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Introduction
Planets are formed by the conglomeration of small bodies, 
planetesimals, in young circumstellar disks while the planetesimals’ 
velocity dispersion remains low. The number-size distribution of the 
planetesimals not incorporated into planets may reveal their dynamic 
state when conglomeration ends and collisional grind-down begins (e. 
g. Kenyon & Bromley 2004 (AJ, 128, 1916), Kenyon & Bromley 2008 
(2008arXiv0807.1134), Morishima et al. 2008 (ApJ 685, 1247))
Observations of extra-solar systems only see small grains, so modeling  
the evolution is needed to get information on the larger bodies (e. g. 
Wyatt et al. 2007 (ApJ 633, 365))
In the Kuiper belt, the largest bodies (~100 - 1000 km) follow a 
number-size distribution fit by a differential power law with a slope of 
-4 to -5 (e. g. Fraser et al. 2008 (arXiv:0810.2296), Fuentes & Holman 
2008 (AJ, 136, 83)).

Sample
We use the Hillenbrand et al. 2008 (ApJ 677, 630) observational 
sample of debris disks.  They have multiband Spitzer imaging for 25 
disks. This provides temperature, and thus semi-major axis estimates.  
They also provide isochrone ages, updated in Carpenter et al. 2008.   
(2008arXiv:0810.1003C) Disks poorly fit by a single temperature are 
identified as having an extended dust distribution.  We exclude both 
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Figure 1. The Hillenbrand et al. 2008 sample uses temperature 
data to estimate the semi-major axii of the dust.  Combined 
with age data, this provides strong constraints for modeling.

Figure 4. We simulate and plot the inferred initial mass of each 
system against its age.  Where our assumed value of q is 
correct, we expect the maximum inferred mass to be constant 
at all ages.  From this, we infer the differential number-size 
distribution best fits a power law with a slope between -3.5 
and -4.0, at medium sizes (~100m - ~100km). 

Abstract
We model debris disk evolution and compare to observed 
systems to probe the primordial size distribution of medium-
sized planetesimals.  Using a simple model with reasonable 
assumptions and the available relevant dataset, we find that 
medium-sized bodies (~100 m - ~100 km) appear to fit a 
differential power law distribution with a slope between -3.5 
and -4.0

Modeling
We model disks with a primordial power-law distribution,                , for particles from 100 
m - 1000 km.  Particles are evolved via catastrophically destructive collisions, calculated 
with the two regime (material strength-bound & gravity-bound) criterion of Benz and 
Asphaug 1999 (Icarus 142, 5). The chance of collision is calculated as a particle-in-a-box.  
Bodies break into smaller fragments until they are unbound by radiation pressure (~µm).  

The evolution can be understood with a simple analytic model, similar to Löhne et al. 2008 
(ApJ 673, 1123).  Bodies remain in their primordial configuration until they collide ~once, 
at which point they obey an equilibrium distribution.  As small bodies are held together by 
material strength, large bodies by gravity, they obey a broken power law distribution.  
Evolution during ages of 107 to 1010 years proceeds with gravitationally bound bodies 
entering equilibrium.  Unlike similar models, we use a much larger maximum planetesimal 
size (1000 km) and thus do not experience a final 1/time phase of luminosity evolution. 

Discussion
The slope of the number-size distribution of planetesimals may encode 
information about their evolution.  Outside the solar system, this value 
cannot be measured directly, but can be inferred with simple numerical 
modeling.  Good measurements of the system age, and multiband 
photometry to measure the dust temperature are both needed.  We find 
that the number-size distribution slope is roughly 3.5 < q < 4.0; the small 
sample of debris disks available for our study is the greatest uncertainty.
Assumptions that have gone into the modeling may not be correct; if the 
primordial number-size distribution does not have a power law form, our 
results will not be accurate.

Figure 2. Initial and final particle 
distribution for a model disk, 
with primordial q = 4.  The 
small and medium-size bodies 
obey different equilibrium 
number-size distribution, owing 
to their different disruption 
criteria.  The largest bodies stay 
in their primordial distribution.  
During the population evolution, 
particles obey these distributions, 
while the size at which bodies 
transition from the primordial 
distribution to the middle, 
gravity bound distribution 
increases.

Figure 3. Luminosity evolution 
tracks of a model disk with 
four different primordial 
number-size distributions.  All 
other properties of the disks are 
identical.  While the final 
luminosities are all similar 
(~10-4), the differing luminosity 
decline rates allow 
measurement  of the primordial 
slope by taking measurements 
at different times (which is 
achieved with systems of 
different ages).

the extended  disks, 
for which the semi-
major axis fit is poor, 
and HD 191089, as 
it misses multiple 
bands in imaging, 
and  as the age 
estimate conflicts 
with β Pictoris 
M o v i n g G r o u p 
membership. (Moór 
et al. 2006’s (ApJ 
644, 525))
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ABSTRACT
Subject headings: Debris disks - Morphology and Evolution

1. INTRODUCTION

Dusty disks of rocky and icy debris have been observed
around other stars for 25 years now (Aumann et al. 1984).
These disks have been detected both as reflected optical
radiation (Smith & Terrile 1984) and in excess thermal
radiation. In both cases, the integrated flux comes pri-
marily from small (∼ 1µm − 1mm) dust grains. Sim-
ple estimates of the time for either collisional processes
or Poynting-Robertson drag to remove these small dust
grains from the observed systems indicates these grains
are not primordial. It is therefor believed that these small
dust grains form a tracer of the larger bodies in the stel-
lar system, the planetesimals left over from any planet
formation period, much as our own Asteroid and Kuiper
belts. How to obtain information about the large bodies
in the systems from the dust remains an open question.

The planet formation process is thought to pass
through multiple stages. The formation of the first grav-
itationally bound bodies, planetesimals, remains a sub-
ject of inquiry. (Youdin & Shu (2002)? Dominik et al.
(2007)? Johansen et al. (2007)? Garaud (2007)?) Once
bodies reach sufficient size, their pairwise gravity become
the dominant force in their growth. Objects at first grow
in an orderly phase, where collisions and conglomera-
tions occur proportionately to the geometric cross sec-
tion. Once the bodies are massive enough, the effects of
gravitational focussing become significant and bodies en-
ter a runaway phase of growth, where the largest bodies
accrete mass at the highest rate and consequently dis-
tance themselves quickly from their former peers. Even-
tually the smallest bodies are stirred up by the grow-
ing protoplanets faster than they are cooled by gas or
collisions, and runaway growth gives way to oligarchic
growth, where the largest bodies’ growth slows (Kokubo
& Ida 1998).

As the eccentricities of the smaller planetesimals grow,
they no longer coalesce in collisions, but are instead bro-
ken into smaller fragments. At this point their primor-
dial number-size distribution is frozen out, and bodies
begin to enter a collisional cascade, which transforms the
number-size distribution to an equilibrium configuration,
beginning with the smallest sizes. The fragments of the
primordial bodies are broken up into smaller and smaller
sizes, until they are removed from the stellar system. In
the solar system, small dust grains migrate towards the
Sun via Poynting-Robertson drag, while in the observed
dense extra-solar debris systems, the bodies are broken
up until the force of radiation pressure unbinds them

from their central star (Wyatt 2005). The largest bodies
do not suffer destructive collisions, and remain in roughly
their original number-size distribution.

During the runaway phase of growth, a stationary so-
lution for the number-mass (number-size) distribution of
the planetesimals was found by Makino et al. (1998),
under the assumption of complete energy equipartition
among planetesimals in the low random velocity (strong
gravitational focusing) case. Their solution is of the form
dn
dm ∝ m− 8

3 (dn
ds ∝ s−6). A close match to this is found in

simulations by Morishima et al. (2008) during the run-
away growth phase where they observe dn

dm ∝ mα with
α ≈ −2.7. They also note that for less than com-
plete energy equipartition amongst the planetesimals,
the distribution follows a shallower form, such that if
vrand ∝ mγ α = − 13

6 + γ (at equipartition, γ = − 1
2 ).

During oligarchic growth, simulations have found a
shallowing distribution. Kenyon & Luu (1999), Kenyon
& Bromley (2004b) and Kenyon & Bromley (2008) find
final number-size distributions at the end of oligarchic
growth of the rough form dn

ds ∝ s−q with 3.75 ≤ q ≤ 4.5
Morishima et al. (2008) find the smaller bodies obeying
dn
ds ∝ sq with q ≈ 4. If the velocity dispersion of small
bodies becomes independent of their size, then we expect
α ≈ − 13

6 , q ≈ 4.5. These findings are similar to what is
observed for the largest objects in the Kuiper belt; Fraser
et al. (2008) find that the distribution is of the form
dn
ds ∝ s−q, with q = 4.25 ± 0.25, and follow with Fraser
& Kavelaars (2008) favoring q = 4.8. Fuentes & Holman
(2008) find a large end of the number-size distribution
to follow a power law with q = 4.5+1.0

−0.5. The Kuiper belt
is dimmer than observed extra-solar debris disks by be-
tween two and five orders of magnitude (Teplitz et al.
1999). Whether the observed number-size distribution
there should be expected to hold for other systems is
unclear. Kenyon & Bromley (2008) find that agglom-
eration naturally ends and collisional grind-down begins
once Pluto-sized bodies form in the outer planetesimal
disk, which fits with our own debris disk. The bodies
of the Kuiper belt may have been excited through inter-
actions with larger bodies however, and the end of their
conglomeration may not reflect the general case (Levison
et al. 2008).

Here we investigate whether the signature of the pri-
mordial number-size law can be ascertained from the evo-
lution of the population of extra-solar debris disks. Pre-
vious studies of the population evolution have assumed a


