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ABSTRACT

The Kuiper Belt is a remnant from the early solar system and its size distribution contains many important constraints
that can be used to test models of planet formation and collisional evolution. We show, by comparing observations
with theoretical models, that the observed Kuiper Belt size distribution is well matched by coagulation models,
which start with an initial planetesimal population with radii of about 1 km, and subsequent collisional evolution.
We find that the observed size distribution above R ∼ 30 km is primordial, i.e., it has not been modified by
collisional evolution over the age of the solar system, and that the size distribution below R ∼ 30 km has been
modified by collisions and that its slope is well matched by collisional evolution models that use published strength
laws. We investigate in detail the resulting size distribution of bodies ranging from 0.01 km to 30 km and find that
its slope changes several times as a function of radius before approaching the expected value for an equilibrium
collisional cascade of material strength dominated bodies for R � 0.1 km. Compared to a single power-law size
distribution that would span the whole range from 0.01 km to 30 km, we find in general a strong deficit of bodies
around R ∼ 10 km and a strong excess of bodies around 2 km in radius. This deficit and excess of bodies are caused
by the planetesimal size distribution left over from the runaway growth phase, which left most of the initial mass in
small planetesimals while only a small fraction of the total mass is converted into large protoplanets. This excess
mass in small planetesimals leaves a permanent signature in the size distribution of small bodies that is not erased
after 4.5 Gyr of collisional evolution. Observations of the small Kuiper Belt Object (KBO) size distribution can
therefore test if large KBOs grew as a result of runaway growth and constrained the initial planetesimal sizes. We
find that results from recent KBO occultation surveys and the observed KBO size distribution can be best matched
by an initial planetesimal population that contained about equal mass per logarithmic mass bin in bodies ranging
from 0.4 km to 4 km in radius. We further find that we cannot match the observed KBO size distribution if most of
the planetesimal mass was contained in bodies that were 10 km in radius or larger simply because their resulting
size distribution cannot be sufficiently depleted over 4.5 Gyr to match observations.
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1. INTRODUCTION

The Kuiper Belt consists of a disk of icy objects located just
beyond the orbit of Neptune. In the Kuiper Belt, planet formation
never proceeded all the way to completion, which makes it an
ideal laboratory for testing planet formation theories.

The Kuiper Belt size distribution contains many impor-
tant clues concerning the formation of Kuiper Belt Objects
(KBOs), their effective strength, and their collisional evolution
(Dohnanyi 1969; Davis & Farinella 1997; Kenyon & Luu 1999;
Pan & Sari 2005). The cumulative size distribution of KBOs
larger than R � 30 km (i.e., objects with R-band magnitudes
brighter than about 25) is well described by a single power law
given by

N (> R) ∝ R1−q, (1)

where N (> R) is the number of objects with radii greater than
R and q is the power-law index. Kuiper Belt surveys find that the
size distribution for KBOs with radii greater than about 30 km
follows this power law with q ∼ 4 (e.g., Trujillo et al. 2001;
Bernstein et al. 2004; Fuentes & Holman 2008; Fraser et al.
2008), which implies roughly equal mass per logarithmic mass
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interval. This size distribution is a relic of the accretion history in
the Kuiper Belt and therefore provides valuable insight into the
formation of large KBOs (R � 30 km; e.g., Stern 1996; Davis
& Farinella 1997; Kenyon & Bromley 2004; Schlichting & Sari
2011). It has been shown in several works that the large KBO
size distribution can be well matched by numerical coagulation
simulations (e.g., Kenyon & Luu 1999; Schlichting & Sari
2011; Kenyon & Bromley 2012). For example, Schlichting &
Sari (2011) find that the size distribution of larger KBOs is
well matched by planet formation models of runaway growth.
During runaway growth only a small fraction of the total mass
is converted into large protoplanets, while most of the initial
mass remains in small planetesimals. The size distribution of the
large protoplanets in the runaway tail follows a power-law size
distribution with differential power-law index q ∼ 4, implying
roughly equal mass per logarithmic mass bin (see Figure 1).

Figures 2 and 3 show a direct comparison between the results
of runaway growth from the coagulation model from Schlichting
& Sari (2011) and the observed size distribution of dynamically
cold and hot KBOs, respectively. The observed KBO size
distribution was derived by Fuentes et al. (2010) by combining
results from KBO surveys by Chiang & Brown (1999), Gladman
et al. (2001), Trujillo et al. (2001), Allen et al. (2002), Bernstein
et al. (2004), Petit et al. (2006), Fraser et al. (2008), Fuentes
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Figure 1. Size distribution at the end of runaway growth before the onset of
collisional erosion is given by the thick blue line. Note that during runaway
growth, most of the initial mass remains in small planetesimals while a small
fraction of the total mass is converted into large protoplanets/KBOs. This
specific example corresponds to an initial planetesimal population of bodies
that were all 1 km in radius. As shown in Figures 2 and 3, the current large
KBO size distribution is well matched by the resulting size distribution from
runaway growth. For comparison, a power-law size distribution with differential
power-law index q = 4 is given by the thin black line.

(A color version of this figure is available in the online journal.)
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Figure 2. Comparison between the observed Kuiper Belt size distribution
for objects with inclinations �5◦, also referred to as the cold population, as
summarized in Fuentes et al. (2010; points), with the numerical coagulation
results from Schlichting & Sari (2011; line). The error bars give the 1σ errors
on the cumulative size distribution. The observed Kuiper Belt size distribution
above R ∼ 30 km is well matched by planet formation models of runaway
growth. Note the break in the size distribution at R ∼ 30 km. We assumed an
albedo of 4% and a distance of 42 AU when converting the observed magnitudes
into radii. We note here, however, that the exact choice for the value of the albedo
does not affect the fit between the observational data and the numerical results
because assuming a different value for the albedo would simply shift the x-axis
values by a constant and this shift can be matched by the numerical results by
letting the self-similar growth continue to larger/smaller sizes.

(A color version of this figure is available in the online journal.)

& Holman (2008), Fuentes et al. (2009, 2010), and Fraser &
Kavelaars (2009). Here dynamically cold refers to objects with
inclinations less than 5◦, whereas dynamically hot corresponds
to those with i > 5◦. The agreement of the observations with
the simple coagulation model from Schlichting & Sari (2011)
is good. Figures 2 and 3 show that both the cold and hot
populations can be fit by the same size distribution, with the

10 20 50 100 200
0.001

0.01

0.1

1

10

100

1000

Radius km

N
R

de
g

2

Hot KBOs

Figure 3. Comparison between the observed Kuiper Belt size distribution
for objects with inclinations > 5◦, also referred to as the hot population, as
summarized in Fuentes et al. (2010; points), with the numerical coagulation
results from Schlichting & Sari (2011; line). The error bars give the 1σ errors
on the cumulative size distribution. The observed Kuiper Belt size distribution
above R ∼ 30 km is well matched by planet formation models of runaway
growth. Note the break in the size distribution at R ∼ 30 km does not seem as
strongly pronounced as in Figure 2.

(A color version of this figure is available in the online journal.)

notable difference that the largest bodies in each population
grew to different typical sizes.

Provided that the fall off at large KBO sizes is not due to some
selection effect, this suggests that KBOs grew to typical radii
of about 100 km in the cold population and to typical radii of
about 300 km in the hot population. If the growth in the hot and
cold populations was terminated simultaneously, presumably by
the excitation of the velocity dispersion of the growing KBOs
and the smaller planetesimals, then this suggests that the hot
population may have formed closer to the Sun than the cold
population because the shorter orbital periods and likely higher
mass surface densities ensure faster growth at smaller semi-
major axis.

Observations, including the data plotted in Figures 2 and 3,
suggest that there is a break at around 30 km in the KBO size
distribution (e.g., Bernstein et al. 2004; Fuentes & Holman
2008; Fraser & Kavelaars 2009; Schlichting et al. 2009;
Fuentes et al. 2010). This break is usually attributed to colli-
sional evolution of bodies with R < 30 km over the age of
the solar system (e.g., Dohnanyi 1969; Kenyon & Bromley
2004; Pan & Sari 2005). The KBO size distribution below
radii of ∼10 km is still poorly constrained because KBOs of
these sizes are too small to be detected in reflected light. They
can, however, be detected indirectly by stellar occultations.
Recent KBO occultation surveys provide the first estimates
for the abundance and upper limits of kilometer-sized to
sub-kilometer-sized KBOs (e.g., Liu et al. 2008; Schlichting
et al. 2009, 2012; Bianco et al. 2010; Zhang et al. 2013).

The work presented in this paper focuses on the size distri-
bution of small KBOs below the break. We model the growth
and the subsequent collisional evolution in the Kuiper Belt self-
consistently by following the collisional evolution over 4.5 Gyr
of the whole KBO size distribution that resulted from runaway
growth. We find that the break radius at R ∼ 30 km and size
distribution below the break are well matched by collisional
evolution models that use published strength laws and make
testable predictions for the small KBO size distribution. We
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show that the excess mass in small planetesimals from the run-
away growth phase leaves a permanent signature in the size
distribution of small bodies that is not erased after 4.5 Gyr of
collisional evolution. Observations of the small KBO size dis-
tribution can therefore test if large KBOs grew as a result of
runaway growth and constrain the initial planetesimal sizes.

This paper is structured as follows. We describe our Kuiper
Belt growth and collisional evolution model in Section 2. In
Section 3, we present our results and compare them with current
observational constrains on small objects in the Kuiper Belt.
Discussion and conclusions follow in Section 4.

2. KUIPER BELT GROWTH AND
COLLISIONAL EVOLUTION MODEL

2.1. Growth Model

We use the same coagulation model as described in
Schlichting & Sari (2011), which follows the mass growth and
the coupled evolution of the velocity dispersion using Safronov’s
statistical approach (Safronov 1969). We refer the reader to
Schlichting & Sari (2011) for the full set of equations for the
growth rates of the bodies in the different mass bins and for the
corresponding evolution of their velocity dispersions. We inves-
tigate the KBO growth in a single annulus centered at 40 AU
from the Sun with a width of 10 AU and start the simulations
with a total mass of about 20 Earth masses in small planetes-
imals. This mass surface density was derived by extrapolating
the minimum mass solar nebula (Hayashi 1981) to 40 AU after
it had been enhanced by a factor of a few as required for the
formation of Uranus and Neptune (e.g., Goldreich et al. 2004;
Dodson-Robinson & Bodenheimer 2010). We assume that when
the relative velocity exceeds the escape velocity of the larger of
the two bodies (i.e., vrel > vescB

) no accretion occurs and that,
if the center of mass collisional energy of two colliding bodies
exceeds the catastrophic destruction threshold, fragmentation
takes place (see Section 2.2 for details).

In the Kuiper Belt planet formation never went all the way
to completion. The growth was likely terminated due to the
excitation of the velocity dispersion of the growing KBOs
and small planetesimals by the formation and migration of the
planets in the outer solar system. We model this dynamical
excitation by increasing the velocity dispersion of all bodies in
our numerical model to 1 km s−1, which corresponds roughly
to the random velocity dispersion in the Kuiper Belt today once
objects with the size of Pluto have formed. As long as most
of the initial mass resides in planetesimals that are about 1 km
in size or larger, destructive collisions and fragmentation are
not important until objects comparable to the size of Pluto have
formed. This is because initially the planetesimal velocities are
smaller than their escape velocities and even as their velocity
dispersions are stirred by the growing KBOs, objects of at least
several hundreds of kilometers in radius have to form until
they can dynamically excite the velocity dispersion of the small
planetesimals above speeds needed for destructive collisions.5

This picture changes completely once the velocity dispersions
of all bodies are excited to 1 km s−1. From this time onward
the growth is essentially terminated and destructive collisions
lead to the onset of a collisional cascade. We assume, although
objects in the hot and cold population likely formed at somewhat

5 If initially most of the mass resided in planetesimals that were much smaller
than 1 km in size, then the KBO growth maybe substantially different from the
case investigated here, because destructive collisions and fragmentation will
commence before bodies of a few hundred kilometers in radius have formed.

different locations, that they evolve together collisionally over
the age of the solar system. This assumption is likely valid
because the same physical processes, i.e., the formation and
migration of Neptune, that are responsible for the excitation of
the KBOs’ velocity dispersion are responsible for placing the
hot population into its current location. The KBO formation
timescales are generally found to be less than 100 Myr (e.g.,
Kenyon & Luu 1999; Schlichting & Sari 2011), which suggests
that the Kuiper Belt had close to 4.5 Gyr to evolve collisionally.
Observations of the Kuiper Belt size distribution find that the
break radius and the slope of the size distribution below the
break are the same in both the hot and cold KBO population,
which is consistent with the idea that these two populations are
undergoing collisional evolution together (Fuentes et al. 2010).

2.2. Collisional Model

We model destructive collisions in the following way. The
catastrophic destruction threshold, Q∗

D , is defined as the specific
energy needed to disperse the targets into a spectrum of
individual objects such that the largest one has exactly half
the mass of the original target. When the center of mass
collisional energy of two colliding bodies, m1 and m2, exceeds
the catastrophic destruction threshold, Q∗

D , then the combined
mass, m1 + m2, is distributed such that one body of mass
0.5(m1 + m2) is formed and the remaining mass is distributed as
debris over all mass bins that correspond to planetesimal sizes
with m < 0.5(m1 + m2) according to a differential power-law
size distribution given by dN/dR ∝ R−q∗

.
Since the Kuiper Belt consists of mostly icy bodies with

an average velocity dispersion of about 1 km s−1, we adopt
the strength law from Leinhardt & Stewart (2009) for ice
and 1 km s−1 impact speeds for the catastrophic destruction
threshold, which is given by

Q∗
D = 1.3 × 106

(
R

1 cm

)−0.4

+ 0.08

(
R

1 cm

)1.3

erg g−1.

(2)

Figure 4 shows Q∗
D as a function of size and the transition from

the gravity dominated regime (R � 0.1 km) to the material
strength dominated regime (R � 0.1 km). For comparison, the
catastrophic destruction threshold corresponding to the specific
gravitational binding energy in the gravity regime and the same
material strength law as before is also shown in Figure 4. The
gravitational binding energy gives an interesting absolute lower
limit to the catastrophic destruction threshold, since bodies
cannot be weaker than this.

For the fragment size distribution, dN/dR ∝ R−q∗
, we

adopt q∗ = 3.68. This value of q∗ corresponds to the expected
collisional equilibrium size distribution, which has a power-law
index that is given by

qeq = 21 + α

6 + α
, (3)

where α is the exponent of R in Q∗
D (see Equation (2)) in the

material strength dominated regime (e.g., Pan & Schlichting
2012). From Equation (3) we find that α = −0.4 yields
qeq = 3.68.

3. RESULTS

Combining our growth and collisional model we investigated
the evolution of the KBO size distribution starting from various
initial planetesimal sizes over 4.5 Gyr.
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Figure 4. Catastrophic destruction threshold, Q∗
D , as a function of size. The

solid blue line corresponds to results from Leinhardt & Stewart (2009) for ice
and 1 km s−1 impact velocities, which corresponds to the velocity dispersion in
the Kuiper Belt today. For comparison, the catastrophic destruction threshold
corresponding to the gravitational binding energy in the gravity regime and the
same material strength law as before is shown as the dashed blue line. The
gravitational binding energy gives an absolute lower limit to the catastrophic
destruction threshold since bodies cannot be weaker than this.

(A color version of this figure is available in the online journal.)
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Figure 5. Small KBO size distribution after 4.5 Gyr of collisional evolution
for an initial planetesimal population that consisted of 1 km radii objects (blue
thick line). For comparison, the KBO size distribution at the end of runaway
growth and at the onset of destructive collisions is given by the dashed blue
line. The observed KBO size distribution is shown by the red points (Fuentes
et al. 2010). The black point with error bars and the thin black lines ranging
from 0.1 km to 1 km represent the best estimate and the 95% upper and lower
limits on the small KBO population from the HST-FGS occultation survey by
Schlichting et al. (2012), respectively. The thin black line ranging from 0.2 km
to 20 km represents the 95% upper limit on the small KBO population from
TAOS (Zhang et al. 2013).

(A color version of this figure is available in the online journal.)

3.1. 1 km-sized Planetesimals

Figures 5 and 6 show the resulting KBO size distribution
(solid blue line) after 4.5 Gyr of growth and collisional evolu-
tion when starting from an initial planetesimal size distribution
that consists solely of 1 km-sized bodies, and from an initial
planetesimal size distribution that has equal mass per logarith-
mic mass bin for bodies ranging from 0.4 km to 4 km in radius,
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Figure 6. Small KBO size distribution after 4.5 Gyr of collisional evolution
for an initial planetesimal population that contained equal mass per logarithmic
mass bin in bodies ranging from 0.4 km to 4 km in radius (blue thick line). For
comparison, the KBO size distribution at the end of runaway growth and at the
onset of destructive collisions is given by the dashed blue line. The observed
KBO size distribution is shown by the red points (Fuentes et al. 2010). The
black point with error bars and the thin black lines ranging from 0.1 km to 1 km
represent the best estimate and the 95% upper and lower limits on the small KBO
population from the HST-FGS occultation survey by Schlichting et al. (2012),
respectively. The thin black line ranging from 0.2 km to 20 km represents the
95% upper limit on the small KBO population from TAOS (Zhang et al. 2013).

(A color version of this figure is available in the online journal.)

respectively. For comparison, the dashed blue lines in Figures 5
and 6 show the KBO size distribution at the end of runaway
growth just before the start of destructive collisions. First of
all, it is interesting to note that the resulting small KBO size
distributions do not follow a single power law below the break
(i.e., below R ∼ 30 km) as one may naively expect. Instead
we find that the small KBO size distribution exhibits a strong
deficit of bodies around R ∼ 10 km in size and a strong ex-
cess of bodies around 2 km in radius compared to abundances
from a single power-law size distribution spanning the range
from 0.1 km to 30 km. This deficit and excess are caused by
the planetesimal size distribution left over from the runaway
growth phase, which left most of the initial mass in small plan-
etesimals. This excess mass in small planetesimals leaves a
permanent signature in the size distribution of small bodies that
is not erased after 4.5 Gyr of collisional evolution. The resulting
KBO size distributions shown in Figures 5 and 6 are both con-
sistent with abundance estimates and upper limits from KBO
occultation surveys (Schlichting et al. 2012; Zhang et al. 2013)
shown in black. However, if all the mass initially resides solely
in 1 km planetesimals, not quite enough mass is depleted in the
10–30 km radius range compared to observations (see Figure 5).
If, on the other hand, we start with an initial planetesimal size
distribution that has equal mass per logarithmic mass bin for
bodies ranging from 0.4 km to 4 km in radius we find good
agreement with the observations (see Figure 6).

Figure 7 shows the same collisionally evolved size distribu-
tion as in Figure 6 but with the corresponding power-law indices
for the different segments. KBOs with R � 30 km follow a size
distribution with a differential power-law index q ∼ 4, which
is a relic from their formation and has not been modified by
collisional evolution over 4.5 Gyr. The power-law index of the
size distribution between 0.1 km and 30 km changes from q ∼ 2
(10 km � R � 30 km) to q ∼ 5.8 (2 km � R � 10 km) and
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Figure 7. Same small KBO size distribution after 4.5 Gyr of collisional evolution
as shown in Figure 6 but plotted with the corresponding differential power-
law indices for the different segments of the size distribution. The deficit
around 10 km results from an excess of ∼1 km planetesimals at the onset
of the collisional evolution. The size distribution for R � 0.1 km takes on the
expected equilibrium value for material strength dominated bodies as calculated
in Section 2.2. The size distribution above R ∼ 30 km remains unchanged by
collisional evolution over the age of the solar system and is therefore primordial.

(A color version of this figure is available in the online journal.)

then to q ∼ 2.5 (0.1 km � R � 2 km). This change in the
slopes of the size distributions is mainly caused by the excess
population of planetesimals that was left over from the run-
away growth phase. This excess population gives rise to a very
steep size distribution between ∼2 km and ∼10 km which grows
shallower in time (see Figure 8) because the excess in kilometer-
sized planetesimals is being depleted with time. The shallow,
q = 2.0, power-law index between ∼10 km and ∼30 km is
due to the excess population of kilometer-sized planetesimals
that started to deplete the population of bodies between ∼10 km
and ∼30 km. The size distribution for R � 0.1 km takes on
the expected equilibrium value for material strength dominated
bodies as calculated in Section 2.2 from Equation (3) for the
catastrophic destruction threshold from Leinhardt & Stewart
(2009) for ice and impact velocities of 1 km s−1. The precise
values of the power-law index in the different size regimes and
the exact location of the inflection points depend on the catas-
trophic destruction criterion as a function of radius and the initial
planetesimal size distribution. For example, starting with plan-
etesimal sizes that range from 0.4 km to 4 km with equal mass
per logarithmic mass interval yields a smaller value for q in the
1–10 km range than starting with all the mass in 1 km-sized
planetesimals (see Figures 5 and 6 for comparison). However,
the overall behavior, i.e., a deficit of bodies around R ∼ 10 km
and an excess of bodies around 2 km in radius, does not depend
on the exact choices of the catastrophic destruction criterion
(i.e., we get similar results if we use strength laws from Benz
& Asphaug 1999 instead of the strength laws from Leinhardt &
Stewart 2009) and the initial planetesimal size distribution.

Figure 8 displays the time evolution of the small KBO
size distribution. The differential power-law indices between
∼10 km and ∼30 km and between ∼2 km and ∼10 km become
shallower with time. The decrease in the power-law index
between ∼2 km and ∼10 km is due to the fact that the excess
population of planetesimals that was left over from the runaway
growth, which gave rise to a very steep size distribution between
∼2 km and ∼10 km (dashed blue line in Figure 8), is being
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Figure 8. Time evolution of the small KBO size distribution for an initial
planetesimal population that contained equal mass per logarithmic mass bin in
bodies ranging from 0.4 km to 4 km in radius. The thin blue line corresponds
to the KBO size distribution at the end of runaway growth before the onset of
destructive collisions; the yellow, dotted line corresponds to 100 Myr; the green
dot-dashed line to 1 Gyr; the solid, blue line to 4.5 Gyr; and the dashed purple
line to 10 Gyr of collisional evolution. The observed KBO size distribution is
shown by the red points (Fuentes et al. 2010). The thin black lines ranging from
0.1 km to 1 km represent the 95% upper and lower limits on the small KBO
population from the HST-FGS occultation survey by Schlichting et al. (2012)
and the thin black line ranging from 0.2 km to 20 km represents the 95% upper
limit on the small KBO population from TAOS (Zhang et al. 2013).

(A color version of this figure is available in the online journal.)

depleted by destructive collisions with time. The decrease in the
power-law index between ∼10 km and ∼30 km is due to the
excess population of kilometer-sized planetesimals that start to
deplete the population of bodies between ∼10 km and ∼30 km,
i.e., the catastrophic destruction threshold from Leinhardt &
Stewart (2009) yields, for a velocity dispersion of 1 km s−1, that
10 km-sized bodies are typically destroyed by bodies ∼1 km in
radius and 30 km-sized bodies are typically destroyed by bodies
that are ∼8 km in radius. The power-law index below ∼2 km
evolves to q ∼ 2.5 and remains close to constant from then
onward.

3.2. 10 km-sized Planetesimals

Figure 9 shows the resulting small KBO size distribution
after 4.5 Gyr of collisional evolution for an initial planetesimal
population that consisted of 10 km radius bodies (solid blue
line). The small KBO size distribution is inconsistent with
the observed size distribution of KBOs with radii ranging
from 10 km to 100 km (red points) and with upper limits
from the TAOS KBO occultation survey (Zhang et al. 2013).
Even if we assume that large KBOs are only held together by
their own gravity (blue dotted line in Figure 9), which is an
absolute lower limit on their strength, because bodies cannot be
weaker than this, we find that we cannot match the observed
KBO size distribution. We also started with initial planetesimal
populations that contained equal mass per logarithmic mass
interval between 1 km and 10 km in radius and were still unable
to find a reasonable agreement between the resulting small KBO
size distribution and the observations. This leads us to conclude
that the Kuiper Belt did not form via coagulation from an initial
planetesimal population that contained most of the initial mass
in planetesimals that were 10 km in radius or larger, because not
enough of the initial planetesimals can be ground down over the
age of the solar system to match observations. These findings
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Figure 9. Small KBO size distribution after 4.5 Gyr of collisional evolution
for an initial planetesimal population that consisted of 10 km radius bodies
(blue thick line). The resulting size distribution assuming that large KBOs are
solely held together by their own gravity is shown by the dotted blue line. For
comparison, the KBO size distribution at the end of runaway growth and at the
onset of destructive collisions is given by the dashed blue line. The observed
KBO size distribution is shown by the red points. The black point with error
bars and the thin black lines ranging from 0.1 km to 1 km represent the best
estimate and the 95% upper and lower limits on the small KBO population from
the HST-FGS occultation survey by Schlichting et al. (2012), respectively. The
thin black line ranging from 0.2 km to 20 km represent the 95% upper limit on
the small KBO population from TAOS (Zhang et al. 2013). The resulting KBO
size distributions are inconsistent with the observed KBO size distribution for
bodies with radii ranging from 10 km to 100 km and with upper limits from
the TAOS KBO occultation survey (Zhang et al. 2013). This result holds true
even if we assume that large KBOs are only held together by their own gravity.
We conclude that the Kuiper Belt did not form from 10 km-sized planetesimals
by coagulation, because not enough of the initial planetesimals can be ground
down over the age of the solar system to match observations.

(A color version of this figure is available in the online journal.)

are in agreement with similar results obtained for the asteroid
belt by Weidenschilling (2011), for debris disks by Kenyon &
Bromley (2010) and for the outer solar system by Kenyon &
Bromley (2012), which all point to initial planetesimal sizes
that are less, maybe much less, than 10 km in radius.

4. DISCUSSION AND CONCLUSIONS

We studied the size distribution of small KBOs by modeling
self-consistently the growth and the subsequent collisional
evolution over 4.5 Gyr in the Kuiper Belt and arrive at the
following results.

1. The Kuiper Belt size distributions of the cold and hot
population for radii �30 km are primordial and both can
be well fit by the resulting size distributions from planet
formation models of runaway growth (see Figures 2 and 3)
with the notable difference that the largest bodies in the hot
population grew to larger radii than in the cold population,
which is consistent with the idea that the hot population
formed at a smaller semi-major axis compared to the cold
population.

2. The break radius at R ∼ 30 km and size distribution below
the break are well matched by collisional evolution models
that use published strength laws (Leinhardt & Stewart 2009)
and start with resulting size distributions from runaway
growth and follow the collisional evolution in the Kuiper
Belt over 4.5 Gyr. This suggests that the Kuiper Belt may
indeed be the solar system analog of the dust-producing

debris disks observed around other stars (e.g., Backman &
Paresce 1993; Carpenter et al. 2009; Kenyon & Bromley
2010; Kennedy & Wyatt 2010).

3. Compared to a single power-law size distribution that would
span the whole range from 0.01 km to 30 km, we find in
general a strong deficit of bodies around R ∼ 10 km and a
strong excess of bodies around 2 km in radius. This deficit
and excess are caused by the planetesimal size distribution
left over from the runaway growth phase, which leaves
most of the initial mass in small bodies. This excess mass
in small planetesimals leaves a permanent signature in the
size distribution of small bodies that is not erased after
4.5 Gyr of collisional evolution. Future KBO occultation
surveys, which probe the small KBO size distribution, can
therefore test if large KBOs grew as a result of runaway
growth and constrain the initial planetesimal sizes.

4. The observed KBO size distribution derived by Fuentes
et al. (2010) by combining various KBO surveys (Chiang
& Brown 1999; Gladman et al. 2001; Trujillo et al. 2001;
Allen et al. 2002; Bernstein et al. 2004; Petit et al. 2006;
Fraser et al. 2008; Fuentes & Holman 2008; Fuentes et al.
2009, 2010; Fraser & Kavelaars 2009) and results from
recent optical KBO occultation surveys (Schlichting et al.
2012; Zhang et al. 2013) are best matched by an initial
planetesimal population that contained about equal mass
in bodies ranging from 0.4 km to 4 km in radius. In
addition, the resulting KBO size distribution after 4.5 Gyr
of collisional evolution is also consistent with upper limits
from KBO occultation surveys at X-ray wavelengths that
probe objects ranging from ∼30 m to 300 m in radius (Jones
et al. 2008; Chang et al. 2011, 2013).

5. The observed KBO size distribution for R > 10 km cannot
be matched if most of the initial planetesimal mass resided
in bodies that were 10 km in radius or larger, because their
resulting size distribution cannot be sufficiently depleted
over 4.5 Gyr to match observations. We conclude from this
that the Kuiper Belt did not form by coagulation from an
initial planetesimal size distribution that contained most of
its mass in planetesimals with radii of 10 km or larger. These
results are in agreement with similar findings obtained for
the asteroid belt by Weidenschilling (2011) and for debris
disks by Kenyon & Bromley (2010), which both point
to small initial planetesimal sizes with R � 100 m and
R � 10 km, respectively.

There are several further interesting things to note here.
Since the excess mass in small planetesimals from the

runaway growth phase leaves a permanent signature in the size
distribution of small bodies that is not erased after 4.5 Gyr of
collisional evolution, future KBO occultation surveys will be
able to test whether large KBOs grew as a result of runaway
growth from an initial planetesimal population consisting of
bodies ranging from a few hundred meters to a few kilometers
in size. The small KBO size distribution therefore offers the
opportunity to observationally constrain the initial planetesimal
sizes from which planets form, which remains one of the major
open questions in planet formation theory (Chiang & Youdin
2010).

The resulting small KBO size distributions that we find all
contain enough bodies to satisfy the required supply rate for the
Jupiter family comets (Volk & Malhotra 2008). If the Kuiper
Belt formed by coagulation from kilometer-sized planetesimals
then there should be an excess of about a factor of 1000 of small
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comets with initial radii (i.e., before any mass loss or break up
occurs) of 2 km compared to 10 km.

Because the comet size distribution has likely been modified
by mass loss and break up of the cometary nuclei, the size dis-
tribution of centaurs should provide a more reliable probe of
the KBO size distribution between 1 and 10 km in radius. Un-
fortunately, although about two hundred centaurs are currently
known with sizes ranging from about 100 km to 1 km, no well
characterized survey has been carried out to date that would
allow the derivation of a de-biased centaur size distribution and
therefore probe the small KBO size distribution.

Finally, it is very intriguing that there is a striking similarity
between the small KBO size distribution that we find after
4.5 Gyr of collisional evolution and the reconstructed impact
size distribution from the cratering records on the Saturnian
satellites (Minton et al. 2012). Minton et al. (2012) find that
the cratering size distribution of the old terrains of Dione,
Hyperion, Iapetus, Mimas, Phoebe, Rhea, and Tethys can be
explained by a single impactor population that follows a size
distribution with differential power-law indices of q = 4 for
R > 30 km, q = 2.0 for 10 km < R < 30 km, q = 4.2
for 1 km < R < 10 km, q = 2.6 for 0.1 km < R < 1 km,
and q = 3.7 for 0.01 km < R < 0.1 km. These values are in
remarkably good agreement with the power-law indices that
we find for the small KBO size distribution and which are
shown in Figure 7. The only notable difference between our
small KBO size distribution and the results from Minton et al.
(2012) seems to be in the range from ∼1 km to ∼10 km for
which we find a steeper size distribution with power-law index
q = 5.8. The similarities between our results for the small KBO
size distribution and the reconstructed impactor size distribution
suggest that the impactors that bombarded the Saturnian moons
originated from the Kuiper Belt.
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awarded by the Space Telescope Science Institute, which is
operated by the Association of Universities for Research in
Astronomy, Inc., for NASA, under contact NAS 5-26555.

REFERENCES

Allen, R. L., Bernstein, G. M., & Malhotra, R. 2002, AJ, 124, 2949
Backman, D. E., & Paresce, F. 1993, in Protostars and Planets III, ed. E. H.

Levy & J. I. Lunine (Tucson, AZ: Univ. Arizona Press), 1253
Benz, W., & Asphaug, E. 1999, Icar, 142, 5
Bernstein, G. M., Trilling, D. E., Allen, R. L., et al. 2004, AJ, 128, 1364
Bianco, F. B., Zhang, Z., Lehner, M. J., et al. 2010, AJ, 139, 1499
Carpenter, J. M., Bouwman, J., Mamajek, E. E., et al. 2009, ApJS, 181, 197
Chang, H.-K., Liu, C.-Y., & Chen, K.-T. 2011, MNRAS, 411, 427
Chang, H.-K., Liu, C.-Y., & Chen, K.-T. 2013, MNRAS, 429, 1626
Chiang, E., & Youdin, A. N. 2010, AREPS, 38, 493
Chiang, E. I., & Brown, M. E. 1999, AJ, 118, 1411
Davis, D. R., & Farinella, P. 1997, Icar, 125, 50
Dodson-Robinson, S. E., & Bodenheimer, P. 2010, Icar, 207, 491
Dohnanyi, J. W. 1969, JGR, 74, 2531
Fraser, W. C., & Kavelaars, J. J. 2009, AJ, 137, 72
Fraser, W. C., Kavelaars, J. J., Holman, M. J., et al. 2008, Icar, 195, 827
Fuentes, C. I., George, M. R., & Holman, M. J. 2009, ApJ, 696, 91
Fuentes, C. I., & Holman, M. J. 2008, AJ, 136, 83
Fuentes, C. I., Holman, M. J., Trilling, D. E., & Protopapas, P. 2010, ApJ,

722, 1290
Gladman, B., Kavelaars, J. J., Petit, J.-M., et al. 2001, AJ, 122, 1051
Goldreich, P., Lithwick, Y., & Sari, R. 2004, ApJ, 614, 497
Hayashi, C. 1981, PThPS, 70, 35
Jones, T. A., Levine, A. M., Morgan, E. H., & Rappaport, S. 2008, ApJ,

677, 1241
Kennedy, G. M., & Wyatt, M. C. 2010, MNRAS, 405, 1253
Kenyon, S. J., & Bromley, B. C. 2004, AJ, 128, 1916
Kenyon, S. J., & Bromley, B. C. 2010, ApJS, 188, 242
Kenyon, S. J., & Bromley, B. C. 2012, AJ, 143, 63
Kenyon, S. J., & Luu, J. X. 1999, AJ, 118, 1101
Leinhardt, Z. M., & Stewart, S. T. 2009, Icar, 199, 542
Liu, C.-Y., Chang, H.-K., Liang, J.-S., & King, S.-K. 2008, MNRAS, 388, L44
Minton, D. A., Richardson, J. E., Thomas, P., Kirchoff, M., & Schwamb, M. E.

2012, LPICo, 1667, 6348
Pan, M., & Sari, R. 2005, Icar, 173, 342
Pan, M., & Schlichting, H. E. 2012, ApJ, 747, 113
Petit, J.-M., Holman, M. J., Gladman, B. J., et al. 2006, MNRAS, 365, 429
Safronov, V. S. 1969, Evolution of the Protoplanetary Cloud and Formation of

the Earth and Planets (Trans. 1972; Moscow: Nauka), NASA TT F-677
Schlichting, H. E., Ofek, E. O., Sari, R., et al. 2012, ApJ, 761, 150
Schlichting, H. E., Ofek, E. O., Wenz, M., et al. 2009, Natur, 462, 895
Schlichting, H. E., & Sari, R. 2011, ApJ, 728, 68
Stern, S. A. 1996, AJ, 112, 1203
Trujillo, C. A., Jewitt, D. C., & Luu, J. X. 2001, AJ, 122, 457
Volk, K., & Malhotra, R. 2008, ApJ, 687, 714
Weidenschilling, S. J. 2011, Icar, 214, 671
Zhang, Z.-W., Lehner, M. J., Wang, J.-H., et al. 2013, AJ, submitted

(arXiv:1301.6182)

7

http://dx.doi.org/10.1086/343773
http://adsabs.harvard.edu/abs/2002AJ....124.2949A
http://adsabs.harvard.edu/abs/2002AJ....124.2949A
http://adsabs.harvard.edu/abs/1993prpl.conf.1253B
http://dx.doi.org/10.1006/icar.1999.6204
http://adsabs.harvard.edu/abs/1999Icar..142....5B
http://adsabs.harvard.edu/abs/1999Icar..142....5B
http://dx.doi.org/10.1086/422919
http://adsabs.harvard.edu/abs/2004AJ....128.1364B
http://adsabs.harvard.edu/abs/2004AJ....128.1364B
http://dx.doi.org/10.1088/0004-6256/139/4/1499
http://adsabs.harvard.edu/abs/2010AJ....139.1499B
http://adsabs.harvard.edu/abs/2010AJ....139.1499B
http://dx.doi.org/10.1088/0067-0049/181/1/197
http://adsabs.harvard.edu/abs/2009ApJS..181..197C
http://adsabs.harvard.edu/abs/2009ApJS..181..197C
http://dx.doi.org/10.1111/j.1365-2966.2010.17694.x
http://adsabs.harvard.edu/abs/2011MNRAS.411..427C
http://adsabs.harvard.edu/abs/2011MNRAS.411..427C
http://dx.doi.org/10.1093/mnras/sts448
http://adsabs.harvard.edu/abs/2013MNRAS.429.1626C
http://adsabs.harvard.edu/abs/2013MNRAS.429.1626C
http://dx.doi.org/10.1146/annurev-earth-040809-152513
http://adsabs.harvard.edu/abs/2010AREPS..38..493C
http://adsabs.harvard.edu/abs/2010AREPS..38..493C
http://dx.doi.org/10.1086/301005
http://adsabs.harvard.edu/abs/1999AJ....118.1411C
http://adsabs.harvard.edu/abs/1999AJ....118.1411C
http://dx.doi.org/10.1006/icar.1996.5595
http://adsabs.harvard.edu/abs/1997Icar..125...50D
http://adsabs.harvard.edu/abs/1997Icar..125...50D
http://dx.doi.org/10.1016/j.icarus.2009.11.021
http://adsabs.harvard.edu/abs/2010Icar..207..491D
http://adsabs.harvard.edu/abs/2010Icar..207..491D
http://dx.doi.org/10.1029/JB074i010p02531
http://adsabs.harvard.edu/abs/1969JGR....74.2531D
http://adsabs.harvard.edu/abs/1969JGR....74.2531D
http://dx.doi.org/10.1088/0004-6256/137/1/72
http://adsabs.harvard.edu/abs/2009AJ....137...72F
http://adsabs.harvard.edu/abs/2009AJ....137...72F
http://dx.doi.org/10.1016/j.icarus.2008.01.014
http://adsabs.harvard.edu/abs/2008Icar..195..827F
http://adsabs.harvard.edu/abs/2008Icar..195..827F
http://dx.doi.org/10.1088/0004-637X/696/1/91
http://adsabs.harvard.edu/abs/2009ApJ...696...91F
http://adsabs.harvard.edu/abs/2009ApJ...696...91F
http://dx.doi.org/10.1088/0004-6256/136/1/83
http://adsabs.harvard.edu/abs/2008AJ....136...83F
http://adsabs.harvard.edu/abs/2008AJ....136...83F
http://dx.doi.org/10.1088/0004-637X/722/2/1290
http://adsabs.harvard.edu/abs/2010ApJ...722.1290F
http://adsabs.harvard.edu/abs/2010ApJ...722.1290F
http://dx.doi.org/10.1086/322080
http://adsabs.harvard.edu/abs/2001AJ....122.1051G
http://adsabs.harvard.edu/abs/2001AJ....122.1051G
http://dx.doi.org/10.1086/423612
http://adsabs.harvard.edu/abs/2004ApJ...614..497G
http://adsabs.harvard.edu/abs/2004ApJ...614..497G
http://adsabs.harvard.edu/abs/1981PThPS..70...35H
http://adsabs.harvard.edu/abs/1981PThPS..70...35H
http://dx.doi.org/10.1086/533581
http://adsabs.harvard.edu/abs/2008ApJ...677.1241J
http://adsabs.harvard.edu/abs/2008ApJ...677.1241J
http://dx.doi.org/10.1111/j.1365-2966.2010.16528.x
http://adsabs.harvard.edu/abs/2010MNRAS.405.1253K
http://adsabs.harvard.edu/abs/2010MNRAS.405.1253K
http://dx.doi.org/10.1086/423697
http://adsabs.harvard.edu/abs/2004AJ....128.1916K
http://adsabs.harvard.edu/abs/2004AJ....128.1916K
http://dx.doi.org/10.1088/0067-0049/188/1/242
http://adsabs.harvard.edu/abs/2010ApJS..188..242K
http://adsabs.harvard.edu/abs/2010ApJS..188..242K
http://dx.doi.org/10.1088/0004-6256/143/3/63
http://adsabs.harvard.edu/abs/2012AJ....143...63K
http://adsabs.harvard.edu/abs/2012AJ....143...63K
http://dx.doi.org/10.1086/300969
http://adsabs.harvard.edu/abs/1999AJ....118.1101K
http://adsabs.harvard.edu/abs/1999AJ....118.1101K
http://dx.doi.org/10.1016/j.icarus.2008.09.013
http://adsabs.harvard.edu/abs/2009Icar..199..542L
http://adsabs.harvard.edu/abs/2009Icar..199..542L
http://dx.doi.org/10.1111/j.1365-2966.2008.13380.x
http://adsabs.harvard.edu/abs/2008MNRAS.388L..44L
http://adsabs.harvard.edu/abs/2008MNRAS.388L..44L
http://adsabs.harvard.edu/abs/2012LPICo1667.6348M
http://adsabs.harvard.edu/abs/2012LPICo1667.6348M
http://dx.doi.org/10.1016/j.icarus.2004.09.004
http://adsabs.harvard.edu/abs/2005Icar..173..342P
http://adsabs.harvard.edu/abs/2005Icar..173..342P
http://dx.doi.org/10.1088/0004-637X/747/2/113
http://adsabs.harvard.edu/abs/2012ApJ...747..113P
http://adsabs.harvard.edu/abs/2012ApJ...747..113P
http://dx.doi.org/10.1111/j.1365-2966.2005.09661.x
http://adsabs.harvard.edu/abs/2006MNRAS.365..429P
http://adsabs.harvard.edu/abs/2006MNRAS.365..429P
http://dx.doi.org/10.1088/0004-637X/761/2/150
http://adsabs.harvard.edu/abs/2012ApJ...761..150S
http://adsabs.harvard.edu/abs/2012ApJ...761..150S
http://dx.doi.org/10.1038/nature08608
http://adsabs.harvard.edu/abs/2009Natur.462..895S
http://adsabs.harvard.edu/abs/2009Natur.462..895S
http://dx.doi.org/10.1088/0004-637X/728/1/68
http://adsabs.harvard.edu/abs/2011ApJ...728...68S
http://adsabs.harvard.edu/abs/2011ApJ...728...68S
http://dx.doi.org/10.1086/118091
http://adsabs.harvard.edu/abs/1996AJ....112.1203S
http://adsabs.harvard.edu/abs/1996AJ....112.1203S
http://dx.doi.org/10.1086/321117
http://adsabs.harvard.edu/abs/2001AJ....122..457T
http://adsabs.harvard.edu/abs/2001AJ....122..457T
http://dx.doi.org/10.1086/591839
http://adsabs.harvard.edu/abs/2008ApJ...687..714V
http://adsabs.harvard.edu/abs/2008ApJ...687..714V
http://dx.doi.org/10.1016/j.icarus.2011.05.024
http://adsabs.harvard.edu/abs/2011Icar..214..671W
http://adsabs.harvard.edu/abs/2011Icar..214..671W
http://www.arxiv.org/abs/1301.6182

	1. INTRODUCTION
	2. KUIPER BELT GROWTH AND COLLISIONAL EVOLUTION MODEL
	2.1. Growth Model
	2.2. Collisional Model

	3. RESULTS
	3.1. 1km-sized Planetesimals
	3.2. 10km-sized Planetesimals

	4. DISCUSSION AND CONCLUSIONS
	REFERENCES

