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ABSTRACT

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.
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1 INTRODUCTION

White dwarfs (WDs) are the most common stellar remnant in
the Galaxy, being the final evolutionary stage of low- and inter-
mediate-mass stars (M <8 — 10 Mg, Siess 2007), which represent
over =~ 95 per cent of the stars in the Milky Way (e.g. Althaus et al.
2010). The accurate determination of their physical parameters is
relevant to address several astrophysics questions. First, thanks to
their long cooling times, WDs are a powerful tool to estimate the
age of the Galactic disc (Fantin et al. 2019) and halo (Kalirai 2012),
and to investigate the local star formation history and the initial
mass function. Moreover, the difference between the WD masses
and the initial masses of their progenitors provides the initial-final
mass relation for single stars IFMR - see, e.g. Kalirai et al. 2008;
Salaris et al. 2009) that is essential to model stellar populations and,
more generally, to verify predictions of stellar evolutionary models.
Finally, the IFMR can be used to test the predicted integrated mass
loss of low- and inter-mediate-mass stars, a key ingredient in the
chemical evolution of galaxies.

It is therefore important to obtain accurate and reliable measure-
ments of WD masses, that can be derived employing various meth-
ods. One possibility is to employ WD colour-magnitude diagrams
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(CMDs): the interpolation of grids of WD cooling models to the
observed colours and absolute magnitudes provides the mass (and
cooling time) of the targets. For example, using Gaia photometry and
parallaxes for WDs in the Hyades cluster, Salaris & Bedin (2018)
determined masses with a precision of 1—2 per cent. Alternatively,
it is possible to determine the WD surface gravity (log g) and the
effective temperature (7.¢) by employing synthetic spectra to fit the
observed Balmer lines (see, e.g. Gianninas, Bergeron & Ruiz 2011)
or spectral energy distribution (e.g. Raddi et al. 2017). If the distance
to the system is known and assuming a mass—radius relationship, it
is possible to derive WD masses with a precision of a few per cent.

There are also other methods that minimize the input from theoret-
ical models. One is the full solution of binary systems hosting a WD,
including eclipsing binaries, that can accurately be applied to only a
few systems (e.g Parsons et al. 2017; Joyce et al. 2018; Muirhead,
Nordhaus & Drout 2022). Another method is the comparison between
the WD astrometric radial velocity and the spectroscopic velocity
shift along the line of sight, AV, which provides a measurement of
the WD gravitational redshift and, thus, a direct determination of the
stellar mass-to-radius ratio (M/R) (e.g. Pasquini et al. 2019). Here,
we use this latter method to determine accurate M/R for WDs in the
Hyades open cluster.

The Hyades cluster is the ideal laboratory for this study. First,
given its proximity, the parallax provided by Gaia is accurate to ~~
0.2 per cent (the centre-of-mass distance is equal to 47.50 = 0.15 pc,
Gaia Collaboration et al. 2018a). Second, the astrometric radial
velocities of the Hyades stars have smaller uncertainties than the
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cluster velocity dispersion, which amounts to <340ms~! (Ledo
et al. 2019). Consequently, spectral AV measurements of the WDs
in the Hyades allow us to determine the gravitational redshift with
an uncertainty of ~340ms~!, which yields an accuracy better than
one per cent for M/R.

Pasquini et al. (2019) determined the masses and M/R ratios
of six Hyades WDs from gravitational redshift measurements, by
combining UVES archive spectra obtained by the Supernovae Type
Ia Progenitor Survey (SPY) (Napiwotzki et al. 2001) with published
results from the analysis of data from the HIRES spectrograph at
Keck. The masses derived for all targets were systematically lower
than those derived with other methods, such as the spectroscopic
fit of the Balmer lines and the analysis of the photometric spectral
energy distribution. The uncertainty in the AV measured by those
authors were ~ 2kms~!, which translates into an uncertainty of ~
5—10 per cent in the derived masses. This fact did not allow Pasquini
et al. (2019) to reach definitive conclusions about the observed
mass differences, although the systematic trend suggests that the
discrepancy is real.

The present paper aims at measuring accurate masses and M/R ra-
tios of Hyades WDs from the gravitational redshift using ESPRESSO
(Echelle SPectrograph for Rocky Exoplanets and Stable Spectro-
scopic Observations) at the Very Large Telescope (VLT). We use
this new spectral data to determine AV values by using the narrow
non-local thermodynamic equilibrium (NLTE) cores at the centre
of the Balmer lines (see e.g. Reid 1996; Zuckerman et al. 2013;
Pasquini et al. 2019) with an accuracy of a few hundreds ms~!. This
work is organized as follows. Section 2 presents the methods used
for measuring the gravitational redshift and for deriving the stellar
parameters from photometry. Section 3 presents the results, while
Section 4 summarizes the conclusions.

2 OBSERVATIONS

The spectra have been acquired during several observing runs during
2020-2022 with ESPRESSO at the VLT (Pepe et al. 2021). Each
star had a minimum of three observations available in the European
Southern Observatory (ESO) data archive, from which we retrieved
the reduced spectra.

ESPRESSO is fibre fed and equipped with a double scrambler
input fibre that makes the measured AV independent of the centring
of the star in the fibre and of seeing. The spectrograph was used in
single UT (unit telescope) mode, which provides a resolving power
of ~140000 and a spectral coverage between 3782and 7887 A.
The wavelength calibration accuracy of ESPRESSO reaches up to
24 ms~! based on peak-to-valley discrepancies between Th-A plus
Fabry—Perot and Laser Frequency Comb spectra (Schmidt et al.
2021).

Provided the WD spectra have a signal-to-noise ratio S/N 2 15,
the measurement of the centre of the Ho core in a single spectrum is
possible with an accuracy better than 2 kms~!. Three spectra were
classified as not usable (class C) by the ESO quality control team
because of some instability in ESPRESSO, therefore they were not
included in our analysis, as well as those spectra with S/N < 7.

3 METHOD

Given that the aim is to determine accurate WD M/R values, it is
worth recalling the main ingredients of the measurements and the
uncertainties affecting each step. We describe below the theoretical
foundation for measuring the gravitational redshift velocity and the
methods used for the data analysis.
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3.1 Gravitational redshifts

The concept of gravitational redshift (z¢) was introduced by Einstein,
and predicts that the shift in wavelength of electromagnetic radiation
in the presence of a gravitational potential U can be approximated
by zg ~ Ulc?, where c is the speed of light. The gravitational redshift
velocity V, is defined as follows:

V, = 6363 R0 1 30 e
= . ms 2ms (D)
Mg R
where M is the mass of the star and R its radius, and the second term
includes the corrections given by the observer distance from the Sun
and the Earth’s gravitational redshift (PrSa et al. 2016).

V, of a star can be derived from the total stellar velocity shift along
the line of sight AV, once this has been corrected for (i) the stellar
radial velocity (V;) and (ii) any additional motions (V,q4q) in the stellar
atmospheres:

V,=AV =V, — Vaaa. (2)
The radial velocity V; can be written as
Vr = Vaslro + Vclusa (3)

where V4o and Vs are the astrometric radial velocity and the
internal velocity field of the cluster, respectively.

In the case of the Hyades, Ledo et al. (2019) have shown that,
for non-degenerate stars, astrometric (Dravins, Lindegren & Madsen
1999) and spectroscopic radial velocities agree to better than 30 m s~
and that the cluster has an internal velocity dispersion of ~340ms~'.
Therefore, we computed the stars’ astrometric velocity (V,suo) Using
the Hyades centre and velocities derived from the Gaia Early Data
Release 3 (EDR3). We considered the cluster centre given by Reino
etal. (2018), [x,y,z] = [—44.16 £ 0.74, 0.66 £ 0.39, —17.76 + 0.41]
pc, and UVW velocities from Gaia Collaboration et al. (2018b): [U,
V, and W] = [-6.059 £ 0.031, 45.691 £ 0.069, 5.544 + 0.025]
kms~!

Following Ledo et al. (2019), we computed Vs accounting for
its dependence on the star’s right ascension o:

Vers = (0.034 x o —2.12) kms ™', 4)

and, for the purpose of this work, it is not relevant whether this
dependence is due to the cluster rotation (Ledo et al. 2019) or the
cluster disruption (Oh & Evans 2020).

Given the accuracy of Gaia measurements, the astrometric radial
velocities have an associated error of less than 80 ms™!, so the cluster
velocity dispersion dominates the uncertainty in V,. None the less,
Vewis TEpresents a minor correction, by at most ~ 270 ms~"', for our
stars.

By assuming that the uncertainty on V; is dominated by the cluster
dispersion velocity (~ 340 ms™'), we exclude the possibility that
the observed WDs are affected by peculiar motions. The velocity
dispersion of the Hyades has been measured with non-degenerate
stars, but WDs may be subject to anisotropic motions. For instance,
El-Badry & Rix (2018) show that the presence of asymmetric kicks
atalevel of ~0.75 km s~! reproduces the distribution of WDs in wide
binaries. Other authors identified WDs that can be associated with
the Hyades, but are escaping from the cluster (see, among others
Tremblay et al. 2012; Reino et al. 2018), so it can be questioned
whether the WDs in our sample can experience anisotropic velocities.
Adopting a typical cooling time of 200 Myr (Salaris & Bedin 2018),
and the conservative assumption that the anisotropic velocity is
produced at the beginning of the cooling sequence, a velocity of
0.75 kms~! would produce a displacement of the star of ~ 153 pc
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Figure 1. Close-up on the He 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 overplotted in orange. The photospheric Ha 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. HZ4 and EGGR 29),
resulting from the imperfect subtraction of the Ha sky emission line. We fitted this residual with a second Gaussian. Without it, the measured AV would have

been systematically smaller.

during the cooling sequence. Of all the WD in our sample, GD 52
is the most distant from the cluster centre, at 15.7 pc. Therefore, we
conclude that any anisotropic velocity larger than ~ 0.08 kms~! can
be safely neglected in our analysis.

Additional motions in the stellar atmospheres (V,q) includes
convective motions. These are dominant in solar-type stars but can
be negligible in WD atmospheres as the theory predicts negligible
to no convective shift in the NLTE core of the Balmer lines for
T 2 14500K (Tremblay et al. 2011), which is the case for all
stars in our sample (see Section 3.4). Finally, any other additional
contributions to V,qq discussed by Ledo et al. (2019) (e.g. stellar
rotation and activity) were found to be negligible.

3.2 Gravitational redshift measurements

Velocities have been measured by fitting the Ho line with a quadratic
function for the wings and a Gaussian for the NLTE core. A second
Gaussian was necessary for several spectra to fit an additional narrow
component around the line core originating from the residuals of
an imperfect sky subtraction. We opted to analyse each spectrum
individually (instead of combining the different observations) to
obtain realistic estimates of the fitting errors. AV measurements
from the Hp line suffer from much higher uncertainties because the
HpB NLTE core is shallower and broader than the Ha one, and the
spectra have lower S/N in the region around HB. As such, the HB and
higher Balmer lines recorded in the ESPRESSO spectra were used
for cross-checking the Ha velocities, not for measuring AV.
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Fig. 1 shows one spectrum for each star in the region of the Ho
line. As an example, the best-fitting model is overplotted in the case
of EGGR 29. Narrow absorption lines resulting from an imperfect
sky subtraction are clearly visible in the spectra of EGGR 29, HZ 4,
HZ7, and LAWD 18.

For each object, the corresponding AV measurements have been
averaged and weighted by the inverse square of the fitting error,
to minimize the contribution of inaccurate fit results to the average
value. We aimed to reach an uncertainty in the measured AV smaller
than or comparable to the cluster velocity dispersion (340 ms™}),
which is the case for five of the eight WDs. For three objects, namely
HZ 4, LAWD 18, and HZ 14, the AV uncertainties lie around 0.5
kms~!. Table 1 reports the average AV for each star, the associated
error as computed from the weighted average of the measurements,
and the number of spectra used for each average.

The table also provides the gravitational redshift V, of each
star, which we computed using equation (2). Given that we need
absolute V, measurements, it is worth reporting that we have
adopted vacuum values equal to 6564.6081 A and 4862.6829 A for
Ho and HpB, respectively, as derived by Reader (2004). The errors
on V, have been computed by adding the uncertainty given by the
cluster velocity dispersion of 340 ms~! added in quadrature to the
uncertainty of the AV measurements. The final errors vary between
0.7 per cent and 1.6 per cent and determine the accuracy of the M/R
measurements. We computed the latter using equation (1) and the
corresponding values are reported in the last column of Table 2. In
the following, we refer to these results as M/RESFRESSO o differ-
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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 AV Vastro Velus VZ
(kms™") (kms™')  (kms™")  (kmsh

HZ 14 4 762405 41.26+0.08 027 347+06
LAWD19 4 7489+005 39.64+0.08 0.16  351+03
HZ7 3 762£02 4050 +0.08 021  355+04
LAWDI18 3 755+04 39.24+0.08 012  362+05
HZ4 4 832405 3638+£008 —012 469+06
EGGR29 3 940£03 37.63+0.08 00  563+05
HG 7-85 4 888+02 3716008 —005 51.7+04
GD52 4 860+03 3252+£008 —015 53.6+04

entiate from the ratios derived from the fit to the Gaia photometry
(Section 3.4).

3.3 Systematic uncertainties

Our velocity measurements agree with those by Pasquini et al.
(2019) within the 2 km s~ 'uncertainty quoted in that work for the
combined UVES and HIRES observations. However, for five of
the six stars that have been analysed in this work as well as by
Pasquini et al. (2019), the ESPRESSO A Vs are systematically larger
by =~ 2 kms~!. The reasons for this systematic difference are not
obvious. There are, however, several reasons leading us to believe
that the ESPRESSO velocities are of superior quality and free of
the systematic uncertainties that affected the UVES and HIRES
velocities, as detailed below:

(i) Pasquini et al. (2019) used a literature value equal to
6562.801 A in air as reference value for the Ho central wavelength.
The vacuum value adopted in this work is the center-of-gravity of
vacuum wavelengths from recent measurements, which corresponds
t0 6562.7952 A when in air. The difference between the two adopted
values accounts for a difference of 265 m s~! between our results and
those by Pasquini et al. (2019).

(ii)) UVES and HIRES are not in vacuum, hence all reference
wavelengths are reported to wavelengths in air assuming standard
air pressure and temperature values. Any changes in pressure and/or
temperature would cause the air refraction index n to vary by An
~ 1 x 107%° celsius and An ~ 1.3 x 10~%/Kpascal (Ciddor
1996). A variation of An ~ 7 x 107 would be sufficient to
produce a shift of 2 km s~'around the Ho therefore, if the observing
conditions were different from the assumed standard values, they
would cause (systematic) shifts in the wavelength calibration. Notice
that, while for precise velocity determinations only the difference
in atmospheric conditions between the time of the wavelength
calibration and the time of the observations matters, for accurate
measurements the difference in atmospheric parameters between the
time of calibrations and the assumed standard values is relevant.
Given the instrument configuration, ESPRESSO observations do not
suffer from these uncertainties.

(iii) For slit instruments such as UVES and HIRES, the observed
AV depends on the position of the photocentre of the star in the slit
width, (Pasquini et al. 2015). In contrast, ESPRESSO is fibre-fed
and the light is scrambled to produce a stable spectrograph injection
with a long-term stability of a few ms~!. Since the same light path
is used by the calibration light, this implies also high accuracy.

(iv) Finally, UVES and HIRES wavelength calibrations are known
to suffer from distortions of several hundreds m s~!'(Whitmore &
Murphy 2015). This is not the case for ESPRESSO, as shown using
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a Laser Frequency Comb (Schmidt et al. 2021). This could also
generate systematic differences.

As for the analysis, contaminating sky lines may also introduce
a systematic effect. ESPRESSO resolving power is much higher (=~
140 000) than that of the UVES (=~ 18 500) and HIRES (=~ 40 000)
observations. In general, this is not so critical for the Ho NLTE core,
which typically is as broad as ~ 1.2 A. However, the gravitational
redshift and the positive radial velocity of the cluster shift the Ho
absorption line from the WD photosphere always redwards the Ho
sky emission line. In the case of improper sky subtraction, sky
residuals skew the velocity measurements towards lower values. The
AV values measured from the spectra with a double Gaussian fit are
systematically larger than the measurements from the same spectra if
obtained from a single Gaussian fit. Given that such an approach has
never been used in the past, it is possible that the combination of the
lower quality (mainly in resolution) of the previous observations,
coupled with neglecting the contribution of sky contamination,
are an important cause of the systematic discrepancy between the
ESPRESSO observations and the previous (UVES and HIRES) ones.

3.4 WD parameters

We used the Gaia EDR3 data to derive physical parameters,
namely effective temperatures, masses, and radii, for the WD in our
sample, and compare them with our M/R measurements obtained
from the gravitational redshifts. Specifically, we used the Gaia
EDR3 parallaxes, colours, and magnitudes in combination with
the synthetic colours of hydrogen-atmosphere WDs provided by
the Montreal group' (Bergeron, Wesemael & Beauchamp 1995;
Holberg & Bergeron 2006; Tremblay et al. 2011), updated in January
2021, and including the synthetic photometry in the Gaia EDR3 G,
Ggp, and Ggp filter passbands.

The Gaia parallaxes for the eight WDs in our sample have a
precision of 0.2 per cent or better. However, their accuracy is affected
by well-known systematics associated with imperfections in the
instruments and in the data processing methods (Lindegren et al.
2021). The mean value of this systematic error, the so-called zero-
point @ zp, can be modelled according to the Gaia magnitudes and
colours, as well as the ecliptic latitude of the source. We used
the python script gaiadr3_zeropoint? provided by the Gaia
consortium to correct the parallaxes of our Hyades WDs for their
corresponding zero-points. These corrections ranged between 0.02
and 0.03 mas. Moreover, as described in Riello et al. (2021), we
corrected the Gaia G-band photometry for known systematic effects
using the python code gaiaedr3-6p-gband-correction’
provided by the Gaia collaboration.

We used the Gaia parallaxes to compute the absolute G, Ggp, and
Grp magnitudes. First, we estimated the reddening correction for
each object following the method from Gentile Fusillo et al. (2019,
2021), which, given the proximity of the Hyades cluster, results in
a negligible reddening of S 10~* mag. We then performed a fit
to the grid of synthetic magnitudes using the Markov chain Monte
Carlo (MCMC) implementation for python, emcee, developed by
Foreman-Mackey et al. (2013). The free parameters of the fit are
the WD surface gravity and temperature, for which we assumed flat
priors in the ranges covered by the grid of synthetic magnitudes
(1500K < T < 150000 K and 7.0 < log g < 9.0, with the surface

Uhttps://www.astro.umontreal.ca/~bergeron/CoolingModels/
Zhttps://gitlab.com/icc-ub/public/gaiadr3_zeropoint
3https://github.com/agabrown/gaiaedr3- 6p- gband-correction
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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 Tett logg R M Mpor Mg Total age ~ M /RO M/RESPRESSO
(X) (0.01 Rp) Mo) (mag) (mag) (Myr) Mo/Ro) Mo/Ro)
HZ 14 26762 +540 8.11 £0.03 1.234+0.02 0.703 +£0.016 7.7 +0.1 10.387 662 57+2 545+09
LAWD 19 23449 +410 8.09+0.02 1.234+0.02 0.688+0.012 82 +0.1 10.635 767 558+ 1.8 55.1+0.5
HZ7 20493 +390 8.08 +0.02 1.239 +0.018 0.674 +0.012 8.80 +£0.08 10.867 880 544+ 1.7 55.8+0.6
LAWD 18 18882 4+ 310 8.10+0.02 1.221 +£0.017 0.682 £0.012 9.20 £0.08  11.050 871 559+ 1.6 56.9 +0.8
HZ4 14243 £ 170 8.27 £0.01 1.071 +£0.010 0.781 £ 0.009 10.70 +0.06 11.829 754 729+ 1.5 74+ 1
EGGR29 15075 4+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
HG7-85 14288 +£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 13620 + 180 8.37 +£0.01 0.993 +0.009 0.842 4+ 0.008 11.05 +0.06 12.051 766 84.7+ 1.7 842+ 0.6

gravity g given in cgs units). To account for the uncertainties
related to the parallaxes, we assumed a Gaussian prior, centred
on the parallax value and weighted by the corresponding parallax
uncertainty. Fig. A1 gives an example of the parameter covariances
and posterior distribution. Our fitting procedure returned the best-
fitting T and log g for which the grid of synthetic magnitudes
provides the corresponding WD mass, bolometric magnitude (My,;),
and cooling age. The combination of surface gravity and the mass,
in turn, returns the radius of the WD. Following the nomenclature
introduced in Section 3.2, we dubbed the corresponding ratios as
M / RGaia.

Assuming the IFMR from Salaris et al. (2009), we computed the
mass of the WD progenitor and, following Salaris & Bedin (2018),
the pre-WD lifetime. The latter combined with the WD cooling time
gives the total age of each object. Table 2 reports the results of this
fitting procedure. For each star, Table 2 also reports the Gaia absolute
magnitude in G-band (M), which will be used in the discussion in
the following Sections, and, for comparison, the M/RESFRESSO from
Section 3.2. We discuss in Appendix B the differences between these
results and those reported by Pasquini et al. (2019).

4 DISCUSSION

The results in Table 2 show an excellent agreement between M / R
and M/RESFRESSO The largest fractional difference (M / RESPRESSO _
M /ROy /(M | RESPRESSO) ~ 6 per cent) is observed for EGGR 29,
which is likely a special case: as discussed below, this star possibly
descends from a blue straggler.

After excluding EGGR 29, the average fractional difference be-
tween the M/R evaluated from gravitational redshifts and photometry
is —0.8 percent, with a dispersion of 2.2 per cent. This agreement
is remarkable, since the two methods employed to estimate M / R““
and M/RFSPRESSO are entirely independent, as the gravitational
redshift method does not use any information from the theoretical
evolutionary tracks. We also anticipate that such a good agreement
between models and observations is not valid for spectroscopically
determined WD parameters, as discussed in Section 4.2.

4.1 A consistent picture

In our analysis, we did not consider a unique characteristic of the
sample: the WDs belong to a cluster, so they are all expected to have
the same total (progenitor plus cooling) age. However, it is clear from
Table 2 that the ages derived from the photometric fit (Section 3.4)
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are characterized by a large spread, considering that the typical errors
on the total ages are by less than 10 per cent. One important point to
consider is that the total ages depend critically on the IFMR adopted
for their computation. The IFMR given by Salaris et al. (2009) was
calculated as an average value from many open clusters, under the
assumption that all follow the same IFMR. This practice is very
common, and the detailed shape of the general IFMR is discussed in
several works (see also Cummings et al. 2018).

A more detailed approach to derive the IFMR specific for the
cluster in consideration is to use the main-sequence turnoff. If this
is well-defined in the cluster CMD, then it is possible to derive the
main sequence turnoff age and thus, the age of the cluster. Following
this approach, Gaia Collaboration et al. (2018b) obtained an age of
790 Myr for the Hyades. Salaris & Bedin (2018) then adopted this
value in their study of the cluster’s WDs and derived an updated
IFMR for the Hyades. As discussed by Salaris & Bedin (2019),
this IFMR turned out to be slightly different from that determined
by previous studies (Salaris et al. 2009; Cummings et al. 2018).
In particular, the IFRM by Cummings et al. (2018) systematically
overestimates by ~ 0.02 M, the WD final masses for progenitors in
the mass range 2.5 — 3.5 Mg.

To account for these results, we have computed new isochrones
for the Hyades cluster. We adopted the WD cooling tracks and
progenitor lifetimes from Salaris & Bedin (2018) since the WD
masses and cooling times derived by these authors are consistent
at the level of better than one and nine per cent, respectively, with
those determined from our photometric analysis. Assuming a cluster
age of 790 Myr (Gaia Collaboration et al. 2018b), we built an IFMR
that, in the initial mass range 2.5 — 3.5 M, returns final masses that
are 0.02 My smaller compared to those returned by the IFMR from
Cummings et al. (2018). Outside this initial mass range, our IFMR
smoothly converges to the original IFMR of Cummings et al. (2018).

The isochrones with ages between 725 and 800 Myr are those
that better reproduce the observed CMD of the Hyades WDs in our
sample, as shown in Fig. 2. This is expected, given that this [IFMR
was built assuming a cluster age of 790 Myr. What it is striking is that
the WD parameters derived from these isochrones are also capable
to reproduce the measured M/R, as shown in Fig. 3.

We therefore obtain a consistent picture of the Hyades WDs by
using the Salaris & Bedin (2018) isochrones, which are capable
to reproduce the Gaia magnitudes and colours, as well as for the
gravitational redshift-based M/R, with all stars (except EGGR 29)
obeying a single IFMR and having ages in the range 725 — 800
Myr.
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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.
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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.

4.2 Hyades WD parameters from spectroscopy

It is possible to derive masses and radii of WDs from spectroscopy
by determining stellar effective temperatures and gravities from the
modelling of the Balmer lines in combination with a theoretical
mass—radius relationship. Several authors have derived T.r and
log g for Hyades WDs in the past 20 yr (Claver et al. 2001; Koester
et al. 2009; Limoges & Bergeron 2010; Gianninas et al. 2011;
Cummings et al. 2018). In particular, Cummings et al. (2018)
employed updated analysis techniques (that better account for the
different sources of noise in the fitting procedure) and models (that
account for improved Stark broadening calculation) and therefore
we limit our comparison to their results.

These are summarized in Table 3, where we also computed the
corresponding M/R values from the given log g and mass. The related
errors have been computed with a Monte Carlo calculation. For ease
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of comparison, our M/R%%¢ and M/RESPRESSO are repeated in this
Table.

Even if the effective temperatures derived from the spectroscopic
and photometric fits are in agreement within the nominal uncer-
tainties, it is clear that the spectroscopic values are systematically
higher than those obtained from the photometric fits. Moreover,
the surface gravities and masses obtained from the spectroscopic
analysis are higher than the photometric results for six stars, and
lower for two, cool objects. The combination of higher gravities and
effective temperatures implies that smaller radii are expected from
the spectroscopic method with respect to the photometric one. This
discrepancy has been described in the past in great detail by several
authors (see e.g. Bergeron et al. 2019; Genest-Beaulieu & Bergeron
2019; Tremblay et al. 2019).

As a consequence, the M/R derived from the WD parameters
determined by Cummings et al. (2018) do not agree with our results,
i.e. they differ more than 30 from our model-independent ratios
derived from the gravitational redshift (M/RESPRESSO),

We find that the fractional difference (computed as (M/R —
M/RESPRESSO) 1/ RESPRESSOY hetween the two data sets* (Fig. 4)
shows a possible trend with M/R, with a difference as high
as 10 — 15 percent at the limits of the range covered by our
M/RFSPRESSO measurements. The observed trend seems to suggest
that the spectroscopic results suffer from some unknown systematics.

Spectroscopic measurements are generally considered the most
precise. However, several works argue that the Balmer line profile
in WDs needs to be fully understood, either using experimental data
(Schaeuble et al. 2019) or new theoretical ingredients (Cho et al.
2022). The model-independent M/RFSPRESSO measurements from the
gravitational redshift provide a new powerful constraint, and, our
photometric M /R agree better with them than the spectroscopic
ones available in the literature for the Hyades WDs.

It is finally interesting to compare our M/RS““ measurements with
the results from other photometric analyses, such as the work by
Gentile Fusillo et al. (2021), which used the data from Gaia EDR3
to identify and characterize more than 300000 WDs in the Milky
Way. The difference between our M/R%%“ and the M/R derived
from the WD parameters estimated by Gentile Fusillo et al. (2021) is
also displayed in Fig. 4 as green triangles. On average, the latter
are systematically higher than our results by ~ 4 percent. This
difference can be explained by a different photometric zero-point
for Vega spectra used in the calculation of the WD models used in
this work and those used by Gentile Fusillo et al. (2021) (Fusillo,
private communication).

4.3 EGGR29

In the CMD of Fig. 2, it is clear that the star EGGR 29 does not lie
on the same sequence as the other WDs in our sample. Its parallax,
proper motions, and astrometric radial velocity from Gaia show
that this star is a bona fide member of the Hyades cluster, and its
membership has never been questioned in the literature. However,
when compared with the other Hyades WDs of comparable abso-
Iute magnitude and masses (HG 7-85 and GD 52, M ~ 0.835 M,
Table 2), it is clear that EGGR 29 occupy a different position on the
cooling track describing the evolution of these stars, indicating that
it is characterized by a smaller cooling age. This reflects the fact that
EGGR 29 is the hottest WDs among these three and, therefore, it

4In this discussion, we do not consider EGGR 29 because of its peculiar
nature (see Section 4.3).
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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
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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 Tett log g M MIR Tefe logg M MIR M/ RG%a M/RESPRESSO
(X) Mop) Mo/Ro) X) Mo) Me/Rp)  Me/Re) Mo/Ro)
HZ 14 27540(400)  8.15(5) 0.726(3) 61(4) 27557(570) 8.143)  0.721(18) 60(2) 57 (2) 54.5(9)
LAWD 19 25130(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)
HZ7 21890(350) 8.11(5) 0.691(3) 60(3) 21152(435) 8.11(3)  0.689(15) 56.7(1.8)  54.4(1.7) 55.8(6)
LAWD 18 20010(320)  8.13(5) 0.700(3) 59(3)  19410(400) 8.12(3)  0.695(15) 58.1(1.8)  55.9(1.6) 56.9(8)
HZ 4 14670(380) 8.30(5) 0.797(32) 76(5) 14516(205) 8.293(17)  0.792(11) 75.3(1.6)  72.9(1.5) 74(1)
EGGR 29 15810(290) 8.38(5)  0.850(32) 86(5) 15425(280) 8.37(2)  0.844(15) 85(2) 83(3) 88.4(8)
HG7-85 14620(60)  8.25(1) 0.765(6) 70.4(9) 14669(210) 8.361(16)  0.837(11) 83.7(1.6)  81.1(1.7) 81.2(6)
GD 52 14820(350) 8.31(5) 0.804(32) 77(5) 14008(220) 8.389(15) 0.85(1)  87.3(1.65)  84.7(1.7) 84.2(6)
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Figure 4. Fractional difference between our M/RESPRESSO and the M/R
derived from the WD parameters measured by Cummings et al. (2018) (red
circles), and our M/RC%4 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/RESPRESSO and pr/RG4@ is shown (blue
squares). EGGR 29 is not included in the plot because of its peculiar nature
(see Section 4.3).

must 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
from the CMD, that the M/R of EGGR29 is ~ 3kms~! larger
than those of HG7-85 and GD 52 (Fig. 3), a value that exceeds
the measurement uncertainty by more than 7¢. The magnitude,
colours and M/R of EGGR 29 could be reproduced using isochrones
computed assuming an age ~ 150 Myr younger than that of the other
WDs in our sample, as can be seen in Fig. 5 where an isochrone for
650 Myr is displayed.

A WD outlier with similar characteristics, LB 5893, has been
observed in the Hyades twin cluster Praesepe (Salaris & Bedin
2019). The anomalous status of LB 5893 was discovered by Casewell
et al. (2009) from its peculiar position in the initial mass—final mass
space. Similarly to EGGR 29, also for LB 5893 no other peculiar
characteristics are observed. Casewell et al. (2009) discuss two
possible scenarios to explain the peculiarity of LB 5893: either it
descends from a blue straggler, or it is the result of differential mass
loss during the asymptotic giant branch (AGB) phase. The authors
favoured the blue straggler progenitor hypothesis since this WD is

MNRAS 522, 3710-3718 (2023)

Gpp — Grp [mag]

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 ~ 0.835Mg) 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.

the only object in the cluster showing such peculiar properties, while
it would be expected that differential mass loss would produce other
WD outliers.

Differential mass loss could be a possible explanation for the
anomalies observed in EGGR 29. However, also in this case (as for
Praesepe), it would be expected that other deviant objects should be
observed among the WDs in the cluster and not just one exception.
Therefore, the blue straggler progenitor hypothesis seems to be the
most likely also in the case of EGGR29. The age of this WD, as
derived from the isochrone fitting, is ~ 650 Myr and the merging
that led to formation of the blue straggler progenitor should have
occurred on the main sequence, because the typical time needed by
two WDs to merge is comparable to or longer than the age of the
cluster (Cheng et al. 2020).

5 CONCLUSIONS

We have obtained accurate measurements of M/R for eight bona fide
Hyades WDs from ESPRESSO velocity shifts and Gaia photometry.
A comparison between our gravitational redshift-based M/R mea-
surements and the photometric-based results shows an agreement
to better than 1 per cent. This result is quite remarkable, given that
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the two methods are completely independent and rely on different
theories (general relativity in the case of the gravitational redshift, and
quantum mechanics in the case of the photometric fit with synthetic
WD models).

By using the isochrones computed by Salaris & Bedin (2018)
and tuned for the Hyades IFMR (assuming the cluster age from the
main sequence turn-off fitting), we found a consistent picture that
can reproduce both the WD cooling sequences and the M/R observed
values, with the age of the cluster being comprised in the narrow
range 725-800 Myr.

One star, EGGR 29, does not populate the same locus of the other
Hyades WDs in the CMD and M/R-colour diagram but appear to be
2~ 150 Myr younger. EGGR 29 resembles the peculiar WD LB 5893
observed in the Hyades-twin cluster Praesepe. As for LB 5893, we
suggest that EGGR 29 is the remnant of a blue straggler.

Finally, we confirm the presence of a discrepancy between the WD
parameters derived from the spectroscopic and from the photometric
analysis. This discrepancy is systematic and well-known in the
literature. In this context, our accurate M/R measurements add a new
constraint that can be used to further refine the currently available
synthetic atmosphere models.

ACKNOWLEDGEMENTS

The authors thank an anonymous referee for a very careful reading of
the manuscript and many suggestions that have greatly improved the
quality of the work. LPA acknowledges the scientific hospitality of
the Arcetri Observatory. JRM and ICL acknowledge financial support
from the CNPq Brazilian agency. The authors thank Nicola Gentile
Fusillo for very useful discussions. MS acknowledges support from
The Science and Technology Facilities Council consolidated grant
ST/V00087X/1. This research has made use of data from the
European Space Agency (ESA) mission Gaia (https://www.cosmos
.esa.int/gaia), processed by the Gaia Data Processing and Analysis
Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/con
sortium). Funding for the DPAC has been provided by national
institutions, in particular the institutions participating in the Gaia
multilateral agreement.

DATA AVAILABILITY
The ESPRESSO spectra are publicly available in the ESO archive.

REFERENCES

Althaus L. G., Serenelli A. M., Cérsico A. H., Montgomery M. H., 2010,
A&A Rev.,, 18, 471

Bergeron P., Wesemael F., Beauchamp A., 1995, PASP, 107, 1047

Bergeron P., Dufour P., Fontaine G., Coutu S., Blouin S., Genest-Beaulieu
C., Bédard A., Rolland B., 2019, ApJ, 876, 67

Casewell S. L., Dobbie P. D., Napiwotzki R., Burleigh M. R., Barstow M. A.,
Jameson R. F.,, 2009, MNRAS, 395, 1795

Cheng S., Cummings J. D., Ménard B., Toonen S., 2020, ApJ, 891, 160

Cho P. B., Gomez T. A., Montgomery M. H., Dunlap B. H., Fitz Axen M.,
Hobbs B., Hubeny I., Winget D. E., 2022, ApJ, 927, 70

Ciddor P. E., 1996, Appl. Opt., 35, 1566

Claver C. F,, Liebert J., Bergeron P., Koester D., 2001, ApJ, 563, 987

Cummings J. D., Kalirai J. S., Tremblay P. E., Ramirez-Ruiz E., Choi J.,
2018, ApJ, 866, 21

3717

Dravins D., Lindegren L., Madsen S., 1999, A&A, 348, 1040

El-Badry K., Rix H.-W., 2018, MNRAS, 480, 4884

Fantin N. J. et al., 2019, ApJ, 887, 148

Foreman-Mackey D., 2016, J. Open Sour. Softw., 1, 24

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Gaia Collaboration et al., 2018a, A&A, 616, Al

Gaia Collaboration et al., 2018b, A&A, 616, A10

Genest-Beaulieu C., Bergeron P., 2019, ApJ, 871, 169

Gentile Fusillo N. P. et al., 2019, MNRAS, 482, 4570

Gentile Fusillo N. P. et al., 2021, MNRAS, 508, 3877

Gianninas A., Bergeron P., Ruiz M. T., 2011, ApJ, 743, 138

Holberg J. B., Bergeron P., 2006, AJ, 132, 1221

Joyce S. R. G., Barstow M. A., Casewell S. L., Burleigh M. R., Holberg J.
B., BondH. E., 2018, MNRAS, 479, 1612

Kalirai J. S., 2012, Nature, 486, 90

Kalirai J. S., Hansen B. M. S., Kelson D. D., Reitzel D. B., Rich R. M., Richer
H. B., 2008, ApJ, 676, 594

Koester D., Voss B., Napiwotzki R., Christlieb N., Homeier D., Lisker T.,
Reimers D., Heber U., 2009, A&A, 505, 441

Ledo I. C., Pasquini L., Ludwig H-G, de Medeiros J. R., 2019, MNRAS, 483,
5026

Limoges M. M., Bergeron P., 2010, ApJ, 714, 1037

Lindegren L. et al., 2021, A&A, 649, A4

Muirhead P. S., Nordhaus J., Drout M. R., 2022, AJ, 163, 34

Napiwotzki R. et al., 2001, Astronomische Nachrichten, 322, 411

Oh S., Evans N. W., 2020, MNRAS, 498, 1920

Parsons S. G. et al., 2017, MNRAS, 470, 4473

Pasquini L., Cortés C., Lombardi M., Monaco L., Ledo I. C., Delabre B.,
2015, A&A, 574, A76

Pasquine L., Pala A. F,, Ludwig H. G, Lg&ao I. C., de Medeiros J. R., Weiss
A., 2019, A&A, 627, 4

Pepe F. et al., 2021, A&A, 645, A96

Prsa A. et al., 2016, AJ, 152, 41

Raddi R. et al., 2017, MNRAS, 472, 4173

Reader J., 2004, Appl. Spectrosc., 58, 1469

Reid I. N., 1996, AJ, 111, 2000

Reino S., de Bruijne J., Zari E., d’ Antona F., Ventura P., 2018, MNRAS, 477,
3197

Riello M. et al., 2021, A&A, 649, A3

Salaris M., Bedin L. R., 2018, MNRAS, 480, 3170

Salaris M., Bedin L. R., 2019, MNRAS, 483, 3098

Salaris M., Serenelli A., Weiss A., Miller Bertolami M., 2009, ApJ, 692,
1013

Schaeuble M. A., Nagayama T., Bailey J. E., Gomez T. A., Montgomery M.
H., Winget D. E., 2019, ApJ, 885, 86

Schmidt T. M. et al., 2021, A&A, 646, A144

Siess L., 2007, A&A, 476, 893

Tremblay P. -E., Ludwig H. -G., Steffen M., Bergeron P., Freytag B.e, 2011,
A&A, 531,L19

Tremblay P. E., Schilbach E., Roser S., Jordan S., Ludwig H. G., Goldman
B., 2012, A&A, 547, A99

Tremblay P. E., Cukanovaite E., Gentile Fusillo N. P., Cunningham T.,
Hollands M. A., 2019, MNRAS, 482, 5222

Whitmore J. B., Murphy M. T., 2015, MNRAS, 447, 446

Zuckerman B., Xu S., Klein B., Jura M., 2013, ApJ, 770, 140

APPENDIX A: COVARIANCES AND POSTERIOR
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Fig. Al shows a sample corner plot for the MCMC fitting of the star
GD 52.
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Figure Al. 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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APPENDIX B: COMPARISON WITH PASQUINI
ET AL. (2019)

Six (HZ4, HZ7, LAWD 18, LAWD 19, EGGR 29, and HG 7-85)
out of the eight Hyades WDs considered in this work have also been
analysed by Pasquini et al. (my 2019). Those authors obtained radii
and masses of these objects by performing a fit of their absolute G,
Gpp, and Grp magnitudes, derived using the parallaxes provided by
Gaia DR2, to the synthetic magnitudes computed by Bergeron and
collaborators in 2018 for the corresponding filter passbands.

The masses from this work are, on average, >~ 0.03 Mg, larger than
those reported in Table 2 by Pasquini et al. (2019). To investigate
whether this difference could be related to the different fitting routines
employed (least square minimization routine from Pasquini et al.
(2019) versus our MCMC fitting, including a prior on the Gaia
parallax), we fitted the Gaia DR2 data following the procedure
described in Section 3.4. The masses, thus derived are in good
agreement with those reported by Pasquini et al. (2019) (with a
typical difference by less >~ 0.004 M). We therefore conclude that
the difference observed with the masses from Pasquini et al. (2019) is
not due to the different fitting methods but rather to (i) the improved
accuracy of the Gaia EDR3 parallaxes (which we also corrected for
the zero-points), and (ii) the new updated theoretical models that we
have employed in the analysis carried out in this work.
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