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Accumulation of dust and ice particles into planetesimslan important step in the planet
formation process. Planetesimals are the seeds of bodsteat planets and the solid cores of
gas and ice giants forming by core accretion. Left-over gl@simals in the form of asteroids,
trans-Neptunian objects and comets provide a unique regbitie physical conditions in
the solar nebula. Debris from planetesimal collisions adbother stars signposts that the
planetesimal formation process, and hence planet formasoubiquitous in the Galaxy. The
planetesimal formation stage extends from micrometezesdust and ice to bodies which can
undergo run-away accretion. The latter ranges in size frdkmZo 1000 km, dependent on
the planetesimal eccentricity excited by turbulent gassitffluctuations. Particles face many
barriers during this growth, arising mainly from ineffictesticking, fragmentation and radial
drift. Two promising growth pathways are mass transfer, netsmall aggregates transfer up
to 50% of their mass in high-speed collisions with much largegets, and fluffy growth,
where aggregate cross sections and sticking probabilittesenhanced by a low internal
density. A wide range of particle sizes, from mm to 10 m, comege in the turbulent gas
flow. Overdense filaments fragment gravitationally into fparticle clumps, with most
mass entering planetesimals of contracted radii from 1080t km, depending on local disc
properties. We propose a hybrid model for planetesimal &iaon where particle growth starts
unaided by self-gravity but later proceeds inside graaitetlly collapsing pebble clumps to
form planetesimals with a wide range of sizes.

1. INTRODUCTION tion, causing particles of sizes from centimeters to meters
_ to drift towards the starVhipple [1972;Weidenschilling
¢ M((;.St sta.rti are rl])orn tsurr?unded b{) et‘\A;[h'n p&(gcl)glan ). Drift speeds depend on the particle size and hence
fgé Ifstch with a cfzt:\r:ac erlts 'T mass between U.B270 alfiterent-sized particles experience high-speed coltisi
o ofthe mass ot the central S N The growth from dust and ice grains to planetesimals —

‘3083 ItDIangt_esmal tfolr matlolrlw_c;cakes dplace ?S the elmbetﬂ-e seeds of both terrestrial planets as well as the cores of
€ad dust and ice particles cofiide and grow to ever argedas giants and ice giants — is an important step towards the
pod|es. _Tlny particles collide gently dqe to Brown_lan mo- ssembly of a planetary system. A planetesimal can be de-
t.|o_n, while larger aggregates achieve higher and higher Cﬂned as a body which is held together by self-gravity rather
lision speeds as they gradually decouple from the smallet%tan material strength, corresponding to minimum sizes of

eddies of the turbulent gas flow and thus no longer inherg .

. -~ __ 198t rder 100-1,000 meterm ZOOﬂ)). The planetesimal
the |n_con_1press_|b|l|ty of the gas/gelk eta_l, 1980). _The_ formation stage on the other hand, must extend to sizes
gas disc is partially pressure-supported in the radiakdire
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where the escape speed of the largest bodies exceeds weeintegrate the knowledge gained over recent years to pro-
random motion of the planetesimals, to enter the next stagese a unified model for planetesimal formation involving
of gravity-driven collisions. The random speed of planietesboth coagulation, particle concentration and self-gyavit
mals and preplanetesimals (the latter can be roughly defined

as bodies larger than 10 meters in size) is excited mainly B PLANETESIMAL BELTS

the stochastic gravitational pull from density fluctuatam

. .. The properties of observed planetesimal belts provide
the turbulent gas; under nominal turbulence conditions T@ brop P P

ortant constraints on the planetesimal formation pro-

largest planetesimals need to reach sizes as large as 1 s. In this section we review the main properties of the

k.m to St.?r:tl run-away gro;/vt, t) I.n d||sg re- basteroid belt and trans-Neptunian population as well as de-
gions with less vigorous turbulence, planetesimal sizes bg . i« < around other stars.

tween 1 and 10 kilometers may suffice to achieve significant
gravitational focusing@ressel et a]12012). 2.1. Asteroids

Planetesimals must grow to run-away sizes despite Th teroid belt | lecti f mainl kv bodi
bouncing and disruptive collisionBlum and Wuriyi2000). ;e asterold bell IS a cofiection of mainly rocky bodies
residing between the orbits of Mars and Jupiter. Asteroid

Planetesimals must also grow rapidly — radial drift time-

scales of cm-m-sized particles are as short as a few hund &S have high eccentricities¢0.1) and inclinations, ex-

orbits. Despite these difficulties there is ample evidence ed by resonances with Jupiter and also a speculated pop-

from cosmochemistry that large planetesimals formed iHIat'On of embedded super-Ceres-sized planetary embryos

e . . hich were later dynamically depleted from the asteroid
the solar nebula within a few million ear_KIme etal, w . . .
2004Bal L [2005), early enoughyto melt and differ- belt (Wetherill [1992). The high relative speeds imply that

entiate by decay of short-lived radionuclides. the aslter8|? 28“ 'S In tathlghlytﬁro?rl:/e rteglme g]here colli-
The time since the las?rotostars & Planetseview on > °hs €ad tofragmentation rather than to growin.

planetesimal formatiorDominik et al, [2007) has seen a Asteroids range in diameters frabh~ 1000 km (Ceres)

large expansion in the complexity and realism of pla down to the detecnpn I!m|t "ﬁ sgb-k_m Siz l' .
r]@—Eﬁ)). The asteroid size distribution can be parameterised

etesimal formation studies. In this review we focus or . . T
terms of the cumulative size distributia¥.. (D) or the

three areas in which major progress has been obtaind . o :
namely (i) the identification of a bouncing barrier at mm(?lﬁerentlal size distributiond V. /dD.  The cumulative

sizes and the possibility of growth by mass transfer in high® 2 distribution of the Iérges'g asteroids resembles a bro-
en power lawN~ o D~P, with a steep power law in-

speed collisionsWurm et al,[200%5;Johansen et a/l2008; . .
Grzlttler ot al 2%/—' 0: [Zsom et al. [2010: Windmark et al. dexp ~ 3.5 for asteroids above 100 km diameter and

- . . . . a shallower power law index =~ 1.8 below this knee
2012b), (i) numerical simulations of collisions betweer! oftke et al[2005).

highly porous ice aggregates which can grow past th : o .

bouncing and radial drift barriers due to efficient sticking Aste_r0|ds are d|V|ded_ mto a numbe_r of classes based
and cross sections that are greatly enhanced by a low an their spectral reflectivity. The main classes are the
ternal density\Vada et al2008] 2009Seizinger and Kiéy moderate-albedo S-types which dominate the region from

2013), and (iii) hydrodynamical and magnetohydrodynamz-']i t0 2.5 AL: andztgt::‘A\LIJO\;v—%Ibzeio C-t()j/_pes \évq_'cg domi-
ical simulations which have identified a number of mecha ot [€91ons Irom <. 0 3. ng—bra i€ and edesi,o

. . . . . i . i =
nisms for concentrating particles in the turbulent gas fléw El&)_&j!,l—bBus and Binzsl2002). If these classes represent dis

protoplanetary discs, followed by a gravitational fragr-’nentInCt formation eyents, then their spa_t|al sgparanon azn b
sed to constrain the degree of radial mixing by torques

tation of the overdense filaments to form planetesimals wit turbulent d itv fluctuati in th | bul
characteristic radii larger than 100 kréZ)hanTehil. I;\cl)gl]solrj\rarli de?sresenslélg 1 )uc Zi(l)ct)r?(jrlir:n O?tasr?tirlarslg (l;fa
12007; lLyra et al, 120084,/ 2009,Johansen et al.20094; (Nelson and Gressg010). P

Bai and Stord20104R . 12013). asteroids is the M-type of which some are believed to be

SR . . _the metallic cores remaining from differentiated astesoid
The review is laid out as follows. In sectibh 2 we give,——- o
oh g ,12000). Two of the largest asteroids in the

an overview of the observed properties of planetesimas bel . . .
brop P teroid belt, Ceres and Vesta, are known to be differenti-

around the Sun and other stars. In sedfibn 3 we review t d(f the sh d q itational t

physics of planetesimal formation and derive the planetes € e(crt?vzll T?ljmzzee?n | zrggasglr;se%{ Z\t” ? é%nla moments,

mal sizes necessary to progress towards planetary systerﬁ%s.p . )- .
Asteroids are remnants of solar system planetesimals

Section[# concerns particle concentration and the densi

environmentin which planetesimals form, while the follow-t at have undergone substantial dynamical depletion and

ing sectio b describes laboratory experiments to determiﬁoms'onal erosion. Dyna_mlca_l e\./olu.tlon models_ can .be
used to link their current size distribution to the primaidi

the outcome of collisions and methods for solving the co-. ) S
agulation equation. In secid 6 we discuss the bounci "1 920 ASUIborBOtke ¢80P suggesied hased
barrier for silicate dust and the possibility of mass transf . ) )

P y 0 km, that asteroids with diameters abave ~ 120

in high-speed collisions. Sectibh 7 discusses computer m?{n . . . . TR
ulations of highly porous ice aggregates whose low intern are pnr_nordlal :?md t_hat the|r. steep size dlstr|-but|on
eflects their formation sizes, while smaller asteroids are

density can lead to high growth rates. Finally in secfibn 8




fragments of collisions between their larger counterpart
Morbidelli et all (2009) tested a number of birth size distri-
butions for the asteroid belt, based on either classical ¢
agulation models starting with km-sized planetesimals ¢
turbulent concentration models predicting birth sizedim t

range between 100 and 1000 kﬁo_ban_s_e_n_e_t_dllﬁD_Oj, sphibr+ ; _hib-rich

mel+px

Cuzzi et a .), and confirmed that the best match to th Ssleg
current size distribution is that the asteroids formed lnig,
that the asteroids above 120 km in diameter are depleted ¢
namically but have maintained the shape of the primordi:
size distribution. On the other hafeidenschilling2011)
found that an initial population of 100-meter-sized plaset
imals can reproduce the current observed size distributic
of the asteroids, including the knee at 100 km. Howeve| A
gap formation around large planetesimals and trapping Gi
sma_ll plgnetesimals in resonances is not included in thﬁg' 1.— X-ray elemental maps composed of Mg (red), Ca
particle-in-a-box approacii.évison et all2010). (green), and Al (blue) of a fined-grained CAI from the Efrerkav
CV3 chondrite (A) and two barred-olivine chondrules (B, @

the NWA 3118 CV3 chondrite.

Direct information about the earliest stages of planet for-
mation in the solar nebula can be obtained from meteorites . . .
that record the interior structure of planetesimals in the a?ower—temperature re?'z,?”&aooo K) and h'gheF a"?b'.e”t
teroid belt. The reader is referred to the chaptebhyis et vapor pressurgs_z( 107 bar) than CAls, resulting in ig-
al. for more details on the connection between cosmocherﬂSaous porphyritic textures we observe todagdtt 2007).

istry and planet formation. Meteorites are broadI‘ char-Udglng by their sheer abundance in chondrite meteorites,

acterized as either primitive or differentiateidrét et all, the formation of chondrules must reflect a common pro-

M). Primitive meteorites (chondrites) are fragments gfo>s tha_t operated n the early solar system.. Using the
assumption-free uranium-corrected Pb-Pb dating method,

parent bodies that did not undergo melting and differenti (2012) recently showed that CAls define a

ation and, therefore, contain pristine samples of the ea rief formation interval corresponding to an age of 4567.30

solar system. In contrast, differentiated meteorites i@mg-f
y : . 0.16 Myr, whereas chondrule ages range from 456%.32
ments of parent bodies that underwent planetesimal-scale

melting and differentiation to form a core, mantle and crus .rﬁlzet(f)o‘rlrigétligr%s?ai:rstgévlglcr).n-tr:ris?)r(jaarfgcjlzgicif/i;hgxggr: q
The oldest material to crystallise in the solar nebul P y

. . : . . lasted~3 Myr.
is represented in chondrites as mm- to cm-sized calcium- y . .
A consequence of accretion of planetesimals on Myr

aluminium-rich inclusions (CAls) and ferromagnesiansili . ) ; : .
time-scales or less is the incorporation of heat-geneagatin

cate spherules (chondrules) of typical sizes from 0.1 mm t ) o P
phe ( ) of typ - . . sqhort-hved radioisotopes such &%Al, resulting in wide-

1 mm (Fig.[1). The chondrules originated in an uniden: . : L . .
cale melting, differentiation and extensive volcanidvact

tified thermal processing mechanism (or several meclﬁ— Both lona-lived and short-lived radioisotope chro
anisms) which melted pre-existing nebula solids (e. Y- 9 b nem

=~ ) g[ have been applied to study the timescale of asteroidal
[Desch and Connollyl2002 |, 2004 - ters have d to st

Desch and Connolly2002; Clesla et al, 200d); alterna differentiation. Of particular interest are tHf&Al-26Mg and
tively chondrules can arise from the crystallisation oas|

) . isionS4 182H¢f- 182\ decay systems, with half-lives of 0.73 Myr and
ejecta from planetesimal colisionS4nders and Taylor 9 Myr, respectively. Al and Mg are refractory and lithophile
2005 Krot et all, 2008). YT, [SSPECIVEL. J 4 P

The maonty of CALS formed as fne-granc conden €11 410 1S reman 1gether i e pante e core
sates from an®0O-rich gas of approximately solar compo-. ' ' 9

sition in a region with high ambient temperature1300 ior of Hf and W during melting results in W being pref-
K) and low total pressures{10~* bar). This environment erentially partitioned in the core and Hf being partitioned
may have existed in the innermost part of the solar ne into the silicate mantle and crust. Therefore, the shoetdli

8214f_182 ; ;
ula during the early stage of its evolution characterized b% rrt:;tior:/\i/nsgzttigilssus:sﬂcvtecilS;gdiz thIZr?;]seSva?]Iii?\ cgacnogz
high mass accretion rates {0~> M, yr—!) to the proto- ’ P :

Sun [D'Alessio et al,[2005). Formation of CAls near the used to constrain planetesimal formation models.
proto-Sun is also indicated by the presence in these objectsEucrlte and ang“t?’ meteorlt_es are t_he two most com-
of short-lived radionuclidé’Be formed by solar energetic mon groups of basaltic meteorites, believed to be derved
particle irradiation [flcKeegan et 21/2000). In contrast from the mantles of differentiated parent bodies. The HED
most chondrules represent coales&':%@-pobr dust aggre,— (howardite-eucrite-diogenite) meteorite clan provides o

. st samples of any differentiated asteroid and could come
gates that were subsequently rapidly melted and cooled ﬁ)m the 500-km-diameter asteroid 4 Veu

2.2. Meteorites




ies accreted>2 Myr after solar system formation. There-
fore, chondrites may represent samples of asteroidal bodie
that formed after the accretion of differentiated astespad

a time when the levels df Al were low enough to prevent
significant heating and melting.

2.3. Trans-Neptunian objects

The trans-Neptunian objects are a collection of rocky/icy
objects beyond the orbit of Neptunleuu and Jewitt2002).
Trans-Neptunian objects are categorised into several dy-
namical classes, the most important for planetesimal for-
mation being the classical Kuiper belt objects, the soadter
disc objects and the related centaurs which have orbits that
cross the orbits of one or more of the giant planets. The
classical Kuiper belt objects do not approach Neptune at
any point in their orbits and could represent the pristine
population of icy planetesimals in the outer solar nebula.
The so-called cold component of the classical Kuiper belt
has a large fraction (at least 30%) of binaries of similar
size Noll et all, [2008) which strongly limits the amount of

Fig. 2.—Surface and interior structure of the 500-km-diameteFOIIISIOnal grinding that these bodies can have undergone

asteroid 4 Vesta, obtained by the NASA Dawn satellite. Tha ir (Nesvory etal, 2011). The sc_atter.ed disc objects on the
core is 110 km in radius, surrounded by a silicate mantleegre Other hand can have large semi-major axes, but they all have

and a basaltic crust (gray). Image credit: NASA/JPL-C#itec  Perihelia close to Neptune’s orbit. The centaurs move be-
tween the giant planets and are believed to be the source of
short period comets (see below).
1993), although seSchiller et al. (2011) for a different The largest trans-Neptunian objects are much larger
view. The interior structure of Vesta was recently deterthan the largest asteroids, with Pluto, Haumea, Make-
mined by the Dawn missiorRussell et a|12012), indicat- make and Eris defined as dwarf planets of 1.5-3 times
ing an iron core of approximately 110 km in radius (seghe diameter of CeresBfown, 12008). Nevertheless the
Fig.[2). The’°Al-*°Mg systematics of the angrite and HEDsjze distribution of trans-Neptunian objects shows sim-
meteorites indicate that silicate differentiation on #par- jlarities with the asteroid belt, with a steep power law
ent bodies occurred within the first few Myr of solar sysabove a knee at aroudd~100 km (Fuentes and Holman
tem formation iSchiller et al, [2011;Bizzarro et al,12005; [2008). The turn-over at the knee implies that there are
Schiller et al, [2010;/Spivak-Birndorf et d.2009).  Simi-  fewer intermediate-mass planetesimals than expected from
larly, the Mg isotope composition of olivines within pall- an extrapolation from larger sizes — this has been dubbed
asite meteorites - a type of stony-iron meteorites composgge “Missing Intermediate-Sized Planetesimals” problem
of cm-sized olivine crystals set in a iron-nickel matrix -(Sheppard and Truijillp2010;/Shankman et 412013) and
suggests silicate differentiation within 1.5 Myr of solgss  suggests that the characteristic planetesimal birth s w
tem formation|Baker et al,12012). Chemical and isotopic ~100 km. The accretion ages of Kuiper belt objects are not
diversity of iron meteorites show that these have samplaghown, in contrast to the differentiated asteroids wheee th
approximately 75 distinct parent bodieSd|dstein etal. inclusion of large amounts f Al requires early accretion.
2009). The'®?Hf-'*2W systematics of some magmatic ironwhile the largest Kuiper belt objects are likely differen-
meteorites require the accretion and differentiation efrth tjated into a rocky core and an icy mantle — this is clear
parent bodies to have occurred within less than 1 Myr o g. for Haumea which is the dense remnant of a differen-
solar system formatiorK{eine et al,[2009). tiated body |[Ragozzine and Brow2009) — differentiation
Animportantimplication of the revised absolute chronolcould be due to long-lived radionuclides such as U, Th and
ogy of chondrule formation oiConnelly etal. (2012), 40K and hence happen over much longer time-scald90
which is not based on short-lived radionuclides for whichmyr) than the~Myr time-scale characteristic of asteroid

homogeneity in the solar nebula has to be assumed, is thgfferentiation by2¢ Al decay McKinnon et al,[2008).
the accretion and differentiation of planetesimals ocdirr

during the epoch of chondrule formation. This suggesta.4. Comets

that, similarly to chondrite meteorites, the main original comets are typically km-sized volatile-rich bodies

constituents of early-accreted asteroids may have be@fpich enter the inner solar system. They bring with them a
chondrules. The timing of accretion of chondritic parenyealth of information about the conditions during the plan-

bodies can be constrained by the ages of their younggSesimal formation epoch in the outer solar system. Out-
chondrules, which requires that most chondrite parent bod-




gassing provides knowledge about the compositions amallisional grinding of the large planetesimals. Neverthe
heating histories of icy planetesimals, and the volumes anéss there are severe problems with this idea. One is that
masses of comet nuclei can be used to derive their densitgmet nuclei contain extremely volatile species, like the
which can be compared to the density expected from pla$, molecule Bockeke-Morvan et a].2004), which would
etesimal formation models. Comet nuclei are (or are relatdthrdly survive the heating caused by a disruptive impact on
to) icy planetesimals, i.e. planetesimals that formed hdyo the parent body. The alternative that tidal disruptions of
the snow line in a formation zone extending from roughlyarge planetesimals at mutual close encounters may lead to
15 to 30 AU from the Sun — at least in the framework oflarge numbers of smaller objects seems more viable, but this
the so-called Nice Model where the giant planets form imoo suffers from the second pristineness problem, namely,
a compact configuration between 5 and 12 AU and latehe geologic evolution expected within a large planetekima
migrate by planetesimal scattering to their current positi  due to short-lived radio nucléPfialnik et all, [2004). If the
(Levison et al.l2011). This zone is wide enough to allowlarge planetesimal thus becomes chemically differentjate
for the appearance of chemical zoning, but such a zonirigere seems to be no way to form the observed comet nuclei
would likely not be reflected in any separation between thiey breaking it up — no matter which mechanism we invoke.
short- and long-period comet source regions. The pristine nature of comets is thus consistent with

Comets have to be considered together with the Cethe formation of small, km-scale cometesimals in the outer
taurs and trans-Neptunians, because these are dynamicalfyt of the solar nebula, avoiding due to their small size
related to the Jupiter Family comets, and most of the dataelting and differentiation due to release of short-livad r
we have on comets come from observations and modelimonuclides. Another possibility is that comets accreted
of Jupiter Family comets. The emergent picture is a verfrom material comprising an early formé#Al-free com-
wide size spectrum going from sub-km 16 km in di- ponent Qlsen et al.[2013), which would have prevented
ameter. However, the slope of the size distribution is diffidifferentiation of their parent bodies. The recent chrenol
cult to establish, since small objects are unobservablesin togy of 26Al-poor inclusions found in primitive meteorites
outer populations, and large ones are lacking in the Jupitardicate that this class of objects formed coevally with €Al
Family. Generally, the measurements of masses and siZ@ghich record the canonicdfAl/2”Al value of 5 x 1072,
of comet nuclei are consistent with a rather narrow ranm, M). This provides evidence for the exis-
of densities at about 0.5 g/ém(Weissman et 41.2004; tence of26Al-free material during the earliest stages of
Davidsson et &)l2007). Most of the determinations use thethe protoplanetry disc. The discovery of refractory mate-
non-gravitational force due to asymmetric outgassing. Agial akin to CAls in the Stardust samples collected from
suming a composition that is roughly a 50-50 mix of iceComet 81P/Wild 2 shows efficient outward transport of ma-
and refractoriesGreenberg and Hage1990) the porosity terial from the hot inner disc regions to cooler environ-
comes out as roughly 2/3. But the mass determinations ontgents far from the Sun during the epoch of CAl formation
concern the bulk mass, so one cannot distinguish betwe@Brownlee et al.2006). Efficient outward transport during
meso-scale-porosityybble pile§g and small-scale porosity the earliest stages of solar system evolution would have re-
(pebble piles Estimates of comet tensile strengths havsulted in the delivery of a significant fraction of tR®AI-
generally been extremely low, as expected for porous bogeor material to the accretion region of cometary bodies.
ies. For comet Shoemaker-Levy 9, modeling of its tidaRnalysis of the Coci refractory particle returned from came
breakup led to (non-zero) values so low that the object walP/Wild 2 did not show detectabtéAl at the time of its
described as a strengthless rubble pisghaug and Benz crystallization [Matzel et al,[2010) which, although specu-
). The non-tidal splittings often observed for othetative, is consistent with the presence an early-fordiéd-
comets appear to be so gentle that, again, an essentially zékee component in comets.
strength has been mferréMﬁ%_j’)

The current results on volatile composition of comet£-5- Debris discs
have not indicated any difference between the Jupiter Fam- planetesimal belts around other stars show their presence
ily comets — thought to probe the scattered disc — and thRrough the infrared emission of the dust produced in col-
Halley-type and long-period comets, which should coméisions fyatt [2008). The spectral energy distribution of
from the Oort Cloud|&'Hearn et al, [2012). From a dy- the dust emission reveals the orbital distance of the plan-
namical point of view, this result is rather expected, sincetesimal belt. Warm debris discs resembling the asteroid
both these source populations have likely emerged from thglt in the Solar System are common around young stars
same ultimate source, a disc of icy planetesimals extendf around 50 Myr age (at least 30%), but their occurrence
ing beyond the giant planet zone in the early Solar Systefalls to a few percent within 100-1,000 My8iegler et al,
(Brasser and Morbide!Ji2013). [2007). Thus planetesimal formation appears to be ub|qui-

The origin of comets is closely related to the issue of théus around the Sun as well as around other stars. This
chemical pristineness of comets. If the total mass of thig in agreement with results from the Kepler mission that
planetesimal disc was dominated by the largest planetéfat planetary systems exist around a high fraction of solar-

imals, several hundreds of km in size, then the km-sizegpe starsl(issauer et al.2011{Tremaine and Don@012;

comet nuclei that we are familiar with could arise from
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Fig. 3.—The particle size corresponding to Stokes numbers fidr to 10, the left plot for compact particles with material density
pe = lgem 2 and the right for extremely porous aggregates with= 10~° gcm 2. Such fluffy particles may be the result of
collisions between ice aggregates (discussed in sddtiofr&isitions between drag force regimes are indicated laige dots.

Johansen et al2012bjFang and Margo2012). gas sound speeq and the gas density,. Particles with
sizes abov@/4 times the mean free path of the molecules
3. THE PLANETESIMAL FORMATION STAGE enter the Stokes regime (sééipplé i and references

The dust and ice particles embedded in the gas in prmere'n)’ with

toplanetary discs collide and merge, first by contact forces T = ——. 3)
and later by gravity. This process leads eventually to the
formation of the terrestrial planets and the cores of gas giHere the friction time is proportional to the squared radius
ants and ice giants forming by core accretion. The planetegnd independent of gas density, sincés inversely pro-
imal formation stage can broadly be defined as the growortional to the gas density. The flow Reynolds number
from dust grains to particle sizes where gravity contributepast the particleRe = (2Rdv)/v, determines the further
significantly to the collision cross section of two collidin transition to drag regimes that are non-linear in the natati

bodies. speed, with the kinematic viscosity givenby= (1/2)csA.
At unity flow Reynolds number the drag transitions to an
3.1. Dragforce intermediate regime with the friction time proportional to
Small particles are coupled to the gas via drag force. TH&v) . AboveRe = 800 the drag force finally becomes
acceleration by the drag force can be written as guadratic in the relative velocity, with friction time
. 1 6Rpe
v P (v—u), 1) T = o)pe (4)

wherev is the particle velocityy is the gas velocity at the Following the descriptions above, the step-wise transitio

position of the particle ang is the friction time which con- from Epstein drag to fully quadratic drag happens in the op-
tains all the physics of the interaction of the particle wvtita tically thin minimum mass solar nebula (MMSNayashj

gas flow Whipple/1972 Weidenschilling19775). The fric- ), with power-law index-1.5 for the surface density

tion time can be divided into different regimes, dependin%ﬁ!eidenschilling1977b) and-0.5 for the temperature, at
on the mean free path of the gas moleculesind the speed particle sizes

of the particle relative to the gady = |v — u|. The Ep-

stein regime is valid when the particle size is smaller than R 9IN 39 T \27 (5)
the mean free path. The flux of impinging molecules is set 1= 7o (ﬁ) ’
in this regime by their thermal motion and the friction time Ry Y ~ 6.6 ro\ 25 6
is independent of the relative speed, 2T 206v) o (ﬁ) ’ ©)
Rpe 800v T \2P
— Rs=—— =~ 528 — . 7
"= CsPg (2) s 2(0v) m (AU) (7)

Here R is the radius of the particle, assumed to be spherHere R; denotes the Epstein-to-Stokes transitiéty, the
cal. The other parameters are the material densifythe  Stokes-to-non-linear transition anél; the non-linear-to-



quadratic transition. The latter two equations are only ap- The azimuthal drift peaks at, = vk —Awv for the small-
proximate because of the dependence of the friction time @st Stokes numbers where the particles are carried passivel
the relative speed. Here we used the sub-Keplerian spewith the sub-Keplerian gas. The radial drift peaks at unity
Awv as the relative speed between particle and gas, an &tokes number where particles spiral in towards the star at
proximation which is only valid for large Stokes numbersy, = —Aw. The radial drift of smaller particles is slowed
(see equatiol]8 below). down by friction with the gas, while particles larger than
A natural dimensionless parameter to construct from th8tokes number unity react to the perturbing gas drag by en-
friction time is the Stokes numbgt = {27, with {2 denot- tering mildly eccentric orbits with low radial drift.
ing the Keplerian frequency at the given orbital distance. Radial drift puts requirements on the particle growth at
The inverse Keplerian frequency is the natural referencgtokes number around unity (generally frétn = 0.1 to
time-scale for a range of range of physical effects in prast = 10) to occur within time-scalé 4,if;~r/Av~100—
toplanetary discs, hence the Stokes number determines 1)00 orbits [Brauer et al, 2007, 2008a), depending on the
turbulent collision speeds, (ii) sedimentation, (iii) i@d location in the protoplanetary disc. However, three consid
and azimuthal particle drift, (iv) concentration in pregsu erations soften the at first glance very negative impact of
bumps and vortices and (v) concentration by streaming irthe radial drift. Firstly, the ultimate fate of drifting pgar
stabilities. Fig[B shows the particle size corresponding tcles is not to fall into the star, but rather to sublimate at
a range of Stokes numbers, for both the nominal densigvaporation fronts (or snow lines). This can lead to pile
of 1 g/cn?® and extremely fluffy particles with an internal up of material around evaporationfrole
density 0f10~° g/cn? (which could be reached when icel2004) and to particle growth by condensation of water

aggregates collide, see sectidn 7). vapour onto existing ice particlelStevenson and Lunine
o 11988;Ros and Johanse2013). Secondly, the radial drift
3.2. Radial drift flow of particles is linearly unstable to streaming insta-

Protoplanetary discs are slightly pressure-supported ilities (Youdin and Goodmar2005), which can lead to
the radial direction, due to gradients in both mid-plane-derparticle concentration in dense filaments and planetesimal
sity and temperature. This leads to sub-Keplerian motion d@rmation by gravitational fragmentation of the filaments
the gaswgeas = vk — Av with vk denoting the Keplerian (Johansen et &112009a;Bai and Storg2010a).  Thirdly,
speed and the sub-Keplerian velocity differedeedefined  very fluffy particles with low internal density reach unity

as Nakagawa et a//1986) Stokes number, where the radial drift is highest, in the
Stokes drag regimeQkuzumi et d|.2012). In this regime
1 (H\?>9lP the Stokes number, which determines radial drift, increase
Av=iuk = =5 (7) dlnr K (8)  asthe square of the particle size and hence growth to “safe”

Stokes numbers with low radial drift is much faster than for
In the MMSN the aspect rati@{/r rises proportional to compact particles. These possibilities are discussed imore
/4 and the logarithmic pressure gradientis: P/0Inr =  the following sections.
—3.25 in the mid-plane. This gives a sub-Keplerian speed
which is constanf\v = 53 m/s, independent of orbital dis- 3.3. Collision speeds
tance. Radiative transfer mOdeIS W|th temperature and den' Drag from the turbu|ent gas excites both |arge_sca|e ran-

sity dependent dust opacities yield disc aspect raigs  dom motion of particles as well as collisions (small-scale
with complicated dependency erand thus a sub-Keplerian random motion). The two are distinct because particles may
motion which depends on(e.g/Bell et al, [1997). Never- have very different velocity vectors at large separations,
theless, a sub-Keplerian speed-0$0 m/s can be used as these will become increasingly aligned as the particles ap-
the nominal value for a wide range of protoplanetary disgroach each other due to the incompressible nature of the
models. gas flow. Particles decouple from turbulent eddies with
The drag force on the embedded particles leads to pa(rrn-over times shorter than the friction time, and the grad
ticle drift in the radial and azimuthal directior@/hipplé | decoupling from the smallest eddies results in crossing

11972;Weidenschilling1977a) particle trajectories. This decoupling can be interpreted
9AL singularities in the particle dynamics (so-called “caesti
U= g (9) |Gustavsson and Mehli@011). Caustics in turn give rise to

collisions as small particles enter regions of intensetetus
vy = vk — iz _ (10) ing (clustering is discussed further in section 4.1.1). The
1+ St random motion is similar to the turbulent speed of the gas
{lqr small particles, but particles experience decreased ra
m motion as they grow to Stokes numbers above unity.
The problem when calculating the turbulent collision
ed is that at close separations (when the particles
are about to collide) they interact with the same eddies,

These equations give the drift speed directly in the Epste
and Stokes regimes. In the non-linear and quadratic drgé)
regimes, where the Stokes number depends on the relative
speed, the equations can be solved using an iterative met
to find consistent,., v, andSt.
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Fig. 4.— The collision speed, in meters per second, of two particfesize a; andas, with contributions from Brownian motion,
differential radial and azimuthal drift, and gas turbulen@he upper panels show collision speedsdfor 10~2 and the lower panels
show collision speeds far = 10~*. The gravitational pull from turbulent gas density fluctaas is included in the right panels. The
red line marks the transition from dominant excitation lnedt drag to dominant excitation by turbulent density flations. The “oasis”
of low collision speeds for particles above 10 meters vassihen including eccentricity pumping by turbulent degnBitctuations.

which causes their motions to become highly correlatedjas disc (fromTanaka and Warn2004), aerodynamic gas
The framework set out bioelk et al.(1980) which em- drag, and inelastic collisions with other partic
ploys a Langevin approach, is still widely used, and@) provide parameterisations for the equilibrium @ece
Ormel and Cuzzi(2007) provided closed-form analytical tricity as a function of particle mass and protoplanetasgdi
approximations to their results (but n properties. The resulting collision speeds dominate dwer t
, for a criticism of the simplifications made in the Volkcontributions from the direct drag from the turbulent gas at

model). The closed-form expressions@fmel and Cuzzi sizes above approximately 10 meters.
(2007) require numerical solution of a single algebraic [Ida et al.(2008) adopt the nomenclaturé@gihara et al.
equation for each colliding particle pair (defined by their@) for the eccentricity evolution, where a dimension-
friction times). With knowledge of the properties of theless parameter determines the proportionality between the
turbulence, particularly the turbulent rms speed and e freccentricity and!/2. The parametey is expected to scale
quency of the smallest and the largest eddies, the collisianith the density fluctuation&p/p but can be directly cali-
speeds can then be calculated at all locations in the disc. brated with turbulence simulations. The shearing box sim-

Another important contribution to turbulent collision ulations bm.d@% of turbulence caused by the
speeds is the gravitational pull from turbulent gas demmagnetorotational instabilityBalbus and Hawley|1991)
sity fluctuations. The eccentricity of a preplanetesimal insuggest thatp/p ~ +/«, wherea is the dimensionless
creases as a random walk due to uncorrelated gravitatiomakasure of the turbulent viscosit@lfakura and Sunysev
kicks from the turbulent density fieltLaughlin et al,2004; [1973). In their nominal ideal-MHD turbulence model with
INelson and Papaloizu2004). The eccentricity would o = 0.01, [Yang et al.(2012) findy ~ 6 x 10-4. This
grow unbounded with time asc ¢'/2 in absence of dissi- leads to an approximate expression foas a function of
pation. Equating the eccentricity excitation time-scaithw the strength of the turbulence,~ 0.006,/«. The result-
the time-scale for damping by tidal interaction with theing eccentricities are in broad agreement with the resis-
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Fig. 5.—The collision speed of equal-sized particles as a functfaheir size, from dust to planetesimals, based on the stjmiodel
oflOormel and Okuzum{2013). The collision speeds of small particles (below agimately 10 m) are excited mainly by direct gas drag,
while the gravitational pull from turbulent gas density flustions dominates for larger particles. The transitiamfrrelative-speed-
dominated to escape-speed-dominated can be used to defiaediof the planetesimal formation stage (dashed line) plretesimal
sizes that must be reached for run-away accretion rangerfie@n1000 km in highly turbulent disca & 10~2) to around 1-10 km in
disc regions with an extended dead zone that is stirred yretielensity waves from the active regioas= 2 x 107%).

tive magnetohydrodynamics simulations \Gfessel et dl. The collision speed of equal-sized particles is explored
d@) where the turbulent viscosity from Reynolds stressdurther in Fig.[5. Here we show results both of a model
fall belowa = 10~* in the mid-plane. with fully developed MRI turbulence and a more advanced

In Fig. [4 we show the collision speeds of two parturbulent stirring model which includes the effect of a
ticles of sizes fromum to 100 km, in a figure similar dead zone in the mid-plane, where the ionisation degree
to Fig. 3 of the classicaProtostars and Planets llte- is too low for the gas to couple with the magnetic field
view by Weidenschilling and Cuz#i1993). We take into (Eleming and Stofé2003; Qishi et al, [2007), with weak
account the Brownian motion, the differential drift, andstirring by density waves travelling from the active sugfac
the gas turbulence (from the closed-form expressions tdyers (Okuzumi and Ormell2013; [Ormel and Okuzumi
Ormel and Cuzz|2007). We consider an MMSN model at2013).

r =1 AU anda = 10~2 in the upper panels and= 10~* The collision speeds rise with size until peaking at unity
in the lower panels. The gravitational pull from turbulentStokes number with collision speed approximatefyc,.
density fluctuations driven by the magnetorotational instarhe subsequent decoupling from the gas leads to a decline
bility is included in the right panels. The collision spegd a by a factor ten, followed by an increase due to the turbu-
proaches 100 m/s for meter-sized boulders when 10~2  lent density fluctuations starting at sizes of approxinyatel
and 30 m/s whea = 10, due to the combined effect of 10 — 100 meters. The planetesimal formation stage can be
the drag from the turbulent gas and differential drift. Thedefined as the growth until the gravitational cross sectfon o
collision speed of large, equal-sized particles (vith-1)  the largest bodies is significantly larger than their geoimet
would drop as cross section, a transition which happens when the escape
@ speed of the largest bodies approach their random speed. In
0v=cs\[ o (11) Fig.[3 we indicate also the escape speed as a function of

St
in absence of turbulent density fluctuations (for a dis@rssi the size of the preplanetesimal. The transition to run-away

of this high-St regime, sé@rmel and Cuzz{2007). This accretion can only start at 1000 km bodies in a disc with
, SEO zi2007). ) — 102 (ida etal, 2008
region has been considered a safe haven for preplanetgg—mInal turbulencey = 10 : ). Lower

imals after crossing the ridges around unity Stokes I,]Lm)]/_alues ofa, e.g. in regions of the disc where the ionisation

ber Weid hili | Cuz#1993). However, the oases degree is too low for the magnetorotational instabilitade

vanishes when including the gravitational pull from pyr0 smaller values for the planetesimal size needed for run-
away accretion, namely 1-10 km.

bulent gas density fluctuations, and instead the collisio
speeds continue to rise towards larger bodies, as they are
damped less and less by gas drag (right panels ofFig. 4).




3.4. Sedimentation Mid-plane solids-to-gas ratios above unity are reached

for St = 1 whend < 10~%. Weaker stirring allows succes-

sively smaller particles to reach unity solids-to-gasorati

n{he mid-plane. This marks an important transition to where

mid-plane layer is formed when the turbulent diffusion Ofparticles exertasignjficgntdrag_qn the gas and become con-

the particles balances the sedimentation. The Stokes n pentrated by streaming |nstab_|l|t|é‘:§dud|n and Goodmé}n

ber introduced in section_3.1 also controls sedimentati wmwm)' This

(because the gravity towards the mid-plane is proportion&ffect Will be discussed further in the next section.

tq 22). Balance between sedimentatipn and turbulent.diffu—. PARTICLE CONCENTRATION

sion Dubrulle et al, 1995) yields a mid-plane layer thick-

nessH,,, relative to the gas scale-height, of High local particle densities can lead to the formation of
planetesimals by gravitational instability in the sediteeh

While small micrometer-sized grains follow the gas den
sity tightly, larger particles gradually decouple from tiees
flow and sediment towards the mid-plane. An equilibriu

Hyp — 0 . (12) mid-plane layer. Particle densities above the Roche densit
H St + 0
2 _
Hered is a measure of the diffusion coefficieRt= dc,H, R = M sy 107 g cm™3 (L) ’
similar to the standard definition af for turbulent vis- AnG AU
cosity ([Shakura and Sunyaet973). In generab ~ « — 315, (L)fl/‘l (15)
in turbulence driven by the magnetorotational instability ¢\AU

(Johansen and Klahr2005; Turner et al, 2006), but this 46 bound against the tidal force from the central star

equality may be invalid if accretion is driven for example;,q can contract towards solid densities. The scaling

by disc winds|Blandford and Paynel 982;Bai and Stone  yy;th gas density assumes a distribution of gas according

)- . , ) , to the minimum mass solar nebula. Sedimentation in-
Equation [(12) was derived assuming particles to fallyeases the particle density in the mid-plane and can trig-
towards the _mld—plane at their terminal velocity — ger bulk gravitational instabilities in the mid-plane laye
—71¢£22 2. Particles with Stokes number larger than unity deM). Sedimentation is neverthe-
not reach terminal veloc?ty pefore arriving at the mid-@an |oss counteracted by turbulent diffusion (see sedfioh 3.4
and hence undergo oscillations Wh”‘% dragd equatioi2) and particle densities are prevented from
and excited by turbulence. Neverthelt '€Llal. reaching the Roche density by global turbulence or by mid-
(2006) showed that equatioR{12) is in fact valid for allyjane turbulence induced by the friction of the particle

values of the Stokes numbél_o_u_djn_an_d_LJIth_ldleQ_O_T) on the gas\\eidenschilling1980;Johansen et &ll20094;
interpreted this as a cancellation between the increaskd SBai and Storlé20104).
imentation time of oscillating particles and their decezhs High enough densities for gravitational collapse can nev-

reaction to the turbulent motion of the gas. ertheless be reached when particles concentrate in the gas
The particle density in the equilibrium mid-plane layer i, ence to reach the Roche density in local regions.

H /St +0 4.1. Passive concentration
P The turbulent motion of gas in protoplanetary discs can

HereZ is the ratio of the particle column density to the gasead to trapping of solid particles in the flow. The size of
column density. In the limit of large particle sizes the midan optimally trapped particle depends on the length-scale
plane layer thickness is well approximatedBy = ¢, /f2,  and turn-over time-scale of the turbulent eddies. We de-
wherec;, is the random particle motion. This expression isscribe here particle trapping progressively from the small
obtained by associating the collision speed of large degtic est scales unaffected by disc rotatiealdie$ to the largest
in equation[(IlL) with their random speed (with= 0) and  scales in near-perfect geostrophic balance between tke pre
inserting this into equatio(12) in the limit > . The sure gradient and Coriolis accelerationsrticesandpres-
mass flux density of particles can then be written as sure bumps
We consider rotating turbulent structures with length

F = copp = Zpgl 2, (14) scale/, rotation speed)cg and turn-over timet, = £/v.. ’
independent of the collision speed as well as the degr@dese quantities are approximate and all factors of order
of sedimentation, since the increased mid-plane density ahity are ignored in the following. Dust is considered to
larger particles is cancelled by the decrease in collisiobe passive particles accelerating towards the gas velocity
speeds. Hence the transition from Stokes numbers abawethe friction timer;, independent of the relative velocity.
unity to planetesimal sizes with significant gravitationaParticle trapping by streaming instabilities, where theipa
cross sections is characterised by high collision speedis acles play an active role in the concentration, is described i
slow, ordered growth R is independent of size wheR  sectior[4.2. The three main mechanisms for concentrating
is constant) which does not benefit from increased particfgarticles in the turbulent gas flow in protoplanetary discs
sizes nor from decreased turbulent diffusion. are sketched in Fi@] 6.

is
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I ~n ~1km, St ~ 10-10* | ~ 1-10H, St~ 0.1-10 | ~0.1H, St~ 0.01-1

Fig. 6.—The three main ways to concentrate particles in protopéametiscs. Left panel: turbulent eddies near the smalledesc
of the turbulencey, expel tiny particles to high-pressure regions betweeretidtes. Middle panel: the zonal flow associated with
large-scale pressure bumps and vortices, of sizes fromaahe Iseight up to the global scale of the disc, trap particfe€dtokes number
from 0.1 to 10. Right panel: streaming instabilities onintediate scales trap particles of Stokes number from 0.Qbgoaccelerating
the pressure-supported gas to near the Keplerian speeth slbivs down the radial drift of particles in the concentratregion.

4.1.1. Isotropic turbulence 11991 jFessler et all1994). In an astrophysics context, such

On the smallest scales of the gas flow, where the Corioli%'rbleent conceiitration of sub-mm-sized particlee betwee
force is negligible over the turn-over time-scale of the egSmall-scale eddies has been put forward to explain the nar-

dies, the equation governing the structure of a rotatinged ow si_ze ranges of chondrules found in primitive meteorites
; a g 9 g %Q_uzzLej_aIZD_Qi) as well as the formation of asteroids

is =< . :
dv,  10P _ 16 by gravitational contraction of rare, extreme concentrati

a ~ por fr- (16)  events of such particld€(zzi et al[l2008). This model was

nevertheless criticised tigan et al. ) who found that

Here fp is the gas acceleration caused by the radial pres'Suer'ﬁiciently concentrated particles have a narrow size range

gradient of the eddy. We useas the radial coordinate in a nd that concentration of masses sulfficiently large to form

frame centred on the eddy. The pressure must rise outwar Ss primordial population of asteroids is hard to achieve
OP/0or > 0, to work as a centripetal force. In such low- P pop '

pressure eddies the rotation speed is set by 4.1.2. Turbulence in rigid rotation
v2 On larger scales of protoplanetary discs, gas and parti-
fe = T (17)  cle motion is dominated by Coriolis forces and shear. We

_ _ _ _ first expand our particle-trapping framework to flows dom-
Very small particles withy < . reach their terminal ve- inated by Coriolis forces and then generalise the expnessio

locity to include shear.
v, = —Tifp (18) In a gas rotating rigidly at a frequency; the equilibrium
on a time-scale much shorter than the eddy turn-over tim&f the eddies is now given by
scale. This gives
10P 2
9, — 1P _ v (20)
0T p or l
’Up = —TffP = Tf? = t—’Ue . (19)

For slowly rotating eddies with,., /¢ < (2 we can ignore

The largest particles to reach their terminal velocity ia th the centripetal term and get
eddy turn-over time-scale hawe ~ t.. This is the op-
timal particle size to be expelled from small-scale eddies Ve = _Je .
and cluster in regions of high pressure between the eddies. 242
Larger particles do not reach their terminal velocity befor High pressure regions havg < 0 (clockwise rotation),
the eddy structure breaks down and reforms with a newhile low pressure regions have > 0 (counter-clockwise
phase, and thus their concentration is weaker. rotation).

Numerical simulations and laboratory experiments have The terminal velocity of inertial particles can be found
shown that particles coupling at the turn-over time-scéle o
eddies at the Kolmogorov scale of isotropic turbulence ex-
perience the strongest concentratioBsifires and Eatan

(21)
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by solving the equation system IHaghighipour and Bo552003). Rice et al.(2004) identi-

fied this mechanism as the cause of particle concentration

dve = +20u, — lvm ’ (22) in spiral arms in simulations of self-gravitating protopda
de Tt tary discs. Shearing box simulations of turbulence caused
dvy 1 by the magnetorotational instabilitiB&lbus and Hawle;
= 20, — — (v, — V), 23 y g _ Y
dt b Tf (vy = ve) @3) [1991) show the emergence of long-lived pressure bumps

surrounded by a super-Keplerian/sub-Keplerian zonal flow

for v, = v,. Here we have fixed a coordinate system in th b Si -
centre of an eddy with: pointing along the radial direction Johansen et al.2009b; [Simon et al. 2012). _Slmllarly .
strong pressure bumps have been observed in global sim-

andy along the rotation direction at = ¢. The terminal ulations | Nelsari2005: I 12008h).

velocity is Ve High-pressure anticyclonic vortices concentrate pasiah
U = (207) T+ 207 (24)  the same way as pressure bumBsrge and Sommefija

1995). \Vortices may arise naturally through the baro-
clinic instability thriving in the global entropy gradient
imef20038), although the expression

Thus high-pressure regions, with < 0, trap particles,
while low-pressure regions, with, > 0, expel particles.
The opt|ma:ly tra.php])ed pgrf'flehhaQT_f = I}. Since \éve are  of the baroclinic instability for realistic cooling timesia

now on scales witi, > {277, the optimally trapped parti- , e presence of other sources of turbulence is not yet

cle hasr; < t. and thus these particles have ample time tQear Lesur and Papaloizd(2010: Lyra and Klahk 2011
reach their terminal velocity before the eddies turn over. AiRaetti; et al2013) ’ ' ’

importantfegture of rotqtiqg tu_rbulencg is that the optiyna Pressure bumps can also be excited by a sudden jump
trapped particle has a friction time thainslependendfthe — , yhe rbulent viscosity or by the tidal force of an em-

eddy turn-over time—scglg, and thus all eddies trap pesicl bedded planet or stalyra et al. (20088) showed that the

of 7t ~ 1/(22) most efficiently. inner and outer edges of the dead zone, where the ionisa-

4.1.3. Turbulence with rotation and shear tion degree is too low for coupling the gas and the magnetic
field, extending broadly from 0.5 to 30 AU in nominal disc

Including both Keplerian shear and rotation the terminahodels[Dzyurkevich et 212013, chapter byurner et al),
velocity changes only slightly compared to equatlod (24), develop steep pressure gradients as the gas piles up in the

low-viscosity region. The inner edge is associated with a
(25)  pressure maximum and can directly trap particles. Across
the outer edge of the dead zone the pressure transitions
Equilibrium structures in a rotating and shearing fram&om high to low, hence there is no local maximum which
are axisymmetric pressure bumps surrounded by sup&an trap particles. The hydrostatic equilibrium neveehsl|
Keplerian/sub-Keplerian zonal flows (Figl 6). The opti-breaks into large-scale particle-trapping vortices tgtou
mally trapped particle now has friction tinfér; = 1. This the Rossby wave instabiliti{ et all, ) in the variable-
is in stark contrast to isotropic turbulence where eachescaf_simulations ofiLyra etal. (20084). IDzyurkevich et .
of the turbulence traps a small range of particle sizes wit€2010) identified the inner pressure bump in resistive sim-
friction times similar to the turn-over time-scale of thelgd  ulations of turbulence driven by the magnetorotational
The eddy speed is related to the pressure gradient througistability. The jump in particle density, and hence in
ionisation degree, at the water snow line has been pro-
1 19pP (26 posed to cause a jump in the surface density and act as a

20Qp0r particle trap [Kretke and Lin [2007;Brauer et al, [2008b;
IDrazkowska et all2013). However, the snow line pressure

bump remains to be validated in magnetohydrodynamical

2Ue

(QTf)fl + 27 '

’Up:

Ve =

Associatinguv, with —Av defined in equatior{8), we re-
cover the radial drift speed

simulations.
2Aw . (2009) found that the edge of the gap carved
Ur = TSt Irst (27) by a Jupiter-mass planet develops a pressure bump which

undergoes Rossby wave instability. The vortices concen-

However, this expression now has the meaning that particlegite particles very efficiently. Observational evidenmes
drift radially proportional to théocal value of Av. Particles  large-scale vortex structure overdense in mm-sized pebble
pile up whereAw vanishes, i.e. in a pressure bump. was found byvan der Marel et al (2013). These particles
have approximately Stokes number unity at the radial dis-
tance of the vortex, in the transitional disc IRS 48. This

Trapping ofSt~1 particles (corresponding to cm-sizeddiscovery marks the first confirmation that dust traps exist
pebbles to m-sized rocks and boulders, depending on tirenature. The approximate locations of the dust-trapping
orbital distance, see Figl 3) in pressure bumps in proteplamechanisms which have been identified in the literature are
etary discs has been put forward as a possible way to crostsown in Fig[¥.
the meter-barrier of planetesimal formatim;

4.1.4. Origin of pressure bumps
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MRI = magnetorotational instability
DZE = dead zone edge

Sl = streaming instability

Bl = baroclinic instability

EF = evaporation front (snow line)
PGE = planet gap edge

Gl = gravitational instability

DZE

MR

0.1

100

AU

Fig. 7.— Sketch of the particle concentration regions in a wedge ofotoplanetary disc seen from above. Regions where the
magnetorotational instability is expected to operate aaeked with red, while the extent of the dead zone in a nominatoplanetary
disc model is marked with blue. The particle trapping me@raa are described in the main text.

4.2. Streaming instability against two modes of the streaming instability, the modes

The above considerations of passive concentration 5‘@"(;”9 (rzll|fferentbwavenur:1b§rs and frollc_non Emes. These
particles in pressure bumps ignore the back-reaction fridiodes have subsequently been used in other papers (e.g.

tion force exerted by the particles onto the gas. The radiga-and Stong2010D) to test the robustness and conver-

drift of particles leads to outwards motion of the gas in thd&Nce of numerical algorithms for the coupled dynamics of
mid-plane, because of the azimuthal frictional pull of théd3S and solid particles.
particles on the gas. 421
Youdin and Goodmai200%) showed that the equilib-
rium streaming motion of gas and particles is linearly The non-linear evolution of the streaming instability can
unstable to small perturbations, a result also seen in iihe studied either with or without particle stratificatiorher
simplified mid-plane layer model @oodman and Pindbr €as€ withouf[ particlg stratification is closegt to the lireta- .
(2000). The eight dynamical equations (six for the gas arility analysis. In this case the mean particle mass-logdin
particle velocity fields and two for the density fields) yieldin the simulation domain must be specified, as well as the
eight linear modes, one of which is unstable and grows efction time of the particles. The initial gas and parti-
ponentially with time. The growth rate depends on botl§!e Vvelocities are set according to drag force equilibrium
the friction time and the particle mass-loading. Generall{Nakagawa et ).1986), with particle drifting in towards
the growth rate increases proportional to the friction timé€ star and gas drifting out.
(up to St~1), as the particles enjoy increasing freedom In simulations not including the component of the stellar
to move relative to the gas. The dependence on the parti@Eavity towards the mid-plane, i.e. non-stratified simula-
mass-loading is more complicated; below a mass-loading 8PNS. high particle densities are reached mainly for peesi
unity the growth rate increases slowly (much more slowly¥ith St = 1 (Johansen and Youdii2007;Bai and Storie
than linearly) with mass-loading, but after reaching unity?010b). At a particle mass-loading of 3 (times the mean
in dust-to-gas ratio the growth rate jumps by one or moréas density), the particle density reaches almost 100Gtime
orders of magnitude. Thefolding time-scale of the un- the gas density. The overdense regions appear nearly

stable mode is as low as a few orbits in the regime of higﬁxisymmetric in both local and semi-global simulations
mass-loading. (Kowalik et al, [2018). Smaller particles witBt = 0.1

The linear mode of the streaming instability is an exf€ach only between 20 and 60 times the gas density when

act solution to the coupled equations of motion of gas anél® particle mass-loadingis unity of higher. Little or naeo
particles, valid for very small amplitudes. This propertyc€ntration is found at a dust-to-gas ratio of 0.230r= 0.1
can be exploited to test numerical algorithm for solvingP@rticles. IBaiand Stori&(2010b) presented convergence
the full non-linear equationsyoudin and Johanse2007) tests of non-stratified simulations in 2-D and found conver-

tested their numerical algorithm for two-way drag forcegence in the particle density distribution functiond 624>

Non-stratified simulations
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Fig. 8.—Particle concentration by the streaming instability is mhaelongated along the Keplerian flow direction, as seeiménléft
panel showing the column density of particles with= 0.3 in a local frame where the horizontal axis represents thalrdilection and
the vertical axis the orbital direction. The substructurthe overdense region appears fractal with filamentarycaira on many scales.
The right panel shows the measured maximum particle deasigyfunction of time, for three different grid resolutio$ie metallicity
is gradually increased from the initiZl = 0.01 to Z = 0.02 between 30 and 40 orbits, triggering strong particle cotmaéon. Higher
resolution resolves smaller embedded substructures am iégher densities.

grid cells. plane, necessary for particle pile-ups by the streaming in-
- ) ) stability. The particle density can reach several thousand
4.2.2. Stratified simulations times the local gas density even for relatively small parti-

While non-stratified simulations are excellent for testingles of St = 0.3 (Johansen et all20122). Measurements
the robustness of a numerical algorithm and comparing @©f the maximum particle density as a function of time are
results obtained with different codes, stratified simofagi  Shown in Fig[8, together with a column density plot of the
including the component of the stellar gravity towards th@verdense filaments.
mid-plane are necessary to explore the role of the stream- Particles ofSt = 0.3 reach only modest concentra-
ing instability for planetesimal formation. In the stragidi tion in non-stratified simulations. The explanation for the
case the mid-plane particle mass-loading is no longer a pbigher concentration seen in stratified simulations may be
rameter that can be set by hand. Rather its value is déat the mid-plane layer is very thin, on the order of 1%
termined self-consistently in a competition between sedpf a gas scale height, so that slowly drifting clumps are
mentation and turbulent diffusion. The global metallicitymore likely to merge in the stratified simulations. The max-
Z = %,/%, is now a free parameter and the mass-loadingnum particle concentration increases when the resolution
in the mid-plane depends on the scale height of the layé& increased, by a factor approximately four each time the
and thus on the degree of turbulent stirring. number of grid cells is doubled in each direction. This

Stratified simulations of the streaming instability digpla scaling may arise from thin filamentary structures which
a binary behaviour determined by the heavy element abufgsolve into thinner and thinner filaments at higher reso-
dance. AtZ around the solar value or lower, the mid-plandution. The overall statistical properties of the turbuden
layer is puffed up by strong turbulence and shows little panevertheless remain unchanged as the resolution increases
ticle concentrationBai and Stor€2010a) showed that the (Johansen et al20123).
particle mid-plane layer is stable to Kelvin-Helmholtz in-  The ability of the streaming instability to concentrate
stabilities thriving in the vertical shear of the gas velpci particles depends on both the particle size and the local
so the mid-plane turbulence is likely a manifestation of thenetallicity in the disc. Carrera, Johansen and Davies
streaming instability that is not associated with partida- ~ (in preparation) show that particles down $o = 0.01
centration. Above solar metallicity very strong partiotme ~ are concentrated at a metallicity slightly above the solar
centrations occur in thin and dominantly axisymmetric filavalue, while smaller particles down t&t = 0.001 re-
ments (Johansen et al2009aBai and Storg2010a). The quire significantly increased metallicity, e.g. by photoe-
metallicity threshold for triggering strong clumping mag b vaporation of gas or pile up of particles from the outer
related to reaching unity particle mass-loading in the migdisc. Whether the streaming instability can explain the
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Fig. 9.—Planetesimal formation in a particle filament formed by tineaming instability. The left panel shows the column dignsi
particles withSt = 0.3, with dots marking the newly formed planetesimals. The teigchinel shows the positions and Hill spheres of
the planetesimals, while the right panel shows their cotgdaradii when the scale-free simulation is applied to gteraid belt.

presence of mm-sized chondrules in primitive meteoritesnd merging. The rotating clumps typically collapse to a
is still not known. Alternative models based on small-binary planetesimal, with orbital properties in good agree
scale particle concentratia@(zzi et al.l2008) and particle ment with the observed high binary fraction in the classical
sedimentationYoudin and Sh2002;Chiang and Youdin cold Kuiper belt|Noll et all,[2008). The limited mass reso-

2010;Lee et al,i2010) may be necessary. lution which is allowed in direcfV-body simulations nev-
o ertheless highlights the necessity for further studiesef t
4.3. Gravitational collapse fate of collapsing pebble clumps. Information from labo-

Planetesimals forming by gravitational contraction andatory experiments on coagulation, bouncing and fragmen-
collapse of the overdense filaments are generally found tation of particles is directly applicable to self-gravitg
be massive, corresponding to contracted radii between 1@article clumps as wellGuttler et al,2010), and including
km and 1000 km, depending on the adopted disc modggalistic particle interaction in collapse simulationgshd
(Johansen et &l..2007, 2009a, 2011, 2012#ato etal, be a high priority for future studies.
2012). Fig[® shows the results of a high-resolution sim-
ulation of planetesimal formation through streaming in>. PARTICLE GROWTH

stabilities, with planetesimals from 50 to 200 km radius  The sjze distribution of solid particles in protoplanetary
forming when the model is applied to = 3 AU. The  iscs evolves due to processes of coagulation, fragmenta-
formation of large planetesimals was predicted already Byon suplimation and condensation. The particle concen-
Youdin and Goodma(2005) based on the available mas§yation mechanisms discussed in the previous section are
in the linear modes. The planetesimals which form ingpnyy relevant for particle sizes from millimeters to me-
crease in size with increasing disc madshansen etal. ieors much larger than the canonical sub-micron-sized dust
20128a), with super-Ceres-sized planetesimals arising U jce grains which enter the protoplanetary disc. Hence
massive discs approaching Topmre |nstab|llty in the 98§rowth to macroscopic sizes must happen in an environ-
(Johansen et all2011). Increasing the numerical resolu-ant of relatively uniform particle densities.
tion maintains the size the largest planetesimals, but al- pyimitive meteorites show evidence of thermal process-
lows smaIIe.r-mass_ cIumpg to condense out of the turbulemtg of protoplanetary disc solids, in the form of CAls which
flow alongside their massive counte_rparlef(ansen et al. likely condensed directly from the cooling gas near the
2012a). Although most of the particle mass enters planyoto-Sun and chondrules which formed after rapid heating
etesimals with characteristic sizes above 100 km, it is ag,q melting of pre-existing dust aggregates (sedfich 2.2).
open question, which can only be answered with very-highriermal processing must also have taken place near the wa-
resolution computer simulations, whether there is a mings gnow line where the continued process of sublimation
mum size to the smallest planetesimals which can form ignq condensation can lead to the formation of large hail-
particle concentration models. _ _ like ice particles|Ros and Johanse[2013); or more dis-
Strictly speaking simulations of particle concentrationany around the CO snow line identified observationally at
qnd self-gravity only find the mass spectrum of graV|ta30 AU around the young star TW Hy®{ et all, 2013).
tionally bound clumps. Whether these clumps will con-  pjrect sticking is nevertheless the most general mech-
tract to form one or more planetesimals is currently no4nism for dust growth, as the densities in protoplanetary
known in details.Nesvorty et al. (2010) took bound par- gjiscs are high enough for such coagulation to be important
ticle clumps similar to those arising in numerical simulaz,er the life-time of the gaseous disc. Physically, theicoll
tions and evolved in a separatebody code with collisions  gjong| evolution is determined by the following factors:

15



e The spatial density of particles. This will depend on In principle the Smoluchowski coagulation equation can
both the location in the disc and on the degree of pabe extended to include these effef).
ticle concentration (see sectibh 4). However, binning in additional dimensions besides mass

. i , may render this approach impractical. To circumvent the

e The collision cross section among particles,. AN iti_dimensional binningDkuzumi et d1(2009) outlined
appropriate assumption is to te;ke spherical particle§y, oy tension to Smoluchowski's equation, which treats the
for W_h'Ch Fcol,ij :__”(Ri + Ry )_ Wh?reRi andR;  mean value of the additional parameters at every mass
are simply the radii of two particles in the absence Of:or example, the dust at a mass biris in addition charac-

gravitational focusing. terized by a filling factor, which is allowed to change with

e The relative velocity among the particles;;;. The time. If the distribution inp at a certain mass: is expected

relative velocity affects both the collision rate and thd© be narrow, such an approach is advantageous as one may
collision outcome. not have to deviate from Smoluchoski’'s 1D framework.

A more radical approach is to use a direct-simulation

e The collision outcome, which is determined by themonte Carlo (MC) method, which drops the concept of
collision energy, porosity, and other collision paramthe distribution function altogethe®fmel et al,2007). In-

eters like the impact parameter. stead the MC-method computes the collision probability be-

The product ov;; ando,;, which together with the par- tween each particle pair of the distribution (essentidily t

ticle density determine the collision rate, is most often relt<hernel :_UTC“O;K%)’ which l()]lepetrrllds (c)jntthe properrgl_ei of
ferred to as the collision kernd,,. e particles. Random numbers then determines which par-

ticle pair will collide and the time-step that is involvechd@
5.1. Numerical approaches to Coagu|ati0n equation outcome of the collision between these two particles must

. . o be summarized in a set of physically-motivated recipes (the
The evolution of the dust size distribution is most com- phy y pes (

. . = analogy with equation 28 is simpht; +mo — m). A new
Ig/ ciiﬁiiubri(;gg_the Smoluchowski equatlet of collision rates is computed, after which the procedur

repeats itself.
dn(m) 1 , , , , , Since there are many more dust grains in a disc than any
a9 /dm K (m',m —m')n(m)n(m —m') computer can handle, the computational particles should be
chosen such to accuratapresenthe physical size distri-
—n(m) / dm’K (m,m")n(m’), (28)  bution. A natural choice is to sample the mass of the distri-
bution Zsom and Dullemon®008). This method also al-
wheren(m) is the particle number densitlstribution(i.e., lows fragmentation to be naturally incorporated. The draw-
n(m)dm gives the number density of particles betweerback however is that the tails of the size distribution are no
massm andm + dm). The terms on the right-hand side well resolved. The limited dynamic range is one of the key
of equation [[ZB) simply account for the particles of massrawbacks of MC-method©rmel and Spaah2008) have
m that are removed due to collisions with any other partidescribed a solution, but at the expense of a more complex
cle and those gained by a collision between two particleslgorithm.
of massm’ andm — m’ (the factor of 1/2 prevents double _
counting). In numerical applications one most often subdP-2. Laboratory experiments
vides the mass grid in bins (often logarithmically spaced) Numerical solutions to the coagulation equation rely cru-
and then counts the interactions among these bins. cially on input from laboratory experiments on the outcome
However, equation[(28), an already complex integroof collisions between dust particles. Collision experitsen
differential equation, ignores many aspects of the coagin the laboratory as well as under microgravity conditions
lation process. For example, collisional fragmentation igver the past 20 years have proven invaluable for the mod-
not included and the dust spatial distribution is assumed ®ling of the dust evolution in protoplanetary discs. Here
be homogeneous (that is, there is no local concentrationye briefly review the state-of-the-art of these experiments
Equation [ZB) furthermore assumes that each particle pgihore details are given in the chapterTasti et al). A de-
(m,m') collides at a single velocity and ignores the effectsailed physical model for the collision behavior of silieat
of a velocity distribution two particles may have. Indeedaggregates of all masses, mass ratios and porosities can be
perhaps the most important limitation of equatibnl (28) isound inlGuttler et al. (2010) and recent modifications are
that the time-evolution of the system is assumed to be onpublished byKothe et al (2013).
a function of the particles’ masses. For the early coagula- The three basic types of collisional interactions between
tion phases this is certainly inappropriate as the dust-intedust aggregates are:
nal structure is expected to evolve and influence the colli-
sion outcome. The collision outcomes depend very strongly 1. Direct collisional sticking: when two dust aggregates

on the internal structure (porosity, fractal exponent) astd collide gently enough, contact forces (e.g., van der
aggregates as well on their composition (ices or silicates, ~ Waals forces) are sufficiently strong to bind the ag-
Wada et al.l2009iGuttler et al,[2010). gregates together. Thus, a more massive dust ag-
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gregate has formed. Laboratory experiments sun
marized byKothe et al.(2013) suggest that there is |
a mass-velocity threshold o~ m~3/* for spheri- |
cal medium-porosity dust aggregates such that onl
dust aggregates less massive and slower than tt
threshold can stick. However, hierarchical dust ag
gregates still stick at higher velocities/masses tha,

given by the threshold for homogeneous dust aggre|
gateslKothe ot al 2013).

2. Fragmentation: when the collision energy is suffi
ciently high, similar-sized dust aggregates break u
so that the maximum remaining mass decreases u
der the initial masses of the aggregates and a powe
law type tail of smaller-mass fragments is producec
The typical fragmentation velocity for dust aggre-
gates consisting Qim-sized silicate monomer grains

islms?!.

3. Bouncing: above the sticking threshold and belowrig. 10.—Experimental example of mass transfer in fragment-
the fragmentation limit, dust aggregates bounce offig collisions. All experiments were performed in vacuuna) (
one another. Although the conditions under whichA mm-sized fluffy dust aggregate is ballistically approachthe
bouncing occurs are still under debate (see sedflonseg-sized dusty target at a velocity of 4.2 m/s. Projectile -
andT), some aspects of bouncing are clear. Bounci t consist of monodisperse Sl@phe.res.of’ 1.5%m dlgmeter. (b)
does not directly lead to further mass gain so that th ortly after impact, most of the projectile’s mass fliestb# tar-

. " . jet in form of small fragments (as indicated by the white wsjp
growth of dust aggregates is stopped (*bouncing ba'gart of the projectile sticks to the target. (c) - (e) The saanget

rler”)._Furthermore, bouncing leads to a stegdy COM3tter 3 (c), 24 (d), 74 (e) and 196 (f) consecutive impactshen t
pression of the dust aggregates so that their porosifyme spot. Image credit: Stefan Kothe, TU Braunschweig.
decreases to values of typically 60%idling et a

2009).
and to assess the role of collisions in planetesimal forma-

Although the details of the three regimes are complex ton. As was seen in sectién 5 a plethora of outcomes —
regime boundaries are not sharp, and other more subligcking, compaction, bouncing, fragmentation — is pdssib
processes exist — this simplified physical picture showgepending mainly on the collision velocity and the particle
that in protoplanetary discs, in which the mean collisize ratio. Using the most updated laboratory knowledge of
sion velocity increases with increasing dust-aggregae siq|jision outcomesZsom et al(2010/ 20111) solved the co-
(see Fig[H#), anaximum aggregate massists. Detailed aqgylation equation with a Monte Carlo method and found
numerical simulations using the dust-aggregate collisiofhat in the ice-free, inner disc regions the dust size distri
model b)'{G-UIILe-Le-La-“ (2010) find such a maximum Mass pution settles into a state dominated by mm-size particles.
(zsom et al.)2010; Windmark et al. 2012b). For a mini- - Fyrther growth is impeded because collisions among two
mum mass solar nebula model at 1 AU, the maximum dusgych mm-size particles will mainly lead to bouncing and
agg% is in the range of millimeters to Centimmefﬁ)mpactification.
(e.gZsom et al[2010). _ The real problem behind this “bouncing barrier” may,

Even if the bouncing barrier can be overcome, anothelynter-intuitively, not be the bouncing but rather the ab-
perhaps even more formidable obstacle will present itseffance of erosion and fragmentation events. Based upon lab-
at the size scale where collision velocities reach m/s g 5t0r experimentsWurm et al, [2005;Teiser and Wurfn
(Fig.[d). At this size collisions among two silicate, sinnila [2010Teiser et al/2011Meisner et al,
size, dust particles are seen to fragment, rather thantaccr®o13) it has become clear that above the fragmentation
Consequently, growth will stall and the size distributionimit, the collision between two dust aggregates can lead to
wiI_I, Iik_e with the bouncing case, sett!e into a stea_dyestata mass gain of the larger (target) aggregate if the smaller
(Birnstiel et al, 2010, 2011, 2012). Highly porous icy ag- (projectile) aggregate is below a certain threshold. For im
gregates may nevertheless still stick at high collisioresise pact velocities in the right range and relatively small posj
(see sectiof]7). tile aggregates, up to 50% of the mass of the projectile can

be firmly transferred to the target. This process has been

6. GROWTH BY MASS TRANSFER shown to continue to work after multiple collisions with the

Over the last two decades a large effort has been investt@fget and under a wide range of impact angles (see Fig.
to study experimentally the collisions among dust parﬂcldm)-
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Growth by mass transfer requires a high fraction of thén the Stokes regime the particle size is
dust mass present in small dust aggregates which can be
swept up by the larger particles. The number of small dust
aggregates can be maintained by catastrophic collisions be
tween larger bodies. A simple two-component model for
such coagulation-fragmentation growth was developed b;‘ig_ [3 shows that compact ice particles grow to Stokes
Johansen et d{|4200$). They divided the size distribution number 10 in the Epstein regime outsiderof= 5 AU
into small particles and large particles and assumed that (dnd in the Stokes or non-linear regimes inside of this ra-
a small particle will stick to a large particle, (2) a smaltpa dius. Fluffy ice particles with a very low internal densitly o
ticle will bounce off another small particle, and (3) a large,, = 10~° g cm 2 grow to Stokes number 10 in the non-
particle will shatter another large particle. Small paetic linear or quadratic regimes in the entire extent of the disc.
collide with large particles at speeds, while large parti- |n the Epstein regime the time to grow to Stokes number 10,
cles collide with each other at speed. Under these condi- -, = Rlo/R, is independent of both material density and
tions an equilibrium in the surface density ratio of largd angas density,
small particles,>; /X5, can be reached, with equal mass
flux from large to small particles by fragmentation as from _(Ep) _ 40H 95000 yr ( € )*1 ( T )5/4 . (33)

small to large particles by mass transfer in collisions. 10 €Zv12 0.5 AU

In the equilibrium state where the mass flux from IargeEhe growth-time is much shorter in the Stokes regime

to small particles balances the mass flux from small to IargWhere the Stokes number is broportional to the squared par-
particles, the growth rate of the large particles is ticle radius, giving prop q P

S 90H pg A
Rgot) — T.g . (32)

p _ So/(VomHi) (
Pe 7'1
V22 )

[2/(1 + H12/H22)]1/2 + 4’1}22/’[}12 '

360H pe
€Zpg12

-1 . 1/2 27/8
(55) (rges) (o) e
Here H,; and H are the scale heights of the small particles ’ scm
and the large particles, respectively, ang = Xy + X5 is  with a direct dependence on both material density and gas
the total column density of the dust particles. The comple@ensiw_ Heren ando are the mass and collisional cross
ity of the equation arises from the assumption that the smajbction of a hydrogen molecule. Regarding the sticking
grains are continuously created in collisions between t%eﬁicientmmm_m) find mass transfer efficien-
large particles. Settingl, = H andH, < H; the equa- cijes ofe ~ 0.5 for collision speeds up t, = 25
tions are valid for a very general sweep-up problem wherfgy/s, hence we have used= 0.5 as a reference value in
a few large particles sweep up a static population of smathe above equations. It is clearly advantageous to have a
particles, resulting in growth of the large particles aérat  |ow internal density and cross the radial drift barrier ie th
Zp . 2.7 Stokes regime@kuzumi et d|.2012). The non-linear and
= Ev1g = 2.7mmyr (—) (—) X quadratic regimes are similarly beneficial for the growth,
4pe 0.5/ \AU with the time-scale for crossing the meter barrier in the
Z Pe - V12 30 quadratic drag force regime approximately a faétay Av
(m) (1 gcm—3> (50ms_1) ' (30) faster than in the Epstein regime (equafich 33).
. o N . The two-component model presente*l.
We introduced here a sticking coefficieatwhich mea- M) is analytically solvable, but very simplified in the
sures either the sticking probability or the fraction of s1asq|jision physicsWindmark et al (2012b) presented solu-
which is transferred from the projectile to the target. Thejons to the full coagulation equation including a veloeity
growth rate is constant and depends only on the particle sigependent mass transfer rate. They showed that artificially
throughvy,. If the small particles are smaller than 5t0ke$njected seeds of centimeter sizes can grow by sweeping up
number unity and the large particles are larger, then we cafaller mm-sized particles which are stuck at the bounc-
assume that the flux of small particles is carried with theng barrierl@), achieving at 3 AU growth to
sub-Keplerian windy:> ~ Av, and solve equatiofL(80) for 3 meters in 100,000 years and to 100 meters in 1 million
the time-scale to cross the radial drift barrier. The endhef t years. The time-scale to grow across the radial drift barrie
radial drift barrier can be set at reaching roughty= 10.  is proadly in agreementwith the simplified model presented
This Stokes number corresponds in the Epstein regime i ove in equatiori{34). This time is much longer than the

the particle size radial drift time-scale which may be as short as 100-1,000
10H ) years. Itis therefore necessary to invoke pressure bumps to
Rﬁ?*’) = 2 (31) protectthe particles from radial drift while they grow slgw
Pe by mass transfer. However, in that case the azimuthal drift

of small particles vanishes and a relatively high turbulent
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viscosity ofo = 102 must be used to regain the flux ontoments [Paszun and Domirjk2008; Seizinger et 8).2012;
the large particles. The pressure bumps must additionalfanaka et al.2012).
be very long-lived, on the order of the life-time of the pro- In protoplanetary discs, dust aggregates are expected to
toplanetary disc. have fluffy structures with low bulk densities if impact com-
While the discovery of a pathway for growth by masspactification is negligible (e.dOkuzumi et d)[2009] 2012;
transfer at high-speed collisions is a major experimentl.m,@h). Especially in the early stage of
breakthrough, it seems that this effect can not in itselfl leadust growth, low-speed impacts result in hit-and-stick of
to widespread planetesimal formation, unless perhapin tdust aggregates, with little or no compression. This growth
innermost part of the protoplanetary disc where dynammode makes fluffy aggregates with a low fractal dimension
cal time-scales are short (equatfod 34). The planetesimail ~2. Thus it is necessary to examine the outcome of colli-
sizes which are reached within a million years are alssions between fluffy dust aggregates and the resulting com-
quite small, on the order of 100 meters. These sizes apeession. The results d¥-body simulations can then be
too small to undergo gravitational focusing even in weaklyised in numerical models of the coagulation equation in-
turbulent discs (see Fi§l 5). An additional concern is theluding the evolution of the dust porosity.
erosion of the preplanetesimal by tiny dust grains carried

with the sub-Keplerian windSch#pler and Blum [2011; 7.1. Critical impact velocity for dust growth
Seizinger et 2)12013). [Dominik and Tielens(1997) first carried outV-body
Particles stuck at the bouncing barrier are at the low&imulation of aggregate collisions, using the particle in-
end of the sizes that can undergo particle concentration aggtaction model they constructed. They also derived a sim-
gravitational collapse. However, if a subset of “lucky” par ple recipe for outcomes of aggregate collisions from their
ticles experience only low-speed, sticking collisions an@umerical results, though they only examined head-on col-
manage to grow past the bouncing barrier, this can evelisions of two-dimensional small aggregates containing as
tually lead to the crossing of the bouncing barrier by dew as 40 particles. The collision outcomes are classified
very small fraction of the particles\indmark et all2012a; into hit-and-stick, sticking with compression, and catas-
Garaud et al,[2013). This break-through nevertheless stiltrophic disruption, depending on the impact energy. Bounc-
requires a pressure bump to stop the radial drift. ing of two aggregates was not observed in their simulations.

7. FLUFFY GROWTH According to the DTIDominik and Tielensl997) recipe,

The last years have seen major improvement$inody growth is possible at collisions Withim, < Any Ebreak
molecular-dynamics simulations of dust aggregate coll{¥nereA~10 andn is the total number of contacts in two

sions by a number of groups (e\yada et al.[2008] 2009, colliding aggregates. For relatively fluffy aggregates,
[2011/Paszun and Domirj2008 i7i is approximately equal to the total number of constituent
2013). TheseV-body simulations show that fluffy aggre- particles in the two aggregates, The energy for_breaking
gates have the potential to overcome barriers in dust growfn€ contact between two identical particlégyes is given

In N-body simulations of dust aggregates, all surface intePY (€-9'Chokshi et 111993 Wada et al.2007)

actions between monomers in contact in the aggregates are B 5 4 22 ) 0211/3
calculated, by using a particle interaction model. Ebreak= 23[y"r" (1 — v%)7 /€777, (35)

N-body simulations of dust aggregates have some M&fherer, ~, &, and v are the radius, the surface energy,

it_s compared to laboratory experiments._ Precise in_fqrm"’}’oung’s modulus, and Poisson’s ratio of constituent parti-
tion such as the channels through which the collisionglieg “respectively. For icy particles the breaking enesgy i
energy is dissipated can be readily obtained and SUbS@E)tained a$.2 x 10~1°(+/0.1 um)*/? erg while the value
quent data analysis is straightforward. Another advang, qijicate particles i4.4 x 10~ (r/0.1pm)*/3 erg, so icy
tage of N-body S|muI§1t|ons is that one can study h'ghlyc';lggregates are much more sticky than silicate aggregates
fluffy aggregates, which are otherwise crushed under the Using the impact velocityimp, the impact energy is ex-
Earth’s gravity. On the other hand, an accurate interaf)’ressed aéN'm/4)v2, /2, wherem is the mass of a con-
imp/ <1

tion model of constituent particles is required M-body stituent particle andVim/4 is the reduced mass of two

5|mula_1t|ons of dust aggregat_es' In the |nteractlon mo,d%lqual-sized aggregates. Substituting this expressian int
used in mostN-body simulations, the constituent parti-

the above energy criterion for dust growth and noting that

cles are considered as adhesive elastic spheres. The %9': N, we obtain the velocity criterion as

hesion force between them is described by the JKR the-

ory (Johnsonetd).[1971). As for tangential resistive Vimp < /SAEoread . (36)
forces against sliding, rolling, or twisting motions, Do-

minik and Tielens’s model is useominik and Tielens Here A is a dimensionless parameter that needs to be cal-
11995, 1996, 199 MVada et al,[2007). In order to reproduce ibrated with experiments. Note that this velocity criterio
the results of laboratory experiments better, the interags dependent only on properties of constituent particles an
tion model must be calibrated against laboratory experihus, independent of the mass of the aggregates.
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set collisions should be considered as well, a&/&ua et al.
(2009).

The above result also fixes the corresponding con-
stant A in the critical energy at 30. By usin@icax
of silicate particles in equation (B6) witd = 30, the
critical velocity for growth of silicate aggregates is ob-
tained asviy, = 1.3 (r/0.6um)=°/6 m/s. It agrees well
with the laboratory experiments and numerical simula-
tions for small silicate aggregates (eBlum and Wurim
2000; |Guttler et al, 2010; [Paszun and Dominjk|2009;
Seizinger and Kley2013).

In the case of CCA clusterdVada et al.(2009) found
that the constantl is the same as in the DT recipe10).
Considering much smaller volume filling factors of CCA
clusters than PCA, it indicates that the critical velocgy i
only weakly dependent on the volume filling factor.

I..IJ
=
o
O _:
2
®

7.2. Compression of dust aggregates

The DT recipe does not describe the amount of changes
in the porosity (or the volume filling factor) at aggregate
collisions. The first attempt to model porosity changes was
done byOrmel et al.(2007), using simple prescriptions for
the collision outcome of porosity.

Fig. 11.—Examples of collision outcomes of icy PCA clusters

consisting of 8000 particles for two values of the impactpaster . .
b (lower panels). The upper panels represent initial aggesga Wada et al. (2008) examined compression at head-on

The collision velocity of 70 m/s in both cases aRds the radius collisions of two ean' S'Z,ed CCA cIuster;, using a high
of the initial aggregates. The head-on collision (left paresults  NUmber of N-body simulations. Compression (or restruc-
in sticking with minor fragmentation while aggregates temgass ~ turing) of an aggregate occurs through rolling motions be-
by each other in off-set collisions (right panels). (Thisufigis tween constituent particles. Thus it is governed by the
reproduced based on Fig. 2 of Wada et al. 2009 by permission tdlling energy Eo (i.€., the energy for rolling of a par-
the AAS.) ticle over a quarter of the circumference of another parti-
cle in contact). At low-energy impacts Withinp, < Eoll,
aggregates just stick to each other, as indicated by the DT
recipe. For higher-energy impacts, the resultant aggesgat
are compressed, depending on the impact energy. The
radius of resulting aggregateg®, is fitted well with the
epdpwer-law function

To evaluate the critical impact velocity for growth more
accuratelyWada et al.(2009) performedV-body simula-
tions of large aggregates made of up~a0* sub-micron
icy particles, including off-set collisions (see Higl 1They
consider two kinds of aggregate structure, the so-call
CCA and PCA clusters. The CCA (Cluster-Cluster Ag- R =~ 0.8[Eimp/ (N Eron)] "1 N/2or, (37)

glomeration) clusters have an open structure with a fraCtGUherer is the radius of a monomer ard the number of
dimension of 2 while the PCA (Particle-Cluster Agglomer'constituent particles. Analysing the structure of the com-

?Itl'_on)deSter‘;'gTée _al}hfra;tél'lo‘dlinensmn of 3 ‘:]md a volu essed aggregates, it can be shown that the compressed
llling factor of 0.15. The clusters are rather compac gregates have a fractal dimension of 2.5. This fractal di-

comparedto the CCA. Since dust aggregates are expecte Qnsion is consistent with equatién(37) since equalion (37

be much more compact than CCA clusters due to compre ives the relation ofV « R25 for maximally compressed

sion (see sectidn 1.2), the growth and disruption processg gregates (Witliimp~ N Eroi1). The compression observed

PCA clugters is of pgrticular importance for elucidating th ;| the N-body simuTation is less much extreme than in the

planetesimal formation. _ . . simple porosity model used [®@rmel et al.(2007) because
For PCA clusters (composed of @uh-sized icy parti- of the low fractal dimension of 2.5.

Cles)’ 'Fhe C”Fica' impact velocity is obtained as 60 m’*'frﬁ) . While Wada et al.(2008) examined the compression in
their simulations, independent of the aggregate massrwnhé single collision, dust aggregates will be gradually com-

tggorgas_?;gn.gi_exammhed n tze simulationsatia et ‘T"l' rﬁressed by successive collisions in realistic systems. In
(2009). This indicates that icy dust aggregates can circu rder to examine such a gradual compression process dur-

vent the fragmentation barrier and grow towards planeteﬁhg growth,Suyama et di(2008) performedV-body sim-

Ima_l S1z€s v;la (_:oII|S|onaI st_|chk|Eg. Note that the cnhﬁel-v nr}l{ations of sequential collisions of aggregates. Everr afte
ocity actually increases with the aggregate mass when o ultiple collisions, the compressed aggregates maintain a

head-on collisions are considered, as seen irlElg. 11. For flctal dimension of 2.5/Suyama et al(2012) further ex-
accurate evaluation of the critical velocity for growthf-of - 44 i porosity model to'unequal-mass collisions
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lOkuzumi et al.(2012) applied the porosity evolution filaments/ohansen et 412007/ 20092Kato et al, [2012).
model of/Suyama et al(2012) to dust growth outside of  The collision speeds at which planetesimal-sized bodies
the snow line in a protoplanetary disc. As a first step, colliform are typically 50 m/s in models (1) and (2), as small
sional fragmentation is neglected because a relatively higlust aggregates are carried onto the growing planetesimal
impact velocity (60 m/s) is required for significant disrup- with the sub-Keplerian wind, or even higher if the turbu-
tion of icy dust aggregates. They found that dust particldent density fluctuations are strong. During the gravitadio
evolve into highly porous aggregates (with bulk densitiesollapse of pebble clouds, formation mechanism (3) above,
much less than 0.1 g/ctheven if collisional compression the collision speeds reach a maximum of the escape speed
is taken into account. This is due to the ineffective comef the forming body. In the cometesimal formation zone
pression at aggregate collisions in the porosity model ainy subsequent impacts by high-speed particles, broughtin
L@). Another important aspect of fluffy with the sub-Keplerian flow, will at most add a few meters
aggregates is that they cross the radial drift barrier in thef compact debris to the pebble pile over the life-time of the
Stokes or non-linear drag force regimes (see Flg. 3 armblar nebula (equatidnBO appliedite= 10 AU).
discussion in sectio 6) where it is easier to grow to sizes This difference in impact velocity leads to substan-
where radial drift is unimportant. This mechanism acceltial differences in the tensile strengths of the planetes-
erates dust growth at the radial drift barrier effectivatgla imals/cometesimals. Due to the relatively high impact
enables fluffy aggregates to overcome this barrier inside Epeeds in models (1) and (2), the growing bodies are com-
AU liKataoka et al.2013). pacted and possess tensile strengths on the order of 1-10

_ - _ _ kPa Blum et al, [2006). [Skorov and Bluf{2012) pointed
7.3.  Bouncing condition inN-body simulations out that these tensile-strength values are too high to ex-

Until 2011, bouncing events were not reported in Nplain the continuous dust emission of comets approach-
body simulations of aggregate collisions, while bouncingng the Sun and favor model (3) above, for which the ten-
events have been frequently observed in laboratory egile strengths of loosely packed mm-cm pebbles should be
periments (e.gBlum and Minch [1993;Langkowski et g). much smaller.

12008; Weidling et al, 2009, | 2012). Wada et al. (2011) Skorov and Bluh2012) base their comet-nucleus model
found bouncing events in their N-body simulations of bottPn a few assumptions: (a) dust aggregates in the inner parts
icy and silicate cases for rather compact aggregates wieti the protoplanetary disc can only grow to sizes of mm-
filling factor ¢ > 0.35. Such compact aggregates have &m; (b) turbulent diffusion can transport dust aggregates t
relatively large coordination number (i.e., the mean nurthe outer disc; (c) in the outer disc, dust and ice aggregates
ber of particles in contact with a particle), which inhibitsbecome intermixed with a dust-to-ice ratio found in comets;
the energy dissipation through the rolling deformation an€f) cometesimals form via gravitational instability of ove
helps bouncinglSeizinger and KI€y2013) further investi- dense regions of mm-cm-sized particles which will form
gated the bouncing condition and proposed that the mopdanetesimals with a wide spectrum of masses. While km-
realistic condition isp > 0.5. scale planetesimals have not yet been observed to form in

This critical volume filling factor for bouncing is a few hydrodynamical simulations of planetesimal formatiois th
times as large as that in the laboratory experiments (e.@ay be an artifact of the limited numerical resolution (see
Langkowski et 8)l2008). The origin of this discrepancy be-discussion in sectidn 4.3).
tween these two approaches is not clear yet. From a quali- If the comet nuclei as we find them today have been dor-
tative point of view, however, laboratory experiments shownant in the outer reaches of the Solar System since their
that fluffy silicate aggregates with < 0.1 tend to stick formation and have not been subjected to intense bombard-
to each other|Blum and Wurm|2000; Langkowski et d). ment and aqueous or thermal alteration, then they today
2008; Kothe et al, [2018). This qualitative trend is con- represent the cometesimals of the formation era of the So-
sistent with the N-body simulations. In protoplanetaryar SystemiSkorov and Blunh(2012) derive for their model
discs, dust aggregates are expected to be highly porous_tﬁIﬂS“e strengths of the ice-free dusty surfaces of comet nu
the growth of such fluffy aggregates, the bouncing barrie¥€i

g —2/3
would not be a strong handicap. T =T, r 38
g P 0 (1 mm) : (38)
8. TOWARDS A UNIFIED MODEL with Ty = 0.5 Pa and- denoting the radius of the dust and

. . . ice aggregates composing the cometary surface.
im;grizvrga;nmse(;egg”%s Jr(])é tlgzt forergra;!on(f)f g?rgztt?; These extremely low tensile-strength values are, ac-
9 y ' Eording to the thermophysical model

via coagulation-fragmentation cycles and mass tran)’ just sufficiently low to explain a continuous out-
I/?/irngr?qrgrksgalll Ztgl?lr?e(z?gggr:)?titi,ic%ﬁ d ggssing and dust emissioln of comet nuplei inside a.cri'FicaI
subsequent co.mpactifi,cation by self-gravi d_lstance to th_e Sun. _Th|§ model provides strong indica-
2008 ), and (3) concentration of pebbles in the: tutlon that km-sized _bo@es in the outer Solar System were
bulen’t gas z;md gravitational fragmentation of overden formed by the gra_\/ltatlonal contraction of smallt_er subtsini
S(%ebbles) at relatively low (order of m/s) velocities. Such
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