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Mean distance to Sun 

Asteroid Spectra,  
Composition and number 

Asteroids are remnant of solids  
of the protoplanetary disk in  
which planets were formed 

Dark (C, D) type asteroids ⇐  
are the most primitive 



Asteroids and comets: remnants of planetary bricks 



NEOs have many interesting  
characteristics: 

•  Accessibility 

•  Identified links to other small  
body populations 

•  DNA of the Solar System 

•  Great diversity of physical  
and compositional properties  

•  Hazard 

• Great laboratory for studies of  
granular materials in micro-g   



Asteroids from 
different regions of 
the Main Belt (MB) 
are  injected into 
resonances which 
transport them on 
Earth-crossing orbits 

A small fraction (6-8%) 
of NEOs come from 
Jupiter-family comets Mean distance to the Sun (AU) 







Model 
(S. Ostro) Images from radar echo: two rocky lobes  (4 and 2 km  

of diameter) 



Note: only two asteroids have been visited so far, and are of the same type (S)  
No such information exist for a primitive (dark type) asteroid 



Surface conditions:  
Thermal IR data indicate the presence of regolith 

Correlation 
(inverse) between 
thermal inertia and 
size  
(Delbo et al. 2007, 
Mueller, 2007) 

Larger asteroids 
have a finer 
regolith than small 
ones 

Very small 
asteroids including 
fast rotators have 
low thermal 
inertia!! 

Thermal inertia < 2500 Jm-2s-0.5K-1 (bare rock value) in all cases  
 presence of regolith on all studied asteroids 



Small asteroids 
(<100 m) can  
have fast spin  
rates 

2009 BF2:  
D= 27 m  
Period: 58 s  

2008 HJ:  
Period: 42.7 s 

From Holsapple and Michel, Icarus 193, 2008 





Asteroid Eros (23 km)!

Asteroid Itokawa (350 m)!

Asteroid Mathilde  (50 km)!

1.3 g/cm3! 2.7 g/cm3!

1.9 g/cm3!

C-type!
low albedo !
(<0.1)!

S-type!

S-type!
high albedo !
(> 0.15)!

Great diversity of structures 

 ⇒bulk density:  
smaller for lower albedo objects 

Presence of regolith on all these bodies 

Note: even two bodies of 
same spectral type  
can be very different! 



Gravitational phase of a disruption 

Michel P., Benz W., Richardson D.C. 2001. 2002, 2003, 2004a, b 
Michel P. 2006, Lecture Notes in Physics 
Michel P. 2009, Lecture Notes in Physics 

Michel et al., 2001, Science 294 
Michel et al., 2003, Nature 421 



Collision and gravitational reaccumulation 

Snapshots centered on the largest fragment from t=0 to 84 minutes  
Increase of realism of simulations: model of rigid body accounting for 
The shapes of aggregates formed in a collision  
(Richardson, Michel et al. 2009, PSS 57):  

Michel P. et al. 2001. 2002, 2003, 2004 
Michel P. 2006, Lecture Notes Physics 
Michel P. 2009, Lecture Notes in Physics 

Itokawa 



Astéroïde Eros: dimension= 23 km 
2e plus gros croiseur de la Terre !! 
Découvert à Nice en 1898 

Mission NEAR 
(NASA) 

Un an en orbite 

Autour d’Eros 

2000-2001 



Last image (altitude: 120; width: 6 m) 

Presence of fine regolith (10-100 m depth) 

Craters and ponds 







Mission Hayabusa (JAXA, Japan) 



Itokawa: gravels, pebbles, … 
Miyamoto et al. Science 2007 

Constraints on navigation for landing: Hayabusa accuracy was a few tens of meters 



Eros surface taken from 823 feet  
 (NEAR) 

Layer of fine regolith, 10-100 m depth  
1 m to 100 m-size boulders 

Itokawa surface: gravel, pebbles 
 (Hayabusa) 

Outer regolith layer with mean depth about 44 cm 

The two visited asteroids:  
both S taxonomic type and  
totally different surface  
Properties. 
What about a dark type?? 



Itokawa vs. Eros 
Smooth areas on Eros (below) 
and Itokawa (left); absence of 
fines on Itokawa 

Images at same scale 

Eros 

Itokawa 

Recall: gravity conditions are extremely different 
Escape velocity on Eros: 10.3 m/s 
Escape velocity on Itokawa: 15 cm/s 



Spectra of three typical regions are 
different each other in the depth of the 
1-micron band.  This disagreement is a 
result of different grain size as well as 
degrees of  space weathering.  
Otherwise all the spectra suggest 
basically the same mineralogical 
materials all over the surface of 
Itokawa. 

NIRS 

M.Abe, et al., Science (2006) 
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Albedo Map (NIR) 
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K. Kitazato, et al. 2008 
NIRS 



LIDAR transects across the MUSES-C region 

indicating a very smooth surface: (a) AMICA image 
with the two profiles A and B shown in plots (b) and 
(c). All the point to point scatter seen in the elevation 
plots are due to the quantization of the ranges measured 
by the LIDAR at ±0.5m, implying a very smooth 
surface, especially compared to all the previous plots 
where the elevation axes are larger.  

O.S. Barnouin-Jha et al. (2008)	



LIDAR 



Two	
  important	
  characteris0cs:	
  

1.	
  None	
  of	
  the	
  smaller	
  gravels	
  	
  
	
  	
  	
  	
  are	
  isolated	
  on	
  top	
  of	
  boulders	
  

2.	
  The	
  posi0on	
  and	
  orienta0on	
  of	
  gravels	
  	
  
	
  	
  	
  	
  are	
  stable	
  against	
  local	
  gravity	
   “Gravels	
  on	
  Itokawa	
  were	
  reallocated	
  

	
  aBer	
  deposi0on”	
  

The	
  surface	
  has	
  been	
  subject	
  to	
  

global	
  vibra*ons	
  

Miyamoto et al. Science 2007 
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J	
  

(b)	
  

•  Imbrica0ons	
  
•  Hampered	
  fines	
  
•  Jig-­‐saw	
  fit	
  structures	
  
•  Boulder	
  alignments	
  

Cri0cal	
  morphological	
  evidences	
  of	
  
gravel	
  migra0ons	
  

Global-­‐scale	
  par0cle	
  migra0ons	
  segregate	
  
fines	
  into	
  gravity	
  lows.	
  
Migra0ons	
  occur	
  due	
  to	
  vibra0ons	
  perhaps	
  
by	
  impact-­‐induced	
  shakings.	
  

Miyamoto et al. Science 2007 



Difficult	
   Easier	
  	
  

Causing	
  a	
  global-­‐scale	
  vibra0on	
  is	
  

Why this process found only on Itokawa? 

•  Distance	
  from	
  the	
  source	
  of	
  seismic	
  energy	
  is	
  generally	
  short	
  at	
  any	
  loca0ons,	
  
resul0ng	
  in	
  effec0ve	
  fluidiza0ons	
  of	
  par0cles	
  

•  A	
  small	
  body	
  keeps	
  the	
  seismic	
  energy,	
  which	
  supports	
  par0cle	
  fluidiza0ons	
  for	
  a	
  
sufficiently	
  long	
  0me	
  

•  A	
  small	
  body	
  generally	
  has	
  steeper	
  slopes	
  that	
  provides	
  gravita0onal	
  driving	
  force	
  
for	
  par0cle	
  migra0ons.	
  

Miyamoto et al. Science 2007 



Shaking of granular material in various gravity conditions: 

Numerical simulations can help to investigate this process  
over a wide parameter space (size distribution of grains, …) 

Simulations by Naomi Murdoch, using pkdgrav code 







This effect was  measured by observations for at least 2 objects (publications in Science et Nature) 



Initial surface particles are in orange, core ones are in white 
The surface of the primary consists of fresh material 

Make them great targets for sample return space missions: 
1- mass determination facilitated by the presence of a secondary 
2- sampling at the pole allows getting fresh material (from previous interior) 

Walsh, 
Richardson, 
Michel,  
Nature 454,  
2008 

1999KW4, Ostro et al. 

The baseline 
target of 
MarcoPolo-R  
is a binary! 

Last image of  
simulation of  
YORP spin-up of  
a rubble pile 

Granular matter  
migrated from the pole 
to the equator, then  
escaped to form a  
satellite 



©ESA Mission Rosetta 

Simulation by Naomi Murdoch,  
Kevin Walsh 
Code pkdgrav 



Amount 
 of “cohesive  
acceleration”  
necessary  
to keep a  
grain on the  
surface of an  
asteroid.  

Milli-G’s  
necessary  
for a 100 m  
asteroid rotating  
with a 6 min  
period  
or a 10 m asteroid rotating with a period on the order of tens of seconds. 

From Scheeres et al., 2010 

Escape velocity on Eros: 10.3 m/s 
Escape velocity on Itokawa: 15 cm/s 



From Scheeres et al., 2010, Icarus 210, 968 





Origin and evolution of the  
Solar System, origin of life,  
hazard 

OSIRIS-Rex: selected in NASA New Frontiers,  
launch in 2016 

Proposed by:  
A. Barucci (Obs. Paris, Lead)  
P. Michel (OCA, co-Lead), 
Supported by > 560 European scientists 

Hayabusa 2: phase B at JAXA, launch in 
2014 





Experimental 
Tests 

Sand 

Pumice 

Pumice 
Table 

Asteroid material 
analogues 

Sample mechanism (Hayabusa) 

Sample device 

Sampling in a few seconds 



 Test with BWS (Brush Wheel Sampler) and tuff rocks  
BWS collecting lunar regolith simulant        (APL-JPL-NASA) 

The BWS has been designed and tested to collect the sample (0.350-2.1 kg) in <1 sec  



The ridge-forming layers  
may be weak, but separated  
by material with virtually no  
cohesion. 

Polygonal fracture patterns  
in the dark regolith between  
distinct layers could be due  
to ground ice, or regional  
tectonic stresses. 

© NASA 



Dunes of sand-sized materials have been 
trapped on the floors of many Martian 
craters. This is one example, from a crater in 
Noachis Terra, west of the giant Hellas 
impact basin. The High Resolution Imaging 
Science Experiment (HiRISE) camera on 
NASA's MRO captured this view on Dec. 28,  
2009. 

The dunes here are linear, thought to be due 
to shifting wind directions. Large angular 
boulders litter the floor between dunes. 

© NASA 



20 km wide 
13 km high 
1300 km long 

Maybe formed by the impact of a satellite debris disk 

© NASA 




