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Small bodies: witnesses of the primordial solar system

Which processes governed the formation and evolution of the primordial solar system?

Which information we can get for the study of exoplanetary disks?

The solar system as a “case model”
that we can study in detail,

and even in-situ

HL Tau (ALMA / VLA)

Solar system small bodies represent
the last vestiges of planetesimals and 

protoplanets

Gas + dust

Sedimentation;     
planetesimal formation

«Runaway» growth

Large collisions;
dissipation of the gas
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HL Tau (ALMA / VLA)

«Evolved» small bodies

«Primitive» small bodies

Small bodies: witnesses of the primordial solar system
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Primitive asteroids:
the most probable source of prebiotic material

Both:

• isotopic ratio measurements
• dynamical simulations

point towards a major delivery by water- and organic-rich primitive asteroids

(Marty 2012)

carbonaceous chondrites

 primitive asteroids

Planetary migrations  planetesimal mix
thermally evolved / primitive
(volatile-depleted)   (volatile-rich)

(Walsh et al. 2011)

semimajor axis (au)
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Hayabusa 2 @ Ryugu
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OH–bearing minerals (most likely Mg-rich phyllosilicates)
are ubiquitous on Ryugu

(Kitazato et al. 2019)

Image credit: JAXA



• Existing:  1012 - 1014 

• Discovered: 106 (107 with LSST)
• Space mission targets: 30



space missions to study in 
unprecedented detail selected targets 

and their returned samples…

… ground-based studies to characterise
the global population and better 
quantify how much of prebiotic 

material these objects could have 
brought to the primordial Earth

Solar System Small Body census
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Ryugu composition: the “ground truth”

Perna et al. (2017), based on ESO-VLT data:

• “…small heterogeneities on the surface”
• “…best fitting meteorites are unusual/heated CM and CI carbonaceous chondrites”

Kitazato et al. (2019), based on NIRS3/Hayabusa 2 data:

• “…relatively homogeneous composition”
• “…spectra of thermally metamorphosed CI chondrites and shocked CM chondrites are 

similar to those of Ryugu”
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Population discovered was

>5 times smaller than today

https://minorplanetcenter.net/

The Near-Earth Asteroid population
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NASA/JPL-Caltech

The Near-Earth Asteroid population



Why Near-Earth Asteroids do matter

• The closest building blocks of the solar system

 Relevant for the origin of prebiotic material on the early Earth
 Study of small-sized asteroids

• Accessible targets for space missions

 Science
 Water/mineral resources

• Planetary defense
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Why to study the “small” near-Earth asteroid population?

• Most frequent impactors

• Opportunity to study size-dependent physical properties (composition, 
Yarkovsky effect, rotation, shape, material strength, …)

• Extremely poorly known (observable only at close approaches)
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Small NEAs: ESO-NTT visible spectroscopy
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Previous literature

(larger asteroids)
Our data

Asteroidal contribution to the 
terrestrial prebiotic material 
could be even more important 
than previously foreseen

(Perna et al. 2018)



Small NEAs: extended survey
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(Ieva et al. 2020)

• Our data (ESO-NTT + TNG) + MITHNEOS/MANOS surveys: 1081 NEAs

• Primitive (dark) asteroids: more abundant at small sizes (larger H), despite 
observational bias

• Still limited statistics (few tens of NEAs) for most classes: more data needed!
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• Kick-off & nominal duration: Jan 2020, 3.5 years

• Funding by the EC: 2.1 M€

Participant organisation Country

Istituto Nazionale di Astrofisica
(INAF) – coordinating partner

Italy

Agenzia Spaziale Italiana Italy

University of Padova Italy

LESIA – Obs. de Paris France

Obs. de la Cote d’Azur France

University of Edinburgh UK

Astronomical Institute of the 
Czech Academy of Sciences

Czech
Republic

Instituto de Astrofisica de 
Canarias

Spain

SpaceDyS s.r.l. Italy

DEIMOS Space s.l.u. Spain

DEIMOS Space s.r.l. Romania

DEIMOS Castilla La Mancha Spain

NeoSpace sp z.o.o Poland

Resolvo Srl Italy

This project has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under grant agreement No 870403.

Most of current NEA discoveries: small-sized 
objects at close approaches (many are lost due 

to lack of follow-up observations)

 A main goal of NEOROCKS: rapid-response 
dynamical and physical characterization of 

newly-discovered NEAs

 Significant increase  of the statistics
on small NEAs!



The NEA proximity: a risk…
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Every 108 years

Energy: 1011 Hiroshima bombs

Every 104 years

Energy: 103 Hiroshima bombs

Every ⁓102 years

Energy: ⁓30 Hiroshima bombs

Just if you are very unlucky
(Ann Hodges, Alabama, 1954)

https://commons.wikimedia.org/wiki/File:Meteor_Crater_(crop-a).jpg
https://commons.wikimedia.org/wiki/File:Meteor_Crater_(crop-a).jpg


16

The Torino scale
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Mitigation measures
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Mitigation measures



NASA - DART
Double Asteroid Redirection Test

Launch: 24 nov. 2021
Impact: sep. 2022

65803 Didymos
Diameter: 780 m
Rot. Period: 2.26 ore

Dimorphos

Diameter: 163 m

Orbital period: 11.92 ore

1180 m

DART

650 kg

18.8m x 2.4m x 2.0m

6.65 km/s

LICIACube

11.6cm x 23.9cm x 36.6cm

13 kg



DART

Expected change in orbital period of Dimorphos: about 10 minutes



NASA - DART
Double Asteroid Redirection Test



The NEA proximity: a risk…

… & an opportunity

o Multi-target space missions
 To constrain huge physical diversity

o Discovery & investigation of ultra-small asteroids
 Unexplored!
 To constrain aggregation structure (monolithic vs. 

cohesive vs. rubble pile)
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https://commons.wikimedia.org/wiki/File:Meteor_Crater_(crop-a).jpg
https://commons.wikimedia.org/wiki/File:Meteor_Crater_(crop-a).jpg
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Dauphas & 
Chaussidon 2011



25

2018 ESA “Fast” mission call

“Near-Earth Space Trekker”

selected  (6 out of 23 Phase-1 proposals) 

for Phase-2 after the technical and 

scientific screening by ESA



o Rendez-vous with multiple NEAs (few months at each target)

 Baseline targets: 2012 LA (10-m) and Apophis (350-m)

 Extended mission target: 2014 QN266 (20-m) 

o Science goals (to constrain latest theories about planetary formation)

 Smallest asteroids ever visited

 First radar investigation of asteroid interiors
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o Electric propulsion 

(e.g., Arianegroup RIT 2X

or Qinetiq T6)

o Daughtercraft to be released at 

Apophis (close-up investigation 

and bistatic radar measurements)

o Total V

 4.8 km/s (baseline)

 8 km/s (extended) 
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o NEST proposal didn’t pass Phase-2 technical screening:

 “Risky” radar technology (TRL 4)

 Low V margin to reach Apophis
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o Extremely positive Phase-1 

scientific assessment!

 Explore next mission 

opportunities!

 Larger mission class

 Small/cheap missions

(no radar)

o NEST proposal didn’t pass Phase-2 technical screening:

 “Risky” radar technology (TRL 4)

 Low V margin to reach Apophis



In a nutshell

o Concept developed for the 2020 ASI call for “future CubeSat missions”
 ESA GSTP framework
 50-month (phases A-to-D) development plan
 24-month post-launch operations

o Rendezvous with “high-risk, decametre-size” NEA + 2 PHA fly-bys
 Unexplored physical regimes
 Science + Planetary protection

o COTS, flight-proven components
 Low-cost
 Low-risk
 High-return!

Walkers et al. 2006

29



Targets & mission profile

o 2000 SG344

 ⌀ ⁓ 40 m (H=24.7)

 ESA/NASA: Risky & Accessible

o 2004 QD14 (PHA)

 ⌀ = 143 (-24/+49) m

 pV = 0.37 (-0.18/+0.20) [Trilling+2016]

o 2006 HZ51 (PHA)

 ⌀ = 410 ± 90 m

 pV = 0.42 ± 0.23 [Nugent+2015]

Earth 2006 
HZ51

2004 
QD14

2000 
SG344

Date 11/2026 6/2027 12/2027 8/2028

Vrel (km/s) 0 9.72 10.31 0
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Smallest asteroid visited to date:
Itokawa (⁓350 m)

Image credit: JAXA

Warner et al. 2009



o Baseline scenario
 Launch window ⁓ Sep.-Dec. 2026
 Total ΔV ⁓ 1.0 km/s
 Ample propellant margin (⁓30%)

o Huge flexibility
 Launch dates to 2000 SG344 (late 2025 – early 2028)
 Alternative fly-by (PHA) and rendezvous (“small-size”) targets
 …

Targets & mission profile

Earth 2006 
HZ51

2004 
QD14

2000 
SG344

Date 11/2026 6/2027 12/2027 8/2028

Vrel (km/s) 0 9.72 10.31 0
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Spacecraft design

o 12U CubeSat
o COTS components, mostly with TRL 9 acquired in LEO

o RF ion thruster (thrust ⁓1 mN, Isp ⁓2100 s)
o Two RGB off-the-shelf cameras (renamed NEMOCAM & PHAROS)

o Margined wet mass ⁓20 kg

Solar arrays
(7 panels × 12 cells)

not fully shown
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Operations & scientific return

o Both fly-bys
 Vrel ⁓10 km/s @ ⁓50 km distance
 Decimetre-scale images

o Rendezvous with 2000 SG344
 2-month nominal campaign
 Cm-scale images
 Radio science 
 Constraints to orbit/Yarkovsky/YORP

 Refinement of Earth impact solutions

FoV

(across track)

Spatial Resolution

(@ 100 km)

Focus

NEMOCAM 2.22° 0.95 m > 10 km

PHAROS 5.0° 7.8 m > 400 m
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Input for 
streaming 
instability
+ N-body 
numerical 

simulations

Crater SFD, boulder SFD, …

https://jila.colorado.edu/~pja/saas-fee.html
https://jila.colorado.edu/~pja/saas-fee.html


Status

o ASI call for “future CubeSat missions”
 Among proposals that successfully passed the technical and 

scientific screening (April 2021)
 Financial evaluation currently ongoing

o Flexible, low-risk, high-return mission concept for both planetary 
science & planetary protection

o Opportunity for technological solutions (deep space validation)
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For more information: 
davide.perna@inaf.it

Muito obrigado pela atenção!

Image credit:
Matthew Genge
Imperial College London


