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We must know.

We will know.

- David Hilbert, 1930



ABSTRACT

Discoveries of extrasolar planets in the last decades raise the ques-
tion of how common Earth-like worlds with clement surface environ-
ments are within the galaxy. Because astronomical observations are
ultimately limited in providing a complete picture of the planetary
census, a comprehensive understanding of planetary systems’ forma-
tion and evolution can deliver valuable insights into key physical and
chemical properties that cannot be probed by remote sensing alone.
In order to understand how terrestrial worlds are formed and dis-
tributed, | investigate in this thesis the early evolution of planetary
systems and the interior dynamics and volatile retention of rocky pro-
toplanets.

To place the Solar system in the context of the extrasolar planet
population, | model the enrichment of protoplanetary disks with short-
lived radionuclides, namely 2°Al and ®Fe, in typical star-forming envi-
ronments. | find their distribution to be dichotomous: many planetary
systems with zero or negligible abundances, and fewer systems with
levels comparable to the early Solar system. Further, | quantify the
parametric controls on interior evolution and volatile loss of plan-
etesimals that accrete to form terrestrial planets. | derive the pri-
mary thermochemical regimes for the build-up of internal magma
oceans, core segregation, chemical differentiation, and volatile re-
tention. Matching planetesimal interior evolution with meteoritic ev-
idence, | constrain the accretion dynamics and reprocessing of plan-
etary materials in the early Solar system, in order to gain a better
understanding of planetary assembly. Finally, by extrapolating the
derived mechanisms to the exoplanet population, | demonstrate the
primary influence of short-lived radionuclides on the efficiency of
volatile delivery to terrestrial planets: enriched systems with Solar-
like or higher levels tend to form water-depleted planets, while not-
or barely-enriched systems dominantly form ocean worlds.

My findings provide a direct link between the star-forming birth en-
vironment of planetary systems and the compositional make-up and
long-term evolution of rocky planets that form in them. The system-
to-system deviations in the abundance of short-lived radionuclides
across young star-forming regions qualitatively distinguish planetary
systems’ formation and evolution, and control the distribution and
prevalence of terrestrial planets with Earth-like bulk compositions.
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TIM LICHTENBERG is a PhD student in Geophysics and uses computers
to simulate the formation of planetary systems.

A supernova is
the death of a massive star.

First it coll then it explodes.
The chemical elements from the exploding
star are expelled into space in the form of
gas and dust. Our young Solar System
was probably hit by one of these
particle waves.

.. 46billion years ago,
e - our Solar System was born
2 .2

>y

.and a short whilé later,
a supernova occurred in its v, ,
cosmic neighbourhood. . . *. . - e This caused radioactive
; = 7 clements such as aluminium-26
and iron-60 to enter the Solar System.
Together with ice crystals and other compo-
il nents of the Solar System, which was very
aluminium-26 cold at the time, they were integrated
in the first building blocks
of the planets.

iron-60 " The decay of the
radioactive elements pro-
duced a great deal of heat,
causing the rock to melt and
the ice to evaporate.

ice crystal
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Luckily,
that's not how it
turned out!

If all the water
had evaporated, our
Solar System would be dry
and Earth would be just like
the imaginary desert
planet of Tatooine.

TESS satellite observing

a transit

DESERT PLANET
|

To improve our
models and predictions,
we use telescopes and space
missions to search the sky for far-
off planets outside our Solar
System, which are called

exoplanets. MISSIONEN, ongoing and in preparation: \
)

¢ Kepler (NASA), launched 2009
. L. The space telescope searches for extrasolar planets
. . (exoplanets).
\ / . . CHEOPS (ESA), planned for 2018,
\ . : under Swiss leadership (University of Bern).
. @ oplanct CHEOPS stands for ‘CHaracterising ExOPlanet Satellite’
) P ‘o ® This is a small optical telescope in low Earth orbit which
.0 measures transits of exoplanets.
. TESS (NASA), planned for 2018,
. The ‘Transit Exoplanet Survey Satellite’ is another
space telescope that searches for transits of exoplanets.

parent star James Webb Space Telescope (NASA, ESA, CSA),
planned for 201

The space observatory complements and extends the
tasks of the Hubble Space Telescope

PLATO (ESA), planned for 2026,

The ‘PLAnetary Transits and Oscillations of Stars’
mission aims to find and study extrasolar planetary
systems. It focuses on the characteristics of terrestrial
planets in the habitable zone around Sun-like stars.

EARTH OCEAN PLANET

To find out how

much water needs to

evaporate in order for a planet like

Earth to be formed, we use computers
to calculate models of planet formation.
We're particularly interested in the
abundance of ocean planets and
desert planets.

We can detect them by
observing transits. A transit is when
an exoplanet passes in front of a star.

It can be observed indirectly by measuring
differences in the brightness of the
parent star that the exoplanet

is passing.

Images: ESO (modif)

“Expedition Solar System - Join ETH Zurich on a journey into space”; Ulrike Kastrup, Kerstin
Fankhauser, Gillian Griin, Jessica Kind, Bettina Gutbrodt, Andrea Ddhler; focusTerra, ETH Zurich, 2018



ZUSAMMENFASSUNG

Die Entdeckung von extrasolaren Planeten in den letzten Jahrzehnten
wirft die Frage auf, wie haufig erdahnliche Welten in unserer Galaxie
auftreten. Da astronomische Beobachtungen nur ein unvollstandiges
Bild der gesamten Planetenpopulation liefern, konnen Einsichten in
die Entstehung und Entwicklung von Planetensystemen bedeutsame
Erkenntnisse liber deren wichtigste physikalische und chemische Ei-
genschaften liefern, welche mit Fernerkundung allein nicht untersucht
werden konnen. Um die Entstehung und Haufigkeit terrestrischer Wel-
ten zu verstehen, erforsche ich in dieser Doktorarbeit die friihe Evoluti-
on von Planetensystemen, und die interne Dynamik und Beibehaltung
volatiler Elemente von gesteinsartigen Protoplaneten.

Um unser Sonnensystem in den Kontext der extrasolaren Planeten-
population einzubetten, modelliere ich die Anreicherung protoplane-
tarer Scheiben mit kurzlebigen Radionukliden, insbesondere 2°Al und
0Fe, in typischen Sternentstehungsregionen. Ich finde eine dichotome
Verteilung vor: Viele Planetensysteme mit keinen oder vernachlassig-
baren Isotopenvorkommen und weniger Systeme mit Haufigkeiten ver-
gleichbar mit dem frihen Sonnensystem. In Verbindung dazu quanti-
fiziere ich die Kontrollparameter fiir die interne Entwicklung und den
Verlust von volatilen Elementen von Planetesimalen, und die primaren
thermochemischen Klassen fiir den Aufbau interner Magmaozeane,
Kernsegregation und chemischer Differenzierung. Indem ich die inter-
ne chemische Struktur der Planetesimale mit Anhaltspunkten von Me-
teoriten abgleiche, schranke ich die Akkretionsdynamik und Weiterpro-
zessierung von planetaren Materialien im frihen Sonnensystem ein,
um ein besseres Verstandnis der Planetenentstehung zu erhalten.
Schlussendlich, indem ich die vorangegangenen Mechanismen in Be-
zug auf die Exoplanetenpopulation extrapoliere, demonstriere ich den
primaren Einfluss von kurzlebigen Radionukliden auf die Anreicherung
von terrestrischen Planeten mit volatilen Elementen: Vergleichbar mit
dem Sonnensystem, tendieren angereicherte Planetensysteme dazu
wasserarme Planeten zu formen, wahrend in nicht oder gering angerei-
cherten Systemen Ozeanwelten dominieren.

Meine Erkenntnisse liefern einen direkten Zusammenhang zwischen
den Entstehungsgebieten planetarer Systeme und der materiellen Zu-
sammensetzung und langfristigen Entwicklung von Gesteinsplaneten.
Die Abweichungen in der Anreicherung mit kurzlebigen Radionukliden
in Sternentstehungsgebieten grenzen die Entstehung und den Werde-
gang von planetaren Systemen voneinander ab und beeinflussen die
Verteilung und Haufigkeit von terrestrischen Planeten mit erdahnlicher
Zusammensetzung.



ZURISEE TROTZ SUPERNOVA

TIM LICHTENBERG ist Doktorand in der Geophysik und simuliert am Computer die )
Entstehung von Planetensystemen. _ Eine Supernova
bezeichnet das Sterben eines
grossen, massiven Sterns. Dieser fallt
zunachst in sich zusammen, bevor er explodiert.
Die chemischen Elemente aus dem explodieren-
den Stern werden als Gas und Staub ins All
geschleudert. Eine solche Teilchenwelle traf
vermutlich damals auch unser junges
Sonnensystem.
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Dadurch gelangten
auch radioaktive Elemente wie
Aluminium-26 und Eisen-60 in das

Sonnensystem. Gemeinsam mit den Eis-
kristallen und anderen Bestandteilen des
sehr kalten Sonnensystems wurden sie

in die ersten Planetenbausteine

eingebaut.

Beim Zerfall der
radioaktiven Elemente wurde
viel Warme produziert, wodurch
das Gestein aufschmolz und
das Eis verdampfte.
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Wire dabei
alles Wasser verdampft,
ware unser Sonnensystem
trocken und auf der Erde gibe
es - wie hier auf dem fiktiven Ce
Wiistenplaneten Tatooine - i T g
kein Wasser. 1

ist zum Glick
nicht so!

WUSTENPLANET WASSERPLANET

Um unsere
Modelle und Vorhersagen
2u verbessern, nutzen wir
Teleskope und Weltraummissionen,
mit denen wir den Himmel nach weit

entfernten Planeten ausserhalb RS . \
unseres Sonnensystems, so- . Bl MISSIONEN, laufend und in Vorbereitung

genanntebn Exhoplune!en, Kepler (NASA), gestartet 2009
absuchen.

: X Das Weltraumteleskop sucht nach extrasolaren Planeten
. : (Exoplaneten).
\‘ '/ R . CHEOPS (ESA), geplant fir 2018,
\ . : unter Schweizer Fuhrung (Universitat Bern)
: CHEOPS steht fir «CHaracterising ExOPlanet Sateliten
) . Es ist ein kleines optisches Teleskop in einer niedrigen Erd
.0 umlaufbahn, welches Transits von Exoplaneten misst.
) . TESS (NASA), geplant fir 2018
Der «Transit Exoplanet Survey Satellites ist ein Weltraum-
teleskop, das ebenfalls nach Transits von Exoplaneten sucht.
.. LR Mutterstern James-Webb-Weltraumteleskop (NASA, ESA, CSA),

geplant fur 2019

Das Weltraumobservatorium erganzt und verlangert die
Aufgaben des Hubble-Weltraumteleskops.

PLATO (ESA), geplant fur 2026:

Die Mission «PLAnetary Transits and Oscillations of Stars»
soll F

Der Fokus liegt auf den Eigenschaften terrestrischer Pla
neten in der bewohnbaren Zone um sonnenahnliche Sterne.

Um herauszufinden,
wieviel Wasser verdampfen
muss, damit ein Planet wie die Erde
entstehen kann, berechnen wir am Com-
puter Modelle zur Planetenentstehung.
Dabei interessiert uns besonders die
Haufigkeit von Wasser- und
Wiistenplaneten.

Wir kénnen sie finden,
indem wir Transits beobachten.
Darunter versteht man das Voriiberziehen eines

Exoplaneten vor einem Stern. Dabei wird der
Exoplanet nur indirekt beobachtet, indem man
die Verdunkelung des dahinter liegen-
den Muttersterns misst.
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INTRODUCTION

Until the last decade of the 20th century, humanity was aware of
only one planetary system around a star in the entire universe - the
Solar system. Today in 2018, after roughly 20 years of intensive ef-
forts, there is observational evidence for thousands of planets of
all types (Winn and Fabrycky, 2015; Kaltenegger, 2017): gas and ice
giants like Jupiter, Saturn, Uranus, and Neptune; or more rocky plan-
ets like the four inner Solar system planets Mercury, Venus, Earth,
and Mars. Other formerly unknown types of planets that differ qual-
itatively from the planets in our Solar system are prevalent in the
galaxy: Hot Jupiters (Mayor and Queloz, 1995), which are gaseous gi-
ants orbiting extremely close to their parent star, or super-Earths (Va-
lencia, O’Connell, and Sasselov, 2006) that may be either scaled-up
versions of Earth, or scaled-down versions of ice giants such as Nep-
tune. Because other stars and their planets are enormously far away
from Earth, it is very hard to catch the light they emit. Therefore, in-
direct observations, such as the transit and radial-velocity methods,
which rely on precise measurements of changes in the stars’ light,
were so far the most successful techniques to detect extrasolar plan-
ets. Using extrapolations of the data from all known exoplanets, we
think that the frequency of rocky planets per star is high, perhaps
approaching 100% (Kaltenegger, 2017). This would be an enormous
number by any measure and necessarily provokes the question of
how many true Earth-twins are hiding out there in the vast darkness.

However, the available data for extrasolar planets is still sparse
and the information that can be obtained is limited to only the very
basic characteristics, most often just radius and mass; frequently only
one of the two. Therefore, it is incredibly difficult to compare any
planet out there to the planets in our Solar system. Figure 1.1 shows
the currently available data for planets with radius Rp < 4 Rga4, and
mass Mp < 30 M. Very few known planets are located in close
proximity to the Solar system terrestrial planets in mass-radius space,
and we therefore, so far, do not know any Earth analogue by even
those bulk measures, even though we are getting close (Gillon et al,,
2016, 2017).

In addition to mass and radius, the bulk compositional make-up
of a planet is of primary importance for its interior structure. Un-
fortunately, with only these two measures, the bulk chemistry of a
planet in major refractory and volatile species is inherently degener-
ate (Adams, Seager, and Elkins-Tanton, 2008). Figure 1.2 demonstrates
how two planets in the rocky regime can be composed of strikingly
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Figure 1.1: Mass-radius relations for various compositional mixtures and
data for known extrasolar and Solar system planets below ~ 4
Earth radii and 30 Earth masses (modified from Kaltenegger, 2017).
The different colors for exoplanets correspond to the incident stel-
lar flux the planets receive relative to Earth, which can be trans-
lated to an estimate of the equilibrium temperature of the planet.
For this conversion, Kaltenegger (2017) assumed a bond albedo of
zero, perfect heat redistribution in the planet’s atmosphere and
the absence of a greenhouse effect. The different lines correspond
to interior structure curves for a defined compositional mixture
of iron, rock, water, and hydrogen/helium.

different materials when mass and radius are the only known param-
eters. In particular, volatiles like water are much less dense than re-
fractory materials, like silicates or metals, and therefore they can po-
tentially vary by orders of magnitude within the interior.

The amount of volatiles in a rocky planet interior is of fundamental
importance for its long-term evolution. Following planet formation,
the total amount of water in the mantle of planets with Earth-like
bulk abundances controls the cool-down during the magma ocean
phase, during which major parts of the rocky mantle are expected
to be molten, and influences the chemical composition of the at-
mosphere (Zahnle, Kasting, and Pollack, 1988; Abe, 1993). In an ex-
oplanetary context, the potential consequences of the bulk water
abundance are even more pronounced. First, a planet within a crit-
ical orbital distance to its central star is expected to enter a long-
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Figure 1.2: Possible interior structures for simplified bulk compositions of a
planet with Rp = 1 Rgary and Mp = 1 0r 0.5 Mgan, Fespectively
(modified from Noack, Snellen, and Rauer, 2017). Without addi-
tional information besides mass and radius for a measured exo-
planet, its composition can vary widely.

term runaway greenhouse phase that can last up to ~Gyrs (Hamano,
Abe, and Genda, 2013). In case the planet is far away enough from
its parent star to cool down on a reasonable time scale (< millions
of years), the water will recondense on the planet surface and form
surface oceans. However, since the water solubility under the high-
pressure conditions in planetary mantles is low (Hirschmann et al.,
2012; Peslier et al., 2018), most of the water cannot be mixed into
the interior and will remain on the surface. Beyond a certain critical
water mass fraction (~ several wt%, depending on other parameters,
such as internal heating and melting processes, Noack, Snellen, and
Rauer, 2017), high-pressure ice phases form at the base of such a
global water ocean, as depicted in Figure 1.3. These conditions trans-
form any aspiring Earth-twin to something entirely different and ren-
der it frozen for potentially the entire stellar main sequence lifetime.
Because of the primary control of volatiles on long-term planet be-
havior, their origin and delivery hold the clue to the surface and at-
mospheric conditions, which may lead to an origin of life similar to
Earth (Elkins-Tanton, 2008; Elkins-Tanton and Seager, 2008; Arney et
al., 2016; Pearce et al., 2018).

From studies of Solar system accretion, and theoretical and obser-
vational surveys of young star-forming regions, we think that we un-
derstand the basic principles of how planets acquire their volatile
reservoirs. The general setup for the accretion process around a young
star is illustrated in Figure 1.4. When a star forms, its accreting mate-
rial flattens into a rotating disk-like structure made of gas and ice/-
dust species. These protoplanetary disks are the birthplace of plan-
ets. In the case of terrestrial planets, the dust grains embedded in
the disk at first coagulate to form rocky or rock-ice bodies, the so-
called planetesimals (Morbidelli and Raymond, 2016; Birnstiel, Fang,
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Figure 1.3: Comparison for rocky planets with very high and Earth-like bulk
water fractions (from Sotin, Grasset, and Mocquet, 2007). Plan-
ets with bulk water fractions in excess of a few wt% exhibit high-
pressure ice layers at the base of their global water oceans and
suppress any chemical exchange between the interior and atmo-
sphere/surface.

and Johansen, 2016; O'Brien et al., 2018). These then collide with each
other and potentially accrete further dust grains to grow into terres-
trial planets. As seen in Figure 1.4, the inner parts of the disk are ex-
pected to be heated by the star’s light and, therefore, are composed
of mostly rocky dust grains. Further outside, beyond the snowline?,
water ice can condense onto the dust grains (Ciesla and Cuzzi, 2006).

Therefore, a planet forming in the inner part of the disk (like Earth)
must acquire some volatile material from outside the snowline. This
can happen either by the movement of the snowline as a whole (Sas-
selov and Lecar, 2000), or by scattering and dynamical mixing of ice-
rich planetesimals toward the inside. In the case of the Solar system,
it was suggested that the scattering agent was (proto-)jupiter, which
enriched the early Earth with water during its final stages of assem-
bly (Walsh et al., 2011; Raymond and Izidoro, 2017). Now, however, the
inner terrestrial planets, in particular Earth, seem to be very water-
poor in comparison with the enormous amounts of quantities that
are expected to be present beyond the snowline during the proto-

For the sake of clarity, | will only speak of the water snowline here and neglect the
condensation fronts of other chemical species.
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Figure 1.4: (Left) Artist’s impression of the water snowline around the young
star V883 Orionis. (Credit: A. Angelich (NRAO/AUI/NSF)/ALMA (ES-
O/NAOJ/NRAO)). (Right) Gallery of high angular resolution con-
tinuum observations of planet forming disks obtained with the
Atacama Large Millimeter/submillimeter Array. From left to right
and from top to bottom: TW Hya (Andrews et al., 2016), V883 Ori
(Cieza et al., 2016), HD 163296 (Isella et al., 2016), HL Tau (ALMA
Partnership et al., 2015), Elias 2-27 (Pérez et al., 2016), and HD
142527 (Kataoka et al., 2016). Credits: S. Andrews, L. Cieza, A. Isella,
A. Kataoka, B. Saxton (NRAO/AUI/NSF), and ALMA (ESO/NAOJ/N-
RAO).

planetary disk phase. Based on measurements, Earth holds only a
tiny fraction of ~0.1% water by mass (Peslier et al., 2018). In compar-
ison, dust grains and planetesimals beyond the snowline should be
composed of roughly similar abundances of rock and ice, based on
equilibrium condensation calculations (Lodders, 2003). Therefore, on
the grand scale of the extrasolar planet population, the vast majority
of material present within planet-forming regions around young stars
should be predominantly water-rich. This would render the regions
of most planetary systems prone to acquiring excess water mass frac-
tions (in comparison with Earth), populated with ocean worlds as de-
scribed above.

To resolve this mismatch between the supposedly water-rich com-
positions beyond the snowline and the apparent water abundances
in the terrestrial planets at home, latest Solar system accretion stud-
ies argue that an early-forming Jupiter ‘fossilized’ the water snowline
to a position somewhere within the asteroid main belt (Morbidelli et
al., 2016), so that ice-rich materials could never reach Earth’s orbit
directly. Inward-scattering of planetesimals with water fractions sim-
ilar to the most water-rich meteorites (so-called carbonaceous chon-
drites) during giant planet migration (Walsh et al., 2011) or steady
growth (Raymond and Izidoro, 2017) can then satisfy geochemical con-
straints for Earth’s water delivery (Rubie et al., 2015). However, most
stars have been shown to not harbor any giant planet of Jupiter’s size
(Fischer and Valenti, 2005). This negates any water-shielding func-
tions, which giant planets may serve, for the majority of planetary
systems.

5
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Figure 1.5: (Left) Timeline for various physical and chemical processes in the
Solar protoplanetary disk as inferred from extraterrestrial sam-
ples. Adapted from Nittler and Ciesla (2016), see in there for ref-
erences of the various ages. (Right) Thermal evolution and melt-
ing of silicates and water ice within accreting planetesimals from
26A|-heating (from Grimm and McSween, 1993). During the first ~2
million years the heating from 2°Al was energetic enough to melt
primordial planetesimals and protoplanets larger than ~10 km
in radius and therefore provided the necessary heat source to
differentiate them into a metallic core and silicate mantle.

However, dynamical studies of this process treat water abundances
of planetesimals usually as a constant associated with the present-
day abundances of water-rich material in meteorites. Moreover, as
already expressed in the pioneering works of Grimm and McSween
(1989) and Grimm and McSween (1993), early-formed planetesimals
in the Solar system were subject to intense radiogenic heating from
the presence of 2°Al (Lee, Papanastassiou, and Wasserburg, 1976b,a),
a short-lived radioisotope (sLr) with a half-life of ~0.7 Myr, which is
comparable to the disk and accretion time scale of protoplanets.

In order to set the anticipated importance of 2°Al into context, Fig-
ure 1.5 lists the time scale and evidence for various Solar system ma-
terials inferred from geo- and cosmochemical studies and compares
them with theoretical models of the thermal evolution due to radio-
genic heating by 2°Al. The heating by radioactive decay in early plane-
tary materials was much stronger than the radiogenic heat sources in
the present-day Earth’s mantle. Owing to this, early-formed icy plan-
etesimals with high 2°Al abundance experienced intense heating that
rapidly melted the water ice (Castillo-Rogez and Young, 2017; Monteux
et al,, 2018), and even the rock itself, transforming the planetesimals
into rocky carapaces with large amounts of magma inside that po-
tentially erupted during volcanic activity. Therefore, the presence of
26Al fundamentally altered the compositional inventory of early So-
lar system materials and must be taken into account if we want to
understand the accretion of the planets.

The time scales and ages inferred from matching extraterrestrial
samples with the 2°Al radiogenic heating enable precise reconstruc-
tions of the accretion history of the Solar system. In addition to that,
26A| sets the Solar system into a larger context of the formation of
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Figure 1.6: Composite images of two young star-forming regions. (Left)
The Flame Nebula, at a distance of 415 pc from Earth (Meyer
et al, 2008) and apparent dimensions 30'x30, with young
stars depicted in purple (Getman, Feigelson, and Kuhn, 2014, x-
ray: NASA/CXC/PSU/K.Getman, E.Feigelson, M.Kuhn & the MYStIX
team; infrared: NASA/JPL-Caltech). (Right) Stellar explosion in the
Orion nebula (Bally et al., 2017, ALMA, ESO/NAOJ/NRAO).

planetary systems (Adams, 2010). The relative abundance of various
sLRs can only be satisfied if the 2°Alin our Solar system has an extraso-
lar source, most likely a massive star that enriched the Solar system
material with 2°Al early-on (Ouellette et al., 2009; Adams, 2010; Nittler
and Ciesla, 2016; Portegies Zwart et al., 2018).

As most stars in the galaxy, the Sun likely formed in the close prox-
imity of dozens to hundreds, or even thousands, of other stars (Lada
and Lada, 2003; Bressert et al., 2010; Adams, 2010). Most of them
were of similar or lower mass than the Sun, but one or a few of them
were likely much more massive. Images of such young star-forming
regions are shown in Figure 1.6 and depict the formation of young
stellar objects together with the remnants of their parental molec-
ular clouds. Shortly before or during the formation of the Sun, the
Solar system material was enriched by additional material from one
or more massive stars. The actual abundance of 2°Al at the time of
Solar system formation, usually defined to be the age of the oldest
known solids, the Ca,Al-rich inclusions (cals), can then be used to con-
strain the physics and chemistry within the Sun’s parent star-forming
region.

THESIS STRUCTURE The former brief introductions to a variety of
sub-fields of astrophysics and planetary science serve as the back-
ground information for this thesis. | started by introducing the vari-
ety of exoplanets observed to date and the difficulties faced to infer
their long-term evolution. | connected their evolution to their accre-
tion pathway through their bulk abundances of water and the depen-
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dence of the bulk composition on the primary constituents of plan-
ets - planetesimals. | introduced heating from short-lived radioiso-
topes as a potentially primary mechanism to alter the composition
of planetesimals and connected the presence of short-lived 2°Al in
the early Solar system to enrichment mechanisms in the Sun’s birth
star-forming region.

For the remainder of this thesis, | will invert the order of topics
that | have introduced so far and sub-structure them into three dif-
ferent parts. In Part i, | start by quantifying the expected distribution
of sLRs, like 2°Al, in young star-forming regions and derive prospec-
tive radiogenic heating rates for exo-planetesimals (Chapter 2). As a
timely addition, | demonstrate how state-of-the-art inferences of the
current Solar system architecture can be used in conjunction with
cosmochemical constraints and modeling of the star-forming envi-
ronment of the young Sun to draw conclusions about the history of
Solar system objects (Chapter 3).

Part ii focuses on the interior evolution of planetesimals, in partic-
ular the high-energy regime where 2°Al is energetic enough to melt
silicate materials. Even though the models presented in this part are
framed within the context of Solar system planet formation, the infer-
ences drawn are generally applicable also to exoplanetary systems.
Here, the formation times referenced can be directly converted to
initial 2°Al values in extrasolar systems at the time of planetesimal
formation. Therefore, they can be interpreted as evolution in exo-
planetesimals subject to varying degrees of radiogenic heating. To
start with, Chapter 4 lays out the general evolutionary regimes of
planetesimals in the early Solar system. In particular, it combines
the 2°Al-heating with the potentially high macro-porosity of planetes-
imals during assembly, which is relevant for planetesimals that ac-
crete through rapid collapse in the protoplanetary disk. Chapter 5
then digs deeper into the evolution of the silicate melt in planetesi-
mals, focusing on potential volcanic activity due to rapid melt ascent
and connects planetesimal evolution to currently ongoing space mis-
sions to asteroids and remnant protoplanets in the Solar system.

Part iii then goes beyond the interior models of planetesimals and
draws inferences on the accretion dynamics of the Solar system. In
particular, Chapter 6 deals with the type of constraints that can be
inferred from studies of chondrites and their constituents - chon-
drules. The cosmochemical record for these types of meteorites that
can help guide current models of rocky planet formation are needed
to piece together the detailed reconstruction of terrestrial planet ac-
cretion. Finally, Chapter 7 circles back to the grand perspective. | con-
nect the time scales and interior evolution models described until
then to constrain general features of accretion in planetary systems
that apply to the exoplanetary population. In particular, my work in-
troduces sLr-induced dehydration of planetesimals as a major con-
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trol on the difference between ocean worlds and water-poor planets,
such as Earth. The inferences derived in this chapter are used to make
predictions for the exoplanet population in the rocky planet regime
that we may be able to probe within a 10 to 20 year time scale with
upcoming space telescopes. | suggest that the primary difference be-
tween a planetary system with water-poor or ocean worlds may be
the 2°Al abundance that the system starts out with.

Each part and chapter features its own introduction, where front
pages for each part connect the chapters in them to each other. In
the very last Part iv, | summarize the advances made in this work as
a whole (Chapter 8) and present an outlook (Chapter 9) of ideas and
gaps in our current understanding that will be worth exploring in the
future.
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STELLAR ENVIRONMENT OF FORMING PLANETARY
SYSTEMS

This first part deals with the effects of the star-forming en-
vironment on growing planetary systems. The majority of
stars in our galaxy are born in intermediate to dense stel-
lar environments, where hundreds or thousands of stars

form simultaneously. During that process they interact

gravitationally with each other and dynamically excite each
others’trajectories in the dispersing cluster. Because stars

of various masses are formed close to each other, the most
massive stars are thought to dominate the environment.
In particular, they explode as supernova(e) after a few mil-
lion years and may inject freshly fused material into the

planet-forming disks of their low-mass siblings, such as

the young Sun. By quantifying the efficiency of this mech-
anism, | derive the anticipated distribution of 2°Al and

60Fe, the two most important SLRrs for the planet formation

process in this context. | find a distribution dichotomy in

the abundance of sLrs in young planetary systems — a ma-
jority with negligible to zero abundances, and a few per

cent to up to tens of per cent of planetary systems that

are strongly enriched to levels similar to or higher than

the Solar system. Using these quantified enrichment pat-
terns, | calculate the odds that the hypothesized ‘Planet

9" in the outer Solar system was captured within the early

star-forming environment of the Sun, which yields impli-
cations for the dynamic history of the Solar system plan-
ets.






ISOTOPIC ENRICHMENT OF FORMING PLANETARY
SYSTEMS FROM SUPERNOVA POLLUTION

The content of this section was published as: Lichtenberg, T, R. ). Parker,
M. R. Meyer (2016). “Isotopic enrichment of forming planetary systems
from supernova pollution.” Monthly Notices of the Royal Astronomical
Society 462, 3979-3992. doi: 10.1093/mnras/stw1929. arXiv: 1608.01435.

ABSTRACT

Heating by sLrs such as 2°Al and ®°Fe fundamentally shaped the ther-
mal history and interior structure of Solar system planetesimals dur-
ing the early stages of planetary formation. The subsequent thermo-
mechanical evolution, such as internal differentiation or rapid volatile
degassing, yields important implications for the final structure, com-
position and evolution of terrestrial planets. SLR-driven heating in the
Solar system is sensitive to the absolute abundance and homogene-
ity of sLrRs within the protoplanetary disk present during the conden-
sation of the first solids. In order to explain the diverse compositions
found for extrasolar planets, it is important to understand the distri-
bution of SLRs in active planet formation regions (star clusters) during
their first few Myr of evolution. By constraining the range of possible
effects, we show how the imprint of sLrRs can be extrapolated to exo-
planetary systems and derive statistical predictions for the distribu-
tion of 2°Al and ®Fe based on N-body simulations of typical to large
clusters (103-10* stars) with a range of initial conditions. We quantify
the pollution of protoplanetary disks by supernova ejecta and show
that the likelihood of enrichment levels similar to or higher than the
Solar system can vary considerably, depending on the cluster mor-
phology. Furthermore, many enriched systems show an excess in ra-
diogenic heating compared to Solar system levels, which implies that
the formation and evolution of planetesimals could vary significantly
depending on the birth environment of their host stars.

21 INTRODUCTION

The presence of sLRs during the early stages of planetary formation
is of central importance in the view of core-accretion planet forma-
tion models. In the Solar system, the radioactive decay of 2°Al was
the main heat source of the earliest planetesimals and planetary
embryos during the first few Myr (Grimm and McSween, 1993) after
the formation of cAls. Their interior thermo-mechanical evolution fa-
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cilitated differentiation and thus mineralogical, petrographical and
structural evolution (Hevey and Sanders, 2006; Moskovitz and Gai-
dos, 2011; Lichtenberg et al., 2016) and possibly affected the total
volatile budget (Young et al., 1999; Fu and Elkins-Tanton, 2014). Sub-
sequent collisional interactions during runaway growth shaped the
core-to-mantle ratio and determined the building material of terres-
trial planets like Earth (O'Neill and Palme, 2008; Bonsor et al., 2015).
With differing initial abundances of sLks and thus heating rates many
of these mechanisms would change and potentially result in drasti-
cally different planetary compositions.

SLR tracers in the meteoritic record additionally provide stringent
constraints on the birth environment of the nascent Solar system
(Lee, Papanastassiou, and Wasserburg, 1976a). Some of them, like 1°Be,
can be explained by solar energetic particle irradiation, but others,
most importantly 2°Al and ®Fe, suggest an external, stellar nucleosyn-
thetic source. To complicate the picture, their concentrations are too
elevated to be consistent with galactic background levels (Meyer and
Clayton, 2000), with the short half-lives (0.7 Myr for 2°Al, 2.6 Myr for
®Fe) implying a late stage enrichment.

Numerous attempts have been made to link the inferred sLr abun-
dance levels to a specific injection channel including triggered col-
lapse of the presolar cloud core (Cameron and Truran, 1977), poten-
tially with former enrichment by the winds of a massive star in a se-
quential triggering process (Tatischeff, Duprat, and de Séréville, 2010;
Gounelle and Meynet, 2012; Young, 2014), or the direct pollution of
the circumstellar disk by supernova ejecta (Clayton, 1977; Chevalier,
2000). The difficulties in measuring excess abundances of ®Fe, the
strongest argument for a direct supernova injection mechanism, so
far failed to converge on a preferred order of magnitude (Tachibana
and Huss, 2003; Quitté et al., 2010; Tang and Dauphas, 2012; Mishra,
Marhas, and Sameer, 2016). While triggered star formation is a much-
debated issue (Dale, Haworth, and Bressert, 2015), we consider intra-
cluster enrichment mechanisms, like direct disk injection from the
winds of nearby massive stars or supernova ejecta, to be inevitable
to some extent.

Even though the specific enrichment channel of the Solar system
is still under much debate (e.g., Davis et al., 2014; Adams, Fatuzzo, and
Holden, 2014; Parker et al., 2014b; Schiller, Paton, and Bizzarro, 2015;
Boss and Keiser, 2015; Parker and Dale, 2016), attempts are ongoing
to extrapolate the predictions by the proposed enrichment channels
to extrasolar and even galactic scales (Gounelle, 2015). In the context
of the rapidly evolving field of exoplanetary studies (Benz et al., 2014)
the injection efficiency and hence distribution of sLRs on larger scales
link the geodynamical processes in forming planetary systems to its
stellar birth environment.
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Although many implications of sLkR-dominated heating in planetes-
imals of sizes greater than ~10 km are now understood (e.g., Hevey
and Sanders, 2006; Elkins-Tanton, Weiss, and Zuber, 2011; Elkins-Tanton,
2012; Weiss and Elkins-Tanton, 2013; Golabek, Bourdon, and Gerya,
2014; Lichtenberg et al,, 2016), the detailed coupling between inte-
rior thermo-mechanical-chemical evolution, collisional growth and
subsequent effects on the final planet outcome remains elusive (Fu
and Elkins-Tanton, 2014; Gerya et al., 2015; Bonsor et al., 2015; Carter
et al., 2015). Nonetheless, with the goal of an observationally consis-
tent theory of planetary assembly in mind, it is crucial to understand
the distribution of sLrs on larger, like interstellar or galactic, scales.

Thus, in this work, we derive statistical predictions for the distribu-
tion of 2°Al and ®Fe, the two main nucleosynthetic SLR heat sources,
from the direct pollution of circumstellar disks in young star clusters.
The structure of the paper is as follows. In Section 2.2 we describe
the N-body simulations and the post-processing calculations, which
take into account the dynamical evolution of the star cluster as well
as the injection and mixing of supernova ejecta in the disks, as they
evolve over time. We present our results in Section 2.3, focusing first
on the dynamical evolution of the cluster populations, and secondly
the predictions for the sLr distribution in them. We discuss the re-
sults and limitations of our study in Section 2.4 and comment on the
implications of our study on volatile degassing, planet population
synthesis and the enrichment of the Solar system. We draw conclu-
sions in Section 2.5.

2.2 METHODOLOGY

Our method to derive predictions for the sLr abundances in star form-
ing regions is built on a large suite of N-body simulations of stel-
lar clusters from 103-10* stars. This corresponds to the cluster mass
required to form stars massive enough to explode as supernovae
during the protoplanetary disk phase (Portegies Zwart, 2009; Adams,
2010), assuming a fully sampled initial mass function of stars (ImF)
(Parker and Goodwin, 2007; Weidner, Kroupa, and Bonnell, 2010).

We use N-body simulations with stellar evolution to determine
the distances to the supernova(e) of all low-mass stars as a func-
tion of the initial conditions of the cluster. We then analyze these
simulations using a post-processing routine, which semi-analytically
treats details of the pollution mechanism and introduces assump-
tions about protoplanetary disk lifetimes and isotope mixing. In Sec-
tion 2.2.1 we present the setup and reasoning of the numerical simu-
lations and explain the post-processing routine in Section 2.2.2.
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2.21 Star cluster setup

Our model clusters initially have either 10% or 10* stars drawn from

the imF of stars from Maschberger (2013), with a mass range of M, =

0.01 — 50 M.,. This combines the log-normal approximation from Cha-
brier (2003) with the Salpeter (1955) power-law slope for stellar masses
> 1Mg. The probability density function for the Maschberger IMF has

the form

o= (8) (1 (5))

with the average stellar mass y = 0.2Mg, the Salpeter power-law ex-
ponenta = 2.3 for higher mass starsand § = 1.4 is used to determine
the slope of the low-mass part of the distribution.

We adopt two different spatial morphologies for the initial condi-
tions of our star clusters; smooth and substructured. The spatial dis-
tribution of starsin older clusters is often observed to be smooth and
centrally concentrated. These clusters can often be approximated with
a Plummer (1911) or King (1966) profile.

Formally, Plummer spheres are infinite in extent, and are usually
described in terms of their half-mass radius. We use Plummer spheres
with positions and velocities determined by the prescription in Aarseth,
Henon, and Wielen (1974), with initial half-mass radii of 0.3 and 0.4 pc.

Stars are observed to form in filaments (e.g. André et al., 2014),
which usually results in a substructured spatial and kinematic distri-
bution for stars in a given star-forming region (Cartwright and Whit-
worth, 2004; Sanchez and Alfaro, 2009).

We set up star-forming regions with primordial substructure using
the fractal distribution in Goodwin and Whitworth (2004). Note that
we are not claiming that star-forming regions are fractals (although
they may be, Elmegreen and Elmegreen, 2001), but rather that frac-
tals are the most convenient way of setting up substructure because
the amount of substructure is set by just one number, the fractal di-
mension D.

For a detailed description of the fractal set-up, we refer the inter-
ested reader to Allison et al. (2010) and Parker et al. (2014a), but we
briefly summarize it here. The fractal is built by creating a cube con-
taining ‘parents’, which spawn a number of ‘children’ depending on
the desired fractal dimension. The amount of substructure is then set
by the number of children that are allowed to mature. The lower the
fractal dimension, the fewer children are allowed to mature and the
cube has more substructure. Fractal dimensions in the range D = 1.6
(highly substructured) to D = 3.0 (uniform distribution) are allowed.
Finally, outlying particles are removed so that the cube from which
the fractal was created becomes a sphere; however, the distribution
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Setting | N, Morphology Ry orry/, [pcl
#o1 | 10° Fractal 1.0
#o2 | 10>  Plummer 0.3
#03 | 10°  Plummer 0.4
#os | 10* Fractal 1.0
#os | 10* Fractal 3.0
#o6 | 10*  Plummer 0.3
#o7 | 10*  Plummer 0.4

Table 2.1: Initial settings for all types of N-body simulations, which we follow
for 10 Myr in total. All simulations are initialized using D = 1.6
and ay; = 0.5. From left to right, the columns are the number of
stars, Ny, the initial morphology, and either the initial radius of the
fractal R, or the initial half-mass radius of the Plummer sphere
r1,2. To account for statistical variations we perform 30 simulation
runs for each type. The setting identifiers correspond to the ones
in Table 2.3 and 2.4.

is only truly spherical if D = 3.0. We adopt D = 1.6 throughout this
paper, and the fractals have initial radii of 1 and 3 pc.

To determine the velocity structure of the cloud, children inherit
their parent’s velocity plus a random component that decreases with
each generation of the fractal. The children of the first generation
are given random velocities from a Gaussian of mean zero. Each new
generation inherits their parent’s velocity plus an extra random com-
ponent that becomes smaller with each generation. This results in a
velocity structure in which nearby stars have similar velocities, but
distant stars can have very different velocities. The velocity of every
star is scaled to obtain the desired virial ratio of the star-forming
region.

The virial ratio, ayiy = T/|Q|, where T and |Q)| are the total ki-
netic and total potential energy of all stars in the cluster, respectively.
Parker et al. (2014b) found that the amount of enrichment is insen-
sitive to the initial virial ratio in the range ay;; = 0.3 (bound and
initially collapsing) to ayi; = 0.7 (unbound with some initial expan-
sion). Therefore, all clusters were initialized in virial equilibrium, with
Kyir = 0.5.

Our model clusters are evolved using the KIRA integrator within
the STARLAB package (see, e.g., Portegies Zwart et al., 1999, 2001) and
we implement stellar evolution using the SeBA code (Portegies Zwart
and Verbunt, 1996, 2012), also in STARLAB. The clusters are evolved for
10 Myr, which encompasses the majority of protoplanetary disk life-
times, stars =19 M, will explode as supernovae and the majority of
dynamical interactions that could disrupt disks occur within this time
frame.
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Figure 2.1: Isotopic yields of 2°Al and ®Fe per supernova progenitor mass
with data from Woosley and Weaver (1995) and Rauscher et al.
(2002) (denoted as WW95/R02) and Limongi and Chieffi (2006)
(LCo2). To achieve a yield function we fit the data linearly. The
regressions scale as: Mejtot o 0.68 My, Mej a1 & 3.4 X 10~°M, and
Mejpe 5.6 X 1077 M,.

To account for the stochasticity inherent in star cluster evolution
(Parker and Goodwin, 2012; Parker et al., 2014b), we ran 30 versions of
each set of initial conditions, identical apart from the random num-
ber seed used to generate the masses, positions and velocities. A
summary of the initial settings can be found in Table 2.1. Finally, each
simulation was run for 10 Myr, the higher end tail of protoplanetary
disk lifetimes and thus the relevant time scale for supernova pollu-
tion of circumstellar disks (see, e.g., Haisch, Lada, and Lada, 2007;
Lada and Lada, 2003; Mamajek, 2009; Bell et al., 2013; Cloutier et al,,
2014).

2.2.2 Enrichment mechanism

It is common for young stars to form close together in a cluster and
therefore supernova progenitor stars are found in the vicinity of less
massive stars (Lada and Lada, 2003). After several Myr of evolution
the progenitor(s) explode as core-collapse supernovae, ejecting their
sLr-enriched outer shells into the local environment. Parts of the
ejecta material are injected into circumstellar disks via cross-section
capture, mixed into the disk and subsequently incorporated into form-
ing solid bodies. In the following we describe each physical process
from the sLrR-ejection of supernova progenitor stars down to the mix-
ing in the disk and present our post-process implementation in order
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to derive statistical predictions for the distribution of strs in stellar
clusters with 103- 10* stars.

First, we use the N-body simulations to determine the locations of
stars when a massive star goes supernova and the relative positions
of low-mass stars in the cluster with respect to the supernova. By fit-
ting the supernova yield predictions from Woosley and Weaver (1995),
Rauscher et al. (2002), and Limongi and Chieffi (2006) we assign each
supernova event to a specific absolute mass of sLrR material, as shown
in Figure 2.1.

Using the formulation of Ouellette, Desch, and Hester (2007, 2010),
the transport and injection physics of supernova yields to a disk can
be broken down into 3 parameters: the condensation efficiency of
metals in the ejecta shock front, #..n4, the cross-section factor of a
protoplanetary disk with the ejecta front, #7geom, and the injection ef-
ficiency into the disk, 7. Ouellette, Desch, and Hester (2010) dis-
cussed the observational constraints of #.,,q and arrived on a possi-
ble parameter range of #.,,q = 0.01-1. Since then, however, evidence
of efficient solid condensation in ejecta fronts has arisen (Matsuura
et al,, 2011) and it seems indeed possible that 7.,nq is close to ~1. To
take a conservative approach and to account for potential variations
between different supernova events we chose 7.,nq = 0.5 throughout
our analysis. The geometrical cross-section of a random disk with su-
pernova ejecta can be easily calculated (Adams, Fatuzzo, and Holden,
2014) via

T
geom = 7 COS 6, (2.2)

with 74, the radius of the circumstellar disk (see Section 2.2.3), d the
distance between donor and acceptor star and 6§ = 60° the average
disk alignment with respect to the ejecta for a random distribution.
For this purpose we neglected the time interval dt between the su-
pernova outburst and the time of arrival, as average travel times in
such a scenario are on the order of dt ~ 100 yr (Ouellette, Desch,
and Hester, 2010), i.e., negligible in comparison with the evolution-
ary time scale of the disks, their half-lives and the cluster dynamical
time scale.

The injection efficiency 7in; is determined by the size distribution
of condensed grains in the supernova ejecta, as large grains can be
easier injected. For the case of a grain size distribution in accordance
with presolar grains of supernova origin, like meteorite grain sizes in
the Solar system (Amari, Lewis, and Anders, 1994), the injection effi-
ciency into the disk structures is ~ 0.9 (Ouellette, Desch, and Hester,
2010). However, we assume that the average dust grain size is smaller,
~ 0.1um, consistent with the size distribution of interstellar grains
(Mathis, Rumpl, and Nordsieck, 1977), in which case #;nj = 0.7 (Ouel-
lette et al,, 2009). In general, whenever we had to decide between
an approach which would boost final enrichment abundances versus
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one which is expected to lower them, we chose the latter, which we
see as a conservative way of not overestimating the effects of direct
supernova pollution.

When the sLrRs are injected into the disk they must be mixed into the
disk material on a relatively short time scale as is implicitly assumed
when using 2°Al as a Solar nebula chronometer in cosmochemical dat-
ing methods. From a theoretical perspective, mixing in the disk can
occur either via large scale gravitational instabilities or turbulent dif-
fusion on local scales. The first is extremely effective while the disk
is massive (e.g., Boss, 2007). The latter demands a very detailed un-
derstanding of the actual disk physics and crucially depends on still
largely unconstrained disk properties, but can also be efficient when
the vertical structure of the disk is considered due to large-scale ra-
dial mixing (Ciesla and Cuzzi, 2006; Ciesla, 2007). A detailed review
of the mixing processes within the disk is beyond the scope of this
paper, for further details see Ouellette et al. (2009). For the Solar sys-
tem, there is evidence of large-scale 2°Al homogeneity (Villeneuve,
Chaussidon, and Libourel, 2009), even though the discussion is still
ongoing. When the SLrs are mixed into the disk material before plan-
etesimal agglomeration, they will be incorporated into the growing
bodies.

2.2.3 Timing and disk dynamics

We assumed that every star forms with a disk of initially Mgg =
04 M,, which is expected to be the threshold mass just stable to
large-scale gravitational instabilities at the end of the infall phase
(Natta, Grinin, and Mannings, 2000; Williams and Cieza, 2011). The ini-
tial number of potential planet forming disks was therefore Ny;q =
N,, depending on the cluster size. As we were interested in the conse-
quences for systems which finally developed fully fledged planetary
systems, we subtracted the stars which might have been subject to
violent transformation due to either disruption by close-by super-
nova (d < 0.1 pc, Adams, 2010), truncation by close encounters with
d < 500 au or photoevaporation from a nearby O star (d < 0.3 pc
for dt > 1 Myr, Scally and Clarke, 2001; Adams et al., 2004; Alexander
et al,, 2014). Again, we have chosen these values in a conservative
fashion, as not to overestimate sLR abundances. See Section 2.4.4 for
a discussion of these issues.

The number of stars/disks not violated by these events was sub-
sequently scaled by a declining distribution, to account for the de-
creasing number of observed disks with cluster age (Haisch, Lada,
and Lada, 2001; Mamajek, 2009). To do so, at the time of each super-
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nova event, the number of disks was decreased via the exponential
scaling law

Ndisk = N, et/ Tk, (2.3)

with mean lifetime 14,5 = 5.0 Myr, corresponding to a disk half-life
time of 7y /» = Tgisk In (2) =~ 3.47 Myr. Given that newest observational
estimates are consistent with up to 7, ~ 6.0 Myr (Bell et al., 2013;
Cloutier et al., 20124), this is again a conservative approach.

To achieve a realistic estimate of the mixing ratio of the SLrs with
the disk material, we inferred a time-dependent disk model for the
evolution of the surface density (Hartmann, 2009) with a flared struc-
ture according to

(2.4)

1/2
T(R) ~ 10 (1OORAU> K

—R/(Rity) -2
Y~ 14-1085 - <Md(0))< Ry ) gem 2, (2.5)

(R/Ry)£/2 \01Ms ) \10AU
h=1+1, (2.6)
ts
R a -1/ M, \V2/T
L1004 1 * 100 -1
e~ 8-10 <1OAU> (10—2) (0.5M@> <1OK> Moyr
(2.7)

with R the distance from the central star, the ‘initial’ scaling disk ra-
dius Ry = 10 au’, time normalization ¢4, scaling time t;, initial disk
mass My(0) = 0.1 M,, disk viscosity parameter a = 102 and nor-
malization temperature Tyoo = 10 K. For a detailed description of this
model we refer to Hartmann (2009). Even though newest theoretical
and observational estimates of the disk viscosity trend toward lower
values, our choice of « = 1072 reflects a compromise between the
seemingly low values in observed disks (Alexander et al., 2014; Fla-
herty et al., 2015) and long disk lifetimes for lower « values in this
model.

As the disks became subject to interaction with supernova blast
waves and could potentially be truncated from the momentum cou-
pling, we inferred an estimate of the disk truncation radii during the
intersection with the ejecta. In a simple analytical estimate Chevalier
(2000) stated that two types of mass loss by the interaction with the
ejecta must be taken into account. First, matter may be stripped from
a disk due to the ram pressure of the ejecta flow, if the time scale of
the ejecta interaction is longer than the dynamical time scale of the
disk. Then, the disk is stripped if the ram pressure exceeds the gravi-
tational force per unit area

Pgrav ~ GM*Zdisk/rd/ (28)

1 This is not a total initial disk radius, compare Figure 2.2.
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Figure 2.2: time-dependent disk model (Hartmann, 2009) to calculate the
truncation radius Ry;q and total mass My;q for a Solar analog
with M, = 1 M. Upper panel: Surface density for different times.
The horizontal dotted line indicates the cut off density from the
density criterion (compare Figure 2.3). Lower panel: Disk mass for
different times with the truncation radii (again from the density
criterion) for different times indicated with vertical dashed lines.

with the gravitational constant G, the surface density of the disk X g;qx
at distance r4. For the case of a constant density supernova with ejec-
tion energy E,, Chevalier (2000) found the maximum ram pressure
that can be exerted by the ejecta to be

Pram = 5Eej/(27rdgl\])/ (2.9)

with the distance to the supernova source dgy. Second, in the case of
a rapid interaction of the ejecta with the disk, the momentum in the
ejecta flow pm ¢ can cause disk material to reach escape velocity

Vese = (2GM,/rq)"/2. (210)
Thus, the momentum stripping criterion becomes

Pmej > Pm,disks (211)
Mejvej/(47rdéN) > XdiskUVescs (212)

with ve; = (10E¢/3Mej)'/2. However, Ouellette, Desch, and Hester
(2007) found that these criteria are too restrictive because disks in in-
teraction with the ejecta become surrounded by high-pressure shock-
ed gas that cushions the disk and deflects gas-phase ejecta around
it. The associated bow shock deviates the gas and lowers the effec-
tiveness of momentum stripping and ram pressure by orders of mag-
nitudes. In their model, which is inspired by potential Solar system
initial conditions, dsn = 0.1 pc, Mgn . = 25 Mg, the gas is stripped
beyond the radius with surface density . ~ 0.03 g cm? at ~33 au.
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Therefore, we employed a semi-analytical, iterative approach to
calculate the disk truncation radius for each injection event. We be-

gan with

atime-dependent disk profile when the supernova explodes

and the ejecta hits the disk. An example disk model for the profiles
inferred from Equation 2.5 for a Solar analog is shown in Figure 2.2,
together with the surface density threshold criterion from Ouellette,
Desch, and Hester (2007).
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Figure 2.3: Disk truncation radius Ry, calculated from the minimum value

of the estimates for momentum stripping, ram pressure and den-
sity threshold (compare Figure 2.2). (A) Truncation radius for fixed
distance from a supernova and mass of the disk host star. During
the early evolution of the disk the truncation is determined by
the amount of ram pressure, whereas from ~5 Myr onwards mo-
mentum stripping and the density threshold become the limiting
factors. (B) Disk truncation radius for various host star masses.
The kink in the slope for a host star of 0.1M, results from the
transition from ram pressure dominated truncation to density
threshold truncation as can be seen in the left image. (C) Trun-
cation radii t = 6.6 Myr, the explosion time for a supernova with
progenitor mass Mgy = 25M,. The truncation radii increase with
increasing distance to the supernova, as momentum and ram
stripping become less rigorous, and are capped from the density
threshold criterion.

For this setup we iteratively computed from inside-out the ratio of
ejecta and disk momentum pu, ¢j/ Pm disk from Equation 212, and com-
pared this with the momentum stripping ratio for the parameter com-
bination of Ouellette, Desch, and Hester (2007). For the ram pressure
we followed a similar approach and iteratively computed from inside-
out the ratio of ejecta ram pressure to the gravitational force per unit
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area, and compared this with corresponding ratio calculated from the
values in Ouellette, Desch, and Hester (2007). Finally, we chose the
minimum truncation radius inferred from the momentum stripping,
ram pressure and density cut-off. The disk truncation radius and thus
the final mass of the disk were therefore dependent on the specific
supernova as well as the disk structure. A demonstration for a subset
of parameters is shown in Figure 2.3. The supernova explosion energy
E¢ = 1.2 x 10°" ergs, as was found for SN 1987A (Rauscher et al., 2002).
In principle, this value can vary with progenitor mass, but Quellette,
Desch, and Hester (2007) found that the differences in mass loss rates
from different values for E; are insignificant for the energy range in
Woosley and Weaver (1995) and Rauscher et al. (2002).

Finally, to calculate mixing ratios and derive heating values, we as-
sumed Solar-like compositions of all disks, with a dust-to-gas ratio
of 0.01, listed in Table 2.2. We calculated the ratios for 2°Al and *°Fe,
derived the ratios 2°Al/?Al and %°Fe/5¢Fe and from this calculated
an initial heating ratio for planetesimals under the assumption of in-
stantaneous homogeneous mixing and planetesimal formation with
chondritic compositions (Lodders, 2003). The heating ratio from ra-
dioactive decay of sLRs can be computed from (Moskovitz and Gaidos,
2011)

26
Al] Eai, , (213)

Fe] Epe _
Qr(t) = fara [27A1 ] ZFe ,—t/Tre

—t/7
1 frec [56Fe T
Fe

TAl
with the chondritic abundance of Al or Fe, faj/recr, the decay en-
ergy of 2°Al and ®°Fe, E /e, and mean lifetime of both radioisotopes,
Tal/Fe, Fespectively. Note that we have chosen an upper-limit esti-
mate of the initial Solar system 2°Al/?’Al ratio, as given in Thrane,
Bizzarro, and Baker (2006).

If there were more than one supernova event in the simulation,
we calculated the remaining sLR material from the former supernova
event from the isotopic half-life time and added up the remnant ma-
terial and the new contribution from the current supernova. For the
statistics derived in the results, we accepted the sLr abundance for
each individual event with the maximum heating rate from the com-
bined effect of 2°Al and °Fe. Therefore, our results reflect the max-
imum value of sLr abundance each individual system received over
the lifetime of the simulation. See Section 2.4 for a discussion of the
implications of this.

2.3 RESULTS

In this section we present the results of our study. First, in Section
2.3, we describe details of the N-body simulations and discuss the
dynamical aspects of the enrichment mechanism. Second, in Section
2.3.2 we present the results from the post-processing of the simula-
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Parameter Symbol Value Unit Ref.
Cluster fractal dimension D 1.6 (1)
Cluster virial ratio Kyir 0.5

Cluster fractal radius Rg 1.0/3.0 pc

Cluster half-mass radius Ry/p 0.3/0.4 pc

Simulation time tsim 10 Myr

Number of stars N, 103/10%

Supernova explosion energy Eej 1.2 x 1071 ergs (2,3)
Dust condensation in supernova ejecta  #cond 0.5 (4,5)
Ejecta-disk cross-section capture Hgeom Eq.2.2 (4,6)
Injection efficiency inj 07 (4,6)
Initial disk radius Ry 10 au (7)
Initial disk mass My(0) 04 M, Me (7)
Disk alignment 0 60 °

Disk viscosity it 102 (7,8)
Disk normalization temperature T100 10 K (7)
Disk cut-off density Tout 0.03 gecm=2  (2,4)
Disk dust-to-gas ratio 0.01

Al concentration in Cl chondrites farcr 8.5 x 103 uggt (9
26A1/27Al Solar system? ZA155 5.85 x 107° (10)
26 decay energy Enl 3.12 MeV (11)
26A half-life tioal 717 x 10° yr (11)
26 radiogenic heating at cal Qalss 17x1077 W/kg

Fe concentration in CI chondrites fre,cI 182.8 x 10° uggt (9
60Fe /5Fe Solar system, low ZFe s 1.15 x 1078 (12)
60Fe /56Fe Solar system, high ~ 1076 (13)
60Fe decay energy Ere 2.712 MeV (11)
60Fe half-life tijaal 260 x 10° yr (14)
60Fe radiogenic heating at Cal Qress  8325x1071  W/kg  (15)
Combined radiogenic heating at cal Qrss 1.7 x 1077 W/kg (16)

References: (1) Goodwin and Whitworth (200z), (2) Ouellette, Desch, and Hester
(2007), (3) Rauscher et al. (2002), (4) Ouellette, Desch, and Hester (2010), (5)
Matsuura et al. (2011), (6) Ouellette et al. (2009), (7) Hartmann (2009), (8) Flaherty
et al. (2015), (9) Lodders (2003), Table 3, (10) Thrane, Bizzarro, and Baker (2006), (11)
Castillo-Rogez et al. (2009), (12) Tang and Dauphas (2012), (13) Mishra, Marhas, and
Sameer (2016), (14) Wallner et al. (2015), (15) based on low ®°Fe value, (16) Moskovitz
and Gaidos (2011)

Table 2.2: List of physical parameters in the numerical N-body model and
analytical post-processing routine. Parameters without reference
are further described in Section 2.2.
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Figure 2.4: Two-dimensional projection of the dynamical evolution of exam-
ple stellar clusters with 103 stars. Stars > 19 M, shown as tri-
angles, explode as supernovae within t < tg, and are therefore
gone at t = 10 Myr. Smaller stars are shown as circles, with color
brightness scaling with stellar mass. Upper panel: Fractal simu-
lation with rq = 1 pc. The initially highly substructured cluster
formed two separate sub-clusters after a few Myr of evolution,
each containing supernova progenitor stars. Lower panel: Plum-
mer simulation with r;,, = 0.3 pc. This simulation retained its
spherically symmetric morphology and developed a clear mass
segregation signature.

tions, deriving predictions for the distribution of 2°Al and ®Fe and
resulting radiogenic heating rates.

2.3.1 Star cluster dynamics

Figures 2.2 and 2.5 illustrate the dynamical evolution of 10° and 10*
simulations with different numbers of stars and cluster morphologies
for snapshots at times t = 0, 5 and 10 Myr. The supernova progenitor
stars were randomly distributed throughout the simulations in the
initial conditions. Within 5 Myr most clusters underwent some degree
of dynamical mass segregation, such that the massive stars resided
at the cluster center or at the center of a sub-cluster structure (as
in the fractal simulation in Figure 2.4). At t = 10 Myr all of the stars
> 19 Mg have exploded as supernovae, losing most of their mass
and becoming remnant objects, i.e., a black hole or neutron star. For
the enrichment distribution, as presented in Section 2.3.2, it is very
important to note that the progenitor stars were not perfectly segre-
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Figure 2.5: Two-dimensional projection of the dynamical evolution of exam-
ple stellar clusters with 10* stars. Stars > 19 M, shown as tri-
angles, explode as supernovae within t < tgn and are there-
fore gone at t = 10 Myr. Smaller stars are shown as circles, with
color scaling with stellar mass. Upper panel: Fractal simulation
with rg =3 pc. The initially highly substructured cluster showed a
complicated morphology with supernova progenitor stars in very
dense and less dense regions. Lower panel: Plummer simulation
with ry;/» = 0.4 pc. Although dynamical mass segregation usually
leads to the most massive stars residing in the central region,
some massive stars exploded as supernovae in the outskirts of
the cluster.

gated into the middle of the cluster. Instead, there were often stars
in the outskirts of the cluster, thus enriching stars far away from the
cluster center. The fractal simulations often did not form radially sym-
metric density distributions. Following the erasure of some of the ini-
tial substructure they dynamically evolve into association-like com-
plexes with dense subgroups, where the massive stars usually reside
approximately at the center of these subgroups (compare Parker et
al,, 2014a).

Figure 2.6 illustrates the effect of the cluster morphology on the
spatial configuration of stars with respect to a supernova progenitor
star. In this plot we show the shortest distance d,;, of each starin the
simulations to a supernova event for all timesteps. This supernova
event was very likely to determine the enrichment outcome for the
specific star as the enrichment cross-section scales with ~ 42 (see
Equation 2.2). We highlight the ‘disruptive’ zone (dsy < 0.1 pc) for cir-
cumstellar disk evaporation by the shaded red region. If stars were
within this distance of the supernova event they were classified as
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Figure 2.6: Cumulative minimal distances to a supernova event during tgm
time for each star in simulations with at least one event. Stars
within the red zone were within 0.1 pc of a supernova and could
potentially have their disks destroyed, so we subtracted them
from the enrichment analysis. On average, stars within 10* star-
clusters lay closer to supernova progenitors than to stars in 103
star-clusters. Furthermore, fractal morphologies increased the
average distance in comparison with Plummer-type clusters.

disrupted by the enormous energy injection of the ejecta shock front
(Chevalier, 2000). Stars in Plummer-type clusters on average show
smaller dnin than their fractal counterparts. The reason for this is
that a Plummer-sphere relaxes via two-body dynamics only, whereas
the fractals initially relax via violent relaxation (Lynden-Bell, 1967),
which leads to more drastic expansion (Parker and Meyer, 2012), and
therefore higher di, values. In total, ~ 5 — 40 % of stars lie in the ex-
pected zone for high pollution efficiencies 0.1 < dsy < 0.3 pc (Adams,
2010).

However, the distance to the closest supernova was not enough to
derive the enrichment distribution. First of all, as described in Sec-
tion 2.2.3, the stars may have been subject to other violent interac-
tions, like perturbations by close encounter with other stars or by in-
tense mass loss due to external photoevaporation by nearby O-type
stars. We quantify our analysis of these effects in Table 2.3. In the
Plummer-sphere simulations, low-mass stars were rarely subject to
perturbing close encounters. In the fractals ~ 3 — 4 % of all stars were
subject to these interactions.

Photoevaporation by the aggressive radiation fields of O-type stars
in the clusters, however, turned out to be an influential mechanism
on the survival of disks using our formulation. The fraction of disks
subject to potentially evaporative radiation varied from ~17-79% and
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Setting | Nsy Ndisrupt [%] Nperturb [%] Nevap [%] Ndestroy [%]
#HO1 20+13 0.6 +0.4 3.5+ 16 172+ 87 203496
#o2 17 1.2 0.6 + 05 01+ 04 26.3 +15.6 26.6 + 157
#o3 17 £1.2 0.7 £ 07 0.1+ 01 251 +13.9 25.4 1 144
Hoy 172 +41 15+ 0.6 43+ 09 49.2 £ 81 523+ 75
#os 188 + 4.4 0.9+ 0.3 3.2+0.8 30.4+ 6.0 331+57
#o6 201+ 49 29+1.0 01+ 0.0 788 +£3.8 794+37
#o7 207 £ 47 41+14 0.0 + 0.0 687+ 32 69.2+ 3.2

Table 2.3: Averaged results of the N-body simulations, with the number of
of supernova events during runtime Ngy;, the number of disks dis-
rupted by supernova Ngisrupt, the number of disks perturbed by
close stellar encounters Nperturb, the number of disks potentially
violently altered by photoevaporation of near-by O stars Neyap
and the number of disks subject to at least one these effects
Ndestroy- Ndestroy could be lower than the sum of the former three
values, as a single disk could be subject to more than one effect.
Compare with Table 21 for the simulation setting identifier.

strongly depended on the initial cluster morphology. Here, stars in
fractal clusters tended to be less influenced on average, as they spent
less time in photoevaporation zones. Plummer geometries turned
out to be more hostile than fractals, because up to 4 out of 5 stars
were potentially affected by photoevaporation. It is worth emphasiz-
ing that stochastic differences in the dynamical evolution result in a
large spread in these values between clusters (see also Parker and
Goodwin, 2012; Parker et al., 2014b,a).

The very last column indicates the fraction of disks subject to at
least one of the former effects and therefore gives the reverse of the
number of disks we considered as quiescent, meaning they did not
suffer from close encounters, ejecta disruption or photoevaporation
effects as defined in Section 2.2.3. These discs could be enriched, if
they were not already dispersed ‘naturally’ (by random drawing from
the declining distribution, see Section 2.2.3) by the time of a super-
nova event. These were the disks for which we derived the enrich-
ment distribution, as described in the next section.

2.3.2 Enrichment distribution

In this section we analyze the results for the enrichment distribu-
tion for the quiescent disks from the former section. Figure 2.7 shows
the enrichment distribution for 2°Al and ®Fe in terms of the isotopic
mixing ratios Z,; (*°Al/?Al) and Zg. (°°Fe/°°Fe), with the Solar system
values indicated for comparison. These plots demonstrate various
findings. First of all, the 26Al abundance of disks with Zx; > Z; ss var-
ied from ~3-10 % as a function of simulation type. ®Fe abundances,
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Figure 2.7: Inverse cumulative 2°Al and ®Fe yield distributions for stars in
clusters, derived in terms of isotopic mixing ratios Z; (2°Al/?7Al)
and Zg. (®9Fe/%¢Fe) within disks of initially Solar compositions.
The vertical dotted line shows the Solar system values. ~3-10 %
of disks have a similar or higher 2°Al abundance than the Solar
system. For ®OFe the abundance was typically higher, with ~8-28
% of disks bearing Zge 2 Zpess.

however, showed variations between ~8-28 % with Zpe 2 Zp.gs for
the two end-member simulation types. This was a consequence of
our supernova ejecta model, which assumed isotropic expansion and
constant 2°Al/%Fe ratio in the ejecta, which is higher than the Solar
system value (see Section 2.4.3 for a Solar system-focused discussion
of this issue). In general, Plummer morphologies show a lower frac-
tion of enriched disks than the fractal geometries. This is mostly be-
cause in Plummer simulations the average stellar velocity relative to
the cluster center is slower and therefore stars reside longer in the
inner regions of the cluster. The fraction of evaporated disks due to
photoevaporation is higher and thus fewer disks survive to be en-
riched. Additionally, clusters with N = 10% stars show higher abun-
dancesthan N = 10* clusters, since in these clusters significantly less
O-type stars were present. Although this decreases the enrichment
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Setting | fenr [%] <Za1>[107°]  <Zge > [107°]  <Qr>[Qrss]  fosss [%]
#HO1 22.9 +101 3.5 +10.4 1.8 £ 6.7 1.2+1.0 6.6 & 4.6
#o2 16.8 £ 97 6.7 +15.8 3.7+t 105 23+19 9.3+ 6.2
#o3 17.4 £101 64 £ 129 3.5+ 8.2 22+ 15 101 + 6.8
Hoy 20.3+3.4 92+ 171 1041 + 18.7 57 £2.0 121 £ 2.4
#os 283 +22 8.0+ 147 8.5 £ 161 4.8 +1.6 16.4 £ 3.2
#HO6 8.9+ 1.6 15.7 £ 22.2 17.0 + 24.2 9.3+ 238 7.0 £ 1.4
#o7 133+1.6 236+306 248+320 139+ 39 11.6 + 1.5

Table 2.4: Enrichment statistics. All values are scaled to the total number
of stars at the beginning of the simulations. fo,, gives the frac-
tion of disks without violent disruption, perturbation or photoe-
vaporation events (compare Table 2.3) and did survive until the
first supernova event within the specific simulation. The next two
columns give the average value of <Z,; > and <Zg, > and <Q,> the
resulting average heat inside primitive planetesimals. fq- g gives
the computed fraction of disks with an average heat higher than
the Solar system. Compare with Table 2.1 for the simulation setting
identifier.

levels, the positive effect of less photoevaporation within the sim-
ulations outweighs the negative of the lower number of supernova
progenitor stars. Finally, fractal geometries showed a shallower slope
toward higher abundance. This can be explained with the higher di-
versity in evolved clusters at the time when the supernova progeni-
tor stars went supernova. Comparing the morphologies in Figures 2.4
and 2.5 shows that in plummer simulations the stellar density de-
creased with increasing distance to the cluster center, with the su-
pernova progenitors mostly mass segregated in the center. Fractal
geometries could deviate significantly from this, as does the distribu-
tion of supernova progenitor stars. As already discussed above, the
volume in time subject to photoevaporation is enhanced in compar-
ison with fractal simulations and if mass segregation were perfect,
enrichment timing would become a crucial issue. This was one of the
central critique points of the supernova pollution model by Williams
and Gaidos (2007) and is attenuated by the results of our fractal sim-
ulations, where the issue of a star being in the ‘right’ zone is strongly
alleviated.

Table 2.4 summarizes our quantitative results for the enrichment
distributions, with f.n, the fraction of enriched disks surviving dis-
ruption, perturbations, evaporation and dispersion until at least one
supernova event has occurred, the average values for Z,; and Zg. and
corresponding heating value in chondritic material <Q;>. fo-ss indi-
cates the fraction of disks with a higher heating value than the Solar
system’s initial value (compare Table 2.3). The trends discussed for
Figure 2.6 can be confirmed from the average values.
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Figure 2.8: Maximum radiogenic heating in planetesimals in enriched sys-
tems directly after injection of supernovae ejecta. The vertical
dotted line indicates the Solar system value. If a system was en-
riched via supernova pollution it was likely that planetesimals in
there experienced stronger heating than in the Solar system.

The value of Q;, derived from the combined heating, bridges the
gap from the enrichment to the physics of forming planets. Figure
2.8 shows the distribution of initial heating from sLkRs among differ-
ent systems at the time of injection for perfectly effective mixing (no
time delay between injection and homogeneous distribution in the
system). Two features can be extracted from the histograms. First, 10°
clusters show median heating rates around the Solar system value.
This means, that if a system was enriched, it was most likely to bear
similar heating as Solar system planetesimals at cal formation. Sec-
ond, 10* simulations showed an excess in heating, their peaks are
shifted to higher enrichment and thus heating levels. This dichotomy
was grounded in the number of supernova events in a simulation. If
a system was enriched in a 10* simulation, then it was likely to ex-
perience multiple enrichment events and from more massive stars,
whose ejecta carried more SLRs with them.

2.4 DISCUSSION

In the following we discuss and interpret the outcome of our anal-
ysis. In Section 2.41 we focus on global aspects of the derived dis-
tribution dichotomy, with potential effects on the planet formation
process and the global planet population in Section 2.4.2, while in
Section 2.4.3 we compare our results with earlier work with regards



2.4 DISCUSSION

to the enrichment mechanism of the Solar system. In Section 2.4.4, we
discuss the limitations and uncertainties of our study.

2.4 Enrichment distribution

As indicated in Section 2.1, the implications of the abundance levels
of SLRs are numerous, as they dominated the internal heat budget of
planetesimals from ~10-1000 km in the first few Myr after cal forma-
tion in the Solar system. Our results in Table 2.4 and Figure 2.8 hint on
an sLr distribution dichotomy in forming planetary systems. Enriched
systems are very likely to bear high concentrations of sLrs and the
derived heating value for the early Solar system is by no means the
upper limit in those systems. Therefore, if a system is enriched, the
heating rate from sLRrs, Q,, can be several orders of magnitude higher
than in the Solar system. Such extreme heating values are unknown
from Solar system studies and the full implications remain elusive.
As well as the enriched systems, we find a large fraction of systems
with zero enrichment. This is partially based in our simplistic accep-
tance criteria for disrupted or photoevaporated systems (see Section
2.4.44), but in general agrees with statistical distributions from other
studies (Gaidos et al., 2009; Gounelle, 2015).

Given the frequency distribution of star clusters as a function of
mass, we expect equal contributions at logarithmic mass intervals to
the total mass in stars in the Milky Way galaxy (e.g., Lada and Lada,
2003). In other words, star forming events with richness 10-100 M,
contribute as much as events with 10*-10° M.,. We expect these small-
est events (~20 % of star forming events) to suffer no sLr enrichment
at all. Events 100-1000 M® might contain some stars that experience
enrichment. And star clusters 10*-10° M® (~20 % of Population | star
forming events) will certainly produce some stars with even greater
SLR enrichment. However we expect the dichotomy we observe here
to persist when averaged over all star forming events in the Milky
Way: most stars will suffer no enrichment, but the minority that do,
will often suffer levels of enrichment much higher than that inferred
for our Solar system.

2.4.2 Implications for planet formation and population synthesis

A multitude of implications for varying levels of SLrs was already envi-
sioned in the literature. For instance, non-negligible sLr abundances
can provide an energy source forionizing ambient disk material (Clee-
ves et al., 2013). If the flux from cosmic rays is suppressed by stellar
winds, SLRs can in fact be the dominant contribution to the ionization
rate present and thus be crucial for the angular momentum trans-
fer via the magnetorotational instability (Balbus and Hawley, 1991).
Therefore, disk evolution could be fundamentally different in the two
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end-member states of our derived sLr distribution dichotomy, which
would affect the internal dynamics and the planet formation process
as a whole.

Once accreted, the temperatures in the earliest planetesimals, bear-
ing noteworthy sLrR abundances, rise and internally stored volatile
species become subject to melting processes. If, however, early So-
lar system objects transformed substantially due to sLR heating (see
Ciesla et al., 2015, and references therein), then planetary systems
with much higher sLr concentration would be altered fundamentally,
potentially losing a high fraction of internally stored volatile species,
such as water in the form of hydrated silicates, by degassing and
other mechanisms. Comparable to Gaidos et al. (2009), however due
to fundamentally different mechanisms, we find Solar system levels
of sLrR enrichment were typical for enriched systems. The chemistry
and thermo-mechanical evolution of small accreted planetary ob-
jects further alters hydration reactions and the formation of serpen-
tinites and thus the synthesis processes of potential seeds for life,
such as organic compounds like primitive amino acids (Abramov and
Mojzsis, 2011; Cobb and Pudritz, 2014; Cobb, Pudritz, and Pearce, 2015;
Lichtenberg et al., 2016).

In addition to the initial abundance of sLrs, the formation time and
orbital separation relative to molecular ice lines (e.g., Oberg, Murray-
Clay, and Bergin, 2011) likely determine the primordial composition
and heat generation within planetesimals. In the Solar system, the ini-
tial conditions determined thermal metamorphism, aqueous activity
and abundance of volatiles in these bodies (Doyle et al., 2015). Thus,
the volatile components of finally assembled planets in the distribu-
tion of planetary systems may vary significantly. These species, like
water and carbon dioxide, have a disproportionate influence on the
processes such as planetary differentiation and habitability (Sotin,
Grasset, and Mocquet, 2007; Fu, O'Connell, and Sasselov, 2010; Alib-
ert, 2014). In particular, the initial water content crucially alters the
solidification of planetary mantles during the magma ocean phase
and degassing pathways, which determines the atmospheric com-
position and ocean depth to a great degree (Abe and Matsui, 1985;
Elkins-Tanton, 2011). Theoretical models show that excess water con-
centrations could result in extremely volatile rich system architec-
tures (Ciesla et al., 2015; Mulders et al., 2015; Sato, Okuzumi, and Ida,
2016) and would likely alter the conditions for habitability (e.g., Ab-
bot, Cowan, and Ciesla, 2012; Cowan and Abbot, 2014; Schaefer and
Sasselov, 2015; Noack et al., 2016). In conclusion, we envisage that our
findings indicate a fundamental difference between volatile rich (low
initial sLR content) and volatile poor (high initial SLr content) plane-
tary systems with crucial implications for the planetary populations
in these systems.
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2.4.3 Solar system enrichment

Our findings offer new insights into the sLr enrichment channel of
the Solar system and can rule out and/or support certain arguments
used in the literature for and against specific enrichment channels.

The ®Fe abundance is still a much-debated issue and laboratory
experiments diverge by more than two orders of magnitude from
~1078-107° (Tang and Dauphas, 2012; Mishra and Chaussidon, 2014;
Mishra, Marhas, and Sameer, 2016). The abundance (or simply, the
existence) of ®Fe is, however, of fundamental importance for the en-
richment of the Solar system via direct disk pollution (the model fea-
tured in this paper) and triggered star formation (as in Gritschneder
et al., 2012; Boss and Keiser, 2015) as the 2°Al/%OFe ratio in supernova
models differs greatly from the 2°Al/%OFe ratio in the Solar system. In
the formulation used in this paper, we assumed that all supernova
yields were transported outwards via isotropic and homogeneous
ejecta. This is unlikely, as revealed by observations (e.g., Lopez et al.,
2009; Hwang and Laming, 2012) and potential inhomogeneities and
anisotropies (for example, via clumps) could have played a funda-
mental role in enriching young Solar systems (Ouellette, Desch, and
Hester, 2010; Pan et al., 2012). Additionally, recent theoretical models
of nucleosynthesis in massive stars still suffer from uncertainties in
critical nuclear physics (Woosley and Heger, 2007). Therefore, current
estimates for the production of Stks in supernovae and Wolf-Rayet
winds must be treated with caution, as the divergence in the models
is large enough to account for most of the deviation of Solar system
values from the predicted values. Because of these uncertainties, the
enrichment by one (Cameron and Truran, 1977) or more (Bizzarro et
al., 2007) supernovae by any channel cannot be ruled out.

Chronometric dating of U-corrected Pb-Pb absolute ages of chon-
drules (Connelly et al.,, 2012) and paleomagnetic measurements of
angrites and Semarkona chondrules (Wang et al., 2015) suggest a life-
time of the Solar protoplanetary disk of ~ 4 Myr. During the earliest
stages (t < 0.3 Myr) the 2°Al/?”Al ratio was likely heterogeneously dis-
tributed (Krot et al., 2009, 2012), but may have rapidly approached the
so-called canonical value of 2Al/%Al ~ 5 x 10~° due to efficient mix-
ing processes, which is often used as an argument for self-enriched
molecular cloud models (e.g., Vasileiadis, Nordlund, and Bizzarro, 2013;
Kuffmeier et al., 2016).

However, it remains controversial whether such models are consis-
tent with the observed absence of significant age spreads in young
star forming regions (Reggiani et al., 2011; Jeffries et al., 2011; Cot-
taar, Meyer, and Parker, 2012). In general, massive star formation in
young star-forming regions is found to be rapid (Elmegreen, 2000),
both in simulations (Bonnell, Bate, and Vine, 2003; Dale, Ercolano,
and Bonnell, 2012b) and observations (Soderblom et al., 2014). This

35



36

SUPERNOVA POLLUTION OF PROTOPLANETARY DISKS

underlines the importance for considering intra-cluster enrichment
processes.

As we have shown in this study, the likelihood of enriching plane-
tary systems on the level of the Solar system is very common among
enriched systems. Additionally, our model results differ from those of
Williams and Gaidos (2007) and Gounelle and Meibom (2008), which
conclude that supernova polluted systems were a rare event, even
when corrected for photoevaporation and co-evolution of low and
high mass stars. Moreover, the enrichment levels for 2°Al differ by up
to one order of magnitude from those in Williams and Gaidos (2007).
For this, we identified two main causes. First, in the model by Williams
and Gaidos (2007) massive stars were assumed to be entirely mass
segregated in the cluster center. Therefore, the enrichment of plan-
etary systems was limited to a very narrow zone around the cluster
center, such that timing became a crucial issue. Even though timing
played a role in our models as well, the limitations were much less se-
vere, as massive stars could be found in the cluster outskirts as well,
due to dynamical evolution and thus the possible volume/zone of
enrichment was greatly enhanced. The major effect could be seen in
the deviations between fractal and Plummer geometries in our sim-
ulations. Second, Williams and Gaidos (2007) used a much smaller
disk lifetime, barely in accordance with recent estimates (Cloutier et
al., 2014).

In summary, we conclude that the enrichment channel of the Solar
system is anything but clarified and needs further investigation. Es-
pecially, hints on potential heterogeneities or late-stage injections
in 2°Al and ®Fe levels in meteorites (like FUN3 cals, which exhibit
non-radiogenic isotope abundance anomalies and contained little
or no 2°Al at the time of their formation; e.g., Thrane et al. (2008))
could open up new ways to derive the enrichment history of the So-
lar system (Quitté et al., 2007; Makide et al., 2011; Mishra, Marhas, and
Sameer, 2016) and need to be synchronized with astrophysical injec-
tion mechanism channels, taking into consideration further aspects,
like the direct injection of winds from massive stars into protoplane-
tary disks.

2.4.4 Limitations

In this section, we discuss potential limitations of our study. We di-
vide this discussion into two parts: first, we discuss limitations with
regards to the simulations and the choices regarding the stellar pa-
rameters; second, we focus on the disk properties and our assump-
tions regarding the planetary growth process.

Fractionation and Unidentified Nuclear isotope properties (Wasserburg, Lee, and
Papanastassiou, 1977).
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To begin with, we were not able to account for potential age spreads
in star formation and cannot investigate triggered star formation sce-
narios. However, we note that measurements of stellar ages so far are
consistent with age spreads up to the order of < 2 Myr (Reggiani et
al., 2011; Jeffries et al., 2011; Cottaar, Meyer, and Parker, 2012). These
limit the reach of triggered star formation (Pan et al., 2012) and thus
triggered enrichment in general (Dale, Haworth, and Bressert, 2015;
Parker and Dale, 2016) but in turn could even enhance the likelihood
of supernova pollution, when massive stars can be formed earlier
than low-mass stars.

Our simulations did not contain any primordial binary stars, where-
as the initial binary fraction in star formation could be high (e.g., King
et al., 2012; Daemgen et al., 2015). In general, binary stars should be
subject to supernova pollution as well. This, however, would demand
a much more complicated treatment of the disk dynamics, hence we
neglected it in this study.

As discussed in Section 2.4.3, the supernova ejecta were assumed
to expand isotropically and homogeneously. This limited our ability
to predict the outcome of specific planetary system. Thus, we did not
derive predictions for single, isolated systems. Instead, we focused
on statistical predictions of a large ensemble of stars. As the total
mass output for supernova models and the 2°Al/®CFe ratio in ejecta
are in relative agreement between theoretical models (Rauscher et
al., 2002; Limongi, Straniero, and Chieffi, 2000), we argue that the av-
eraging process corrected for the uncertainties in predictions for sin-
gle systems and thus our averaged predictions in Table 2.4 were not
affected. Furthermore, we assumed a dust condensation efficiency of
0.5, which can be subject to changes. However, as discussed in Sec-
tion 2.2.2, there is recent evidence for very high condensation efficien-
cies (Matsuura et al., 2011) and hence we believe this estimate to be
reasonable.

As found by many authors (Johnstone, Hollenbach, and Bally, 1998;
Storzer and Hollenbach, 1999; Scally and Clarke, 2001; Adams et al.,
2004) photoevaporation from O-type stars in stellar clusters can
severely alter the structures of planet forming disks and potentially
even destroy disks completely. Johnstone, Hollenbach, and Bally (1998)
give a disk truncation time scale of ~ 10° yr within d ~ 0.3 pc around
O-stars, calibrated using 6! Ori C in the Orion Nebula Cluster Trapez-
ium system. Recent models have the capability to accurately calcu-
late disk structures and mass outflows from low to mid background
radiation fields (Facchini, Clarke, and Bisbas, 2016), which could be
used to elaborate on this issue. With the parameters chosen we are
confident that the disks left in our enriched ensemble did not suffer
massive outflows by photoevaporation.

This leads to the time-dependent evolution of the protoplanetary
disks in our models. We chose the classic « viscosity disk model by
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Hartmann (2009), which is considered a quasi-standard in the litera-
ture and is widely used in observational and theoretical modeling of
planet forming disks. Recently, however, doubts about the nature of
angular momentum transfer in disks and the physical cause for disk
dispersal have arisen (Alexander et al., 2014). An additional caveat
closely related is that circumstellar disks in our model dissipate on
comparable time scales independent of stellar mass. In fact there
is clear evidence that circumstellar disks around higher mass stars
dissipate more rapidly than those for lower mass (Hillenbrand et al.,
1998; Carpenter et al., 2006). While one is tempted to assume that
characteristic disk lifetimes depend linearly on star mass (qualita-
tively consistent with available evidence) future work will quantify
this relationship and enable a more sophisticated population model
than assumed here.

The disk disruption and disk truncation due to supernova feedback
and momentum stripping and ram pressure by supernova ejecta de-
mand more detailed modeling in future work. The values used in this
work were derived with the enrichment of the Solar system in mind
(Chevalier, 2000; Ouellette, Desch, and Hester, 2007, 2010) and are
therefore not perfectly transferable to other types of disk structures
and stellar parameters. We accounted for that by extrapolating these
findings to other disk parameters, however, more detailed modeling
is necessary to find robust criteria for disk stripping and mass loss
by supernova ejecta.

Finally, the derived heating values reflect the maximum enrichment
of a single system, which may be asynchronous to solid condensation
and thus incorporation into planetesimals and other planetary pre-
cursor material. Therefore, the values in Section 2.3.2 can be seen as
maximum or ‘initial’ values for enriched systems. However, this did
not affect the number of enriched systems in total and demonstrates
that enrichment levels can reach extremely high values in compari-
son with the Solar system.

2.5 CONCLUSIONS

The supernova pollution of forming planetary systems with sLRrs has
the potential to crucially alter the growth, interior evolution and vola-
tile budget of terrestrial planets. We have conducted numerous N-
body simulations of the evolution of young star clusters of sizes com-
parable to the Solar birth cluster (103-10# stars) with varying morphol-
ogy and realistic stellar evolution. From these we have derived sLr
enrichment levels for circumstellar disks struck by supernova ejecta,
which are not affected by shock front disruption, dynamical encoun-
ters or intense ambient radiation fields. For these system we calcu-
lated initial heating values from radioactive decay under the assump-
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tion that planetesimals form soon after the enrichment event. Our
conclusions can be summarized as follows:

+ The potential planetary systems exhibited a wide range in their
SLR abundances: ~10-30% of all systems were enriched, bearing
high sLr levels, whereas many systems had negligible or zero
abundances.

« Among enriched systems, Solar system sLrR enrichment levels
were common. However, we do not exactly match the Solar 2°Al/
0Fe ratio, which is a consequence of our assumption of isotropic
and homogeneous supernova ejecta.

« The most extreme heating values could be several orders of
magnitude higher than those for the Solar system at cal forma-
tion.

We argue that significant SLr levels can have important influence
on the early and long-term evolution of planets by altering interior
thermo-mechanical evolution and the volatile budget. These mech-
anisms may crucially determine exoplanet observables, like atmo-
sphericabundances or radius, and habitability and could be reflected
in the global galaxy populations.

Future investigations will improve the link between photoevapo-
rative mass loss with stellar winds and more refined disk models.
Furthermore, advanced understanding of melt migration and volatile
degassing in planetesimals and planetary embryos with varied radio-
genic heating rates is needed to quantify consequences for the ter-
restrial planetary assembly.
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WAS PLANET 9 CAPTURED IN THE SUN’'S NATAL
STAR-FORMING REGION?

The content of this section was published as: Parker, R. J., T. Lichten-
berg, S. P. Quanz (2017). “Was Planet 9 captured in the Sun’s natal star-
forming region?” Monthly Notices of the Royal Astronomical Society
Letters 472, L75-L79. doi: 10.1093/mnrasl/slx141. arXiv: 1709.00418.

ABSTRACT

The presence of an unseen ‘Planet 9’ on the outskirts of the Solar sys-
tem has been invoked to explain the unexpected clustering of the or-
bits of several Edgeworth-Kuiper Belt Objects. We use N-body simu-
lations to investigate the probability that Planet 9 was a free-floating
planet (FFLOP) that was captured by the Sun in its birth star-formation
environment. We find that only 1 - 6 per cent of FFLOPs are ensnared
by stars, even with the most optimal initial conditions for capture in
star-forming regions (one FFLOP per star, and highly correlated stellar
velocities to facilitate capture). Depending on the initial conditions
of the star-forming regions, only 5 - 10 of 10 000 planets are captured
onto orbits that lie within the constraints for Planet 9. When we apply
an additional environmental constraint for Solar system formation —
namely the injection of short-lived radioisotopes into the Sun’s pro-
toplanetary disc from supernovae - we find that the probability for
the capture of Planet 9 to be almost zero.

31 INTRODUCTION

One of the outstanding issues in astrophysics is to understand the
processes involved in planet formation and to characterize the So-
lar system within the context of other planetary systems. A recent
body of research (e.g. Trujillo and Sheppard, 2014; Batygin and Brown,
2016a,b,b; Holman and Payne, 2016b,a) has suggested that the un-
usual orbital characteristics of several Edgeworth-Kuiper Belt Ob-
jects could be explained by the presence of an unseen/undiscovered
~20 Mg, planet - the so-called ‘Planet 9’ (though see Nesvorny et al.,
2017; Shankman et al., 2017, for arguments against this hypothesis).
Simulations constrain Planet 9's semi-major axis to between 380 -
980 au, its perihelion to between 150 - 350 au, eccentricity between
0.34 - 0.72 and its inclination to be less than 30 - 60° (Batygin and
Brown, 2016a,b,b; Holman and Payne, 2016b,a).
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CONSTRAINTS ON SOLAR SYSTEM FORMATION: PLANET 9

The inherent difficulty of forming a relatively massive planet via
core accretion at such a large distance from the Sun has fueled spec-
ulation that - if real - Planet 9 may have been captured by the Sun
(Li and Adams, 2016), or even “stolen” from another star in the Sun’s
birth environment (Mustill, Raymond, and Davies, 2016).

The Sun’s current location in the Galaxy is a low-density stellar
environment, where interactions with passing stars are rare. However,
most stars are born in star-forming regions where the stellar density
is much higher (1 — 10° starspc—3, Lada and Lada, 2003; Porras et
al., 2003; Bressert et al.,, 2010). As planet formation occurs almost
immediately after the onset of star formation (Haisch, Lada, and Lada,
2001), then the influence of neighboring stars in the Sun’s natal star-
forming region cannot be neglected.

Furthermore, several authors have shown that stellar/sub-stellar
objects can be readily captured during the evolution and dissolution
of relatively dense (>100 stars pc—3) star-forming regions (Moeckel
and Bate, 2010; Kouwenhoven et al., 2010; Parker and Quanz, 2012;
Perets and Kouwenhoven, 2012). In this paper we revisit this ques-
tion and determine whether a significant fraction of stars can cap-
ture free-floating planetary-mass objects (FFLOPs) in their birth star-
forming environment with orbital characteristics consistent with the
hypothesized Planet 9. We describe our simulations in Section 3.2, we
present our results and discussion in Section 3.3 and we conclude in
Section 3.4.

3.2 METHOD

We use N-body simulations to model the evolution of star-forming re-
gions containing a population of free-floating planetary mass objects.
Observations (Elmegreen and Elmegreen, 2001; Cartwright and Whit-
worth, 2004; Peretto, André, and Belloche, 2006; André et al., 2010;
Henshaw et al., 2017) and simulations (Bonnell, Bate, and Vine, 2003;
Dale, Ercolano, and Bonnell, 20123; Girichidis et al., 2012; Vazquez-
Semadeni, Gonzalez-Samaniego, and Colin, 2017) suggest that stars
form in a spatially substructured distribution, with correlated veloc-
ities on local scales (Larson, 1981; Kauffmann, Pillai, and Goldsmith,
2013; Hacar et al., 2013). In order to mimic this in our simulations, we
use fractal distributions as our initial conditions, using the method
described in Goodwin and Whitworth (2004) to determine both the
spatial and kinematic properties of our star-forming regions.

In each simulation, the fractal dimension is setto be D = 1.6, which
corresponds to a high degree of spatial and kinematic substructure
in three dimensions. Previous work (Kouwenhoven et al., 2010; Perets
and Kouwenhoven, 2012) has shown that spatial and kinematic sub-
structure in star-forming regions facilitates the capture of low-mass
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companions and that these objects are more likely to be captured if
the amount of substructure is highest.

We then scale the velocities of the objects to a virial ratio, ay;,
(avir = T/|Q|, where T and |Q] are the total kinetic energy and to-
tal potential energy of the objects, respectively), so the star-forming
regions undergo three different phases of bulk motion. Regions with
avir = 0.3 have subvirial (cool) velocities and undergo collapse to
form a star cluster, whereas regions with ay;, = 0.7 are mildly super-
virial and gently expand. Finally, a third set of regions have ay;, =
1.5 and are unbound, undergoing rapid expansion. We refer the in-
terested reader to Goodwin and Whitworth (2004) and Parker et al.
(2014a) for full details of the set-up of these fractal initial conditions
and examples of their dynamical evolution.

In our fiducial simulations, we draw 1000 single stars from a Masch-
berger (2013) initial mass function of stars (ImMF) with stellar mass lim-
its between 0.1-50 M. We then add a further population of planetary
mass objects which is equal to the number of stars (i.e. a star-planet
ratio of 1:1), apart from one set of simulations where we impose a
star-planet ratio of 5:1. The planetary mass objects are all assigned
the same mass, which is either Jupiter-mass (1M; = 1 x 10~*M,,), or
ten Earth-masses (1T0Mg = 3 x 107°M). Whilst Planet 9's mass has
been constrained to ~20 Mg, we include the more massive planets
to highlight the very slight dependence of the results on planet mass,
and to enable a comparison with previous work (Parker and Quanz,
2012; Perets and Kouwenhoven, 2012). We vary the total number of
stars (either 150 or 1000) and the initial radius of the star-forming
regions (1 or 3 pc), commensurate with observations of nearby star-
forming regions (e.g. Lada and Lada, 2003; Pfalzner et al., 2016). These
values lead to initial densities that are much higher than the present
day densities in nearby star-forming regions (Bressert et al., 2010),
but these regions (and the Solar system’s birth environment) may
have been more dense initially.

In our initial conditions, we do not make a direct assumption on
the origin of the free-floating planets. However, because they are as-
signed positions and velocities in the same way as the stars, the im-
plicit assumption is that they form “like stars”. That said, planetary
mass objects that have been liberated from host stars in simulations
of dense star-forming regions often have the same spatial and kine-
matic distributions as stars (e.g. Parker and Quanz, 2012), so the FFLOPs
in our simulations could in principle have two different origins. How-
ever we note that FrLOPs produced in planet-planet scattering events
can have a different kinematic distribution to those liberated by in-
teractions with passing stars.

We note that the expected number of rFrLOPs in the Milky Way is
uncertain, with some authors claiming one FFLOP per main sequence
star (Sumi et al., 2011) (although this result has been called into ques-
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Nstars N, planets My Qvir T'F ,5 ini
1000 1000 1 M] 0.3 1pCc 5000 - 30000 Mg pCf3

1000 1000 1M; 07 1pC 5000 - 30000 Mg pc~3
1000 1000 1M; 15 1pc 5000 - 30000 Mg pc~3
1000 1000 10Mg 03 1pC 4000 - 20000 My pc—3
1000 1000 10Mg 07 1pC 4000 - 20000 Mg pc—3
1000 1000 10Mg 15 1pC 4000 - 20000 Mg pc—3
1000 1000 1M; 07 3pc 200 -700Mg pc3

1000 200 1M; 03 1pc 3000 - 15000 Mg, pc—3

1000 200 1M; 07 1pc 3000 - 15000 Mg pc—3
150 150 1M; 07 1pc 100 - 800 M, pc—3
150 150 1M; 15 1pc 100 - 800 M, pc—3

Table 3.1: Summary of the initial conditions. The columns show the number
of stars, Nstars, Number of planets, Npjanets, the mass of the planet,
mp, the virial ratio, ay;, the radius of the star-forming region, r,
and the median initial local density this mass and radius results

IN, Oini-

tion by Raymond et al,, 2011; Quanz et al., 2012; Mroz et al., 2017). It
is also difficult to pinpoint their origin (either they are an extension
of the stellar mass function, or they are planets liberated from orbit
around host stars). However, our simulations are designed to delib-
erately facilitate the capture of FFLOPs and we therefore create a large
reservoir of these objects in our simulated star-forming regions.

We evolve our star-forming regions for 10 Myr using the KIRA inte-
grator in the STARLAB environment (Portegies Zwart et al., 1999, 2001)
with stellar evolution switched on using the SeBA package (Portegies
Zwart and Verbunt, 1996, 2012), also within STARLAB. A summary of the
different initial conditions is given in Table 3.1.

3.3 RESULTS
3.3.1 Fraction of captured planets

Planets are captured by stars in all three sets of initial conditions
for the evolution of our star-forming regions. In Figure 3.1 we show
the fraction of captured planets, fcap (the number in a bound orbit
around a star, N, hound, divided by the total number of planets in the
simulation initially Npjanets), @s a function of the initial virial ratio, or
bulk motion, of the star-forming region. We have summed together
ten realizations of each initial condition, identical apart from the ran-
dom number seed used to set the positions and velocities of all ob-
jects, and the stellar masses.
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We find a clear dependence of the fraction of captured planets on
the initial virial ratio of the star-forming region. Regions that are sub-
virial (ayiy = 0.3), bound and subsequently collapse capture fewer
planets than those that are very supervirial (ayi; = 1.5), unbound and
rapidly expanding. This is due to a combination of two effects. Firstly,
the unbound supervirial regions never fully dynamically mix, which
enables the retention of kinematic substructure and the conditions
to facilitate further capture of planets (see also Kouwenhoven et al,,
2010; Perets and Kouwenhoven, 2012). The supervirial regions also
expand rapidly, lowering the stellar density and preventing planets
captured on fragile orbits with low binding energy from being dis-
rupted by interactions with passing stars (Parker et al., 2014a).

The fraction of captured FrLOPs strongly depends on the number
of objects in the region initially, with regions with only N, = 150
(the red points in Figure 3.1) capturing many more planets than our
fiducial models (N, = 1000, rr = 1pc, one FFLOP per star — the black
or orange points). This is not simply a density dependence, where
lower-density regions can capture and retain more planets on fragile
orbits; the blue point shows the capture fraction for an N, = 1000
region with a comparable stellar density to the N, = 150 regions
(~100 stars pc~3). Instead, the number of captured systems on wide
and fragile orbits has been shown to be independent of the mass of a
star-forming region (Moeckel and Clarke, 2011), and so relatively more
planets are captured in lower-N star-forming regions of comparable
density to higher-N regions.

The fraction of captured FrLOPs is not strongly dependent on the
mass of the planets (compare the orange points for simulations with
10 Mg, planets to the black points for 1M; planets in Figure 3.1), with
lower-mass planets being slightly more susceptible to capture.

3.3.2 Orbital properties of captured planets

Brown and Batygin (2016) show that Planet 9 is unlikely to be more
massive than 20 Mg, and we therefore focus on our simulations where
the FFLOPs are 10 Mg, although the following results do not depend on
the FFLOP mass.

In Figure 3.2 we show the orbital parameters for the planets that are
captured around a stellar-mass object in our simulations’. In each
panel in this figure, the cumulative distributions are shown for all
three virial ratios in the simulations.

The subvirial (collapsing) star-forming regions are more likely to
capture a planet on an orbit with a perihelion distance rpe; in the

We do not consider planet-planet systems (which can form in this type of simulation,
see also Perets and Kouwenhoven, 2012) because we wish to examine systems where
the primary-mass object is a star.
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Figure 3.1: The fraction of FFLOPs captured as a function of the initial dynam-
ical state of the star-forming region. ay;, = 0.3 indicates a col-
lapsing (bound, cool) region, ayj, = 0.7 is a mildly expanding (su-
pervirial, warm) region and ay;, = 1.5 is a rapidly expanding (un-
bound, hot) region. The colored points indicate different initial
conditions; N, is the number of stars, rr is the radius of the star-
forming region, D is the fractal dimension (amount of substruc-
ture) and the ratio of stars to FrLOPs. The FFLOPs are all Jupiter-mass,
apart from the simulations shown by the orange points (10 Mg).

range of allowed values for Planet 9 than regions with supervirial
motion. 7peri is defined in the usual way as

Tperi = ap (1 —¢p), (31)

where a, and e, are the semi-major axis and eccentricity of in the
captured planet, respectively. The eccentricity distribution is roughly
thermal (panel b), which is expected for any binary system that forms
via capture (Kroupa, 1995; Kouwenhoven et al., 2010; Perets and Kou-
wenhoven, 2012). Unlike the perihelion and semi-major axis, there
is no dependence of the eccentricity or inclination (panel c) on the
virial ratio of the star-forming region.

Whereas a planet is more likely to be captured by a star in an ex-
panding, supervirial star-forming region, a captured planet is more
likely to have the required orbital parameters for Planet 9 if it is cap-
tured in a subvirial, collapsing star-forming region (Figure 3.2a).

However, the fraction of captured systems have orbital parameters
in the range specified for Planet 9 is still extremely small. Summing
together ten realizations of the same initial conditions for each simu-
lation, we find that only ~5-10 out of 10 000 FFLOPs are captured with
a perihelion in the range 150 - 350 au, semi-major axis between 380
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Figure 3.2: Orbital properties of captured FrLOPs in subvirial (collapsing) star-

forming regions (blue lines), slightly supervirial (gently expand-

ing) star-forming regions (black lines) and highly supervirial (un-

bound, rapidly expanding) star-forming regions (red lines). In

panel (a) we show the perihelia of the captured planets by the

dashed lines, and their semi-major axes by the solid lines. The

shaded regions in panel (a) are limits on perihelion (dark gray)

and semi-major axis (light gray) for Planet 9 from Brown and Baty-

gin (2016). In panel (b) we show the allowed range of eccentrici-

ties for Planet 9s and in panel (c) the vertical lines are limits on

inclination from Brown and Batygin (2016) and Holman and Payne

(2016b,a). Constraints on the orbit of Planet 9 favor inclinations
lower than 30°, but higher values (< 60°) are not excluded.

- 980 au, eccentricity between 0.34 — 0.72 and an inclination of less
than 30 - 60°.

3.3.3 Planet 9 in the context of Solar system formation

The possible capture of Planet 9 in the Sun’s natal star-forming re-
gion is not the only line of argument that the Solar system formed
in a dense stellar environment. Many authors have presented evi-
dence that the Sun was either directly enriched by radiogenic iso-
topes (Adams, Fatuzzo, and Holden, 2014; Lichtenberg, Parker, and
Meyer, 2016; Parker and Dale, 2016; Nicholson and Parker, 2017; Telus
et al., 2018) or formed from pre-enriched material (e.g. Cameron and
Truran, 1977; Gounelle, 2015; Boss, 2017) and both scenarios require

47



48

CONSTRAINTS ON SOLAR SYSTEM FORMATION: PLANET 9

O,W: T T R

X+ X

0.01

f* [Ncopt + enr/Ntot]

'\074 73\ | | L I R
10 0.01 0.1 1 10

26A1 abundance relative to Solar system

Figure 3.3: Inverse cumulative distribution showing the estimated *°Al abun-
dance relative to the Solar system value for stars in subvirial re-
gions (blue line) and in highly supervirial regions (red line). The
distribution is normalized to the fraction of stars that capture a
planet and are enriched by supernovae ejecta. We also show the
267l abundance values for stars that capture a planet within the
orbital constraints of Planet 9; the red plus sign is for a planet
captured in the supervirial simulations, and the blue cross is
for planets captured in the subvirial simulations (three in total).
All other captured frrLops within the allowed Planet 9 parameter
space have negligible 2°Al abundances.

the Sun to form in reasonably dense stellar environments (>100 stars
pc—3, Parker and Dale, 2016).

Of these isotopes, the abundance of 2°Al is the most robustly mea-
sured and can be used to estimate the amount of radiogenic heating
during planet formation (Lichtenberg et al., 2016; Lichtenberg, Parker,
and Meyer, 2016, and references therein), and to constrain the origin
and dynamics of planet-forming material in the Solar system (Kita
et al., 2013). Following the methodology in Lichtenberg, Parker, and
Meyer (2016), in Figure 3.3 we show the inverse cumulative distribu-
tion of the 2°Al abundance compared to the Solar system value in
either the subvirial (blue) or very supervirial (red) simulations. We
show the canonical initial 2°Al/%Al ratio (Kita et al.,, 2013) for the
Solar system by the vertical dashed line. The subvirial (collapsing)
regions, which retain a higher stellar density throughout the simu-
lations, are more conducive to isotope enrichment than supervirial
(expanding) regions, which will likely be too diffuse at the time of
the first supernovae (4 - 7 Myr, Parker et al,, 2014b,a). The cumula-
tive distribution is normalized to the fraction of stars that capture
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a FrLop and are enriched (at a level > 1073 of the Solar value); this
is a small percentage of the total number of stars, and only three
of these stars capture a FFLOP on an orbit within the constraints of
Planet 9 and experience enrichment anywhere near Solar system lev-
els (the crosses/plus symbols in Figure 3.3). A further two stars have
26Al abundances less than 1073 of the Solar value and are not shown.
Finally, we note that the three stars that are enriched, and capture a
planet, have stellar masses considerably lower than that of the Sun
(0.78, 012 and 0.24 M, in order of increasing 2°Al abundance).

3.4 CONCLUSIONS

We present N-body simulations of the dynamical evolution of star-
forming regions with a significant population of free-floating plane-
tary mass objects (FFLOPs). We vary the initial virial ratio of the star-
forming regions, so that they are either subvirial (bound) and col-
lapse to form a star cluster, are slightly supervirial and gently expand,
or are very supervirial (unbound) and rapidly expand. We vary the
number of stars and the initial radii of the star-forming regions and
we vary the mass of the rrLOPs, and the number per star in the star-
forming regions. Our conclusions are the following:

(i) Between1and 6 per cent of planets are captured by stars in star-
forming regions with initial conditions optimized for the en-
snarement of low-mass objects onto orbits around stars, when
these regions contain a significant reservoir of FFLOPs available
for capture.

(ii) The fraction of captured planets is a strong function of the ini-
tial virial ratio (bulk velocity) of the star-forming region, with
FFLOPs twice as likely to be captured in supervirial (unbound)
regions undergoing rapid expansion than in subvirial (bound)
regions undergoing collapse.

(iii) However, planets captured in star-forming regions that collapse
to form a cluster are more likely to have orbits consistent with
the allowed parameter space of the proposed Planet 9.

(iv) Convolving the relative numbers of planets in (ii) and (iii), we
find the number of planets fulfilling the orbital criteria for Planet
gisthenindependent of theinitial virial ratio of the star-forming
region, and is extremely low (of order 5 - 10 from an initial pop-
ulation of 10 000 FFLOPS).

(v) Finally, we note that the Sun was likely enriched by a supernova
explosion in its birth environment. For this to occur, the initial
conditions in the Sun’s natal star-forming region are likely to
have been subvirial in order to facilitate the collapse of the re-
gion to form a bound, relatively dense star cluster.
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Overall, our results suggest that the fraction of stars that capture a
FFLOP onto an orbit consistent with that of the hypothesized Planet 9,
and that experience Solar system levels of isotope enrichment, is al-
most zero. This fraction is lower than that reported in Li and Adams
(2016) and Mustill, Raymond, and Davies (2016). This is likely due to
differences in the assumed initial velocities of the stars (we adopt
quasi-Gaussian kinematic substructure whereas the earlier work as-
sumes a Maxwellian distribution), higher (x10) initial densities (re-
quired to facilitate supernova enrichment), and our FrFLOPs do not oc-
cur as the result of previous planet-planet scattering events.
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Part Il

THERMOCHEMICAL EVOLUTION OF
PLANETESIMALS

In the second part, | connect the abundances of SLRs in
planet-forming systems to the growth and build-up of ter-
restrial planets. To do so, | model the geophysical inte-
rior evolution of planetesimals, the fundamental building
blocks of terrestrial planets. The heat liberated from de-
caying SLRs in their interiors, especially from 26Al in the
early Solar system, is sufficient to melt these rocky bodies
completely, turning their interior into liquid magma that
convects vigorously. Thereby, the decay heat from SLRs
transforms the structure of the planetesimals from an ini-
tially random and homogeneous assembly into a highly
substructured and chemically differentiated one. This
structural and compositional transformation of planetes-
imals has implications for the chemical make-up of the
terrestrial planets. The end-process of planetesimal evo-
lution can be assessed nowadays by analyzing laboratory
samples from meteorites, which are the broken-up pieces
of planetesimals. Thereby, the models presented in this
chapter represent a crucial step forward in classifying the
thermophysical and -chemical regimes in early Solar sys-
tem planetesimals. They can be interpreted in conjunc-
tion with geo- and cosmochemical studies to reconstruct
the dynamics and time scales during the accretion of the
planets in the Solar system and extrasolar systems that
are enriched in SLRrs to a varying degree.






THE EFFECTS OF SHORT-LIVED RADIONUCLIDES AND
POROSITY ON THE EARLY THERMO-MECHANICAL
EVOLUTION OF PLANETESIMALS

The content of this section was published as: Lichtenberg, T., G. J. Go-
labek, T. V. Gerya, and M. R. Meyer (2016). “The effects of short-lived
radionuclides and porosity on the early thermo-mechanical evolution
of planetesimals.” Icarus 274, 350-365. doi: 10.1016/].icarus.2016.03.004.
arXiv: 1603.05979.

ABSTRACT

The thermal history and internal structure of chondritic planetesi-
mals, assembled before the giant impact phase of chaotic growth, po-
tentially yield important implications for the final composition and
evolution of terrestrial planets. These parameters critically depend
on the internal balance of heating versus cooling, which is mostly de-
termined by the presence of Sirs, such as 2°Al and °Fe, as well as
the heat conductivity of the material. The heating by sLrRs depends
on their initial abundances, the formation time of the planetesimal
and its size. It has been argued that the cooling history is determined
by the porosity of the granular material, which undergoes dramatic
changes via compaction processes and tends to decrease with time.
In this study we assess the influence of these parameters on the
thermo-mechanical evolution of young planetesimals with both 2D
and 3D simulations. Using the code family 12ELvIS/13ELVIS we have run
numerous 2D and 3D numerical finite-difference fluid dynamic mod-
els with varying planetesimal radius, formation time and initial poros-
ity. Our results indicate that powdery materials lowered the thresh-
old for melting and convection in planetesimals, depending on the
amount of SLRs present. A subset of planetesimals retained a powdery
surface layer which lowered the thermal conductivity and hindered
cooling. The effect of initial porosity was small, however, compared
to those of planetesimal size and formation time, which dominated
the thermo-mechanical evolution and were the primary factors for
the onset of melting and differentiation. We comment on the impli-
cations of this work concerning the structure and evolution of these
planetesimals, as well as their behavior as possible building blocks
of terrestrial planets.
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41 INTRODUCTION

During the early stages of planet formation the building material of
terrestrial planets like Earth or Mars is distributed within planetes-
imals with sizes of ~ 10'-102 km (Weidenschilling and Cuzzi, 2006).
It remains unclear how these bodies assembled from sub-micron
grains in a circumstellar disk in detail. First order constraints from
the standard collisional model for growth relate the doubling time
ts ~ ppRp/(ZaiskQx) Of a growing planetesimal to its size R, and
density p, as well as to the properties of the disk, namely mass sur-
face density Y4« and Keplerian frequency Qk (Goldreich, Lithwick,
and Sari, 2004). This formula, however, essentially a cross-section cal-
culation, ignores gravitational focusing and limits to growth, such as
the bouncing barrier (e.g., Zsom et al., 2010) and the radial migration
of solids due to gas drag (Weidenschilling, 1977). Nonetheless, there
are also complex local processes that can enhance the formation of
planetesimals with up to several hundred kilometers radii due to par-
ticle collection in vortices, pressure bumps, and other effects (e.g.,
Johansen et al,, 2007; Cuzzi, Hogan, and Shariff, 2008; Morbidelli et
al., 2009; Chambers, 2010; Johansen et al., 2015). These point to rapid
formation on the time scale of ~ 10° yr after the formation of cals,
consistent with findings from geochemical data (Kleine et al., 2009).

Theoretical models to investigate this epoch after the initial as-
sembly of the planetesimals rely on numerical models of internal
dynamics. So far, such models were mostly based on 1D studies, fo-
cusing on conductive cooling as the main heat transfer mechanism
(e.g., Ghosh and McSween, 1998; Hevey and Sanders, 2006; Sahijpal,
Soni, and Gupta, 2007). Recent work, however, has shown that more
mechanisms need to be taken into account. Firstly, these bodies are
supposed to be sufficiently big to become heated by decay of SLRs,
most importantly 2°Al and ®Fe, which would alter their inner struc-
ture and evolution dramatically up to the point of silicate melting. For
example, bodies greater than ~ 10 kmin radius, formed at the time of
cAl formation, are supposed to melt completely (Hevey and Sanders,
2006). Secondly, some meteorite parent bodies seem to have experi-
enced solid-state deformation (Tkalcec, Golabek, and Brenker, 2013;
Tkalcec and Brenker, 2014). These points underline the importance
of 2D or 3D thermo-mechanical modeling approaches for the evolu-
tion of planetesimals to detect effects such as the differences of the
surface-to-volume ratio in 1D, 2D and 3D models or non-axisymmetric
advection processes. As a further complicating issue, recent work
highlights the potentially important role of porous bulk material on
the thermal history of planetesimals, by lowering the thermal con-
ductivity of the silicate material and thus to prevent effective heat
transport via conduction (Cuzzi, Hogan, and Shariff, 2008; Neumann,
Breuer, and Spohn, 2014b).
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The initial powdery state of the uncompacted material is however
reduced in the inner parts of the planetesimals by cold isostatic com-
paction due to self-gravity (Henke et al., 2012a), effectively decreas-
ing its influence with increasing size of the body. Another important
aspect is the formation time of the body. As outlined above, the ac-
cretion time scale of planetesimals is on the order of 10° yr, which
is roughly an order of magnitude shorter than the evolutionary time
scale of the protoplanetary disk and the thermo-mechanical evolu-
tion of planetesimals on the order of 10° yr. Hence, the quasi-instanta-
neous formation time sets the limit on the amount of sLRs incorpo-
rated into the body.

Additional heat sources for planetesimals can be energy injection
during the accretion of the body and later impacts. First, the temper-
ature increase due to the conversion of gravitational energy to heat
is low for bodies < 1000 km (Schubert, Spohn, and Reynolds, 1986;
Qin et al.,, 2008; Elkins-Tanton, Weiss, and Zuber, 2011). Second, dur-
ing runaway growth, the velocity dispersion of planetesimals is set by
the equilibrium between self-stirring and gas drag. Impact velocities
are therefore comparable or smaller to the escape velocity (Green-
berg et al., 1978; Morbidelli et al., 2015), which drastically limits the
amount of injected energy. The formation time thus dominates the
energy budget for heating and sets the pace of internal dynamic pro-
cesses, such as core formation, to the order of several 2°Al half-lives.

Clearly, the thermo-mechanical evolution of planetesimals needs
to be treated adequately to achieve a consistent theoretical under-
standing of this stage of planetary assembly. In this study we as-
sessed the role of the initial size, formation time and porosity of plan-
etesimals on their thermo-mechanical history via 2D and 3D numeri-
cal models. In Section 4.2 we describe constraints from earlier work
and outline the most important concepts of our numerical model; in
Section 4.3 we present the results obtained from the simulation runs,
for which we outline the technically inherent limitations in Section
4.4 In Section 4.5 we discuss the physical implications and draw con-
clusions in Section 4.6. Supplementary material can be found in 4.7.

4.2 PHYSICAL AND NUMERICAL METHODOLOGY

The physical and numerical methods in this work follow earlier work
by Golabek, Bourdon, and Gerya (2014), in which an in-depth analysis
of observational constraints on the thermal history for the acapulcoite
lodranite parent body is compiled. In contrast to this study, we fo-
cused on the general role of planetesimal evolution and sought to
explore the thermo-mechanical regimes before the onset of the gi-
ant impact phase in terrestrial planet formation. The most important
physical constants used in the model are explained in the following
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PARAMETER SYMBOL  VALUE UNIT REF.
Density of uncompressed solid silicates Osi—sol 3500 kg m—3 (1,2)
Density of uncompressed molten silicates  pg; ;g 2900 kg m—3 (1)
Temperature of space (sticky air) Tspace 290 K (3,4)
Activation energy E, 470 k) mol—1 (5)
Dislocation creep onset stress o) 3-107 Pa (6)
Power law exponent n 4 (5)
Latent heat of silicate melting Lg; 400 k) kg1 (3,6)
Silicate melt fraction Perit 0.4 non-dim. (7,8)
at rheological transition
Heat capacity of of silicates cp 1000 Jkg=1 k=1  (6)
Thermal expansivity of solid silicates Agi_go 3-107% K71 (2)
Thermal expansivity of molten silicates agi-iq  6-107° K (2)
Thermal conductivity of solid silicates k 3 Wm-lKk1 (9)
Thermal conductivity of molten silicates Keg <100 Wm-1Kk=1 (10)
Minimum thermal conductivity Kiow 1073 Wm=tKt (11,12)
of unsintered solid silicates (12)
Temperature at onset of hot sintering Tsint 700 K (11)

References: (1) Stolper et al. (1981), (2) Suzuki, Ohtani, and Kato (1998), (3) Ghosh
and McSween (1998), (4) Barshay and Lewis (1976), (5) Ranalli (1995), (6) Turcotte and
Schubert (2014), (7) Solomatov (2015), (8) Costa, Caricchi, and Bagdassarov (2009),
(9) Tarduno et al. (2012), (10) Golabek, Bourdon, and Gerya (2014), (11) Yomogida and
Matsui (1984), (12) Henke et al. (2012a)

Table 4a: List of physical parameters in the numerical model.

sections, all others are listed with their respective references in Table
4A.

421  Fluid flow

As outlined in Section 4.1 we studied the thermo-mechanical evolu-
tion of instantaneously and recently formed planetesimals using the
12ELVIS/13ELVIS code family (Gerya and Yuen, 2007). The code solves
the fluid dynamic conservation equations using the extended Boussi-
nesq approximation, to account for thermal and chemical buoyancy
forces, with a conservative finite-differences approach on a fully stag-
gered-grid (Gerya and Yuen, 2003), namely the continuity equation
9p

5 T Vev=0, (41)

with density p, time t and flow velocity v; the Stokes equation
Vo' —VP+pg=0, (4.2)

with deviatoric stress tensor ¢’, pressure P and directional gravity g
obtained via the location-dependent Poisson equation

V2® = 47Gp, (4.3)
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with the gravitational potential ® and Newton’s constant G; and fi-
nally the energy equation

oT aql
pcp (at+v"v:r> = —a—xi+Hr+HS+HL, (4.44)
with heat capacity cp, temperature T, heat flux g; = —kg—;, thermal

conductivity k, and radioactive (H,), shear (Hs) and latent (Hy) heat
production terms. The energy equation isadvanced using a Lagrangian
marker-in-cell technique to minimize numerical diffusion and enable
an accurate advection of non-diffusive flow properties during mate-
rial deformation. The staggered-grid finite-differences method per-
mits to capture sharp variations of stresses and thermal gradients
with strongly variable viscosity and thermal conductivity. For further
details on the code’s features we refer to Gerya and Yuen (2003, 2007).

4.2.2 Heating by short-lived radionuclides

As discussed earlier, the radiogenic heat source term H, in Equation
4.4, is dominant for early-formed planetesimals. It is driven by the de-
cay of short-lived isotopes 2°Al and ®Fe and the long-lived 40K, 23°U,
238y and 232Th. Among these 2°Al is by far the most important one
and therefore drives the internal heating of the young bodies, as the
abundance of ®Fe is lower by orders of magnitude (Barr and Canup,
2008; Tang and Dauphas, 2012; Mishra, Marhas, and Sameer, 2016). In
this work, we considered time-dependent radiogenic heating by 2°Al
and the long-lived radioactive isotopes as input for H, in Equation
4.4, For the initial 2°Al/%Al ratio we adopted an upper-limit value (Ja-
cobsen et al.,, 2008) of 5.85 - 10~° (Thrane, Bizzarro, and Baker, 2006)
at cal formation.

4.2.3 Silicate melting model

For the silicates we assumed a peridotite composition and used the
parameterizations by Herzberg, Raterron, and Zhang (2000) and Wade
and Wood (2005) (based on data of Trénnes and Frost, 2002) for the
solidus and liquidus temperatures Ty, and Tyq, which determine the
silicate melt fraction

0 : T < To1,
Q= % : Tsol <T< Tliq/ (4.5)
1 LT > Tiig-

We took into account both consumption and release of latent heat
due to melting and freezing of silicates. Silicate density depends on
the melt fraction ¢ as

peff(Pl T, gD) :pSi—sol(P/ T) - QD[pSi—sol(Pr T) - pSi—liq(Pz T)] (4-6)
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with solid and liquid silicate densities ps; o and ps;_iiq- For silicate
melt fractions 0.1 < ¢ < 0.4 the effective viscosity (Pinkerton and
Stevenson, 1992) is given as

25+ (7”)048] (1 <p)> . (47)

Above ¢ 2 0.4 a transition occurs from solid-like structures to low-
viscosity crystal suspensions (Solomatov, 2015; Costa, Caricchi, and
Bagdassarov, 2009), with #g;_;q = 10~* — 10 Pa s (Bottinga and Weill,
1972; Rubie et al., 2003; Liebske et al., 2005). This effectively increases
the Rayleigh number

Netf = 1si—liq - €XP (

_ ag(T — Tyu) p%4cr D?

Ra
k7si—1iq

’ (4.8)

with thermal expansivity «, surface temperature Ty, depth of the
magma ocean D and thermal conductivity k and thus enables an ef-
ficient cooling process.

Above melt fractions ¢ 2> 0.4 our model is restricted by a lower
cut-off viscosity 7,um = 10'7 Pa s, which preserves numerical stabil-
ity, but lies orders of magnitude above realistic values of molten state
silicate viscosities. To bypass restrictions of the physical interpreta-
tion in this melt regime we employed the soft turbulence model by
Kraichnan (1962) and Siggia (1994), and estimated the convective heat
flux as

k(T — Tsurf)
D

Using Equation 4.9 we derived an increased effective thermal conduc-
tivity

g = 0.089 Ral/3. (4.9)

-1/2
_ q 3/2 1 xgep 1
keff B (0089) (T - TSuff)zpeff Mnum ! (4'10)

which approximates correct heat flux for a low viscosity magma ocean
(Tackley et al., 2001; Hevey and Sanders, 2006; Golabek et al., 2011).
For a more detailed discussion on model limitations due to this issue
see Section 4.4.

4.2.4, Porosity

As already indicated in Section 4.1, the initial porous state of recently
accreted planetesimals is thought to decrease due to cold isostatic
pressing with pressure and thus depth into a configuration of closer
packing (Henke et al., 2012a), via
p\ 172 -
— 1
<P0> "

¢(P) =042+ 0.46 - , (4.11)
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PARAMETER  VALUE RANGE UNIT  VALUE LIST

Rp 20-200 km 20,50, 80, 110, 140, 170, 200
torm 04-1.75 Myr 0., 0.5, [1.0-1.7] in 0.1 steps, 1.75
Pinit 0.0-0.75 [0.0-0.5] in 0.1 steps, 0.75

Table 4.2: Value range for the main model parameters.

with Py = 0.13 bar, which effectively introduces an upper cut-off poros-
ity for depths greater than ~ 10> m, mostly dependent on the size of
the body. Furthermore, the porosity changes the density of the solid

material

pSi—por(P/ T, 4)) - pSi—sol<P/ T) ’ (1 - (P)/ (4.12)

and the effective thermal conductivity for porous material

ki =k-e ¢/ (¢ <02,
keftpor = k3 = (Kt + k)4 :02< ¢ <04, (4.3)
ky =k -e* ¢/ t¢p > 04,
with constants a = —1.2, ¢p = 0.08 and ¢; = 0.167, fitting lab experi-

ments (Henke et al., 20123a; Gail, Henke, and Trieloff, 2015). Finally, the
material compaction is sensitive to sintering effects via

d¢ o3/2 —E!
‘at =A(1- 4))—%3 - exp [ RT ] , (414)
with the effective stress ¢, the effective grain size R, the gas constant
R and experimentally determined factors A = 4-10~° and activation
energy E/ = 85 kcal mol~! (Henke et al., 2012a).

4.2.5 Initial conditions

The spherical planetesimals in our model box were supposed to be
completely composed of silicates. Olivine outrules pyroxene minerals
in controlling deformation processes due to its mechanical weakness
(Mackwell, 1991). Thus, we apply an olivine rheology (Ranalli, 1995)
to be able to follow thermo-mechanical processes, i.e., melting and
mixing due to internal heating. Each body was built up by several
rheologically identical silicate layers, which could be followed by an
internal tracking of the corresponding markers. This enabled us to
distinguish different silicate layers and reconstruct their mixing his-
tory. Illustrative examples are given in Section 4.3.

As indicated before, the energy release during the accretion phase
is only minor for the size of bodies we addressed here (Schubert,
Spohn, and Reynolds, 1986). Therefore, we started from a constant
temperature distribution all over the model grid in accordance with
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values in a typical protoplanetary disk Typace = 290 K (Ghosh and
McSween, 1998).

The surrounding of the bodies was made up of a so-called sticky-
air layer (Schmeling et al., 2008), with near zero density, constant
temperature Tsp = Tspace and constant viscosity 7gp = 10'? Pa. Such
a layer allows for simulation of free surfaces and serves as infinite
reservoir to absorb released heat from the planetesimal (Golabek et
al., 2011; Crameri et al., 2012; Tkalcec, Golabek, and Brenker, 2013).

The numerical model boxes had physical dimensions of 500 km in
each direction in 2D and 3D, represented by 5012 grid points in 2D, re-
spectively 2613 grid points in 3D, which results in physical resolutions
of 1kmin 2D and ~ 2 km in 3D.

4.2.6 Parameter space

The goal of this work was to assess the combined effect of radiogenic
heating by sLRrs and initial porosity on the subsequent evolution of
planetesimals. Hence, the parameter space was based on varying the
planetesimal radius R, = 20-200 km, the instantaneous formation
time tqrm = 041-1.75 Myr after cal formation and the initial porosity
$init = 0.0-0.75, in total a set of 616 2D simulations. A full list of all
applied values is given in Table 4.2.

Due to the heavy computational cost of 3D simulations we first an-
alyzed the 2D simulations, categorized them and then performed se-
lected 3D simulations to verify the 2D results.

From our varied parameters, both R, and t,,, directly influenced
the amount of sLRrs present in the body. A list of all simulation runs
with corresponding parameters and categories is referenced in Sec-
tion 4.7.

4.3 RESULTS
4.31 Thermo-mechanical evolution

In this section we analyze the thermo-mechanical outcome of the
simulations. In Section 4.3.1.1 we focus on the temporal evolution of
the material properties, i.e., solid or molten, and categorize the 2D
results accordingly. Each category is then described and examples are
given. In Section 4.3.1.2 we investigate the time-dependent maximum
temperatures of the bodies and assess the influence of each of the
varied parameters on it by constructing Ry, fiorm and ¢ini isolines.
Also, we analyze the influence of ¢, On the temperature profile for
fixed formation time and planetesimal size.



4.3 RESULTS
2D thermomechanical regimes
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Figure 4.1: 3D parameter space covered by the two-dimensional simulation
runs, each dot represents one simulation, with Ry, in km, ¢in; non-
dimensional and ., in Myr. The colors indicate which thermo-
mechanical state was reached during the time evolution. Blue: all
silicates were in solid form during all times (Figure 4.2); green:
the silicates in the planetesimal were partially or fully molten at
some stage during the temporal evolution (Figure 4.3), green sim-
ulations with diamonds indicate that the numerical restrictions
in our model did not capture fluid motion due to extremely low
viscosities, see Section 4.4 for an in-depth discussion of this issue;
orange: the silicate layers were partially deformed, but the heat-
ing was not sufficient for convection (Figure 4.4); red: convectional
mixing occurs during the temporal evolution of the planetesimal
(Figure 4.5).

4311 Material properties

Figure 4.1 illustrates the thermo-mechanical results of the material
properties within each 2D simulation run. Each dot represents a sin-
gle simulation and color indicates in which kind of regime we cate-
gorize the simulation. Each of these regimes is described below and
an example, illustrating the state for ¢, T and p at a certain time, is
given. Illustrating video files for each of the described regimes below
can be found in the supplementary material (see 4.7).

SOLID REGIME The blue rendered simulations in Figure 4.1 build
the class of solid models. These are models which lacked enough
heat production by SLrs to experience any sign of transition from the
solid silicate to a partially molten silicate state. An example of this
kind is given in Figure 4.2. The upper left image shows all simulation
runs of this class. The composition plot illustrates the unperturbed
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Composition, t =7.11 Myr
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Figure 4.2: Example of a solid model, i.e., without any melting throughout the
temporal evolution, with R, = 140 km, tr = 1.7 My, $inie = 0.5
at t = 7.11 Myr. The all-solid (rheologically identical) layers did
not deform throughout the simulation.

layered structure of the silicates it is composed of. Because the body
never experienced enough heat, no transition to a molten state oc-
curred and therefore the layers resided with their original ordering.
The temperature and density plots illustrate these parameters at the
same time during the evolution. Since the body experienced some
heat from sLRs it heated up and cooled down to the temperature of
the surrounding Tsace ON the order of several tens of Myr. As shown
in Figure 4.2 these kinds of models can be found for all tested radii
for tiem = 1.7 Myr, i.e., when the initial amount of 2°Al has signifi-
cantly reduced. Additionally, planetesimals with R, = 50 km already
belong to this class for earlier formation times t¢,., = 1.6 Myr and for
tiorm 2, 1.3 Myr for bodies with R, = 20 km since they cooled more
efficiently. Comparison of figures 4.1 and 4.2 for bodies with R, = 20
km reveals the influence of ¢init. FOr tgo;y = 1.3 Myr, the models were
solid for ¢init < 0.3 and molten for ¢inie > 0.4. Hence, the effects of
initial porosity only affected this transitional stage for the smallest
bodies in our parameter space.
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Composition, t =7.52 Myr
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Figure 4.3: Example of a static melt model, with R, = 110 km, tfo, = 1.6
Myr, ¢init = 0.25 at t = 7.52 Myr. The molten layers are differently
shaded to be able to track the onset of convection (see Figure
4.4;). The inner parts were hotter and less dense than the upper
layers and the temperatures were high enough to partially melt
the silicates for a limited time period.

STATIC MELT REGIME This class of simulations showed character-
istics of phase transitions from solid to molten states, indicated with
green circles and diamonds in Figure 4.1. For the deviations between
these we refer to the discussion of our model limitations in Section
4., An example of a static melt model is given in Figure 4.3. In the com-
position Figure we see molten silicate phases shown in red. As the
material in the inner parts could not cool as efficiently as the outer
parts higher temperatures occurred and thus silicates in this region
tended to melt. Hence, the density in the outer shells was higher than
in the inner parts. Simulations of this class were dominant for bodies
with R, < 50 km. For R, = 20 km the boundary for the transition from
solid to melt was t;om =~ 1.3 Myr, for R, = 50 km it was tm ~ 1.6
Myr. In bodies with R, = 80 km this class could be found solely for
tiorm = 1.6 Myr, marking the boundary to the transition from solid
models to more dynamic models displaying convection.
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Composition, t =14.06 Myr
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Figure 4.4: Example of a deformation model, with R, = 50 km, to, = 1.0
Myr, ¢init = 0.75 at t = 14.06 Myr. The temperatures were high
enough to initiate the onset of convection but could not sustain
these temperatures long enough for mixing to occur.

DEFORMED MELT REGIME This class marked the transition from
the static melt to the mixing regime in the three-dimensional pa-
rameter space. A deformation example is given in Figure 4.4 for an
evolutionary stage with molten silicate phases and deformed layers,
which clearly deviated from the initial circular structure. This kind of
models reached higher temperatures than their static melt-bearing
counterparts. Due to the larger density contrast this leaded to the on-
set of mass segregation within the body. An interesting case is given
for R, = 50 km. These bodies were dominated by deformation for
¢init > 0.4 and tyorm, < 1.3 Myr. This type is categorized differently as
it indicates the restrictions of our model: if the viscosities fell below
#num, fluid motions could not always be correctly resolved, in spite of
accurately modeling the heat flux. Again, for a more detailed discus-
sion on this issue see Section 4.4.

MIXING REGIME The class of mixing models was the most dynamic
of all types. An example is given in Figure 4.5, showing the onset of
convection due to extreme heating conditions within the body due
to high sLr abundances. In these cases the density contrast of inner
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Figure 4.5: Example of a mixing model, with R, = 140 km, t¢,,, = 0.5 Myr,
$imit = 0.4 at + = 10.83 Myr. The density contrast of inner and
outer layers drove convection.

and outer layers initiated and drove convectional motion. The sub-
sequent downwellings from the surface layers (cool and dense) to
the inner parts (hot and buoyant) are reflected in the composition,
temperature and density plots. We will discuss the time evolution of
this in Section 4.3.1.2. Models of this kind were only found for bodies
with R, > 80 km. The formation time is less important than the ra-
dius, but showed significant effects by lowering the threshold t¢m
for smaller bodies, i.e., R, < 140 km models did not mix anymore
above tym > 1.6 Myr, whereas R, > 170 km models did. Even less in-
fluential for the qualitative evolution were changes in initial porosity,
for which no significant variance was observed.

4.31.2 Heat balance

This section is devoted to an analysis of the energy reservoir in the
bodies over time. To analyze the influence of each of the varied sim-
ulation parameters we construct isolines, fixing two of the three pa-
rameters (see figures 4.6 and 4.7). The models which are discussed
here were among the simulations with the most extreme differences
in peak temperature and are therefore best suited to show general
trends in the data.
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(a) R, isolines, ¢y, =0.25, tg,,, =1.70 Myr (b)  gopy isolines, R, =20 km, ¢;,;; =0.40
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Figure 4.6: Peak temperature inside planetesimal versus time. Ty, and Tyq
represent the solidus and liquidus temperatures, respectively. (a)
Fixed ¢inits trorm and varying Rp. The cooling time scale is primar-
ily dependent on the size of body. (b) Fixed Rp, ¢inic and varying
tiorm- ONly models with #;,., < 1.4 Myr reached temperatures
high enough for melting processes to occur. The t¢.,, = 0.1/0.5
Myr models were affected by the soft turbulence model from Sec-
tion 4.2.3, see Section 4.4 for a discussion of the effect.

INFLUENCE OF PLANETESIMAL RADIUS R, Figure 4.6a shows the
radius isolines for all R, values for models with t,, = 1.7 Myr and
$init = 0.25. In general, smaller bodies cooled more efficiently than
their larger counterparts, which were prone to reach higher tempera-
tures. This resulted in lower viscosities for the latter and gave them
more time to develop deformed structures or convection.

INFLUENCE OF FORMATION TIME t¢o,, Figure 4.6b shows the influ-
ence of the formation time on models with R, = 20 km and ¢n;e = 0.4.
There are two interesting characteristics to note in this plot. Firstly,
the bodies with t¢,.,, = 0.1/0.5 Myr showed a steep increase in tem-
perature, compared to all other ¢, isolines but reached a sudden
turning point at ¢t ~ 7.2-10°> Myr. These bodies incorporated more
26Al due to its half-life time of #;,, ~ 7.2-10° Myr. When the tem-
peratures increased, the material transitioned to molten states and
viscosities 7 < mnum OcCcurred, the soft turbulence model set in and
increased the heat flux, which permitted the body to cool at an ele-
vated rate (see Section 4.4). Secondly, simulations with stronger heat-
ing sources and therefore higher peak temperatures showed steeper
cooling curves than models with later formation time. In practice, the
ordering of formation isolines is reverted at t = 8 Myr. This can be ex-
plained with the higher thermal conductivity of molten silicate states.
The models with higher peak temperatures reached higher melt frac-
tions than those with lower peak temperatures, and are therefore
able to cool down more efficiently.
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(a) @y isolines, R, =20 km, ¢, =1.75 Myr (b) Radial temperature profile, t =4.61 Myr
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Figure 4.7: (a) Peak temperature inside planetesimal versus time with fixed
Ry, tiorm and varying ¢in;i. The models never reached tempera-
tures high enough for melting processes to occur and the devi-
ations in peak temperature were too small to inherit qualitative
changes in the thermo-mechanical behavior of the simulations
(compare Figure 4.1.) (b) Peak temperature profiles inside plan-
etesimal for time t = 4.61 Myr for the same parameters as plot
(a). Deviations in peak temperature were more pronounced to-
ward the center of the planetesimal.

INFLUENCE OF INITIAL POROSITY ¢init  Figure 4.7 shows the contri-
bution of initial porosity on peak temperature deviations in bodies
with R, = 20 km and t;,, = 1.75 Myr. In general, higher porosity
increases the voids within the granular material, effectively lowering
the thermal conductivity. Therefore, models with higher initial poros-
ity sustained their internal heat by SLRs over a longer time period.
Figure 4.7a shows an extreme case in the overall parameter range,
where the maximum peak temperatures deviated by AT =~ 120 K, not
enough to achieve qualitative differences, as all peak temperatures
were below the melting temperature for silicates.

To checkfor local variations of the temperature within specific plan-
etesimals, we derive peak temperature profiles by assessing the max-
imum value from four points at the same distance from the planetes-
imal center. Therefore, the values in Figure 4.7b represent the max-
imum temperatures at a certain depth, which does not necessarily
imply the same average value for this depth for non-axisymmetric be-
havior. However, irrespective of a few specific cases these are nearly
undistinguishable and certainly not in the range in which these dif-
ferences affect the long-term thermo-mechanical evolution. Hence,
we restrict our discussion to the maximum temperature case. The
variations in peak temperature with depth were most importantly ef-
fecting small bodies, most remarkably R, = 20 km in our parameter
space. Therefore, Figure 4.7b shows the porosity isolines for the sim-
ulation with R, = 20 km and f¢, = 1.75 Myr at time ¢ = 4.61 Myr.
Going from the surface of the planetesimal to its center the temper-
ature differences increased.
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As displayed in both plots of Figure 4.7, in such small planetesi-
mals the peak temperatures were not enough for the onset of melting.
Thus, the temperature deviations due to porosity changes did not re-
sult in qualitative differences between the displayed models. Since
the peak temperature differences between porosity isolines decrease
for all other parameter combinations the porosity did not have a sig-
nificant effect on the thermo-mechanical evolution of the planetesi-

mals.

4.3.2 Porous shells
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Figure 4.8: Remnant porous shells in evolved planetesimals with R, = 20

km (gray background) or R, = 50 km (red background), $init =
0.75 and varying t;,.m. The tip of each dark blue bar represents
the scaled thickness of the remnant porous shell at the end of
the thermal evolution, with ¢ > 0.4 (see Equation 12). As iso-
static pressing effects decrease toward the surface, the red and
black bars show depths above which the porosity was ¢ > 0.5
or ¢ > 0.7, respectively. The white circles represent normalized
logarithmic depths within the planetesimal dnorm = log(d/Rp)
from 0.001 to 04. As an example, the red bar for Rp = 50 km,
ttorm = 0.5 Myr shows that for dnorm < 0.06 the porosity was

~

¢ > 0.5, increasing toward the surface.

In addition to the marginal effect of porosity changes on the peak
temperature and the thermo-mechanical evolution, the majority of
our models with initial porosity showed a porous shell feature. As
illustrated for several models in Figure 4.8, these structures were re-
tained during the thermo-mechanical evolution and formed because
of two effects. Firstly, compaction due to self-gravity by cold pressing
(Equation 12) lowered the porosity within the body close to ¢ = 0.42
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Figure 4.9: 3D parameter space showing the distribution of porous shells,
with Rp in km, ¢inic non-dimensional and t¢o,y, in Myr. The retain-
ment of a porous shell depended dominantly on formation time

tform .

and consequently increased the density contrast between the outer-
most layers and the layers deeper inside the body. Secondly, during
the temporal evolution of the models the temperatures deep within
the planetesimals were by far higher than those close to the sur-
face. The temperatures within the body were high enough for sinter-
ing effects, which altered the porosity value according to Equation
15. Because both effects were unimportant closer to the surface, a
large subset of the model retained a porous layer throughout their
whole evolution. Only the models with the most extreme heating
values were hot enough to sinter or melt even their outermost lay-
ers. Figure 4.8 shows the combined effects of planetesimal size and
formation time on the extent of the porous shells and the porosity
change within the shell. Sintering limited the total thickness of the
shell (dnorm) and compaction determined the increase in porosity to-
ward the surface.
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Figure 4.10: Fraction of porous shell versus planetesimal radius after all
thermo-mechanical processes have ended. The values repre-
sent the arithmetic means over the results for all initial porosi-
ties ¢init, the error bars showing the corresponding standard de-
viations. The shell fraction decreased with increasing size of the
body and with earlier formation time.

Figure 4.9 illustrates the distribution of bodies with and without
porous shells. Most notably, the dominant parameter determining
the preservation of a porous shell was the formation time: for t¢y., >
1.0 Myr all models developed such structures. Aside from the small
effects of lithostatic pressure, the material distribution within the up-
per layers of the body did not depend on its size, since the weight on
top of it was unaffected by the overall mass of the body. Therefore,
these layers were only minimally affected by cold isostatic pressing.
A minor effect regarding the size of the body was still observed, as
models with ¢, = 0.5 Myr and R, < 110 km also developed a shell,
while bodies with R, > 140 km did not.

The distribution of the porous shell structures within the model
set remained unaffected by initial porosity ¢init and was determined
by Rp and fg,m. Figure 410 shows the thickness of the porous shell
as a fraction of the size of the body R,, for different formation times
tiorm- The values represent an average over the results for all initial
porosity values ¢init, as this parameter did not affect the final shell
depths significantly. The fraction of the shell was larger for smaller
bodies and for later formation times. Both vary the amount of heat-
ing sources within the body, as later formation times lowered the
initial abundances of sLrks and smaller bodies cooled more efficiently
and displayed lower temperatures in their interiors. Thus, sintering
effects were less important.
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4.3.3 3D analogues
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Figure 411: Density isocontours in a mixing 3D model, with R, = 110 km,
¢init = 0.25 and fgo, = 0.1 Myr. The density increased from the
inside (dark red, p = 3100 kg m~3) to the outside (dark blue,
p = 3385.6 kg m~3). Therefore, the model experienced buoyancy
driven mass movement.

As described in Section 4.2.5 we additionally performed a set of 3D
simulations for different parameter combinations to check for possi-
ble deviations from the 2D results. All 3D models are referenced in
Section 4.7.

In principal, the selected 3D simulations confirmed the general
trends we have found in two dimensions before. Smaller bodies with
R, < 50 km displayed solid or static molten type and developed no
convection patterns, regardless of their formation time. Larger bod-
ies were more likely to experience convectional mixing, as illustrated
in Figure 4.11. Comparable to the 2D simulations the formation time
was the dominant parameter for the thermo-mechanical evolution
and the onset of melting processes: early formed bodies experienced
stronger heating by SLRs. As expected from the 2D results we also
found porous shells in the appropriate parameter ranges.

The 3D models, however, did not perfectly match the results from
the 2D simulations, as can be seen for model number 624, with R, =
110 km, ¢init = 0.25 and tg, = 1.7 Myr, which evolved to a static
molten state and did not retain a porous shell. Its 2D counterpart
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however was solid throughout its evolution and we found a shell at
the end of its thermo-mechanical evolution. In general, as far as we
can conclude from the restricted model set of 3D simulations, they
seem to have experienced higher temperatures than their respective
2D analogues and thus the whole parameter space was shifted to-
ward a higher fraction of static molten, deformed molten and mixing
models. As already mentioned in the introduction, this result is ex-
pected and can be attributed to the lower surface-to-volume ratio
of 3D models. Hence, planetesimals in 3D experienced a lower heat
flux compared to their increased volume and abundance of sLks and
therefore reached higher internal temperatures.

All in all, our 3D models were capable of reproducing the most im-
portant structures, compositional types and porosity features of the
2D models with slightly shifted regime boundaries and therefore ver-
ified the main conclusions we have drawn before.

4.4 MODEL LIMITATIONS

The main caveat regarding the evolutionary channels from Section
4.31 is the lower cut-off viscosity #num, Whereas we expect that the
real viscosity at melt fractions above 0.4 drops to values orders of
magnitudes smaller than the applied lower cut-off viscosity (see Sec-
tion 4.2.3 for examples). This especially happened for models with
early formation times t¢y.;, = 0.1/0.5 Myr, i.e., within the first few half-
life times of 2°Al. As mentioned before these low viscosities cannot
be resolved numerically.

To estimate which of our numerical models would have experi-
enced convection, that could not be resolved, we estimate the onset
time of convection based on the approach of Howard (1964). Since in-
ternal heating was important in the models, we employ the Roberts-
Rayleigh number (Roberts, 1967), which can be used to compute the
boundary layer Roberts-Rayleigh number

5
Ra; = M, (4.15)

kxn
with reference density py, boundary layer thickness 6 and thermal
diffusivity . For the latter we use the characteristic diffusion length
scale (xt)'/2? and assume that the viscosity of the partial melt de-
creases exponentially from 107 Pasat ¢ = 0.4to 10"2 Pasat ¢ = 0.6.
Solving for t we obtain the relation

Rask 2/5
Ferit = < 0 17) K73/5 (4.16)
xpogHr

with Ra; ~ 30 (Sotin and Labrosse, 1999). We use this relation to
compare the time periods At, <., during which the viscosities are
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expected to drop below the numerical cut-off viscosity, with the ana-
lytical solution. Models with f.j < Af,<,. .. are marked in Figure 4.1
(diamonds, static melt, unresolved convection). These, together with
the deformed static class, are models for which we could not properly
resolve convection. This drawback, however, did not affect the purely
thermal evolution of the models, which was correctly approximated
by the soft turbulence approach (as shown in Tackley et al., 2007;
Hevey and Sanders, 2006; Golabek et al., 2011) and therefore all other
quantities were not affected. Models for which the analytic solution
is consistent with pure melting and no convection (terit > Aty<yums
circles in Figure 4.1) are additionally referenced in Section 4.7 and are
especially found for tgm, ~ 1.1 — 1.5 Myr and R, = 20/50 km.

Additionally, there are some minor aspects, which could shift the
trends of our results, but not crucially change the general regimes.
Firstly, all planetesimals were approximated as spherical bodies. Due
to accretionary processes in the early formation phase, it is unlikely
for planetesimals to be shaped perfectly symmetric. Irregular body
structures would result in higher surface to volume ratios, hence en-
abling a faster cooling of the body (Davison et al., 2013).

Furthermore, as already discussed in Golabek, Bourdon, and Gerya,
2014, @ more sophisticated approach for representing melt migra-
tion processes, cooling effects via 2°Al partitioning (Sahijpal, Soni,
and Gupta, 2007) and iron-silicate-separation (Schubert, Spohn, and
Reynolds, 1986) would incorporate a two-phase flow model, which
was not featured here. Finally we did not consider the effect of melt
composition on melt density, which would influence our melting-mix-
ing boundary (Fu and Elkins-Tanton, 2014).

4.5 DISCUSSION & IMPLICATIONS

In Section 4.3 we have presented the results from our set of 2D and
3D computational models of the thermo-mechanical evolution of re-
cently formed planetesimals with varied radius, instantaneous for-
mation time and initial porosity to gain a better understanding of
the processes in the early stages of terrestrial planet formation. We
now discuss the key insights of our results.

Initial porosity of the bodies was only of minor importance for the
model set we have run here. Although higher initial porosity tended
to lower thermal conductivity and therefore favored higher internal
temperatures, the thermo-mechanical evolution was only marginally
affected.

As expected, radius of the body and formation time had a strong
influence on the evolution of a planetesimal. With increasing radius
and decreasing formation time the bodies experienced more heat-
ing by SLRs, which resulted in higher peak temperatures and steeper
heating curves. Planetesimals displaying mixing can be expected to
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have experienced iron-silicate separation. The fraction of bodies prone
to significant internal silicate melting was consistent with previous
work on the thermal histories of planetesimals (Sanders and Taylor,
2005).

With decreasing radius of the body the technical assessment of the
numerical model became more important, as a thermo-mechanical
regime with partially molten, but non-convectional interior was ob-
served (static melt class in Figure 1). In this regime with ¢ < 0.4
we expect the Stokes velocity vsiokes ~ g/ for iron droplets to be
small, such that the time scale for differentiation is high. These melt-
bearing but undifferentiated planetesimals are a potentially impor-
tant link for impact splash models of chondrule formation (see, e.g.,
Sanders and Taylor, 2005; Sanders and Scott, 2012; Dullemond, Stamm-
ler, and Johansen, 2014). For a more stringent analysis of the impor-
tance of these models and corresponding parameter ranges we will
further evaluate this connection in future work.

A subset of our models evolved to a state with highly porous outer
layers, which altered the cooling history of the planetesimal. These
shells occupied a larger fraction of the planetesimal radius with later
formation time and smaller radius of the body. Hence, smaller and
later formed objects were the most porous bodies, which can have
implications on their dynamical behavior during impact processes, as
investigated by Jutzi, Benz, and Michel (2008) and Jutzi et al. (2009).
The larger planetesimals in our dataset can either be subject to catas-
trophic impact events with similar-sized bodies or subject to impacts
by smaller bodies. For both cases the state of the material is impor-
tant for the interaction with the encountered body. All in all these ef-
fects tend to influence the dynamical history of the accretion phase
of terrestrial planets and cannot be neglected for investigations of
collisional growth. Additionally, the thickness of the shells could be
used to relate the structure of pristine bodies in the Solar system,
which did not experience catastrophic impact events after their rapid
formation, to their formation time.

Many of our models reached elevated temperatures, potentially
high enough to outgas existing volatile elements. When these mod-
els reached a specific boundary the resulting bodies might end up as
dry bodies, unable to deliver volatile elements to the forming plan-
ets via impacts. Thus, future studies will investigate the effect of sLr
heating and initial porosity on the outgassing of volatiles in small
bodies and therefore might have implications for the habitability of
planetary systems, when related to the delivery to accreting terres-
trial planets (e.g., Elser, Meyer, and Moore, 2012; Ciesla et al., 2015).

The more moderate models still showed temperatures high enough
for hydration and metamorphic transformation processes, potentially
creating serpentinites via an exothermic reaction. As discussed in
Abramov and Mojzsis (2011) such reactions can provide energy for
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non-volcanic hydrothermal activity. Within certain depths of onion
shell structured planetesimals, which are in accordance with our mod-
els and previous work (Weiss and Elkins-Tanton, 2013, and references
therein), the energy output might be in the right regime for the syn-
thesis of primitive organic compounds, such as basic amino acids
(Cobb and Pudritz, 2014). Their synthesis is dependent on the ammo-
nia and water content of the corresponding planetesimal and can
also change with radial distance to the central star (Cobb, Pudritz,
and Pearce, 2015). Therefore, future studies can be directed to couple
interior evolution to exterior formation conditions, i.e., the region in
the protoplanetary disk and the appropriate formation time for var-
ious size classes, to gain a better understanding of the geological
environment of early biological processes in our Solar system.

4.6 CONCLUSIONS

The initial state of planetesimals in the early Solar system crucially af-
fected their thermo-mechanical evolution, which yields implications

for terrestrial planet formation theories. We have conducted numer-
ous 2D and 3D finite-difference fluid dynamics simulations of plan-
etesimals with varying radius, formation time and initial porosity. From
these we have determined the parameter space for various thermo-
mechanical regimes and the influence of initial porosity. Our conclu-
sions are the following.

« Typically, planetesimals with large size, early formation time
and high initial porosity tended to develop convection. Small
radii, late formation times and low porosities led to bodies which
did not experience silicate melting.

+ A third thermo-mechanical regime with largely molten bodies
without convectional mixing existed for an intermediate param-
eter range with a trend toward small bodies and formation times
torm ~ 11-1.5 Myr after cal formation.

- The effects of initial porosity were by far outweighed by those
of planetesimal size and formation time, scarcely affecting the
qualitative evolution of a planetesimal.

+ A majority of models retained a shell of highly porous material
in their outer layers, which was not affected by melting and sin-
tering processes inside the bodies. The depth of these shells
increased with later formation times and decreased planetesi-
mal size.

With our models we were able to constrain stringent parameter
ranges for the major thermo-mechanical regimes and to show that
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porosity is not a primary factor for the evolution of planetesimals. Fu-
ture investigations will link these results to specific aspects of terres-
trial planet formation, like volatile degassing and chondrule forma-
tion. Moreover, connecting these results with sLr enrichment mech-
anisms in stellar clusters (e.g., Parker et al., 2014b; Parker and Dale,
2016), and thus probably strongly varying abundances of SLRs, would
be beneficial for a comprehensive theory of planetary assembly and
habitability on interstellar or galactic scales.

4.7 SUPPLEMENTARY MATERIAL

Supplementary materials associated with this section, containing lists
of the simulations, can be accessed online, in the journal
(10.1016/].icarus.201711.004) or arXiv version (arXiv:1603.05979).
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MAGMA ASCENT IN PLANETESIMALS: CONTROL BY
GRAIN SIZE

At the time of writing, June 19, 2018, the content of this section is
under review for publication in Earth and Planetary Science Letters
as: Lichtenberg, T.,, T. Keller, R. F. Katz, G. J. Golabek, and T. V. Gerya
(2018). “Magma ascent in planetesimals: control by grain size.” arXiv:
1802.02157.

ABSTRACT

Rocky planetesimals in the early Solar system melted internally and
evolved chemically due to radiogenic heating from 2°Al. Here we quan-
tify the parametric controls on magma genesis and transport using
a coupled petrological and fluid mechanical model of reactive two-
phase flow. We find the mean grain size of silicate minerals to be a
key control on magma ascent. For grain sizes larger than ~1 mm, melt
segregation produces distinct radial structure and chemical stratifi-
cation. This stratification is most pronounced for bodies formed at
around 1 Myr after Ca,Al-rich inclusions. These findings suggest a link
between the time and orbital location of planetesimal formation and
their subsequent structural and chemical evolution.

According to our models, the evolution of partially molten plan-
etesimal interiors falls into two categories. In the global magma ocean
scenario, the whole interior of a planetesimal experiences nearly com-
plete melting, resulting in turbulent convection and core-mantle dif-
ferentiation by the rainfall mechanism. In the magma sill scenario,
segregating melts gradually deplete the deep interior of the radio-
genic heat source. In this case, magma may form melt-rich sills be-
neath a cool and stable lid, while core formation would proceed by
percolation. Our findings suggest that grain sizes prevalent during
the internal-heating stage governed magma ascent in planetesimals.
Regardless of whether evolution progresses toward a global magma
ocean or segregated magma sills, our models predict that temper-
ature inversions due to rapid 2°Al redistribution are limited to bod-
ies formed earlier than ~1 Myr after CAls. We find that if grain size
was smaller than ~1 mm during peak internal melting, only elevated
solid-melt density contrasts (such as found for the strongly reducing
conditions in enstatite chondrite compositions) would allow substan-
tial melt segregation to occur.
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At the time of planet formation, the inner Solar system was popu-
lated by rocky planetesimals with radii ranging from a few to some
hundreds of kilometers. Within a few million years, the largest of
these seeded today’s terrestrial planets through dynamical accretion
of many smaller bodies (Goldreich, Lithwick, and Sari, 200%). The in-
ternal evolution of planetesimals was influenced by radiogenic heat-
ing from the short-lived radionuclide 2°Al (Hevey and Sanders, 2006).
For planetesimals larger than ~10 km, and depending on the amount
of 2°Al incorporated upon formation, the released energy was suf-
ficient to cause significant silicate melting and release of volatiles
like water (Castillo-Rogez and Young, 2017; Monteux et al., 2018). For
initial 2°Al abundances and planetesimal radii exceeding certain crit-
ical values, the degree of silicate melting likely surpassed the rheo-
logical transition from solid-state creep to disaggregation and melt-
dominated deformation at melt fractions of 0.4-0.6, resulting in in-
terior magma oceans. In comparison with solid or partially molten
interiors, which lose heat by conduction and/or laminar convection,
disaggregation results in significantly increased heat flux by turbu-
lent convection and an efficient metal-silicate differentiation by rain-
ing out of iron droplets (Stevenson, 1990).

The interior evolution of early Solar system planetesimals has
broad implications for the formation of rocky planets as well as the
main-belt asteroid populations, the most-direct remnants of the ac-
cretion process. Meteorites, the broken-up pieces of asteroids, are
currently our only direct source of evidence from the early Solar sys-
tem. Therefore, our understanding of planetary growth and evolu-
tion is fundamentally limited by our ability to reconstruct the ther-
mochemical evolution of planetesimals as evidenced by meteorites.
Achondritic meteorites, which are thought to originate from differ-
entiated planetesimals, show a remarkable diversity and likely origi-
nate from more than 50-100 parent bodies (Wasson, 1990). However,
spectral properties of asteroids do not match this diversity, as most
known asteroids with an achondritic surface were reconstructed to
be the debris of only a few parent bodies (Burbine et al., 2017). This
apparent lack of achondritic asteroids is at odds with the available
meteorite record.

A possible solution to this conundrum is that internally differenti-
ated planetesimals can retain their primitive, chondritic surfaces if
magma remains confined to the interior instead of being erupted by
volcanism (Elkins-Tanton, Weiss, and Zuber, 2011; Weiss and Elkins-
Tanton, 2013). Some paleomagnetic studies on CV and CM meteorites
suggest their parent bodies, at some stage, had magnetic core dy-
namos, which would be consistent with this hypothesis (Carporzen et
al., 2011; Cournede et al., 2015). Furthermore, data from the Rosetta
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spacecraft indicates that 21 Lutetia features a carbonaceous or en-
statite chondrite surface contrasting with a density of ~3400 kg m—3
(Sierks et al., 2011; Patzold et al., 2011), higher than known chondrites,
but consistent with past compaction of the interior due to partial
melting beneath a primitive, chondritic crust (Weiss et al., 2012; Neu-
mann, Breuer, and Spohn, 2013).

Based on the available evidence, most current theoretical models
propose a magma ocean scenario for planetesimal evolution, where
an internal magma ocean, often confined beneath a relatively thin
(~ 10 km) primitive crust, dominated the thermal and chemical evo-
lution of planetesimals. This hypothesis implies a temperature struc-
ture with an adiabatic convective profile in the interior and a lin-
early conductive profile in the lid. Efficient silicate-metal separation
in the magma ocean would have enabled rapid core formation, while
sequential crystallization could have resulted in a layered silicate
mantle forming from an initially well-mixed magma ocean. Recent
modeling studies that have investigated this scenario have relied ei-
ther on thermal modeling with parameterized melting (e.g., Hevey
and Sanders, 2006; Elkins-Tanton, Weiss, and Zuber, 2011), or on one-
phase convection models (e.g., Golabek, Bourdon, and Gerya, 2014;
Lichtenberg et al,, 2016) that capture the collective flow and ther-
mochemical evolution of partially molten rock or partly crystalline
magma.

However, two-phase theory of partially molten systems (e.g., McKen-
zie, 1984) suggests that silicate melts may buoyantly ascend relative
to the ambient rock matrix. Depending on the compositional and rhe-
ological properties of silicate minerals and their melts, this segrega-
tion may have been rapid with respect to internal heating and melt
generation. In that scenario, planetesimals could have become de-
pleted of melt in their interior, thus protracting, or even precluding,
the generation of internal magma oceans. Ascending melts would in-
stead have accumulated to form melt-rich layers, so-called magma
sills (Wilson and Keil, 2017), beneath the primitive lid. This magma
sill hypothesis implies a potentially significant redistribution of 2°Al,
which is a moderately incompatible element and preferentially par-
titions into silicate melts. The transfer of the major heat source into
shallow magma sills might then result in a transient inverted tem-
perature profile with a peak temperature around the sill overlaying
a cooler interior. Hence, this model posits that a subset of planetes-
imals, for which the chemical and rheological criteria for rapid melt
ascent were met, could have experienced a thermal evolution and
chemical differentiation significantly different from the magma ocean
hypothesis. To date, only few theoretical studies have investigated
the coupled mechanical and thermochemical evolution of partially
molten planetesimals. These were either based on parameterized
melt transport models with approximated melt ascent velocities
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(Moskovitz and Gaidos, 2011; Wilson and Keil, 2012; Mandler and Elkins-
Tanton, 2013; Neumann, Breuer, and Spohn, 2013, 2014a), or focused

on metal-silicate differentiation and core formation without address-
ing silicate differentiation or the redistribution of 2°Al (Sramek et al.,
2012).

The efficiency of melt transport in planetesimals depends on var-
ious parameters. The presence of primordial volatiles like H,O and
CO, would strongly favor rapid segregation by increasing the buoy-
ancy and lowering the viscosity of magmas. However, if volatiles are
exsolved before the onset of silicate melting, Fu and Elkins-Tanton
(2014) argue that the segregation rate of dry melt is mostly controlled
by the oxygen fugacity and the degree of melting. Bulk oxygen fugac-
ity may span a wide range across different meteorite classes, from
IW+2 for angrites to IW-2.5 for enstatites (Brett and Sato, 198z), where
IW represents the iron-wustite buffer. The oxygen fugacity controls
the relative abundance of FeO versus Fe-FeS in the primordial rock,
with parts of the latter possibly lost to the core by percolation before
the onset of major silicate melting (Bagdassarov et al., 2009b; Ceran-
tola, Walte, and Rubie, 2015). Higher oxygen fugacity may therefore
result in silicate melts richer in iron with reduced (or even inverted)
density contrast relative to the host rock. Lower oxygen fugacity, in
contrast, may produce iron-poor, buoyant melts that ascend rapidly.

In this study, we assess the effects of melt segregation on the ther-
mal evolution and chemical differentiation of early Solar system plan-
etesimals. We focus on the melting and partitioning of the major
lithophile phases in primitive planetesimals and investigate the po-
tential for melt accumulation and heat source redistribution. We em-
ploy a computational model of coupled fluid dynamics and thermo-
chemical evolution that combines multi-component petrological re-
actions with a two-phase magma transport model. We quantify the
leading controls on melt segregation in planetesimals using theo-
retical considerations and numerical calculations of idealized plan-
etesimal evolution. Our results show that both the magma ocean
and magma sill hypotheses are realized within a relevant parame-
ter space. We will focus our discussion on the latter case, where melt
segregation is most important.

In Section 5.2, we introduce basic concepts using scaling relations
for melt transport by porous flow. In Section 5.3, we discuss the major
silicate components of primitive planetesimals and calibrate the re-
active melting model. We briefly review the method for thermochem-
ically coupled reactive two-phase flow and its application to plan-
etesimal interiors. We present results in Section 5.4 and discuss their
implications in Section 5.5, before presenting conclusions in Section
5.6.
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5.2 MELT SEGREGATION SCALING

To gain a leading-order understanding of silicate melt ascent in 2°Al-
heated planetesimals, we consider the characteristic time scale of
melt transport in partially molten bodies. Two-phase flow theory de-
scribes melt segregation as porous flow through a deformable and
compactable matrix (McKenzie, 1984, see model equations in Section
5.3.2). In this formulation, the characteristic speed at which buoyant
melt migrates relative to the surrounding rock matrix in a planetesi-
mal is given by the Darcy velocity

wo = kyApg/u, (51)

with the solid-melt density contrast Ap, gravity g, melt viscosity u,
and rock permeability

g ¢
"= b T (52)

with mean grain size ag, geometric factor b, melt fraction ¢', perme-
ability exponent n and solid fraction exponent m. In primordial, ho-
mogeneous planetesimals, gravity increases with radius g(r) = gor/Rp,
until it reaches the full magnitude gy at the surface. The first silicate
melts in sufficiently large planetesimals form in an adiabatic zone
stretching from the center, where gravity is close to zero, to below
the upper conductive lid (Hevey and Sanders, 2006; Lichtenberg et al,,
2016). As melting progresses, the permeability increases and melts in
shallower regions of the planetesimal, where gravity is highest, begin
to segregate from the residual rock.

To estimate the importance of melt ascent for planetesimal evolu-
tion, we define the melt segregation time scale, Tsg, as the charac-
teristic time of melt migration,

Tsegr = Rp/wy, (53)

with Rp the radius of the planetesimal, and wy calculated at the sur-
face gravity. In order to achieve a substantial redistribution of melt
present in a planetesimal, the rate of melt transport speed must ex-
ceed the rate of melt generation in the interior, which is controlled
by the rate of internal heating. We thus define the heating time scale,
Theat» OF @ planetesimal

Theat = CpATO/HQ,%A] ’ (5-4)

In this chapter, ¢ represents the silicate melt fraction, also denoted ‘porosity’. This
notation may not be confused with the macroporosity ¢, voids in the silicate matrix
inherited from the gravitational collapse during planetesimal formation, in chapters
4 and 6.
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with the specific heat of silicates, ¢, = 1100 J kg~! K™, the tem-
perature difference between the initial temperature and the silicate
solidus, ATy ~ 1100 K, and the decay power of 2°Al,

26
Al] . Ex 54 et/ Ton (5.5)

Hospy(t) = far- | 5o
R O e e
evaluated att = t¢,,,, the formation time of a planetesimal relative to
the formation of Ca,Al-rich inclusions (cal, t = 0). Here, fa; is the chon-

dritic abundance of aluminum (Lodders, 2003), [%L =525x%x107°

(Kita et al., 2013) is the canonical ratio of 2°Al to 27Al at cal formation,
Exa = 3.12 MeV is the decay energy, and Tz ) = t1,5264,/In(2) = 1.03
Myr is the mean lifetime of 2°Al.

Using the heating and segregation time scales, we define the non-
dimensional melt segregation number, which quantifies the propen-
sity of a planetesimal to undergo substantial melt segregation, as a
function of the key model parameters,

Thy kq)ApgoC AT()
Rseg = log (Ts:;:) = log,, <RPV HOI;AI . (5.6)

To assess the expected melt segregation regimes in planetesimals,
we calculate Rseg for a reasonable range of melt fractions below the
rheological transition (gcit ~ 0.4), (¢ = [0, @crit]), formation times
(tiorm = [0,4] Myr), grain sizes (ap = [107°,1072] m) and melt-rock
density contrasts (Ap = [120,1200] kg m~3). Figure 5.1 shows that a
growing melt fraction increases the melt segregation number through
its effect on permeability. Larger grain sizes and higher density con-
trasts also significantly enhance segregation, but the effect of the lat-
ter is less pronounced than the former. For a fixed melt fraction, the
heating rate decreases with time, which again serves to favor melt
segregation relative to melt production.

From this scaling analysis, we conclude that melt segregation can
in principle occur on a time scale that is relevant compared to the
internal heating by 2°Al in planetesimals (10°-10° yr, Lichtenberg et
al., 2016, 2018). However, it crucially depends on the dynamic evolu-
tion of the melt fraction, which is controlled by the fluid mechanics
of melt transport in a deforming rock matrix, and the thermochemi-
cal evolution of the body. This scaling analysis does not capture any
of these, including the potential formation of magma sills beneath a
primitive lid and the redistribution of the heat source by transport of
aluminum in the melt. In order to assess these dynamic processes we
require a time-dependent evolution model, which will be introduced
in the next section.
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Figure 5.1: Scaling analysis of melt segregation propensity, with melt segre-
gation number Reeg = 10810 (Theat/ Tmt)- (A) At t = 0 Myr (cal forma-
tion) and with rising melt fraction ¢, the migration velocity in-
creases, and so the system is more likely to become segregated.
For ¢ > 0.4, the magma ocean regime is reached and the system
would be dominated by turbulent convection. (B) For fixed melt
fraction ¢ = 0.4 and later times (= weaker radiogenic heating)
the melt segregation number rises further.
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5.31 Melting and heat source partitioning

Studies of primitive meteorites (McSween, Bennett, and Jarosewich,
1991; Dunn et al., 2010) and equilibrium condensation sequence cal-
culations (Ebel and Grossman, 2000) both suggest that the main rock-
forming mineral phases in Solar system planetesimals are olivine
(mostly forsterite, Mg,Si0y4), pyroxene (mostly enstatite, MgSiOs3) and
feldspar (mostly anorthite, CaAl,Si,0g). Ignoring minor contributions
from cals and trace minerals, feldspar represents the major host phase
of 2°Al in rocky planetesimals. In addition to the timing of accretion
and size of a planetesimal (Lichtenberg et al., 2016, 2018), magma
genesis depends on the relative abundance of these phases. Further-
more, the concentration of volatiles has a major effect on incipient
silicate melting. However, to avoid further complexity, we will con-
sider only dry melting here, which is justified if volatile degassing
during accretion is efficient (Castillo-Rogez and Young, 2017; Fu et al,,
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2017). We therefore formulate a model for melting and melt-rock par-
titioning of these major mineral phases.

We employ the R_bMc method of Keller and Katz (2016) to calculate
idealized thermodynamic equilibrium at given temperature, pressure,
and bulk composition, and linear kinetic reaction rates for a multi-
component system. To do so, we define three compositional pseudo-
components and their mass-concentrations in the solid (rock), ¢}, and
liquid phases (melt), c@, which capture the collective behavior of class-
es of minerals grouped by similar melting points and partitioning
behavior: olivine-like (olv), pyroxene-like (pxn), and feldspar-like (sp).
The mass fraction of all three components must sum to unity in both
phases.

Using a simplified form of ideal solid solution theory (Rudge, Berco-
vici, and Spiegelman, 2011), we determine the component partition
coefficients at given P, T-conditions,

leq i
;e Li /1 1
fTam T ~o» | (17w (57

which are the ratios of solid, c:*%, to liquid, cjgeq, component concen-
trations defined in equilibrium. The latent heat of pure-component
fusion,

= ASTL ,, (5.8)

is given by the entropy gain of fusion AS and the pure-component
melting temperatures at zero pressure, TIin,O' Curvature coefficients
' adjust the temperature dependence of partition coefficients. The
pressure-dependent pure-component melting points are parameter-
ized as

Ti(P) = T o+ B'P, (5.9)

with B the linear slopes.
At a given phase-volume-averaged bulk composition (lever rule)

= (1—@)ci + ¢c, (5.10)

we numerically determine the equilibrium melt fraction ¢®d that satis-
fies the partitioning coefficients K by combining the lever rules with
the unity sum constraint on all components

n C—l n C—l

Z eq/Kz 1_(Peq):;q}eq+(1_¢eqﬂ<i.

i= 1=

(511)
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Then, using the equilibrium melt fraction we can calculate the equi-
librium phase compositions for solid and melt,

ieq C_i
= - , J2a

ieq ¢
%g = et (1= KT (512b)

Any dynamic changes in pressure, temperature or bulk composi-
tion over time creates disequilibrium. The mass transfer of compo-
nent i from solid to liquid that drives the system back toward equi-
librium is assumed to occur according to linear kinetic reaction rates,

=R <q)eqc2’eq - q)cig) , (513)

with a rate factor R = po/7r, which enforces equilibration over time
1r at reference density po. The sum of all component reaction rates
is the total melting rate T = Y, T". All parameter values are given in
Table 5.1.

Before coupling this reactive melting model to a dynamic transport
model, we consider the aluminum partitioning behavior in a closed
system with increasing temperature (P = 0). For consistency with
earlier work (Tkalcec, Golabek, and Brenker, 2013; Golabek, Bourdon,
and Gerya, 2014; Lichtenberg et al., 2016; Monteux et al., 2018; Lichten-
berg et al., 2018; Hunt et al., 2018), we choose the lowest component
melting point, that of fsp, to conform with previous estimates of the
silicate solidus. To test different partitioning behaviors, we vary the
relative temperature difference between the melting points for the
26Al-hosting fsp and the pxn components, AT, = T2 — Tﬁ%, with
TE0 = [1400, 1600]. The resulting rock and melt compositions in the
ternary system olv-pxn-fsp are shown in Figure 5.2. Depending on the
difference between fsp and pxn melting points, the incipient melt may
be strongly enriched in fsp, and thus 2°Al. As the degree of melting in-
creases with temperature, more pxn is dissolved into the melt. Finally,
the melt composition converges toward the bulk composition as the
system approaches complete melting. A larger difference in melting
points increases the initial enrichment of aluminum in the melt. At
our chosen reference calibration, the melt initially comprises ~ 80%
fsp, but becomes relatively enriched in pxn by the time the melt frac-
tion reaches @it

5.3.2 Two-phase, multi-component fluid model

As partial melts segregate from their residual rock, the interior will
be gradually depleted of its 2°Al content and thus its heat source. To
model this dynamic process, we couple the multi-component melt-
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Parameter Symbol Unit Value/Range
Geometric factor b non-dim. 100

Melt fraction exponent n non-dim. 3

Solid fraction exponent m non-dim. 2

Melt shear viscosity U Pa s 1

Thermal expansivity « K1 3x107°
Specific heat capacity p Jkg=l1 K1 1100
Thermal diffusivity K m2 s~! 1.14 x 107
olv initial mass fraction colv wt % 50

pxn initial mass fraction cpn wt % 35

fsp initial mass fraction cfsp wt % 15

olv melting point T K 2050

pxn melting point 5o K 1500

fsp melting point Tﬁ% K 1350
Entropy gain of fusion ds JKt 320
Curvature coefficients polv, ppxn wfsp =1 -1 50 20, 10
Linear P-coefficients Bolv, gpxn Bfsp K Gpa~1 60, 100, 120
Reference rock density 00 kg m—3 3200
Reference rock viscosity 1o Pas 1019

Shear viscosity cut-off Hmin Pas 106
Compaction viscosity cut-off  {min Pas 10%7

Initial temperature Tinit K 290

Surface temperature Tspace K 290
Planetesimal radius Rp km 60

Grain size a m [10-5,1072]
Formation time torm Myr [o, 4]
Melt-rock density contrast Ap kg m—3 [120, 1200]

Table 5.1: Scaling quantities, definitions and parameter values introduced in
the scaling analysis, R_DMC and two-phase flow models. Varying
model parameters are named in the text and figures. Parameters
not listed here are as given in Table 1 in Keller and Katz (2016).

ing model above to the two-phase reactive transport model fully de-
scribed in Keller and Katz (2016). The fluid mechanics part of the
model is based on the seminal work of McKenzie (1984), and the ther-
mochemical evolution model on Rudge, Bercovici, and Spiegelman
(2011). Here, we give a brief summary of the governing equations and
constitutive relations.

The physical model is derived from statements for the conserva-
tion of phase and component mass, phase momentum, and total en-
ergy. We consider the model in a cartesian coordinate system with
gravity pointing down the vertical coordinate, g = —g2. The govern-
ing equations are formulated in the geodynamic limit (liquid viscosity
i < rock viscosity ), using the extended Boussinesq approximation
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Figure 5.2: Temperature dependence of melt fraction (A), melt (B) and rock
(C) composition, with varying melting point difference between
fsp and pxn, ATy, = TH"- Trfz%, which changes the partitioning co-
efficient of fsp and the composition of the earliest melts. If the fsp
melting point is close to the one of pxn, the initial melt composi-
tion is close to a 50-50 mixture. For higher melting point differ-
ence, the first melts are dominated by fsp, and thus the heating
component (?°Al) of the system preferentially follows the dynam-
ics of the earliest melts. When the absolute temperature of the
system further rises and approaches the olv melting point, the

composition converges toward the initial pure solid setting.

(densities ps = py = po taken equal and constant except when multi-
plying gravity). The fluid mechanics governing equations are,

V - 2yD(Vvs) — VP, + ¢Apg = VP, (514a)

V- vi=V-vp, (5a4b)

k
vp = @(vy — V) —f (VP + Apg) , (5.14€)

Pc = (1 — (p) (Ps — Pg) = —CV -v;. (5.14d)
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They are posed in four independent variables, the dynamic pressures
and velocities of the solid and liquid phases, P, P;, vs, and v,. Two
dependentvariables, the Darcy segregation velocity, vp, and the com-
paction pressure, P, express the mechanical interactions between
the phases. If these vanish, the equations become identical with the
Stokes system. The deviatoric operator D(-) = %([] + []T) — 3tr[]I
acts on the velocity gradient tensor. Assuming a diffusion creep rhe-
ology with melt-weakening, the shear viscosity of the rock matrix is
given by

n = Ap tZS exp (E‘azfva — Aq)) , (515)
with prefactor Ay, activation energy, E,, and activation volume V, as
in Hirth and Kohlstedt (2003) and Mei et al. (2002); R is the univer-
sal gas constant, and A ~ 30 the melt-weakening factor (Keller and
Katz, 2016; Keller, Katz, and Hirschmann, 2017). Permeability is set by
the Kozeny-Carman relation (Equation 5.2), with powerlaw exponents

n = 3, m = 2 for the melt and solid fractions, respectively. The com-
paction viscosity { = r;7/¢, with r; = 5 the shear to compaction
viscosity ratio.

To these equations we add thermochemical evolution equations
fortemperature, T (assuming thermal equilibrium between the phases),
melt fraction, ¢, and pseudo-component concentrations in the solid
and liquid phases, ¢! and c/:

LT Y Hisy o aT

— = xV?T - + + + —gw;, (5.16a)
Dt = pocp  Pocp Cp cp s
D
Dsf) =(1-9)V-vs+T/po, (516b)
DgCé _ I — c@l’ (516¢)
Dt PP
Doy ~ I'=¢l (516d)

Dt (1—-¢)po’

Temperature evolves through advection, thermal diffusion, latent heat
exchange of reactions, heating by viscous dissipation ¥ and internal
heating Hz,;, and adiabatic decompression. Melt fraction evolves
through advection, compaction and reactions, and composition by
advection and reaction. The material derivative of the two-phase mix-
ture is D/Dt = (1 — ¢)D;/Dt + ¢D,/Dt, with Ds /Dt = 9/t + v - V,
and D;/Dt = 9/dt + v, - V. k is the thermal diffusivity, w, = ((1 —
®)vs + @vy) - 2 the vertical speed, and « the thermal expansivity.
The governing equations for the fluid mechanics (Equations 5.14a-
5.14d) and thermo-chemistry (Equations 5.16a-5.16d) are discretized
using the finite difference method on a rectangular, staggered grid
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and solved by two coupled Newton-Krylov solvers. The simulation
software uses parallel data structures and robust solvers provided by
PETSc (Balay et al., 1997; Katz et al., 2007). Nonlinearities between the
fluid mechanics and thermochemical sub-problems are resolved us-
ing a Picard fixed-point iterative scheme. During every iteration, Equa-
tion 5.11 is solved using Newton’s method to update the equilibrium
melt fraction. The adopted model is strictly valid only for melt trans-
port by porous flow below the disaggregation threshold. However,
we cannot avoid models producing regions with higher melt content.
To ensure that the equations do not produce disruptive solutions in
these regions, we apply lower viscosity cut-offs to the shear viscosity
(Hnum = 7 + min) @and compaction viscosity (Cnum = ¢ + {min/ (1 — @)).
The effect of this regularization is to dampen out the segregation ve-
locity and compaction pressure at elevated ¢. As a result, our model
will produce stable solutions above the rheological transition, but
will underestimate chemical mixing and heat transport by rapid flow
in the crystal-bearing suspensions that characterize this limit.

5.3.3 Model setup and parameter space

We model magma genesis and transport along a 1D Cartesian col-
umn from the center to the surface of an initially homogeneous and
isothermal body. We focus our analysis on bodies of 60 km radius.
Planetesimals of this size are qualitatively representative of the in-
terior evolution of planetesimals of Rp = 50 km, because the effect
of size is limited by the thermal diffusivity and the 2°Al decay rate
(Castillo-Rogez and Young, 2017). In other words, planetesimals with
radii = 50 km are dominated by a relatively large adiabatic interior
and a thin (< 10 km) conductive lid, whereas the relative dimensions
of these domains vary significantly for planetesimal radii < 50 km
(cf. Lichtenberg et al., 2018; Hunt et al., 2018). The computational do-
main has a size of 500 grid cells with a spatial resolution of 120 m.
The surface boundary is isothermal at Tspace = 290 K, while the cen-
ter boundary is insulating, T /dz = 0. We assume the accreted body
is initially at ambient temperature, Tinit = Tspace, and subsequently
heats up due to 2°Al decay. As noted above, gravity decreases linearly
from the surface gravity down to zero at the center.

Magma and rock composition are modeled in the three-component
compositional space of olv, pxn and fsp described in Section 5.3.1. We
use the melting points for the components as in Figure 5.2 (solid
lines). The solid-melt density contrast Ap is varied from 200-1200 kg
m~3 between runs to reflect changes in FeO content and thus density
of the melt due to the oxygen fugacity of the host planetesimal (Fu
and Elkins-Tanton, 2014; Wilson and Keil, 2017). Grain size ag, which
controls both the permeability and rock viscosity, is held constant
during each calculation, but we consider values from 10 ym to 1 cm,
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i.e., from chondrite matrix-like dust to pallasite-like crystal sizes (see
Figure 5.1). 2°Al is contained solely in the fsp component. Any redistri-
bution of this component will hence affect the local heating rate. The
initial heating rate at tgom, Hy 26}, is varied from 1.52 x 1077 Wkg~!to
1.91 x 1078 W kg~1, and decreases with progressing simulation time
according to Equation 5.5. The top value is calculated (Moskovitz and
Gaidos, 2011; Lichtenberg, Parker, and Meyer, 2016) from the canon-
ical 2°Al/?7Al ratio of 5.25 x 102 (Kita et al., 2013), the latter repre-
sents the decay power after three half-lives (¢, = 0.717 Myr) of 2°Al,
after which it no longer causes significant silicate melting. To avoid
further model complexity, we ignore the potential heat contribution
from ®Fe (see, e.g., Tang and Dauphas, 2015; Lichtenberg, Parker, and
Mevyer, 2016, for discussions of ®°Fe inheritance).

5.4 RESULTS
5.41 Parameter study

We find that the model results across the tested parameter range fall
into three qualitative categories. Some models show no substantial
melt formation or segregation; we will not further discuss these un-
differentiated models here. The time evolution of the latter two cate-
gories are shown in Figure 5.3. Both show the same general evolution:
rapid initial heating leads to substantial melt production, which is fol-
lowed by some degree of melt segregation, before ending with slow
cooling from the top down. One category of models, which we identify
with the magma ocean end-member (red), evolve to where most of
the interior is above the disaggregation threshold, whereas the other,
the magma sill end-member (blue), result in a melt-depleted interior
along with melt-enriched sills beneath the lid (Fig. 5.3A-E). The latter
show clear signatures of a thermal inversion (Fig. 5.3F-)) related to
segregation of fsp into enriched layers beneath the lid (Fig. 5.3K-0).

The scaling analysis above predicts that grain size, ag, and density
contrast, Ap, are pertinent controls on melt segregation. Figure 5.4
shows the results of a detailed study of that parameter space. To
quantitatively analyze the results, we introduce three metrics mea-
suring the degree of

+ melt segregation: Ag = @Pmax— Pctrs
- temperature inversion: AT = Tyax— Tetr
+ fsp differentiation: Acgsp = fspmax = fspetr-

Here, (-)max denotes the maximum value in the computational do-
main, and (-). denotes the value at the base of the domain, i.e,,
the planetesimal center. The metric is calculated at the time of max-
imum melt volume in the domain before cooling sets in. With these
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Figure 5.3: Time evolution of melt fraction (A-E), temperature (F-J) and fsp
bulk composition (K-0) for two end-member models with radii
Rp = 60 km and formation time ¢, = 1.25 £ /5 2641 = 0.90 Myr af-
ter cais. Red lines show a magma ocean model with Ap = 200 kg
m~—3 and ap = 10~* m, blue lines a magma sill model with Ap = 800
kg m~3 and ap = 1073 m. Upon progressive heating, the magma
sill model builds up melt deposits below the cold upper lid, de-
pleting the center of the planetesimal of silicate melts. High melt
fractions ¢ > @it = 0.5 (yellow areas) are only reached in the sub-
lid sills. fsp enrichment in the sill structure leads to a temperature
inversion of ~400 K at peak melting. The magma ocean model,
in contrast, shows a near-isothermal internal temperature and
thus melt fraction structure in the interior. The fsp component
shows notable deviations from the initial bulk composition only
after t > 2 Myr, when most of the 2°Al has already decayed. A
video showing the time evolution of the major thermochemical
parameters and composition is referenced in the Supplementary
material.

metrics, we quantify the deviation from an interior structure with
near-constant melt fraction, temperature, and bulk composition, as
it would be expected in the absence of significant segregation.
Figure 5.4 shows the three metrics across a range of ay =[1072,1072]
m and Ap = [200, 1200] kg m~—3. We find that grain size strongly in-
fluences the interior evolution of the planetesimals. If grain size re-
mains below ag < 10~* m, melt density contrasts of < 500 kg m—3 are
not sufficient to drive significant segregation. For density contrasts
> 1000 kg m—3 and for larger grain sizes, melt segregation becomes
significant, as evidenced by a step-increase in each of the three met-
rics. However, we find that since initially fsp-enriched melts migrate
on time scales comparable or longer than t;,,2,, the temperature
inversion effect remains minor throughout (Figure 5.4, panels B & F).
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Figure 5.4: Parameter study of the influence of grain size ay and density con-
trast Ap on melt segregation Ag, temperature inversion AT and
compositional stratification Acggp, for planetesimals with Rp = 60
km, tiorm = 1.5 t; /22621 Panels (AE,I) show the metric deviation
for constant density contrast Ap = 600 kg m~3 and varying grain
size ag, indicating a steep gradient between grain sizes of 1074 m
and 1073 m. For these two values fixed (blue: a9 = 1073 m, green:
ap = 10~* m), panels (B,F,)) display the metric deviations for vary-
ing Ap. Here, changes in density contrast are outweighed by the
grain size. Models with ap = 1073 m feature notable melt segrega-
tion, temperature inversions, and compositional differentiation.
Models with ag = 10~* m only do so toward the high-end range of
density contrasts, Ap > 700 kg m~3. Panels (C/D, G/H, K/L) show
the radial profiles for the end-member models of the variations
from (A/B, E/F, 1/)). In general, variations in grain size ag outweigh
effects from increasing density contrast Ap. Magma sill structures
only form for grain sizes ag > 10~* m.

5.4.2 Silicate differentiation

As the planetesimals cool and crystallize, magma sill end-member
cases exhibit a silicate differentiation trend toward compositional
layering. In Figure 5.5, we compare a representative magma ocean
with a magma sill model outcome. Magma ocean models evolve to-
ward a global interior magma ocean, with melt fractions above the
rheological transition ¢ > @it and cool relatively unsegregated, such
that the bulk concentrations of the fsp, pxn and olv components re-
main similar to the initial composition (Figure 5.5A). However, in magma
sill models, the shallow magma sills above a low-melt-fraction inte-
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Figure 5.5: Compositional stratification after cooling and crystallization of
magma beneath the primordial lid for magma ocean (A) and
magma sill-type (B) models. Magma sill cases with intermediate
temperatures and thus high concentrations of fsp in the upper
layers produce this signature.

rior crystallize into distinct layers enriched in fsp, pxn and olv. This
stratification reflects the component melting points (TSP < TE™ <
TSV, Figure 5.5B). The melt-depleted central parts of the planetesi-
mal are strongly depleted in fsp and also in pxn, the latter to a lesser
degree. In general, such compositional layering forms during the cool-
ing stage and is therefore not correlated with substantial temper-
ature inversion. The densities of the minerals represented by the
pseudo-components suggest that such layering would be dynami-
cally stable.

5.4.3 Magma dynamics regimes

Figure 5.6 shows the regimes of melt segregation and compositional
stratification we identify for different formation times, t;,.m, and melt
segregation numbers, Rsg. We quantify the boundaries separating
the three characteristic regimes as follows.

(1) Magma ocean regime: @y > @eit = 0.5, where the whole interior
melts to above the disaggregation threshold;

(1) magmasill regime: Ap > @it = 0.5, where melt segregation gen-
erates a magma sill beneath the lid and depletes the interior
from melt;
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Figure 5.6: Evolution of silicate melt segregation with formation time ¢,
versus melt segregation number Rgeg. Values are given for the
peak mean melting time of each model (circles). We identify three
primary melt dynamics regimes. (1) Magma ocean models, where
melting occurs more rapidly than melt migration, feature high
melt fractions above the rheological transition in their center
Pctr > QParit = 0.5. Magma ocean-type evolution is preferred for
early tfo;m and low R, i.e., small ag and Ap. (1) Magma sill mod-
els feature efficient melt segregation, with additional composi-
tional stratification toward cooling-down of the planetesimals (cf.
Figure 5.5). Magma sill type evolution is preferred for intermedi-
ate topm ~ 1-1.5 Myr, and high Rgg. (I1l) Undifferentiated models
never show melt fractions @ > @it = 0.5, and never experience
substantial compositional redistribution. They are preferred for
late formation times t¢,.,, = 2.0 Myr. In addition to these three
regimes, we show the region of increasing temperature inversion
in yellow.

(1) undiﬁerentiat?d regime: Acfsp' < .cfi‘flk,@ = 0.5, wher.e melting and
melt segregation do not redistribute a substantial amount of
fsp.

In addition to these segregation and differentiation criteria, we show
which models are most affected by substantial temperature inver-
sions, AT > 250 K. These inversions occur both for magma sill and
magma ocean models and reflect rapid magma ascent on time scales
shorter than t; ,,24;. We find that the magmasill regime generally oc-
curs at higher segregation numbers—at larger grain sizes or elevated
density contrasts—and formation times less than 2 Myr after CAl, with
a peak at around 1 Myr after CAI. Very early formation time, tqm <
1 Myr, or lower melt segregation number, Rseg < -1.4, favor magma
ocean-type evolution. Formation later than 2 Myrs after cal leads to
undifferentiated planetesimals that barely melt at all. Temperature
inversions occur for tgym < 1 Myr, and Reeg 2 -2.5.
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5.5 DISCUSSION

The question of whether early Solar system planetesimals were dom-
inated either by global interior magma oceans or magma sills is of
direct concern for the mechanisms of core formation, silicate differ-
entiation and redistribution of planetary materials during accretion.
The relative time scales of these mechanisms determine the compo-
sitional inventory of terrestrial planets and the remnants we observe
today in the form of the asteroid belt and the meteorite collection.

5.5.1 Parametric controls on magma segregation

The models above present thermochemically consistent two-phase
flow calculations that directly resolve the partitioning of the major
rock-forming components and the reactive transport of magma. Us-
ing this method, we show that magma segregation in planetesimals
that formed within 2 Myr of cAls was potentially significant if magma
ascent was rapid with respect to the rate of melt production con-
trolled by 2°Al decay. Expressed in terms of the melt segregation num-
ber Rseg, magma sill models were produced for Rge; > -2.5. This re-
quires that (i) grain sizes in these planetesimals were comparable to
or larger than chondrules, on the order of ag > 1073 m, or (ii) in reduc-
ing environments (IW-2.5, Ap ~ 1200 kg m~3, Brett and Sato, 1984; Fu
and Elkins-Tanton, 2014) at a4y > 10~* m. Moreover, we find that even
in the case of significant magma redistribution into shallow sills, the
segregation time scale is comparable to the evolutionary time scale
of the protoplanetary disk and thus the accretion time scale. There-
fore, 2°Al-hosting phases release at least part of the 2°Al decay energy
in the deeper region of planetesimals, and substantial temperature
inversions on the order of a few hundred K are only observed for ex-
treme cases with Reeg 2 -1, Or early formation times f¢,, < 1 Myr with
Rseg 2 -2.

Melt-rock density contrast is thought to be controlled by the oxida-
tion state of the body. The chemical composition of accreting plan-
etesimals is inherited from the oxidation gradient in the protoplan-
etary disk. Hence, the time and place of formation is expected to in-
fluence the subsequent interior evolution as it relates to the effects
of melt segregation. For example, planetesimals primarily accreted
toward inner parts of the disk may feature lower oxygen fugacities
and therefore higher Ap, compared to planetesimals accreted further
out (Rubie et al., 2015). In our models, we find that the effect of den-
sity contrast on magma segregation is of secondary importance. If
grain sizes were not sufficient to allow for a critical permeability, vari-
ations in density contrast would have produced no significantly differ-
ent outcomes. This is in contrast to previous studies (Moskovitz and
Gaidos, 2011; Wilson and Keil, 2012; Sramek et al., 2012; Fu and Elkins-
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Tanton, 2014; Wilson and Keil, 2017; Fu et al., 2017), which did not con-
sider magnitude variations in grain size or mechanisms of growth
inhibition and grain destruction (Neumann, Breuer, and Spohn, 2013,
2014a).

5.5.2 Implications for the role of grain size

A main conclusion from our models is that the grain size ag isthe dom-
inant parameter controlling the magma transport rate inside plan-
etesimals. There are two main mechanisms that can alter the grain
size relevant for planetesimal evolution. First, the grain sizes may dif-
fer depending on the orbital location and mineralogical composition
(van Boekel et al,, 2004) of the dust that agglomerates to form the
planetesimals. Coagulated dust aggregates on the order of a9 > 10~*
m are in the critical size regime for fast radial drift toward the pro-
tostar, depending on orbital location and evolutionary state of the
protoplanetary disk. However, these sizes may facilitate planetesi-
mal formation from local dust-gas interactions (Johansen et al., 2015;
Birnstiel, Fang, and Johansen, 2016) and can trigger planetesimal for-
mation at various orbital separations and times (Drazkowska and
Alibert, 2017) with varying dust particle distributions within newly-
formed bodies (Wahlberg Jansson and Johansen, 2017). Second, grain
sizes may evolve during the heating and melting in the planetesimal
interior after accretion. In this process, the grain size is influenced
by competing mechanisms for growth and destruction (Rozel, Ricard,
and Bercovici, 2011). Grain growth by either normal grain growth be-
fore the first melts arise, or Ostwald ripening during partial meltingin
a solid-liquid aggregate, is generally driven by the reduction of inter-
facial energies and competes with size reduction due to the presence
of secondary solid phases (Hiraga et al., 2010), and mechanical work
due to deformation (Tkalcec, Golabek, and Brenker, 2013).

As a comparison, grain sizes of meteorite classes span a wide range,
from um-sized dust to pallasite-like, cm-sized phenocrysts (Hutchi-
son, 2004). Chondrites, generally regarded to be the most pristine
rock samples from the early Solar system, display a bimodal size
distribution, split between um-sized dust (‘matrix’) and chondrules,
which vary in size from 10~* m to 10~3 m, with drastically differing
internal texture and grain sizes. The relative amount of chondrules
to matrix varies strongly between different chondrite groups, result-
ing in complex mixtures and average grain size distributions. Mete-
orites that likely underwent partial melting (‘primitive achondrites’),
like Acapulcoite-Lodranites, Winonites and Brachinites, display grain
sizes around 10~* m (Hutchison, 2004; Wilson and Keil, 2017). Ure-
ilites, Aubrites, and Angrites, which come from bodies with more ex-
tensive, or even large-scale silicate melting feature larger grains, on
the order of 1073 m. However, these textures are the end result of a
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million-year long evolutionary processes, and may have undergone
repeated accretion and reaccretion cycles, that reset their thermal
histories and textures (Lichtenberg et al., 2018). Therefore, we cannot
yet assess the grain size evolution in the interiors of planetesimals
on time scales relevant to interior melting processes based on the
grain sizes observed in meteorites.

Interpretation of our results in this context suggests that the plan-
etesimal interior evolution and the redistribution of chemical and
isotopic heterogeneities during planetary accretion can be influenced
by the planetesimal formation mechanism, its accretion location, and
the local compositional distribution of grains in the protoplanetary
disk. Further high-resolution studies of the planetesimal formation
mechanism and mineralogical inventory, as e.g., during rapid gravita-
tional collapse (Wahlberg Jansson and Johansen, 2017) or more grad-
ual growth (Kataoka et al., 2013), are needed to determine the local
grain-size distribution within planetesimals to be able to link the for-
mation mechanism to the subsequent geophysical evolution of these
bodies. Also, further accretion, for instance due to subsequent peb-
ble accretion (Visser and Ormel, 2016) will influence if the magma can
eventually reach the surface through fractures.

5.5.3 Implications for chemical differentiation

Recently, it was shown that percolation of Fe,Ni-FeS phases in primor-
dial planetesimals will not be complete and at least some material
remains trapped in the rock matrix until the disaggregation thresh-
old is reached (Bagdassarov et al., 2009b; Cerantola, Walte, and Ru-
bie, 2015). Beyond the disaggregation threshold, the remaining metal
droplets will rain out rapidly toward the forming core (Lichtenberg
et al., 2018). Therefore, even though the models in this study do not
include a metal phase, they allow some leading order predictions on
the implications for core formation.

In the case of a global magma ocean, we expect core formation
to be rapid, with nearly complete loss of metals to the core. In the
case of a shallow magma sill, an interesting two-step process may
occur. First, a small, inner core may form from incomplete percola-
tion. Then, after the formation of the sill structure, the remaining
metal from this region may rain out and accumulate at the interface
between the deep partial melt zone and the magma sill zone. This
forming metal ring may segregate downwards or form diapirs sink-
ing through the mechanically weakened partially molten rock if the
viscosity is low enough to allow for Rayleigh-Taylor instabilities to
form on timescales while the interior is still warm and it viscosity is
reduced. The thermo-mechanical evolution of such a two-step pro-
cess needs to be tested by taking into account metal phases in self-
consistent multi-phase flow models, in order to make robust predic-
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tions that can be compared to laboratory studies of the core forma-
tion process.

The limited melt segregation toward shallow layers in our non-seg-
re-gated models may offer an explanation for the absence of rem-
nant differentiated materials in the asteroid belt (Weiss et al., 2012;
Mandler and Elkins-Tanton, 2013). Conversely, chemical stratification
resulting from melt segregation may help to explain the paucity of
olivine-rich deposits on 4 Vesta's surface (Clenet et al., 2014; Consol-
magno et al., 2015). Furthermore, the magma sill models we present
here are consistent with earlier work by Neumann, Breuer, and Spohn
(2013, 2014a) predicting a magma sill below a cold lid in the case of
efficient melt segregation.

Finally, our results indicate that the importance of melt segrega-
tion in planetesimal interiors may vary substantially, which generally
affects the redistribution of heat-producing elements, such as 2°A|,
during melt ascent. In the case of our magma sill end-member mod-
els, we also expect other incompatible elements to be preferentially
segregated to shallow layers of a planetesimal. The crustal stripping
paradigm of planetary accretion assumes that frequent impacts dur-
ing planetary growth eroded and redistributed significant amounts
of shallow materials between planetesimals. The strongly variable
degree of melt segregation, and the resulting range of variably differ-
entiated major, trace, and isotopic compositions of shallow planetesi-
mal layers could result in compositional differences between forming
planets and chondritic meteorites (Carter et al., 2018). Our simula-
tions indicate that magma ascent governing material redistribution
to the planetesimal crust occurs on a ~Myr time scale, i.e., compara-
ble to the collisional time scale of planetary accretion. This suggests
that models quantifying compositional deviations between planets
and chondrites should take into account the evolution of planetesi-
mal interiors during planetary accretion.

5.5.4 Limitations

The main limitation of our models is the use of a 1D cartesian geom-
etry, which incompletely captures the heating-to-cooling ratio of the
spherical geometry of planetesimals. Here, we focus on planetesimal
models of 60 km in radius that show a nearly isothermal evolution
in the deep interior (cf. Figure 5.3), which is consistent with radially
symmetric models (Castillo-Rogez and Young, 2017; Hunt et al., 2018).
As a result of the column geometry, the amount of melt produced in
the models is overestimated. Therefore, the lower boundary of the
magma sill regime in Figure 5.6 is likely too low, because our higher
early melt fractions increase melt migration speeds (Figure 5.1). How-
ever, because of the small planetesimal radius and the rapid heating
during early times from 2°Al, the error introduced is minor.
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Furthermore, the models presented in this work underestimate the
vertical heat flux from turbulent mixing above the disaggregation
limit (Golabek, Bourdon, and Gerya, 2014; Lichtenberg et al., 2018).
This influences the cooling regime of planetesimals, but has no ef-
fect on the melt generation before magma ocean (or sill) phases are
reached.

The meltin our magma ocean and magma sill models cannot breach
the cold surface layers, as the temperature is too low for melt to ex-
ist in the porous medium. Our simulations cannot resolve potential
melt transport through the upper lid by fracturing (Keller, May, and
Kaus, 2013) or gravitational instability in the layered structure in Fig
5.5, which may bury the primitive lid (Wilson and Keil, 2012), and lead
to efficient heat loss and magmatic resurfacing. This would affect the
total retention of magma on the inside of planetesimals and the rate
of magma transport on planetesimals. However, this does not affect
our conclusions or any constraints on temperature inversions of plan-
etesimals unless this transport is faster or comparable to the magma
segregation in the interior.

Finally, our dry models neglect volatile-driven eruptions (Fu et al.,
2017; Wilson and Keil, 2017), which may act as a catalyst for upward
transport. If substantial volatile quantities could be retained, this
mechanism would mainly affect the magma retention in the upper
layers of planetesimals and potential chemical stratification upon
crystallization of the silicate material. Also, the relatively low pres-
sure at the planetesimal sizes we consider would not allow a high
volatile solubility in silicate magma, and degassing would therefore
be expected to be nearly complete in the earliest stages of melting
and segregation.

5.6 SUMMARY & CONCLUSIONS

In this study we investigated magma genesis and redistribution in
planetesimals during and shortly after the protoplanetary disk phase.
Using scaling relations we demonstrated that the interior evolution
of planetesimals sensitively depends on a variety of model param-
eters, with the grain size exerting the primary control on melt seg-
regation. Based on average chondritic abundances of the most com-
mon mineral groups in meteorites, we calculated the composition
for rock-melt aggregates comprised of idealized components using a
reactive, multi-component melting model. We quantified the effects
on 2°Al partitioning and magma ascent with a coupled, two-phase
flow model. We defined the melt segregation number Reg as the ra-
tio between the heating and melt transport time scales in a plan-
etesimal, which establishes the leading order parametric controls on
the propensity for segregation to become important during the ini-
tial heating stage of planetesimal evolution. We predicted that the
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primary two controls are the melt-rock density contrast and the min-
eral grain size.

Investigating the relative importance of model parameters for the
evolution of planetesimals, we categorize model outcomes in terms
of their melt segregation numbers Rqcg, and their formation times
tiorm- Using this scheme, we find

+ Planetesimal melt migration behavior can be classified in three
general regimes:

- The magma ocean regime with global interior magma oceans,
where rapid melting overwhelms melt segregation.

- The magmasill regime, where global interior magma oceans
are prevented by rapid magma transport that concentrates
melt in sills beneath the cool lid.

- The undifferentiated regime with a low degree of melting,
minor melt segregation, and therefore chemically primor-
dial and largely undifferentiated interiors.

« Magma sill models crystallize to a compositionally stratified
structure, with shallow depth layers dominantly enriched in the
low melting point components, feldspar and pyroxene, and a
paucity of high melting point components, such as olivine.

« Magma ocean and magma sill models show temperature inver-
sions for high Reeg and early t¢,m, Where the temperatures in
the shallow- to mid-mantle are higher than at the center of the
planetesimal.

« The magma sill regime can be achieved depending on a combi-
nation of a few key parameters:

- The formation time t,,, controls the total amount of en-
ergy available from 2°Al and restricts the regime for melt
segregationto 0.5ty /52641 S trorm S 1-75 £ /2,26 41, With @ peak
at ~1 Myr after CAls.

- The grain size ag controls the rate of melt transport and
thus whether a planetesimal with sufficient heating evolves
toward a melt segregated structure. Below a4y < 04 mm no
segregation occurs, above ay = 1 mm segregated structures
form.

- The solid-melt density contrast Ap is of secondary impor-
tance, but can enhance melt segregation in the regime tran-
sition from ay = 01 mm to 1 mm.

In the mid-term, future spacecraft missions (A'Hearn, 2017) may
be able to deliver further observational constraints on asteroid-belt
objects. In conjunction with self-consistent evolutionary models of
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metal-silicate and solid-melt segregation, these can help to further
decipher the interior evolution of planetary bodies in the early Solar
system and sharpen our understanding of terrestrial planet forma-
tion.

5.7 SUPPLEMENTARY MATERIAL

Supplementary material for this article is linked to at arXiv:1802.02157.
The associated video file (arXiv version v1) shows a comparison be-
tween magma ocean and magma sill end-member models. Magma
ocean stages are indicated in yellow. The H3 annotation describes
the heating value below which radiogenic heating from 2°Al is inef-
ficient. Shown are various parameters for both models, from left to
right: melt fraction ¢, temperature T, radiogenic heating H, melt/lig-
uid upwelling velocity wyq, composition fraction of liquid c{iq, and
composition fraction of solid ¢! ;. The composition is broken-down
into the defined pseudo-components fsp, pxn, and olv. The model is
started (= planetesimal formation time) at 0.9 Myr after CAls.
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IMPLICATIONS FOR PLANET FORMATION AND
EVOLUTION

| use the derived sLr distribution across planetary systems
and the time scales for planetesimal evolution from the
previous chapters to constrain and predict planet forma-
tion in the Solar system and extrasolar systems. In par-
ticular, in combination with geochemical data from chon-
drites — the least altered meteorites - | constrain the ac-
cretion dynamics and reprocessing of the solid material
during the first few million years of the Solar system. | find
that the current major accretion paradigm of terrestrial
planet growth is inconsistent with the chemical signature
of chondritic meteorites. In particular, this suggests that
the material in chondrites must be distinct from the ma-
terial that accreted to form the terrestrial planets in the
Solar system, which is in contrast with the classical idea of
chondrites being the major building material of the plan-
ets. In addition, these inferences allow me to draw con-
clusions on the nature of precursor families to the aster-
oids that we observe today in the asteroid main belt and
thus the planet formation dynamics in the early Solar sys-
tem. As a final step, | model and predict the anticipated ef-
fects of the initial sSLR abundances in planetary systems on
the volatile budget in terrestrial planets in planetary sys-
tems in general. | show that the intense heat from sLRrs de-
hydrates planetesimals during accretion, which substan-
tially desiccates the rocky planets built from this mate-
rial. These inferences establish that the planet formation
process in planetary systems with and without substantial
(= Solar) levels of sLrs should differ qualitatively. In partic-
ular, planetary systems with sLrs tend to form drier plan-
ets that are more closely Earth-like in composition, rather
than with excess water abundances, which are predicted
for planetary systems with negligible sLrR abundances.






IMPACT SPLASH CHONDRULE FORMATION DURING
PLANETESIMAL RECYCLING

The content of this section was published as: Lichtenberg, T, G. J. Go-
labek, C. P. Dullemond, M. Schonbdchler, T. V. Gerya, and M. R. Meyer
(2018). “Impact splash chondrule formation during planetesimal recy-
cling.” Icarus 302, 27-43. doi: 10.1016/j.icarus.2017.11.004. arXiv: 1711.02103.

ABSTRACT

Chondrules, mm-sized igneous-textured spherules, are the dominant
bulk silicate constituent of chondritic meteorites and originate from
highly energetic, local processes during the first million years after
the birth of the Sun. So far, an astrophysically consistent chondrule
formation scenario explaining major chemical, isotopic and textu-
ral features, in particular Fe,Ni metal abundances, bulk Fe/Mg ratios
and intra-chondrite chemical and isotopic diversity, remains elusive.
Here, we examine the prospect of forming chondrules from impact
splashes among planetesimals heated by radioactive decay of short-
lived radionuclides using thermomechanical models of their interior
evolution. We show that intensely melted planetesimals with inte-
rior magma oceans became rapidly chemically equilibrated and phys-
ically differentiated. Therefore, collisional interactions among such
bodies would have resulted in chondrule-like but basaltic spherules,
which are not observed in the meteoritic record. This inconsistency
with the expected dynamical interactions hints at an incomplete un-
derstanding of the planetary growth regime during the lifetime of
the solar protoplanetary disk. To resolve this conundrum, we exam-
ine how the observed chemical and isotopic features of chondrules
constrain the dynamical environment of accreting chondrite parent
bodies by interpreting the meteoritic record as an impact-generated
proxy of early Solar system planetesimals that underwent repeated
collision and reaccretion cycles. Using a coupled evolution-collision
model we demonstrate that the vast majority of collisional debris
feeding the asteroid main belt must be derived from planetesimals
that were partially molten at maximum. Therefore, the precursors
of chondrite parent bodies either formed primarily small, from sub-
canonical %Al reservoirs, or collisional destruction mechanisms were
efficient enough to shatter planetesimals before they reached the
magma ocean phase. Finally, we outline the window in parameter
space for which chondrule formation from planetesimal collisions
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can be reconciled with the meteoritic record and how our results can
be used to further constrain early Solar system dynamics.

61 INTRODUCTION

Chondrules are igneous-textured spherules, typically 01-2 mm in di-
ameter, and largely composed of the silicate minerals olivine and py-
roxene. They are abundantly found in chondritic meteorites, together
with other disk materials, such as cals and the fine-grained matrix
that includes presolar grains and primitive organics (Scott and Krot,
2014). Chondrules are often surrounded by or close to beads of Fe,Ni
metal (e.g., Wasson and Rubin, 2010; Jones, 2012) and show specific
features, such as high abundances of moderately volatile elements
like Na, K and S (Alexander et al., 2008; Scott and Krot, 2014; Con-
nolly and Jones, 2016) and diverse chemical and isotopic signatures
(Jones and Schilk, 2009; Hezel and Palme, 2010; Olsen et al., 2016).
Their peak temperatures were ~ 1900 K or higher (Alexander et al,,
2008; Connolly and Jones, 2016) with subsequent cooling in minutes
to days (e.g., Hewins, Zanda, and Bendersky, 2012; Desch et al., 2012;
Wick and Jones, 2012). Most chondrules were formed during the earli-
est phases of the Solar system within the first 3-4 million years after
the formation of cais (e.g., Villeneuve, Chaussidon, and Libourel, 2009;
Connelly et al., 2012) and show clear evidence for multiple melting cy-
cles (Rubin, 2017, and references therein).

Because of their enigmatic features coupled with high-energy pro-
cessing, chondrule formation is considered to be intimately linked to
the physical processes in the protoplanetary disk or planetary accre-
tion and spawned a multitude of proposed formation mechanisms.
The often underlying view of how chondrules are intertwined with
the planet formation process is that they were formed before accre-
tion and therefore represent the fundamental building materials of
the planets and asteroids (Connolly and Jones, 2016). In this case,
chondrules are formed before parent body accretion, either by melt-
ing dust aggregates by nebular shocks (Desch and Connolly, 2002;
Morris and Desch, 2010; Morris, Weidenschilling, and Desch, 2016),
for example related to global disk instabilities (Boss and Durisen,
2005; Lichtenberg and Schleicher, 2015), or condensation of melts
and crystals (Blander et al., 2004; Nagahara et al., 2008). In contrast, if
chondrules formed via processes involving already formed planetes-
imals, the interpretation of their role would shift to a ‘by-product’ of
planet(esimal) formation (see discussion in Section 6.4).

Recently proposed chondrule formation scenarios considered melt
spray from subsonic collisions (‘splashes’) between similar-sized plan
etesimals, which were fully melted by decay heat from 2°Al (Asphaug,
Jutzi, and Movshovitz, 2011; Sanders and Scott, 2012) or impact ‘jet-
ting’ via collisions of planetesimals with undifferentiated protoplan-
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ets (Johnson et al,, 2015; Hasegawa et al., 2016; Wakita et al., 2017).
Collisional mechanisms were suggested previously and offer attrac-
tive solutions to many chondrule features (Krot et al., 2005; Sanders
and Scott, 2012; Stammler and Dullemond, 2014; Dullemond, Stamm-
ler, and Johansen, 2014; Dullemond et al., 2016; Marrocchi et al., 2016).
From a dynamical point-of-view, collisional interactions of planetes-
imals and embryos during accretion are inevitable and expected to
create a vast amount of continuously reprocessed debris (Bottke et
al., 2006; Carter et al., 2015; Jacobson and Walsh, 2015; Asphaug, 2017;
Bottke and Morbidelli, 2017) that inherits the geochemical features
from previous planetesimal generations.

Collisional models of chondrule formation considering fully-molten
planetesimals, and thus highly energetic internal magma oceans with
temperatures above the liquidus (Asphaug, Jutzi, and Movshovitz, 2011;
Sanders and Scott, 2012), have the advantage that bodies interacting
at low speeds (~ around the two-body escape velocity) can cause a
melt spray ejection into the ambient disk medium that provides the
inferred cooling regime for chondrules and the required solid den-
sities to preserve primitive abundances of moderately volatile ele-
ments (Sanders and Scott, 2012; Dullemond, Stammler, and Johansen,
2014; Dullemond et al., 2016).

For consistency with the observed metal abundances in and around
chondrules (Wasson and Rubin, 2010; Palme, Spettel, and Hezel, 2014;
Connolly and Jones, 2016), droplet entrainment in a vigorously con-
vecting magma ocean has been invoked to prevent efficient and com-
plete metal-silicate segregation (Asphaug, Jutzi, and Movshovitz, 2011;
Sanders and Scott, 2012; Asphaug, 2017). However, metal sequestra-
tion into the planetesimal core may have been rapid in magma ocean
planetesimals as, for instance, supported by the old ages of iron me-
teorites (Kruijer et al.,2014). In this case, re-establishing post-collision-
al bulk Fe/Mg ratios and forming chondrites with metal beads would
require a complicated and highly unlikely scenario of (i) partial oxi-
dization of the metal cores of fully differentiated planetesimals and
(ii) violent remixing of the remaining metal core material with man-
tle silicates during or after the collision (Palme, Hezel, and Ebel, 2015).
Additionally, chemical (Jones, Grossman, and Rubin, 2005; Hezel and
Palme, 2007; Palme, Spettel, and Hezel, 2014) and isotopic (Bauer
et al., 2016; Olsen et al., 2016) heterogeneities between single chon-
drules of the same meteorite cannot be retained if vigorous convec-
tion at low silicate viscosities homogenized the bulk volume of prim-
itive planetesimals down to chondrule-sized microscales.

However, it is well known that the interior evolution of planetes-
imals alone could create a diverse range of thermal histories and
interior structures (e.g., Hevey and Sanders, 2006; Lichtenberg et al.,
2016), where magma ocean planetesimals are only one end-member
type. In addition, the structure and chemistry of planetary materials
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was potentially further altered due to repeated collision-reaccretion
cycles, which may generate varying thermal and chemical histories
on a cm-m scale of planetary materials. Here, we probe the thermal
and chemical evolution of such debris in a dynamical setting for the
early Solar system, where small (< 100 km) planetesimals were con-
tinuously formed over a given time frame during the lifetime of the
circumstellar disk, evolved internally due to radiogenic heating, and
were subsequently destroyed by collisions. To evaluate the thermal
and chemical state of the debris over time, we quantify the processes
governing metal-silicate segregation and chemical diversity within
molten planetesimals and model their thermal histories dependent
on their sizes and initial 2°Al abundances. To classify the parameter
space that is (in-)consistent with chondrule formation from impact
splashes among similar-sized planetesimals, we calculate the com-
bined influence of interior evolution and collisional parameters in a
simple Monte Carlo model. We describe our methodology in Section
6.2 and show the results from our scalings and computations in Sec-
tion 6.3. We discuss our findings and the limits of our approach in
Section 6.4, and draw conclusions in Section 6.5.

6.2 METHODS
6.2.1 Scaling analysis

This first part of our analysis aims to quantify the thermochemical

processes governing the interior of planetesimals with high melt frac-
tions above the rheological transition. The rheological transition of

silicates describes the critical melt fraction @ ~ 0.4-0.6 (Costa, Car-
icchi, and Bagdassarov, 2009) at which the silicate viscosity drops by

orders of magnitude (from rock- to water-like behavior). At this range,

the dynamic state of the system changes from solid-state creep pro-
cesses to liquid-like convectional motions in an interior magma ocean.
Here, we describe the processes in an idealized system that repre-
sents the end-member scenario of a planetesimal that has fully melt-
ed as a result of 2°Al decay.

6.2.11 Metal-silicate segregation from Fe,Ni droplet rainfall

For the case of a fully-molten planetesimal, we parameterize the rain-
out of Fe,Ni metal droplets following the description by Solomatov
(2015). The dynamic processes in the magma ocean are determined
by its viscosity, which drops by orders of magnitude at the rheologi-
cal transition @i ~ 0.4-0.6 (Costa, Caricchi, and Bagdassarov, 2009),
from 7 ~ 10 Pa s to 1072 Pa s (Rubie et al,, 2003; Liebske et al.,
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Table 6.a: List of physical parameters used.
PARAMETER SYMBOL  VALUE UNIT REF.
Density of uncompressed solid silicates Osi—sol 3500 kg m—3 (1,2)
Density of uncompressed molten silicates Psi-liq 2900 kg m—3 (1)
Density of uncompressed iron OFe 7540 kg m—3 (3)
Ambient temperature To 290 K (3,4)
Activation energy Ea 470 k) mol~1 (5)
Dislocation creep onset stress o 3.107 Pa (6)
Power law exponent n 4 non-dim. (5)
Latent heat of silicate melting Lg; 400 k) kg—1 (3,6)
Melt fraction at rheological transition Perit 0.4 non-dim. (8,9)
Silicate heat capacity cp 1000 Jkg71 k=1 (6)
Thermal diffusivity K 1-1006 m2s1 (6)
Thermal expansivity of solid silicates Qgi_go 3-107% K1 (2)
Thermal expansivity of molten silicates agi_tiq  6-107° K (2)
Thermal expansivity of iron QFe 1-107% k1 (9)
Thermal conductivity of solid silicates k 3 Wm-1k=1 (10)
Thermal conductivity of molten silicates ket < 10° Wm-1k1 (11)
Min. unsintered silicate thermal conductivity ko 1073 wWm-1Kk=1  (1213)
Temperature at onset of hot sintering Tsint 700 K (12)
Peridotite solidus temperature Tsol 1416 K (14)
Peridotite liquidus temperature Tiiq 1973 K (15)
Lower cut-off viscosity Hnum 1017 Pa's (16)
Silicate melt viscosity Nmelt 1072 Pas (17)
Droplet surface energy o 1 N m-1 (18)
Chemical diffusivity of silicates ke 10-8 m2 s—1 (18)

References: (1) Stolper et al. (1981), (2) Suzuki, Ohtani, and Kato (1998), (3) Ghosh
and McSween (1998), (4) Barshay and Lewis (1976), (5) Ranalli (1995), (6) Turcotte
and Schubert (2014), (7) Costa, Caricchi, and Bagdassarov (2009), (8) Solomatov
(2015), (9) Boehler, von Bargen, and Chopelas (1990), (10) Tarduno et al. (2012), (11)
Golabek, Bourdon, and Gerya (2014), (12) Yomogida and Matsui (1984), (13) Henke
et al. (2012b), (14) Herzberg, Raterron, and Zhang (2000), (15) Trgnnes and Frost
(2002), (16) Lichtenberg et al. (2016), (17) Liebske et al. (2005), (18) Rubie et al. (2003)

2005), as listed in Table 6.. In melt regimes valid for planetesimals,
the convective heat flux g of the magma ocean can be calculated via

(T — To)Ra'/?

g = 0.089k—"— 2=, (61)
with Rayleigh number
Ty, — To) D3
Ra = “Si—liquref(m/lo)/ (6.2)

potential temperature T,,, ambient (and surface) temperature Ty =
290 K, thermal diffusivity x = k/(pcp), thermal conductivity of solid
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silicates k, silicate heat capacity cp, thermal expansivity of molten
silicates ag;_jiq, depth of the magma ocean D, silicate densities

Ps = Psol — (psol - pliq) - Q, (63)
Psol = PSi—sol * (1 — &Gj—g0l - [T - TO])/ (64)
Pliq = Psi-tiq " (1 — asitig [T — Tol), (6.5)

temperature T and thermal expansivity of solid silicates ag;_g,. See
Table 6.1 for the numerical values used. The convective velocities are
then

ws—nqglq)” (6.6)

vs =~ 0.6 (
PsCp

with gravity g, and mixing length I ~ D ~ Rp. Based on laboratory
experiments, it has been shown that droplets can be suspended (or
re-entrained) by the convective flow if their diameter is

s (vs/x.)? (
< A on T 6.7)
0.1(om — ps)g
with metal density
Pm = Pre - (1 —age - [T — To)), (6.8)

thermal expansivity of iron ag. and constant factor x, = 60 (Soloma-
tov, 2015). Metal droplets suspended in the magma tend to be drawn
together into spherical droplets, minimizing their surface area. Their
stability is determined by the ratio between the stagnation pressure
and the internal pressure caused by surface tension, given by the We-
ber number We, which can be used to estimate the expected sizes of
droplet diameters
o-We
T om0 (69)
with surface energy o, where We < 10 is the stability threshold (Ru-
bie et al., 2003). For a given depth of the magma ocean D ~ Rp, melt
fraction ¢, and the numerical values listed in Table 6.1, we can deter-
mine the ratio of the expected droplet sizes and the upper limits for
suspension (Section 6.3.1, Figure 6.3). The expected droplet size must
be smaller than the upper limit for suspension for the droplets to be
entrained in the flow and resist rain-out onto the planetesimal core.

6.21.2 Chemical equilibration via turbulent diffusion

Metal-silicate separation via the rainfall mechanism is not the only
process that shapes the interior dynamics of a fully-molten planetes-
imal. Chemical and nucleosynthetic heterogeneities, inherited from
the solar nebula prior to planetesimal formation, can be erased by
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large-scale convective mixing once the silicate rheology transitions
to fluid-like behavior. In addition to planetesimal-scale mixing, chem-
ical diffusion (Rubie et al., 2003) from dissipation of turbulent energy
down to the so-called Kolmogorov microscales affects chondrule- and
grain-sized regions — the precursor material for chondrules in the
splashing model. The time scale at which neighboring cells achieve
such microscale chemical equilibration can be estimated via the lo-
cal diffusion time scale

teq = Ix /%, (6.10)

with the Kolmogorov length scale Ix and the chemical diffusivity ¢
(Table 6.). The Kolmogorov length scale is given as

3 D 1/4
Ik = (mnelt> , (6.11)

3 3
Psi—1iqYs

with the viscosity of the magma ocean 7, the density of molten
silicates ps;_jiq and vs the convection velocity in the magma ocean
calculated from Equation 6.6. Like in the section before, we choose
to approximate the magma ocean length scale D with the planetes-
imal radius Rp, because in turbulent systems the dissipation rate at
the smallest scales is primarily determined by the length scale of to-
tal kinetic energy in the turbulent motions; that is, the planetesimal
radius in the case of a fully-molten magma ocean planetesimal. Using
these scalings, we compute the time scales for diffusion, dependent
on the radius of the planetesimal and the silicate viscosity.

In addition, we plot the time scales for collisions between similar-
sized objects (Asphaug, 2010) in a planetesimal collision setting using

2Rp
feoll = E (6-12)

with the impact velocity Av. Using the parameters given in Table 621,
we derive scalings for various melt fractions, planetesimal radii and
impact velocities, which are displayed in Figure 6.4 (Section 6.3.1).

6.2.2 Thermomechanical evolution of planetesimals

To bring the former calculations into context, we now consider the
time-dependent interior evolution of planetesimals participating in
potential chondrule-forming collisions in the early Solar system. To
do so, we model their thermomechanical histories using two-dimen-
sional fluid dynamics simulations employing a conservative finite-
differences fully-staggered grid formulation (Gerya and Yuen, 2003,
2007). The numerical model is described in detail in Golabek, Bour-
don, and Gerya (2014) and Lichtenberg et al. (2016, and references
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Figure 6.1: Thermal evolution of a planetesimal that is 10 km in radius and
formed at 0.5 Myr after cais in our 2D cylinder geometry models.
Silicate melt fractions are indicated with black isolines, and the
temperature color scale ranges linearly from ~290 K (black) to
~1650 K (bright yellow).

therein), which is why we only briefly summarize its main charac-
teristics here. The code solves the continuity, Stokes and location-
dependent Poisson equation for self-gravity of material together with
the energy equation, which includes source terms for radiogenic, shear
and latent heat production. Physical properties are advanced using
Lagrangian markers to minimize numerical diffusion and capture sharp
viscosity and temperature gradients. To account for the Solar system-
specific 2°Al heating term (Lichtenberg, Parker, and Meyer, 2016), the
so-called ‘canonical’ abundance of 2°Al/?’Al = 5.25 - 10~° at cal forma-
tion (Kita et al., 2013) is adopted.

The silicate melt is parameterized according to a peridotitic com-
position, taking into account both consumption and release of latent
heat. For melt fractions ¢ > 0.4 the convective heat flux is approxi-
mated using the soft turbulence formulation (Kraichnan, 1962; Siggia,
1994). All our models incorporate an initial macroporosity (inverse
filling-factor) of ¢t = 0.3, where sintering and compaction effects are
parameterized using constraints from laboratory experiments (Henke
et al,, 2012b; Gail, Henke, and Trieloff, 2015).

The numerical models were run using a two-dimensional infinite
cylinder geometry on a Cartesian grid, starting from ambient tem-
perature of Ty = 290 K, as for such small bodies accretionary heat
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Figure 6.2: Maximum temperatures Tyax reached within planetesimals of ra-
dius Rp and formation time f¢,.,. Small planetesimals below 20-
30 kmin radius reach significantly lower temperatures than larger
bodies for a given formation time.

is insignificant (Schubert, Spohn, and Reynolds, 1986; Elkins-Tanton,
Weiss, and Zuber, 2011), and are surrounded by a low-density and low-
viscosity layer of 'sticky air’ that serves as heat sink (Schmeling et al,,
2008; Crameri et al., 2012). The parameter space investigated spans
the regime of Rp = 10-100 km in steps of 10 km, and t¢;, = 01-1.5
Myr after cAls in steps of 0.1 Myr, the potential formation time inter-
val of chondrule precursor material (Luu et al., 2015). lllustrations of
the two-dimensional temperature and melt fraction evolution for a
single simulation and the entire simulation grid are shown in Figure
6.1 and Figure 6.2, respectively. Further visualizations and analyses
of the major qualitative regimes of the time-dependent thermal and
density evolution are shown in Lichtenberg et al. (2016).

Importantly, our model utilizes a scaling for the cooling of a low-
viscosity magma ocean, in which the effective thermal conductivity
across finite-difference nodes is given as

Xsi—1ig8Cp

(613)
AT2Ps77num

ket = (4/0.089)>/%.
with the convective heat flux g, the temperature difference across
the nodes AT, the silicate density ps, the thermal expansivity as;_jiq,
gravity g, and the lower cut-off viscosity #yum = 107 Pa s. This ef-
fective heat flux numerically approximates the increased heat flux
during magma ocean stages and results in a more effective cooling
of regions which are subject to the highest temperatures (Hevey and
Sanders, 2006; Lichtenberg et al., 2016). We use these interior evolu-
tion models to determine the time-dependent thermal structure of
the planetesimals together with the scalings from Section 6.2.1.1 and

13



114

COLLISIONS DURING ACCRETION

6.2.1.2 to evaluate which parts of their interior can be eligible as chon-
drule precursor bodies at a given time after the formation of cals.

6.2.3 Evolution-collision model

The evolution of the precursor bodies is important to understand the
energetic state and evolution of the silicates before the chondrule
forming impact event. However, if the planetesimal body is not fully
molten (¢ < @uit), the impact energy is necessary to elevate the sili-
cate temperatures to above the chondrule formation temperature of
Tehondrule = 1900 K and eject the molten material from the two bodies.
When material is freed from the colliding bodies during the impact, it
is first compressed by the impact shock wave and then decompressed
after ejection. By this process, fractions of the lithostatic/hydrostatic
pressure within the planetesimal are converted into surface energy
of magma (chondrule) droplets (Asphaug, Jutzi, and Movshovitz, 2017;
Asphaug, 2017). In order to produce a melt spray that is consistent
with the thermal histories of chondrules, at least parts of the mate-
rial must have been heated t0 T.hondrule > 1900 K (Alexander et al.,
2008; Connolly and Jones, 2016) and subsequently cool down in an
emerging droplet cloud of high density (Dullemond, Stammler, and
Johansen, 2014; Dullemond et al., 2016).

In order to demonstrate the influence of the pre-collision state on
chondrule thermal histories and the post-collision energy distribu-
tion, we have developed a Monte Carlo approach. The a priori as-
sumption for this model is that planetesimals collide continuously
during o-5 Myr after cal formation. Furthermore, when bodies collide,
they generate debris and new planetesimals may be created from this
material. For the moment, bodies from primordial and reaccreted ma-
terial are treated the same, i.e., the material does not have a chemical
‘memory’ of prior generations. We discuss these and other assump-
tions in Section 6.4.

We start by randomly generating planetesimals in agreement with
a radius power law

dN/dRp « Rp, (6.14)

with the number of bodies N and power law index g = 2.8, consis-
tent with shearing-box simulations of the streaming instability mech-
anism (Johansen et al., 2015; Simon et al., 2016, 2017). Using this power
law, we generate integer radii Rp > Rpmin according to

RP = ||RP,min(1 - xrand)il/(qil) | |/ (6-15)

with the minimum planetesimal radius in our parameter space Rpmin
=10 km and pseudo-random number x.,,q = 0-1. Depending on the
regime chosen (Rpmax = 20, 30, 50, 100 km) we accept or reject radii
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exceeding the upper limit value, resulting in an approximate power
law distribution.

Following the approach of Wetherill and Stewart (1993) (as described
in Morbidelli et al., 2009, Supplementary Material therein), we build
a normalized collision probability distribution of pair-encounters for
the generated planetesimals during a time step 6t using

Neij = NiNjFgi(Ri + Rj)?, (6.16)

with bodies of different sizes i and j with their respective numbers N;
and N and radii R; and R; and gravitational focusing factor F;; ~ 1
for the velocity dispersions chosen here. Next, we sample the col-
lision probability distribution using a linear alias method to return
Npiot/2 collision pairs ij, where Np is the total number of bodies
in the generated planetesimal family.

Each planetesimal in each collision pair is randomly assigned a
formation time tgom = [fmin, fmax J, With fmin = 0.1 0r 0.5 Myr, and fayx
= 1.5 Myr. Additionally, we investigated a parameter space where tmyin
and tnax varied with collision time f.gjision, SUCh that tmin = teollision™
At, where At = 0.5 or 0.7 Myr (but t;, = 01 Myr at minimum and ¢y, =
1.0/0.8 Myr at maximum) and tmax = 1.5 Myr. Naturally, the maximum
formation time was limited to f.,jjision IN €aS€ feollision < fformmax = 1-5
Myr. The collision pair is assigned a randomized impact angle 6 = [35,
55]° and a collision velocity Av = 0.5, 1.0, 1.5 or 2.0 km/s, according to
the specific setting. The different parameter choices are summarized
in Table 6.2.

Table 6.2: Parameters for the Monte Carlo collision model with the maxi-
mum radius of a planetesimal family Rpmax, the earliest forma-
tion trorm min, the latest formation torm max, the maximum plan-
etesimal dwell time At and the velocity dispersion Av. See text
for details on the assumptions.

Parameter Unit Values

Rpmax km 20, 30, 50, 100
tform,min Myr 04,05
tform,max Myr 1.5

At Myr 0.5, 0.7

Av km/s 0.5, 1.0, 1.5, 2.0

We evaluate each collision, depending on the sizes (and therefore
masses, assuming constant initial densities of p = 3500 kg/m?3) R;
and R;, angle 6 and impact speed Av, employing the EDACM model
of Leinhardt and Stewart (2012). If the outcome is super-catastrophic,
defined as the mass of the largest intact remnant block after the col-
lision being less than 0.1 of the combined mass, we calculate the ther-
mal effect on the remnant material as described further below. We
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note that the model of Leinhardt and Stewart (2012) has recently been
challenged regarding the catastrophic disruption threshold. Movsho-
vitz et al. (2016) argue for a lower threshold value than Leinhardt and
Stewart (2012), thus our estimate for super-catastrophic break-up us-
ing the EDACM scaling can be seen as a conservative approach so that
we do not overestimate the number of super-catastrophic collisions,
and thus potential chondrule material.

For categorizing the collisional debris, we evaluate the thermal
state and material properties of each planetesimal in a collision pair
before the impact using atwo-dimensional bilinear interpolation from
the initial Rp-t¢.m parameter grid (see Figure 6.2 and Section 6.3.1)
of the time-dependent numerical models described in Section 6.2.2.
The injected energy from body i to j, AEjj = Eyini — Epotj, With the ki-
netic energy of impactor i, Eyy, 3, and potential energy of target j, Epo,
is homogenized over the target volume via AE;x = (Exinx/ Epotj) AEi;,
where the target volume is sub-divided into n shells with energy Epq .
If the injected energy AE; into a sub-volume of the target is greater
than the energy needed to heat it to above the chondrule formation
temperature Taondrule» the material is categorized as post-collision
liquid Vpc,chondrule (Tpost > Tehondrules FigUre 6.9), normalized by the to-
tal debris volume of the colliding family of planetesimals. The neces-
sary energy is given by

AEchonclrule,k = [(Tchondrule - Tk) : Cp+LSi : (gochondrule - q’k)] - my
(647)

with temperature Ty, minimal chondrule formation peak melt frac-
tion @chondrules latent heat of silicate melt Lg;, melt fraction ¢, and
mass my of the specific sub-volume. If it does not reach Tg,ondrules
it is counted as Vpc,residuah further subdivided into partially melted
(Tehondrute > Tpost > T, Figure 6.9) and unmelted material (Tpost < T,
Figure 6.9). If the material exceeded the defined melt fraction thresh-
old for metal loss @it (0.4, 0.5 or 0.6) before the collision, the sub-
volume is counted as Vi, joss (@pre > @crit, Figure 6.9). We re-do these
steps for each planetesimal of each collision pair for all timesteps
starting from 0.1 Myr (or 0.5 Myr, Supplementary figures) until 5 Myr
after cais, where for each timestep a new 'collision family’ is gener-
ated. For instance, for model setting ¢, = [0, 1.5] Myr attime t = 0.8
Myr, the planetesimals in the colliding family were randomly drawn
from a formation time interval t¢,,, = [01, 0.8] Myr; at time ¢t = 2.3
Myr from a time interval t;,, = [0, 1.5] Myr. For model setting tform
= [teollision- 0.5, 1.5] Myr at time t = 0.8 Myr, the planetesimals in the
colliding family were randomly drawn from a formation time interval
tiorm = [0.3,0.8] Myr; at time t = 2.3 Myr from a time interval ¢, = [1.0,
1.5] Myr.
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The approach outlined above has several simplifications. First, the
intrinsic collision probability for bodies in the sampled planetesimal
orbit is chosen to be

Py = (ayvyj)/[4Ha(da + 2ae;)] = const., (6.8)

with the average collision velocity Av, a constant depending on Av
ranging from 0.57 < a, < 0.855 (Wetherill and Stewart, 1993), the
symmetrical mutual scale height H, the semi-major axis and width a
and éa of the annulus and the mean eccentricity of projectiles e;, is
chosen to be constant. Therefore, we do not simulate a global source
system of generated planetesimals that collide randomly. Rather, we
ab initio assume planetesimals that formed according to the power
law slope described above and collide in pairs with a probability
given by the mutual geometric factor. In other words, pairs of mas-
sive planetesimals are favored due to their larger geometrical cross-
section, but eventually all planetesimals generated from the size fre-
quency distribution of planetesimals (sFp) do collide. Second, we con-
sider only the simple cases of super-catas-tro-phic interactions. In
fact, catastrophic, hit-and-run, erosive and accretionary interactions
could have an influence as well (Asphaug, 2010). However, for the low-
mass regimes coupled with the chosen impact velocities shown here,
super-catastrophic or catastrophic impacts are important and may
create the majority of the debris. Third, the injected energy AEj is
assumed to fully go into disruption and heating energy of the target
material.

We use this model to demonstrate the qualitative imprint of the
pre-collision interior evolution state of the planetesimals on the col-
lisional debris in Section 6.3.2 and discuss its implications in Section
6.4.

6.3 RESULTS

In this section we present the results of our models of the thermome-
chanical history of colliding bodies before the impact event (Section
6.3.1) and the outcome of the coupled evolution-collision scenario
(Section 6.3.2).

6.31 Thermo-mechanical-chemical evolution before the collision event

Figures 6.3 and 6.4 show the results of our scaling analysis of fully-
molten planetesimals. Figure 6.3 demonstrates that the characteristic
sizes of Fe,Ni metal droplets for the expected dynamics in a planetes-
imal magma ocean do not allow for droplet suspension. The droplets
grow to sizes larger than can be suspended by convection and will
thus rapidly rain out onto the planetesimal center. Therefore, fully-
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Figure 6.3: Droplet sizes of Fe,Ni metal versus planetesimal radius. The blue
region ('stability’; Equation 6.9) shows the expected droplet sizes
in fully-molten magma ocean planetesimals. The red region ('sus-
pension’; Equation 6.7), in contrast, shows the maximum droplet
sizes that can be entrained by vigorous convection for various
melt fractions ¢. Since the suspension limit never exceeds the
stability criterion, metal droplets in fully-molten planetesimals
efficiently segregate into the core. See text for details on the scal-
ings. The considered planetesimal radius range here, and in Fig-
ure 6.4, corresponds to the birth-size frequency distribution of
planetesimals (sFp) suggested by Johansen et al. (2015).

molten planetesimals rapidly evolved into a physically differentiated
structure.

Figure 6.4 shows, first, that the time scale for chemical equilibration
(~ hours to days) suggests a very fast homogenization of the mate-
rial during magma ocean stages. In particular, it is much shorter than
the lifetime of the protoplanetary disk (~ 3-5-10° yr, Alexander et
al., 2014), the thermo-mechanical evolution of planetesimal interiors
(~ 10°-10° yr, Hevey and Sanders, 2006) and the collisional evolu-
tion of an accreting planetesimal swarm (~ 10*-10° yr, Wetherill and
Stewart, 1993). Second, the chemical equilibration time scales for the
cases we consider in this manuscript lie orders of magnitudes above
the characteristic collision time scales. This suggests that the primor-
dial chemical and isotopic heterogeneities inherited from prior to ac-
cretion were homogenized rapidly after reaching the magma ocean
stage. However, the equilibration time scale is not fast enough to ho-
mogenize the interior during the collision if it remained below the
rheological transition before the event, since the diffusion time scale
is longer than the collision time scale by orders of magnitude.

Figures 6.5 and 6.6 show the time-dependent thermal structure of
planetesimals due to their interior evolution from 2°Al heating. Fig-
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Figure 6.4: Radius of planetesimal versus time for either chemical equilibra-
tion (solid lines) or a planetesimal collision event (dashed lines).
The solid lines ('local diffusion time scale’, Equation 6.10) show
the time scale for microscale chemical equilibration in a fully-
molten magma ocean planetesimal for various silicate melt frac-
tions ¢. These are on the order of hours to days and thus demon-
strate that fully-molten planetesimals rapidly chemically equili-
brated. Therefore, any collisional debris from them would fea-
ture chemical signatures unlike chondrite material. The dashed
lines ('collision time scale’, Equation 6.12), in contrast, quantify
the time it takes for an average collision of two similar-sized
planetesimals to take place at various encounter velocities Av.
Up to several hundreds of km in radius, the diffusion (solid) and
the collision (dashed) time scales differ by orders of magnitude.
That means, if the planetesimal material was chemically unequi-
librated (= not fully-molten) before a hypothetical impact splash
event, the expanding magma plume could retain a chemically
and isotopically heterogeneous signature — consistent with chon-
dritic materials.

ure 6.5 shows the thermal evolution of one single model with inter-
nal melt fractions and in comparison the amount of melt produced
within bodies of different sizes and formation times normalized to
their total volume. In general, earlier formed and bigger planetesi-
mals exhibited larger heating to cooling ratios, because the radio-
genic heat source 2°Al decayed with t;,, = 0.72 Myr, and the surface-
to-volume ratios shrank drastically with increasing size of the body.
This means that the thermal evolution of the low-mass planetesimals
was intrinsically time- and size-dependent. Importantly, a transient
regime of silicate material with temperatures around the solidus (T
= 1416 K) within planetesimals existed, which varied drastically with
time and depth inside the bodies depending on the planetesimal
sizes and formation times. Furthermore, low-mass bodies with radii
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Figure 6.5: (A) Partially molten volume inside planetesimals over time, nor-
malized by the total volume of a body with Rp = 10 km. The low-
end mass tail of the planetesimals exhibited partially molten
states only during a short time interval, e.g., from 0.5-2.5 Myr (Rp
=10 km). Arrows indicate formation times of associated lines. Rp
= 10 km bodies did not exhibit any melt for t¢,, > 1.2 Myr. (B)
Depth-dependent temperature structure for a planetesimal with
Rp =10 km and t4,,, = 0.4 Myr. Partial melt fractions (isolines)
were sustained for a time period of At ~ 1.7 Myr after the initial
heat-up phase.

Rp ~ 10 km exhibited partially molten states only during a narrow
time interval t ~ 0.5-2.5 Myr after CAls.

Figure 6.6 shows the maximum fractional volumes of planetesimal
models that exceeded the critical melt fraction threshold ¢t. These
planetesimal sub-volumes likely underwent magma ocean stages ac-
companied by rapid metal-silicate separation and chemical equili-
bration, as described in Figures 6.3 and 6.4. In particular, early formed
massive planetesimals above > 30 km radius with t;,.,, < 0.9 Myr af-
ter cAls were intensely heated and major parts of their total volume
experienced pervasive melting periods. There is, however, a large
transition regime with planetesimals mostly experiencing partial melt-
ing throughout their interiors (the transition band from black to bright
yellow in Figure 6.6). Planetesimals that formed later than ~ 1.0 Myr,
or alternatively formed with 2°Al/?’Al < 1.8 - 10>, experienced only
minimal melting episodes within the innermost parts of their interior.

As a transition to the coupled evolution-collision scenario in Sec-
tion 6.3.2, Figure 6.7 parameterizes the required impact energy for a
collision in the super-catastrophic limit. In an idealized scenario, the
injected energy must be sufficient to, first, heat at least parts of the
target body to the required temperatures and, second, disrupt most
of the target body into small pieces. In this idealized view, the most
energetically favorable source of material for producing chondrules
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Figure 6.6: Volume of planetesimals that exceeded melt fractions of ¢ > 0.4
during the time interval t = 01-5 Myr after cals, normalized by the
total volume of each body. The value at each dot represents the
maximum volume fraction throughout a single numerical simu-
lation with the indicated Rp-t;,;y COMbination. Especially plan-
etesimals with Rp > 30 km and t¢,., < 0.9 Myr after cais under-
went large scale magma ocean periods and are therefore not eli-
gible as chondrule precursor bodies. For reference, the 2°Al/?”Al
ratio incorporated into a body at its formation time, for a disk-
wide homogeneous 2Al distribution, is shown at the top.

was the center of the target body, as it was hottest due to pre-heating
from 26Al.

Together with the melt fraction threshold for metal rain-out (¢git),
this constrains the minimum required impact energy from a two-body
encounter to produce chondrules in the collision (Figure 6.7). To give
a simple example, under the assumption of perfect disruption and
energy transfer between impactor and target, the minimal velocity
necessary to achieve the critical chondrule formation temperature
in the center of the target body is

2
Av > \/Mt"t ) (A(pLsi + ATcp — 3GMtOt>,

mimp 5Rtot

with impactor mass minp, deviations from the required chondrule
melt fraction @chondrule ~ 0.86 and temperature Tepondrule = 1900 K,
A§0 = @chondrule — ¢ and AT = Tehondrule — Tcenter, latent heat of sil-
icate melting Lg; = 400 kJ/kg, pre-collisional material temperature
at the target center Teenter, Silicate heat capacity ¢, = 1000 J/(kg K),
Newton’s constant G, combined target-impactor mass M,; and com-
bined target-impactor radius Ry As an example, for the case of a
super-catastrophic collision of two equally-sized planetesimals with
Rp =10 km and internal silicate temperature of Teenter = 1600 K, which
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Figure 6.7: Evolution of the specific energy required at a given time t to
raise the temperature in parts of the collisional debris to above
the chondrule formation temperature: Tpost > Tchondrule = 1900 K.
For this calculation, we assumed homogeneous energy injection
across the entire target body. Importantly, the smallest bodies
were sufficiently heated during the time interval ¢t ~ 1.5-3 Myr
to require impact energies of Qmin ~ 450 k) per unit mass, after
which they cooled down. The evolution of the 700 kjJ/kg isocon-
tour shows that until ~ 2 Myr after cais small bodies required en-
ergies below this value, after 3 Myr after cais they required much
higher energies to form chondrules.

translates to ¢ = 1 — (Tecenter — Tsol) / (Tiiq — Tso1) ~ 0.33, it would have
required impact speeds of Av ~ 1.5 km/s to produce post-impact ma-
terial with Tpost > Tchondrule- With one of the two objects being more
massive, the injected energy would have increased and thus lower im-
pact speeds would have been sufficient to produce chondrule melt
sprays. Still, this calculation and the required energies from Figure
6.7 define approximate estimates for the impact velocities required
in our analytical expression in order to form chondrules from disrup-
tive impacts. This yields roughly Av ~ 1 km/s and is thus presumably
higher than the mutual velocities expected to arise from self-stirring
of a small planetesimal swarm with radii of up to several tens of kilo-
meters.

6.3.2 Collisional processing

To explore the effects of varying impact speeds on the planetesimal
population, we developed a Monte Carlo approach to model the time-
dependentinfluence of increased internal energies in the parent bod-
ies on potential chondrule material in the collision aftermath (Sec-
tion 6.2.3). The results from several simulation runs for planetesimal
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swarms with Rp = 10-20 km are shown in Figure 6.8. In general, higher
collision velocities increase the output of melt from the collision. For
several cases (like in Figure 6.8A), the thermal evolution from 2°Al
heating produced a peak in eligible chondrule material output for
constant collision velocities at around t ~ 2 Myr. If planetesimals
were allowed to form during the whole interval from t¢,,, = 0.1-1.5
Myr (Figure 6.8A), the output of metal-free material became notice-
able after t > 0.7 Myr. If the colliding families were preferentially
formed at later time intervals, metal-free output became insignificant
or virtually non-existent (Figure 6.8B,C and Supplementary figures).
For bigger planetesimal regimes with radii up to 30, 50 or 100 km
(Supplementary figures) this trend holds, while the output of chon-
drule forming material relative to material output with Tpese < 1900
K decreased.

It is important to note that the collisional debris showed a broad
thermal distribution. Material from the inner parts of the body was
heated to higher temperatures and thus higher melt fractions, where-
asthe outer parts of the colliding bodies may have remained cool and
resulted in unmelted debris, which is not seen in chondritic mete-
orites. To address this issue, we have quantified the post-collisional
thermal distribution for several parameter combinations and thus
different collision families in Figure 6.9 (more in Supplementary fig-
ures). In order to ‘suppress’ the generation of a vast amount of dif-
ferentiated material (which yields basaltic droplets unlike the chon-
drules observed in the meteoritic record, Asphaug, 2017) the make-
up and dynamics of the colliding planetesimal swarm must be either
(i) primarily composed of low-mass planetesimals, (ii) formed late,
or (iii) feature a low dwell time before collisional recycling. The lat-
ter would correspond to a high encounter probability, which cools
the material via total disruption, fragmentation or partial break-up
(Ciesla et al., 2013).

The thermal distribution, and thus the ratios of melted, partially
melted and unmelted debris, crucially depends on the localization of
energy transfer during the collision. In our super-catastrophic model,
however, in which the energy is distributed across the entire body, the
pre-collision temperature solely determines the temperature devia-
tions of the post-collision debris. Depending on the formation times,
sizes and recycling efficiencies of the colliding planetesimals, the ra-
tio of melted to unmelted debris may shift further (Supplementary
figures).
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Figure 6.8: Output of chondrule-eligible collisional debris (Vgondrute) With

post-collision temperatures Tpost > Tehondrule = 1900 K over
time from randomized super-catastrophic collisions, normalized
to the total volume of generated debris (Vyepyis)- Each line in each
subplot corresponds to a single Monte Carlo simulation with vary-
ing parameters. Black lines are runs with impact velocities Av =
2.0 km/s, purple lines Av = 1.5 km/s and red lines Av = 1.0 km/s.
Shaded areas below these lines indicate the variation from using
a different threshold for metal rain-out/chemical equilibration
(@erit), with the lower bound @it = 0.4 and the upper bound @it
= 0.5. Here, we consider bodies with Rp = 10-20 km and (A) t;orm
= 01-1.5 Myr, (B) t;orm, randomly drawn from the time interval At =
0.5 Myr before the collision time, and (C) t¢y,m = 0.5-1.5 Myr. Green
shaded areas show metal-depleted debris, that means, material
originating from source regions with ¢ > ¢ before the collision.
The amount of metal-depleted material decreased significantly
if collisional processing was efficient and the average dwell time
of intact planetesimals was short (B), or when planetesimal for-
mation was suppressed during the early disk phase (C, Supple-
mentary figures).
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Figure 6.9: Thermal state of all post-collisional debris material over time for plan-
etesimal swarms with Rp =10-20 km (A-D) and Rp = 10-50 km (E,F), metal
preservation threshold criterion ¢ = 0.4 and impact velocities of Av =
1km/s (A,C,E)and Av =2 km/s (B,D,F). Each subplot corresponds to a sin-
gle Monte Carlo simulation. Different colors represent post-collisional
material volume with varying thermal state, normalized to the volume
ofthe total debris generated during continuous collisional recycling. The
thermal distribution of the collision aftermath depended on the specific
conditions during the impact, which can change the ratio of unmelted
(black, Tpost < Ts) to melted (purple, Tehondrute > Tpost > Ts) debris and
the output of chondrules (red, Tpost > Tchondrule)- Metal-depleted ma-
terial (due to metal-silicate segregation prior to collision) is depicted
in yellow (¢pre > @urit)- (B,D,F) all show eligible-chondrule material of
Vehondrule/ Vdebris = 0.2-0.5% throughout the time evolution. Subfigures
(C,D,F) demonstrate the influence of a variable formation time interval
in the model, representing an effective collisional grinding such that no
bodies formed earlier than 0.7 Myr (C,D) or 0.5 Myr (F) before the colli-
sion time participate in the cycle. In the setting shown here, this gen-
erates some differentiated debris at ~ 0.9 Myr (C,D,F), but for the rest
of the disk-phase prevented overheated material entering the debris
cycles. (E) shows that larger planetesimal families readily reached de-
bris states with a high fraction of differentiated debris (and potentially
basaltic spherules as collision output). Importantly, we do not take the
outcome from previous collision cycles into account, treating each time
step as independent from the ones before. That implies that material
labeled ‘red’ at t = 1.0 Myr can become ‘black’ in the next time step and
vice versa for all label mutations. See Supplementary figures for further

parameter variations.

125



126

COLLISIONS DURING ACCRETION

6.4 DISCUSSION
6.4.1 Constraints from the interior evolution

The scaling analysis performed in Section 6.3 (Figures 6.3 and 6.4)
demonstrates that high melt fraction regions in radiogenically heated
planetesimals rapidly evolve to physically differentiated and chemi-
cally equilibrated states. We note that the scalings used in this sec-
tion are based on thermal driving forces and neglect potential other
effects like magnetic fields (Scheinberg et al., 2015) or rotation (King
et al., 2009; Maas and Hansen, 2015) that may alter the regimes. How-
ever, any potential changes to the convection regime within magma
ocean planetesimals have two effects. If turbulence is less vigorous
than derived here, Fe,Ni metal settling would be even more rapid,
since the energy to suspend these droplets would decrease. In the
opposite case, turbulence would be more vigorous and accelerates
chemical equilibration, because the diffusion time scale derived from
the Kolmogorov microscales diminishes. Therefore, we conclude that
any planetesimals that can serve as eligible precursor bodies for
chondrule formation in a collision event cannot have been fully-
molten to above the rheological transition throughout a large frac-
tion of their interior.

In general, it is important to note that the thermal evolution - and
thus degree of differentiation and chemical homogenization - forms
a continuum (Figures 6.5, 6.6 and 6.7; compare Lichtenberg et al., 2016).
Therefore, the number of bodies that experienced substantial radio-
genic preheating depends on the local planetesimal size frequency
distribution, formation rate and recycling efficiency over time, in par-
ticular during the first 2 Myr after cals, during which the radiogenic
heating from 2°Al was the predominant contributor to the internal
evolution. From a thermomechanical point-of-view, the low-mass tail
of planetesimals or bodies formed at sub-canonical 2°Al abundances
(the transition region in Figure 6.6 and bodies labeled with ‘primitive
materials’) barely incorporated enough 2°Al to reach temperatures
near the solidus throughout most of their volume, and presumably
never reached the rheological transition at melt fractions @it ~ 0.4-
0.6 (Costa, Caricchi, and Bagdassarov, 2009) to develop an internal
magma ocean (Lichtenberg et al., 2016).

Regarding the Fe,Ni metal abundances in and around chondrules,
it is important to note that recent laboratory experiments demon-
strated the trapping of metallic liquids in planetesimal mantles with
low silicate melt fractions (Bagdassarov et al., 2009a; Rushmer and
Petford, 2011; Holzheid, 2013; Cerantola, Walte, and Rubie, 2015; Todd
et al., 2016). They showed that, first, in the regime below the sili-
cate solidus, the high interfacial energy and wetting angle between
metal-sulfide melts and solid silicate mantle minerals preclude ef-
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ficient metallic core formation (Bagdassarov et al., 2009a; Rushmer
and Petford, 2011). Second, it was shown that in the regime of mod-
est silicate melt fractions, mobile basaltic melts reduce the intercon-
nectivity and segregation of metal-sulfide liquids under deformation
conditions with varying strain rates. This leaves some metallic lig-
uid stranded in the olivine matrix until the rheological transition
is reached (Holzheid, 2013; Cerantola, Walte, and Rubie, 2015; Todd
et al,, 2016). Above this threshold the silicate viscosity drops by or-
ders of magnitudes and metal-silicate differentiation by gravitational
settling becomes efficient (Figure 6.3 and Elkins-Tanton, 2012). From
these experiments, we conclude that complete metal-silicate seg-
regation in planetesimals required significant melt fractions, likely
around and higher than the rheological transition. Therefore, small
(Rp ~ 10-30 km) and/or late formed (t;,;m, > 0.7-1.0 Myr after CAls)
planetesimals, with their presumably low melt fractions and thus in-
completely differentiated interiors, can retain substantial metalabun-
dances and chemical and isotopic heterogeneities distributed through-
out most of the planetesimal volume. This qualifies these planetesi-
mals as eligible chondrule precursor material.

Efficient collisional recycling of small or late-formed planetesimals
is needed to produce large quantities of metal-bearing and chemi-
cally heterogeneous chondrules to populate the asteroid main belt
with chondrite parent bodies. For that, planetesimals with modest in-
ternal melt fractions must have been abundant in the early Solar sys-
tem. An additional source of chondrules may have come from larger
planetesimals that experienced impacts in narrow time windows dur-
ing their heat-up phase, when the radiogenic pre-heating was suffi-
cient but before reaching the magma ocean phase. We have qualita-
tively summarized the thermomechanical planetesimal regime that
may be capable of chondrule formation in the aftermath of a colli-
sion in Figure 6.10. The regime we propose as potential chondrule
precursor bodies is highlighted in green. In general, small bodies
or bodies with sub-canonical 2°Al abundances were more likely to
be heated to suitable temperatures at around their thermal max-
ima and to not reach melt fractions above the rheological transition
throughout most of their interiors. In comparison, larger bodies fea-
tured chondrule-eligible interior states only during their initial heat-
up phases.

6.4.2 Accretion and dynamical recycling

The results from the evolution-collision model (Section 6.3.2, Figures
6.8, 6.9 and Supplementary figures) underline two points. First, plan-
etesimals preheated by the decay of 2°Al require less energetic colli-
sions than non-preheated bodies to produce chondrules in the colli-
sional aftermath. If the bodies participating in the collision have not
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Figure 6.10: Schematic illustration of the qualitative thermomechanical
planetesimal evolution regimes. (Top) Low-energy bodies with
relatively small radii or late formation times, which were eligible
chondrule precursor bodies (highlighted in green) around their
heat climax (compare Figure 6.5 and Figure 6.7). (Bottom) High-
energy bodies with either large radii or early formation times,
which were eligible precursor bodies only during their brief ini-
tial heat-up phase. Models highlighted in red either do not fea-
ture high-enough radiogenic pre-heating (and thus would have
needed implausible high impact velocities) or have lost their
primordial metal abundances due to efficient metal-silicate seg-
regation processes.

reached the magma ocean phase, droplets resulting from the impact
can satisfy the constraints from chondrule textures, i.e., subsonic im-
pact velocities in order to avoid shock textures in the resulting mate-
rial (Asphaug, 2017). Therefore, we require velocities higher than the
two-body escape speed but lower than for the case of cold planetesi-
mals. Such velocities may be achieved during the gas disk phase (see
further down). Second, Figure 6.9 and the additional figures for vari-
able parameter regimes (Supplementary figures) demonstrate that
the outcome of any collisional regime can be highly variable, depend-
ing on the local size frequency distribution (sFp), the internal state
of the planetesimals and the dynamical regime of the swarm partic-
ipating in the collisional processing. It underlines the necessity of
simultaneously considering the global dynamical and local forma-
tion, growth and destruction mechanisms in astrophysical models of
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planet formation in the early Solar system, which we therefore dis-
cuss here.

The first planetesimals likely formed according to a specific size
frequency distribution (Johansen et al., 2007; Cuzzi, Hogan, and Shar-
iff, 2008; Chambers, 2010; Simon et al., 2016). Recent planetesimal
formation models can produce bodies via the streaming instability
or turbulent concentration mechanisms within the first few million
years in the solar nebula (Cuzzi, Hogan, and Shariff, 2008; Chambers,
2010; Carrera, Johansen, and Davies, 2015; Drazkowska, Alibert, and
Moore, 2016; Schoonenberg and Ormel, 2017). Latest estimates of the
initial sFp from the streaming instability mechanism (Johansen et al,,
2015; Simon et al., 2016, 2017) converge on a power law dN/dRp ~
R;", with the number of bodies N, the planetesimal radius Rp, in-
dex g = 2.8 and without an obvious lower cut-off. These estimates
are consistent with the current distribution in the asteroid belt if ac-
cretionary growth of small bodies via collisions and/or pebble accre-
tion is considered (Weidenschilling, 2011; Lithwick, 2014; Johansen et
al., 2015; Morishima, 2017). In such a birth-srp, the bulk of the mass
resides in massive planetesimals, while the absolute number of low-
mass planetesimals exceeds the number of massive bodies by orders
of magnitude. Therefore, collisions among low-mass members of the
SFD outnumber interactions with one or between two massive mem-
bers, even if gravitational focusing is considered. This low-mass plan-
etesimal collision regime was most vulnerable to disruption during
collisions and thus presumably created much debris from hit-and-
run, erosive or (super-)catastrophic interactions (Asphaug, 2010; Lein-
hardt and Stewart, 2012).

The collisional dynamics and, therefore, the prevailing impact pa-
rameters crucially depend on the ambient disk conditions and the
nature of planet(esimal) growth (Wetherill and Stewart, 1989, 1993;
Kokubo and Ida, 1996, 1998; Weidenschilling, 2011; Johansen et al,,
2015). Importantly, in a growing planetesimal swarm the parameter
dominating the mean impact velocity among bodies is the size of
the largest body. The largest body stirs the velocity dispersion in the
swarm to its own escape velocity and the smallest bodies reach the
highest relative velocities (e.g., Schlichting and Sari, 2011). During the
disk stage, the velocity dispersion can be highly reduced due to gas
damping, which complicates reaching sufficient impact velocities to
generate chondrule melts. This problem originally motivated the idea
of chondrule formation from fully-molten planetesimals and the sole
reliance on 2°Al as a heat source for chondrule formation (Asphaug,
Jutzi, and Movshovitz, 2011; Sanders and Scott, 2012).

Therefore, producing chondrites as Nth generation planetesimals
from the collisional recycling of radiogenically preheated but undif-
ferentiated planetesimals required, first, continuous collisional re-
processing during the first few million years after the formation of
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the Sun. Second, sufficient velocity dispersions above the mean two-
body escape velocity of the lowest-mass members of the collisio-
nal planetesimal swarm (vesc < 0.1 km/s in the size regime evalu-
ated here) must have been triggered. Potential stirring mechanisms
to enable these enhanced mutual encounter velocities for low-mass
planetesimals are manifold, for instance early formation of plane-
tary embryos like Mars (Dauphas and Pourmand, 2011; Hasegawa et
al., 2016), migration of giant planets (Walsh et al., 2011; Izidoro et al,,
2016) and/or giant planets’ forming cores (Raymond et al., 2016), res-
onant excitations (Weidenschilling, Marzari, and Hood, 1998) or im-
plantation of planetesimals via scattering into the main belt region
(Bottke et al., 2006). These mechanisms depend strongly on the am-
bient gas density and become more efficient as the solar nebula dis-
perses over time, leading to decreased gas damping and allowing for
higher mutual velocities.

The absolute volume of low-mass planetesimals in our Solar sys-
tem was presumably minor compared to the material within massive
bodies (Johansen et al.,, 2015; Simon et al,, 2016). However, it was
subject to most destructive collision events among planetesimals in
terms of absolute numbers. Due to their larger cross-section and en-
hanced gravitational focusing, the largest bodies accreted the fastest
and thus presumably accumulated to form the terrestrial planets in
the inner Solar system (Wetherill and Stewart, 1989; Weidenschilling
et al.,, 1997). The low-mass bodies were dynamically excited by the
larger body-size population, which enhanced encounter rates. De-
pending on the planetesimal number and how they actually arrived
at specific locations in the disk (for instance, in-situ formation versus
implantation), the debris from low-mass collisions can dominate the
total local solid density and provide the environment for the make-
up of chondrite parent bodies as a result of collisionally recycled
low-mass or sub-canonical-?°Al planetesimals.

Recent observations and theoretical considerations estimate that
the solid pile-up within 'sweet spots’ in inner disk regions facilitated
planetesimal formation in confined bands (Drazkowska, Alibert, and
Moore, 2016; Andrews et al., 2016; Isella et al., 2016; Schoonenberg and
Ormel, 2017; Carrera et al., 2017). In such narrow planetesimal birth re-
gions with high solid density, efficient collisional processing can be
enhanced because of higher collisional cross-sections and average
encounter rates compared to the classical picture of disk-wide plan-
etesimal formation. In our model, collisions of chondrule-eligible
planetesimals preferentially produced a chondrule formation peak
at around t ~ 2 Myr after cais (Figure 6.8 and Supplementary fig-
ures). Although the exact timing depends on the parameter choice,
this peak is in very good agreement with the radiogenic ages deter-
mined for chondrules in meteorites (Villeneuve, Chaussidon, and Li-
bourel, 2009; Mishra and Chaussidon, 2014; Chaussidon and Liu, 2015,
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see chondrule geochronology, Section 6.4.4). In our models, the peak
reflects the temperature climax of planetesimals heated from 2°Al de-
cay (as suggested in Sanders and Scott, 2012). Many chondrules may
thus reflect collisional debris of low-mass and preheated planetes-
imals, whose material was not swept up by early oligarchs and sur-
vived in smaller bodies that comprise the asteroid belt today.

The asteroid belt today is significantly depleted in mass relative
to the terrestrial and giant planet regions of the Solar system. There-
fore, either the region was dynamically depleted early-on or the mass
depletion must be primordial (Bottke et al., 2006; Walsh et al., 2017;
Izidoro et al., 2016; Drazkowska, Alibert, and Moore, 2016; Morbidelli
and Raymond, 2016). In the latter case, this may be a suitable environ-
ment for the kind of dynamical processing we propose here and the
complextransition from S- to C-type asteroids (DeMeo et al., 2015). For
instance, recent studies suggest early mixing of silicate and ice-rich
planetesimals (Marrocchi et al., 2016). In this picture, planetesimals
may either form in lower numbers in the asteroid belt region or can
be implanted from inner and outer disk regions. Thus, they would
originate from distinct source reservoirs, as was suggested for iron
meteorites which may have formed pre-dominantly in the inner disk
region (Bottke et al., 2006).

6.4.3 Collision physics

In general, a complicating issue for estimates of debris generation is
that the effective amount of material excavated during the collision
depends on a variety of impact parameters, such as the impact ve-
locity, impact angle, mass ratio of the colliding bodies and material
compositions (Leinhardt and Stewart, 2009; Asphaug, 2010; Leinhardt
and Stewart, 2012; Movshovitz et al., 2016). In addition to the amount
of material ejected during the collision, it is important to understand
the energy distribution in the ejected fragments/droplets. This, in
turn, determines the thermal histories of chondrules produced in
the collision fragments (Figures 6.9 and Supplementary figures) and
is crucially dependent on the energy localization during the impact,
for which high-resolution three-dimensional numerical models are
required. The derivation of scaling laws that account for the com-
bined effects of ejecta size and energy distribution is a long-term
goal of the impact modeling community (e.g., Sevecek et al., 2017).
To our knowledge, at present there are no scaling laws that cover a
large parameter space and can be used to couple the interior evolu-
tion of planetesimals prior to collision with the energy injection and
material ejection during the collision.

Finally, we want to point out that, in the context of our semi-analytic
evolution-collision model impacts usually require Av = 0.5 km/s to
generate chondrule eligible material. However, using more advanced
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numerical collision models utilizing more realistic energy localization
together with a statistical or N-body growth model (e.g., Morbidelli et
al., 2009; Schlichting and Sari, 2011; Carter et al., 2015; Johansen et al.,
2015; Morishima, 2017) of the planetesimal swarm will enable much
lower collision velocities. As demonstrated by Wakita et al. (2017), col-
lisions among unheated planetesimals may already be close to gener-
ate chondrule eligible temperatures in the collision aftermath, there-
fore coupling both energy sources (collision and radiogenic heating)
will be even more capable of producing the correct conditions.

6.4.4 Geochemical perspective

In this section we review some important geo- and cosmochemical
constraints for the origin of chondrules and a potential collisional
origin. Many interpretations of the chondrule record with respect to
chondrule formation via collisions were already discussed in-depth
by Sanders and Scott (2012) and partly in Connolly and Jones (2016).
Even though these authors focused on fully-molten planetesimals
as chondrule precursors, many of their interpretations also apply to
the more moderate and realistic scenario of a radially heterogeneous
interior evolution of colliding planetesimals that did not reach the
magma ocean stage. Therefore, we will not repeat these arguments
here, but instead focus on issues that emerged in recent years or are
of direct consequence for our plead toward a more nuanced debate
of collision models for chondrule formation.

Chondrule geochronology

Based on various radiometric dating techniques, chondrules formed
during the first ~ 4-6 Myr after cais (Scott and Krot, 2014; Chaussidon
and Liu, 2015). The exact details, however, are debated. There is an
on-going debate in the cosmochemical community as to whether 2Al
was heterogeneously distributed in the protoplanetary disk (Larsen
etal.,, 2011; Schiller et al., 2015; Van Kooten et al., 2016; Kleine and Wad-
hwa, 2017). The consequences of a heterogeneous distribution are far
reaching. In the following we discuss the implications for chondrule
formation by collisions of preheated planetesimals for the case of (i)
a homogeneous distribution, and (ii) a heterogeneous distribution.

(i) Ahomogeneous?°Al distribution entails that precise Al-Mg ages
of chondrules can be obtained and these indicate a time gap
of At = 0.5-1.0 Myr between the formation of cais (at t ~ 0
Myr) and the onset of chondrule formation (Villeneuve, Chaus-
sidon, and Libourel, 2009; Kita and Ushikubo, 2012; Nagashima
et al., 2014; Chaussidon and Liu, 2015; Villeneuve, Libourel, and
Soulié, 2015). In Section 6.4.2 we argued that the apparent peak
in chondrule formation ages may be linked to the interior heat
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climax of 2°Al-heated planetesimals. However, for some param-
eter combinations our models do not produce a gap during the
first Myr after cal formation. The apparent time gap between cals
and chondrules could therefore reflect protracted planetesimal
formation after cais (Figure 6.6) and thus reduced 2°Al invento-
ries or alternatively insufficient debris ejection from collisions
during the early phase of high gas-damping. Delayed planetesi-
mal formation may be due to increasing dust-to-gas ratios with
time due to photoevaporation (Johansen, Youdin, and Mac Low,
2009; Carrera et al., 2017). Decreasing ambient gas densities also
allow for higher mutual velocities.

(i) Based on a heterogeneous distribution of 2°Al in our Solar sys-
tem, the cosmochemical record provides evidence for an ex-
tended period of chondrule formation, starting contemporane-
ously with cal formation over 3-4 Myr (Larsen et al., 2011; Con-
nelly et al., 2012; Schiller et al,, 2015; Van Kooten et al., 2016;
Connelly, Bollard, and Bizzarro, 2017). These results are inferred
from Pb-Pb ages of individual chondrules. In this context, no
gap needs to be reproduced, but the 2°Al inventory may be sub-
canonical everywhere in the disk except the cal forming region.
This would shift the thermomechanical regimes in Figure 6.6 but
would still allow for substantial radiogenic preheating depend-
ing on the local inventory of 2°Al at the time of planetesimal
formation or reaccretion.

Nucleosynthetic, chemical and petrographic constraints

Chemical and isotopic complementarity is a concept based on ele-
mental and isotopic studies of chondrules and matrix. Various ele-
mental and isotope compositions may be distinct in matrix and chon-
drules of a specific chondrite, but, when mixed together, complement
each other to nearly Cl-like composition (Bland et al., 2005; Hezel
and Palme, 2008, 2010; Palme, Hezel, and Ebel, 2015; Ebel et al., 2016).
This extends to W and Mo isotope variations derived from presolar
carriers, which may also be complementary in ‘matrix’ (defined as
fine-grained dust between chondrules) and chondrules (Becker et al.,
2015; Budde et al.,, 2016a,b). These relations are often claimed to rule
out particular chondrule formation mechanisms, such as a collisio-
nal origin of chondrules. Indeed, if complementarity of matrix and
chondrulesis real and indicates a genetic heritage linked by the chon-
drule formation process itself, this provides severe constraints on ev-
ery chondrule formation mechanism suggested to date. The technical
details and interpretations of the chondrule-matrix complementarity
hypothesis are controversially debated in the community and out of
the scope of this paper.
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In recent years, it was found that terrestrial bodies in the Solar
system exhibit distinct nucleosynthetic isotope signatures in, e.g., Zr
(Schonbachler et al.,, 2011; Akram et al., 2015), Ni (Regelous, Elliott,
and Coath, 2008; Steele et al., 2012), Cr (Trinquier, Birck, and Allégre,
2007; Trinquier et al., 2009; Olsen et al., 2016) and Mo (Burkhardt et al.,
2011). How can this be reconciled with the collisional origin of chon-
drules we put forward in this manuscript? In any accretion scenario
the most massive planetesimals and embryos preferentially served
as the early precursors of the planets. Therefore, the most massive
bodies were unavailable as meteorite parent bodies because they ei-
ther seeded the planet formation processes themselves or preferen-
tially interacted with the accreting protoplanets due to gravitational
focusing and enhanced geometrical encounter rates. Since accretion
mechanisms like planetesimal agglomeration or pebble accretion be-
come less efficient for smaller bodies, debris from low-mass plan-
etesimal collisions was presumably insufficient in mass to act as a
seed for planet formation. In light of chondrule formation from colli-
sions of low-mass planetesimals, chondrites can then be interpreted
as left-over material, which did not end up in planets. Instead, it ei-
ther formed small parent bodies by itself or was accreted onto other
relatively low-mass bodies. This implies that the materials sampled
in the meteoritic record were not important contributors to the chem-
ical bulk planet compositions in the Solar system. Importantly, in this
picture the chondrites sample qualitatively different material than
represented in the Earth and the other terrestrial planets. This is
consistent with nucleosynthetic signatures identified in meteorites,
which are distinct from those of bulk Earth (Burkhardt et al., 2011;
Akram et al., 2015; Palme and Zipfel, 2016).

In our model, age differences between chondrules of single chon-
drites can be attributed to, for instance, the storage of chondrules in
outer parts of planetesimals, later liberation during disruption of the
body and mixing with newly formed chondrules in the subsequent
reaccretion of a new parent body. On the other hand, if age gaps
in each chondrite group are narrow (as suggested by Alexander and
Ebel, 2012) chondrule variability in a parent body can be obtained
by mixing of debris ejecta from several chondrule-forming collisions
in one annulus. Furthermore, most material eligible for chondrule
formation, i.e., collisional debris, which is heated to Tpest > 1900 K
(Connolly and Jones, 2016; Alexander et al., 2008; Villeneuve, Libourel,
and Soulié, 2015) during one of the collisional cycles, not necessar-
ily (fully) re-melts during the reprocessing. This allows chondrules
to preserve relict grains - in agreement with the chondrule record
(Jones, 2012) — and generates further chondrule diversity due to vari-
able interaction of the ejected fragments with molten material and
vapor in the impact plume (Villeneuve, Libourel, and Soulié, 2015).
Moreover, each chondrite parent body sampled a distinct, isolated
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reservoir without much mixing with those of other chondrite parent
bodies (Jones, 2012). In the context of our model, this is a natural
consequence if each chondrite parent body sampled a distinct band
defined by the pile-up sweet spots for accretion (Drazkowska, Alibert,
and Moore, 2016; Schoonenberg and Ormel, 2017; Carrera et al., 2017)
or implantation (Bottke et al., 2006).

In our model, the ejection of material in the aftermath of the col-
lision resulted in disconnected droplet clouds (Dullemond, Stamm-
ler, and Johansen, 2014; Dullemond et al., 2016). The collision time
scale in Figure 6.4 (Section 6.3.1) is comparable to the time between
the heat-up of a precursor body during the collision and the separa-
tion of single droplets in the collisional aftermath. As shown in Figure
6.4, this time scale is orders of magnitudes shorter than the local dif-
fusion time scale of silicate material heated to high melt fractions,
i.e., to the peak temperatures of chondrules. Therefore, the cooling
droplets in the collisional aftermath preserved heterogeneous pri-
mordial nucleosynthetic signatures. Such distinct signatures are re-
ported within chondrules of the same meteorite (Olsen et al., 2016;
Bauer et al., 2016). As a further contribution, these variable chondrule
signatures can also originate from different impact events, which were
then mixed together during reaccretion in a subsequent accretion-
collision cycle. Repeated thermal recycling of chondrules is also in
line with recent studies of microchondrule formation (Bigolski et al.,
2016).

In summary, we would like to emphasize that our results regarding
the metal-silicate separation, chemical equilibration and the gener-
ation of variations among chondrules generally apply to both type |
(FeO-poor) and type Il (FeO-rich) chondrules. The presence of Fe,Ni
metal varies between different chondrite groups (Davidson et al., 2014;
Schrader et al., 2015) and the total amount of Fe,Ni metal within and
in the vicinity of chondrules may be related to the oxygen and sulfur
fugacity of the precursor body and the surrounding gaseous medium.
Importantly, any Fe,Ni, FeS or chemical and isotopic heterogeneity
present in precursor bodies before the chondrule-forming impact
event would have been erased in planetesimals that experienced a
magma ocean stage. As we have shown, however, it was possible to
preserve these anomalies in (at maximum) partially molten precursor
bodies that accreted from diverse nebular material.

6.4.5 Further constraints and outlook

Throughout this work we focused on geochemical and physical con-
ditions for planetary materials necessary to retain abundant Fe,Ni
metals, primordial isotopic and nucleosynthetic heterogeneities on a
chondrule-size scale and to achieve the required peak temperatures
for chondrule formation during planetesimal collisions. Further de-
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tailed work — both from modelers and experimentalists - is needed
to investigate the enigmatic nature of chondrules and its link to the
environment in the early solar nebula. For instance, under which cir-
cumstances can the post-collision droplet clouds satisfy the thermal
histories and moderately volatile element retention (e.g., Na and K)
of chondrules (Alexander et al., 2008; Dullemond, Stammler, and Jo-
hansen, 2014; Dullemond et al., 2016), in case the thermal histories de-
rived so far are reliable (Libourel and Portail, 2017)? Other important
issues relate to, e.g., the prevalence of porphyritic textures among
chondrules, varying chondrule distributions among different chon-
drite groups or the retention of relict grains. So far, there are only a
few examples of chondrules that show strong experimental evidence
for being generated by an impact (Krot et al., 2005; Marrocchi et al,,
2016). More detailed work on the thermo-physical conditions during
and after planetesimal impacts needs to be undertaken to compare
theoretical expectations with experimental evidence with the goal of
a sufficient set of evidence to either strengthen or rule out impacts
as a formation mechanism for the majority of chondrules.

6.5 CONCLUSIONS

In this manuscript we examined the formation of chondrules from
collisions of planetesimals, which were preheated from the radioac-
tive decay of 2°Al. First, we investigated the end-member scenario
of collisions between planetesimals heated to silicate melt fractions
above the rheological transition, i.e., with interior magma oceans. Us-
ing well-studied scaling relations of the metal rainfall mechanism
and the local diffusion time scale in convective silicate systems we
determined that such planetesimals

(i) cannot suspend significant amounts of Fe,Ni metal and, there-
fore, evolve to a physically differentiated structure,

and

(ii) rapidly equilibrated primordial chemical and nucleosynthetic
heterogeneities.

Therefore, we conclude that physically plausible impact splash in-
teractions between such bodies would have resulted in chondrule-
like but basaltic spherules, which are not observed in the meteoritic
record. Contrary to Asphaug (2017), we argue that this is a telltale-
sign that no such interactions took place in the early Solar system
and that planetesimals with large-scale interior magma oceans were
not abundant in the source reservoir of today’s asteroid main belt.
Potential reasons for this may be delayed planetesimal formation,
sub-canonical 2°Al abundances in the planetesimal formation region,
efficient heat source redistribution by migration of aluminum-rich
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Figure 621: Schematic illustration of the accretion-collision cycles during
which chondrules may form from impact splashes among ra-
diogenically preheated planetesimals. The impacts launched ex-
panding clouds of magma droplets (Dullemond, Stammler, and
Johansen, 2014; Dullemond et al,, 2016) in addition to melted
and unmelted debris, which subsequently cooled. The debris
then either re-accumulated or accreted onto a neighboring plan-
etesimal. Before forming the final chondrite parent bodies the
material could go through multiple cycles of liberation and re-
accumulation with varying degrees of injected energy and accu-
mulation time scales. Cold matrix material (not shown) from the
surrounding disk environment is accreted together with chon-
drules into the final chondrite parent body.

melts to the surface (Wilson and Keil, 2017), or widespread collisional
interactions of fully-molten bodies were prevented by environmen-
tal (disk conditions) or dynamical (collisional growth-related) mech-
anisms, for instance, efficient collisional recycling in the source reser-
voir of nowadays asteroid belt. Furthermore, it would imply that iron
meteorites would have been primarily formed via incomplete metal-
silicate differentiation or must originate from larger bodies than cur-
rently anticipated (Lyons et al., 2017). We suggest that these conclu-
sions can help to achieve a better understanding of the early dynami-
cal environment during the solar protoplanetary disk phase, because
it excludes the part of the parameter space that leads to widespread
generation of droplet-like and basaltic material feeding the asteroid
main belt.

We argue that the debate of a collisional (or ‘planetary’) origin
of chondrules needs to take into account the complications of the
combined planetesimal evolution and recycling efficiency during ac-
cretion. The early formation and reaccretion of planetesimals of low
mass and/or under sub-canonical 2°Al abundances opens the win-
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dow to a vast collisional parameter space, which may satisfy many
geo- and cosmochemical constraints derived from the meteoritic
record. We have sketched one such accretion-collision cycle to gen-
erate chondrules in Figure 6.11. In the future, the dynamical feasibil-
ity and implications of our proposed chondrule formation scenario
can be explored with astrophysical models that simultaneously solve
for a global planetesimal source system and achieve sufficiently high
mass resolution to resolve the low-mass bodies we focused on in this
work (e.g., Levison, Duncan, and Thommes, 2012; Morishima, 2017).

In summary, we propose that the linkage of the initial planetes-
imal size frequency distribution, formation time, interior evolution
and collisional recycling may be further used to constrain the forma-
tion of chondrules and subsequently the chondrite parent bodies.
The collisional chondrule formation scenario links the chondrule ori-
gin to the formation of the terrestrial planets and the Solar system
architecture we observe today. Details of the model - such as the ex-
act disk conditions necessary to create such an environment and the
thermo-physical processes and energy localization during collisions
- demand detailed physical and chemical models on many spatial
and temporal scales, which offer exciting new pathways for the study
of planet formation. These models need to be further synchronized
and tested against precise laboratory data and may ultimately lead
the way to a better understanding of the earliest environment of the
Solar nebula.
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Figure 6.12: Simulation outputs for planetesimal families with radii Rpax =
30 km and formation time regimes t,,., = (A) [0, 1.5], (B) [t-0.5,
1.5]and (C)[0.5,1.5] Myr. See Figure 6.8 for a detailed description.
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Figure 623: Simulation outputs for planetesimal families with radii Rpax =
50 km and formation time regimes as in Figure 6.12.

o
o

Pore2 P A — 20kmis o2 gui B — 20kmis Gore2 g c — 20kmis

e | =101, 1.5 Myr —— 15kmis | | tm=[05, 1.5 Myr — 15kmls | | tm = (05, 1.5 Myr — 15kmis .
§08 ] Rowx =100km —— 1.0kmfs | [Rnex=100km — 1.0kmis imax = 100 km — 1okmis [08 3
N 0.5 kmis 0.5 kmis 0.5 kmis s
p 06 g
5 5
3 3
S S
K 043
N N
T T
13 E
S E 5 E E E E 025
z z

00
0 1 2 3 4 50 1 2 3 4 50 1 2 3 4 5
Time after CAls ¢ [Myr] Time after CAls ¢ [Myr] Time after CAls ¢ [Myr]

Figure 6.24: Simulation outputs for planetesimal families with radii Rpax =
100 km and formation time regimes as in Figure 6.12.
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and (B) 2.0 km/s. Black represents unmelted, purple partially
melted, red chondrule-eligible (Tpost > Tehondrule) and yellow
metal-depleted material. (Compare Figure 6.9.)
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Figure 6.21: Thermal debris distribution for collision models with Ryax =100
km, torm = [t-0.7, 1.5] Myr and collision velocities of (A) 1.0 km/s
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metal-depleted material. (Compare Figure 6.9.)
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rocRy protoplanets from 2°Al-heating.”

ABSTRACT

The formation and distribution of Earth-like planets remains poorly
constrained. However, stochasticity during accretion (Raymond and
Izidoro, 2017; Alibert and Benz, 2017) and the variety of exoplanet com-
positions (Kaltenegger, 2017; Millholland, Wang, and Laughlin, 2017)
favor rocky worlds covered in thick volatile ice layers (Kuchner, 2003;
Léger et al., 2004) as the dominant family of terrestrial analogues
(Tian and Ida, 2015; Ramirez and Levi, 2018), deviating from the water-
poor inner-Solar system planets. Here, we demonstrate the power
of 26Al, a short-lived radionuclide abundant in the early Solar system
(Grimm and McSween, 1993), to control the water content of terrestrial
exoplanets. Using numerical models of planet formation, evolution,
and interior structure, we generate synthetic planet populations that
are subject to a varying degree of 2°Al-heating during accretion. We
show that planet bulk water fraction and radius are anti-correlated
with the host system’s 2°Al levels. This yields a system-wide correla-
tion (Millholland, Wang, and Laughlin, 2017) of bulk abundances, and
is consistent with the location-independent scarcity of water within
the TRAPPIST-1 planets (Grimm et al., 2018). The generic sensitivity of
exoplanet observables (Millholland, Wang, and Laughlin, 2017; Weiss
et al,, 2018) on primordial 2°Al inferred from our models suggests two
distinct classes of rocky exoplanets: high-2°Al systems form small,
water-depleted planets, those devoid of 2°Al form ocean worlds, with
the mean planet radii deviating by up to ~10%.

71 INTRODUCTION

Theoretical models of water content (Ciesla et al., 2015; Tian and Ida,
2015; Raymond and lzidoro, 2017; Alibert and Benz, 2017), and bulk
abundances inferred for the extrasolar planet population (Kalteneg-
ger, 2017; Dorn, Hinkel, and Venturini, 2017) consistently yield water
fractions orders of magnitude higher than observed for Earth (fi1,0,Earth
~ 1073) Peslier et al., 2018. Because of the limited water solubility in
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the interior of rocky planets, bulk water fractions on the order fi,0 2
O(wt%) result in a qualitatively different evolution compared to the
Solar system terrestrial planets, including the absence of continents
on the surface (Cowan and Abbot, 2014), deep global water oceans (Al-
ibert, 2014; Noack, Snellen, and Rauer, 2017; Kite and Ford, 2018), and
high-pressure ice layers that hinder interior-atmosphere exchange
(Kuchner, 2003; Léger et al,, 2004; Unterborn et al., 2018; Tian and
Ida, 2015; Kite and Ford, 2018). However, the few exoplanets in the
rocky regime (Rp < 1.7 Rgarth, Mp < 8 Mgarn) that are best character-
ized, most notably the TRAPPIST-1 planets, are consistent with fy,0
< 5 wt% (Grimm et al., 2018). These compositions require a system-
wide dehydration mechanism. During accretion, the total volatile in-
ventory of planets may be sculpted by impacts (Marcus et al., 2010;
Genda and Abe, 2003), but stochastically depends on the size, volatile
fraction, and collision frequency of the impactors themselves. Later
atmospheric loss processes are not efficient enough to systematically
balance water abundances above a few to tens of Earth oceans, and
become less efficient for fi,0 = wt% (Kuchner, 2003; Tian and Ida,
2015; Luger and Barnes, 2015; Bourrier et al., 2017). Therefore, the
system-wide magnitude of water supply during accretion primarily
controls the bulk water mass fraction of planets.

Relative to exoplanets, the Solar system’s accretion history is tightly
constrained (Morbidelli et al., 2016; Raymond and Izidoro, 2017). Us-
ing geochemical evidence from meteorites, we can infer the thermo-
chemical evolution of planetesimals, the building blocks of terres-
trial planets, during accretion (Grimm and McSween, 1993; Monteux
et al., 2018). The interior evolution of planetesimals during the first
~2 Myr after the condensation of the oldest known solids, the Ca,Al-
rich inclusions (CAls), was dominated by radiogenic heating from 20Al
(t1 /22641 ~ 0.72 Myr) and led to silicate melting, interior magma oceans
(Fu and Elkins-Tanton, 2014; Lichtenberg et al., 2016, 2018), and de-
gassing of primordial water ice abundances (Monteux et al., 2018). In
general, water is delivered to rocky planets by the accretion of ice-
rich planetesimals from beyond the water snowline that either enter
the planetary feeding zone during migration or are scattered inwards
by gas giants such as (proto-)Jupiter (Raymond and Izidoro, 2017).

72 METHODS

Here, we quantify the control of 2°Al-dehydration of planetesimals
with radii 1-100 km on the water content of rocky exoplanets. We com-
bine models of planet formation (Benz et al., 2014) with 2°Al-induced
water loss from planetesimals during the main accretion phase (Mon-
teux et al., 2018). From these we generate synthetic planet popula-
tions with internal structures defined by the planets’ composition
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(Mordasini et al., 2012), which relate the formation pathway to the
planet radius (Extended methods).

In our models, initially Moon-sized protoplanets grow from plan-
etesimals and gas within their local feeding zone in the protoplane-
tary disk. We consider G (1 M) and M-type (0.2 M) stars with appro-
priate disk masses and structures. Planetesimal orbits are influenced
by self-interaction, stirring by nearby embryos and gas drag. The pro-
toplanets migrate according to type | and Il regimes, depending on
their mass and physical structure of the disk. The initial location of
the embryos and the starting disk structure and boundaries are ran-
domized to reflect the diversity found in observed young planetary
systems (Ansdell et al., 2016).

Planetesimals are icy beyond the static snowline and dry inside.
The initial water mass fraction of planetesimals beyond the snowline
in our models decreases in time due to dehydration from internal
radiogenic heating, for which we compute the planetesimal interior
and thermal evolution. During heat-up of a primordial water ice-rock
mixture, ices melt and react with the ambient rock (Castillo-Rogez
and Young, 2017). The liquid water undergoes pore water convection
and escapes quickly once the gas phase is reached (Grimm and Mc-
Sween, 1993), but a small fraction of water is trapped in hydrous sil-
icate phases. Therefore, we numerically account for dehydration at
even higher temperatures, when a planetesimal sub-volume in our
models reaches temperatures above the amphibolite stability field
(Fu and Elkins-Tanton, 2014), T > T4y, = 1223 K. At this point, even the
most heat-resistant hydrous mineral phases break down, and the ex-
solved water vapor is lost quasi-instantaneously — planetesimals of
this size cannot preserve an outgassed atmosphere. Such complete
water-loss reduces the planetesimal bulk density and thus mass, and
ultimately the surface density of solids available for embryos to ac-
crete over time, which we account for in the dynamic accretion model
(Extended methods).

The accretion dynamics of terrestrial planets depends on the initial
size frequency distribution of planetesimals that accrete onto proto-
planets. In addition, the average planetesimal radii influence water-
loss due to internal heating because of less efficient heat-loss with
larger body size (Lichtenberg et al., 2016, 2018; Castillo-Rogez and
Young, 2017; Monteux et al., 2018). The dehydration efficiency from
radiogenic heating is controlled by the amount of 2°Al incorporated
upon planetesimal formation, which may vary substantially among
planetary systems (Lichtenberg, Parker, and Meyer, 2016). We account
for this potential variability by generating synthetic populations with
different planetesimal radii, Tplts = 3, 10, 50 km, and initial 2°Al abun-
dances between 2°Aly = [041, 10] x 2°Al, with 2°Al., the Solar system’s
‘canonical’ 2°Al/?’Al at CAl formation (Extended methods), and com-
pare them to the nominal case without 2°Al-heating.
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Figure 7.1: Dehydration of icy planetesimals from 2°Al-heating and resulting
influence on planet water abundance. (a) Time-resolved water re-
tention for planetesimals of 3,10 and 50 km radius with 20Aly = [0.1,
10] x 2°Al. Larger planetesimals with more 2°Al loose their water
faster and to a greater degree. (b) Final state of water retention.
2671, at planetesimal formation can be translated into planetesi-
mal formation time after CAls for Solar system objects. The orange
line depicts the lowest mass planetesimals inferred for the early
Solar system planetesimal population (Delbo et al., 2017). (c) Shift
in planet bulk water abundances for specific planetesimal config-
urations from a and b, for planet masses Mp = [0.1, 10] X Mgarih,
and fy,0 > 0. The water retention in planetesimals from a and b
is correlated with the final retained water in ¢ (color scales in b
and c are equal). Thus, planetary systems tend to reflect the water
lost from planetesimals during accretion due to 2°Al-heating.

The control of 2°Al, and Tplts ON the retention of water within plan-
etesimals and resulting planet populations from a given set of ini-
tial conditions are shown in Figure 7.1. Planetesimals with larger rpy
and higher 2°Al, dehydrate faster and up to 100% for extreme values.
Rooted in our conservative choice for dehydration, the total water
loss divides the parameter range into two distinct regimes. The first
consists of almost pristine water-rock ratios for small planetesimals
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with low 2°Aly. However, for 2°Al 2 %Al and planetesimals with 7y

2 10 km,

Planet mass Mp [Mg,]

water loss is nearly complete (Figure 7.1a,b).
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Gradual desiccation as a function of 2°Al, for planets with fi,0
> 0. For increasing 2°Aly and ry5, the bulk planet water fraction
fr,0 decreases systematically. For Mp > 0.1 Mg, and rpys = 50
km, the fi1,0 histogram on top shows approximately one order of
magnitude deviation between planets formed devoid of 2°Al and
with 26A1 > 26A.,. Only the latter cases increasingly populate the
terrestrial planet regime with fi,0 < wt%. The blue points from
the populations with zero 2°Al, only rarely and stochastically form
planets with low water mass fractions, which are all due to rapid
inward migration. The clustering for 2°Al, = 0 at the maximum wa-
ter mass fraction is inherited from our chosen initial composition
of planetesimals beyond the snowline (Extended methods). It is
important to note that the areas of clustering locate the maxi-
mum water mass fractions for a given planet mass within a syn-
thetic population, i.e., planets that are formed entirely beyond
the snowline. For example, all planets from the synthetic popu-
lation with 7,y = 3 km, and 2°Aly = 10 x %Al show water mass
fractions fipo < 15 wt% for Mp > 04 Mg,g,. M stars (b) on aver-
age form lower mass planets because of lower disk masses. The
TRAPPIST-1 planets, as inferred by Grimm et al. (2018), are consis-
tent with being formed in a planetary system with 2°Aly > 2°Al,
and rpys 2 10 km.

For distinct combinations of *Aly and rpys, we simulate the influ-
ence on the expected planet population for planet masses Mp = [04,
10] X Mgan (Figure 7.1¢). Because the timescale for water-loss caused
by 26Al-heating is shorter than the accretion timescale by up to an or-
der of magnitude, most planetesimals sufficiently 2°Al-enriched are
dry when they accrete onto protoplanets. Therefore, the final planet
water mass fractions are correlated with the retained water fraction
in planetesimals due to 2°Al heating.
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Planet desiccation caused by the accretion of ever-more dehydrated
planetesimals reduces the inherent scatter and range in fi,0 in the
synthetic planet populations (cf. Figure 7.1c and Figure 7.2a,b). For
fixed planetesimal radius and increasing 2°Alo, accreting planets re-
ceive more relative mass contribution from dry objects and end up
water-depleted relative to nominal conditions.

In the Solar system, the initial planetesimal size frequency distri-
bution is expected to have been dominated by bodies with rp,ys 2, 30~
50 km (Delbo et al., 2017). For such bodies and larger, the equilibrium
between radiogenic heating and surface cooling stabilizes internal
temperatures for an extended timespan at spatially isothermal condi-
tions (Lichtenberg et al., 2016; Castillo-Rogez and Young, 2017). There-
fore, the fractional dehydration in Figure 7.1b converges above 7y 2
50 km and becomes nearly independent of planetesimal size. In the
50 km cases, dehydration is dominantly controlled by %Al and gen-
erates a dichotomy between planets in not-enriched systems (blue
histogram on top in Figure 7.2) and systems that are enriched with
26l > 2°Al, (black and red histograms on top in Figure 7.2). M and G
stars overall display the same trend, but M stars form smaller planets
on average, due to smaller and less massive disks.

The emerging trend from our simulations is illustrated in Figure 7.3,
with a clear distinction between planetary systems that are signif-
icantly enriched (%°Aly > 2°Al.), and those that are not. In general,
26A| is expected to be abundant in the galaxy (Adams, 2010) but likely
inhomogeneously distributed (Kuffmeier et al., 2016), with the Sun
at the higher-end tail of the distribution (Lichtenberg, Parker, and
Meyer, 2016). According to our simulations, planets in enriched sys-
tems grow from ever-more dehydrated planetesimals and form desic-
cated planetsin their terrestrial planet zone. Depending on the initial
planetesimal sizes, final planet water fractions are up to two orders of
magnitude below the initial planetesimal water mass fractions, and
are strongly correlated with the efficiency of dehydration during ac-
cretion (Figure 7).

Because the absolute volatile mass fraction of a planet has a dis-
proportionate influence on the internal structure of a planet (Dorn,
Hinkel, and Venturini, 2017; Noack, Snellen, and Rauer, 2017; Unter-
born et al., 2018), we anticipate the resulting smaller radii for lower
water mass fraction to be reflected in the global exoplanet popu-
lation. For deviations in planet water fractions predicted here, the
thickness of the volatile layer on top of the silicate mantle consti-
tutes several per cent of the radius (Kuchner, 2003; Léger et al., 2004;
Alibert, 2014; Noack, Snellen, and Rauer, 2017). We calculate this devia-
tion in our synthetic populations by translating the derived planetary
masses and compositions into a mean radius in a given mass bin (Fig-
ure 7.3b, top) using interior structure models that are sensitive to the
total planet mass, its water and (captured) hydrogen/helium mass
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Figure 7.3: Qualitative sketch of the effects of 2°Al enrichment on plane-
tary accretion and mean-radius shift for varying 2°Al,. (a, bottom)
Planetary systems devoid of 2°Al tend to accrete from water-rich
planetesimals that result in global oceans and potentially high-
pressure ice layers that separate interior and atmosphere. Plane-
tary systems with 26Aly > 20Al., accrete from dehydrating plan-
etesimals and acquire moderate water abundances relative to
systems devoid of 2°Al. The arrows indicate proceeding accretion
(middle), planetesimal water content (bottom right, blue-brown),
and live 2°Al (bottom right, red-white). (b, top) Quantitative pre-
dictions for planetary mean transit radii (Extended methods) for
given mass bins in planetary systems with 2°Al, normalized to the
case completely devoid of 2°Al. Empty symbols indicate radius de-
viations for planets with f,o > 0, filled symbols include also com-
pletely dry planets that formed entirely inside of the water snow-
line. For varying selection criteria, the planet radii per mass bin
among the high-end tail of 2°Al-enriched systems deviate from
not-enriched systems by up to ~10 %.
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fraction, and the surface pressure (Mordasini et al., 2012) (Extended
methods). For the entire populations of planets among G and M stars,
the radius deviation reaches up to 2% for 1 x 2°Al., and with 10 x
%A, or Tplts = 50 km goes to ~4% deviation for Mars-sized planets.
If we only consider planets that accrete a minimum amount of water
(planets that receive some mass contribution from beyond the ice-
line), with 10 x %Al or 1 x 2Alg with 7,y = 50 km, the mean-radius
shift can reach up to ~10%. Planetary systems with high 2°Al, (*°Al,
> 1-10 x 2Al.) form water-depleted planets and with system-wide
smaller radii compared to the not-enriched population.

Such deviations are measurable by ESA’s PLATO mission (Rauer et
al., 2014), which will aim to detect a statistical ensemble of planetary
radii within the rocky planet regime. However, the intrinsic composi-
tional scatter in the inferred mean densities from known exoplanets
suggests a large stochastic component in the planet formation pro-
cess. Yet, recent analyses of data based on Kepler multi-planet sys-
tems provided strong evidence for intra-system correlation between
planetary radii (Millholland, Wang, and Laughlin, 2017; Weiss et al.,
2018). Therefore, the fate and long-term structure of planets seems
to be dominated by physical and chemical effects on a system-to-
system level, rather than emerging from intra-system stochasticity
during accretion, such as impact stripping. As a result, with access to
a statistical ensemble of low-mass planet radii, the high-end tail of
26Al-enriched systems, where planetary radii deviate by several per
cent, may stick out from the mean of the population.

For example, the system-wide water depletion of the TRAPPIST-1
planets, all featuring fi,0 < 5% (Grimm et al., 2018), is consistent with
> Solar 2°Al-induced desiccation (Figure 7.2). The atmospheres of the
TRAPPIST-1 planets seem to be secondary (de Wit et al., 2018), and
may have lost several Earth ocean equivalents of water (Luger and
Barnes, 2015; Bourrier et al.,, 2017). However, to account for the con-
sistency of the outermost planets e-h with Earth-like volatile abun-
dances, and near-uniformity of their water mass fractions, an order
of magnitude depletion mechanism, such as suggested here, must
affect all of the planets independent of their incident stellar fluxes.
Therefore, the retrieved water mass fractions of the TRAPPIST-1 plan-
ets are unexpected from formation and evolution models for ultra-
cool M stars (Tian and Ida, 2015; Luger and Barnes, 2015; Ciesla et
al., 2015; Ormel, Liu, and Schoonenberg, 2017; Alibert and Benz, 2017;
Unterborn et al., 2018), and present a severe challenge for current
planet formation scenarios. The 2°Al-desiccation mechanism we put
forward achieves system-wide water depletion for Gand M stars with-
out the need to fit specific accretion dynamics, as it has been pro-
posed (Ormel, Liu, and Schoonenberg, 2017; Unterborn et al., 2018).



7.4 SUMMARY & CONCLUSIONS 151

7.4 SUMMARY & CONCLUSIONS

In summary, our models suggest that the level of 2°Al-enrichment of
planetary systems fundamentally shapes the efficiency of water de-
livery during accretion, and thus the structure and long-term fate of
terrestrial planets. We demonstrate that planetary systems with 2°Al
abundances similar to or higher than the Solar system generically
form terrestrial planets with low water mass fractions fi,0 < O(wt%).
Not-enriched systems, which may comprise the majority of planetary
systems in the galaxy (Lichtenberg, Parker, and Meyer, 2016), tend to
be dominated by water mass fractions 2 tens of wt%. This effect is
more pronounced for more distant planets, as embryos in these re-
gions grow preferentially from initially water-rich planetesimals, and
are unlikely to be affected by atmospheric loss processes.

For a non-uniform distribution of 2°Al in Milky Way star-forming re-
gions, our models suggest that 2°Al-desiccation of protoplanets cre-
ates two qualitatively distinct classes of planetary systems: water-
poor (*°Al-enriched) and water-rich (*°Al-poor) systems. We predict
a systematic mean-radius deviation for sub-Earth terrestrial planets
between these classes, which can be statistically detected with future
transit surveys.

7.5 EXTENDED METHODS
7.51 Planetesimal dehydration

We model water loss from instantaneously-formed planetesimals com-
posed of a rock-ice mixture using numerical models that employ a
conservative finite-differences, fully-staggered grid method coupled
to a marker-in-cell approach (Gerya and Yuen, 2007; Golabek, Bour-
don, and Gerya, 2014). The thermo-chemical evolution of planetesi-
mals is computed in a 2D infinite cylinder geometry on a cartesian
grid, solving the Poisson, continuity, Stokes and energy conservation
equations. We assume the planetesimals to be accreted with the tem-
perature of the protoplanetary disk beyond the water snowline, Ty =
150 K, which is kept constant during the evolution of the planetesi-
mal utilizing the free-surface ‘sticky-air’ method (Crameri et al., 2012).
Heating is provided by the decay of 2°Al, which defines the radiogenic
heat source term over time

H%Al(t) = fal- (26A1/27A1)0 BINE eXP(—t/T26A1)/TzeA1, (7)

with the chondritic abundance of aluminum, f4; (Lodders, 2003), the
ratio of 2°Al to stable %Al at the time of planetesimal formation, 2°Al,
= (26AL/¥ Al)o, the decay energy, Ex 5, = 3.12 MeV (Castillo-Rogez et al.,
2009), and the mean lifetime, s,; = 1.03 Myr. We ignore any poten-
tial heat contribution from ®Fe, which may further boost radiogenic
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heating rates in extrasolar systems (Lichtenberg, Parker, and Meyer,
2016; Nicholson and Parker, 2017). If the planetesimal interior reaches
temperatures beyond the rock disaggregation threshold at a silicate
melt fraction of ¢ 2> 0.4 Costa, Caricchi, and Bagdassarov, 2009, where
the rock viscosity drops by more than ten orders or magnitude, we ap-
proximate the thermal conductivity in the soft turbulence limit (Sig-
gia, 1994) with

keff = (Q/089)3/2 : aliqgcp/(Aszsﬂnum)/ (7-2)

with the convective heat flux, g, the temperature difference across
nodes, AT, silicate density, ps, thermal expansivity of silicates, Xliqy
silicate heat capacity, cp, local gravity, g(x,y), and lower cut-off vis-
cosity, #num- FOr numerical values used and further details and refer-
ences on the code see Lichtenberg et al. (2016). The initial planetes-
imal water fraction beyond the snowline is expected to be between
~5 wt% (Ciesla et al., 2015; O'Brien et al., 2018), the water content of
carbonaceous chondrites, and ~50 wt%, as suggested by equilibrium
condensation calculations (Lodders, 2003). Here, we adopt a value
closer to the upper estimate, fi1,0 = 30 wt%, but our calculations only
marginally depend on the adopted value.

We assume complete dehydration of the planetesimal (sub-)volume
if its temperature rises above Ty, = 1223 K (Fu and Elkins-Tanton,
2014), the upper limit of the amphibolite stability field, which are the
most heat-resistant hydrous silicate phases. Doing so, we do not re-
solve potential earlier water-loss from degassing (Castillo-Rogez and
Young, 2017), or residual volatiles above Ty, (Fu et al,, 2017). Using
these assumptions, we compute the expected volume ratio of dehy-
drated to primordial water-rock mixture, fi,0(t) = 1 — Viry (t) / Vpitss
with the dry volume, Vg, and the total planetesimal volume, Vg, at
a given time t.

7.5.2 Planet formation

We compute the formation of planets and generate our synthetic
planet populations using an updated version of the model of Alib-
ert et al. (2005). The computer code numerically treats the structure
and evolution of the protoplanetary disk, the dynamical properties
and accretion rate of planetesimals onto accreting protoplanets, the
planetary envelope structure and disk-planet interactions Mordasini,
Alibert, and Benz, 2009; Mordasini et al., 2009; Mordasini et al., 2015;
Benz et al., 2014. Here, we provide a brief summary of the most im-
portant code modules used in this work.

The protoplanetary disk model relies on the Shakura-Sunyaev (Sha-
kura and Sunyaev, 1973) disk viscosity approximation (agg = 2 X
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1073) and computes the surface density evolution over time by solv-
ing the radial diffusion equation
d 390 0 _ . )
G ror [7’1/287,1/27’1/2} + Xw + Qplanets (7.3)
with the surface density, ¥, orbital radius, r, effective viscosity, 7, and
gas accretion onto embryos, Qplanet, calculated from removing gas in
an annulus centered on the embryo with a width of one Hill radius,

Ry = Aplanet [Mplanet/(3Mstar)] 13 ’ (7-4)
with the planet semi-major axis, apjanet, Planet mass, Myjanet, and star
mass, M. Mass loss due to internal (EUV) photoevaporation %,
(Clarke, Gendrin, and Sotomayor, 2001) is set « r~°/2 outside of a
gravitational radius of ~ 5 au and external (FUV) photoevaporation
(Matsuyama, Johnstone, and Hartmann, 2003) is constant outside of
~ 140 au, with the total mass loss being a free model parameter. The
model used to represent the planetesimal disk relies on the initial
central temperature and pressure from the disk model to compute
the location of the water snowline, thereby neglecting radial drift of
planetesimals (Sasselov and Lecar, 2000) and that of the snowline.
Drift timescales for planetesimals larger than 1 km exceed the disk
lifetime by orders of magnitude (Weidenschilling, 1977).

We consider rocky planetesimals (pplts = Drock = 3200 kg/m?3) inside,
and rock-ice aggregates (pplts = PH20 fH20 + Prock[1 — fi20]) beyond
the snowline, which accrete onto planetary embryos. The residual
water mass fraction fy,o(t) computed from the internal evolution
(Section 7.5.1) is translated into a decreasing planetesimal density
Poits and disk surface density X, by reducing the planetesimal den-
Sity as pplts(t) = fHZO/rock(O)pHZO(t) + prock[l - fHZO/rock(O)]r where
fi,0/r0ck(0) = 0.3 is the initial total water-to-rock ratio. The solid
surface density available for embryos to accrete thus changes with

Zs(t) = Z‘S(O) : (fHZO/rock(O) 'fHZO(t) + [1 _fHZO/rock(O)]) : ( )
7.5

In our nominal model, a single embryo of initially lunar mass, M =
0.0123 Mg, is placed randomly between an inner and outer orbit
(see Table 7.1), with a dry composition inside the snowline, and wet
outside. It starts accreting solids and gas, and may migrate in the type
land Il regime, depending on the embryo mass and physical structure
of the disk at a given orbit (Dittkrist et al., 2014). The solid accretion
rate (Inaba et al., 2001; Inaba and Ikoma, 2003) takes into account the
captured atmosphere. Planetesimal excitation and damping is com-
puted by taking into account self interactions and damping by gas
drag (Fortier et al., 2013). Gas accretion due to planetary contraction
is considered using a dust opacity reduction factor of 0.01 compared
to interstellar values (Pollack et al., 1996; Alibert et al., 2013).
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G star settings are identical to the Sun’s values. The properties for
the M star runs are scaled down. We choose a fixed mass of Mg =
0.2 M, for the M stars. The radius of the star is set to

Rstar - (Mstar /M®)0'945R®/ (7-6)
with luminosity (Demircan and Kahraman, 1991)
Lstar = 0-628<Mstar/M®)2.62L®z (7-7)

and temperature

Tstar = Q/Lstar/(éln—RgtarU')/ (78)

with stellar radius, Ry, Stellar mass, Mgy, and Stefan-Boltzmann
constant, ¢. The disk dimensions, exponential cut-off radius and the
embryo placement boundaries (Table 7.1) are reduced to account for
the lower masses and sizes of M star disks. Thus, initially all embryos
form closer to the star compared to the G star populations. The initial
disk mass follows the scaling law (Alibert, Mordasini, and Benz, 2011)

Mygjgk (Mstar/MQ)LZ/ (7-9)

with the internal photoevaporation rate adapted to match similar
mean lifetimes compared to the G star simulations. In reality, these
could be longer for M stars, which would increase the efficiency of
the 2°Al-dehydration mechanism further.

7.5.3 Interior structure & evolution

The interior structure and the long-term evolution of the planets is
calculated as described in Mordasini et al. (2012) by solving the clas-
sical 1-dimensional radially symmetric interior structure equations
of mass conservation, hydrostatic equilibrium, and energy transport
(Bodenheimer and Pollack, 1986)

?;: = 4711, (710)
JoP Gm
F = —rTP/ (717)
oT T oP
= =53 V(TP (712)

where ris the radial distance from the planet’s center, m the enclosed
mass, P the pressure, p the density, and G the gravitational constant.
The intrinsic luminosity of a planet is assumed to be constant as a
function of the planet radius. The gradient V depends on the process
by which the energy is transported (radiative diffusion or convection).

These calculations yield the radii of the planets given their mass
and bulk composition, namely the mass fractions of iron, silicates,
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water, and H/He. These quantities are yielded by the planet forma-
tion and planetesimal dehydration models. For the H/He envelope,
the equation of state of Saumon, Chabrier, and Horn (1995) is used to
solve the structure equations, while for the solid part of the planet,
including the water content, the modified polytropic equations of
state of Seager et al. (2007) are employed. The transit radius is es-
timated as in Guillot (2010).

The loss of the primordial H/He envelope by atmospheric escape
is considered in the energy- and radiation-recombination-limited ap-
proximation as described in Jin et al. (2014) and results in the loss of
the H/He for low-mass planets at smaller orbital distances. For such
planets without H/He, the radius depends strongly on the water mass
fraction (Jin and Mordasini, 2018) and thus reveals the dehydration
caused by different contents of 2°AL.

7.5.4 Parameter space

From gamma-ray observations (Smith, 2003) and the compositional
inventory of planetary debris around white dwarfs (Jura, Xu, and Young,
2013; Jura and Young, 2014) there is evidence for a widespread dis-
tribution of 2°Al in the galaxy. Because 2°Al can only be produced
in @ massive star with Mgy = 20Mg, the stellar initial mass func-
tion in conjunction with the dynamics in young star-forming regions
suggests a strongly non-uniform enrichment pattern (Adams, 2010;
Adams, Fatuzzo, and Holden, 2014; Gounelle, 2015; Pfalzner et al., 2015;
Lichtenberg, Parker, and Meyer, 2016; Kuffmeier et al., 2016; Parker,
Lichtenberg, and Quanz, 2017; Nicholson and Parker, 2017; Dwarkadas
et al., 2017) with order of magnitude deviations from the Solar sys-
tem’s ‘canonical’ 2°Al value of 2°Al., = 2°Al/?Al = 5.25 x 107 (Kita et
al., 2013). To account for these variations, we consider values in the
range 2°Aly = [04, 10] x 2°Al.,. In addition to initial 2°Al abundance, the
radii of planetesimals during accretion yield different thermal evolu-
tionary sequences and thus dehydration patterns (Lichtenberg et al.,
2016; Monteux et al., 2018). Here, we test values in the range Tplts = [,
100] km. However, we note that from asteroid-belt inferences and nu-
merical studies of the streaming instability mechanism, radii larger
than > 30-50 km (Johansen et al., 2015; Klahr and Schreiber, 2016; Si-
mon et al., 2017; Delbo et al., 2017; Tsirvoulis et al., 2018) are expected.
The most important parameters for this study are listed in Table 71,
all others are identical to Lichtenberg et al. (2016) and Monteux et al.
(2018).

The innermost radius of the disk is of the order 0.1 au and can
vary over time. Disk lifetimes are distributed around 5 Myr, which is
controlled via the photoevaporation rate (Fortier et al., 2013) and in
agreement with current disk surveys (Meng et al., 2017; Kral, Clarke,
and Wyatt, 2017). We vary in a Monte Carlo fashion (Mordasini, Alibert,
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Parameter Value/Range Unit

267\l abundance 20Al, [0, 10] 20A1,,
Planetesimal radii rpys [1, 100] km
Helium fraction 0.24 non-dim.
Planetesimal water fraction 0.3 non-dim.
A gisk-ViSCOSity 2x1073 non-dim.
Initial embryo mass 0.0123 MEarth
G-star embryo range [0.05, 40] au
M-star embryo range [0.00855, 23.4] au

Table 7.1: Parameters for the planetesimal interior and planet formation
model.

and Benz, 2009) the disk mass, lifetime, dust-to-gas ratio and the
exponential cut-off radius (Mordasini et al., 2012) to represent the
diversity found in nature Andrews et al., 2010; Ansdell et al., 2016.
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Part IV

CONCLUSIONS & FUTURE RESEARCH

What did I learn and find out over the course of this thesis?
In this final part | summarize the main conclusions from
each of the sections. | point out the linking elements and
how each of the separate topics are connected in a grand
view. Finally, | draw general conclusions, interpret my find-
ings in light of the exoplanet population, and offer possi-
ble avenues for future research.
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81 GRAND CONTEXT

Where is everyone? Did the cosmic party of all life happen without
us?' Or was never anyone else around? If there is a bottleneck, is it
before or behind us (Chopra and Lineweaver, 2016; Nicholson et al.,
2018)?

Sometime between ~4.5-3.9 Gyr ago, life emerged on planet Earth
(Pearce et al., 2018). Compared to this 200-800 million year timespan
for the origin of life on one planet with suitable environmental condi-
tions, the age of the universe of ~13.8 Gyr multiplied by the probably
vast number of planets seems to offer infinite opportunity for a cos-
mic neighborhood teeming with life. In the grand view of things, the
Solar system appears to be just one iteration of the zillions of plane-
tary systems in our home galaxy. However, it is the place we happen
to originate from and spend our entire lives. Compared to cosmic
scales, we are confined to see the spectacle out there through the
narrow perspective of a water-filled, oxygen-addicted mammal that
partly disengaged from its primary procreative destiny just the frac-
tion of a second ago. Naturally, our understanding grows slowly and
follows the patterns we find around us, the ones we can understand
the best.

The work | presented in this thesis tried to contribute to the - first
slow, now ever-more rapid - broadening of our cosmic horizon. Rocky
planets, the only places where we are sure life can exist, are complex
entities. All four rocky planets in the Solar system — Mercury, Venus,
Earth and Mars - are strikingly different from each other in structural
and compositional properties, and so must be their histories. Luck-
ily, since the beginning of the exoplanet revolution we are not con-
fined anymore to our tiny speckle of stellar debris in the Solar sys-
tem. We can peek out to check what else is there, and compare it with
our home planet and its siblings. We can eventually find out whether
Earth really is a special place out there, or if we find, once again, that
itis not as special as we deemed it to be. As | pointed out in Chapter1,
we are just at the very beginning of placing the Solar system into the
wider context of exoplanetary systems. At the time of writing, June 19,
2018, the global race to detect Earth-like worlds is ongoing. Despite
frequent media headlines about a postulated detection of Earth 2.0,
we still did not find an exoplanet that matches Earth in the most

Perhaps that would be best for everyone involved, since homo ‘sapiens’ showcased
a devastating record in dealing with other beings so far.
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important basic characteristics, such as mass, radius, distance to its
central star, similar stellar mass and age, and finally, composition;
not even considering characteristics that are currently impossible to
probe, like tectonic mode (Tackley et al., 2013; Noack and Breuer, 2014;
Stamenkovic and Seager, 2016).

This is where | want to position the work of this thesis. Even with
ever-increasing observational capabilities, our knowledge surround-
ing extrasolar planets will always remain limited compared to the
Solar system planets. The best we can work toward in the next sev-
eral years is to collect data as precise as possible on mass and radius,
and if we are lucky enough and can allocate enough telescope time,
a glimpse of the atmospheric composition, possibly only the upper-
most layers at most (Kreidberg et al., 2014; Sing et al., 2016). Therefore,
an in-depth analysis of the exoplanet population needs to make use
of the entirety of resources and knowledge we can lay our hands on.
This means we must aim to understand as much as possible of the
entire life cycle and evolutionary regimes of planets.

Aplanet’s current thermo-physical state depends on how it evolved
to this certain point. Take Earth as an example: there is now ample
evidence for multiple periods of extended glaciation over Earth’s his-
tory, so-called snowball episodes (Hoffman et al., 2017), during which
its habitability? may have been severely limited. Therefore, the cur-
rent atmospheric regime and surface conditions of a planet do not
necessarily constrain its entire life cycle. On a planetary system level,
dynamic instabilities may or may not lead to episodes of frequent
bombardment (Boehnke and Harrison, 2016; Morbidelli et al., 2018)
and render rocky planets’ surfaces hellish wastelands for extended
periods of time. As a result of this, we need to strategically invest into
a planetary systems science approach (Pierrehumbert, 2013; Scharf,
Fischer, and Meadows, 2018; Apai et al., 2018) that draws synergies
from relevant disciplines in order to gain a holistic understanding of
planetary growth and evolution. In the following section, | will outline
how the collective findings of this thesis contribute to this long-term
goal.

8.2 CHAPTER SUMMARY
8.21 Parti

CHAPTER 2 | started out with modeling the isotope enrichment of
forming planetary systems with 2°Al and ®°Fe, the two most crucial
SLRs in terms of internal heating of rocky bodies. My work here fo-
cused on intermediate to dense star-forming regions, which are ex-
pected to be the nurseries of the majority of stars in the Milky Way

Which | define in this context as the propensity of a planet for biogenesis, or support
of already existing life forms.
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galaxy. While the stars form, the most massive stars go supernova and
eject the material that was fused inside them to the surroundings, en-
riching the disks of lower-mass stars that are actively forming planets.
| calculated the effectiveness of this process and derived a distribu-
tion function for maximum sLr enrichment. | found a distribution di-
chotomy between planetary systems, where disks are either strongly
enriched to Solar system-like levels with 2°Al, or not enriched at all.
The relative fraction of these two regimes varies depending on the
morphology of the star-forming region, but typically yields fractions
of enriched systems on the order of ~5-10%.

CHAPTER 3 Motivated by the recent developmentsin the astronom-
ical community - the hypothesized existence of a formerly unknown
super-Earth-sized planet ('Planet 9’) in the outer Solar system, we
calculated the odds that it was captured from the Sun’s star-forming
region instead of having formed within the Solar system. Because
of its distant orbit, the potential origin of Planet 9 is under heavy
debate and may either give us further clues on early Solar system
accretion dynamics, or reveal some interaction with the Sun’s envi-
ronment during planet growth. We found the chances for a capture
of a free-floating planet to be relatively low for a typical environment
of ayoung star, less than a few per cent. In addition, when taking into
account that the Solar system must have passed by a massive star to
become enriched in sLRs, this chance drops further, to literally astro-
nomically low numbers. This may either mean that Planet 9 formed
in the inner Solar system, or that it simply does not exist. At the time
of writing, June 19, 2018, no direct observational signature of Planet
9 has been found, but surveys are on-going.

8.2.2 Partii

CHAPTER 4 The formation mechanism of terrestrial planets’ seeds

in the disk, planetesimals, is still debated: they likely formed from

some sort of rapid gravitational collapse of dense dust grain clouds.
Inthis part of the thesis, | investigated the thermal evolution of rapidly
formed planetesimals resulting from the presence of short-lived ra-
dionuclides, in particular 2°Al. Formerly it was hypothesized that the

macroporosity of the material that is acquired during collapse would

critically alter the thermal regime of the planetesimals and there-
fore influence their chemical evolution. Here, | showed that macro-
porosity is only of secondary importance and presented evolutionary

regimes for planetesimals of various sizes and formation times. The

timing of the formation and the subsequent evolution of the silicate

material, including the formation of internal magma oceans, yields

critical insights for forming planets and on-going planetary science

missions to asteroid belt objects.
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CHAPTER 5 On a bulk scale, the chemical differentiation of plan-
etesimals reveals insights into the origin of meteorites and therefore
about how early planetary materials in the Solar system were pro-
cessed. This, in turn, helps us to distinguish between different models
of planetary formation. In this project, | followed-up on the evolution
of the silicate melt that arises in planetesimals during internal sili-
cate melting phases using a novel computational method from petro-
logical sciences. | found that during the first ~1 Myr after cals internal
magma oceans were prevalent in planetesimals. In bodies formed at
~1 Myr after cals, incipient melts would ascent rapidly to the surface,
perhaps resulting in extensive volcanism on the surface of planetesi-
mals. These findings suggest qualitatively distinct evolutionary paths
for rocky planetesimals in the early solar system, and may represent
two different regimes of core formation in early protoplanets.

8.2.3 Partiii

CHAPTER 6 The internal chemical evolution of planetesimals is al-
tered during planet growth by frequent mutual collisions. It is thought
that the the world’s meteorite collection represents the remnants of
the planet building materials. The most pristine of them display pecu-
liar signs of silicate melt droplet inclusions — chondrules. In this chap-
ter, | connected the thermal planetesimal evolution to the debris cre-
ated in planetesimal collision events. Namely, if and how the debris it-
self may be consistent with forming the melt droplets in space follow-
ing reaccretion onto the parent bodies of the meteorites. | found that
the materials within early-formed planetesimals undergo the afore-
mentioned magma ocean stages, resulting in rapid metal-silicate sep-
aration and isotopic equilibration. The chemical signatures found in
chondritic meteorites are inconsistent with this kind of thermochem-
ical processing. This finding puts tight constraints on the source ma-
terial for meteorites because in the classical accretion paradigm col-
lisions are a generic outcome of planet growth and should populate
the Solar system solid material with vast amounts of such chondrule-
inconsistent material. Because of the complete absence of material
created from magma ocean planetesimal collisions, the real chon-
drite material must come from a different source than the material
that formed the planets. Interaction between these reservoirs must
have been limited and separated by either time, space, or both.

CHAPTER 7 Inthe final chapter, | related the evolution of planetes-
imals during planet formation to the compositional properties of
extrasolar planets in a general framework. Planetesimals that form
beyond the water snowline in the disk deliver water to the growing
planets during accretion. When the host system of a planet is en-
riched in SLRs to a certain degree, the internal heating dehydrated
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the planetesimals rapidly. In this chapter, | calculate upper limits for
planetesimals to retain their water during accretion and relate the
efficiency of dehydration to the final bulk water fractions of planets.
| showed that in planetesimal-based accretion settings the result-
ing planet’'s water fractions are strongly correlated with the dehydra-
tion of planetesimals and are therefore anti-correlated with initial
SLR abundances. Combining these outcomes with interior structure
models of the planets, | derived predictions for planet populations
subject to various degrees of radiogenic heating and showed that
populations with Solar system-like or higher sLr levels are substan-
tially depleted in water relative to not-enriched planetary systems.
The anticipated shift in mean planet radii due to the lack of extended
surface water layers for Moon- to Earth-sized planets can be up to
several per cent. With the near-future arrival of transit surveys that
are sensitive to this planet regime, we may be able to find a statistical
trace of sLrR-dehydration in the exoplanet population. This will enable
us to disentangle planetary systems that are strongly enriched and
harbor relatively dry planets from not-enriched planet systems that
dominantly form ocean worlds.

8.3 GENERAL CONCLUSIONS

To summarize, this thesis spanned several orders of magnitudes in
space and time throughout planet formation: from parsec scales in
star-forming regions down to mm-cm scales during chondrule-form-
ing events in the early Solar nebula, from a broad perspective of
accretion disks to the dynamical interactions among forming proto-
planets. Having investigated details of the accretion process in the
Solar system, | then extended the regime to the exoplanet popula-
tion. Taken at face value, what is the outcome from all these projects
combined?

In Chapter 2, | calculated that 2°Al and ®°Fe should show a dichoto-
mous distribution among planetary systems. Therefore, the potential
for heating in exo-planetesimals, and therefore internal differentia-
tion and volatile loss, should follow this picture if the formation of
planetesimals can be expected to be rapid, as in the Solar system
(cf. Chapter 9). That means that the thermochemical evolution and
growth in planetary systems can be divided into two regimes:

Type | planetary systems that are strongly enriched (~ Solar sys-
tem levels and higher in integrated sLrR heating, including ®°Fe) are
populated with planetesimals that are strongly heated from within.
Simplified, these systems tend to form cores on smaller bodies, and
dehydrate from intense radiogenic heating. As a result, these systems
form lower-mass planets with lower volatile fractions in the terres-
trial planet region.
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Type Il not-enriched systems form extended metallic cores only
when the accretion energy is sufficient to allow internal melting to
segregate silicates and metal. Small planetesimals always retain their
primordial water abundances and the resulting terrestrial planets ac-
quire substantial amounts of water, exceeding the storage capacity of
silicate mantles by orders of magnitude — ocean worlds.

Deviations on this level between the two classes yield striking im-
plications for the propensity of planetary systems to form Earth-like
planets. In particular, the bulk chemistry of the rocky material would
be altered during the accretion stage. Changes in the bulk composi-
tion of planets on the order of magnitude level, as suggested here,
predicts different evolutionary pathsin planetary systems depending
on the presence and level of SLrs at the time of planetesimal forma-
tion and planet accretion. On a more detailed level, the anticipated
changes between the two planetary system types can be more subtle
and require a closer discussion of the accretion physics and redis-
tribution of material. Therefore, | will connect a discussion of these
processes with limitations of the results presented in this thesis and
suggestions for future research in the next and final chapter.
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To conclude, | discuss critical issues of the projects | carried out in
a general framework, and suggest avenues for future research that
can help to sharpen our understanding of planet formation and evo-
lution. The grouping here deviates slightly from the thesis section, in
order to allow for a more natural flow of the argumentation.

91 ENVIRONMENT OF PLANET-FORMING SYSTEMS

In Chapter 2 and 3, | covered two general topics. The first is the star-
forming environment of planet-forming disks and the planets that
form in them. The second is the relation of the Solar system to the
general initial conditions of protoplanetary disks and their distribu-
tion, which is of particular importance in relation to the Solar sys-
tem’s abundances in SLRrs. As discussed by Nittler and Ciesla (2016),
the Solar system enrichment channel is debated in the literature,
with authors leaning either toward a single late-stage event after for-
mation of the protoplanetary disk (as put forward in this thesis) or a
pre-enrichment of the Solar system material in a triggering scenario.
Recent literature focused on the discrepancy in the initial 2°Al/®Fe
value as measured in meteorites versus predicted rates from stel-
lar evolution models. As pointed out by Adams, Fatuzzo, and Holden
(2014), however, the uncertainties in the predicted ®°Fe production
rates are significant and may attenuate the problem. On the other
hand, the enhanced 2°Al abundances in stellar winds, as pointed out
by Young (2014), were neglected in former literature. Because 2°Al and
®Fe are formed at different depths within Wolf-Rayet stars, the 2°Al
carried away by the winds therefore decouple the 2°Al abundances
from the 2°Al/%Fe ratio predicted from supernova models. However,
for their interstellar material mixing models, Young (2014) assumed
that Wolf-Rayet stars do not expel material into the surrounding in-
terstellar medium in a supernova event, for which there may be op-
posing observations (Gal-Yam et al., 2014).

In general, the late-stage enrichment of young planetary systems
regions requires complex models that take into account a multitude
of physical effects that are complex to treat in conjunction. In this the-
sis work, | expanded on the direct disk-injection model with N-body
simulations that can handle the substructure of star-forming regions.
However, | did not take into account the additional contamination
with winds, as described above. In addition to the winds, which may
shift the regimes derived here toward more enriched systems (with
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perhaps varying 2°Al/%°Fe ratios), the potential age spreads in young
clusters (Reggiani et al., 2011; Cottaar, Meyer, and Parker, 2012) may
shift the timing of disk-enrichment to be in better consistency with
evidence for rapid planetesimal formation in the early Solar nebula
(Dauphas and Pourmand, 2011; Kruijer et al., 2014).

From the perspective of the Solar system meteoritic record, these
parameters are crucial for the early and brief formation time interval
of cals, the abundance of FUN-cals without 2°Al, the (in-)homogeneity
of 2°Al in the disk and its outer truncation radius, and thus absolute
mass budget (Portegies Zwart et al., 2018). In relation to the composi-
tional budget for planets stored in planetesimals, SLRs may contribute
significantly to the ionization rate in disks, and therefore the chemical
evolution of volatiles before accretion onto planetesimals (Eistrup,
Walsh, and van Dishoeck, 2016), which may alter the expected abun-
dances for exoplanet atmospheres with and without 2°Al in the host
planetary system.

9.2 EVOLUTION OF ROCKY PLANETS' BUILDING BLOCKS

The internal evolution of accreting rocky planets is inherently lim-
ited by the assumptions about their growth history. In this work, in
chapters 4, 5 and 6, | followed the currently favored scenario of rapid
planetesimal formation with limited subsequent growth, which is jus-
tified in a scenario dominated by planetesimal formation from the
streaming instability mechanism (Johansen et al., 2015; Simon et al,,
2017). However, since the accretion physics of pebbles and the guid-
ing parameters are still uncertain, it will be beneficial in the future to
investigate how the interior evolution of planetesimals responds to
steady growth from accreting dust particles (Visser and Ormel, 2016;
Hughes and Boley, 2017; Ormel, 2017).

As an additional step, smaller or larger impacts need to be taken
into account, which can alter the planetesimal thermal regime, if it
survives the impact (Ciesla et al.,, 2013). In Chapter 6, | have used a
minimalistic treatment of these effects, which in the future requires
renewed efforts to couple internal evolution with impacts and addi-
tional pebble growth to deliver us a more complete picture of the
thermal and chemical evolution of accreting and growing planetesi-
mals.

From a purely petrological and geophysical perspective, all ther-
mal models employed to date suffered from severe methodological
shortcomings when dealing with chemical differentiation, both for
core-mantle segregation and the exsolution of volatiles such as wa-
ter. In chapter 4, | did the first step toward having a more petrologi-
cally robust model of chemical differentiation by introducing several
phases (liquid-solid) that are subdivided into various components.
Ideally an updated model should consider both solid and liquid sil-
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icates and iron/nickel, and volatile phases. As to the last issue, in
Chapter 7, | employed a simplified dehydration criterion, which en-
abled me to calculate upper limits for water retention. In fact, dehy-
dration of planetesimals should commence at much lower tempera-
tures, where part of the melting water ice is lost via pore water con-
vection and outgassing, and parts react with the ambient rock to form
phyllosilicates. However, investigating a more complete picture rele-
vant for planetary accretion requires combining the aforementioned
growth and destruction mechanisms with a thermochemically consis-
tent treatment of water-rock reaction kinetics and gas escape from
the planetesimals (Castillo-Rogez and Young, 2017).

9.3 PLANETARY ACCRETION, COMPOSITION & LONG-TERM EVOLU-
TION

From a planet formation perspective, Chapter 6 expanded on the cur-
rent knowledge surrounding the earliest planetesimal families and
the accretion dynamics in the Solar protoplanetary disk. We need to
understand when planetesimals form, how their size frequency dis-
tribution is constructed and how they interact dynamically with each
other in order to draw an ever-complete picture of planetary growth
(Benz et al., 2014; Johansen et al., 2015; Drazkowska and Alibert, 2017;
Alibert, 2017; Chambers, 2016; Chambers, 2017). Unraveling the Solar
system planets’ accretion in extreme detail (relative to extrasolar sys-
tems) is imperative to be able to predict global patterns in the exo-
planet census. Vice versa, the exoplanet census will refine our picture
of Solar system accretion once we will be able to probe the terrestrial
exoplanet regime.

Planets are formed and evolve through the complex interplay of
physics and chemistry (Foley and Driscoll, 2016). Understanding uni-
versal trends in the exoplanet population will require a global and
transdisciplinary endeavor into the unknown. In the upcoming years,
with increasing numbers of characterized rocky planets, we may find
and understand currently unknown parametric controls and inter-
plays, such as the shift in planet water abundances as suggested in
Chapter 7. Trends in composition, and perhaps accretion dynamics,
in addition to the orbital parameters and system architecture will be
guiding our understanding in the years to come. Probing planetary
systems as a whole will require refinements of planet formation and
evolution theory and can be tested against in-depth characterization
of planetary archetypes (Jontof-Hutter et al., 2015; Demory et al., 2016;
Gillon et al., 2017; Santerne et al., 2018) in conjunction with statistical
analysis of the complete exoplanet census (Fulton et al., 2017; Weiss
et al., 2018; Millholland, Wang, and Laughlin, 2017) to usher into the
era of comparative statistical exoplanetology.
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How are the earliest surface environments on rocky planets con-
structed? What are the primary atmospheric and interior dynamics
regimes? How frequent are giant impacts such as the Moon-forming
impact in Earth’s history? With the forthcoming era of exciting new
ground- and space-based observatories, such as TESS, CHEOPS, WFIRST,
JWST, OSIRIS-REX, the ELTs, PLATO, Lucy, Psyche, and ARIEL, we are at
the edge to unravel ever-deeper mysteries of planetary environments
in the universe.

If we are lucky and continue to educate ourselves and keep our
home planet intact, perhaps what we find will not only bring a scien-
tific revolution, but also a revolution of our self-perception.

Tim Lichtenberg
June 19, 2018, Zurich
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