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The timing of formation of the first planetesimals determines the mode of
planetary accretion and their geophysical and compositional evolution.

Astronomical observations of circumstellar disks and Solar System
geochronology provide evidence for planetesimal formation during
molecular cloud collapse, much earlier than previously estimated. Here we
present distinct observational evidence from white dwarf planetary systems
for planetesimal formation occurring during the first few hundred thousand
years after cloud collapse in exoplanetary systems. A substantial fraction

of white dwarfs have accreted planetary material richiniron core or mantle
material. For the exo-asteroids accreted by white dwarfs to formiron cores,
substantial heatingis required. By simulating planetesimal evolution and
collisional evolution, we show that the most likely heat source is short-lived
radioactive nuclides such as *°Al (which has a half-life of -0.7 Myr).

Core-rich materials in the atmospheres of white dwarfs, therefore, provide
independent evidence for rapid planetesimal formation, concurrent with

star formation.

The timing and locations of planetesimal formation are crucial to our
understanding of planet formation. If we are to form larger planets—gas
giants or terrestrial planets—we must first form their building blocks:
planetesimals. The meteorite record provides strong evidence that
planetesimal formation in the Solar System spanned a wide range of
ages, with magmaticiron meteorites dating to <1 Myr after the forma-
tion of Ca-Al-rich meteoriticinclusions (CAls, the oldest known solids
formed inthe Solar System)?, whereas carbonaceous chondrite mete-
oritesrecord formation times extending to -5 Myr after CAls®. The key
question for understanding the growth mechanism of planets such as
Jupiteris whether planetesimals form sufficiently early to allow time for
theaccretion of larger protoplanets before the end of the circumstellar
disk, the lifetimes of which are typically several million years*. Without
knowledge of the timing of CAl formation, it is difficult to pin down
whether planetesimal formation started in the Solar System during
the collapse phase, traced observationally by Class 0/1 disks, while the
protostar is still accreting from the surrounding molecular cloud, or

later, in Class I disks that are spatially isolated from their star-forming
environments. Traditional planet formation models start with fully
fledged Class Il disks, assuming that all the solids are in the form of dust
and that the dust evolution only starts at the beginning of the Class Il
phase. Observationally, Class Il disks do not contain sufficient material
as dust to form the observed population of exoplanets®®. Observed
substructures in very young circumstellar disks”® may indicate the pres-
ence of over-densities where planet formation may already be underway
during the Class 0/ stage®'°, although these structures can also be
explained by disk instabilities or condensation fronts™ ", Probing these
disks with the Atacama Large Millimeter/submillimeter Array (ALMA)
reveals the mass in millimetre/submillimetre grains (dust) as probed
byits thermal emission, but planetesimals and larger protoplanets are
invisible at ALMA wavelengths. Thus, the main observational way to
probe the growth of planetesimals is to search for trends indust deple-
tion with disk stage, which are complicated by correlations between
disk structure, size and disk stage, as well as observational biases in
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the disk and exoplanet populations™*. Further evidence regarding
the timing of planetesimal formation is therefore required to test the
main channels and timescales of planetary growth.

In this work we present distinct observational evidence that
planetesimal formation commenced early in a notable fraction of
exoplanetary systems. This evidence comes from white dwarfs that
have accreted planetary material. Fragments of planetary bodies
from a surviving outer planetary system show up in the spectra of an
otherwise clean (hydrogen/helium only) white dwarf'>'*, From these
observations, the composition, notably ratios of key elements such
as Si,Mg, Fe, O, Ca, C, Cr or Niin the planetary material, can be found.
Elements heavier than helium should sink out of sight on timescales of
days to millions of years, depending on the white dwarftemperature,
surface gravity and atmospheric composition'”'®, Thus, the observed
material must have arrived recently. Planetary material is found in
alarge proportion of white dwarfs (30-50%; refs.**°) with observa-
tions able to detect relatively small amounts of material (equivalent
to kilometre-sized asteroids). For most white dwarfs, these observed
abundances are consistent with the accretion of primitive rocky mate-
rial, but for some white dwarfs there is an over- or underabundance of
core affine (siderophile) species such as Fe, Cr and Nirelative to mantle
affine (lithophile) species, such as Mg and Si, which is best explained
by metal-silicate partitioning that occurs during the formation of an
iron core” >, These white dwarfs have accreted a fragment of the metal
coreorsilicate mantle of achemically differentiated planetary body".

Observations show that a substantial fraction of white dwarfs
with planetary material in their atmospheres have accreted core- or
mantle-rich material. As a conservative estimate, in a sample of more
thantwo hundred white dwarfs (based primarily on Ca, Fe and Mg abun-
dances), 4% are best explained (to >3 o) by the accretion of core-rich
material (Sample One; see ‘Sample One’ in the Methods). When more
elements are detected, more information regarding the planetary
material can be deduced. In the 54 white dwarfs with more than five
elements detected considered here (Sample Two; see ‘Sample Two’in
the Methods), 7% were best explained (to >3 ¢) by amodel thatinvoked
core-mantle differentiation® (note, however, that this sample was not
selected in a uniform manner). The models used** ™ placed stringent
conditions oninvoking core-mantle differentiation, took into account
the abundances of all elements observed in each systemand accounted
for relative sinking, as well as volatile depletion and potential varia-
tions in the initial composition of the planet-forming material (see
‘Models to explain the abundances observed in the atmospheres of
white dwarfs’in the Methods). Only fragments with extremely core- or
mantle-rich compositions would be identified, although we note here
thatadditional processes such asimpact melting (the suggested origin
of low Ca/Fe ratios in CB chondrites?’) are notincluded in the current
models. The Ca/Feratios of the planetary material accreted by the 237
white dwarfs in both samples considered are shownin Fig.1as a func-
tion of white dwarftemperature, with the large circlesindicating those
objects witha>3 orequirement for core-rich material, noting that the
model does not identify many mantle-rich fragments (to >3 0) due to
adegeneracy between mantle-rich compositions and the depletion of
moderately volatile elements.

The segregation of material between theiron-rich core andsilicate
mantle requires large-scale melting. If the white dwarfs accreted
exo-asteroids, the most likely source of energy to fuel the large-scale
melting is the decay of short-lived radioactive nuclides®. As seen in
the Solar System?’, %Al fuels large-scale melting, with alternate spe-
ciessuchas°Felargely absent from the solar disk®>. Here we show that
itis unlikely that the white dwarfs accrete minor planets or the colli-
sionfragments of minor planets, where large-scale melting could have
been fuelled by gravitational potential energy. Al has a half-life
of 0.717 Myr and its heating potential dwindles rapidly after
~1-2 half-lives. For planetesimals to contain sufficient 2°Al, they must
form early, withinthe first million years of the evolution of the planetary

system, when sufficient **Al for melting and large-scale differentiation
is still present.

The distribution of short-lived radioactive nuclides across exo-
planetary systems is unknown®, with end-member inferences ranging
from asmallfraction of exoplanetary systems (a few percent; forexam-
ple ref. ) to a notable fraction, potentially the majority of planetary
systems (for example, ref. **) that feature Solar System-like abundances.
Most works, however, suggest that few systems have substantially
higher abundances of Al than the Solar System**"*, whichis supported
by observational evidence from individual star-forming regions®.
Depending on when planetesimal formation occurs, this means that
for some exoplanetary systems with high initial budgets of short-lived
radioactive nuclides, alarge fraction of planetesimals will formaniron
core. For other exoplanetary systems with lower levels of enrichment
only the small fraction of planetesimals that form early segregate to
adifferentiated mantle-core structure. Figure 2 illustrates this point,
by showing the fraction of planetesimals likely to pollute a white dwarf
(chosentobebetween 50 and 300 kmin diameter, approximately the
birth size range produced by the streaming instability) that contain
sufficient*Alto formaniron core asafunction of the time at which they
formed and theinitial abundance of Al in the system. This was calcu-
lated on the basis of the bodies reaching amean internal temperature
above which planetesimals can experience core-mantle differentia-
tion by percolation of metal sulfide liquids using the models of ref. *°
and assuming a size distributionin planetesimals of n(D)dD = D*dD,
where Dis planetesimal diameter and nis the number of planetesimals
per diameter, dD. Almost all planetesimals that form earlier than -1 Myr
formaniron core, whereas almost no bodies that formlater thanafew
millionyears containsufficient Al to lead to large-scale melting. Even
atfive times higher abundances of Al than solar, only a few bodies that
form later than 2 Myr can formiron cores. Varying the initial size distri-
bution and upper/lower bounds of the planetesimal population within
plausible limits only marginally affected these overall conclusions.

Thus, if Al fuels the large-scale melting, the observations of core-
or mantle-rich material accreted by white dwarfs requires the early
formation of planetesimalsin exoplanetary systems, most likely within
thefirst million years after the injection of °Al. With the injection of Al
at (or before) the start of the collapse of the molecular cloud®-*%*%*,
the white dwarf observations thus provide evidence that planetesimal
formation occurred during the Class O/l phase. A schematic illustrat-
ing the proposed scenario is shown in Fig. 3. Planetesimals that form
early in systems with a sufficient budget of short-lived radioactive
nuclides will undergo large-scale melting and form an iron core, as
occurred for the parent bodies of iron meteorites in our Solar System.
Leftover planetesimals notincorporated into planets form collisional
belts, as shown by observations of debris disks*.. Violent collisions can
produce core-or mantle-rich fragments*>*’, These fragments evolve in
planetesimal belts. Belts exterior to a few astronomical units survive
dramatic phases of evolution as their host stars become giants and lose
their outer envelopes to start the white dwarf cooling phase. Scattering
by planets, or other dynamicalinstabilities following stellar mass loss,
canlead to some of these fragments being accreted by white dwarfs**,
where their core- or mantle-rich compositions show up in the atmos-
phere. Those planetary bodies that formed after Al decayed undergo
the same collisional evolution, scattering and accretion, but show up
as primitive compositions inthe atmosphere of the white dwarf. Thus,
ifthe parents of the white dwarf pollutants are asteroids, the presence
of core or mantle material is evidence for their formation within the
first few hundred thousand years of cloud collapse.

Alternatively, asindicated by the dotted lines on Fig. 3, planetary
bodies larger than about 1,400 km in diameter may form aniron core
without the need for °Al. For such large bodies sufficient gravitational
potential energy is available during formation to lead to large-scale
melting® (see ‘Gravitational potential energy as a driver of core-mantle
differentiation’ in the Methods). Moons or even terrestrial planets
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Fig.1|EnrichmentinFe, Ni and Cr relative to Ca, Mg and Si of planetary
materials accreted by white dwarfs suggests the accretion of core- or mantle-
richmaterial. The Ca/Fe ratios observed ina sample of 237 white dwarfs are
shown with the associated 1 g errors as a function of white dwarf temperature.
The large red circles indicate the eight white dwarfs where a model in which core-
richmaterialis accreted explains the observed abundances of all elements to

>3 gabove a primitive model. In some cases the observed Ca/Fe is higher than the
Ca/Feinthe accreted debris due to relative sinking, in which case the corrected
abundancesin the accreted material are plotted in dark red. SDSS J0744+4649
(showningreen) has Ca/Fe = 0.2 (ref. ©) and high Na, potentially related to the
accretion of material from planetary lithosphere®. Models fromrefs. ¢, The
bluelineindicates the solar Ca/Fe ratio.

undergo magma ocean phases and formiron cores dueto thisgravita-
tional potential energy, but are rare (by number) relative to asteroids.
Although dynamical mechanisms exist for the liberation of exomoons
orthedirectscattering of planets onto white dwarfs, such events seldom
occur***, Thisisinstark contrast to the ubiquitous nature of the white
dwarfpollution, with30-50% of white dwarfs having planetary mate-
rialin their atmospheres'>*, pointing towards the accretion of moons/
planets as an unlikely pathway for most pollution of white dwarfs. Nor
are the core-rich systems outliers with higher than average accretion
rates: the observed masses and inferred accretion rates for all but a
handful of cool white dwarfs are asteroidal masses (or smaller)*:. To
accrete an Earth mass (M) of material, accretion would need to be
moderated at low accretion rates and continue on billion-year (or
longer) timescales, as there are no observed accretion rates higher
than-~10" g s (ref. *).

Theoretically, the largest planetary bodies within a planetesi-
mal belt could form iron cores without the need for *Al. The exist-
ence of such large bodies within exoplanetesimal belts is debated
due to the rapid decrease in the brightness of disks with time,
which would not occur if collisions between large bodies were
replenishing the small dust®. If a population of Pluto-sized bod-
ies (Plutos) exists, their catastrophic collisions could dominate the
mass budget of massive, close-in (fewer than a few astronomical units)
planetesimal belts (see ‘Collisional evolution of planetesimal belts’

in the Methods; ref. ™). In this scenario, most small planetary bodies
are the collision fragments of Plutos. Thus, the 10-100 km aster-
oids polluting white dwarfs would probably show up with core- or
mantle-rich compositions. The fraction of 30 km planetesimals that
are fragments of Plutos (D > 1,400 km) is shown in Fig. 4a as a func-
tion of time. On timescales shorter than 10% of the collision lifetime
(0.1¢,, D=1,400 km; equation (16)), fewer than 1% of the 30 km
diameter planetesimals plausibly polluting white dwarfs would be
collision fragments of core-mantle differentiated, D. = 1,400 km, plan-
etesimals. The proposed scenario can thus only occur in planetesimal
belts where collisional evolution has proceeded for longer than ¢, of
Plutos. Figure 4b shows that only very massive, close-in planetesi-
mal belts have a sufficiently short ¢, for Plutos, approximately 1% of
planetesimal belts, given the distribution of planetesimal belt
properties that fits current observational samples®’. Moreover, only a
small fraction (on the order of 10%) of planetesimals in such sys-
tems would have compositions sufficiently core- or mantle-rich to
be detected.

The white dwarf observations suggest that enrichment by %Al is
commonacross exoplanetary systems. Large-scale melting fuelled by
gravitational potential energy in Plutos or larger bodies is only likely
to account for a tiny (<0.1%) fraction of white dwarf pollutants. Apart
from the direct consequences for core-mantle differentiation, the
common enrichment of exoplanetary systems by *Al has far-reaching
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Fig.2| Almost all planetesimals that undergo core-mantle differentiation
formwithin the Class 0/I collapse phase in exoplanetary systems with
plausible levels of **Al enrichment. The fraction of planetary bodies likely to
pollute white dwarfs (50-300 km in diameter) with sufficient Al to form aniron
core* is shown as a function of the time at which they formed. A size distribution
of n(D)dD « D*dDis assumed, and a range of 2Al budgets above and below Solar
System levels (*Algs = 5.25 x 107 ¥Als) are shown. Few planetary systems have
abundances notably above solar®**,

implications for the volatile budgets of rocky planets acquired dur-
ing formation. Planetary bodies that form outside ice-lines lose their
volatiles due to heating from %°Al, introducing a disconnect between
ice-lines and the volatile content of planets***, As the abundance
and fractionation of highly volatile elements on rocky planets is key
to their long-term climate*, our findings highlight the influence of
short-lived radioactive nuclides on the surface conditions and fre-
quency of potentially temperate, Earth-like exoplanets. The need for
enhanced abundances of %Al to explain core- or mantle-rich white
dwarf spectra provides distinct evidence for the early formation of
planetesimals in exoplanetary systems contemporaneously with star
formation. Rapid planetesimal formation offers an explanation for
the difference in mass budgets between Class 0, I and Il disks®. Our
findings point to the growth of large, >10-km-sized planetesimals,
potentially even planetary cores, rather than just the coagulation of
pebbles. The earlier planetary cores form, the more likely they are
to grow to the pebble isolation mass and the more likely giant planet
formation is to occur early on*’, which can provide an explanation
for substructures commonly observed with ALMA. A new picture is
emerging of star and planet formation starting concurrently, with
large planetary bodies forming and geophysically evolving during the
collapse of the planet-forming disk, which is traditionally associated
with Class O/ systems.

Methods

To determine how frequently the planetary bodies accreted by white
dwarfs underwent large-scale melting and differentiated internally,
core- and mantle-rich compositions were identified by analysing
the abundances observed in two distinct samples of polluted white
dwarfs. The first was selected for outcome (more than five elements
detected) and contained predominantly white dwarfs with high-quality
data, whereas the second contained only DZs, observed and analysed
in the same manner, based on their Sloan Digital Sky Survey (SDSS)
spectra. The following sections describe the models used to explain
the observed abundances and the two white dwarf samples consid-
ered here.

Models used to explain the abundances observed in the
atmospheres of white dwarfs

The white dwarfs considered here all have spectra in the optical
and/or UV, with abundances for a number of metals species in the
hydrogen or helium atmosphere previously presented in the
literature. The most likely explanation for the observed abun-
dances was found using Bayesian models presented in refs, 2*7¢
(https://github.com/andrewmbuchan4/PyllutedWD_Public).
The results for most white dwarfs considered were presented
previously in refs. ?*?¢, with those analysed specifically for this
Article detailed in Supplementary Table 1. These models consid-
ered all the elements that have been detected, alongside upper
limits where available. These models did not take into account
S,Sc, Cu, Co,V,P,Mn, Ga, Ge, K, Lior Be. The potential that the observed
abundanceswere altered from those in the accreted planetary material
due to relative sinking was considered. A range of initial conditions
for the planetary material were considered, with the compositions of
nearby stars*® used as a proxy for this range. The abundances in the
planetary material can be altered due to loss of volatiles, which for
the simplest scenariois just the loss of water to make rocky asteroids.
However, all elements, including moderate volatiles such as Na, were
considered and this loss of volatiles was modelled as the incomplete
condensation of the nebula gas in chemical equilibrium. The white
dwarfwasthenallowedtoaccreteafragmentofalarger planetary body
with the core mass fraction being a free parameter. In other words,
the white dwarf could accrete a chunk of the iron core (core mass
fraction =1) or achunk of silicate mantle (core mass fraction = 0),ora
chunk of predominantly core material with some mantle remaining (for
example core mass fraction = 0.9) and so on. The compositions of the
core and mantle material were allowed to vary depending on the pres-
sure and oxygen fugacity conditions under which the planetary body
formed itsiron core, using metal-silicate partitioning parameterized
according torefs. ¥ %,

White dwarf observations

Sample One. A sample of 202 cool white dwarfs with only metal
features (DZ) were selected from their SDSS spectra with detections
of at least Mg, Fe and Ca from refs. ®>**, We note here that magnetic
or unresolved binary white dwarfs were not included in the sample
and that updated abundances from refs. > were used. The spectra
had relatively low S/N compared with Sample Two targets and thus
fewer elements were detected and the uncertainties were larger.
White dwarfs in this sample for which more than five elements were
detected were also included in Sample Two. These white dwarfs were
predominantly selected due to their coloursin SDSS (u-g) (g-r) space,
where the large absorption features due to the presence of metals in
these white dwarf spectra move the white dwarfs from above the main
sequence to below the main sequence. This selection function may
thus have biased the sample towards white dwarfs with high Ca abun-
dances; however, the requirement that Fe and Mg must also be detected
meant that the distribution of Ca/Fe in the sample was only slightly
skewed to high Ca/Fe (ref. °°). This sample of white dwarfs was analysed
inref. 2 in detail; crucially, it was found that mantle-rich fragments are
harder toidentify due to adegeneracy with sinking and volatile deple-
tion. Ref. * identified 7/202 (4%) white dwarfs where the accretion of
core-rich material is required to >3 o over the accretion of primitive
material. We note here that ref. *® incorrectly stated that eight white
dwarfs were best explained by the accretion of core-rich material, when
eight white dwarfs were best explained by the accretion of core-mantle
differentiated material. One object (SDSS J0744+4649) was identified
where the Ca, Fe and Mg abundances suggested an enhancement of Ca
and Mgrelativeto Fe, as seenin planetary mantles, with the enhanced
Na indicating that this cannot be due to volatile depletion®. The full
details of the sample are presented in the supplementary information
of ref. %,
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Fig.3|The core- or mantle-rich materials in the atmospheres of white
dwarfs are the collision fragments of planetesimals that formed earlier
than ~1 Myr, when large-scale melting was fuelled by the decay of °Al.
Alternatively, in the most massive, close-in, highly excited planetesimal belts,
catastrophic collisions between Pluto-sized bodies (D > 1,400 km) could supply

most smaller planetesimals. Gravitational potential energy during accretion

can fuel large-scale melting and core formation in these large bodies, such that
almost all planetary bodies in the belt are the collision fragments of bodies with
differentiated cores (black) and mantles (red). ¢y, £s and ¢, are the star’s main
sequence and giant branch lifetimes and the start of the white dwarf (WD) phase.

Sample Two. Sample Two comprised 54 white dwarfs selected from
the literature with abundances of more than five elements, including
Fe. These white dwarfs tended to be the most highly polluted, the
brightest stars and the most studied objects; 19 of these white dwarfs
were alsoincludedin Sample One. Most have high-resolutionspectra,
potentially from multiple instruments. By necessity, however, the
selection of the sample was observationally biased, with many observa-
tionstendingtotarget those objects that were easiest to measure. The
atmospheric abundances were analysed using the model presentedin
ref.?*, which updates the models of ref. ** by modelling core-mantle
differentiation withoutany assumption of Earth-like material. Although
the most likely explanation (strongest evidence from Bayesian models)
for the observed abundances includes core-mantle differentiation
for one-third of the sample (19/54), the abundances were consistent
(within the errors) for most white dwarfs with the accretion of primi-
tive material—the abundances of which were only altered by volatile
loss, sinking in the white dwarf atmosphere and the potential small
variationinthe composition of theinitial planet-forming material. For
another three systems (NLTT43806, LHS 2534 and SDSS J0744+4649),
previous work suggested the accretion of crust-rich material to explain
the abundances®**"*®, The model used here did not account for crustal
differentiation.

Inidentifying those white dwarfs that potentially accreted core-or
mantle-rich fragments of larger planetary bodies, the relatively large
uncertainties on the atmospheric abundances (as well as the unknown
time since accretion started, which determines the relative sinking of
elements) play an important role. In many cases the Bayesian models
found the strongest evidence for amodel thatinvoked core-rich mate-
rial. Thisis indicated by the Bayes factor, which ref. * and ref. > convert
to a osignificance® using equation (10) of ref. *°. We focused here on
those systems where the statistical significance to which amodel that
includes core-mantle differentiation over and above a model that
invokes only sinking to explain the observed abundances, o4 > 3,
although noting that core-rich material may well be the true explana-
tion for systems with o4 < 3. Core-mantle differentiation is required
(>3 0) toexplainthe abundances in 4/54 (7%) of systems (PG 0843+516,

SDSS J1043+3516, WD 0449-259 and WD 1350-162), but note that in
Sample One, for the systems SDSS J0939+4136 and SDSS J1234+5208
the Earth-like differentiation models of ref. ** increased the significance
towhich core-mantle differentiation wasinvoked from slightly below
to over 3. Including the three crust-rich systems, at least 7/54 (13%)
underwent large-scale melting and plausibly a substantially higher frac-
tion. The sampleissslightly different fromthat presentedinref. >, now
including 19 additional objects with more than 5 elements detected,
butdid notinclude Ni, Cr or Si, as required by ref. >, while notincluding
objects with <5 elements detected. However, the analysis is identical
tothat performed by ref. **, which updated the model of ref. ** to allow
for core-mantle differentiation in systems with arbitrary (rather than
Earth-like) compositions.

The full list of white dwarfs in the sample is presented in Supple-
mentary Table 1, the atmospheric abundances used in this work are
listed inSupplementary Table 2 and the most likely model parameters,
asdetermined by the Bayesian models, are presented in Supplementary
Table 3. We note here that the model has been updated since ref. * to
include updated sinking timescales, as well as a stricter criterion for
where the accretion of core-mantle differentiated material is required
to explainthe observed abundances. We note that a discrepancy exists
between abundances determined from UV and optical data (see ref. ”°
for more details). For a number of white dwarfs where conflicting
abundances exist, aconsistent set of abundances from the UV was used
andis noted in Supplementary Table 2.

Gravitational potential energy as adriver of core-mantle
differentiation

During the formation of the largest planetesimals, orindeed moons or
terrestrial planets, there is sufficient gravitational potential energy
available that, when converted to heat, large-scale melting can occur.
To estimate how large a planetesimal must be for there to be sufficient
gravitational potential energy, the energy deposited in abody by the
accretion of smaller objects, per unit mass, is considered to be
Ex g(u2 +v2), where h is the fraction of the energy deposited as

esc re

heat, rather thanreradiated, v, is the escape velocity of particles from

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-022-01815-8

a b

10° 5

107 4
[%2]
]
S
=
o <)
€ 107 4 =3
9 7]
- 3
2 £
% =
B 10° 4 3
° =
c =
2 =
8 194
2 10 4

10° o

- - -
10" 10° 107 107" 10°
Time (t,)

Fig. 4 | Plutos can be the source of core-rich planetesimal debris only inrare
(<1%) white dwarf systems with massive, close-in planetesimal belts. a, The
fraction of 30-km-diameter debris that comprises fragments of core-mantle
differentiated Plutos (in units of ¢, equation (16)) is shown for abelt at 1 au with
average particle eccentricity <e>= 0.1 and initial mass of 100 M, in particles with
sizes between100 pmand 5,000 km. b, Approximation of collision lifetime, ¢,
(colour scale) as a function of the initial mass in the planetesimal beltin bodies
between 100 pm and 1,400 kmin diameter and the belt radius (equation (16)).

A collision lifetime ¢, of 5 Gyr is shown by the solid black line and 0.1 ¢. by the

10' . = 10°
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can destroy
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> 10°
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- 10°
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No catastrophic 5
collisions for Plutos [ 107
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6:\1

10’

10°
Belt radius (au)

dashed black line. Less than 1% of debris disks, those with very massive, close-in
planetesimal belts that lie in the top-left corner above the solid line, will have
catastrophic collisions of Plutos (D > 1,400 km bodies) supplying material to
the smaller planetesimals that might pollute white dwarfs based on typical
properties of observed debris disks. This is too low to explain the 4% (Sample
One, see ‘Sample One’ in the Methods) to >13% (Sample Two, see ‘Sample Two’in
the Methods) of white dwarf pollutants that accreted fragments of core-mantle
differentiated bodies.

a planetesimal of mass M and radius R, and v, is the relative velocity
between the particles and the growing planetesimal, following ref. *.
Given that the relative velocity of most particles is approximately the

escape velocity, this becomes £ ~ ’%‘42 (where G is the gravitational

constant), which for spherical planetesimals of uniform density is
hGpR24x

T
Theenergyrequired toraise the temperature fromtypical temperatures
atthe mid-plane of protoplanetary disks (around 700 K) to the temper-
aturesrequired for large-scale melting (-1,200 K), assuming the specific
heat capacity of the body s around that for silicates (C,= 800 kg™ K™),
is 4 x10°J kg™ (ref. **). Using a conservative h = 0.8 and a density of
3 g cm™ a planetesimal of radius >700 km (>1,400 km diameter) can
become differentiated by gravitational energy alone.

approximately E = where pis the density of the planetesimal.

Collisional evolution of planetesimal belts

Oneroute to get core- or mantle-rich pollutantsinto the atmosphere
of white dwarfsis to scatter in asteroids (10-300 km in size) that are
themselves fragments of Plutos (D > 1,400 km), bodies large enough
to form aniron core without the need for heating from short-lived
radioactive nuclides (see ‘Gravitational potential energy as a driver
of core-mantle differentiation’). These bodies can form at any time
(Fig. 3). If there are sufficient collisions in a planetesimal belt, the
Plutos canreach collisional equilibrium and fragments of these large
bodies will feed the population of smaller bodies in the belt. We pre-
sent models for the collisional evolution of planetesimal belts that
determine the fraction of asteroids (D =10-300 km) that are frag-
ments of Plutos (D >1,400 km) as afunction of time. In these systems,
core-or mantle-rich fragments could be accreted by white dwarfs from
planetesimals that formed at any epoch. We found that this is arare
pathway to white dwarf pollution. The simulations show that before
smaller bodies are likely to be fragments of a larger body of a given
size, D.,, those bodies must reach (or almost) reach collisional equi-
librium—or in other words, a time ¢.(D.,) (equation (16)) must pass.

As it takes a long time for Plutos to reach collisional equilibrium,
this only occurs in the most massive, close-in planetesimal belts, of
which too few exist for them to be the likely source of many white
dwarf pollutants.

Collision model. The model traced the collisional evolution of a plan-
etesimal belt with time. The mass in the belt was splitintologarithmically
spacedbinsandthe origin ofthe massineachsize binwastraced asafunc-
tionoftime. In other words, the aim was to answer the question of whether
most white dwarf pollutants (of size, for example, 30 km) are collision
fragments of larger bodies, in particular bodies larger than1,400 km.

The model for collisional evolution was based onref.”, presented
indetailin A.B. etal. (manuscriptin preparation). Here we considered
solids only and catastrophic collisions only. We considered the belt to
be a single annulus that contains particles from size M, to M., or
equivalently from diameter D,,;, to D,.,., Where spherical particles of
constant density were assumed, such that particles in the kth bin of
diameter, D;, have amass M, = ”T‘?iwith asizedistribution:

n(M)ydM « M~2dM o)

We assumed a standard infinite collisional cascade™’?, with a power-law

index of a = 0.83, orequivalently for diameter g =3.5=3a + 1. The size
distribution was splitinto bins of equal width in log space (6), labelled
by their mass, M,. The spacing § was assumed to be small, such that

% =1-6.Ateverytimestep, we calculated the rate at which each bin
k

gained and lost mass. We assigned afractional origin of materialin each
bin from every other larger mass bin in the system. At each time step,
this fractional origin of material was updated, taking into account the
origin of the mass gained and lost in each mass bin, as well as the mass
that stayed in this bin from previous time steps.

To trace the collisional evolution of the material between size
bins, athreshold was defined, such that the smallest particle that can
destroy abody of size M, is given by:
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Q*
M, = ( )Mk (2)

rel

where v, is the relative velocity in collisions and Q;, is the specific
incident energy required to cause a catastrophic collision, or the dis-
persal threshold. The ratlo ofthe smallest size that can destroy abody
toitssizeisgivenby X, = % Weassumea power-law form for the dis-
persal threshold, following work on collision outcomes in refs. 7>,
suchthat:

Q= QD) + QD). @)
where aand b areboth positive constants related to the planetesimal’s
material and gravitational strength, respectively, and D is the planetesi-
mal diameter in metres. Following ref. " we take Q, = 620 ) kg™, a= 0.3,
Q,=5.6x10J kg™and b =1.5. Therate of catastrophic collisionsin the
kthbin R¢is given by:

RS = zjc*lZ(Dk + D) Py, )

where n;is the number of colliders in the ith bin and P, is the intrinsic
collision probability, Py = ”"’e‘ , where V is the volume through
which the planetesimals, of mass M, are moving. i refers to the
smallest impactors that can cause catastrophic destruction, of mass
M; (equation (2)).

We consider that mass is conserved such that the total mass in
solidsin the k" bin, m, , is governed by the following equations:

; — mtC _ p—C
Mgy = M} —m_y (5)

where m;gis therate at which the total mass in the X" binis lost to cata-
strophic coIIISIons givenby:

e = mg ke, 6)

and rr}; is the rate at which the mass in solids is gained from cata-

strophic collisions of larger bodies, given by:

e = T F(k — i) s, ?)
where F(k — i) is the fraction of the mass leaving the ith bin from
collisions that goes into the kth bin, or the redistribution function,
whichwe assumed to be scaleindependent. We assumed that fragments
produced in catastrophic collisions had a range of masses from
the largest fragment, with % labelled i,, to the smallest body consid-
ered, labelled i,,,,, which we assumed to be much smaller than 2. Thus,
the kth bin can only gain mass from catastrophic collisions between
objects with a mass 2M, or greater, labelled i, = k — % The mass
rate gained for solids in the kth bin was thus calculated by summing
all of the contributions from the largest mass bin, i=1, down to i,,;,
which labels the bin of mass 2M,. We assumed that the scaling of
the mass distribution of the fragments a > 1 and that the logarithmic
spacing between mass bins § < 1. This led to a redistribution function
givenby:

Fik—i) = (1-6*"*"82 - 2@, ®)
Thisisbased onequation (20) of ref. ", where § is the spacing between
mass bins and not radial bins, . = 1/2, such that §=6/3 and
a' =3a —2,where §and a’are the parameters used inref. ”*.

At each time step, we used equations (5), (6) and (7) to track
the mass gained and lost. We also tracked O,;, which refers to the
mass in the kth bin that originated from the ith bin. At every time
step, of length A, eachjth bin loses mass at mgRiA, a fraction O;;

that originally came from the ith bin. To keep track of the
evolution of mass that started the simulation in the ith bin, we
calculated: )
(Okims i — OrimkREA + E 0 Flk — my RS A)
O = , )
' Mgy — Mg R A+ E Flk — jymg RS A

and keep track of the mass originating in the kth bin that remainsin the
kthbin, whichis crucial for tracing the mass of material that has never
beeninvolvedin collisions and thus, never changed bins:

C
Ok xMs g — O Mg xRy A

; (10)
Mgy — Mg Ry A + Zj";ﬁ)F(k —j)mSJR;A

Ok =

where the denominator isjust the massinthe bin at the next time step.
There should be no material in the bins with i > i,,, and the sum of

’""* » Oy = 1for conservation of mass. As each bin loses mass (mR¢)
every time step, we assumed that a fraction O, ; was lost from the
material in k originating from .

Simulations

Individual planetesimal belts were simulated by distributing
mass between size bins, according to an initial size distribution, with
a=3.5andlogarithmicbinsof width § = 0.2 (equation (1)). Themassin
each size bin was iterated forwards in time according to equation (5).
We fixed the belt width, drat 0.5, the particle’s density at3 x 10 kg m™
and considered belts with initially 100 Mg of material at a radius
of 1au and with an initial particle eccentricity of 0.1. We considered
particles with diameters between D,,;, =100 pm and 5,000 km
(an arbitrary upper bound, which it will be shown did not influence
the results). The bin width and time step were chosen to be suffi-
ciently small that the mass lost and gained by the smallest particlesin
one time step remain a small fraction of the total mass in that bin,
with §,=10°s.

The material in the belt was rapidly collisionally depleted. The
smallest grains quickly reached collisional equilibrium, while the
largest grains/planetesimals were unlikely to suffer collisions and
retained their primordial size distribution. The left-hand panel
of Supplementary Fig. 1 shows the size distribution of an example
planetesimal belt at 1 au. The apparent wave in the size distribu-
tion results from the grain cutoff at a single size for the smallest
grains, as discussed in (for example) refs.”"”. Those bodies for
which ¢, was less than the age of the system were collisionally
depleted (¢.(D) < t), whilelarger bodies were not collisionally evolved.
For older systems, larger and larger bodies entered collisional
equilibrium.

If we considered a ¢, of”® (equation (7)):

rdr 21 1

tc(D) tper totf(e I)fcc (11)

wheret,.. istheorbital period, fle, /) is the ratio of the relative velocity
of collisions to the Keplerian velocity (v,,/v,), and eand / are the mean
particle eccentricity and inclinations, g, is the total cross-sectional
areaandf, isthefraction ofthe total cross-sectional areain the belt that
isseen by planetesimals of size D as potentially causing a catastrophic
collision. Following ref. ’, this can be written as:

o= (2

3g-5

G(q’ XC)’ (12)

where G(g, X,) is afunction of both the size distribution (g) and the ratio
of the smallest planetesimal (D) that has enough energy to cata-
strophically destroy a planetesimal of size ,, X, = D./D. This can be
calculated in terms of Qj:
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13)

. 20; 1/3
< Ufel .
Foratypical collisional cascade, X, < 1, such that the function G(g, X,),
for g =11/6, can be approximated as G(11/6, X,) ~ 0.2X;25for X, < 1. 0o,
can berelated to the total disk mass (M,,,):
S5—3
& 3 Dminq<3q_6)

Mo ~ 4p po-3a\5-3¢q

(14)

Thus, leading to an expression for the collisional lifetime of a
particle of diameter D:
rdr 21 1

= _— 1
fe = Lper Oror fle,]) foc )

_: rdr4pD 21 (3q—5) 16)
P 3Myy.  G(g, X )fle, D \6-3q)"

As time passes, larger and larger particles reach collisional equi-
librium. The size particle that has just reached collisional equilibrium
(D.,) canbe approximated by the size particle for whomthe collisional
lifetime is equal to the current time ¢ =¢.(D,,). In the regime where
Dis large (D> 800 m), Q; (equation (3)) can be approximated as
Q; ~ Q,D°. Then D, is given by:

Deq _ (t/K)ll(lJer/b), 17)

where

Ket 0.2rdrdp 2/ (Ureﬁ )5/6
TP 3My fle,D\2Q, '

We note here that this size is an approximation and that the
absence of small grains leads to a size distribution that deviates from
aperfect power law (see Supplementary Fig.1).

The collisional cascade is fed by the largest bodies

Thebodies that have just reached collisional equilibrium (D.,) domi-
nate the mass evolution of the belt”’. Here we traced the origin of the
material arriving in each size bin using equations (9) and (10), with
the aim of investigating the extent to which the bodies that have
just reached collisional equilibrium dominate the mass budget in
small bodies. The smallest bodies are continuously lost from the
collisional cascade, and thus, new material must replenish bodies
of all sizes.

Theright-hand panel of Supplementary Fig. 1shows the fraction
of the mass in the diameter bin centred on D, =100 m that originated
from larger diameters. D, =100 m was chosen to represent any par-
ticles that are fully in collisional equilibrium and constantly being
resupplied by collisions between larger bodies. The mass budget was
indeed dominated by bodies of around D,,, as shown by the vertical
lines. D, as calculated by equation (17) is an approximation, not tak-
ingintoaccountthe wavy nature of the size distribution, and does not
perfectly calculate the true maximum size in collisional equilibrium
(see Supplementary Fig.1), nor align perfectly with the maximum here,
but the approximation is good to within a factor of a few.

Figure 4b shows the fraction of material in the smaller size grains
that originated from grains larger than a certain size, 1,400 km, as a
function of time, plotted in units of the collisional lifetime of these
largest bodies (t.(D =1,400 km). As the bodies enter collisional equilib-
rium, they dominate the mass in smaller size bins, but the mass in small
bodies (D;, from D >1,400 km tends to one only on timescales longer
thanthe collisiontimescale. The fraction of material from D >1,400 km
in 30 km planetesimals reaches 1% after 0.1¢.(D.). This would apply to

the fraction of planetesimals, D > D.in the bin labelled by D./50, where
in this case D.=1,400 km.

Theformoftheright-hand panels of Supplementary Fig.1and Fig. 4
remains similar for different diameters, and we assert that within the
validity of the approximation for ¢.and accounting for small differences
duetothewavy nature of the size distribution, the form of these figures
isindependent of the sizes D. and D;,,. Any differences result from the
wavy nature of the size distribution and the approximations used in
t.(D), whose validity change with diameter. The self-similar nature of
the collisional cascade saves us from needing to run the collisional
model for sufficiently long timescales that bodies of >1,400 km enter
collisional equilibrium.

Frequency of Pluto-fed polluted white dwarfs

Although planetesimal belts sufficiently massive and sufficiently
close-in that even the largest (D > 1,400 km) planetary bodies are col-
lisionally evolving are rare, the aim of the following section is to assess
whether they are sufficiently common to explain core(mantle)-rich
compositions in some pollutants of white dwarfs. In this scenario, no
%Alwould be required to formaniron core.

Assuming that all planetesimal belts contain bodies larger than
1,400 km, the properties of those planetesimal belts in which large
(D >1,400 km) bodies would be collisionally evolving can be estimated
by considering atypical lifetime for the planetary system. Many white
dwarfs evolved from main sequence A stars, for which typical main
sequence lifetimes are on the order of hundreds of million years. Belt
radii expand by afactor of 2-3 during the white dwarf phase, following
mass loss, so the majority of the collisional evolution occurs during the
main sequence phase””. For solar-type stars, main sequence lifetimes
canbeaslongastensofbillionyears, but the age of the Universe stipu-
lates that very few white dwarfs had main sequence lifetimes this long.
Thus, we considered aconservative estimate on the timescale for which
collisional evolution occurred of 5 Gyr. Using a typical distribution of
planetesimal belts, fitted to observations of debris disks around main
sequence A stars”, withadistribution of initial belt radii of n(r)dr < rdr,
where y=-0.8, between 3 and 200 au, the distribution of initial belt
masses forms a log normal distribution of width 1.13 dex, centred on
10 Mg, of width Mg, we found that a few tenths of a per cent of belts
have a collisional lifetime for particles of size 1,400 km of less than
5Gyr. About a per cent of systems have 10% of the collisional lifetime
of D=1,400 km of less than 5 Gyr. Planetary systems in which such large
bodies are catastrophically colliding are rare. Thus, planetary systems
where10-100 km planetesimals are likely to be the collision fragments
of larger core-mantle differentiated Plutos are rare. Moreover, only a
subset of collision fragments will have core or mantle compositions
sufficiently extreme to be detected. If this fractionis on the order of 10%
(see forexample fig. 3 of ref. °°), we anticipate that core- or mantle-rich
compositions would show up in «0.05% of white dwarfs without the
need for 2°Al. Thus, only a tiny fraction of white dwarf pollutants are
likely to originate from large bodies, as this fraction is significantly
lower than the fraction of white dwarf pollutants that seem to be
core(mantle)-rich of at least 4% (see ‘Sample One’ and ‘Sample Two’).

The existence of large bodies in planetesimal belts has also been
broughtinto question®, andif such large bodies do exist, itis not clear
whether they would have the same size distribution as the rest of the
belt. However, itis plausible thatin some planetary systems dynamical
instabilities lead to high velocity collisions or excite collisions in plan-
etesimals belts outside of the normal steady-state collisional evolution
considered here.

Data availability

The data used to create Figs. 1-4 are available in the Supplementary
Information; the white dwarf data (Sample Two) are provided in Sup-
plementary Tables 1-3, while data for Sample One canbe found inref. .
Source data are provided with this paper.
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Code availability

The code used to create Figs. 1-4 and the collisional evolution
code is available at https://github.com/abonsor/collcascade
andmodelsforFig.2areavailableathttps://github.com/timlichtenberg/
2stage_scripts_data.
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