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Multi-Component Bodies…

• … are ubiquitous in the asteroid population 
– Binary asteroids:  ~15%
– Contact binary bodies: ~30%
– Asteroid Pairs / Clusters: ~?

• At least ~50% of small bodies have binarity in their morphology, and have evidence of 
being parts of primordial bodies with multiple components

• “Components” themselves can be rubble piles — the amount of strength that two rubble 
piles need to rest on each other without collapse is minimal… (Meyer & Scheeres 2024). 

• Here we probe dynamical questions regarding the formation and evolution of these bodies:
– When and where does the multi-component nature of these bodies arise? 
– Are asteroid pairs and contact binary structures related? 
– How efficient is this creation process? 
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Rubble Pile Factory? 

No gas drag expected
Low-speed dynamics
Rigid body rotations
Reimpact dynamics
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Simple post-impact environment

5D

D

D

V = s ρxŷ

x̂

ŷ

̂z H =
1

2M ∫ℬ ∫ℬ
(r − r′￼) × (v − v′￼) dm dm′￼

E = T + 𝒰

T =
1

4M ∫ℬ ∫ℬ
(v − v′￼) ⋅ (v − v′￼) dm dm′￼

𝒰 = −
𝒢
2 ∫ℬ ∫ℬ

dm dm′￼

r − r′￼

IH =
1

2M ∫ℬ ∫ℬ [(r − r′￼) ⋅ (r − r′￼) − (Ĥ ⋅ (r − r′￼))
2] dm dm′￼

System-level quantities of Angular Momentum 
and Energy should define the outcome, 
independent of the particulars of the distribution. 
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Energy and AM Loss

6D

D

D

x̂

ŷ

̂z

ΔHi = miV∞,ib∞,iĤi + IiΩi

ΔEi =
1
2

miV2
∞,i +

1
2

IiΩ2
i + ∑

j≠i

𝒰ij + 𝒰ii

Escaping particles carry away translational and 
rotational energy and angular momentum

Impacting particles shed energy, 
conserve angular momentum 

ΔEkl

H′￼ = H − ∑
i

ΔHi

E′￼ = E − ∑
i

ΔEi − ∑
kl

ΔEkl

The remaining rigid components will 
seek out minimum energy configurations
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Leading to multi-component systems… 
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x̂

ŷ

̂z

The remaining mass distributions are coupled and continue to evolve, the possible final outcomes 
can be defined as a function of the total angular momentum, energy and mass distribution through 
the amended potential:

ℰ =
H2

2IH
+ 𝒰
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What are the energetics of collapse?
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The final shape and 
morphology of these 
condensates is a function 
between angular momentum, 
final energy and mass 
distributions. Under a 
“spherical approximation”
is defined as the minimum of 
the amended potential  for 2 
spherical bodies defined by 
their mass fraction 

ℰ

μ =
m1

m1 + m2

Resting minimum energy configurations
Orbiting minimum energy configurations

Emin(H2, μ) = minQ(ℰ(H2, μ, Q))

 = internal degrees of freedomQ
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Angular Momentum vs Morphology
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Angular Momentum vs Morphology
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Energy vs Morphology
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Detail showing multiple solutions
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D.J. Scheeres, A. Richard Seebass Chair, University of Colorado at Boulder

Detail showing multiple solutions

11

-0.6

-0.55

-0.5

-0.45

-0.4

-0.35

 0  0.2  0.4  0.6  0.8  1

H2 = 0.09
Orbital Envelope

Resting Envelope

μ

ℰ̃

Orbital Envelope

Resting Envelope

Resting Configurations

Orbiting Configurations

Specific case showing that 
multiple final states can exist, i.e., 
orbiting minimum energy states or 
contact binary minimum energy 
states. 

This implies that the stable end 
states of a rubble pile collapse are 
not unique, and will have a 
stochastic component. 

Starts with boosted energy



D.J. Scheeres, A. Richard Seebass Chair, University of Colorado at Boulder

Detail showing multiple solutions
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Detail showing multiple solutions
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Energy Dissipation Across all Shapes
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Energy Dissipation Across all Shapes
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Energy Dissipation Across all Shapes
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Energy Dissipation Across all Shapes
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Energy Dissipation Across all Shapes
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Energy vs Angular Momentum
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Rubble Pile Formation Phase Diagram
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We study the 
dynamics of these 
multi-body systems 
when started at 
energies above 
their minimum 
configurations. 

Depending on the 
energy of the 
system, particles 
can be ejected, 
while conserving 
system energy and 
angular momentum 
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Energetically Forbidden Regions for N = 4
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Energetically Forbidden Regions for N = 3
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Fission and Escape for N Bodies

• Given N bodies, a Configuration is a collection of these bodies into P groups, with each 
group having a set number of bodies qi. Does not consider the state of the configurations

16
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Hill Stability: Definitions & Theorems

• A Configuration of P components with qi; i = 1, 2, … P bodies in each component is 
Configuration Hill Stable if none of these components can mutually escape to infinity. 

• Theorem:  A given configuration of P components with qi bodies in each component is 
Configuration Hill Stable if

• Proof:  Since the distance between bodies is bounded, there is a minimum gravitational 
potential energy, which restricts escape.

17

System Energy of an
N-Body Problem

E = T + U U = �
N�1X

i=1

NX

j=i+1

1

rij

Gravitational Potential Energy 
for Finite Density Bodies Minimum Potential 

Um(N) = min
rij�1

U

E <
PX

i

Um(qi)
Um(2) = �1

Um(3) = �3

Um(4) = �6

𝒰(5) ∼ − 10
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How many ways can a Rubble Pile Disaggregate?
• For a rubble pile with N 

components… the number 
of ways it can disaggregate 
equals the number of 
“integer partitions” of N 

18

N Number of 
Partitions

2 2
3 3
4 5
5 7
6 11
7 15
8 22 Young Diagram showing all possible partitions and disruption energies
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Possible Outcomes for a 3 component system

20

Initial condition: 3 spinning bodies in an
initially bound orbit with a given  and E H2

Possible Outcomes after a given time: 

Total collapse, contact binary/ternary

Escape: 
Asteroid pair, leaving a binary

Escape: 
Asteroid pair, leaving a contact binary

Settle into a stable binary asteroid

Continued interactions as a 3-body 
system… 

We simulate 3-body systems, accounting for rigid 
body rotation, surface friction, COR and gravity

Simulations are made using ReboundX, updated 
to account for the total system angular momentum 
and energy including the rigid body components 
and their interactions
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Survey of Final Outcomes
• For the equal mass Full 3-Body problem we ran thousands of cases for different 

values of angular momentum  and initial energy 
• Evolution is tracked until:

– Ejection of a body
– Sufficient dissipation of energy to form a stable 3-body system 
– Pre-specified time span

• Computations resolve impacts, which transfer angular and translational 
momentum and energy
– Strict numerical constraints maintained on total angular momentum conservation
– Energy decreases at impacts due to surface forces and rebound energy loss

• Goal is to identify statistical outcomes as a function of  and 
– Since -body interactions are chaotic, more appropriate to develop statistical approaches
– Motivates a “Thermodynamics” of rubble pile evolution 

H2 E

H2 E
N

24
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Typical initial values for a fixed  and H2 E

25
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Endgame of Energy Collapse
• Results are stochastic but predictable, from a thermodynamics perspective

29

Fraction that end 
in an Euler State

Total Angular 
Momentum
Measure

Movie by T. Gabriel

Outcome of a collapse where 
either Lagrange or Euler 
resting configurations can 
exist
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Mass Ratio Variations Change 
Energy Thresholds for Escape

31
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Ejection Efficiency Sensitivity to 
Mass Distribution

33

Chosen for  and H2 = 20/3 E = − 1/6
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Ejection Efficiency Sensitivity to 
Model Parameters 

34

Chosen for  and H2 = 20/3 E = − 1/6

Sensitivity with respect to model parameters is also seen, but fit with the model 
that increased energy dissipation leads to decreased ejection efficiency
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Conclusions and Future Work

• The mechanics of multi-component asteroid systems are 
studied as interacting rigid bodies
– Current studies assume the system is at an early stage of its life
– Future studies will also look at the evolution of a collapsed system

• Simple 3-body interactions efficiently create asteroid 
pairs, contact binaries and binary asteroids
– Across a large range of initial angular momentum and energy we 

find ejection efficiencies from 5-50%

• Future simulations will explore:
– Additional bodies
– Different relative sizes and shapes 
– Initial conditions driven by formation and evolutionary states

35
Movie by T. Gabriel

Dissipating 3-body interaction
Will end up as       or as 
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