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The formation of planets

One of the most ancient and unresolved fundamental mysteries

> Tayelpa

Ancien Greek city
of Stagira, birth
place of Aristotle
[384-322 BC]



https://en.wiktionary.org/wiki/%CE%A3%CF%84%CE%AC%CE%B3%CE%B5%CE%B9%CF%81%CE%B1

The formation of planets

One of the most ancient and unresolved fundamental mysteries

 How big is Earth, the Sun and the
Moon ?

e How far is the Sun, the Moon, and

how far are other planets and stars ?

e How did the cosmos formed and
within it Earth came to be?
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SPHERE images a zoo of dusty discs around young stars

https://www.eso.org/public/news/eso1811/







From dust to planets in protoplanetary disks

Observations Simulations

The protoplanetary disk around HL Tauri seen by ALMA Simmatilon Of planeteSimal fOrmatiOn by
Paper: arxiv.org/pg?/?g)og901246_2190.}/)_;1‘0& Akiyama +2015 Streamlng InStabIlIty
Questions . | Youdin & Goodman, ApJ, 2005
What are the typical sizes of planetesimals? Johansen+2007
What is their composition? Bai & Stone, ApJ, 2010

Where can we find them today in the Solar System?




Planetesimals

the precursors of planets

the most primordial smallest objects bound by their own
self-gravity instead of their material binding forces

In the asteroid main belt, planetesimals = original
asteroids, i.e. those asteroids that formed by accretion in
the protoplanetary disk

There are other type of asteroids, which are
younger, i.e. those that formed as collisional
fragments of more primitive (older) asteroids (likely
the original asteroids = planetesimals)



JAXA'S

NASA's OSIRIS- Hayabusa?






Image of the surface of (4)Vesta from the NASA Dawn
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Michel et al. 2001, 2003



Michel et al. 2001, 2003



Michel et al. 2001, 2003



Asteroid Formation




Asteroid Formation

This asteroid may have formed from
accretion of dust from in the
protoplanetary nebula...

...this asteroid too

... and also
this asteroid.




Asteroid Formation

First asteroid broke-up and
formed a family of asteroid

This asteroid may have formed from fragments

accretion of dust from in the
protoplanetary nebula...

...this asteroid too  2nd asteroid did not break
up

... and also

this asteroid. Jrd asteroid broke-up and

formed a family of asteroid
fragments too




Asteroid Formation

First asteroid broke-up and Orbital elements of
This asteroid may have formed from formed e;rf:énnlllgnc:fsastermd asteroid family members
accretion of dust from in the diffuse with time.
protoplanetary nebula... Families may overlap

among themselves and
over the original asteroids

é )
...this asteroid too 2nd asteroid did not break PY ’
up & ®
" TR
... and also :
: : Jrd asteroid broke-up and
this asteroid. formed a family of asteroid o o ®
fragments too w ¢ ?
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Yarkovsky V-shape

Retrograde

Prograde
cosy < 0 } cosy >0




Yarkovsky V-shape

da Vokrouhlicky+2
— o 1/D Broza 2013
at Bottke+2015

da Nesvorny+2015
1 / K =[ — cosy AT Carruba+2016

at 1km
AT = age of the family (Spoto+ 2015

Retrograde

Prograde
cosy < 0 \ cosy > 0
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Family separation by physical properties & V-shapes
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Family separation by physical properties & V-shapes
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The entire inner-Main Belt in a V-shape

for the low-albedo asteroids

Primordial Family (Delbo+2017 Science)



The entire inner-Main Belt in a V-shape
for the low-albedo asteroids

Primordial Family (Delbo+2017 Science)

Eulalia Family
Polana Family} Walsh+2013 Icarus

The V-shape slope of the primordial family is ~ 0.6 km-'au-! corresponding to an age t = 4.0+1.7.1.1 Gyr



The entire inner-Main Belt in a V-shape
for the low-albedo asteroids

Primordial Family (Delbo+2017 Science)

Eulalia Family }
Polana Fam”y Walsh+2013 Icarus EE B -

The V-shape slope of the primordial family is ~ 0.6 km-'au-! corresponding to an age t = 4.0+1.7.1.1 Gyr
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The entire inner-Main Belt makes V-shapes
for the intermediate-albedo asteroids of the X-complex
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Planetesimal size-frequency distribution
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Phased Plot: 2773 Brooks o —T T
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Phased Plot: 2778 Tangshan_Lowell e 307077
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Predominance of retrograde asteroids in the inward part
of the V-shape of the primordial family

Primordial Family (Delbo+2017 Science)



Predominance of retrograde asteroids in the inward part
of the V-shape of the primordial family

Primordial Family (Delbo+2017 Science)

Eulalia Family
Polana Family} Walsh+2013 Icarus



Predominance of retrograde asteroids in the inward part
of the V-shape of the primordial family

Primordial Family (Delbo+2017 Science)

Eulalia Family }
Polana Fam”y Walsh+2013 lcarus __— B

Athanasopoulos, Bonamico, ...., & Delbo, Astronomy & Astrophysics, in preparation, 2022



Conclusions

* The study of asteroids can shed light on one of the
most obscure phases of planetary formation, I.e.
planetesimal accretion.

e Ancient collisional families needs non-classical
methods of identification

* Ancient families needs to be confirmed by light
curve observations. Small (0.3-1m) telescopes are
perfect for this research.



