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Abstract

We searched the Gaia DR3 database for ultramassive white dwarfs with kinematics consistent with having escaped
the nearby Hyades open cluster, identifying three such candidates. Two of these candidates have masses estimated
from Gaia photometry of approximately 1.1 solar masses; their status as products of single-stellar evolution that
have escaped the cluster was deemed too questionable for immediate follow-up analysis. The remaining candidate
has an expected mass >1.3 solar masses, significantly reducing the probability of it being an interloper. Analysis of
follow-up Gemini GMOS spectroscopy for this source reveals a nonmagnetized hydrogen atmosphere white dwarf
with a mass and age consistent with having formed from a single star. Assuming a single-stellar-evolution
formation channel, we estimate a 97.8% chance that the candidate is a true escapee from the Hyades. With a
determined mass of 1.317 solar masses, this is potentially the most massive known single-evolution white dwarf
and is by far the most massive with a strong association with an open cluster.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Stellar evolution (1599); Star clusters (1567)

1. Introduction

White dwarfs (WDs) form at the end of a low- to
intermediate-mass star’s life. At this point in its evolution,
the star has lost the ability to sustain ongoing fusion, shedding
its outer layers and leaving behind its dense core. Outside of the
degenerate core, which is typically composed of carbon-
oxygen (CO) or oxygen—neon (ONe), thin layers of lighter
elements make up its outer envelope. WDs are the expected
final fate for more than 97% of all stars in the Milky Way
(Fontaine et al. 2001). Though these compact objects no longer
generate radiation via ongoing fusion, they radiate thermal
energy from earlier such events, slowly cooling over time.

The Chandrasekhar limit, with a value around 1.39 M.,
provides the maximum mass of a stable WD (Nomoto 1987).
On the other hand, the maximum mass of the WD’s precursor
is far more contentious. Theoretical studies tend to favor a
maximum mass around 8 M, (e.g., Weidemann & Koester
1983), while observed supernova II rates, indicative of the
death of a higher-mass star on its way to becoming a neutron
star (NS) or black hole (BH), point to a larger upper limit
(Horiuchi et al. 2011), potentially as high as 12 M, (Kroupa &
Weidner 2003). Better constraints on this maximum mass can
be obtained by studying the relation between the mass of the
progenitor stars and the final mass of the WDs (known as the
initial-final mass relation or IFMR) (e.g., Cummings et al.
2018; El-Badry et al. 2018; Richer et al. 2021; Heyl et al. 2022;
Miller et al. 2022). Constraining the mass of a WD’s progenitor
is not an easy task. By studying an isolated white dwarf, we can
determine its cooling age, i.e., the time elapsed since its
formation as a white dwarf, but we have no indication on the
total age of the star, and therefore it is hard to constrain the

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

mass of its progenitor. On the other hand, if a white dwarf is
part of a star cluster, the total age of the star is the same as the
cluster’s, and by subtracting the cooling age from the total age,
we can infer the age at which the progenitor left the main
sequence—and therefore constrain its mass.

While open clusters are a primary location to study the WD
IFMR, extensive studies of open clusters suggest a significant
deficiency of cluster WDs (e.g., Weidemann 1977; Richer et al.
1998; Kalirai et al. 2001, 2003; Williams & Bolte 2007; Richer
et al. 2021). One of the closest and most heavily studied
clusters, the Hyades, was found to be missing approximately
75% of its expected WDs (Weidemann et al. 1992). While
more distant cluster WDs may have cooled beyond detect-
ability thresholds, this is less important for nearby clusters such
as the Hyades. Some of the missing WDs may be hidden in
binary star systems. However, this is unlikely to account for
such a high fraction of missing white dwarfs, given the current
understanding of WD binary fractions in the local neighbor-
hood (Toonen et al. 2017). An alternative possibility is that
many of the WDs may have left their clusters via dynamical
interactions or aspherical mass loss during the asymptotic giant
branch (AGB) phase of stellar evolution (see Fellhauer et al.
2003; Heyl 2007; Fregeau et al. 2009, and references therein).
Recent work has examined this scenario by attempting to
reconstruct nearby young open clusters and identifying WDs
whose motion is consistent with past cluster membership
(e.g., Heyl et al. 2021, 2022; Miller et al. 2022). These efforts
have been successful in identifying several ultramassive
(M > 1.05 M) high-probability escapee WDs. In this paper,
we detail the extension of these methods to the nearby Hyades
cluster.

We describe our Hyades cluster member and escapee
samples in Section 2, analyze and discuss candidate white
dwarf escapees in Section 3, re-examine Hyades cluster age
determination in Section 4, and summarize our findings in
Section 5. From this search, we identified three ultramassive
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WDs with kinematics consistent with past cluster membership
that are young enough to have been born in the cluster. We find
that two of these are not massive enough to confidently
associate with the cluster, while the remaining one is a high-
probability cluster escapee. From follow-up spectroscopy, we
find this cluster escapee WD is consistent with having
formed from single-stellar evolution. With a derived mass of
131770918 M., it is perhaps the most massive single-stellar-
evolution WD known (see Gagné et al. 2018; Kilic et al. 2020).

2. Sample
2.1. Current Cluster

To develop a Gaia EDR3 Hyades catalog of current cluster
members, we started with the Lodieu et al. (2019) Gaia DR2
Hyades catalog. While this catalog contains candidates up to
70° away from the cluster center, we focus on the subset within
9 pc of the cluster, which they define as the tidal radius, and
whose stars are very likely bound (Roser et al. 2011; Lodieu
et al. 2019). Using this sample, we crossmatch with the Gaia
EDR3 catalog using the routine gaiaedr3.dr2_neighborhood
(available at the Gaia archive’), which is a precomputed
crossmatch that accounts for Gaia EDR3 proper motions. In
many cases, this routine tends to identify multiple matches. To
account for this, we exclude sources whose angular distance
changes between Gaia DR2 and EDR3 are >500 mas. This
sample of 381 high-probability cluster members is shown in the
left panel of Figure 1. The mass-weighted cluster center mean
displacement from the Sun in galactic coordinates is

Teuster = (—43.49 £ 0.17, 0.55 £ 0.16, —17.05 +£ 0.15) pc.
ey

Taking the subset of sample stars with measured radial
velocities in Gaia DR3 (Gaia Collaboration et al. 2023), we
determine the cluster center mean velocity with respect to the
Sun to be

Veluster = (—41.71 & 0.40, —19.20 =+ 0.05,
—1.06 & 0.19) km s~ L. 2)

We estimate the cluster’s age by fitting PARSEC (Bressan
et al. 2012) isochrones to the sample of selected cluster stars for
a metallicity of Z=0.024 (Perryman et al. 1998) and no
reddening (Taylor 2006). In our fitting, we ignored several stars
near the main-sequence turnoff that are known to be variable or
binary stars (Perryman et al. 1998). Figure 1 displays
isochrones from 600 to 800 Myr; while upper main-sequence
stars seem to prefer a higher age estimate, the youngest
isochrone best matches the giants. Collectively, we estimate a
cluster age of 675 £ 72 Myr.

While we will use this as our best estimate of the cluster age,
we emphasize that the Hyades cluster age determinations vary
greatly in the literature, depending on the method—and even
when the same method is used. Brandner et al. (2023a)
similarly used PARSEC isochrones for a sample of Gaia EDR3
Hyades members, finding an age of 775+ 20Myr. They
obtained an older age using the same isochrones because they
ignored the four giant stars (see Figure 1) that surpass the
nominal Gaia DR3 saturation limit but are high-confidence
members of the cluster. Kopytova et al. (2016) found that an
age of 630 Myr was a good fit to the data using both PISA and

3 https: //gea.esac.esa.int/archive/
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DARTMOUTH isochrones with convective core overshooting,
while isochrones without convective core overshooting suggest
a younger age of around 550 Myr. Gossage et al. (2018)
estimated the cluster’s age using models based on MESA
stellar evolution code (Paxton et al. 2011, 2013, 2015,
2018, 2019), obtaining best-fit ages between 589 and
776 Myr, depending on the photometry used and the degree
of rotation (age estimates increase with rotation). Lodieu et al.
(2019) found an age of 6407$] Myr from the WD sequence
using the IFMR from El-Badry et al. (2018) along with
PARSEC isochrones. Martin et al. (2018) used brown dwarf
evolutionary models from Baraffe et al. (2015) to estimate an
age of 6504 75Myr from the lithium depletion boundary.
Brandner et al. (2023b) suggested an age of 635 + 135 Myr
based on a compilation of eight literature age estimates.
Given the high degree of uncertainty in the cluster age, when
vetting potential escapee candidates we allow for WDs with
total age estimates within 20 of our best cluster age estimate
(from 531 to 819 Myr). The high degree of uncertainty in the
cluster age prevents determining reasonable estimates for the
progenitor mass of any examined WD, as the progenitor
lifetime will be far too uncertain for the highest-mass WDs.

2.2. Escapee Candidates

While determining the cluster center and age confidently
dictates a low degree of contamination, building an escapee
sample prioritizes completeness over precision. To do this, we
first redevelop a more complete sample of potential cluster
members. Given the proximity of the Hyades cluster, for our
initial cluster member candidate selection we queried the Gaia
EDR3 archive for all sources with parallax >5 mas (that is,
within 200pc) and parallax over error >10, returning
2,234,316 total sources. To be considered a potential cluster
member, we require the star to be within 15pc of the
determined cluster center in position space and within
30masyr ' in proper motion space. This sample contains
521 stars.

To identify potential Hyades escapees, we return to the
complete sample of Gaia EDR3 sources with parallax >5 mas
and parallax over error >10. To be considered a candidate
escapee, a source has to exhibit a low proper motion relative to
the cluster and be moving in a manner that can place the star in
the cluster within the cluster’s lifetime. We employ the
technique of Heyl et al. (2022) to identify stars that meet
these criteria, as detailed below. We start by determining the
distance of each source from the cluster center as a function of
time, d(z), for an arbitrary radial displacement (6r)

d(t)z = [r — Fuster + t(VZD - Vcluster) + f'ér]z, (3)

where v, is the velocity of the star in the plane of the sky and r
is the star’s displacement from the Sun, where we have
assumed no relative acceleration. From this, we then determine
the time of the star’s closest approach to the cluster from

Ar - Av — (Ar - F)(Av - F)
= - , 4)
(Av - )2 — (Av)?

Imin

where

Ar=r— Feluster and Ay = VoD — Veluster- (5)
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Figure 1. Hyades Gaia EDR3 color-magnitude diagram. Left: Current cluster members together with Parsec (Bressan et al. 2012) isochrones in purple (600-800 Myr,
left to right) for a slightly metal-rich cluster (z = 0.024) with no reddening. Open circles are known variable or double stars (Perryman et al. 1998); these were not
considered in deciding the age of the cluster, which we estimate at 675 = 72 Myr. Carbon—oxygen WD cooling sequences (Bédard et al. 2020) shown in red are for
0.6-0.8 and 1.3 M, (right to left). Right: The same but for stars kinematically consistent with having escaped the Hyades cluster. The candidate ultramassive WD is

plotted in green, and WD2 and WD3 are in blue.

From this, we estimate the radial velocity and displacement of
the star from

Or = Vetmin = —F - (AF + tmin Av) 6)
and are able to reconstruct the star’s 3D velocity
V3p = vop + VP @)
along with its relative velocity
AP3p = P3p — Velusters (®)

where the caret denotes a reconstructed quantity.

We require that escapee candidates have a time of closest
approach within the cluster’s past lifetime that is within 30 pc
of the cluster center. This distance cutoff was chosen because it
is comparable to the cluster extent (see Roser et al. 2011;
Lodieu et al. 2019). Additionally, we require a reconstructed
3D velocity relative to the cluster center that is less than
10kms~". These requirements collectively reduce the sample
to 3920 candidate escapees—approximately 0.2% of the
original sample. The most massive stars in a cluster tend to

gravitate toward the center, giving the most massive formed
WDs an increased probability of a high-velocity ejection
(Moyano Loyola & Hurley 2013). Additionally, mass loss on
the asymptotic giant branch increases significantly with initial
mass (Hofner & Olofsson 2018), increasing the strength of a
potential natal velocity kick for a given degree of asymmetric
mass loss. We allow such a large relative 3D velocity in order
to account for these possibilities. However, we emphasize that
main-sequence stars and lower-mass WD escapees are
significantly less likely to be found with such high relative
velocities.

To avoid excessive contamination of main-sequence stars,
we reduce the maximum A#psp to 2 kms ™! for stars that we do
not identify as likely WDs. This gives us our final sample of
candidate escapees, which includes 145 likely WDs and 288
others, within 10 and 2 km s~ of the cluster center motion,
respectively. This combined sample of candidate escapees is
shown in the right panel of Figure 1. Maintaining the high
relative 3D velocity cutoff across the WD sequence leads to a
high level of expected contamination at lower masses. The vast
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majority of these contaminating sources are eliminated as
escapee candidates when considering source ages.

3. White Dwarf Escapee Candidates

We estimate the mass and cooling age of the aforementioned
sample of white dwarf escapee candidates using Bédard et al.
(2020) H atmosphere carbon—oxygen (CO) core cooling
models, as displayed in Figure 2. In this sample, we identify
three potential ultramassive WDs with cooling ages less than
the cluster’s age. Though we typically expect ultramassive
WDs to have oxygen—neon (ONe) cores (Siess 2007), we
focused on initial estimates for CO models, for consistency
across the WD sequence. This leads to an overestimation of the
predicted mass compared with ONe models (see Figure 6 of
Camisassa et al. 2022), in particular for WDs above 1.29 M.,
where general relativistic effects become significant (see Figure
7 of Althaus et al. 2022). That said, the difference is negligible
at 1.05 M., so the candidate selection requirements for follow-
up are not overly impacted. Additionally, mass estimates from
Gaia photometry are somewhat uncertain due to sensitivity to
assumed reddening (which is taken as zero here), so confident
mass determination dictates follow-up with spectroscopy.

The most massive of these three identified WDs, hereafter
WD1 (Gaia EDR3 560883558756079616), has a mass estimate
>1.3 M; this WD is also in the Sloan Digital Sky Survey
(SDSS; Kollmeier et al. 2017) as SDSS J023836.274764219.0.
The remaining two, hereafter WD2 and WD3 (Gaia EDR3
3776918275016618112 and 3072348715677121280, respec-
tively), each have mass estimates of approximately 1.1 M.
WD2 was previously included in the McCook & Sion (1999)
catalog as WD1043-050, while WD3 is in the SDSS footprint
as SDSS J084214.98-022226.7.

We estimate the progenitor mass of each WD in the escapee
sample by interpolating the initial-final mass relation built from
Miller et al. (2022) (for M;> 0.65 M) and Cummings et al.
(2018) (for M < 0.65 M.). From the determined progenitor
mass, we estimate the progenitor lifetime using PARSEC
isochrone tables at the metallicity of the Hyades (Z=0.024)
with no reddening, giving a rough estimate of the total age of
the WD when combined with the cooling age. From this, we
reduce the sample of potential escapees to only those whose
total age is below the upper 20 bound of the cluster’s age. The
significant age range allows us to account for both the
uncertainty in the cluster’s age and sensitivity of cooling age
estimates, due to the assumption of zero reddening. In addition
to the three sources selected for potential follow-up, eight
additional escapee candidates meet this criterion. Each has a
mass estimated below 1.0 M; due to the focus of this work on
ultramassive WDs, we did not consider these sources further.

The remaining candidates are likely interlopers, as their total
ages are older than the cluster. Of the kinematically consistent
likely WDs with masses estimated below 0.9 M., 68% have
relative 3D velocities of at least 6kms '. As previously
mentioned, lower-mass WDs are less likely to be found with
high relative 3D velocities and are inherently more likely to be
interlopers. Additionally, the overall distribution of WDs
reveals a narrow peak at around 0.6 M., with a notable pile-
up between 0.7 and 0.9 M., while WDs above 1.0 M, are
much rarer (Tremblay et al. 2016; Kilic et al. 2020). Because
they are common, we expect a significant number of lower-
mass WDs to be coincidentally consistent with past cluster
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membership, while this becomes much less likely with
increasing mass.

3.1. Interloper Contamination

We examine the expected degree of contamination using the
Gentile Fusillo et al. (2021) EDR3 white dwarf catalog
(hereafter Fusillo). We search the Fusillo catalog for high-
probability WDs (their Pwd > 0.9) within 200 pc, with parallax
over error >10, returning 72,071 sources. We estimate each
source’s mass, cooling age, progenitor mass, and progenitor
lifetime as before, finding that 1606 have total ages under
819 Myr (the cluster’s age plus 20), giving a fraction of 2.2%
of white dwarfs young and massive enough to be born in the
Hyades. Of these younger sources, 317 (19.7%) have mass
estimates above 1.1 M, 50 (3.1%) of which are above 1.3 M.,

Applying the same Pwd > 0.9 cut to our escapee catalog, we
find 131 candidate escapees, of which 11 are younger than
819 Myr. This gives a youth percentage of 8.4%, well above
expectations, suggesting the presence of some true escapees.
For a random sample of 131 escapee candidates, we predict just
2.92 to be younger than 819 Myr, of which 2.34, 0.58, and
0.09 are expected to be <1.1 M., >1.1 My, and >1.3 M.,
respectively. This gives us a crude estimate for the probability
of identifying at least one single interloper in our sample above
1.1 M and 1.3 M, as 44% and 9%, respectively. Given such a
high probability of a single interloper above 1.1 M, it will be
difficult to say with any confidence that WD2 and WD3 are
both likely cluster escapees, especially given the high degree of
uncertainty in the cluster’s age. As such, we opt to focus our
remaining work on the lone >1.3 M., WD, WDI.

When ignoring total age, we find that just 0.25% of WDs in
this sample appear to be >1.3 M. The mean heliocentric
distance of this sample is 114.2pc, more than twice the
distance to the Hyades cluster center. This could bias results
because more distant WDs are less likely to be detected at a
given temperature. Restricting the sample to those within 70 pc,
which gives a mean heliocentric distance comparable to the
Hyades cluster center, only slightly shifts the proportion of
>1.3M; to 0.28%. Given that this rate is only marginally
higher than that found in the 200 pc sample, we do not find that
the 200 pc distance cutoff overly biases statistics against high-
mass WDs.

The way the Hyades moves in space may be special
compared to a random sample, leading to an inherent
overabundance of high-mass escapee candidates. To examine
this possibility, we first remove the restriction of WDs within
200 pc in the escapee catalog. This adjusts the catalog to
include 154 candidate escapees, 13 of which qualify as
potential escapees based on age. Neither of the additional
young candidates is >1.1 M., and the interloper fraction
remains at 91.6%. We then shift the cluster center in ten steps
of 30 pc along the cluster’s 3D trajectory and develop WD
escapee catalogs for each redefined center. From these centers,
we find a mean interloper percentage of 96.2% = 2.8%, with no
candidate escapees >1.3 M. One potential issue is that the
heliocentric distance to each cluster center varies. To consider
whether this biases the above result, we maintain the cluster
distance and instead move along its apparent path in the sky,
again iterating ten times and tracing back escapee candidates.
We find a mean interloper percentage of 94.2% =+ 1.2%, again
identifying no candidate escapees >1.3 M. While this does
suggest that maintaining the cluster center distance increases
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Figure 2. Candidate white dwarf escapees. Constant mass contours are shown from 0.2 to 1.3 M., (top right to bottom left), while age contours run horizontally for
50-800 Myr (top to bottom). Candidates selected for follow-up are labeled WD1-WD3 (green and blue). Orange points have total ages consistent with potential past
cluster membership, but because their expected masses are below 1.0 M., they were not followed up. Black points are WDs that have kinematics consistent with
having escaped the Hyades but appear to be too old for potential past cluster membership.

the number of potential true escapees, having identified no
>1.3 M., WD escapees from any of the twenty shifted cluster
centers provides strong support for WD1 being a true escapee
from the Hyades cluster.

While we allow for any WD with a total age estimate younger
than the cluster age plus 20 to be a potential escapee, those
significantly younger than the cluster require cooling delays from
past merger history to be escaped cluster members. Given this, we
can provide an additional constraint on the probability of WDI1
being an interloper, given that its age is consistent with that of a
WD born from a single progenitor star in the cluster. Of the 50
WDs above 1.3 M., with total ages younger than 819 Myr in the
previously examined 200 pc Fusillo catalog sample, 27 are above
the 20 lower bound cluster age of 531 Myr. Kilic et al. (2023)
estimated that 56% of ~1.3 M. WDs formed via merger,
allowing us to roughly estimate that approximately 12 of the 27
>1.3 M., WDs within 20 of the cluster age formed via single-
stellar evolution. From this, we estimate the probability of a
single-stellar-evolution WD >1.3 M, within 20 of the cluster’s
age being coincidentally identified as a cluster escapee as just
2.2%. While we cannot entirely rule out the possibility that WD1
is an interloper, coincidental encounters with >1.3 M. WDs are
rare enough to consider WDI1 a high-probability Hyades escapee.

3.2. Spectroscopic Analysis of WD1

We obtained follow-up spectroscopy for WDI using the
Gemini Multi-Object Spectrograph (GMOS) on the Gemini-
North telescope (Hook et al. 2004; Gimeno et al. 2016). GMOS
was set in long-slit mode, with a 1”0 focal plane mask, the
B600 grating, and no filter, centered at 520 nm. Data were
binned 2 x 2 in spatial and spectral directions for an

after-binning resolution of =1 A. The total exposure time
was 8000 s, but three 1000 s exposures proved unusable due to
a bright contaminating star in the slit. The analysis below is
based on the remaining five 1000 s exposures. The spectrum
shows broad and deep Balmer absorption lines indicative of a
hydrogen atmosphere (DA) WD. We find no spectroscopic
evidence of a significant magnetic field or fast rotation (both of
which are signs of past merger history; see Ferrario et al. 1997;
Garcia-Berro et al. 2012; Ji et al. 2013; Pshirkov et al. 2020),
nor does it have an excessively large transverse velocity, which
can be an additional sign of past merger history (Kilic et al.
2023). Collectively, these factors suggest WDI1 likely formed
via single-stellar evolution.

To determine atmospheric parameters, we employ nonlocal
thermodynamic equilibrium (NTLE) pure DA models from
Tremblay et al. (2011) extended to log(g/cm s~2) = 10. From
these models, we determine the effective temperature (7.g), the
log g, and the velocity from the redshift of the spectral lines (v,)
using a routine similar to that of Liebert et al. (2005): We start by
fitting the spectrum to a grid of models blended with a
polynomial in wavelength up to ninth order, to deal with
continuum calibration errors. The spectrum is then normalized
by using points at a fixed distance from the Balmer lines. Finally,
the Balmer lines are fit using the model spectra, returning the
best-fit values of T.g, logg, and v,. We use the Levenberg—
Marquardt nonlinear least-squares minimization method in our
fitting routines. The best simultaneous fit to the first four Balmer
lines (Figure 3) gives log(g/cm s2) = 9.55 4 0.11 and, T, =
26, 400 £200 K, and v. =280 4 17 kms ™.

We attribute the measured redshift to two factors: Doppler
shift due to the motion of the source away from us, and
gravitational redshift due to the strength of the source’s gravity.
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Figure 3. Left: Gemini-North GMOS spectrum for WD1, isolating the first four Balmer lines (black). The DA atmospheric model (Tremblay et al. 2011) fit is
superimposed in solid red. Right: Photometric fit of WDI using available Galex and Pan-STARRS photometry with 1o error bars (blue). Black lines shows the
synthetic spectrum computed from the best fit, with synthetic photometry shown in red.

We previously estimated a radial velocity of 20.4 kms~" from
escapee analysis, leaving the remaining v, , =260 km s~ as
the shift resulting from the gravitational redshift. To determine
the uncertainty in the gravitational redshift estimate, we first
note two sources of potential systematic error: radial velocity
uncertainty, and uncertainty in the best-fit v, as a result of the
wavelength calibration. While our methods do not allow for a
reliable estimate of the radial velocity uncertainty, the radial
velocity may only differ by a few kms ™' for its reconstructed
3D velocity to remain consistent with being a cluster escapee.
Systematic uncertainty in the best-fit value of v, primarily
occurs due to instrument flexure during the ~10 hr between the
science and wavelength calibration exposures. Examination of
the skylines in the wavelength calibration suggests a systematic
uncertainty as high as 12 kms~'. Combining the statistical and
systematic error, we estimate a velocity from gravitational
redshift of v, , =260 =21 km s

While the spectrum of a WD gives insight into its
atmospheric composition, the core is not directly discernible,
due to the opacity of the outer layers (Dufour et al. 2008). WDs
above about 1.05 M, are expected to harbor ONe cores, formed
when core conditions in the late stages of stellar evolution are
sufficient for off-center carbon ignition (Chen et al. 2014).
While potential channels exist for WDs with CO cores to enter
the ultramassive regime without igniting carbon (Camisassa
et al. 2022; Wu et al. 2022), these channels are unlikely to
maintain CO cores into the mass range of WDI1. Using the
determined log g and T, we estimate the mass and cooling age
using the ONe core WD cooling models of Althaus et al.
(2022), chosen due to their incorporation of full general
relativistic effects on WD structure in their model evolution,
which are thought to be particularly impactful for WDs
above 1.29 M., (Althaus et al. 2022). From linear interpolation
of model tables, we find best-fit parameters of M =
1317590018 Mo, R = 2, 230438 km, with 1,4 = 556113 Myr.

We summarize the astrometric, spectroscopic, and derived
properties of WDI1 in Table 1.

The stated uncertainties are statistical uncertainties based on
the best fit to the models, but additional systematic uncertainty
may also be significant, in particular in the case of the cooling
age. In the Camisassa et al. (2019) ONe evolutionary models,
which are the basis for the relativistic extension given by
Althaus et al. (2022), the authors consider a hydrogen envelope
of 10°® M. While a reduced hydrogen envelope should not
overly impact the cooling age, an increase could lead to
residual hydrogen burning, producing additional thermal
radiation and delaying the WD’s cooling. That said, WDs that
retain a thicker H envelope are expected to be low-mass WDs
whose progenitors had low metallicity and also avoided the
third dredge-up (Miller Bertolami et al. 2013; Althaus et al.
2015; Chen et al. 2021). Given the high mass of WDI, it is
unlikely that residual hydrogen burning is a concern. Electron
capture could also produce additional heat and delay the WD
cooling. Still, this effect is likely only significant for WDs very
close to the Chandrasekhar limit (see discussion in Horowitz
2020); thus, it is not important for WD1.

Another potential concern is the possibility of a cooling
delay due to phase separation. A significant delay that leads to
an overabundance of WDs in a particular region of the HR
diagram known as the Q branch (Cheng et al. 2019) has been
studied in recent years. This appears to be primarily due to **Ne

phase separation (Blouin et al. 2021), which has been
demonstrated to be important for ultramassive CO WDs but not
likely for ONe core WDs (Camisassa et al. 2021, 2022), which
is the expected core composition of WDI. Analogously, a
similar process may come from the distillation of *°Fe, which
recent work suggests could delay cooling of high-mass WDs by
times on the order of 100 Myr (Caplan et al. 2021, 2023).
While this is certainly something to consider for ultramassive
ONe WDs, further studies are required in order to understand
better when and if this effect is critical to consider in WD
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Table 1
WD1 Astrometric and Photometric Quantities from Gaia EDR3 (top row), and Additional Photometry from Galex and Pan-STARRS1 (Middle Row), along with
Derived and Spectroscopic Quantities (Bottom Row)

Gaia DR3 Source ID RA Dec Parallax pmR. A. pm Decl. G Abs G B,—R,
(deg) (deg) (mas) (mas yr ") (mas yr ") (mag) (mag) (mag)
560883558756079616 39.6517 76.7052 5.98 46.46 —26.49 19.21 13.09 —0.40
PS1 —y PS1 —z¢ PS1 —i PS1 —r PS1 — ¢ Galex — NUV Galex — FUV
[mag] [mag] [mag] [mag] [mag] [mag] [mag]
19.83 4+ 0.17 19.98 +0.03 19.76 + 0.02 19.30 4 0.08 19.071 +0.013 18.21 +0.04 17.68 + 0.04
dprcscnl Vr ) dmin AV}D] tcscapc 10gg2 chf Vzg . R M Tcool
[pcl [kms™7] [pc] [kms™7] [Myr] [em s™7] [K] [kms™7] [km] Mc] (Myr]
167 20.4 21.38 9.98 15 9.55+£0.11 26, 400 + 200 260 + 21 2, 230728 131750918 556113

Note. Spectroscopic estimates for radius, mass, and age have been obtained with the assumption of an ONe core composition.

cooling models. Though there are several potential cooling
delays to consider, we do not currently find any that dictate
imposing additional systematic uncertainty onto our stated
statistical uncertainty.

As previously discussed, for such a high-mass WD, the
degree of uncertainty in the cluster’s age inhibits obtaining a
well-constrained estimate of the corresponding progenitor
lifetime—and thus progenitor mass. That said, given our
current understanding of the WD IFMR (Cummings et al.
2018; El-Badry et al. 2018; Richer et al. 2021; Heyl et al. 2022;
Miller et al. 2022), we expect that such a high-mass WD would
have evolved from a progenitor star of M >7.5 M. with a
lifetime of <40 Myr. For WDI to be a single-stellar-evolution
WD that escaped from the Hyades cluster, the cluster age
would have to be near the lower end of our age estimate of
675 £ 72 Myr. Given the high probability that WDI is a true
escapee from the Hyades cluster, this places an additional
constraint on the cluster’s age.

A handful of white dwarfs thought to be smaller and more
massive than WD1 have been observed, but because of their
strong magnetic fields or rapid rotation, they all appear to be
merger products (Barstow et al. 1995; Pshirkov et al. 2020;
Caiazzo et al. 2021). While these objects are certainly very
massive, the strong fields make it difficult to constrain the
masses firmly through spectroscopy, which is not an issue with
WD1. As such, WDI may be the most massive white dwarf
with a well-defined mass determination and the smallest and
most massive known white dwarf with a likely single-star
progenitor (Gagné et al. 2018; Kilic et al. 2020).

3.3. Theoretical Mass—Radius Relation

We gain additional insight into WD1 by comparing our
results to theoretical mass—radius relations at different
compositions. For this comparison, we first use available
Galex (Martin et al. 2005) and Pan-STARRS (Chambers et al.
2016) photometry for an alternate measure of the radius of
WDI. To do so, we again employ Tremblay et al. (2011) DA
models. Synthetic spectra are normalized using the distance
determined from Gaia EDR3 parallax. Using the normalized
synthetic spectra, we compute synthetic photometry using the
pyphot package6 and fit for the radius and 7. using the
Levenberg—Marquardt nonlinear least-squares minimization
routine. It should be noted that, while SDSS (Kollmeier et al.

6 https: //mfouesneau.github.io/docs /pyphot/

2017) photometry is available for WDI1, we found that these
data were less self-consistent than Pan-STARRS photometry,
and therefore we opted to leave these data out of our fitting
routine. The best fit returns R = 2600 £ 200 km and T.¢ = 26,
000 £ 3000 K (right panel of Figure 3)

We utilize theoretical mass—radius relation compositions as
calculated and described in Caiazzo et al. (2021), which
consider general relativistic corrections to WD structure that
are essential at this high mass. These include homogeneous
carbon, oxygen, and neon compositions, along with the
expected carbon-burning mixture of 58% oxygen, 30% neon,
5% magnesium, 5% sodium, and 2% carbon (Camisassa et al.
2019). WDs with this composition have a maximum stable
mass of approximately 1.369 M, (Althaus et al. 2022). We also
include relativistic models that include electron capture on
sodium, magnesium, and neon, which reduce the maximum
allowed mass to approximately 1.35 M., (Caiazzo et al. 2021).
For this composition (dashed purple curve in Figure 4), the
mass—radius relation derived from the Balmer-line fitting, the
derived gravitational redshift, and the derived photometric
radius agree within uncertainties.

4. Alternate Cluster Age

The determination of the age of the Hyades cluster from
isochrones depends sensitively on the assumed reddening and
metallicity, and it is typically driven by a handful of main-
sequence turnoff and giant stars. This is also true for age
derivations from known cluster member white dwarfs (De
Gennaro et al. 2009; Lodieu et al. 2019), due to the lengthy
progenitor lifetimes determined from the same isochrone
models. Given the high mass of WD1 and its expected short
progenitor lifetime, we employ WD1 as an alternate means of
constraining the cluster’s age that does not depend sensitively
on isochrones.

In recent work on the IFMR, Miller et al. (2022) identified
and characterized a 1.20 £ 0.01 M., WD with a cooling age of
45 + 4 Myr born in the 81 + 6 Myr Alpha Persei cluster (Gaia
EDR3 439597809786357248, hereafter AP1). This work is
relevant because the cluster’s age was determined kinemati-
cally (Heyl et al. 2021), without the need to employ isochrone
models. While the high-mass region of the IFMR needs to be
better developed for a confident progenitor mass or lifetime
estimate for WD1, we can reasonably expect that it came from
a precursor that was more massive than AP1. Thus, we expect a
precursor lifetime less than the 36 £ 7 Myr lifetime estimate for
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Figure 4. Mass-radius relation at the approximate temperature of WD1 (26,000 K) for different compositions. The purple dashed curve is the expected core
composition of WD1 formed from the expected mixture due to carbon burning including the effects of electron capture. Solid blue band shows the best fit and 1o
region for the radius obtained from photometry, while the orange and green bands show the same for the surface gravity and gravitational redshift determined from

spectroscopy.

the progenitor of AP1. This allows us to place an upper bound
on the progenitor lifetime of WD1 of 36 Myr, leading to a WD
age constraint on the Hyades cluster of <606 Myr. Though this
does not account for the error in the progenitor lifetime of
AP1, given the difference in mass between WD1 and API1 of
>0.1 M, we do not expect the progenitor lifetime of WDI to
lie above the mean value for AP1. This alternate cluster age
estimate depends on two cooling age estimates from spectrosc-
opy, as well as the kinematic age of Alpha Persei, without
relying on cluster isochrones.

5. Conclusions

In this contribution, we examined the apparent deficiency of
white dwarfs in the nearby Hyades cluster by employing a
technique that attempts to reconstruct open clusters by
identifying stars that may have escaped from their environs.
From this search, we identified three candidate ultramassive
white dwarfs with kinematics consistent with having escaped
the cluster. Two of the three are in a mass range that inhibits
confident cluster association, while the remaining object
appears to be a high-probability escapee. For this high-
probability escapee, we obtained follow-up spectroscopy with
Gemini-North GMOS.

The spectrum reveals features indicative of a hydrogen
atmosphere white dwarf likely formed via single-stellar
evolution. From nonlocal thermodynamic equilibrium white
dwarf atmospheric models and oxygen—neon core cooling
models, we estimate a mass of 1.317°091% M, a cooling age of
556715 Myr, and a radius of 2230735 km. The derived mass is
among the highest known for any white dwarf, in particular for

those that appear to be products of single-stellar evolution. This
provides a critical observational benchmark for white dwarfs
created from single progenitor stars, demonstrating that single
stars can produce white dwarfs with masses close to the
Chandrasekhar limit.

It is interesting that such a high-mass white dwarf was
identified as having been born in the Hyades cluster. The
Hyades is not exceptionally rich in stars nor in a particularly
dense region of the galaxy; by most accounts, it is a typical
moderately populated and evolved cluster. The sole factor that
makes the cluster stand out is its proximity as the closest cluster
to the Sun. This enables the detection of older, cooler white
dwarfs and the ability to trace back escaped stars with greater
precision, allowing us to study the cluster in greater detail than
any other. The combination of the unremarkable nature of the
Hyades cluster and the benefits of its proximity suggests that
open star clusters may be producing ultramassive white dwarfs,
including white dwarfs that push the Chandrasekhar limit, more
commonly than previously thought.
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