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ABSTRACT 

The size distribution of main-belt of asteroids is determined primarily by collisional 

processes. Large asteroids break up and form smaller asteroids in a collisional cas­

cade, with the outcome controlled by the strength-vs.-size relationship for asteroids. 

We develop an analytical model that incorporates size-dependent strength and is 

able to reproduce the general features of the main-belt size distribution. 

In addition to collisional processes, the non-collisional removal of aster­

oids from the main belt (and their insertion into the near-Earth asteroid (NEA) 

population) is critical, and involves several effects: Strong resonances increase the 

orbital eccentricity of asteroids and cause them to enter the inner planet region; 

Chaotic diffusion by numerous weak resonances causes a slow leak of asteroids into 

the Mars- and Earth-crossing populations; And the Yarkovsky effect, a radiation 

force on asteroids, is the primary process that drives asteroids into these resonant 

escape routes. Yarkovsky drift is size-dependent and can potentially modify the 

main-belt size distribution. The NEA size distribution is primarily determined by 

its source, the main belt population, and by the size-dependent processes that de­

liver bodies from the main belt. All of tliese processes are simulated in a numerical 

collisional evolution model that incorporates removal by non-collisional processes. 

This model yields the strength-vs.-size relationship for main-belt asteroids and the 

non-collisioiral removal rates from the main belt required for consistency with the ob­

served main-belt and NEA size distributions. Our results are consistent with other 

estimates of strength and removal rates, and fit a wide range of constraints, such 

as the muTiber of ol)served asteroid families, the preserved l)asaltic crust of Vesta, 

the cosmic ray exposure ages of meteorites, and the ol)served cratering records on 
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asteroids. 

Finally, our analytical and numerical models are applied to the collisional 

evolution of the trans-Neptunian objects (TNOs). We show that the TNO popula­

tion likely started with a shallow initial size distribution, and that bodies > 10 km 

in diameter are likely not in a collisional steady state. In addition, we show that the 

population of bodies in the TNO region below the size range of recent observational 

surveys is likely large enough to explain the observed numbers of Jupiter-family 

comets. 
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CHAPTER. 1 

Introduction 

The work of Opik (1951) and Piotrowski (1952, 1953) showed that main-belt as­

teroids collide with one another at velocities of 5 kni/s, and that these collisions 

occur frequently over geologic time. Since those early works, the evolution of the as­

teroid size distribution due to such collisions has been considered by many authors. 

The theoretical models of Dohnanyi (1969), Greeuberg and Nolan (1989), Williams 

and Wetherill (1994), and Tanaka et al. (1996) all showed that for a popuhition of 

self-similar colliding bodies (all bodies have the same collisional response parame­

ters, such as strength per unit mass), the steady-state is a differential power-law 

size distribution 

dN^'-Bir^dD (1.1) 

where D is the diameter, dN is the incremental immber of bodies in the size range 

[D, D + dD], B is a constant, and the power law index p = 3.5, independent of the 

details of the collisional physics. See Appendix A for how the differential size dis­

tribution is related to other connnonly used representations of the size distribution, 

such as the cumulative number distribution and the log-incremental distribution. 

As theoretical imderstanding of the evolution of the main-belt size dis­

tribution has improved, so has our knowledge of the actual population from ob­

servational studies. Extensive survey programs such as Spacewatch (Jedicke and 

Metcalfe, 1998), the Sloan Digital Sky Survey (SDSS) (Ivezic et al, 2001), and the 

Subaru Sub-km Main Belt Asteroid Survey (SMBAS) (Yoshida et al, 2003), with 
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appropriate corrections for observational biases, give estimates of the main-belt size 

distribution down to diameters as small as ~ 500 m. 

The main-belt size distribution differs significantly from the single power 

law predicted by earlier theories, and is in fact 'wavy' with an average power law 

index p less than the classical value of 3.5. This disagreement with theory is due pri­

marily to the fact that, as we discuss in Chapter 2, contrary to earlier assumptions, 

the strength of an asteroid does depend on its size: For small bodies (D <1 km), 

material properties such as the flaw distribution control the strength, making them 

weaker with increasing size; Larger bodies, which have significant self-gravity, be­

come stronger with increasing size due to gravitational self-compression and even if 

they break up, they are effectively stronger due to the gravitational reaccumulation 

of fragmeni;s. 

Size-dependent strength is accounted for in the analytical model of O'Brien 

and Greenberg (2003) (also Chapter 3 of this dissertation), as well as in numerical 

collisional evolution models (Durda, 1993; Davis et al, 1994; Durda and Dermott, 

1997; Durda et al, 1998; Marzari et al., 1999). In general, the power-law index p 

of the population is expected to be > 3.5 when strength decreases with increasing 

size and < 3.5 when strength increases with size. Therefore, on a log-log plot, the 

small-body portion of the size-distribution, for which material properties dominate 

the strength, should be steeper than the large-body part, where gravity dominates. 

In addition, these researchers found that the transition between these two different 

regimes creates 'waves' that propagate through the large body size distribution. 

For a given set of size-dependent strength parameters for asteroids, collisions can 

'sculpt' the main-belt size distribution. Conversely, given knowledge of the main-

belt size distribution from surveys such as Spacewatch, the Sloan Digital Sky Survey 

(SDSS), and tlie Subaru Sub-krn Main Belt Asteroid Survey (SMBAS), we are able 

to place constraints on the strength law for asteroids. 
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Collisions are not: the only process that affects the main-belt size distri-

but;ion. Numerous dynamical meehanisms (described in detail in Chapter 4) can 

influence it as well: Orbital resonances between asteroids and the planets (primar­

ily Jupiter, Saturn, and Mars) provide 'escape routes' from the main, belt; Also, 

the Yarkovsky effect, a radiation force, provides semi-major-axis mobility to aster­

oids that can sweep them into these resonances and thus remove them from the 

main belt. The Yarkovsky effect is size-dependent, and can therefore affect tlie size 

distribution of the main belt. 

Because of this size dependence, the shape of the main belt size distribu­

tion can be changed. Moreover, the bodies leaving the main belt through resonances 

enter the near-Earth asteroid (NEA) population. Indeed, the size distribution of 

NBAs is determined by the main-belt population from which they came and the 

size-dependent dynamical processes that helped deliver them. Thus, observational 

estimates of the NEA population from surveys such as Spacewatch and the JPL 

NEAT survey (R,abinowitz et al,, 2000) and the MIT Lincoln Lab LINEAR survey 

(Stuart, 2001; Harris, 2002) serve as a constraint on the dynamical transport mech­

anisms between the main belt and NBAs, as well as a constraint on properties of 

the main-belt population itself. 

A comprehensive model of main belt and NEA evolution must treat both 

collisional and dynamical processes. Without collisional evolution in the main belt, 

asteroid sizes depleted by dynamical mechanisms would never be replenished. Both 

the main belt and NEA populations would then have severe gaps in their size 

distributions. Likewise, without dynamical mechanisms operating, there would be 

no NEA population. With both processes acting coevally, the NEA population 

is sustained by the input of material from the main belt and the bodies removed 

from the main belt are partially replenished by fresh collisional fragments (thus 

preventing a runaway depletion). 



Tlicre arc 6 major observational constraints that must be satisfied by a 

comprehensive collisional and dynamical evolution model; It must reproduce (1) 

the main belt and (2) the NEA size distributions; (3) collisional lifetimes of meter-

scale bodies must be consistent with the cosmic ray exposure (ORE) ages of stony 

meteorites; (4) the number of collisional disruption events involving bodies on the 

order of 200 km or larger must be consistent with the number of currently observ­

able asteroid families; (5) the level of collisional intensity must be low enough that 

the basaltic crust of Vesta is preserved; And (6) the population of km-scale and 

smaller bodies must be consistent with the observed cratering records on Gaspra, 

Ida, Mathilde, and Eros. Such a model must also be consistent with independent 

estimates of asteroid strength in the literature, and must be consistent with dy­

namical models of the delivery of NEAs. No previous single model has attempted 

to reconcile all of these constraints. 

In Chapter 2 we discuss the observational constraints just described, and 

discuss asteroid strength in terms of appropriate definitions, parameterizations, and 

theoretical and experimental constraints. In Chapter 3 we develop the first ana­

lytical collisional evolution model that incorporates size-dependent strength. Tliat 

model is able to reproduce the general features of the main-belt size distribution 

(constraint 1), such as the transition in slope between small and large bodies and 

the development of a wave due to that transition. 

Chapter 4 provides a review the dynamics involved in the transport of 

material between the main belt and NEA population, and identifies the results of 

previous dynamical studies that we will incorporate into our numerical model In 

Chapter 5, we give a review of the Yarkovsky effect and derive an approximate 

relation for the removal rate from the main belt as a function of size. In Chapter 6 

we develop a numerical model to treat the simultaneous collisional and dynamical 

evolution of the main belt and NEAs. We present the strength law and dynamical 

parameters that best fit the constraints 1-5, and show that our results are consistent 
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with the estimates of asteroid strength by othijr authors and the dynamical results 

presented in Cliapters 4 and 5. Finally, in Chapter 7 wc show that the best-fit 

main-belt population presented in Chapter 6 is consistent with the final constraint, 

the cratering records observed on asteroids. 

A natural application of the analytical and numerical tools that we have 

developed for studying asteroids is to model the collisional evolution of the trans-

Neptunian object (TNO) popiilation, which, like the asteroid belt, is a population 

that evolves under the influence of mutual collisions. The population of TNOs 

has recently been estimated, from an HST survey, down to a diameter of ~ 10 

km (Bernstein et al, 2003). In Chapter 8, we use our analytical and numerical 

models to help constrain the evolutionary history of the TNOs, and to infer what 

the population of TNOs below ~ 10 km may be. Our results can potentially explain 

the discrepancy, noted by Bernstein et al. (2003), between observational estimates 

of the TNO population and dynamical models of the delivery of Jupiter-family 

comets. 



CHAPTER 2 
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Background 

This chapter consists of two sections. In th,e first section, we present the six pri­

mary ot)serva.tio:i:ial constraints on the colMsional and dynamical evohition of the 

asteroid belt. In the second section, we present the different definitions of jister-

oid strcingth in terms of appropriate definitions, parameterizations, and theoretical 

and experimental constraints, and we summarize published estimates of asteroid 

strength. 

2.1 Observational Constraints 

2.1.1 Main-Belt Size Distribution 

The population of main-belt asteroids is 'observationally' complete to ~ 30 km 

in diameter. For smaller asteroids, the Spacewatch survey (Jedicke and Metcalfe, 

1998) provides a good estimate of the population down to a few km. The observed 

magnitudes of these asteroids can be converted into diameters using albedos derived 

from IRAS observations (which are available as a function of size and position in the 

main belt), as discussed by Durda and Dermott (1997, 1998). We use their values 

for the size distribution of ast(!r(.)ids larger than ~ 3 km in diameter (D. Durda, 

private comrrmnica,tion). Two recent observational sinveys allow us to extrapolate 

this population down to smaller sizes. The Sloan Digital Sky Survey (Ivezic et al., 

2001) finds a power-law index p = 2.3 ± 0.05 (1.3 ± 0.05 cumnlative) for the size 

distribution of asteroids between ~ 400 m and 5 km in diameter, but estimates about 

a factor of two fewer small bodies than the Spacewatch survey at similar sizes. This 



fliscrepaij,cy is likely duo to a normalization error resulting from the much smaller 

section of sky searched by the SDSS (R. Jcdicke, private conu:mmica.tion). Here 

we adopt the slope found by the SDSS, but normalize the numbers by a constant 

factor to fit the Spacewatch results at 3-5 km. In this way we extend the estimate of 

the main-belt size distribution down to sub-km sizes. The Subarau Sub-km Main-

Belt Asteroid Survey (SMBAS) (Yoshida et al, 2003) found a power-law index 

p = 2.19 ±0.02 for asteroids in the 500 m -1 km diameter range, which is very close 

t.o the SDSS estimate in that size range, and can also be used to extrapolate the 

Spacewatch estimate down to sub-km sizes. A plot showing all of these estimates 

of the main belt size distribution is shown in Fig, 2.1. 

2.1.2 NEA Size Distribution 

The population of near-Earth asteroids (defined as asteroids with perihelia q < 1.3 

AU and aphelia Q > 0.983 AU (Rabiiiowitz et al, 1994)) has been estimated by sev­

eral surveys. Converting the results of these surveys into diameters is difficult since 

independent determinations of NEA albedos are not as extensive as the maixi-belt 

IRAS observations. Moreover, those albedos that have been determined (generally 

by ground-based IR observations) have a nmch wider range of values than those of 

main-belt asteroids (Delbo et al, 2003). Hence, we describe the NEA size distribu­

tion in terms of the absolute magnitude H rather than diameter D. H is defined 

as the visual magnitude an object would have if it were 1 AU from the Sim and 

observed at a distance of 1 AU at a phase angle of zero. If the visual geometric 

albedo pv is known, the diameter (in kilometers) can be found from 

D = (2.1) 
\/pv 

(see Bo well et al. (1989), Eq. A6). For an albedo pv' = 0.11, H  ~ 18 corresponds to a 

diameter of approximately 1 km. Assuming a constant albedo, as the ff-inagnitude 
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Observational Estimates of the Main-Belt Size Distribution 
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Figure 2.1; Observational estimates of the main belt size distribution. Tlie sohd 
Une is the population of observed asteroids, and open circles are from Spacewatch 
main-belt observations (Jedicke and Metcalfe, 1998). These data, converted to 
diameters, were provided by D. Durda, The triangles are an extrapolation based on 
the Sloan Digital Sky Survey (Ive/ic et al, 2001), and the upside-down triangles are 
an extrapolation base on the Subaru Sub-km Main Belt Asteroid Survey (Yoshida 
et al, 2003). 
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of a body increases, its diameter decreases. 

Direct observations yield population statistics that are reasonably complete 

up to about H = 15 (we use the JPL DASTCOM database^). Using Spacewa,tch 

data along with data from JPL's Near Earth Asteroid Tracking (NEAT) program, 

Rabinowi1;z et al. (2000) estimated the NEA if-magnitude distribution down to an 

H magnitude of 30 (4 m in, diameter for an albedo pv^O.ll). Based on MIT's Lin­

coln Lab's LINEAR survey, Stuart (2001) estimated the //-magnitude distribution 

of NBAs down to H = 22.5. Harris (2002), using the same dataset but a different 

technique to correct for observational biases, extended the NBA estimate down to 

H = 25.5 (the actual data are reported in Brown et al. (2002)). The estimates of 

the NEA //-distribution based on these observational surveys are shown in Fig, 2.2. 

Werner et al. (2002) used the lunar cratering record to derive the impacting 

population on tlie hmar surface (i.e. the NEAs). Their results give an NEA popu­

lation in terms of diameter, as opposed to the absolute magnitudes obtained from 

observational data. Figure 2.3 shows the estimates obtained from lunar craters con­

verted to absolute magnitudes using albedos py of 0.11 and 0.40. The low-albedo 

curve best fits the larger (small H) NEAs and the high-albedo curve best fits the 

smaller NEAs. 

2.1.3 Meteorite Cosmic Ray Exposure Ages 

Another important observable quantity is the cosmic-ray exposure (CRE) age dis­

tribution of meteorites. CRE ages give the length of time a body has been exposed 

ill space as a meter-scale object or near the surface of a larger body. Material in 

the interior of an asteroid or on the surface of the Earth is not exposed to cosmic 

rays. Thus, CRE ages tell us the time between when a meteoroid was liberated from 

its parent body and when it landed on Earth. The most common meteorites, the 

' htip://ssd.jpi..nasa.gov/sb..eleni.html 
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Observational Estimates of the NEA Size Distribution 
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Figure 2.2: Observational estimates of the NEA size distribution. The solid line is 
the cataloged population of NEAs from the JPL DASTCOM database. Squares and 
triangles are the Rabinowitz et al. (2000) estimate using Spacewatch and NEAT 
data. Diamonds are the Stuart (2001) estimate using LINEAR data, and pentagons 
are the Harris (2002) extension of that estimate, publislied in Brown et al. (2002). 
Assiuning a constant albedo, as the f/-magnitude of a body increases, its diameter 
decreases. 
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Figure 2.3: Estimate of the NEA size distribution from hmar cratering data 
(Werner et al., 2002) superimposed on the observational data from Fig. 2.2. The 
crater-derived data is originally in terms of diameter, and has been converted (us­
ing conversion factors from Werner et al.) to absolute magnitude H using albedos 
Pv of 0.11 and 0.40. Assuming a constant albedo, as the H-magnitude of a body-
increases, its diameter decreases. It is clear from this plot that the low-albedo curve 
best fits the larger NBAs (small H) and the-high albedo curve best fits the smaller 
NEAs, indicating that the albedo of NEAs is likely a function of size. 



ordinary clioncirites, have CRE ages ranging from a few million years to ~ 100 Myr 

with a mean age of around 20 Myr (Marti and Graf, 1992). The different subclasses 

of ordinary chondrites have peaks at different ages, such as the prominent 8 Myr 

peak for the H chondrites, which is possibly the result of a significant impact event. 

Figure 2.4 shows the distributions of CRE ages for the different chondrite types. 

Achondrites have CRE ages similar to those of ordinary chondrites (Welten et al., 

1997). Iron meteorites, on the other hand, have CRE ages on the order of 100 Myr -

1 Gyr, a factor of 10-100 larger than those of stony meteorites (Caflee et al., 1988). 

Complex exposvu'e histories, which occur when the geometry of irradiation 

changes, can be found in some meteorites. Such geometry changes could occur 

if a meteorite was on the surface of a larger parent body or buried at a shallow 

depth within the body, was liberated by a collision, then accumulated moi'e expo­

sure before arriving at Earth. The presence of a large number of meteorites with 

complex CRE histories would indicate that the precursor bodies of meteorites were 

relatively small (10 m or less in diameter), such that most of their mass was not 

strongly shielded from cosmic rays. Conversely, the lack of meteorites with com­

plex CRE histories would indicate larger parent bodies. It has been estimated from 

some models of meteorite delivery that a significant fraction of meteorites should 

have complex exposure histories (e.g. Wetherill (1985), Vokroulilicky and Farinella 

(2000)). Complex exposure histories, however, require high precision measurements 

of different isotope ratios to detect, so there is not a large number of meteorites with 

positively identified complex CRE histories. Thus, we do not consider complex CRE 

histories to be a significant constraint on our models. 

2.1.4 Asteroid Families 

It has been known for nearly a century that there are clusterings of asteroids in 

orbital element space that are not random, but in fact result from the breakup of 
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nic ray exposure age histograms for ordinary chondrites. This figure 
Ih and Gladman (1998) bfjsed on data provided to them by T. Graf. 




