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Identification of a primordial 
asteroid family constrains the 

original planetesimal population!

Delbo’ et al., Science 357, 1026–1029 (2017)!

A seminar of the !
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Johansen, Oishi, Mac Low, Klahr, Henning, & 
Youdin (2007)!

The protoplanetary disk around HL Tauri seen by ALMA!
APOD 2014-Nov-10 !

Paper: arxiv.org/pdf/1503.02649.pdf & Akiyama +2015 !
!

Observations!
Simulations!

Formation of gravitational aggregates (planetesimals) 
within protoplanetary disks!



Planetesimals: formation of and water delivery 
to the terrestrial planets!

Raymond, Quinn & Lunine (2006). !



Planetesimals perturbed the 
orbits of giant planets (and 
viceversa)!
!
The giant planet instability 
resulted in excitiaiton of the 
eccentricity and inclination of the 
orbits of planetesimals in the 
Main Belt.!
!
Izidoro+  2016 ApJ!
Nesvorny+ 2013 ApJ!
Morbidelli+ 2010 AJ!
Gomes+ 2005 Nature!
Morbidelli+ 2005 Nature!
Tsiganis+ 2005 Nature!

Planetesimals as the cause of the giant 
planet orbital instability (Nice model)!

Credits: Hal Levison (youtube)!



Planetesimal Initial Size Frequency Distribution (SFD)

[Johansen et al., 2015b, Johansen et al., 2015a, Cuzzi et al., 2008, Klahr and Schreiber, 2016]







Collisional families!
•  Created during catastrophic and cratering disruptions 

of asteroids!

•  Fragments disperse in space, but have closely related 
semi-major axes (a), eccentricities (e) and inclinations 

(i) to that of the parent body!

Michel et al., 2013!

Nesvorny et al.,2013!













Diffusion of orbital elements!
•  Family fragments diffuse in (e,i) due to secular and mean 

motion resonances (MMR).!

Brož and Morbidelli, 2013!1.7 Gyr!





The V-shape is due to the Yarkovsky-E↵ect

ANRV273-EA34-06 ARI 17 April 2006 23:23

Following Öpik and before its current flowering, research on Yarkovsky-type effects
was pursued in Russia by Radzievskii (1952, 1954) and Katasev & Kulikova (1980); in
the United States by Paddack (1969, 1973), Paddack & Rhee (1975), Peterson (1976),
O’Keefe (1976), Slabinski (1977), Dohnanyi (1978), and Burns et al. (1979); and in
Australia by Olsson-Steel (1986, 1987). Additional history on the Yarkovsky effect
can be found in Hartmann et al. (1999).

2.1. Description of Diurnal Component
The basic idea behind Yarkovsky’s diurnal effect is shown in Figure 1a, which shows
a spherical meteoroid in a circular orbit about the Sun. For simplicity, the meteoroid’s
spin axis is taken to be normal to the orbital plane, so that the Sun always stands on
its equator. Insolation heats up the sunward side, with the heat ultimately reradiated
into space by the meteoroid (typically in the infrared part of the spectrum, unless
the meteoroid is very close to the Sun). An infrared photon carries away momentum
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Figure 1
(a) The diurnal Yarkovsky effect, with the asteroid’s spin axis perpendicular to the orbital
plane. A fraction of the solar insolation is absorbed only to later be radiated away, yielding a
net thermal force in the direction of the wide arrows. Because thermal reradiation in this
example is concentrated at about 2 PM on the spinning asteroid, the radiation recoil force is
always oriented at about 2 AM. Thus, the along-track component causes the object to spiral
outward. Retrograde rotation would cause the orbit to spiral inward. (b) The seasonal
Yarkovsky effect, with the asteroid’s spin axis in the orbital plane. Seasonal heating and cooling
of the “northern” and “southern” hemispheres give rise to a thermal force, which lies along
the spin axis. The strength of the reradiation force varies along the orbit as a result of thermal
inertia; even though the maximum sunlight on each hemisphere occurs as A and C, the
maximum resultant radiative forces are applied to the body at B and D. The net effect over
one revolution always causes the object to spiral inward.
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from [Bottke et al., 2006]

da
dt =

�
da
dt

�
1 km

1
D cos �,

[Vokrouhlický et al., 2006], where � is
the obliquity and (da/dt)1 km is the
rate of change of the orbital
semi-major axis with time for an

asteroid of 1 km

The age of the family, �T , is derived

from the inverse slope of the V-shape

[Spoto et al., 2015] :

1/K = (da/dt)1 km cos � �T
for more fun with Yarkovsky e↵ct, see: https://www.youtube.com/watch?v=DQtj0RhimZY&t=33s



Yarkovsky V-shape!

Prograde!Retrograde!

da/dt prop.to 1/D!



Slopes of V-shape decrease with increasing age

Erigone’s age = 210 – 230 My [Spoto et al., 2015];
= 300 +/- 200 My [Brož et al., 2013]

Eos age 1300 +/- 200 My [Brož et al., 2013]



Half V-shapes

New Polana age 1500 My and Eulalia family age 1000 My
[Walsh et al., 2013, Bottke et al., 2015]



V-shape searching method!

Bolin+ 2017!



Identification of a previously unknown family!
"   We searched for 

V-shapes 
amongst low-
albdeo 
(pV<0.12) in the 
inner Main Belt 
(2.1<a<2.5 au) "

"   The value of     
N2a/Nb is shown 
as a function of 
the slope (K) 
and semimajor 
axis of the 
vertex of a V 
shape (ac)."

"   Maxima in this 
quantity 
correspond to 
probable 
families.! Delbo+ 2017; "

see also Walsh+ 2013; Bolin+ 2017; DeMeo 2017.!
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Fig. 2: Output of the V-shape searching method. The value of N2

a/Nb is shown in colour as
a function of the slope (K) and semi-major axis of the vertex of a V-shape (ac). Maxima in this
quantity correspond to probable families due to an excess of the value of N2

a/Nb above its local
background (18). The high values of the output at ac = 2.49 au with |K| ⇠ 1.7 km�1 au�1 and
ac = 2.42 au with |K| ⇠ 1 km�1 au�1 correspond to ages of ⇠1 Gyr and ⇠1.9 Gyr, respectively
(18). These are the previously identified families of Eulalia and Polana (30). The V-shape of
the primordial family has ac = 2.366 au, with a slope of |K| ⇠ 0.59 km�1 au�1 giving an age
of ⇠4 Gyr. The value of the parameter C (10) is calculated from C = 1/K

p
pV /1329 using a

geometric visible albedo pV = 0.055 (see Fig. S4).
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"   The V-shape slope of the primordial family is ~ 0.6 km-1au-1 corresponding      
to an age t = 4.0+1.7-1.1 Gyr !

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

Polana Family!

Primordial Family (Delbo+ 17)!

Eulalia Family! } Walsh+ 13!



The primordial family and the big asteroid void !

The primordial V-shape is that it is not
constituted by an over-density of
asteroids above a di↵use background,
which is typical for younger families
[Milani et al., 2014]:

Instead the inward edge of the V-shape

marks the border of a huge triangular

void of dark asteroids with 2.15 < a <

2.3 au and 0.2 < 1/D < 0.125 km�1

(i.e. 50 > D > 8 km), with only one

(questionable) low-albedo asteroid

assigned to an almost-absent

background

I We calculated probability to have a V-shape by coincidence and a void similar to those formed by
low-albedo asteroids from random distributions of objects, is smaller than 10�6.



Could the void of asteroids be due to 4 Gy evolution ?

I test whether the void of asteroids and the primordial V-shape could be the results of 4 Gyr dynamical
evolution of a initially random distribution of bodies.

I We carry out numerical integrations of orbital evolution of asteroids for 4 Gyr, including the Yarkovsky
e↵ect and the planets on their current orbits
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I We find that only about 50% of the initial asteroids are removed, with no removal preference from where
the void is found, so that said process is not able to reproduce the observations, implying that there is no
dynamical reason for the presence of the void.



Physical properties!
Homogeneity of the physical properties of its members (albedo and spectra are 
expected to be similar for asteroids sharing origin from a common parent body)!

Certain members!

Overlapping !
with other families!

Spectra!
Albedos!

"   Homogenous albedos and spectra, 
similar other low-albedo families of 
the inner Main Belt (Walsh+2013; 
Pinilla-Alonso+2016; DeLeon+2016; 
Masiero+2013,2015; Nesvorny
+2015;)!



Orbital distribution!

Orbital semimajor axis (au)! Orbital semimajor axis (au)!
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Primordial family members!
Other asteroids!

Flora family members!
Other asteroids!

Compare the dispersion in orbital elements of our primordial family 
with the old but less dispersed Flora family.!
!

The orbital distribution of 
primordial family members is 
consistent with simulations of 
the dispersion caused by the 
giant planet orbital instability.!



The family tree of the inner Main Belt!
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" We have weak detection of the outward border of the primordial family."
" Some of the parents of known low-albedo families are within the boundary 

of the primordial family. They could be members of the primordial family 
that suffered further family forming impacts."

"   There are very few low-albedo asteroids non affiliated to a family. And 
they are all big. !

?!



Origin of notable near-Earth asteroids!

•  The most likely parent families for Bennu – the 
target of NASA OSIRIS-Rex – are Eulalia and 
Polana [Bottke+ 2015, Campins+ 2010]!

•  Polana and Eulalia families have a 70% and 30% 
probability of producing Bennu, respectively.!

•  (162173) Ryugu – target of JAXA Hayabusa2 – has 
similar probabilities for both families [Bottke+ 
2015], but Campins+ 2013 calculate that Ryugu 
could also come from the primordial family (once 
called the background)!

!



Implication 2: two asteroid populations

We conclude that the inner Main Belt contains asteroids of two
di↵erent origins:

those that are collisional fragments of other
asteroids and are inside V-shapes.

those that are outside V-shapes, indicating
that were not created as collisional fragments
in the Main Belt and therefore are
planetesimals accreted the protoplanetary disk
phase.



Meet the primordial asteroid family!

The V-shape slope ~ 0.6 km-1au-1 corresponds to an age t = 4.0+1.7-1.1 Gyr !
Two populations of asteroids: those inside V-shapes and those that cannot be 
inside V-shapes. The former are family members; the latter the original ones.!



Implication 2: Size distribution of the planetesimals
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Cumulative size distribution of the observed primordial asteroids (filled squares) corrected for the maximum number
of objects that were lost, due to the collisional and dynamical evolution (open squares).
(10 Gy collisional evolution; 4 Gy of dynamical loss)
The resulting original size distribution is still shallower compared to some of the current accretion model predictions
[Johansen et al., 2015b, Simon et al., 2016]

Observed size distribution of the planetesimals!
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Observed size distribution of the planetesimals!
Comparision with (some) model predictions!



Database for this work is available online!

Output example!

Input 
example!}!

Database for this work is available online!

Output example!

development!
Delbo!
Tanga!
Carry!
Ordenovich!

mp3c.oca.eu!



" We discovered a primordial asteroid family whose members are 
almost all low-albedo asteroids of the inner Main Belt previously 
unlinked to families.!

"   The age of the family is ~4 Gyr, but it could be as old as the 
Solar System.!

"   The orbital distribution of the family members is consistent with 
the asteroid being dispersed by resonance sweeping/moving 
during the giant planet orbital instability. !

!
"   The very few asteroids that cannot be associated to families are 

all big (>50 km for low-albedo, >35 km for high albedo).!
" These are those planetesimals that are still intact today.!
" Their size distribution is very shallow, confirming that 

planetesimals were born big.!

Conclusions!



Backup slides!





The V-shape of asteroid families!

Diameters & Albedos: Masiero+11,12,14; Nugent+15,16; Usui+11; 
Ryan&Woodward+10; Tedesco+02!



V-shape slopes show family age!

A narrow           shows a young family!
A wide             shows an old family!

Erigone	
T= 210 – 230 My 
[Spoto+ 2015]      
T= 300 +/- 200 My 
[Broz+ 2013]	
	
Eos	
T=1300 +/- 200 My 
[Broz+ 2013]	

Vokrouhlicky+ 2006!
Spoto+ 2015!
Bolin+ 2017, 2018!{!



Asteroids and asteroid families!

Diameters & Albedos: Masiero+11,12,14; Nugent+15,16; Usui+11; 
Ryan&Woodward+10; Tedesco+02!



Asteroid and family formation!

DeMeo 2017!



Asteroids and asteroid families!

Diameters & Albedos: Masiero+11,12,14; Nugent+15,16; Usui+11; 
Ryan&Woodward+10; Tedesco+02!

WISE!

AKARI!

Thanks!!
IRAS!



More on Yarko

da

dt
=

(1 � A)

⇢ R

1

3

S�
c n r2

0.5⇥

1 +⇥+ 0.5⇥2
cos � (1)

with ⇥ = �
p
2⇡/(

p
P✏�T 3

? ) (2)

where S�, c , n, r , A, �, P , ✏, T?, are the solar flux at 1 au, the
speed of light, the mean orbital motion, the heliocentric distance in
au, the bolometric Bond albedo, the spin axis obliquity, the
rotational period, the emissivity, and the subsolar temperature,
respectively.



Reality of the primordial family (2)!
"   Carried out numerical integrations of orbital evolution of asteroids over 4 

Gyr, including the Yarkovsky effect, the planets, and the major asteroids 
on their current orbits.!

"   Asteroids 
depletion 
consistent with 
Minton&Maloth
ra09 
(histograms). 
About 50% of 
the initial 
population is 
lost."

"   No preference 
for removing 
asteroids 
inward of the 
primordial 
family’s border 
(red line in the 
figure)."

"   No dynamical 
reasons to 
form the 
primordial V-
shape.!

Results!





Asteroids and asteroid families!



Non-family 

Delbo et al. 2017!
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Cumulative SFD 
is shallower 
than current 
planetesimal 

formation 
models 

Johansen (2015) 
Simon (2016)  

 
 



Size (A) and orbital (B,C) distributions!

spread over the whole inner main belt!

2.5!
Semimajor axis (au)!2.4!2.3! 2.6!







Orbital distribution!

2.5!
2.3!

Observations!
Dynamical dispersal of primordial 
asteroid families (Brasil+2016)!

Simulations!

2.4! 2.5! 2.6! 2.3! 2.4! 2.5! 2.6!
Proper semimajor axis (au)!

Primordial Family !
Initial State !

After the giant planets 
orbital instability !



•  We discovered a primordial asteroid family whose members are 
almost all low-albedo asteroids of the inner Main Belt previously 
unlinked to families.!

•  The age of the family is ~4 Gyr, but it could be as old as the Solar 
System.!

•  The orbital distribution of the family members is consistent with the 
asteroid being dispersed by resonance sweeping/moving during the 
giant planet orbital instability. !

•  The very few asteroids that cannot be associated to families are all 
big (>50 km for low-albedo, >35 km for high albedo) (Kevin Walsh’s 
talk)!

Conclusions!

Further information!
•  Delbo, M., Walsh, K., Bolin, B., Avdellidou, C. & Morbidelli, A. Identification of a primordial 

#asteroid family constrains the original planetesimal population. Science 357, 1026–1029 
(2017).!

•  DeMeo, F. Meet the primordial asteroid family. Science 357 (2017). !
•  Bolin, B. T., Delbo, M., Morbidelli, A. & Walsh, K. J. Yarkovsky V-shape identification of 

asteroid families. Icarus 282, 290–312 (2017).!


