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Abstract

Intermediate mass stars either end their lives as a white dwarf (WD) or a neutron
star, depending almost entirely on star’s mass. The mass limit between these two
fates is critical for a number of astrophysical quantities, including galactic heavy
element enrichment and compact object formation rates. Unfortunately, this mass
limit is not well constrained, with different methodologies suggesting this limit
could reasonably be anywhere from 8 to 12 M. The mass limit for WD produc-
tion can be constrained by developing the WD initial-final mass relation IFMR).
Determining the mass of a WD precursor requires identifying WDs that are mem-
bers of young open star clusters. Extensive searches of open clusters have left a
significant gap in the high mass region of the IFMR, this dearth may be the result
of the WDs receiving a small velocity kick in the late stages of stellar evolution.
In this work, we search the Gaia DR2 and EDR3 databases for ultramassive white
dwarfs whose kinematics suggest they may have escaped from young open star
clusters. Using a series of methods, we identified 13 candidate ultramassive WDs
whose kinematics agreed with past cluster membership. Each of these candidates
was followed up with spectroscopy to determine the WDs atmospheric parameters
and better assess potential cluster membership. We determine that three of these
candidates are high-confidence cluster members, four are questionable members,
and the remaining six are non-members. The three high-confidence cluster mem-
ber WDs are each more massive than any previous cluster WD known, with some
of the most massive known progenitors. The most massive of these WDs has a
progenitor of approximately 8.5 Mg, supporting an increased mass limit for WD

production.
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Lay Summary

When a star no longer produces thermal energy from ongoing fusion, gravitational
collapse is held back by outward pressure from electrons. If the star is massive
enough, gravity overcomes this pressure, resulting in a supernova explosion and
the formation of a neutron star. If not, it will instead form a white dwarf. The
limiting mass separating these two fates is critical. We examine this limit via the
white dwarf initial-final mass relation, which relates the mass of the white dwarf
and its precursor. Determining the precursor mass requires that the white dwarf
was born in a star cluster. Extensive searches have been largely unable to populate
the high-mass region of the initial-final mass relation. We search for white dwarfs
which have escaped from star clusters. We identified several escaped white dwarfs,
including one formed from the most massive known precursor star, pushing the

limit for white dwarf production.
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Chapter 1

Introduction

Every star eventually loses the ability to produce thermal radiation from fusion,
losing much of its mass along the way to end its life as a stellar remnant. The most
common of these remnants is a white dwarf (WD), which is a primarily electron-
degenerate compact object that will steadily reduce in temperature for the rest of
its lifetime as the ions, which are the source of the stellar luminosity, slowly cool.
WDs are the expected final evolutionary state for the vast majority of stars in the
Universe [41]. The maximum mass of a stable WD is known to be approximately
1.4 Mg [94]; the maximum mass of the progenitor star that formed it, however,
is not so well understood. Estimates from theoretical considerations suggest the
high mass cutoff for WD production should be at around 8 Mg [136]. Horiuchi
et al. [61] examined the rate of type II supernovae (SN II) compared with massive
star formation rates. They found that the measured rate of SN II was a factor of
two smaller than the rate of formation of stars with M > 8 M. One potential
way to solve this discrepancy is by allowing for a higher upper mass limit for WD
production, which would lead to an increase in WD formation and corresponding
reduction in the number of neutron stars. Kroupa and Weidner [78] studied the
stellar initial mass function and found that extending the upper mass limit for WD
production as high as 12 Mg, could potentially resolve the discrepancy.

The maximum mass of a WD progenitor is critical as it has a significant im-
pact on several important aspects of astronomy, including but not limited to the

formation rates of compact objects, the star formation rate of galaxies, and the



enrichment rate of heavy elements in galaxies. As such, resolving the aforemen-
tioned tension and better constraining this upper mass limit is paramount. This
limit can be examined by relating the mass of a WD to its progenitor through the
WD initial-final mass relation (IFMR). While significant progress has been made
in developing the IFMR in the last few decades (e.g. [29], [23], [35], [70], [111]),
the IFMR remains sparse, notably lacking in stars in the high mass region.

Populating this high mass region is critical but remains a difficult task as the
most massive WDs tend to be both rare and typically faint. As an additional chal-
lenge, determining the WD progenitor mass requires identifying WDs which are
bonafide members of young open star clusters. Every star in a cluster was born at
approximately the same time, so the cluster’s age reveals the total age of any object
born with it. By determining the age of the cluster from stellar isochrones, and the
age of the WD from cooling models, one can subtract the two and determine the
age of the progenitor and, subsequently, its mass. Without confident cluster asso-
ciation, we cannot determine the age of the progenitor nor its mass. Clusters must
both be sufficiently old to have had time to produce massive white dwarfs and yet
young enough for those WDs to have not cooled beyond detectability.

In recent years, the development of the IFMR has accelerated with the launch
of the Gaia observatory [44]. The Gaia observatory has given unprecedented data
access for stellar astronomy by precisely measuring the astrometry of more than
a billion stars in the Milky Way. This data has allowed for extensive searches of
Milky Way open star clusters for WDs that could potentially populate the high mass
region of the IFMR. Despite unprecedented data breadth, the high mass region
remains vastly underpopulated, with no previously known cluster member WDs
with masses above 1.1 My or progenitors above 6.2 My (see e.g. [29], [112],
[106]). The lack of WDs in young clusters might result from being ejected from
their host clusters due to aspherical mass loss in the late stages of stellar evolution
or from dynamical interactions. In this work, we search for massive WDs that may
have been ejected from their host clusters in an attempt to populate the high mass
region of the IFMR and better constrain the maximum mass of a WD progenitor.

The remainder of this thesis is arranged as follows: the rest of this chapter re-
views relevant aspects of stellar evolution, white dwarfs, the Gaia observatory, star

clusters, and WD natal kicks. Ch. 2 details the general methodology for identi-



fying and characterizing ultramassive WDs. Ch. 3 explains specific searches and
the resulting candidate selection. Ch. 4 describes follow-up observations obtained
for these selected candidates, with the results of these observations analyzed and
discussed in Ch. 5. Finally, Ch. 6 summarizes and concludes the main results while

mentioning ongoing work and future considerations.

1.1 Stellar Evolution to a White Dwarf

In this section, we describe the main phases of stellar evolution, from the earliest
birth stages until the final stages as a white dwarf. While we will attempt to detail
the evolutionary path to becoming a WD, we emphasize that this is not an exhaus-
tive description of stellar evolution; an interested reader is referred to the literature
for such an examination (see e.g. [117]). While we probe many vital differences in
the evolution of stars of various masses, we will not generally focus on the features
of particularly low (M < 0.5 M) and high (M > 12 M) mass stars. We neglect
the low mass stars as their main sequence lifetimes exceed the current age of the
Universe [120], while we exclude high mass stars because they are beyond even
the most radical mass limits for WD production [78].

Stellar evolution is often illustrated using a Hertzsprung-Russell (HR) diagram,
which shows the relationship between a star’s luminosity L and its effective surface
temperature Tig, with luminosity increasing upwards along the y-axis and temper-
ature increasing to the left along the x-axis. In Fig. 1.1, we show an HR diagram
for the evolution of a 1 Mg, star at solar metallicity of Z = 0.2, with solar initial
He fraction of 0.278 [121]. Models were computed using the Modules for Ex-
periments in Stellar Astrophysics (MESA) version 12778 (see MESA instrument
papers [101], [102], [103], [104], and [105]). Evolution begins with the onset of
protostellar contraction and terminates in the WD cooling sequence when the WD
reaches a lower limit of log(L/L) = —1. We will examine the critical phases of

stellar evolution illustrated by this figure in the proceeding sections of this chapter.
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Figure 1.1: HR diagram for a 1 M, solar metallicity model computed with
MESA. Different colour labels show the approximate primary phases
of stellar evolution, starting from initial protostar contraction (blue) and
ending on the WD cooling sequence (yellow).

1.1.1 Pre-Main Sequence

Stellar evolution begins when a cool molecular cloud’s mass exceeds the Jeans

3/2 1/2
My — SkgT 3 (L.1)
Gu 4rp

mass, given by




where kg is the Boltmann constant, G is the gravitational constant, and ( and p are
the mean molecular weight and density of the cloud, respectively [39]. The molec-
ular cloud’s inward gravitational pull then exceeds the outward pressure, resulting
in the collapse of the inner regions of the cloud. Perturbations in the density of
different regions lead to isolated collapsing cores in the cloud. Each of these over-
dense regions may collapse to form a protostar surrounded by a protoplanetary disc.
The protostar will continue to gain mass as it accretes from the surrounding disc.
As material accretes onto the protostar, gravitational energy heats the surrounding
gas, causing it to emit infrared (IR) radiation [58].

The collapsing region has extremely low pressure and is transparent to radi-
ation, so the radiation typically escapes, and the collapse continues largely unop-
posed. This rapid free-fall collapse continues until the protostar becomes opaque in
the IR [124]. At this point, the escaping IR radiation is trapped and begins to heat
the centre of the protostar, increasing the pressure. Eventually, the pressure reaches
a point where it prevents the infall of additional gas into the core. At this stage, the
protostar has blown away its envelope and ceases accreting material, stabilizing its
mass until the late stages of its lifetime.

The subsequent stages of evolution depend almost entirely on the mass of the
protostar. The most massive protostars will have already contracted to the point
where they can fuse hydrogen (H) to helium (He) in their cores and will evolve
from the protostar stage directly to the main sequence (MS) defined by the onset
of H core burning. For stars less massive than about 8 M, the core temperature is
not yet sufficiently hot to initiate H burning; these stars will go through additional
stages as pre-main sequence (pre-MS) stars. Throughout the rest of the pre-MS,
these stars will continue to contract, albeit at a reduced pace compared with the
free-fall collapse associated with early protostar formation.

Stars between 3 and 8 M, are fully radiative at the start of the pre-MS [71].
Stars less than 3 M, are initially fully convective and go through a period of evolu-
tion known as the Hayashi track [71], where they stay at roughly the same tempera-
ture but see their luminosities drop by several orders of magnitude as they contract.
The least massive of these stars, those below 0.5 M, retain this convective core
until the onset of H burning [71]. Stars between 0.5 and 3 My develop a radiative

core at the end of the Hayashi track [71]. At this point they enter the Henyey track,



where the star continues to contract while maintaining hydrostatic equilibrium and
a near-constant luminosity. The temperature steadily increases during this stage
until the onset of H burning. The least massive protostars, those below about 0.08
M), will never reach the temperature necessary for H fusion, thus never becoming

a star and instead forming a brown dwarf [6].

1.1.2 Main Sequence

Though these different initial tracks lead to significantly different lifetimes in these
pre-MS stages for stars of varying mass, all stars will eventually reach a point in
their evolution where they are first able to fuse H to He in their core. This phase is
known as the zero-age main sequence (ZAMS). Stars remain on the MS until the
core has been exhausted of hydrogen fuel; most stars will spend the vast majority
of their lifetime in this phase [124]. Duration on the MS depends primarily on
star’s mass, with the most massive stars burning through their core H first. Initial
chemical composition and certain mixing processes additionally have only a minor
impact on MS lifetime. In this phase, outward pressure from thermal radiation
produced by core H fusion balances gravity and prevents collapse, keeping the
star in hydrostatic equilibrium [6]. This keeps the star at a roughly constant size
throughout the phase.

Two separate nuclear reaction channels allow for the transformation of H into
He; the proton-proton (PP) chain and the carbon-nitrogen-oxygen (CNO) cycle.
While these two reaction channels take very different paths, the net result is sim-
ilar, H is converted to Helium-4 with a significant release of energy. In nearly all
MS stars, both channels occur simultaneously, though reaction efficiencies will de-
pend on the star’s mass. The nuclear reaction rate of each channel also depends
heavily on the temperature of the star’s core. For a star of the Sun’s mass, the PP
chain accounts for more than 90% of the total energy generation [124]. The CNO
cycle becomes the leading energy generator for stars with masses around 1.3 Mg,
becoming more and more dominant as the mass, and thus core temperature, of the
star increases [124]. When the CNO cycle dominates the energy generation, the
centre of the star becomes convective, with the size of the convective core steadily

increasing with mass [36].



Though most stars spend > 80% of their lifetime on the MS [63], their location
in the HR diagram changes only slightly during this phase, shifting upwards and to
the right due to an increase in luminosity and decrease in temperature. Luminosity
increases as a result of the change in the chemical composition of the core as H
converts into He. Luminosity scales with molecular weight to the 4th power (u*)
[6], increasing as the star becomes increasingly dominated by the heavier He. The
radius increases modestly as the envelope expands. Once a star has exhausted the
H in its core, it will leave the MS at what is known as the main sequence turnoff
(MSTO).

The main sequence lifetime of a star depends sensitively on its mass. A ex-
cellent way to illustrate this is via stellar isochrones, which are curves on an HR
diagram of stars with the same age but different masses. This is appropriate for
a star cluster where stars of various masses formed all at the same time. The left
panel of Fig. 1.2 shows PARSEC stellar isochrones [13]' for ages from 20 to 300
Myrs. We illustrate the MSTO mass vs lifetime on the right panel. We see the 20
Myr isochrone has a MSTO mass of approximately 9.5 Mg, compared to under 3
Mg at 300 Myrs.

1.1.3 Subgiant and Red Giant Branches

At the MSTO, shown as the brightest point in green in Fig. 1.1, core hydrogen has
been exhausted and converted to helium. Thick shells of H surround the inert He
core in all but the lowest mass stars, which are composed entirely of He by the
end of the MS [120]. The temperature of these shells is less than the core, below
the necessary levels for He fusion in stars above 1.2 Mg, [6]. For these higher
mass stars, the core contracts slightly until the ignition of the H shell, giving a
characteristic hook on an HR diagram as the star shifts to a higher temperature
before H shell burning. Stars below 1.2 Mg burn H in these shells immediately
after the MS and lack this hook [6]. The phase of H shell burning is known as
the subgiant branch (SGB) and is dominated by the CNO cycle. During the SGB
the envelope of the star expands, causing the star to cool and shift further to the

right in the HR diagram. As the outer layers of the star cool and the envelope

'PARSEC isochrones are available at http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 1.2: Left: HR diagram of PARSEC stellar isochrones for 10 Myr steps
between 20 (blue) and 300 (green) Myrs. Isochrones computed using
Kroupa [77] IMEF, solar metallicity, and no reddening. The black line
shows the approximate MSTO of the isochrones. Right: Mass at the
estimated MSTO for the left panel isochrones compared with isochrone
age.

expands, newly produced He material sinks into the star’s central regions, growing
the isothermal He core.
Depending on the star’s mass, the core at this stage of evolution may reach a

critical mass known as the Schonberg Chandrasekhar limit, given by

Mic _ Ueny 2
(M> _0.37( " > , (1.2)

where M;. is the mass of the isothermal core and U, and U, are, respectively, the

envelope’s and core’s mean molecular weights [142]. If the star’s mass is > 6 Mg,
the mass of the isothermal core will already exceed the Schonberg Chandrasekhar

limit at the end of the MS, leading to an extremely short or nonexistent SGB phase



[6]. Stars between 2.2 and 6 My, will start the SGB below this critical mass but
will eventually surpass it as the inert He core grows [6]. Stars less massive than 2.2
M, have partially degenerate He cores which have sufficient pressure to support
the growing envelope and do not reach the Schonberg Chandrasekhar limit [6].

For stars above 2.2 My, when the core surpasses this critical mass, it cannot
support its outer layers and it falls out of hydrostatic equilibrium [6]. The He
core rapidly contracts and releases energy which heats the envelope. The envelope
greatly expands, typically increasing the size of the star by at least one hundred
times. The star leaves the SGB and begins its life on the red giant branch (RGB)
when it surpasses the Schonberg Chandrasekhar limit. During the RGB, the star’s
luminosity greatly increases, while the temperature decreases only gradually, lead-
ing to a near vertical evolutionary path in the HR diagram. Stars below 2.2 Mg,
become more and more degenerate as the core mass slowly increases during the
SGB, eventually becoming fully degenerate [6]. The cooling outer layers of the
star become fully convective as the temperature decreases. This convection allows
material to be carried towards the stellar surface, significantly increasing the stel-
lar luminosity. At this stage, these stars have left the SGB, following a similar
evolutionary path up the RGB as their higher mass counterparts.

Near the beginning of the RGB, stellar surface convective zones expand in-
wards, eventually coming into contact and mixing with regions of the star that
have undergone H fusion. Material leftover from fusion is transported to the sur-
face, altering the composition of the stellar surface in a process referred to as the
first dredge up [36]. H shell fusion continues until the core temperature is suffi-
cient to ignite He via the triple-o nuclear burning process, at which point the star
reaches the tip of the RGB, signalling the end of the phase. The triple-o process is
more straightforward than the PP and CNO ones, with only two steps. In the first
step, two Helium-4 particles combine to form Beryllium-8. In the second, a third
Helium-4 particle combines with the Beryllium-8 to create Carbon-12. The first
step in this process costs a small amount of energy, while the 2nd releases a much
higher amount, leading to a significant net energy gain [17].

Before reaching the tip of the RGB, the H burning shell in stars below 2 M,
expands enough to reach the discontinuity in the star’s H abundance resulting from

the first dredge up, at which point its luminosity briefly decreases [71]. Once the



H-burning shell passes the discontinuity, the luminosity increases again and the star
continues towards the tip of the RGB. This brief decrease in luminosity leads to an
overabundance of stars in that region of an HR diagram known as the red bump.
Stars more massive than 2 Mg, reach sufficient temperatures to activate the triple-o
process before reaching this discontinuity and avoid the red bump. The time spent
in this phase depends greatly on mass, with low mass stars spending hundreds of
millions of years on the RGB while the most massive stars, those above 15 Mg,
fuse He on the MS and avoid the RGB altogether [6].

The characteristics of the onset of He burning at the tip of the RGB vary sensi-
tively with mass. Lower mass stars below 2.2 M, have partially or fully degenerate
cores [36]. As He fusion begins in the core, the temperature increases, but, due to
this degeneracy, the pressure essentially does not. As such, although the temper-
ature increases, the core does not expand. The increased temperature increases
the He reaction rate, which further increases the temperature. The result is a brief
thermonuclear runaway event of He core fusion called a helium flash. This ther-
monuclear event raises the temperature to the point where thermal pressure in the
core overtakes degenerate pressure, allowing the core to expand and shut off the He
flash. The degeneracy of the core declines after the He flash but it remains partially
degenerate. The primary He flash is followed by a series of secondary flashes,
completely removing the core degeneracy. Once the core is no longer degenerate,
stable core He fusion begins. Stars more massive than 2.2 M, are non-degenerate
at the tip of the RGB and do not experience a He flash. [36].

1.1.4 Horizontal and Asymptotic Giant Branches

At this stage, the He-burning non-degenerate core of the star has expanded, causing
the H-burning shell to grow, reducing its temperature and density. Stellar emission
is dominated by this outer burning shell, decreasing the star’s luminosity notably
compared with the tip of the RGB [6]. This core He and H shell burning phase
is referred to as the horizontal branch (HB) and is the second longest for most
stars. The HB lifetime is substantially shorter than the MS due to the increased
luminosity associated with He burning. Stars with degenerate cores at the tip of

the RGB tend to cluster close together in the HR diagram in the early stages of
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the HB, leading to an overdensity of stars in the diagram known as the red clump.
Stars remain on the HB until their core He has been exhausted, leaving behind a
primarily carbon-oxygen (CO) core.

For most stars, their core temperature is too low to ignite C; as a result, the
core again contracts and rises in temperature. As the core shrinks, the surrounding
shell of He increases in temperature until it eventually surpasses the temperature
necessary for He ignition. This burning phase causes the star to significantly ex-
pand while its surface temperature declines and its luminosity increases. The evo-
lutionary path approaches the RGB asymptotically as the temperature increases.
Appropriately, this phase of stellar evolution is called the asymptotic giant branch
(AGB). The AGB evolutionary track gets very close to the RGB for lower mass
stars, while the gap is far more substantial for higher mass stars. In addition to He
shell burning outside the core, H shell burning begins again farther out in the star,
with the two burning layers separated by an inert He layer.

In the early stages of the AGB, He shell burning dominates energy production.
For stars with M > 4 M, the convective outer envelope reaches deep into the star
and crosses the H burning shell, carrying nuclear processed material to the surface
resulting in a second dredge up [10]. As He burns, the shell becomes depleted
of material, allowing for the thicker H-burning shell to dominate the energy gen-
eration of the star. As this shell burns, additional He is deposited onto the inert
layer separating the two burning layers. As this layer is partially degenerate, when
it becomes massive enough it ignites in a helium flash, analogous to the one ex-
perienced at the tip of the RGB, albeit not as extreme. After the flash, He shell
burning continues, decaying as fusionable material is consumed. This again leads
to H-burning dominating the star’s nuclear energy generation [36]. As that H layer
deposits more He into the intermediate inert layer, another He flash occurs; this
process repeats, leading to periodic thermal pulsations of the star.

Convective outer layers penetrate deeper into the star as the envelope cools,
while simultaneously thermal pulse driven internal convection carries He burn-
ing remnants outwards. These He burning materials cross the outer convective
layer, carrying heavy elements such as carbon and oxygen to the surface in a third
dredge up [71]. Every star massive enough to proceed along the AGB experiences

the third dredge up. If M > 5 Mg, the star undergoes a event called hot bottom
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burning, where high temperatures at the bottom of the convective envelope trigger
secondary CNO cycle reactions in the H burning shell [6]. These secondary reac-
tions can create elements as heavy as aluminum in the most massive AGB stars [6].
Throughout the AGB phase, weakly bound extended outer layers of the star lead
to significant mass loss from stellar winds, with the rate of mass loss steadily in-
creasing as the envelope expands outward. He shell flash driven thermal pulsations
continue until the mass loss has caused the outer H shell to approach the stellar
surface at the tip of the AGB.

During the AGB, if the mass of the inert CO core exceeds ~ 1.05 Mg, which
occurs for a total stellar mass of ~ 6.5 Mg, the partially degenerate CO core
reaches temperatures sufficient for C burning [31]. This initial C ignition occurs
off-centre and proceeds as a violent carbon flash analogous to the He flash during
the RGB. Stars that ignite C are said to have reached the super-AGB phase. The
C flash reduces the core temperature and its degree of degeneracy, eventually shut-
ting off the flash. The core then contracts again, increasing its temperature and
leading to an additional off-centre C flash in the partially degenerate core. This
second carbon flash forms a convective C ring that burns until it reaches the centre
of the star, leaving behind a primarily oxygen-neon (ONe) core. Carbon burning
continues radially outward through the star, generating secondary C flashes as the
convective burning region crosses regions of high C concentration. Once C burning
has ceased, the core consists of a large ONe central core surrounded by a thin shell
of CO. The star’s outer layers are similar to the AGB phase, with a He burning shell
surrounded by an inert He layer, a H burning shell, and an increasingly extended
H-rich envelope.

If the mass of the ONe core exceeds the Chandrasekhar limit, carbon burning is
followed by Ne and all successive stellar burning stages. If at any point during the
AGB phase the core grows to this limit, the star will end its life after nuclear burn-
ing as a supernova, becoming either a neutron star or a black hole, depending on the
mass of the precursor star. Given that these massive stars do not become WDs, we
will not consider them further. Stars massive enough to ignite carbon but not neon
proceed similarly to their lower mass AGB counterparts once C-burning ceases.
Successive periods of dominance by the He-burning and H-burning layer lead to

He shell flashes and thermal pulsation of the inner regions of the star. Compared
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with AGB stars, super-AGB thermal pulses experience reduced pulse duration and
temporal separation [31]. Particularly low metallicity high mass super-AGB stars
can undergo thousands of thermal pulses before the end of the super-AGB phase
[31]. As in the AGB phase, the super-AGB phase ends when the outer H shell
approaches the stellar surface due to the loss of most of the star’s envelope from

stellar winds.

1.1.5 Post-Asymptotic Giant Branch

At the tip of the AGB, the mass of the envelope has been almost entirely lost due to
stellar winds, and the star can no longer sustain its remaining convective envelope.
The star radiatively contracts, steadily shrinking while simultaneously increasing
its temperature. H continues to burn in the outer shell, keeping the star at roughly
constant luminosity and leading it to move predominantly horizontally towards
higher temperature in the HR diagram. The central star is surrounded by unbound
material lost from the envelope during the AGB, referred to as the circumstellar
envelope. Once H fusion sufficiently increases the central star’s temperature, it
emits ultraviolet (UV) radiation that destroys dust in the circumstellar envelope
and may ionize the surrounding gas [9]. If the central star heats up too quickly, it
will not have time to fully ionize the gas, while prolonged evolution leads to the
circumstellar envelope dissipating before ionization [71]. In most cases the star
will heat at a pace that allows the gas in the circumstellar envelope to become fully
ionized and begin to emit as a planetary nebula (PN). The remaining envelope is
rapidly lost as the central star increases its temperature. The star continues to heat
until its H shell burning is extinguished, signaling the start of its evolution as a
white dwarf. Once the post-AGB phase is complete, the star will spend the rest of
its life cooling as a WD.

Sometimes, a star can experience an additional He flash thermal pulse soon
after leaving the AGB phase. This late thermal pulse (LTP) causes the star to
briefly return to the AGB phase before the flash shuts off, and the star loops back
to the post-AGB phase, again forming a PN [62]. Compared with other post-AGB
stars, those that experience the LTP have meager H mass fraction after returning

to the post-AGB phase. Late in the post-AGB phase or early in the WD cooling
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phase, post-AGB stars can experience another LTP known as the very late thermal
pulse (VLTP). The VLTP returns the star to the AGB phase once again before
looping back towards the WD cooling phase. The increased delay before the onset
of the VLTP results from reduced H shell mass. The VLTP leaves the star nearly
entirely depleted of H on its surface [54]. The H deficiency of post-AGB stars that
experience the LTP and VLTP leads to them forming He-dominated WDs. The
conditions necessary for a star to undergo the LTP and VLTP are not currently well
understood.

In Fig. 1.3, we show the abundance profile of primary elements throughout the
star towards the end of three key phases of the evolutionary model displayed in
Fig. 1.1. At the end of the MS, the total stellar mass remains exceptionally close
to its initial mass of 1 M. The core is entirely He, while the outer layers are a
mixture of He and H, with H increasingly dominating towards the surface. Note
that the abundance of He on the surface is due to the initial He fraction, which
is distributed evenly throughout the star. At the end of the RGB the He core has
increased in mass, while the total stellar mass has dropped from the initial mass
down to ~ 0.65 M. At the end of the AGB, the total stellar mass has fallen to
~ 0.5 Mg, nearly entirely in the CO core. Outside the core there is a shell of He,
followed by a thin H envelope.

1.2 White Dwarfs

White dwarfs have a relatively simple structure, consisting of a degenerate core
surrounded by a partially degenerate envelope of one or multiple layers of lighter
elements, generally hydrogen and/or helium. At the start of the WD phase, these
stellar remnants are amongst the hottest objects in the Universe, with surface tem-
peratures exceeding 200,000 K [25]. WDs radiate thermal energy from the pre-
vious burning but no longer generate new thermal energy through ongoing fusion.
As these objects are very compact, they have small surface areas and slowly radi-
ate heat, leading to gradual cooling over time, decreasing the WD’s luminosity in
turn. The WD’s radius remains roughly constant as its temperature and luminos-

ity decrease. The most massive WDs are also the smallest, where the mass-radius
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Figure 1.3: Abundance profile of H, He, C, and O for three key phases of the
1 Mg evolutionary model displayed in Fig. 1.1. Left: Main sequence
turnoff. Middle: Tip of the red giant branch. Right: Tip of the asymp-
totic giant branch.

relationship can be approximated as
R~M™'/3 (1.3)

[6]. This inverse relationship between the mass and radius of a WD happens due
to increased gravitational pressure for more massive WDs. The most massive the-
oretical WD, which would be just below the Chandrasekhar limit, would compress
the electron-degenerate core to its minimal possible size; any smaller would acti-
vate runaway nuclear burning en route to going SN. WDs are the expected final
evolutionary stage of more than 97% of stars in the Milky Way [41].

The cooling process of WDs is mostly straightforward, given their relatively
simple structure. As WDs cool, however, the motion of ions in the core is in-
fluenced more and more by Coulomb interactions. An important quantity is the

Coulomb coupling parameter

re 7262 <47tn1)1/3 (1.4)
kgT 3 ’ )

for atomic number Z, electon charge e, and ion number density n; [64]. ' is a
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measure of the kinetic energy of particles in a system and their ability to move
unimpeded. As the ions cool, they will eventually pass a threshold value of T,
estimated to be around 175 [133], at which point the core will begin to crystallize
as the ions arrange themselves in a lattice. This crystallization process releases
energy as latent heat during the liquid to solid phase transition. This release of
latent heat leads to a delay in the cooling of the WD, resulting in a buildup of
WDs on the HR diagram known as the Q branch [133], illustrated in Fig. 1.4 using
WDs within 200 pc from the Gentile Fusillo et al. [49] catalogue. WDs have been

dereddened using each sources mean Ay from the catalogue.
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Figure 1.4: Sample of WDs within 200 pc from the Gentile Fusillo et al. [49]
catalogue. The approximate Q branch overdensity is indicated in red.
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Recent evidence suggests that a fraction of ultramassive white dwarfs, defined
here as those with M > 1.05 Mg, experience an additional delay of 8 Gyr com-
pared with their lower mass counterparts [18]. Latent heat from crystallization had
already been considered for WD cooling models, but a second aspect was largely
missed; gravitational energy released due to phase separation. One potential expla-
nation for this additional cooling delay in ultramassive WDs is Ne sedimentation
due to phase separation [18]. The most massive WDs have either primarily CO
cores with smaller amounts of Ne, or primarily ONe cores. Depending on the
makeup of the core, Ne may settle towards the centre of the WD as a result of
experiencing increased gravitational forces. Camisassa et al. [19] examined this
possibility and found that Ne sedimentation does not account for the increased
cooling delay for ONe core WDs but that it could for ultramassive WDs with pri-
marily CO cores and lower Ne fractions. Determining the white dwarf’s progenitor
mass relies on accurately determining both the WD and its host cluster’s ages. As
such, additional studies on WD crystallization and phase separation are crucial for

developing accurate WD cooling models.

1.2.1 Atmosphere

The atmospheric composition of a WD is a critical component as it is the only part
of the WD that is visible to observers through spectroscopy. The composition of
the stellar atmosphere allows one to model properties of the atmosphere to study
critical aspects of the WD, including its effective temperature and the strength of
its surface gravity. In a 1948 paper, Schatzman [119] showed that gravitational
settling due to high surface gravity led to elements in WD envelopes being largely
separated, with the lightest elements in the outermost layers. As a result, the at-
mosphere of the majority of WDs is primarily H-rich, dominating stellar emission.
These hydrogen atmosphere WDs are called DA WDs, with approximately 80%
of WDs being spectroscopically confirmed to have this atmospheric composition.
[1].

Of the remaining WDs, the vast majority have He-dominated spectra [26]; we
refer to these as DB WDs if only He I lines are present and DO if He II lines
additionally appear. He atmosphere WDs form due to the remaining H burning in
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the post-AGB phase in stars that experience the late thermal pulse. He atmosphere
WDs also form from the evolution of low mass stars with M< 0.5 Mg, as a result
of these stars burning all of their H on the MS but being unable to fuse He. The
Universe is too young to have formed any of these low mass helium WDs via single
star evolution, though some have been formed due to experiencing mass loss in a
binary system [65]. Particularly cool He WDs often have no identifiable emission
lines and are called DC WDs. When the very late thermal pulse occurs early in
the WD cooling phase, it leads to convective mixing of heavier elements from the
core into the atmosphere [32]. This rare situation can create He WDs with notable
carbon emission classified as DQ WDs.

Though high surface gravity leads to most WD atmospheres being dominated
by a single element (H or He), between 25 and 50% reveal trace amounts of heavier
metals in their spectra [75]. The presence of these metals is believe to be a result of
circumstellar debris through accretion of tidally disrupted planets [134]. Accurate
modeling of WD atmospheres has to take into account the potential presence of
these traces of heavy elements. In this work, we will focus primarily on DA WDs
due to model availability of these types of WDs and their high overall occurrence

fractions.

1.2.2 Core Composition

While all WDs possess electron-degenerate cores, the composition of the core
varies, depending primarily on the mass of the star that generated it. The at-
mosphere of a WD is easy to determine from its emission; the core of the WD,
however, is not visible to observers due to the opacity of the outer layers [32]. Esti-
mating the composition of a WD core relies on understanding stellar evolutionary
processes that led to the formation of the WD.

Stars below ~ 0.3 Mg, are fully convective on the MS [5]. This convection
carries He to the surface, pushing H down into the core leading to the entirety
of the star’s H burning while still on the MS. After burning through all available
H, these stars will contract but will not reach the point where core temperatures
are sufficient for He burning. These stars will continue to contract until electron

degeneracy pressure stabilizes the star, forming a He core WD. While this is the
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expected fate for all low mass stars, the MS lifetime for this mass range exceeds the
current age of the Universe [120]. Hence, no WDs of such low mass have formed
from single stellar evolution. The only discovered He WDs with masses lower than
0.3 Mg are known to come from binary mass loss and are known as extremely low
mass WDs (see e.g. [108], [16], and [80]).

If an evolving star has a mass sufficient to ignite He but not C, it will end its life
as a CO WD. The specific CO core mass for carbon ignition has a high degree of
uncertainty as a result of uncertainties in potential C+C rates in super-AGB stars,
with various authors suggesting the minimum CO core mass for off-centre carbon
ignition could be as low as 0.93 M, or even as high as 1.10 M, [24]. More massive
stars reaching sufficient temperatures to burn C but not surpass the Chandrasekhar
limit typically form ONe core WDs. Ultramassive WDs are generally expected
to have ONe cores, although recent studies suggest that CO WDs can enter the
ultramassive regime [20]. This might happen because of a reduction in wind rates
during the thermally pulsing AGB or due to rotation of the WD progenitor [3]. The
fate of super-AGB stars on the cusp of becoming WDs or neutron stars is poorly
understood, primarily because of uncertainty in the critical mass loss rate [122].

In rare cases in the AGB phase, a star can reach a high enough temperature in
its core for C ignition, but either the second C flash does not occur, or the carbon
flame fails to reach the centre of the core. Both cases result in the formation of a
CO-Ne core. The mass range required for this hybrid core is likely very narrow
[31]. While this limited range could create some exciting hybrid CO-Ne WDs, we
will not focus on them due to the scarcity of studies modeling their evolution.

If a WD accretes matter from a companion and surpasses the Chandrasekhar
limit, it results in a runaway nuclear reaction and thermonuclear explosion even-
tually forming a neutron star. Stars exploding in this manner are called type Ia
supernovae (SN Ia). Studies suggest that in some cases, deflagration is not strong
enough to trigger detonation, in which case the original WD can survive [67]. This
failed SN enriches the WD in heavy elements, leaving behind an iron (Fe) core
WD.
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1.3 Gaia

The development of the white dwarf IFMR has long been a topic of interest in
the scientific community. Although WDs are the expected final evolutionary state
of approximately 97% of Milky Way stars [41], their low luminosity makes them
challenging to identify, with just a few thousand confirmed WDs identified by the
end of the 20th century. The launch of the Sloan Digital Sky Survey (SDSS) [141]
in the year 2000 increased the number of known WDs to approximately 36,000
within its first few data releases [34]. Despite this massive increase in known WDs,
progress on the IFMR remained slow [23].

The Gaia mission [44] revolutionized stellar astronomy with its first data re-
lease in 2016. Gaia is tasked with constructing a 3D map of the Milky Way by
measuring astrometry of more than a billion stars with unprecedented precision.
The goal includes measuring the parallax, position on the sky, and proper motion
of the majority of targeted objects, giving a 5-parameter astrometric solution. Com-
plete 6-parameter phase space information via the inclusion of the radial velocity
is expected for a small percentage of targets but not generally those in the mag-
nitude range of most WDs. Gaia measures the G band magnitude for all targets,
with a limiting magnitude of G~ 21. Additionally, Bp and Rp band magnitudes
are measured for a subset of targets.

The combination of G, Bp, and Rp band magnitudes allows one to construct a
colour-magnitude diagram (CMD), which shows the difference between two band
magnitudes on the x-axis and a single magnitude on the y-axis. A CMD is anal-
ogous to an HR diagram in that the magnitude difference between two bands is
related to the object’s temperature and the single magnitude is related to the lumi-
nosity. The main stellar evolutionary features on an HR diagram also appear on a
CMD. In Fig. 1.5, we show a Gaia DR2 CMD where the observed apparent G band
magnitude has been distance corrected to absolute magnitude using each object’s
parallax.

This CMD was created by querying the Gaia DR2 archive using the data filter-
ing technique described in Gaia Collaboration et al. [45]. The Gaia DR2 archive
limits search results to the first three million sources, so while this is not a com-

plete filtered Gaia CMD, it does illustrate the main features. The main sequence is
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Figure 1.5: Partial Gaia DR2 CMD coloured by density, from low (purple) to
high (yellow) density.

identifiable as the plot’s densest region, a clustering of likely WDs is seen in the
bottom left, and the giant branches are on the top right. Dust along the line of sight
between us and observed stars leads to their light becoming redder and dimmer.
Only a subset of Gaia sources include estimates of the sources extinction and red-
dening, include none of the sources dimmer than G = 17 [37]. As a result, we do
not correct this plot for extinction or reddening. Were we able to, the overall width
of the apparent MS would likely be significantly reduced.

Gaia DR1 includes over 1.1 billion sources, but only ~ 2 million have full po-

sition and proper motion data, and none of them have Bp or Rp band magnitudes.
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Gaia DR2 [46] increased the total number of sources to approximately 1.6 billion,
with 5-parameter solutions for more than 1.3 billion and Bp and Rp band magni-
tudes for a similar number. Gentile Fusillo et al. [48] used a sample of confirmed
WDs identified with SDSS to develop a catalogue of WDs in the full Gaia DR2
dataset. They identified ~ 260, 000 high-confidence WDs, defined as sources given
at least a 75% probability of being a WD from their comparison with known SDSS
WDs. They replicated this work with the subsequent Gaia data release, Gaia EDR3
[47], and were able to increase their catalogue to ~ 359,000 high-confidence WDs
[49].

Fleury et al. [40] estimated the mass and cooling age of all high-confidence
WDs from the Gentile Fusillo DR2 WD catalogue within 200 pc of the Sun. They
estimated that there are ~ 100 WDs with M> 0.95 Mg, and ages less than 250
Myr in this volume. Kilic et al. [74] analyzed massive WDs in the Montreal White
Dwarf Database (MWDD, [33]), based on Gaia DR2, and identified 25 WDs that
they estimate have masses above 1.3 Mg, if they all possess H atmospheres and CO
cores. Gaia has increased the number of known WDs tenfold and also led to the
identification of a number of likely ultramassive WDs. However, one issue remains
in developing the IFMR; the WD precursor must have been born in a star cluster to

determine its initial mass.

1.4 Star Clusters

Collapsing cores in overdense regions of cool molecular clouds are the first stage of
star formation. Each of these collapsing cores can form one or multiple protostars,
which evolve into stars after appropriate accretion levels. These cool molecular
clouds tend to have total masses between ~ 10° and 107 Mg, which can form
hundreds or even millions of stars as they use up their available stellar material
[76]. Stars born from these clouds tend to have approximately the same age and
initial chemical composition, primarily varying only in their initial mass. Many of
these groups of similar stars will form gravitationally bound systems after birth,
known as star clusters. As these clusters are filled with stars of the same age and
chemical composition, they provide the perfect environment to study the different

evolutionary paths followed by stars of varying masses.
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There are two prominent types of star clusters; globular clusters and open star
clusters. Globular clusters are compact, tightly bound associations containing any-
where from tens of thousands to millions of stars. These tightly bound systems
were formed from giant molecular clouds early in the galaxy’s history and contain
among the oldest stars in the Universe [100]. On the other hand, open star clusters
are loosely bound associations of hundreds or thousands of stars that formed much
more recently. Milky Way globular clusters are primarily found in the galactic
halo, while open star clusters tend to lie in the galactic plane.

Globular clusters are characterized by high velocity dispersions, as is expected
from the virial theorem, due to their high total stellar mass [107]. This makes
it difficult for individual stars to reach the required escape velocity to leave the
cluster and, as such, mostly tend to remain within the cluster over cosmic time. By
contrast, open star clusters are weakly bound with low velocity dispersions, on the
order of 1 to 2 km s~! for young clusters [125], making these systems prone to
lose member stars as they age due to low escape velocities. Despite being unbound
gravitationally, stars that leave the clusters tend to stay along roughly the same path

as the cluster through the interstellar medium.

1.4.1 White Dwarfs in Open Clusters

Ultramassive white dwarfs are the first formed due to the short main sequence
lifetime of their progenitor stars. Globular clusters are not ideal for identification
of such stars since these high mass WDs will generally have cooled well below the
detectability thresholds of modern telescopes. On the other hand, the young age of
open clusters makes them a excellent environment to search for ultramassive WDs.
The unprecedented breadth of Milky Way astrometric data provided by the Gaia
mission makes for an ideal domain to examine open star clusters in search of these
rare objects.

There are at least 375 known open clusters within 1.5 kpc of the Sun younger
than 1.5 Gyr. Early in this project, I was involved in the late stages of a study by
Richer et al. [112] (hereafter R21) that manually identified 219 of these clusters
that were evident in proper motion space using Gaia DR2. They searched the

entire Gaia DR2 [46] database for high-confidence cluster member WDs for each
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Figure 1.6: The IFMR from R21. Includes WDs discovered in their work as
well as those they included from Cummings et al. [29].

identified cluster, where high-confidence required that the WD be within 20 of
the cluster centre in both proper motion and parallax. Despite the large sample of
clusters and breadth of data available with Gaia, this search returned just 24 total
WDs, with the most massive well below the Chandrasekhar limit. Fig. 1.6 shows
the WD IFMR from this work. No WDs with initial masses above 6.1 Mg, or final
masses above 1.06 M, were discovered.
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1.4.2 Open Cluster White Dwarf Deficiency

Having identified just 24 WDs in more than 200 clusters, R21 examined the po-
tential WD deficiency by estimating the expected number of WDs which should
have formed for a subset of 163 of these clusters. They selected the subset based
on the ability to confidently determine the cluster’s age, a mandatory prerequisite
for estimating the expected WD output. For each of these clusters, they assumed
a Kroupa [77] (IMF). They integrated the IMF up to a defined maximum WD pro-
genitor mass to determine an expected number of WDs that should have formed,
scaling the results for each cluster based on the number of identified stars. For a
maximum progenitor mass of 8 My, they estimated these 163 clusters should have
produced approximately 1100 WDs; a higher maximum mass would only increase
the number of expected WDs. While the Gaia detection threshold of G = 20.7 [44]
would lead to some WDs being undetected, the gap between the detected WDs and
the expected WDs suggests a large deficiency.

Evidence for a deficiency of WDs in open clusters was presented as early as
1977 by Weidemann in a study of mass loss in the Hyades cluster, suggesting
that approximately half the cluster WDs were missing [135]. In follow-up work
in 1992, Weidemann estimated that the Hyades should have formed at least 28
WDs, with just seven confirmed at the time [137]. Recent extensive studies of the
Hyades with Gaia DR2 have slightly increased this number to 11 high-confidence
cluster member WDs [116]. The estimate of 28 WDs was determined using a very
conservative estimate of 6 M, as the cutoff mass for WD formation. Using the
Kroupa IMF, the expected number of WDs would increase to roughly 36 and 47 for
8 Mg, and 12 Mg, cutoffs, respectively [77]. If the upper limit for WD production
is somewhere between 8 and 12 M, these findings suggest that between 75 and
81% of Hyades WDs are missing. Extensive studies of other young open clusters
have returned similar deficiencies (see e.g. [110], [68], [69], and [139]).

A significantly lower limit for WD production could explain the deficiency, but
that would only further increase the discrepancy between theory and observed SN
II rates [78]. This would also not be consistent with the most massive cluster WDs
identified thus far [112]. Another possible explanation comes from considering the

percentage of WDs that are in binary systems. Prior estimates suggest anywhere
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from 20 to 50% of WDs may be in binary systems [38]. A study of the full sample
of Gaia DR1 WDs in the local neighborhood estimated the binary fraction as ap-
proximately 25% [131]. The authors of that work note that the binary fraction of
WDs seems to lag behind the MS-MS binary fraction of roughly 50%, suggesting
that the difference is primarily a result of mergers in WD binary systems.
Evidence suggests that the binary fraction of WDs is heavily related to WD
mass. Multiple studies of WDs with M < 0.25 M, found that the binary fraction
for these extremely low-mass WDs is 100% (see [72] and [15]), while studies
of M <0.45 Mg, 0.5 <M <0.7 Mg, and 0.7 < M < 1.1 M WDs find binary
fractions of 70% [14], > 36%, and > 6% [60], respectively. These results suggest
that binaries may account for many of the missing lower mass WDs but that the
high mass WDs missing from the WD IFMR are not similarly accounted for. While
binarity and the detectability threshold of Gaia would likely account for many of
the missing WDs, these do not seem to tell the whole story. Something else must

cause for the dearth of high mass WDs in open clusters.

1.5 White Dwarf Natal Kicks

To explain the deficiency of white dwarfs in open clusters, Fellhauer et al. [38]
considered an alternative where the dearth occurs due to the white dwarf receiving
a natal velocity kick of a few km s~!. The low velocity dispersion of open clusters
would allow even a modest kick all the star to exceed the cluster escape velocity and
propel the WD out of the cluster. WD natal kicks could occur due to asymmetric
mass loss in the AGB phase that precedes WD formation [42].

Periodic expansion and contraction happens in the AGB phase because of ther-
mal pulsation driven by helium shell flashes. This stellar pulsation leads to atmo-
spheric shock waves propagating outwards and levitating gas from the stellar sur-
face [86]. The levitated material reaches distances above the surface, where lower
temperatures and increased density enable the material to cool and condense into
dust grains [82]. The newly formed dust grains are then accelerated outwards by
interactions with stellar photons, transferring momentum to the dust and forming a
stellar wind [82].

These winds collide with the interstellar medium, enriching it in chemical ele-
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ments and driving mass loss in the AGB phase. The mass loss rate is largely driven
by pulsation amplitude and not as a result of the strength of the radiation pressure
[86]. Developed stellar winds have velocities of approximately 5 to 30 km s,
with typical mass loss rates of 107 to 10°* Mg yr*1 [99]. Given these rates, even
a small deviation from spherically symmetric mass loss can lead to a velocity kick
of a few km s~! for the most massive formed WDs. AGB winds have not been
directly observed, but the resulting mass loss has been. Both spectroscopic obser-
vations and imaging of AGB stars reveal a non-spherically symmetric distribution
of gas and dust around these stars, supporting asymmetric mass loss (see e.g. [95],
[140], [127], [109], and [96]).

Fellhauer et al. [38] performed N-body simulations of intermediate-mass open
clusters with differing levels of asymmetric mass loss in the AGB phase. They
showed that just a 1% asymmetry in mass loss rate in the AGB phase would lead
the newly formed WD to receive a sufficient velocity kick to escape the cluster.
For a kick of just a few km s~! a loosely bound cluster, consistent with most open
clusters, would lose nearly all of its WDs. They found that the required speed for
the cluster to lose most of its WDs is roughly twice the velocity dispersion of the
cluster.

Loyola and Hurley (2013) studied the dissolution of star clusters using N-body
simulations of clusters that evolved for 4 Gyr. [90]. They found that the most
likely escapees within this 4 Gyr period were MS stars with M < 0.7 M, and WDs.
They also found that the WDs were more likely to receive a high velocity ejection
because they tend to form in the cluster’s centre. This factor is vital for the most
massive WDs, as the most massive stars in a cluster tend to gravitate towards the
centre of clusters, where they impart energy onto their lower mass counterparts,
pushing them away from the cluster centre. Their results support that the most
massive WDs will likely leave open clusters rather quickly.

Observational and theoretical studies support WDs receiving a sufficient veloc-
ity kick at birth to escape their birth clusters. These natal velocity kicks could be
the reason for the scarcity of high mass WDs found in clusters. Searches for cluster
WDs must extend beyond the cluster virial radius. A kick of just 5 km s~! could
take the WD roughly 500 pc away from the cluster in 100 Myrs, so many of these

massive WDs may be found very far from their birth clusters. Evidence strongly
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suggests that escaped cluster member ultramassive WDs are out there; we merely

have to locate them.
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Chapter 2

General Procedure

In this chapter we describe the general procedure we used to identify and charac-

terize candidate WDs.

2.1 Candidates
We use data from Gaia DR2 [46] and later Gaia EDR3 [47] to search for candidate

ultramassive white dwarfs. R21 previously considered the survey of nearby young
open clusters for cluster member massive WDs with Gaia DR2. Gaia EDR3 im-
proves the accuracy of proper motion and parallax measurements by approximately
a factor of two compared with DR2. While we primarily focus on identifying po-
tentially escaped WDs, we allow for the possibility that some WDs may have been
missed by R21 but appear in similar searches of the EDR3 database. To be con-
sidered a cluster member, a candidate must be within 20 of the cluster centre in
parallax and proper motion space. While search criteria ensure that candidates are
close to the cluster in position space, no strict cut in this space was made.

Here we outline the cluster identification process, mainly following the tech-
nique used in R21. We start with the cluster centre position and parallax as de-
termined in R21. One drawback to the manual identification method employed
by R21 is that it requires that the cluster is visually identifiable in proper motion
space, which was not the case for 167 of the 386 nearby young clusters surveyed. If

the cluster was not manually identifiable in proper motion space, R21 instead used
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centre parameters determined from the automated method of Cantat-Gaudin et al.
[21], although this only included approximately 50 of the 167 missed clusters.
Using this cluster centre, we search the entire Gaia DR2 database for sources
within a circle of 2x the cluster diameter from the centre, where the diameter is as
defined by WEBDA'. In rare cases, the search returned more than the three million
source maximum of the Gaia archive, in which case we add a restriction on the
parallax. We remove sources further than 2¢ from the centre in either parallax or
proper motion, accounting for both the source and cluster centre error. Sources

with Gaia photometric excess factor C > 1.5 are removed, given by

Igp+1
C= <BP+ RP), @.1)
I

for flux 7 [37]. C significantly greater than one indicates high photometric im-
precision [37]. Particularly faint sources with imprecise photometry tend to have
high photometric excess factors and can be confused with candidate massive WDs.
Removing these sources reduces contamination and provides a cleaner CMD.
Gaia EDR3 [47] was released after this project had begun. During this project,
it was sometimes necessary to reexamine a particular young cluster with EDR3.
For these, we start by searching 2x the WEBDA diameter around the R21 cluster
centre as with DR2. G band magnitudes for results with 6-parameter solutions
fainter than G = 13 are corrected using the algorithm recommended by Riello et al.
[113] (see the appendix of [47]). While cutting based on the photometric excess
factor was recommended for DR2, Riello et al. [113] suggest a more involved
process with EDR3 data to overcome potential bias from the colour dependence
of the DR2 cut method. To do so, one should calculate the corrected flux excess
factor, as in
C* =C— f(Gsp — Gryp), (2.2)

where the function f corrects for the expected colour excess at a given colour for
high-quality sources [113]. The specifics of the colour correction function were de-
termined by Riello et al. [113] using a sample of ~ 200,000 well-observed sources;

the form of this correction factor and its python implementation is given in the

Uhttps://webda.physics.muni.cz/
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Figure 2.1: Gaia EDR3 CMD of NGC 2422 for corrected excess factor cuts
of 1o (far left), 30 (middle left), So (middle right), and 100 (far right).

appendix of Gaia Collaboration et al. [47]. Filtering based on C* requires first

determining the 10 scatter for well-behaved stellar sources calculated from
oc+(G) = 0.0059898 + 8.817481 x 10~ 12G761839 (2.3)

where the fit parameters were found from a simple power law fit [113] to the bright
standards from Stetson [126] and Ivezi¢ et al. [66]. Riello et al. [113] recommend
cutting based on Nog- for objects with G < 4, as brighter sources have unreliable
colours due to saturation. More restrictive cuts on No¢+ tend to provide a cleaner
CMD at the cost of completeness.

Fig. 2.1 illustrates the impact of excess factor cuts on the CMD of the NGC
2422 open cluster. While the most restrictive cut (far left) returns the cleanest
CMD, it also loses most of the stars near the MSTO. We find that a cut of 30 (mid-
dle left) gives the best balance between completeness and reducing contaminates.
A cut of this level tends to retain the majority of upper main sequence stars while
significantly reducing lower MS contaminates. For consistency, we use this cut for
all EDR3 analyses in this work. As a final correction, we adjust for the Gaia EDR3
parallax zero-point as described in Lindegren et al. [83].

After performing these corrections, we redetermine the cluster’s centre. Fol-
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lowing the procedure of R21, we fit Gaussian functions to a kernel density esti-
mate (KDE) of the cluster proper motion to identify the cluster centre using a least
square fitting method. We cut the data set to only sources within 20 of the de-
termined cluster centre. We repeat this process for the parallax using this newly
restricted dataset, again imposing a 2o cut. Finally, we fit a Gaussian to a KDE
of the positions of the remaining sources to determine the location of the cluster
centre. While we employ a position cut to determine the cluster centre, note that
the final cluster membership list is based on those that survive the first two cuts
in proper motion and parallax. The original search region ensures that no cluster
member stars are found far from the cluster.

Correcting the colour and magnitude for extinction along the line of sight be-
tween source and observer is necessary. For sources in a given cluster, the ex-
tinction is approximately the same for all stars; once the cluster reddening and
extinction are determined, they can be applied to each source associated with the
cluster in the same manner, even if that specific source lacks reddening informa-
tion. Gaia DR2 only includes estimates for the reddening and extinction of sources
with G > 17.068788 [4], while EDR3 does not include any reddening data. We
use estimates for the cluster reddening and extinction developed with DR2 for both
DR2 and EDR3 samples. As described in R21, we estimate the reddening and ex-
tinction for each cluster using the variance-weighted mean of the cluster member
sources which have complete reddening and extinction data, including 1o errors,
in DR2. The error in the determined mean values was found from the reliabil-
ity weight-based unbiased sample variance, accounting for the number of sources.
This method helps to account for statistical error due to small sample sets. How-
ever, we note that the determined values are not particularly reliable in clusters
with only a handful of sources with extinction data. We correct the cluster CMD

for extinction and distance using
Mg = G+5—5log,,(1000/parallax) — Ag, (2.4)

and
(Bp—Rp), = (Bp—Rp) —E(Bp—Rp) (2.5)

where Ag and E(Bp-Rp) are the cluster centre extinction and reddening, respec-
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tively. For stars that meet 26 cuts in parallax and proper motion, we use the cluster
centre parallax, while for escaped former members, we use the source parallax
since the source may have travelled far from the cluster centre.

As an example, we show the Gaia EDR3 CMD of the vdB Hagen 99 open
cluster in Fig. 2.2b. The tight MS gives strong support for cluster membership of
the identified stars. We see that no giant stars are present in the cluster, although
it appears the brightest cluster stars are reaching the main sequence turnoff and
preparing to ascend towards the giant branches. There is a single candidate cluster
member ultramassive WD in the bottom left corner. Fig. 2.2a shows the position,
parallax, and proper motion of the identified cluster member stars relative to the
cluster centre. Some cluster members are more than 26 away from the cluster
since no cut was made in position space, though we see that none are more than
2.50 away.

Gaia colours and magnitudes are useful for initial candidate selection from
CMDs. A slight colour change can significantly impact estimates of the WD’s
mass and cooling age, so reducing this error is essential. Precise mass and age
estimates dictate the use of high signal-to-noise ratio (SNR) spectroscopic obser-
vations of the source. Once identified from a Gaia CMD, we observe particularly
compelling candidates with an appropriate telescope, reducing and analyzing the

resulting spectra. We detail the methodology and resulting observations in Ch. 4.

2.2 Atmospheric Parameters

The next step is determining the observed candidates’ surface gravity log g and
effective temperature Togr. Thanks largely to techniques developed by Bergeron
et al. [8], accurate atmospheric parameters can be obtained by comparing model
atmospheres to spectroscopic observations. Before modeling, the WD atmosphere
type is determined by examining the absorption features of the spectra. Since grav-
itational settling leads to a single element typically dominating WD atmospheres
[119], the type is generally readily apparent from the presence of specific absorp-
tion lines and rarely requires detailed analysis. In this work, every WD we ob-
served and analyzed was a H atmosphere DA WD indicated by the presence of

Balmer lines and no other dominant features. We will focus on analyzing these DA
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Figure 2.2: Gaia EDR3 cluster members for vdB Hagen 99.
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WDs for the remainder of this work. Our search in no way dictated that candidates
must have a H-dominated atmosphere; this result is merely a product of the vast
majority of WDs possessing these atmospheres [1].

We employ a fitting technique to the Balmer lines similar to that described in
Liebert et al. [81]. We start by fitting a grid of spectroscopic models multiplied
by a polynomial in wavelength of up to 9th order, including a wavelength shift
and zero point, to account for potential continuum calibration errors. We use the
steepest descent non-linear least squares fitting method developed by Levenberg-
Marquardt (see [89]). The spectrum is normalized using this function by picking
points at a fixed distance from each line centre to normalize the flux from each
line. Finally, using our grid of model spectra, we determine log g and T for the
WD from the simultaneous fitting of these normalized line profiles, again using the
Levenberg-Marquardt method.

For most WDs, we utilize the pure H atmospheric models of Tremblay et al.
[132]. These models assume non-local thermodynamic equilibrium (NLTE), where
the atmosphere is in equilibrium overall but is not assumed to be at any given al-
titude. For hotter WDs, pure H atmosphere models sometimes struggle due to
the so-called Balmer line problem, where simultaneously fitting the Balmer lines
proves problematic due to inconsistencies between individual line fits. In partic-
ular, the fit to Hoo gives a significantly lower Ti¢ than HS, with the intermediate
lines falling between the two [91]. Werner (1996) [138] found that the Balmer line
problem was due to metal levitation in the radiation field of particularly hot WDs.
This metal levitation polluted the atmospheres with heavier elements, leading to
stark broadening of the Balmer lines, particularly HB through Hy.

Werner solved this problem by introducing CNO at solar abundance in the
atmosphere to account for metal levitation, allowing for simultaneous fitting of the
Balmer lines. If the temperature of the WD was > 40,000 K, we consider metal-
polluted models from Gianninas et al. [50] to account for this problem. As with the
pure H models, these models also assume non-local thermodynamic equilibrium.
The Balmer line problem is not present in all hot WDs, so we consider both models,
only favoring the metal-polluted models in cases where the Balmer line problem

impacts the quality of the simultaneous fit.
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2.3 Cooling Models

Once log g and T are determined the next step is to compare to theoretical WD
cooling models to estimate the mass and cooling age of the WD. One challenge
with this is the uncertainty in the composition of the core, particularly for ultramas-
sive WDs. Uncertainties, particularly in mass loss rates in the super-AGB phase,
lead to uncertainty in the minimum core mass for off-centre carbon ignition, deter-
mining whether the star forms a CO or ONe WD.

To account for these two different core compositions we employ both Camisassa
et al. [18] ONe core models and Bédard et al. [7] CO core ones. Camisassa et al.
[18] models use the LPCODE stellar evolution code (see [2]). Models were com-
puted for final WD masses of 1.10 Mg, 1.16 Mg, 1.23 Mg, and 1.29 M. Bédard
et al. [7], on the other hand, developed models using MESA (see [101], [102],
[103], [104], and [105]) for 14 final WD masses between 0.306 and 1.233 Mg,
The differing implementation of the numerical equations of stellar evolution in
LPCODE and MESA give WD cooling ages that differ by less than 2% [118]; as
such, development with differing stellar evolution codes is not a cause for concern.

In both cases, models were calculated using solar metallicity. The clusters we
consider are all within 1.5 kpc and thus either in or near the solar neighborhood.
The solar neighbourhood displays an apparent spread of metallicity [57], though
the young age of these clusters reduces the range of potential metallicities. Metal-
licity does impact the IFMR, but in a relatively minor way (see [114]). We expect
that the assumption of solar metallicity is not likely to seriously impact results.

While we expect that ultramassive WDs most likely possess ONe cores, recent
work by Althaus et al. [3] and Camisassa et al. [20] present scenarios for ultramas-
sive CO core WDs. Camisassa et al. [20] examined potential evolutionary channels
that include reduced AGB wind rates and rotational impact on degenerate CO cores
near the start of the AGB. In their examination, Camisassa et al. [20] found the po-
tential for these channels to develop ultramassive CO WDs. The expectation for
their claims is that the uncertainty of WD core type is most important for WDs near
1.05 Mg, [123], with those well below or well above this number being very likely
to possess CO and ONe cores, respectively.

Ultramassive DA WDs can exhibit gravitational pulsation instabilities (see e.g.
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[128], [115]). These instabilities allow for the examination of the WD’s core via
asteroseismology. By modeling the pulsation patterns of both ultramassive ONe
and CO core WDs, it may be possible in the future to distinguish the makeup of the
core. Given our current understanding, we cannot be certain about the core makeup
of an ultramassive WD. We will consider both possible models for any WD where
the mass appears to be between 1.05 and 1.25 Mg, but expect that those above
1.10 Mg, very likely have ONe cores while those below 1.05 My, very likely have
CO cores. The range of final masses in these models dictates extrapolating for
ONe models with M< 1.10 Mg, or CO models with M> 1.233 Mg, increasing the

uncertainty of those results compared with interpolated numbers.

2.4 Progenitor Mass

With the WD final mass and cooling age in hand, the last piece of the puzzle to
develop the IFMR is determining the mass of the progenitor star. To do this, we
first estimate the age of the associated cluster. We primarily determine the cluster’s
age via PARSEC isochrones [13] using the Kroupa [77] IMF and literature cluster
metallicities. The difference between the determined cluster and WD ages gives
the progenitor age. The mass is determined for a progenitor of that age using the
PARSEC isochrone tables created with the same methodology.

Given a high degree of uncertainty in isochrone age estimates for many clus-
ters, we additionally source age estimates from the literature. We outline specific
age estimates, both from isochrones and otherwise, for clusters with candidate ul-
tramassive WDs in Ch. 5. Though the primary goal of this work is to develop the
IFMR, we note that if the uncertainty in the cluster age is too great for a reasonably
accurate estimate of the progenitor mass it is still a useful result. These WDs help
develop our understanding of the overall prevalence of ultramassive white dwarfs

and the ability to identify them both in clusters and as escaped former members.
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Chapter 3

Escapee Candidate Selection

This chapter outlines the search criteria used to identify candidate ultramassive
WDs in the Gaia catalogues. Promising candidates from these searches are selected

for follow-up observation, as detailed in Ch. 4.

3.1 Wide Search

We began by searching for WD escapees from a subset of the clusters examined in
R21. This subset was all of the known open clusters with WEBDA ages between
10 and 150 Myrs, and distances between 100 and 800 pc, yielding a total of 40
clusters. The age restriction removes young clusters whose MSTO mass is too
high to have formed any WDs and older clusters whose ultramassive WDs would
have already cooled below the Gaia magnitude limit. We exclude close clusters
because their extent on the sky would make the search radius too large, while WDs
in distant clusters become increasingly faint and difficult to identify.

For each of these clusters, we searched the entire Gentile Fusillo et al. [48] WD
catalogue for high-confidence WDs (those they estimate have a > 75% chance of
being WDs) within 10x the WEBDA cluster diameter. We will hereafter refer to
this as the wide search. Within the 150 Myr timeframe of the oldest surveyed
cluster, a WD with a kick of just 2 km s~! could travel upwards of 300 pc away
from the cluster centre, necessitating the wide search radius. The proper motion

had to be within 2¢ of the cluster centre to be considered a candidate escapee, with
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WD and cluster centre error considered. After removing WDs already identified
as cluster members by R21, we were left with 992 candidate escapee WDs. Of the
40 surveyed clusters, we identified candidate escapee WDs potentially associated
with 19 of them. Tab. 3.1 lists the cluster parameters for each of the clusters used in
the wide search; the WEBDA age and distance were used to determine the original
cluster list, while the quantities from R21 define the cluster centre. We did not
use the age from R21 to determine the list of clusters to search because the age
determination was ongoing work during the wide search.

We dereddened each candidate in the wide search using the cluster reddening
value determined in R21. The cooling age and mass of any cluster WD members
were estimated using the python package WD_models!. WD_models estimates
WD parameters using interpolation of selected WD cooling model grids. For M >
1.0 M, we use Camisassa et al. [18] ONe core models, while those with M < 1.0
use Bédard et al. [7] CO core models. The ONe core models have a maximum
mass of 1.28. The evolution of extremely high mass WDs is poorly understood, so
WD_models does not extrapolate beyond the grid. WDs whose mass appears to be
above 1.28 Mg, are estimated as > 1.28 M, with no specific mass and no cooling
age determined. We show the CMD of all candidates in Fig. 3.1, with previously
described cooling tracks for masses from 0.2 to 1.28 M, and cooling ages between
10 Myr and 1 Gyr.

To narrow down the list of potential escaped WDs, we restrict ourselves to
only those whose cooling age from its upper bound mass estimate is less than the
cluster age plus 1o error as given by R21; older WDs cannot have formed in the
cluster. Additionally, we estimate the progenitor mass using the Cummings et al.
[29] IFMR and remove candidates whose progenitor mass is more than 3¢ less than
the cluster main sequence turnoff. This cutoff is made particularly loose because
of the assumption of a specific IFMR, leading it to remove extreme outliers only.
For some objects, the upper mass estimate was outside the model grid range of
1.28 Mg and gave no age determination. The CMDs for these candidates were
visually examined to determine if the candidate warranted inclusion. The above

cuts reduced the original sample from 992 to 151 candidate WD escapees.

Uhttps://github.com/SihaoCheng/WD_models
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Table 3.1. Wide Search Clusters
WEBDA R21
Cluster
Age Dist. Diam. Age Parallax Ra Dec Pmra Pmdec
Myr]  [pc] [am] [Myr] [mas] [deg] [deg] [masyr~']  [masyr!]
m @ 6 ) ) () ™ ®) © (10)
Alessi 5 51 398 36.0 804207 22+1.7 160.8+0.9 —61.1£0.6 —153+0.5 2.6+04
Alessi 8 83 575 37.2 100+30" 1.5+0.2 2326+14 —51.3+1.0 —5.9+0.2 —5.7+£02
Alessi 12 79 537 60.0 100+ 40" 1.8+0.4 310.9+0.8 23.84+0.7 4.4+0.2 —4.6+0.2
Alessi 19 112 550 90.0 1104907 1.54+0.3 275.24+2.1 11.9+1.9 —1.0+£0.2 —7.0+£0.2
Alessi 21 30 500 60.0 60 +20% 1.7+0.2 107.7+0.7 —9.4+0.7 —55+02 2.6+0.2
Alpha Per 71 185 300.0 51+25% 57+0.2 523+1.4 48.6+1.2 227+1.2 —26.0+1.2
ASCC 113 138 450 56.4 240+ 407 1.8+0.1 318.0+0.7 38.6+0.7 0.8+0.2 —3.7+£02
Blanco 1 63 269 70.0 105 +50% 42404 1.0+0.8 —299+0.8 18.7+0.5 2.6+0.5
Collinder 121 11 471 89.0 20+ 107 1.1+0.2 104.1+1.4 —243+14 —2.8+0.2 3.4+0.2
Collinder 132 12 472 80.0 25+ 12% 1.3+0.3 110.7+2.5 —31.3+2.6 —-3.9+0.2 3.7+0.2
Collinder 135 26 316 50.0 26+ 13% 33+03 109.3+1.1 —36.9+1.1 —10.1+£0.4 6.2+0.4
Collinder 140 35 405 29.0 35+15% 25+0.5 111.2+1.1 —323+1.0 —8.0+£0.6 4.8+0.5
1C 348 44 385 7.0 12+6% 3.1+0.3 56.14+0.1 32.24+0.1 4.3+0.9 —6.7+0.8
IC 2391 46 175 60.0 29+ 14% 6.6+0.2 129.2+1.3 —52.6+1.2 —24.0+1.1 23.5+1.3
NGC 1647 144 540 40.0 200+507 1.7+0.2 71.5+04 19.1+0.4 —1.0+04 —1.5+0.3
NGC 2232 53 359 45.0 18 +8% 3.1+03 96.9+0.7 —4.8+0.7 —4.7+0.3 —1.8+0.3
NGC 2422 73 490 25.0 150+ 20" 2.1+0.2 1142+04 —145+04 —7.1+0.3 1.0+0.3
NGC 2451A 60 189 120.0 354174 52402 115.8+£0.9 —38.4+0.8 —21.1+£0.7 15.3+£0.7
NGC 2451B 44 302 108.0 41+20F 2.7+0.3 116.2+0.7 —37.9+0.7 —-9.5+0.6 4.8+0.5
NGC 2516 113 409 30.0 200+ 60% 24+0.1 119.5+0.9 —60.8+0.6 —4.7+0.6 11.14+0.6
NGC 2547 36 455 25.0 32+16% 25+0.2 122.5+0.5 —49.2+0.5 —8.5+0.3 43+0.3
NGC 2925 71 774 10.0 129+ 62F 1.3+0.2 143.3+0.3 —534+0.2 —8.5+0.3 54402
NGC 3228 855 544 5.0 304154 2.0+0.3 155.3+£0.2 —51.8+£0.1 —14.8+0.5 —0.7+£0.4
NGC 5662 93 666 29.0 100+ 107 1.34+0.1 218.8+0.6 —56.6 0.5 —6.4+0.3 —7.2+0.3
NGC 6025 77 756 14.0 105 +50% 1.2+0.2 240.8+0.5 —60.4+0.4 —2.940.2 —-3.0+£02
NGC 6124 140 512 39.0 191+91% 1.7£04 246.5+1.0 —40.5+0.6 —0.2+0.2 —2.0+0.3
NGC 6405 94 487 20.0 354174 22403 265.14+0.4 —3224+03 —1.3+£0.3 —5.8+0.3
NGC 6416 122 741 14.0 229 +109% 0.9+0.1 266.0+0.3 —324+03 —1.9+0.2 —23+02
NGC 6425 22 778 10.0 * 1.0+0.3 266.7+0.2 —31.5+0.2 3.8+0.2 —1.7+£0.2
NGC 7063 95 639 9.0 98 +47% 1.54+0.3 321.1+0.2 36.5+0.2 1.5+0.2 —2.5+02
NGC 7160 19 789 5.0 15+7% 1.1+0.1 328.4+0.2 62.6+0.1 —34+0.2 —1.3+02
Pismis 4 34 593 25.0 120+ 58% 1.4+0.3 128.7+£0.6 —44.4+0.5 —8.2+0.2 53+0.2
Pleiades 135 150 120.0 1354257 7.3+£0.2 56.6+1.5 24.1+1.5 199+14 —454+1.5
Stephenson 1 54 390 20.0 28 + 14% 2.8+0.2 283.6+0.3 36.9+0.3 1.1+0.2 —-3.0+0.2
Stock 23 32 380 21.6 90+ 307 1.6+0.2 493+1.0 60.2+0.7 —4.3+0.2 —-0.9+0.2
Trumpler 10 35 424 29.0 32+16% 23402 131.9+0.8 —42.5+0.7 —12.4+04 6.5+0.3
vdB-Hagen 23 14 437 38.4 55+20% 22402 123.4+0.4 —36.3+0.4 —7.1£04 73+0.3
vdB-Hagen 56 17 680 36.0 35415t 23402 133.5+1.2 —43.4+0.8 —12.74+0.7 6.5+0.5
vdB-Hagen 99 40 507 20.0 404207 2.240.1 159.5+0.6 —59.24+04 —14.4+0.4 1.0+04
vdB-Hagen 164 14 550 48.0 20+ 107 22408 2222+1.1 —66.4+0.6 —7.4+0.5 —10.5+0.6

Notes. Select parameters for clusters examined in wide search. Columns: (1) cluster name; (2-4) age, distance, and cluster diameter (from WEBDA);
(5) best fit cluster age from R21. % indicates determination from isochrones, 1 denotes age determined by Cantat-Gaudin et al. [21], and * indicates no
age was determined in R21; (6-10) cluster centre parameters as derived from Gaia DR2 data in R21.
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Figure 3.1: Full uncut CMD of candidate cluster member WDs identified in
the wide search. Objects dereddened using the cluster reddening values
determined by R21. Horizontal tracks are for cooling ages from 10 Myr
to 1 Gyr (top to bottom), while vertical tracks display mass models from
0.2 to 1.28 M, (right to left).

Fig. 3.2 shows the cumulative distribution of the square of the WD’s distance
from the cluster centre for both the discarded and retained candidates. A purely
random sample should scale linearly with distance squared, which we see as the
general trend for the discarded candidates, while the retained ones prefer being

closer to the cluster. This result suggests that a significant fraction of the retained
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candidates are not taken from a random sample and may be associated with the
cluster. We performed a two-sample Kolmogorov-Smirnov (KS) test to assess the
difference between these populations better. A two-sample KS test compares two
samples to determine how likely they were drawn from the same distribution. This
returned a p-value of 0.094, p values above 0.10 support the samples potentially
coming from the same distribution. We cannot strictly rule out these samples being
drawn from the same distribution, but this result further suggests that they were
not.

To better assess these candidates, it is necessary to examine them spectroscop-
ically. Given the faintness of the WDs, it would take an extreme amount of observ-
ing time to obtain spectra of all 151 candidates. With that in mind, we selected a
handful of the most promising candidates for follow-up observation. The cumula-
tive distribution shows particular favouritism for distances from the cluster centre
between 4 and 8 times the cluster radius, as illustrated by the slope increase in the
blue curve of Fig. 3.2. The more distant the slope is from linear on this distance
squared plot, the less likely it becomes that those sources were taken from a random
sample. We selected six promising candidates within this range for further assess-
ment. The chosen candidates have high estimated WD masses and cooling ages,
resulting in sensibly massive progenitors given cluster age estimates from R21 and
our current understanding of the IFMR. While we would have liked to follow up
on all 151 candidates, it was not realistic, given the significant observation time
required to obtain an appropriate SNR for each source. We detail observations of
the six selected candidates in Ch. 4.

Tab. 3.2 gives select astrometric and derived quantities for selected candidates.
These same parameters for the full list of 151 candidates are included in the the
appendix Tab. A.1. We show CMDs illustrating the selection process for the chosen
candidates in Figs. 3.3 through 3.6, with the chosen candidates displayed in blue
on the right graph. The 10 error bars illustrate how significantly changes in the
object’s colour can impact estimates for the mass and cooling age, demonstrating
the need for follow-up spectroscopy to properly assess candidacy. These same
plots for the 15 clusters with no chosen candidates are included in the appendix,
Figs. A.1 through A.15.
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Figure 3.2: Cumulative distribution of the square of the distance from the as-
sociated cluster center for the wide search WDs, scaled by the cluster’s
radius. The blue curve displays the 151 candidates retained after initial
cuts, while the red curve shows the 841 discarded candidates.

3.2 Reconstructed Young Clusters

In addition to the wide search, we also employ a technique developed by Heyl et al.
[56] (hereafter H21a) which identifies escapee candidates from nearby young clus-
ters by reconstructing the cluster from calculated 3D velocities. Here we provide
a guide through of this technique, which H21a originally applied to the Pleiades

cluster.
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Table 3.2. Wide Search Escapee Candidates Select Parameters

Identifier Gaia DR2 Source ID Mg  (Bp-Rp)o  Dist. Mass Cooling Age
[mag] [Clraal [Me] [Myr]
Est. Upper Lower Est. Upper Lower
M @ @) @ ®) ©) @ ®) ©) (10) an

Alessi 21 WD1  3045185929454409856  11.38 -0.54 6.26 1.17 >1.28 1.00 66.59 127.50
Alessi 21 WD2  3050876554961550848  11.19 -0.57 6.37 1.20 >1.28 0.96 14.96 99.89
NGC 2422 3028302962770764416  11.51 -0.54 7.17 1.19 >1.28 1.05 80.04 141.78
NGC 2451B WD1  5534595188067100032  11.36 -0.55 4.92 1.19 >1.28 1.05 52.67 113.83
NGC 2451B WD2  5591693965064811776  11.53 -0.57 5.66 1.24 >1.28 1.09 49.38 131.09
NGC 2516 5294015515555860608  11.18 -0.42 5.92 0.96 1.11 0.78 96.54 55.12 123.77

Notes. Select parameters for candidate ultramassive WDs identified in wide search and selected for follow-up observations. Columns: (1) associated
cluster name; (2) Gaia DR2 source ID [46]; (3) absolute G magnitude dereddened using cluster reddening from R21; (4) reddening corrected (Bp-Rp)
colour; (5) distance from cluster centre in units of cluster radius; (6-8) mass estimate with 16 bounds for WD from cooling model fits; (9-11) WD
cooling age estimate from same model fits.

Starting from an initial guess for the cluster centre position and proper motion,
we search the Gaia EDR3 archive for every source within one degree of the cluster
centre on the sky. This sample is then reduced to only objects within five mas yr—!
of the estimated proper motion. The cluster centre position, parallax, and proper
motion are then redetermined from this sample. The cluster radial velocity is calcu-
lated as the mean of the sample stars with Gaia DR2 radial velocity measurements
since Gaia EDR3 does not include radial velocities. This mean, combined with
the derived proper motion, gives an estimate for the mean velocity of the cluster
relative to the Sun (veuseer). Using these cluster centre parameters, H21a adjust
the sample to include all objects within a pre-selected distance of the cluster cen-
tre, chosen as 10 pc in the case of the Pleiades, retaining the requirement of being
within five mas yr~! of the cluster centre median proper motion.

The next step was to look for potential escapees in an extended volume around
the cluster. The specific volume searched for escapees depends on the position of
the cluster, in particular its distance. For the Pleiades, they retrieved every EDR3
source less than 100 pc from the Sun and all within 200 pc that are < 45 degrees
from the Pleiades. For each source in this extended sample, they calculate the

two-dimensional velocity relative to the cluster via

Vcluster * l’) r, (31)

Avop = Vop — Veluster + (
r-r
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Figure 3.3: CMDs of the Alessi 21 cluster. Left: Cluster member candidates

from R21 (black), with wide search candidate escapees before data cuts
(red). Horizontal tracks are for cooling ages from 10 to 250 Myr (top
to bottom), while vertical tracks display mass models from 0.7 to 1.28
M, (right to left). Middle: As in left graph, but with post-cut escapee
candidates including 10 error bars. Right: Zoom in of the WD cooling
sequence from the middle graph, with select candidates for follow-up
observation in blue.

where r is the star’s displacement from the Sun, and v;p is the velocity of the star

in the plane of the sky where they have assumed zero radial velocity.

To be deemed a potential escapee, the relative proper motion must be large

enough to explain the current position of the star from the cluster centre. A source

at a given distance from the cluster must be moving away in that same direction

at a sensible rate for past cluster membership to be possible. They determine this

by finding the distance of each source relative to the cluster center as a function of

time, assuming no relative acceleration, via

d(1)? = (Ar+1Av +78r)?, (3.2)

where Ar = r — reugter and AV = Vop — Veuser With an arbitrary displacement .
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Figure 3.4: Wide search cluster CMDs as in Fig. 3.3, but for NGC 2422.
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Figure 3.5: Wide search cluster CMDs as in Fig. 3.3, but for NGC 2451B.

From this, they find the time when the source was closest to the cluster centre from

Ar-Av — (Ar-7) (Av-7)
min — . 33
t (AV- )% — (Av)? G-
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Figure 3.6: Wide search cluster CMDs as in Fig. 3.3, but for NGC 2516.

The minimum time determines the radial displacement from
Or = —7- (Ar +tminAv), (3.4)

which additionally provides an estimate for the radial velocity of the star v, =
Ar /tmin. With the radial velocity, they reconstruct the star’s 3D velocity vector

relative to the cluster centre via
AV3p = Vop + V7 — Velusters (3.5)

where Vip = vop + v, gives the reconstructed 3D velocity of the star.

With the reconstructed 3D velocity, they trace the object’s motion relative to
the cluster and search for objects close to the cluster in the past. To be considered
an escapee, they required that the nearest approach came within 15 pc of the cluster
centre. They restrict escapees to those whose relative motion is within 10 km s~! of
the cluster centre. Given the cluster’s age, they find that a star’s maximum relative
velocity to be potentially identified as a cluster escapee is 2.36 km s~ 1.

Notably, they do not consider uncertainties in proper motion, position, or par-
allax in these calculations. For the Pleiades cluster, they estimate that the proper

motion error is approximately 32 to 51 m s~!, which would result in a relative posi-
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tion error of 4 to 7 pc over the lifetime of the Pleiades. This uncertainty level is well
within the closest approach cut-off, so the error is not troublesome for the Pleiades
and other young and close clusters. Using this technique, we can not accurately
examine clusters further than about 200 pc or with ages over 200 Myr. None of the
selected candidate’s clusters from the wide search can be reconstructed using this
technique.

From this method, H21a identified three potentially interesting WD escapees
from the Pleiades. The H21a technique was additionally applied to the remaining
four clusters within 200 pc of the Sun with ages under 200 Myrs in a follow-up
paper Heyl et al. [55] (hereafter H21b), of which I am a co-author. In three of the
four clusters (NGC 2451A, IC 2391, and IC 2602), no candidate ultramassive WDs

were identified, but the last of the four, Alpha Persei, was more promising.

3.2.1 Alpha Persei

The procedure to identify escapees from the Alpha Persei cluster follows the same
prescription presented in Heyl et al. [55]; here we mention key results and differ-
ences from the initial application to the Pleiades. The Alpha Per EDR3 sample
volume includes all sources within 250 pc of the Sun within 28 degrees on the sky
of the cluster centre, as well as the nearside hemisphere of objects within 200 pc
and 45 degrees, for a total volume of approximately seven million cubic parsecs.
From a reduced sample of stars within 1 degree on the sky and within 5 mas yr~!

in proper motion, they calculate the cluster centre as
Veluster = (—13.940.8, —24.2+0.4, —6.83 £ 0.2)kms ™!, (3.6)

and
Feluster = (—146.5+0.7,93.5+0.4,—19.9+0.1)pc. (3.7

They use the original extended sample to determine each source’s reconstructed
3D velocity, distance, and time of closest approach as in H21a. They derived a
relative threshold velocity for escapee candidacy of 3.06 km s~! from the cumula-
tive distribution where the true-positive rate equals the completeness rate. Fig. 3.7
displays the results of the H21b search of Alpha Persei. Given the potential uncer-
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tainty of estimated WD parameters, we allow for any WD whose mass is estimated
to be > 0.84 M, with a cooling age < 250 Myrs. H21b selected two candidates
that meet these criteria for additional follow-up, the most massive of which has an

estimated mass of ~ 1.2 Mg,
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Figure 3.7: Gaia EDR3 CMDs for Alpha Persei cluster from H21b search.
Left: Cluster members. Middle: Escapee candidates. Horizontal tracks
are for cooling ages from 10 to 250 Myr (top to bottom), while vertical
tracks display mass models from 0.7 to 1.28 M, (right to left). Right:
Zoom in of the WD cooling sequence from the middle gtaph, with se-
lected candidates for follow-up observation in blue.

In follow-up work, I first-authored a further analysis of Alpha Persei escapees
[88]. We expanded on the H21b search to determine the minimum cluster dis-
tance, reconstructed 3D velocity, and time of closest approach for the entire Gentile
Fusillo et al. [49] WD catalogue. We relax the relative reconstructed 3D velocity
requirement to 5 km s~!, and require that the time of closest approach was within
the cluster’s lifetime, which H21b estimated to be 81 Myrs from kinematics (we
will discuss this and other age estimates in Ch. 5). We identified five candidate
escapee WDs using these requirements alongside the methodology of H21b. The
two candidates identified by H21b were also identified in this search. These two
are each currently within 25 pc of the cluster centre, while the three not identified

by H21b are each more than 100 pc away.
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Fig. 3.8 displays the results of this search, with the five WDs which meet the
aforementioned cut criteria indicated in blue. WDs were dereddened using the
mean Ay value from Gentile Fusillo et al. [49]. To convert to Gaia band redden-
ing and extinction we use conversion factors Ay = 3.1 E(B-V), E(B-V) = 0.771
E(Bp-Rp), and E(Bp-Rp) = 0.486A¢g (see [13] and [22]). We present follow-up

observations of each of these five ultramassive white dwarf candidates in Ch. 4.
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Figure 3.8: White dwarf cooling sequence with potential escapees from the
Alpha Persei cluster identified in the Gentile Fusillo et al. [49] WD cata-
logue. Candidates selected for follow-up observations indicated in blue.
Cooling tracks are as in Fig. 3.7.

3.2.2 Hyades

The last escapee search we will discuss is applying the H21a method to the heavily
studied Hyades cluster. The Hyades cluster is approximately 680 Myrs old [52] and
has a particularly low velocity dispersion of ~ 0.3 km s~! [30]; the combination
of these could lead to a substantial population of escapees. The Hyades cluster is
particularly extended on the sky due to its close proximity to the Sun. As such, the
cluster is difficult to identify in proper motion space and we cannot use the R21

method to determine cluster centre parameters.
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Instead, for our catalogue, we take the Lodieu et al. [§4] DR2 catalogue of high-
confidence cluster members, which contains 710 candidate stars, and crossmatch
it with Gaia EDR3. This returns a sample of 665 candidate members; we further
reduce this via a 30 cut in C* for stars dimmer than G = 4, reducing the sample
to 564 sources. Cluster centre parameters are determined from the mean values of
this sample of high-confidence cluster members.

As with Alpha Persei, we search for escapees using two methods: one uses
an extended volume of escapee candidates while the other uses the entire Gentile
Fusillo et al. [49] WD catalogue. Because the cluster’s displacement from the Sun
is small, we consider every Gaia EDR3 source within 200 pc as a potential escapee
for our extended volume. We relax the minimum cluster distance for candidacy to
30 pc, the relative reconstructed 3D velocity to 10 km s~!, and the escape time to
< 650 Myrs to allow for escapees early in the cluster’s history. The Fusillo EDR3
WD catalogue search uses the same escapee candidate requirements. Otherwise,
the methodology follows the same prescription as Alpha Persei.

To be considered a candidate escapee WD we require that the estimated cool-
ing age is between 450 and 650 Myrs for M > 1.1 M. Younger WDs are not
likely to be ultramassive due to the expected main sequence lifetimes for their pro-
genitors (see Fig. 1.2), while older WDs are not likely to have originated in the
cluster. Both search methods returned a single candidate ultramassive WD, with
an estimated mass of > 1.3 M. Fig. 3.9 shows the results of the Lodieu et al.
[84] crossmatch along with the extended volume escapers, with the ultramassive
WD candidate shown in blue on the right graph. Fig. 3.10 displays the Fusillo
catalogue search results, with the same ultramassive WD candidate again shown
in blue. Tab. 3.3 presents parameters for candidate escapee WDs identified in the
reconstructed velocity searches of Alpha Persei and the Hyades using the Fusillo

catalogue.
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Figure 3.9: Gaia EDR3 CMDs for Hyades cluster. Left: Cluster members
from Lodieu et al. [84] crossmatch. Middle: Escapee candidates from
H21a method. Horizontal tracks are for cooling ages from 50 to 700
Myr (top to bottom), while vertical tracks display mass models from
0.7 to 1.28 Mg, (right to left). Right: Zoom in of the WD cooling se-
quence from the central graph, with selected candidate for follow-up

observation in blue.
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in Fig. 3.9.



Table 3.3. Reconstructed Cluster Escapee Candidates

Identifier Gaia DR2 Source ID Mg (Bp-Rp)y  Mass  Cooling Age  Deurrent Dmin AV3p tescape
[mag] Mo [Myr] [pe] fpel  [kms~!]  [Myr]
1 2) 3) ) (5) (6) ) (3) ) (10)
Alpha Persei WD1 439597809786357248 11.052 -0.534 1.22 0.86 24 8.98 4.08 5
Alpha Persei WD2  244003693457188608 11.578 -0.458 1.18 103.45 20 5.40 1.61 12
Alpha Persei WD3  1924074262608187648  11.321 -0.373 1.01 116.57 113 4.68 4.73 25
Alpha Persei WD4 ~ 1990559596140812544  11.467 -0.323 0.97 156.50 117 9.82 4.60 25
Alpha Persei WD5  1983126553936914816  11.472 -0.499 1.22 52.59 136 6.61 4.43 30
Hyades 560883558756079616 13.091 -0.435 >1.28 . 84 16.90 9.80 15

Notes. Select parameters for candidate ultramassive WDs identified in Fusillo catalogue using reconstructed velocity methods. Columns: (1)
Identifier; (2) Gaia EDR3 source ID [47]; (3) absolute G magnitude dereddened using source reddening from Gentile Fusillo et al. [49]; (4) reddening
corrected (Bp-Rp) colour; (5) mass estimate from cooling model fits; (6) cooling age estimate from same model fits; (7) Current distance from cluster

centre; (8) Distance of closest cluster centre approach; (9) Reconstructed 3D velocity; (10) Time of closest approach.
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Chapter 4

Observations

We obtained follow-up spectroscopic observations with the Gemini Observatory,
which consists of twin observatories, Gemini North on Mauna Kea, Hawaii, and
Gemini South on Cerro Pachon, Chile. Each telescope uses a Ritchey-Chretien
Cassegrain telescope with an 8.1 m concave primary mirror and a 1 m convex sec-
ondary [51]. The 8.1 m primary mirrors make these telescopes the largest ground-
based optical telescopes available to Canadian astronomers. The size of the mirrors
and the near complete sky coverage provided by the pair make these prime for ob-
serving the faint WDs we identified in our various searches.

Using Gemini, we obtained candidate spectra using the Gemini Multi-object
Spectrographs (GMOS), which operate between approximately 360 and 1030 nm.
An array of three Hamamatsu CCDs provides a 5.5 arcmin field of view (FOV).
The total size of the combined arrays is 2048 by 4176 (Gemini North) and 2048
by 4608 (Gemini South), giving effective pixel scales of 0.08 and 0.07 arcseconds
per pixel, respectively. As a gap of 67 pixels separates the CCDs on the array,
appropriate wavelength dithering is necessary for full coverage. Each observation
used longslit mode with a 1.0 arcsec focal plane mask, with the B600 grating and
no filter. Binning of 2x2 in both the spectral and spatial directions provides an

effective pixel scale of ~ 0.15 arcsec per pixel for a resolution of ~ 1 A.
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4.1 Data Reduction

The Gemini data were reduced with the Image Reduction and Analysis Facility
(IRAF, [130]) system, particularly the python implementation of it PyRAF. We
provide a low-level look at the data reduction process; for a detailed explanation of
the steps and python implementation, see the GMOS Data Reduction Cookbook!.

For the appropriate observing program, data is obtained from the Gemini Archive.
Each program includes four primary types of exposures. Exposures taken of the
target object are referred to as science exposures. Arc lamp exposures produce
a predictable emission spectrum, and are used to calibrate wavelengths. Obser-
vations of a photometric standard of known flux are used to calibrate the science
exposure flux. Finally, uniformly lit images that reveal variations on the CCD are
called flats. In addition to program exposures, we also need baseline calibrations
for the instrument. These are known as bias frames, short exposures taken with no
light on the CCD that returns noise from the CCD added during readout.

The next step is to create an observing log database of all the different expo-
sures. The subsequent steps refer to this database to determine which exposures
to use. After completing the observation log, the first reduction step is to perform
an overscan correction, which subtracts out variations caused by pixels in the over-
scan region of the CCD. The overscan correction is applied to all exposures. After
this, all of the bias exposures in a predefined time range are combined into a bias
residual MasterCal file. The bias residual is applied to the science, arc, standard,
and flat field exposures. Each file is converted to brightness units by dividing out
the sensor gain.

The three CCD chips are designed to favour different wavelengths, so the nor-
malization differs between them. We correct for this quantum efficiency difference
in the flat field, standard, and science exposures. The images from different CCDs
are then mosaiced into single images. For these same exposures, we identify and
reject cosmic rays. The flat exposures are combined into a flat-field MasterCal,
which is applied to each science and standard file to correct for flat field distor-
tions.

The arc exposures are mosaiced and used to determine the wavelength calibra-

Thttps:/Mmoirlab.edu/science/programs/csdc/usngo/gmos-cookbook/index html
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tion. In this step, an automated process selects spectral lines of the arc file and
compares them to input wavelengths for calibration. If the automated process fails,
this step can be performed interactively, with the spectral lines manually selected.
The wavelength calibration is used to derive a dispersion solution, which is applied
to calibrate the standard. A region along the slit with no discernible emission is se-
lected to subtract the sky for the standard. The standard spectrum is then ready for
extraction. The extraction process is automatic as long as the target is the brightest
source in the slit, which is generally the case for the standard. Once the standard
spectrum is extracted, the flux is used to derive its flux calibration.

Separate arc exposures for the science exposures determine an additional wave-
length calibration and dispersion solution. The sky is subtracted in the same fash-
ion as for the standard. The spectra are extracted, though, unlike with the standard,
the science target is often not the brightest object in the slit. In this case, the tar-
get spectrum has to be selected manually. Finally, the flux calibration from the
standard is applied to the science exposures. Once the science flux is calibrated,
the final step combines every science file into a single spectrum. The exposures are
taken at two separate wavelengths due to the CCD chip gaps, typically separated by
5 to 10 nm. Before combining the exposures, the wavelengths have to be aligned.
Once the science exposures are aligned and combined, the data reduction process

is complete.

4.2 Observation Details

We observed ten candidate ultramassive WDs with Gemini, including nine of the
escapees selected in Ch. 3. The tenth object we observed with Gemini is the can-
didate identified in the EDR3 search of the vdB Hagen 99 cluster. We previously
showed the CMD of this cluster in Fig. 2.2b. Unlike the other selected candidates,
this source is within 20 of the cluster centre in both proper motion and paral-
lax space and is, as such, considered a potential current cluster member. Fig. 4.1
shows the WD cooling sequence for vdB Hagen 99, giving a mass of > 1.28 Mg,
and thus no cooling age estimate. While this object appears to be far to the left of
the WD cooling sequence, the colour error bars are significant, and we do not rule

out potential membership based on that alone.
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Figure 4.1: WD cooling sequence of the vdB Hagen cluster, whose Gaia
EDR3 CMD shown in Fig. 2.2b. Candidate WD is to the left of the
cooling sequence, along with 10 error bars. Cooling sequences are as
in Fig. 3.8.

My colleague Ilaria Caiazzo observed the three remaining escapee candidates
selected in Ch. 3. Alpha Persei WD3 and 4 were observed with the Hale telescope
at Palomar Observatory. Spectra were taken with the Double-Beam Spectrograph
(DBSP, [97]) using the R600 and R316 gratings on the blue and red arms, respec-
tively, with total exposure times of 20 minutes each. WDS5 was observed with
the Keck Telescope using the Low Resolution Imaging Spectrometer (LRIS, [98])
using the R600 grim for both arms for a total exposure time of 10 minutes.

The ten candidates were observed over 11 months as part of four separate Gem-
ini observation programs; these programs are detailed in Tab. 4.1. We show the
reduced spectra for these ten candidates in Figs. 4.2 through 4.5, with the reduc-
tion following the steps presented in Sec. 4.1. In Ch. 5 we analyze each of these
reduced spectra and discuss the results and implications for the WD IFMR.

Each spectrum shows a particularly blue continuum with broad Balmer lines.
From this, we confirm each of the ten are H-atmosphere DA WDs. None display
clear Zeeman splitting of the Balmer lines, so we rule out the possibility of strong
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Table 4.1. Observation Details
Name Gaia Ra Dec Parallax Telescope Gemini Program Details
Program ID Exposures  Total Time Observation Dates
[deg]  [deg] [masyr'] [s] (m]
1 2) 3) 4) 5) (6) (@) ®) © (10)
Alessi 21 WDI DR2 109.4177 -12.0308 1.17 Gemini South GS-2021A-Q-236  10x1040 173 19/01/2021
Alessi 21 WD2 DR2 104.6703 -8.2879 1.49 Gemini South GS-2021A-Q-236  8x1025 137 07/02/2021
NGC 2422 DR2 113.3759 -15.7805 3.93 Gemini South GS-2021A-Q-236  8x1025 137 07/02/2021-08/02/2021
NGC2451BWDI1 DR2 120.9797 -40.2599 1.32 Gemini South  GS-2021A-Q-236 8x400 53 21/01/2021
NGC2451BWD2 DR2 112.6808 -33.6684 2.20 Gemini South  GS-2021A-Q-236 8x625 83 06/02/2021
NGC 2516 DR2 117.2778 -59.7985 2.40 Gemini South  GS-2021A-Q-236 8x400 53 08/02/2021
Alpha Per WDI EDR3 4.6805 50.3478 6.44 Gemini North GN-2021B-FT-103  4x685 46 10/08/2021-12/08/2021
Alpha Per WD2  EDR3 592417 45.0198 593 Gemini North GN-2021B-FT-103  4x900 60 06/10/2021
Alpha Per WD3 ~ EDR3 354.1364 42.7338 6.60 Hale - - - -
Alpha Per WD4 ~ EDR3 344.6288 53.7945 6.31 Hale -
Alpha Per WD5  EDR3 337.0616 45.5762 6.64 Keck - - - -
Hyades EDR3 39.6517 76.7052 5.98 Gemini North GN-2021B-FT-216 ~ 8x1000 133 01/03/2021-02/03/2021
vdB Hagen 99 EDR3 159.6909 -58.8402 2.20 Gemini South GS-2022A-FT-104  16x895 239 08/04/2022-29/04/2022

Notes. Select details for follow-up observations of candidates selected in Ch. 3. (1) WD identifier from this work; (2) Gaia release; (3-5) Ra, dec, and
parallax for WD in said Gaia catalogue; (6) Telescope used for follow-up observations; (7-11) Program details if observed with Gemini.

magnitude fields. Note that though our observations covered the wavelength range

of Ha, the signal-to-noise ratio (SNR) was rarely high enough to give a useful

spectral line. The surface gravity and temperature fits are largely driven by the

next few Balmer lines and are not heavily impacted by Ha. Ha is particularly

important for characterizing the strength of a detected magnetic field, but since

none of the observed WDs displayed Zeeman splitting, the absence of Ha is not

expected to influence results negatively.
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Figure 4.2: Reduced spectra for WDs identified in the wide search. We nor-
malize the flux at 4400 A. The different spectra are shifted vertically
arbitrarily for comparison. The central wavelength of the Balmer lines
Hp through He are indicated with blue vertical lines on the left panel,
while the right panel shows the same for Hor.
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Figure 4.3: As in Fig. 4.2, but for Alpha Persei escapee candidates.
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Figure 4.4: As in Fig. 4.2, but for Hyades escapee candidate.
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Figure 4.5: As in Fig. 4.2, but for vdB Hagen 99 cluster member candidate.
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Chapter 5

Results and Discussion

We now analyze the spectra reduced in Ch. 4. We simultaneously fit the Balmer
lines for each spectrum using the technique outlined in Sec. 2.2. From the best
fit values of log g and T¢¢, we estimate the cooling age and mass of the WD, as
in Sec. 2.3. In each case, we determine the error in the fit parameters from the
covariance matrix. We estimate parameters for a CO core for all candidates, and
ONe core masses for WDs with a CO core mass of > 1.1 M. Progenitor masses
are estimated as in Sec. 2.4.

We do not present results in cases where the progenitor lifetime gave a pro-
genitor mass that strongly diverges from the current understanding of the IFMR.
In most cases, these candidates are concluded to be non-members. The full spec-
troscopic and derived quantities for each candidate are presented in Tab. 5.1. In
this table, we also included parameters for Alpha Persei WDs 3 through 5, as de-
termined by Ilaria Caiazzo and presented in Miller et al. [88]. We examine the
observed WDs in detail in this chapter.

Age determinations for each relevant cluster found from PARSEC isochrones.
We use the Gaia EDR3 photometric system with the Kroupa [77] IMF, no extinc-
tion, and cluster metallicity. When available we use metallicity estimates from
[93], determined from both photometric and spectroscopic data. In some cases,
they give multiple metallicity estimates from different methods, in which case we
take the variance weighted mean. Although the wide search used Gaia DR2 data,
with cluster CMDs determined by R21, age estimates use updated EDR3 cluster
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Table 5.1. Spectroscopic and Derived Quantities For All Candidates
Name Test log g ONe Core CO Core Membership
My Tcool M My Teool M;
K] [ems™?] Mol Myl Mol Mol Myl [Mo]

1) ) 3) “) ) (©6) () (®) ©) (10)
Alessi 21 WD1 60.4+1.1 8.14+0.05 — — — 0.78 £0.03 1+1 — Non-member
Alessi 21 WD2 35.1£0.2 8.60£0.02 — — — 1.01£0.01 28+2 Sf? Unlikely member
NGC 2422 51.3+07 9.13+0.10 123£0.03 15+11 58%07 1264003 33+11 789  Questionable member
NGC 2451B WD1 27.0+0.2 8.38+0.02 — — — 0.87£0.01 4942 — Non-member
NGC2451BWD2 25.24+0.2 8.06+0.03 — — — 0.67+£0.02 23+1 — Non-member
NGC 2516 31.0+£0.2 9.08+0.06 1.214+0.02 170+20 107, 1.244+0.02 176+10 12{6 Questionable member
Alpha Per WD1 41.64+0.2 9.054+0.03 1.20+0.01 45+4 85+0.9 123+0.01 62+4 12+L21 High-confidence Member
Alpha Per WD2 46.24+0.3 8.984+0.04 1.17+0.01 14+4 63+03 1.20+£0.02 31+4 7.240.6  High-confidence Member
Alpha Per WD3 239+1.0 8.56+0.10 — — — 0.97+£0.06 133+11 — Non-member
Alpha Per WD4 21.2+£1.0 8.56+0.10 — — — 0.98+£0.06 201+11 — Non-member
Alpha Per WD5 47.5+£0.5 88440.05 1.12+£0.02 3+£1 59402 1.144£0.02 12+4 6.24+0.3 High-confidence Member
Hyades < 30,000 >9.25 — — — — — — Questionable member
'VdB Hagen 99 58.4+1.0 8.64+0.04 — — — 1.054+0.02 1+1 6.2f8:§ Questionable member

Notes. Spectroscopic and derived quantities for WDs examined in this work. Columns: (1) WD identifier from this work; (2-3) Estimated temperature
and surface gravity from Balmer line fits; (4-5) Mass and cooling age estimates for ONe core, only included for WDs whose mass estimate is > 1.1
Mg ; (6) Progenitor mass estimates from these ONe model results, only included for cases where the cluster age combined with the WD age gives a

reasonable result; (7-9) As in (4-6) but now for CO core, model results given for all WDs; (10) cluster membership expectation, see this chapters
individual discussion sections for details.

CMDs developed for this work using the methodology detailed in Sec. 2.1. Gaia
EDR3 is based on 34 months of data [47] vs 22 months for Gaia DR2 [46], so
the EDR3 CMDs are expected to have more accurate colours and, thus, better age
determinations. Though we will consider the full CMD when trying to find the
best fit isochrones, we emphasize that we favour the MSTO, where the stars are
particularly sensitive to cluster age [52]. To estimate the uncertainty in the best fit
isochrone we visually examine the range of isochrones that provide a quality fit to
the data. The error is taken as half the difference between the oldest and youngest
isochrone that reasonably describes the data. We note that while this method al-
lows us to reasonably estimate cluster age’s, the visual comparison method at times
leads to significant uncertainty in the cluster age. To combat this we also source
cluster age estimates from the literature, depending on the confidence level of the

isochrone fit.
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5.1 Alessi?2l

We estimate the age of the cluster using solar metallicity [11] PARSEC isochrones
for ages from 50 to 80 Myrs, shown in Fig. 5.2. The MSTO is sparsely populated,
and with no giant stars present, the cluster age determination is based on a minimal
sample of stars. From the brightest blue MSTO star, we estimate an age of 65+ 10
Myrs. This estimation is consistent with the work by Bossini et al. [11], which
estimated 63 3 Myrs from a Bayesian automated isochrone fitting technique.
The Balmer line fits are shown in Fig. 5.1. For WD1 we find an effective
temperature of 60,4004+ 1,100 K with log g of 8.1440.05 cm s~2, which suggests
a cooling age of just 1 &1 Myr and a mass of 0.78 0.03 M. This WD is the
youngest, hottest WD of any we sampled. Given its young age and rather low
mass, its progenitor lifetime would vastly exceed the cluster’s age, and as such,
we eliminate the possibility of cluster membership. WD?2 turns out to be quite a
bit more massive, with a CO core mass estimate of 1.01 +0.01 and cooling age of
28 +2 Myrs determined from an effective temperature of 35,100 4200 K and log
g of 8.6040.02 cm s~2. From this, we find a progenitor mass of Sff Mg, which
would place the object as quite an outlier in the IFMR and suggest a maximum
WD progenitor mass above even the most aggressive of estimates [78], as such, we

conclude this is also not a cluster member.

5.2 NGC 2422

Fig. 5.1 shows the best fit to the Balmer lines, giving best fit values of Te =
51,3004 700 K and log g = 9.13+£0.10 cm s~2. Due to the high effective tem-
perature, simultaneously fitting of the Balmer lines required using metal polluted
models from Gianninas et al. [50]. Given the high surface gravity, we consider both
CO and ONe core cooling models. CO core models give a WD mass of 1.26+0.03
M, with a cooling age of 33 £ 11 Myr, while ONe models give 1.23 +0.03 Mg
and 15 £ 11 Myr, respectively.

To determine the cluster age we use PARSEC isochrones for ages from 90 to
150 Myrs using the cluster’s metallicity estimate of [Fe/H] = 4-0.09 from Netopil
et al. [93]. From Fig. 5.3, we see the isochrones describe the majority of the main

sequence well. The upper main sequence is troublesome, however, as the spread
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Figure 5.1: Balmer line fits of HB through He for the wide search WD spectra
shown in Fig. 4.2. Ho is not included due to insufficient SNR. Alessi
21 WD1 and NGC 2422 fit with Gianninas et al. [50] metal polluted H-
dominated atmosphere models, while the remainder use pure H models

from Tremblay et al. [132].
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Figure 5.2: Alessi 21 EDR3 CMD, with PARSEC [13] isochrones computed
with the Kroupa [77] IMF and no extinction, at solar metallicity. Ages
as indicated on the diagram.

of colours prevents any single isochrone from completely describing the data. The
lower main sequence prefers the younger isochrones. Overall we find the 110 and
150 Myr isochrones each match the data comparably well. From these, we estimate
an age of 13020 Myrs. Age estimates from the literature vary wildly, Cummings
and Kalirai [27] estimated an age of 155+20 Myrs [27] from Gaia DR2 isochrones,
while Loktin and Popova [85] estimate its age as just 72+ 11 Myrs from 2MASS
data.

The ages suggested by our isochrones and Cummings and Kalirai [27] give
progenitor masses far too low for sensible placement on the IFMR. On the other
hand, if we assume the 2MASS ages of Loktin and Popova [85] this would lead to a
progenitor mass of 5 '8f8:2 Mg, for a ONe core, or 7.8f(2)'9 Mg, for a CO core. For

this WD to make sense as an escaped former cluster member, the cluster’s age must
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Figure 5.3: As in Fig. 5.2, but for NGC 2422 computed with metallicity of
[Fe/H] = +0.09.

be much lower than our isochrone fits suggest. We include the progenitor mass
results using the Loktin and Popova [85] age estimate in Tab. 5.1, but emphasize
that we are not confident in this determination. If the cluster is indeed such a young,

this white dwarf would be the most massive known cluster member WD.

5.3 NGC 2451B

The best fit to the Balmer lines in Fig. 5.1 give T = 27,00 +200 (WD1) and
25,200+£200 K (WD2), and log g of 8.38+0.02 (WD1) and 8.06+0.03 (WD2) cm
s~2. CO core WDs satisfactorily model these with masses of 0.87 +0.01 (WD1)
and 0.67 £0.02 My (WD2) for ages of 49 +2 (WDI1) and 23 4+ 1 Myrs (WD2),
respectively. The masses are significantly lower than the lower 10 estimate from

Gaia DR2 photometry given in Tab. 3.2, suggesting neither are likely associated
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Figure 5.4: As in Fig. 5.2, but for NGC 2451B.

with the cluster at all.

PARSEC isochrones are computed using solar metallicity [93] for ages 20 to
50 Myrs. They are shown with the DR2 cluster CMD in Fig. 5.4. The 30 and 40
Myr isochrones are acceptable fits to the brightest cluster star, while the lower main
sequence prefers the 50 Myr isochrone. From these, we estimate the cluster age as
40+ 10 Myr. The cooling age of WD1 of 49 +2 Myr rules out cluster membership,
as this age is close to the upper bound age of the cluster. For WD2, an estimated
CO mass of just 0.67 +0.02 suggests a progenitor lifetime that vastly exceeds the
cluster’s age. We confirm our original expectation from the cooling models alone
that neither of these WDs is associated with the NGC 2451B cluster.
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Figure 5.5: As in Fig. 5.2, but for NGC 2516 computed with metallicity of
[Fe/H] = +0.05. An additional extinction of Ag = 0.1 has been added
when computing the PARSEC isochrones.

5.4 NGC 2516

A confident age determination for NGC 2516 is troublesome. Initially, we used
PARSEC isochrones for [Fe/H] = +0.05 [93] with no extinction, but found that
the isochrones missed most of the main sequence, suggesting that the reddening
was underestimated in R21. In Fig. 5.5 we have added an extinction of Ag = 0.1
to the isochrones for ages from 180 to 220 Myr, as well as a much older 340
Myr isochrone. The added extinction significantly improves the fit to the MS. The
giant stars prefer ages around 180 Myrs, while the upper main sequence has two
different sets of stars; the stars with bluer (Bp-Rp), which prefer the 220 Myr fit,
and a redder group of stars that are better fit by the 340 Myr one. The giant stars

are a very poor fit for the 340 Myr isochrone. Generally, none of the isochrones are
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quality fits to the lower MS, which prefers a much younger age. Age estimates that
better fit the lower MS are very poor fits to the upper MS and giants, so we prefer
the older age characterizations.

Bouma et al. [12] examined an expansive region around NGC 2516 and found
an approximately 500 pc halo of stars of the same age as the cluster core. From
this, they estimate an age range for the cluster from 100 to 200 Myr from lithium
depletion and separately 150 to 200 Myr from gyrochronology. They expect that
the width of the MSTO is a result of binaries, which make some of the stars appear
redder than they are. For this reason, they favour isochrone fits to the bluer MSTO
stars that also better fit the giant stars. Doing the same with our isochrones, we
estimate the best fit as 190 =30 Myrs, where the significant error bars demonstrate
the overall lack of confidence in the estimate.

The Balmer line fit to this WD candidate gives log g = 9.08 +£0.06 cm s~ and
Terr = 31,000 + 200 K. The particularly high surface gravity warrants examination
with both CO and ONe cores. ONe core best fit is for a mass of 1.21 +0.02
M, with a cooling age of 170 £ 20 Myr, combined with the cluster age, gives a
progenitor lifetime of 20436 Myr. We find a progenitor mass of 10"} M, where
no upper bound was calculated because this required the WD to be older than the
cluster, precluding membership. For a CO core, we find a cooling age of 176 410
Myr and mass of 1.24 +0.02 M, giving a progenitor mass of 123 Mg, where
once again no upper bound is determined. From the Balmer line fit in Fig. 5.1 we
see that the core of Hy is stretched at higher wavelengths, in particular ~ 4345 to
4360 A is at a greater depth than would be expected.

We examined the Gemini science exposures individually and found that the
extra wide core was present in each of the eight individual exposures. This suggests
that it is not likely an observation artifact but a real feature. We considered the
possibility of an interstellar line or nearby helium line, but nothing we examined
matched the particular wavelength range of the widened core. We cannot at this

moment determine definitively the cause of this feature.
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Figure 5.6: Asin Fig. 5.1, but for Alpha Persei WDs 1 and 2. WD1 uses pure
H models while WD2 uses metal polluted ones.

5.5 Alpha Per

WDs 1 and 2 appear to be very hot. As such, we consider both pure hydrogen and
metal polluted atmosphere models. We find that the fit to WD1 is not improved
using the polluted models and that it does not experience the Balmer line problem.
We fit with pure hydrogen models and found a best-fit of To = 41,600 4200 K
with log g= 9.0540.03 cm s~2, the particularly low error in log g compared with
other ultramassive WDs found in this work is a result of the improved signal-to-
noise ratio (SNR) of these observations. From these atmospheric parameters, we
find M = 1.204+0.01 Mg with a cooling age of 45 +4 Myrs for a ONe core,
and M = 1.23+0.01 Mg with a cooling age of 62 +4 Myrs for CO core. WD2
does experience the Balmer line problem, and as a result, the fit quality improves
using Gianninas et al. [50] metal polluted models, which give best-fit values of
Toir = 46,200 £ 300 K and log g = 8.98 +0.04 cm s~2. From these, we find ONe
core M = 1.17+£0.01 M, with a cooling age of 14 =4 Myrs, and CO fits of M =
1.20£0.02 M, with a cooling age of 31 &4 Myrs.

To determine the cluster age we first consider PARSEC isochrones at the ex-
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Figure 5.7: As in Fig. 5.2, but for Alpha Persei.

pected solar metallicity of Alpha Persei (see [27], [92]), which we display in
Fig. 5.7 for ages between 70 and 100 Myrs. We find that the 70 Myr isochrone best
fits the lower main sequence, but MSTO stars prefer the 80 and 90 Myr isochrones.
From these, we estimate a cluster age of 80+ 10 Myrs.

H21b derived the age of Alpha Persei from kinematics by examining how the
CMD of escapee candidates changes with the cluster’s age. Low mass stars spend
significantly longer in pre-MS stages than their higher mass counterparts. During
the pre-MS phase, stellar luminosity is notably lower than on the MS, even for stars
with similar colours. As a result, cluster member stars that reach the main sequence
will be significantly more luminous than their pre-MS counterparts. As such, the
lower MS can be potentially used to constrain the cluster’s age. They fit the lower
MS using two different methods with a quartic polynomial. One is a x> mini-

mizer while the other is a more robust estimator R? (see Heyl et al. [55] Egs. (11)
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through (13) for details). They estimate the cluster’s age by determining x2 and R?
as a function of maximum escape time by examining how the CMD changes going
farther into the past. They find that both estimators suddenly increase substantially
at a given point, which they use to estimate the cluster’s age. They estimate the un-
certainty in this age determination by performing 100 resamplings of the escapees
and then measuring the kinematic ages. From this technique, they estimate an age
of 81 + 6 Myrs.

The age estimate we obtain with isochrones agrees within the uncertainty of
the kinematic estimate from H21b, though with increased error. Given the robust
nature of the H21b method, we use their age determination to estimate the pro-
genitor mass of the Alpha Persei WDs. For WDI, we find a progenitor mass of
8.54+0.9 M, for an ONe core, and 12f‘21 Mg, for CO, whereas WD?2 is estimated
as 6.34+0.3 Mg and 7.2+ 0.6 My for ONe and CO cores, respectively. Spectra
and fits for WDs 3 through 5 are presented in Miller et al. [88]. WDs 3 and 4
were found to be just under 1 Mg with cooling ages older than the cluster’s age,
precluding membership. For a ONe core, the best fit for WDS5 gives a mass of
1.12+£0.02 Mg with a cooling age of just 3£ 1 Myrs for a progenitor mass of
5.940.2 Mg, while CO core fits give 1.14+0.02 Mg, 12 £4 Myrs, and 6.2 +0.3
Mg, respectively. WDs 1, 2, and 5 are considered high-confidence cluster mem-
bers, with WDI1 being the most massive high-confidence cluster WD included in

our results.

5.6 Hyades

Due to its proximity and significant extent, the Hyades is not identifiable via the
R21 method. Instead, it was found via a Gaia EDR3 crossmatch of the Lodieu et al.
[84] Hyades Gaia DR2 catalogue. We initially fit PARSEC isochrones to the cross-
matched EDR3 CMD, using a metallicity of [Fe/H] = +0.146 from Cummings
et al. [28]. We find that these isochrones do not well represent either the MSTO or
the low mass MS at this metallicity. Recent work by Gossage et al. [52] examined
the Hyades with Tycho Br and Vr photometry [59] finding a higher metallicity
of [Fe/H] = +0.24. In Fig. 5.9 we show the Hyades EDR3 CMD with PARSEC
isochrones from 650 to 725 Myrs using the Gossage et al. [52] metallicity estimate.
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Figure 5.8: As in Fig. 5.1, but for the Hyades using pure H models.

We find that the higher metallicity significantly improves the quality of the fit, par-
ticularly for the lower MS. The 675, 700, and 725 Myr isochrones provide strong
fits to the MSTO and giant stars. From these, we estimate an age of 700 + 25 Mg.
This estimate agrees within uncertainty with the age of 6761’?{ Myrs found by
Gossage et al. [52].

Due to an extremely bright contaminating star placed in the slit with the target
WD during one set of observations with the Gemini spectrograph, only 3 of the 8
Gemini exposures were usable. This leads to a particularly low SNR and signifi-
cantly increases the uncertainty in model fits. Additionally, models only go up to a
maximum of log g = 9.5 cm s2, and we find that this WD may be near the edge
of the model grid and, therefore, not well modelled. Attempts at simultaneously
fitting the Balmer lines were unsuccessful and could not typically converge to a

solution. With very specific initial guesses, we sometimes managed to find a fit.
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Figure 5.9: As in Fig. 5.2, but for the Hyades with a metallicity of [Fe/H] =
+0.24.

Given the bias due to the requirement of these initial guesses, we do not consider
these fits trustworthy. In Fig. 5.8 we show an example fit of log g =9.26 +0.12
cm s~2 with a temperature of 26,600+ 1,200 K, intended as merely an illustration
and not a precise claim of its parameters.

To better assess the atmospheric parameters, we compared the fit to the well-
known ultramassive WD GD50. GD50 is a particularly massive WD that was once
thought to be a part of the Pleiades cluster but is now considered part of the AB
Doradus moving group [43]. Recent studies of GD50 have found masses > 1.24
M, with log g estimates between 9.09 and 9.20 cm s72 (see e.g. [53], [791, [73]).
We find a best fit for the Guo et al. [53] GD50 spectra of log g =9.11£0.01 cm
s72 with T = 44,800 4 500 K. We compare the fit for GD50 to the Hyades in
Fig. 5.10. The significantly different temperatures of the two WDs make direct

visual comparisons challenging. To combat this, we also include a fit that uses the
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GD50 log g but changes the temperature to match the Hyades fit. Comparing this
fit to the Hyades spectra, we see that the spectra have increased stark broadening
compared to the GD50 fit, particularly for Hf, which has the most influence on the
determined surface gravity.

Between the parameters for the fit in Fig. 5.8, and the comparison with GD50,
we estimate that the WD has a surface gravity of at least 9.20 cm s~2, with a value
above 9.50 completely plausible, and a temperature below 30,000 K. This range
of fit parameters would give a particularly ultramassive WD that is at least 1.2 Mg,
and could very well be above 1.3 M. A mass of 1.3 Mg and a temperature of
20,000 K would place the cooling age close to the cluster age, potentially support-
ing membership. Alternatively, a temperature closer to 30,000 K would make the
WD upwards of 250 Myr younger than the cluster, in which case the progenitor
mass would be far too low for such a massive WD to have been a cluster member.
Without confident atmospheric parameters, we cannot determine cooling parame-
ters or progenitor mass to establish cluster membership better. While we do not
confirm membership, we also do not rule it out, and we emphasize that the close
approach of the WD to the cluster provides strong support for potential member-
ship. Even if this object was not a cluster member, it is still a particularly massive
WD and, therefore, worth additional study. Better modelling of high surface grav-
ity WDs is paramount to analyze the spectra of this and other extremely massive
WDs.

5.7 vdB Hagen 99

The candidate ultramassive WD identified in vdB Hagen 99 is the only candidate
ultramassive WD we select for follow-up observation that we believe to be a cur-
rent cluster member and not an escapee. The spectrum, shown in Fig. 4.5, has
unnaturally sharp lines, particularly HB, but to a lesser extent Hy and Ho as well.
Visually, the sharpness of the central depth of these lines does not seem to match
the effective temperature of the WD. The raw unreduced spectra were examined for
potential issues or troublesome skylines, to no avail. It is not clear what is causing
the issue. The best way to assess would be to take an additional spectrum, with

Gemini or another large telescope, and to see if the same sharp feature exists. As
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Figure 5.10: Comparison of Hyades WD spectra to GD50 spectra from Guo
et al. [53]. Hyades data and fit are as in Fig. 5.8. GD50 Balmer lines
were extracted and fit using the same methodology as the Hyades. The
purple line illustrates a fit using the GD50 log g along with the Hyades
Tets.

it stands, we are uncertain as to whether this is an artifact of the observations or a
real feature.

For the age of the cluster we considered PARSEC isochrones at solar metal-
licity [11] for ages from 40 to 70 Myrs, as shown in Fig. 5.12. We use a cluster
reddening of E(Bp-Rp)= 0.15, as found in R21. Each isochrone matches well to
the central MS, supporting the use of solar metallicity. The lower main sequence is

best described by the 50 Myr isochrone, suggesting an even slightly lower age of
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Figure 5.11: As in Fig. 5.1, but for vdB Hagen 99 using metal polluted mod-
els.

45 Myr. The brightest MSTO star is best described by the 60 Myr isochrone, the
70 Myr isochrone fits this one as well but is a very poor fit to the lower MS. The
bluest MSTO star best matches the 50 Myr isochrone. Overall, we estimate an a
best estimate of the cluster age of 55 £ 10 Myrs.

We extract the Balmer lines and fit the spectrum using metal polluted H atmo-
sphere models to estimate the WD atmospheric parameters. To reduce error due to
the sharp depth, we ignore the central region of Hf in our fits. The best fit param-
eters give Toy = 58,4004 1,000 K and log g = 8.64 0.04 cm s~2, suggesting a
very young WD with an age of just 1 =1 Myr and mass of 1.05+0.02 My, for a
progenitor mass of 6.2f8:§ Mg . While these parameters place the object sensibly
in the IFMR, we emphasize that we are not confident in the temperature estimate

due to the sharp central depth of the Balmer lines. The proximity of the WD to the
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Figure 5.12: As in Fig. 5.2, but for vdB Hagen 99.

cluster certainly favours membership, but without an accurate temperature and age,
we choose to be ambiguous as to whether this candidate is indeed a cluster member.
Additional spectroscopy to assess whether the sharp centres of the Balmer lines are

a real feature is required to better assess candidacy.

5.8 Binary Mergers and Chance Encounters

A couple of key factors are worthy of consideration before finalizing the updated
IFMR; the assumption of single star evolution and the possibility of chance en-
counters. Temmink et al. [129] studied the prevalence of binary mergers in single
WD evolution and found that approximately 10 to 30% of WDs have had past bi-
nary mergers, increasing to between 30 to 50% for massive WDs. WDs typically
take 3 to 5 times as long to form via binary evolution, shifting the progenitor age
by hundreds of millions of years for massive WDs [129]. Given the young age
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of clusters examined in this work, we rule out cluster membership for any of our
identified WDs, which are binary merger products. While we cannot strictly rule
out past mergers from the WD’s spectra, one way to examine this is to estimate the
probability that the WDs are merely chance encounters, as would have to be the
case if they are not cluster members.

Alpha Persei WDs 1 and 2 were found by H21b from a total search volume
of 6.4 x 10° cubic pc. In that volume, just 0.15% of sources have proper mo-
tions consistent with past cluster membership. Of these, H21b estimate that 43%
are potentially interlopers. We can estimate the probability of these WDs being
chance encounters by comparing them to the prevalence of massive WDs in the
solar neighbourhood. Fleury et al. [40] examined the Gentile Fusillo et al. [49]
catalogue for WDs with ages less than 250 Myr that were within 200 pc of the Sun.
From this sample they estimate that approximately 100 of the WDs have masses of
at least 0.95 M. The total volume within 200 pc of the Sun is roughly 3.3 x 10’
pc3. Combining these factors Miller et al. [88] estimate we should find just 0.012
young massive WDs in this volume whose motion is consistent with past cluster
membership. In the mass range above 1.15 M, consistent with the masses of WDs
1 and 2, the number of expected WDs is a factor of 15 smaller [40].

We cannot use the same calculation to estimate the probability that the remain-
ing WDs are interlopers. Instead, we determine a crude estimate by looking at the
fraction of massive WDs found in the 200 pc sample. Fleury et al. [40] estimated
that just one of every thousand WDs in this sample have M > 0.95 M, and ages
under 250 Myrs. From the Gentile Fusillo et al. [49] catalogue we identified 62
WDs which potentially escaped from Alpha Persei, while for the Hyades it was
151. For the wide search clusters, which were developed from the Gentile Fusillo
et al. [48] catalogue, we identified 13 potential escapees from NGC 2516 and 34
for NGC 2422. The Gaia EDR3 WD catalogue contains approximately 38% more
WDs than DR2. To account for this increased sample, we scale these numbers to
roughly 18 and 47. Using the aforementioned massive WD fraction, we estimate
the number of expected massive WDs in the search region for each of these clusters
as 0.06, 0.15, 0.02, and 0.05, for Alpha Persei, the Hyades, NGC 2516, and NGC
2422, respectively. As this is the expected number of WDs with M > 0.95 Mg,

and we estimate each of these identified candidates has a mass of at least 1.1 Mg,
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we except that the probability that these stars are interlopers is between a factor of

two and fifteen smaller [40].

5.9 Implications and State of the IFMR

In Fig. 5.13 we display an updated IFMR including select WDs from Tab. 5.1,
along with Pleiades WDs discovered and characterized by H21a. Included are all
WDs we label as either questionable or high-confidence in our cluster membership
determination in Tab. 5.1. The three high-confidence members are all Alpha Persei
escapees, each displaying results for ONe core models. The questionable points are
from NGC 2422, vdB Hagen 99, and NGC 2516. NGC 2422 and vdB Hagen 99
points use CO core results, while the NGC 2516 point displays an ONe core. While
the NGC 2422 WD is in a mass range that favours a ONe core, progenitor mass es-
timates seem to rule out membership if it possesses a CO core. Given the channels
for the potential formation of ultramassive CO WDs presented in Sec. 2.3, such a
massive WD could have a CO core. We emphasize that we do not express any spe-
cific degree of confidence about the membership status of the three questionable
members, but do not rule out membership, either. These three points are included
in the IFMR to illustrate where they lie if cluster membership is favoured. Future
work that examines the IFMR should exclude these points unless membership is
better established.

The three most massive high-confidence cluster member WDs on the updated
IFMR are all from the Alpha Persei cluster, the most massive of which has a pro-
genitor mass of 8.5+ 0.9 M. This is near the expected theoretical limit of 8 Mg,
[136], despite the WD’s mass being well below the Chandrasekhar limit. These re-
sults support the idea that the upper limit for WD production might be significantly
higher or that WDs do not form with masses close to the Chandrasekhar limit. The
second possibility is worth a closer examination. Kilic et al. [73] examined the
Gaia DR2 sample of WDs within 100 pc from the Montreal White Dwarf Database
[33] and found 23 WDs with masses above 1.25 Mg, if the WDs are H dominated
ONe core WDs, with 2 of those being over 1.3 Mg,. If these same WDs possess CO
cores, all 25 would be above 1.3 M. Even if 30 to 50% of these WDs are binary

merger products, as expected by Temmink et al. [129], a fair fraction are likely
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Figure 5.13: Updated IFMR. Hyades, Various, and M44 from R21 as in
Fig. 1.6. Pleiades points are from H21a found via their reconstructed
velocity method. The remainder are as described in this work. Alpha
Persei and NGC 2516 points are for ONe cores, while the remainder
are for CO.
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formed from single stellar evolution. As such, the Kilic et al. [73] result combined
with our knowledge of the IFMR suggests a significant increase in the upper mass
limit for WD production, even when accounting for binary merger fractions.
Collectively, we see that the addition of escapee WDs examined in this work
and by H21a has done much to populate the high mass region of the IFMR. Five
of the seven most massive high-confidence cluster member WDs come from the
escapee search method developed by H21a, with an additional two ultramassive
escapees considered questionable members from the wide search. R21 searched
more than 200 young open clusters for candidate WDs and found none with masses
above 1.06 Mg, or progenitors above 6.2 Mg,. In escapee searches in this work and
H21a, we have identified between 3 and 5 cluster WDs with masses above 1.06
Mg and the same number with progenitors above 6.2 Mg, despite only searching
a relatively small number of clusters. This strongly suggests that the shortage of
high-mass WDs in clusters largely results from WDs escaping from their birth

clusters.
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Chapter 6

Conclusions

The maximum mass of a white dwarf progenitor is not well understood, primar-
ily due to an inability to identify ultramassive cluster member WDs and populate
the high-mass region of the IFMR. While the Gaia mission has provided an un-
precedented data set to search for these massive WDs, broad searches have failed
to identify any cluster member WDs with masses above 1.06 M, or progenitors
above 6.2 M. Evidence suggests that ultramassive WDs may be particularly likely
to escape their birth clusters due to experiencing a velocity kick of a few km s~!
at birth. We consider this possibility and search for WDs which may have escaped
from a sample of nearby young clusters as a means of populating the high-mass
region of the IFMR.

We employ two techniques to identify ultramassive WD escapees. The first
searches an extensive region around the clusters for WDs whose proper motion is
consistent with the cluster. In contrast, the second employs a more sophisticated
technique which attempts to reconstruct the 3D velocity of candidates and identify
those which were close to the cluster in the past. While the second technique is
preferred, it ignores astrometric uncertainties, which makes the method unreliable
for clusters more than 200 pc away or older than 200 Myrs.

From the first method, we identified 151 candidate escapee WDs from a sample
of 40 clusters, from which we selected six promising candidates for additional
follow-up. The second method found six candidates from searches of the Hyades

and Alpha Persei clusters. Additionally, we identified one candidate ultramassive
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WD which appears to be a current cluster member of vdB Hagen 99 that had not
previously been identified. We obtained follow-up spectroscopy for all thirteen
candidates, ten of which were obtained for this work with the Gemini telescope.

For each candidate, we determine the effective temperature and surface gravity
using non-local thermodynamic equilibrium hydrogen atmosphere models, consid-
ering both pure H and metal polluted models. These atmospheric parameters are
then used to determine the mass and cooling age of the WD, using CO models for
all WDs and ONe models for those above 1.05 M. We determine each cluster’s
age from isochrones, additionally considering literature ages. The WD’s cooling
age is then subtracted from the cluster’s age, leading to an estimate of the progeni-
tor lifetime and its mass.

Of this set of thirteen candidates, we find three high-confidence escapees, each
from the Alpha Persei cluster. Three additional candidates are considered ques-
tionable escapees, where we cannot confirm nor exclude potential past member-
ship. Six of the remaining seven candidates are non-members due to their cooling
ages being inconsistent with former cluster membership. The final candidate is a
questionable member from vdB Hagen 99. We update the IFMR from Richer et al.
[112] to include the three high-confidence escapees and three of the four ques-
tionable ones. The final questionable one is an extremely massive WD potentially
escaped from the Hyades, but a low SNR spectrum combined with surface gravity
seemingly near the edge of model grids prevented a confidence estimation of its
atmospheric parameters. Additionally, we include two escapees and one cluster
member WD from the Pleiades found in Heyl et al. [56].

The three high-confidence escapees from Alpha Persei are each the most mas-
sive cluster WDs known, with among the most massive progenitors. The most
massive of which, Alpha Persei WD1, has an estimated mass of 8.5 Mg, which is
beyond the theoretical limit of 8 M. Given that this WD is well below the Chan-
drasekhar mass, it suggests that the high-mass limit for WD production may be
well above the theoretical limit. While this work has advanced our understanding
of the high-mass region of the WD IFMR, the maximum mass of a WD progenitor
remains a mystery. Our results lead us to believe that many more of these escaped
WDs are out there, waiting to be identified.

In addition to the identification challenges, precise cluster age determination is
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one of the most significant problems we encounter. In many cases, age estimates
are from isochrones fits and are driven by a handful of main sequence turnoff and
giant stars. The limited number of stars that the fit is based on often leads to
significant uncertainty in the cluster’s age. For the precursors of ultramassive WDs,
which have relatively short main sequence lifetimes, uncertain cluster ages lead to
significant uncertainty in progenitor mass estimates, often to the point where no
reliable progenitor mass estimate is possible. More precise age determinations
would go a long way to help develop the high-mass region of the IFMR. In the
future, we will work to develop additional methods to identify escapee ultramassive
WDs, as well as to increase the precision in the estimated ages of their potential

birth clusters.
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Appendix A

Supporting Materials

Here we include the full results of the wide search described in Sec. 3.1.
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Table A.1.

Wide Search Escapee Candidates

Cluster Gaia DR2 Source ID Mg  (Bp-Rp)y Dist. Mass Cooling Age
[mag] [Clragl Me] [Myr]
Est. Upper Lower Est. Upper Lower
@) ) (3) (€] ) (©6) (] ®) © (10) an
Alessi 5 5352954771936845440 11.02 -0.51 18.04 1.07 >1.28 0.81 55.48 89.14
Alessi 8  5887666586717940224  10.07 -0.48 16.18 0.69 0.93 0.53 10.55 3.14 18.92
5982381370178315904  9.95 -0.73 9.50 >1.28 >1.28 1.13 0.14
Alessi 12 1762939111272873216  11.08 -0.58 16.10 1.20 >1.28 1.06 6.55 68.19
1805484267034684672  10.98 -0.30 19.39 0.68 0.87 0.50 98.47 74.50 136.19
1817445136772265856  11.20 -0.27 6.22 0.72 0.95 0.50 142.19 101.40 198.14
1832754079548398848  11.22 -0.35 10.54 0.85 1.00 0.70 120.30 98.30 150.07
1840424272662732544  11.36 -0.20 16.57 0.67 0.94 0.46 203.37 136.24 290.33
1847749287845442176  11.21 -0.34 17.46 0.85 1.02 0.67 120.86 95.56 156.95
1862286485141695104  11.29 -0.43 14.03 1.01 1.17 0.82 108.81 50.06 143.76
1865111023126770560  10.68 -0.48 19.45 0.90 1.06 0.76 39.81 22.95 44.38
1865156034384396672  10.89 -0.55 19.35 1.10 1.25 0.97 18.12 0.17 58.36
Alessi 19 4376049337883929984  10.43 -0.40 17.70 0.64 0.92 0.44 27.70 18.68 56.15
4468178417905732864 10.78 -0.41 14.45 0.80 1.18 0.48 53.28 0.68 99.17
4470497631525396864  10.64 -0.35 10.21 0.64 0.98 0.39 49.12 32.76 103.30
4477802370166728192  10.13 -0.47 7.24 0.68 1.12 0.43 12.11 0.25 33.54
4480180961719293056 11.16 -0.25 4.28 0.66 1.08 0.36 143.71 69.92 268.44
4480191681947797632  11.01 -0.12 4.00 0.42 0.79 0.25 176.59 90.46 280.19
4480458519688606848  10.31 -0.33 3.15 0.49 0.76 0.31 35.59 16.04 96.42
4482142280001910400 10.63 -0.87 3.09 >1.28 >1.28 >1.28 . e .
4484494994368242944  10.74 -0.32 1.34 0.62 0.88 0.41 64.99 46.48 113.69
4486590599105841408  10.80 -0.39 14.05 0.76 1.06 0.51 58.71 35.23 94.01
4499995393896134400 10.82 -0.46 9.98 0.91 >1.28 0.59 53.48 s 81.83
4502033686597154560  10.62 -0.38 8.04 0.69 0.88 0.52 42.18 34.92 61.96
4507419403783827584  10.84 -0.30 10.25 0.62 1.00 0.35 8225 50.79 173.90
4508142156589768448  10.87 -0.32 4.76 0.67 091 0.47 79.31 58.98 121.61
4508653399438645632  10.52 -0.57 4.83 1.07 >1.28 0.79 7.16 28.47
4510989208806897792  10.74 -0.39 10.80 0.74 >1.28 0.26 52.32 . 209.78
4527635157714872960 11.24 -0.36 11.90 0.88 1.08 0.66 120.64 78.70 167.26
4535822945927846528  10.73 -0.37 18.10 0.71 0.95 0.51 53.73 42.60 81.90
4537315605983651072  10.95 -0.43 20.25 0.90 1.14 0.66 69.10 10.99 96.18
4549137859941184256  10.53 -0.50 15.59 0.89 1.13 0.68 26.39 0.64 33.07
4549929821847911680  10.58 -0.41 16.56 0.72 0.99 0.51 35.17 25.39 5745
4551088943325443712  11.13 -0.33 12.71 0.80 0.98 0.62 112.27 88.04 147.45
4575935024190275328 10.53 -0.46 13.84 0.81 1.06 0.61 2891 11.53 39.15
4576926710662025472  10.92 -0.27 14.98 0.60 0.77 0.46 100.42 76.99 137.91
4580243696729381888  10.93 -0.25 18.05 0.58 0.78 0.41 107.69 77.56 156.51
Alessi 21 2949405787932448384  11.16 -0.46 11.22 1.04 1.20 0.84 86.94 11.50 110.89
2951717579847688960  10.28 -0.63 18.55 1.18 >1.28 1.00 0.14 e 4.95
2953180617506290048  11.07 -0.31 10.96 0.74 1.03 0.48 108.61 75.60 168.00
3028302962770764416  11.23 -0.49 17.03 1.08 1.27 0.89 79.62 1.33 116.93
3033651678824971264  11.37 -0.47 12.00 1.08 1.26 0.90 103.91 13.29 145.36
3041793008368326784  10.99 -0.37 16.80 0.81 1.15 0.48 82.98 11.56 143.64
3045185929454409856  11.38 -0.54 6.26 1.17 >1.28 1.00 66.59 e 127.50
3047918903045538944  10.01 -0.57 1.91 0.91 1.08 0.75 2.78 0.34 7.34
3049634312983990272  11.20 -0.45 433 1.02 >1.28 0.69 94.28 . 148.66
3049898092693361792  10.96 -0.47 5.19 0.98 1.21 0.74 65.90 0.92 86.77
3050876554961550848  11.19 -0.57 6.37 1.20 >1.28 0.96 14.96 . 99.89
3052133335414358784  11.00 -0.37 4.80 0.81 1.07 0.56 83.94 47.89 125.61
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Table A.1 (cont’d)

Cluster Gaia DR2 Source ID Mg (Bp-Rp)y  Dist. Mass Cooling Age
[mag] [Clrag] [Mo] [Myr]

Est. Upper Lower Est. Upper Lower

€3} 2) 3) (C)) (5) (6) (W) ®) ©) (10) an
3057432667921034752  11.05 -0.36 19.56 0.81 0.98 0.63 95.38 77.24 123.25
3058657901831394432  10.58 -0.45 12.06 0.80 1.05 0.60 3278 18.17 44.64
3099313168902595840  10.93 -0.40 9.98 0.85 1.07 0.63 71.17 41.47 98.10
3102498320947143296  11.32 -0.68 12.89 >1.28 >1.28 0.95 e . 124.89
3103735576466830208 11.18 -0.32 16.32 0.79 1.13 0.46 122.97 47.09 209.30

Alpha Per 408144424247559680  9.36 -0.61 477 0.92 >1.28 0.86 0.25 . 0.34
ASCC 113 1853507876918946432 11.04 -0.32 15.50 0.73 1.01 0.48 103.66 73.22 159.69
1854288087800311552  11.25 -0.22 13.13 0.65 0.82 0.51 172.22 134.56 215.47
1858474645820394240 11.28 -0.47 19.95 1.07 1.22 0.90 95.91 19.86 125.86
1866829323581231616 11.11 -0.43 10.75 0.96 1.16 0.75 86.39 26.02 115.41
1866921476396272256  11.22 -0.20 9.91 0.60 0.78 0.46 175.59 134.40 226.94
1867163472040641280 11.02 -0.24 8.21 0.58 0.84 0.39 125.11 84.63 191.35

1867327471071322240  10.10 -0.63 8.82 >1.28 >1.28 0.94 o . 3.25
1870421359346313088  11.42 -0.17 15.49 0.65 0.90 0.46 227.16 157.65 311.00
1949768165721708544  11.57 -0.44 19.61 1.08 >1.28 0.86 140.33 216.22
1963968770715879680  11.51 -0.33 4.31 0.93 1.13 0.68 175.97 110.07 25351
1965199570908941568  11.36 -0.30 2.60 0.83 1.14 0.50 159.50 77.12 262.13
2064173102208150912  11.27 -0.30 17.38 0.79 1.07 0.53 144.65 93.15 216.48
2064364623389656576  11.44 -0.20 14.27 0.71 0.99 0.49 218.18 144.12 311.61
2067097223322941184  11.12 -0.21 15.66 0.59 0.76 0.45 151.58 115.74 198.42
2067450024818993152  11.17 -0.32 20.00 0.80 1.09 0.50 119.60 63.95 188.70
2068194806504634240 11.17 -0.38 18.33 0.90 1.21 0.57 103.97 9.49 170.87

Collinder 121  2899802695231620992  10.60 -0.44 10.12 0.78 1.09 0.52 35.12 3.03 58.88
2921327769947744000  10.47 -0.54 3.04 0.99 >1.28 0.70 16.61 . 26.93
2924675400598744704  10.70 -0.49 5.85 0.94 1.21 0.69 40.16 0.28 51.74
3033651678824971264  10.36 -0.49 19.56 0.81 1.14 0.56 17.43 0.29 30.14
5584168976198163328  10.77 -0.41 9.69 0.79 1.16 0.48 52.55 0.90 95.60

5588351484074655232  10.36 -0.68 18.58 >1.28 >1.28 1.03 e 5.42
5608976535503258496  10.44 -0.50 6.37 0.86 >1.28 0.44 21.11 57.76

5609238734667240064  9.96 -0.73 8.24 >1.28 >1.28 1.09 e 0.24
5610515714344370560 10.31 -0.56 5.26 0.99 >1.28 0.66 6.34 19.63
5610628139404763904  10.60 -0.41 4.31 0.73 1.19 0.40 37.68 0.28 92.06
5611082753112158976  10.06 -0.49 5.06 0.70 1.07 0.49 9.78 0.55 2239

5613411170843319168  9.53 -0.76 10.83 >1.28 >1.28 >1.28

5616150058598869248  10.70 -0.72 8.19 >1.28 >1.28 0.52 . 74.95
5616446858022119936  10.50 -0.58 7.63 1.08 >1.28 0.67 5.24 . 31.37
5717606115367003136  10.51 -0.46 18.60 0.80 1.12 0.54 27.46 0.68 45.75

Collinder 132 2892194903699687552  10.57 -0.45 18.10 0.80 1.20 0.49 3227 0.24 60.55
2924675400598744704  11.14 -0.46 19.21 1.01 1.20 0.80 85.78 9.61 11291
5511212943722649344  10.57 -0.40 19.99 0.70 1.06 0.43 36.22 13.69 77.32
5511542792916930048  10.79 -0.30 20.03 0.60 1.18 0.28 74.35 0.70 214.71
5546969680338155136  10.45 -0.56 19.63 1.04 >1.28 0.72 9.42 25.46
5559843823326236416  10.62 -0.48 19.26 0.88 >1.28 0.54 34.70 . 58.93
5559937350535040384  10.64 -0.43 18.11 0.79 1.09 0.54 38.92 7.93 61.81
5584168976198163328 11.20 -0.37 11.61 0.90 1.17 0.59 110.92 3535 173.20
5584360119422916736  10.58 -0.41 11.76 0.71 1.13 0.40 35.74 0.79 85.47
5588351484074655232  10.79 -0.64 6.60 >1.28 >1.28 1.05 e 39.18
5589923235942686848  10.68 -0.59 6.25 1.15 >1.28 0.87 0.71 39.91
5595074928959659136  10.63 -0.47 8.08 0.87 >1.28 0.57 35.69 55.97
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Table A.1 (cont’d)

Cluster Gaia DR2 Source ID Mg (Bp-Rp)y Dist. Mass Cooling Age
[mag] [Clraal Mo] Myr]
Est. Upper Lower Est. Upper Lower
1) ) (3) ) ) (©) (7 ®) ©) (10) an
5597663797814959488  11.10 -0.47 14.92 1.02 >1.28 0.61 80.10 138.66
5597782441987499520  10.60 -0.54 12.41 1.02 >1.28 0.71 23.77 . 38.05
5604794508666591232  10.91 -0.37 1.04 0.77 1.18 0.43 74.58 2.02 145.95
5605936450274462208  9.78 -0.57 343 0.84 1.08 0.65 2.46 0.23 7.21
5606544450148104576  10.87 -0.49 3.81 0.98 >1.28 0.69 54.91 e 76.05
5608976535503258496  10.88 -0.46 10.45 0.94 >1.28 0.53 58.63 105.08
5609238734667240064  10.39 -0.69 5.47 >1.28 >1.28 1.08 . 2.74
5610515714344370560 10.74 -0.52 8.05 1.02 >1.28 0.75 38.25 52.28
5611516884103827328 10.03 -0.51 3.62 0.74 1.04 0.54 8.16 0.63 16.41
5613261190584162048 10.36 -0.58 7.52 1.06 >1.28 0.73 3.80 19.67
5614341602495158144  10.43 -0.57 12.26 1.05 >1.28 0.59 6.70 e 32.05
5618530084662423808 10.33 -0.52 11.58 0.87 1.09 0.69 14.21 1.45 19.13
5644308826265337600  10.90 -0.39 19.92 0.82 1.10 0.54 69.27 18.04 107.95
5697651426736462592  11.23 -0.38 18.07 0.91 1.21 0.58 113.96 16.22 185.37
5710639373476492032  10.85 -0.55 14.30 1.09 >1.28 0.81 16.11 . 61.74
IC 2391 5317454079808243456  11.19 -0.50 4.73 1.08 1.16 1.01 71.72 36.65 93.01
NGC 2422 3028302962770764416 11.51 -0.54 7.17 1.19 >1.28 1.05 80.04 141.78
3028924221197888768 11.78 -0.41 10.09 1.10 >1.28 0.87 186.51 e 297.74
3028937037380440448 11.41 -0.37 9.43 0.97 1.10 0.79 142.38 100.77 185.62
3029069940849870720  11.59 -0.35 543 0.99 1.17 0.76 181.28 115.45 257.71
3030482160458326784  11.47 -0.22 7.82 0.74 1.00 0.53 218.32 149.11 305.02
3030544832620996224  11.62 -0.31 12.43 0.94 1.09 0.75 204.09 146.06 270.58
3031106030224132608 11.85 -0.46 16.85 1.17 >1.28 1.01 181.18 265.69
3033489943235297280 11.80 -0.35 12.45 1.06 1.26 0.79 221.09 93.50 343.38
3033552443600454784  11.65 -0.39 15.02 1.06 1.23 0.85 172.65 85.80 250.48
3039980222933652096 11.74 -0.30 16.81 0.97 1.15 0.74 238.22 158.18 337.64
NGC 2451B  5428728474760340352 11.97 -0.62 20.18 >1.28 >1.28 1.21 e 191.38
5532546561683429888  12.06 -0.66 5.81 >1.28 >1.28 1.18 236.79
5534595188067100032  11.36 -0.55 4.92 1.19 >1.28 1.05 52.67 113.83
5551243031058471808 11.68 -0.62 18.19  >1.28 >1.28 1.13 150.11
5575674041987286400 11.93 -0.63 13.00 >1.28 >1.28 1.12 . 223.55
5591693965064811776  11.53 -0.57 5.66 1.24 >1.28 1.09 49.38 131.09
5609107476168766848 11.45 -0.72 1574 >1.28 >1.28 >1.28 . .
5610083052220844800  11.69 -0.51 14.04 1.20 >1.28 1.07 122.13 . 176.88
5616906690102297600  11.34 -0.48 15.95 1.08 1.18 1.00 95.11 52.19 118.99
5694411367829835136  11.40 -0.50 15.54 1.12 1.23 1.05 89.61 34.10 121.00
NGC 2516  5276965113864595200 11.35 -0.37 18.39 0.94 1.04 0.83 134.49 116.51 156.50
5289447182180342016  11.23 -0.24 5.94 0.68 0.82 0.56 158.61 129.12 193.08
5290719287073728128 11.13 -0.30 0.72 0.73 0.85 0.62 122.89 103.82 146.34
5290834387897642624  10.89 -0.35 1.21 0.73 0.87 0.60 75.76 63.63 93.87
5294015515555860608  11.18 -0.42 5.92 0.96 1.11 0.78 96.54 55.12 123.77
5294686526884585600 11.92 -0.28 11.52 1.01 1.15 0.81 295.28 207.13 403.04
NGC 5662  5879516284965902720  9.72 -0.49 18.81 0.57 0.98 0.38 9.09 0.52 25.42
NGC 6025 5829676281875471616 10.07 -0.71 17.65 >1.28 >1.28 0.85 5.71
5832578511570131200 10.49 -0.54 14.82 0.99 >1.28 0.36 17.71 e 92.64
NGC 7063  1963968770715879680 11.00 -0.40 17.41 0.87 1.15 0.58 78.65 11.45 121.65
Pismis 4 5329969103416108032 10.99 -0.31 11.71 0.70 0.98 0.47 97.66 69.90 151.42
5331602526709717760  10.88 -0.36 18.30 0.74 1.05 0.48 73.41 47.24 122.13
5525116852370580864  11.00 -0.38 13.72 0.83 1.18 0.49 82.20 5.70 143.64
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Table A.1 (cont’d)
Cluster Gaia DR2 Source ID Mg  (Bp-Rp)y  Dist. Mass Cooling Age
[mag] [Clyql [Me] [Myr]

Est. Upper Lower Est. Upper Lower
1) (] 3) “) ) ©6) (] ®) ©) (10) atr
Pleiades 66697547870378368  10.74 -0.53 1.53 1.03 1.06 1.00 37.52 29.21 40.65
vdB Hagen 164 5795934499101239552  10.55 -0.53 13.22 0.98 1.17 0.80 24.05 0.35 30.79

5823612299144570368  10.54 -0.72 9.71 >1.28 >1.28 >1.28 e e e
5823613334236349568  11.09 -0.52 9.49 1.09 >1.28 0.90 5241 88.91

Notes. As in Tab. 3.2, but for all of the 151 candidate escapee WDs identified in wide search.
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Figure A.1: As in Fig. 3.3, but for Alessi 5.
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Figure A.2: Asin Fig. 3.3, but for Alessi 8.
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Figure A.4: As in Fig. 3.3, but for Alessi 19.
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Figure A.5: As in Fig. 3.3, but for Alpha Persei.
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Figure A.6:

As in Fig. 3.3, but for ASCC 113.

T T
Cluster Member
Escaped WD Candidate

T
Mass (M)

— 0.7 — 11
08 — 1.2
09 — 128
1.0

L

T T T
Cooling Age (Myr)

10 75
20 100
30 150
40 200
50 250

Figure A.7: As in Fig. 3.3, but for Collinder 121.
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Figure A.8: As in Fig. 3.3, but for Collinder
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Figure A.9: As in Fig. 3.3, but for IC 2391.
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Figure A.10: As in Fig. 3.3, but for NGC 5662.
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Figure A.11: As in Fig. 3.3, but for NGC 6025.
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Figure A.12: As in Fig. 3.3, but for NGC 7063.
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Figure A.13: As in Fig. 3.3, but for Pismis 4.
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Figure A.15: As in Fig. 3.3, but for vdB Hagen 164.
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