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ASTEROID BELT

Identification of a primordial asteroid
family constrains the original
planetesimal population

Marco Delbo’,’* Kevin Walsh,? Bryce Bolin,! Chrysa Avdellidou,® Alessandro Morbidelli

A quarter of known asteroids is associated with more than 100 distinct asteroid families,
meaning that these asteroids originate as impact fragments from the family parent
bodies. The determination of which asteroids of the remaining population are members of
undiscovered families, or accreted as planetesimals from the protoplanetary disk, would
constrain a critical phase of planetary formation by unveiling the unknown planetesimal size
distribution. We discovered a 4-billion-year-old asteroid family extending across the entire
inner part of the main belt whose members include most of the dark asteroids previously
unlinked to families. This allows us to identify some original planetesimals, which are all larger
than 35 kilometers, supporting the view of asteroids being born big. Their number matches

the known distinct meteorite parent bodies.

nderstanding the formation of the plane-

tesimals, the building blocks of planets,

is a crucial problem in planetary science.

Traditionally, a coagulation process is

invoked, in which accreting collisions
create bodies of all sizes up to several hundreds
of kilometers (7). However, new models propose
that planetesimals can form preferentially as 10
to 10* km in size directly from the clumping of
dust particles in the protoplanetary disk, essen-
tially skipping the formation of kilometer-sized
and smaller bodies (7-4). However, the resulting
planetesimal size distribution predicted by these
new models depends on the resolution of the
simulations and therefore is not yet known quan-
titatively (1, 5, 6).

An alternative approach is to observation-
ally constrain the original size distribution of
planetesimals left in the main asteroid belt. Un-
fortunately, 4.5 billion years of collisions have
broken up several original asteroids (the plane-
tesimals) and produced generations of younger
asteroid fragments, so the original size distribu-
tion can no longer be distinguished from that
produced by collisions (7). In principle, the frag-
ments of asteroids should be identifiable as
asteroid families: clumps in orbital space with
a significantly higher density than that of the
local background (8, 9). However, these families
disperse with time; each fragment’s orbital proper
semimajor axis (@) drifts because of thermal ra-
diation force by the Yarkovsky effect (10), whereas
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the eccentricity (e) and inclination (7) are af-
fected by orbital resonances with the planets,
the locations of which are crossed by the asteroids
as they drift through the belt. This makes families
more difficult to identify as they age because their
members spread in (a, e, 7) space so that they
become confused with the background (71-13).
The scattering of family fragments is further
complicated by the fact that at some point in
the solar system history, the giant planets suf-
fered an orbital instability (74). This shifted the
positions of the resonances and resulted in the
incoherent dispersion of e and 7 of any pre-
existing primordial (12) asteroid family in the
main belt (75). All these effects are such that
families older than 2.0 billion to 2.5 billion years
are rarely identified compared with younger ones,
implying that the sample of known families is
observationally incomplete (12, 13, 16).

We searched for old and dispersed asteroid
families using a method (17, 18) that seeks to
identify V-shaped groups of asteroids in (a, 1/D)
space, where D is the asteroid diameter (Fig. 1).
A V-shape feature is the expected signature of
an asteroid family created by the fragmentation
of a single parent body (10) followed by the
subsequent drift of the fragments’ a-value from
the family center because of the nongravita-
tional Yarkovsky force, which occurs at a rate
da/dt (¢ is the time) proportional to the inverse
diameter, 1/D. We applied our V shape searching
method to asteroids with low geometric visible
albedo py < 0.12 (fig. S1 and data S1) located in
the inner main belt: 2.1 < @ < 2.5 astronomical
units (AU), and sin 7 < 0.3. This albedo threshold
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Fig. 1. Distribution of asteroids larger than 5 km in

the inner main belt. The dotted lines, converging at 2.2 AU,
delimit the high-albedo Flora family. Its V-shaped slope,

IK| = \/pv/1329/C = 1.6 km™ AU, is derived from

4 the C value of reference (8) with family's average geometric
visible albedo py = 0.28 (18). Below the dashed-dotted line

(K =-059 km™ AU™), there is a void containing few low-albedo
asteroids, with no dark bodies with D < 50 km, with the
exception of the D ~ 12 km asteroid (1492) Oppolzer. This asteroid
is classified in the S-complex (19) on the basis of its visible-light
colors (28), and it belongs to the high-albedo Flora family,

which are two indications that its py = 0.09 + 0.03 could be
underestimated. The high-albedo asteroids inward of the
primordial family border are either inside the V shape of the Flora
family or have D > 35 km. The size of (298) Baptistina is
conservatively corrected by adding the volume of its family
members (I8). For those asteroids with unknown D, we plot error
bars whose limits are obtained by calculating their diameters
from D(km) = 1329/ /Py x 10~"/> where H is the absolute
magnitude from (29). The upper and lower limit are given

by assuming py = 0.12 and 0.05, respectively. However, very few of
these unknown-diameter objects could be located in the void.
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preferentially selects asteroids with carbonaceous
composition (I18), classified in the spectroscopic
C-complex (fig. S1) (19). We found a previously
unidentified V shape (Fig. 2), whose inward side
is visible in Fig. 1. The outward side is also lo-
cated by our V shape searching method (18), but
its detection is weak because it overlaps with the
V shapes of other known families (fig. S2). The
time at which the family formed is determined
from the slope (72) of the inward side of its V
shape to be 4.03} billion years ago, making it
older than most known families (Fig. 2 and
fig. S3) (8, 12, 16, 18).

To check the reality of the newly identified
primordial family, we first investigated the
homogeneity of the physical properties of its
members because the albedo and spectra are
expected to be similar for asteroids that share
an origin from a common parent body; this is
often used to eliminate family interlopers (20).
Next, we assessed the family’s statistical signif-
icance (9). In the region of (a, 1/D) space that is
specific to the V shape detected here (the sec-
tion of space between its inward border and
that of the Polana family) (Fig. 1), the albedo
distribution of the 125 dark asteroids matches
that of the spectroscopic C-complex (fig. S4).
Of the objects with known spectral classes, 17
out of 19 belong to the C-complex (table S1), and
the variation in their visible wavelength spectra
(fig. S5) is similar to that of other low-albedo
families (20). The largest and lowest-numbered
asteroid of this population is (51) Nemausa. In
the region where members of the primordial
family overlap those of other known families
(18), in addition to the detection of the outward
V-shape border (fig. S2), we also used a procedure
(18) based on matching the size distribution,
albedo, and spectra (Fig. 3 and figs. S4 and S5)
to show that all 64 low-albedo asteroids with
D > 13 km in the inner main belt and not as-
sociated to other families could also be members
of the 4-billion-year-old family.

The V shape of the primordial family is not an
over-density of asteroids above a diffuse back-
ground, which is typical for younger families (9).
Instead, the inward edge of the V shape marks
the border of a triangular void of dark asteroids,
with 2.15 < @ < 2.366 AU and 0.02 < 1/D <
0.125 km™ (50 > D > 8 km) (Fig. 1). There is only
one asteroid—but likely misclassified as low-
albedo, with @ = 2174 AU and 1/D = 0.081 km™
(data S1)—in the void. Because of the absence
of background, we needed to develop methods
to assess statistical significance of the void and
the V shape. First, we performed a series of tests
(18) that show that the probability is smaller than
1075 to produce from size-independent distribu-
tions of asteroid orbital semimajor axes a V
shape and a void similar to those formed by
low-albedo asteroids. Next, we tested whether
the void of asteroids and the primordial V shape
could be the results of 4 billion years of dy-
namical evolution of an initially random dis-
tribution of bodies. We did this by investigating
whether the weak orbital resonances with the
planets—that asteroids may cross as their semi-
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Fig. 2. Output of the V shape searching method. The value of Ng/N,J is shown in color as a
function of the slope (K) and semimajor axis of the vertex of a V shape (a.). Maxima in this quantity
correspond to probable families because of an excess of the value of N2 /N, above its local
background (I8). The high values of the output at a. = 2.49 AU with |K| ~ 1.7 km AU and a. =
242 AU with [K| ~ 1.1 km™ AU™ correspond to ages of ~1 billion years and ~1.9 billion years,
respectively (I18). These are the previously identified families of Eulalia and Polana (30) [the “New
Polana” of (30) is called “Polana” in this work]. The V shape of the primordial family has a. = 2.366 AU,
with a slope of |K| ~ 0.59 km~1 AU! giving an age of ~4 billion years. The value of the parameter C
(10) is calculated from C = 1/K/pv /1329 by using a geometric visible albedo py = 0.055 (fig. S4).

major axis drifts because of the Yarkovsky effect—
can increase orbital eccentricities to extreme values,
removing enough asteroids (21) to create the void,
whose width depends on the asteroid size. We
carried out numerical integrations of orbital
evolution of asteroids over 4 billion years, in-
cluding the Yarkovsky effect, the planets, and
the major asteroids on their current orbits (8).
We found that only ~50% of the initial asteroids
were removed, with no preference for remov-
ing asteroids from the location of the void.
Therefore, this process is not able to reproduce
the observations, implying that there is no dy-
namical reason for the presence of the void
(fig. S6).

The few dark asteroids below the void (Fig. 1),
inward and outside of the border of the pri-
mordial family, have D > 50 km. Similarly, the
high-albedo objects in the same region of space
that are not included in other family V shapes
have D > 35 km. We conclude that the inner
main belt contains asteroids of two different
origins: (i) those that are collisional fragments
of other asteroids and are inside V shapes and
(ii) those that are outside V shapes, indicating
that these original asteroids were not created as
collisional fragments in the main belt and are,
therefore, planetesimals accreted directly from
the protoplanetary disk. This planetesimal
population has only D > 35 km bodies and a
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shallow size distribution (Fig. 4), implying that
asteroids accreted big. This supports theoretical
studies of the collisional evolution of the main
belt (14), which indicated a preferred initial size
of D ~ 100 km. To constrain the original pop-
ulation of planetesimals, the currently observed
planetesimal population must be corrected for
the size-dependent loss of bodies due to collisional
and Yarkovsky-driven dynamical evolution. We
computed an upper limit for the original size
distribution of the planetesimals, taking into
account asteroid loss as a stochastic process
(18). The resulting original size distribution
(Fig. 4) is still shallower than that predicted by
some current accretion models (5, 22). The
distribution could be even shallower if we
consider a less effective collisional environment
for the catastrophic destruction of asteroids
(fig. S7).

We identified 17 primordial asteroids between
2.20 and 2.33 AU, totalling 170 when scaled to
the entire range of the main belt (2.2 to 3.5 AU).
This is very similar to the estimated number,
100 to 150, of the compositionally distinct parent
bodies that are represented in the whole
meteorite collection (23).

The origin of asteroids not associated with
families, previously viewed as a background, has
never been clearly identified (i4). Our results
show that the extent of the primordial family
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Fig. 3. Size distributions and spread in proper eccentricity and incli-
nation of the primordial family members. (A) Cumulative size distribu-
tions of low-albedo asteroids located in the section between the inward
borders of the primordial family V shape and the Polana family (open
circles), and low-albedo asteroids that do not belong to other families in
the region of (a, 1/D) space above and beyond the inward border of the
Polana family (solid circles). There are no known asteroids with D < 3.82 km in
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and that of the other known low-albedo families
covers the entirety of the inner main belt. This
means that all dark asteroids with D < 50 km
in that region are likely members of the pri-
mordial or other families. The implication is
that the background of unaffiliated asteroids
is represented only by the planetesimals, whereas
the smaller low-albedo asteroids could be linked
back to a handful of original inhabitants. We
suspect that this could be a general feature of
the main belt, which we have shown here only
for 2.1 < a < 2.5 AU.

Unlike other old families, the eccentricity and
inclination of the primordial family members
are not correlated, spanning the entire orbital
element space of the inner main belt (Fig. 3, B
and C). The e and 7 distributions of the members
of the primordial family are similar to models of
families that may have formed before the giant
planet instability (15). The precise time of onset
of the instability remains the object of discussion
and ongoing research (24), but our results indicate
that this family predates the instability regardless

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

of its date because the calculated Yarkovsky
drift age allows the family to be as old as the
solar system. Although there is evidence for
this instability throughout the solar system (74),
the primordial family represents a record of
the collisional evolution of the main belt before
this event. The existence of this family implies
that the main belt before the planetary instability
was sufficiently dynamically excited to produce
at least one very large family-forming colli-
sion (25).

Some of the largest members of the other
known low-albedo families are within the bound-
aries of the primordial family (fig. S2). There-
fore, these other parents could have been family
members of the primordial family themselves,
before suffering their own subsequent family-
forming collision. This includes families for which
spectral surveys found similarities and homo-
geneities across their members in multiple wave-
length regimes (20, 26, 27). If some of the other
low-albedo families are related to the primordial
family, then a large fraction of all low-albedo

8 September 2017
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the first population. The slope of the size distribution of the second population
changes at D ~ 13 km. (B and C) Orbital distribution of primordial family
members, which are spread over the entire inner main belt. For the

first (open circle) population, only asteroids with D < 50 km are displayed in
(B) and (C). For the second (solid circles) population, only objects with 13 <
D < 50 km are plotted. Gray dots represent all other known asteroids,
regardless of their albedo values.

Fig. 4. Cumulative size distribution of planetesimals.
The cumulative size distribution of those asteroids that
are outside V shapes unless they are family parents,
such as (8) Flora (solid squares), is corrected for the
maximum number of objects that were lost because of
the collisional and dynamical evolution, in order to obtain
an upper limit for the distribution of the planetesimals
(open squares). Functions of the form N(> D) = NoD?,
where N is the cumulative number of asteroids, are fitted
piecewise in the size ranges D > 100 km, 35 <D <100 km,
and 8 < D < 35 km. For the original planetesimals size
distribution, we obtain the values of B reported by the
labels in the plot. In the range of sizes between 8 and

35 km, we give the 1o and the 3¢ upper limits on the
planetesimals size distribution. The sizes of (8) Flora, (27)
Euterpe, and (298) Baptistina are conservatively
corrected by adding the volume of their respective family
members (18).

asteroids in the inner main belt could share a
common parent.
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Family ties reveal original planetesimals

The asteroid belt originated from leftover debris from the formation of our solar system, including objects that
never grew big enough to become planets. Destructive collisions led to the present proliferation of asteroids; groups that
were initially part of the same body have related orbits and are known as families. Delbo’ et al. identified an ancient family
mostly consisting of dark asteroids that previously had not been linked to families (see the Perspective by DeMeo). From
this, they calculated the original population of the belt, showing that it contained several dozen midsized bodies known as
planetesimals.
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