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Planetary Protection for Small Bodies

Are there identifiable populations of solar system small bodies that are sufficiently
numerous, of sufficiently similar accessibility, and/or of sufficiently low relevance to the
study of chemical evolution related to the search for extraterrestrial life that the
contamination of one object in the population would reasonably be expected to have no
tangible effect on the potential for scientific investigation using other objects in the
population? If so, provide a list of these identifiable populations and their defining
parameters;

For the populations identified in #1, is it appropriate to categorize all missions to objects
in these as planetary protection Category 1?

If, after the publication of the study, new information indicates that a previously defined
identifiable population is sufficiently inhomogeneous with regard to planetary protection
to warrant reassessment, what protocols should be followed in order to revise the
defining parameter ranges and corresponding planetary protection categorizations?
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Collision Velocity: 1 mis
Impact Parameter: 0.25

Number of Particles: 85812
—3 Initial Coordination Number: 2,63

nce: Johansen et al. (2015)
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The Beginning

Inner Solar System Outer Solar System
t = 0.0 Myr t = 0.0 Myr
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Distance From Sun

Over 10 to 100 Myr, hundreds of mini-planets collided to yield our planets
Levison et al. (2015)




Capturing Giant Planet Zone Planetesimals

Kretke, Levison, Bottke,
and Kring (2018)

See also Raymond and
Growing giant planets scattering Izidoro (2017)
D = 50-1000 km bodies
» All planets start as Mars masses

» Gas drag with 4 x MMSN. Gas decays
exponentially (e-folding time = 2 Myr)
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» Early on, pebble accretion heats planets,
so limited gas accretion.
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Growth of giant planets scatter planetesimals. Many are captured into
main asteroid belt by gas drag.



Capturing Giant Planet Zone Planetesimals

Kretke, Levison, Bottke,
and Kring (2018)

t = tiw + 4.0 Myr
Planetesimals From Many Zones See ?lzsigoi?'(rggfg and
Now in Asteroid Belt!
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Growth of giant planets scatter planetesimals. Many are captured into
main asteroid belt by gas drag.



Bottom Line

The primordial asteroid belt was filled with a diversity of
D > 100 km bodies from across the solar system.






Asteroids: Fossils of Formation

~1 million objects at least 1 km across between Mars and Jupiter
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Asteroid Collisions
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Large collisions take place, fragments stay fairly close to impact site.
Durda et al. (2004; 2007)






Asteroid Families
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Main Asteroid Belt Size Distribution

Collisional Evolution Model
Phase 1: Collisions in Primordial Main Belt
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Most D < 20 km bodies are fragments of much larger bodies
Bottke et al. (2005; 2015); Morbidelli et al. (2009); Maseiro et al. (2013)



Small Bodies in the Solar System
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Main Belt & Near-Earth Asteroid Populations

The asteroid belt is 5x10“4the
Model Main Belt NEOs from Harris et al., this volume y¢
Rabinowz ot a. 2000 (Spacewatch) 0 Mass Qf the _E?rth, bUt_
Srown et i 201 (niasound evnt) 5 collectively it is 0.13 times
pper limit for Tunguska-like events
Earth’s surface area!
There are ~1000 D > 1 km bodies
in the NEO population and ~108

Debiased Main Belt D>10 m bodies.
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Harris and D’Abramo (2015); Bottke et al. (2015; 2020)



Bottom Line

The primordial asteroid belt was filled with a diversity of
D > 100 km bodies from across the solar system.

There are enormous numbers of asteroids!

Most D < 20 km bodies are fragments from asteroid
collisions, so few are geochemically unique.
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The Yarkovsky Effect

The “Diurnal” Effect

Asteroids absorb sunlight
and heat up.

The energy is reradiated
away after a short delay,
causing asteroid to recoil.

This “kick” causes the
asteroid to spiral inward
or outward.

Sample references: Rubincam (1995; 1998); Farinella et al. (1998); Bottke et al. (2006)
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The Yarkovsky Effect

The “Diurnal” Effect

Asteroids absorb sunlight
and heat up.

This “kick” causes the
asteroid to spiral inward
or outward.

Sample references: Rubincam (1995; 1998); Farinella et al. (1998); Bottke et al. (2006)



Fragments Reach “Escape Hatches”
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NEOs Evolution
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steroids

Meteorite Source Bodies

urce hodies.

ed in the table

Burbine et al. (2002)

Stony meteorites only represent a
few tens of parent bodies

This makes sense if meteorites are
debris from asteroid families
— The number of prominent families from
large parent bodies are afew tens

— With collisional cascades, they dominate
meteorite (and small body) delivery



Bottom Line

The primordial asteroid belt was filled with a diversity of
D > 100 km bodies from across the solar system.

There are enormous numbers of asteroids!

Most D < 20 km bodies are fragments from asteroid
collisions, so few are geochemically unique.

NEOs are an unstable extension of the main belt, with
nearly all objects fragments from large collisions.






Bennu

About0.5 km across

4.3 hr rotation period

Note the top shape and the
presence of craters!

AGU Fall 2018 | Images of Asteroid Bennu




NEO Evolution by YORP

Spi or
and eventual mass shedding. Creation of binaries.

Walsh et al. (2008)







“Bullet Holes” on Bennu’s Boulders

Orbital B image: ~ 1 cm/pix
:P

Impact features have been found on Bennu’s boulders.
Most are probably from meteoroid impacts.

Regular impacts occur with the energy of shotgun blasts!

Bottke et al. (2020); Ballouz et al. (2020)



Effects of Extreme Heating

Granvik et al. (206); Molaro et al. (2020)



The Biggest Surprise — Bennu is an Active Asteroid!

January 19t
Ejection event

Events like this
occur every two
weeks near
Bennu'’s perihelion

What caused it?

Lauretta et al. (2019)



Large amount of
mobilized material
during TAG

- Time of Contact (C) triggered by
accelerometer

- The surface provided a contact force of
~10N

- Compliant, low-cohesion material
- C+1 sec: TAGSAM gas bottle fired

- Substantial cm-scale particles mobilized
by gas for >5 sec

- C+6: Backaway burn initiated
- Residual forward velocity of 4 cm/s
- C+9: Spacecraft velocity changed
directions
- Max penetration depth: 48.8cm

- C+16.6: Altitude rose above
original surface

32









Bottom Line

The primordial asteroid belt was filled with a diversity of
D > 100 km bodies from across the solar system.

There are enormous numbers of asteroids!

Most D < 20 km bodies are fragments from large asteroid
collisions, so few are geochemically unique.

NEOs are an unstable extension of the main belt, with
nearly all objects fragments from large collisions.

Asteroids affected by many processes. They can change
Individual rocks and surface properties

—Most work on timescales that are long compared to human lives



Conclusions

Asteroids are numerous and widespread!

—They have a large collective surface area

—They do not influence one another very much

—Most NEOs and small main belt bodies are derived from families, so
their chemical nature is preserved in enumerable bodies.

Processes affect asteroids on wide range of timescales
—Meteoroid and thermal cracking affect asteroids today
—Major collisions and YORP occur over longer timescales
—They do not strongly modify the chemical nature of rocks/boulders

Our ability to meaningfully affect asteroids is limited

Moving asteroids to Category 1 seems reasonable.
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SClimpact experiment on Ryugu:

30 cm copper plate (2 kg) fired at ~2 km/s

Impact created a 13 m crater.

Small and medium impacts occurs on NEOs from time to time

Ogawa et al. (2019)






conditions resulting from T { ' wh f%‘
surface interaction . SERSS R s BT T e

Favorable sampling -~ " =% haese 7 v R

- Post-contact, disturbance on all
sides around the TAG head,
indicating flush contact with the
surface

- 4.5 cm of penetration pre-gas
release

- Sampleable material visibly lofted
and moved

- Dust cloud precedes particle
ejecta debris in post-gas release
imaging
- Substantial degradation of SamCam

and NavCam optics

- Indicates reservoir, or production, of
dust accessible for sampling
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