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ABSTRACT

Polluted white dwarfs serve as astrophysical mass spectrometers — their photospheric abun-
dances are used to infer the composition of planetary objects that accrete onto them. We show
that due to asymmetries in the accretion process, the composition of the material falling onto
a star may vary with time during the accretion of a single planetary body. Consequently, the
instantaneous photospheric abundances of white dwarfs do not necessarily reflect the bulk
composition of their pollutants, especially when their diffusion timescales are short. In partic-
ular, we predict that when an asteroid with an iron core tidally disrupts around a white dwarf, a
larger share of its mantle is ejected, and that the core/mantle fraction of the accreting material
varies with time during the event. Crucially, this implies that the core fraction of differenti-
ated pollutants cannot be determined for white dwarfs with short diffusion timescales, which
sample only brief episodes of longer accretion processes. The observed population of polluted
white dwarfs backs up the proposed theory. More white dwarfs have accreted material with
high Fe/Ca than low Fe/Ca relative to stellar abundance ratios, indicating the ejection of man-
tle material. Additionally, we find tentative evidence that the accretion rate of iron decreases
more rapidly than that of magnesium or calcium, hinting at variability of the accreted compo-
sition. Further corroboration of the proposed theory will come from the up-coming analysis

of large samples of young white dwarfs.
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1 INTRODUCTION

At least a quarter of all white dwarfs are polluted — they show spec-
troscopic signs of heavy, rock-forming elements (i.e., Mg, Si, Ca,
and Fe) in their photospheres that otherwise contain only H or He
(Zuckerman et al. 2003, 2010; Koester et al. 2014; Wilson et al.
2019). The standard interpretation is that these stars are sampling
the remains of old planetary systems (Jura 2003; Jura & Young
2014; Farihi 2016; Veras 2021), whose planets and asteroid belts
beyond a few AU survived the expansion of the star on the red and
asymptotic giant branches (Duncan & Lissauer 1998; Villaver &
Livio 2009; Veras et al. 2011; Veras & Tout 2012; Veras 2016) and
were subsequently scattered close to the white dwarf via a range
of mechanisms (Bonsor et al. 2011; Debes et al. 2012; Antoni-
adou & Veras 2016; Mustill et al. 2018; Maldonado et al. 2020;
Veras et al. 2021). In some systems, this circumstellar material
emits a detectable infrared excess (Rocchetto et al. 2015; Farihi
2016; Wilson et al. 2019; Rogers et al. 2020), and there are several
instances where the existence of circumstellar material is implied
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by the detection of transits (Vanderburg et al. 2015; Manser et al.
2019; Vanderbosch et al. 2020, 2021; Guidry et al. 2021; Farihi
et al. 2022; Budaj et al. 2022). Recently, ongoing accretion onto a
white dwarf was confirmed via the detection of X-rays (Cunning-
ham et al. 2022).

Observations of polluted white dwarfs with multiple identified
photospheric elements are of special significance because they pro-
vide the only direct compositional measurement of exoplanetary
material. In most cases, the inferred pollutant abundances roughly
resemble those of Earth (Zuckerman et al. 2007; Klein et al. 2010;
Xu et al. 2014, 2019; Doyle et al. 2019), although in some cases
they hint at substantially different geological histories (Putirka &
Xu 2021). Notably, several systems contain increased levels of
volatile elements (O, C, N), possibly indicating the accretion of
cometary material that condensed in the outer regions of plane-
tary discs (Farihi et al. 2013; Raddi et al. 2015; Xu et al. 2017).
Other pollutants contain more refractory species (Ca, Ti) and likely
formed on closer orbits (Xu et al. 2014). In GD362, the particu-
larly high ratio of Mn/Na could indicate a history of post-nebula
volatilization (Harrison et al. 2021b), similar to the process experi-
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Figure 1. Schematic overview of how the asynchronous accretion of a differentiated asteroid onto a white dwarf can mimic the photospheric signature of
either a core- or mantle-rich object. In this simplified scenario, a differentiated asteroid tidally disrupts into fragments composed of core or mantle material.
Mantle fragments are preferentially ejected out of the system in greater proportions, and bound core and mantle fragments occupy distinct orbital zones in the
tidal disc (Section 2). Core fragments collide or scatter sooner on average, leading to a core-rich early accretion phase, followed by a mantle-rich late accretion
phase (Section 3). The form of this figure was inspired by the conceptually similar Fig. 1 of Buchan et al. (2022). An accompanying version of this figure that
details asynchronous ice-refractory accretion is presented in an accompanying paper II.

enced by Mars and the Moon (Palme & O’Neill 2003; Siebert et al.
2018)

In addition to probing volatility trends, polluted white dwarfs
can also reveal the proclivity of differentiation in exo-planetesimals
(Zuckerman et al. 2011; Jura et al. 2013; Bonsor et al. 2020). Ob-
jects differentiate when their interiors become hot enough to par-
tially melt, and chemical species separate into an iron-rich core
and a magnesium-silicate-rich mantle. The decay of short-lived ra-
dioactive nuclei, such as 20 Al, as witnessed in the Solar System, can
fuel large-scale melting in asteroids larger than ~ 10 km (Hevey &
Sanders 2006; Lichtenberg et al. 2016). When a white dwarf’s pho-
tosphere contains an over-abundance of iron and other siderophile
(iron-loving — Ni, Cr) elements, it indicates that the star has swal-
lowed a core-rich body (Melis et al. 2011; Génsicke et al. 2012;
Wilson et al. 2015; Hollands et al. 2018, 2021). High abundances
of lithophile (rock-loving — Ca, Mg, Si) elements instead hint at
the accretion of predominantly mantle material, although this can
be difficult to distinguish from a post-accretion (declining) phase
(Harrison et al. 2018, 2021a; Buchan et al. 2022). Pollutant abun-
dances towards either extreme indicate that the parent body formed
early or large enough to be differentiated and then experienced col-
lisional processing. With the ever-increasing number of known pol-
luted white dwarfs, statistics from larger samples of pollutants are
expected to reveal general trends in the process of planet formation.

In order to accurately translate spectroscopic signatures into
pollutant abundances, a detailed understanding of photospheric
physics is required, with well-constrained diffusion timescales for
different elements (Koester et al. 2014, 2020; Cunningham et al.
2021). It is equally important, however, to understand how accre-
tion onto white dwarfs proceeds temporally. If different parts of
a pollutant (e.g., core/mantle, volatile/refractory) enter the white
dwarf’s photosphere at different times, this asynchronous accretion
could mimic an identical signature of e.g., a core-rich or a volatile-
rich body whose parts accrete synchronously (see Fig. 1). The im-
plicit assumption in the current analyses of polluted white dwarfs
— that accretion proceeds both synchronously and symmetrically —
is clearly valid when a solid body directly strikes the white dwarf’s

surface (Brown et al. 2017; McDonald & Veras 2021) but such in-
stances are predicted to be exceedingly rare (Veras et al. 2021).
Instead, the accretion process is thought to begin with a tidal dis-
ruption and the formation of an eccentric tidal disc (Debes et al.
2012; Veras et al. 2014; Nixon et al. 2020; Malamud & Perets
2020a,b), whose fragments can subsequently accrete via a range
of processes (e.g., Veras et al. 2015a,b; Malamud et al. 2021; Li
et al. 2021; Brouwers et al. 2022b). In this work, we perform the
first analysis of the synchronicity of accretion onto white dwarf
photospheres. This first paper considers the accretion of core and
mantle fragments from a differentiated pollutant. In an accompany-
ing paper (Brouwers et al. (2022a), henceforth paper II), we study
the contrast in accretion between refractory materials and ices (e.g.,
H,0,CO,). Our results highlight that different elements are theo-
retically expected to accrete in proportions that vary over time, a
finding that is supported by our analysis of the current sample of
polluted whited dwarfs, and that can be corroborated further with
upcoming large samples of young white dwarfs.

This paper is organized as follows. We first show in Section 2
how a tidal disruption unevenly spreads and ejects core and mantle
fragments, providing an asymmetric starting point for the accretion
process. We then consider the collisional grind-down of a differen-
tiated asteroid in Section 3.1 and evaluate the relative scattering of
core and mantle fragments by a planet in Section 3.2. In order to
test the validity of our proposition, we investigate the accretion rate
and abundance distribution of iron relative to lithophile elements
in Section 4. We discuss our findings in Section 5 and conclude in
Section 6.

2 DISRUPTION OF DIFFERENTIATED ASTEROIDS

The accretion process of planetary material onto a white dwarf
is thought to begin with the perturbation of an asteroid or plane-
tary body onto a highly eccentric orbit (e.g., Bonsor et al. 2011;
Mustill et al. 2018; Smallwood et al. 2018). When the asteroid ven-
tures too close to the star, its internal strength and self-gravity are
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Figure 2. Distribution of core and mantle fragments after the tidal disruption of a differentiated asteroid from 10 AU around a white dwarf. The top panels
provide a top-down view of the tidal disc, and show that core (black) and mantle (brown) fragments are spread to distinct, but partially overlapping orbital
ranges. The histogram plots in the lower panels show the distribution of material in more detail. The solid red line indicates the core mass fraction (CMF)
at a given orbit, which can be compared to the 30% CMF of the asteroid progenitor (red dotted line). The innermost orbits of the tidal disc always contain
exclusively mantle material, while the outer orbits are enhanced in core material if the asteroid was large (right panels), and depleted otherwise (left and middle

panels).

overwhelmed by stellar gravity, and it tidally disrupts (Debes et al.
2012; Veras et al. 2014; Malamud & Perets 2020a,b). In this sec-
tion, we consider a simplified scenario where the disrupted body
was differentiated into two radially separate layers: a central core,
and an outer mantle. We first study how these components are ge-
ometrically spread in the tidal disc, and then trace their accretion
onto the white dwarf as a function of time. If both components
(core and mantle) accrete with a constant mass ratio over time, the
composition of the photosphere remains unchanged. However, if
the accretion of either component follows a different trend, and the
accretion process is asynchronous, the composition of the photo-
sphere varies with time during the accretion of a single body.

2.1 Geometry of core and mantle fragments in tidal discs

In the scenario that asteroids are torn apart by strong tidal forces
close to the star, accretion is preceded by the formation of an eccen-
tric tidal disc. Core and mantle fragments will occupy distinct orbits
in this disc due to their different radial positions within the asteroid.
In order to trace the distribution of these orbits, we consider a sim-
plified, instantaneous tidal disruption at a distance rg = 0.75 R
from the star!. The energies of the fragments i depend on their dis-
tance r; to the star, and their semi-major axes a; become spread out

1" Corresponding to the disruption of a strengthless or sufficiently large as-
teroid with a core mass fraction (CMF') of 0.3 around a 0.6 M, white dwarf
(e.g., Davidsson 1999; Bear & Soker 2013).
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along the range (e.g., Brouwers et al. 2022b):
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with eccentricities ¢; = 1 — r;/a;. This calculation safely ignores
the spin of the asteroid (see Appendix A). While the fragments ini-
tially form in a cluster, with core and mantle regions not neces-
sarily disrupting simultaneously (Veras et al. 2017; Duvvuri et al.
2020; Malamud & Perets 2020a), they shear out over time, and
completely fill a tidal disc after a well-defined timescale (see Ap-
pendix B for a derivation of this filling time). The width of the tidal
disc that forms in this manner depends chiefly on the size of the as-
teroid and on its semi-major axis. The fragments of small asteroids
that originate from a planetary system spread out along a narrow or-
bital band when they disrupt (Veras et al. 2014, 2021; Nixon et al.
2020), while larger objects on wider orbits form a broader tidal
disc, culminating in a completely bimodal disruption for planet-
sized bodies, where half of their fragments eject from the system,
and the rest become concentrated close to the star (Rafikov 2018;
Malamud & Perets 2020a,b).

Fragments from different layers in the asteroid are spread to
distinct orbits. Therefore, an asteroid that has any radial variation
in its composition will form a tidal disc whose geometry retains
a similar compositional variation. We illustrate this asymmetry in
Fig. 2 for a range of asteroid sizes, assuming representative core
and mantle densities of p. = 7.87 g/em® and py, = 3.27 g/cm?,
respectively, corresponding to iron and forsterite. Small asteroids
(left panel, Ry5t = 50 km), disrupt into a tidal disc whose interme-
diate orbits contain additional core material, whereas both its inner
and outer orbits consist entirely of mantle fragments. Larger aster-
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oids of 120 km (middle panel) form tidal discs whose core frag-
ments spread out over a wider range, although their innermost and
outermost fragments still consist exclusively of mantle material. At
Rast = 300 km (right panel), a substantial fraction of the fragments
become unbound from the stellar system and all except the closest
orbits are enhanced in core material.

2.2 Ejection bias of mantle and crustal fragments

The parts of the asteroid that are furthest from the white dwarf dur-
ing the tidal disruption are the easiest to eject. The outer layers of
a differentiated asteroid are part of its mantle, and so the remaining
material that forms the bound tidal disc can become dominated by
the core. The dividing line between bound and unbound fragments
is drawn at a distance Rgject from the asteroid’s centre (Malamud &
Perets 2020a):

2

Rejoct = 5B )
eject — zaast —rp )

with all the material beyond Rejec, lost into space. To compute the

core mass fraction of the bound tidal disc, we compare the total

volume fraction of the ejected material (Xast = Vast,unbound /Vast) to

the ejection fraction of the core (X = V¢ unbound/Ve):

3 "Rast ) b
= — T (R —Xx ) dx 3a
anl 47[R§5[ /Ras(,ejec( at ( )
2
_ (Rasl *Rast,eject) (ZRast +Rast,eject) (3b)
4R} '

ast

A T (Rg —xz) dx (€9)

_ 3 /
XC B 47[Rg * Rc.ejecl
(Rc - Rc,eject)2 (2RC + Rcﬁeject)

= 4R ; (3d)

where Re eject = min(RejectyRc.ast) and Rast eject = min(RejectyRast)~
Combined, these expressions analytically specify the mass fraction
of core material in the bound tidal disc (CM Fyjc):

Pc (VC - Vc,unbound)

CMFyjc =
e (Pec — Pm) (Vc - Vc,unbound) + Pm (Vast - Vast,unbound)
(4a)
1—
- Ao (4b)

(Xast — Xc) (1 = Pm/Pe) + (1 — Xast) /Cquast7

where CMFyg = M ast/Mast is the core mass fraction of the aster-
oid.

We show the core enhancement of the tidal disc in Fig. 3,
which presents three distinct regimes as a function of asteroid size
and semi-major axis. Fragments from sufficiently small or tight as-
teroids (Rast < Reject) remain entirely bound to the star, and the core
mass fraction of their tidal discs is equal to that of their asteroid pro-
genitors. Similarly, very large asteroids (Rast >> Reject) disrupt in a
bimodal manner where nearly half of their material is ejected, again
leaving the bulk core fractions in the tidal disc largely unchanged.
In between, however, intermediate-sized asteroids (Rast ~ Reject)
eject almost exclusively mantle and crustal fragments, increasing
the fraction of core material in their tidal disc by up to 20%. The
size range most affected by this ejection asymmetry lies between
100-1000 km in the inner disc (< 10 AU), which overlaps with
the larger asteroids and dwarf planets in the Solar System’s aster-
oid belt, like Vesta and Ceres. In the outer disc, the affected sizes
shrink substantially to ~ 20 km at 100 AU. At this point, only the

Bound core fraction (6CMFgisc)
+0% +5%

+10% +15% +20%

8ast [AU]

Figure 3. Enhancement in bound core mass fraction (6CMFys =
(CMFgisc — CMPFys) /CMFyg, colours) of tidal discs compared to their as-
teroid progenitors. Three regimes can be identified. Both sufficiently small
asteroids and large planetary bodies disrupt into discs with unaltered core
mass fractions, as either half or none of their mass is ejected. In between,
larger asteroids and dwarf planets eject primarily crustal and mantle mate-
rial when they disrupt, resulting in a more core-rich tidal disc.

asteroids that formed sufficiently early will have differentiated, and
so the importance of the ejection asymmetry gradually diminishes
towards the far outer disc. Finally, we note that the ejection asym-
metry, illustrated with core-mantle differentiated bodies, applies to
any pollutant with a radial variation in composition. This includes
the ejection of an increased portion of crustal material relative to
both the core and mantle, as well as the ejection of additional ice
when a comet contains an icy outer layer (see paper II). There-
fore, when a differentiated object disrupts around a white dwarf,
the material that accretes onto it will often not exactly match its
bulk composition.

3 ASYNCHRONOUS ACCRETION OF CORE AND
MANTLE FRAGMENTS

In this section, we illustrate how the spatial asymmetry between
core and mantle fragments in a tidal disc can cause these com-
ponents to accrete asynchronously onto the white dwarf. We fol-
low the road-map to accretion outlined by Brouwers et al. (2022b),
where accretion either proceeds via differential precession and col-
lisional grind-down, or via the scattering of fragments by a planet
(see also Li et al. 2021). In Section 5.3, we discuss how core-mantle
accretion may play out in different accretion models.

3.1 Scenario I: differential precession and collisional
grind-down

In this first scenario, we consider the three-stage accretion model
suggested by Brouwers et al. (2022b). In the first stage, a tidal dis-
ruption spreads the fragments over a range of highly eccentric or-
bits, as discussed in the previous section. The orbits do not follow
precise Keplerian tracks and their pericentres precess over time due
to GR, at rates that depend on their semi-major axis and eccentric-
ity (Debes et al. 2012; Veras et al. 2014). Inner fragments precess

MNRAS 000, 000-000 (2022)
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Figure 4. The rate at which mass is lost due to collisions from the tidal
disc, a proxy for the accretion rate onto polluted white dwarfs, calculated
according to scenario I. The lines correspond to either a differentiated 50 km
(dotted), 120 km (dashed) or 300 km (solid) asteroid, with semi-major axes
at 10 AU and a 30% core mass fraction (red line). The points indicate when
half of the pollutant’s mass has been accreted. In panel (a), the total collision
rate first increases as fragment orbits begin to cross, and then decreases
when the disc becomes depleted. In panel (b), the core mass fraction of the
colliding material is shown to vary over time, leading to the asynchronous
accretion of core and mantle components.

more quickly than those on wider orbits and unless interactions al-
low the disc to precess coherently, significant apsidal differences
between fragments build up over time, causing orbits to cross. In
the second stage of the model, fragments grind into dust at the
intersection points. Finally, the dust quickly accretes due to drag
forces, preventing a large infrared excess. In our calculation, we di-
vide the fragments into a two-dimensional grid along semi-major
axis and fragment size. The semi-major axis grid points accommo-
date a constant portion of fragment mass when the tidal disc forms.
The fragment orbits are set by Eq. 1, which we evaluate according
to the spatial distribution of core and mantle material in a spherical
asteroid. This is a significant improvement over the equal-energy
fragment distribution assumed by Brouwers et al. 2022b. Orbits
whose fragments originate from the centre of the asteroid contain
more core material, whereas orbits contain additional mantle mate-
rial (See Fig. 2). The rate of catastrophic collisions is modelled with
a particle-in-cell approach (Egs. 22-26 of Brouwers et al. 2022b),
with the crude assumption that a catastrophic collision turns the en-
tire fragment into dust, which then quickly accretes onto the star.

We show the evolution of the total catastrophic collision rate
of core and mantle fragments combined in panel (a) of Fig. 4, plot-
ted for disrupted asteroids of 50, 120 and 300 km in size. These
simulations are ran with 200 semi-major axis bins and 150 size
bins, for a total of resolution of 30,000 fragments. As was shown
in Brouwers et al. (2022b), the collision rate first builds up, due to
an increase in orbit crossings, and then declines when the tidal disc
becomes depleted of fragments. The peak collision rate is much

MNRAS 000, 000-000 (2022)

greater in more massive discs, as larger asteroids break up into more
fragments that each collide more easily. In panel (b), we plot the
core mass fraction of the accreting material as a function of time,
with the equivalent Ca/Fe number ratio that would be observed in
the photosphere if the core and mantle have Earth-like elemental
abundances?. Core fragments in a tidal disc cluster on intermediate
orbits, while those from the mantle mostly occupy the inner and
outer orbits (see Fig. 2). As a result, collisions initially involve an
increased fraction of core fragments. The fragments located on the
outermost orbits can spend many years at their apocentres every or-
bit, and are the last to collide. In the 50 km and 120 km examples,
these outermost orbits only contain mantle fragments, and the core
fraction of their accreting material drops all the way to zero over
time. This is not the case for the grind-down of a larger 300 km
asteroid (see Section 2).

The instantaneous accretion rates in Fig. 4 indicate what
would be observed in white dwarfs with short diffusion timescales,
such as those with hydrogen-dominated atmospheres. The implied
accretion rates and compositions will show reduced variability for
older stars with helium-dominated atmospheres, as material re-
mains in their atmospheres for longer, averaging over a portion of
the accretion curve. When the diffusion timescale exceeds 1 Myr in
this model, as is the case for helium-dominated envelopes cooler
than 20,000 K, the entire accretion is averaged over, to a value
closer to the asteroid’s bulk composition.

3.2 Scenario II: scattering of core fragments by a planet

If a white dwarf is polluted by a planetesimal that was scattered
onto a star-grazing orbit by a planet, it is likely that the planet con-
tinues to scatter the fragments after the main body is disrupted.
This alternative accretion scenario was discussed by Brouwers et al.
(2022b) and studied with more numerical simulations by Li et al.
(2021). When a fragment is scattered by a planet, it can either
collide with the white dwarf, be ejected from the system, or just
continue on a different orbit (Wyatt et al. 2017). In the scattering
simulations by Li et al. (2021) with a Neptune-mass planet, most
scattered fragments quickly hit the white dwarf. We suggest that
core fragments are significantly more likely to be re-scattered by a
planet due to their central positioning in the tidal disc, providing a
second channel for asynchronous core-mantle accretion.

In the example that we study here, a single planet of 10 Mg
is located at the apocentre of the asteroid’s orbit (ap; = 2dast). The
maximum allowed distance where fragments are re-scattered can
be approximated from the width of the chaotic zone (Jdchaos =

2
Cap A%I,):) 7 (Wisdom 1980; Duncan et al. 1989; Quillen & Faber
2006; Chiang et al. 2009)), with constant 1.3 < C < 2. The inner
edge of the chaotic zone provides a minimum semi-major axis for

re-scattering a; > dcross (Brouwers et al. 2022b), with:

2
1—c(ﬂ)7 .
Mwp

The semi-major axis of a fragment is related to its position relative

a,
pl
deross =

25 (52)

2 Assuming steady-state accretion with a typical sinking timescale ratio
between Ca and Fe of 7c,/Tre = 1.4 (Koester et al. 2020). Earth’s core
mean molecular weight is taken as p. = 53.79, with core Ca and Fe mass
fractions of fcac = 0% and fre c = 88.8% (Workman & Hart 2005). Earth’s
mantle equivalents are taken as: ty = 51.7, fcam =2.3%, and frem = 6.4%
(Morgan & Anders 1980).
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to the star at the moment of disruption via Eq. 1. Using that rg <
aast, we can derive an analogous criterion to the ejection distance
(Eq. 2) for the re-scattering of fragments by a planet. If the distance
of a fragment to the white dwarf exceeds rg + Rscar at the moment
of the tidal disruption, the fragment will cross the chaotic zone of
the planet:

2
s Odchaos

—Brrchaes 6a)
apl(apl — Odchaos) (

Rscat = —
These fragments that intersect a planet’s orbit are susceptible to
re-scattering. Similar to the calculation presented in Section 2.2,
we can use this characteristic distance to compute the total volume
fraction of fragments that can be scattered (Yast = Viot,scat/ Vast)s
and compare this to the fraction of core material liable to scattering
(%c = Vc,scal/vc)3

_ 3 'Rasl,cjccl 0 2
AL T (R —x ) dx Ta
Kast 477’.Rgsl /Ras(.scal ol ( )
B 3R25t (Rasl,ejecl - Raspscat) - Rgsmejecl + Rgsl,scal (7b)
4R% 7
_ 3 Rc.cjccl o) 2
- w(R:— ) d 7
e = 4rd /Rl ( A e
3Rz (Rc,eject - Rc,scat) - Rg eject + Rg.scat
_ ) ~Fecjen T Rosent aa
4R

where Rc,scat = maX(Rscah _RC) and Rast scat = maX(Rscah _Rast)-

Together, these expressions specify the mass fraction of core ma-
terial that can be re-scattered (CM Fycy) from the tidal disc by a
planet:

pcvc.scal
CMFyco = : 8a)
seat (pC - pm) Vc,scat + pm Vast,scat (
= Ao (8b)

(Xe — Xast) (1 — Pm/Pc) + Xast/CMF

We present the results of this calculation in Fig. 5. Panels (a) and (b)
show the disruption of a 100 km and 1000 km asteroid, respectively.
In both cases, core fragments are more susceptible to re-scattering
via close encounters with the planet, with an additional scattered
core mass fraction between 8% and 61% present in the relevant or-
bital range. Fragments that are sufficiently tightly bound to the star
are protected from close encounters with the planet, while unbound
fragments eject on hyperbolic orbits. The fragments that remain to
be scattered originate from the core-rich middle of the asteroid.
While the scattering asymmetry in terms of core/mantle ratio is
greatest for the largest bodies, only a small percentage of the bound
fragments are scattered if the body is too large. Therefore, like the
ejection asymmetry discussed in Section 2.2, the scattering asym-
metry is most important for asteroids and dwarf planets in the range
between 100-1000 km in the inner disc, and down to 20 km at 100
AU.

4 OBSERVATIONAL TESTS OF ASYNCHRONOUS
ACCRETION

From the preceding arguments, the asymmetries in the accretion
process of differentiated bodies onto white dwarfs lead to two ob-
servational predictions:

(i) Mantle fragments are preferentially ejected in the tidal dis-
ruption that likely precedes accretion. This implies that the mate-
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Figure 5. Scattering asymmetry of core and mantle fragments by a 10 Mg,
planet. In the top panels (a,b), the orbit of the planet and its chaotic zone
are indicated by the red band. The red particles are susceptible to getting
scattered, while brown (mantle) and black (core) particles are safe. On av-
erage, core fragments are more likely to be scattered by a planet, and the
difference is greatest for larger asteroids and dwarf planets from the outer
disc.

rial that accretes onto white dwarfs from differentiated bodies is
enriched in core material by up to 20%.

(i) Core and mantle fragments spread to distinct orbital ranges
after a tidal disruption, causing them to accrete in a proportion that
varies over time. Core fragments likely accrete faster on average
than mantle fragments, so the core mass fraction of the accreted
material is expected to decline over time during a single accretion
event.

In this section, we analyse with the current white dwarf sample to
compare with these predictions.

4.1 White dwarf sample with Fe/Mg or Fe/Ca abundance
ratios

To observationally study the accretion asymmetries between the
core and mantle, we compile a sample of polluted white dwarfs
with measured photospheric abundances of iron, in addition to Mg,
and/or Ca. The sample is by no means uniformly selected, and con-
tains all white dwarfs with these abundance ratios that we could
find in the literature. Special care was taken to include white dwarfs
with hydrogen-dominated atmospheres, so that the sample includes
stars with a wide range of diffusion timescales, which vary between
a day and several Myr in this sample. The photospheric abundances

MNRAS 000, 000-000 (2022)
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Figure 6. Photospheric abundances of magnesium, calcium, and iron in our
white dwarf sample. The colours indicate the diffusion timescale of iron
in the white dwarf atmospheres, computed with models by Koester et al.
(2020). Lines of constant abundance ratios relative to iron are overplotted.

of the sample are plotted in Fig. 6, and show about two orders of
magnitude variation in the ratios of Fe/Mg and Fe/Ca.

4.2 Evidence for a core bias in the total accreted material

We first study the first prediction, that the preferential ejection of
mantle fragments after a tidal disruption (Section 2.2) skews the
accretion of material onto white dwarfs to core-rich compositions.
As a test, we compare the accretion rate ratios Mp./Mc, in the
sample of polluted white dwarfs to a second sample of 957 nearby
FGK stars (Brewer et al. 2016; Harrison et al. 2018), which repre-
sent a pristine abundance ratio. Because planetary material forms
from the same molecular clouds that form stars, stellar data are
a useful proxy for certain pristine abundance ratios in a proto-
planetary disc that are not altered by nucleosynthesis in the stars
or incomplete condensation in the proto-planetary disc (Lodders
2003; Adibekyan et al. 2021). In our analysis, we limit the sub-
sample studied to older white dwarfs, whose diffusion times are
sufficiently long (>Myr) to average over the accretion process, al-
lowing the bulk composition of the accreted material to be mea-
sured. Furthermore, we use Ca rather than Mg here because of
significant differences in reported Mg diffusion times in the atmo-
spheres of cool, helium-dominated white dwarfs (Hollands et al.
2017; Turner & Wyatt 2020; Blouin 2020).

In an equilibrium between accretion and downward diffusion,
the accretion rate of element El onto a white dwarf is given by:

uElM cvz

Mg = El/H ,
E /B HH, TE1

©))
where El/Hy is the photospheric abundance of El relative to hy-

MNRAS 000, 000-000 (2022)

drogen or helium, M.y is the mass of the star’s convective zone,
Ug), Uy, are atomic weights and 7g; is the diffusion timescale
of EL In our sample, the abundances El/Hy are collated from
the literature (see Table C), and M.y,, Tg are calculated with the
module timescale_interpolator from the open source code
PyllutedWD3 (Harrison et al. 2021a; Buchan et al. 2022), based
on updated white dwarf models from Koester et al. (2020). The
photospheric abundances of Fe and Ca in white dwarfs are subject
to significant errors. Assuming that these abundance errors are in-
dependent, and that the diffusion timescales are exactly known, the
combined error on the accretion ratio is:

o .. . . (10)
log(Mre /Mca)=/ Gl%)g(Fe/Hx)+Gl%>g(Ca/Hx)

We follow a slightly modified Kolmogorov—Smirnov test pro-
cedure to compare the abundance ratios of white dwarfs to pristine
material. Assuming that the reported abundance errors represent
normal distributions, the probability density PDF* of an accretion
rate ratio can be computed for a sample of N white dwarfs as:

N
1 1

Olog(Mr. /Mc,)

. . . . 2
exp 1 <]0g(MFe/MCa) _10g(MFe/MCa)i)

2 Olog (Mg /Mc, );

The error-corrected cumulative probability function (CDF*) simi-
larly follows from its integral as:

N
CDF* — %Z

i=0

|+ erf <1Og(MFe/MCa) —log(Mpe/Mca)i )} ‘
ﬁclog(MFe /Mca)i
(12)

We estimate asymmetric errors on CDF* by repeatedly sampling
N times from Eq. 11. Larger errors on the accretion ratio make a
cumulative distribution of Mg, /Mc, appear more shallow than its
true distribution. Because the reported errors on the photospheric
abundances of white dwarfs far exceed those of FGK stars, we ap-
ply the same white dwarf error to the FGK sample when the two
curves are compared. For this comparison, we calculate the Kol-
mogorov—Smirnov test statistic (D*) of their two error-corrected
CDFs:

D* = max (‘CDFEGK stars CDF{(VD pollulants|> . (13)

Next, the value of D* is compared to the expected distribution of D
in the case that both subsamples (abundance ratios of FGK stars and
white dwarfs) belong to the same population. To derive this distri-
bution, we combine samples 1 and 2, and then resample N and N,
values of Mg./Mc, from this combined distribution, which yields
a new value of D. This process is then repeated many times, and
the probability that the two subsamples belong to the same broader
population is identified as the fraction of samplings where D > D*.

The comparison between white dwarf pollutants and pristine
material is shown in Fig. 7. First, we find that the Fe/Ca ratios
of WD pollutants and FGK stars follow different distributions,
with a significance exceeding 4c. Even corrected for errors, the
white dwarf pollutants follow a significantly broader distribution
of Mge/Mc,, compared to the FGK stars. Because the plotted sam-
ple is limited to older white dwarfs (7. > Myr), that average over

3 https://github.com/andrewmbuchand/PyllutedWD_Public
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Figure 7. Cumulative distribution of steady-state accretion rates (Eq. 9) of
iron relative to calcium, showing that white dwarf polluting material is iron-
rich. The magenta curve corresponds to bulk white dwarf pollutant compo-
sitions (white dwarfs with 7, > Myr), while the black curve corresponds
to abundances of nearby FGK stars (Brewer et al. 2016). The dotted lines
indicate reported values, and the solid lines are built from a sampling with
white dwarf measurement errors (CDF*, see text, grey band indicates 16 of
this distribution).

the accretion process, this indicates that the bulk content of white
dwarf pollutants contains more compositional variation than is seen
in the stellar sample, likely as a result of the collisional evolution
of differentiated bodies prior to the accretion process (Bonsor et al.
2020). Alternatively, this widening could be caused by a spread
in the accretion states of the white dwarfs (i.e. declining, build-
up). Secondly, and more importantly, we find that the distribution
of Mge/Mc, corresponding to white dwarf pollutants is off-set in
the direction of increased core content. This direction cannot be
explained by deviations from steady-state accretion, as a build-up
state is unlikely for cool white dwarfs with helium-dominated at-
mospheres, and Tc, > Tr.. However, the preferential ejection of
mantle fragments can increase the bound core mass fraction by up
to 20% (see Fig. 3), which is enough to explain the off-set.

4.3 Investigating the core-mantle accretion asynchronicity

Next, we investigate the second prediction, that core and mantle
fragments accrete in a proportion that varies over time during a sin-
gle accretion event. For this purpose, we schematically decompose
the accretion rate of an element El at time ¢ into two physically
motivated terms:

M o< S (Rast) X exp[—t/tace E1)- (14)

The first function S(Rug) refers to the influence of a pollutant’s
size on the accretion rate of an element, roughly proportional to
R3,. This term affects all elements evenly, as a bigger asteroid con-
tains more of every element. The second term indicates the time-
dependent factor, where different elements can accrete over differ-
ent timescales T,cc g1 In our analysis, we set out to investigate the
relative importance of these two terms. To do so, we fit the rela-
tionship between Mg, and Mc,, and look for a relation of the form:

10g(MFe) = OFe/Ca log(MCa) +ﬁFe/Ca' 5s)

If the size-dependent factor S dominates the accretion rate in Eq.
14, the scaling factor O, /c, is expected to be close to unity. How-

ever, if all asteroids are the same size, and the fragments from the
core accrete more rapidly than those from the mantle, the value
of o is expected to be significantly greater for stars with diffusion
timescales shorter than the duration of accretion, when compared
to stars with long diffusion timescales, whose abundances average
over the time-dependent factor g in Eq. 14.

We use the module scipy.odr to calculate the best-fit line of
Eq. 15 via orthogonal regression with weighed error bars. The er-
rors on the slope and intercept are calculated via repeated fitting of
white dwarf sets that are randomly sampled with replacement in a
procedure called bootstrapping (e.g., Montgomery et al. 2021). The
best-fit value of « is determined as the median of the bootstrapped
distribution, and its errors are identified from the 15.8" and 84.1%
percentiles. We split the sample of white dwarfs into two bins, de-
pending on the diffusion timescale of iron. White dwarfs with short
diffusion timescales measure ongoing accretion, while long diffu-
sion times average over past accretion.

The results of this analysis are shown in Fig. 8. In the sample
of white dwarfs with long diffusion timescales, the fits are well-
constrained due to the large sample size, and are around o ~ 1,
which is expected when the averaged rate of accretion during an
event is determined by the size of pollutants. Interestingly, the best-
fit values of Otk /mg and O /c, are higher in the sample with short
diffusion timescales, while the best-fit value of g c, does not
show a similar difference. This observation is consistent with a
scenario of asynchronous accretion, where core fragments accrete
more rapidly onto the star than mantle fragments. However, the fits
are more poorly constrained in the sample of white dwarfs with
short diffusion timescales. With an extended sample of young white
dwarfs with hydrogen-dominated atmospheres, a similar procedure
could be used in the future to corroborate these findings.

5 DISCUSSION
5.1 Interpretation of photospheric abundances

The suggested asynchronous accretion of core and mantle material
means that the age and type of white dwarfs should be accounted
for when interpreting their photospheric abundances. For young
white dwarfs with hydrogen-dominated atmospheres and short dif-
fusion timescales, their photospheric composition may vary dur-
ing the accretion of a single body. The positive implication of this
hypothesis is that observers and geologists can more easily study
the exoplanetary geology of their pollutants, as every differenti-
ated body goes through a core and mantle-rich accretion phase,
and catastrophic collisions between asteroids are not required in
order to observationally sample these layers. The flip side of asyn-
chronous accretion is that a pollutant’s bulk composition cannot be
confidently inferred when the atmospheric diffusion timescale of
a white dwarf is shorter than the timescale on which the accreted
composition changes. In short, a young white dwarf with hydrogen-
dominated envelope might sample the composition of a given layer
of the pollutant, while older, helium-dominated white dwarfs with
long diffusion timescales are more suited to infer the bulk compo-
sition of their pollutants. However, even old white dwarfs are not
perfect spectrometers of white dwarf pollutants, as the preferen-
tial ejection of mantle fragments in a tidal disruption (Section 2.2)
implies that the total material accreted by a white dwarf will be
enriched in core material by up to 20% when it accretes a differ-
entiated body. In addition, older white dwarfs come with their own
inherent difficulties of a more poorly constrained accretion state

MNRAS 000, 000-000 (2022)
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Figure 8. Accretion rates of iron relative to lithophile elements (Mg, Ca) in our white dwarf sample. The rows separate stars with short (left, < 10* yr) and
long (right, >Myr) diffusion timescales. The red line indicates the best-fit log-log trend with slope & (Eq. 15), and the transparent lines show the bootstrapped
distribution. White dwarfs with short diffusion timescales have best-fit values between Fe and Mg or Ca of o 2 1, while stars with long diffusion timescales
have o ~ 1. The fits are best constrained for older stars with long diffusion timescales due to the larger available sample.

and history, as they could potentially have swallowed multiple ob-
jects in a single diffusion time (Wyatt et al. 2014; Turner & Wyatt
2020; Trierweiler et al. 2022).

5.2 Observational tests for asynchronous core-mantle
accretion

Accretion asynchronicities can be directly studied observationally
with a sufficiently varied white dwarf sample with well-constrained
and diverse abundances. While a sufficiently good sample does
not yet exist, we suggest a procedure in Section 4.3 that can be
used to study this process in the future. If the abundance ratios of
core and mantle material vary over a characteristic time period dur-
ing accretion, regression between the accretion rates of siderophile
and lithophile elements will show a steep trend, but only for stars
with diffusion times shorter than the typical accretion event. Us-
ing the current white dwarf sample, we find tentative evidence
that the size range of pollutants is broad, and core material ac-
cretes more rapidly than mantle material. We note, however, that
a larger sample of young white dwarfs with hydrogen-dominated
atmospheres (~ 100 stars) is required to corroborate these find-
ings. In addition, the identification of other siderophile elements
like chromium in more white dwarfs would aid the comparison,
as it will allow for an independent analysis of the same physical
trend. In the future, upcoming large-scale spectroscopic surveys
(AMOST/WEAVE/DESI/SDSS-V) will greatly increase the num-
ber of known, young white dwarfs with photospheric pollution.
Studying the asynchronicity of the accretion process will put much-

MNRAS 000, 000-000 (2022)

needed observational constraints on the white dwarf accretion pro-
cess.

5.3 Asynchronous accretion in alternative models

In this work, we argue that core and mantle fragments of differen-
tiated asteroids are expected to accrete onto white dwarfs in pro-
portions that vary over time. We note, however, that the details
and magnitude of this asynchronicity are intimately linked with
the accretion process itself, which is still imperfectly understood.
Most current theoretical studies share the idea that accretion be-
gins with the tidal disruption of a pollutant (Malamud & Perets
2020a,b; Malamud et al. 2021; Li et al. 2021; Trevascus et al. 2021;
Hogg et al. 2021; Zhang et al. 2021; Veras et al. 2021; Brouwers
et al. 2022b). We use energy arguments to show that such a dis-
ruption spreads core and mantle fragments to different orbits (see
Fig. 2), leading to the preferential ejection of mantle material. This
asymmetric distribution forms the starting point of asynchronous
accretion in our models. For the subsequent accretion process, we
considered two simple scenarios, each of which has its limitations.

In our first model of collisional grind-down, the main simpli-
fication is that it only tracks catastrophic collisions, rather than fol-
lowing the full collisional evolution of child orbits. As discussed by
Brouwers et al. (2022b), it is possible that a more detailed tracking
of the collision tree would yield either a reduced or increased asyn-
chronicity between core and mantle fragments, or that this trend
is altered when other sources of collisions are accounted for (e.g.,
gravitational stirring (Li et al. 2021), the Yarkovski effect (Veras
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et al. 2015a,b; Veras & Scheeres 2020), Poynting-Robertson drag
(Rafikov 2011)). Finally, the fragment size distribution could differ
between core and mantle fragments, as iron is denser, stronger and
more ductile than typical mantle minerals. Our analysis of fragment
scattering by a planet is yet more simple and just serves to illustrate
the idea that core fragments are more susceptible to close encoun-
ters with the planet, rather than produce an exact time evolution.

It is also conceivable that accretion begins with a tidal disrup-
tion, but then proceeds via different channels than the ones studied
in this work. For instance, in paper II, we describe how the rapid
sublimation of ices can cause a distinct accretion asynchronicity
where volatiles reach the star faster than refractory components.
Within the context of core-mantle accretion, Hogg et al. (2021);
Zhang et al. (2021) suggest diamagnetic and Alfvén-wave drag as
mechanisms to circularize and accrete magnetized fragments onto
the star. In these cases too, however, there are asymmetries between
more and less strongly magnetized fragments, which would trans-
late to a conceptually similar, though quantitatively different core-
mantle asynchronicity. A third possibility is that fragments circular-
ize by interactions with a pre-existing disc, as suggested by Mala-
mud et al. (2021). In this case, the accretion times of fragments
are largely determined by their semi-major axes, which also vary
between core and mantle fragments (see Fig. 2). As such, we ar-
gue that while the asynchronicity of core-mantle accretion is for
now difficult to constrain theoretically, it is likely to affect relative
white dwarf abundances in a wide range of accretion scenarios that
involve a tidal disruption on a highly-eccentric orbit.

Asynchronous core-mantle accretion may also occur in the
very different scenario where large objects circularize before they
disrupt. Such a scenario might play out around some white dwarfs,
considering the transits of disintegrating planetesimals seen in
some systems (Vanderburg et al. 2015; Manser et al. 2019; Farihi
et al. 2022; Budaj et al. 2022). In the example of WD 1145+017,
these transits are best modelled by differentiated planetesimals,
whose mantles are shedding material, while their denser cores re-
main intact initially (Veras et al. 2017; Duvvuri et al. 2020).

6 SUMMARY AND CONCLUSIONS

Polluted white dwarfs with multiple identified photospheric ele-
ments are often used to infer the composition of the planetary bod-
ies that accrete onto them (e.g., Zuckerman et al. 2007; Klein et al.
2010; Farihi et al. 2011; Xu et al. 2014, 2017, 2019; Hollands et al.
2018; Harrison et al. 2018, 2021a; Swan et al. 2019; Putirka & Xu
2021; Buchan et al. 2022). In this work and in an accompanying
paper, we argue based on theory and observations that the compo-
sition of the material accreting onto a white dwarf may vary with
time during the accretion of a single planetary body. Consequently,
photospheric abundance ratios of white dwarfs can fluctuate dur-
ing a single accretion event, and the abundances of white dwarfs
do not necessarily reflect the bulk composition of their pollutants,
especially for young stars with hydrogen-dominated atmospheres.
The potential consequences are particularly important for differen-
tiated bodies, whose cores and mantles disrupt into distinct groups
of fragments that follow different orbits, and could accrete over
varying periods of time. The models presented here make the fol-
lowing theoretical predictions:

(i) If a white dwarf accretes a core-mantle differentiated pollu-
tant, the material accreted by white dwarfs will be enriched in core
material by up to 20% due to the ejection of a larger portion of the
mantle during the tidal disruption.

(i) Both a collisional model and fragment scattering by a planet
predict that accretion begins with an iron-rich phase, followed by a
more Ca and Mg-rich second phase. This variation is caused by the
geometry of a differentiated body during a tidal disruption, which
implies that core fragments cluster around the centre of the disc that
forms, while mantle fragments occupy both inner and outer orbits,
and take longer to accrete on average.

Analysis of the known polluted white dwarfs provides tentative ob-
servational support in favour of both of these predictions:

(1) There are more white dwarfs accreting material with high
Fe/Ca ratios than low Fe/Ca, assuming that relative sinking
timescales for Ca and Fe are accurate. This can be interpreted as
evidence for the ejection of mantle material when a differentiated
pollutant tidally disrupts.

(ii) We find tentative evidence that the accretion rate of iron de-
clines more quickly than that of magnesium and calcium, as shown
by the steep trend between Mpe,MMg and Mre,Mc, in the sub-
sample of white dwarfs with short (< 10* yr) diffusion timescales.
This observation is consistent with the scenario that white dwarf
accretion begins with a rapid, iron-rich accretion phase, followed
by slower, more Ca and Mg-rich accretion.
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ers.

ACKNOWLEDGEMENTS

We would like to thank Andrew Buchan, Laura Rogers, Elliot
Lynch and Simon Blouin for useful discussions that helped shape
this paper. Marc G. Brouwers acknowledges the support of a Royal
Society Studentship, RG 16050. Amy Bonsor acknowledges sup-
port from a Royal Society Dorothy Hodgkin Research Fellowship
(grant number DH150130) and a Royal Society University Re-
search Fellowship (grant number URFR1211421).

REFERENCES

Adibekyan V., et al., 2021, Science, 374, 330

Antoniadou K. I., Veras D., 2016, MNRAS, 463, 4108

Bear E., Soker N., 2013, New Astronomy, 19, 56

Becklin E. E., Farihi J., Jura M., Song I., Weinberger A. J., Zuckerman B.,
2005, ApJ, 632, L119

Bergeron P, et al., 2011, ApJ, 737, 28

Blouin S., 2020, MNRAS, 496, 1881

Blouin S., Dufour P., Thibeault C., Allard N. F., 2019, ApJ, 878, 63

Bonsor A., Mustill A. J., Wyatt M. C., 2011, MNRAS, 414, 930

Bonsor A., Carter P. J., Hollands M., Ginsicke B. T., Leinhardt Z., Harrison
J. H. D., 2020, MNRAS, 492, 2683

Brewer J. M., Fischer D. A., Valenti J. A., Piskunov N., 2016, ApJS, 225,
32

Brouwers M. G., Buchan A. M., Bonsor A., Malamud U., Rogers L.,
Koester D., 2022a, MNRAS

Brouwers M. G., Bonsor A., Malamud U., 2022b, MNRAS, 509, 2404

Brown J. C., Veras D., Ginsicke B. T., 2017, MNRAS, 468, 1575

Buchan A. M., Bonsor A., Shorttle O., Wade J., Harrison J., Noack L.,
Koester D., 2022, MNRAS, 510, 3512

Budaj J., Maliuk A., Hubeny I., 2022, A&A, 660, A72

MNRAS 000, 000-000 (2022)


http://dx.doi.org/10.1126/science.abg8794
https://ui.adsabs.harvard.edu/abs/2021Sci...374..330A
http://dx.doi.org/10.1093/mnras/stw2264
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.4108A
http://dx.doi.org/https://doi.org/10.1016/j.newast.2012.08.004
http://dx.doi.org/10.1086/497826
https://ui.adsabs.harvard.edu/abs/2005ApJ...632L.119B
http://dx.doi.org/10.1088/0004-637X/737/1/28
https://ui.adsabs.harvard.edu/abs/2011ApJ...737...28B
http://dx.doi.org/10.1093/mnras/staa1689
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1881B
http://dx.doi.org/10.3847/1538-4357/ab1f82
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...63B
http://dx.doi.org/10.1111/j.1365-2966.2011.18524.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414..930B
http://dx.doi.org/10.1093/mnras/stz3603
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.2683B
http://dx.doi.org/10.3847/0067-0049/225/2/32
https://ui.adsabs.harvard.edu/abs/2016ApJS..225...32B
https://ui.adsabs.harvard.edu/abs/2016ApJS..225...32B
http://dx.doi.org/10.1093/mnras/stab3009
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.2404B
http://dx.doi.org/10.1093/mnras/stx428
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.1575B
http://dx.doi.org/10.1093/mnras/stab3624
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.3512B
http://dx.doi.org/10.1051/0004-6361/202141924
https://ui.adsabs.harvard.edu/abs/2022A&A...660A..72B

Asynchronous accretion can mimic diverse white dwarf pollutants 11

Chiang E., Kite E., Kalas P., Graham J. R., Clampin M., 2009, ApJ, 693,
734

Coutu S., Dufour P., Bergeron P., Blouin S., Loranger E., Allard N. F., Dun-
lap B. H., 2019, ApJ, 885, 74

Cunningham T., et al., 2021, MNRAS, 503, 1646

Cunningham T., Wheatley P. J., Tremblay P.-E., Ginsicke B. T., King G. W.,
Toloza O., Veras D., 2022, Nature, 602, 219

Davidsson B. J. R., 1999, Icarus, 142, 525

Debes J. H., Walsh K. J., Stark C., 2012, ApJ, 747, 148

Doyle A. E., Young E. D., Klein B., Zuckerman B., Schlichting H. E., 2019,
Science, 366, 356

Dufour P, Kilic M., Fontaine G., Bergeron P., Melis C., Bochanski J., 2012,
ApJ, 749, 6

Duncan M. J., Lissauer J. J., 1998, Icarus, 134, 303

Duncan M., Quinn T., Tremaine S., 1989, Icarus, 82, 402

Duvvuri G. M., Redfield S., Veras D., 2020, ApJ, 893, 166

Farihi J., 2016, New Astron. Rev., 71, 9

Farihi J., Barstow M. A., Redfield S., Dufour P., Hambly N. C., 2010, MN-
RAS, 404, 2123

Farihi J., Brinkworth C. S., Ginsicke B. T., Marsh T. R., Girven J., Hoard
D. W, Klein B., Koester D., 2011, ApJ, 728, L8

Farihi J., Giinsicke B. T., Koester D., 2013, Science, 342, 218

Farihi J., Koester D., Zuckerman B., Vican L., Ginsicke B. T., Smith N.,
Walth G., Breedt E., 2016, MNRAS, 463, 3186

Farihi J., et al., 2022, MNRAS, 511, 1647

Fortin-Archambault M., Dufour P., Xu S., 2020, ApJ, 888, 47

Ginsicke B. T., Koester D., Farihi J., Girven J., Parsons S. G., Breedt E.,
2012, MNRAS, 424, 333

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

Gonzdlez Egea E., et al., 2021, MNRAS, 501, 3916

Guidry J. A, etal., 2021, ApJ, 912, 125

Harrison J. H. D., Bonsor A., Madhusudhan N., 2018, MNRAS, 479, 3814

Harrison J. H. D., Bonsor A., Kama M., Buchan A. M., Blouin S., Koester
D., 2021a, MNRAS, 504, 2853

Harrison J. H. D., Shorttle O., Bonsor A., 2021b, Earth and Planetary Sci-
ence Letters, 554, 116694

Hevey P. J., Sanders 1. S., 2006, Meteoritics & Planetary Science, 41, 95

Hogg M. A., Cutter R., Wynn G. A., 2021, MNRAS, 500, 2986

Hollands M. A., Koester D., Alekseev V., Herbert E. L., Ginsicke B. T.,
2017, MNRAS, 467, 4970

Hollands M. A., Ginsicke B. T., Koester D., 2018, MNRAS, 477, 93

Hollands M. A., Tremblay P.-E., Ginsicke B. T., Koester D., Gentile-Fusillo
N. P, 2021, Nature Astronomy, 5, 451

Hoskin M. J., et al., 2020, MNRAS, 499, 171

Izquierdo P., Toloza O., Ginsicke B. T., Rodriguez-Gil P., Farihi J., Koester
D., Guo J., Redfield S., 2021, MNRAS, 501, 4276

Jura M., 2003, ApJ, 584, L91

Jura M., Xu S., 2012, AJ, 143, 6

Jura M., Young E. D., 2014, Annual Review of Earth and Planetary Sci-
ences, 42, 45

Jura M., Xu S., Young E. D., 2013, ApJ, 775, L41

Kawka A., Vennes S., 2012, A&A, 538, A13

Kawka A., Vennes S., 2016, MNRAS, 458, 325

Kilic M., Bergeron P., Kosakowski A., Brown W. R., Agiieros M. A., Blouin
S., 2020, ApJ, 898, 84

Klein B., Jura M., Koester D., Zuckerman B., Melis C., 2010, ApJ, 709, 950

Klein B., Jura M., Koester D., Zuckerman B., 2011, ApJ, 741, 64

Klein B. L., Doyle A. E., Zuckerman B., Dufour P., Blouin S., Melis C.,
Weinberger A. J., Young E. D., 2021, ApJ, 914, 61

Kleinman S. J., et al., 2013, ApJS, 204, 5

Koester D., Génsicke B. T., Farihi J., 2014, A&A, 566, A34

Koester D., Kepler S. O., Irwin A. W., 2020, A&A, 635, A103

Leggett S. K., et al., 2018, ApJS, 239, 26

Li D., Mustill A. J., Davies M. B., 2021, MNRAS, 508, 5671

Lichtenberg T., Golabek G. J., Gerya T. V., Meyer M. R., 2016, Icarus, 274,
350

Lodders K., 2003, ApJ, 591, 1220

Malamud U., Perets H. B., 2020a, MNRAS, p. 128

MNRAS 000, 000-000 (2022)

Malamud U., Perets H. B., 2020b, MNRAS, p. 129

Malamud U., Grishin E., Brouwers M., 2021, MNRAS, 501, 3806

Maldonado R. F., Villaver E., Mustill A. J., Chavez M., Bertone E., 2020,
MNRAS, 499, 1854

Manser C. J., et al., 2019, Science, 364, 66

McDonald C. H., Veras D., 2021, MNRAS, 506, 4031

Melis C., Dufour P, 2017, ApJ, 834, 1

Melis C., Farihi J., Dufour P., Zuckerman B., Burgasser A. J., Bergeron P.,
Bochanski J., Simcoe R., 2011, ApJ, 732, 90

Montgomery D. C., Peck E. A., Vining G. G., 2021, Introduction to linear
regression analysis. John Wiley & Sons

Morgan J. W., Anders E., 1980, Proceedings of the National Academy of
Science, 77, 6973

Mustill A. J., Villaver E., Veras D., Ginsicke B. T., Bonsor A., 2018, MN-
RAS, 476, 3939

Nixon C. J., Pringle J. E., Coughlin E. R., Swan A., Farihi J., 2020, arXiv
e-prints, p. arXiv:2006.07639

Palme H., O’Neill H. S. C., 2003, Treatise on Geochemistry, 2, 568

Pravec P., Harris A. W., 2000, Icarus, 148, 12

Putirka K. D., Xu S., 2021, Nature Communications, 12, 6168

Quillen A. C., Faber P., 2006, MNRAS, 373, 1245

Raddi R., Ginsicke B. T., Koester D., Farihi J., Hermes J. J., Scaringi S.,
Breedt E., Girven J., 2015, MNRAS, 450, 2083

Rafikov R. R., 2011, ApJ, 732, L3

Rafikov R. R., 2018, The Astrophysical Journal, 861, 35

Rocchetto M., Farihi J., Génsicke B. T., Bergfors C., 2015, MNRAS, 449,
574

Rogers L. K., Xu S., Bonsor A., Hodgkin S., Su K. Y. L., von Hippel T.,
Jura M., 2020, MNRAS, 494, 2861

Rogers L. K., Xu S., Bonsor A., Hodgkin S., Su K. Y. L., von Hippel T.,
Jura M., 2022, MNRAS

Siebert J., Sossi P. A., Blanchard I., Mahan B., Badro J., Moynier F., 2018,
Earth and Planetary Science Letters, 485, 130

Smallwood J. L., Martin R. G., Livio M., Lubow S. H., 2018, MNRAS, 480,
57

Swan A., Farihi J., Koester D., Holland s M., Parsons S., Cauley P. W.,
Redfield S., Ginsicke B. T., 2019, MNRAS, 490, 202

Tremblay P. E., Bergeron P., Gianninas A., 2011, ApJ, 730, 128

Trevascus D., Price D. J., Nealon R., Liptai D., Manser C. J., Veras D.,
2021, MNRAS, 505, L21

Trierweiler 1. L., Doyle A. E., Melis C., Walsh K. J., Young E. D., 2022,
AplJ, 936, 30

Turner S. G. D., Wyatt M. C., 2020, MNRAS, 491, 4672

Vanderbosch Z., et al., 2020, ApJ, 897, 171

Vanderbosch Z. P., et al., 2021, ApJ, 917, 41

Vanderburg A., et al., 2015, Nature, 526, 546

Vennes S., Kawka A., 2013, ApJ, 779, 70

Vennes S., Kawka A., Németh P, 2011, MNRAS, 413, 2545

Veras D., 2016, Royal Society Open Science, 3, 150571

Veras D., 2021, Planetary Systems Around White Dwarfs. Oxford Univer-
sity Press, p. 1, doi:10.1093/acrefore/9780190647926.013.238

Veras D., Scheeres D. J., 2020, MNRAS, 492, 2437

Veras D., Tout C. A., 2012, MNRAS, 422, 1648

Veras D., Wyatt M. C., Mustill A. J., Bonsor A., Eldridge J. J., 2011, MN-
RAS, 417, 2104

Veras D., Leinhardt Z. M., Bonsor A., Ginsicke B. T., 2014, MNRAS, 445,
2244

Veras D., Eggl S., Ginsicke B. T., 2015a, MNRAS, 451, 2814

Veras D., Leinhardt Z. M., Eggl S., Ginsicke B. T., 2015b, MNRAS, 451,
3453

Veras D., Carter P. J., Leinhardt Z. M., Ginsicke B. T., 2017, MNRAS, 465,
1008

Veras D., Georgakarakos N., Mustill A. J., Malamud U., Cunningham T.,
Dobbs-Dixon I., 2021, MNRAS, 506, 1148

Villaver E., Livio M., 2009, ApJ, 705, L81

Wilson D. J., Ginsicke B. T., Koester D., Toloza O., Pala A. F,, Breedt E.,
Parsons S. G., 2015, MNRAS, 451, 3237

Wilson T. G., Farihi J., Génsicke B. T., Swan A., 2019, MNRAS, 487, 133


http://dx.doi.org/10.1088/0004-637X/693/1/734
https://ui.adsabs.harvard.edu/abs/2009ApJ...693..734C
https://ui.adsabs.harvard.edu/abs/2009ApJ...693..734C
http://dx.doi.org/10.3847/1538-4357/ab46b9
https://ui.adsabs.harvard.edu/abs/2019ApJ...885...74C
http://dx.doi.org/10.1093/mnras/stab553
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1646C
http://dx.doi.org/10.1038/s41586-021-04300-w
https://ui.adsabs.harvard.edu/abs/2022Natur.602..219C
http://dx.doi.org/10.1006/icar.1999.6214
https://ui.adsabs.harvard.edu/abs/1999Icar..142..525D
http://dx.doi.org/10.1088/0004-637X/747/2/148
https://ui.adsabs.harvard.edu/abs/2012ApJ...747..148D
http://dx.doi.org/10.1126/science.aax3901
https://ui.adsabs.harvard.edu/abs/2019Sci...366..356D
http://dx.doi.org/10.1088/0004-637X/749/1/6
https://ui.adsabs.harvard.edu/abs/2012ApJ...749....6D
http://dx.doi.org/10.1006/icar.1998.5962
https://ui.adsabs.harvard.edu/abs/1998Icar..134..303D
http://dx.doi.org/10.1016/0019-1035(89)90047-X
https://ui.adsabs.harvard.edu/abs/1989Icar...82..402D
http://dx.doi.org/10.3847/1538-4357/ab7fa0
https://ui.adsabs.harvard.edu/abs/2020ApJ...893..166D
http://dx.doi.org/10.1016/j.newar.2016.03.001
https://ui.adsabs.harvard.edu/abs/2016NewAR..71....9F
http://dx.doi.org/10.1111/j.1365-2966.2010.16426.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16426.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404.2123F
http://dx.doi.org/10.1088/2041-8205/728/1/L8
https://ui.adsabs.harvard.edu/abs/2011ApJ...728L...8F
http://dx.doi.org/10.1126/science.1239447
https://ui.adsabs.harvard.edu/abs/2013Sci...342..218F
http://dx.doi.org/10.1093/mnras/stw2182
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3186F
http://dx.doi.org/10.1093/mnras/stab3475
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511.1647F
http://dx.doi.org/10.3847/1538-4357/ab585a
https://ui.adsabs.harvard.edu/abs/2020ApJ...888...47F
http://dx.doi.org/10.1111/j.1365-2966.2012.21201.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424..333G
http://dx.doi.org/10.1088/0004-637X/743/2/138
https://ui.adsabs.harvard.edu/abs/2011ApJ...743..138G
http://dx.doi.org/10.1093/mnras/staa3836
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3916G
http://dx.doi.org/10.3847/1538-4357/abee68
https://ui.adsabs.harvard.edu/abs/2021ApJ...912..125G
http://dx.doi.org/10.1093/mnras/sty1700
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.3814H
http://dx.doi.org/10.1093/mnras/stab736
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2853H
http://dx.doi.org/10.1016/j.epsl.2020.116694
http://dx.doi.org/10.1016/j.epsl.2020.116694
https://ui.adsabs.harvard.edu/abs/2021E&PSL.55416694H
http://dx.doi.org/10.1111/j.1945-5100.2006.tb00195.x
https://ui.adsabs.harvard.edu/abs/2006M&PS...41...95H
http://dx.doi.org/10.1093/mnras/staa3316
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.2986H
http://dx.doi.org/10.1093/mnras/stx250
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.4970H
http://dx.doi.org/10.1093/mnras/sty592
https://ui.adsabs.harvard.edu/abs/2018MNRAS.477...93H
http://dx.doi.org/10.1038/s41550-020-01296-7
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..451H
http://dx.doi.org/10.1093/mnras/staa2717
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499..171H
http://dx.doi.org/10.1093/mnras/staa3987
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.4276I
http://dx.doi.org/10.1086/374036
https://ui.adsabs.harvard.edu/abs/2003ApJ...584L..91J
http://dx.doi.org/10.1088/0004-6256/143/1/6
https://ui.adsabs.harvard.edu/abs/2012AJ....143....6J
http://dx.doi.org/10.1146/annurev-earth-060313-054740
http://dx.doi.org/10.1146/annurev-earth-060313-054740
https://ui.adsabs.harvard.edu/abs/2014AREPS..42...45J
http://dx.doi.org/10.1088/2041-8205/775/2/L41
https://ui.adsabs.harvard.edu/abs/2013ApJ...775L..41J
http://dx.doi.org/10.1051/0004-6361/201118210
https://ui.adsabs.harvard.edu/abs/2012A&A...538A..13K
http://dx.doi.org/10.1093/mnras/stw383
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458..325K
http://dx.doi.org/10.3847/1538-4357/ab9b8d
https://ui.adsabs.harvard.edu/abs/2020ApJ...898...84K
http://dx.doi.org/10.1088/0004-637X/709/2/950
https://ui.adsabs.harvard.edu/abs/2010ApJ...709..950K
http://dx.doi.org/10.1088/0004-637X/741/1/64
https://ui.adsabs.harvard.edu/abs/2011ApJ...741...64K
http://dx.doi.org/10.3847/1538-4357/abe40b
https://ui.adsabs.harvard.edu/abs/2021ApJ...914...61K
http://dx.doi.org/10.1088/0067-0049/204/1/5
https://ui.adsabs.harvard.edu/abs/2013ApJS..204....5K
http://dx.doi.org/10.1051/0004-6361/201423691
https://ui.adsabs.harvard.edu/abs/2014A&A...566A..34K
http://dx.doi.org/10.1051/0004-6361/202037530
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.103K
http://dx.doi.org/10.3847/1538-4365/aae7ca
https://ui.adsabs.harvard.edu/abs/2018ApJS..239...26L
http://dx.doi.org/10.1093/mnras/stab2949
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.5671L
http://dx.doi.org/10.1016/j.icarus.2016.03.004
https://ui.adsabs.harvard.edu/abs/2016Icar..274..350L
https://ui.adsabs.harvard.edu/abs/2016Icar..274..350L
http://dx.doi.org/10.1086/375492
https://ui.adsabs.harvard.edu/abs/2003ApJ...591.1220L
http://dx.doi.org/10.1093/mnras/staa142
https://ui.adsabs.harvard.edu/abs/2020MNRAS.tmp..128M
http://dx.doi.org/10.1093/mnras/staa143
https://ui.adsabs.harvard.edu/abs/2020MNRAS.tmp..129M
http://dx.doi.org/10.1093/mnras/staa3940
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.3806M
http://dx.doi.org/10.1093/mnras/staa2946
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.1854M
http://dx.doi.org/10.1126/science.aat5330
https://ui.adsabs.harvard.edu/abs/2019Sci...364...66M
http://dx.doi.org/10.1093/mnras/stab1906
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506.4031M
http://dx.doi.org/10.3847/1538-4357/834/1/1
https://ui.adsabs.harvard.edu/abs/2017ApJ...834....1M
http://dx.doi.org/10.1088/0004-637X/732/2/90
https://ui.adsabs.harvard.edu/abs/2011ApJ...732...90M
http://dx.doi.org/10.1073/pnas.77.12.6973
http://dx.doi.org/10.1073/pnas.77.12.6973
https://ui.adsabs.harvard.edu/abs/1980PNAS...77.6973M
http://dx.doi.org/10.1093/mnras/sty446
http://dx.doi.org/10.1093/mnras/sty446
https://ui.adsabs.harvard.edu/abs/2018MNRAS.476.3939M
https://ui.adsabs.harvard.edu/abs/2020arXiv200607639N
http://dx.doi.org/10.1016/B0-08-043751-6/02177-0
https://ui.adsabs.harvard.edu/abs/2003TrGeo...2....1P
http://dx.doi.org/10.1006/icar.2000.6482
https://ui.adsabs.harvard.edu/abs/2000Icar..148...12P
http://dx.doi.org/10.1038/s41467-021-26403-8
https://ui.adsabs.harvard.edu/abs/2021NatCo..12.6168P
http://dx.doi.org/10.1111/j.1365-2966.2006.11122.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.373.1245Q
http://dx.doi.org/10.1093/mnras/stv701
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.2083R
http://dx.doi.org/10.1088/2041-8205/732/1/L3
https://ui.adsabs.harvard.edu/abs/2011ApJ...732L...3R
http://dx.doi.org/10.1093/mnras/stv282
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449..574R
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449..574R
http://dx.doi.org/10.1093/mnras/staa873
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2861R
http://dx.doi.org/10.1016/j.epsl.2017.12.042
https://ui.adsabs.harvard.edu/abs/2018E&PSL.485..130S
http://dx.doi.org/10.1093/mnras/sty1819
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480...57S
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480...57S
http://dx.doi.org/10.1093/mnras/stz2337
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490..202S
http://dx.doi.org/10.1088/0004-637X/730/2/128
https://ui.adsabs.harvard.edu/abs/2011ApJ...730..128T
http://dx.doi.org/10.1093/mnrasl/slab043
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505L..21T
http://dx.doi.org/10.3847/1538-4357/ac86d5
https://ui.adsabs.harvard.edu/abs/2022ApJ...936...30T
http://dx.doi.org/10.1093/mnras/stz3191
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.4672T
http://dx.doi.org/10.3847/1538-4357/ab9649
https://ui.adsabs.harvard.edu/abs/2020ApJ...897..171V
http://dx.doi.org/10.3847/1538-4357/ac0822
https://ui.adsabs.harvard.edu/abs/2021ApJ...917...41V
http://dx.doi.org/10.1038/nature15527
https://ui.adsabs.harvard.edu/abs/2015Natur.526..546V
http://dx.doi.org/10.1088/0004-637X/779/1/70
https://ui.adsabs.harvard.edu/abs/2013ApJ...779...70V
http://dx.doi.org/10.1111/j.1365-2966.2011.18323.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.413.2545V
http://dx.doi.org/10.1098/rsos.150571
https://ui.adsabs.harvard.edu/abs/2016RSOS....350571V
http://dx.doi.org/10.1093/acrefore/9780190647926.013.238
http://dx.doi.org/10.1093/mnras/stz3565
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.2437V
http://dx.doi.org/10.1111/j.1365-2966.2012.20741.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.422.1648V
http://dx.doi.org/10.1111/j.1365-2966.2011.19393.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19393.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.2104V
http://dx.doi.org/10.1093/mnras/stu1871
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.2244V
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.2244V
http://dx.doi.org/10.1093/mnras/stv1047
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.2814V
http://dx.doi.org/10.1093/mnras/stv1195
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3453V
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3453V
http://dx.doi.org/10.1093/mnras/stw2748
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.1008V
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.1008V
http://dx.doi.org/10.1093/mnras/stab1667
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506.1148V
http://dx.doi.org/10.1088/0004-637X/705/1/L81
https://ui.adsabs.harvard.edu/abs/2009ApJ...705L..81V
http://dx.doi.org/10.1093/mnras/stv1201
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3237W
http://dx.doi.org/10.1093/mnras/stz1050
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487..133W

12 Brouwers Et Al

Wisdom J., 1980, AJ, 85, 1122

Workman R. K., Hart S. R., 2005, Earth and Planetary Science Letters, 231,
53

Wyatt M. C., Farihi J., Pringle J. E., Bonsor A., 2014, MNRAS, 439, 3371

Wyatt M. C., Bonsor A., Jackson A. P., Marino S., Shannon A., 2017, MN-
RAS, 464, 3385

Xu S., Jura M., Klein B., Koester D., Zuckerman B., 2013, ApJ, 766, 132

Xu S., Jura M., Koester D., Klein B., Zuckerman B., 2014, ApJ, 783, 79

Xu S., Zuckerman B., Dufour P., Young E. D., Klein B., Jura M., 2017, ApJ,
836, L7

Xu S., Dufour P, Klein B., Melis C., Monson N. N., Zuckerman B., Young
E.D., JuraM. A., 2019, AJ, 158, 242

Zhang Y., Liu S.-F,, Lin D. N. C., 2021, ApJ, 915, 91

Zuckerman B., Koester D., Reid I. N., Hiinsch M., 2003, ApJ, 596, 477

Zuckerman B., Koester D., Melis C., Hansen B. M., Jura M., 2007, ApJ,
671, 872

Zuckerman B., Melis C., Klein B., Koester D., Jura M., 2010, ApJ, 722, 725

Zuckerman B., Koester D., Dufour P., Melis C., Klein B., Jura M., 2011,
ApJ, 739, 101

MNRAS 000, 000-000 (2022)


http://dx.doi.org/10.1086/112778
https://ui.adsabs.harvard.edu/abs/1980AJ.....85.1122W
http://dx.doi.org/10.1016/j.epsl.2004.12.005
https://ui.adsabs.harvard.edu/abs/2005E&PSL.231...53W
https://ui.adsabs.harvard.edu/abs/2005E&PSL.231...53W
http://dx.doi.org/10.1093/mnras/stu183
https://ui.adsabs.harvard.edu/abs/2014MNRAS.439.3371W
http://dx.doi.org/10.1093/mnras/stw2633
http://dx.doi.org/10.1093/mnras/stw2633
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3385W
http://dx.doi.org/10.1088/0004-637X/766/2/132
https://ui.adsabs.harvard.edu/abs/2013ApJ...766..132X
http://dx.doi.org/10.1088/0004-637X/783/2/79
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...79X
http://dx.doi.org/10.3847/2041-8213/836/1/L7
https://ui.adsabs.harvard.edu/abs/2017ApJ...836L...7X
http://dx.doi.org/10.3847/1538-3881/ab4cee
https://ui.adsabs.harvard.edu/abs/2019AJ....158..242X
http://dx.doi.org/10.3847/1538-4357/ac00ae
https://ui.adsabs.harvard.edu/abs/2021ApJ...915...91Z
http://dx.doi.org/10.1086/377492
https://ui.adsabs.harvard.edu/abs/2003ApJ...596..477Z
http://dx.doi.org/10.1086/522223
https://ui.adsabs.harvard.edu/abs/2007ApJ...671..872Z
http://dx.doi.org/10.1088/0004-637X/722/1/725
https://ui.adsabs.harvard.edu/abs/2010ApJ...722..725Z
http://dx.doi.org/10.1088/0004-637X/739/2/101
https://ui.adsabs.harvard.edu/abs/2011ApJ...739..101Z

Asynchronous accretion can mimic diverse white dwarf pollutants 13

APPENDIX A: NEGLECTION OF ASTEROID ROTATION
ON TIDAL DISC GEOMETRY

The predicted asynchronicity between the accretion of core and
mantle fragments due to collisions or scattering is caused by their
spreading to distinct orbital zones after a tidal disruption. In our
calculation of the fragment orbits (Eq. 1), we neglected the effect
of self-gravity and the rotation of the disrupted object. In this ap-
pendix, we validate that these contributions are indeed negligible in
the context of white dwarf pollution by asteroids or minor planets.
To account for the energy of rotation (&) and self-gravity (usg ;),
we modify the total fragment energy (&) in Eq. 5 of Brouwers et al.
(2022b):

& = UG, T USG,i T &.,i T Erot,i (Ala)
GMwp GM (< Ri) 1 2

1 ~
= —Q—f‘GMWD (———)9+wr2()[xRi2
B 4o

T R; 2
(Alb)

where @ is the rotation vector of the disrupted object and R; is
the vector distance of a fragment to the object’s centre. To investi-
gate at what size the two new terms begin to dominate differences
between fragment orbits, we evaluate the transition size Ryansition
where their radial derivatives along a line through the star and the
disrupting object’s centre are equal:

USG,i + Eroti) » (A2)

d d
Y (U*Gﬁi +€k,i) = dT?l (

dR;
where R; = (r; — rp )T because we consider a radial line. The tran-
sition size is smallest if the object’s rotation is equal to the critical
rate Wiy = \/47Gp/3 (Pravec & Harris 2000), in which case it
evaluates to:

M . A
Riransition = ﬁ if Orot = WcritZ (A3a)
B
—1 -1
P B Mwp
=3.9-10*km | ——— D
m (5g/cm3) (R@) (0.6M@)7
(A3b)

which corresponds to a size in between Uranus and Jupiter, far
larger than the asteroids and minor planets considered in this work.
Therefore, we conclude that rotation and self-gravity do not affect
the general shape of the tidal disc. This is consistent with the SPH
simulations by Malamud & Perets (2020a,b), where Earth-mass
planets were shown to tidally disrupt into tidal discs with distinct
core and mantle fragment zones.

APPENDIX B: FILLING TIMESCALE OF A TIDAL DISC

When an asteroid tidally disrupts, its fragments are initially clus-
tered around the same true anomaly, and some time is required to
spread them out into a fully formed tidal disc. The validity of the ac-
cretion models discussed in Section 3 depends on the requirement
that the fragments completely spread out to fill a disc before other
accretion processes (scattering, collisions, sublimative erosion) be-
come important. In this appendix, we provide a short derivation of
this spreading timescale. Our derivation is most comparable to cal-
culations by Nixon et al. (2020) and follows similar arguments to
those presented by Veras et al. (2014), although our derivation is
applicable to both dispersive and non-dispersive disruptions.

We begin by specifying the semi-major axis of (ajyper) and
outer (douter) fragments from Eq. 1. The fragments break off in a
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Figure B1. Snapshots indicating the spreading of fragments in a tidal disc
after the disruption of a small asteroid (a,st = 3 AU, Ry = 1 km). The inner
and outer fragments re-align after nearly precisely one spreading timescale,
as defined by Eq. B4b.

range of distances from the central star between rg — Rys and rg +
Rast, which yields:

asiR -
Qinner = dast (1 + M) ) (Bla)
B (rB - Rast)
—1
2a5tRast
—dast | ] — ——mm———— Blb
Aouter = dast ( B (rB +Rasl) ( )

The total orbital width (Aa) of the tidal disc that forms is thus:

Aa = aguter — Ainner (Bza)
4a§isﬂSt
~ S, (B2b)
B

where we used a Maclaurin expansion around R,g/rg < 1, which
is always valid for disruptions around white dwarfs. Next, the
derivative of the orbital time P = 27\/a/GMwp can be used to
specify the corresponding spread in orbital periods AP:

dpP
AP = —Aa (B3a)
da
- Qast Aa (B3b)
GMwp

The spreading timescale fspreaq can be defined as the time required
for and outer particle to return to the same true anomaly. The num-
ber of orbits required is Nypread = P/AP, s0 the spreading timescale
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can be written as:

P2
Ispread = AP (B4a)
2
ﬂ:rB Aast
_ (B4b)
3Rasl GMwp
_ _1
— 120 vr < Qast )% Rast ! B 2 Mwp 2
\3a0/) \km R.) \oem, )
(B4c)

which is much shorter than typical accretion timescales, but might
be comparable to the initial accretion phase. In Fig. B1, we validate
Eq. B4b with a visual comparison to the position of fragments in
a tidal disc at three snapshots in time. The orbital elements of the
fragments are given by Eq. 1 and their true anomalies are exactly
specified as a function of time by Kepler’s laws. The filling of the
tidal disc agrees well with Eq. B4b and and outer fragments re-align
after nearly exactly one spreading timescale.

APPENDIX C: WHITE DWARF SAMPLE USED IN THIS
WORK

MNRAS 000, 000-000 (2022)
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Table C1: Properties and abundances of white dwarfs in the sample, ordered by type and

temperature
System Type Ter [K] Mass [Mp]  log(g/ ms—7) log(Fe/Hx)  log(Mg/Hx) log(Si/Hx) log(Ca/Hx)
GaiaJ2100+2122(h.dd) H 25565.0 0.693 8.1 -4.96+0.1 -5.08+0.1  -5.13+0.12  -6.2340.13
Gaial2100+2122(#h.dd) H 25565.0 0.693 8.1 496402  -5.12402  -5.12402 -6.23+0.2
PG0843+516(/) H 22412.0 0.577 7.902 -3.84+0.18  -4.8240.2  -4.594+0.12  -6.26+0.2
GALEX1931+0117(¢4) H 21457.0 0.573 79 4434009 4424006 -424+0.07  -6.11+0.05
SDSSJ1228+10400U) H 20900.0 0.73 8.15 -5.240.3 -5.240.2 -5.240.2 -5.94+0.2
PG1015+161(®) H 19226.0 0.642 8.04 -4.92+40.2 56402  -5.42+0.21 -6.440.2
SDSSJ1043+08550/) H 18320.0 0.65 8.05 -6.15+0.3 511402  -5.33+0.5 -5.96+0.2
WD0611-693 1 (1h:4d) H 17750.0 0.702 8.14 -3.77+0.1 -4.6740.1 -4.640.21 -6.19+0.1
HE0106-3253(d:a:) H 17350.0 0.62 8.12 474006  -557+02  -5484+0.05  -5.93+0.11
GD56:#) H 15270.0 0.67 8.09 -5.44+0.2 -5.55+02  -5.69+0.2 -6.86+0.2
WD1145+288(4:17) H 12140.0 0.685 8.14 -5.4340.2 -6.0+0.2 <47 -6.88+0.08
G29-38(4m) H 11800.0 0.85 8.4 -5.9+40.1 5774013 -5.6+0.17  -6.58+0.12
WD2105-820(4:) H 10890.0 0.86 8.41 -6.0+0.2 -6.040.2 <55 -8.240.1
Gaial1814-7355(h.dd) H 10190.0 0.58 7.996 -6.064+0.19  -6.1440.08 - -7.2240.15
WDJ1814-7354(dd2) H 10090.0 0.59 8.0 -6.06+0.19  -6.1440.08 <-6.0 -7.2240.15
WD2115-560(4:) H 9600.0 0.58 7.97 -6.440.1 -6.440.1 -6.240.1 -7.440.1
WD1257+278(b:) H 8609.0 0.73 8.24 7474009  -7.4940.08 - -8.3840.06
WDO0354+463(1:6:) H 8240.0 0.57 7.96 -7.13+0.11  -6.7+0.05 - -8.2+0.03
NLTT25792) H 7903.0 0.618 8.04 -7.164+0.04  -7.2440.05 - -8.0740.06
G166-58(%:1) H 7390.0 0.58 7.99 -8.2240.13  -8.06+0.05 <82 -9.33+0.08
WD1455+298 () H 7383.0 0.589 7.97 -8.4+0.08  -8.0340.06 - -9.5140.03
G74-7(:0) H 7306.0 0.572 8.06 -8.03+£0.09  -7.79+0.06 - -9.05+0.04
WD2157-574(aa:7) H 7010.0 0.63 8.06 -7.340.1 -7.0+0.1 -7.0+0.1 -8.140.1
NLTT 6390 H 6040.0 0.53 79 -8.57+0.11  -8.66+0.2 - -10.0+0.04
NLTT 16755 H 6020.0 0.61 8.04 -8.634+0.13  -8.5640.12 - -9.5340.03
NLTT43806(¢¢) H 5838.0 0.704 8.186 -7.840.17 -7.140.13 -7.240.14 -7.940.19
NLTT 196860:P) H 5230.0 0.54 7.93 -8.93+0.14  -8.2+0.3 - -8.740.04
WD1536+520(%) He  20800.0 0.58 7.96 4540.15  -4.06+0.15  -4.32+0.15  -5.28+0.15
SDSSJ0845+2257(m) He  19780.0 0.679 8.18 -4.6+0.2 -4.740.15 -4.8+0.3 -5.95+0.1
Gaial0644-0352(1h-dd) He  18350.0 0.704 8.18 -6.46+0.1 -5.74+0.1 -5.98+0.1 -6.77+0.1
Gaial0644-0352(hh.d4d) He  18350.0 0.704 8.18 -6.464+0.16  -5.754+0.15  -5.98+0.1 -6.7440.18
SDSSJ2047-1259(bb:cc:3) He  17970.0 0.617 8.04 -6.4+0.2 -5.640.1 -5.640.1 -6.940.1
GD61(¢h) He  17280.0 0.71 8.2 7.6+0.07  -6.69+0.05 -6.82+0.04  -7.94+0.06
GD424(b0) He  16560.0 0.77 8.25 -5.5340.12  -5.15+0.04  -5.29+0.04  -6.15+0.05
GD378(¢ebb) He  15620.0 0.551 7.93 7514036  -7.44402  -7.494+0.12  -8.7+0.76
G241-6(Pn:J) He  15300.0 0.71 8.0 -6.8240.14  -6.26+0.1 -6.62+0.2 73402
WD1551+175(d:0n) He  14756.0 0.57 8.02 -6.6+0.1 -6.29+0.05  -6.33+0.1  -6.93+0.07
WD2207+1210m%) He 147520 0.57 7.97 -6.46+0.13  -6.15+0.1  -6.17+0.11  -7.4+0.08
WD1145+017%7) He  14500.0 0.656 8.11 -5.6140.2 591402  -5.894+0.2 -7.0+0.2
WD1425+540(7) He  14490.0 0.56 7.95 -8.1540.14  -8.16+0.2  -8.03+£0.31  -9.2640.1
HS2253+8023(¢e:b) He  14400.0 0.84 8.4 -6.174£0.17  -6.1+£0.14  -6.274+0.13  -6.99+0.11
SDSSJ0738+1835(:8) He  13950.0 0.841 8.4 -4984+0.09 -4.684+0.07  -4940.16  -6.23+0.15
GALEXJ2339(¢e:5b) He 137350 0.548 7.93 -6.99+03  -6.58+0.14  -6.59+0.08  -8.03+0.75
GD40(m-J) He  13594.0 0.6 8.02 -64740.12  -62+0.16  -6.44+03 -6.940.2
SDSSJ1242+5226(%2) He  13000.0 0.59 8.0 -5.940.15  -5.26+0.15  -5.3+0.06 -6.53+0.1
WD1232+563(m) He  11787.0 0.77 8.3 -6.45+0.11  -6.09£0.05 -6.36+0.13  -7.69+0.05
WD1350-162(@7) He  11640.0 0.6 8.02 -7.140.1 -6.8+0.1 2713402 -8.7+0.1
PG1225-079(&F ) He  10800.0 0.58 8.0 -7.42+0.07 -7.540.2 -7.45+0.1  -8.06+0.03
WD0446-255(aa:7) He  10120.0 0.58 8.0 -6.9£0.1 -6.6+0.1 -6.5+0.1 -7.440.1
GD362(5) He  10057.0 0.551 7.95 -5.6540.1  -5.984+025  -5.84+0.3 -6.24-+0.1
WD0449-259(aa:) He 9850.0 0.61 8.04 -7.9+0.2 -8.3+0.4 <13 -9.1+0.1
WD2216-657(7) He 9120.0 0.61 8.05 -8.0+0.2 -7.140.1 <7.0 -9.040.1
SDSSJ0956+5912(:4) He 8843.0 0.683 8.168 -6.240.1 -5.240.1 - -7.140.1
SDSSJ1340+27024) He 8413.0 0.6 8.0 -5.6£0.1 -5.140.1 - -7.0£0.1
WD0122-227(aa:7) He 8380.0 0.61 8.06 -8.5+0.2 -8.5+0.4 <16 -10.1£0.1
SDSSJ0956+5912(//:¢) He 8100.0 0.59 8.02 -6.9+0.1 -5.5+0.1 -5.7+0.2 -7.3+0.05
SDSSJ0046+2717&4) He 8053.0 0.879 8.465 -6.3+0.3 -5.440.2 - 272402
SDSSJ1038-003639) He 7996.0 0.6 8.0 -6.940.1 -6.340.1 - -7.440.1
SDSSJ1158+47124) He 7840.0 0.6 8.0 -6.9+0.2 -6.740.1 - -8.340.1

Table C1 - continued on next page
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Table C1: Properties and abundances of white dwarfs in the sample, ordered by type and

temperature
System Type Te [KI Mass[Mo] log(g/ms™?) log(Fe/Hx) log(Mg/Hx)  log(Si/Hx) log(Ca/Hx)
SDSSJ0744+2701G4) He  7829.0 0.676 8.16 -7.0+0.2 -6.7+0.2 - -7.840.2
SDSSJ1041+3432(4) He  7728.0 0.769 8.301 -6.8+0.2 -6.8+0.2 - -8.0+0.2
SDSSJ1308+09574) He  7692.0 0.6 8.0 -6.9+0.3 -7.0£0.2 - -8.1+0.2
SDSSJ1356+02364) He 7662.0 0.595 8.028 -6.7+0.2 -6.310.1 - -8.0+0.1
SDSSJ0816+2330(2) He  7642.0 0.6 8.0 -6.5+0.3 -6.0+0.3 - -7.6+0.3
SDSSJ1234+5208(%4) He  7627.0 0.637 8.098 -6.3+0.1 -5.7+0.1 - -7.5+0.1
SDSSJ1038-0036//7) He  7560.0 0.61 8.06 -7.4+40.1 -6.6+0.1 -6.4+0.2 -7.6+0.05
SDSSJ0946+20244) He  7540.0 0.6 8.0 -6.9+0.2 -6.5+0.2 - -8.0+0.2
SDSSJ2319+3018(@) He  7478.0 0.6 8.0 -7.3+0.3 -7.240.3 - -8.5+0.3
SDSSJ0252+0054(2) He  7478.0 0.596 8.031 272402 -7.140.2 - -8.5+0.2
SDSSJ1319+36414) He  7464.0 0.763 8.294 74403 72402 - -8.6+0.3
SDSSJ1150+4928() He  7417.0 0.694 8.189 -7.9+0.5 -71.540.5 - -9.1+0.3
SDSSJ1320+0204&2) He  7356.0 0.6 8.0 -7.1+0.3 -7.0+0.3 - -8.3+0.3
SDSSJ1507+40344) He  7304.0 0.6 8.0 -6.8+0.2 -6.3+0.1 - -8.0+0.2
SDSSJ1144+37202) He  7280.0 0.446 7.768 -7.6+0.4 -7.0+0.2 - -8.540.2
SDSSJ0901+0752(4) He  7263.0 0.57 7.989 -6.1+0.2 -5.8+0.2 - -7.140.2
SDSSJ0902+10042) He  7250.0 0.6 8.0 -8.194+0.22  -7.2940.24 - -8.254+0.22
SDSSJ0143+0113(2) He  7229.0 0.687 8.178 -7.0+0.1 -6.6+0.1 - -8.240.1
SDSSJ2352+3344(4) He  7200.0 0.6 8.0 -7.1+£0.3 -6.9+0.2 - -8.3+0.2
SDSSI1612+3534(4) He  7181.0 0.6 8.0 -7.3+0.5 73403 - -8.5+0.5
SDSSJ1058+3143(4) He  7173.0 0.675 8.159 S7.7+0.2 714402 - -9.0+0.1
SDSSJ1149+0519() He  7173.0 0.525 7.914 275402 -7.3+0.1 - -8.2+40.1
SDSSJ0842+1406(4) He  7075.0 0.567 7.985 -7.4+40.1 -7.240.1 - -8.4+0.1
SDSSJ1443+5833(4) He  7061.0 0.6 8.0 -7.3+0.2 -7.110.1 - -8.540.2
SDSSJ1405+1549(@) He  7055.0 0.621 8.073 -7.340.1 -6.9+0.1 - -8.5+0.1
SDSSJ1445+0913() He  7035.0 0.6 8.0 -6.6+0.2 -6.2+0.1 - 717402
SDSSJ0806+3055%) He  7017.0 0.6 8.0 -7.0+0.3 -6.8+0.2 - -7.940.3
SDSSJ0117+0021&4) He  6994.0 0.608 8.052 -7.6+0.1 -7.240.1 - -8.8+0.1
SDSSJ2238+0213() He  6986.0 0.6 8.0 -7.5+0.2 -7.4+0.2 - -8.6+0.2
SDSSJ0447+1124() He  6966.0 0.492 7.858 -7.7+0.3 73403 - -9.0+0.3
SDSSJ1443+3014(2) He  6955.0 0.6 8.0 271402 -6.5+0.2 - -8.140.3
SDSSJ0150+1354(2) He  6953.0 0.741 8.262 -6.8+0.2 -6.0+0.1 - 717402
SDSSJ0010-0430G9) He  6903.0 0.651 8.122 -7.0+0.1 -6.7+0.1 - -8.5+0.1
SDSSJ0818+1247(4) He  6895.0 0.6 8.0 -7.8+0.4 72403 - -9.0+0.3
SDSSJ1112+0700G2) He  6891.0 0.497 7.867 -8.5+0.5 -7.6+0.3 - -9.7+0.2
SDSSJ1554+17352) He  6847.0 0.721 8.231 -7.6+0.1 -7.140.1 - -8.4+0.1
SDSSJ0806+4058(%7) He  6808.0 0.6 8.0 -7.494+0.08  -7.3840.12 - -8.4940.08
SDSSJ1134+1542(4) He  6806.0 0.6 8.0 73404 -6.9+0.1 - -8.5+0.1
SDSSJ1549+2633(4) He  6794.0 0.614 8.063 -8.0+0.2 -7.9+0.1 - -9.6+0.2
SDSSJ0252-0401:9) He  6773.0 0.53 7.924 -8.0+0.2 -6.8+0.1 - -8.9+0.1
SDSSJ1017+2419G@) He  6772.0 0.84 8.409 -7.3+0.2 -6.7+0.2 - -8.4+0.2
SDSSJ0148-0112&9) He  6760.0 0.6 8.0 271.940.5 713403 - -9.0+0.2
SDSSJ0144+03052) He  6753.0 0.6 8.0 72403 -7.140.3 - -8.3+0.3
SDSSJ0908+4119() He  6746.0 0.6 8.0 -7.1+0.3 -6.8+0.2 - -8.7+0.3
SDSSJ1626+3303(4) He  6715.0 0.6 8.0 275403 -7.1+0.1 - -8.6+0.2
SDSSJ1329+13014) He  6706.0 0.381 7.636 -8.0+0.3 -7.4+0.1 - -8.9+0.2
SDSSJ1158+1845(4) He 6696.0 0.6 8.04 714402 -6.4+0.1 - -8.6+0.2
SDSSJ1220+0929(2) He  6677.0 0.6 8.0 “7.4+0.1 -6.8+0.1 - -8.4+0.1
SDSSJ0929+42474) He  6676.0 0.489 7.853 -7.1+0.2 -6.5+0.2 - -8.3+0.2
SDSSJ0937+5228(4) He  6660.0 0.585 8.015 -7.4+0.2 -6.9+0.1 - -8.4+0.1
SDSSJ1624+3310&4) He  6654.0 0.6 8.0 -8.0+0.4 -7.240.1 - -9.2+0.3
SDSSJ1500+23152) He  6630.0 0.6 8.0 -7.0+0.4 -6.6+0.2 - -8.2+40.4
SDSSJ0843+5614(4) He  6624.0 0.761 8.292 275402 -6.9+0.2 - -8.7+0.2
SDSSJ0744+4408() He  6612.0 0.6 8.0 275402 74402 - -8.6+0.2
SDSSJ1211+2326(4) He  6609.0 1.005 8.663 -6.9+0.2 -6.7+0.1 - -8.3+0.2
SDSSJ1157+6138(4) He  6607.0 0.6 8.0 -8.2+0.5 -7.6+0.5 - -9.3+0.3
SDSSJ0234-0510G9) He  6601.0 0.6 8.0 -7.3+0.2 -6.9+0.2 - -8.5+0.2
SDSSJ1546+3009%7) He  6600.0 0.6 8.0 -7.1940.12  -7.1940.15 - -8.4+0.12
SDSSJ1428+4403(4) He  6574.0 0.614 8.064 -8.9+0.2 -7.9+0.1 - -9.5+0.1
SDSSJ0906+1141&4) He  6556.0 0.6 8.0 -7.3+0.2 -6.9+0.2 - -8.540.2
SDSSJ1610+4006(7) He  6552.0 0.6 8.0 272402 -7.3+0.1 - -8.740.3

Table C1 - continued on next page
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Table C1: Properties and abundances of white dwarfs in the sample, ordered by type and

temperature
System Type Te [KI Mass[Mo] log(g/ms™?) log(Fe/Hx) log(Mg/Hx)  log(Si/Hx) log(Ca/Hx)
SDSSJ0053+3115G4) He  6548.0 0.6 8.0 -7.6+0.5 -7.6+0.5 - -8.8+0.5
SDSSJ1347+1415(4) He 65200 0.696 8.194 -7.3+0.2 -7.1+0.1 - -8.6+0.2
SDSSJ1421+1843(4) He  6517.0 0.562 7.978 -7.3+0.2 -6.7+0.1 - -8.5+0.1
SDSSJ2333+1058(4) He 6515.0 0.6 8.0 -7.6+0.4 -7.0£0.2 - -8.7+0.3
SDSSJ2235-00569) He  6514.0 0.758 8.288 272402 -7.1+0.1 - -8.4+0.2
SDSSJ1540+5352(4) He  6500.0 0.6 8.0 275403 -6.8+0.1 - -8.7+0.3
SDSSJ1218+0023(4) He  6500.0 0.776 8.314 -8.5+0.3 -7.840.2 - 9.240.2
SDSSJ1616+3303(4) He  6491.0 0.569 7.991 -7.1+0.2 -6.7+0.1 - -8.240.1
SDSSJ1303+4055(@) He  6481.0 0.618 8.071 -7.9+0.3 -7.240.2 - -8.7+0.3
SDSSJ0002+3209%2) He 6466.0 0.737 8.257 279402 74402 - 9.14+0.2
SDSSJ1339+2643(4) He  6452.0 0.622 8.077 -8.4+0.2 -7.6+0.1 - -9.0+0.2
SDSSJ0830-0319G7) He  6424.0 0.428 7.736 -8.2+40.1 -8.2+0.1 - -9.4+0.1
SDSSJ1604+1830(4) He  6421.0 0.636 8.1 -8.5+0.3 -8.4+0.2 - -9.640.1
SDSSJ1254+3551 () He  6417.0 0.597 8.036 -8.1+0.2 -7.6£0.2 - -9.7+0.2
SDSSJ1038+0432(2) He  6363.0 0.6 8.0 -7.0+0.2 -6.6+0.2 - -7.64+0.3
SDSSJ1430-0151&9) He  6344.0 0.621 8.076 -6.4+0.1 -6.0+0.1 - -7.6+0.1
SDSSJ2330+2805() He  6344.0 0.6 8.0 -8.1+0.4 -7.5+0.2 - -93+0.2
SDSSJ1024+4531(4) He  6339.0 0.803 8.356 -7.6+0.2 -7.3+0.2 - -8.44+0.2
SDSSJ0933+6334(4) He  6337.0 0.6 8.0 -7.0+£0.3 -7.0+0.3 - -8.6+0.3
SDSSJ1448+10474) He  6331.0 0.682 8.173 -7.8+0.2 -7.540.1 - 9.1+0.2
SDSSJ0939+4136(%7) He  6321.0 0.848 8.422 -6.6+0.2 -6.8+0.2 - -8.1+0.2
SDSSJ1102+28274) He 63200 0.6 8.0 -6.7+0.4 -6.2+0.2 - -7.840.4
SDSSJ1230+3143(4) He  6310.0 0.398 7.676 -8.3+0.3 -8.1+0.3 - 9.640.3
SDSSJ0047+1628(4) He 63000 0.6 8.0 -6.7+0.2 -6.8+0.2 - -8.0+0.2
SDSSJ0851+1543() He  6284.0 0.649 8.12 -8.2+0.2 -7.4+0.2 - -8.6+0.1
SDSSJ1404+3620&2) He  6284.0 0.709 8.216 -8.340.2 -7.340.1 - -8.740.1
SDSSJ0948+3008(%7) He  6284.0 0.228 7.21 -8.1+0.2 -7.940.2 - 9.1+0.2
SDSSJ1014+2827(4) He  6269.0 0.6 8.0 -6.5+0.3 -6.4+0.2 - -7.940.3
SDSSJ1257-0310G9) He  6269.0 0.6 8.0 -7.4+0.2 -7.1+0.1 - -8.6+0.1
SDSSJ0201+2015(@) He  6250.0 0.63 8.091 -8.0+0.2 -7.3+0.2 - -9.0+0.2
SDSSJ0108-05379) He  6250.0 0.241 7.256 -7.940.3 -8.24+0.3 - -8.54+0.3
SDSSJ1549+1906(%7) He  6246.0 0.6 8.0 -7.3+0.3 -7.0+0.1 - -8.7+0.2
SDSSJ0116+2050&2) He  6245.0 0.6 8.0 -7.6+0.1 -7.4+0.1 - -8.8+0.1
SDSSJ2238-011334) He  6228.0 0.6 8.0 -8.0+0.2 -7.6+0.2 - -9.4+0.2
SDSSJ1019+3535(4) He  6224.0 0.6 8.0 -7.9+0.4 -7.0+0.4 - -8.8+0.4
SDSSJ1158+5448(4) He  6213.0 0.6 8.0 -7.84+0.4 73402 - -9.040.3
SDSSJ0114+3505&2) He  6209.0 0.6 8.0 -7.140.1 -7.0+0.1 - -8.4+0.1
SDSSJ1543+2024(4) He  6206.0 0.6 8.0 -7.6+0.4 -7.1+0.2 - -8.7+0.2
SDSSJ1524+4049&4) He  6203.0 0.701 8.203 -7.5+0.2 -7.1+0.1 - -8.440.1
SDSSJ1314+3748(4) He  6201.0 0.819 8.379 -7.1+£0.4 -6.9+0.2 - -8.24+0.4
SDSSJ1534+1242(4) He  6197.0 0.6 8.0 -6.7+0.3 -6.9+0.2 - -7.940.3
SDSSJ1356+2416(%2) He  6173.0 0.58 8.01 -8.240.2 73402 - 9.1+0.2
SDSSJ1336+3547%4) He  6172.0 0.609 8.057 -7.940.1 -7.1+0.1 - -8.9+0.1
SDSSJ1005+2244(4) He  6165.0 0.6 8.0 -7.8+0.5 -71.9+40.5 - 9.1+0.4
SDSSJ2340+08174) He  6151.0 0.661 8.141 272403 74403 - -8.740.2
SDSSJ1033+1809(@) He  6147.0 0.743 8.267 -7.6+0.3 277403 - -8.6+0.3
SDSSJ2109-0039&9) He 6132.0 0.572 7.997 -7.6+0.4 717404 - -8.8+0.5
SDSSJ1542+4650(%7) He 61300 0.744 8.269 -6.9+0.1 -6.5+0.1 - -8.1+0.2
SDSSJ2357+2348(4) He  6117.0 0.6 8.0 -7.8+0.3 -7.3+0.1 - -9.2+40.1
SDSSJ0158-094239) He  6115.0 0.567 7.99 -8.8+0.5 -8.7+0.5 - -9.9+0.2
SDSSJ1024+1014&2) He  6105.0 0.6 8.0 -6.6+0.3 -6.1+0.3 - 277403
SDSSJ0044+0418(@) He  6104.0 0.711 8.22 -8.440.2 -8.3+0.3 - -9.840.1
SDSSJ1330+3029() He  6100.0 0.6 8.0 7340.06  -7.1540.1 - -8.4+0.06
SDSSJ0013+1109%2) He  6090.0 0.6 8.0 -8.0+0.5 75404 - 9.2+40.4
SDSSJ1017+3447(4) He  6089.0 0.576 8.004 -8.6+0.5 -8.6+0.5 - -9.840.5
SDSSJ0208-0542:4) He  6085.0 0.6 8.0 -7.1+0.3 272403 - -8.2+0.3
SDSSJ1245+0822(4) He  6074.0 0.6 8.0 -7.6+0.2 -7.0£0.2 - -8.3+0.2
SDSSI2340+0124(4) He  6072.0 0.574 8.0 -8.040.2 -7.240.1 - -8.840.1
SDSSJ1043+3516(4) He  6069.0 0.657 8.135 -7.6+0.1 -7.5+0.1 - -9.3+0.1
SDSSJ1545+5236(4) He  6068.0 0.639 8.107 -8.0+0.2 -7.5+0.1 - -8.940.1
SDSSJ2352+1922(:4) He  6067.0 0.6 8.0 272403 -6.8+0.1 - -8.3+0.2

Table C1 - continued on next page
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Table C1: Properties and abundances of white dwarfs in the sample, ordered by type and

temperature
System Type To [KI Mass[Ma]  log(g/ms™> log(Fe/Hx)  log(Mg/Hx)  log(Si/Hx) log(Ca/Hx)
SDSSJ1132+3323G4) He 6062.0 0.6 8.0 71402 -6.8+0.2 - -8.3+0.2
SDSSJ0925+3130(4) He 6050.0 0.6 8.0 -7.6+0.2 -7.4+0.2 - -8.6+0.2
SDSSJ0800+2242() He 6049.0 0.6 8.0 -8.7+0.5 -8.7+0.5 - -9.940.3
SDSSJ0838+2322(%4) He 6048.0 0.727 8.244 -8.740.5 -8.6+0.5 - -9.8+0.2
SDSSJ1158+5942(%4) He 6046.0 0.587 8.022 -8.4+0.3 717402 - -8.9+0.3
SDSSJ2157+1206(7) He 6042.0 0.531 7.93 -8.1+0.1 -7.6+0.1 - -9.1+0.1
SDSSJ0939+5019(:2) He 6030.0 0.536 7.939 -7.0+0.2 -6.7+0.2 - -8.4+0.2
SDSSJ2225+2338(4) He 6029.0 0.535 7.937 -8.4+40.1 -7.7+0.1 - -9.3+0.1
SDSSJ0144+19204) He 6024.0 0.5 7.877 -7.6+0.2 73402 - -8.7+0.2
SDSSJ1040+2407%2) He 6023.0 0.686 8.181 272402 -6.8+0.1 - -8.140.2
SDSSJ0721+3928(4) He 6022.0 0.296 7.433 -8.4+0.2 717402 - 93+0.2
SDSSJ1229+0743(4) He 6014.0 0.204 7.133 273402 73402 - -8.9+0.2
SDSSJ0135+1302(:4) He 6013.0 0.633 8.097 -8.1+0.3 -7.9+0.2 - -9.2+0.1
SDSSJ1217+11574) He 6012.0 0.285 7.401 -8.7+0.3 -7.840.2 - -9.6+0.2
SDSSJ0913+4127%) He 6010.0 0.6 8.0 714405 713403 - -8.6+0.3
SDSSJ1308+0258(%) He 6003.0 0.6 8.0 -7.840.2 -7.9+0.2 - 93+0.2
SDSSJ1205+3536(7) He 6000.0 0.684 8.178 -7.6+0.1 -7.2+0.1 - -8.9+0.1
SDSSJ1345+1153(4) He 6000.0 0.689 8.19 -6.9+0.2 -7.0+0.1 - -8.1+0.1
SDSSJ1627+4646(4) He 6000.0 0.45 7.785 -8.3+0.5 -7.940.3 - -9.4+0.5
SDSSJ0741+31464) He 5974.0 0.701 8.205 -7.5+0.2 -7.6+0.2 - -9.0+0.2
SDSSJ0842+1536(2) He 5966.0 0.823 8.385 -8.6+0.2 -8.5+0.2 - -9.8+0.4
SDSSJ1535+12474) He 5950.0 0.682 8.175 -7.5+0.1 -7.0+0.1 - -8.6+0.1
SDSSJ1401+3659(4) He 5931.0 0.557 7.973 9.2+0.3 -8.1+0.3 - -10.1+0.1
SDSSJ0823+0546/(88:a) He 5920.0 0.6 7.945 -7.3540.1 -7.85+0.1 - -9.8+0.1
SDSSJ1405+25424) He 5890.0 0.6 8.0 -8.4+0.5 -7.840.3 - 9.5+0.4
SDSSJ0004+0819(2) He 5843.0 0.6 8.0 -7.6+0.4 712402 - -8.840.2
SDSSJ1105+0228(4) He 5842.0 0.6 8.0 -8.0+0.4 -7.6+0.2 - 9.1+0.4
SDSSJ2110+0512(:4) He 5828.0 0.6 8.0 -8.3+0.5 717405 - -9.4+0.5
SDSSJ1706+2541&4) He 5813.0 0.6 8.0 -9.0+0.5 -8.9+0.5 - -10.140.3
SDSSJ0019+2209(4) He 5797.0 0.365 7.608 -8.5+0.2 -8.440.2 - 97402
SDSSJ0006+0520%2) He 5783.0 0.478 7.839 9.6+0.3 -8.6+0.5 - -9.840.2
SDSSJ0908+5136(7) He 5779.0 0.447 7.78 9.0+0.3 -8.9+0.3 - -10.140.3
SDSSJ2343-0010G9) He 5778.0 0.309 7.475 -8.5+0.5 79403 - -9.6+0.3
SDSSJ1103+4144&) He 5728.0 0.327 7.521 -8.3+0.2 -7.7+0.2 - -9.4+0.1
SDSSJ1102+0214&2) He 5699.0 0.658 8.137 -8.6+0.4 -8.0+0.5 - -9.840.1
SDSSJ1259+4729(4) He 5682.0 0.454 7.795 -8.7+0.5 -8.6+0.5 - -9.840.4
SDSSJ1535+1247(//%) He 5680.0 0.61 8.06 -7.6+0.1 -6.9+0.1 -6.5+0.3 -8.5+0.05
SDSSJ2231+09067) He 5679.0 0.567 7.992 9.0+0.2 -8.1+0.5 - -9.9+0.1
SDSSJ1259+3112(:4) He 5664.0 0.589 8.027 -8.6+0.4 -8.6:£0.4 - -9.8+0.3
SDSSJ1351+2645(4) He 5640.0 0.421 7.73 -7.8+0.3 -7.9+0.2 - -8.5+0.2
SDSSJ1429+3841(4) He 5636.0 0.375 7.634 -9.2+0.5 9.1+0.5 - -10.3+0.2
SDSSJ2230+1905%2) He 5631.0 0.6 8.0 271402 -6.8+0.2 - -8.5+0.3
SDSSJ1055+3725(4) He 5614.0 0.361 7.605 -8.2+0.5 -8.2+0.2 - -8.4+0.3
SDSSJ1006+1752(4) He 5605.0 0.731 8.251 -8.3+0.5 -8.3+0.5 - -9.5+0.5
SDSSJ1321-0237G9) He 5592.0 0.6 8.0 -7.3+0.3 -6.9+0.2 - -8.7+0.3
SDSSJ0126+2534(4) He 5588.0 0.87 8.456 -8.3+0.5 -8.3+0.5 - -9.5+0.3
SDSSJ0758+1013(2) He 5585.0 0.6 8.0 271402 -7.040.2 - -8.5+0.2
SDSSJ2328+0830(7) He 5566.0 0.6 8.0 -7.8+0.4 -7.3+0.1 - -9.0+0.3
SDSSJ0512-0505(88:a) He 5560.0 0.803 8.05 -7.7540.1 -7.6540.1 - -8.9+0.1
SDSSJ1502+37444) He 5525.0 0.624 8.084 -8.9+0.5 -8.840.5 - -10.1£0.2
SDSSJ1342+1813(4) He 5524.0 0.6 8.0 -7.9+0.5 -7.840.5 - -9.0£0.5
SDSSJ1537+36084) He 5519.0 0.6 8.0 -8.6+0.5 -8.6+0.5 - -9.840.3
SDSSJ1019+20452) He 5515.0 0.6 8.0 -8.2+0.5 -8.2+40.5 - 94404
SDSSJ1411+3410&9) He 5500.0 0.807 8.363 -7.1+0.5 -6.6+0.2 - -8.3+0.4
SDSSJ0924+4301 &) He 5500.0 0.6 8.0 -9.0+0.5 -9.0+0.5 - -10.240.4
SDSSJ0916+2540(4) He 5497.0 0.612 8.066 -7.2+0.2 -6.5+0.2 - -7.540.2
SDSSJ1032+1338(4) He 5479.0 0.6 8.0 -8.1+0.3 -7.3+0.3 - -9.140.3
SDSSJ1641+1856(%2) He 5470.0 0.536 7.941 9.9+0.3 -9.240.5 - -10.440.2
SDSSJ2123+0016(7) He 5463.0 0.675 8.166 -8.4+0.4 -8.3+0.5 - -9.6+0.2
SDSSJ1238+2149(4) He 5437.0 0.632 8.097 -7.9+0.3 73402 - -8.940.3
SDSSJ1257+3238(4) He 5376.0 0.6 8.0 -7.6+0.4 -7.240.2 - -8.8+0.2
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Table C1: Properties and abundances of white dwarfs in the sample, ordered by type and

temperature

System Type Te [KI Mass[Mo] log(g/ms™?) log(Fe/Hx) log(Mg/Hx)  log(Si/Hx) log(Ca/Hx)
SDSSJ1158+0454&4) He 5344.0 0.566 7.991 -7.54+0.3 -7.0+0.1 - -8.54+0.2
SDSSJ1144+1218&4) He 5320.0 0.577 8.009 -8.34+0.2 -7.840.2 - -9.34+0.1
SDSSJ0052+1846(4) He 5305.0 0.6 8.0 -7.54+0.3 -7.1+0.2 - -9.040.3
SDSSJ1649+2238(%4) He 5261.0 0.634 8.101 -7.440.2 -6.7+0.2 - -8.440.2
SDSSJ0913+2627%4) He 5252.0 0.6 8.161 -8.54+0.4 -8.5+0.5 - -9.74+0.3
SDSSJ0739+3112(4) He 5221.0 0.6 8.0 -8.0+0.5 -7.940.5 - -9.24+0.4
SDSSJ1518+0506(7) He 5187.0 0.672 8.161 -8.74+0.3 -8.3+0.3 - -9.3+0.2
SDSSJ1046+1329&4) He 5177.0 0.507 7.895 -8.240.5 -8.1+0.5 - -9.3+£0.3
SDSSJ1350+1058(4) He 5176.0 0.902 8.505 -8.34+0.5 -8.3+0.5 - -9.540.3
SDSSJ0807+4930(%2) He 5172.0 0.574 8.005 -7.24+0.2 -6.8+0.2 - -8.3+0.2
SDSSJ1316+1918(4) He 5160.0 0.375 7.639 -9.240.5 -9.1+0.5 - -10.3+04
SDSSJ2304+2415(4) He 5102.0 0.53 7.935 -8.94+0.2 -7.3+0.2 - -9.240.2
SDSSJ0056+2453(4) He 5061.0 0.6 8.0 -9.14+0.5 -9.04+0.5 - -10.24+0.5
SDSSJ0736+41184) He 5010.0 0.711 8.222 -7.34+0.3 -7.340.3 - -8.54+0.3
SDSSJ1147+5429() He 5000.0 0.6 8.0 -8.34+0.5 -8.3+0.5 - -9.54+0.5
SDSSJ1224+2838(%4) He 4991.0 0.576 8.01 -9.14+0.5 -9.0+0.5 - -10.24+0.1
SDSSJ0744+4649(4) He 4861.0 0.602 8.052 -7.6+0.2 -7.6+0.2 - -8.340.1
SDSSJ0852+3402(4) He 4806.0 0.425 7.743 -8.94+0.5 -8.940.5 - -10.14+0.3
SDSSJ1152+5101@) He 4790.0 0.6 8.0 -9.240.5 -9.1+0.5 - -10.440.3
LHS2534(88) He  4780.0 0.55 7.97 -9.064+0.08  -8.62+0.06 - -10.08+0.11
SDSSJ0744+16407) He 4703.0 0.515 791 -9.14+0.5 -9.1+0.5 - -10.3+0.3
SDSSJ1226+2936(4) He 4680.0 0.6 8.0 -8.93+0.33  -8.63+0.34 - -10.04+0.33
SDSSJ1636+1619G4) He 4410.0 0.669 8.096 -8.3+1.0 -8.3+1.0 - -9.540.1

References stellar properties: :(@Zuckerman et al. (2007) )Klein et al. (2011) )Zuckerman et al. (2011) (@) Vennes et al. (201 1) (¢)Ginsicke et al. (2012)
()Klein et al. (2011) &) Dufour et al. (2012) " Kawka & Vennes (2012) ¢ Venne% & Kawka (2013) (D Jura & Xu (2012) ®)Farihi et al. (2013) l>Xu etal.
(2013) "’)Xu et al. (2014) "Wilson et al (2015) (Raddi et al. (2015) (» Kawka & Vennes (2016) (@ Hollands et al. (2017) () Xu et al. (2017) )Farihi
et al. (2016) ()Melis & Dufour (2017) " Xu et al. (2019) )Swan et al. (2019) * )Fortin-Archambault et al. (2020) @ Izqulerdo et al. (2021) ) Hoskin
et al. (2020) () Gonzdlez Egea et al. (2021) aa)Harrison et al. (2021a) (bb) Klem et al. (2021) (c)Hollands et al. (2021) (dd) Rogers et al. (2022)
Referencei abundances: (“)Farlhl et al. (2010) (®)Gianninas et al. (011) (€ Farlhl et al. (2011) @Xuy et al. (2019) @Kilic et al. (2020) Koester et al.
(2014) )Klein et al. (201 1) Dufour et al. (2012) f>Tremb1ay et al. (201 1) )Fortin-Archambault et al. (2020) Klemman et al. (2013) )Coutu et al.
(2019) Bergeron et al. (2011) )Farihi et al (2016) ) Jura & Xu (2012) @Xu et al. (2014) ) Leggett et al. (2018) )Becklin et al. (2005) (D Kawka
& Vennes (2012) )Vennes & Kawka (2013) ")Wilson et al. (2015) )Raddi et al. (2015) )Blouin et al. (2019) )Kawka & Vennes (2016) )Hollands
etal. (2017) @) Swan et al. (2019) P Izquierdo et al. (2021) @ Hoskin et al. (2020) (*)Gonzélez Egea et al. (2021) @ XKlein et al. (2021) /) Hollands
et al. (2021) () Harrison et al. (2021a) ") Rogers et al. (2022)
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