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Closer to home, Hubble Space Telescope observations of
KBOs reveal that these objects are often found in wide binaries
with nearly equally sized components. The equally sized
binaries are particularly prominent in a dynamical class of
KBOs known as cold classicals (CCs; heliocentric orbits with
semimajor axes a = 42–47 au, eccentricities e < 0.15, and
inclinations i < 5°), where the binary fraction is estimated to
be > 30% (Noll et al. 2008; Fraser et al. 2017). The equally
sized binaries cannot form in the present Kuiper Belt. Instead,
they must have formed during the formation of KBOs
themselves or by early capture (e.g., Goldreich et al. 2002;
Nesvorný et al. 2010). The KBO binaries thus represent an
important clue to planetesimal formation. The matching colors
of binary components (Benecchi et al. 2011) imply that each
binary formed with a uniform compositional mix, as expected
for gravitational collapse (but not random capture).

2. Properties of known KBO Binaries

A catalog of physical and orbital properties of binary bodies
is maintained by W. R. Johnston (Johnston 2018) on the NASA
Planetary Data System (PDS) node.7 Figure 1 shows the basic
properties of known KBO binaries/satellites. Two notable
features are apparent in the plot. First, the unequally sized
binaries with a large primary and a small moon (R2/R1 < 0.5,
where R1 and R2 denote the primary and secondary radii) are
mainly detected in the hot population (Plutinos in the 3:2
resonance with Neptune and other resonant populations, hot
classicals, scattered disk, etc.).8 These moons are thought to
have accreted around their primaries from impact-generated
disks (Canup 2005; Leinhardt et al. 2010). They are absent in
the CC population either because they did not form or because
bodies in the cold population are generally smaller, and the
moons with R2 < 0.5 R1 around small primaries are dif�cult to

detect. Second, most known equally sized binaries with
R2/R1 > 0.5 appear in the CC population (40 out of 65 known;
shown in red in Figure 1; Table 1).

The most straightforward interpretation of these differences
is that collisions played an important role in shaping the hot
population, whereas the collisional evolution of CCs was
relatively modest (e.g., Nesvorný et al. 2011; Parker &
Kavelaars 2012). The collisional activity in the present Kuiper
Belt is low and not very different between the hot and cold
populations. This means that bodies in the hot population must
have collisionally evolved before they were implanted into the
Kuiper Belt, probably during an early stage when they were
embedded in the massive planetesimal disk (Levison et al.
2008). The CC population did not follow the same evolutionary
path most likely because the outer extension of the planetesimal
disk at >40 au had a relatively low mass (Morbidelli &
Nesvorný 2020). In addition, it has been pointed out (Parker
& Kavelaars 2010) that the wide binaries in the CC population
(ab/Rb > 100, where ab is the semimajor axis of binary orbit
and Rb = R1 + R2) would not dynamically survive during the
implantation process, thus strengthening the idea that most of
them formed beyond 40 au.9 If so, they largely avoided close
encounters with Neptune (see Shannon & Dawson 2018 and
Nesvorný & Vokrouhlický 2019 for the dynamical effects
affecting KBO binaries). In summary, given their distant low-
inclination orbits, low total mass, and large binary fraction,
CCs are thought to be the least dynamically/collisionally
evolved population of planetesimals in the solar system.

3. Planetesimal Formation

During the earliest stages of planet formation, small grains
condense in a protoplanetary nebula and grow to larger ice/dust
aggregates by sticking to each other. The growth stalls near
centimeter sizes, because molecular forces are not strong
enough to hold large particles together, and because large
particles spiral toward the central star before they can grow
(e.g., Birnstiel et al. 2016). An aerodynamic interaction between
particles and nebular gas is important during these stages. The
interaction gives rise to the streaming instability (SI; Youdin &
Goodman 2005), which is thought to be particularly important
for planetesimal formation. In the limit of low pebble to gas
ratios, the SI is one of a broad class of resonant drag instabilities
(Squire & Hopkins 2018). The SI occurs when an initially small
over-density of pebbles accelerates the gas. This perturbation
launches a wave that ampli�es pebble density as it oscillates.
Strong pebble clumping eventually triggers gravitational
collapse into planetesimals (e.g., Johansen & Youdin 2007;
Youdin & Johansen 2007; Johansen et al. 2009; Simon et al.
2017; Li et al. 2018).

The initial stages of particle concentrations by the SI can be
studied with specialized hydrocodes (e.g., ATHENA with the
particle module of Bai & Stone 2010). Modern hydrocode
simulations of the SI, however, do not have an adequate spatial
resolution to follow the gravitational collapse to completion.
Moreover, once the pebble density within a collapsing cloud
exceeds the gas density, aerodynamic effects of gas cease to be
important, and detailed hydrodynamic calculations are no
longer required (Nesvorný et al. 2010; hereafter NYR10;

Figure 1. Properties of known KBO binaries/satellites. The color code
indicates the membership of binaries in different dynamical classes (red for
CCs, green for Plutinos, blue for hot classicals, black for everything else). The
symbol size linearly correlates with the primary radius for R1 � 250 km and is
�xed for R1 > 250 km. For example, Pluto’s four small satellites are shown by
large green dots at the bottom of the plot; Charon is the largest green dot near
the R2/R1 = 0.5 line. The unequally sized systems (R2/R1  0.5) are detected
around large primaries in the dynamically hot populations. Most known equally
sized binaries (R2/R1 > 0.5) are in the CC population (shown in red in the
upper half of the plot).

7 https://sbn.psi.edu/pds/resource/binmp.html
8 See Gladman et al. (2008) for a de�nition of different dynamical categories.

9 The photometrically blue binaries, which represent � 25% of equally sized
binaries detected in the CC population, probably formed at 30–40 au and were
“pushed out” during Neptune’s migration (Fraser et al. 2017).

2

The Planetary Science Journal, 2:27 (21pp), 2021 February Nesvorný et al.

https://sbn.psi.edu/pds/resource/binmp.html








are typically more dense and collapse faster, leading to a
formation of a disk structure in the center (top right panel of
Figure 14). The disk radius is proportional to the initial SAM
value (or, more accurately, to l0.5), with the largest disks being
produced for clumps with the largest initial SAM. The detailed
structure of the disk (e.g., its thickness) may be affected by the
dense packing of SPs, and higher-resolution runs will be
needed to test convergence. The disk is short-lived, either
because it is inherently unstable or because of the infall of
material with the high angular momentum, and is dispersed
(bottom left panel of Figure 14). Eventually, an equally sized
binary emerges from the dispersed disk (bottom right panel of
Figure 14), gradually consuming nearly all of the disk mass.

This last stage is completed in tens of years after the initial
collapse.

The formation of solitary planetesimals in our simulations
follows the same pattern, except that the disks produced by
low-SAM pebble clumps are tiny, and the in�ated SPs come
into contact and merge. Higher-resolution simulations will be
needed to better resolve the compact disks and study the
formation of tight/contact binaries. The high-SAM clumps
show more complicated dynamics with several accretion
centers leading to the accretion of several large planetesimals.
The gravitational interaction of these bodies is complicated and
often leads to mass ejection. An example of this is shown in
Figure 15, where three planetesimals form by t = 14 yr (bottom

Figure 15. Four snapshots from our PKDGRAV collapse simulations of clump a03 (tA2P = 40/Ω, CR = 0.5, f = 1.5, rpeb = 1 cm): t = 0 yr (top left), 10 yr (top right),
14 yr (bottom left), and 20 yr (bottom right). The view is projected down the clump angular momentum axis. Each frame is 450,000 km across. The pebble disk that
can be seen in the top right and bottom left panels collapses into a single planetesimal by t = 20 yr. Two other planetesimals form from local concentrations of pebbles
outside the disk. Finally, the three massive planetesimals undergo an exchange reaction, and one of them is ejected. A wide/equally sized binary is left behind with
R1 = 50.5 km, R2 = 37.2 km, ab = 32000 km, eb = 0.28, and lb = 0.104.
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left panel), and one of them is ejected shortly after that. In this
case, the �nal equally sized binary is widely separated and has
a relatively large SAM content (lb = 0.104). In other cases, a
hierarchical multiple system with roughly coplanar and non-
crossing orbits can emerge.

8.9. Runs B22 and C203

A similar analysis was performed for runs B22 and C203
(Table 4). In total, we completed 16 PKDGRAV simulations for
clumps extracted from B22 (tA2P = 41/Ω) and eight simula-
tions for clumps from C203 (tA2P = 117.6/Ω). Unlike for A12,
here we only used one random seed to generate the initial
distribution for each clump; the statistical variability of these
results is therefore expected to be larger. Ten out of 16 (63%)
clumps from B22 and six out of eight (75%) clumps from C203
produced equally sized binaries with R2/R1 > 0.5. The proper-
ties of model binaries are similar to the ones reported from
A12: (1) the radius ratio reaches up to R2/R1 = 0.96 (clump
b15), (2) the SAM values of equally sized binaries range
between lb = 0.03 and 0.15, (3) the binary eccentricities are
nearly uniformly distributed in the 0 < eb < 0.8 interval, and
(4) the binary inclinations with respect to the initial angular
momentum vector are generally small (e.g., 71% from B22
have ib < 20° and 100% from B22 have ib < 35°; the more
misaligned cases are more unequal). Due to the resolution
issues discussed in Section 8.6, we do not obtain binaries with
R2/R1 > 0.8 and l < 0.05, and the model binaries do not
populate orbits with qb < 35(R1 + R2).

The binary formation criterion (Section 8.6) works pretty
well for B22 and C203 (Figure 16). Eight out of nine clumps
selected from B22 with l0.5 > 0.07 produce equally sized
binaries. The only exception to this rule is clump b03 with
l0.5 = 0.097. The initial clump structure shows two concentra-
tion centers and is reminiscent of that of clump a01 at t = 41/
Ω. By t = 100 yr, the b03 clump gives birth to a system with

four moons having Rj/R1 = 0.22–0.35. Some of these moons
have crossing orbits, and we thus prolonged the simulation to
see how the system evolves. Only one moon with R2/R1 = 0.36
survived by t = 1000 yr. The other moons were accreted on the
primary or ejected from the system. From six B22 clumps
having l < 0.07 initially, four produced unequally sized
binaries, and one ended with a single planetesimal. The only
exception is clump b04 with l0.5 = 0.056, which produced an
equally sized binary with R2/R1 = 0.67. We have simulated
this clump with a different random seed and found that the
additional simulation produced a binary with R2/R1 = 0.51.
More work will be needed to fully characterize the statistical
variability of the results.

The results for C203 are similar (Figure 16(b)) with seven
out of eight simulated clumps (88%) satisfying the criterion
(�ve have l0.5 > 0.07 and form equally sized binaries, and two
have l0.5 < 0.07 and form unequally sized binaries). The c05
clump is an interesting exception. This clump initially has
l ; l0.5 = 0.057 and yet it forms an equally sized binary with
R2/R1 = 0.59 (Table 4). It is one of the largest clumps selected
from C203, has low initial obliquity and is initially very �at
(Figure 17). The two binary components form in the overdense
regions near where the inner spiral arms bend (Figure 17(a)).
We have not investigated in detail how often the initial clumps
are �attened, but we have not seen this happening again in � 20
other cases we observed. This suggests that cases such as c05
are uncommon, and their relevance for the planetesimal
formation is relatively low.

The cumulative distributions of lb obtained for runs B22 and
C203 �t observations reasonably well, but they are more
choppy than the one shown in Figure 5. This is most likely
related to the approximate nature of the method used here to
construct the model distributions (Section 8.7). To make the
predictions more accurate, we will need to: (1) increase the
resolution of the PKDGRAV simulations, and (2) simulate

Figure 16. The SAM distribution of B22 clumps identi�ed for tA2P = 41/Ω (panel (a)) and C203 clumps for tA2P = 117.6/Ω (panel (b)). The SAM content within a
sphere of radius r = 0.5RH is shown on the y-axis (l0.5). The green stars label the clumps that produced the equally sized binaries with R2/R1 > 0.5, the blue stars label
the unequally sized binaries and hierarchical systems with R2/R1 < 0.5, and the red stars label the clumps that produced single planetesimals (R2 < 10 km; nominal
PKDGRAV resolution used here). The dashed lines approximately divide parameter space into domains where equally sized binaries do (l0.5 > 0.07) and do not form
(l0.5 < 0.07).
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collapse of a larger number of selected clumps. For example, it
is conceivable that all clumps from a given ATHENA run can be
simulated with PKDGRAV. Increasing the resolution will
require a larger computer power and some �x to bypass the
computational bottleneck during the disk stage where packed
SPs often collide (this stage is not ef�ciently parallelized in the
hard sphere �avor of PKDGRAV). If the predictions can be
made more accurate, it should eventually be possible, by
comparing them with observations of the CC binaries, to
constrain the SI parameters that applied to the formation of
planetesimals in the outer solar system.

9. Conclusions

The main conclusions of this work can be summarized as
follows:

1. The streaming instability simulations produce pebble
clumps with vigorous rotation that are conducive for the
formation of equally sized planetesimal binaries.

2. We simulate gravitational collapse of pebble clumps and
�nd that it involves several stages: (i) the initial infall of
dense inner regions leads to a disk formation, (ii) the
binary system accretes from the disk material, (iii) the
disk is disrupted by instabilities and/or continued infall
of material, and (iv) a binary forms, ejects mass, and
evolves to its �nal con�guration.

3. The binary properties depend on the initial value of the
scaled angular momentum (SAM or l; Section 6) and its
radial distribution. Low-l clumps produce close (or
contact) binaries and single planetesimals. Compact
high-l clumps with l > 0.07 for r < 0.5RH give birth to
wide equally sized binaries (R2/R1 > 0.5 and ab/Rb > 35,
where Rb is the sum of binary component radii,
Rb = R1 + R2). High-l clumps with a �at radial distribu-
tion produce hierarchical multiple systems with large
moons (Rj/R1 = 0.1Š0.5).

4. We �nd that 10%–75% of the original SAM and 50%–

100% of the original mass of a pebble clump is converted
to the �nal binary system. The remaining <50% of the
original mass remains in pebbles and small planetesimals.
The mass loss should be taken into account when
estimating the initial mass function of planetesimals
(e.g., Simon et al. 2017).

5. SI-triggered gravitational collapse can explain the angular
momentum distribution (or, equivalently, the mutual
separations) of the equally sized binaries found in the
Kuiper Belt (Section 8.7; Grundy et al. 2019; Noll et al.
2020).

6. The tilt of the orbital plane of binaries with respect to the
initial angular momentum vector of clumps is generally
small (20°). This justi�es the assumption of Nesvorný
et al. (2019) that the obliquity distribution of clumps can
be used to predict the inclination distribution of binaries.

7. The resolution of PKDGRAV simulations will need to be
increased to 106 superparticles to be able to resolve the
tight (and contact) binaries (mutual pericenter <35Rb).
The high-resolution collapse simulations tend to produce
binary components that are more similar in size compared
to the low-resolution runs.

8. Roughly 10% of our collapse simulations produce
hierarchical systems with two or more large moons.
These systems should be found in the Kuiper Belt when
observations reach the threshold sensitivity.

9. The changes of binary properties produced by the
collisional/dynamical evolution of cold classicals over
the age of the solar system are relatively minor
(Appendix B; also see Porter & Grundy 2012).
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Figure 17. Structure of the c05 clump at t = 117.6/Ω. The angular momentum vector points along the Z-axis. The total mass of the clump corresponds to a sphere
with equivalent radius Req = 136 km (for a reference density ρ = 1 g cmŠ3). The boxes shown here are roughly 300,000 km across. For scale, the Hill radius is
RH � 815,000 km (for a ; 45 au).
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