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3.1 Introduction topic can be found in Jedicke et al. (2002), Mainzer et al.
The largest population of remnant planetesimals sti2015), and Masiero et al. (2015). Here we turn the absolute
found in the inner solar system is the main asteroid belt, lonagnitudeH distribution described in Jedicke et al (2002)
cated between 2.1-3.2 AU. According to meteorite studiemto a size distribution using the relationship betweeprast
many of the largest bodies there formedd.56Ga during  oid diameterD, absolute magnitud#, and visual geomet-
planet formation processes. Since that time, however, theig albedop, provided by Fowler and Chillemi (1992):
have been subject to collisional and dynamical evolution. A
key goal of asteroid belt studies, therefore, is to turn back D= @10—H/5_ 1)
the clock, understand how the main belt has changed, and VPu

use the information to infer to original properties of primo By setting thep, = 0.092, we get the population is
dial main belt planetesimals. By doing so, we not only proshown in Fig. 3.1 (see Bottke et al. 2005 for details).
vide powerful constraints on planetesimal and planet forrhe observed and debiased main belt SFD is wavy, with
mation models, but we can also place meteorite constraiMsymps” near diameteD ~ 3 km and one neaD ~
into their appropriate solar system context. 100 km. The latter bump is at a similar size to the one seen
A problemin interpreting what we know about asteroidswithin the transneptunian objects SFD (e.g., Fraser et al.
however, is that collisonal and dynamical evolution are-cowQ14), and it is suggestive of something fundamental about
pled to one other. For example, assuming a given dynanis size and planetesimal formation. Additional discossi
cal excitation state for a small body population, more eolliof the origin and nature of the shape of this size distribu-
sional evolution takes place when a population is large thafbn can be found in Cuzzi et al. (2010) and Johansen et al.
when it is small. Thus, if dynamical effects suddenly re(2015). Note that even more precise main belt constraints
move bodies from a population, disruption and crateringan be obtained by treating different regions of the main
events must drop as well. Similar, a population with lowpelt separately; see Cibulkova et al. (2014) for details.
eccentricities and inclinations will undergo little csibnal 3.2.2 Asteroid families
grinding, while one with large values will grind much faster  Asteroid families are remnants of cratering and catastophi
For this reason, our discussion starts with what has begfisruption events in the main belt. Identified by their clus-
inferred about the collisional evolution of the asteroidt.be tered values of proper Semimajor a)% eccentricities
This leads into how it has been affected dynamically by thgp, and inclinationsi, (see Nesvorny et al. 2015), they
processes that led to the origin of our planets. can be used to deduce reasonable scaling relationship that
3.2 Constraintsfor collisional evolution describe how projectiles catastrophically disrupt large a
Given the enormous number of possibilities that can tak@roids. One must use caution in applying asteroid families
place in collisional evolution models for given assumpas model constraints, however, because (i) smaller fanilie
tions, and the importance of dynamical excitation, dynamican potentially be eliminated over time by collisional and
cal removal, and stochastic breakup events, it is crithal t dynamica| processes and (”) estimates of ancient fam“y
planeteSimal formation and CO”iSionalldynamical eviolot ages, made using dynamica| methods (e.g.' Vokrouhncky
models be tested against as many constraints as possileal. 2006), have uncertainties. This has led groups like
This potentially allows us to rule out certain scenarios angottke et al. (2005a, b) to use very large families as con-
place higher degrees of confidence in successful solutiongaints, specifically families whose parent body was large
Here we discuss many of the constraints that need to be CQ¥hough that family fragments could not be easily erased
sidered when modeling the collisional evolution of the mairyyer 3.5-4 Gyr of evolution. We have very little knowledge
belt. of families older than 3.5-4 Ga to date, and it plausiblerthei
3.2.1 Wavy main belt size frequency distribution clusters were scattered by large scale dynamical processes
A key constraint comes from the main belt size fre-(see below).
quency distribution (SFD). Reasonable estimates of this yUsing numerical hydrocode simulations that track how
SFD can be found in several places, and reviews of thigsteroids likely undergo disruptions, Durda et al. (2007)



argued that approximately 20 observed families creatguane that is orthogonal to the basin center. Veneneia’s are
by catastrophic disruptions of parent bodies with sizesimilar in character but are oriented to be orthogonal to its
Dpp > 100km , where the ratio of the largest frag- basin center (Buczkowski et al. 2012).
ment’s mass to the parent body masddsg /Mpp < 0.5 Vesta shows no obvious signs that basins similar in size
(Fig. ??). Specifically, they argued that the parent bodyo Rheasilvia or Veneneia were ever erased or buried af-
disruptions over the last 3.5 Ga occurred within increter its basaltic crust was put in place; nothing notable
mental logarithmic-separated bins centered on diametdssdetected in Vesta's topography, and there are no unac-
D = 123.5,155.5,195.7,246.4, 310.2, and 390.5 km were counted sets of troughs that could be linked with a miss-
5,5,5, 1,1, 1, respectively. Note that these values do notg or erased basin. This means Vesta is probably com-
include large cratering events, such as the Vesta family. plete in Rheasilvia- or Veneneia-sized basins. Thus, t#tee si
A recent update to these family estimates can be fouraf many primordial populations as well as how long they
in Cibulkova et al. (2014). Their values are generally simeould have lasted on Vesta-crossing orbits (e.g., main belt
ilar, but there are subtleties; see Bottke et al. (2015) fasteroids, leftovers planetesimals from terrestrial aadtg
a discussion. For example, it is possible that a few smatllanet formation, the putative late heavy bombardment pop-
families in the main belt today are remnants, or "ghosts”, ofilation, Jupiter-family comets, etc.), are constrainedhzy
much larger older families (e.g., possibly (918) Itha; BroTact that Vesta does not hawe2 such basins.
et al. 2013). We define a ghost family here as one so an- 3.2.4 Near-Earth asteroidsand lunar craters
cient that collisional and dynamical effects have rendered Most of our Solar System’s near-Earth asteroids (NEAS)
it nearly unrecognizable to standard identification methodare thought to come from the asteroid belt, with the
(e.g., loss of numerous smaller members, sufficient orbithlodies drifting into resonant "escape hatches” by the
element spreading that a family cluster is hard to identifypon-gravitational (thermal) Yarkovsky/YORP effects (see
etc.). We believe that at least a few ghost families exisWokrouhlicky et al. 2015). Some of these bodies have gone
but a smoking gun for them has yet to be identified. If iton to hit ancient worlds like the Moon. Accordingly, both
can be demonstrated that numerous ghost families still rédie observed planet-crossing asteroid populations and the
side in the main belt population, the nature of our proposedtater populations found on the Moon (and other bodies)
asteroid family constraint will change substantially. Eg+ can be used to constrain the approximate nature of the past
ample, numerous missing families could suggest that oand present main belt SFD.
disruption scaling relationships used for asteroid brpaku A reasonable estimate of the NEA populationis shown in
events need to undergo revisions. Fig. 3.1. Its wavy shape is broadly similar to the main belt,
3.2.3Impact basinson (4) Vesta though some differences exist; recall that the main belt SFD
Vesta is the second largest asteroid in the main belt, witls modified en route to the NEA population by Yarkovsky-
a diameter of 525 km. It is differentiated and has a largdriven asteroid migration (e.g., Morbidelli and Vokrouh-
intact basaltic crust. Recently visited by the Dawn spacdicky 2003). This non-gravitational thermal force is cads
craft, Vesta can be considered a primordial "witness platejy sunlight and it affects the orbital motion &f < 40 km
for the bombardment history of the asteroid belt. Morebodies. When these bodies heat up in the Sun, they eventu-
over, considerable knowledge of Vesta comes from eucriteally re-radiate the energy away as heat, which in turn ceeate
howardites, and diogenite meteorites that are thought #otiny thrust. This recoil acceleration is much weaker than
come from Vesta. They tell us Vesta’s crust was put isolar and planetary gravitational forces, but it can preduc
place shortly after Vesta differentiated, approximately 2 substantial secular semimajor axis changes over timescale
Myr after the formation of the calcium-aluminum inclu- ranging from many millions to billions of years. This can
sions CAls (Russell et al. 2015). The intact nature alsallow some small main belt asteroids to drift far enough to
places hard limits on how much collisional grinding couldreach a dynamical resonance capable of pushing it out of
have ever taken place in the main belt (e.g., Davis et ahe main belt and onto a terrestrial planet-crossing orbit.
2002). Interestingly, the shape of the NEA population in
Even better constraints than the Vesta crust, howevedtig. 3.1 is similar to the best available crater SFD of lu-
are two enormous impact basins that dominate its southemar craters formed over the last 3.2 Ga. The ages of lu-
hemisphere: Rheasilvia, a 505 km diameter crater with amar craters can be subdivided into two components; the
estimated crater retention age of 1 Gyr, and Venenia, a 396ungest are Copernican-era, while the older ones are in the
km crater with a crater retention age»f2 Gyr (Marchiet Eratosthenian-era (Fig. 3.2) (McEwen et al. 1997; lvanov
al. 2012). Rheasilvia, being younger, overlaps with and has al. 2002). Copernican craters are often considered to be
largely obscured Veneneia (Schenk et al. 2012; Jaumann-<etl Gyr old, while Eratosthenian-era craters are between 1-
al. 2012). These basins likely produced the majority of th8.2 Ga, with the oldest age defined by the 3.2 Gyr old ages
observed Vesta family, a spread out swarmlok 10 km  of samples returned by the Apollo 12 astronauts (Stoffler
asteroids in the inner main belt with inclinations and specand Ryder 2001).
tral properties similar to Vesta itself. They also produced In Fig. 3.2, we see that not only do the combination of
a set of fracture-like troughs, or graben, for each basitCopernican and Eratosthenian-era craters have the same ba-
Rheasilvia’s are located near the equator and lie alongsic shape as the NEA population, but they are also roughly a
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Fig. 3.1.—The estimated values of the present-day main belt and NEQIggns according to Bottke et al. (2005b) model runs
(solid lines). For reference, we plot our results againststimate of the NEA population made by Stokes et al. (2008h assumed
the D < 1 km size distribution was a power-law extension of fle> 1 km size distribution, and a population discussed in Hami a
D’Abramo (2015) and Harris et al. (2015). Our model main pefulation provides a good match to the observed main lmid (slack
dots). Most diameteD < 100 km bodies are fragments (or fragments of fragments) deffrard a limited number oD > 100 km
breakups (Bottke et al. 2005a). Our NEA model populationoimpared to estimates derived from telescopic surveys (Rualiliz et

al. 2000) as well as satellite and infrasound detectionobifle detonations in Earth’s atmosphere (Brown et al. 20E8) reference,
we also include an upper limit estimate of 50 m NEAs based ersithgular airblast explosion that occurred over TunguSKagria in
1908. A mismatch between the NEA model and data is seenMear0.1 km.

factor of 3 higher than the Copernican-era craters alone. ¢ff certain types of asteroid binaries classified as SMAshed
the ages suggested above are reasonable, the simplest mddejet Satellites (SMATS) (Durda et al. 2004; 2007), (ii)
would suggest the delivery of NEAs to the inner solar systhe rotation rates and spin states of certain asteroids (see
tem and Moon over the last 3.2 Gyr has been relatively st®ottke et al. 2015), (iii) the cosmic ray exposure ages of
ble (to a factor of 2 or s0). There are additional possibilistony meteorites (e.g., Eugster 2003), (iv) the orbital dis
ties, such as a sizable fraction of early Eratostheniaeigat tribution of fireballs (e.g., Morbidelli and Gladman 1998),
coming from a different source (e.g, Bottke et al. 2012). Ifv) the population of V-type asteroids across the main belt
true, the main belt contribution to the NEA population ovelsee Scott et al. 2015), (vi) the crater records found on Mer-
this interval would be lower. Regardless, we infer that maigury, Venus, Earth, and Mars (e.g., lvanov et al. 2002)) (vii
belt and NEA SFDs probably had to achieve a quasi-stea@dynaller asteroid families not discussed here (Nesvorny et
state lasting several billions of years. This allows us te ru al. 2015), and (viii) the shock degassing ages of meteorites
out scenarios where a very large main belt SFDs could p¢e.g., Marchi et al. 2013).
tentially be ground down over billions of years of comminu- 3.3 Reconstructing the original asteroid belt
tion, with the observed SFD only achieved near the present 3.3.1 A brief description of generic collisonal models
time (see Davis et al. 2002). Such models should produce With these constraints in hand, we can consider model-
strongly-decaying lunar impact fluxes over the last 3 Gyiing the collisional evolution of the main asteroid belt. In
and they are not observed. essence, models like these involve the solution of a fairly
3.2.5 Additional constraints straightforward differential equation. The input is an-ini
Many additional constraints can be employed to test cotial SFD for the asteroid belt denoted &% D, t), with the
lisonal models of the asteroid belt, though we do not discudmdies binned in logarithmic intervals as a function of di-
them here for space reasons. They include (i) the populati@meter. The goal of the solution is to compute the time rate
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include: (i) the collision probabilities between astesdohd
different populations as well as how they might change with
time, (ii) asteroid disruption scaling laws, often referte

as )}, functions, which may be different for different as-
teroid compositions (i.e Q7 is the energy per unit mass
needed to send 50% of the debris away at escape velocity;
Fig. 4), (iii) asteroid fragmentation laws that describetzo
disrupted asteroid’s mass is distributed into a new fragmen
SFD, (iv) a description of how main belt populations are de-
pleted via different dynamical removal mechanisms, and (v)
whether asteroid fragmentation via so-called thermal spin
processes (YORP) are a major player in the destruction of

small asteroids. For even more ambitious modelers, one can
consider the inclusion of how planetesimals form and grow
within the solar nebula, how some asteroids may have been
affected by so-called "hit and run” collisions (Asphaug et

Fig. 3.2.—Lunar craters in the Copernican- and Copernicanal' 2015; Scott et al. 2015), and the possible inclusion of

and Eratosthenian-eras as defined by Wilhelms et al. (1978) aPodies of various sizes into the main belt zone by dynamical

McEwen et al. (1997). The absolute ages of these craterdtare o Processes (Bottke et al. 2006; Levison et al. 2009; Walsh et

considered< 1 and < 3.2 Gyr old (Stoffler and Ryder 2001). al. 2011).

The plotted Copernican-era craters are a combination obita Ultimately, to model collisional evolution in the primor-

craters (Wilhelms 1987) and farside rayed craters (McEweh.e dial asteroid belt, we need to make assumptions about the

1997). excitation of asteroid belt bodies at early times. For ex-
ample, the process that caused the main belt population

of change in the population per unit volume of space over@ Pecome dynamically excited should have also driven
size range between diamef@rand D + dD. In a schematic Many primordial main belt asteroids onto planet-crossing
form. it can be written as: orbits (see below). While their orbits were short-lived,

their higher eccentricity and inclinations would have al-
8—N(D, t) = —IcorL + Irrac — IDYN- (2) lowed them to slam into the surviving main belt asteroids
ot at high velocities for tens of Myr (e.g., Bottke et al. 2005b;
Here Icorr, is the net number of bodies that leave beDavison et al. 2013; Marchi et al. 2013). Moreover, if the
tweenD and D + dD per unit time from collisions (i.e., primordial main belt once had considerably more mass, as
it is a "sink” for bodies in the SFD). The net number ofdiscussed below, these departed bodies could be responsi-
collisions taking place at every timestep is calculated bile for a considerable amount of collisional evolution ia th
determining how many projectiles from other size bins areain belt.
capable of producing either a cratering or a catastropbic di A related issue is that the primordial main belt has likely
ruption event among bodies betweBrandD + dD. Note  been struck by sizable but transient populations on planet-
that other mass loss processes can easily be included heressing orbits, such as leftover planetesimals from the te
as well, such as the loss of material via non-gravitationaiestrial planet region (Bottke et al. 2006; 2007), ejeabarfr
YORP torques that can spin up asteroids fast enough thgiint impacts in the terrestrial planet region (Bottke et al
they shed mass. 2015), comet-like planetesimals dispersed from the pAmor
The results of thécor,1, calculation are sent to the func- dial disk during giant planet migration (Broz et al. 2013),
tion Irrac, Which describes the number of bodies enteringnd Jupiter-Saturn zone planetesimals pushed into the in-
a given size bin per unit time that were produced by thaer solar system via giant planet migration and/or evotutio
fragmentation of larger bodies (i.e., itis a "source” fodbo (Walsh et al. 2011; Turrini et al. 2011, 2012). Most of these
ies in the SFD). This allows large asteroids act as a regervairamatic events are thought to take place during the first
for smaller bodies, with collisional evolution or some athe 500 Myr of Solar System history. The nature and evolu-
process liberating fragments over time. Finally, the equdion of these populations is uncertain, such that dynamical
tion accounts folpyy, which is the number of bodies lost models are needed to set limits on what they were plausibly
from a given size bin via dynamical processes, such as ¢ike. Under certain conditions, they could also account for
object escaping through a dynamical resonance (i.e., it isadoundant collisional grinding in the main belt.
"sink” for bodies in the SFD). Note thdyy is often en- Given these limitations, all one can do is the best they
acted over the entire main belt SFD, which is reasonable fean with what they have. This means choosing parameters
global dynamical removal mechanisms like sweeping resthat are reasonable within the bounds of what is known and
nances or the effects of migrating planets. then testing model results against the available consgtrain
The details of these functions are important as wellThe interpretation of even good matches, though, must al-
Some key parameters that need to be input into the codesys be met with caution. A discussion of recent advances

Diameter (km)



along these lines can be found in Bottke et al. (2015b). produce constraints. They argued from this that the bump
3.3.2 Estimating collisional evolution in the primor-  near 100 km in the main belt SFD is primordial and that
dial main belt D < 100 km bodies probably had a shallow power law
A key goal in discerning how the main belt evolvedslope. Accordingly, this would indicate the planetesimal
concerns the initial SFD created by planetesimal formatioformation process favors the creation of bodies near 100 km
mechanisms. Given the uncertainties surrounding the ofer larger), with smaller bodies increasingly fragments-pr
gin of the planets, a enormous range of starting SFDs adeiced by the disruption of large asteroids. Examples of the
theoretically plausible. Many possibilities, howevemdee starting conditions tested by Bottke et al. (20050 are found
ruled out by testing them against the above constraints. in Fig. 3.4. They found a best fit in their runs for an elbow
For example, Bottke et al. (2005a,b) evaluated a wideearD ~ 110-120 km. These results may act as a guide
range of initial SFDs an@7, functions to determine which for those studying planetesimal formation processes,(e.g.
combinations work the best at reproducing the observ&dorbidelli et al. 2009; Johansen et al. 2015). They also ex-
tional constraints discussed above. They found gt plain why a similar shape is seem among the transneptunian
functions similar to those derived in numerical SPH expopulation.
periments of asteroid breakup events (Benz and Asphaug
1999) tended to work the best (Fig. 3.3), though this made 10°F™™"
their D > 100 km asteroids very difficult to disrupt. This
led them to infer that the shape of the main belt SFD for 10°¢
D > 100 km asteroids was probably close to its primordial; i
shape (Fig. 3.1). This prediction was similar to those ma 104 E
by several pioneering papers from the 1950’s and 19603 ?
(Kuiper et al. 1958; Anders 1965; Hartmann and Hartmang 103 L
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Fig. 3.4.—The debiased main belt size frequency distribution
as defined in the main text (solid line). The dashed curves sho
possible initial shapes of the primordial main belt SFD (Bet

F 1 et al. 2005a). They found a best fit in their runs for an elbow
10° T nearD ~ 110-120 km. It is likely the primordial population was
10° 10* 10 10®  larger that the SFDs shown here, with most of the mass eligiina

Target Radius R (cm) by dynamical processes.

Specific Energy Q , (erg g)
=)

The main belt in the successful scenarios created frag-
Fig. 3.3.—The critical impact specific energg;, defined by ~Ments that developed a wave-like shgpe_(Flg. 3.5). Here a
Benz and Asphaug (1999). This function is the energy per unffump develops neab ~ 2-3 km, which is a byproduct
target mass delivered by the projectile that is requireccédas-  of the “V’-shapedQ)7, function from Fig. 3.4. Effectively,
trophic disruption of the target, such that one-half the snafs self-gravity amond> > 200 m objects makes them increas-
the target body escapes. The dashed line is the function dergly difficult to disrupt. This produces an “overabundahce
rived by Bottke et al. (2005a) for their modeling results. tfB0 of D ~ 200 m objects that induces a wave-like perturbation
functions pass through the normalization poi@p, D) St 10 o the main belt size distribution. Impacts eventuallg-pr
(L5 tho ergg 't8 cm), which was determined using laboratoryy,,ce 4 shape for its size distribution that approaches that o
iMpact experiments. the observed main belt.
Next, Bottke et al. tested initial main belt SFDs where Th? next step is to try to ql_Jantlfy .hOW.mUCh co!I|S|onaI
. evolution has taken place their over its history. This means
the incremental power law slope of -4.5 betwed < . : ) .
choosing a starting SFD and then evaluating what it takes to
D < 200 km had been extended 0 < 100 km bod- . )
: e reach its present-day state. The problem is there are many
ies. This eliminated the observed bump néar~ 100 . . . ;
Pathways to get from this main belt starting point to the

km. They found bodies in this size range were so difficul . - )
to disrupt that initial SFDs with these shapes could not reqresent day SFD, and the available constraints may be in



sufficient to tell us which ones are favored. Time = 0 Gy Time = 0.5 Gy

One way to glean insights into this issue is to adopt a

simplistic but useful metric that can help us determine Whatw 10°7 |
different evolutionary paths might do. First, we assume th °‘-..°“"e“‘ Main Bet

the main belt is roughly self-contained in terms of colli-2 104 f

sions, such that we can largely ignore impacts from exters

o
LY
L Start Pop. (Ip at D=129 km) *

nal sources like escaped main belt asteroids, leftover plarcr 102
etesimals, comets, etc. Second, we assume the collision
probabilities and impact velocities of asteroids hittintgeo 100 ‘ ‘ ‘
another have remained unchanged over the main belt’s his- ‘ " I rime = 250y
tory. Third, we assume the shape of the main belt's SFD |
has been close to its current shape for most of its history 10°f
(Fig. 3.4), though it may have been larger in the past. we
define this size to be a factgig, the ratio of the main 3 1o+t
belt's SFD during some past interval of time defined\d6  ;
over the present-day main belt SFD. Together, these valu€s
allow us to estimate the degree of collisional evolution ex-
perienced by the main belt in terms of the time exposed to 100
different population sizes. " Time © 155G ‘ " time 2 372G
This metric allows to play with evolution scenarios, l—y l—y
provided the pseudo-time is independent of the details of 10°|
the dynamical depletion mechanisms. The simplest exand-
ple is the nominal case where the current main belt SF5 104t
(fup = 1) undergoes collisional evolution over its Iife-i
time (AT = 4.56 Gyr). The two values multiplied together =
yield 4.56 Gyr of collisional grinding. In a more compli-
cated example, we assume a dynamically excited primor-
dial main belt hadfy;g = 300 for 3 Myr (0.003 Gyr). At
that point, most of the population was lost via escapingem- 91 1.0 100 1000 0.1 1.0 100 100.0
bryos or a migrating Jupiter, which reduced itfag ~ 5 Diameter D (km) Diameter D (km)
for ~ 0.5 Gyr. Then, at~ 4 Gyr, 80% of the bodies were
lost via sweeping resonances driven by late giant planet

102

1027

100

. : - . : rTl'ylg 3.5.—Six snapshots from a representative run where Bot-
gration, which left the surviving population close to its-cu tke et al. (2005a) tracked the collisional evolution of thaim

rent state fyp = 1) for the next~ 4 Gyr. Taking all of the ., i gistribution for a pseudo-time of 50 Gy. This ruesis
multlples, one can say that coIIectwer_ the SUIVIVOTS 8XP&; giarting population withD, — 120 km. The bump near
rienced(0.9 + 2.5 + 4) = 7.4 Gyr of collisional evolution. . 120 km is a leftover from accretion, while the bump at
This pseudo-time tells us that this main belt roughly expesmaller sizes is driven by the transitiont~ 0.2 km between
rienced the collisional evolution equivalent offgs = 1  strength and gravity-scaling regimes@j,. The model main belt
main belt going through 7.4 Gyr of comminution. achieves the same approximate shape as the observed pmpulat

Using a collisional model that took advantage of thesettpseuao = 9.25 Gyr (not shown, but it looks identical to 15.5 Gy
concepts, as well as the constraints above (e.g., shape of ##ine frame). The model closely adheres to the observed pepul
main belt size distribution; number and nature of asteroition for many Gyr after this time. Eventually, comminutiolime
families, etc.), Bottke et al. (2005a) found median pseudd?ates enougtD > 200 km bodies that the model diverges from
times of 7.5-9.5 Gyr for their best fit runs, with error barsthe observed population.
of a few Myr on each end of this range. An example of one

of their runs is shown in Fig. 3.5. Their interpretation washat shape for an extended time. This would explain why the
that the main belt SFD obtained its wavy shape by goingyain pelt SFD potentially remained in a near steady state
through an early time interval where the main belt survivorgondition for billions of years. While it would constantly
were exposed to many more projectiles than are observgganging and losing bodies by collisional, dynamical, and
today. This could suggest that much of the primordial maigyorp spin up processes, it would also be steadily replen-
belt population was due lost to dynamical processes and/@hed by new large breakup events. This means the vast
that external impactors were effective in beating up the prinajority of disruption events produce too few fragments to
mordial main belt population. Either way, the wavy mainysh the main belt SFD out of equilibrium for very long.
belt SFD could be considered a “fossil” produced in part bythis result also explains why the crater populations on the
early collisional evolution in the primordial main belt. Moon appear to have been hit by a projectile population

Another key property of Fig. 3.5 is that once it achievesjth a similar shaped SFD for an extended period.
the shape of the current main belt's SFD, it tends to keep



3.4 Formation and dynamical constraints for the ically changed over the last decade or so. In fact, the

main belt asteroids problem of forming the first putative km-sized planetesi-
3.4.1 Could the asteroid belt have formed with low  mals from dust particles has never been solved. Binary
mass? collision between dust aggregates leads to bounces and/or

The classical view is that the asteroid belt had to contaibreak-ups when particles reach sizes in the mm-cm range
about an Earth mass of material and subsequently it lo§hm-size barrier: Gittler et al., 2009). Moreover, meter-
most of its mass by dynamical and/or collisional evolutionsize boulders, even if they had formed, would have spiraled
This assumption in an originally massive asteroid belt wagery rapidly towards the Sun by gas drag and therefore they
based on two considerations. would have been lost before having a chance to coagulate

The first consideration is that to form sizable asteroidwith other objects and form larger planetesimals. This is
(tens to one thousand kilometer in diameter) within theften referred to as the meter-size barrier for planetdsima
characteristic timescale of chondrite accretion (a few Myformation (Weidenschilling, 1977b).

Villeneuve et al. et al.,, 2009; Connelly et al., 2012), Given these problems, it was proposed that large plan-
the solid component of the disk required a lot of mass ietesimals, perhaps around 100 km in diameter or larger,
smaller objects (e.g. the order of km-size planetesimaldprmed directly from self-gravitating clumps of small par-
Wetherill (1989) estimated that the initial mass had to bécles (see Johansen et al., 2015, for a review, and Wei-
at least 100x the current one. If the belt originally was denschilling et al. 2011 for an alternative view). These
low mass, collisions among small planetesimals would haxdumps would have formed by the interaction of the par-
been too rare and thus sizable asteroids would have growales with the turbulent structures of the disk of gas (Jo-
too slowly. In principle, it is possible that the collisidna hansen et al., 2007; Cuzzi et al., 2010), the particles them-
coagulation process formed only a small number of largeelves being able to generate turbulence in the disk via the
asteroids, and that most of the mass remained in small plaikelvin-Helmoltz instability (Johansen et al., 2006) or the
etesimals, later removed by collisional grinding. But simustreaming instability (Youdin and Goodman, 2005; Youdin
lations of the collisional coagulation process (e.g. Wethe and Johansen, 2007).

and Stewart, 1993; Weidenschilling et al., 1997) show that Given these new models, we can once again consider the
most of the mass is incorporated in big objects. This sugnass distributions in the Mars- and asteroid belt zones. For
gests that a massive belt filled with sizable asteroids wasoair second scenario from above, it is conceivable that, un-
plausible outcome. der some conditions, only a small number of sizable bodies

The second consideration is based on the concept of tf@m in a given region, and thus they would cumulatively
so-called Minimum Mass Solar Nebula (MMSN: Weiden-carry a small net mass. This could happen, for instance,
schilling, 1977; Hayashi, 1981). The MMSN is the resulif the regions are crossed by a massive flow of small parti-
of an attempt to reconstruct the original mass distributionles, but the latter only sporadically manage to form self-
in the Solar System. It is obtained by taking the currengravitating clumps. In this case, most of the mass would
mass incorporated in the planets, adding the mass of thest pass through the region, but no large mass would reside
missing elements required to restore a solar compositioim the region at any given time (e.g., Levison et al. 2015a,b)
and spreading the resulting mass into annuli that stretch There is in fact intriguing evidence that the so-called
between the half-way distances between neighboring pladynamically "cold” population of the Kuiper belt formed
ets. The resulting MMSN surface densities in the neighbothis way. Here cold means the eccentricities and inclina-
hoods of Venus, the Earth and the giant planets scale apons of the source population was low. It has been shown
proximately asl /3/2, wherer is the heliocentric distance. that almost all large cold KBOs are binaries (Noll et al.,
However, the MMSN surface density computed from th014). The best model for reproducing observations to
current mass of the asteroid belt is lower by more than twdate is through the contraction of a cloud of small particles
orders of magnitude than that obtained by interpolation bénato two orbiting self-gravitating sizable clumps (Neswer
tween the Venus-Earth region and the giant planet regioet al., 2010). The large fraction of binaries found there
in the vicinity of Mars the MMSN density is more than anexcludes the possibility that the cold population was ever
order of magnitude lower than that obtained by said intesscattered by proto-planets (Parker et al., 2011) or was ex-
polation. posed to an intense phase of collisional evolution (Petit

One interpretation of this oddity, which we defined hereand Mousis, 2004; Nesvorny et al., 2011). The "cold” ec-
as scenario 1, is that the original mass distribution in theentricities and inclinations of this part of the Kuipertbel
proto-planetary disk was in fact smooth, but some mechaiso imply that both collisional and dynamical depletion
nism depleted the Martian and asteroid belt zones of moate probably not an option to explain its low mass. Yet,
of their solid mass. Another alternative, which we call scethe cold Kuiper belt contains a tiny total mass (Fraser et al.
nario 2, is that planetesimal and/or planetary embryo fo2014). Taken together, these considerations suggeshthat t
mation was increasingly inefficient between the Earth andold KBOs formed from the contraction of self-gravitating
the Jupiter zone, such that most of the solid mass there ditumps of small particles, but the total mass of the cold
not make it into sizable bodies. KBO population was always small. Thus, at least in one

Our view of planetesimal formation, however, has radpart of the solar system, an observed population is in line



with scenario 2.

Itis unclear whether the same is true for the asteroid be
Unlike the cold Kuiper belt, which resides at the extrem¢ = L
outskirts of the Solar System, the asteroid belt is brackete g
between two regions where formation of massive objecg
(large planetesimals and protoplanets) was efficientiahet B
restrial planet region and the giant planet region. Thisasi
the question of whether accretion in the Martian and aste g «
oid belt regions were likely to only produce only a smallg <
number of large asteroids. To do so, a drastic change in t/B
properties of the particles in these regions had to takesplac 9 |-

. . ras . Q

For example, perhaps the rock-ice particles drifting irdvar
from the outer Solar System lost their ice at the snowline vi
sublimation just outside of the asteroid belt zone (Kretki <
and Lin, 2007; Levison et al., 2015a,b). This might caus

the remnant to disintegrate into smaller particles thatldiou semimalor axls (AU)
be more difficult to accrete (Morbidelli et al., 2015). Un-

fortunately, our knowledge on particle coagulation and pro

toplanetary disk structure are still in their infancy, so w K ¢ different t i 1 ininallv ob 4 b

cannot yet say for certain whether scenario 2 is pIausibF’ m) of different taxonomic types as originally o Sf"'_rv‘.e oy
for the M d asteroid belt For thi it radie and Tedesco (1982). Further works by Mothé-Diniz et
orthe Vars and asteroid belt zones. For this reason, 1t L (2003), Carvano et al. (2010) and DeMeo and Carry (2014)

u_seful to turn to additional constraints to explore What'po%emonstrate that the level of mixing increases for sma#itaraid
sibly happened. sizes.

3.4.2 Orbital excitation, radial mixing

A key characteristic of the asteroid belt population to- ) _ ) )
day is its orbital excitation, i.e. the fact that the eccens/2 meéan motion resonance with Jupiter) and the Jupiter
tricities and inclinations ofnany asteroidal orbits are large Trojan asteroids (in the 1/1 resonance with Jupiter) are
(e.g, Petit et al. 2002). The median proper inclination oflominated by P-and D-type asteroids. The C2 ungrouped
D > 100 km asteroids, most which are considered primeteorite “Tagish Lake” has been proposed to be a frag-
mordial planetesimals (see below), is 11 deg, while the m&ent of a D-type asteroid (Hiroi et al., 2001). _
dian proper eccentricity is 0.145. Perhaps more imposant| This main belt stratlflcanon makes |ntU|t|vg sense in
the values of eccentricities and inclinations of theserastele'ms of a general view that proto-planetary disks should
oids are considerably dispersed; the former ranges betwda@ve temperatures decreasing with increasing distange fro
0 and 0.30 (with the limit being those that reach Marsthe central star. In fact, ordinary chondrites are less abun
crossing orbits), while the latter ranges between 0 and 4lant in organics and Wa_ter than carbonaceogs chondrites
degrees. The reader should be aware that, whatever the 8 therefore are more likely to have formed in a warmer
ferred formation mechanism, planetesimals are expectedR@'t of the disk. The small water content in ordinary chon-
have formed on circular and co-planar orbits. Thus, on@'ites, well below the solar proportion, suggests thatehes
or more dynamical excitation mechanism(s) within the priPodies accreted closer to the Sun than the snowline. The
mordial asteroid belt were needed to stir up eccentricitidgct that some water is nevertheless present is not in con-
and inclinations to their dispersed values. Moreover, adfadiction with this statement. A small amount of water
teroid eccentricities and inclinations do not show a strongOuld have been accreted by collisions with primitive bod-
dependence on semimajor axis, so the mechanism can#®i scatter_ed or drifting into the inner part of the disk. At
excite one part of the asteroid belt while another part is lefh® Opposite extreme, the CI meteorites show no chemical
in a much colder state. fractionation relative to the solar composition, excepCH,

A second key characteristic of the asteroid belt is the pal: © and all noble gases, suggesting that they formed in a
tial mixing of taxonomic classes. Asteroids can be groupeg@gion of the disk where the temperature was low enough to
into many taxonomic classes on the basis of their visu&llow the condensation of most elements.
and infrared spectroscopic signatures (Tholen, 1984; Bus As shown in Fig. 3.6, however, asteroids of different tax-
and Binzel, 2002; DeMeo et al., 2009). As shown firsPnomic types are partially mixed in orbital semi major axis,
by Gradie and Tedesco (1982) for the largest asteroids, tHdlich smears the trend relating physical properties to he-
inner belt is dominated by S-complex asteroids, many dtocentric distance. This pattern has not been interpreted
which are probably related to the meteorites known as ordi mean that asteroids of intermediate physical properties
nary chondrites (Binzel et al. 1996). The central belt (2.5/€Side between major categories. Instead, it is likely due
3.2 AU) is dominated by C-complex asteroids, probably rel0 the actual existence of asteroids of different taxonomic
lated to carbonaceous chondrites (Burbine et al., 2002, TIP€s in those semimajor axis zones. Itis possible that some
Cybeles asteroids (3.2-3.7 AU), the Hilda asteroids (in th@ixing could be a function of how the thermal and com-

ig. 3.6.—The relative distribution of large asteroid® (>



positional properties of the disk evolved with time. Given~ 1,000, or it would need to contain a few larger bodies
that no systematic differences in accretion ages has yat befer a more limited time. Either way, the belt would need to
found among the main group of chondrites (i.e., most choibe much more massive than observed. In contrast, the low
drules formed between 1-3 Myr after CAls; Villeneuve etotal mass of the cold Kuiper belt population is very much
al., 2009), however, it seems more likely that some meclin line with this argument.
anism, possibly the same that excited the asteroids’ drbita A possible way out of this is to argue that the low-mass
eccentricities and inclinations, also led to some modest stasteroid belt was dynamically excited by external processe
ring of their original semimajor axes. Two processes have been proposed so far in the literature:
3.5Modeling work matched to constraints (i) the sweeping of secular resonances through the belt dur-

In this section we review the most established modelsg the dispersal of the gas from the protoplanetary disk
for the evolution of the asteroid belt, but we also discuséHeppenheimer, 1980; Ward, 1981; Lecar and Franklin,
the potential of new ideas and the issues that remain to h897; Nagasawa et al., 2000, 2001, 2002) and (ii) gravi-
explored. We break this discussion in two parts: first weational interactions between asteroids and massive sodie
address Scenario 2, the case where the asteroid belt séqem the terrestrial planet and/or gas giant regions (&g.,
posedly formed with a low mass, then Scenario 1, the cad®87; Petit et al., 1999; Ward 2001; Levison et al. 2015b).
where the belt was initially massive and had to be dynamAs discussed in a review by Petit et al. (2002), the models
cally depleted fast enough to experience limited collialon tested at that time either had yet to produce a satisfactory
activity. eccentricity and inclination distribution or they had nety

3.5.1 From alow-mass asteroid belt been tested against all constraints.

A primary challenge for models that hope to form alow- For example, secular resonance sweeping from (i)
mass asteroid belt (Scenario 2) is to reproduce its observeddes not reproduce the main belt's inclination distribmitio
orbital excitation. (O’Brien et al., 2007): apparently only a very slow gas-

If there is little mass in the belt, the self-stirring of aste dispersal would be capable of substantially exciting aster
oid orbits is extremely inefficient. According to Wetherill oid inclinations, but at the cost of not producing a suffitien
and Stewart (1993b) and Stewart and Ida (2000), the equdispersion of final inclination values around the mean value
tions for the self-excitation of the mean eccentricity amd i (i.e. all asteroids have approximately the same inclimatio
clination of of a population of planetesimals of individualin the end, whereas the real ones have inclinations rang-

massM are: ing from O to 30 degrees). Moreover, secular resonance
12 C sweeping does not produce radial mixing of asteroids of
T ZMeQ(JT(ﬁ) +4J9(5)) , (3) different taxonomic types; it instead preserves the ihitia

semi-major axis distribution (e.g., O'Brien et al. 2007 and
numerous references therein). A similar problem would
At 432 likely be faced by invoking resonance excitation via the

large embryos that presumably went on to form Jupiter’s

— 2 /,2\1/2 i
H.ereﬁ. = (I%/e ,) /2 and the functions’,., Jy and J. are core (Ward 2001), though this has yet to be tested. (Note
given in appendix A3 of Kenyon and Luu (1999). the COthat O'Brien et al., (2007) assumed their giant planets were

efficientC’ in eq. (3), (4) is given by Wetherill and Stewart g together and were on low eccentricity and low incli-

r _ iMI?JZ(B) : (4)

(1993b): nation orbits, which this explains some of the differences
16G2p between their work and previous work; see Morbidelli et al.
C= Vi(e2)52 (log A +0.55) , (5)  (2015) for further discussion).
K

The scattering of massive bodies from the giant planet
whered is the gravitational constanty is the Kepler ve- region from (ii) would likely give the belt an uneven ex-
locity, A describes the minimum two-body deflection anglesitation and depletion distribution, with the outer paift le
(detailed in Wetherill and Stewart, 1989) apds the spa- notably more excited than the inner part because the outer
tial density of particleg (this is the term where the total part is more accessible to Jupiter-scattered bodies @etit
population of bodies of individual magd intervenes). al. 1999). The effect of planetary embryos scattered out of

Using these formulae, one can compute that an asterdite terrestrial planet region has yet to be tested, though by
belt dominated by 5 Ceres-mass objects (thus a belt ondiefinition, that model would also need to reproduce the low
moderately more massive than the current one) leads to limrass of Mars and the asteroid belt. Thus, models advocat-
ited self-stirring, such that the mean eccentricity of dn in ing an initially low-mass asteroid belt can be validated/onl
tially cold main belt population would only get to 0.025 inif they can successfully address the orbital excitation and
4.5 Gy, while the mean inclination would only get to 0.6radial mixing constraints.
deg. Comparable results can also be obtained by tracking 3.5.2 From a massive asteroid belt
the effect of Ceres’ perturbations on asteroids using tirec If the belt was originally massive, the first constraint that
numerical integration (e.g., Carruba et al. 2003). In ordareeds to be addressed is its mass depletion (Scenario 1).
to stir up the main belt to a mean eccentricity of 0.1, thdlore than 99% of the initial mass needs to be removed and
number of Ceres-mass bodies would need to be the ordertbfs removal has to be fast enough to avoid too much colli-



sional evolution, as discussed above. Izidoro et al., 2015); (iii) the surviving asteroids suffar
Three mechanisms have been proposed in the literatutense collisional evolution because the dynamical depieti
which we describe below. timescale is relatively slow (i.e., many tens of My). Thus,
3.5.3 Migration of planetary embryos for the integrated collisional activity of asteroids to r@m
Ogihara et al. (2015) showed that planetary embryosithin the ~ 10 Gy constraint described above, the initial
originally in the asteroid belt, if sufficiently massive,nca mass in planetesimals in the asteroid belt region probably
migrate out of the belt and into the terrestrial planet ragiohad to have been no larger than 200 times the current as-
by tidal interactions with the gas disk (so-called Type-1 miteroid belt mass, or less than one Mars mass (Bottke et al.,
gration; e.g. Tanaka et al., 2002). Thus, if the planetar005b). This implies that, if the belt originally had a mass
embryos carry the vast majority of the initial mass of theof the order of an Earth mass, more than 90% of its primor-
main belt, the final main belt would be left severely massdial mass had to be in planetary embryos.
depleted. The most serious problem here is with constraint (i),
A problem with this scenario is that the rapid migratiornamely that embryos in the asteroid belt often lead to a
of planetary embryos out of the main belt would not proMars that is much larger than that observed. If the small-
vide sufficient orbital excitation of the remaining asteéioi Mars problem was solved by other mechanisms, however,
(Ogihara, private communication). In essence, the embry&%etherill's model could be considered a valid possibility
leave the belt so quickly by Type-1 migration that they ddor dynamically sculpting the primordial asteroid belt.
not have time to excite the bodies left behind that are unaf- 3.5.5 Migration of Jupiter through the asteroid belt
fected by this type of migration. Moreover, gas would still  This model, originally proposed in Walsh et al. (2011)
be presentin the disk, since it would be required to drive thend known colloquially as the 'Grand Tack’ scenario, is
migration of the embryos, and therefore the gas drag woulslilt on results from hydrodynamics simulations that show
have helped damp the eccentricities and inclinations of ththat Jupiter migrates towards the Sun if it is alone in the
small bodies. Thus, this model would requires an externgls-disk, while it migrates outward if paired with Saturn
excitation mechanism similar to those discussed in the ca@dasset and Snellgrove, 2001; Morbidelli and Crida, 2007,
of an initially low-mass asteroid belt (Scenario 2). Pierens and Nelson, 2008; Pierens and Raymond, 2011;
3.5.4 Stirring from a population of resident embryos  D’angelo and Marzari, 2012). Thus, the Grant Tack postu-
In this model, originally proposed by Wetherill (1992),lates that Jupiter formed first and migrated inward. As long
when gas was removed from the Solar System, the protas Jupiter was basically alone, with early Saturn too small t
planetary disk interior to Jupiter consisted of a bi-modasubstantially influence Jupiter's dynamics, Jupiter ntepla
population of planetesimals and planetary embryos, the lahwards from its initial position (poorly constrained biste
ter with masses comparable to those of the Moon or Marmated at~3.5 AU) down to 1.5 AU. Then, when Saturn
Numerical simulations (Chambers and Wetherill, 1998; Peapproached its current mass and migrated inward to an orbit
tit etal., 2001; O'Brien et al., 2006, 2007) show that, undeclose to that of Jupiter, Jupiter reversed migration dioect
the effect of the mutual perturbations among the embrydska it "tacked”, hence the name of the model). This al-
and the resonant perturbations from Jupiter, embryos mé&ywed the pair of planets to both move outwards together.
leave the asteroid belt region, whereas they collide witithis migration continued until all gas was removed from
each other, are scattered out of the solar system by Jupitire disk, which the model assumed took place when Jupiter
or go on to build the terrestrial planets inside of 2 AU. Whilereached a distance 6f5.5 AU.
they are still crossing the asteroid belt, the embryos also e  The Grand Tack model assumes that Jupiter formed just
cite and eject most of the original resident planetesimalsutside the snowline at 3.5 AU. The planetesimals origi-
Only a minority of the planetesimals (and often no emnally inside its initial orbit were assumed to be predom-
bryos) remain in the belt at the end of the terrestrial planetnantly S-complex, some which may be oridinary chon-
formation process, which explains the mass depletion of thdrites, others which may be highly metamorphosed bod-
current asteroid population. The eccentricities andimacli ies (e.g., enstatite chondrite, Earth precursors, etcur- D
tions of the surviving asteroids are excited and randomizeihg its inward migration, Jupiter penetrates into the disk
and the remaining asteroids have generally been scatter@dthese planetesimals (whose distribution is sketched as
somewhat relative to their original semimajor axes, repraa dashed area in Fig. 3.7). In doing so, most planetesi-
ducing the observed mixing of taxonomic types. mals are captured in mean motion resonances with Jupiter
This model is therefore quite successful in reproducingnd are pushed inwards. However, some 10% of the plan-
all the main properties of the asteroid belt: mass depletiortesimals are kicked outwards by an encounter with Jupiter,
excitation, and radial mixing. Its main limitations are thareaching orbits located beyond Saturn, which collectively
(i) this model is not fully consistent with terrestrial pitn  have an orbital (a,e) distribution that is typical of a sewtl
formation because it tends to produce planets at the latatidisk (i.e. with mean eccentricity increasing with semimajo
of Mars which are too massive (Raymond et al., 2009); (iiaxis). In semimajor axis range, this scattered disk overlap
in several simulations embryos remain in the inner asteroidith the inner part of the disk of primitive bodies (whose
belt, particularly if Jupiter and Saturn were at the time owlistribution is sketched as a dotted area in Fig. 3.7), which
quasi-circular and co-planar orbits (Raymond et al., 200%re initially on circular orbits beyond the orbit of Saturn.
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however, has yet to be attempted.
The final orbital eccentricity and inclination distributi®
S-type — C-type of the asteroids in the belt appear to be excited and random-

_TB s . ° i_zed (Walsh _et_ aI.,_20_11): A.potential concern is that_ the

final eccentricity distribution is skewed towards the high-
eccentricity boundary of the asteroid belt, whereas the ob-
served one peaks around0.1. If one accounts for the sub-
sequent evolution of the asteroids, however, it may be pos-
sible to lower these values. Possible mechanisms include a
later phase of dynamical instability among the giant planet
(e.g., the Nice model; Morbidelli et al., 2010; 2015). As
the giant planets undergo an orbital reshuffling, some-aster
oids in the main belt may undergo chaotic diffusion; some
bodies will evolve to lower eccentricities while othersaka
planet-crossing orbits and escape into the terrestrialgpla
region. This process is the subject of ongoing work, though
preliminary work suggests the model asteroid distribution
can approach the observed one (Deienno and Gomes, per-
sonal communication).

Semimajor axis

Fig. 3.7.—A scheme showing the Grand Tack evolution of
Jupiter and Saturn and its effects on the asteroid belt. it

panels show three evolutionary states, in temporal seguéfirst L . . . .
the planet migrate inwards then, when Saturn reaches itsragur The mixing of taxonomic types is achieved in the Grand

mass, they move outwards. The dashed and dotted areas sche ck model by in.jecting.ma,ny C—complgx ast-eroids into the
tize the (a,e) distributions of S-complex and C-complermstis asteroid belt during Jupiter’'s outward migration phases Th

respectively. The dashed and dotted arrows in the lowerlpanénal distribution (Walsh et al., 2011) shows that S-complex
illustrate the injection of scattered S-complex and C-clemps- asteroids dominate the inner belt and C-complex asteroids

teroids into the asteroid belt during the final phase of ouwai- ~ dominate the outer belt, but both populations overlap over
gration of the planets. the entire asteroid belt semi major axis range. The incltusio
of additional C-complex bodies during a late dynamical in-

. . . tability of the giant planets is al ibility (Levist
These bodies, being formed beyond the snowline, should ?azlolo)g;) e giant planets is also a possibility (Lewi

rich in water ice and other volatile elements, and therefore’
the model iates them with C lex asteroids. After >0 immary
€ model associates them wi -compiex asterolds. Aller 1,6 asteroid belt has been a key witness to many of

Jup|t_er reactrle:?l.S AU (thI:staIue '3 cobr!strEalnteh(.le?/y Itme the major collisional and dynamical events that have taken
r?quz'gelT?g 0 borm afmla 20?23' ‘:’]m ‘1 '9 ard M abgd lace in the inner solar system over its history. This means
a., , Jacopson et al, , Jacopson and Morbide fur planetesimal and planet formation models should not

ﬁomt)r’\ Salt urnf |_n\f[vard tmlgra_tt|otr_1 Chﬁng?fhtg? S(;_rufugﬁ_%e considered complete until they can satisfy the numerous
ow fhe planets interact gravitationafly wi € disk- S constraints provided by this population. While consider-

causes Jupiter to reverse its migration direction and MOVHle progress has been made over the last several decades

E)hutwar(ilt. Dudrlgg this tllme(,jlthke ‘]u%'ttir andl Satt#m gnggunt. interpreting how the main belt reached its current state,
€ scattered S-complex disk, and then aiso In€ PHiMIVe g, 4 mental issues still await resolution. For example, as

Kicked d here th h th teroid belt M§escribed here, there is currently a debate on whether the
icked Inwards, where they reach the asterold be reglo&imordial main belt was initially massive or whether it has

and are implanted there as Jupiter moves out of it. always been close to its present-day mass. In addition, the

. The migration_ of Jupiter. through the asteroid _belt Chature of the dynamical processes needed for the asteroid
gion leaves the final asteroid belt highly depleted in masaiI

In fact. th bability that a S lex body i t elt to achieve its current dynamically excited and semi-
n fact, the probability that a 5-complex body 1S SCalere@y, o state — in terms of sizable S- and C-complex asteroids
back into the asteroid belt is of the order of a few times

X : . = till being studied. Our int tation of the codlisal
10=3 (Walsh et al., 2011). This dynamical depletion oc are st being studie uf INterpretation of the cotisa

okl 01 M d v in the hist ; ‘evolution of the main belt also depends on constraints like
curs quickly ¢ 0.1 My) and very early in the Nistory ot e number and sizes of asteroid families that may become
the Solar System. By definition, it has to occur before th

: . f‘ﬁcreasingly incomplete as we go further back in time. For-
complete removal of th? gas d!Sk’ Wh.'Ch IS thought to Iasﬁmately, or unfortunately, depending on your point of yiew
3-4 _I\/I_y after the formatu_)n of f|rst_ solids (i.e., the CAls)] all of these questions are intertwined, so an advance on one
Collisional evolution during this time among asteroids 'SProbIem may allow us to more readily address the others.
intense but brief, and the surviving bodies in the main belt Additional headway on these issues may also come from

S.hOUIId futl_ﬂl_ltthef 10tGy.gonstrzé|nt or_wbthde |Etegraltjd H(;%""Ithe application of new constraints. For example, many
sional activity of asteroids, as described above (Morkiide meteorites came from large main belt asteroids via a col-

?t aI_., 2|0$52)' N(Ijodhellnkg th'i sce_nan”o W't_h gollltlsmn ::'vc_)h: lisional cascade (Bottke et al. 2005c). Studies of these
lon Inciuded and checking it again all main belt constmin tiny asteroid samples provide us with a treasure trove of
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data that be used to help us understand both planetesimal
formation and evolution (e.g., how these bodies were af-
fected by early bombardment; Marchi et al. 2013; Bot-
tke et al. 2015a). The issue is placing these data into the
correct solar system context, which is a job for our col-
lisional and dynamical evolution models. Progress could
also come from new missions to large primordial asteroids,
some which may possess critical clues that bear on the is-
sues discussed here. Our visits to Vesta, Ceres, and Lutetia
via NASA's Dawn and ESA's Rosetta missions have only
begun to whet our appetite. There is also much that can still
be accomplished with ground- and space-based observation
campaigns. Some key examples are the asteroid color data
provided by the ground-based Sloan Digital Sky Survey
(Parker et al. 2008) and the asteroid albedo data provided
by NASA's space-based infrared telescopic survey WISE
(e.g., Masiero et al. 2011).

Perhaps the most important issue of all, however, is to
consider the asteroid belt as part of our entire system of
worlds that stretches from Mercury to the Oort cloud. Major
dynamical events often affect multiple worlds, so the most
powerful and insightful models are those that can match
all of the available constraints, not just those for indixadl
worlds or a limited number of asteroids. Only then will we
be able to say with some confidence that we have answers
that are likely to be robust.
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