 170 8.34 ± 0.01 1.017 ± 0.010 0.825 ± 0.008 10.80 ± 0.06 11.932 701 81.1 ± 1.7 81.2 ± 0.6 
GD 52 13 620 ± 180 8.37 ± 0.01 0.993 ± 0.009 0.842 ± 0.008 11.05 ± 0.06 12.051 766 84.7 ± 1.7 84.2 ± 0.6 
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ravity g given in cgs units). To account for the uncertainties
elated to the parallaxes, we assumed a Gaussian prior, centred
n the parallax value and weighted by the corresponding parallax
ncertainty. Fig. A1 gives an example of the parameter covariances
nd posterior distribution. Our fitting procedure returned the best-
tting T eff and log g for which the grid of synthetic magnitudes
rovides the corresponding WD mass, bolometric magnitude ( M b ol ),
nd cooling age. The combination of surface gravity and the mass,
n turn, returns the radius of the WD. Following the nomenclature
ntroduced in Section 3.2 , we dubbed the corresponding ratios as

/R 

Gaia . 
Assuming the IFMR from Salaris et al. ( 2009 ), we computed the
ass of the WD progenitor and, following Salaris & Bedin ( 2018 ),

he pre-WD lifetime. The latter combined with the WD cooling time
ives the total age of each object. Table 2 reports the results of this
tting procedure. For each star, Table 2 also reports the Gaia absolute
agnitude in G -band ( M G ), which will be used in the discussion in

he following Sections, and, for comparison, the M / R 

ESPRESSO from
ection 3.2 . We discuss in Appendix B the differences between these
esults and those reported by Pasquini et al. ( 2019 ). 

 DISCUSSION  

he results in Table 2 show an excellent agreement between M/R 

Gaia 

nd M / R 

ESPRESSO . The largest fractional difference (( M/R 

ESPRESSO −
 /R 

Gaia ) / ( M /R 

ESPRESSO ) � 6 per cent) is observed for EGGR 29,
hich is likely a special case: as discussed below, this star possibly
escends from a blue straggler. 
After excluding EGGR 29, the average fractional difference be-

ween the M / R e v aluated from gravitational redshifts and photometry
s −0 . 8 per cent, with a dispersion of 2.2 per cent. This agreement
s remarkable, since the two methods employed to estimate M/R 

Gaia 

nd M / R 

ESPRESSO are entirely independent, as the gravitational
edshift method does not use any information from the theoretical
volutionary tracks. We also anticipate that such a good agreement
etween models and observations is not valid for spectroscopically
etermined WD parameters, as discussed in Section 4.2 . 

.1 A consistent picture 

n our analysis, we did not consider a unique characteristic of the
ample: the WDs belong to a cluster, so they are all expected to have
he same total (progenitor plus cooling) age. Ho we ver, it is clear from
able 2 that the ages derived from the photometric fit (Section 3.4 )
NRAS 522, 3710–3718 (2023) 
re characterized by a large spread, considering that the typical errors
n the total ages are by less than 10 per cent. One important point to
onsider is that the total ages depend critically on the IFMR adopted
or their computation. The IFMR given by Salaris et al. ( 2009 ) was
alculated as an average value from many open clusters, under the
ssumption that all follow the same IFMR. This practice is very
ommon, and the detailed shape of the general IFMR is discussed in
everal works (see also Cummings et al. 2018 ). 

A more detailed approach to derive the IFMR specific for the
luster in consideration is to use the main-sequence turnoff. If this
s well-defined in the cluster CMD, then it is possible to derive the
ain sequence turnoff age and thus, the age of the cluster. Following

his approach, Gaia Collaboration et al. ( 2018b ) obtained an age of
90 Myr for the Hyades. Salaris & Bedin ( 2018 ) then adopted this
alue in their study of the cluster’s WDs and derived an updated
FMR for the Hyades. As discussed by Salaris & Bedin ( 2019 ),
his IFMR turned out to be slightly different from that determined
y previous studies (Salaris et al. 2009 ; Cummings et al. 2018 ).
n particular, the IFRM by Cummings et al. ( 2018 ) systematically
 v erestimates by � 0 . 02 M � the WD final masses for progenitors in
he mass range 2 . 5 − 3 . 5 M �. 

To account for these results, we have computed new isochrones
or the Hyades cluster. We adopted the WD cooling tracks and
rogenitor lifetimes from Salaris & Bedin ( 2018 ) since the WD
asses and cooling times derived by these authors are consistent

t the level of better than one and nine per cent, respectively, with
hose determined from our photometric analysis. Assuming a cluster
ge of 790 Myr (Gaia Collaboration et al. 2018b ), we built an IFMR
hat, in the initial mass range 2 . 5 − 3 . 5 M �, returns final masses that
re 0 . 02 M � smaller compared to those returned by the IFMR from
ummings et al. ( 2018 ). Outside this initial mass range, our IFMR

moothly converges to the original IFMR of Cummings et al. ( 2018 ).
The isochrones with ages between 725 and 800 Myr are those

hat better reproduce the observed CMD of the Hyades WDs in our
ample, as shown in Fig. 2 . This is e xpected, giv en that this IFMR
as built assuming a cluster age of 790 Myr. What it is striking is that

he WD parameters derived from these isochrones are also capable
o reproduce the measured M / R , as shown in Fig. 3 . 

We therefore obtain a consistent picture of the Hyades WDs by
sing the Salaris & Bedin ( 2018 ) isochrones, which are capable
o reproduce the Gaia magnitudes and colours, as well as for the
ravitational redshift-based M / R , with all stars (except EGGR 29)
beying a single IFMR and having ages in the range 725 − 800 
yr. 
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Figure 2. Gaia CMD of the eight Hyades WDs. The 725, 750, and 800 Myr 
isochrones are displayed. They have been calculated employing the models 
from Salaris & Bedin ( 2018 ) and an updated IFMR (see the text for more 
details). It is possible to confine all stars but EGGR 29 (blue square) in this 
age range. 

Figure 3. M / R versus colour diagram for the eight Hyades WDs, where the 
same isochrones of Fig. 2 are included. All stars but EGGR 29 (blue square) 
fit in the 725–800 Myr age range. The uncertainties are smaller than the sizes 
of the points. 
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nature (see Section 4.3 ). 
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.2 Hyades WD parameters from spectroscopy 

t is possible to derive masses and radii of WDs from spectroscopy
y determining stellar ef fecti ve temperatures and gravities from the 
odelling of the Balmer lines in combination with a theoretical 
ass–radius relationship. Several authors have derived T eff and 

og g for Hyades WDs in the past 20 yr (Claver et al. 2001 ; Koester
t al. 2009 ; Limoges & Bergeron 2010 ; Gianninas et al. 2011 ;
ummings et al. 2018 ). In particular, Cummings et al. ( 2018 )
mployed updated analysis techniques (that better account for the 
ifferent sources of noise in the fitting procedure) and models (that 
ccount for impro v ed Stark broadening calculation) and therefore 
e limit our comparison to their results. 
These are summarized in Table 3 , where we also computed the

orresponding M / R values from the given log g and mass. The related
rrors have been computed with a Monte Carlo calculation. For ease 
f comparison, our M/R 

G aia and M / R 

ESPRESSO are repeated in this
able. 
Even if the ef fecti ve temperatures deri ved from the spectroscopic

nd photometric fits are in agreement within the nominal uncer- 
ainties, it is clear that the spectroscopic values are systematically 
igher than those obtained from the photometric fits. Moreo v er,
he surface gravities and masses obtained from the spectroscopic 
nalysis are higher than the photometric results for six stars, and
ower for two, cool objects. The combination of higher gravities and
f fecti ve temperatures implies that smaller radii are expected from
he spectroscopic method with respect to the photometric one. This 
iscrepancy has been described in the past in great detail by several
uthors (see e.g. Bergeron et al. 2019 ; Genest-Beaulieu & Bergeron
019 ; Tremblay et al. 2019 ). 
As a consequence, the M / R derived from the WD parameters

etermined by Cummings et al. ( 2018 ) do not agree with our results,
.e. they differ more than 3 σ from our model-independent ratios 
erived from the gravitational redshift ( M / R 

ESPRESSO ). 
We find that the fractional difference (computed as ( M / R −
 / R 

ESPRESSO )/ M / R 

ESPRESSO ) between the two data sets 4 (Fig. 4 )
hows a possible trend with M / R , with a difference as high
s 10 − 15 per cent at the limits of the range co v ered by our
 / R 

ESPRESSO measurements. The observed trend seems to suggest 
hat the spectroscopic results suffer from some unknown systematics. 

Spectroscopic measurements are generally considered the most 
recise. Ho we ver, se veral works argue that the Balmer line profile
n WDs needs to be fully understood, either using experimental data
Schaeuble et al. 2019 ) or new theoretical ingredients (Cho et al.
022 ). The model-independent M / R 

ESPRESSO measurements from the 
ravitational redshift provide a new powerful constraint, and, our 
hotometric M/R 

G aia agree better with them than the spectroscopic 
nes available in the literature for the Hyades WDs. 
It is finally interesting to compare our M / R 

G aia measurements with
he results from other photometric analyses, such as the work by
entile Fusillo et al. ( 2021 ), which used the data from Gaia EDR3

o identify and characterize more than 300 000 WDs in the Milky
ay. The difference between our M/R 

G aia and the M / R derived
rom the WD parameters estimated by Gentile Fusillo et al. ( 2021 ) is
lso displayed in Fig. 4 as green triangles. On average, the latter
re systematically higher than our results by � 4 per cent. This
ifference can be explained by a different photometric zero-point 
or Vega spectra used in the calculation of the WD models used in
his work and those used by Gentile Fusillo et al. ( 2021 ) (Fusillo,
ri v ate communication). 

.3 EGGR 29 

n the CMD of Fig. 2 , it is clear that the star EGGR 29 does not lie
n the same sequence as the other WDs in our sample. Its parallax,
roper motions, and astrometric radial velocity from Gaia show 

hat this star is a bona fide member of the Hyades cluster, and its
embership has never been questioned in the literature. Ho we ver, 
hen compared with the other Hyades WDs of comparable abso- 

ute magnitude and masses (HG 7-85 and GD 52, M � 0 . 835 M �,
able 2 ), it is clear that EGGR 29 occupy a different position on the
ooling track describing the evolution of these stars, indicating that 
t is characterized by a smaller cooling age. This reflects the fact that
GGR 29 is the hottest WDs among these three and, therefore, it
MNRAS 522, 3710–3718 (2023) 
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Table 3. Spectroscopic stellar parameters for the Hyades WDs from Cummings et al. ( 2018 ) and Gentile Fusillo et al. ( 2021 ) in comparison with our results 
from the fit to the Gaia photometry, and with those from our gravitational redshift measurements. 

Spectroscopic fit Photometric fit 
Cummings et al. ( 2018 ) Gentile Fusillo et al. ( 2021 ) This work 

Star T eff log g M M / R T eff log g M M / R M/R 

Gaia M / R 

ESPRESSO 

(K) (M �) (M �/R �) (K) (M �) (M �/R �) (M �/R �) (M �/R �) 

HZ 14 27 540(400 ) 8.15(5 ) 0.726(3 ) 61(4 ) 27 557(570 ) 8.14(3 ) 0.721(18 ) 60(2 ) 57 (2 ) 54.5(9 ) 
LAWD 19 25 130(380 ) 8.12(5 ) 0.704(29 ) 58(3 ) 24 172(490 ) 8.12(3 ) 0.703(16 ) 58.3(1.9 ) 55.8(1.8 ) 55.1(5 ) 
HZ 7 21 890(350 ) 8.11(5 ) 0.691(3 ) 60(3 ) 21 152(435 ) 8.11(3 ) 0.689(15 ) 56.7(1.8 ) 54.4(1.7 ) 55.8(6 ) 
LAWD 18 20 010(320 ) 8.13(5 ) 0.700(3 ) 59(3 ) 19 410(400 ) 8.12(3 ) 0.695(15 ) 58.1(1.8 ) 55.9(1.6 ) 56.9(8 ) 
HZ 4 14 670(380 ) 8.30(5 ) 0.797(32 ) 76(5 ) 14 516(205 ) 8.293(17 ) 0.792(11 ) 75.3(1.6 ) 72.9(1.5 ) 74(1 ) 
EGGR 29 15 810(290 ) 8.38(5 ) 0.850(32 ) 86(5 ) 15 425(280 ) 8.37(2 ) 0.844(15 ) 85(2 ) 83(3 ) 88.4(8 ) 
HG 7–85 14 620(60 ) 8.25(1 ) 0.765(6 ) 70.4(9 ) 14 669(210 ) 8.361(16 ) 0.837(11 ) 83.7(1.6 ) 81.1(1.7 ) 81.2(6 ) 
GD 52 14 820(350 ) 8.31(5 ) 0.804(32 ) 77(5 ) 14 008(220 ) 8.389(15 ) 0.85(1 ) 87.3(1.65 ) 84.7(1.7 ) 84.2(6 ) 

Figure 4. Fractional difference between our M / R 

ESPRESSO and the M / R 

derived from the WD parameters measured by Cummings et al. ( 2018 ) (red 
circles), and our M / R 

G aia and the M / R derived from the WD parameters 
measured by Gentile Fusillo et al. ( 2021 ) (green triangles). For comparison, 
also the difference between M / R 

ESPRESSO and M/R 

G aia is shown (blue 
squares). EGGR 29 is not included in the plot because of its peculiar nature 
(see Section 4.3 ). 
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Figure 5. Gaia CMD of the eight Hyades WDs. The 650, 725, 750, and 
800 Myr isochrones are displayed (see Section 4.1 ). The three more massive 
WDs in our sample, EGGR 29, HG 7-85, and GD 52, have similar masses 
( M � 0 . 835 M �) and all sit on the cooling track for log g � 8.36 (Table 2 ), 
but the position of EGGR 29 indicates that it is a younger WD, formed � 150 
Myr later compared to the other WDs in the Hyades cluster. 
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ust have formed as a WD at a later phase than HG 7-85 and GD 52
Fig. 5 ). 

Our M / R measurements also show, consistently with inferences
rom the CMD, that the M / R of EGGR 29 is � 3 km s −1 larger
han those of HG 7-85 and GD 52 (Fig. 3 ), a value that exceeds
he measurement uncertainty by more than 7 σ . The magnitude,
olours and M / R of EGGR 29 could be reproduced using isochrones
omputed assuming an age � 150 Myr younger than that of the other
Ds in our sample, as can be seen in Fig. 5 where an isochrone for

50 Myr is displayed. 
A WD outlier with similar characteristics, LB 5893, has been

bserved in the Hyades twin cluster Praesepe (Salaris & Bedin
019 ). The anomalous status of LB 5893 was disco v ered by Casewell
t al. ( 2009 ) from its peculiar position in the initial mass–final mass
pace. Similarly to EGGR 29, also for LB 5893 no other peculiar
haracteristics are observed. Casewell et al. ( 2009 ) discuss two
ossible scenarios to explain the peculiarity of LB 5893: either it
escends from a blue straggler, or it is the result of differential mass
oss during the asymptotic giant branch (AGB) phase. The authors
a v oured the blue straggler progenitor hypothesis since this WD is
NRAS 522, 3710–3718 (2023) 
he only object in the cluster showing such peculiar properties, while
t would be expected that differential mass loss would produce other

D outliers. 
Differential mass loss could be a possible explanation for the

nomalies observed in EGGR 29. Ho we ver, also in this case (as for
raesepe), it would be expected that other deviant objects should be
bserved among the WDs in the cluster and not just one exception.
herefore, the blue straggler progenitor hypothesis seems to be the
ost likely also in the case of EGGR 29. The age of this WD, as

erived from the isochrone fitting, is � 650 Myr and the merging
hat led to formation of the blue straggler progenitor should have
ccurred on the main sequence, because the typical time needed by
wo WDs to merge is comparable to or longer than the age of the
luster (Cheng et al. 2020 ). 

 C O N C L U S I O N S  

e have obtained accurate measurements of M / R for eight bona fide
yades WDs from ESPRESSO velocity shifts and Gaia photometry.
 comparison between our gravitational redshift-based M / R mea-

urements and the photometric-based results shows an agreement
o better than 1 per cent. This result is quite remarkable, given that

art/stad1252_f4.eps
art/stad1252_f5.eps
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he two methods are completely independent and rely on different 
heories (general relativity in the case of the gravitational redshift, and 
uantum mechanics in the case of the photometric fit with synthetic 
D models). 
By using the isochrones computed by Salaris & Bedin ( 2018 )

nd tuned for the Hyades IFMR (assuming the cluster age from the
ain sequence turn-off fitting), we found a consistent picture that 

an reproduce both the WD cooling sequences and the M / R observed
alues, with the age of the cluster being comprised in the narrow
ange 725–800 Myr. 

One star, EGGR 29, does not populate the same locus of the other
yades WDs in the CMD and M / R -colour diagram but appear to be
 150 Myr younger. EGGR 29 resembles the peculiar WD LB 5893

bserved in the Hyades-twin cluster Praesepe. As for LB 5893, we 
uggest that EGGR 29 is the remnant of a blue straggler. 

Finally, we confirm the presence of a discrepancy between the WD 

arameters derived from the spectroscopic and from the photometric 
nalysis. This discrepancy is systematic and well-known in the 
iterature. In this context, our accurate M / R measurements add a new
onstraint that can be used to further refine the currently available 
ynthetic atmosphere models. 
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Figure A1. Sample corner plot showing the parameter covariances and 
posterior distributions for the MCMC fit to the Gaia EDR3 photometry 
for GD52. The 16th, 50th, and 84th quantiles are shown as vertical lines. 
The figure has been generated using an adaptation of the corner.py package 
developed by Dan Foreman-Mackey and contributors (Foreman-Mackey 
2016 ). 
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PPENDI X  B:  C O M PA R I S O N  WI TH  PA SQU IN I  
T  A L .  (  2 0 1 9  )  

ix (HZ 4, HZ 7, LAWD 18, LAWD 19, EGGR 29, and HG 7–85)
ut of the eight Hyades WDs considered in this work have also been
nalysed by Pasquini et al. (my 2019 ). Those authors obtained radii
nd masses of these objects by performing a fit of their absolute G ,
 BP , and G RP magnitudes, deriv ed using the parallax es pro vided by
aia DR2, to the synthetic magnitudes computed by Bergeron and

ollaborators in 2018 for the corresponding filter passbands. 
The masses from this work are, on average, � 0 . 03 M � larger than

hose reported in Table 2 by Pasquini et al. ( 2019 ). To investigate
hether this difference could be related to the different fitting routines

mployed (least square minimization routine from Pasquini et al.
 2019 ) versus our MCMC fitting, including a prior on the Gaia
arallax), we fitted the Gaia DR2 data following the procedure
escribed in Section 3.4 . The masses, thus derived are in good
greement with those reported by Pasquini et al. ( 2019 ) (with a
ypical difference by less � 0 . 004 M �). We therefore conclude that
he difference observed with the masses from Pasquini et al. ( 2019 ) is
ot due to the different fitting methods but rather to (i) the impro v ed
ccuracy of the Gaia EDR3 parallaxes (which we also corrected for
he zero-points), and (ii) the new updated theoretical models that we
ave employed in the analysis carried out in this work. 
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