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ABSTRACT

Context. The formation of planetesimals is often accredited to silfial sticking of dust grains. The exact process is unkn@sn
collisions between larger aggregates tend to lead to fratatien or bouncing rather than sticking. Recent laboyaéxperiments
have however made great progress in the understanding gingaof the complex physics involved in dust collisions.

Aims. We want to study the possibility of planetesimal formatising the results from the latest laboratory experimentdiquéarly

by including thefragmentation with mass transfer effect, which might lead to growth even at high impact velositie

Methods. We present a new experimentally and physically motivatest dallision model capable of predicting the outcome of a
collision between two particles of arbitrary masses andaités. The new model includes a natural description dicitag and mass
transfer, and provides a smooth transition from equal- fiedint-sized collisions. It is used together with a contmutdust-size
evolution code which is both fast in terms of execution time able to resolve the dust well at all sizes, allowing fortytles of
interactions to be studied without biases.

Results. We find that for the general dust population, bouncing doltis prevent the growth above millimeter-sizes. Howeea, i
small number of cm-sized particles are introduced, for gpdardue to vertical mixing or radial drift, they can act as tabst and
start to sweep up the smaller particles. At a distance of 3140;meter-sized bodies are formed on a timescale of 1 Myr.
Conclusions. Direct growth of planetesimals might be a possibility thaué a combination of the existence of a bouncing barrier
and the fragmentation with mass transféfeet. The bouncing barrier is here even beneficial, as it pteviae growth of too many
large particles that would otherwise only fragment amorghesther, and creates a reservoir of small particles thabeasswept up
by larger bodies. However, for this process to work, a fevdsed cm in size or larger have to be introduced.

Key words. accretion, accretion disks — protoplanetary disks — spgesmain-sequence, circumstellar matter — planets aptitzs:
formation

1. Introduction The micron-sized dust particles are coupled tightly to thre s
) ~rounding gas, and their relative velocities are driven prifg

One of the most popular planet formation scenarios is via cay Brownian motion. Since the resulting relative veloaitare
accretion, in which the formation of planets starts in thetpr  small, on the order of millimeters per second, the partistiek
planetary disk with micron-sized dust particles that e@lland together due to van der Waals forces. However, as the psticl
stick together by surface forces, forming successivelydag- increase in size, they become less coupled to the gas, and-a nu
gregateslizuno 1980 Pollack et al. 1996 Traditionally, the per of dfects increase the relative velocities between them. For
next stage in the formation process is the gravity-aidedneg centimeter-sized particles, the predicted relative viglds al-
where planetesimals have formed that are so massive that ﬁé@jy one meter per second, and meter-sized bouldersecollid
gravity starts to flect the accretion and the strength of the bodyt velocities of tens of meters per second. At these large col

However, to reach this regime, kilometer-sized bodies alision energies, the particles tend to fragment rather staok
required, something which has proverffidult to produce due (Blum & Wurm 2008, which &fectively prevents further growth
to a number of ffects such as fragmentation and boung¢bullemond & Dominik 2005Brauer et al. 2008irnstiel et al.
ing (Blum & Miinch 1993, rapid inward migration \(Vhipple 2010.
1972 and electrostatic repulsionOkuzumietal. 20118). In the protoplanetary disk, gas pressure supports the gas
A new planetesimal formation channel was introduced tggainst the radial component of the stellar gravity, cau#in
Johansen et al(2007, 2011, in which mutual gravity plays to move at slightly sub-Keplerian velocities. Solid bodus
a role already between meter-sized boulders in turbuledt amowever not experience the supporting gas pressure, atedihs
locally overdense regions, resulting in a rapid formatidn alrift inward. As the particles grow larger, their relativelec-
kilometer-sized bodies. However, even the meter regiméfis d ities compared to the gas increase, causing a significamt hea
cult to reach only by coagulation of dust aggregates. wind and a constant loss of angular momentum. At a distance of
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1 AU, radial drift can cause meter-sized bodies to spirabirds for large bodies at high velocities, and that thiget might even
and get lost in the star on a timescale of a few hundred orblite able to produce planetesimals via collisional accretitie
(Weidenschilling 1977a\akagawa et al. 1986 discuss this process in more detail in S@ct.
These two obstacles give rise to the somewhat inaccurately For the study of the dust-size evolution, the Monte Carlo
named meter-size barrier (which ranges from millimetersés approach ofOrmel & Spaang2008 and Zsom & Dullemond
ters depending on the disk properties), above which largdiels (2008 has a big advantage in that it allows for the simulation
have dificulties getting formed. In order to reach the graviteef a large number of particle properties and collision outes.
tional regime, bodies that are roughly nine orders of maigigit A representative particle approach is used where a fewcfesti
more massive are needed. correspond to larger swarms of particles with the same prope
The study of the dust evolution has however until recentties. Each particle is given a set of properties, and each ind
primarily been done using simplified dust collision modeis ividual collision of the representative particles is folkxv This
which colliding dust grains would either stick together mag- approach uses very little computer memory, and adding extra
ment Brauer et al. 2008Birnstiel et al. 201D The simplicity properties cost very little in terms of execution time. If want
of the models has been a necessity because of large uneertairstudy the &ect of mass transfer, however, the Zsom et al. ap-
ties and a small parameter space covered in mass, porosdity proach has some problems, as it only tracks where the most mas
collision velocity in the laboratory experiments and nuitar is in the system. It therefore hadfiiulties resolving wide size

simulations. distributions, which is required for the type of bimodal gtb
Recent years have however seen good progress in the [diat the fragmentation with mass transféfieet would result in.
oratory experiments, as summarizediiym & Wurm (2008. Another method is the continuum approach, in which

To provide a more complete and realistic collision modehe dust population is described by a size distribution
Guttler et al.(2010 reviewed a total of 19 dierent experiments (Weidenschilling 1980 Nakagawa et al. 1981 The conven-
with aggregates of varying masses, porosities and calligé& tional continuum approach is the Smoluchowski method, eher
locities. In these experiments, the complex outcome was clghe interactions between all particles sizes are congidanel
sified into nine diferent typesZsom et al(2010 implemented updated simultaneously. This leads to very fast codes forea o
this collision model in a Monte Carlo dust-size evolutiorleo dimensional parameter-space (i.e. mass) compared to théeMo
The results showed clearftirences from the previous collisionCarlo approach. Adding further properties such as porasity
models, and allowed for identification of the most importaht charge is however very computationally expensive in terfns o
the diferent collision types. They also found the important ememory usage and execution time if one does not includestrick
fect of dust grain bouncing at millimeter sizes that halesgrain like the average-porosity scheme®@kuzumi et al(2009. With
growth even before it reaches the fragmentation barrigh e the continuum approach, however, the dust is resolved well a
inclusion of a vertical structur&som et al.(2011) still found all sizes, allowing for all types of dust interactions with@ny
the bouncing to be prominent, but also a number of other-colkiases. It is also fast enough to follow the global dust emiu
sion dfects caused by the vertical mixing. in the whole disk.

Progress has also been made with numerical simulations of The aim of this paper is to create a new collision model, de-
dust (silica and ice) aggregate collisions using molealyaam-  scribing the outcome of collisions between dust aggregaites
ics codes\(Vada et al. 2002201 with up to 10,000 monomers varying sizes and velocities, which is fast enough to be ustd
corresponding to aggregate sizes of around @0 Based on continuum codes. In this new model, we take into accountghe r
these simulationsDkuzumi & Hirose(201]) developed a col- cent progress of the laboratory experiments, especialyrtass
lision model where growth was possible for silicates up te veransfer &ect described above, and take a physical approach to
locities of 7 ms, and for ices up to 70 fs. By implementing transition regions from growth to erosion where the experita
relative velocities in the dead zone extracted from MHD simure sparse. We then use this model in size evolution sirouniti
lations, they were able to form planetesimals made of ice, husing the local version of the code Bjrnstiel et al.(2010 to
not with silicates.Geretshauser et 8201Q 201]) also devel- study its implications for the formation of the first genéatof
oped a dust collision code using SPH for particle sizes of cpranetesimals.
and upwards. There is currently a discrepancy betweenttfie si  The background of the new model and all the experimental
ulations and the laboratory experiments, where the simouist work that it is based on is discussed in S&cand its implemen-
have dificulties reproducing the bouncing events and generatition is described in Sec3. In Sect.4, we discuss the proper-
observe much higher fragmentation threshold velocitieswill  ties of the disk in our local dust evolution simulations, aslw
in this paper work primarily with the (more pessimistic)da-  as the implicit Smoluchowski solver that we have used. Binal
tory data, but there is a great need to get the two fields teeagreén Sects.5 and 6, we discuss the results from the new model

One possible way to grow past the fragmentation barrierasd show how the existence of a bouncing barrier may even be
so-called fragmentation with mass transfer, which wasmeske peneficial to the growth of planetesimals.
by Wurm et al.(2005 and can happen in a collision between a
small projectile and a large target. The projectile is fragted
during the collision and a part of it is added as a dust cone 30 \1qtivation for the new collision model
the surface of the larger particle, provided that the mase ra
between the two particles is large enough to avoid fragmendodels to describe the growth of dust aggregates can géneral
tion of the larger body. The mass transféi@ency was studied be divided into two parts: Acollison model describes the re-
by Kothe et al.(2010, who also showed that multiple impactssult of a collision between two dust particles of arbitrargger-
over the same area still lead to growtkiser & Wurm(2009ab) ties (i.e. mass, porosity) and velocities.dast evolution model
have shown that growth of the target is possible even foistofi  uses the collision model to describe the evolution of théiglar
velocities larger than 50 nT§ andTeiser et al(2011) proved properties of an entire population of dust particles as tudjde
that the target could still gain mass even at large impadeang and interact with each other. In this section, we describdat
These experiments have all shown that dust growth may pdocest laboratory experiments and otifoet to produce a collision
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model that can take these results into account while stdbsh- 10°
lining it to work well with continuum dust evolution codeshat

means that the collision model cannot be as complex as the one  10* ¢
developed bysuttler et al (2010, but needs to focus on the most

important collision types and aggregate properties., 8tdlwere 10° ¢
able to include results which were not established or evexkn
when the model of Gittler et al. was developed. 10°
s 10!
2.1. Overview of recent experiments and simulations I
(72
Numerous laboratory experiments have been performed teepro -5 10° ; D
the collision parameter space of silicate dust grains, as1sar > WD

PWKD7 KGB10

rized byBlum & Wurm (200§. This is a daunting task, as planet
formation spans more than 40 orders of magnitude in mass anc
6 orders of magnitude in collisional velocity and collisabn
outcomes are fected by for example porosity, composition,
structure and impact angle. The classical growth mechanism
of dust grains is the hit-and-stick mechanism, which hasibee
well studied both in laboratory experiment8lfm & Wurm 10° 10' 100 10° 10 10°
200Q BWO00) and in numerical simulationBéminik & Tielens grain size [cm]
1997 Wada et al. 2000 Sticking collisions are also possible via
plastic deformation at the contact zon&idling et al. 2012 Fig. 1: The size-size parameter space of the dust collisipere
WGB12) and geometrically by penetratiohafgkowski et al. iments (blue boxes) laying basis for the new collision mo##!
2008 LTB08). marked experiments are discussed in more detail in Qett.
Previous collision models have due to limited datdhe contours and gray labels mark the collision velocities i
with few exceptions only included sticking, cratering andm s expected from the disk model described in Séct, and
fragmentation with simplistic thresholdsN&kagawa et al. do not always coincide with the velocities studied in theeakp
1986 Weidenschilling 1997 Dullemond & Dominik 2005 ments.
Tanaka et al. 20Q5Brauer et al. 2008 In order to study the
effect of the progress in laboratory experimer@sittier et al.
(2010 and Zsom et al. (2010 presented a collision model . .
containing nine dferent collisional outcomes and used thi§nportant matter for the dust growth and will need to be itives
in the Monte Carlo dust evolution code developed bgated further.
Zsom & Dullemond(2008. Their model contained three addi- In our new model, we implement the most important colli-
tional types of sticking collisions besides the normaldnt- sion types identified bysom et al(2010, and also take into ac-
stick, and they also identified two growth-neutral bounaifig count the results from a number of recent experimental studi
fects and three flierent fragmentation fiects in which the Many new experiments have been performed that have further
largest particle is eroded. It was found that several of tae nincreased the understanding of the collision physics of dgs
collision types played a role for the dust-size evolutiohjoki gregates. In Figl, we plot the parameter space of a selection of
proved the necessity for a more complex dust collision aggito important laboratory experiments laying basis for the nelki-c
than what had been previously used. Before even reaching $i@n model.
fragmentation barrier, at which fragmentation events ketw Provided that the mass-ratio between the two involved-parti
similar-sized particles prevent further growth, they fdiine ex- cles is large enough (from now on called the projectile ard th
istence of the so-called bouncing barrier. Bouncing doltis be- target for the smallest and largest particle, respectjytie pro-
tween smaller particles of intermediate velocities praedae an  jectile can fragment and parts of it stick by van der Waal ésrc
efficient barrier for growth already at millimeter-sizes. lbshd to the surface of the target. This was studiedWwyrm et al.
be clarified that bouncing is, in principle, not bad for growt (2005 and Teiser & Wurm (2009h TWO09b) for millimeter to
What makes the bouncing barrier a problem is the lack of stickentimeter-sized projectiles shot on a mounted decinsted
ing over such a large range of masses and velocities that iherdust target at velocities up to 56.5 mtsit was found that the
no way for the particles to grow further. accretion éiciency even increased with velocity, and could be
Bouncing between dust aggregates is at the momentashigh as 50% of the mass of the fragmented projectile, where
hotly discussed topic. It has been reported from a large nu@ittler et al(2010 only assumed a constant 2%. ThEeet was
ber of laboratory experiments of fiBrent setups and mate-also observed byaraskov et al(2007, PWKQ7) in drop tower
rial properties Blum & Miunch 1993 HeilRelmann et al. 2007 experiments where also the target was free-floating witlzout
Langkowski et al. 2008Kelling & Wurm 2009 Giuttler et al. supported back. The mass transféicgency at slightly lower ve-
201Q Weidling et al. 201p, but molecular dynamics simulationslocities (1.5 - 6 m s) and with millimeter-sized projectiles was
show significantly less or no bouncing/ada et al. 20072008 studied in more detail bi{othe et al(201Q KGB10), who con-
2009 Paszun & Dominik 200P These rebounding events hapfirmed the velocity-positive trendleiser & Wurm(20093 and
pen in collisions where the impact energy is so high that ot &othe et al. also studied multiple impacts over the same, area
can be dissipated by restructuring of the aggreg&tesla et al. and could conclude that growth was possible even then, wiitho
(2017 argue that this would happen only for very compact aghe newly accreted material being eroded. It was also fobat t
gregates where the coordination number is high, which isim ¢ growth was possible even at very steep impact anBleitz et al.
tradiction to what is seen in the laboratory. We will in thisnk (2011, B+11) performed experiments between cm-sized parti-
base our model on the laboratory experiments, but this isya veles at even lower velocities (8 mm'sto 2 m st) and found

LTBO8
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mass transfer events already at 20 crh sight at the onset of Schrapler & Blum(2011, SB11) have also performed ero-
fragmentation. sion experiments betweedm-sized monomer projectiles and
This mode of growth, where small projectiles are impactingounted high-porosity aggregates for velocities up to 60'm s
large targets, is related to the work 8&kiya & Takedg2003 in order to determine the erosioffieiency as a function of the
2005. They did numerical studies on whether small fragmentsllision velocity and the surface structure. They found itfi-
formed in an erosive collision could be reaccreted back theto tial stages of the monomer bombardment to be vefigient
target due to gas drag. The conclusion was that if the fraggneaven at low velocities, but after the most loosely bound nno@io
wereum-sized, and the target large enough, the gas flow wouttains had been knockeéf and the surface had compacted, the
actually lead the fragments around the target and thereby perosion was greatly decreased.
vent reaccretion. For the mass transfiieet, it is important to
verify whether this &ect could prevent 100-10Q6n-sized pro-
jectiles from impacting on the target in the first place. Time i
portance of thisffect can be estimated with a simple comparisam the collision model ofuttler et al (2010, a binary approach
of timescales using reasonable parameters from the dislkeimoglas used for the particle mass ratios and porosities. Below a
(discussed in more detail in Sed}. The stopping time of a small certain set critical mass ratio; = m/m, = 10, 100, 1000,

2.2. Individual treatment of collisions

particle is given by the collision was treated as being between equal-sizeitlest
leading for example to global fragmentation if two largetpar

o= s -~ 2500 s Q) cles collided at high velocities. If the mass ratio was abitree
s Pg-u critical ratio, the particles were treated affelient-sized, and a

high-velocity collision would instead lead only to crateyi The
where¢ ~ 1 g cnt? is the solid density of the projectile, ~ Same approach was taken for the porosity. Below a criticaipo
100um is its radiuspy ~ 10720 g cnT the expected midplane ity ¢c = 0.4, a particle was considered porous for the purpose
gas density at 3 AU and ~ 4 - 10* cm s the mean thermal of determining the collision outcome, and above it, theipkert

velocity of the gas. The time it would take for the projectite Was considered compact. Combining these two binary proper-
pass the target is given by ties gave eight dierent collision scenarios, where the collision

outcome was determined by the particles masses, poroaittes
relative velocity.

In the new model, we instead use the current laboratory data
to do an interpolation between the two extreme mass-rattus.
wherea; ~ 100 cm is a typical target size amo/ ~ 5000 cm  provides a continuous transition from equal-sized tedent-

s ! the relative velocity between the particles. Simge> Tpass  sized collisions, and allows us to distinguish betweerisiotis

it would take too long for the projectile to adjust to the gasvl of different sizes at intermediate mass-ratios, and provides a nat
around the target, and the two particles would collide.dfpho- ural and smooth transition between the two extremes. We can
jectile was instead only Am in size, the timescales would nottherefore obtain what velocity is needed to cause global-fra
differ so much, and the gas flow might play a role. mentation for a specific mass-ratio, which gives us a more pre

Another recent experimental progress is the refinement @$e tool to study thefeects of where global fragmentation turns
the threshold velocity for destructive fragmentation, vehthe into local cratering.
target is completely disrupteBeitz et al.(2011) performed ex- It is however necessary for us to make a simplification re-
periments to determine the onset of global fragmentatich®f garding the porosity of the dust grains. Adding additioralgp
particles, and found that cm-sized particles fragmenteshdl erties to the dust grains is very computationally expenfive
at 20 cm st, much below the 1 m$ threshold found for mm- continuum codes like the Smoluchowski solver that we use for
sized particles blum & Minch (1993. This points towards a the dust-size evolution, compared to Monte Carlo codeshén t
material strength that decreases with mass, as predicteatky Monte Carlo approach, each timestep only consists of one col
materials among others yenz & Asphaug(1999. This can lision between a representative particle and a swarm ofiiden
be explained by a larger probability for faults and crack&himn cal particles. After the collision, the properties (i.e.s8aoros-
material the larger the particle, and it is along these «dlclt ity, charge) of the representative particle is updated,andw
global breaking and fragmentation takes place. No experisnetimestep is initiated. This means that for a simulation witep-
have as of yet been performed to study the fragmentatiostthreresentative particles, each new property only adds aniaeddit
old between dferent-sized dust aggregates, but one can gentime O(n) to the execution time.
ally assume that the velocities needed would be higher with a In the Smoluchowski method, one has to numerically solve a
increasing size-ratio, as is seen both in experiments amalai number of diferential equations to update the number density of
tions of collisions between rocky materiaftéwart & Leinhardt all mass bins. For each grain siré,interaction terms need to be
20171 Leinhardt & Stewart 2012 considered, whereis the number of mass bins. This is because

In order to provide more data in the transition region be& mass bin can collide with all bins including itself, butdra
tween sticking and bouncingyeidling et al.(2012) studied col- mentation can cause mass to be put into it also from a cailisio
lisions between particles of ®— 2 mm in size and at velocities between two other bins. If an additional property such asgor
of 0.1 — 100 cm s?. In these experiments, sticking collisionsty is included,m = n porosity bins would need to be included.
were found (in coexistence with bouncing events) for high&or eachn - m bin, (n - m)? interactions would now need to be
velocities than was previously expecté@lym & Wurm 200Q considered, and the code would be slower by a fadton®). In
Guttler et al. 201)) and enough data now exists to define a tramrder to include porosity in the Smoluchowski solver, we ldou
sition regime between only sticking and bouncing. Simitar e therefore require some analytical trick like an averagegity
periments with smaller particles roughly 1@én in size were for each mass bin described @kuzumi et al.(2009. This is
performed by Kothe et al. (unpublished), and are consistéht however outside the scope of this paper, and we instead assum
the threshold of Weidling et al. that all particles are compact at all times. This is likelyoad ap-

&
Tpassz E ~ 0.2 S (2)
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proximation for larger particles outside the hit-and4stiegion,

as bouncing collisions quickly lead to compaction of thetipar _ . .
cles. This finally gives us one single collision scenariogrelwe From the fragmentation with mass transfer experiments de-
can for a collision between any two given particles deteentfie scribed in the previous section, we make the assumption that

outcome based on their masses and relative velocity. mass transfer at a varyingfieiency occurs in all cases where
the projectile fragments. If also the target fragments,iass

transfer is negligible compared to the huge mass loss, and we
can safely ignore it. We therefore need to determine for each
_ ) ) ) ) collision whether one, both or neither of the particles fnagt.

We discuss in this section the details on how the new colli- The majority of the dust collision experiments have however
sion model has been created and implemented into the coglgan performed between either equal-sized or vefierint-

We choose to include only the collision types that proved Q;ed particles. In order to interpolate between these two e
be most important in the simulations 8$om et al(2010. The  remes, we need to look at the collision energy of the evert, a
collision types considered here are sticking, bouncingted getermine how this energy is distributed between the twe par
transition between them, mass transfer combined with @osijicles. Not only the collision energy of an event matters whe
and destructive fragmentation. These are shown scheriftica determining the degree of fragmentation, but also the mat&s-
Fig.2, and are discussed in detail in Se@d-3.3 In Tablel, we  petween the two particles. In two collisions with equal isidin

give a summary of all the symbols that are used in this sect|0rénergy but with dferent mass-ratios, we expect the higher mass-

3.2. An energy division scheme for fragmentation

3. Implementation of the model

3.1. Sticking and bouncing thresholds

ratio collision to be lessficient in completely disrupting the
target, as the energy will be more locally distributed abtire
contact point. In order to take this into account, we choose t

We consider two dust grains colliding with a relative vetgci look at the particles in the center-of-mass frame. In thasnie,
Av. The projectile has a mass, and the target a mass >
mp. Weidling et al.(2012 found mass-dependent sticking andiuring the collision moment, the kinetic energy of the et
bouncing threshold velocities that can be written as

the massive particle is moving more slowly than the smalf, an

will be reduced to zero. Physically, this corresponds toly fu
plastic collision where all the energy is consumed by deferm

o8 1 tion and fragmentation.
Astick = (E) [cms™] ©) We do in this approach assume that the kinetic energy of
each particle in the center-of-mass frame will be used taary
and fragment itself. The velocities for the two particles in tenter-
~5/18 ) of-mass frame are given by
AVpounce= (E) [cms™] (4)
Av
wherems = 3.0- 10?2 g andm, = 3.3- 102 g are two nor- Vo = m (5)
malizing constants calibrated by laboratory experimeantd,the
Av « m>18 proportionality is consistent with the theoretical Vi = _ A (6)
models ofThornton & Ning (1998. The above two thresholds 1+m/mp

mean that collisions witlhv < Avggck result in 100% sticking,

andAv > Avyounceresult in 100% bouncing (provided that nei-All velocities in the center-of-mass frame will from now oe b
ther of the particles involved are fragmented). Betweesdlitwo denoted as and will then mean either, or v;. The above equa-
thresholds, we have a region where both outcomes are pgssittbns mean that the largest particle will have the lowesbeigy

described in more detail in Se@.5.

Table 1: Symbols used in the collision model

in the center-of-mass frame. In the case with an extreme mass
ratio, my/m — 0, the center-of-mass velocity of the projectile
and target is given by, = Avandv; = 0, respectively.

During a fragmenting collision, the relative size of thejkest
remnant can be described by

Symbol  Meaning

t radius of the projectilgarget
arriz/t mass of the projectifearget Hpjt = Mrem (7
Av relative velocity between the particles Moyt
AVstick sticking threshold velocity
ms sticking threshold normalizing constant wheremenm is the mass of the largest remnant ang}; is the
AVpounce  bouncing threshold velocity original particle mass. Depending on their sizes and malteri
my bouncing threshold normalizing constant strengths, the two original particles can be fragmentedifio d
Vort center-of-mass velocity of the projeciiierget ferent degrees. In this model, each collision partner iatéme
H relative mass of the largest remnant individually with az andy, for the remnant of the target and
Mrem mass of the largestremnant the projectile, respectively. We define the center-of-nvassc-
Mt mass transferred from the projectile to the target . . .
. accretion @iciency during mass transfer ity required for the largest remnant to have a relative meas
My mass eroded from the target due to cratering Vu-
Amy net mass change from mass transfer and erosion Blum & Minch (1993 and Lammel (200§ studied the
Enet net accretion ficiency from mass transfer and erosion threshold velocities needed for two mm-sized particlegag-f
v, velocity needed to fragment with largest remnant ment with largest remnants of relative masges= 1.0 and
m, fragmentation threshold normalizing constant 1 = 0.5, where the former corresponds to the onset of fragmenta-
mo mass of a monomer(3.5- 1072 g) tion and the latter corresponds to a largest remnant eqalto
Mirag total mass of the fragments of the original particleBeitz et al.(2011) studied the threshold
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° oO
Mass Transfer (MT) O.e V0
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. O A
[o]
Sticking (S) Bouncing (B) %9 o0 Fragmentation (F)
OOO:O
Erosion (E)

 —
collision velocity

Fig. 2: Sketch of the five possible outcomes described in. Sesorted in rough order of collision velocity. Mass transfada
erosion act simultaneously in a collision, and we define asnrassfer collision as leading to net growth for the target] an

erosive collision leading to net mass loss. This outcomgtiemely dependent on the mass-ratio between the partiblesadding
a second, vertical dimension to the sketch.

velocities for cm-sized particles. Interpolating betweka re- 3.3. A new mass transfer and cratering model
sults for the two sizes, the center-of-mass frame thresredtit-

ity can be written as We use a new realistic approach to distinguish between-colli

sions where the target experiences net mass gain due to mass
v, = (m/m)”" [ems?] (8) transfer, and where it experiences net mass loss due tointate

_ o ) During each collision, we assume that there is simultargous
wherem, is a normalizing constant calibrated by the laboratory

experiments angl = 0.16. The fragmentation threshold velocity — Mass added to the target from the projectile via mass transfe
is given byvy o, with myo = 3.67- 107 g. The velocity required — Mass eroded from the target due to cratering

for the largest fragment to have half the size of the origh@al \ve also assume that these twifieets act independent of each
ticle is Vos, with mos = 9.49- 10 g. The relative mass of the other. This is illustrated in Fig3, and can be seen in the
largest fragment is fitted to a power law dependent on velocjgh-velocity experiments bjeiser & Wurm(20091). The mass
and mass: change of the largest particle can be described by:

m \* v o\
pu(my) =C- (1—9) (W) 9) AMy = My — Mey (13)
wheremy: = e - My is the mass added due to mass transfer
ith the accretion ficiency 0 < e < 1 andmg, is the mass

st due to cratering. An increasing velocity not only ledadls
increased mass transfer, but also increased cratering nidkes

The above equation is valid for all velocities> vy . By fitting
theu(m, v) plane to the two parallel threshold velocities given bY’
Eqg. @), we get 0

a = log(2)/ log(myo/mgs) = —0.068 (10) it possible to naturally determine where growth transgiarto
p=aly=-043 (11) erosion. o .

_ ., The mass transferfiiciency is obtained fronBeitz et al.
C=m=327 [g"] (12) (2017, and depends on both the particle porosity and velocity.

This means that at a larger collision velocity, the partigip SINC€ We are unable to track the porosity of the particlesasve

fragment more heavily and the size of the largest fragmeiht wpUMe & constant porosityftérence of\¢ = 0.1 between the two
decrease. More mass is therefore put into the lower parteof fUSt aggregates, where the target always is the more compact
mass spectrum. one. This is likely a reasonable approximation for largetipa

We can from Eq9 determine the largest fragment for each of/€S Which have left the hit-and-stick phase and have haeltm
the particles in the collision, and also use it to identifigment- cOMpact during bouncing collisions, which is the region rehe
ing collisions. Ifup < 1 andy; > 1, only the projectile fragments mass transfer can .be expected. In our prescription, we also i
and mass transfer occurs. If bgth < 1 andy < 1, both par- clude a fragmentation threshold velocity dependence atdtle
ticles fragment globally. Since the center-of-mass vejoeiis  eficiency is always the same for the same degree of projectile
inversely proportional to the mass of the particle, we wélver ragmentation. This results in
have a case where only the target fragments and the prejectil Av

- 3 4 Viopbeitz
left intact, even ifv, decreases with mass. €ac=~6.8-107+28-10"- Vio lcmst (14)
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Fig.4: The threshold between growth and erosion from the
model compared to the mass-transfer experiments perfoosned
Mt - Mer Teiser & Wurm(20091. Filled circles show experiments where
) ) . the target gained mass, and open circles show where it Icst.ma
Fig. 3: Sketch of the combined cratering and mass transter pfrhe white dotted line shows the threshold from the highlyasac
cess, which occurs during a high-enough velocity collidien  tain erosion prescription from cratering experimentslisions
tween a projectile with massy, and a target with massy.  ahove the line result in erosion, and collisions below reisul
During the collision, an amountty,, is added from the projec- growth). The contours are in intervals of 4% net accretifin
tile to the target, and the rest of the projectile is put im@8  ciency and mark the region with net growth in the final prescri
fragments with a total masg, rag. AN amountme is simultane-  tion calibrated using the Teiser & Wurm data.
ously eroded from the target, and the final mass of the tasget i
given bym = m + My — M.
measured, we assume a mass power-law dependency which can
be written as
whereviopeiz = 13 cm st is the onset of the fragmentation .
for the 4.1 g particles used byeitz et al. (2011, andvip is Mer My Av
the fragmentation threshold calculated for the mass of the p Fp a my/ 1cmst
jectile, both calculated using E§. We here take a maximum
mass transferf@ciency ofe;c = 0.5 as indicated byvurm et al. wherea, b andk are fitting parameters. The above two erosion
(2009. Due to the process of fragmentation and mass transéxperiments give thefieciency of two diferent physical £ects.
considered here, a higher value would not be reasonable af inonomer impacts, the projectile hits single surface nmogis
would point towards complete sticking, which was never oland sometimes manages to break the bonds between a couple of
served at these velocities. them. For larger projectiles, restructuring of the tardestaabs a
If the collision energy is not high enough to fragment thit of the collision energy, and a crater is formed both beeau
particle globally, some of the energy is still used to brealogal  of surface compaction and breaking of monomer bonds. Direct
bonds between monomers around the contact point, resifdtinggomparisons and interpolations between thiciencies of the
cratering. The cratering&ciency has however only been studiedwo efects can not be done without huge uncertainties. A direct
in a couple of laboratory experimen8chrapler & Blum(2011) interpolation between the twdfects yieldsa = 1.55- 104, b =

+b (17)

found for monomer projectiles an erosioffiegiency given by -0.4 andk = 0.14, but we will below present another way to
obtain a reasonable erosion prescription.
Mer 4 Av As was discussed in the previous section, during a colljsion
— =155.10". —— - 04 (15) : X
my lcms?! erosion and mass transfer usually occurs simultaneounslythee

net mass change of the target is given by BByForAm; > 0, the
wherem, is the amount of eroded mass amg = ny is the target experiences net growth, and fony < 0, the target expe-
projectile mass, andy = 3.5- 10712 g is the monomer mass.riences net erosion. With this prescription, the transitiegion
Paraskov et al2007) studied the erosion of porous targets botis extremely sensitive to theiciency of the erosion.
with solid and porous projectiles, and found results thaieca In Fig. 4, we plot the results from the mass transfer experi-
highly with the porosity of the projectile and target. Theisults ments performed byeiser & Wurm(20095. We compare this
are therefore highly uncertain, but roughly agree with aisien  to the threshold between growth and erosiamy = 0) obtained

efficiency of from the mass transfer prescription of Egt and the erosion
Mer 3 Av prescription of Eql7. The resulting threshold using the experi-
m, ~ 400 Tcms? (16)  ment erosion interpolation is given by the white dashed kmel

is very pessimistic compared to the mass-transfer expatsne
It should however be noted that for the more compact dust ag- Since the experimental erosion prescription is obtainehfr
gregates that are expected after the compression by baundarvery diferent parameter space than what we are interested in, it
phase, the erosiorfficiency should be greatly decreased, as is highly uncertain, and much more so than the mass transfer e
generally seen byeiser & Wurm (2009h. To interpolate be- periments discussed below. We therefore choose to cadibirat
tween the two experiments where the degree of erosion has bteee parameters, b andk of Eq. 17 using the experimentally
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b) = 0.9 we illustrate the fragment distribution for fourftiirent values

of u. In @), we are at the onset of the fragmentation, and all of
the mass is put back into the remnant, leading to no erosion. |
b), more than half of the mass is put into the remnant, which is
therefore detached from the size distrubution, and in €)etio-
sion is so strong that that remnant has attached to the pawer-
distribution. Finally, in d), the particle is completelylperized,
and all of the mass is put into monomers.
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3.5. Implementation into the code
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In this section, we summarize the conditions and outcome for
” > 5 ” > 5 each individual collision type as they have been implentnte
10 fragmelr?t size [Cm]10 10 fragmelr?t size [Cm]10 into the code. The dierent types are, in order, sticking,
transition from sticking to bouncing, bouncing, mass tfans
Fig. 5: The fragment mass distribution for a 1 cm-sized plarti combined with erosion, and destructive fragmentation, and
after destructive fragmentation events of varying degréas they are all shown schematically in Fig. The conditions for
largest remnant is equal to ina)= 1, b)u = 0.9, c)u = 0.5, d) sticking and bouncing are given in E¢s.and4, and we use
= 0 in units of the original particle mass. Eqg. 9 to determine which, if any, of the particles get fragmented
during a collision, resulting in fragmentation with masssfer
or destructive fragmentation.
obtained threshold between growth of erosiof@fer & Wurm

[y
OI
©

(20091. This results in Sticking: (AV < AVsgick)
The two patrticles stick together and form a bigger particiliw
a=11-10" sizemyig = M + my,.
b=-04 (18)
k=015 Sticking/bouncing transition: (AV < AVpounce

Transition from 100% sticking to 100% bouncing. We

Comparing the net growthfieciency from this fit marked by the assume a logarithmic  probability distribution between
contours in Fig4 to the mass transfer experimentsafthe et al. AVstick < AV < AVpouncegiven by

(2010 (with 1 mm projectiles at velocities of 1-6 nT'y and

Wurm et al.(2005 (with 1-10 mm projectiles up to 25 nTY Pe = 1 - ki -l0gyo(Av) — ke
results in a rough agreement, even though our model ends

slightly pessimistic compared to their results, with nitceen- sticking threshold (Ecg), the sticking probability igp. = 1, and

cies roughly half of theirs. Regardless of this discrepamey ; . o
; . : . . at the bouncing threshold (E4), the coagulation probability is
take this conservative estimate of the experiments and tise i De = 0. The constants are then

for our model.

(20)

Wikere pc is the coagulation probability. We know that at the

1
. o 1=L=O.4O (21)
3.4. Fragmentation distribution [0go(Mb/ M)
During cratering, mass transfer and destructive fragntiemta ko = M (22)
events, the mass of each fragmented particle is divided into log, o(Mp/my)

ouncing: (AV > AVhounce, (p > 1) and fi > 1), (A < V)
If the collision energy is too high to result in a sticking legibn
but too low to fragment or erode any of the particles, the
collision results in a growth-neutral bouncing event. The t
n(m)dm o m™ dm (19) masses involved in the collision are left unchanged. Ttpe tyf
collision results in compaction of both particles, but wadge
wheren(m)dm is the number density of fragments in the masany porosity changes in this model.
interval [m, m+ dm], and« = 9/8.
If the mass of the largest remnant is giverybym, wherey  Mass transfer/Erosion: (up < 1) and f« > 1) or (mer > 0)
is the relative size of the largest remnant described byFifpe If the collision velocity is high enough, erosion of the tarwill
total mass that is put into the power-law distribution is&do occur (Eq.17). Simultaneously, if only the projectile fragments,
(1- ) - m. We give the upper limit of the fragmentation distribuwe have a fragmentation with mass transfer event {&)].The
tion by min[(1-w), 4] - m. This means that as long as< 0.5, we resulting mass change of the target is given by Hj.
have a single distribution up to the largest remnant /~sr0.5, The fragmented mass from the projectile is divided into two
on the other hand, more than half of the mass is put into tparts, a power-law and the largest remnant, with a total robss
largest remnant, which is then detached from the power-law dm = (1 — ead)m,. The power-law distribution has a total mass
tribution. of Mrag = (1 — ead)(1 — up)mp and the largest fragment a mass
This fragmentation recipe is similar to the four-populao mem = (1 — eagupmp. The fragments excavated from the target
model of Geretshauser et gR011), with the diference that we due to the cratering are also distributed after the power-la
treat the fragmentation of both particles individuallyidtable described in SecB.4, with an upper limit equal tong,.
to describe all dterent degrees of fragmentation, and in FHg.

ment. The fragment power-law was determined experim
tally by Blum & Miinch (1993 and also used in the model of
Guttler et al(2010, and is written

two parts; the power-law distribution and the largest fraga
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Fragmentation: (up < 1) and fi < 1) Table 2: Disk model parameters used in the simulations.
Finally, if the collision velocity is high enough and the mas
ratio is not too large, we get a destructive fragmentaticenev _Parameter Symbol  Value Unit
where both particles are fragmented. We treat the fragrtienta distance to star r 3 AU
of each particle individually, and get two separate fragimengdas surface density Zg 330 g cm?
distributions, one for the projectile and one for the targetch ~ dust surface density Zq 3.3 g cnr?
distribution is divided into two parts; the fragmentatioower- 925 tlemperat“re T 115 K
law distribution with a total mass ®fag = (1—pt)Mpr and the m:)’:ijrsg;e deﬁtr?/gqliﬁtry 3 %g 16° ;;m st
largest fragmentation remnant with a massmf, = pptMpt. sound speed C;‘ 64.100 om st

solid density of dust grains & 1.6 gcm?

4. The dust-size evolution model
1074. The degree at which flierent particles arefiected by the
turbulence is given by the Stokes number, denoting how glyon

possible to describe the collision outcome between any &vo Py e : ;
: . . particle is coupled to the surrounding gas, which for sypeah
ticles. In order to study the evolution of the dust in the ppdén- ticles can be written as

etary disk, however, we need to know about the propertidseof t a 9
gas and the sources of relative velocity between the pasticl St= f_f fora < = Amep (25)
In this section, we describe the disk model used in this paper Iy2 4

along with the dust evolution code Birnstiel et al.(2010 that  \yhereg = 1.6 g cnt3 is the solid density of the dust grains and

has been used together with the new collision model to stuely &, the surface density of the gas, ahg, the mean free path of
dust-size evolution. A summary of the parameters used ®r tfhe gas.

With the collision model described in the previous sectibig

disk model is given in Tabl&. Radial drift gives rise to a relative velocity between pzets
as they are dierently coupled to the surrounding g&sKipple
4.1. The disk model 1972 Weidenschilling 1977aThis can be written as

In this work, we follow the dust-size evolution locally at &-d Avrp = |VF(M‘) h VT(MP)| (26)
tance of 3 AU from the star. To describe the gas distributiomhere the radial velocity of a particle is given by
over the disk, we use the minimum mass solar nebula (MMSN) Vg 2V,
(Weidenschilling 1977bHayashi et al. 1985 This model is Vi = 1+SE  Strstt

based on the current solar system, where the mass of allahe pl , + t+ St )
ets have been used to predict the minimum total mass thatwo(® first term comes from the drag of the surrounding gas on
have been needed to form them. It however excludesftieete (e particle as the gas migrates radially, agds the the veloc-

of planetary migration and radial drift of dust grains, ahelteal [ty Of the surrounding gasl.ynden-Bell & Pringle 197} The
initial disk profile might have been muchfiiirent Desch 200, second term corresponds to the drift of the particle witipees

Itis however useful for comparison with previous collisimod- (O the gas. Due to the gas pressure, the gas moves slightly sub

els. The gas surface density profile of the MMSN is given by Keplerian, and the particle thus experiences a constadivied
which causes it to lose angular momentum and drift inwards.

ro\1s > This dfect is strongly related to the coupling between the parti-
Zg(r) = 1700(1 AU) [gem™] (23)  cle and the gasi, represents the maximum drift velocity, and is

_ ) ) derived byWeidenschilling(19773 as
wherer is the distance to the central star. At 3 AU, this results in o,

a gas surface density of 330 g thand if we assume an initial ar
dust-to-gas ratio of 0.01, a dust surface density of 3.3 gfcm Vi = _m
We assume four elierent sources for the relative veloci- 5P _ _
ties between dust grains: Brownian motion, turbulence and avhere -2 the gas pressure gradiepg, the gas density anf
imuthal and radial drift. Since we use a local simulation aet the Kepler frequency.
point, we take into account the relative velocities thaserbut Azimuthal relative velocities work in a similar fashion @-r
do not allow the particles to move around in the disk. ThEedi dial drift, and arise from gas drag in the azimuthal directibhe
ent sources are discussed briefly below @eestiel et al. 2010 relative azimuthal velocity can be written as

(27)

=39-10° cmst (28)

for a more complete description). 1 1
Brownian motion arises from the thermal movement of the AV, = |Vq - [_ — _] (29)
particles, and is mostfiective for the smallest particles. It is 1+S¢ 1+S¢
dependent on the mass of the particles as follows: In Fig. 6, we plot the resulting relative velocity field between
each particle pair taking into account the four sourcesritest
AV = 8kp T (M + my) (24) above. For particles smaller than10 um, Brownian motion is
- mm, the dominant source of relative velocity, causing velesiton

the order of mmt. At larger sizes, turbulence becomes impor-

wherek;, is Boltzmann’s constant, anfl = 115 K is the gas tant, and velocities quickly increasetal m s'1. As can be seen
temperature we assume at 3 AU. in Eq. 27, the radial drift is largest for particles with a Stokes

Turbulent motion arises from the particles interactionhwitnumber of 1, which at 3 AU corresponds to around 30 cm in
the surrounding gas, as it is accelerated by turbulent sdifie size. At roughly this size, due to the combindiket of radial
different size scales. We use the closed form expressions asathet azimuthal drift, the particles collide with the smalberti-
rived byOrmel & Cuzzi(2007). The turbulence strength is givencles at velocities around 50 m's which then decreases to 40 m
by thea parameter, generally assumed to lie betweert 80d s as the particles grow larger and the radial drift decreases.
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Fig.6: The relative velocities for each particle pair céd¢ed panels show the outcome for equal- andfatent-sized col-
from the four sources described in SettLusing the parameterslisions, respectively. Green regions mark collisions \ahare
given in Table2. growth-positive for the target, yellow marks growth-naliand
red marks growth-negative. 'S’ marks sticking, 'SB’ thecking
] . to bouncing transition, ‘B’ bouncing, 'MT’ net mass transf&’

4.2. The Smoluchowski equation net erosion and 'F’, fragmentation. In the transition regithe

The dust grain number densitgm, r, 2) is a function of the grain 9réen parallel lines each mark a decrease in sticking pitityab
massm, the distance to the star,and the height above the mid-Py 20%.

plane,z, and describes the number of particles per unit volume

per unit mass. The total dust density can therefore at a froiat

be written as o ) )
outcome of the new collision model and compare it to previous

o(r,2) = fm n(mr,2) - mdm (30) models. We also show the results of the simulations and ctanpa
’ 0 ’ the growth of the large particles to a simple analytical mode

and the change in number density with respect to time can then

be given by the Smoluchowski equation as 5.1. The collision outcome space
0 * With the new collision model, we can determine the outcome
—n(m,r,2) = M(m,m',m’,r,z 1 L P = )
ot (mr.2) fj(; (m,mf, m"r.2) (31) after a collision between two particles of arbitrary massed
x n(m', r, 2n(m’”, r, 2) dni'dm’” velocities. In the upper panels of Fig, we plot the collision

outcome as a function of projectile size and collision vidjoc
whereM(m, v, m”, r, 2) is called the kernel, and describes hovor two different mass-ratios. This can be compared to the out-
the massnis distributed after an interaction between particies come ofGttler et al. (2010 for compact particles shown in the
andm”. This distribution is determined by the use of a collisiolvottom panels. It can here be noted that our model naturelly d
model like the one developed in this paper and is describedsieribes the transition between the two extreme cases of-equa
Sect.3. SeeBirnstiel et al.(2010 on how one constructdl out sized and dferent-sized collisions, while Guttler et al. had to de-
of a collision model. fine a critical mass ratio to distinguish between the twomes.

In the code implementation, the density distribution is disThe upper right panel in the figure thus only gives a singlpsna
cretized over logarithmically spaced mass bins. The resgult shot in this transition.
mass(es) of a collision between two particles will gengratt In the left panels, the two particles are of equal size, aad th
coincide with one specific mass bin. In order to solve this, thmodels produce very comparable results. In the new modgl, th
resulting mass is therefore divided between the two neighbosticking region has been enlarged with the inclusion of adira
ing mass bins by using the Podolak algorithm described @ildetion region where both sticking and bouncing is possiblehin
by Brauer et al(2008. fragmentation region, the mass-dependent fragmentatiestt-

In order to solve the above equation and track the sizeld has decreased the velocity needed to fragment largér par
evolution of the dust grains, we use an implicit scheme defes, and increased the velocity needed for the smalleticiest
veloped byBrauer et al(200§ andBirnstiel et al.(2010. This  The end outcome is that the width of the bouncing region has
scheme allows for longer timesteps and therefore shortamex decreased significantly.
tion times. In the right panels, the target has a mass 1000 times the
mass of the projectile. Some importantfdiences can here be
5 Results seen in the fragm_gntation regime. We can first qf aI_I notiee th

new natural transition from growth to erosion which is obéa
We have performed local simulations of the dust-size eiaiut from the balance between growth from fragmentation withsmas
using the collision model described in Segtind the evolution transfer and erosion from cratering (Ed®). At this mass-ratio,
code briefly described in Seet. In this section, we discuss theerosion transitions quickly into complete fragmentatifrthe

10
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10 Fig. 9: A zoomed-in sketch of the collision outcome spacewho
in Fig. 8. The dashed horizontal line shows the interaction path
10 g T T TR that the seed will experience during its growth. Thparame-
10 10 1010 10 10 10 10" 10 10 ter illustrates the minimum distance between the intevagiath

grain size [cm] and the erosive region. A posititeneans that the bouldemall
particle interactions will always be growth-positive, amaeg-

Fig. 8: The collision outcome for all pairs of particles Witle e h means that the growth will at some point be stopped by
relative velocity field calculated in Fig and with the same la- & ggion.

bels and color code as in Fig@. Also included is the net mass
transfer éficiency, given in intervals of 4%.

In this figure, the bouncing barrier is clearly visible. Dust
grains of sizes 100 800um that interact with smaller particles
mass-ratio was to be increased further, the fragmentatigiom  will because of too large collision velocities bounce if frati-
decreases and is replaced with erosion. cle is not smaller than 1@m. In this case, a small number of col-
As long as the projectile is fragmenting, velocities belbe t lisions will lead to sticking, but in order to pass the wideuho-
erosion threshold always lead to growth, and a cm-sizeaprojing region, a grain would need to experiencé $0ch sticking
tile can initiate mass-transfer already at about 20 ch(which collisions. The small particles will however be able to coag
is exactly the result oBeitz et al. 201} At Av = 10 m s, pro- late to 10Qum themselves, making growth through the bouncing
jectiles smaller than around 1 cm are required for growtte Thvarrier very difficult.
maximum projectile size decreases with velocity as thei@nos  Collisions between two equal-sized particles larger than 1
grows stronger, and @v = 50 m s*, growth is only possible mm will result in destructive fragmentation, but dependary
with projectiles smaller than 1Qam. what it collides with, a 1 mm-sized particle can also be in-
Overall, we predict more fragmentation and cratering tinan volved in sticking, bouncing, mass transfer and erosivdi-col
the previous model oGttler et al.(2010. However, one very sions. Because of the fragmentation with mass trandfecte
important change is that growth via fragmentation with magsmeter-sized boulder can grow in collisions if its collisipart-
transfer is now possible at higher velocities than the 20" sner is of the right size, in this case smaller than 260 As we
that was the previously predicted threshold, and provitked t can see in this plot, the key to growing large bodies is theeef
the projectile is small enough, even a collision at 50Thteat to sweep up smaller particles faster than they get erodedgr f
was predicted in the disk model can lead to growth of the targaented by similar-sized collisions.
(which was a direct conclusion dkiser & Wurm 2009p From Fig.8, we can already without performing any simula-
Sticking collisions are also possible at larger sizes, atidns see thata cm-sized particle would be capable of gigtein
growth-positive mass transfer works at much lower velesiti large sizes if it collides with the right projectiles. Theportant
than the previously assumed 1 mt sEven if the bouncing re- parameter needed to determine this is illustrated in%ighow-
gion shrinks in size, we will see that it will not be enough ting a sketch of a part of the collision outcome plot. Because o
remove the bouncing barrier. If we insert a particle abowe tlthe bouncing region, most of the particles will be found ie th
bouncing barrier, however, the required relative velofotyit to  region marked in the figure. A boulder needs to interact ben-
interact beneficially with the particles below the boundiagy- eficially with these bouncing particles in order to grow, ke t
rier has been decreased. These two updates turn out to lee duitrizontal interaction path needs to be at all times in tloswgj-
important, as is discussed in more detail in SB@. positive mass-transfer region. This can be illustratedh wieh
The collision outcome for the new model depends on thgarameter, which gives the minimunfigirence between the in-
mass of both the projectile and the target, and in the cudisht teraction path and the erosive regionhis positive, the boulder
model, we use only the average relative velocity betweeh eaill always interact beneficially with the bouncing parés| but
particle pair. This means that a collision between a givein p#f h for some reason would become negative, the growth of the
will in the evolution model always result in the same outcomé@oulder would stop.
and it would therefore be instructive for us to plot the onteo We can now point out the interestinffect turbulence has on
in the particle size-size space. In F&).we have used the rela-the collision outcome. For particles of sizes betweeprhOand
tive velocity field calculated in Sect.1at a distance of 3 AU to 10 cm, turbulence is the dominant velocity source. If thatie¢
determine the outcome for each collision pair. velocity is increased in this regime, the bouncing barridr w

11
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. ~oys 5.2.1. Growth up to the bouncing barrier
o Fiducial 5900 yrs
1004 ~ Jwsus | Inthe fiducial case presented in the top panel, the simuisitio
10 —— 435300 yrs are initiated with all dust made up @fm-sized monomers. At

— 1000000 7 . . . . . .
" these small sizes, the relative velocity is driven by Brawmni

] motion, and as the particles collide with each other, thak st
together and form larger aggregates. This leads to a rapig-co
ulation phase where the aggregates grow to /4®0in around
1000 years. At this point, the particles have grown largeugho

to become fiected by the turbulence which quickly increases
L cm inserted the relative velocities. As we predicted in F&.the bouncing
region is too wide to be passed over, and the growth halteat th
bouncing barrier.

At this stage, the only particles that can grow are the smalle
ones, and as time proceeds, more and more particles geetrapp
at the bouncing barrier. This causes the number of smali-part
cles to keep on decreasing, leading to a continuously nargpw
10 } } J\ } : } size-distribution. After 1D years, virtually all particles can be
No bouncing, no insertion found at 10Qum, with very steep tails between 60 _and 300.
10° L ’ i If nothing else is done, this is how the dust evolution ende T
bouncing barrier giciently prevents any further growth, and all
] particles remain small.

[
i
1S

=
o

=
o I
i
o
I

0
N
=)

=
o

(=}

=
@]
I

=
ol
o
T
I

=
© |
N
S)
T
I

=
oI
N
5
I

surface density [g cm'z]

5.2.2. A seeding experiment

In order to investigate the potential of the mass transfiece
] = : : we make an experiment where a very small number (i.e*®10
grg?n Sizelfcm] 100100 100 100 of the total mass) of "seeds” are artificially inserted in them
of 1 cm-particles. As can be seen in F8.the interaction be-
Fig. 10: The surface density evolution of the dust popufefay tween 1 cm and 10pm-particles results in mass_transfer and
three diferent simulations at a local simulation at 3 AU. Th@rowth of the larger particle, and we expect the inserted-par
grey diagonal lines correspond to the required surfaceitiems cles to be able to grow. The seeds are inserted at a single time
for a total number of particles of 1, 3@nd 16 in an annulus t = 10,800 years, when the particles have reached the semi-
of thickness 0.1 AU. In theipper panel, all particles initially stable. state at the bou_ncmg barrier, and the result candreise
have a size of 18 cm, and snapshots are taken between 2 a#fte middle panel of Figl0. Exactly how the seeds are formed
10° years. In themiddle panel, we have run the same simulationWill not be discussed in this paper, but given the small nurobe
but after 10,800 years, a small number of 1 cm-particles hay@eds required, stochastitezts, small variations in local disk
artificially been inserted. In tHewer panel, the bouncing barrier conditions or grain composition afut properties might stice
has been replaced with sticking, allowing the particles¢ely t0 produce them. Some other possibilities are briefly diseds
coagulate to larger sizes. in Sect.5.4
In order to better understand the complex interaction be-
tween all the particles in this experiment that now follows,in-
troduce the collision frequency plot given in Fil. This shows

b hed d ¢ ller si The | ficl h the collision frequency between each particle pair plottedop
€ pusnhed down 1o Smaller Siz€s. The larger particies are NQWpe collision outcome map of Fi@®, making it possible for
ever not as muchfiected by a stronger turbulence, as these SIZ%

are also fiected by radial and azimuthal drift. This means th ﬁy given time to identify the dominating collision type far

the h parameter will remain constant or ibly even incr lven particle size.
€h paramete emain constant or possIbly €ven INCrease g fiyqt two snapshots in the collision frequency plot are

with a stronger turbulence. A strong turbulence might thexe taken after 2 and 5900 years, and are identical to the fiducial

even be beneficial for this mode of growth, as the larger P&ase discussed earlier. At the bouncing barrier, we cancsee s
ticles will now interact with generally smaller particleghich

we from Eia.4 know is beneficial for the mass transfefest interaction between the 2Q0n particles and the smallest parti-
9.2 . ' cles that do lead to growth, but the frequency is much toolsmal
Because of this, even if the boulders due to strong turbelane

experiencing relative velocities ef.00 m s?, they can grow in to have any significantfgect.

interactions with the small particles at the bouncing leayias Atter 10,800 years, the 1 cm se_eds are inserted, and. they

these have correspondingly decreased in size. grow to larger bouIders by sweeping up the small particles
trapped at the bouncing barrier. As the boulders grow, onata

ter ~200,000 years see a tail of particles with intermediatessize
5.2. The dust-size evolution appear behind them. These are formed by the rare collisiens b

tween the large boulders, and from a single event, two lange b
We performed simulations using the new collision model tdes have been multiplied to a myriad of fragments also capabl
gether with the local version of th&rnstiel et al.(2010 contin- of sweeping up the particles at the bouncing barrier. This ef
uum dust-size evolution code. In Figj0, the mass distribution fect causes the population of boulders to not only grow ialtot
of the particle sizes is given atftiérent timesteps for the threemass, but also in number, which causes a steady and sighifican
different experiments discussed in detail below. increase in similar-sized fragmentation.
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Fig. 11: The collision frequency map for the scenario wheceniparticles are artificially inserted at 10, 800 years. The interac-
tion frequency is plotted for each particle pair at siffelient timesteps plotted on top of the collision outcome sdi¢-ig.8. This
makes it possible to identify the dominating interactiondach particle size. Note the always high peak of interastigith parti-
cles stuck below the bouncing barrier at 1 mm in size. As thgelparticles grow, they also sometimes collide among teéres,
producing a tail of particles capable of also sweeping ugbthencing particles. This causes an increase in both massuander
for the large particles, and a continuous widening of the-siistribution.

It can also be noted how the vertical distribution of dustrosion or fragmentation as it is the growth timescale (¢&® a
around the midplanefizcts this stage of the evolution. Even ifJohansen et al. 20Q8f the simulation is kept running for longer
there is a huge amount of particles trapped at the bouncing than 16 years, the boulders can keep on growing and several
rier, they are so small that many of them are pushed out frem thundred-meter boulders can form. In other places in the disk
midplane due to turbulent mixing. The boulders are howewer with higher dust densities and relative velocities, latgmulders
large that they have decoupled significantly from the gadaae  will be able to form on the same time-scale.
therefore mostly trapped in the midplane. This causes teepw  Growth by sweep-up gives an explanation of how the colli-
up rate of the mm-sized particles by the boulders to be @&#¥in sjon part of the growth barrier can be circumvented, but weha
lower than without a vertical structure, and also the irdécol- in these simulations disregarded théeet of the orbital decay
lisions between the boulders to be relatively more common. from gas drag. The growth timescales in Fig.exceed by sev-

The smallest particles that are produced by global fragmeii@l orders of magnitude the lifetime of meter-sized bosdigs
tation and erosion mainly experience twdfeient interactions. J€ct to radial migration. In order to survive, the bodiesdeei-
In the early stages, the smallest fragments are generalig bether form on a timescale very much smaller than observediin ou
swept up by the 10@m-sized particles stuck at the bouncin@mulaﬂor_\s, which we find unll_kely, or there need to exishso
barrier, since these particles dominate completely botiuim-  €ffect which prevents the orbital decay over an extended pe-
ber and mass. They have therefore never any time to coagulR8 of ime Barge & Sommeria 199Klahr & Henning 1997
to larger sizes themselves, but instead aid in the growthef tBrauer etal. 2007Pinilla et al. 201).
bouncing particles, which are in turn swept up by the bowder
At later stages, as the boulders become more numerouslgbis
possible that the smallest fragments are swept up diregtiiido
boulders. If this growth continues even longer, the ti@&s | order to illustrate the importance of the bouncing bayrie
become equallyféicient, and even later, the boulders will starfyake an experiment where all the bouncing collisions are re-
dominating in the sweep-up. Regardless of what sizes thé smaoyed and replaced with sticking. There will therefore bthno
fragments interact with, in the end, they are still beneffitoa g that prevents the coagulation phase from continuing tals
the growth of the boulders. larger sizes. The result of this simulation is shown in theeo

In the end, a number of 10-70 m boulders have managedd@nel of Fig.10.
form, and the amount of total mass in the large particles have This allows the particles to grow unhindered until they reac
increased by the huge factor of #0from what was initially about 1 mm in size. At this point, they will start to fragmeetb
inserted into the system, even though the total boulder isassween themselves, as we can see in Bigince most of the dust
still very small compared to the total dust mass. We find thaan be found at this size, heavy fragmentation will occud, @an
the limiting case for the growth at this point is not so muchascade of smaller particles are produced. These smaltlpart

223 Removing the bouncing barrier
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grow up to larger sizes again, where most of them again fre . — 0800 yrs

ment. From the collision outcome plot, we can however see tt ;0 | ™% —_zes00ws |

some particles can be lucky, and instead only sweep up sma —— 1000000 yrs

particles via mass transfer. They therefore avoid fragatamt, 107 | ]

and keep on growing, and form the distribution tail extegdin o

from 1 mm and upwards. 10 ]
At a size of roughly 1 meter, the only way to grow is by col s

liding with 100m or smaller particles. But without the bounc:  1° [ A 1

ing barrier, most of the mass is instead found in 1 mm pasicle ;-2 : } } o } }

This means that almost all of the interactions become ezpsi
and the growth halts.

In the above example, we saw that increasing the stickine
of particles in the end actuallgrevented the growth of large
boulders. We can from this work draw the conclusion that tt
bouncing barrier might even be beneficial for the formatién «
planetesimals. By hindering the growth of the many, it makes
possible for the growth of a lucky few.

surface density [g cm'z]

5.2.4. The effect of turbulence

We have so far studied only one single turbulence paramétel
« = 1073, This value is however uncertain for nebular model:
and in order to investigate the dust evolution fdfelient veloc-
ity fields, we also study the casesoft 104 anda = 1072 The
latter represents a strong turbulence which is dominatamg-c
pletely over the azimutgal and radial drifts and resulteiative
velocities up to 100 m's. In the former case, the turbulence is 10 e S E Y 1

weak, and contributes very little to the velocities of thegéx o~ 10° 10 gré?n Sizelf)cm] o0 00 10010
particles. In Fig.12, we plot the resulting size evolutions for

the three turbulence parameters but with otherwise idaitic  Fig. 12: The surface density evolution of the dust poputeta
tial conditions. The middle panel is here the same as thelmidthree diferent turbulence strengtha (= 104,103, 107?) at
panel of Fig.10and is included for reference. 3 AU, with seeds inserted artificially aftee= 10, 800 years.

It can first of all be noted that growth to larger sizes is pos-
sible even in the case of a very high turbulence, as we pestlict
using Fig.9. This is due to the decrease in size of the bounc-
ing particles as the turbulence increases. The smallerdtimga
projectiles can therefore cause the boulder to grow alsigheh
velocities, as seen in Fig.

The growth timescale isfiected by the turbulence in sev-
eral diferent ways. Firstly, it increases the relative velociti
between the particles, leading to higher collision fregquies do
and therefore to more rapid growth. Increased impact vidsci
also increases the net mass transtéciency, which in Fig4
is seen to be particularly low for velocities below 10 rt.s
An increased turbulence also mixes small particles further
from the midplane, which decreases their midplane dessitie We have have here shown that growth can proceed also in re-
where the largest boulders gather, lowering the growth. raggons of high turbulence. An MRI turbulent disk might howeve
From Fig.12, itis clear that the growth-positivétects are dom- also create an additional velocity source, where local gms d
inating, leading to enhanced growth with increased turde sity fluctuations can excite the orbital eccentricitiestad plan-

In the low turbulence case, the growth is especially slowthier etesimalsida et al.(2008 found that this can lead to velocities
sizes between 1 cm and 100 cm. In this regime, the relative \@yond break-up even for small planetesimals, but onlyistud
locities are very low since the contributions from the azinall collisions between equal-sized bodies. In our model whahg o
and radial drift are small, causing very low net mass aaametithe material strength of the body is included, a collisiotwaen
efficiencies during the sweep-up growth. two large and similar-sized bodies will be destructive eveamr-

In thea = 1072 case, we can in the final snapshot see thgtons of very low turbulence, so in this regime, it witfect our
a separate peak has appeared for the largest bouldersmi$ foconclusions very little. Excited planetesimal orbits viidwever
when the boulders have fragmented so much between theaiso increase the impact velocities of the small particidsch
selves that the large intermediate-sized fragments areirat n could pose a problem. In the previous cases, growth has been
ber densities roughly equal to the boulders, which in thisecapossible in regions of high turbulence because the sizelseof t
happens after 600 000 years. At this point, the boulders ardouncing particles have simultaneously been suppress#éteby
significantly eroded and fragmented, which creates everemaurbulence, but this is not necessarily the case in the sicena
intermediate-sized particles capable of yet more fragatemt. studied by Ida et al. This might cause an increased erositireof
This results in a fragmentation cascade, and a rapid flagesfi growing planetesimals, but investigating this further igside
the size-distribution. This does however not cause all éhgel the scope of this paper.

article to be destroyed, and those that survive can camtinu
grow by sweeping up the small bouncing particles thatlt stil
minate both in number and total mass. Thie& occurs also

for the cases of weaker turbulence if the simulations rumy lon
enough, but is never severe enough to cause a complete halt of
the growth.
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5.3. A simple analytical model 10* ‘

Estimate: Simple Av, constant e
To verify what we see in the simulations, where growth is edus -~ Estimate: Full Av, fulle
by the sweep-up of small particles by a few lucky seeds, we w — Simulation

make a simple analytical growth model in a similar fashion t 143
Johansen et {2008 andXie et al.(2010. We consider a sce-
nario where a single large body of masss moving around in

a sea of small particles of mass stuck at the bouncing barrier.
The growth of the large body can then be described by

dm

E = OAV - €netsMs (32)

cm]

=
o
[N)
T

grain size

=
o
-
T

whereo = 7 (as + @)*> ~ na? is the collisional cross-sectiony
the relative velocityns the number density of the small particles
andenet the average net mass gaifi@ency of a collision. The
change in sizea with respect to mass can be written as & 10 " 5
4néa? da, whereg = 1.6 g cnt® is the internal density of the 10 time [ylr]o 10
large body. We can now write

6

Fig. 13: The growth of a boulder in the simulations (black)eo

da _1ps netAV (33) pared to two growth estimates. The red line correspondseto th
at  4¢ simplified analytical estimate, and the blue line to themaste
using the full relative velocity and accretioffieiency prescrip-

whereps = ngmg is the mass density of the small particles. W
will for now assume that the relative velocity is caused dmty
turbulence, and can therefore for small particles be egtidnay
(Weidenschilling & Cuzzi 1993Cuzzi et al. 200)L

ons.

velocity prescription in E¢34 only takes into account the turbu-
9 lence, and is also not valid for large particles. In ordeateetthis
AV = 4/ =aSt-cs (34) into account, we use the full net growtkieiency from Eq.13
2 and all four velocity sources discussed in SdciVe then solve

wherea = 1073 is the turbulence parameter, St the Stokes nurF—q.' 33, and plot the resulting solution in Fid3. The new so-
ber for the boulder given by EG5 andcs the sound speed in the ution and the simulation results now agree very well, omly t

gas given by differ slightly at the largest particle sizes.
We find that this enhanced growth is triggered by the exis-
o= /ﬂ (35) tence of the tail of intermediate-sized particles that féram
MMy fragmenting events between large bodies. The largest brauld

) , ) found in the simulations are those that manage to grow bydavoi
wherek, is Boltzmann's constant, = 115 K is the temperature jq jnteractions with other large bodies, and if they mantage
of the gasy = 2.3 the mean molecular weight angh the mass jnteract beneficially with some of the intermediate-sizeayf

of a proton. ments, the growth rate is enhanced.
We assumes to be constant and uffacted by the sweep-up

of the large boulder. When the boulder has grown large enough

it will be very little affected by the vertical mixing from turbu- 5.4. Forming the first seeds
lence, and will mostly be found near the midplane. We thegef
takeps = 10712 g cnT to be the midplane density assuming
Gaussian vertical profile with a surface dengigy= 3.3 g cnT?
and that all the of the dust mass can be found in the smallpa
cles. Eq33can then be solved analytically:

he width of the bouncing barrier has with recent stickind an
ragmentation experiments decreased, but is still solimugh
I;R prevent particles from growing through it. As previoudlg-
cussed, this might even be positive for the planetesimahdor
tion, as it prevents too many large bodies from forming, kegp
2 them from fragmenting and eroding between themselves. It is

a(t) = {lfnet& {ggm CCs(t—to) + @] (36) however necessary for some cm-sized seeds to be formed that
8 ¢ \4ZX can initiate the sweep-up.
We have in this work found that the bouncing barrier can

In Fig. 13, we plot the above analytical solution to the boulddre circumvented, and growth via mass transfer initiatednéf/
growth assumingnet = 0.006 which is the expectediiziency only a very small number of cm-sized particles is introdutzed
for the interaction between a 1 cm and a 1 mm body. We dbe system. We have in this paper not investigated in dedail h
sume the other parameters identical to the simulationss iBhi this might happen, but there are many possibilities. Lapger
compared to the observed growth of the largest particle fraimles may form outside the snow-line mixed with ices, aniét dr
the seeding simulations in Se&.2.2 using the full collision inwards to a region where sweep-up becomes possible. @alciu
model. As can be seen, our analytical solution compares wafid alumunum-rich inclusions (CAls) are cm-sized parsithat
to the growth rate of the simulations for the first stage of\ghp  are believed to have been formed early near the Sun and trans-
and then at later stagedTdir greatly. This is mainly due to two ported outwards in the diskC{esla 2009, and could also make
reasons. Assuming a constani; means that it at larger sizesup the first generation of seeds.
will be underestimated, as it in the full model depends on the It is also possible for some lucky particles to grow through
collision velocity and varies between 0 and 0.15. The nedatithe barrier simply by interacting with enough smaller paEes,
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as can be seen in the collision outcome plot in Egin or- planetesimals formed in this way would be small, between 100
der for this to happen, however, it is necessary to have a wideters to some kilometers in size, which is smaller than what
enough size-distribution so that there is enough of thelggaal was generally predicted B¥ie et al.(2010, where a larger mass
ticles that the lucky particles can interact with. This iidult, it transfer-éficiency was assumed.

turns out, as we have in these simulations found that thecfgart  This mode of growth is however able to function also in high
size-distribution will quickly narrow as all the small dusiag- turbulence regions with relative velocities reaching 108
ulate up to the bouncing barrier. If extra mass is continlyousThis is because the turbulence simultaneously supprekses t
introduced to the system the first 10,000 years or so, for exagize of the bouncing particles, which are therefore morelyik
ple due to nebular infall of the collapsing protostellarutiothe  to cause mass transfer rather than erosion of the bouldgrgdu
particle size-distribution could be wide enough for somedse impacts. Another importantfiect we have found is that a very
to be formedBeitz et al.(2012) also found in laboratory experi- small number of seeds are necessary to initiate sweep-upeAs
ments that chondrules and dust aggregates tend to sticiterhi |arge particles collide with each other, they will createtam
velocities than collisions between two dust aggregateshabd ber of intermediate-sized particles that are also able eegwup

early chondrules could grow where dustcouldnot. the small particles, causing the population of large plesito
Another possibility is the introduction of a velocity distr increase not only in total mass, but also in number.
bution for each particle-size. Most work with the dust-sxe- Exactly how these seeds would be introduced into the sys-

lution consider only the average relative velocity betweea o needs to be explored further. We have shown that tharks to
particles, but in reality, some particles will collide asbmuch -y pination of moreféicient sticking found in recent laboratory
higher and lower velocities. If some particles are lucky&gio o, heriments and our ability to numerically resolve very kma
to only collide with others at low velocities, they mightati |\, mpers of particles, the bouncing barrier can be overcame o
together where they would otherwise only bounce, and in thajcymyented. If the dust size-distribution is wide enough

grow large enough to initiate sweep-up. small number of lucky particles might grow over the barrier v
hit-and-stick collisions with much smaller particles. $lshows
6. Discussion and Conclusions that the initial conditions of planet formation might be yém-

o ~ portant for how the dust growth proceeds. Another optioricivh
In order to explore the possibility of growth to planetesimaye intend to investigate further, is théfect of adding a velocity
sizes by dust collisions, we have implemented a new coflisigjistribution for each particle size, which would make it gies

model which is motivated both physically and experimegtallple for some lucky particles to always experience low-vigjoc
It is streamlined to work with continuum codes, while stil@ collisions and thus grow to large enough sizes.

to take into account all important collision types that haeen This work shows where the focus of future laboratory exper-
identified in previous work. Using it with continuum dust &0  jments should lie. It is clear that in order for collisionabgth
tion cpdes makes it poss!ble to _resolve all dust grains cgss of larger particles to be possible, it has to occur betweeti-pa
of their numbers, something which we have found to be esslenijes of very diferent sizes. However, very few experiments have
for the study of growth of dust grains above cm-sizes. been performed to quantify the amount of erosion or mass-ran
Even though collisions between Iarge_ s_lmllar-S|ze_d dugly for varying projectile sizes, porosities, velocitieslampact
grains generally lead to fragmentation, this is not neeégsa yngles and the understanding of the physical procesd! isati
true for larger mass-ratios if the projectile is small enouls  cje5r The maximum size a projectile can have to cause growth
shown in laboratory experiments, if the projectile is sehan o the target due to mass transfer determines whether thié sma
0.1-1 mm in size, fragmentation with mass transfer can cays§ncing particles cause erosion or growth of the largedess!
growth of the target at impact velocities as high as 68.M (5 550 necessary in the lab to determine the smalleseproj
order for dust grains to grow larger than cm-sizes via doliis, e size that still leads to growth. Laboratory experimestiow
the number of large particles therefore has to be very small ot monomer impacts lead to erosion, but whether erosibn st
avoid destructive fragmentation among themselves, and @ios ¢ ,rs at 10 or 10@m is not known. In order to determine in
the dust mass kept at small sizes. _ which parameter space fragmentation with mass transferscc
We have found in our simulations that direct growth of plany,gre experiments need to be performed.
etesimals via dust collisions still is a possibility. We fitteht
the bouncing barrier introduced B&som et al.(2010Q might be
beneficial or even vital for the planetesimal formation tago-
vides a natural way to keep most of the dust population sm
This small dust makes ideal material for the sweep-up psoc

. . P . : in the global dust evolution code &frnstiel et al.(2010. This
if larger bodies manage to form. By artificially insertingeavfl = . X .
cm-sized seeds in our simulations, we find that they can swe | make it possible to naturally study the number of sedu t

up the small dust via fragmentation with mass transfer antrC h be formed in the disk and how they migrate inwards to other

to ~100 meters in size on a timescale of 1 Myr. This opens up Rarts of the disk, and also to see how this more sophisticated

citing new possibilities that need to be taken into accoumgnv ggllllscl)%nArSodhe | &ects the_dust-s_{ﬁesbfurthetr_ out in the dt;ISk at
studying dust growth in protoplanetary disks. ) where comparison with observations 1S possiole.
The growth rate is in our simulations relatively slow, mginl

due to a low mass transfefheiency, the high turbulence kicking acnowledgements. We like to thank Andras Zsom, Chris Ormel, Satoshi
the small particles away from the midplane where the bosldebkuzumi, Stefan Kothe, Jens Teiser and Gerhard Wurm for nvahyable
are concentrated, and the low dust densities already at JaS. ?ﬁicﬁifis‘éﬂir Fﬂ‘J’V Vgafsgﬂgﬁg glértr?]‘;tgﬁuésfcggrf;f;Cﬁﬁgmﬁ;‘;‘gﬂﬂ
m.eans that |tm|ght b.e. necessary t.O form planEIGSImaISIOmeg. Phase”. C.Gg. aF():pknowledges financial support from the Japatiety for
with enhanced densities such as in pressure bumps, wher it e promotion of Science (JSPS). We also like to thank theraef Stuart
be accelerated, and also that there is a need for the radfial dieidenschilling, for his fast and insightful comments thatped improve the
to be prevented over long timescales. We find in this work thegper.

With an implicit scheme, this code runs fast in terms of ex-
ecution time, and should be suitable for global disk simoites,
Pmething which is not possible with a Monte Carlo approach.
g‘ future work, we intend to implement the new collision mbde
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