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SPHERE images a zoo of dusty discs around young stars
Eso1811 — Photo Release
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Forming planetesimals through the streaming instability
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I Dense pebble filaments emerge through the streaming instability

(Youdin & Goodman, ApJ, 2005; Johansen et al., 2007; Bai & Stone, ApJ, 2010)

I Filaments collapse by gravity to form planetesimals with sizes from 10 km

to several 100 km (Johansen et al., 2015; Simon et al., ApJ, 2016)

I Most mass in 100-km-scale planetesimals, as in asteroid belt

I Small bodies like comet 67P/Churyumov-Gerasimenko are piles of

primordial pebbles, as observed for 67P

(Wahlberg Jansson & Johansen, 2014; Poulet et al., MNRAS, 2016)

I Many planetesimals form as binaries, similar to those observed in the

Kuiper belt beyond Neptune (Noll et al., Icarus, 2008) – perhaps also MU69

Youdin & Goodman, ApJ, 2005

Johansen+2007

Bai & Stone, ApJ, 2010

Simulation of planetesimal formation by 
“streaming instability”

From dust to planets in protoplanetary disks

Questions

What are the typical sizes of planetesimals?

What is their composition?

Where can we find them today in the Solar System?

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

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

Simulations!Observations !



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)



NASA’s OSIRIS-
JAXA’s 

Hayabusa2
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Image of the surface of (4)Vesta from the NASA Dawn
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Asteroid collisions (3)

Michel et al. 2001, 2003
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Asteroid Formation
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This asteroid may have formed from 
accretion of dust from in the 

protoplanetary nebula…

…this asteroid too

… and also 

this asteroid.

First asteroid broke-up and 
formed a family of asteroid 

fragments

2nd asteroid did not break 
up

3rd asteroid broke-up and 
formed a family of asteroid 

fragments too

Orbital elements of 
asteroid family members 

diffuse with time.

Families may overlap 

among themselves and 
over the original asteroids

Asteroid Formation
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                                AKARI (Usui+2011)

                                   IRAS (Tedesco+2002)


 Orbital elements             AstDys (Milani, Knezevic, Novakovic)

Albedos











The background has structures:

- Halos of families (Parker+2009)

- Undetected ancient families ?
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Vokrouhlický+2006

Broz+2013

Bottke+2015

Nesvorny+2015

Carruba+2016

Yarkovsky V-shape
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for the low-albedo asteroids

Primordial Family (Delbo+2017 Science)

The entire inner-Main Belt in a V-shape



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

for the low-albedo asteroids

Polana Family

Primordial Family (Delbo+2017 Science)
Eulalia Family

} Walsh+2013 Icarus

The entire inner-Main Belt in a V-shape
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(161) Athor (689) Zita

Marco Delbo’ et al.: X-type families in the inner main belt

family at (ac, ec, sin ic) = (2.38 au, 0.12, 0.14). We assume a ficti-
tious asteroid with the above-mentioned proper orbital elements
for the central body for the HCM algorithm. The latter is used to
link asteroids as a function of Vc. Again, we use moderate albedo
X-type asteroids of the inner main belt selected as described in
section 4.1, as input population for the HCM. The number of as-
teroids linked by the HCM is displayed in Fig. 4, which shows
that Vc ⇠ 460 s�1 identifies the second jump in the number of
bodies linked to the family as a function of Vc. We thus take this
value as the nominal Vc for this cluster. The lowest-numbered
and largest asteroid of this cluster is the M-type (161) Athor,
which is also the asteroid closest to the vertex of the V shape.

Figure 4 shows that X-type asteroids of the inner main belt
have bimodal distributions in e and sin i with the cluster identi-
fied by the HCM and parented by (161) Athor located at high
inclination (sin i > 0.1), and low eccentricity (e ⇠ 0.1). An-
other very di↵used group of asteroids appears at low inclination
and high eccentricity (sin i < 0.1, e > 0.12). Once members of
the Baptistina family are removed, most X-type asteroids with
sin i < 0.1 and e > 0.12 are included inside the V shape defined
by (ac, K) = (2.38 au, 1.72 km�1 au�1), which also borders the
HCM cluster of Athor. We make the hypothesis that the group
associated to (161) Athor by the HCM is the core of a collisional
family and the other asteroids that are within the V shape and
have (sin i < 0.1 and e > 0.12) form the family "halo" (Parker
et al. 2008; Brož & Morbidelli 2013) of the Athor family.

A fundamental test that these two groups of asteroids
are members of the same collisional family, dispersed by the
Yarkovsky e↵ect, comes from rejecting the null hypothesis
that the asteroids semimajor axis could be derived from size-
independent distributions. We therefore performed the statistical
test described in section 4.3 and find no cases in 106 trials where
we can generate a V shape like that observed by drawing ran-
domly from the semimajor distribution of all X-type asteroids
of the IMB. This demonstrates that the V shape is not just a
consequence of the statistical sampling of an underlying size-
independent distribution, but is a dispersion of asteroids from a
common origin due to the Yarkovsky e↵ect, which is a strong
indication that they belong to a collisional family. We use 146
observed bodies, 5 of which are outside the borders of the V
shape. The average number of simulated bodies that fall outside
the V shape is 23 with a standard deviation of 3.5.

In order to determine the age of the Athor family, as de-
scribed in section 4.5, we need to estimate the drift rate due to
the Yarkovsky e↵ect, which depends on a number of parameters
such as heliocentric distance, bulk density, rotation period, and
thermal inertia. We fix the semimajor axis at the centre of the
family (ac = 2.38 au), and we determine the probability distri-
bution for the albedo, rotational period, density, and thermal in-
ertia, which are all the parameters relevant to estimate the value
of da/dt in Eq. 5. Values of the bolometric Bond’s albedo (A)
are obtained from those of the geometric visible albedo pV via
the equation A = pV (0.29 + 0.684G), where pV and G are given
in Table B.1. It is possible to demonstrate that the distribution
of A is well approximated by a Gaussian function centred at A =
0.073 and with � = 0.02. Density has not been calculated for any
of the family members. We therefore estimate this parameter by
taking a weighted mean density of asteroids belonging to the X
complex and with 0.1  pV  0.3 (see Table B.4). The weights
are given by the inverse square of density uncertainties. We find
an average value of 3,500 kg m�3 and an uncertainty of the mean
of 150 kg m�3. We estimate that a value three times larger, that
is, 450 kg m�3 , is more appropriate for the density uncertainty.
For the age determination, we therefore assume that the proba-

bility function of the density of family members is a Gaussian
function centred at 3,500 kg m�3 and with � = 450 kg m�3. The
asteroid (757) Portlandia, with a spherical equivalent diameter of
about 33 km, is at the moment of writing the only family member
with known thermal inertia value (�) around 60 J m�2 s�0.5 K�1

(Hanuš et al. 2018). The other non-family X-complex asteroids
with 0.1 < pV < 0.3 with measured thermal inertia values are
(272) Antonia, (413) Edburga, (731) Sorga, (789) Lena, (857)
Glasenappia, and (1013) Tombecka with values of 75, 110, 62,
47, 47, and 55 J m�2 s�0.5 K�1, respectively, which were mea-
sured at heliocentric distances (rh) of 2.9, 2.9, 3.3, 2.7,2.3, and
3.1 au, respectively (Hanuš et al. 2018). Since thermal inertia
is temperature dependent (Rozitis et al. 2018) and the surface
temperature of an asteroid is a function of its heliocentric dis-
tance, we correct these thermal inertia values to 2.38 au assum-
ing that � / r�3/4

h (Delbo et al. 2015). We find a mean value of 80
J m�2 s�0.5 K�1 and a standard deviation of 25 J m�2 s�0.5 K�1.
We therefore assume a Gaussian with these parameters for the
thermal inertia probability distribution of the family members.
We assume the rotation period of family members to be rep-
resented by a uniform distribution with values between 2.41 h
and 6.58 h. This is because the twelve family members with
known rotational periods, (757) Portlandia, (2419) Moldavia,
(4353) Onizaki, (5236) Yoko, and (7116) Mentall, are very close
to the inward border of the family V shape, and are therefore
the best candidates to use for the calculation of da/dt due to
the Yarkovsky e↵ect. As in the case of the primordial family
of Delbo et al. (2017) we find here that the Monte Carlo simu-
lations produce an almost lognormal probability distribution of
the ages of the family. The best Gaussian fit to this distribution
in log T -space allows us to estimate the most likely age of the
family, and its formal standard deviations, to be 3.0+0.5

�0.4 Gyr.
Now, we turn our attention to the ‘background’, that is, those

asteroids of the X-type population of the inner main belt with
0.1 < pV < 0.3 which remain after we remove the members of
the core and halo of the Athor family and the members of the
Baptistina family: Figure 5 shows that their (a, 1/D) distribution
appears to have a border that follows the outward slope of the V
shape with parameters ac ⇠2.28 au and K ⇠1 km�1 au�1, which
corresponds to the peak labelled ‘2’ in Fig. 3.

In order to determine the uncertainties on the values of its
ac and K parameters, we perform a Monte Carlo simulation as
described in section 4.2, where the ranges of parameter values
explored are 0.0  K  2 au�1 km�1 and 2.22  ac  2.32 au.
We find that the uncertainties on the determination of ac and K
are 0.02 au and 0.2 au�1 km�1, respectively.

We perform the statistical test described in section 4.3 and
find about 2870 cases in 106 trials where we can generate a V
shape such as the one observed from a size-independent semi-
major axis distribution of asteroids. This demonstrates that this
V shape is also probably not just a consequence of the statistical
sampling of an underlying size-independent semimajor axis dis-
tribution, however with smaller statistical significance than the
V shape of Athor and the V shape of the primordial family of
Delbo et al. (2017). We use 183 observed bodies, none of which
are outside the borders of the V shape (all the grey points of
Fig. 5). The average number of simulated bodies that fall outside
the V shape is 4.8 with a standard deviation of 1.8. This means
that it is possible that this second V shape is simply due to statis-
tical sampling, despite this probability being very low (⇠0.29%,
which means that this family is robust at 2.98�). Assuming sim-
ilar physical properties to those described above, the age ratio
between this second V shape and the one centred on (161) Athor
is given, to first order, by the ratio of the V-shape slopes, that is,
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Fig. 4. Top-left panel: The number of family core members found as a function of velocity cuto↵, using the HCM. The second jump in the number
of linked asteroids, at 460 m s�1, is our adopted value of velocity cuto↵. Other panels: Distribution of the X-complex asteroid with 0.1 < pV < 0.3
of the inner main belt in the three proper elements a, e, sin i. The cluster (of grey points) centred at (a, e, sin i) ⇠ (2.28 au, 0.144, 0.095) is the core
of the Baptistina asteroid family.

approximately 5.16 Gyr. We refine the age using the same afore-
mentioned Monte Carlo method (taking into account the change
of the solar constant with time), and find that the distribution of
the family age (t0) values is well represented by a Gaussian func-
tion in log10(t0) centred at 0.7 and with a standard deviation of
0.1. This corresponds to a family age of 5.0+1.6

�1.3 Gyr. Given the
errors involved in the age estimation process, we conclude that
this V shape could be as old as our solar system.

The lowest-numbered asteroid of this V shape is the aster-
oid (689) Zita with a diameter of 15.6 km, while the largest-
numbered member of this family is the asteroid (1063) Aqui-
legia, which has a diameter of 19 km. We highlight that the
CX classification of Zita comes from multi-filter photometry of
Tholen & Barucci (1989), and its pV = 0.10 ± 0.02 is also com-
patible with an object of the C complex.

6. Discussion

First of all, we advocate caution when dealing with the parent-
hood of the families, because it is possible that neither (161)
Athor nor (689) Zita are the parents of their respective families.
This is due to the fact that these families are several gigayears

old and have likely lost a significant fraction of their members
by collisional and dynamical depletion possibly including their
parent bodies or largest remnants (as described by Delbo et al.
2017, and references therein). This is particularly important for
the Zita family, which we argue predated the giant planet insta-
bility, and to a lesser extent for the Athor family. Some of the Zita
family members have sizes of a few kilometres. The lifetime of
these bodies in the main belt, before they breakup by collisions,
is smaller than the age of the family (Bottke et al. 2005). It is
therefore likely that they were created by the fragmentation of
a larger Zita family member due to a collision that was more
recent than the family-forming one. Fragmentation of bodies in-
side a family produces new asteroids whose coordinates in the
(a, 1/D) space still lie inside the family V shape.

Thirteen members of the Athor family have visible spectra
from the literature, which we plot in Fig. A.3. Of these, the as-
teroid (4353) Onizaki has dubious classification and could be a
low-albedo S-type (Bus & Binzel 2002), and thus an interloper
to this family. The remaining objects have spectra similar to the
Xc or the Xk average spectra (Fig. A.3). No family member
has near-infrared spectroscopy. Further spectroscopic surveys of
members of the Athor family will better constrain the compo-
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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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Fig. 6. Cumulative size distribution of planetesimals. This is the cumulative size distribution of those asteroids that are outside V shapes and thus
probably do not belong to a family. Additionally, in this dataset, are included the parent bodies of families, as originally they belonged to the
planetesimal population. The distribution is then corrected for the maximum number of objects that were lost due the collisional and dynamical
evolution; this gives an upper limit for the distribution of the planetesimals (open squares). Functions of the form N(> D) = N0D�, where N is
the cumulative number of asteroids, are fitted piecewise in the size ranges D > 100 km, 35 < D < 100 km, and D < 35 km. For the original
planetesimals size distribution, we obtain the values of � reported by the labels in the plot. Left: Correction to the number of asteroids is calculated
taking into account 10 Gyr of collisional evolution in the present main-belt environment, following the prescription of Bottke et al. (2005). Right:
Correction to the number of asteroids taking into account 4.5 Gyr of collisional evolution in the present main-belt environment.
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FIG. 9. The shape model of 16 Psyche.

FIG. 10. Four lightcurves and the corresponding fits for 16 Psyche.
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Conclusions
• The study of asteroids can shed light on one of the 

most obscure phases of planetary formation, i.e. 
planetesimal accretion. 


• 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. 


