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If mass ratio < 0.2

YORP Dynamic
Spin-up — Process
(~ 10s Myears) (< 1 year)

Escaping Secondary,
Rubble Pile Asteroid Fissioned Proto-Binary System becomes
Asteroid Pair

Supplementary Figure 1: A parent asteroid consisting of small component pieces that can
be pulled apart without tensile resistance is spun up to the critical fission frequency by the
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect, forms a proto-binary system which
subsequently disrupts under its own internal dynamics and becomes an asteroid pair. This is a
conceptual sketch based on important model assumptions/limitations.
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1 Pair ages estimation

1.1 Initial data and integrator used

The orbit integrations were nominally run back to the time 500 ky before present. For some
pairs though, the backward integrations showed a possibility for convergence of the orbits not
far beyond the nominal integration time, so we extended ity for them.

As described in refs 1, 3, it is insufficient to perform backward integration of the nominal
solutions for the paired-asteroids as given by the orbit determination from observations. There
are at least two reasons: (i) observation uncertainties that directly project onto the uncertainty
of the orbit determination, and (ii) uncertainty in the force model that may not corrupt the
orbit determination procedure but may affect the orbit evolution on a long term (thousands of
years and more). The first topic is accounted for by considering statistically equivalent past
evolution of the integrated orbits that all reside inside the uncertainty hyper-ellipsoid at the
current epoch. This is typically a rather confined zone in the orbital elements* dpatcie
may quickly stretch to the past. For instance, just taking the typical uncertainty fagtor
10~7—107% in the determination of the semimajor axis, the simple Keplerian shear would cause
lost of determinism in computing the mean longitude in orbitir{z%) Py, ~ 0.1 — 10 My
(P, is the orbital period). Things are, however, worse because the lost of determinism is
actually not dominated by the initial orbital uncertainty but more by the underlying chaoticity of
the dynamical problem of gravitational perturbations due to the planets. The relevant timescale
Is typically expressed in terms of the Lyapunov time that ranges froi ky to ~ 1 My for
the orbits we are interested in, depending on whether they are close to some prominent orbital
resonances or not. To account for these effects, we have to consider a statistically equivalent

multitude of the past orbital evolutions of a given orbit randomly sampling the uncertainty

*In our work we consider the best-fit orbital elements and their uncertainties as determinedd Hig
software and free-available through thet Dy S website ahtt p: // hami | t on. dm uni pi . it/ ast dys/
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ellipsoid at the current epoch (taken into account as the initial data). In practice, we typically
take 50 — 70 such initial data and call them “geometric clones”.

The problem of the propagation model uncertainty (ii) above is dominated by our lack of
information about the thermal (Yarkovsky) forces acting differentially on both components in
the pait*'®. These forces make primarily the semimajor axis of the orbit secularly drift with
(da/dt) as large as- 1074 AU/My ~ 5 x 10~® km/s for kilometer sized objects in the inner
main belt (the(da/dt) may be positive or negative within this range of amplitude). The effect
may be though smaller for larger objects and/or favorably oriented spin axis. Because we do not
know anything about the strength of the Yarkovsky effect on the asteroids in the pairs at this mo-
ment we have to consider different past orbital histories with different values of the Yarkovsky
drift in the semimajor axis. Since the Yarkovsky forces are likely to be dominated by the diurnal
variant®15, for which (da/dt) o cos~ (v is the obliquity of the spin axis), we should consider
a uniform distribution of(da/dt) value within the limits set byosy = +1 values. Differ-
ent variants of the past histories with different strength of the Yarkovsky forces, hereafter called
“Yarkovsky clones”, quickly diverge from each other. The effect is again fastest in the longitude
in orbit and the total lost of predictability occurs on a timesealéﬁ%) 2 Py, ~ 20 ky
only for ve, ~ 20 km/s and the maximunda/dt) estimated above. Note that this value is
(i) very short, for most pairs shorter than the Lyapunov timescale, and (ii) is not affected by
improvements in the orbit determination by acquiring new astrometry observations, but only
can improve by observations that constrain the strength of the Yarkovsky effect (such as the
size and/or pole determination). For that reason the uncertainty due to dynamical model incom-
pleteness appears to be the prime reason for our inability to accurately reconstruct the past fate
of the asteroid-pairs orbits.

In practice, we typically used0 — 70 Yarkovsky clonegor each of the geometric clones,

uniformly sampling the interval ofda/dt) values between the minimum and maximum values
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estimated for the asteroid’s size. This provided betw2#1 and5000 clones altogether for
each of the components in a given pair.

The past orbit of each of these clones was propagated usin§WhET_MW/S integrator
(e.g.,http:// ww. boul der. swri.edu/ ~hal /sw ft.htm andref. 16). All plane-
tary perturbations were included and planets’ positions, together with physical parameters such
as masses, taken from the JPL DE405 ephemeris file. The Yarkovsky acceleration was modeled
as an along-track acceleration with an amplit%dev% (%) wheren is the mean motion and
vorh, Orbital velocity?. Integration timestep was days and we stored the state vectors of all
integrated clones every) years (only in some cases of intense search for the age limit of the

pair we had a denser output evéryear).

1.2 How close do we want the components to converge?

Performing the integrations described above we end-up, for each of the pairs we are interested
in, with a typically 10-30 GB output file that keeps track of the state vectors for each of the
clones for the two asteroids. In the analysis phase we want to judge whether the possible past
orbits of the asteroids converged to each other and how well. For the latter we need some
guantitative criterion that would sift through our output data and suggest success or failure.
Obviously, most of the pairs have at the starting epoch quite different values of the longi-
tude in orbit for the two asteroids. So the two clouds of clones (for each of the component in
the pair) initially start well separated in space, typically of the order of astronomical unit or
more. However, as the Keplerian shear, chaoticity effects and accumulated differential motion
in longitude of different Yarkovsky clones start to spread the clones along the whole Keplerian
ellipses some of the clones approach closer. Eventually, the two clouds of clones may overlap
(or near-overlap) in some parts of space bringing some of the clones very close each other. We

are primarily interested to know the minimum distance in space to which some clones of the
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two asteroids in a pair can be brought. But, how close is close in quantitative terms?

For instance, given the fact that asteroids in pairs have frequently their initial semimajor axes
close to few time40~* AU, it might not be surprising to get the closest clones at a distance of
~ 50 — 100 thousand kilometers which would be just the opposition distance if all other orbital
elements are equal. Obviously a factor of few may be expected because of slight differences
in other orbital elements. It has been suggested in refs 1, 3 that the ultimate-goal criterion to
be met for the past convergence of the paired-asteroids orbits is to bring them closer in space
than the estimated Hill radius of the parent astefoillizy ~ aD 3 <4§%>U3 wherea is
the semimajor axis of the pair-components orbitsthe estimated size of the parent body
(roughly obtained to have a volume equal to sum of volumes of the two componénis),
the gravitational constang,is the bulk density ang is the gravitational parameter of the Sun.
Assumingz in AU and D in kilometers, we hav&y;; ~ 90 aD km. For a multikilometer parent
object in the inner zone of the asteroid belt we h&yg, of the order of several hundreds to a
thousand of kilometers.

However, bringing the two clones at tiigy;, distance is just part of the condition we want
to meet. The case of an incredible fluke might be recognized by checking the relative velocity
of the two clones when their distance is smaller tiag,. Having in mind the model of initially
gentle separation of the two asteroids in the pair, the relative velocity must be smaller (in fact a
fraction) of the escape velocity from the parent objegt; ~ D 3 (%”Gp)fl/z. Again, plugging
in characteristic parameters we obtain ~ 0.6 D m/s, where the siz® of the parent object is
in kilometers. ForD in the kilometer size range the expected relative velocities are of the order
of m/s. Assuming for simplicity again two nearby orbits with a semimajor axis separation of
~ 1073 AU we may expect their relative velocity at oppositiemorbg—g, about 10 m/s. So a few

tens of m/s relative velocities between two nearby orbits at opposition, hence close encounter, is

fThis is where actually our model should fail to represent the true orbital history of the clones because we
consider them massless particles.
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not that demanding condition. In reality, though, we shall see below that really good solutions
we shall reach will be characterized by relative velocities of decimeters per second or less, a

really small fraction of the estimated escape velocities.

1.3 Examples

Hereafter we give some examples of successful past-convergence simulations for orbits of as-
teroids in pairs and therefore constrains on their age.
The couple (21436) Chaoyichi and 2003 ¥Ks a very tight pair residing in the inner part of
the main asteroid belt. Luckily the orbits happen to fall aside the nearby mean motion resonance
M7/12 with Mars and their past orbital reconstruction is not largely troubled by this source
(the Lyapunov timescale for Chaoyichi’s orbitds 22 ky; http://hamilton.dm.unipi.it/astdys/).
The orbits are reasonably well constrained such that the semimajor axis values have relative
uncertainties ofv 2.5 x 1078 and~ 2.5 x 1077, respectively. The larger component in the pair,
(21436) Chaaoyichi, is estimated to have roughly2 km size (for0.2 albedo) and the smaller
component, 2003 Yk, is a sub-kilometer object with a size 0.7 km (for 0.2 albedo). The
composite parent object thus might have a size-df.1 km and we roughly estimate the Hill
radius of its gravitational influence to Bg;; ~ 600 km and the escape velocity,. ~ 1.2 m/s.
Supplementary Figure 2 summarizes the principal information from our propagation of 2500
clones for each of the two asteroids. At each of the output instants, separateq,bye ran-
domly selected 5 million trial identifications between the clones of the primary and secondary
components and determined their minimum distance in space and the relative velocity of these
closest pair of clones. These data are shown in the middle and bottom parts of Suppl. Fig. 2. We
note the minimum distances reach absut0 km, well inside the Hill sphere of influence of
either the parent object or the primary. Additionally, these very close clones move with a typical

relative velocity of few centimeters per second only, with minima reaching below a centimeter
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per second. At the top panel of Suppl. Fig. 2 we show a distribution of successful pair matches
for which a relative distance was smaller thasn,; and their relative velocity was smaller than

Vese- W note this distribution is quasi-Maxwellian with a median valugky. Constructing

a cumulative distribution of these successful matches we may estimate the characteristic range
of ages for this pair by neglecting the first and the last 5% cases in the distribution. With that
we obtain the best estimated age of this pair td®g, ky. The distribution is skewed toward

the younger ages, as also seen in Suppl. Fig. 2. This is a real effect in the simulation that has to
do with dilution of the clone clouds for the two components as the time increases to the past.

We now turn to another example, namely a pair (88259) 20G1aAd 1999 VA;; which
resides in the Hungaria zone. As in the previous case, the strongest near-by mean motion res-
onance M7/10 with Mars does not perturb these asteroid orbits and we can reliably reconstruct
their past evolution (the Lyapunov timescale for 200% K41..3 Myr; ref. 5 and
http://ham | ton.dm uni pi.it/astdys/). The orbits are well constrained with rel-
ative uncertainties of the semimajor axis value~of2 x 107® and~ 2.5 x 1078, respec-
tively. The larger component in the pair, (88259) 2001;,H3 estimated to have roughly
~ 2.4 km size (for0.3 albedo appropriate for the Hungaria population) and the smaller compo-
nent, 1999 VA,-, has a size- 1 km (for 0.3 albedo). The composite parent object thus might
have a size ot 2.5 km and we roughly estimate the Hill radius of its gravitational influence to
be Ry ~ 600 km and the escape velocity,. ~ 1 m/s.

The past orbital evolution of the two asteroids, and their clones, has been analysed using the
same approach as above and the result is shown in Suppl. Fig. 3. The situation is very similar
in the previous and this pair such that the minimum distances reached between the trial-pairs
of different clones we near to 50 km with relative velocities of a few centimeters per second
only. This is less then 10% of the estimated escape velocity from the parent body and this shows

that the smaller component, 1999 VA obtained just barely enough relative energy to escape
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the gravitational well of the primary component separating from it very gently. The analysis of
the distribution of successful clone identifications at different times, top panel in Suppl. Fig. 3,
indicates an age @0 "2 ky for this pair. This age corresponds well to the result found in ref. 5,
where they obtained more distant close approaches of these two asteroids because their analysis
did not include the Yarkovsky forces.

Our last example is that of a pair (229401) 2005, 5lAnd 2005 UY;; that resides in the
middle zone of the asteroid belt. Proper elements of the priiviadjcate its location in the
asteroid lannini family, that itself is very youtfg Our analysis below indicates, that this pair
should be much younger than the family itself (with an estimated age between 2-5 My; ref. 17).
On a longer term, the past evolution of orbits in this pair is affected by the nearby J11/4 mean
motion resonance with Jupiter, but luckily this does not seen to greatly affect shorter-term prop-
agation. The orbit of the smaller component, 2005.kJNas only been recovered at a second
opposition in September 2009 and thus is not very accurate. The same is actually true for the
primary. The relative uncertainties of the semimajor axis values.ae 10~ and~ 9 x 1077,
respectively, in this case. Henceforth, the possibilities of predicting/constraining the past orbital
evolution for this pair willimprove after more astrometry observations are taken during the next
few years. The larger component in the pair, (229401) 2005:513 estimated to have roughly
~ 1.7 km size (for0.15 albedo) and the smaller component, 2005t Yas probably a size of
~ 1.1 km (for 0.15 albedo). The composite parent object thus might have a size o) km
and we roughly estimate the Hill radius of its gravitational influence t&pg ~ 500 km and
the escape velocity.,. ~ 1 m/s.

We propagated about 5000 geometric and Yarkovsky clones for both asteroids in this pair
over the past 100 ky time interval (the youth of this pair is suggested by very close corre-

spondence of the osculating orbital elements in this case). Using the same approach as in the

fSeehttp://ham | ton.dm unipi.it/astdys/.
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previous two cases we give our results in Suppl. Fig. 4 (because of larger number of clones
we now used 10 million of trial identifications of the clone pairs at each output time, sampled
by 1y step). The minimum distances we could reach between the trial pairs of clones were as
small as~ 10 km with a relative velocity of millimeters per second (note this is already com-
parable to the physical size of the two asteroids). Obviously the success here goes along with
the suggested young ageldfts; ky for this pair.

Unfortunately, in most of the other cases orbital uncertainties prevented us to reach such a
satisfactory result as above. Very often we are able to prove possible convergence of a subset
of clones to distances comparable to the Hill sphere of the parent object and comfortably small
relative speed (typically smaller than meter per second), but we set only the lower limit for the
pair's age. The upper limits, such as seen of Suppl. Figs. 2 to 4, are in these other cases pushed
well beyond theéb00 ky limit of our integration. Future orbital constrains, more astrometry and
physical observations able to constrain the Yarkovsky forces, and using more orbital clones for
pairs with ages larger than 100 ky could lead to improvements in the age determination for

these pairs.

1.4 Implications from the backward integrations

The fact that for nearly all of the pairs in our sample we found the convergence of a subset
of their clones to the level of (or close to, for some older ones) the estimated Hill radius of
the parent object at small relative velocity strengthens the case that they are real, genetically
related pairs. While in refs 1, 2 we made efforts to characterize the statistical significances of
the pairs and demonstrate they are real, some issues in the method remained’ déised
ability to converge to the level that strongly distincts real pairs from coincidental associations
therefore increases credibility of most of the pairs in our sample. We note that we did not

reach a convergence during the pasWlyr (the maximum backward integration time in this

www.nature.com/nature 9



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

work) for four pairs: (1979) Sakharov and (13732) Woodall, (2110) Moore-Sitterly and (44612)
1999 RR;, (32957) 1996 HX, and (38707) 2000 Qk, and (60546) 2000 EE and (88604)
2001 QHy3. We consider two possible reasons for not reaching convergence for a pair: (i) it
is a random coincidental couple of asteroids from the background population, or (ii) its age is
greater than the integration interval bMyr. At this moment we cannot resolve between these
two alternatives with the backward integrations for the four pairs. TheirdQyy values in the
range 1 to 9 m/s as well as mostly low probabilities of chance coincidence of asteroids from the
background population suggest that they may be real pairs older than 1 Myr, but it needs to be
confirmed with future studies. In any case, we note that the data on primary spin rat&$/and
for all the four suspect old pairs fit with the model of pair separation presented in our paper.

An important implication from the pair age estimation effort is estimating or constraining
a magnitude of change of the primary spin rate by the YORP effect. The premise used when
comparing the data for the pairs with outcomes of the model in this work is that the primary
spin rate did not change significantly since separation of the pair, so the current obBerved
value can be taken as representing a final rotation rate that the primary reached at the end of
the pair separation. If a magnitude of change of the spin rate due to the YORP effect was not
much less than the spin rate itself, we would have to take that additional effect into account in
the comparison of the data with the model.

As an example, we present an estimation of the magnitude of the YORP effect on the pri-
mary of the pair (229401)-2005 UY. The primary (229401) 2005 SkJ rotates slowly, with
P, ~ 28 hr,i.e.,w; ~ 6.2 x 107 s 1. Rescaling the YORP spin evolution rate estimated in
ref. 18 to the size and heliocentric distance of (229401), we estimate the secular rate of change
of the angular velocity due to YORP ¢fw/dt) ~ 5 x 107> s~ My ~L. During the pair's age of
~ 17 kyr, the YORP effect might have changed the angular frequency of (229401) by no more

than~ 107% s71, i.e., by less than 2%. This change of the spin rate due to YORP is negligible
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for the purpose of the comparison of the data with the model (and actually in this particular
case where there is present also a substantial uncertainty iR testimate itself, the possible
change due to YORP is also much less than the observational uncett&ifityWe conclude

that YORP could not affect the rotation of the primary (229401) significantly and the observed
P, value is a very good proxy for a final rotation rate that the primary reached at the end of the
pair separation. Similar results of the relative (in)significance of the YORP effect were obtained

also for the other pairs in our sample.
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2 Photometric observations of paired asteroids

We carried out photometric observations using our standard asteroid lightcurve photometry
techniques and obtained estimates for rotation periods and amplitudes for 32 primaries (i.e.,
larger members) and 8 secondaries (smaller members) of the 35 asteroid pairs in our sample. In
Supplementary Table 1, there are listed participating observatories and instruments used. Sup-
plementary Table 2 gives observational circumstances of the observations. We give references
and descriptions of observational procedures on individual observatories in following.

CarbHO0.35, 0.50 - Observational and reduction procedure at Carbuncle Hill Observatory is
described in ref. 19.

CTI100.9 - General information about the system is available at
http://ww. cti 0. noao. edu/tel escopes/ 36/ 0-9m ht nl . The telescope was op-
erated in service mode and we used the full chip setting with the FED\ 13/, the readout
noise~ 5 ADU = 3¢~ and V filter. Integration times were mostly 120MaximDL was used to
process and reduce the observations.

CTIOL.0 - General information about the system is available at
http://ww. astronony. ohi o- st at e. edu/ Y4KCani det ect or. ht ml . We used
the2 x 2 binning mode. Integration times were mostly 120axImDL was used to process
and reduce the observations.

Danishl1.54 - Technical information on the telescope is available at
http://ww. eso.org/l asillal/tel escopes/dlp5/.Mostofthe observationswere
done in the Cousins R filter. Integration times were 60 to 180 s, depending on apparent sky mo-
tion of targeted asteroid so that to get an image streak not longer than 2 pixels (i.e., comparable
to a typical seeing at the site). The data were processed and reducddaxithDL and our

photometric reduction software packagphot32, both using the aperture photometry tech-
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nique. A part of the observations was calibrated in the Johnson-Cousins system using Landolt
standard stars.

DarkSky and PROMPT - Appalachian State University’s Dark Sky Observatory is located
in the mountains of northwestern North Carolina at an elevation of 1000 meters. The 0.8-m
telescope is equipped a Photometrics CCD camera wiibRé x 1024 25-micron pixel Tek
chip. The field of view i3’ x 8 with 0.50 arcsec/pixel.

The University of North Carolina at Chapel Hil's PROMPT observatory (Panchromatic
Robotic Optical Monitoring and Polarimetry Telescopes) is on Cerro Tololo. PROMPT consists
of six 0.41-m outfitted with Alta U47+ cameras by Apogee, which make use of E2V CCDs. The
field of view is10" x 10’ with 0.59 arcsec/pixel.

All raw image frames were processed (master dark, master flat, bad pixel correction) using
the software package MIRA. Aperture photometry was then performed on the asteroid and three
comparison stars. A master image frame was created to identify any faint stars in the path of
the asteroid. Data from images with background contamination stars in the asteroid’s path were
then eliminated.

Lick - Observations were collected using the Lick Observatory 1m-Nickel telescope and its
Direct Imaging Camera at the f/17 Cassegrain focus in R band. The detector is a thinned, Loral,
2048 x 2048 CCD with 15-micron pixels, corresponding to 0.184 arcsec/pixel, so a FOV of
6.3 x 6.3 arcmin. The observations were remotely conducted from a control room located at the
Department of Astronomy of the University of California at Berkeley. The relative photometry
measurements were made using an automatic software developed in Python 2.5. It detects and
reduces the asteroid and three selected nearby bright comparison stars on each processed frame
(after dark subtraction, badpixel removal, and flat-field correction). The flux is estimated with
an aperture photometry technique using a Gaussian fit function. A reducer checks the frames

for a possible contamination of the images of the asteroid and the comparison stars by a remnant
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bad pixel, cosmic rays, or a background star and such affected data points are discarded.

Maidanak - Observations were carried out at Maidanak Astronomical Observatory (Uzbek-
istan) with 1.5-m telescope AZT-22 (Cassegrain f/7.7), equipped with back-illuminated Fairchild
486 CCD camerad(96 x 4096 CCD, 15 x 15 um pixels, 0.27 arcsec/pixel, FOR.4 x 18.4
arcmin) and Bessell UBVRI standard filters. The observations were carried out in the R band
and were reduced in the standard way with master-bias subtracting and median flat-field di-
viding. The aperture photometry of the asteroid and comparison stars in the images was done
with the ASTPHOT package developed at DERThe effective radius of aperture was equal
to 1 — 1.5x the seeing that included more than 90% of the flux of a star or the asteroid. The
relative photometry of the asteroid was done with typical errors in a rang® bf- 0.02 mag
using an ensemble of comparision stars.

Modra - Observational system, data analysis and reduction process are described in ref. 22.

PdMO0.6 - Details about the telescope are availablétat p: / / astrosur f. coni t 60.
Reduction was performed using the Prism V7 software.

T120-OHP - We used the 1.2-m Newton /6 telescope equipped with a CCD 2K x
1024 in the R band, with the field of view of 12 arcmin and 0.7 arcsec/pix. The standard
reduction (flat-field correction, dark substraction, badpixel and cosmic removal) was performed.
Relative photometry was performed with a custom software written in IDL, using a fiting of the
Gauss function. Images affected by close encounters with background stars were discarded by
the user.

Wise0.46+1.0 - Observations were performed using the two telescopes of the Wise Obser-
vatory (Tel-Aviv University) in the Israeli desert (MPC code 097): A 1-m Ritchey-Chrétien
telescope and a 0.46-m Centurion telescope (see ref. 23 for a description of the telescope and
its performance). The 1-m telescope is equipped with a cryogenically-cooled Princeton Instru-

ments CCD. At the f/7 focus of the telescope this CCD covers a field of view'of 13’ with
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1340 x 1300 pixels (0.58 arcsec per pixel, unbinned). The 0.46-m telescope was used with an
SBIG STL-6303E CCD at the /2.8 prime focus. This CCD covers a field of viewpok 50’

with 3072 x 2048 pixels, with each pixel subtending 1.47 arcsec, unbinned. R and V filters were
used on the 1-m telescope while observations with the 0.46-m telescope were unfiltered. Inte-
gration times were 120-300 s, all with auto-guider. The reduction, measurements, calibration
and analysis methods of the photometric data are fully described in refs 24, 25.

We analysed the observations using the standard Fourier series Riétrtod

Data for most of the asteroids given in Supplementary Table 2 and presented in plots with
composite lightcurves (Suppl. Figs. 6 to 44) are self-explanatory, but comments on four of
them are given below. In a few cases where lightcurve amplitude changes were observed, we
give an amplitude at the lowest observed solar phase in Table 1 as it was least affected by the
amplitude-phase effe€t

(6070) Rheinland was observed over a 4-month long interval during July-November 2009.
The observations showed variations of synodic period and amplitude of the asteroid that will be
useful data for future spin axis and shape modeling. In Suppl. Fig. 10, we plot the data and fit
with a constant synodic period.

(78024) 2002 J&: A lower limit on its period of 17 hr was estimated from the data of
2009 Sept. 26 that showed a continuous increase of brightness during the 4.4-hr long observ-
ing interval. The data from the previous night of 2009 Sept. 25 showed no variation greater
than 0.02 mag and they are consistent with being taken around an extremum of long-period
lightcurve. See Suppl. Fig. 32.

(101703) 1999 CAy: A few first measurements taken on 2009 Sept. 20 showed an atten-
uation that resembles mutual events observed in orbiting bidarighe possibility that this
primary is actually a bound orbiting binary needs to be confirmed with more observations in

future. See Suppl. Fig. 38.
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(139537) 2001 QE: A continuous brightness decrease by 0.10 mag observed during the
7.7-hr long observing interval on 2009 March 19 gives a lower limit on the asteroid’s period
of 30 hr. In Supplementary Table 1, we give a periodidtt 15 hr, as periods longer by a
factor of 2 of the lower limit are less likely. The shorter session of 2009 March 18 showed no
brightness variation greater than 0.04 mag during the 5.4-hr long interval, consistent with being

taken around an extremum of long-period lightcurve. See Suppl. Fig. 40.
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3 Correlation between primary spin rate and pair mass ratio

The primary spin rate is correlated with the mass ratio between components of the asteroid pair
(Fig. 1). Here we give a test of the statistical significance of the correlation between the two
variables.

The model of a proto-binary separation given in Sect. 5 predicts that there is a linear correla-
tion betweenv? = (27/P;)? andq (Eq. 15). We computed the correlation coefficient fordfje
andq data of the sample of 32 asteroid pairsy —0.7349. This sample correlation coefficient
is a point estimate of the population paramelgy, the correlation coefficient in the population
that was sampled. To investigate whether the observed correlation is statistically significant,
I.e., whether the sample correlation coefficient is different ffioah a high confidence level, we

test the null hypothesis,,, = 0 using Student’s statistics,

r 1—r2
t = —, where s, =
Sy n—2

: (D

and the degrees of freedom— 2 = 30. We gett = —5.9351. Sincety g = 3.646 for the
degrees of freedom of 30, we get that the correlation between the primary spin rate and the pair

mass ratio is significant at a level higher than 99.9%.
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4 Fission mechanics

Rotating bodies can be characterized by their total energy and rotational angular momentum.
When the body is a single entity, the rotational angular momentum vector is simply computed

as.
L = I w )

wherel is the rotational inertia dyad andlis the angular velocity of the body. The total energy
of a rotating body is also driven by its rotation rate, but is also a function of its mass distribution

through its self-potential{):

E = %w~I-w+U 3)

The rotational inertia tensor and the self-potential are defined through the mass distribution of

the body:

I = /[(p p)U — ppldm (4)

=

where( represents the mass distributi@n js the identity dyadp, p’ is the location in the body
of a mass elementm, dm’, andG is the gravitational constant.

Due to the well-documented YORP effect the angular velocity of asteroids o&sizd&m
in diameter can be changed in time spans short relative to their lifetime. As a rigid or rubble-
pile body undergoes changes in its rotation rate the mass distribution parameters can remain
constant over a relatively wide range of rates, unlike a fluidic body which will change its shape
incrementally with changes in total angular momentum. Despite this, if large enough changes
in the total angular momentum of the object occur, even collections of rigid components can

undergo shifts into configurations that have a lower total energy, with excess energy being
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dissipated thermally or through seismic wav8s'. This occurs as the angular momentum
of a collection of rigid components resting on each other changes, and represents different
configurations of the mass that may have a lower energy at that given angular momentum.

If the total system angular momentum increases sufficiently, the minimum energy config-
uration for the body will eventually involve components of the body entering orbit about each
other'3. Once this occurs a different regime of physics takes over and the system can evolve
rapidly and dynamically with the components in orbit about each other. A detailed analysis of
the fission process shows that such systems will invariably enter a highly unstable dynamical
state, and the orbit and rotations of each component will vary chaotically as they interchange
energy and angular momentum between each &tHdre transition from a collection of rigid
components resting on each other to one where two of the collections are in orbit liberates
energy that can drive the system dynamically.

The total angular momentum and energy are, in general, conserved across fission but be-

comes decomposed into multiple components:

M, M,
I- = I I _— 6
w cwip + 2w2+M+M2'r><v (6)
1 1 1 1 MM,
—w-TI- U = —w-I,- —wy - I — " . U U U 7
2w w + le 1w1+2w2 2w2+2M1 M2 v+ U + U +Uip (7)

whereM; and M, are the masses of the two componentandwv are the relative position and
velocity vector between these two componeidsijs the self-potential of the new components

andif,, is the mutual potential between the components.

dm dm
Uy = —G// wdm, (®)
1 2|p1

The mutual potential represents a conduit for energy being transferred from rotational to trans-
lational energy and vice-versa and can be surprisingly effective.
The fundamental characteristic of the system after it undergoes fission is its free energy,

defined as the total energy minus the self-potentials of each component. If the free energy is
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positive, the two components can escape from each other and become an “asteroid pair”. If
the free energy is negative, then such a mutual escape is impossible, barring release of energy
from changes in the self-potentials of the components or an exogenous source of angular mo-
mentum and energy. A positive free energy does not necessarily dictate that the system disrupt.
Constancy of the free energy requires that the self-potentials of the system after fission will not
change, i.e., that the mass distribution is fixed after fission. This is a reasonable assumption as
the components are under lower stresses when in orbit than they were in when in close proxim-
ity to each other. However, even if changes in the self potentials occur, the free energy will still
provide a crucial parameter for this system.

The free energy can be represented as:

1 1 1 MM,
Eree = —wi-I-wi+-wy Iy wod -2 v tU 9
in 2(.01 1 Wi 2(.02 92+ Wy 2M1 MQU () 12 ()

If the system undergoes disruption, we note that the mutual potential will decreasaddhe
translational kinetic energy will approach hyperbolic escape speeds. Thus, if disruption occurs
we find:

1 1 1 MM,
E e = — N — I, - - -
Free 2(.01 1wy + 2(.02 9+ Wy + 2M1 +MQUOO

(10)
We note that all of these terms are positive by definition, and thus if the free energy is negative,

a mutual disruption cannot occur. Further, escape speeds can be quite small, indicating that
1 1
EF‘ree > 5(.&)1'11'&)1—'—5602'[2'&)2 (11)

Thus if the free energy is positive but small, escape is possible but requires that the rotational
kinetic energy of the components must be reduced, indicating that energy has been drawn from
these modes to enable escape. As the majority of the rotational kinetic energy will reside in

the larger component, a consequence is that the larger component will naturally be rotating at a

slower rate, with the resulting rotation rate approaching zero with the free energy. The rotation
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rate of the smaller component can still remain relatively high, as its much lower mass allows it
to “hide” relative to the more massive body.

Being equipped with the results of the theory of fission mechanics, we constructed a simple
model of the post-fission system interpreting the observed spin rates of asteroid pairs primaries.

The model, its assumptions and mathematical formulation are given in the next section.
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5 Model of a proto-binary separation

To quantify our asteroid pairs we model the post-fission system as a binary of two components
starting in close proximity and with the total angular momentum in the range of critical values
as observed in close binary systém#ssuming the mass distribution in the components of
the system is fixed in this post-fission evolution phase, the free energy of the system is con-
stant. Energy is transferred between the rotational and orbital energy by a conduit of the mutual

potential between the components. The model is following:

e The initial state is a close binary.
e The end state is a barely escaping satellite (parabolic orbit).
e Both the free energy and the total angular momentum of the system are conserved.

e The total angular momentum is close to critica}, (~ 1), as we observe in small binary

systems.

e The spin vectors of the components are coplanar with their mutual orbit, i.e., rotation and
orbit poles are aligned. The rotations are prograde and around the principal axes of the

bodies.

e We assume a constant secondary period, neglecting possible changes in the secondary’s
rotational angular momentum due to its small size, and we take it 18, be 6 hr (ap-

proximately a mean of the observed secondary rotation periods).

¢ Bulk density of both components jis= 2 g/cn.

The first five assumptions are fundamental, whereas the last two ones are less critical as out-
comes of the model are less sensitive to variations of the two parameters within observed or

plausible ranges.
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The mathematical formulation of our model follows. The free energy of the system is

1 1 MM,
EFree = illw% + 512(*)% -G 24

(12)

wherel;, w;, M; are the moment of inertia around the principal axis, the angular velocity and
the mass of the-th body (1 for primary, 2 for secondary), respectively, aht the system’s
orbit semimajor axis.

Since the free energy ang are constant, we get

1 M M, 1
5110‘)%1111 - G 2Aini - §]1w%ﬁnal7 (13)

where the subscripts “ini” and “final” denote initial and end state values of the parameters. Note
that1/Ag,. = 0 for the end state of a barely escaping satellite (parabolic orbit).

In Eq. 13, we substituté/, = ¢M;, the moment of inertia of the primary

M
I = —(af +9), (14)

and M; = Vip, whereV; is the volume of the primary. We assume thatis equal to the
volume of the dynamically equivalent equal mass ellipsoid (DEEME) of the primany/j.e-,
a;bicymd/3. The parameters,, by, c; are semiaxes of the DEEME of the primary. After the
substitutions, we get

20 - aLcL
TR T (15)

2
a Ain
[1 + (b—) } T

The initial angular velocity of the primany;,; is computed from the normalized total an-

2 9
Wifinal = Wiini —

gular momentum of the binary system. It was defined in ref. 6:

_ L1+L2+Lorb
ap =

: (16)

L eqsph
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whereL; and L, are rotational angular momentum of the primary and the secondary, respec-
tively, L, is the orbital angular momentum, aid,.,, is the angular momentum of the equiv-
alent sphere spinning at the critical spin rate. The quantities in the numerator in Eq. 16 are given

with following formulas:

M
L= 2 + 2 17
1 5(1—|—q)<a1 by )wi, (17)
qM 9 9
2 5(1+q) (CL2 2)&)2, ( )
_ M — 2
Loy, = (1 n q)2 GMA(l e ), (19)

whereM = M; + M, is the total mass of the system, amdb;, c; are semiaxes of the DEEME
of the ith body. The quantity in the denominator in Eqg. 16 is the angular momentum of the

equivalent sphere spinning at the critical spin rate. Itis

2/3
Le sph — EM i‘/1 : (1 + q)2/3wc h (20)
e g A7 P

wherew.,, is the critical spin rate for the sphere with the angle of friction of @ad it is

4
wcsph = gﬂ'pG (2 1)

We have evaluated this disruption scenario for a number of values of scaled angular momen-
tum (o), normalized initial semi-major axis4(,;/b;), and ratios of the primary’s axes;(/b;
andb, /c;), whereay, by, c¢; are the long, intermediate, and short axis of the dynamically equiva-
lent equal mass ellipsoid of the primary. By c;, we assumed a value of 1.2, corresponding to
alow primary polar flattening (cf. with valués/c; between 1.1 and 1.2 estimated for primaries
of NEA binaries 1999 KW and 2002 CE; (refs 32, 33).Values of the primary’s equatorial ratio
a; /by were varied between 1.1 and 2.0, i.e., in the range of primary elongations suggested by
the observed primary amplitudes. We assumed a value of 1.3 for the equatorial axis ratio of

the secondarya /b-), corresponding to the observed low to moderate secondary amplitudes.
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The normalized total angular momentup was varied over an interval 0.7 to 1.3, which is the
range observed for orbiting binaries withy, < 10 km (ref. 6). The initial relative semi-major

axis A;,; /b values were taken in the range from 2 to 4. Values in the upper half of the range, 3
to 4, have been observed in known very close asteroid binaries, while values between 2 and 3
are extremely close initial orbits near or below the Roche’s limit for strengthless satellites.

For each set of parameters we generated a corresponding rotation period of the primary,
assuming a separated pair, as a function of massq&isdween the pair components. Over the
varied ranges of parameters, this model shows the same general character as the asteroid pairs
data plotted in Fig. 1. The dashed line plotted there isvipr= 1.0, a,/b; = 1.4 and A;,,; /by =
3. This set of parameters can be considered as the best representation of pair parameters. In
particular, the total angular momentum content of 1.0 is about the mean of the distribution of
ay, values in small binaries, and the axial ratio of 1.4 is about a mean of equatorial elongations
of pair primaries suggested by their observed amplitudes. We have also plotted four additional

curves that represent limit cases.
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Discussion 1
Predictions and implications of the fission theory

The results of the fission thedry!* predict the observational data presented in Fig. 1. The
primary rotation periods become long with increasing mass ratio, consistent with the free en-
ergy of a binary system formed by rotational fission approaching zero and the non-existence of
separated pairs with mass ratios appreciably larger than the predicted cutoff. The limit curves
of our model fora, = 1.2 go up tog = 0.4, i.e., a bit behind the upper limjt~ 0.2 estimated

in ref. 8. It is because the value af, = 1.2 is actually a super-critical amount of angular
momentum for a body with the low elongation of the upper limit case and such system can form
from an original elongated body that is re-shaped during satellite’s formation with a resulted
low-elongation primary (see ref. 6, Fig. 1). The limitgf 0.2 is valid if the components be-

have like rigid bodies during a fission of the original body. An alternative explanation is that the
few systems closest to the upper limit may have a higher bulk density than the assumed value of
2 g/cn?, with the total angular momentum not exceeding the critical value for a low-elongation
body.

It is important to note that the theory predicts that fissioned binary asteroids are always
initially unstable, independent of the free energy and mass ratio, and thus undergo chaotic
variations immediately after fissidnThe time scale for these systems to transition from their
initial fission proto-binary state to an orbitally disrupted, asteroid pair state (for those systems
with positive free energy) is not immediate but occurs after a characteristic time span of tens to
hundreds of days, with a median time estimated to be 0.6 yr (see Suppl. Fig. 5).

It is important to note the existence of binary asteroids with mass ratios larger than this
threshold. Thus, such objects exist but, if formed from the rotational fission process described

here, these binary asteroids should not be able to disrupt by themselves. The existence of this
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population across the mass ratio threshold, and the fact that asteroid pairs are found consistent
with the disruption thresholdshows a remarkable consistency with the rigid body rotational
fission model for the creation of binary asteroids and asteroid pairs.

However, this model may not cover all aspects of asteroid rotational fission. The effect of
adding angular momentum via YORP to a continuum model of ellipsoidal asteroids modeled
as a cohesionless soil was studied and it was found that, theoretically, these bodies should
reshape themselves as the angular momentum incféa®ésile the transition of such a body
to actual fission has not been studied in the work, they indicate that such fission could occur. In
their model the transition to a binary asteroid may be distinct from the rigid body fission model
discussed above, although no clear predictions on the initial configuration of such a system have
been made. The current results do provide a target state for such a fission process, however.

An alternate formation process for binary asteroids was proposed in ref. 7. This model
was motivated by simulations of asteroid fission using a numerical model of a parent body,
consisting of cohesionless, hard spheres resting on each other, with its spin rate increasing
(simulating YORP) until material left the surface. It is significant to note that the numerical
runs were only allowed for evolution over less than 10 orbits following the fission of material
before the spin rate of the primary was incremented again. From their computations they found
that the secondary satellite was formed in orbit following inter-particle collisions. However,
such a formation mechanism should dissipate excess energy in the system, and hence would
not lead to a system that can spontaneously undergo escape. Additionally, in this model the
satellites form at a distance where orbital ejection does not occur. Finally, we note that this
model of stable binary formation does not predict the observed correlation between the primary

period and mass ratio of asteroid pairs and thus is likely not the source of these asteroid pairs.

SWhile most asteroid pairs identified as probably genetically related pairs in ref. 2hHve- 1, implying
q about or less than 0.2, a smaller fraction of pairs have low estimiiéd/alues. We suspect that the absolute
magnitude estimates of one or both members of the asteroid pairs with the anomalau& lgalues may be in
error. Accurate absolute magnitude estimates for the asteroids are needed to check the theoretical prediction.
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Discussion 2
Assumptions and uncertainties in the size and mass ratios es-
timates

The assumption that the components of an asteroid pair have the same albedo and bulk density
is plausible for the bodies formed by a fission or breakup of the original parent asteroid of a pre-
sumably homogeneous composition. As a result of details of the pair formation mechanism, the
two components might differ in a size distribution of pieces of the regolith and its surface frac-
tion coverage, and cosmic ray exposure age of the surface material, but we have little knowledge
on these possible differences and how large albedo difference they could cause. Photometric
observations of orbiting binaries are consistent with the primary and secondary albedos being
same to within 20% (refs 30, 35). If it is valid also for components of asteroid pairs, then the
uncertainty of the albedo ratio less than 20% propagates to an uncertainty of the ratio of effec-
tive diameters between pair components of less than 10%. In this work we neglect this possible
uncertainty and assume that the components have the same albedo.

It was found that bulk densities of the secondary and primary of 1999 #i¥iér by a factor
of 1.43, but with a relative uncertainty of about 30%, so it was only a marginally significant
differencé?. Another, implicit assumption in the conversion between the size and mass ratios
is that the effective diameted estimated from the absolute magnitude is proportional to a
mean diameteD,,...,, that is related to the volume of the asterbid= 7D3 .. /6. Deviations
from this assumption can cause some systematic errors in the mass ratio estimates, because the
effective diameter is actually related to the cross-section rather than volume of an asteroid, and
the cross-section-to-volume ratio is a function of the asteroid’s shape and viewing aspect, but

we neglect this additional uncertainty source in this study.
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Supplementary Table 1: Observatories, Instruments, and Observers
Obs/Tel Code Observatory  Telescope Diameter (m) Observers

CarbHO0.35, 0.50 Carbuncle Hill 0.35,0.50 Pray

CTIO0.9 CTIO 0.90 Longa, Pozo

CTIO1.0 CTIO 1.0 Pozo, Barr

DarkSky Dark Sky DSO-32 0.81 Pollock

Danish1.54 La Silla Danish 1.54 Galad, Pravec, Henych
Lick Lick Nickel 1.0 Marchis, Macomber
Maidanak Maidanak AZT-22 1.50 Krugly, Sergeev

Modra Modra 0.60 Galad

OHP OHP OHP-120 1.20 Vachier

PdMO0.6 Pic du Midi 0.60 Leroy, Bautista, Moulinier, Eclancher
PdM1.0 Pic du Midi 1.0 Colas, Maquet

PROMPT PROMPT Prompt5 0.41 Pollock

Wise0.46, 1.0 Wise 0.46, 1.0 Polishook
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Supplementary Table 2: Observational circumstances of

SUPPLEMENTARY INFORMATION

paired asteroids. Given are the mid-time of observing in-

terval rounded to the nearest tenth of a day, telescope code

from Table 1, filter (C for clear or undefined), duration of the

observing interval, the helio— and geocentric distances and

solar phase of the asteroid at the mid-time.

Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
(2110) Moore-Sitterly
2008-11-26.3 PROMPT R 1.2 2.224 1.281 9.8
2008-11-28.3 PROMPT R 3.6 2.228 1.276 8.7
2008-12-06.3 PROMPT R 3.2 2.245 1.268 4.3
2008-12-07.2 PROMPT R 2.1 2.246  1.268 3.8
2008-12-07.3 PROMPT R 2.5 2.247 1.268 3.8
2008-12-08.2 PROMPT R 2.3 2.248 1.268 3.3
2008-12-09.2 PROMPT R 0.6 2.250 1.269 2.7
2008-12-09.3 PROMPT R 3.2 2.251 1.269 2.7
2008-12-10.2 PROMPT R 2.4 2.252 1.270 2.2
2008-12-10.3 PROMPT R 2.1 2.253 1.270 2.1
2008-12-20.0 Wise0.46 C 2.8 2272 1.294 3.6
2008-12-23.8 Modra C 3.9 2.279 1.310 5.6
2008-12-24.0 Modra C 3.0 2.280 1.311 5.7
2008-12-25.8 Modra C 3.2 2.283 1.320 6.7
2008-12-27.9 Modra C 3.6 2.287 1.332 7.7
2009-01-02.9 Wise0.46 C 7.0 2299 1.372 10.7
2009-01-03.9 Wise0.46 C 7.3 2.300 1.380 11.1
(4765) Wasserburg
2008-08-23.2 CTIO0.9 Vv 3.2 2.008 1.229 23.7
2008-08-25.1 CTIOO0.9 Vv 4.3 2.009 1.244 24.1
2008-08-26.1 CTIO0.9 Vv 4.1 2.010 1.252 24.3
(5026) Martes
2008-02-13.2 PdM1.0 C 4.4 2.874 1.996 10.8
2008-02-14.2 PdM1.0 C 3.1 2.873 1.987 10.5
2009-07-15.9 Wise0.46 C 1.4 1.802 0.959 24.9
2009-07-17.0 Wise0.46 C 1.7 1.802 0.952 24.6
2009-07-18.0 Wise0.46 C 4.3 1.802 0.945 24.2
2009-08-13.9 Wise0.46 C 3.0 1.804 0.819 11.2
2009-08-14.9 Wise0.46 C 1.1 1.805 0.817 10.6
2009-08-24.0 PdMO0.6 C 3.9 1.809 0.805 5.3
2009-09-17.9 OHP R 3.1 1.831 0.858 11.5
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Supplementary Table 2 — continued from previous page

Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
(6070) Rheinland
2009-07-22.0 Wise0.46 C 2.5 1.981 1.267 26.4
2009-07-24.0 Wise0.46 C 1.8 1.978 1.247 26.0
2009-07-25.0 Wise0.46 C 3.8 1.976 1.237 25.7
2009-07-26.0 Wise0.46 C 2.0 1.975 1.227 25.5
2009-08-16.3 CarbHO0.35 C 2.9 1.943 1.043 18.8
2009-08-17.9 Wise0.46 C 1.6 1.941 1.032 18.1
2009-08-18.3 CarbH0.35 C 3.8 1.941 1.029 17.9
2009-09-20.9 Wise0.46 C 6.6 1.905 0.904 3.7
2009-10-20.8 Wise0.46 C 6.4 1.888 0.994 18.4
2009-10-23.8 Wise0.46 C 4.8 1.887 1.012 19.7
2009-11-20.8 Wise0.46 C 3.8 1.887 1.237 28.2
2009-11-22.7 Wise0.46 C 1.3 1.888 1.255 28.5
(7343) Ockeghem
2009-07-18.9 Wise0.46 C 3.4 2.255 1.244 3.7
2009-07-23.9 Wise0.46 C 4.3 2.247 1.235 3.0
2009-07-24.9 Wise0.46 C 0.6 2.246 1.234 3.1
2009-07-25.9 Wise0.46 C 2.7 2.244  1.233 3.3
2009-07-28.9 Wise0.46 C 1.3 2.239 1.232 4.4
(10484) Hecht
2008-11-29.1 Wisel.0 R 2.3 2.142 1.401 21.7
2008-11-30.0 Wisel.0 R 5.9 2.142  1.393 21.4
2008-12-01.0 Wisel.0 R 6.1 2.143 1.384 21.1
2008-12-02.0 Wisel.0 R 5.3 2.143 1.375 20.8
(11842) Kap’bos
2009-08-20.0 OHP R 6.6 2.242 1.398 18.2
2009-08-21.0 OHP R 6.5 2.241 1.389 17.8
2009-08-28.0 Wise0.46 C 2.8 2.233 1.332 15.2
2009-09-02.1 Modra C 1.1 2.228 1.296 13.1
2009-09-17.8 Wise0.46 C 1.7 2211 1.219 5.7
2009-09-22.8 Wise0.46 C 3.5 2.205 1.207 3.7
2009-09-23.0 OHP R 8.2 2.205 1.207 3.7
2009-09-26.1 CarbHO0.35 C 3.5 2.202 1.203 3.1
(13732) Woodall
2009-08-27.1 Wisel.0 C 1.4 2.258 1.387 16.6
2009-08-28.0 Wisel.0 C 5.2 2.257 1.380 16.3
2009-08-30.9 Wise0.46 C 3.6 2.254 1.357 15.2
2009-09-18.2 CarbH0.50 C 2.9 2.236 1.251 6.8
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Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
2009-09-19.2 CarbH0.50 C 4.8 2.235 1.248 6.3
2009-09-19.9 Wise0.46 C 8.7 2.235 1.245 5.9
2009-09-20.2 CarbH0.50 C 6.5 2.235 1.244 5.7
2009-09-21.2 CarbH0.50 C 5.5 2.234 1.241 5.2
2009-09-24.0 OHP C 7.5 2.231 1.234 3.8

(15107) Toepperwein
2008-09-23.4 Lick R 8.3 2.230 1.282 11.1
2008-09-24.4 Lick R 7.8 2.232 1.279 10.7
2008-11-02.9 Wisel.0 \% 2.8 2.311 1.381 11.1
2008-11-04.0 Wisel.0 Vv 1.7 2.314 1.390 115
(17198) Gorjup
2008-07-27.9 Wisel.0 R 3.0 2.083 1.078 5.6
2008-07-28.9 Wisel.0 R 4.3 2.083 1.081 6.1
2008-08-01.9 Wisel.0 R 3.5 2.086 1.094 8.1
2008-08-02.9 Wisel.0 R 3.0 2.087 1.098 8.6
2008-08-22.1 CTI100.9 Vv 4.2 2102 1.212 17.3
2008-08-24.1 CTI100.9 Vv 4.5 2.103 1.228 18.1
(19289) 1996 HY>
2009-11-12.1 Danishl.54 R 5.5 2.080 1.228 18.2
(21436) Chaoyichi
2009-11-16.1 Danish1.54 R 5.0 2.233 1.390 16.9
(23998) 1999 RR,
2009-02-14.3 CTIO1.0 Vv 4.6 1.839 0.898 134
2009-02-15.3 CTIO1.0 Vv 2.7 1.839 0.894 12.9
2009-02-18.0 Wise0.46 C 7.1 1.838 0.885 11.7
2009-02-18.9 Wise0.46 C 3.8 1.838 0.882 11.3
(38707) 2000 QKy
2009-02-16.3 CTIO1.0 Vv 1.9 2.468 1.559 11.3
2009-02-17.3 CTIO1.0 Vv 3.8 2.469 1.553 10.9
2009-02-25.2 CarbH0.50 C 2.9 2476 1.518 7.4
2009-03-02.2 PROMPT C 8.1 2.480 1.504 5.2
2009-03-04.0 Wise0.46 C 6.3 2.481 1.501 4.4
(44612) 1999 RE,
2009-10-09.3 Danish1.54 R 2.2 1.984 1.107 18.6
2009-10-11.3 Danish1.54 R 1.7 1.987 1.098 17.7
2009-10-12.3 Danish1.54 R 2.5 1.989 1.094 17.2
2009-10-23.0 Wisel.0 C 4.7 2.010 1.058 11.4
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Supplementary Table 2 — continued from previous page

Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
2009-10-25.0 Wisel.0 C 2.1 2.014 1.054 10.2
(48652) 1995 VB
2009-11-12.3 Danishl.54 R 2.6 2.000 1.197 21.5
2009-11-13.1 OHP C 6.3 2.000 1.190 21.2
2009-11-13.3 Danish1.54 R 2.3 2.000 1.188 21.2
2009-11-14.3 Danish1.54 R 1.9 1.999 1.180 20.8
2009-11-15.3 Danishl.54 R 2.8 1.999 1.172 20.4
2009-11-16.0 Maidanak R 1.1 1.998 1.166 20.2
2009-11-16.3 PROMPT C 1.8 1.998 1.164 20.1
2009-11-16.4 DarkSky R 2.2 1.998 1.163 20.0
2009-11-17.1 OHP C 2.9 1.998 1.157 19.7
(51609) 2001 HZ,
2009-10-26.0 Wisel.0 C 5.8 2.152 1.185 8.3
2009-10-30.0 Modra C 6.5 2.159 1.180 6.0
2009-10-30.9 Modra C 4.7 2.161 1.180 55
2009-10-31.1 Modra C 2.1 2.161 1.180 5.4
(52773) 1998 QU
2008-07-28.0 Wisel.0 Vv 2.0 1.794 0.949 25.0
2008-07-29.0 Wisel.0 Vv 2.2 1.793 0.942 24.6
2008-08-02.0 Wisel.0 \% 2.7 1.789 0.913 23.1
2008-08-03.0 Wisel.0 Vv 3.3 1.788 0.906 22.7
2008-10-06.2 CTI00.9 Vv 2.0 1.770 0.826 15.6
2008-10-07.1 CTI00.9 Vv 3.5 1.770 0.830 16.1
(52852) 1998 RB;
2008-09-06.3 CTIO0.9 Vv 1.3 2.118 1.137 8.5
2008-09-07.1 CTIO0.9 Vv 3.9 2117 1.139 8.9
2008-09-11.1 CTIO0.9 Vv 4.7 2.113 1.151 10.9
(54041) 2000 GQy3
2008-10-08.1 CTIO0.9 Vv 3.8 2.034 1.183 19.4
2008-11-03.8 Wise0.46 C 4.7 2.052 1.438 26.2
2008-11-04.8 Wisel.0 R 4.8 2.052 1.449 26.4
2008-11-16.7 Wise0.46 C 2.5 2.062 1.585 27.7
(54827) 2001 NQ
2009-11-14.3 Danish1.54 R 3.7 2.040 1.163 17.1
2009-11-16.3 Danishl1.54 R 3.0 2.044 1.154 16.1
2009-11-17.3 Danishl.54 R 3.8 2.046 1.149 15.6
2009-11-18.8 Maidanak R 5.1 2.049 1.143 14.9
2009-11-22.0 Wisel.0 C 7.1 2.055 1.132 13.2
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Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()

2009-11-25.9 Maidanak R 3.8 2.063 1.121 11.1
(56232) 1999 IM;,

2009-06-27.9 Wisel.0 R 3.6 1.942 0.934 5.6
(63440) 2001 MDD,

2009-08-17.9 Wisel.0 C 3.5 1.988 1.092 18.5

2009-08-26.9 Wisel.0 C 7.1 1.978 1.095 19.2

2009-09-30.1 Danishl.54 R 3.5 1.942 1.223 26.2

2009-10-01.1 Danish1.54 R 3.9 1.941 1.229 26.4

2009-10-02.1 Danish1.54 R 3.5 1.940 1.235 26.6
(69142) 2003 Fly5

2009-05-25.9 Wisel.0 R 6.6 1.914 1.052 21.6

2009-05-28.0 PdM1.0 C 6.5 1.915 1.052 21.6

2009-05-29.0 PdM1.0 C 6.4 1.915 1.052 21.6
(76111) 2000 DK

2009-03-17.0 Wisel.0 R 2.6 2.686 1.701 3.8

2009-03-20.0 PdM1.0 C 9.7 2.687 1.706 4.5

2009-03-20.3 Lick R 7.5 2.688 1.706 4.6
(84203) 2002 RBs3

2009-01-19.8 Wise0.46 C 3.8 2013 1.132 16.6

2009-01-25.9 Wise0.46 C 35 2020 1.138 16.5

2009-01-26.8 Wise0.46 C 48 2.021 1.139 16.6

2009-02-01.9 Wisel.0 R 11.0 2.027 1.154 17.1

2009-02-03.0 Wisel.0 R 48 2.028 1.157 17.3
(88259) 2001 HJ

2009-02-13.2 CTIO1.0 Vv 7.8 1.810 1.008 24.6

2009-02-14.1 CTIO1.0 Vv 2.9 1.810 1.002 24.3

2009-02-15.2 CTIO1.0 Vv 3.9 1.810 0.996 24.1
(88604) 2001 QHys

2009-06-18.0 Wisel.0 R 3.4 2.949 1.989 7.8

2009-06-19.0 Wisel.0 R 3.2 2.950 1.983 7.5

2009-06-23.0 Wisel.0 R 4.9 2950 1.965 6.0
(92336) 2000 GY;

2009-08-13.9 Wisel.0 R 2.8 1.943 1.031 17.9

2009-08-19.9 Modra C 6.1 1.936 1.020 17.6

2009-08-21.0 Modra C 6.8 1.935 1.018 17.6

2009-08-23.9 Modra C 6.1 1.932 1.016 17.6

2009-08-24.0 OHP R 6.7 1.932 1.016 17.6
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Supplementary Table 2 — continued from previous page

Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
2009-08-25.0 OHP R 5.5 1.931 1.016 17.7
2009-08-27.9 Wisel.0 R 7.5 1.928 1.016 17.9
2009-09-01.9 Modra C 4.8 1.922 1.020 18.6
2009-09-21.1 Danishl.54 R 3.9 1.902 1.079 23.2
2009-09-22.1 Danishl.54 R 5.1 1.901 1.084 23.5
2009-09-23.1 Danish1.54 R 3.5 1.900 1.089 23.7
2009-09-24.1 Danish1.54 R 4.8 1.899 1.095 24.0
2009-09-25.1 Danish1.54 R 4.9 1.898 1.100 24.3
2009-09-26.1 Danishl.54 R 4.4 1.897 1.105 24.6
2009-09-27.1 Danishl.54 R 4.3 1.896 1.111 24.8
(101065) 1998 RY,

2009-11-19.1 Danishl.54 R 4.5 2.274 1.524 19.9

2009-11-20.1 Danish1.54 R 3.8 2.276 1.537 20.2

2009-11-21.1 Danishl.54 R 2.4 2.279 1.549 20.4
(101703) 1999 CAy

2009-09-20.2 Danishl.54 R 3.9 2.372 1.373 3.5

2009-09-21.3 Danishl1.54 R 4.1 2370 1.371 2.9

2009-09-22.3 Danish1.54 R 1.2 2.369 1.368 2.4

2009-09-24.3 Danish1.54 R 3.4 2.367 1.364 1.4
(115978) 2003 W@

2009-06-27.0 Wisel.0 R 3.0 1.860 0.888 13.3

2009-06-28.9 Wisel.0 R 15 1.857 0.878 12.3
(139537) 2001 QF;

2009-03-18.1 PdM1.0 C 54 2.454 1.482 6.5

2009-03-19.0 PdM1.0 C 7.7 2451 1.476 6.0
(205383) 2001 BY,

2009-02-16.2 CTIO1.0 Vv 5.8 1.850 0.867 4.6

2009-02-16.9 Wisel.0 R 6.1 1.849 0.868 5.1

2009-02-17.1 CTIO1.0 Vv 4.1 1.849 0.868 5.2

2009-02-17.9 Wisel.0 R 9.6 1.849 0.869 5.8
(218099) 2002 MH

2009-09-21.9 Wisel.0 C 4.9 1.776 0.795 10.4

2009-10-22.8 Wisel.0 C 5.7 1.812 0.965 22.8

2009-10-23.8 Wisel.0 C 4.8 1.813 0.973 23.1
(220143) 2002 TQy4

2009-09-22.2 Danish1.54 R 5.6 2.043 1.048 5.4

2009-09-23.2 Danish1.54 R 5.7 2.043 1.050 5.6

www.nature.com/nature

Continued on next page



doi: 10.1038/nature09315

SUPPLEMENTARY INFORMATION

Supplementary Table 2 — continued from previous page

Dates Obs/Tel Filter Int(hr) r(AU) A(AU) phase()
(226268) 2003 ANy
2009-11-18.3 Danishl.54 R 3.8 1.948 1.023 14.3
2009-11-19.3 Danish1.54 R 4.0 1.949 1.020 13.7
2009-11-20.3 Danish1.54 R 3.6 1.951 1.017 13.2
2009-12-17.1 PROMPT C 2.8 2.000 1.021 4.0
2009-12-17.2 DarkSky C 5.9 2.001 1.022 4.0
2009-12-18.9 Wisel.0 C 9.1 2.004 1.028 5.0
2009-12-19.2 PROMPT C 4.7 2.004 1.029 5.2
2009-12-19.8 Wisel.0 C 6.4 2.006 1.031 55
2009-12-20.2 PROMPT C 6.3 2.006 1.033 5.7
(229401) 2005 SU,
2009-11-17.1 Danish1.54 R 4.3 1.820 1.343 32.2
2009-11-18.1 Danish1.54 R 4.0 1.821 1.352 32.2
2009-11-19.1 Danishl.54 R 3.9 1.822 1.362 32.3
2009-11-20.1 Danishl.54 R 3.7 1.823 1.372 32.3
2009-11-21.0 Danishl.54 R 1.2 1.824 1.381 32.3
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Supplementary Figure 2: Results of the backward integration of 2500 geometric and Yarkovsky
clones for each of the components in the pair (21436) Chaoyichi and 20@3 Y each of

the 10 y-separated outputs of the propagation we show the minimum distance of the clones
(middle panel) and the relative orbital velocity of the minimum-distant clones (bottom panel).
The top panel shows distribution of success rate at each of the output steps such that distance
of the trial pair of clones was smaller than the Hill radius of the estimated parent object for the
pair (600 km in this case, dashed line in the middle paraek)l in the same time their relative
velocity was smaller than the escape velocity from the parent bio2lyr(/s in this case, dashed

line in the bottom panel). The histogram coJfI&cts data ky bins and uses a normalization of

the maximum to unity.
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Supplementary Figure 3: Results of the backward integration of 2500 geometric and Yarkovsky
clones for each of the components in the pair (88259) 2001add 1999 VA,;. At each of

the 10 y-separated outputs of the propagation we show the minimum distance of the clones
(middle panel) and the relative orbital velocity of the minimum-distant clones (bottom panel).
The top panel shows distribution of success rate at each of the output steps such that distance
of the trial pair of clones was smaller than the Hill radius of the estimated parent object for the
pair (600 km in this case, dashed line in the middle paraek)l in the same time their relative
velocity was smaller than the escape velocity from the parent bbdyg in this case, dashed

line in the bottom panel). The histogram collects data ky bins and uses a normalization of

the maximum to unity.
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Supplementary Figure 4: Results of the backward integration of 5000 geometric and Yarkovsky
clones for each of the components in the pair (229401) 2005,Suhd 2005 UY,. At each

of the 1 y-separated outputs of the propagation we show the minimum distance of the clones
(middle panel) and the relative orbital velocity of the minimum-distant clones (bottom panel).
The top panel shows distribution of success rate at each of the output steps such that distance
of the trial pair of clones was smaller than the Hill radius of the estimated parent object for the
pair (500 km in this case, dashed line in the middle paraek)l in the same time their relative
velocity was smaller than the escape velocity from the parent bbdyg in this case, dashed

line in the bottom panel). The histogram collects data.inky bins and uses a normalization

of the maximum to unity.

www.nature.com/nature 42



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

104 .
2 .

Le: 1037 ° ° s °
(D] % o* L
E * % o : ® o 0 .. ° . ® o
o R CO— LI S

1027 * ?n:.ooo.. ..:. .... *

0 0.1 0.2 0.3
Mass Ratio

Supplementary Figure 5: Timescale for disruption of rotationally fissioned asteroids. 121 sys-

tems with mass ratios varying up to 0.3 and tri-axial ellipsoid shapes were evolved after a

rotational fission event. Each point represents either the time of disruption or the length of the
simulation (100 years marked by a red line). The blue line indicates the median escape time
(0.6 years) for secondaries in systems with a mass ratio below 0.2.
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Supplementary Figure 6: Composite lightcurve of (2110) Moore-Sitterly.
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Supplementary Figure 7: Composite lightcurve of (4765) Wasserburg.
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Supplementary Figure 8: Composite lightcurve of (5026) Martes in 2008.
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Supplementary Figure 9: Composite lightcurve of (5026) Martes during July-September 2009.
The amplitude was changing during the observing campaign, and we present separate fits for
three different observational intervals. They are plotted with arbitrary vertical offsets for clarity.
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Supplementary Figure 10: Composite lightcurve of (6070) Rheinland. The amplitude was lower
on 2009 Sept. 20 than on the other observing nights, and we present the data with a separate fit
and with an arbitrary vertical offset for clarity. See also comments in the text.
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Supplementary Figure 11: Composite lightcurve of (7343) Ockeghem.
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Supplementary Figure 12: Composite lightcurve of (10484) Hecht.
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Supplementary Figure 13: Composite lightcurve of (11842) Kap’bos.
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Supplementary Figure 14: Composite lightcurve of (13732) Woodall.
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Supplementary Figure 15: Composite lightcurve of (15107) Toepperwein.
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Supplementary Figure 16: Composite lightcurve of (17198) Gorjup.
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Supplementary Figure 17: Lightcurve of (19289) 1996,HY

www.nature.com/nature 55



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

15.2 1 l 1 l 1 l 1 l 1

[}
]
2
'S
(o))
©
£
[
=
s - B
[3)
o
15.8 — —
(21436) Chaoyichi + 2009-11-16.1
16.0 ) I ) I ) I ) I )
0 0.2 0.4 0.6 0.8 1

Synodic phase (epoch 2455152.0, P = 2.87 h)

Supplementary Figure 18: Lightcurve of (21436) Chaoyichi.
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Supplementary Figure 24: Composite lightcurve of (52773) 1998,QU

www.nature.com/nature 62



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

15.2 L

[}]
T
E
s
()]
(1]
£
(]
2
5 - i
[})
2l
15.8 = —
< 2008-09-06.3
- + 2008-09-07.1 [
(52852) 1998 RB,, A 2008-09-11.1
160 L I L I L I L I L
0 0.2 0.4 0.6 0.8 1

Synodic phase (epoch 2454718.0, P = 5.432 h) '
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Supplementary Figure 39: Composite lightcurve of (115978) 2003WQ

www.nature.com/nature 77



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

15.2 1
15.4 — L
5 #, T
3 i £ I
= .
g L
£ 15.6 — + —
(]
2
® - B
[}]
o
15.8 — —
+ 2009-03-18.1
- < 2009-03-19.0 -
(139537) 2001 QE,,
160 L I L I L I L I L
0 0.2 0.4 0.6 0.8 1

Synodic phase (epoch 2454916.0, P=45h)

Supplementary Figure 40: Lightcurve data of (139537) 2001;QEhe magnitude scale offset
between the two relative nightly sessions is arbitrary. See text for comments on the period
estimate.

www.nature.com/nature 78



doi: 10.1038/nature09315 SUPPLEMENTARY INFORMATION

17.4 1 l 1 l 1 l 1 l 1

17.6 —
(]
T
= .
=
()]
(1]
£ 17.8 -
(]
2
& 4
(]
o T i
18.0 - % o + 2009-02-16.2 -
A 2009-02-16.9
- O 2009-02-17.1 i
(205383) 2001 BV, O 2009-02-17.9
18.2 T T T T T
T T T T
0 0.2 0.4 0.6 0.8 1

Synodic phase (epoch 2454879.0, P = 5.554 h) '
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