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Popular summary

Planet formation takes place in discs of gas, dust and ice around young stars. is
process is not completely understood but the first step is believed to be growth
from µm-sized dust grains into mm-cm-sized pebbles by coagulating collisions.
At these sizes pebble-pebble collisions result in bouncing or fragmentation rather
than sticking and the growth stops. As the pebbles orbit the star they feel drag
from the surrounding gas which cause them to drift, on short timescales, into the
star. It has, however, also been proposed that gas can help planet formation by
concentrating pebbles into gravitationally bound overdensities or clouds.

My work focus on the collapse of such pebble clouds into planetesimals (solid
bodies of sizes ∼1-1,000 km). During the collapse, pebbles collide with each
other and, depending on pebble sizes and speeds, such collisions have different
outcomes (coagulation, bouncing, mass transfer or fragmentation). I have in-
vestigated the process of these collapses with numerical simulations and how the
interior structure of the resulting planetesimals varies with e.g. planetesimal size
and composition.

In the Solar System the asteroids, Kuiper belt objects as well as comets are remnant
planetesimals (planet building blocks) from the time of planet formation. Plan-
etesimals have different sizes and are formed at different distances from the Sun,
resulting in a different environments and history. erefore these remnant plan-
etesimals have different interiors. Asteroids formed closer do the Sun in a warmer
and more crowded region. ey have therefore undergone plenty of collisions and
are today dense and lack ices. Kuiper belt objects and comets, on the other hand,
have spent their time in the cold, sparse outer regions of the Solar System and
remain primordial making them better to compare with my work.

v



vi Popular summary

e results of my research suggest that the collapse is heavily dependent on the
mass of the cloud and the size of the pebbles. Low-mass clouds do not experience
any fragmenting pebble collisions and result in porous pebble-piles. More massive
pebble clouds, on the other hand, have pebble collisions resulting in fragmentation
during its collapse and end up as a more compact mixture of pebbles and dust.
ese results agree with the observation that the density of Kuiper belt objects
increases with mass. ey also agree with measurements of the high porosity of the
comet 67P/Churyumov-Gerasimenko and the low internal strength of the comet
Shoemaker-Levy 9, which was pulled apart by Jupiter's tidal forces in 1994.



Populärvetenskaplig
sammanfattning

Bildandet av planeter äger rum i skivor av gas, stoft och is runt nybildade stjärnor.
Den här processen är inte helt förstådd men det första steget tros vara växten
från µm-stora stoftkorn till mm-cm-stora småstenar genom sammanväxande kol-
lisioner. Vid de här storlekarna studsar stenarna eller går sönder snarare än fastnar i
varandra när de kolliderar så tillväxten avstannar. Dessutom känner stenarna luft-
motstånd från gasen i skivan vilket gör att de driver in i stjärnan på korta tidsskalor.
Det har, dock, också föreslagits att gasen kan hjälpa planetbildningen genom att
samla de små stenarna i gravitationellt bundna moln.

Mitt arbete fokuserar på kollapsen av sådana moln av småstenar till planetesimaler
(∼1-1,000 km-stora fasta kroppar). Under kollapsen kolliderar småstenarna med
varandra och, beroende på storlek och fart, har sådana kollisioner olika följder (de
kan fastna, studsa, byta massa eller gå sönder). Jag har undersökt den här kollap-
sprocessen med numeriska simuleringar och hur de resulterande planetesimalernas
inre varierar med t.ex. planetesimalens storlek och beståndsdelar.

I solsystemet är asteroider, Kuiperbältsobjekt såväl som kometer kvarlevande plan-
etesimaler (byggstenar till planeter) från eran av planetbildning. Planetesimaler
har olika storlek och bildades olika långt ifrån solen vilket ger de olika omgivning
och historia. Därför ser dessa kvarlevande planetesimalers inre olika ut. Asteroider
bildades närmare solen i ett varamare och trängre område. Det gör att det har varit
med om många kollisioner och är idag kompakta och saknar is. Kuiperbältsob-
jekt och kometer, å andra sidan, har levt sina liv i de kalla, glesa yttre delarna av
solsystemet och har förblivit opåverkade vilket gör de bättre att jämföra med mitt

vii



viii Populärvetenskaplig sammanfattning

arbete.

Resultaten av min forskning visar att kollapsen är starkt beroende av både molnets
massa och storleken på stenarna. Stenmoln med låg massa har bara kollisioner
där stenar studsar mot varandra och slutar som en porös hög av småsten. Mer
massiva moln, å andra sidan, har kollisioner där stenarna går sönder under sin
kollaps vilket resulterar in en mer kompakt blandning av småsten och stoft. De
här resultaten stämmer överens med observationen att Kuiperbältsobjekt är mer
kompakta ju större de är. De överensstämmer också med mätningarna av kome-
ten 67P/Churyumov-Gerasimenkos höga porositet och den dåliga hållbarheten av
kometen Shoemaker-Levy 9 som slets isär av Jupiters tidvattenkrafter 1994.
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Research context





Chapter 1

Planetesimals in the Solar System

1.1 Trails of Solar System formation

Our Solar System is a stable configuration of multiple planets orbiting the Sun, a
common star in the Milky Way galaxy, and can be seen as the result of a planet
formation process that took place ∼4.5 billion years ago. Planets are often di-
vided into different species: terrestrial planets without a significant gas envelope
(Mercury, Venus, the Earth and Mars), envelope dominated gas giants (Jupiter
and Saturn) and core dominated ice giants (Uranus and Neptune). e order of
the planets (small planets closer to the Sun) suggests that the mass of a planet is a
function of its distance to its star.

Today, trails of the Solar System formation (in addition to the Sun and the plan-
ets) can be found in the form of remnant planetesimals, planet building blocks,
that never formed planets. Such objects are e.g. asteroids in the asteroid belt in
between the orbits of Mars and Jupiter and trans-Neptunian objects outside the
orbit of Neptune (e.g. the Kuiper belt and the Oort cloud, Luu & Jewitt 2002).
e number density of objects in the asteroid belt is significantly higher and the
orbital timescale is shorter compared to the Kuiper belt. is results in a history
of collisions between asteroids, which, in turn, give asteroids a processed interior.
Kuiper belt objects (KBOs), on the other hand, have undergone much fewer col-
lisions and are believed to be primordial from the Solar System formation.

1



2 CHAPTER 1. PLANETESIMALS IN THE SOLAR SYSTEM

e Kuiper belt is a planetesimal belt stretching between ∼30-50 AU containing
∼0.01-0.1 M⊕ of material. Depending on their orbital properties, Kuiper belt
objects are split into different categories: classical KBOs, resonant KBOs, cen-
taurs and scattered disc objects (Chiang et al. 2007). Classical KBOs have 'cold'
orbits (low eccentricities and inclinations) and spend all their time outside the
orbit of Neptune. Resonant KBOs have orbits in mean motion resonance with
Neptune. ere, objects were trapped in this resonance during migration of the
giant planets early in the Solar System history as suggested by the Nice model (e.g.
Gomes et al. 2005). Centaurs have orbits with a pericentre inside the orbit of
Neptune. ese objects are easily perturbed by a giant planet and can result in a
Jupiter family comet. Finally, the scattered disc objects are objects on orbits with
high eccentricity and inclination that bring them close to the orbit of Neptune at
perihelion. Dwarf planets (e.g. Pluto and Eris) are also found in the Kuiper belt
and are thought to be protoplanets, large planetesimals, that never completed the
growth into full-grown planets. e Kuiper belt is also believed to be the origin
of other objects in the Solar System, such as Neptune's largest moon Triton (e.g.
Agnor & Hamilton 2006) and Jupiter family comets (e.g. Duncan et al. 1988;
Levison & Duncan 1997).

Observations and models suggest that KBOs are composed of a mixture of volatile
ices, refractory elements (e.g. silicates), organics and other carbonaceous matter
(McKinnon et al. 2008; Brown 2012). e most abundant volatile is water, fol-
lowed by CO and CO2. For refractory material, silicates and organics are most
abundant (e.g. the Stardust comet return sample, Brownlee et al. 2006). It should
be noted, however, that observations are only of the surface of the objects and
cannot measure the bulk composition. e objects in the Kuiper belt, as a whole,
have been observed to have a range of colours (e.g. Jewitt & Luu 1998; Wong &
Brown 2017). Components of binary KBOs, on the other hand, are observed to
have the same colours (Benecchi et al. 2009) and be of, roughly, equal mass. is
suggest that the components are made of the same material and that they were
formed together. Binary formation is possible in three-body encounters (Goldre-
ich et al. 2002), but in this case the components do not, necessarily, have the same
composition.

e bulk composition and the interior structure of KBOs are functions of many
parameters. e mass of a KBO is possible to measure if it has a satellite with
known orbit and the radius of the object can be measured in multiple ways (e.g.
by stellar occultations or thermal emission from the objects). Observations sug-
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gest that the density of KBOs is an increasing function of size (e.g. Brown 2013).
Densities range from less than 1 g cm−3 for bodies of a few hundred km up to
∼2.5 g cm−3 for massive objects (Eris). is suggests a difference in the interior
structure between low-mass and high-mass planetesimals, e.g. that more massive
objects have a higher rock fraction and/or are less porous. For even smaller KBOs,
e.g. comets, the bulk density has been measured to be even smaller (see Section
1.2). e interior structure of a KBO can evolve with time after it has formed.
Self-gravity works to compactify the body so to maintain a high internal porosity
the object either needs to be low-mass, to be made of large irregular chunks or
have high cohesion in contact points between particles.

A massive KBO has a small surface-to-volume ratio resulting in inefficient cooling.
is causes short-lived radioactive isotopes, such as 26Al, to be able to heat the ob-
ject enough for differentiation to occur. is is suggested to have happened for the
asteroid 4 Vesta (McCord et al. 1970) which was confirmed to be have been differ-
entiated at some point by the NASA Dawn mission (Russell et al. 2012). M-type
asteroids are thought to originate from the metallic cores of these differentiated
objects after fragmenting impacts. e M-type asteroids are, in turn, thought to
be the origin of iron meteorites found on Earth. ere are, however, other mech-
anisms to differentiate an object. Triton may have been differentiated through
heating by tidal interactions with its host, Neptune.

1.2 Comets

Comets are Solar System objects well suited for studying the formation of plane-
tary systems. Comets are remnant planetesimals from the formation of the Solar
System that have spent a majority of their life in low-density regions far from the
Sun and have had little experience of collisions. ey achieve their highly eccen-
tric orbits after a gravitational encounter with Neptune or with a large Kuiper belt
object, entering the inner Solar System, which allows for detailed observations
of these pristine planetesimals, e.g. by visiting spacecrafts. e lack of collisions
causes comet interiors and sub-surface layers to remain primordial (the surface
is processed by the increased sunlight at perihelion passages) and thus reflect the
structure of planetesimals during the Solar System formation era.

Dynamically, comets can, loosely, be split into two categories: short period (period
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Figure 1.1: Tidal break-up, by Jupiter, of the comet Shoemaker-Levy 9 in 1994.
e trail of 21 fragments stretched a length of three times the distance between
the Earth and Moon before impacting the planet. e comet was orbiting Jupiter
before getting disrupted. Credit: H. Weaver; E. Smith; NASA; ESA

<200 years) and long period comets (period>200 years). e short period comets
(e.g. Jupiter-family comets) are believed to originate from the Kuiper belt where
objects can have their orbits perturbed by the giant planets. Long-period comets
are thought to be objects formed close to the giant planets, scattered out in the
Oort cloud, trapped there by the tidal field of the galaxy and finally have their
orbits perturbed by the galaxy or stars passing by to achieve an eccentric orbit
again. e situation is, in reality, more complicated due to e.g. migration of the
giant planets in the Solar System and the ability for the Sun to capture objects
from other stars in its birth cluster (van Dishoeck et al. 2014).

e density of comet nuclei has beenmeasured to be very small. e Jupiter family
comet 67P/Churyumov-Gerasimenko (front cover), visited by the ESA spacecraft
Rosetta 2014-2016, has a density of∼0.53 g cm−3 (Pätzold et al. 2016) suggesting
a very high porosity. e dwarf planet Ceres, on the other hand, was visited by the
NASADawnmission 2015-2017 and found to be a compact object with a density
of ∼2.16 g cm−3 (Park et al. 2016). e comet Shoemaker-Levy 9 was tidally
disrupted in a close encounter with Jupiter in 1994 (Fig. 1.1). is indicates an
internal strength corresponding a rubble (or pebble)-pile (Asphaug & Benz 1996).

81P/Wild 2 is a comet that was visited by the NASA spacecraft Stardust in 2004.
e goal of the mission was to collect particles released from the comet into its
coma and return them to Earth. Investigations of the sample found material
both from the comet and interstellar dust grains. e silicate minerals forsterite
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Figure 1.2: Jupiter-family comet 103P/Hartley observed by the NASA mission
EPOXI. e comet was a target for the Deep Impact space probe, which had
previously visited the Tempel 1 comet and launched an impactor colliding with
its nucleus to study the comet. Credit: NASA/JPL-Caltech/UMD

(Mg2SiO4) and enstatite (Mg2SiO3) were found (Brownlee et al. 2006), as well as
calcium-aluminium-rich inclusions (Simon et al. 2008). ese minerals are also
found in meteorites on Earth and require high temperatures to form, which sug-
gest significant radial mixing in the solar nebula if comets form in the outer, cold
regions. Organic material was also found, most remarkably the amino acid glycine
(Elsila et al. 2009).

Comet nuclei are often observed to have a bi-lobal structure, e.g. 67P/Churyumov-
Gerasimenko (front cover) and 103P/Hartley (Fig. 1.2). is structure could
form either by two objects merging in a low-velocity collision or the erosion of
material from a single body to form a neck. Observations of 67P/Churyumov-
Gerasimenko, e.g. two 'onion'-shell structures centred around each lobe's individ-
ual centre-of-mass, favour the previous formation mechanism (Davidsson et al.
2016; Fulle et al. 2016b). e two-lobed structure may be a contact binary with
components formed together and gently merged (Massironi et al. 2015), but there
are also suggestions that this structure can form in a collision between two non-
related objects in the outer Solar System (Jutzi et al. 2017). Morbidelli & Rick-
man (2015) argue that comets are fragments from collisions between larger bodies.



6 CHAPTER 1. PLANETESIMALS IN THE SOLAR SYSTEM

ese collisions would have occurred before the dispersal of a denser transplane-
tary planetesimal disc due to giant planet migration (Nice model).

1.3 Recent space missions

Observational data on the structure of planetesimals in the outer Solar System have
increased dramatically recent years. e space probes Rosetta (ESA) and New
Horizons (NASA) have both reached their respective targets, the Jupiter family
comet 67P/Churyumov-Gerasimenko (hereafter 67P) and the dwarf planet Pluto.

Rosetta provided measurements of 67P for understanding the origin of planetesi-
mals. Images provided from OSIRIS (optical, spectroscopic and infrared imaging
system) and the lander Philae indicate that the bulk of the comet is made up of
cm-m-sized particles/pebbles (Sierks et al. 2015; Mottola et al. 2015). Gravity
measurements and radar tomography of 67P (Kofman et al. 2015; Pätzold et al.
2016) indicate an interior structure that is very porous (70%-75%, depending on
assumed dust-to-ice ratio) and homogeneous down to length scales <3 m. e
onion-like structure with shells centered on the centre-of-mass of each individual
lobe suggest 67P could be a contact binary (Massironi et al. 2015).

In its orbit around 67P, Rosetta detected particles flying of the surface of the
comet. OSIRIS observed pebbles with radii between 2 cm and 1 m (Rotundi
et al. 2015). Both compact (suggesting thermal processing) dust grains of sizes
.100 µm and fluffy, low-density (ρ ∼ 10−3 g cm−3), dust aggregates with radii
∼0.1-1 mm have been detected by the GIADA instrument (Fulle et al. 2015; Ro-
tundi et al. 2015). e COSIMA instrument collected dust aggregates onto plates
and analysed their interior structure. Easy fragmentation, suggests particles are not
composed of an ice-dust mixture and originate from an ice-free surface layer of the
comet (Schulz et al. 2015; Hilchenbach et al. 2016). A comet model with such
an ice-free surface layer has been has been presented (Skorov & Blum 2012) and
matches the observations of 67P (Gundlach et al. 2015). Porous particles suggest
a peaceful history for the comet without any major compression.

Even though believed to have been formed in the outer, cold, regions of the Solar
System, where volatiles like CO and CO2 can be found in solid form, observations
suggest that 67P is dominated by non-volatile elements (e.g. organics, Fulle et al.
2016a). is suggest comets are 'icy dirtballs' rather than 'dirty snowballs' we
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learned in school. Also Tempel 1, a comet visited by the NASA space probe Deep
Impact in 2005, was observed to be less icy than expected.

e New Horizons spacecraft flew by the icy planetesimal/dwarf planet Pluto in
July 2015. We find Pluto, with a diameter of∼2,400 km, on the other end of the
size range of KBOs. e fly-by showed a young surface of Pluto (Stern et al. 2015),
indicating heating and recent interior restructuring. Suggested sources of heating
are short- and long-lived radionuclides, while e.g. tidal interactions with Charon,
today, are insignificant (Moore et al. 2015). In contrast to comets, Pluto is likely to
be differentiated and has definitely not maintained its primordial structure. New
Horizons has received a new target, the mid-sized KBO 2014 MU69 (diameter
<45 km), which it is expected to arrive to in 2019 (Section 3.4 & Porter et al.
2015).





Chapter 2

Planet formation

2.1 Gaseous discs around newborn stars

Stars form in the gravitational collapse of giant molecular clouds. As a star grows
by accreting gas from the cloud, angular momentum is redistributed in the sur-
rounding envelope and, eventually, a gaseous disc orbiting the newborn star is
formed. In these protoplanetary discs, consisting of gas, dust and ices, the forma-
tion of planets takes place. Initial conditions for planet formation are determined
by the properties of the protoplanetary disc. Recent observations have put con-
straints on such properties, e.g. mass (∼0.01-10% of the host star mass, Andrews
&Williams 2005), composition and lifetime (∼few Myr, Haisch et al. 2001; Ma-
majek 2009; Ribas et al. 2015). e disc is eventually accreted onto the star or
evaporated into the interstellar medium so, considering the limited lifetime of the
disc, the planet formation timescale is greatly constrained.

With the help of the Atacama Large Milimeter/submilimeter Array (ALMA), a
single telescope consisting of an array of 66 antennae, it has in recent years become
possible to do observations of protoplanetary discs around young stars. ALMA is
sensitive to the thermal emission from dust in protoplanetary discs. Two such
observations are shown in Fig. 2.1. e dark bands in the images correspond to
lack of dust but not necessarily lack of larger solids or gas. ere are multiple
suggestions of how these gaps have formed. ey could be caused by e.g. the

9
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Figure 2.1: Observations of protoplanetary discs. e light observed at these
wavelengths are thermal radiation from the dust in the disc. Left: HL Tau, a
young star at a distance of∼140 pc. e radius of the disc is∼2,000 AU. Credit:
ESO. Right: TW Hydrae, a young star at a distance of ∼54 pc. e radius of the
disc is ∼100 AU. Credit: S. Andrews; B. Saxton; ESO

effects of planets in the disc (Akiyama et al. 2016; Dipierro et al. 2015) or dust
growth with/without drift (Okuzumi et al. 2016; Takahashi & Inutsuka 2016).

To investigate the formation of the Solar System we need a model of the pro-
toplanetary disc orbiting the Sun at the point of Solar System formation. One
such is the minimum mass solar nebula (MMSN, Hayashi 1981). e idea of
this model is to distribute all solids (rock and ice) in the Solar System (terrestrial
planets, giant planet cores, etc.) over the protoplanetary disc region and add gas
with a dust-to-gas ratio of 0.01. is result in a surface density profile,

Σ(r) = 1700 g cm−2
( r
AU

)−3/2
, (2.1)

where r is the distance from the star. One important thing, though, is that the
MMSN is an estimate of the disc from which the Solar System formed and not a
precise measure.
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2.2 Concentration of solids in gaseous discs

Formation of planets starts with the growth of µm-sized dust grains in gaseous
discs around newborn stars (Safronov 1969). Formation through the planetesimal
hypothesis is split into three stages:

1. Dust particles (µm-sized) to planetesimals (km). Particles collide, stick by
contact forces and grow into planetesimals, building blocks of planets.

2. Planetesimals (km) to protoplanets (1,000 km). Gravity between the objects
results in run-away accretion and further growth.

3. Protoplanets (1,000 km) to planets (10,000-100,000 km). Mutual gravity
causes growth by collisions between protoplanets. e process is here split
into two regimes. Giant planets require a ∼10 M⊕ core which can accrete
a gas envelope. e short lifetime of the disc (∼3 Myr) require this to be a
rapid process. Terrestrial planets, on the other hand, do not accrete gas and
can form on a longer timescale.

is model is not without problems, however. e dust particles in the disc can
collide with each other thanks to the relative motion caused by, e.g, Brownian
motion, turbulence, sedimentation to the midplane and radial drift. For small
particles surface forces, van der Waals forces, are strong enough for coagulation
to occur (e.g. Dominik & Tielens 1997). However, at some particle size (∼mm-
cm for silicate pebbles) collisions result in bouncing (Zsom et al. 2010) or, for
higher collision speeds, fragmentation (Brauer et al. 2008; Birnstiel et al. 2009).
is results in the bouncing barrier, hindering further growth. e nature of these
collisions is further discussed in Section 3.2.

Another issue is the sub-Keplerian velocity of the gas. In the protoplanetary disc
both temperature and pressure increase toward the star. is inward pressure gra-
dient results in an outwards force on the gas. is force balances the gravity, to a
small extent, and causes the gas to orbit sub-Keplerian (∼0.5% slower than Kep-
lerian, Adachi et al. 1976; Weidenschilling & Davis 1985). Solid pebbles are not
affected by the pressure gradient and feel a headwind from the gas. e resulting
drag force causes the pebbles to lose angular momentum and drift toward the star
(Whipple 1972; Weidenschilling 1977). More correctly, particles drift towards
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Figure 2.2: Particle column density, in a local shearing box of the protoplanetary
disc, at two points in time in a simulation of the streaming instability. Only five
orbits after self-gravity has been turned on, seven gravitationally bound pebble
clouds have formed. e mass of these clouds correspond to planetesimals with
radii∼100 km. Distances are measured in scale heights of the disc. Figure adapted
from Johansen et al. (2009b)

region of higher pressure in the disc. A metre-sized objects starting at 1 AU would
drift into the star in ∼100 yrs (Brauer et al. 2008).

e interactions between solids and gas in the protoplanetary disc are, however, a
double-edged sword. A lot of my contributions focus on the formation of plan-
etesimals through the collapse of gravitationally bound clouds of pebbles. is
requires high concentration of solid particles with density above the Roche den-
sity, given by

ρR =
9Ω2

4πG
, (2.2)

where Ω is the orbital frequency at given distance from the star andG is the gravita-
tional constant. e self-gravity of a concentration above this density wins against
tidal forces and such a cloud can contract and eventually collapse into a solid object
(Section 3.1).
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One suggested mechanism on how these pebble clouds form is the streaming in-
stability (Youdin & Goodman 2005). e streaming instability is categorised as
an active particle concentration mechanism. It relies on the back-reaction friction
of the particles on the gas. A clumping of particles will, locally, accelerate the sur-
rounding gas resulting in a reduced headwind and slower radial drift. By catching
single particles from further out and ahead in their orbit, which experience larger
headwind, the clump grows in density. e increased density reduce the headwind
for the clump further and it catches single particles at a higher rate, resulting in
runaway growth. Eventually the density of the clump reaches the Roche density
(Eq. 2.2) and it is held together by self-gravity. Hydrodynamical simulations of
this process show that self-gravitating pebble clouds can form on timescales of only
a few orbital periods (Johansen et al. 2009b, 2012). Fig. 2.2 shows snapshots of
the simulation of the streaming instability. e level of particle concentration is,
however, dependent on the particle size and metallicity (dust-to-gas ratio). Pebble
clouds like those in Fig. 2.2 require particles to interact with the gas on a timescale
of about 10% of the orbital timescale (∼cm-m-sized pebbles/rocks depending on
position in the disc). To form a bound cloud of particles with sizes not limited by
the bouncing barrier mentioned above, a metallicity above solar is needed (Carrera
et al. 2015; Yang et al. 2016). is suggest that planetesimal formation through
the streaming instability does not take place until part of the gas in the protoplan-
etary disc has been accreted or evaporated.

Other particle concentration mechanisms can be passive, only the effect of the
gas on particles is considered. As discussed above, solid particles seek the point
of highest pressure which cause them to be trapped in pressure bumps (Whipple
1972). ese concentration mechanisms are physical processes producing regions
of high gas pressure in the disc which, in turn, can assemble pebbles at high enough
concentration that self-gravitating clouds form. One suggestion for this to occur,
on small scales (independent on disc rotation), is in high-pressure regions between
turbulent eddies (Cuzzi et al. 2001, 2008; Johansen et al. 2014). On large scales,
the formation of axisymmetric pressure bumps would help concentration of par-
ticles. Here, though, the effect on the Coriolis force and shear has to be included.
High pressure regions are in stable equilibrium between the pressure gradient force
and the Coriolis force, like high pressure regions in the Earth's atmosphere. With
high enough ionization degree, the magnetorotational instability (Balbus & Haw-
ley 1991) can cause turbulence and pressure bumps able to concentrate particles
(e.g. Johansen et al. 2009a; Dittrich et al. 2013). e baroclinic instability (Klahr
& Bodenheimer 2003) can also lead to the formation of vortices in the disc. Pres-
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sure bumps could be easier to form at specific positions in the disc. Examples of
such places are the edge of a gap carved by a planet (Lyra et al. 2009) and the inner
edge of the dead zone (Lyra et al. 2008).

A dense enough pebble concentration can overcome shear, turbulence and pressure
support and gravitationally collapse into a pebble-pile planetesimal. Depending
on the properties of the disc and pebbles the collapse process can be investigated
and the initial mass function (Hopkins 2016) and interior structure of comets and
other planetesimals explored. Simulations of planetesimal formation (Johansen
et al. 2015) suggest the initial mass function is best represented by a power-law
with exponential tapering.

2.3 Growth of solids

e growth of solids may be accelerated around ice lines in the protoplanetary disc.
An ice line is the distance from the star within which a certain volatile element only
appear in gaseous form. Solid particles drift radially through the disc as discussed
in Section 2.2 but when they cross the ice line they sublimate. Gas from inside can
diffuse outward across the ice line and condense onto existing solid particles (e.g.
dust grains or ice particles). Many of these particles drift across the ice line again
and evaporate. e turbulence in the gas can, however, allow some lucky particles
to stay in the condensation region and continue growing by condensation. Ros
& Johansen (2013) investigated this mechanism with numerical simulations and
found that mm-sized grains could grow to∼dm-sized pebbles in a timescale of or-
der 1,000 orbital periods. Condensation outside the ice line results in an increased
solids-to-gas ratio slightly outside the ice line and can reach values high enough to
trigger streaming instability (Schoonenberg & Ormel 2017). is condensation
process will occur at multiple distances from a star in a protoplanetary disc. Water
has an ice line at, approximately, 3 AU around a solar type star (Lecar et al. 2006),
while more volatile elements, such as CO and CO2, have theirs further out. Struc-
tures observed in protoplanetary discs have been proposed to be associated with
ice lines, e.g. the bright ring in the very inner part of the TWHydrae system (Fig.
2.1, right) is suggested to be an overdensity of particles (Andrews et al. 2016).

Onemechanism to overcome the issues with bouncing and fragmentation in planet
formation is hierarchical coagulation. e idea is that a few lucky particles sur-



2.3. GROWTH OF SOLIDS 15

vive in the protoplanetary disc and continue to grow by mass transfer in collisions
with smaller particles. Windmark et al. (2012a) find that 100 m-sized planetesi-
mals can form, through this process, at a distance of 3 AU from a Sun-like star in
∼1 Myr. At a Kuiper belt distance from the star dynamical timescales are longer,
which cause planetesimal formation to take even longer (Johansen et al. 2014).
e seeds required for this process could form by taking the particle velocity distri-
bution from turbulence in the disc into account. Even though the average collision
speed only results in bouncing or fragmentation, a lucky particle could experience
multiple low-speed coagulating collisions in a row and grow large enough to con-
tinue growth by hierarchical coagulation (Windmark et al. 2012b; Garaud et al.
2013). Drążkowska et al. (2013) suggest the seeds form at some point in the disc
and later radially drift to a region where the bouncing barrier stopped particle
growth at smaller sizes and allow sweep-up. One suggested mechanism to trigger
the streaming instability is to receive a pile-up of pebbles after global redistribution
of solids through dust growth and radial drift (Drążkowska et al. 2016).

In the earliest phases of planetesimal formation, particle growth takes place by co-
agulation of dust monomers (e.g. Dominik et al. 2007). e small particles are
well coupled to the gas leading to low collision speeds, which, in turn, decrease
the amount of compactification in the collisions and result in fluffy dust aggre-
gates (e.g. Okuzumi et al. 2012). A high porosity of the aggregates increases the
critical speed required for collisions to result in fragmentation. Studies by Wada
et al. (2009, 2013) perform N-body simulations of collisions between fluffy ice
aggregates with 0.1 µm-sized monomers. e authors find that efficient energy
dissipation in the collision allows the ice aggregates to survive collision speeds up
to ∼50 m s−1. High mass ratio between the aggregates also results in high mass
transfer efficiency. e N-body simulations of Suyama et al. (2012) show that the
collisional compression is not very effective. is result in large cross-sections and
rapid coagulation, which help the aggregates to overcome problems with drift in
the protoplanetary disk. ese porous aggregates, however, have a density much
lower than any value observed for remnant planetesimals in the Solar System. is
is resolved by compression of the object by, e.g. ram pressure from the gas, self-
gravity and internal heating (Kataoka et al. 2013). However, catastrophic frag-
mentation is not the only outcome of collisions that hinder further growth, the
effect of erosion in collisions could be an issue (Krijt et al. 2015).





Chapter 3

Pebble-Pile Planetesimals

3.1 e gravothermal catastrophe

In a self-gravitating cloud of pebbles in virial equilibrium the gravity is balanced
by random motion of the particles it consists of,

E = −T =
U
2
, (3.1)

where E is the total energy of the system, T is the kinetic energy and U is the po-
tential energy. In these clouds, collisions between particles will, inevitably, occur.
Such pebble-pebble collisions are not elastic and result in dissipation of kinetic en-
ergy into heat. Loss in energy results in contraction of the cloud and, because of
the negative heat capacity property of self-gravitating systems, the kinetic energy
increases and particles move faster to balance the decreased gravitational potential.
Increased relative particle speeds and density lead to higher collision rate and faster
energy dissipation. In the end, this results in a runaway collapse, the gravothermal
catastrophe.

e majority of my contributions has focused on investigating this collapse and
processes inside the cloud during the collapse which determine the structure of
the resulting planetesimal.

17
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InWahlberg Jansson & Johansen (2014), paper I in this thesis, we developed a nu-
merical model to simulate the collapse of a pebble cloud and investigate properties
of the resulting planetesimal. A Pluto-mass object split into cm-sized pebbles re-
sult in ∼1024 particles. erefore we use the representative particle approach of
Zsom&Dullemond (2008) where the particles are grouped into a smaller number
(manageable by a computer) of superparticles, each representing a large number
of particles with identical properties. Each representative particle can be thought
of as one member of a sub-cloud of identical physical particles. If the properties of
the representative particle change, the properties of all the particles within the sub-
cloud change. e representative particle approach is a Monte Carlo model that
uses particle collision rates to find which particles collide and the times between
collisions.

We focused on planetesimals in the outer regions of the Solar System and with
some approximations (e.g. bouncing collisions, equal particle size, virial equilib-
rium, homogeneity and zero angular momentum) the collapse process can be de-
rived analytically (Appendix A inWahlberg Jansson & Johansen 2014). At a Pluto
distance from the Sun the cloud size, R(t), and collapse time, tcoll, is then,

R(t) =
(
1− t

tcrit

)2/7
R0, (3.2)

tcoll = 4.1 kyr
(
Rsolid
1 km

)−1 ( a
1 cm

) (
1− C2

R
)−1

, (3.3)

where R0 is the initial cloud size (one Hill sphere), Rsolid is the solid radius of the
planetesimal, a is the pebble radius and CR is the coefficient of restitution for the
collisions. A more realistic treatment of the collapse require numerical simula-
tions. In the simulations (and Eq. 3.3) we assume pebbles are silicate dust aggre-
gates to make use of recent laboratory experiments (Güttler et al. 2010; Bukhari
Syed et al. 2017) even though, in those regions of the Solar System, the fraction of
ice could be significant. e comet 67P/Churyumov-Gerasimenko has, however,
a measured dust-to-water ratio of∼6 (Fulle et al. 2016b). In more massive pebble
clouds the relative particle speeds are high enough to result in fragmenting colli-
sions and destruction of pebbles. Eq. (3.3) show that the gravitational collapse is
a rapid process. Only a few tens of orbits even for the smallest km-sized planetes-
imals. e collapse is, however, limited by free-fall. A pebble cloud with density
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equal to the Roche density (Eq. 2.2) at that distance from the Sun has a free-fall
time of ∼25.1 yrs. is results in a 'cold' collapse for massive clouds. Particle
speeds become sub-virial when the cloud does not get back into virial equilibrium
in between collisions. is, in turn, causes pebbles from the original pebble cloud
to survive the collapse even in the most massive planetesimals (Fig. 3.3).

One initial property of the pebble cloud that affects the result of the collapse is
the angular momentum. High enough angular momentum hinders the pebble
cloud to collapse into a single object and it would result in a binary planetesi-
mal or a planetesimal with a surrounding disc. N-body simulations by Nesvorný
et al. (2010) show that the gravitational collapse of particle overdensities in pro-
toplanetary discs indeed can result in binary (or even triple) objects. is binary
formation mechanism lead to components of the same material, which is also ob-
served (Benecchi et al. 2009). Further evolution of a binary planetesimal (e.g.
tidal dissipation of orbital energy) can result in slow merging of two objects into
a contact binary.

3.2 Pebble-pebble collisions

e interior structure of a planetesimal formed in the collapse of a pebble cloud in
the protoplanetary disc is a sensitive function of the outcomes of the inelastic col-
lisions that dissipate energy from the cloud. e outcome of a collision is decided
by the collision speed, vn, particle sizes and composition. Our work makes use
of laboratory experiments of collisions between silicate dust aggregates (Güttler
et al. 2010; Bukhari Syed et al. 2017). Fig. 3.1 summarizes the possible collisional
outcomes (coagulation, bouncing, mass transfer and fragmentation) used in our
simulations. Examples of outcomes in collisions between silicate dust aggregates
in laboratory experiments are shown in Fig. 3.2. High collision speeds can result
in both catastrophic fragmentation of both particles and mass transfer depending
on relative particle size (Fig. 3.1).

e amount of energy dissipated in collisions, δE, (together with gas drag) deter-
mines how fast the cloud collapses. In a bouncing or coagulating collision this is
calculated via conservation of momentum,
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Figure 3.1: Schematic map of collisional outcomes for silicate dust aggregates
as a function of collision speed, vn, projectile radius, ap, and for two regimes of
the relative particle size, f ≡ at/ap (target radius over projectile radius). Green
regions indicate particle growth, either coagulation (C) or mass transfer (MT),
yellow regions bouncing (B), and red regions fragmentation (F). e dependence
of vstick indicates that smaller particles can stick at higher collision speeds. For
similar-sized particles (f ≤ 5.83) and 1 m s−1 ≤ vn < v0.5 collisions can result in
both mass transfer and fragmentation. Figure taken from Wahlberg Jansson et al.
(2017)

δE = −1
2
µv2n

(
1− C2

R
)
, (3.4)

where µ = mtmp/(mt + mp) is the reduced mass of the two particles (target
and projectile), vn is the normal component of the relative collision velocity and
CR is the coefficient of restitution of the collision. Laboratory experiments of
colliding silicate aggregates by Blum & Münch (1993) show that the coefficient
of restitution in their collisions have a relatively small value (C2

R ∼ 0-0.55). In
fragmenting collisions some (or all) of the collision energy is used to fragment
the target particle. In the pebble cloud, small particles dissipate energy faster,
compared to an equal mass in larger particles, due to a higher total surface area.
When the effect of gas inside the pebble cloud is included in the collapse (Wahlberg
Jansson & Johansen 2017) inelastic collisions are no longer the dominant cause of
dissipation of kinetic energy.

In Wahlberg Jansson et al. (2017), paper III in this thesis, we investigate differ-
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Figure 3.2: Pre- and post collision images for two collisions between silicate dust
aggregates (figure from Bukhari Syed et al. 2017). (a) and (b): Projectile and
target with 5 cm diameter, colliding at 6.2 m s−1 and resulting in catastrophic
fragmentation of both aggregates. (c) and (d): A projectile with 2 cm diameter,
colliding with a target with 5 cm diameter at 2.8 m s−1, resulting in fragmentation
of the projectile. Part of the projectile mass has been transferred onto the target
(circle in (d)).
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ent models of fragmenting collisions. We find that, for large planetesimals (radii
&100 km), the correct model (e.g. fragment size distribution and mass transfer
efficiency) is important to predict the interior structure of the resulting planetesi-
mal (e.g. pebble mass fraction, Figure 3 inWahlberg Jansson et al. 2017). Another
important property of the particles is the composition. In most of our work, we
assume particles in the pebble clouds are silicate dust aggregates, mainly because
most laboratory experiments are done with such aggregates. However, in comet
formation regions in the Solar System there will be particles of other composition
as well. Water ice is abundant in the solar nebula and, due to high specific surface
energy, it should be stickier than other materials. Investigations suggest that water
ice has a velocity threshold for fragmentation and coagulation a factor of order 10
higher than silicate material (Gundlach & Blum 2015; Lorek et al. 2016). CO
and CO2 ice, on the other hand, have been shown to have sticking properties
comparable to silicates (Musiolik et al. 2016). is suggest our results obtained
with silica particles could be a good proxy for the collapse of actual pebble clouds
in the outer regions of protoplanetary discs.

3.3 Interiors of planetesimals

e density of the resulting planetesimal is heavily dependent on the distribution
of particle sizes inside. A broad particle size distribution results in better packing
capabilities (small particles can fill in voids between larger particles) and higher
densities. is causes the distribution of fragment sizes after a fragmenting colli-
sion to be important. In the study of Wahlberg Jansson et al. (2017) we include
the laboratory experiments of Bukhari Syed et al. (2017), paper II in this thesis, in-
vestigating the outcome of fragmenting collisions between silicate dust aggregates.
Fig. 3.3 suggests that small planetesimals (e.g. comets) have not experienced frag-
menting collisions in the collapse and should be porous, primordial, pebble-piles.
Moremassive objects, on the other hand, have amixture of particle sizes, fragment-
ing collisions have occurred but the cold collapse have resulted in the survival of
primordial pebbles. is can lead to more efficient packing and higher densities.
e outcome of a pebble-pebble collision is also a function of the material the
particles are made of (Section 3.2). Ice has higher sticking capabilities compared
to silicates (Gundlach & Blum 2015) and fragmentation of primordial pebbles is
poor even for the collapse of pebble clouds into massive protoplanets (Fig. 3.3).
In bouncing collisions porous dust (ice) aggregates become more compact. Lorek
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Figure 3.3: Fraction of planetesimal mass in pebbles (particles with radii >0.5
mm) for different planetesimal radii (data from Wahlberg Jansson et al. 2017).
'Cold' collapse (sub-virial collision speeds) results in a non-negligible fraction of
the primordial pebbles survives even in Pluto-sized protoplanets. e increased
sticking capability of ice compared to silicate result in higher survivability.

et al. (2016) investigate the evolution of the density of individual pebbles through-
out the gravitational collapse of a pebble cloud. is study constrains the range of
initial conditions (cloud mass, dust-to-ice ratio and initial filling factor) that can
produce comets and other observed bodies in the outer Solar System.

Eq. (3.3) show that the collapse time is dependent on the size of particles, small
particles have a higher total surface area compared to an equal mass in larger par-
ticles. In Wahlberg Jansson & Johansen (2017), paper IV in this thesis, we carry
out radially resolved simulations of the collapse to account for this. Resolving the
radial structure results in simulations producing planetesimals with different par-
ticle size distributions at different depths. One would expect the smallest particles
to make up the core, which occurs for simulations ignoring effects of surrounding
gas (Fig. 3.4, top plot). However, surrounding gas affects particles of different
sizes by different amounts. Gas not only provides drag, dissipating energy (more
efficient for small particles due to higher surface-to-mass ratio) but also limits con-
traction speeds. is results in mid-sized (∼1 cm) particles in the centre of the
planetesimal (Fig. 3.4, bottom plot). As small as possible (for efficient energy dis-
sipation by drag) but large enough for the contraction speed not to be hindered by
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Figure 3.4: Two-dimensional 5 km pebble-pile planetesimals (plot fromWahlberg
Jansson & Johansen 2017). Without surrounding gas (top plot) small particles
gather in the centre (faster energy dissipation due to higher collision frequency).
Including gas (bottom plot) we find mid-sized particles (∼1 cm) most efficient at
dissipating energy from gas drag without being too hindered in their contraction.
NB! particle sizes (∼cm) and planetesimal sizes (5 km) are not to scale.
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the gas. In the outer layers of the planetesimal there is a mixture of the small and
large pebbles. In the outermost layers of the planetesimal (both with and without
gas) we find small pebble fragments. is is caused by the fact that in the end of
the collapse most of the mass is in the planetesimal core. is results in low colli-
sion rates in the surrounding pebble cloud and the end of the collapse is less cold
with collision speeds high enough for fragmentation. Observations of 67P from
Rosetta (CONSERT instrument) suggest that porosity changes with depth in the
comet (Ciarletti et al. 2015). is could be explained with the varying particle
size distributions and different packing capabilities, however it is also explained
by bi-lobe comet formation through soft collisions between two non-correlated
planetesimals (Jutzi et al. 2017).

e initial size distributions of the particles in a self-gravitating pebble cloud is
not known. One way to get a feeling of what it could be is to study meteorites.
e size distribution of chondrules in such meteorites (e.g. Eisenhour 1996) could
maybe mirror the size distribution of dust aggregate pebbles. In Wahlberg Jans-
son & Johansen (2017) our initial particle size distribution matches one which is
found for chondrules (same shape but different mean size because of porous dust
aggregates).

As a gravitationally bound pebble cloud collapses, the temperature inside will in-
crease when kinetic energy is dissipated into heat. If the temperature increase is
large enough it results in the evaporation of volatiles. e cloud will, however,
be able to cool by radiation (depending on optical thickness) during the ongoing
collapse, which could keep the temperature down. More massive clouds have a
harder time too cool due to small surface-to-mass ratio and more volatiles will
sublimate, or at least be redistributed. is would result in a mass dependence on
volatile abundance.

3.4 Future observations

Future space missions will provide observations to help the study of the origin of
planetesimals in the outer Solar System.

New Horizons is continuing out in the Kuiper belt after passing by Pluto and
has a second target, KBO 2014 MU69, which it is expected to arrive to in 2019
(Porter et al. 2015). 2014 MU69 is a cold classical KBO and has a diameter of
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<45 km which is ∼10 times more than a comet and ∼1-2% of Pluto's. is
makes it an interesting object to study since it, probably, have not undergone any
major perturbations and has a size which have not been studied up close for KBOs
before.

eNASADiscoverymission Psyche is a mission to put a spacecraft in orbit around
the metallic asteroid 16 Psyche. 16 Psyche is a massive asteroid with a bulk den-
sity consistent to an iron core of a protoplanet (Elkins-Tanton et al. 2017). One
suggestion is that the asteroid once was a larger, differentiated object and that the
outer layers were stripped off in a collision leaving the metallic core exposed. e
space mission was approved by NASA in January 2017, is planned to launch in
October 2023 leading to an arrival to the asteroid in 2030.

Another space mission is Lucy. Lucy was chosen together with Psyche as a NASA
Discovery mission in 2017. e goal is to study 'fossils' of planet formation in the
form of Jupiter Trojans. e spacecraft is planned to launch in 2021 and travel to
both the L4 and L5 Lagrange points of Jupiter. A goal with the mission is to find
the formation region of the trojans. One model is that they formed further out in
the Solar System, was captured by Jupiter and brought to their current orbit during
the migration of the giant planets (e.g. Morbidelli et al. 2005). e spacecraft is
planned to visit six trojans over the years 2027 to 2033.
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ABSTRACT

Asteroids and Kuiper belt objects are remnant planetesimals from the epoch of planet formation. The first stage of planet formation
is the accumulation of dust and ice grains into mm- and cm-sized pebbles. These pebbles can clump together through the streaming
instability and form gravitationally bound pebble clouds. Pebbles inside such a cloud will undergo mutual collisions, dissipating
energy into heat. As the cloud loses energy, it gradually contracts towards solid density. We model this process and investigate
two important properties of the collapse: (i) the collapse timescale and (ii) the temporal evolution of the pebble size distribution. Our
numerical model of the pebble cloud is zero-dimensional and treats collisions with a statistical method. We find that planetesimals with
radii larger than ∼100 km collapse on the free-fall timescale of ∼25 years. Lower-mass clouds have longer pebble collision timescales
and collapse much more slowly, with collapse times of a few hundred years for 10 km scale planetesimals and a few thousand years
for 1 km scale planetesimals. The mass of the pebble cloud also determines the interior structure of the resulting planetesimal. The
pebble collision speeds in low-mass clouds are below the threshold for fragmentation, forming pebble-pile planetesimals consisting of
the primordial pebbles from the protoplanetary disk. Planetesimals above 100 km in radius, on the other hand, consist of mixtures of
dust (pebble fragments) and pebbles which have undergone substantial collisions with dust and other pebbles. The Rosetta mission to
the comet 67P/Churyumov-Gerasimenko and the New Horizons mission to Pluto will provide valuable information about the structure
of planetesimals in the solar system. Our model predicts that 67P is a pebble-pile planetesimal consisting of primordial pebbles from
the solar nebula, while the pebbles in the cloud which contracted to form Pluto must have been ground down substantially during the
collapse.

Key words. methods: analytical – methods: numerical – minor planets, asteroids: general – planets and satellites: formation –
comets: general

1. Introduction

In the process of forming planets the initially µm-sized dust and
ice particles in the primordial protoplanetary disk grow to plan-
ets of sizes up to ∼104 km. This is believed to occur in dis-
tinct stages where different physical growth processes dominate
(Safronov 1969). The growth from dust to planetesimals occurs
at first via direct sticking, but is later aided by the increase in
the local particle density by concentration in the turbulent gas
(Johansen et al. 2014). Small particles can stick together via sur-
face forces, but when they reach mm and cm sizes, growth stops
as collisions lead to bouncing (Zsom et al. 2010) and fragmen-
tation (Brauer et al. 2008; Birnstiel et al. 2009). The two leading
theories for the growth mechanism beyond this point are 1) hier-
archical coagulation and 2) gravitational instability.

Growth by coagulation can proceed via mass transfer as
small impactors deposit part of their mass when hitting a large
target particle (Wurm et al. 2005). The resulting growth is never-
theless slow, resulting in the formation of 100 m scale planetes-
imals in the asteroid belt in 1 Myr (Windmark et al. 2012); and
growth rates would be even lower in the Kuiper belt.

Planetesimal formation via gravitational instability is also
not without problems. Gravitational instability of a region in
an unperturbed protoplanetary disk can be easily stopped by
Kelvin-Helmholz turbulence in the mid-plane layer (Goldreich
& Ward 1973; Weidenschilling 1980). However, the presence of
gas in the disk can cause particles to clump together through
streaming instability (Youdin & Goodman 2005) and lead to
high particle overdensities. Simulations of this mechanism in

protoplanetary disks result in the formation of gravitationally
bound pebble clouds with masses comparable to ∼100 km solid
planetesimals or larger (e.g. Johansen et al. 2009, 2012).

An advantage with gravitational instability is that, if the in-
ternal angular momentum of a gravitationally unstable pebble
cloud is large, it naturally forms a binary planetesimal with mass
ratio of ∼1 (Nesvorný et al. 2010). The components form from
the same material, so they will also have the same chemical com-
position and colour, in agreement with what is observed for bi-
nary Kuiper belt objects (Benecchi et al. 2009). The Kuiper belt
as a whole has a wide colour distribution, so this suggests that
the components in binary Kuiper belt objects formed together; a
similar co-formation explanation is not possible in models of bi-
nary formation through three-body encounters (Goldreich et al.
2002) in the hierarchical coagulation formation mechanism.

Nesvorný et al. (2010) modelled the particle cloud with an
N-body method with perfect sticking. The goal of this paper is to
use more realistic collision outcomes based on laboratory exper-
iments (Güttler et al. 2010) to model the collapse. Inelastic col-
lisions lead to energy dissipation and contraction of the cloud,
which in turn releases gravitational energy into random peb-
ble motion. As a pebble cloud collapses, the relative speed be-
tween the pebbles can, depending on the mass of the cloud,
reach values large enough to result in fragmentation. Low-mass
clouds experience no fragmentation and the planetesimal will
be formed from primordial pebbles. The pebbles in high-mass
clouds, on the other hand, are ground down to dust during the
collapse. Depending on the degree of fragmentation, the porosity

Article published by EDP Sciences A47, page 1 of 10
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and density of the resulting planetesimal will vary. In the case
of Kuiper belt objects, measured densities range from below
1 g cm−3 for smaller bodies (radii .200 km) up to ∼2.5 g cm−3

for Eris (radius ∼1000 km; Fig. 3 Brown 2013). The density of a
Kuiper belt object is not only determined by the porosity, but also
by the composition. A large ice fraction results in a lower den-
sity, suggesting that more massive objects are both less porous
and have a higher rock fraction.

Observations of comet nuclei in the solar system indicate
densities of ∼0.5 g cm−3 (Weissman et al. 2004; Davidsson et al.
2007) due to high porosity combined with large ice fraction.
High porosities can be either mesoscale (rubble piles) or small
scale (pebble piles). A pebble pile could originate from the col-
lapse of a low-mass pebble cloud where the collision speeds
never reach the fragmentation limit. Studies of the tidal break-up
of the comet Shoemaker-Levy 9 showed that its internal strength
was as low as expected for a rubble (or pebble) pile (Asphaug
& Benz 1996). Observations of the comet 67P/Churyumov-
Gerasimenko (Bauer et al. 2012) show that mm-sized pebbles
are released from the surface of the comet. Skorov & Blum
(2012) model this pebble release process with a two-layered
comet nucleus consisting of an ice-free surface layer residing on
top of a mixture of refractory pebbles and ice aggregates. These
observations agree with the idea of comets being piles of mm-
and cm-sized pebbles. The interior structure of comets will also
be investigated by the Rosetta mission which will put a lander
on 67P/Churyumov-Gerasimenko in November 2014.

An additional motivation for this paper is the NASA mis-
sion New Horizons, which is on its way to the outer regions of
our solar system. It is scheduled to arrive at the Pluto-Charon
system in July 2015 (Stern 2008). After a fly-by it is planned
to encounter and investigate one or two additional Kuiper belt
objects. The New Horizons probe will measure the mass, bina-
rity, surface composition, and temperature in such fly-bys. As no
currently known Kuiper belt objects are within the range of New
Horizons after the fly-by of Pluto a survey is ongoing to detect
possible candidates (Buie et al. 2012).

We have developed a model for simulating the collapse of
gravitationally bound pebble clouds. With this model we inves-
tigate e.g. the collapse time and particle size distribution as a
function of planetesimal size. The paper is organized as follows.
We present our zero-dimensional model of the cloud, the model
of collisional outcomes, and the numerical scheme in Sect. 2.
The simulations of clouds with different masses and initial peb-
ble sizes are presented in Sect. 3 and the results are discussed in
Sect. 4. In Appendix A we present an analytic description of the
collapse of a low-mass pebble cloud only experiencing bouncing
collisions.

2. Model

We start with a gravitationally bound cloud of pebbles formed
for example through the streaming instability. As the pebbles
move around they dissipate energy in inelastic collisions with
each other leading to a contraction of the cloud. Since gravita-
tionally bound systems have a negative heat capacity, the pebbles
will increase their speed when the cloud loses energy. This to-
gether with the increased density as the cloud contracts will lead
to higher collision rates and faster energy dissipation. The re-
sult is a runaway collapse. With some approximations (e.g. only
bouncing collisions, equal particle size, and immediate virializa-
tion) this collapse can be derived analytically (see Appendix A).
Including more realistic collision physics requires numerical
solution.

2.1. Parametrization of the cloud size and energy

Our model is zero-dimensional, so it requires that the cloud is
completely uniform and that there is no net rotation. This is of
course not completely physical but it is a first step towards a
more complete model. We also assume that the cloud is in, or
strives to get into, virial equilibrium. The cloud is initially set in
virial equilibrium so that the initial total energy, E0, is

E0 = T0 + U0 = −T0 = −
1
2

N∑
i=1

miv
2
i = −

1
2

Mv2
vir,0

=
1
2

U0 = −
3
10

GM2

R0
· (1)

Here T0 is the initial total kinetic energy (the sum of the kinetic
energy of each individual particle with mass mi and speed vi),
M is the total mass of the pebble cloud, vvir,0 is the virial speed
calculated from the initial kinetic energy, U0 is the initial poten-
tial energy, G is the gravitational constant, and R0 is the initial ra-
dius of the cloud. During the collapse we can follow the cloud’s
evolution through three parameters: ηeq, η, and ηK. The parame-
ter ηeq is defined as the initial energy divided by the current total
energy E(t),

ηeq(t) ≡
E0

E(t)
· (2)

The parameter η is defined as the current size, R(t), of the cloud
divided by the initial size,

η(t) ≡
R(t)
R0

=
U0

U(t)
· (3)

Finally ηK, which we use to generate relative speeds when the
cloud is not in virial equilibrium, is defined as the initial kinetic
energy divided by the current kinetic energy, T (t),

ηK(t) ≡
T0

T (t)
· (4)

The cloud is bound and contracting, so ηeq and η have values be-
tween 0 and 1, while ηK can have any value since kinetic energy
is both dissipated in collisions and released in the gravitational
collapse. These three parameters do not need to have the same
value since the cloud does not virialize immediately after a col-
lision. We assume that the cloud virializes on a timescale of the
free-fall time of the cloud. At a certain size of the cloud, η, we
can get the maximum possible change in η, δηmax, by assuming
that the cloud has been free-falling from R0. This gives

δηmax =
δRmax

R0
=

1
R0

dR
dt

∣∣∣∣∣
ff

δt = −
1

R0

√
2GM

R0

√
R0 − R

R
δt

= −
π

2
1

tff,0

√
1 − η
η

δt, (5)

where tff,0 is the initial free-fall time. Here we have used the free-
fall speed at R starting from R0,

vff =

√
2GM

R0

√
R0 − R

R
· (6)

The desired change in η after a dissipative collision is δη = ηeq−

η. If |δη| < |δηmax| the new value of η is equal to the equilibrium
value, otherwise the new value is the old plus δηmax, since there
is not enough time for the system to virialize in the time step δt.
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Fig. 1. Collisional outcomes as a function of projectile radius, a, collision speed, ∆v, and relative particle size, f ≡ m2/m1. Green regions indicate
coagulation, yellow regions bouncing, and red regions fragmentation. Outcome regions taken from Güttler et al. (2010).

When it comes to updating ηK we need to take into account
that kinetic energy is both dissipated in the collisions and re-
leased when the cloud contracts, so using Eqs. (1), (3), and (4)
we obtain

δηK = −
T0

T 2 δT = −η2
K
δT
T0

= −η2
K
δE − δU

T0

= η2
K


δE
E0︸︷︷︸
>0

+
2
η2 δη︸︷︷︸
<0

 , (7)

where δE is the energy lost in the collision (see Sect. 2.2), δU is
the gravitational energy released, and δη is the previously cal-
culated change in η (could be δηmax). The first term in Eq. (7)
decreases the kinetic energy (energy dissipation in collisions)
while the second term increases the kinetic energy (release of
gravitational potential in the collapse). If the virialization is too
slow (i.e. if the next collision occurs before the gravitational en-
ergy has been released), δηK > δη and the particles will achieve
subvirial velocities.

2.2. Collisional outcomes

For the cloud to collapse it needs to dissipate a lot of kinetic
energy. In our model this is done by inelastic collisions between
the particles. We use the tabulated laboratory measurements of
Güttler et al. (2010) to get the outcome of a collision between
a target particle (subscript 1) and a projectile (subscript 2). The
outcome depends on the relative speed, ∆v, and relative size, f ≡
m2/m1, of the particles. The collisions are split into two groups:

i) two similar-sized particles colliding or a larger particle, 2,
colliding with a small particle, 1: f ≥ 0.1;

ii) a small particle, 2, running into (colliding with) a larger par-
ticle, 1: f < 0.1.

We do a simple interpretation of Fig. 11 in Güttler et al. (2010),
for collisions between compact particles:

∆v (m s−1) f ≥ 0.1 f < 0.1
∆v < vstick C C

vstick ≤ ∆v < 1 B B
1 ≤ ∆v < 25 F C

∆v ≥ 25 F F

Here C denotes coagulation, B bouncing, and F fragmentation.
The threshold speed for sticking, vstick, is taken from Güttler et al.
(2010), as

vstick =

√
5πa0Froll

µ
, (8)

where µ = m1m2/(m1 + m2) is the reduced mass, a0 is the
monomer radius, and Froll is the rolling force of the monomers1.
The coagulation outcome of collisions with f < 0.1 and 1 m s−1

≤ ∆v < 25 m s−1 is explained by mass transfer or penetration
(Wurm et al. 2005). A map of collision outcomes in (∆v, a)-space
is shown in Fig. 1.

Next we determine the amount of energy dissipated, δE, in a
collision between target particle 1 and projectile 2. In the case of
bouncing we use conservation of momentum and the coefficient
of restitution, CR, to get the change in energy,

δE = −
1
2
µ∆v2

(
1 −C2

R

)
. (9)

For simplicity we assume that all kinetic energy in the direction
of relative motion is dissipated, CR = 0. Particle properties like
mass and radius remain constant in a bouncing collision. In the
case of coagulation we use the same equation but the difference
from bouncing is that the mass of the target increases to m′1 =
m1 + m2 and hence the radius also changes.

A constant CR = 0 is not physical since the collisions might
not be completely inelastic. Higa et al. (1996) investigate the co-
efficient of restitution for collisions between ice pebbles. They
find that CR depends on the collision speed and for low values
(∆v . 0.35 m s−1) the collisions are almost elastic (CR ∼ 0.9).
For higher velocities, on the other hand, CR decreases with in-
creasing collision speed and reaches values close to zero at a
few m s−1. Compared to our simulations these experiments in-
vestigate ice pebbles while we consider silicates. A non-zero co-
efficient of restitution would decrease the amount of energy dis-
sipated in each bouncing collision which, in turn, would increase
the timescales of the collapses. Another implication is that the
clouds would get more time to virialize and the collision speeds
becomes a bit higher. However, the value of the coefficient of
restitution would need to be relatively high to give a significant

1 We use Froll = (8.5± 1.6)× 10−10 N for SiO2 spheres with a0 ∼ 1 µm
from Heim et al. (1999).

A47, page 3 of 10



A&A 570, A47 (2014)

Before After

E = Ebind + Ecoll E
′
= E

′

bind
= E > Ebind

Nmon =
Ecoll

3Eroll

Fig. 2. In our model pebbles are composed of µm-sized monomer particles. In collisions resulting in partial fragmentation monomers are removed
one by one to simulate erosion. The binding energy of the fragment, E′bind, is larger (closer to zero) than the binding energy of the original particle,
Ebind, since the fragment consists of fewer monomers. The number of monomers released, Nmon, is equal the number of contact surfaces the
collision energy can break divided by three contact surfaces per monomer, Nmon = Ecoll/ (3Eroll).

effect to the collapse since it is the square of CR that appears in
Eq. (9).

The effect of fragmentation is a bit different. In a collision
between two particles with mass m1 and m2 we have, in the
centre-of-mass frame, an available collision energy of

Ecoll =
1
2
µ∆v2. (10)

Next we assume that all particles are composed of µm-sized
monomers of mass m0. The energy with which any contact sur-
face of two monomers is held together is (Dominik & Tielens
1997; Blum & Wurm 2000)

Eroll =
1
2
πa0Froll. (11)

With Eqs. (10), (11) we get the number of bonds that can be bro-
ken by the collision as Ncs ∼ Ecoll/Eroll. For a compact aggre-
gate of monomers, each monomer has, on average, three contact
surfaces (Zsom & Dullemond 2008) so the energy required to
completely fragment a particle is

Efrag ∼ 3
m1

m0
Eroll. (12)

If Ecoll ≥ Efrag the whole particle is destroyed and µm-sized
monomers are produced. The energy dissipated is δE = −Efrag,
as not all collision energy is needed to fragment the target. If,
however, Ecoll < Efrag some part of the old particle survives with
N′ monomers and ∼3N′ contact surfaces. For simplicity we as-
sume that in the collision the monomers are removed one by one
(see sketch in Fig. 2). The mass of the fragment becomes

m′1 = m1 −
Ecoll

3Eroll
m0. (13)

In this case the energy dissipated is δE = −Ecoll, all the collision
energy goes into partially fragmenting the target.

To make the simulations more physically realistic we add an
impact parameter, b, to all collisions. The value of b is randomly
picked between 0 and the sum of the radii (a1 and a2) of the
two particles with higher probability for larger impact parame-
ters (larger area),

dP(b) =
2b

(a1 + a2)2 db. (14)

The effect of a non-zero impact parameter is that the effective
relative speed decreases. This means that the outcome of the col-
lision can change and the energy dissipated will be lower.

2.3. Representative particle approach

To model the collapse of a planetesimal mass cloud of mm- and
cm-sized pebbles, formed e.g. through the streaming instability
(Johansen et al. 2009, 2012), it is not possible to follow the evo-
lution of every single particle. A Pluto-mass planetesimal split
into cm-sized pebbles results in N ∼ 1024 particles. Therefore we
use the representative particle approach of Zsom & Dullemond
(2008) where the particles are grouped into a smaller number
(manageable by a computer) of superparticles, each representing
a large number of particles with identical properties. We repeat
the main steps of the Zsom & Dullemond (2008) algorithm here.

The representative particle approach is a Monte Carlo model
that uses the collision rates of all possible collision pairs to find
which particles collide and the times between collisions. Initially
a large number, N, of physical particles are defined. From these
we randomly select a smaller number, most simulations are done
with n = 1000, representative particles which we follow the evo-
lution of. Each representative particle, i, has its own properties
like mass or velocity. One can think of a representative particle
as one member of a swarm of identical physical particles: if the
properties of the representative particle changes the properties of
all the particles within the swarm changes. In the simulation the
total mass of each of these swarms remains constant (Mi = M/n)
so the number of physical particles in a swarm will change.

To follow the evolution of the cloud we need to know with
what rate a representative particle collides with any other par-
ticle. Assume that n is large enough so the distributions of the
properties of the representative particles is a good representation
of the true distributions of all N physical particles. We then get
the collision rate between representative particle i and a physi-
cal particle with the same properties as representative particle k
to be

ri(k) = nkσik∆vik, (15)

where nk is the number density of physical particles represented
by representative particle k, σik is the cross-section between two
such particles, and ∆vik is the relative speed. In our simulations
we generate the relative speeds from the kinetic energy of the
cloud, ηK, and assuming a maxwellian distribution of the relative
speeds,

dP(∆v) =
1

2
√
π

∆v2

σ3 e−∆v2/4σ2
d(∆v), (16)
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where σ = vvir,0/
√

3ηK is the one-dimensional velocity disper-
sion in the cloud and we have included the fact that the relative
speeds are, on average, a factor of

√
2 larger than the individ-

ual speeds. For strongly dissipative collisions we do not expect
energy equipartition to occur and hence the small particles do
not necessarily have much higher velocities than the large par-
ticles. The actual velocity differences are not straightforward to
obtain (Barrat & Trizac 2002) and we make the assumption that
the particle velocities for the dissipative system is independent
of particle mass. From Eq. (15) we calculate the rate with which
representative particle i collides with any particle (it can collide
with particles in its own swarm as well),

ri =

n∑
k=1

ri(k), (17)

and the total rate of collisions for any of the representative
particles,

r =

n∑
i=1

ri. (18)

From this total rate and the assumption that the collision process
is a Poisson process we get the exponentially distributed time
until next collision,

δt = −
1
r

log(rnd(seed)), (19)

where rnd(seed) is a random number uniformly distributed be-
tween 0 and 1. Next we choose which particles collide with two
more random numbers. First the representative particle i with the
probability

P(i) =
ri

r
· (20)

and then the physical particle k, given representative particle i,
with the probability

P(k|i) =
ri(k)

ri
· (21)

Knowing which two particles collide we calculate the outcome
and effects of such a collision. For this we use the equations in
Sect. 2.2 changing the subscripts 1 and 2 to i and k, i.e. the repre-
sentative particle is the target and the physical particle is the pro-
jectile. We also need to take into consideration that all equations
in Sect. 2.2 are only for one collision. Therefore, when calculat-
ing the energy dissipated we need to multiply the equations with
the number of physical particles in the swarm, Ni = Mi

mi
. Another

difference arises when we pick the new mass of the representa-
tive particle after a fragmenting collision. If we have complete
fragmentation the new mass is simply the monomer mass m0. If,
on the other hand, we have partial fragmentation, we pick the
new mass from a mass-weighted bimodal distribution defined
by the value m′i (Eq. (13)). We pick a random number uniformly
distributed between 0 and mi, if it is ≤m′i the new mass is m′i
otherwise the new mass is m0. Basically we randomly select a
monomer in the original particle and see where it ends up.

After a collision, say representative particle j collided with
physical particle l, the properties of the representative particle
has changed and the rate matrix, Eq. (15), needs to be updated.
Representative particle l has not been involved in the collision
and since we are only looking at the evolution of the representa-
tive particles the only elements that needs to updated are the ones

with representative particle i = j and physical particle k = j (one
row and one column in ri(k)). The symmetry is restored when
representative particle l collides with physical particle j. Here
we also take advantage of the η-parametrization of the cloud.
After every collision the size of the cloud and the virial speed
changes which means that the number density, ni, and relative
speed, ∆vik, changes for all particles and the full rate matrix
should need an update; however, since ni ∝ R(t)−3 ∝ η−3 and
∆vik ∝ T (t)1/2 ∝ η−1/2

K , by keeping track of the ηs it is not nec-
essary to update all ri(k)-elements every time step. Other quan-
tities, like r (Eq. (18)), have simple scalings with η and ηK.

Finally we also need to update the cumulative distribution
functions (CDFs) for picking the representative and physical par-
ticles. The CDFs for the physical particles with i , j only need
to be updated from element j and onwards since the elements
ri(k) with k , j are unchanged. The CDF for the representative
particle and the CDF for physical particle with i = j need a com-
plete update. The result of this is that the time for updating scales
as ∼n × (n − j + 1).

2.4. Pooling of collisions

Because of high relative speeds some collisions in the simula-
tions can lead to complete fragmentation. The collision rate be-
tween a large particle and monomers increases drastically be-
cause of the large number density of small particles (see Eq. (15),
nk ∝ m−1

k ). This, in turn, leads to very short time steps and many
collisions with almost no impact on the system. We solve this
issue by pooling up collisions if the mass ratio of the two parti-
cles is too small, f = mk/mi < fcrit. We pool collisions using the
method suggested in Zsom & Dullemond (2008): we lower the
probability for collisions with small mass ratios (projectile mass
�target mass), but increase the number of physical collisions
accordingly, X =

fcrit
f .

The effect of the collision changes with pooling. The differ-
ence between 1 and X collisions is different for different colli-
sional outcomes:

– Bouncing: everything as usual but δE −→ X · δE.
– Coagulation: same as for bouncing when it comes to the en-

ergy, but the mass and other physical properties of the rep-
resentative particle changes as m′i = mi + mk −→ m′i =
mi + X · mk

– Fragmentation: for fragmentation we have two cases:
1) Complete fragmentation of the representative particle

with ≤X collisions needed.
2) Partial fragmentation even when adding up X collisions.
In Case 1) we assume that Y = Efrag/Ecoll collisions are
required to completely fragment particle i and that the rest
of the collisions result in bouncing with the fragment. The
new representative particle will have monomer properties
and the total energy loss will be δE = δEfrag + δEbounce,
where δEfrag is the number of physical particles in swarm
i times the energy required to completely fragment one of
them and δEbounce is the energy lost from X − Y pooled col-
lisions between a representative particle of monomer mass,
m0, and a physical particle of mass mk (times the number of
physical particles in the swarm, Ni). Case 2 is more likely
and the outcome is calculated just like for one collision but
where the collision energy has increased, Ecoll −→ X · Ecoll.
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Fig. 3. Collapse time as a function of solid planetesimal radius for clouds with initially monodisperse mm-, cm-, or dm-sized pebbles. Power-law
fits to the data and the free-fall time of the initial cloud (tff ∼ 25.1 yrs) are added to the plot. For small planetesimals (.50 km) the collapse time
is inversely proportional to the planetesimal radius and increases linearly with the pebble size. This is the same relation as we find in Appendix A
where we assume bouncing as the only collisional outcome. For larger planetesimals (Rsolid & 50 km) the collapse time drops rapidly as pebbles
fragment and the number density and collision rates increases. The collapse time is, however, limited downwards by free-fall, so for even larger
planetesimals with Rsolid & 70 km the collapse time is equal to the free-fall time of the initial cloud.

3. Results

With our simulations we are interested in finding the evolution
of the cloud properties during the collapse. We explicitly aim to
measure the collapse time as a function of different cloud and
pebble parameters, mainly the total mass of the cloud. We also
follow the evolution of the size distribution of the pebbles. If the
cloud is massive, then the relative speeds between the pebbles
will be high and the collisions may result in fragmentation (see
Fig. 1). From Eq. (1) we find that the virial speed in the initial
state is proportional to the size of the planetesimal which will
form,

vvir,0 ∝

√
M
R0
∝ M1/3 ∝ Rsolid. (22)

Here we assumed that the initial cloud radius is equal to the Hill
radius at its semi-major axis. The radius Rsolid is the radius of a
body with mass M and density equal to the monomer density.
Eq. (22) implies that even if a massive cloud initially consists
of cm-sized pebbles, these pebbles can be ground down to µm-
sized dust during the collapse. For low-mass clouds the speeds
are lower and collisions will only result in bouncing and the pri-
mordial pebbles survive the collapse.

3.1. Initial conditions and simulation setup

In our simulations we start out with a self-gravitating cloud of
silicate pebbles with a monodisperse size distibution. The peb-
bles are assumed to be homogeneous spheres (density ρSiO2 ∼

2.5 g cm−3) built up of µm-sized monomers. The reason for this

density is that only the collisional outcome regions for silicates
are known in details from laboratory experiments (Fig. 1). We
assume that the initial radius of the cloud is equal to the Hill ra-
dius corresponding to the cloud mass. This means that the den-
sity of the cloud, and consequently the free-fall time, is indepen-
dent of the cloud mass. To be able to use our zero-dimensional
model we assume that the cloud is uniform, has no net angular
momentum and always strives to get into virial equilibrium. We
investigate the planetesimal formation at Kuiper belt distances
from the Sun (at orbits with a semi-major axis equal to Pluto’s
current orbit). Finally we also neglect the influence of any sur-
rounding gas, as the friction timescale is much longer than the
collision timescale in those dense clouds.

3.2. Collapsing pebble clouds

The range of cloud sizes we investigate corresponds to solid
planetesimals with radii between 1 and 1000 km, from the small-
est planetesimal sizes up to radii comparable to Pluto’s. In Fig. 3
we show the results of our simulations of the collapse time, the
time at which the cloud reaches monomer density, as a function
of planetesimal radius. In the figure we can see that for the simu-
lations with cm-sized pebbles the collapse can be split into three
regimes depending on the size of the planetesimal:

1) Rsolid . 50 km:
The energy dissipation is dominated by bouncing colli-
sions between the primordial pebbles. Collision speeds only
reach values high enough for fragmentation to occur in the
very end of the collapse. The power-law fit shows us that
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Fig. 4. Total energy, parametrized through η ≡ R(t)/R0, as a function of time for two clouds with, initially, cm-sized pebbles. Left panel: collapse
of a cloud with Rsolid = 5 km; right panel: cloud with Rsolid = 50 km. The red lines show the actual size of the cloud, blue lines the equilibrium
values (ηeq ≡ E0/E), and green lines the kinetic energy (ηK ≡ T0/T ). The pink line shows the free-fall collapse of a cloud and the teal lines the
analytic solution from Appendix A. We note that time is measured in units of the collapse time. Therefore the free-fall line is different for the two
clouds. In the case of the low-mass cloud the collapse is slow and the only outcome of collisions is bouncing. Therefore it is in virial equilibrium
until the very end of the collapse and follows the analytical solution (η = ηK = ηeq). The massive cloud, on the other hand, has initially higher
collision speeds which lead to pebble fragmentation and rapid energy dissipation. At about η = 0.5 the energy dissipation becomes faster than
free-fall, so the cloud does not get into virial equilibrium before the next pebble collision (the first term in Eq. (7) dominates over the second). This
results in a transition to cold collapse (η is parallel to the free-fall curve) with subvirial speeds (ηK > ηeq).

tcoll ∝ R−1
solid which is the same dependence as we get from

the analytic derivations when we assume that the particle
size is constant and bouncing is the only collisional outcome
(Appendix A). We find that the collapse time increases lin-
early with pebble size, which also agrees with the analytic
model in Appendix A.

2) 50 km . Rsolid . 70 km:
In this regime the cloud is massive enough (increased colli-
sion speeds) for collisions to result in pebble fragmentation
early enough in the collapse to affect the collapse time. From
Appendix A we have tcoll ∝ a/Rsolid with constant particle
size so the cloud collapses faster if the particles are smaller
(increased collision rate). We find that the amount of frag-
mentation is larger and starts earlier (see Fig. 6) the more
massive the cloud is (larger initial velocities). This results in
a more rapid decrease of the collapse time with increasing
cloud mass than in the previous regime.

3) Rsolid & 70 km:
Collisions are so frequent (Eq. (15)) and dissipative (Eq. (9))
that the collapse is completely limited by the free-fall time
of the cloud. Since the clouds initially have the same density,
regardless of the cloud mass, above a solid radius of ∼70 km
all clouds have collapse times equal to the free-fall time.

For the simulations with mm-sized pebbles we only get the first
and third regime. The reason for this is that the collapse gets
limited by free-fall before it is massive enough for the relative
speeds to be high enough for fragmenting collisions. We can also
see in Fig. 3 that the collapse time of a cloud in regime 1 is a fac-
tor of 10 smaller with mm-sized pebbles than with cm-sized peb-
bles, as expected from the analytic derivations (tcoll ∝ a/Rsolid).

The details of a collapse are different depending on the mass
of the cloud. Figure 4 shows the collapse parameter, η, as a func-
tion of time for two different masses. The left plot follows the
collapse of a cloud in regime 1 and the right plot a cloud in
regime 2. If we would have plotted the collapse of a cloud in
regime 3 it would have followed the free-fall curve closely. In the
low-mass cloud we can see that the cloud collapses smoothly and
the actual size (η, red curve) follows the equilibrium value (ηeq,
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Fig. 5. Virial and actual speeds from η and ηK as a function of time for
three clouds of solid radii of 5 km (green and black), 50 km (blue and
gold), and 500 km (cyan and red) with, initially, cm-sized pebbles. The
low-mass cloud has a steadily increasing velocity because collisions
are infrequent so that virialization can happen for each value of E. The
massive cloud, on the other hand, dissipates energy too quickly and col-
lapses cold with random pebble speeds much lower than the virial value.
The initial virial speed is higher for the more massive planetesimal since
the speed is a growing function of total mass (Eq. (1)).

blue curve). For a cloud of higher mass we run into the prob-
lem with virialization and at some point it cannot contract fast
enough to keep up with the energy loss in the collisions. At this
point ηeq < η and |δη| > |δηmax| (Eq. (5)) and the energy dis-
sipation from this point on is so quick that the cloud free-falls.
Hence the η-curve is parallel to the free-fall curve. Clouds of
higher mass in regime 2 have their first fragmenting collision
earlier in their collapse and therefore a shorter collapse time.

We find in the simulations that both the virialization and the
energy dissipation in the collisions are important for the evo-
lution of the kinetic energy. In Fig. 5 we plot the evolution of
the speed of the particles which we get from Eq. (4), assuming
that all particles have equal speeds. For the cloud in regime 1
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Fig. 6. Pebble mass fraction in the resulting planetesimals for simula-
tions with, initially, cm-sized pebbles, as a function of the planetes-
imal radius, Rsolid. Particles are defined as pebbles if they have radii
a > 1 mm. For more massive planetesimals the collision speeds are
larger and the collisions can then result in fragmentation, decreasing
the pebble mass fraction. However, massive clouds do not have time to
virialize after each collision and the particles will move with subvirial
speeds (see Fig. 5). This causes the number of fragmenting collisions to
decrease as the collapse goes on, ensuring that a fraction of the primor-
dial pebbles survive even in the most massive planetesimals.

(black curve) the speeds are steadily increasing thanks to the
virialization of the cloud except for the very end of the collapse
where virialization cannot keep up. For the cloud in regime 2
(yellow curve), on the other hand, the collapse is, as we have
already seen, somewhat limited by free-fall and the speeds de-
crease thanks to the energy dissipation in the collisions (right
panel in Fig. 4). In this case the first term in Eq. (7) dominates
over the second term. This effect is greater the more massive the
cloud is. The particles in the cloud in regime 3 (black curve)
move with subvirial speeds very early in the collapse and the
collision speeds reach values low enough for coagulation. We
also see that the initial virial speed scales linearly with planetes-
imal radius because the clouds initially have a radius equal to
their Hill radius and they are in virial equilibrium so vvir,0 ∝ R0
(Eq. (1)).

Finally we are also interested in the sizes of the particles in
the resulting planetesimal. If the planetesimal is built up by cm-
sized pebbles it will be porous and have both low density and
low internal strength. Such an object could be tidally broken up
like the Shoemaker-Levy 9 comet (Asphaug & Benz 1996). If,
on the other hand, the planetesimal is a mixture of pebbles and
dust it can be packed very compactly and have a high density.
In the case of low-mass clouds they collapse without any frag-
mentation and therefore become pebble piles with low density.
This is in agreement with both the observed mass-density rela-
tion of Kuiper belt objects (low-mass Kuiper belt objects have
low density, Brown 2013) and the model of comets as pebble
piles with low internal strength (e.g. Skorov & Blum 2012; Blum
et al. 2014). The density of planetesimals can, however, evolve
as time goes on after the collapse through other physical mecha-
nisms. Self-gravity can cause static compression and an increase
in the density of the planetesimals (e.g. Kataoka et al. 2013).
Another mechanism that could affect both the internal structure
and the pebble mass fraction of the planetesimals is radioactive
heating. Short-lived radioactive isotopes such as 26Al could sup-
ply enough heat for differentiation to occur.
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Fig. 7. Particle size distribution in a collapsing pebble cloud with solid
radius Rsolid = 100 km at four different times. The collision speeds are
initially high enough for fragmentation to occur. Later in the collapse
the particles move with subvirial speeds (see Fig. 5) and the amount of
fragmentation decreases. The low collision speed in the cold collapse
allow the dust to coagulate and grow to sizes of ∼0.1 mm. One thing we
also see in the figure is that, at the end of the collapse, a small fraction of
the primordial pebbles have been subject to erosion through collisions
with dust and decreased in size.

For a high-mass cloud fragmentation of pebbles is occurring
during the collapse and the planetesimal can be more tightly
packed and have a higher density, again consistent with the
higher densities of larger Kuiper belt objects. In Fig. 6 we plot,
for simulations with initially cm-sized pebbles, the pebble mass
fraction (particles with radii a > 1 mm) in the resulting plan-
etesimals as a function of the size of the planetesimals. First
of all we see that planetesimals with radii Rsolid . 20 km are
completely built up by pebbles. Planetesimals slightly larger,
20 km . Rsolid . 50 km, are still in collapse regime 1 and fol-
low the analytic approximations relatively well because the first
fragmenting collision occurs late in the collapse and energy dis-
sipation is dominated by bouncing collisions between cm-sized
pebbles. Next we see that the pebble mass fraction decreases
with increasing planetesimal size. However, even for the most
massive planetesimals we still have a large fraction of the mass
in pebbles. The reason that not all pebbles are ground down to
dust is that the particles move with subvirial speeds in the end
of the collapse (see Fig. 5) and the collision speeds are not high
enough for fragmentation to occur. In the end of the simulations
most collisions result in bouncing or coagulation.

The evolution of the particle size distribution in a simulation
of a cloud collapsing into a 100 km-sized planetesimal is shown
in Fig. 7 and can broadly be summarized as follows. The cloud
starts with a monodisperse size distribution of cm-sized pebbles.
As times goes on, pebbles collide with high enough velocities to
fragment down to µm-sized dust. The subvirial collision speeds
in the cold collapse phase ensures that a fraction of the pebbles
survive. Collisions involving the dust can result in sticking and
the dust coagulate and grow up to ∼mm-sized pebbles again. In
the end there is a roughly bimodal size distribution consisting
of some primordial pebbles have survived the collapse and the
growing dust that originally was ground down from the primor-
dial pebbles.
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4. Conclusions and discussion

In this paper we have investigated the internal evolution of peb-
ble clouds formed in protoplanetary disks by the streaming insta-
bility, although the results can be applied to other planetesimal
formation models relying on particle concentration and gravita-
tional collapse as well (e.g. Klahr & Bodenheimer 2003; Cuzzi
et al. 2008; Dittrich et al. 2013). We have developed a numer-
ical model to study the effect of dissipative collisions between
pebbles leading to gravitational collapse of the cloud. The main
results of our simulations can be summarized as follows.

The collapse times of the pebble clouds in our model are
short. We assume that all clouds initially have a size equal to
their Hill radius, giving a free-fall time of tff ∼ 25.1 years at
∼40 AU. The collapse time still varies depending on the cloud
properties. Massive clouds (Rsolid & 70 km) collapse, roughly,
on the free-fall time of the cloud and even for low-mass clouds
(Rsolid ∼ km) the collapse time is only a few tens of orbits. The
size of the pebbles affects the collapse time, with more rapid
collapse for smaller pebbles (because of their larger collision
surface). These collapse timescales can be compared to the for-
mation times of the pebble clouds which are just a few orbits
(Johansen et al. 2009).

The clouds do not get into virial equilibrium immediately
after a dissipative collision but require some time to fall to their
new (smaller) desired size. The result is that the particles in high-
mass clouds will move at subvirial speeds, reducing their colli-
sion speeds significantly and preventing widespread fragmenta-
tion. For a low-mass cloud this does not occur during most of the
collapse, since the collision rates are low and the cloud has time
to virialize between two collisions. It is only at the end of the
collapse, when the density of the cloud is very high, that the par-
ticles in low-mass clouds dissipate energy quickly enough that
they will move with subvirial speeds. A high-mass cloud, on the
other hand, enters the cold collapse phase already in the begin-
ning of the contraction. The result is that massive clouds collapse
coldly and after an initial burst of pebble fragmentation the num-
ber of fragmenting collisions decreases and the dust can start to
grow to reform larger and larger aggregates (up to ∼mm).

In the collapse of low-mass clouds (Rsolid . 20 km) the col-
lision speeds never reach the fragmentation limit and they will
be completely made up of the primordial pebbles. In more mas-
sive clouds (Rsolid & 20 km) the collision speeds are, at some
point in the collapse, large enough for fragmentation to occur in
the pebble collisions. In all planetesimals some of the primor-
dial pebbles survive. For the mid-size planetesimals (20 km .
Rsolid . 50 km) the first fragmenting collision occurs late in the
collapse and not all pebbles have time to be ground down. In the
most massive clouds even the first collisions are fragmenting but
slow virialization of the cloud causes the collision speeds later in
the collapse to be smaller and a significant fraction of the peb-
bles survive. This formation process causes an observable dif-
ference between a low- and a high-mass planetesimal, namely
the bulk density. Low-mass planetesimals can be thought of as
pebble piles and they will be very loosely packed and have a
low density. This will also make them easily tidally disrupted
observed in Jupiter’s tidal disruption of the comet Shoemaker-
Levy 9. More massive planetesimals, containing both dust and
pebbles, are able to become very tightly packed and therefore
achieve a high density. This relationship has been suggested for
objects in the Kuiper belt (Brown 2013) but we stress that there
are more parameters that affect the density, such as composi-
tion, differentiation through radioactive heating and collisional
impacts.

We use the results from laboratory experiments of colli-
sions between silicate aggregates even if Kuiper belt objects
are mainly composed of ice. One difference is that ice particles
could be very fluffy and survive collisions at higher speeds com-
pared to silicates (e.g. Wada et al. 2009, 2013). However, even in
our most massive clouds the collision speeds do not reach values
over ∼10 m s−1 and the speed decreases rapidly as the collapse
progresses (red line in Fig. 5). The collapse times, on the other
hand, could very well be affected by our choice of material. In
Appendix A we can see that for a given cloud mass and pebble
size the collapse time decreases for ice since the material density
is lower (the collision rates increases) but the main conclusion
that pebbles survive the collapse would not change.

The next step in our investigation will be to increase the di-
mensionality of the simulations. Our current numerical model
is zero-dimensional in the sense that we only keep track of
the cloud size and collisions are considered via a Monte Carlo
model. The 0D approach is not completely physically cor-
rect since the pebble cloud should initially have some rota-
tion which will prevent the direct collapse. However, we ex-
pect that the main findings of the paper will be true also in a
three-dimensional model with rotation, since gravitational insta-
bilities in the rotating pebble disk should lead to angular mo-
mentum transport and the excitation of relative speeds which
can drive a collapse similar to the zero-dimensional model.
Hydrodynamical two- and three-dimensional models will be pre-
sented in a subsequent paper.
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Appendix A: Analytic derivation of the collapse
of a particle cloud

As mentioned in the main text, it is possible to derive the evolu-
tion of a collapsing cloud analytically under some assumptions.
First of all we assume a uniform density and no net rotation so
that we can make the model zero-dimensional. Next we assume
that we have equal particle sizes, equal speeds (v̄), and that the
only outcome of a collision is bouncing. The last point is only
valid for low-mass clouds which exhibit low collision speeds. A
final assumption is that the cloud virializes immediately after a
collision. This, we will later see, makes the relative speeds too
high and the collapse time too small for clouds that are not in
regime 1 (see Sect. 3.2).

We estimate the evolution of the energy of the cloud with the
equation

dE
dt

= δE × rcoll, (A.1)

where δE is the change in energy per collision and rcoll is the
collision rate (number of collisions per unit time). The energy
change per collision is (from Eq. (9))

δE = −
1
8

m
(
1 −C2

R

)
∆v2 = −A∆v2, A ≡

1
8

m
(
1 −C2

R

)
(A.2)
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where m is the mass of each individual particle. The collisions
are not necessarily head-on which makes the effective collision
speed smaller and reduces the average energy dissipated with a
factor of 1/2. To get the collision rate of the system we look
at the rate with which two equal-sized particles in a volume V
collide:

rik =
σik∆v

V
=

3
4πR3 4πa2∆v = 3a2 ∆v

R3 , (A.3)

where σik is the geometrical cross-section of particle i and k, a
is the particle radius, and R is the radius of the cloud. The total
rate is the sum of the rates of all possible collisions (a particle
cannot collide with itself and we cannot count both rik and rki as
it is the same collision), and setting rik constant for all collision
pairs, we get

rcoll =

Np−1∑
i=1

Np∑
k=i+1

rik = rik

Np−1∑
i=1

Np∑
k=i+1

= rik

Np−1∑
i=1

(Np − i)

= rik

Np(Np − 1) −
Np−1∑
i=1

i

 =
Np(Np − 1)

2
rik

=
3
2

Np(Np − 1)a2 ∆v

R3 ≈
3
2

N2
p a2 ∆v

R3 · (A.4)

The last step is valid since the number of particles Np � 1. We
then write the rate as

rcoll = B
∆v

R3 , B ≡
3
2

M2

m2 a2 =
3
2

R6
solid

a4 · (A.5)

Here M is the total mass of the cloud and Rsolid is the radius
of a planetesimal with mass M and density equal to the internal
density of the particles. Now Eq. (A.1) becomes

dE
dt

= −AB
(
∆v

R

)3

· (A.6)

To get ∆v and R as functions of the total energy we use Eq. (1)

−E =
M
2
v̄2 = C∆v2, C =

M
4
, (A.7)

−E =
D
R
, D =

3
10

GM2, (A.8)

where the change from v̄ to ∆v comes from the fact that the rel-
ative speed is on average

√
2 times larger than the individual

speeds. Inserting Eqs. (A.7), (A.8) into Eq. (A.6) yields

dE
dt

= − ABC−3/2D−3︸         ︷︷         ︸
K′

(−E)9/2

=⇒ (−E)−9/2d(−E) = K′dt

=⇒ −
2
7

(−E)−7/2 = K′t − Q′

=⇒ −E =
1

(Q − Kt)2/7 · (A.9)

Here K = 3.5K′ is a measure of the rate with which the energy
changes and Q = 3.5Q′ is a measure of the initial energy. To
get the value of the parameter Q we look at the initial energy,
E0 = E(t = 0), and using Eq. (1) we obtain

−E0 = Q−2/7

−E0 = −
U0
2 = 3

10
GM2

R0

}
=⇒ Q =

27/2 × 57/2

37/2

R7/2
0

G7/2M7 , (A.10)

where R0 is the initial radius of the cloud. A quick look at
Eq. (A.9) shows us that if t = tcoll ≡ Q/K then −E −→ ∞,
i.e. a complete collapse (R −→ 0 and v̄ −→ ∞). Finally we as-
sume that the initial radius of the cloud is equal to the Hill radius
at the semi-major axis of the cloud

R0 = RHill(d) =

(
M

3M�

)1/3

d, (A.11)

where d is the semi-major axis of the cloud’s orbit. Now we
rewrite Eq. (A.9) as

E =
E0(

1 − t
tcoll

)2/7 · (A.12)

By using Eqs. (A.2), (A.5), (A.7)−(A.11), assuming silicate peb-
bles, and placing the cloud at Pluto’s distance from the Sun we
can find an expression for the collapse time

tcoll =
Q
K

= 4.1 kyr
(Rsolid

1 km

)−1 ( a
1 cm

) (
1 −C2

R

)−1
. (A.13)
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ABSTRACT

Previous work on protoplanetary dust growth shows a halt at centimeter sizes owing to the occurrence of bouncing
at velocities of 0.1 m s−1 and fragmentation at velocities 1 ms−1. To overcome these barriers, spatial
concentration of centimeter-sized dust pebbles and subsequent gravitational collapse have been proposed.
However, numerical investigations have shown that dust aggregates may undergo fragmentation during the
gravitational collapse phase. This fragmentation in turn changes the size distribution of the solids and thus must be
taken into account in order to understand the properties of the planetesimals that form. To explore the fate of dust
pebbles undergoing fragmenting collisions, we conducted laboratory experiments on dust-aggregate collisions with
a focus on establishing a collision model for this stage of planetesimal formation. In our experiments, we analyzed
collisions of dust aggregates with masses between 0.7 and 91 g mass ratios between target and projectile from 1 to
126 at a fixed porosity of 65%, within the velocity range of 1.5–8.7 m s−1, at low atmospheric pressure of
∼10−3mbar, and in free-fall conditions. We derived the mass of the largest fragment, the fragment size/mass
distribution, and the efficiency of mass transfer as a function of collision velocity and projectile/target aggregate
size. Moreover, we give recipes for an easy-to-use fragmentation and mass-transfer model for further use in
modeling work. In a companion paper, we use the experimental findings and the derived dust-aggregate collision
model to investigate the fate of dust pebbles during gravitational collapse.

Key words: comets: general – methods: laboratory – planets and satellites: formation – protoplanetary disks –
techniques: image processing

1. INTRODUCTION

Over the past decade, a significant amount of work on
protoplanetary dust growth has been contributed by modelers
and experimenters that has significantly advanced our under-
standing about the formation of planetesimals. In the field of
planetesimal formation, broad consensus has been reached on
the pre-gravitational dust-growth regime in which micrometer-
sized dust grains grow to at least centimeter sizes by sticking
collisions in protoplanetary disks. Based upon the first
complete laboratory-based dust-aggregate collision model by
Güttler et al. (2010), Zsom et al. (2010) showed that dust
aggregates experience a bouncing barrier when they reach
millimeter sizes, which limits growth and leads to relatively
compact pebble-sized dust aggregates with volume filling
factors of f∼0.4 (i.e., 60% porosity).

The further growth from pebbles to planetesimals faces
severe obstacles by the absence of direct hit-and-stick processes
(Güttler et al. 2010), the onset of fragmentation in collisions
between dust aggregates of similar size around ∼1 ms−1

(Güttler et al. 2010), and the strong influence of radial drift,
which leads to the rapid depletion of boulders of around 1 m in
size at 1 au (Weidenschilling 1977). This halt of growth at
pebble sizes is in agreement with observations, which show the
presence of millimeter- to centimeter-sized dust particles in
protoplanetary disks (see Testi et al. 2014 for a review).
However, Okuzumi et al. (2012) have shown that under very
favorable conditions (submicrometer-sized water-ice particles),
direct coagulation into planetesimals is feasible. As we are
interested in a more generic formation scenario that is less
restricted in terms of grain size, particle material, and location
in the protoplanetary disk, we here assume that the growth
pathway demonstrated by Okuzumi et al. (2012) is not feasible
for micron-sized or warm dust particles.

Two competing models of planetesimal formation in the
presence of the above-mentioned obstacles have been devel-
oped in the past years. Based upon an extensive body of
laboratory work on mass transfer in high-velocity collisions
between dust aggregates of dissimilar masses (Wurm
et al. 2005a; Teiser & Wurm 2009a; Güttler et al. 2010; Kothe
et al. 2010; Teiser et al. 2011; Deckers & Teiser 2014),
Windmark et al. (2012a, 2012b) and Garaud et al. (2013)
described the direct collisional formation of planetesimals,
ignoring particle transport by radial drift. Although mass
transfer in the process of fragmentation of the smaller projectile
aggregate during an impact into the larger target aggregate has
been clearly proven to exist, the formation of planetesimals of
kilometer sizes or larger by this process faces severe problems,
such as the rather long timescales required (Johansen et al.
2014), the role of counter-acting erosion (Schräpler &
Blum 2011), and fragmentation in collisions between similar-
sized planetesimals.
A planetesimal-formation model relying on particle concen-

tration and self-gravity has been proposed by Johansen et al.
(2007), who showed that the streaming instability, first
described by Youdin & Goodman (2005), is capable of
concentrating pebble-sized dust aggregates such that planete-
simals can directly form by gravitational instability. Since then,
this formation scenario has been refined and proven capable of
forming planetesimals of up to several 100 km in size from dust
aggregates with Stokes numbers in the range of St ∼ 0.01 to
St ∼ 1 within the radii 1–10 au (Bai & Stone 2010; Johansen
et al. 2012; Carrera et al. 2015). Here, the Stokes number is
defined as the ratio between the gas-grain coupling time and the
inverse Keplerian frequency (Cuzzi et al. 1993). At 1 au, this
range in Stokes numbers corresponds to centimeter- to meter-
sized dust aggregates in a minimum mass solar nebula model.
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As the formation of dust aggregates at the upper end of the size
range faces the above-mentioned drift and fragmentation
problems, this planetesimal-formation scenario is likely to
operate with pebble-sized rather than boulder-sized dust
particles. One of the main issues with previous studies on
planetesimal formation via gravitational collapse is the use of
inert dust, i.e., dust agglomerates were indestructible. However,
numerical simulations predict that they collide with rather high
velocities, typically a few m s−1 according to Johansen et al.
(2009). At these velocities, aggregates are supposed to
fragment, as shown in the model of Güttler et al. (2010).

Additionally, during the gravitational collapse of the pebble
clouds, speeds high enough for fragmentation can be reached
for planetesimals above a few tens of kilometers in size
(Wahlberg Jansson & Johansen 2014). This fragmentation
changes the size distribution of the pebbles and thus influences
the porosity and packing of the planetesimal that forms.

Nevertheless, Skorov & Blum (2012), Blum et al. (2014),
and Blum et al. (2015) have shown that the dust activity of
comets as they approach the Sun (as well as the low mass
density and thermal conductivity) can only be explained by the
gravitational instability scenario of planetesimal formation
because of the resulting low tensile strengths of the accreted
dust pebbles.

In this paper, we present new experimental work on the
collision behavior of centimeter-sized dust aggregates in the
velocity range up to 8.7 m s−1 for mass ratios between target
and projectile agglomerates of 1–125. These results will be
used in the companion paper (Wahlberg Jansson et al. 2016;
hereafter Paper II) to simulate how fragmentation affects the
gravitational collapse phase and the interior structure of
planetesimals that form by gravitational instability.

In Section 2 we introduce our new experimental setup.
Section 3 describes the sample preparation and sample
properties. In Section 4 the results and analyses of our
experiments are presented. Based upon these results, in
Section 5 we propose a simple empirical model to describe
the general outcome in aggregate–aggregate collisions, which
will be applied in Paper II. Section 6 briefly describes how we
use the new data to better describe the collapse of a pebble
cloud. In Section 7 we conclude our work and discuss its
astrophysical implications.

2. EXPERIMENTAL SETUP

Regardless of whether the formation of planetesimals occurs
by the process of mass transfer or through gravitational collapse
of dust pebbles, centimeter-sized dust aggregates that collide
with velocities in the range of 1–10m s−1 play a crucial role. To
analyze the collision outcome in this parameter range, we
designed a new experimental setup, which is shown in Figure 1.

The heart of the experimental setup is a vacuum glass
cylinder (labeled (1) in Figure 1), which has a length of
150 cm and a diameter of 50 cm and is mounted on top of a
steel vacuum chamber (2). Inside this chamber, the projectile
dust aggregate is placed on a sample holder, which is
attached to a pneumatic accelerator (3). The pneumatic
accelerator is connected to a pressurized gas bottle filled with
nitrogen gas. The target dust aggregate is loaded on top of a
double-winged trapdoor release mechanism (4), which is
adjusted at the top of the glass cylinder. The trapdoor release
system consists of solenoid magnets and eddy-current brakes,
designed to release the target aggregate into a rotation-free

free-fall. Bright-field illumination is accomplished by an LED

panel, and the colliding dust aggregates are imaged by two

megapixel high-speed cameras (6) operated at 7500 frames

per second. The setup and its operation (with the exception of

the pneumatic accelerator) are extensively described in Blum

et al. (2014).
Some of the experimental results presented in Section 4 were

conducted by using an electromagnetic accelerator, which is also

described in Blum et al. (2014) and shown in Figure 2(a). It

consists of a sledge (labeled 1 in Figure 2(a)), which is

electromagnetically guided over a track of 1040mm (2). The

shaft (3), which operates partially in air and partially in vacuum,

is fitted to the sledge, which remains outside the vacuum

chamber. With the manufacturer-provided software, we can

easily adjust the desired acceleration and reach a final velocity

up to 5 m s−1. However, for some applications, the selected

parameters (e.g., motor currents for the desired velocity) were

not effective when the device was subjected to vacuum. High-

vacuum conditions inside the vacuum chamber unintentionally

accelerated the shaft, which required an unnecessarily high

current for deceleration. This in turn induced undesirable jitter

motion and resulted in pre-collision cracks within the projectile

aggregate and complete fragmentation when the projectile was

less massive. Thus, the success rate of launching an intact

Figure 1. Picture of the drop-tower setup for the investigation of aggregate–
aggregate collisions. The marked components are (1) glass vacuum tube, (2)
vacuum chamber, (3) shaft of pneumatic accelerator, (4) target release
mechanism, (5) turbo pump, and (6) high-speed cameras.
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projectile was too low for an efficient experimentation. Hence,
we replaced the electromagnetic by a pneumatic accelerator.
Figure 2(b) shows the pneumatic accelerator carrying a simulant
aggregate (labeled S). The pneumatic accelerator consists of a
simple shaft housed in an aluminium casing (4) and is connected
to a pressurized gas bottle (5). Upon opening a solenoid valve
(6), the gas bottle delivers a pressure of 4–5 bar to the shaft,
sufficient to gently accelerate the projectile aggregate to a final
velocity of up to ∼5–6ms−1. Test experiments showed that the
pneumatic accelerator does not induce cracks or fragmentation
into the fragile dust aggregates.

3. SAMPLE PREPARATION AND SAMPLE PROPERTIES

3.1. Preparation of Centimeter-sized Dust Aggregates

The dust material used in this study is silicon dioxide
(SiO2). According to the manufacturer (Sigma-Aldrich), the
dust is 99% pure, consists of irregular grains with a size of
0.5–10 μm (approximately 80% of the grains are between 1
and 5 μm in diameter), and possesses a material density of
SSiO2

= 2.60 g cm−3. This dust-analog material has been
widely used in laboratory experiments before (Blum 2006;
Beitz et al. 2012; Schräpler et al. 2012; Deckers &
Teiser 2013, 2014), so that the results published here can
be related to earlier work.

However, as the dust provided by the manufacturer
possesses a lumpy structure, it requires some processing before
being used for centimeter-sized dust aggregates, because we
require the aggregates to be as homogeneous as possible. To
remove the lumps, the dust powder was first sifted using an
electrically vibrated sieve with 500 μm mesh size. The mass of
the sieved dust was carefully measured per desired fill factor

and volume and then poured into a respective mold for further
compression, which was done manually and hydraulically for
aggregates of 5 cm. The resulting aggregates possess a
cylindrical shape with lengths equalling diameters, both
ranging between 1 and 5 cm. Details of the dust processing
have been published in Blum et al. (2014).

3.2. Properties of the Dust Aggregates

The volume filling factor f is defined as the ratio of the
overall density of a dust aggregate and the material density of
the dust particles. In this study, we fixed the volume filling
factor to f=0.35, because previous work has shown that this
is close to the expected value in the bouncing regime (Weidling
et al. 2009; Zsom et al. 2010). Since the volume filling factor is
one of the critical parameters in defining the collision outcome,
it was carefully controlled throughout the dust processing. To
investigate whether the compressed dust cylinders were
homogeneous with a volume filling factor of f=0.35
throughout their volume, X-ray tomography (XRT) measure-
ments were performed on selected dust aggregates.
Figure 3 shows reconstructed slices of the XRT analysis of

a dust aggregate of 5 cm. The homogeneous gray matrix area
possesses a standard deviation over the full length of 5 cm of
5%–6%, which translates into Δf=±0.02 relative to its
mean value G � 0.35¯ . However, occasionally also bright
spots of dense regions are found, encircled in Figure 3(b),
which occur sporadically throughout the cylindric dust
sample. The mean volume filling factor of these dense spots
is f∼0.57 and reaches up to f=0.68. However, the
fractional volume occupied by the dense spots is <10−5, so
that their influence on the collision behavior of the dust
aggregates is negligible.
Figure 4 shows the global volume filling factor profile of an

entire dust aggregate of 5 cm, which is very similar to the
profile shown in Schräpler et al. (2012). The slightly higher
volume filling factor in the first 15 slices (or 0.9 mm from the
bottom of the cylinder) is an artifact due to the reflection of X-
rays from the aluminium sample holder on which the aggregate
was placed. The declining tail, starting from slice ∼800 (or
46 mm from the bottom), is assumed to be the reflection from
the air-material interface. Between slices 15 and 800, the slice-
averaged volume filling factor slightly decreases from
f=0.37 to f=0.33. This decline is caused by the
unidirectional compression of the sample (Beitz et al. 2013).

4. DATA ANALYSIS AND EXPERIMENTAL RESULTS

We performed 142 individual aggregate–aggregate collisions
in the following eight series (projectile diameter/height—target
diameter/height): 1–1 cm, 1–2 cm, 1–2.6 cm, 1–5 cm, 2–2 cm,
2–5 cm, 3.5–5 cm, and 5–5 cm. Table 1 summarizes all
collision parameters investigated here.
The velocity distributions of the individual collision

experiments in the eight series listed in Table 1 are shown in
Figure 5 in a cumulative way. We can see that the chosen
velocities are distributed evenly in the respective ranges given
in Table 1. The rather exceptionally high velocities of the
1–5 cm series are caused by the higher fragmentation threshold
velocities that the targets possess in collisions with small
projectiles. This is further discussed below.
Figure 6 shows two examples of pre-collision and post-

collision images taken with one of the high-speed cameras. The

Figure 2. The electromagnetic accelerator (a) and the pneumatic accelerator (b),
each holding a projectile (labeled S). The labeled components of the
electromagnetic accelerator are (1) sledge, (2) track, (3) shaft, and of the
pneumatic accelerator (4) shaft, (5) pressurized gas bottle, and (6) solenoid valve.
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pre-collision images demonstrate the geometry of the collision,

which has been set in such a way that the symmetry axis of the

projectile was rotated by 90° with respect to the symmetry axis

of the target. The target aggregate, which is dropped from the

top, thus projects a rectangular shape onto the field of view of

the cameras, while the projectile aggregate, shot from the

bottom, appears as a circle (see Figure 6(c)). This geometry

provides a minimum contact area between the aggregates at

first contact and is representative of collisions between

spherical aggregates, as shown by Beitz et al. (2011). However,

in practice it has been challenging to guarantee these ideal

geometrical conditions, first because of the slightly inherent

nonalignment along the line joining the centers of release
mechanism and accelerator, and second as a result of some-
times unavoidable rotation of the projectile aggregate. For
instance, the projectile of 5 cm in Figure 6(a) is slightly tilted
by the rotation. Figures 6(b) and (d) show examples of
complete fragmentation of projectile and target (annotated CF
in Table 1) and mass transfer from the fragmented projectile to
the non-fragmented target (annotated FM in Table 1),
respectively.
The imperfect alignment between projectile and target also

results in not perfectly central collisions, which we describe
using a one-dimensional impact parameter. Owing to the
limitation of the experimental design, i.e., both cameras
observing from the same direction, only one component of
the two-dimensional impact parameter is accessible and taken
into account. The velocities used in our data analysis have been
corrected for impact parameter such that only the normal
component of the relative velocity between projectile and target
was taken into account. Formally the normal component of the
collision velocity, vn, is derived from the relative collision
speed, vrel, by

⎛

⎝
⎜

⎞

⎠
⎟�

�
v v

b

r r
sin arctan , 1n rel

p t

· ( )

with b, rp, and rt being the impact parameter, the radius of the

projectile, and the radius of the target aggregate, respectively.

For our cylindrical aggregates with length l and diameter d, we

obtain rp,t=lp,t/2=dp,t/2, with the indices p and t denoting

the projectile and target aggregate, respectively.

4.1. Survival of the Target Aggregate and Mass Transfer

Survival of the target aggregate combined with mass transfer
from the fragmenting projectile to the intact target was a non-
negligible experimental outcome in the 1–2.6 cm, 1–5 cm, and

Figure 3. XRT reconstructions of a dust aggregate of 5 cm. (a) A cross-sectional view of the sample matrix is shown, which exhibits a very homogeneous volume
filling factor (i.e., gray scale). However, in (b) some bright spots with high volume filling factors are visible that are randomly scattered over the volume of the sample.

Figure 4. The volume filling factor of a dust aggregate of 5 cm along its
symmetry axis, averaged over slices of ∼57μm thickness. The inset shows an
X-ray image of the sample. Highlighted with boxes are the interfaces between
the solid aluminium holder and the dust aggregate (1) and between the dust
aggregate and air (2).
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2–5 cm series, with single events present in the 1–1 cm and
2–2 cm series.

As both the fragmentation of the target and its survival were
possible outcomes in the same velocity range, we analyzed the
probability for the occurrence of mass transfer and thus for the
intact survival of the target more closely by first determining
the highest velocity vsur for which mass transfer and intact
survival of the target were observed. The sixth column of
Table 1 shows this velocity. Then, we defined the probability
for target survival, psur, by the ratio between the number of
mass-transfer events and the total number of experiments in the
velocity range v<vsur. The seventh column of Table 1 lists the
corresponding results. Plotting these probabilities in Figure 7(a)
as a function of the size ratio f between target and projectile
shows that psur steadily increases with increasing f values.

In the case of the 1–5 cm series, i.e., for f=5, the formal
mass-transfer probability is psur=0.8, as shown by the black
square in Figure 7(a). However, the collision velocities in this
series had been chosen systematically higher than for all the
other series (see Figure 5) to achieve fragmentation of the target
at all. Thus, psur=0.8 is most likely a lower limit to the true

mass-transfer probability. As an upper limit, we chose
psur=1.0 for the size ratio f5.83 (see red square in
Figure 7(a)). For f=1, the mass-transfer probability is rather
low and slightly decreases from psur=0.2 to psur=0 when
the aggregate size increases from 1 to 5 cm. As the mass-
transfer probabilities for the 1–2.6 cm and the 2–5 cm series are
very similar, we conclude that these probabilities are merely
dependent on the size (or mass) ratio between target and
projectile and not on their absolute values. Thus, we
approximated the mass-transfer probability by

⎧

⎨

⎪
⎪

⎩

⎪
⎪

- -

- -
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(see the red solid and dashed lines in Figure 7(a)).
In Figure 7(b) the survival velocity vsur (on the left y-axis in

black squares) and critical fragmentation velocity v0.5 (on the
right y-axis in blue open squares) have been analyzed as a
function of size ratio f. Here we see that vsur systematically
increases with increasing f, which indicates an implicit
correlation between Psur and vsur. Moreover, it should be noted
that once again the series of similar-size ratios, i.e., 1–2.6 cm
and 2–5 cm, have similar values of vsur and v0.5, which supports
the hypotheses that it is the relative size of the target and
projectile that matters.
For the three experiment series for which f�2.5 and mass

transfer was a common outcome (1–2.6 cm, 1–5 cm, and
2–5 cm, see Figure 9 below), we can also state that mass
transfer always occurs down to the lowest investigated collision
velocities, but it possesses an upper velocity limit in the cases
of 1–2.6 cm and 2–5 cm. Thus, for v>vsur, fragmentation is
the only outcome. However, for 1–5 cm, there is no such upper
limit, although in this series we extended the investigated
velocity range up to 8.7 m s−1. Moreover, for velocities
v<5.6 m s−1, mass transfer is the only outcome. The sixth
column in Table 1 summarizes our findings for vsur, and
Figure 7(b) shows the data as a function of f. We can recognize
that vsur increases with increasing target-to-projectile size ratio
so that dust-evolution models need to take mass transfer into

Table 1

Experimental Parameters of the Aggregate–Aggregate Collisions Investigated in this Study

No. Projectile Size–Target Size No. of Collisions Velocity Range Outcome vsur psur
(m s−1

) (m s−1
)

1 1.0–1.0 cm 13 2.1–5.3 CF+FM* 3.1 0.2±0.14

2 2.0–2.0 cm 18 2.0–6.0 CF+FM* 2.6 0.14±0.14
3 5.0–5.0 cm 21 2.0–6.2 CF <2 0

4 1.0–2.0 cm 10 2.2–7.7 CF <2.1 0

5 1.0–2.6 cm 19 2.5–5.7 CF+FM 4.5 0.53±0.19
6 1.0–5.0 cm 21 3.6–8.7 CF+FM �8.4 0.80±0.20

7 2.0–5.0 cm 24 1.6–7.1 CF+FM 4.6 0.52±0.17

8 3.5–5.0 cm 16 1.5–4.4 CF <1.5 0

Note. Projectile and target aggregate possess a cylindrical shape of equal height and diameter and a fixed volume filling factor of f=0.35. CF stands for catastrophic

fragmentation, in which the target and projectile aggregates both fragment. FM stands for fragmentation with mass transfer, in which only the projectile fragments and

transfers part of its mass to the intact target. psur is the probability with which the target survives the impact intact for collision velocities v<vsur, and vsur is the

highest velocity for which the target survives the impact velocity. The asterisks indicate that mass transfer was observed in only a few events, see Figure 9 below.

Figure 5. Normalized cumulative velocity distributions of the eight
experimental series listed in Table 1. The mean collision velocity in this study

is � �v 4.51 m sn
1.
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account, particularly in cases when small projectiles hit large

targets. These latter cases have been extensively studied in

previous works (Wurm et al. 2005a; Teiser & Wurm 2009a;

Güttler et al. 2010; Kothe et al. 2010; Teiser et al. 2011;

Deckers & Teiser 2014).
The target survival velocity vsur can then be compared with

the critical fragmentation velocity v0.5 (which we derived in

Section 4.4 below), for which the mass of the largest fragment

of the target equals half the initial target mass. In Figure 7(b)

we also show v0.5 for comparison. As can be seen, both

velocities are very similar in those series in which mass transfer

is a regular outcome (1–2.6 cm, 1–5 cm, and 2–5 cm), so that

we can conclude that mass transfer is only possible (and will

occur with a probability psur as shown above) as long as the

projectile is unable to destroy the target (for more details, we

refer to Sections 4.3 and 4.4).
The typical mass-transfer efficiencies, here defined by

Δm/mp, with Δm being the mass transferred from projectile

to target, varied fromΔm/mp ≈ 0.08 toΔm/mp ≈ 0.30 and are

in the same range as was previously found in collisions

among centimeter-sized spherical dust agglomerates (Beitz

et al. 2011, their Figure 8) or in collisions with varying mass

ratios (Wurm et al. 2005b, their Figure 6; Kothe et al. 2010,
their Figure 5; Deckers & Teiser 2014, their Figure 8).
One novelty of our experimental data over previous work is

that we are now able to derive the dependency of the mass-
transfer efficiency on velocity, projectile size, and target size.
Earlier work either used equal-sized aggregates or studied
impacts of dust aggregates on semi-infinite targets. The events
of mass transfer have been observed in five series, providing 37
data points on the relative mass transfer Δm/mp (shown in
Figure 8(a)), which we analyzed according to their (assumed
power-law) dependency on velocity vn and projectile/target
sizes P and T, respectively, i.e.,

⎜ ⎟
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In order to derive the coefficients Cmt, σ, ζ, and Γ in the
above equation, we minimized the reduced chi-squared value
D

red
2 for two cases. In the first case, all 37 events of mass-

transfer were taken into account. In the second case, the three

Figure 6. Examples of pre-collision and post-collision images. (a) and (b): Projectile and target aggregates of 5 cm each, colliding at 6.2 m s−1 and resulting in
catastrophic fragmentation of both aggregates. (c) and (d): A projectile aggregate of 2 cm, colliding with a target aggregate of 5 cm at 2.8 m s−1, resulting in the
fragmentation of the projectile alone. Part of the projectile mass has been visibly transferred to the target, which typically has a cone shape (highlighted by the circle
in (d)).
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events from the series with f=1 were dropped because of their
low mass-transfer efficiency (see Figure 7(a)), so that only 34
events from the series with f>1 were considered. The
respective values of the coefficients and D

red
2 in both cases

are given in Table 2, where we can see that the restriction to
f>1 significantly reduces the D

red
2 value. The resulting

correlations and fits in both cases are shown in Figure 8.
When we remove the 3 events from the series where f=1

and fit the remaining 34 data points to Equation (3), we obtain
the coefficients shown in the second row of Table 2. It can be
seen that D

red
2 is reduced by a factor ∼5, while the velocity

dependence becomes significant. Surprisingly, the previous
strong dependence on T is now negligible, suggesting no role
of the target in the case of f>1. As the error of the exponent of
P is almost twice as large as the exponent itself, we also argue
that the P dependence of the mass-transfer is negligible.
Therefore we neglect the coefficients of P and T by setting
ζ=0 and Γ=0, which leads to Equation (4). The resulting
values are shown in the third row of Table 2. We can see that the
omission of P and T further strengthens the dependence on
velocity and even slightly reduces the value of D

red
2 . Figure 8(b)

is the graphical representation of mass-transfer for size ratios
f>1 as a function of velocity alone. Thus, we rewrite
Equation (3), such that
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and obtain Cmt=−1.42±0.07 and σ=0.91±0.11, respec-
tively, with D � 0.021

red
2 . Obviously, if the aggregates are

intrinsically different in size, i.e., f>1, the dependence of

mass-transfer on the size of individual aggregates becomes

negligible and only the impact velocity vn is the primary factor

on which mass-transfer depends.
Formally, Equation (4) breaks down when Δm/mp>1, i.e.,

for � �T� �v 10 36.34 m sC 1mt . However, at these high impact
velocities, other processes like cratering are important, but these

are not the subject of this study. We should therefore be careful
to use extrapolations of Equation (4) to too high velocities.

4.2. Fragmentation Strength μ

For each collision, we measured the fragmentation strength
μ, which we define as the mass ratio of the largest fragment ml

observed after the collision to the initial target mass mt, i.e.,

N �
m

m
. 5

l

t

( )

With this definition, we can use μ to distinguish between
different collisional outcomes, i.e.,

⎧

⎨
⎪

⎩
⎪
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1 mass transfer from projectile to target

1 bouncing

1 fragmentation of projectile and target

6( )

Contrary to many previous studies in which μ has been
investigated as a function of impact velocity, here we analyze it
as a function of the kinetic energy Ecm in the center-of-mass
system of projectile and target, i.e.,

�E mv
1

2
, 7cm n

2 ( )

where m is the reduced mass of the projectile-target system,

given by � �� � �m m m1
p

1
t

1, with mp and mt being the

projectile and target mass, respectively. We use the kinetic

energy, because we later intend to derive the collision strength

Q*
(see Section 4.4), and the reduced mass, because only this

value has a contribution to the mass loss (the remainder of the

kinetic energy refers to the motion of the center of mass).

Figure 9 compiles the results for the fragmentation strength of

all eight collision series listed in Table 1.

4.3. The Catastrophic Threshold Energy E0.5

In previous studies, power-law dependencies between the
fragmentation strength and the collision energy have frequently

Figure 7. (a) Probability psur for the target aggregate to survive the impact of a projectile aggregate in the velocity range v<vsur, with psur and vsur shown in Table 1,
as a function of the size ratio of target and projectile, f. The red solid line is a linear fit to the data, including the black square at f=5; the red dashed line is the same
for the red square (see text). (b) Highest collision velocity for which the target stayed intact, vsur , as a function of the target-to-projectile size ratio, f (black filled
squares). In addition, we also show the critical fragmentation velocity of the target, v0.5 (blue open squares). In both figures the aggregates of similar f tend to have
similar values.
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been used to determine the catastrophic threshold energy E0.5

for which μ=0.5 (see, e.g., Ryan et al. 1991). Here, we rather

use a Hill function (Hill 1910), given by

N � �
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�

E
E

E E

E

E E
1 , 8

n

n n

n

n ncm
cm

0.5 cm

0.5
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with the exponent n as a free parameter to describe the

dependency of the fragmentation strength (i.e., the relative

mass of the largest fragment; see Section 4.2) on impact

energy. The functional form of Equation (8) has the advantage

of approaching the natural limit of N l 1 (i.e., bouncing) for

low impact energies, Ecm=E0.5, and a power law N r �E n
cm

for high energies, Ecm?E0.5, and n>0.
Table 3 lists the results for E0.5 and n; the data on the

fragmentation strength and corresponding fit curves are shown

in Figure 9. Owing to the small number of data points in the

1–5 cm series, E0.5 was estimated to be E0.5≈19 mJ.
However, from Table 3, it can be seen that the exponent n is

constrained to values between n∼0.2 and n∼0.8 without an

obvious dependence on the projectile/target size. Thus, we

determined the weighted average of the exponents shown in

Table 3 and obtained � on 0.55 0.11¯ . We note that all values

for n in Table 3 are within their individual errors consistent

with n=0.55. For this fixed exponent, the resulting energy

values E0.5(n= 0.55) are also shown in Table 3 and are used
below.
The catastrophic threshold energy varies systematically

between E0.5∼10 mJ for the smaller projectiles/targets and
E0.5∼117 mJ for the larger projectiles/targets. This is
analyzed in more detail in Section 4.4.

4.4. The Collision Strength Q*

If the catastrophic threshold energy E0.5 is known, the
collision strength Q*, which we define through

* �Q
E

m
, 9

0.5

t

( )

can be calculated. Here, we use the target mass for normal-

ization rather than the total mass of the system, mt+mp, as

used by Stewart & Leinhardt (2009) and Beitz et al. (2011).

The reasons for doing this are (1) that in the previous studies

the variation in mass ratio between projectile and target was not

so extreme, but here it varies by more than two orders of

magnitude, and (2) that the largest fragment always stems from

the target (in the case of equal-mass dust aggregates, the target

is the one that delivers the largest fragment). As we are

interested in systematically following the fate of the more

massive of the colliding dust aggregates, we normalize the

Figure 8. (a) Dependence of the mass-transfer efficiency Δm/mp in all 37 events as a function of a power-law combination of the collision parameters, i.e., T [ (v P Tn ,
with the respective coefficients given in first row of Table 2. Since the mass gain was determined by measuring the projected area of the transferred mass (as encircled
in Figure 6), we estimate the mean error as being a factor 2 in mass, which is shown by the red error bar at top left. (b) Removing the three data points with f=1
reduces D

red
2 considerably and shows that the dependence on P and T vanishes (see second row of Table 2). Thus, we refitted the 34 remaining data points with a

power-law dependence on velocity alone (see third row of Table 2).

Table 2

Derivation of the Coefficients in Equation (3) by Minimizing Dred
2

Data Points Cmt σ ζ Γ D
red
2

(exponent of vn) (exponent of P) (exponent of T)

37 −2.30±0.24 0.52±0.44 −0.72±0.69 1.82±0.40 0.111

34 −1.37±0.14 0.81±0.23 −0.22±0.39 0.05±0.32 0.022

34 −1.42±0.07 0.91±0.11 0 0 0.021

Note. The first row shows the results when all 37 data points are taken into account. The second row gives the results for 34 events of mass-transfer in the series with

f>1 (see text for details). The third row shows the fit values when projectile and target size are neglected for the same data set.
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catastrophic fragmentation energy to the target mass. Another

advantage of doing this is the comparison with different

projectile sizes for a constant target size, which can be

interpreted as the fragmentation efficiency of the projectile as a

function of target mass. The higher Q*, the lower the

fragmentation efficiency of the projectile. The absolute values

of Q* are given in Table 3.
Figure 10 shows Q* as a function of the projectile size P for

a fixed target size of T=5 cm (Figure 10(a)) as well as a
function of the target size T for a fixed projectile size of
P=1 cm (Figure 10(b)). The Q* value of the 2–2 cm series is
not shown, as it belongs neither to the fixed projectile
(P= 1 cm) nor to the fixed target (T= 5 cm) parameter space.
However, this series is included in the collective analysis
(Figure 11). As can be seen in Figure 10, the collision strength
roughly follows a power law of the projectile size with an
exponent of ∼1.12±0.25 and a power law of the target size
with an exponent of ∼−2.92±0.57. Varying the projectile
size by a factor of 5 changes the value of Q* by a factor of ∼6,
whereas a variation in the target size by the same factor 5
changes Q* by a factor of ∼100. The collision strength of a
target for a given projectile size thus becomes considerably
weaker for increasing target sizes.

Although the data analysis as shown in Figure 10 is very
intuitive, we favor the simultaneous correlation of Q* with P
and T, which also has the advantage that all eight available Q*

data points can be used. Thus, we used the ansatz

⎜ ⎟ ⎜ ⎟
⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝

⎞

⎠

⎛

⎝

⎞

⎠
*

L M� � �
�

Q P T
C

P T
log

,

1 J kg
log

1 cm
log

1 cm
.

10

1 Q
( )

( )

Least-squares fitting of all eight data points of Q* to the respective

(P, T) pairs delivers the coefficients CQ=1.24±0.16,
κ=1.12±0.35, and λ=−2.70±0.37, which slightly differs

from the previously independently determined values, but is

within the standard errors. The data and fit are shown in Figure 11.

We here recall that the 2–2 cm series is included. However, the

values of κ and λ did not vary significantly when Q* was

separately analyzed as a function of P and T. Figure 11 shows the

goodness of the fit, with
*

�
log

Q P T,

1 J kg 1( )( )
as y-values and

L M
log

P T

1 cm 1 cm( )( ) ( )· as x-values.

Our results can be applied to the calculation of the
catastrophic fragmentation velocity (for which μ= 0.5) when
we recall (see Equation (9)) that * � �Q E m0.5 t

x r
�

v m m v m v P T
m m

m m

1

2 0.5
2

t
1

2 p 0.5
2

t 0.5
3 3p t

p t

·
, so that we obtain,

using Equation (10),

⎛

⎝
⎜

⎞

⎠
⎟*r r r �L M� �

v Q
T

P
P T P T . 110.5

3

3

1 2

0.94 0.153
2

3
2· · · ( )

For equal-sized dust aggregates, i.e., P=T, we obtain

r r r� �L M�

v T T m . 120.5
0.79

t
0.26

2 ( )

This is a rather weak dependence of the catastrophic
fragmentation velocity on aggregate mass for equal-sized
collision partners.

As an alternative data analysis of the dependence of the
fragmentation strength on impact velocity and projectile/target
size, we assume a power-law relationship among these values

(and thus circumvent the collision strength) of the following
form

⎜ ⎟

⎜ ⎟ ⎜ ⎟

⎛

⎝

⎞

⎠

⎛

⎝

⎞

⎠

⎛

⎝

⎞

⎠

N J

X

� �

� � 8

N
�

C
v

P T

log log
1 m s

log
1 cm

log
1 cm

. 13

n

1

( )

Minimizing the squared deviations between measured μ values

and those calculated, we derive a reasonable fit to Equation (13)

(shown in Figure 12) with Cμ=0.18±0.07, J � � o0.66

0.12, ω=−0.58±0.10, and Ω=0.13±0.11, respectively,

which is only valid as long as -Nlog 0. This can be applied to

derive the general expression for the onset-velocity for fragmenta-

tion, for which μ=1, i.e.,

r �X J8 � �v P T P T , 141
1 0.88 0.20( · ) · ( )

and for T=P we obtain

r r� �v T m . 15t1
0.68 0.23 ( )

As these results also hold for μ=0.5 and thus for v0.5, this is

comparable with the results shown in Equation (12). It should,

however, be mentioned that a power-law description of μ as

shown in Equation (13) does not adequately describe the

asymptotic behavior of the largest fragment mass for low

velocities, N l 1. As can be seen in Figure 12, the high-

velocity behavior of μ is not well represented by Equation (13).

This can also be seen by comparing the velocity dependence

N r �vn
0.66 in Equation (13) with that of the Hill function

(Equation (8)). Using rE vcm n
2, we obtain for the asymptotic

velocity behavior of the Hill function (Equation (8))

N r � �v vn
n
2

n
1.1. Thus, the velocity dependence of the largest

fragment is probably better described by Equation (8).
It should be mentioned that Equation (10) can be rewritten

for P=T as
*
� �

L M� �

�
10 17.38

Q C T T

1 J kg 1 cm 1 cm

1.58

1
Q( ) ( ) ( ) .

This is about one order of magnitude higher than the data given
by Beitz et al. (2011), but with a comparable slope, which Beitz
et al. (2011) give as −0.95±0.38. However, our new results
(see Figure 11 and Equation (10)) indicate that Q* indepen-
dently depends on both the projectile and the target size. As far
as we know, this aspect has not been described before and has
thus not been considered so far in collisional evolution models.
As shown in Equation (11), the catastrophic threshold

velocity scales with projectile and target size as

r r �L M� �

v P T P T0.5
0.94 0.153

2
3

2· · . This means that smaller
projectiles require higher impact velocities to achieve the same
collisional result with the same target. On the other hand, for a
given projectile size, larger targets require higher impact speeds
according to v0.5∝T0.15, but with a much shallower size
dependence. As a result, in Figure 7(b) we see that the series
where f=1 tends to have a lower catastrophic threshold
velocity than that of the series where f>1. However, as far as
the relative strength Q* is concerned, the larger aggregates (of
the same filling factor) are intrinsically weaker.

4.5. The Fragment Size Distribution

A physical model for the fragmentation in aggregate–
aggregate collisions requires more than the knowledge of the
mass of the largest fragment or the catastrophic fragmentation
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Figure 9. The fragmentation strength μ as a function of center-of-mass kinetic energy. The dotted horizontal line at μ=1 is the line of bouncing that separates the
region of mass transfer (μ > 1, represented by the filled data points) from the region of fragmentation (μ < 1, represented by the open data points). We note the break
in scale between μ<1 and μ>1. The curves in the μ<1 region follow Equation (8) and were fitted to the μ<1 data points alone. Owing to the small number of
data points with μ<1 in the 1–5 cm series, Equation (8) could not be fitted to this data set.
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energy. Thus, we also measured the fragment size distribution
in all collisions.

Fragment size distributions of colliding dust aggregates have
previously been observed to be composed of two parts, with a
high count of smaller fragments following a power law in size-
frequency distribution and fewer counts of the largest ones
(see, e.g., Blum & Münch 1993; Deckers & Teiser 2014).
Technically, the largest fragment in such collisions is the
remnant of the original target aggregate. Deckers & Teiser
(2014) showed that the mass fraction of the largest fragment
decreases with increasing impact energy, in agreement with our
findings (see Figure 9) and discussions in Section 4.2.

In previous experiments, the factors influencing the fragment
size distribution have not been fully revealed owing to
technical limitations. Thanks to the high frame rate of 7500
frames per second of our high-speed cameras (i.e., a temporal
resolution of ∼130 μs), however, we were able to trace back the
trajectories of the distinguishable fragments and analyze the
time evolution of the fragmentation process. In order to count
the fragments, a time series of frames was generated with the
following two conditions: (i) avoiding secondary collisions
among the fragments and between fragments and the drop-
tower walls; (ii) following the image sequence at least until the
fragment cloud becomes optically thin and the largest
fragments become visible, but without violating the first
condition. The implementation of these criteria left a small
window of time for the determination of the fragment size-
frequency distribution, usually about ∼50 ms after the collision.

After processing the selected frames (flat fielding and
background subtraction), all distinguishable trajectories of the
fragments were traced and counted. Parallel to that, the
projected cross-sectional area of each fragment was registered
in units of pixels, from the smallest discernable fragments of 1
pixel in cross section to the largest remnant. Here 24 pixels
correspond to a linear size of 10 mm, and 1 pixel cross section
is equivalent to 0.174 mm2. Hereafter, the fragments were size-
sorted according to their cross sections. Thus, any fragment can
be counted more than once up to a maximum equal to the
number of frames selected. The assumptions that have been
made while implementing this method are the following:

1. In principle, the fragment size distribution is completed
immediately after the collision energy is consumed and the
last bond is broken. Secondary collisions are irrelevant.

2. Small fragments move faster than large ones, so that they
potentially leave the field of view before the larger
fragments become visible in the initially optically thick
cloud. This is the reason for also selecting the later
frames.

In order to test whether the statistical analysis, based upon
the above assumptions applied within the temporal window of
the first ∼50 ms, is a realistic approximation of the actual
fragment size distribution, we analyzed the time variation of the
slope of the cumulative area-frequency distribution, α. We
assume a power-law relation between the cumulative number
of fragments with area x, Ncum(x), and the cross-sectional area x
of the form

�� a � B

a�

�N x N x C x . 16
x x

x

cum N

max

( ) ( ) ( )

Here, CN is a normalization constant, the bin width of the

summation is Δx=1 pixel, and the summation starts with the

largest discernible fragment of the continuous area-frequency

distribution function, xmax, in each image sequence. The latter

is not necessarily equal to the projected area of the largest

fragment (see Section 4.2), particularly in the cases

where μ≈1.
To demonstrate our analysis, we randomly selected an

experiment, named 3Jun-6, from the 3.5–5 cm series. Out of the
images of this experiment, six non-overlapping equal time
intervals of 50 frames were selected, covering a total time of 40
ms after the collision. We applied a power law of the form
presented in Equation (16) to the area range depicted in
Figure 13(a) with the rectangular box, in order to avoid small-
number effects with the largest fragments. Here the curve of
black squares T1 and the curve of green triangles T6 represent
the first and the last time interval, respectively. For reference,
the complete cross-section data of the 3Jun-6 experiment
(comprising all data from the six sequences T1-T6) are also
plotted, here represented by red vertical dashes. As the time
after the collision elapses from T1 through T6, the cumulative
count of each fragment bin increases, which shifts each
subsequent curve upward. At the same time, the larger
fragments become separated from the power-law tail of small
fragments and become countable, so that the curves shift
rightward to higher cross sections. However, the slope α (see

Table 3

Results of the Aggregate–Aggregate Collision Experiments

No. Projectile Size–Target Size E0.5 Exponent n E0.5 Q
*

(mJ) in Equation (8) (n = 0.55) (J kg−1
)

(mJ)

1 1.0–1.0 cm 9.20±7.70 0.69±0.36 13.58±5.57 18.61±7.63

2 2.0–2.0 cm 22.52±7.84 0.70±0.35 24.82±9.10 4.28±1.57

3 5.0–5.0 cm 109.43±50.21 0.60±0.34 104.10±34.06 1.14±0.37

4 1.0–2.0 cm 58.24±109.63 0.38±0.31 30.42±11.08 5.24±1.91
5 1.0–2.6 cm 15.27±37.32 0.21±0.47 8.43±3.02 0.67±0.24

6 1.0–5.0 cm ∼19.0 L ∼19.0 ∼0.21

7 2.0–5.0 cm 53.42±14.97 0.80±0.30 59.40±21.65 0.65±0.29

8 3.5–5.0 cm 117.29±43.88 0.52±0.23 114.24±33.20 1.26±0.36

Note. The data shown in Figure 9 were fitted with the function shown in Equation (8) and deliver the catastrophic threshold energy E0.5 and the exponent n. We note

that owing to the small number of data points, the catastrophic threshold energy for the 1.0–5.0 cm series was estimated. E0.5(n = 0.55) is the catastrophic threshold

energy for a fixed exponent of n=0.55. The collision strength Q
* is the catastrophic threshold energy (for n = 0.55) per target mass, which inherits its error from the

error in E0.5(n = 0.55).
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Equation (16)) does not change much over time, as Figure 13(b)
demonstrates. With the exception of T1, the slopes remain within
a narrow interval of B � o0.897 0.0086¯ , determined by
averaging the five α values for the intervals T2-T6. This mean
slope corresponds very well to the reference slope α=0.907 of
3Jun-6 for the full time interval. From this analysis, we conclude
that the slope of the power-law part of the cumulative area-
frequency distribution of fragments can be derived from the full
interval of images. In other words, the slope of the fragment area
distribution, observed at any instance after the collision, remains
almost the same.

In Figure 14 we show all 16 size-frequency distributions in
the 3.5–5 cm series derived for full time intervals of ∼50 ms
and the assumptions mentioned on page 28. The numbers next
to the symbols in the legend indicate the collision energy in
units of mJ.

We have seen above that the cumulative area-frequency
distribution of the fragments is well represented by a power law

for small fragments (see Equation (16)), with a rather sharp
cutoff at the high-mass end. In order to mathematically describe
the cumulative area-frequency distribution for the full range of
fragment sizes, we used an exponential cutoff of the form

�� a � B

a�

� �
O

N x N x C x e . 17
x x

x

cum N
x
x

max

i( )( ) ( ) ( )

As the area of the fragments increases, Ncum(x) declines with a

slope −α, up to about the critical fragment area x≈xi, the
knee of the distribution, which indicates the end of the

continuous regime of the power law. Above x≈xi, the

cumulative count drops exponentially with an exponent

�
Ox

xi
( ) . Fitting the experimental data to Equation (17) using

the four fit parameters CN, α, xi, and ν, respectively, shows that

ν≈2 for all data sets. The slope varies between α≈0.2 and

α≈2, and the critical fragment area ranges between xi≈50
pixels and xi≈10,000 pixels. In Appendix A we show all 142

Figure 10. (a) Collision strength Q* as a function of projectile size P for targets of 5 cm. The straight line is a linear fit to the data with a slope of 1.12. (b) Collision
strength Q* as a function of target size T for projectiles of 1 cm. The straight line is a linear fit to the data with a slope of −2.92. The labeling of the data points
represents the series of experiments listed in Table 1.

Figure 11. Correlation between collision strength Q
* and projectile size P and

target size T in the combination of Pκ·Tλ with κ=1.12 and λ=−2.70,
which yields the least-squares error. Here we note that including the 2–2 cm
series had no impact on the values of the exponents.

Figure 12. Correlation between the fragmentation strength μ and projectile/
target size and impact velocity in the combination of J X 8v P Tn · · with
J � �0.66, ω=−0.58, and Ω=0.13, which yields the least-squares error.
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size-frequency distributions of all eight series with their

respective fit functions according to Equation (17).
As can be seen in Figure 14, the curves are sorted with respect

to the collision energy. The more energetic collisions tend to
possess steeper slopes and smaller critical fragment areas. To
derive the dependency of α on the projectile and target size as
well as on the impact velocity, we fitted the 141 data points (1
point that was an outlier was not included) to the function

⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎛

⎝

⎞

⎠

⎛

⎝
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�B E Z� � � �B

�
C

v P T
log

1 m s
log

1 cm
log

1 cm
.

18

n

1

( )

Minimizing the residuals, we obtain Cα=0.15±0.09,
δ=1.01±0.14, ò=−0.02±0.11, and ψ=0.36±0.12,

respectively, with χred
2 =0.066. Obviously, the dependence on

P is very weak and statistically not significant. A variation of P

by a factor 5 results in a maximum deviation of ∼0.01 in α,

which is very small compared to the range of slopes. Here we

also like to show that if only the collision velocity is

considered, then it increases the D
red
2 . For this we set ò and ψ

equal to zero in Equation (18), and we obtain

⎜ ⎟
⎛

⎝

⎞

⎠
B E� �B

�
C

v
log

1 m s
, 19

n

1
( )

which yields Cα=0.30±0.07 and δ=1.06±0.12, with

D � 0.071
red
2 , slightly higher than when using Equation (18).
In Figure 15(a) we show the best-fit α values of all 141

impact experiments as a function of collision velocity and
target size according to Equation (19), whereas the dependence
of α on velocity according to Equation (19), is shown
Figure 15(b) (one outlier data point from the 1–1 cm series
was not used in either fit; this data point is circled).
In addition to α, we also analyzed the critical fragment

size, that is, the cutoff size of the area-frequency distribution
function xi. This is the size of xi that determines the boundary
between the continuous and the discrete size distribution.
Therefore we are interested in seeing its dependence on
collision parameters. We realize that in the case of mass
transfer (37 cases in which the target stayed intact and only
the projectile had fragmented), xi exclusively belongs to the
projectile, therefore we eliminate 37 events of mass-transfer
and consider the remaining 105 events of complete fragmen-
tation of projectile and target. We fitted the xi data to a
combined power law
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20
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and obtained Cx=3.03±0.11, θ=−0.83±0.19, η= 1.44

± 0.17, and τ = −0.05 ± 0.17, respectively, with

D � 0.087
red
2 . As the dependence on target size turned out to

Figure 13. (a) Time series of the single fragmentation curve 3Jun-6, analyzed in six equal and non-overlapping time intervals, T1-T6, of 50 frames each. The red
vertical dashes show the cumulative number of fragments of the total sequence. (b) Slopes and error bars of the six time-sorted and the total cumulative area
distributions shown as fits to the data points in a. The mean slope of the six individual fits and its standard deviation are shown by the red and blue horizontal lines,
respectively.

Figure 14. Cumulative area-frequency distributions of the fragments in all 16
experiments of the 3.5–5 cm series. The larger fragments in the distributions are
responsible for the vertical features shown in the inset, which is a zoom into the
data at the lower right end of the cumulative area-frequency distribution. The
symbols are sorted with respect to collision energy (in mJ), as shown in the legend.
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be negligible, we refitted Equation (20) for τ=0, which led to

⎜ ⎟ ⎜ ⎟
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We obtained new fit values Cx = 3.02 ± 0.11, θ = −0.85 ±

0.17, and η = 1.40 ± 0.11, with D � 0.085
red
2 , which are

slightly better than before. Figure 16 shows the dependence of

xi on vn and P.
Contrary to the results for the slope of the area-frequency

distribution function, the largest fragment area of the
continuous distribution is strongly dependent on the
projectile size, but not at all on the target size. We recall
that xi is the cross section of the cutoff fragment and P is
the diameter of the projectile. Equation (20) shows that the
size of the cutoff fragment almost linearly scales with the
projectile size. Thus, the cutoff size of the continuous area-
frequency distribution function is dominated by the contrib-
ution of the fragmenting projectile, which is also seen by the

vanishing dependence on the target size. Figure 16 demon-

strates the excellent correlation of xi with R I Uv P Tn . As the
collision velocity increases, the size of the cutoff area
decreases, as expected.

4.6. Fragment Mass Distribution

In the next step, we analyzed the mass-frequency
distribution of the fragments. This is required for the
implementation of the model, which is discussed in Paper
II. Here, we derive a normalized distribution, required for
the modeling (details in Section 5). In a first step, we
derive the mass mf(x) of an individual fragment with a
measured cross-sectional area x, assuming spherical aggre-
gate-fragments with a mass density ρagg (see Section 3).
Using this approach, we obtain mf=5.46×10−5 cm3 ρagg
x
3/2, with S GS�agg SiO2

= 0.91 gcm−3, f=0.35; x is in
pixels and mf in grams. Assuming a simple power law for
the cumulative area-frequency distribution, as shown in
Equation (16), we can derive for the cumulative mass
distribution function
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with C � �
B

1
2

3
and mmax being the maximum fragment mass

of the continuous mass-frequency distribution function. The

functional conversion of cross section into mass for the

truncated power law as shown in Equation (17) will be

presented in Paper II.
As α<3/2 for the majority of the cases considered here

(see Figure 15), and thus β>0, Mcum(m) asymptotically
approaches a constant total mass Mtot for lm 0 with no
need to insert a smallest fragment mass. Thus, Equation (22)
is a good fit to the fragment mass distribution function as
long as the deviations from the power law (compare

Figure 15. (a) Slope of the area-frequency distribution function,α, introduced in Equation (17), as a function of collision parameters. The blue solid line shows the fit
to the data following Equation (18) with δ=1.02, ò=−0.02 and ψ=0.36. (b) Same as (a), but assuming that α depends only on the collision velocity. The blue line
shows the fit to Equation (19) with δ=1.06. In both cases, one data point (encircled) from the series 1–1 cm has been ignored during the fitting process.

Figure 16. Correlation between the cutoff area xi in the cumulative area-

frequency distribution function as introduced in to Equation (17) and R Iv Pn ,
with θ=−0.85 and η=1.40.
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Equations (16) and (17)) are small. In those cases for which
α>3/2, particularly for the highest experimental velocities
and for reasons of extrapolating to even higher impact
energies, Equation (22) is still valid, but l dM mcum f( ) for
lm 0f , so that a reasonable smallest fragment mass, m0,

needs to be inserted to keep the total mass finite. Thus, for
β<0, the fragment mass must be constrained to
m0�mf�mmax.

To determine mmax in Equation (22) and correlate it with xi
in Equation (17), we fitted Equation (22) to the cumulative
mass-frequency distribution of all experiments, which we
derived from the corresponding cumulative area-frequency
distributions, with only mmax and Mtot as fit parameters and β

derived from the respective α through C � �
B

1
2

3
. In

Figure 17(a) we show an example of the fit of Equation (22)
to the data, and in Appendix B we present all 142 experiments
with their corresponding fit functions. Figure 18 shows the
relation between the fit value of mmax and the cutoff area xi
from Equation (17), with both values normalized to their
respective target values mt and xt, respectively. As expected,
these values correlate such that we can state that
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t

1.5

m · ( )

where � oC 0.32 0.02m .
Finally, we investigated the correlation between the normal-

ized cutoff value of the cumulative fragment mass distribution,
mmax/mt, derived from Equation (24) and the mass of the
largest fragment μ from Equation (5) and found that there is no
such correlation (see Figure 19). Thus, the cutoff mass and the
mass of the largest fragment are independent and should be
treated separately. As generally mmax/mt�μ, this also means
that the continuum part of the fragment mass-frequency
distribution, whose upper mass is mmax, and the largest
fragment, whose mass is μ·mt, are distinct for the projec-
tile/target sizes and impact velocities treated in this study.

From their scaling behavior, i.e., r r �m x vmax i
3 2

n
1.23( )

(Equation (20)) and N r �vn
1.1 (Equation (8) with n= 0.55)

or N r �vn
0.66 (Equation (13)), respectively, we can argue that

this is also the case for higher impact speeds.
Figure 17(b) shows another representation of the cumulative

mass distribution function, now displayed in log-log form with
the cumulation started at the low-mass end. It is obvious that
for the smallest fragment masses the cumulative mass-
frequency distribution function follows a power law, but
flattens for higher masses. This is generally the case for all
collisions. In Figure 20 we show the slope of the initial power
law as determined in the example shown in Figure 17(b) as a
function of the normal collision velocity. Except for a few
outliers, these slopes fall within a narrow range around the
average of 0.72 with a standard deviation of 0.13 (see
Figure 20), independent of impact velocity.

5. A UTILITARIAN FRAGMENTATION MODEL FOR
AGGREGATE–AGGREGATE COLLISIONS

Following the results of our extensive study on aggregate–
aggregate collisions, which include the determination of the
mass of the largest fragment as a function of the normal

component of the impact velocity and the projectile/target size
as well as a full description of the mass distribution function of
the escaping fragments, we suggest the following recipe for a
complete description of the fragmentation event:

1. Determination of whether mass transfer or fragmentation
of the target occurs.The outcome in aggregate–aggregate
collisions is not unique. In the velocity range above the
fragmentation threshold of ∼1 ms−1, mass transfer or
complete fragmentation can coexist. In the former case,
the target agglomerate stays intact and acquires part of the
mass of the projectile. In the latter case, both colliding
aggregates lose mass. Based on our experimental results,
we propose the following approach:
(a) Determine whether mass transfer can occur. For given

sizes (i.e., diameters) of projectile and target aggregate,
P and T, and their masses mp and mt, respectively, the
necessary condition for the occurrence of mass transfer is

Figure 17. (a) Example of a fit of Equation (22) to the measured cumulative
mass-frequency distribution function. Here, a collision from the 3.5–5 cm
series is shown. The free parameters of the fit were mmax and Mtot, with β
derived from the previously determined slope α of the area-frequency

distribution function by C � �
B

1
2

3
. (b) Same as (a), but with a cumulative

mass-frequency distribution function started at the lowest mass and a log–log
display. The apparent power-law start of the cumulative mass-frequency
distribution function is shown by the solid line, which was fitted to the first 10
data points (as shown by the box).
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that the collision velocity must not exceed the critical

fragmentation velocity v0.5. This can be determined

through the strength of the target agglomerate Q* as a

function of P and T using Equation (10),
*

L M� � �
�

Clog log log
Q P T P T,

1 J kg Q 1 cm 1 cm1( ) ( ) ( )( )
,

with CQ=1.24, κ=1.12 and λ=−2.70. Then, the

critical fragmentation velocity is given by �v0.5

* �Q2 1
m

m

t

p( ) (see discussion before Equation (11)).

For vn> v0.5, mass transfer is not possible, because the

target aggregate necessarily fragments.
(b) If mass transfer can occur, determine the probability

for mass transfer against the probability for fragmen-

tation of the target. According to our analysis in

Section 4.1, the probability for mass transfer (and the

intact survival of the target aggregate) is given by

Equation (2), psur=0.194 f−0.13 for 1�
f�5.83 and psur=1 for f>5.83. Thus, the

probability for the fragmentation of the target is

pfrag=1− psur.
(c) In case of mass transfer, determine the mass gain of the

target. According to Equation (4), the mass-transfer

efficiency Δm/mp is given by � �
%

Clog
m

m mt
p( )

T
�

log
v

1 m s

n

1( ), with Cmt=−1.50 and σ=0.99.

2. Determination of the relative mass of the largest

fragment μ. As the sizes of projectile and target, P and

T, their masses mp and mt, the reduced mass

� �� � �m m mp
1

t
1 1( ) , and the normal component of

the collision velocity, vn, are known, we can
(a) first determine the strength of the target agglomerate

Q* as a function of P and T using Equation (10),
*

L M� � �
�

Clog log log
Q P T P T,

1 J kg Q 1 cm 1 cm1( ) ( ) ( )( )
,

with CQ=1.24, κ=1.12 and λ=−2.70,

(b) then calculate E0.5 using Equation (9), * �Q
E

m

0.5

t

,

(c) and finally derive the relative mass of the largest

fragment using Equation (8), N � �
�

E 1
E

E Ecm

n

n n
cm

0.5 cm

( ) ,

with n=0.55. Here, Ecm is the center-of-mass

kinetic energy given by �E mvcm
1

2 n
2.

(d) In the case of mass transfer, the mass of the largest

fragment is N � �
%

1
m

m t

(determination of Δm, see

above).
3. Determination of the exponent β in the fragment mass-

frequency distribution function.The exponent in the con-
tinuous part of the fragment mass-frequency distribution

function Equation (22), ⎜ ⎟
⎛

⎝

⎞

⎠
� �

C

M m M 1
m

mcum f tot
f

max
( )( ) ,

can be calculated using its relation to the slope of the area-

frequency distribution function, C � �
B

1
2

3
. The latter is

solely a function of the collision velocity, as expressed in

Equation (19), B E Z� � �B �
C log log

v T

1 m s 1 cm

n

1( ) ( ),
with Cα=0.14, δ=1.02 and ψ=0.34.

4. Determination of the largest relative fragment mass of
the continuous distribution mmax. The continuous frag-
ment mass distribution function, Equation (19), requires
an upper mass limit mmax, which we propose to equate to
the cutoff mass of the area-frequency distribution
function Equation (17). Following Equation (24), we
obtain �m m x x2.1max t i t

3 2· ( ) , with (see

Equation (20)) �x Clog i x R� �
log

v

1 m s

n

1( ) I� log
P

1 cm( )
U� log

T

1 cm( ), and coefficients Cx=3.01, θ=−0.82,

η=1.44 and τ=−0.04 in the case of complete
fragmentation of projectile and target, and Cx=2.60,
θ=−0.28, η=3.00 and τ=−1.15, respectively, in the
case of mass transfer.

5. Total-mass scaling.With this information, the functional
behavior of the cumulative mass distribution of the
fragments, Mcum(mf), is fully determined, following
Equation (22), except for the scaling parameter Mtot.
However, the latter can easily be derived by acknowledging
the fact that the full mass distribution function consists of
two parts, (i) a continuous fragment mass distribution
function, and (ii) isolated from this, the largest fragment
mass. That the latter is really distinct from the former can be
seen by the fact that mmax/mt is practically always lower

than μ (see Figure 19 and scaling behavior r �m vmax n
1

Figure 18. Correlation between mmax/mt, derived from fitting the experimental
cumulative mass-frequency distribution to Equation (24) and the cutoff area xi
from Equation (17), normalized to the corresponding target value, xt.

Figure 19. Absence of correlation between mmax/mt and the fragmentation
strength μ for all the cases in which μ<1. The solid line denotes mmax/mt=μ.
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(Equation (20)) and N r �vn
0.6 (Equation (13)). Thus, we

can calculate Mtot by normalizing Equation (22) by
N� � �M m m m1cum ll t p( ) ( ) , with mll being the lower

limit of the fragment mass distribution. We recognize that
the lower fragment size/mass limit in this work was due to
the finite spatial resolution of our imaging system. In reality,
fragments as small as the monomer size might appear. As
long as β>0, the lower fragment-mass limit may be set to
mll=0 without causing mass-conservation problems.
However, if β<0, then a reasonable lower mass limit for
the fragments needs to be found.

6. SIMULATING THE COLLAPSE

The results of our experiments can be used to study the
formation of planetesimals. In a protoplanetary disk, gravita-
tionally bound pebble clouds can form through the interaction
between pebbles and the gas in the disk, e.g., by the streaming
instability (see Section 1). Such a cloud will collapse into a
solid planetesimal thanks to the negative heat capacity property
of gravitationally bound systems and energy dissipation in
pebble-pebble collisions. Wahlberg Jansson & Johansen (2014)
studied the collapse process of such a cloud to find the internal
structure of the resulting planetesimal. They find that the
density of a planetesimal formed increases with planetesimal
mass. More massive clouds have more fragmenting collisions
and a wide range of particle sizes in the resulting planetesimal,
leading to better packing capabilities. In their numerical
simulations, however, the authors use a simplified model of
fragmenting collisions, treating fragmentation as erosion. In
Paper II, the collapse process is investigated with an updated
model. The new model includes the results of our experiments
(critical speeds, fragment size distribution, and mass transfer
probability), to achieve more physically realistic simulations.
For low-mass planetesimals (Rsolid 40 km) the results are
similar (they end up as porous pebble-piles). For more massive
planetesimals, however, the internal structure shows a strong
dependence on both fragmentation model and pebble composi-
tion (silicates versus ice).

7. CONCLUSION AND DISCUSSION

We developed a new experimental setup dedicated to the
study of the low-velocity fragmentation behavior of porous
dust aggregates. Aggregates consisted of micrometer-sized
SiO2 grains and possessed volume filling factors of f=0.35,
i.e., porosities of 65%. The sizes of the dust aggregates ranged
between 1 and 5 cm, with collision velocities in the range from
1.5 to 8.7 m s−1

(see Figure 5).
In all cases we studied, the smaller (or equal-sized) projectile

aggregate fragmented. The larger (or equal-sized) target
aggregate survived impact when the target-to-projectile size
ratio was high and the impact velocity rather low (see
Figure 7b). However, we found that the outcome in these
cases is probabilistic between target survival and target
fragmentation, with a probability for target survival given by
Equation (2) (see Figure 7(a)).
We described the fragmentation of the colliding dust

aggregates by the mass of the largest fragment and a continuous
area-frequency distribution function of the smaller fragments.
When we express the mass of the largest fragments in units of
the target-aggregate mass, we can describe its dependence on
impact energy with a Hill function (see Equation (8)) with two
free parameters, the energy E0.5, for which the largest fragment is
μ=0.5, and an exponent n, for which we find that n=0.55.
Following our recipe that we summarized in Section 5, a full
description of the fragmentation process in collisions between
arbitrary dust aggregates is possible.
In addition to the application of our high-velocity dust-

aggregation collision model in the description of the fate of dust
aggregates in collapsing pebble clouds (see Section 6 and Paper II),
the model will also be useful for mass-transfer based formation
models of planetesimals (Windmark et al. 2012a, 2012b; Garaud et
al. 2013). The successive growth of dust aggregates beyond the
bouncing barrier bymass transfer in catastrophic collisions between
dissimilar-sized dust aggregates is an essential part of thesemodels.
With the data and formal descriptions of the collision outcomes
presented in this paper, the validity of models for the formation of
planetesimals by direct sticking via mass transfer can be assessed
with more realistic collision outcomes.
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APPENDIX A
ELECTRONIC APPENDIX 1

Figures 21–28.

Figure 20. Slope of the power law at the low-mass end of the cumulative mass-
frequency distribution function, if started at the smallest fragments for all eight
collision series as a function of the normal component of the collision velocity.
The horizontal red and blue lines show the mean value and standard deviations,
respectively.
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Figure 21. Area-frequency distribution of all individual experiments in the 1–1 cm series.
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Figure 22. Area-frequency distribution of all individual experiments in the 1–2 cm series.
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Figure 23. Area-frequency distribution of all individual experiments in the 1–2.6 cm series.
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Figure 24. Area-frequency distribution of all individual experiments in the 1–5 cm series.
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Figure 25. Area-frequency distribution of all individual experiments in the 2–2 cm series.
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Figure 26. Area-frequency distribution of all individual experiments in the 2–5 cm series.

23

The Astrophysical Journal, 834:145 (34pp), 2017 January 10 Bukhari Syed et al.



Figure 27. Area-frequency distribution of all individual experiments in the 3.5–5 cm series.
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Figure 28. Area-frequency distribution of all individual experiments in the 5–5 cm series.
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APPENDIX B
ELECTRONIC APPENDIX 2

Figures 29–36.

Figure 29. Mass-frequency distribution of all individual experiments in the 1–1 cm series.
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Figure 30. Mass-frequency distribution of all individual experiments in the 1–2 cm series.
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Figure 31. Mass-frequency distribution of all individual experiments in the 1–2.6 cm series.
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Figure 32. Mass-frequency distribution of all individual experiments in the 1–5 cm series.
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Figure 33. Mass-frequency distribution of all individual experiments in the 2–2 cm series.
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Figure 34. Mass-frequency distribution of all individual experiments in the 2–5 cm series.

31

The Astrophysical Journal, 834:145 (34pp), 2017 January 10 Bukhari Syed et al.



Figure 35. Mass-frequency distribution of all individual experiments in the 3.5–5 cm series.
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Figure 36. Mass-frequency distribution of all individual experiments in the 5–5 cm series.
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ABSTRACT

Some scenarios for planetesimal formation go through a phase of collapse of gravitationally bound clouds of
millimeter- to centimeter-size pebbles. Such clouds can form, for example, through the streaming instability in
protoplanetary disks. We model the collapse process with a statistical model to obtain the internal structure of
planetesimals with solid radii between 10 and 1000 km. During the collapse, pebbles collide, and depending on
their relative speeds, collisions have different outcomes. A mixture of particle sizes inside a planetesimal leads to
better packing capabilities and higher densities. In this paper we apply results from new laboratory experiments of
dust aggregate collisions (presented in a companion paper) to model collision outcomes. We find that the internal
structure of a planetesimal is strongly dependent on both its mass and the applied fragmentation model. Low-mass
planetesimals have no/few fragmenting pebble collisions in the collapse phase and end up as porous pebble piles.
The number of fragmenting collisions increases with increasing cloud mass, resulting in wider particle size
distributions and higher density. The collapse is nevertheless “cold” in the sense that collision speeds are damped
by the high collision frequency. This ensures that a significant fraction of large pebbles survive the collapse in all
but the most massive clouds. Our results are in broad agreement with the observed increase in density of Kuiper
Belt objects with increasing size, as exemplified by the recent characterization of the highly porous comet 67P/
Churyumov–Gerasimenko.

Key words: methods: analytical – methods: numerical – planets and satellites: formation

1. INTRODUCTION

Planet formation takes place around young stars as micron-
size dust and ice particles grow to ever larger bodies
(Safronov 1969). This leads to planets of characteristic sizes
of 104–105 km. The growth starts with particles sticking
together due to contact forces (see review by Blum &
Wurm 2008). Compactified pebbles of millimeter to centimeter
sizes have poor sticking properties, but growth to planetesimals
can be aided by the mutual gravity in pebble clouds that are
concentrated in turbulent gas (see review by Johansen
et al. 2014, p. 547). This leads to the formation of planetesimals
with a distribution of sizes ranging from 10 to several 100 km
(Johansen et al. 2015; Simon et al. 2016).

Many details of the gravitational collapse phase are not yet
fully understood. Nesvorný et al. (2010) pioneered the
modeling of the collapse phase in N-body simulations of a
large number of pebbles coming together due to their mutual
gravity. They found that pebble clouds with high internal
angular momentum collapse into binary planetesimals. This can
explain the high fraction of binaries observed in the classical
cold population of trans-Neptunian objects (Noll et al. 2008).
The two components in binary Kuiper Belt objects appear to
have the same color and composition (Benecchi et al. 2009),
suggesting that they formed together, since the Kuiper Belt,
overall, has a broad color distribution. In the case of binary
formation through three-body encounters (e.g., Goldreich
et al. 2002), the components most likely should not have the
same composition.

Wahlberg Jansson & Johansen (2014, hereafter WJJ)
investigated the evolution of the particle size distribution
during the collapse phase, based on laboratory experiments of
particle collisions (Güttler et al. 2010). The initial pebble
clouds were assumed to arise from the streaming instability

(e.g., Youdin & Goodman 2005; Johansen et al. 2009, 2012;

Bai & Stone 2010). A major result of this paper was that the

collapse process is very dependent on planetesimal mass. More

massive clouds collapse faster and collisions between pebbles

result in pebble fragmentation. This affects the internal

structure (e.g., density and porosity) of the resulting planete-

simal: low-mass planetesimals should be porous pebble piles

while higher-mass planetesimals are a denser mixture of dust

and pebbles. This relation—density increasing with increasing

size—agrees with observations of Kuiper Belt objects

(Brown 2013). However, other parameters such as composi-

tion, radioactive heating, and collisions will also affect the

structure, but the effect of those processes all depend on the

initial porosity and packing efficiency. Therefore, the outcome

of pebble cloud collapse models can be used as a starting point

for calculations of the long-term thermal evolution of

planetesimals (e.g., Lichtenberg et al. 2016). Lorek et al.

(2016) expanded the cloud collapse model in WJJ to

investigate the evolution of the density of the pebbles

throughout the collapse. Bouncing collisions cause porous

dust (ice) aggregates to become more compact. The authors

used their results to constrain the range of initial conditions

(cloud mass, dust-to-ice ratio, and initial filling factor) that can

produce comets and other observed bodies in the outer solar

system. They find that planetesimals with observed comet bulk

density of ∼0.5 g cm−3 can form either if the cloud has low

mass and initially has compact pebbles, or if the cloud is

massive, independent of initial pebble porosity.
Observational data on the structure of planetesimals in the

outer solar system has increased dramatically in the past years.

The space probes Rosetta (ESA) and New Horizons (NASA)

have both reached their respective targets, the Jupiter family
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comet 67P/Churyumov–Gerasimenko (hereafter 67P) and the

dwarf planet Pluto.
Rosetta has multiple instruments that provide measurements

for understanding the origin of planetesimals. OSIRIS is an

optical, spectroscopic, and infrared system on Rosetta imaging

the nucleus of 67P (Keller et al. 2007). The “goosebump”

structures in the walls of the deep pits have been suggested to

represent the primordial pebbles that make up the bulk of the

comet (Sierks et al. 2015), although the meter scale of those

pebbles are in some disagreement with the particle sizes that

are believed possible to form by coagulation in the outer

regions of protoplanetary disks (Birnstiel et al. 2012; Lam-

brechts & Johansen 2014). High-resolution images returned by

the Philae lander indicate a typical scale closer to 1 cm at the

surface (Mottola et al. 2015), more in agreement with

expectations.
Measurements of the shape and gravity field have yielded a

bulk density of only 0.53 g cm−3, so clearly 67P is very porous

(70%–75%, depending on the assumed dust-to-ice ratio). The

CONSERT radar (Kofman et al. 2007) had the main aim of

measuring the internal structure of the comet. Gravity

measurements and radar tomography (Kofman et al. 2015;

Pätzold et al. 2016) indicate that 67P is approximately

homogeneous on length scales <3 m and very porous. These

results are consistent with 67P being a pebble pile consisting of

loosely packed primordial pebbles from the solar protoplane-

tary disk.
The constituent particles of 67P can also be inferred from the

dust particles that fly off the surface. Particles with radii

between 2 cm and 1 m have been observed with OSIRIS

photometry (Rotundi et al. 2015). The GIADA instrument

(Colangeli et al. 2007) has detected compact (suggesting

thermal processing) dust grains of sizes �100 μm escaping the

comet, but also fluffy, low density (ρ∼ 10−3 g cm−3
) dust

aggregates with radii ∼0.1–1 mm (Fulle et al. 2015; Rotundi

et al. 2015). The COSIMA instrument (Kissel et al. 2007)

collected dust aggregates onto plates to visually analyze their

internal structure. The particles collected are porous aggregates

that fragment easily upon collision (Schulz et al. 2015). Low

collision speeds (<1–10 m s−1
) and the analysis of the

collected aggregates (Hilchenbach et al. 2016) suggest that

they are not composed of an ice–dust mixture and originate

from the ice-free surface layers of the comet. Skorov & Blum

(2012) presented a comet model consisting of a top layer of ice-

free dust aggregates residing on an interior mixture of ice and

dust aggregates. Pebble-size dust aggregates are needed to

explain the observed comet activity, as the tensile strength of

the surface of micrometer-size dust is too high for water

sublimation (Blum et al. 2014, 2015). Gundlach et al. (2015)

applied the model to 67P and found that it can explain the

release of the observed approximately millimeter- to centi-

meter-size dust aggregates from the comet surface.
Massironi et al. (2015) found that 67P is likely a contact

binary, inferred from its onion-like structure, with the shell

surfaces centered on the center of mass of each separate lobe.

Thus, 67P may have originally been a binary cometesimal, a

common result of the gravitational collapse model of Nesvorný

et al. (2010), which later merged gently to a bimodal structure.

Altogether, Rosetta and Philae observations of 67P are fully

consistent with formation through slow gravitational contrac-

tion of a dense cloud of pebbles.

Observations of the comet 103P/Hartley 2 by the EPOXI
spacecraft supports the theory of pebble-pile comets. The
comet has, like 67P, a bimodal shape and a low density
(ρ∼ 0.22–0.88 g cm−3, depending on porosity and composi-
tion; A’Hearn et al. 2011). EPOXI also found large particles
(about centimer to meter size) in the comet’s coma. Investiga-
tions by Kretke & Levison (2015), assuming formation through
gravitational collapse, suggest that these particles could be
primordial pebbles from which Hartley 2 was formed.
Pluto, with a diameter of ∼2400 km, is an icy planetesimal

on the other extreme end of the size range of Kuiper Belt
objects. The fly-by by New Horizons showed, surprisingly, that
the surface of Pluto is young (Stern et al. 2015), indicating
heating by either short-lived or long-lived radionuclides and
recent interior restructuring. Other possible sources of heating
(e.g., tidal effects) are, today, insignificant (Moore et al. 2015).
New Horizons is now continuing its journey through the Kuiper
Belt, toward the object 2014 MU69, a mid-size Kuiper Belt
object (diameter <45 km) of the cold population (Porter
et al. 2015). This object has a size intermediate between 67P
and Pluto. It may have been small enough to have avoided
extensive particle fragmentation during collapse (WJJ), in
contrast to Pluto, and thus maintains its primordial structure
similar to 67P. The results from Lorek et al. (2016) predict that
2014 MU69 has a dust-to-ice ratio of ∼3–7 and constituent
pebbles with a volume-filling factor close to the maximum
value of ∼0.4.
A major simplification in the work of WJJ was that pebble

fragmentation during the collapse was always assumed to be
the source of a cloud of micron-size monomer particles. In this
paper, we therefore expand the model for simulating the
collapse of pebble clouds with a more realistic fragmentation
model. The critical fragmentation speed and fragment size
distribution are based on new experimental results presented in
a companion paper (Bukhari Syed et al. 2016, hereafter
Paper I). With this improvement, we get more physically
correct properties of the resulting planetesimals and can better
compare the results with observations of, e.g., the next target of
New Horizons.
The paper is organized as follows. In Section 2 we

summarize the model and numerical method used in WJJ.
The implementation of the results of Paper I (the outcome of
fragmenting collisions) is described in Section 2.3. The
simulations of the collapse of clouds are presented in Section 3.
In Section 4 we discuss the relevance of our results for the
formation of planetesimals by hierarchical accumulation and
the validity of neglecting gas drag in our simulations. A
discussion of the results and a comparison with previous
simulations are presented in Section 5, which is based upon the
results of Paper I.

2. MODEL

A gravitationally bound cloud of pebbles can form, e.g.,
through the streaming instability (Youdin & Goodman 2005;
Johansen et al. 2009; Bai & Stone 2010). In such a cloud,
pebbles move around and will eventually collide with each
other. The collisions are inelastic, leading to loss of energy and
contraction of the cloud. The negative heat capacity property of
gravitationally bound systems causes the pebble collision rate
(and energy dissipation rate) to increase thanks to the increase
in relative speeds and particle density. The result is a runaway
collapse, the gravothermal catastrophe. This formation process
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of planetesimals in protoplanetary disks was investigated with
numerical simulations in WJJ. In this paper we expand the
model to make it more physically realistic. The main change is
the model of fragmenting collisions (discussed in Section 2.3).

2.1. Cloud Model

We model the pebble cloud in the same way as WJJ, with a
homogeneous, spherical, non-rotating cloud of initially equal-
sized pebbles. By doing this we can treat the cloud as an object,
characterized by a single size, that strives to get into virial
equilibrium at all times. By keeping track of the kinetic and
potential energy, the properties (density, collision speeds,
freefall speed, among others) of the cloud can be calculated
(knowing the initial values of these properties) with three
parameters

( )I w
E

E
, 1eq

0

( )I w �
U

U

R

R
, 2

0

0

( )I w
T

T
. 3k

0

Here E is the total energy, U is the potential energy, R is the

radius, and T is the kinetic energy of the cloud. The subscript

“0” marks the value of the property for the initial cloud. After a

collision, the values of the parameters change: kinetic energy is

dissipated, the cloud contracts, and kinetic energy is released

(virialization), thanks to the negative heat capacity. The

collapse time of a pebble cloud is short, less than a few orbital

periods for planetesimals 1 km at Pluto’s distance from the

Sun (WJJ). The collapse time decreases with increasing

planetesimal size and at some point a size is reached where

the energy dissipation is so rapid that the cloud “wants” to

collapse faster than to freefall. This situation is, of course, not

physically possible and arises because it takes some time for

the cloud to virialize after a pebble collision. To solve this we

add the limitation that the cloud can never contract faster than

freefall. This in turn causes the energy release to slow down so

that the pebbles achieve subvirial relative velocities, a situation

we refer to as a “cold” collapse. Subvirial velocities, in turn,

cause lower collision speeds so that a significant fraction of the

pebbles will survive the collapse even in massive planetesimals

(WJJ). As in WJJ, we assume that the individual pebble speeds

follow a Maxwellian distribution with the average speed

determined by the kinetic energy of the cloud. This is not

completely correct since, with dissipative collisions, the

pebbles in the cloud do not behave like an ideal gas.

2.2. Collisional Outcomes

In our model the cloud collapses through energy loss in
inelastic collisions between dust aggregates (pebbles). Depend-
ing on particle sizes and collision speed, the outcome of a
collision can vary. The collision speeds of dust aggregates
inside the pebble clouds increase both as the cloud contracts
and with increasing planetesimal mass. At a threshold
planetesimal size ( _R 10solid km; WJJ), collisions start to
result in fragmentation of the dust aggregates at some point in
the collapse. For the result of a collision, in terms of its effect

on the target particle, we combine the results from Paper I with

the results of Güttler et al. (2010) to include a size distribution

of fragments as well as an improved recipe for mass transfer in

collisions. Collisions are not necessarily head on, which we

correct for by using a randomized impact parameter to calculate

the efficient collision speed. When determining the outcome of

a collision, we use the normal component of the relative

velocity, vn. Table 1 shows the collision outcome for silicate

dust aggregates as a function of collision speed vn and relative

particle size f (target radius, at, over projectile radius, ap). For

low collision speeds <vstick, the collisions result in coagulation

(Güttler et al. 2010), while higher collision speeds result in

either bouncing, mass transfer, or fragmentation. The sticking

threshold speed can be written as

( )
Q

�v
a F

m

5
, 4stick

0 roll

red

where mred is the reduced mass of the particles, a0 is the

monomer radius, and Froll is the rolling force of the monomers.3

The catastrophic fragmentation speed v0.5, the collision speed

required to halve the target, can be written as

( ) ( )*� �v Q f2 1 , 50.5
3

where Q* is the collision strength (Equation (9)) and �f a at p

is the relative particle size. Collisions are split into two types:

two similar-sized particles colliding ( f� 5.83) or a small

projectile hitting a large target ( f> 5.83). The difference is

that, in the case of a small projectile, mass transfer at higher

collision speeds is more likely. In Table 1, MT/F expresses

that collisions in this regime can result in both mass transfer

and fragmentation; this is further discussed in Section4.1 of

Paper I. Another difference from the model used in WJJ is the

value of the critical size ratio, fcrit. In WJJ a value of

� xf 10 2.2crit
1 3 was used while here we use �f 5.83crit , as

advocated in Paper I. A schematic map of collision outcomes in

( )v a,n p space is shown in Figure 1.

Table 1

Outcome Regimes of Pebble–Pebble Collisions

vn f�5.83 f>5.83

�v vn stick C C

- � �v v 1 m sstick n
1 B B

- �� v v1 m s 1
n 0.5 MT/F MT

- � �v v 25 m s0.5 n
1 F MT

. �v 25 m sn
1 F F

Note. Here vn is the normal component of the relative collision velocity, f is the

relative particle size (target radius, at, over projectile radius, ap), vstick
(Equation (4)) is the sticking threshold speed (Güttler et al. 2010), and v0.5
(Equation (5)) is the catastrophic fragmentation speed (Paper I). For collisional

outcomes, C denotes coagulation, B bouncing, MT mass transfer, and F

fragmentation.

3
We use ( )� o q �F 8.5 1.6 10roll

10 N for SiO2 spheres with a0∼1 μm
from Heim et al. (1999).
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To get the amount of energy, δE, dissipated in a collision we
use the same equation as in WJJ:

( ) ( )E N� � �E v C
1

2
1 , 6n

2
R
2

where CR is the coefficient of restitution of the collision. As

in WJJ we assume that all kinetic energy in the normal

direction of the relative velocity is dissipated, �C 0R . This is,

of course, not completely physical but since it is the square of

CR that occurs in Equation (6), the value of the coefficient of

restitution needs to be relatively high to have a significant

effect. Blum & Münch (1993) investigated the coefficient of

restitution in collisions between silicate aggregates. The

authors split the coefficient of restitution into the normal and

tangential component. From their experiments, they find that

the normal coefficient of restitution is small ( –_C 0 0.55R
2 ).

This means that even in grazing collisions, corresponding to

high impact parameters, Equation (6) can be used.

2.3. Dust Aggregate Mass Transfer and Fragmentation

The main difference between the simulations in this paper
and the ones in WJJ is the treatment of mass transfer and
fragmentation. In WJJ mass transfer could only occur in
collisions with high mass ratio. Experimental results from
Paper I show that it can happen for low f as well (row three,
column one in Table 1). Collisions between similar-sized
particles in the velocity regime - �� v v1 m s 1

n 0.5 result in
either fragmentation or mass transfer. The probability of both
survival of the target and mass transfer is approximated as
(Paper I)

( )
- -

�
�

�

⎧
⎨
⎩

p
f f

f

0.194 0.13, 1 5.83

1, 5.83.
7sur

More importantly, mass transfer is no longer 100% efficient but

follows experimental results. The mass transfer efficiency is a

function of collision speed and particle sizes and generally lies

in the range 10%–30% (see Paper I).

In the simulations in WJJ we modeled fragmentation as
erosion. The collision energy goes into removing monomers
from the dust aggregate one by one. This results in a bimodal
fragment size distribution with one large remnant and the rest
of the mass in monomers (unless the collision energy is enough
for complete fragmentation). For this paper, however, we use
the results of laboratory experiments of collisions between
silicate dust aggregates from Paper I, as described below for
reference.
From Paper I the fragment size distribution can be split into

two parts: the largest fragment and a continuous distribution of
the remaining fragments. First we need to find the mass of the
largest fragment, ml. Paper I finds that the mass of the largest
fragment is a function of the collision energy, Ecoll, and can be
written as a Hill equation

( )N w � �
�

m

m

E

E E
1 , 8

n

n n

l

t

coll

0.5 coll

where mt is the target mass, Ecoll is the center-of-mass collision

energy, E0.5 is the energy required to halve the target (to get the

largest fragment with half the mass of the initial target) and

n=0.55 (see Paper I) is the Hill coefficient. This equation has

an s-shape, where E0.5 marks the region where the curve drops

and n describes the steepness of the drop (steeper for higher n).

For low collision energies N _ 1, since the target “barely”

fragments and for high collision energies most of the target is

fragmented, N _ 0.
The fragmentation energy E0.5 has also been investigated in

Paper I and found to be dependent on the size of the target and
projectile
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where Q* is the fragmentation energy divided by the target

mass, at the target radius, and ap the projectile radius.
Paper I finds that the cumulative number distribution of the

fragments after a fragmenting collision fits very well with a

Figure 1. Schematic map of collisional outcomes for silicate dust aggregates as a function of collision speed vn, projectile radius ap, and for two regimes of the relative

particle size wf a at p (target radius over projectile radius). Green regions indicate either coagulation or mass transfer (particle growth), yellow regions bouncing, and

red regions fragmentation. The dependence of vstick on the projectile is described in Equation (4); smaller particles can stick at higher collision speeds. For similar-sized

particles ( f � 5.83) and - �� v v1 m s 1
n 0.5 (Equation (5)), collisions can result in both mass transfer and fragmentation (Equation(2) in Paper I). The catastrophic

fragmention speed v0.5 is a function of both target and projectile size (Equation (5)) and cannot be plotted in this two-dimensional map. The curve of v0.5 shown in the
left plot assumes equal-sized particles ( f = 1). The outcome regions are based on Güttler et al. (2010) and Paper I.
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power law with an exponential cut-off (e.g., Figure 14 in
Paper I)

( ) ( )r B
�

� �
O

N A e , 10A

A
Ai

where �N A is the number of fragments with a projected area

larger than A, α the exponent describing the power law, Ai the

cut-off area, and O � 2 the exponent describing the steepness

of the exponential cut-off. The value of α is observed to be

between ∼0.2 and 2 (e.g., Figure 15 in Paper I) so we do two

sets of simulations: one with B � 0.5 and one with B � 0.9. In

the simulations we are more interested in the distribution of the

mass in fragments, not the number, and with Equation (10) we

can derive the cumulative mass distribution of the fragments.

We use the variable wx m mm i, where mi is the mass of a

fragment with projected area Ai and get
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where �M xm is the total mass in fragments with masses larger

than x mm i,M0 is the total mass available in fragments, and I0 is

a normalization constant for the integral. This integral is not

analytically solvable and must be solved numerically. We

generate arrays with elements on the curve of the solution to

use in the simulations. The cut-off area Ai (and hence mi as

well) is a function of collision speed and projectile size

(Equation(21) and Figure16 in Paper I). However, by

changing variables to xm we only need to solve the integral

once (for each value of α) and can use the same solution

throughout all simulations. We then only need to calculate mi

after each fragmenting collision. Figure 2 shows the solution of

Equation (11) for two different values of α (0.5 and 0.9), which

are investigated in the cloud collapse process in Section 3. The

curves in Figure 2 indicate that large fragments contain most of

the total mass after a fragmenting collision. A shallower slope

α in Equation (10) results in even more of the mass in large

fragments.
In the numerical model (a representative particle approach,

described in Section 2.4) we only need one of the fragments
from the mass-weighted size distribution (Equation (11)). To
select a particle after a fragmenting collision, we use a random

number, X, uniformly distributed between 0 and 1. The largest
fragment is not included in Equation (11) and has to be treated
separately. We first check if - N

�
X

m

m mp

t

t

(the fraction of the

total mass in the largest fragment); in that case the fragment
mass is Nmt. Otherwise we solve Equation (11) with our
numerical recipe for xm using

( )
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N
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, 12
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and select x mm i as the fragment mass. The random number X

in Equation (12), which is between μ and 1 in case the largest

fragment was not selected, is now renormalized to be uniformly

distributed between 0 and 1 in Equation (12), since

Equation (11) is normalized to 1. We additionally impose that

the second largest fragment has a maximum allowed mass of

( )N� m1 t for .N 0.5 and Nmt for N � 0.5. In case of mass

transfer, the cut-off area, Ai, has a different dependence on the

collision speed and particle sizes (Figures 16 and 17 in Paper I).

2.4. Numerical Model

To be able to follow the collapse process we use, as in WJJ,
a representative particle Monte Carlo model (Ormel et al. 2007;
Zsom & Dullemond 2008) that uses collision rates to find
which particles collide and the time between collisions. The
idea with this algorithm is to randomly select, out of the large
number N of physical particles, a smaller number, n, of
representative particles and follow their evolution. Each
representative particle, i, has its own properties (mass, velocity,
etc.) which can change during the collapse. One can think of a
representative particle as one particle in a swarm of identical
physical particles. If a property of a representative particle
changes, then the property changes for all particles in the
swarm. The number of representative particles still needs to be
large enough so that the distribution of properties matches the
true distribution of properties. Most simulations in this paper
are done with n=250. The model is described in Zsom &
Dullemond (2008) and the implementation for our simulations
in WJJ.

3. RESULTS

In our simulations we aim to investigate how the
implementation of the fragmentation model from Paper I
affects the results from WJJ. We are mainly interested in how
the size distribution of particles inside the final planetesimal
depends on planetesimal mass. The shape of the size
distribution will in turn affect the packing efficiency and
density of the planetesimal. We are also interested in exploring
at what phases of the collapse different collisional outcomes
occur. The collision speeds in a massive cloud are high, so
fragmenting collisions will take place. However, at some point
the energy dissipation is too fast for virialization and the
particles will move with subvirial velocities. This means that in
the end, collisions result in bouncing or coagulation instead of
fragmentation, causing pebbles to survive the entire collapse
even for massive planetesimals.

3.1. Initial Conditions

We run our simulations with the model described in
Section 2 (the same algorithm used in WJJ, with an updated
fragmentation and mass transfer model; Section 2.3). Paper I

Figure 2. Cumulative fragment mass distribution after a fragmenting collision
in terms of the normalized mass, wx m mm i. The vertical line shows xm for
the mass of a fragment with cut-off area Ai (Equation (10)). A smaller value of
the slope α of the fragment size distribution (Equation (10)) results in a larger
fraction of the total mass in large fragments (red vs. green curve).
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finds a range of values on the slope, α, of the fragment size
distribution (Equation (10)) so we run two sets of simulations
(B � 0.5 and B � 0.9) to see the effect of α on the result. The
density of the dust aggregates is also updated. The experiments
in Paper I use silicate dust aggregates with a filling factor
' � 0.35, which decreases the density of the pebbles
compared to previous simulations in WJJ. This affects the
simulations in the sense that planetesimals of the same size now
have a smaller mass. Looking at Appendix A in WJJ for the
analytic derivation of the collapse time, we see that a smaller
filling factor results in a shorter collapse time,

( ) ( )� ' �
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where a is the radius of the pebbles. Lower mass also causes

the collision speeds to be slower, so other results, e.g., the final

mass fraction in pebbles, will be different. Otherwise, we use

the same initial conditions for the simulations as in WJJ,

namely a homogeneous, spherical, non-rotating cloud of 1-cm-

size silicate pebbles. The initial size of a cloud is equal to the

Hill radius of the mass of the cloud (at a distance from the Sun

equal to the semimajor axis of the orbit of Pluto), causing the

density (and hence the freefall time of the cloud) to be

independent of the cloud mass. We neglect any effect of the

surrounding gas on the collapsing cloud (the validity of this

assumption is discussed in Section 4.2).
To further investigate how the fragmentation model affects

the outcome of the collapse, we run three more sets of
simulations. The first set of these additional simulations uses
the new fragmentation model but with 100% mass transfer
efficiency (denoted 100% MT). The second set uses the new
model but with ice instead of silicate (denoted Ice). In this
model vstick and v0.5 are increased by a factor 10 to simulate
higher sticking capabilities (Gundlach & Blum 2015; Lorek
et al. 2016). Finally, we run the third set of additional
simulations with the fragmentation model used in WJJ (denoted
WJJ) where fragmenting collisions result in erosion and the
production of a large remnant and a cloud of micron-size dust.
In these simulations mass transfer with 100% efficiency can
occur for high mass ratio collisions. The models are
summarized in Table 2.

3.2. The Interiors of Planetesimals

We investigate the formation of planetesimals with solid
radii between 10 and 1000 km (up to a few 1000 km for
simulations with ice particles in order to have any fragmenting
collisions at all). We omit simulations of smaller planetesimals
in this paper, since the pebble collisions there will only result in
bouncing. In our simulations we are interested in cloud
collapses with fragmenting pebble–pebble collisions where
the updated fragmentation model becomes important. An
important result from WJJ, which we find in our new
simulations as well, is that for these planetesimal masses, the
collision frequency is so high that the collapse is limited by the
freefall timescale of the pebble cloud. This causes the cloud to
collapse cold and the particles inside the cloud to move with
subvirial speeds.

Figure 3 shows the mass fraction of pebbles (particle radius
>0.5 mm) in the left plot and the mass-weighted mean particle
size, āmw, in the right plot for the five models as a function of
planetesimal radius, Rsolid. The plots show that the choice of

fragmentation model is very important and affects the outcome
significantly. For the full model, both the pebble mass fraction
and āmw decrease with increasing Rsolid. However, even
massive planetesimals (up to approximately Ceres size) have
a significant fraction of their mass in pebbles. Compared to the
simulations with the WJJ model, the decrease does not level out
in the same way for massive planetesimals. An explanation for
this is that with the new fragmentation model the collapse is not
as cold as it used to be. The change to larger fragments leads to
lower collision rates and less efficient energy dissipation. This
way the cloud can get closer to virial equilibrium after each
collision. The simulations show that the value of the slope of
the fragment size distribution, α, does not affect the outcome
by a great amount. It is possible that for the most massive
planetesimals, more pebbles survive for higher α. In the case of
B � 0.9 more mass is in small fragments after a fragmenting
collision. This makes the energy dissipation more efficient, the
collapse colder, and collision speeds lower.
Both because of better sticking properties and the lower

material density of ice, a higher Rsolid is required to have any
fragmenting collisions at all when the silicate pebbles are
exchanged for ice aggregates (Figure 3). Depending on the
internal aggregate structure, they can survive collision speeds
between ∼10 m s−1

(compact aggregates; Gundlach &
Blum 2015; Lorek et al. 2016) and ∼50 m s−1

(porous
aggregates; Wada et al. 2009), further discussed in Section 4.1.
The fragmentation in our Ice-model simulations (Table 2) starts
at ∼1000 km and even for a Mars-size object
(Rsolid∼3500 km), all particles in the cloud remain pebbles.
The only difference between the 100% MT model and the

full model is the efficiency of mass transfer. In 100% MT all
the mass of the projectile particle is transferred while the full
model follows the results of Paper I (an efficiency of order
10%–30% and the rest of the mass in fragments). The
difference in the outcome between the two models is very
large. With complete mass transfer, the fraction of mass in the

Table 2

Summary of the Models Used for the Five Sets of Simulations

Model Description

Full model The model described in Section 2 with

( )B � 0.5 slope B � 0.5 in the fragment size

distribution (Equation (10)).

Full model The model described in Section 2 with

( )B � 0.9 slope B � 0.9 in the fragment size

distribution (Equation (10)).

100% MT The model described in Section 2 (B � 0.9 in

Equation (10)). Using 100% mass transfer efficiency

in the model of Section 2.3.

Ice The model described in Section 2 (B � 0.9 in

Equation (10)). Simulating the better sticking

capabilities of ice compared to silicates by

increasing vstick and v0.5 with a factor 10

(Gundlach & Blum 2015; Lorek et al. 2016).

WJJ Use of the fragmentation model in WJJ.

Fragmenting collisions result in a bimodal

fragment size distribution: one large remnant

and a cloud of monomers (erosion). Mass

transfer is possible in collisions with high

mass ratio.
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pebbles stays around 0.9 even for 1000 km-size planetesimals,
compared to 0–0.4 in the full model. The right plot of Figure 3
shows that the pebbles not only survive the collapse but also
grow orders of magnitude in size with efficient mass transfer.
One should note that, for these particle sizes, the outcome
regions from Figure 1 might no longer be valid. One reason for
the difference is that, in the simulations, a lot of collisions
happen in the region 1 m - �� v vs 1

n 0.5 (Figure 5) where
mass transfer is a possible outcome of a collision. In the full
model, if mass transfer occurs between two equal-sized
particles, only ∼55%–65% of the total mass after the collision
is in the large particle (10%–30% mass transfer efficiency),
while the rest is in small fragments. In the case of full mass
transfer, all the mass after the collision is in a merged particle.
The particle growth is more efficient compared to the WJJ
model (where mass transfer is also 100% efficient) as well. This
has several reasons. In the WJJ model, two similar-sized
particles cannot transfer mass but only grow in size by sticking
at low collision speeds. Mass transfer can occur for higher mass
ratios but then the relative mass increase (%m mt) per collision
is smaller (dust onto a pebble). The collapse process in the WJJ
model is also colder, as small dust particles dissipate energy
faster than larger pebbles. This results in lower particle speeds
and mass transfer does not occur to the same degree (the
1 m - �� v vs 1

n 0.5-criterion for mass transfer, Figure 1).
The energy dissipation efficiency in a collapsing pebble

cloud is determined by particle sizes as well as cloud size.
Figures 4 and 5 presents the evolution of the mass-weighted
mean particle radius and average particle speed in the collapse
of a �R 500solid km planetesimal with the different fragmenta-
tion models. As in Figure 3, we find that the value of α does
not affect the collapse by a great deal. With 100% mass transfer
efficiency, however, the difference becomes significant. By
comparing Figures 4 and 5, one finds that clouds with larger
particles (100% MT model) undergo a warmer collapse (higher
collision speeds). Small particles have a higher energy
dissipation rate thanks to high collision rates. Even if the

average particle speeds in Figure 5 are 11m s−1, actual
collision speeds can be >1 m s−1

(we assume a Maxwellian
distribution for the particle speeds), leading to fragmentation or
mass transfer (Figure 1). This causes āmw to change over time
in Figure 4. It increases for the 100% MT model (higher
collision speeds and efficient mass transfer) and gradually
decreases with time for the full model. In the WJJ model, a
fraction of the pebbles initially has rapid fragmentation into
micron-size dust, which has an extreme energy dissipation rate
and the fragmentation rapidly ceases. Figure 6 compares the
particle size distribution in the resulting 500 km-size planete-
simal for the different fragmentation models. The top two plots
show the resulting size distribution for the full model with
B � 0.5 (left) and B � 0.9 (right). Both models yield a

Figure 3. Fraction of mass in pebbles with radii >0.5 mm (left plot) and mass-weighted mean radius of particles āmw (right plot) as a function of planetesimal radius
for the five sets of simulations. The outcome is very dependent on planetesimal size and model. More massive pebble clouds have higher collision speeds, which result
in fragmentation of pebbles. For the full fragmentation model (B � 0.5 and B � 0.9), both pebble mass fraction and āmw drop continuously with planetesimal size,
even though the collapse is cold. The value of the power-law index of fragments, α, does not affect the results very much. For simulations with ice aggregates (Ice) the
collision speeds required for fragmentation are not reached until Rsolid1000 km, which is explained by better sticking capabilities of ice. With 100% efficient mass
transfer (100% MT) the pebble mass fraction stays high even for massive planetesimals and āmw grows significantly with increasing Rsolid. In the collapse many

collisions between similar-sized particles occur in the region 1 m - �� v vs 1
n 0.5 where mass transfer is a possible outcome. With the WJJ-fragmentation model we

get the same results as in WJJ: the pebble mass fraction in the final planetesimal drops when fragmentation starts to occur and flattens out for the most massive
planetesimals because of the cold collapse. Growth of āmw for massive planetesimals also occurs for the old fragmentation model thanks to efficient mass transfer.

Figure 4. Evolution of the mass-weighted mean particle radius āmw for a
�R 500solid km planetesimal using the different fragmentation models. Note

that time increases leftwards in the plot. Fragmentation early in the collapse
causes āmw to drop for all models except the Ice model, since the collision
speeds are too low to fragment ice aggregates (Figure 5). Later in the collapse,
subvirial speeds cause coagulation and mass transfer to start. Efficient mass
transfer and relatively high collision speeds (Figure 5) cause substantial growth
of particles in the 100% MT model.
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planetesimal consisting of fragmented particles but with a
significant fraction of the mass in pebbles. Again, the
difference between the two models is relatively small. The
bottom left plot show the result of the 100% MT model. During
the collapse phase of this planetesimal particle, collisions
resulted both in fragmentation and efficient mass transfer,
resulting in a size distribution with larger particles than for the
full model. The particle size distribution in the planetesimal for
the WJJ model is shown in the bottom right plot. In this model,
fragmentation is modeled as erosion, resulting in a bimodal
fragment size distribution. In later stages of the collapse, the
dust moves slowly enough to stick (Figure 5), grows orders of
magnitude in size, and there are no micron-size monomers in
the final planetesimal. Some of the dust also sticks onto the
primordial pebbles, resulting in growth.

4. DISCUSSION

4.1. Planetesimal Formation Through Hierarchical
Coagulation

Gravitational collapse of dense pebble clouds is not the only
method for forming planetesimals. Another suggested planete-
simal formation mechanism to overcome issues with bouncing
(Zsom et al. 2010) and fragmentation (Brauer et al. 2008) is
hierarchical coagulation. A few lucky particles survive in the
protoplanetary disk and grow through mass transfer. Windmark
et al. (2012) investigate the hierarchical coagulation process
with numerical simulations of a few centimeter-size seed
particles in a protoplanetary disk with 100 μm-size particles.
The authors find that, ignoring the effect of radial drift, 100 m-
size planetesimals can form at a distance of 3 au from a Sun-
like star in ∼1Myr. At a Kuiper Belt distance from the star, the
timescale would be even longer (Johansen et al. 2014). Our
updated mass transfer and fragmentation algorithms would be
highly relevant to further investigate this scenario for
planetesimal formation.

In the early stages of planetesimal formation, dust monomers
coagulate in low-speed collisions. The low speeds reduce the
compactification effect of such collisions and result in fluffy
dust aggregates (e.g., Okuzumi et al. 2012). The high porosity
of these aggregates increases the critical collision speed
required for fragmentation. N-body simulations of collisions
between fluffy ice aggregates with 0.1 μm-size monomers
show that they survive collision speeds up to ∼50 m s−1 thanks
to efficient energy dissipation and also have efficient mass
transfer for high mass ratios (Wada et al. 2009, 2013). In the
case of silicate dust aggregates, the critical velocity, as
discussed earlier, is a factor of ∼10 smaller (Gundlach &
Blum 2015; Lorek et al. 2016) but still larger than for similar-
sized compact aggregates used in laboratory experiments (left
plot in Figure 1, but mind the difference in monomer size). Our
numerical experiments with the collapse of clouds of icy
pebbles already show that fragmentation is almost absent for all
planetesimal sizes. In that case, gravity or internal heating
would be needed to compactify the objects (e.g., Kataoka
et al. 2013).

4.2. Effect of Gas on the Collapsing Pebble Cloud

In our simulations we ignore the effect of surrounding gas on
the collapse. This approximation needs to be validated. To
investigate its validity, we can compare the speeds of the
aggregates in the cloud with the terminal speed due to gas drag,
vt. The typical speeds of an aggregate in the cloud can be
compared to the virial speed, v ,vir or the freefall speed, vff , of
the cloud. These can be written as

( )U�v
GM

R
, 14t f 2

( )�v
GM

R

3

5
, 15vir

( )�
�

v
GM

R

R R

R

2
, 16ff

0

0

where Uf is the friction time of the pebbles, M is the mass of the

planetesimal, and R is the radius of the cloud. All clouds start

out having Roche density so r rR M R0
1 3

solid, which results

in the initial value of both terminal and virial speed having the

same scaling with the planetesimal radius,

( )r rv v R . 17t,0 vir,0 solid

Centimeter-size pebbles in the outer protoplanetary disk

experience Epstein drag, and we have U r _ 8�a 0.1f
1, where

a is the pebble radius and Ω is the orbital frequency (see

Youdin 2010). Using Equations (14)–(16) we find that

( )� � ⎜ ⎟
⎛

⎝

⎞

⎠
v

R
0.646 m s

500 km
, 18t,0

1 solid

( )� � ⎜ ⎟
⎛

⎝

⎞

⎠
v

R
2.75 m s

500 km
, 19vir,0

1 solid

( )� �v 0 m s , 20ff,0
1

and see that at the start of the collapse �v vt vir so gas drag will

play a role. The different scalings of the speeds with the cloud

radius result in an increase in vt faster than vvir and vff , reducing

the effect of gas. Using Equations (14)–(16) this transition

occurs at R∼1000–2000 Rsolid. In reality it would likely

Figure 5. Evolution of the average particle speed (from cloud kinetic energy)
for a �R 500solid km planetesimal using the different fragmentation models.
Note that time increases leftwards in the plot. All clouds in this plot are
massive, with initially high particle speeds (∼1 m s−1

), but their collapse is
limited by freefall so the particle speeds steadily decrease as the collapse
continues. Larger particles result in less efficient energy dissipation (lower
collision rates), leading to a warmer collapse for the 100% MT model
(Figure 6). Collision speeds are dependent on individual particle speeds as well
as impact parameter and velocity distribution. This allows fragmenting
collisions and a decrease of āmw in Figure 4 even though curves show speeds
<1 m s−1.
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happen sooner the more massive the planetesimal is because

the collapse is limited by freefall causing subvirial collision

speeds (see Figure 7). In the collapse of massive pebble clouds,

fragmenting collisions will occur. Smaller particles have a

lower terminal speed (U r af ) and the effect of gas will be

larger. We plan to include this effect in a future publication that

allows different particle sizes to have different contraction

speeds.

5. CONCLUSIONS

In this paper we have added the results of the silicate dust
aggregate collision experiments from Bukhari Syed et al.
(2016, Paper I) to the model of planetesimal formation in
Wahlberg Jansson & Johansen (2014, WJJ). The planetesimals
are assumed to form through the gravitational collapse of
pebble overdensities in protoplanetary disks thanks to energy
loss in inelastic collisions between the particles in the cloud.
The new model has a more realistic treatment of fragmenting
collisions and mass transfer, using the laboratory collision
experiments in Paper I. To investigate the sensitivity to various
aspects of the model, we run three sets of simulations using
slightly modified fragmentation models (see Section 3.1).

As in WJJ the collapse times are short and decrease with
increasing planetesimal mass. The collapse speed is, however,
limited by freefall, and massive planetesimals
( 2R 100solid km) all collapse, roughly, in the freefall time

(∼25 years). The freefall limit causes massive clouds to
undergo a cold collapse where particles move with speeds
slower than the virial equilibrium speed. Particle speeds
decrease by collisional dampening as the collapse progresses

Figure 6. Mass-weighted particle size distribution in a �R 500solid km planetesimal after collapse using the different fragmentation models described in Table 2. All
simulations start out with a cloud of centimeter-size silicate pebbles. For the full model (top left and top right plots) the pebbles have undergone significant
fragmentation and few survive the entire collapse (millimeter- to centimeter-size particles). The value of α (Equation (10)) does not affect the outcome a great deal.
With 100% mass transfer (bottom left plot), however, the resulting distribution covers a broad range of particle sizes. Collision speeds are in the correct range for both
fragmentation and mass transfer to occur. The WJJ model (bottom right plot) results in a bimodal particle size distribution: primordial pebbles that have survived the
collapse (some growth by mass transfer) and smaller particles formed by coagulation of dust from fragmenting collisions.

Figure 7. Comparison between speeds of dust aggregates and the terminal
speed, vt, because of gas drag (Equations (14)–(16)) for the collapse of a cloud
with a solid radius of 500 km. The analytic particle speeds, vvir and vff (green,
blue and pink curves), are higher than the terminal speed (vt, red curve) early in
the collapse and the gas could very well affect the collapse. Around cloud size
R∼1000–2000 Rsolid the terminal speed passes the particle speeds. In reality it
happens sooner because of the freefall limited cold collapse (cyan and black
curves show the average particle speeds in two simulations).
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(Figure 5), causing pebbles to survive collisions even in
massive pebble clouds (Figure 3). In the new model, compared
to WJJ, the primordial pebbles have a harder time surviving in
the most massive planetesimals. In the left plot of Figure 3, we
see that, for the full model, a Pluto-size planetesimal only has
∼0%–20% of its mass in pebbles. In the WJJ model the same
planetesimal has ∼50% of the mass in particles with radii
�0.5 mm. The main explanation for this is that in the WJJ-
model fragmentation is modeled as erosion: a fragmenting
collision results in a large remnant and cloud of small dust
particles. In the new model, however, we have a continuous
fragment size distribution (Equation (11)) and dust production
is rare. Energy dissipation is more efficient with small particles
(AppendixA in WJJ) so with the WJJ-model energy is
dissipated faster, the collision speeds rapidly become subvirial,
and fewer fragmenting pebble–pebble collisions occur.

The experiments in Paper I find a wide range of steepness, α,
of the power law describing the fragment size distribution
(Equation (10)). To explore the sensitivity to α, we made two
sets of simulations for the full fragmentation model: one with a
shallow slope (less mass in small fragments, B � 0.5) and one
with a steeper slope (more mass in small fragments, B � 0.9).
The plots in Figure 3 show that the difference between the two
sets is small compared to the differences to the other
fragmentation models.

Figure 3 also shows that modeling the mass transfer correctly
is important. With efficient mass transfer (100% MT model)
pebbles not only survive the collapse to a larger degree (left
plot) but also grow orders of magnitude in size (right plot). The
difference between the 100% MT model and the full model is
that a collision with mass transfer (MT in Figure 1) results in a
perfect merger, whereas only 10%–30% of the projectile mass
is transferred in the full model. In the collapse, many collisions
occur in the velocity regime 1 m - �� v vs 1

n 0.5 (Figure 5,
Equation (5)) where mass transfer is possible for similar-sized
particles (Figure 1). In the full model, such collisions result in a
slightly larger target but most of the projectile mass in small
fragments, while in the 100% MT model the result is one
merged target.

Our results confirm previous suggestions made in WJJ, that
low-mass planetesimals (few tens of kilometer or smaller)
should consist mainly of primordial pebbles, be very porous,
and have low internal strength. More massive planetesimals
consist of a mixture of pebbles and smaller particles. They
would then have a better packing capability and be denser, in
agreement with the size–density correlation observed for
Kuiper Belt objects (Brown 2013). Our results use the collision
experiments with silicate dust aggregates from Paper I, while
the outer regions of the solar system contain a large fraction of
ices. Our simulations in which we model the particles as ice
change the outcome significantly, since ice particles survive
much higher collision speeds. This result may nevertheless
change with the inclusion of CO and CO2 ice, which have
recently been shown to have equally poor sticking properties as
silicates (Musiolik et al. 2016). Therefore our results obtained
with silica particles could be a good proxy for the collapse of
actual pebble clouds in the outer regions of protoplanetary
disks.
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ABSTRACT
In the Solar System, asteroids and Kuiper belt objects as well as comets are remnant
planetesimals from the time of planet formation. Interactions between solids and gas
inside a protoplanetary disc can, e.g. through the streaming instability, form gravita-
tionally bound planetesimal-mass clouds of pebbles. Such clouds will inevitably have
inelastic collisions between pebbles, lose energy and experience a runaway collapse
into planetesimals. We study the collapse process with a statistical model to find the
internal structure of comet-sized planetesimals. In this paper we develop a numerical
model that keep track of at what depth particles inside the pebble cloud are to get the
radial structure of the resulting planetesimal. We find that the interiors of a planetesi-
mal is heavily dependent on initial pebble sizes and depth inside the planetesimal. We
also look at what effect disc gas has on the collapse by adding gas drag onto particles.
This both speeds up the collapse and cause lower collision speeds which results in
primordial pebbles surviving the collapse. The dependence on particle sizes result in
planetesimals with an interior of “onion”-like shells. Our results are in agreement with
Rosetta observations of 67P/Churyumov–Gerasimenko being a porous, homogeneous
pebble-pile.

Key words: methods: analytical – methods: numerical – minor planets, asteroids:
general – planets and satellites: formation – comets: general

1 INTRODUCTION

Planet formation occurs in protoplanetary discs surround-
ing newborn stars by the growth of, initially, µm-sized solid
dust and ice particles up to planets with characteristic sizes
104 − 105 km (Safronov 1969). Through collisions and co-
agulation by contact forces small dust particles can grow
to larger and larger sizes (Blum & Wurm 2008). At some
size (∼mm-cm) the sticking capabilities of the particles be-
come too poor for coagulation and collisions rather result
in bouncing and compactification. Instead, growth can con-
tinue by concentration of such pebbles in turbulent gas and
the formation of gravitationally bound pebble clouds (see
review by Johansen et al. 2014). Such clouds can later expe-
rience a gravitational collapse and form solid planetesimals
with sizes of order ∼10-100 km (Johansen et al. 2015; Simon
et al. 2016).

The models of collapsing pebble clouds used in our pre-
vious work (Wahlberg Jansson et al. 2017, hereafter WJ+17)
assume that pebble clouds are homogeneous, with uniform
internal density, and non-rotating. This assumption leads to

? E-mail: kalle@astro.lu.se (Lund University)

a resulting planetesimal with the same particle size distribu-
tion throughout the interior, from the centre to the surface.
A key result of these simulations is that the collapse time-
scale is a function of both cloud mass and initial particle sizes
(Wahlberg Jansson & Johansen 2014, hereafter WJJ14). Be-
cause of their larger total surface area, small particles dissi-
pate energy more efficient than large particles, resulting in
a faster collapse. The cloud mass also determines the mag-
nitudes of pebble collision speeds. For a low-mass pebble
cloud these magnitudes never reach values high enough for
fragmenting collisions to occur and the cloud collapses into
a porous pebble-pile (e.g. a km-sized comet). Another as-
sumption used in the old models is that the protoplanetary
disc gas can be ignored. Particles of different sizes are af-
fected differently when travelling through gas, so the gas in-
fluence the cloud collapse process. In this paper we add the
effect of gas on the collapsing pebble cloud. We also expand
the collapse model to allow the individual particle clouds to
have different physical sizes. This allows us to calculate the
interior structure of the resulting planetesimal, particularly
how the pebble size distribution varies with distance from
the planetesimal centre.

The ESA space probe Rosetta has, with its visit to and

c© 2017 The Authors
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observations of the Jupiter family comet 67P/Churyumov–
Gerasimenko (hereafter 67P), taught us a lot about the
structure and interior of comets. Observations of the sur-
face of 67P find a “goosebump” structure inside deep pits
which has been suggested to be primordial m-sized pebbles
that formed the comet (Sierks et al. 2015). Images from the
Philae lander find a pebble size scale closer to 1 cm (Mottola
et al. 2015) more in agreement with particle coagulation lim-
its (Birnstiel et al. 2012). Observations of shape and gravity
field result in a bulk density of ∼530 kg m−3. Radar tomog-
raphy measurements of the comet core (Pätzold et al. 2016;
Kofman et al. 2015) suggest that 67P is homogeneous on
length scales <3 m and very porous (70-75% depending on
assumed dust-to-ice ratio).

The paper is organized as follows. The radially resolved
pebble cloud model is described in Section 2. In Section 2.4
our implementation of the effect of disc gas is summarized.
Our simulations of collapsing pebble clouds are presented
in Section 3 and the results are discussed in Section 4. In
Appendix A we present an analytic description of the calcu-
lation of potential energies in a pebble cloud undergoing a
gravitational collapse.

2 MODEL

We model formation of a planetesimal through the collapse
of a gravitationally bound pebble cloud. Such a cloud can
form inside a protoplanetary disc through e.g. the streaming
instability (Youdin & Goodman 2005; Johansen et al. 2009;
Bai & Stone 2010). In this cloud inelastic pebble-pebble col-
lisions occur and dissipate kinetic energy from the cloud.
This causes the cloud to contract and release kinetic en-
ergy to the pebbles due to the negative heat capacity prop-
erty of self-gravitating systems. Increased pebble speeds and
number density leads to more frequent collisions, higher en-
ergy dissipation rate and eventually a runaway collapse, the
gravothermal catastrophe. This paper expands our previous
numerical simulations (WJJ14; WJ+17) to also include an
investigation of the effect of gas on the collapse process and
the radial structure inside the resulting planetesimals.

2.1 Model of a radially resolved gravitationally
bound pebble cloud

In previous work (WJJ14; WJ+17) we have assumed that
all particles, regardless of size, follow each other as the cloud
collapses. We keep track of the kinetic and potential energy
of the entire cloud to find the radius, density, collision speeds
etc. for the cloud and particle collisions. This means that all
physical particles in the representative particles from the
coagulation model of Zsom & Dullemond (2008) are spread
out homogeneously in the entire cloud.

In this paper we use an expanded version of the collapse
model used in WJJ14 and WJ+17. The cloud is still mod-
elled as a spherical, non-rotating cloud of pebbles but com-
pared to the previous pebble cloud model we keep track of
the radial distribution of pebbles and also allow for an initial
pebble size distribution. The cloud is modelled as a number,
Np, of overlapping, spherical sub-clouds that together form
a pebble cloud collapsing into a solid planetesimal (see Fig.

Figure 1. Collision rates of two swarms with different cloud sizes.

Only particles from swarm k that are within the radius of swarm

i, Ri, can collide with particles from swarm i.

1). All sub-clouds are assumed to, at all times, seek virial
equilibrium.

In the extended model we assume that each representa-
tive particle (Zsom & Dullemond 2008) is its own collapsing
sub-cloud and has its own kinetic energy and size to de-
scribe its properties. Using multiple sub-clouds means that
representative particles are affected by the contraction of
another particle swarm. The enclosed mass of one sub-cloud
increases if another, larger, sub-cloud contracts (increased
density). This results in a change in potential energy. We
take care of this by calculating the total potential energy of
each cloud and update the size of all clouds at every time
step.

The collapsing cloud will eventually reach the solid den-
sity in the centre. We replace the first particle to reach solid
density with a sink particle at rest in the centre of the cloud.
The sink particle (core) then accretes particles from the
other swarms. The core mass, Mc, increases continuously
as

Ṁc =
∑
i

πR2
cvinimi , (1)

where Rc is the core radius, vi is the random particle speed
in swarm i, ni is the particle number density and mi is
the mass of those particles. This way we keep track of the
particle size distribution at different depths inside the final
planetesimal.

2.2 Particle collisions

In Fig. 1 we show the collision rates for two swarms of par-
ticles with different cloud sizes (Ri < Rk). The blue cloud
is the denser i-swarm and the red cloud is the less dense k-
swarm. The collision rate for i being the representative par-
ticle is unchanged from the old model because k encloses i
and we are only interested in the density of the k-swarm. The
collision rate for k being representative particle, on the other
hand, has changed. Now we can only consider the red par-
ticles within i’s radius. This means that a factor (Ri/Rk)3

has been added (the volume fraction of the small cloud in
the large).
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rik = nkσikδvik , (2)

rki =

(
Ri
Rk

)
niσikδvik . (3)

This way we can continue as before and calculate all collision
rates, calculate the time until next collision, δt, and which
particles collide (Eqs. (17)-(21) in WJJ14). Outcome (co-
agulation, bouncing, mass transfer and fragmentation) and
energy lost, δEik, in a collision as function of relative speed
and particle sizes are calculated as in WJ+17 with the re-
sults from experimental studies (Güttler et al. 2010; Bukhari
Syed et al. 2017). In a collision a representative particle and
hence a single sub-cloud can dissipate most of its energy
in a single collision (a head-on collision with low coefficient
of restitution). This is unrealistic but caused no problems
in the homogeneous simulations in WJJ14 and WJ+17 be-
cause the energy was evenly spread out in the cloud. In the
new model, however, each sub-cloud keeps its energy for it-
self and losing all of its kinetic energy will cause free-fall
of the sub-cloud after just one collision. To resolve this we
add a ‘smoothing parameter’, ζ ∈ [0, 1], which decreases the
amount of energy dissipation per time step. This smoothing
corresponds to decreasing the number of physical collisions
that actually occur during one collision between a represen-
tative and a physical particle. In these simulations, ζ is the
ratio between physical particles that actually undergo a col-
lision to the total number of physical particles belonging to
the swarm of representative particle i. The effect of this is
that both the dissipated kinetic energy and the time step
decreases,

δEik → ζ · δEik , (4)

δt→ ζ · δt . (5)

Another effect of smoothing is that we need to be careful
when collisions result in a size change of the representa-
tive particle i (coagulation, mass transfer or fragmentation).
Since not all particles in swarm i undergo a collision a lot
of them have an unchanged size. We resolve this by making
use of the Monte Carlo nature of the simulations and draw
a random number uniformly distributed between 0 and 1.
The probability of selecting one of the particles that has a
new radius is ζ. If the random number is >ζ the collision is
treated as a bouncing collision with only energy dissipation
as the result.

2.3 Cloud energies and contraction

In the radially resolved model each sub-cloud corresponds to
a representative particle with its own properties (e.g. cloud
radius, particle size and speed, etc.). Sub-clouds do not nec-
essarily contract with the same rate (to get into virial equi-
librium) and generally do not have the same equilibrium
radii, Ri,eq, as this depends on their individual kinetic and
potential energy (Ti and Ui). In virial equilibrium we have

Ei,tot = −Ti,eq =
Ui,eq

2
, (6)

where Ei,tot is the current total energy of sub-cloud i. In the
old model (WJJ14; WJ+17) the potential was a function of

the cloud radius only and the equilibrium radius could be
analytically calculated. In the extended model the potential
energy of a sub-cloud is more complex, it is the sum of the
contributions from all other sub-clouds, Uik, and the core
(Eqs. A3–A6). The expression for Uik is different depending
on which sub-cloud, i or k, is larger. Now we cannot find
Ri,eq analytically unless it is smaller than the innermost
cloud (Ri,eq < Rk ∀k, Eq. A9) or larger than the outermost
cloud (Ri,eq > Rk ∀k, Eq. A11). Otherwise we do not know
which sub-clouds k are larger and which are smaller than i
at Ri,eq. This issue is solved by keeping track of the radii
and potential energies of all sub-clouds in a sorted array. To,
continuously, find the equilibrium radii for sub-clouds we use
their total energy and Eq. (6) to get Ui,eq. Next we compare
the equilibrium potential to the sorted radius and potential
arrays and find at what cloud size, Ri,eq, the potential is
Ui,eq. This is done for all sub-clouds every time step as a
change in radius of one sub-cloud affects the potentials of
all other sub-clouds.

2.4 Collapse limits

Self-gravitating pebble clouds collapse on a short time-scale.
The collapse time decreases with increasing planetesimal size
but, for cm-sized pebbles, it takes only a couple of orbital
periods to form planetesimals of a few km in size (WJJ14).
At some cloud mass (∼40 km solid planetesimal radius for
cm-sized pebbles) the energy dissipation from inelastic colli-
sions starts to become more rapid than the release of kinetic
energy (virialization, Section 2). This leads to a collapse at
the free-fall speed. To resolve this in the simulations we limit
the contraction speed to the free-fall speed

vi,ff =

√
2GMi,enc

Ri,0

√
Ri,0 −Ri

Ri
, (7)

where Mi,enc is the enclosed mass and Ri,0 is the radius of
latest virial equilibrium of sub-cloud i respectively. The free-
fall limit results in, for massive clouds, particles achieving
sub-virial velocities and the collapse becomes ‘cold’. One
result of this is that even for the most massive pebble clouds
collision speeds, in a large part of the collapse, are small
enough that collisions do not result in fragmentation and
some pebbles survive the entire collapse (WJJ14).

In the homogeneous cloud model the effect of gas on
the collapse was not taken into account. We discussed this
approximation in WJ+17 and came to the conclusion that
in early parts of the collapse gas drag should matter. In
the extended model we include gas drag and limit particle
speeds to their terminal speeds, vt. The terminal speed for a
particle in sub-cloud i can be written as (e.g. Whipple 1972;
Weidenschilling 1977; Birnstiel et al. 2010)

vi,t = τi,fFi,g =
πρsai

2ΣdΩK

GMi,enc

R2
i

, (8)

where τi,f is the friction time of the particle, Fi,g is the ex-
ternal force on the particle (gravity), ρs is the solid density
of the particle, Σd and ΩK are the surface density and Ke-
plerian frequency of the protoplanetary disc at the cloud’s
distance to the star. We get Eq. (8) for the terminal speed
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Figure 2. Evolution of density at different depths in the cloud during collapse to an Rsolid = 5 km planetesimal. Without gas (left plot)

energy is only dissipated through inelastic pebble-pebble collisions. When a solid core has formed and the remaining number of pebbles

in the cloud decreases resulting in lower density and collision rates and longer collapse time (Fig. 3). The inclusion of gas (right plot)

results in significant energy dissipation even when collision rates are small and the cloud extension decreases continuously leading to

higher densities and a faster collapse.
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Figure 3. Growth of planetesimal core for an Rsolid = 5 km plan-

etesimal. Gas causes continuous and efficient energy dissipation

for the pebbles, which results in both a faster formation of a solid

planetesimal core and a shorter time-scale for the entire collapse.

The low cloud density at the final stages of the collapse without

gas increases the collapse time-scale significantly.

by assuming that the particles are small (cm-sizes) and ex-
perience Epstein drag from the gas. The change in speed of
a particle in sub-cloud i due to gas drag, v̇i,d, is calculated
as,

v̇i,d = − vi
τi,f

. (9)

For this paper we use the minimum mass solar nebula
(Hayashi 1981) to model the protoplanetary disc contain-
ing the collapsing pebble cloud and get Σd to limit both the
random speed of particles and the contraction speed of the
cloud. Including gas into the simulations can both speed up
(particles lose energy faster due to gas drag) and slow down
(if the contraction speed is faster than vi,t) a collapse.

2.5 Algorithm summary

The algorithm can be summarized in a series of steps done
every time step:

(i) Find the time step δt and the particles included in the
collision (representative particle i and physical particle k)
from the collision rate matrix rik (Eqs. 2–3).

(ii) Calculate the outcome of the ik-collision (Sec. 2.2).
Swarm i loses energy δEik. The energy lost and time step is
decreased from the effect of smoothing (Eqs. 4–5).

(iii) Contract all sub-clouds toward virial equilibrium us-
ing δt, potential energy and kinetic energy from the previous
time step. To find the equilibrium radius of each sub-cloud
we use the sorted potential array (Sec. 2.3). Particle speeds
increase due to virialization and decrease due to gas drag
(Eq. 9). These contractions are limited by free-fall and ter-
minal speed (Eqs. 7–8).

(iv) Increase the mass of the planetesimal core (if any)
and decrease the mass of all sub-clouds correspondingly (Eq.
1).

(v) Calculate the new enclosed masses Mi,enc (Eqs. A1–
A2), collision rates rik and potential energies Ui (Eq. A3).

(vi) Keep track of free-fall, vi,ff , and terminal, vi,t, speeds
for each sub-cloud so that particles do not move too fast or
that the sub-clouds do not collapse too fast. Reset vi,ff if a
sub-cloud reaches virial equilibrium.

3 RESULTS

With our simulations we investigate the implementation of
the radially resolved collapse model described in Section
2 and how the results differ from the homogeneous cloud
model in WJJ14 and WJ+17. We are mainly interested in
how the particle size distribution varies with depth inside
planetesimals. The shape of the size distribution will af-
fect the packing capabilities and hence the overall density
and porosity of the resulting planetesimal. Pebble clouds are
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Figure 4. Mass weighted particle size distributions at different depths inside an Rsolid = 5 km planetesimal. Both simulations start

with a log-normal particle size distribution (Eq. 10). Ignoring gas (left plot) results in a planetesimal with an “onion”-like interior (Fig.

5, left plot) with the smallest particles in the centre since they have a more efficient energy dissipation rate (WJJ14). The inclusion of

gas (right plot) adds gas drag (Eq. 8), but also limits the collapse speed to the terminal speed particles. Small particles are affected the

most so this results in a planetesimal with a surface layer consisting of a mixture of particle sizes (Fig. 5, right plot). In the end of the

collapse most of the mass is in the solid planetesimal core and the cloud density is low which cause slower energy dissipation and higher

particle speeds. This, in turn, can result in fragmenting collisions which can be seen by the presence of small particles (pebble fragments)

in the outermost layer of the planetesimal.

formed in gaseous discs around newborn stars and should be
embedded in gas. Therefore we also explore the effect of gas
on the collapse.

3.1 Initial conditions and simulation setup

For small clouds (Rsolid .30 km, WJ+17) collisions result in
bouncing only so pebble sizes remain unchanged. Since the
collapse time is a function of pebble size (e.g. WJJ14) we
are interested in an initial particle size distribution. Investi-
gations of meteorites (e.g. Eisenhour 1996) suggest that the
sizes of chondrules are distributed according to a log-normal
or Weibull distribution. We use this as inspiration of the size
distribution of pebbles concentrated by the streaming insta-
bility and forming self-gravitating clouds. In our simulations
we then start with a log-normal particle size distribution,

dN(a) =
1

aσa
√

2π
e
− (ln a−µa)2

2σ2a da , (10)

where µa and σa is the mean and standard deviation of the
logarithm of the particle radius a. Since we are investigating
pebble clouds we set eµa = 1 cm and σa = 0.5 to study cm-
sized particles. This way the particles collapse differently in
our simulations.

Initially, the cloud consists a number of homogeneous,
spherical, non-rotating, equal-sized sub-clouds of pebbles. It
is put at 39 astronomical units from the Sun (the semi-major
axis of Pluto to investigate comet formation) with sizes of
each sub-cloud set to the Hill radius of the total mass of all
clouds. This causes both the density and free-fall time of a
pebble cloud independent of mass. The radius of the pebbles

in each individual sub-cloud is picked from the log-normal
size distribution described above.

3.2 Collapsing pebble clouds

The simulations investigate the formation and interiors of
comet-sized (5 km) planetesimals from the collapse of grav-
itationally bound pebble clouds.

Because of higher collision rates (Eqs. 2–3) and stronger
coupling to the gas (Eq. 8) smaller particles dissipate their
kinetic energy more efficiently than larger pebbles. This
causes sub-clouds with different particle sizes to contract at
different rates and the density inside the cloud to decrease
with distance to the centre (Fig. 2). During the collapse the
density increases in the inner parts of the cloud and, at some
point, one sub-cloud is the first to reach solid density and
will form a planetesimal core. As time goes on, this core ac-
cretes particles from the other sub-clouds and grows in mass
(Fig. 3). The increase in core mass decreases the number of
remaining pebbles in and density of the outer parts of the
cloud which, in turn, results in lower collision rates. In sim-
ulations including gas, the particles are subject to gas drag
and lose kinetic energy very efficiently even when the number
of pebbles is low at the end of the collapse. This keep densi-
ties high (Fig. 2, right plot) and the collapse time to be very
short (Fig. 3). The solid centre of an Rsolid = 5 km planetes-
imal is formed already after ∼25 yr (similar to the free-fall
time) and the rest of the material has all been accreted af-
ter ∼50 yr. For simulations without gas, on the other hand,
the particles only lose energy in dissipative collisions result-
ing in a slower collapse. By comparing the two models in
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Figure 5. Layered pebble-pile planetesimals with particle size distributions from simulations (Rsolid = 5 km, Fig. 4). The left figure shows

results from a simulation without gas and the right figure results from one with the effect of gas included. Small particles are gathered

in the centre of the left planetesimal since they dissipate kinetic energy in the collapse phase faster both because of the higher collision

frequency. The inclusion of gas adds both gas drag and a terminal speed limit to the collapse (Eq. 8). This results in a planetesimal

with the outer layers consisting of the largest and smallest particles. The algorithm for producing these plots is described in Section 3.2.

Symbol areas in figure proportional to the area of corresponding pebble. Note that pebble sizes and planetesimal size are not to scale.

Fig. 3 we see that without gas not only is the core formed
later (∼150 yr) but also that the collapse time-scale is, as
a whole, significantly longer (∼10 kyr). The slow growth of
the planetesimal in the end of the collapse is caused by the
low collision rate and inefficient energy dissipation at low
particle number density.

One aim with the collapse simulations is to investigate
the porosity inside a pebble-pile planetesimal from the par-
ticle packing capabilities. This is done by keeping track of
particle size distributions at different depths as material is
accreted onto the growing planetesimal core. Fig. 4 shows
the particle size distributions at different depths inside re-
sulting planetesimals with radii Rsolid = 5 km, one plot for a
simulation neglecting gas (left plot) and one with the effect
of gas included (right plot). By using these size distributions
and a two-dimensional circular version of the drop-and-roll
algorithm of Hitti & Bernacki (2013) we produce pebble-pile
plots (Fig. 5) to investigate the packing capabilities inside
the planetesimals. The plots are produced by continuously
generating angles randomly between 0 and 2π, drop pebbles
toward the centre of the planetesimal from those angles and
let them roll to lowest potential (gravity pointing towards
the centre). The sizes of the pebbles depends on the cur-
rent size of the planetesimal and are generated from the size
distributions in Fig. 4. Fig. 5 shows that including gas into
the simulations has both positive and negative effects on the
collapse for pebbles of different sizes. In the case of simula-
tions ignoring gas sub-clouds with small particles contract
faster and are the first to form the solid core of the planetes-

imal. As the collapse goes on, larger and larger pebbles lose
their energy to land on the core and the planetesimal grows
to have a somewhat layered interior (Fig. 5, left plot). This
can also be seen in Fig. 6 (left plot) which shows the particle
size vs. cloud size for the sub-clouds at different points in
the collapse. The overall trend is that the sub-clouds with
large particles take longer time to contract and eventually
reach solid density.

In the case of simulations including gas, however, the re-
sulting planetesimal has a different internal structure (Fig.
5, right plot). As can be seen in Fig. 6 (right plot), the sub-
clouds with mid-sized (∼1 cm) pebbles collapse the fastest
and form the core. Both sub-clouds with smaller and larger
particles, on the other hand, take longer to reach solid den-
sity and, mixed together, form the outer layers. This is
caused by the fact that gas not only dissipate energy from
the pebbles but also limits the collapse speed to the terminal
speed (Eq. 8) of the particles. The sub-clouds with the small-
est particles lose their kinetic energy quickly by gas drag but
cannot contract faster than the terminal speed. The larger
particles have a higher terminal speed (vi,t ∝ ai) and the
contraction is less limited by the gas. However, the gas drag
on the larger particles is smaller and they lose energy less
efficiently which eventually result in a slower collapse. The
optimal particle size is somewhere in between (∼1 cm) where
the terminal speed is high enough to not hinder the collapse
too much but still small enough that the gas drag is efficient.

One difference between the radially resolved (this pa-
per) and the old homogeneous model (WJJ14; WJ+17) is
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Figure 6. Cloud size and particle size for all sub-clouds at different times in the collapse to an Rsolid = 5 km planetesimal. Without

gas (left plot) energy dissipation is most efficient for small particles leading to a continuous increase in the average particle size as the

planetesimal core forms and accretes mass. Including the effect of gas (right plot) causes small particles to rapidly lose energy due to

efficient gas drag. However, the collapse is limited by the terminal speed of the particles which is lower for small particles (Eq. 8). The

result of this is that mid-sized particles (∼1 cm), small enough for efficient gas drag but also large enough to overcome the terminal

speed limit, collapse fastest and form the planetesimal core.

that fragmenting pebble-pebble collisions also occur in the
formation of low-mass planetesimals. The surface layer of a
resulting planetesimal contains small particles (pebble frag-
ments) which can be seen in the particle size distributions
of the outermost layer in Fig. 4. As discussed in Section 2.4
the collapse becomes ‘cold’ (sub-virial particle speeds) if the
energy dissipation is too rapid. This helps pebbles to survive
collisions in the end of the collapse where the virial speed
needs to be high to support the increasing gravity (Eq. 6).
The last phase of a cloud collapse consists of a solid plan-
etesimal core surrounded by a small fraction of the total
mass as a cloud with low density. The low density results in
slower energy dissipation and the possibility to get closer to
virial equilibrium after each collision. An increase in termi-
nal speed (Eq. 8) as cloud contracts allows for higher parti-
cle speeds even when the effect of gas is included. In turn,
the collision speeds reach values high enough for fragmenta-
tion and small pebble fragments will land on the surface of
the planetesimal. This does not happen in the old homoge-
neous model (WJJ14; WJ+17) because there the sub-clouds
collapse together resulting in efficient energy dissipation in
the end of the collapse (a core with surrounding low-density
cloud never forms).

3.3 Pebble-pile comets

The formation of comets (and other km-sized planetesimals)
through the collapse of self-gravitating pebble clouds results,
as in (WJJ14; WJ+17), in porous pebble-piles. In low-mass
pebble clouds collision speeds only reach values high enough
for silicate dust aggregates to fragment in the very end of the
collapse (Fig. 4). Ice aggregate pebbles would not fragment
at any point in the collapse to small planetesimals (WJ+17).
Our simulations show that the environment of the initial
pebble cloud is important to the internal structure of the
resulting planetesimal. If the disc gas the pebble cloud is
embedded in is taken into account, the collapse process is

different. Gas increases energy dissipation through drag but
also limits the contraction speed of pebbles (Sec. 2.4). This
causes a comet formed in the outer regions of the Solar Sys-
tem to be a pebble-pile with mid-sized (∼1 cm) pebbles in
the centre of the comet and surface layers made of a mixture
of larger and smaller pebbles (Fig. 5, right plot). Without
disc gas the comet has an “onion”-like interior with shells
of pebbles decreasing in size with increasing depth (Fig. 5,
left plot). Shell structure was observed for each individual
lobe of 67P/Churyumov–Gerasimenko suggesting the lobes
could have formed from the contraction of a pebble cloud
(Massironi et al. 2015). Altogether, observations made by
Rosetta and Philae (e.g. low bulk density and high poros-
ity) are consistent with 67P being a primordial pebble-pile
(Davidsson et al. 2016; Fulle et al. 2016).

4 CONCLUSIONS

In this paper we have expanded the planetesimal formation
model of Wahlberg Jansson et al. (2017). The model as-
sumes that planetesimals are formed by the collapse of grav-
itationally bound pebble clouds inside protoplanetary discs
resulting from energy dissipation in inelastic pebble-pebble
collisions inside the clouds. Previous models have assumed
particles spread homogeneously inside the cloud. Our new
model takes the radial structure of the resulting planetesi-
mal into account. To investigate the effects of disc gas we
run two sets of simulations, one with and one without the
limitations caused by gas (Sec. 2.4).

As suggested by the results of Wahlberg Jansson & Jo-
hansen (2014) the outcome of the collapse is a strong func-
tion of particle sizes. The total surface area is larger for small
particles than for an equal mass in larger particles resulting
in higher collision rates and more efficient energy dissipa-
tion. Small particles are also more affected by gas (Eq. 8)
increasing the energy dissipation further. This cause the par-
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ticle size distribution inside a planetesimal to be a function
of depth. In Fig. 4 we see that most of the largest pebbles are
found in the outer layers of the planetesimal. In simulations
ignoring gas this results in a planetesimal with an “onion”-
like structure which is also shown in Fig. 5. Including gas,
however, leads to a planetesimal interior with mid-sized peb-
bles (∼1 cm) in the centre and smaller and larger particles
in the outer layers. This is caused by the fact that gas not
only provide gas drag (stronger for small particles) but also
limits contraction to the terminal speed of the particles (Eq.
8).

One effect of resolving the radial structure is that a core,
not including all mass, forms and grows by accreting the
surrounding cloud. Without gas, energy is dissipated only by
particle collisions which increase the collapse time-scale (Fig.
3). For the gas model, gas drag leads to continuous energy
dissipation even at low densities. At the end of the collapse
phase most of the mass is in the core and the remaining cloud
has a low density. The low density leads to low collision rates
and the possibility to get back into virial equilibrium, leading
to higher collision speeds which, in turn, cause fragmenting
collisions. This results in a broader particle size distribution
in the outer layers of the planetesimal Fig. 4. In previous
models the collapse is cold (sub-virial velocities because of
free-fall limit) so, for small planetesimals, bouncing is the
only outcome of collisions.

Our radially resolved collapse model still lacks physi-
cal properties, such as rotation. A non-zero initial angular
momentum of a pebble cloud undergoing a collapse could re-
sult in binary objects or discs forming around new planetes-
imals. Through N-body simulations Nesvorný et al. (2010)
found formation of binary planetesimals in gravitational in-
stability of pebble concentrations. This planetesimal forma-
tion mechanism matches observations of trans-Neptunian
objects. Both a high fraction of binary objects and that com-
ponents in a binary have the same composition have been
observed (Noll et al. 2008; Benecchi et al. 2009). The next
step in our investigations is to increase the dimensionality
further and investigate the effect of rotation. discs should
form around planetesimals which we plan to investigate with
hydrodynamical simulations and present in a subsequent pa-
per.
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APPENDIX A: ENCLOSED MASS AND
POTENTIAL ENERGY OF SUB-CLOUD i IN
THE RADIALLY RESOLVED PEBBLE CLOUD
MODEL

In the radially resolved model described in the main text the
enclosed mass for each sub-cloud i, Mi,enc, can be written
as

Mi,enc =

Np∑
k=1

mik,enc +Mc , (A1)

mik,enc =

{ (
Ri
Rk

)3

mk , Ri ≤ Rk
mk , Ri > Rk

(A2)

where mi and Ri is the mass and radius of sub-cloud i and
Mc is the mass of any solid core. We get the total potential
energy for sub-cloud i, Ui, from Poisson’s equation,
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Ui =

Np∑
k=1

Uik −
3GMcmi

2Ri
, (A3)

Uik =

∫ Ri

0

Φik(r)dmi(r) , dmi(r) = 4πρir
2dr (A4)

Φik(r) =


2
3
πGρk

(
r2 − 3R2

k

)
, r ≤ Rk

−Gmk
r

, r > Rk
− 4

3
πGρir

2 , i = k

(A5)

=⇒ Uik =


− 3Gmimk

2Rk

(
1− 1

5

(
Ri
Rk

)2
)
, Ri ≤ Rk

− 3Gmimk
2Ri

(
1− 1

5

(
Rk
Ri

)2
)
, Ri > Rk

− 6Gm2
i

5Ri
, i = k

(A6)

where ρi is the mass density inside sub-cloud i. Compared
to the homogeneous model in WJJ14 and WJ+17 the equi-
librium radii in the extended model cannot be found analyt-
ically, except for the smallest and largest sub-cloud. As de-
scribed in the main text (Sec. 2.3) this is solved numerically
by keeping track of the potential energies of all sub-clouds
in a sorted array. For a cloud in virial equilibrium we have

2Ei,tot = Ui,eq , (A7)

where Ei,tot is the current total energy of sub-cloud i. If i has
an equilibrium radius within all other sub-clouds (Ri,eq <
Rk, ∀k) it can be calculated through Eq. (A3) and Eq. (A7),

Ui,eq = −
∑
k 6=i

3Gmimk

2Rk

(
1− 1

5

(
Ri,eq

Rk

)2
)
− 6Gm2

i

5Ri,eq

− 3GMcmi

2Ri,eq

=
3Gmi

10

∑
k 6=i

mk

R3
k︸ ︷︷ ︸

Σ1

R2
i,eq − 3Gmi

(
Mc

2
+

2mi

5

)
︸ ︷︷ ︸

Σ2

1

Ri,eq

− 3Gmi

2

∑
k 6=i

mk

Rk︸ ︷︷ ︸
Σ3

, (A8)

=⇒ 0 = R3
i,eq −

2Ei,tot + Σ3

Σ1
Ri,eq −

Σ2

Σ1
, (A9)

and solve for Ri,eq. Similarly we can find Ri,eq if i is larger
than the radius of all other sub-clouds, (Ri,eq > Rk, ∀k),

Ui,eq = −
∑
k 6=i

3Gmimk

2Ri,eq

(
1− 1

5

(
Rk
Ri,eq

)2
)
− 6Gm2

i

5Ri,eq

− 3GMcmi

2Ri,eq

= − 3Gmi

∑
k 6=i

mk

2
+

2mi

5
+
Mc

2


︸ ︷︷ ︸

Σ4

1

Ri,eq

+
3Gmi

10

∑
k 6=i

mkR
2
k︸ ︷︷ ︸

Σ5

· 1

R3
i,eq

, (A10)

=⇒ 0 = R3
i,eq +

Σ4

2Ei,tot
R2
i,eq −

Σ5

2Ei,tot
, (A11)

and solve for Ri,eq.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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