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ARTICLE INFO ABSTRACT

Keywords: We studied a sample of 93 asteroid pairs, i.e., pairs of genetically related asteroids that are on highly similar
Asteroids heliocentric orbits. We estimated times elapsed since separation of pair members (i.e., pair age) that are between
Dynamics 7 x 10%yr and a few 10°yr. With photometric observations, we derived the rotation periods P; for all the
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primaries (i.e., the larger members of asteroid pairs) and a sample of secondaries (the smaller pair members). We
derived the absolute magnitude differences of the studied asteroid pairs that provide their mass ratios g. For a
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part of the studied pairs, we refined their WISE geometric albedos and collected or estimated their taxonomic
classifications. For 17 asteroid pairs, we also determined their pole positions. In two pairs where we obtained the
spin poles for both pair components, we saw the same sense of rotation for both components and constrained the
angles between their original spin vectors at the time of their separation. We found that the primaries of 13
asteroid pairs in our sample are actually binary or triple systems, i.e., they have one or two bound, orbiting
secondaries (satellites). As a by-product, we found also 3 new young asteroid clusters (each of them consisting of
three known asteroids on highly similar heliocentric orbits). We compared the obtained asteroid pair data with
theoretical predictions and discussed their implications. We found that 86 of the 93 studied asteroid pairs follow
the trend of primary rotation period vs mass ratio that was found by Pravec et al. (2010). Of the 7 outliers, 3
appear insignificant (may be due to our uncertain or incomplete knowledge of the three pairs), but 4 are high
mass ratio pairs that were unpredicted by the theory of asteroid pair formation by rotational fission. We discuss a
(remotely) possible way that they could be created by rotational fission of flattened parent bodies followed by re-
shaping of the formed components. The 13 asteroid pairs with binary primaries are particularly interesting
systems that place important constraints on formation and evolution of asteroid pairs. We present two hy-
potheses for their formation: The asteroid pairs having both bound and unbound secondaries could be “failed
asteroid clusters”, or they could be formed by a cascade primary spin fission process. Further studies are needed

to reveal which of these two hypotheses for formation of the paired binary systems is real.

1. Introduction

In the main belt of asteroids, there exist pairs of asteroids that are on
highly similar heliocentric orbits. They were discovered by
Vokrouhlicky and Nesvorny (2008) who showed that the asteroid pairs
cannot be random coincidences of unrelated asteroids from the local
asteroid population, but most of them must be genetically related pairs.
They proposed 60 such asteroid pairs. Pravec and Vokrouhlicky (2009)
developed a statistical asteroid pair identification procedure and they
found 73 statistically significant pairs (most of them have been con-
firmed by backward orbit integrations; see Section 2). Pravec et al.
(2010) studied a sample of 32 asteroid pairs and found a correlation
between the rotation frequencies of asteroid pair primaries' and the
asteroid pair mass ratios. Following the theory by Scheeres (2007), they
found the correlation to be an evidence for formation of asteroid pairs
by rotational fission.

A number of dynamical and physical studies of asteroid pairs were
published since then. Vokrouhlicky and Nesvorny (2009) and
Vokrouhlicky et al. (2011, 2017a) studied the young asteroid pair of
(6070) Rheinland and (54827) Kurpfalz.2 They determined its age of
16.34 = 0.04 kyr and found that the spin vectors of the two asteroids
are both retrograde, but they were not co-linear but tilted by 38° + 12°
at the time of separation. Zizka et al. (2016) studied asteroid pair
87887-415992 and found it to have a probable age of 7.4 + 0.3 kyr,
that is probably the youngest one of known asteroid pairs.
Vokrouhlicky (2009) found that the triple asteroid (3749) Balam is
paired with asteroid 2009 BR60, which was the first known case of such
complex system with both bound and unbound secondaries. Polishook
(2014a) found that the members of pair 2110-44612 have the same
sense of rotation (retrograde), as expected for an asteroid pair formed
by rotational fission. Pravec et al. (2018) studied 13 young asteroid
clusters (i.e., groups of three or more genetically related asteroids on
highly similar heliocentric orbits) and found that the properties of 11 of
them are consistent with the rotational fission formation process,
linking them to asteroid pairs.

Spectral or color observations of paired asteroids® were done by
Moskovitz (2012), Duddy et al. (2012), Duddy et al. (2013), Wolters
et al. (2014) and Polishook et al. (2014a). They found that the pairs
belong to a variety of taxonomic classes, indicating that the asteroid

1 We call ‘primary’ and ‘secondary’, respectively, the larger and the smaller
member of an asteroid pair.

2 Hereafter, we for short designate asteroid pairs with the primary and sec-
ondary asteroid numbers (or principal designations), e.g., 6070-54827 for the
pair of (6070) Rheinland and (54827) Kurpfalz.

3 We use the term ‘paired asteroid’ as a synonym for ‘member of an asteroid
pair’.
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structure and not their composition, is the main property that enabled
their fission. They also found that in most asteroid pairs, the two
components have the same or similar spectra and colors, consistent
with same composition of both components as expected for the sec-
ondary formed by fission from the primary. Some silicate pairs, be-
longing to the S-complex, present subtle spectral/color differences be-
tween the primary and secondary, which they suggested could be due to
different degrees of “space weathering” of the surfaces of the pair
members. As they found no large-scale spectral non-uniformity on the
surfaces of young asteroid pairs, Polishook et al. (2014b) suggested that
the rotational fission was followed by a spread of dust that covered the
primary body uniformly.

Being motivated by the progress in our knowledge and under-
standing of asteroid pairs as briefly outlined above, we underwent a
thorough photometric study of a sample of nearly 100 asteroid pairs.
This study has not only enlarged the sample of studied asteroid pairs by
nearly a factor of 3, but it also went to smaller asteroid sizes than be-
fore, extending our knowledge of asteroid pair properties to sizes about
1 km where we start seeing new features in the asteroid pair population.
And we also performed observations within this survey thoroughly so
that to be able to resolve also potential binary nature of studied as-
teroids. We outline our results in this paper.

2. Pair identification and age estimation

We identified candidate asteroid pairs by analyzing the distribution
of asteroid distances in the five-dimensional space of mean orbital
elements (a, e, i, @, Q) using the method of Pravec and Vokrouhlicky
(2009).* The distance (dmean) between two asteroid orbits was com-
puted with a positive-definite quadratic form

dmean )’ da’)? 2 2 2 2
R =k — | + ke(Be)® + ki(Osini)? + kq(6Q)? + ko (dw)?,
na a

(€8]

where n and a are the mean motion and semi-major axis of either of the
two asteroids and (da, Je, § sini, dw, 6Q) is the separation vector of
their mean orbital elements. Following Zappala et al. (1990) and Pravec
and Vokrouhlicky (2009), we wused k,=5/4, k.=k;=2 and
ke = kg = 107, The distance d,.an between two asteroid orbits is an

4 Pravec and Vokrouhlicky (2009) originally used osculating orbital elements,
but later we amended the method with the use of mean elements, following
suggestion by D. Nesvorny (2010, personal communication; see also Rozek
et al.,, 2011). See also an application of the method for asteroid clusters in
Pravec et al. (2018). We took the mean elements from the AstDyS catalog
webpage (Knezevic et al., 2002; KneZevi¢ and Milani, 2003).



P. Pravec, et al.

approximate gauge for the relative velocity of the asteroids at close
encounter (see Rozek et al., 2011 for explicit tests and a comparison
with other metric functions used in meteoritics). For most asteroid
pairs, it is in the range from a few 10~ " to a few 10 m/s.

To confirm the pair membership suggested by the asteroid distances
in the space of mean orbital elements, we integrated a set of geometric
clones (1000 clones for each asteroid) with the Yarkovsky effect acting
on each clone differently. The Yarkovsky effect was represented using a
fake transverse acceleration acting on the clone with a magnitude
providing secular change in semi-major axis dy,x (see Farnocchia et al.,
2013) . It was chosen from the range { — dmax, Gmax ), Where dya.x Was
estimated from the asteroid size (see Vokrouhlicky, 1999). These limit
values for the semi-major axis drift rate correspond to bodies with zero
obliquity, for which the diurnal variant of the effect is optimized, and
the diurnal thermal parameter equal to the square root of two, for
which the magnitude of the Yarkovsky effect is maximal (see, e.g.,
Vokrouhlicky, 1999). The goal of our backward orbital integrations was
to find low relative-velocity close encounters between the clones of the
members of a tested pair. We chose following limits on the physical
distance and relative velocity between the clones 1y < (5 or 10)Ry;p
and Ve = (2 or 4)Ves., Where Ry and veg. are the radius of the Hill
sphere and the surface escape velocity, respectively, of the primary
body. The narrower limits were used for better converging clones (e.g.,
younger ones, or those in non-chaotic zones of the main asteroid belt),
while the loosened limits were typically used for pairs with the orbits

affected by some orbital chaoticity. The radius of the Hill sphere was

173
estimated as Ry ~ aDI%(%”%)

the primary's heliocentric orbit, D, is its diameter, p, is its bulk density
(assumed 2 g/cm®), G is the gravitational constant and u is the grav-

itational parameter of the Sun. The escape velocity was estimated as
Vesc ~ D%(%”Gpl)m (both formulas from Pravec et al., 2010 Supple-
mentary Information).

For numerical integration, we used the fast and accurate im-
plementation of a Wisdom-Holman symplectic integrator WHFast (Rein
and Tamayo, 2015) from the REBOUND package (Rein and Liu, 2012).
We implemented the Yarkovsky effect into the code following Nesvorny
and Vokrouhlicky (2006). We included gravitational attraction of the
Sun, the 8 major planets, two dwarf planets Pluto and Ceres and two
large asteroids Vesta and Pallas. We chose the time-step to be six hours,
this allows us to detect close and fast encounters with massive bodies in
our simulation. The geometric clones were created in the six-dimen-
sional space of equinoctial elements E using the probability distribution
p(E) x exp(—%AEELAE), where AE = E —E" is the difference with
respect to the best-fit orbital values E” and ¥ is the normal matrix of the
orbital solution downloaded from AstDyS website at the initial epoch
MJD 58000 (Milani and Groncchi, 2010). Each geometric clone was
given a random value of dy, from the range ( — dmax, Gmax)-

For each pair, we estimated a time since separation of the secondary
from the primary (designated Ts.,) from the distribution of the calcu-
lated past times of close and slow encounters between their clones.
With the output frequency of 10 days, we checked all the clone com-
binations (1000 x 1000) between the primary and the secondary and
for each we found their minimum distance r.; and relative velocity v,q
at their encounter. Encounters satisfying the chosen distance and ve-
locity limits (see above) were counted and their time histogram was
used for estimating T, for given tested pair. The histograms for in-
dividual asteroid pairs are shown in Section 3 or (for most pairs) in the
Electronic Supplementary Information. The bin widths in the histo-
grams are 10 or 20 kyr for the past time axis spanning to < 1500 or =
1500 kyr, respectively. As the distributions of T, are non-Gaussian and
often strongly asymmetric, we used the median (i.e., the 50th percen-
tile) value of the distribution as a nominal estimate for the time of se-
paration of the members of given pair (i.e., the pair age). For an un-
certainty (error bar) of the separation time, we adopted the 5th and the
95th percentile of the distribution for the lower and upper limit on the

, where a is the semi-major axis of
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Fig. 1. Nominal estimated pair age (Tep) Vs distance of pair members in the
space of mean orbital elements (dyean) data for 89 asteroid pairs show a cor-
relation between the two quantities. The two outlying lowermost points in the
right half of the plot are young asteroid pairs with dpean increased due to their
irregular dynamics (see text).

separation time, respectively.

Fig. 1 shows the data Tsep VS dmean for 89 of the 93 asteroid pairs that
we studied. (The four pairs for which we obtained only lower limits on
their ages were omitted in this analysis; see their data in the Electronic
Supplementary Information.) There is apparent a clear correlation be-
tween the two quantities. With the exception of the two pairs at
(dmean>Tsep) = (5 m/s, 18 kyr) and (16 m/s, 31 kyr) — they are the two
lowest points in the right half of the plot — that are outliers as their
dimean Were increased by perturbations from Mars or by irregular jumps
over a weak mean motion resonance,” the ages of the pairs and the
distances between their members in the space of mean orbital elements
are correlated. The formal best-fit power function to the data is
dmean(m/s) = (Tsep/160 kyr)'®”. While empirical, and affected by
varying degree of orbital chaoticity for individual asteroid pairs and
uncertainties of their age estimation, we note that such dependence is
actually expected for asteroid pairs formed at very small orbital dis-
tances. Note that the metric Eq. (1) becomes dominated at large T, by
the last two terms with the secular angles. This is because the longitude
of node and perihelion differences increase in time, while the semi-
major axis, eccentricity and inclination differences between pair
member orbits generally tend to oscillate. In particular, both §Q2 and =
can be approximated using two terms: (i) a linear in time contribution
to the difference of the mean (a,e,i) of pair member orbits, and (ii) a
quadratic in time contribution due to the Yarkovsky effect contribution
to the difference of the mean (a,e,i) of pair member orbits (see, e.g., Eq.
1 and related discussion in Vokrouhlicky et al., 2017b). At large Typ the
quadratic contribution dominates, explaining the exponent in the ob-
served dmean—Tsep cOrrelation being nearly 2.

3. Asteroid pair properties

We collected available lightcurve photometric data and run new

5 The somewhat irregular dynamics of the two young pairs with increased
dmean 5026-2005WW113 and 9068-455327 were noted in Pravec and
Vokrouhlicky (2009).
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photometric observations for all the primaries and some secondaries of
our sample of 93 asteroid pairs. We used our standard photometric
observational and reduction techniques that we describe in Electronic
Supplementary Information. The obtained data were analyzed using the
methods described in Pravec et al. (2006) that provided rotation per-
iods of the studied paired asteroids and revealed the binary nature of
several of them. For paired asteroids with sufficient data, we derived
their spin vectors and constructed their convex shape models using the
technique of Kaasalainen et al. (2001), with confidence ranges esti-
mated as in Vokrouhlicky et al. (2011). For most primaries and some
secondaries, we also derived their accurate absolute magnitudes, from
which we calculated their AH = (H, — H;) values® and propagated
their uncertainties for pairs where we had the accurate absolute mag-
nitudes for both members of a given pair. However, the absolute
magnitudes for some primaries and many secondaries for which we did
not obtain accurate H values were taken from the MPC catalog’. The
uncertainties of AH in such cases were assumed to be + 0.3 (see Pravec
et al., 2012b for analysis of the uncertainties of absolute magnitudes
reported in asteroid orbit catalogs). The asteroid pair mass ratio q is
estimated from its AH value with

q = 10706AH, 3]
Where available, we took the diameters and geometric albedos of stu-
died asteroids from their WISE observations (Masiero et al., 2011) and
refined them using our accurate H values using the method described in
Pravec et al. (2012b). For three asteroids, we derived their diameters
and geometric albedos from thermophysical modeling (Appendix A).
For a sample of paired asteroids, we also measured their colors with
Sloan Digital Sky Survey (SDSS) filters or took their SDSS color mea-
surements from the SDSS Moving Object Catalog (Ivezi¢ et al., 2001),
and used them to estimate their taxonomic classifications. SDSS pho-
tometric data for individual objects were obtained in sequences em-
ploying the g’r’i’z’ filters. The mean color indices and the mean r’ for
individual measured asteroids are given in Suppl. Table 2. Taxonomic
classification was achieved by down-sampling the resolution of the
spectral envelopes in the Bus taxonomic system (Bus and Binzel, 2002)
to the SDSS filter set and then minimizing the RMS residual between the
photometric data and the taxonomic envelopes. In some cases the data
were equivalently well fit with more than one taxonomic type, in which
case we present two possible assignments. For several paired asteroids,
we also collected published taxonomic classification from spectral data.
We analyze and discuss the color and taxonomic data in Appendix B.

The data for the studied asteroid pairs are presented in Tables 1 to 4.
In Table 1, for each studied asteroid pair, we give the distance of its
members in the space of mean orbital elements (dpean), its age esti-
mated from the backward orbital integrations of the pair members, the
primary and secondary absolute magnitudes (H,,H>), its AH, the pri-
mary diameter (D;) derived from the WISE observations (if given to a
tenth of km) or estimated assuming the mean geometric albedo of its
derived or estimated taxonomic type (if rounded to 1 km), the primary
and secondary rotation periods and mean observed lightcurve ampli-
tudes (P;,A1,P2,A5), and a number of observed satellites (bound sec-
ondaries) of the primary (Sat.;). In the last column, we note subsections
and/or tables where more data and information are given for a given
asteroid pair. For most asteroid pairs, we also give further information
in Electronic Supplementary Information.

In Table 2, we give the geometric albedos (py,1) of the pair primaries
that we refined from the WISE data using our accurate absolute mag-
nitudes or from our thermophysical modeling presented in Appendix A.
In columns Taxon.; and Taxon.,, we report the primary and secondary
taxonomic classifications. The 6th and 7th columns are their color

®We designate quantities belonging to the primary and secondary with the
indices ‘1’ and ‘2’, respectively.
7 http://www.minorplanetcenter.org/iau/MPCORB.html.
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indices in the Johnson-Cousins VR photometric system that we ob-
tained as by-product of our lightcurve observations or derived from
their Sloan colors using the formula (V — R) = 1.09(r — i) + 0.22
(Jester et al., 2005). In the last column, we mention where more in-
formation on the reported quantities is given.

In Table 3, we report the ecliptic coordinates (in equinox J2000) of
the spin poles of several paired asteroids for which we derived their
spin vectors or the orbit poles of four binary systems among asteroid
pair primaries. The sidereal periods of the paired asteroids with derived
spin vectors are given in the P; or P, columns in Table 1. Their convex
shape models or information about the binary systems are given in
subsections mentioned in the last column.

In Table 4, we report the best estimates (nominal values) for several
parameters of the binary systems among asteroid pairs. Uncertainties of
the values are given in the text or they are available in the binary as-
teroid parameters tables at http://www.asu.cas.cz/~asteroid/
binastdata.htm (update of the original tables from Pravec and Harris,
2007). We give the diameter of the primary (main body) of the binary
system D, p,, the mean diameter ratio between the unbound secondary
and the primary D,/D; p, the mean diameter ratio between the bound
secondary (satellite) and the primary D /D, p, the ratio of the major
semiaxis of the binary system to the primary's mean diameter aor,/D1 p,
the constrained or assumed eccentricity e (3-0 ranges or upper limits on
the eccentricity are given, or zero eccentricity is assumed in cases
where the available data is consistent with circular orbit of the satellite
but we did not obtain a full model of the secondary's orbit yet), the
primary and secondary rotation periods P, , and P s, the orbital period
P,:b, the normalized total angular momentum q;, (see Pravec and Harris,
2007 for its definition), the observed lightcurve amplitudes of the pri-
mary and the secondary A, , and A, ;, measured at mean solar phase
SolPh, and the estimated primary and secondary equatorial axes ratios
a1 /b1 p and a; /by ;. In the last column, we note the subsections on the
paired binary systems where more information is given.

In following subsections, we present certain properties for selected
individual asteroid pairs that are particularly interesting or that require
further study. More information for all the individual asteroid pairs is
given in Electronic Supplementary Information.

3.1. (1741) Giclas and (258640) 2002 ER36

This is a secure asteroid pair with an estimated age of 2777112 kyr
(Fig. 2). From spectral observations of the primary, Polishook et al.
(2014a) derived that it is S/Sq type. We obtained its color index
(V—R); = 0.466 + 0.010 as the weighted mean of our measured
(V= R); = 0.471 * 0.010 and the value 0.456 * 0.015 by Slivan et al.
(2008). We derived its prograde spin pole (with two mirror solutions in
longitude, see Table 3). The best-fit convex shape models for the two
pole solutions are shown in Fig. 3. From our thermophysical modeling,
we derived its effective volume-equivalent diameter D; and geometric
albedo py,; (Appendix A). On the nights 2015-06-05.6, -06.6, and 2018-
01-25.2, we detected brightness attenuations with depths
0.06-0.07 mag that suggest a presence of satellite (bound secondary).
This suspicion of binary nature of (1741) Giclas needs to be confirmed
with thorough observations in the future.

3.2. (2110) Moore-Sitterly and (44612) 1999 RP27

From spectral observations of the primary and the secondary of this
asteroid pair, Polishook et al. (2014a) derived their S and Sq/Q clas-
sifications, respectively. Their color indices are (V — R); = 0.45 = 0.02
(Moskovitz, 2012) and (V — R), = 0.444 + 0.010 (our measurement).
Using our derived mean absolute magnitude, we refined the WISE data
(Masiero et al.,, 2011) for the secondary (44612) and obtained
D, = 2.0 = 0.4km and py» = 0.22 + 0.08. For both asteroids, we de-
rived their retrograde spin vectors (with two mirror solutions in long-
itude, see Table 3), in agreement with their earlier models by Polishook
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Table 2
Asteroid pairs albedos, taxonomy and colors.

Asteroid 1

(1741) Giclas
(2110) Moore-Sitterly

(2897) Ole Romer
(3749) Balam
(4765) Wasserburg
(4905) Hiromi

(5026) Martes
(6070) Rheinland
(6369) 1983 UC
(7343) Ockeghem
(8306) Shoko

(9068) 1993 OD
(9783) Tensho-kan
(10123) Fidegja
(11286) 1990 RO8
(11677) 1998 DY4
(13284) 1998 QB52
(14806) 1981 EV25
(15107) Toepperwein
(16126) 1999 XQ86
(17198) Gorjup
(17288) 2000 NZ10
(19289) 1996 HY12
(21436) Chaoyichi
(23998) 1999 RP29
(25021) Nischaykumar
(25884) Asai
(26416) 1999 XM84
(26420) 1999 XL103
(30301) Kuditipudi
(33325) 1998 RH3
(38184) 1999 KF
(38707) 2000 QK89
(40366) 1999 NF27
(42946) 1999 TU95
(43008) 1999 UD31
(44620) 1999 RS43
(46162) 2001 FM78
(46829) McMahon
(49791) 1999 XF31
(51609) 2001 HZ32
(51866) 2001 PH3
(52773) 1998 QU12
(52852) 1998 RB75
(53576) 2000 CS47
(54041) 2000 GQ113
(55764) 1992 DG12
(55913) 1998 FL12
(56232) 1999 JM31
(56700) 2000 LL28
(57202) 2001 QJ53
(59184) 1999 AR15
(60677) 2000 GO18
(60744) 2000 GB93
(63047) 2000 WQ93
(63440) 2001 MD30
(63970) 2001 SG72
(66659) 1999 TJ1
(69142) 2003 FL115
(69298) 1992 DR9
(70511) 1999 TL103
(74096) 1998 QD15
(76111) 2000 DK106
(76148) 2000 EP17
(80218) 1999 V0123
(87887) 2000 SS286
(88259) 2001 HJ7
(88604) 2001 QH293
(88666) 2001 RP79
(92336) 2000 GY81
(97805) 2000 0OJ15
(98866) Giannabussolari
(100440) 1996 PJ6
(101703) 1999 CA150

(258640) 2002 ER36
(44612) 1999 RP27

(182259) 2001 FZ185
(312497) 2009 BR60
(350716) 2001 X0105
(7813) Anderserikson

2005 WW113

(54827) Kurpfalz
(510132) 2010 UY57
(154634) 2003 XX38
2011 SR158
(455327) 2002 OP28
(348018) 2003 SF334
(117306) 2004 VF21
(59394) 1999 FZ23
(412065) 2013 ET86
(154828) 2004 RT8
(496028) 2008 SC9
(291188) 2006 AL54
2015 AH1

(229056) 2004 FC126
(203489) 2002 AL80
(278067) 2006 YY40
(334916) 2003 YK39
(205383) 2001 BV47
(453818) 2011 SJ109
(48527) 1993 LC1
(214954) 2007 WO58
2012 TS209

(205231) 2000 QY110
2012 AX10

(221867) 2008 GR90
(32957) 1996 HX20
(78024) 2002 JO70
(165548) 2001 DO37
(441549) 2008 TM68
(295745) 2008 UH98
(323879) 2005 SA204
2014 VR4

(436459) 2011 CL97
(322672) 1999 TE221
(326894) 2003 WV25
(279865) 2001 HU24
(250322) 2003 SC7
(421781) 2014 QG22
(220143) 2002 TO134
(305693) 2009 BB131
2005 GQ107
(115978) 2003 WQ56
(414166) 2008 AU67
(276353) 2002 UY20
(293667) 2007 PD19
(142131) 2002 RV11
(218099) 2002 MH3
(393274) 2013 WJ82
(331933) 2004 TV14
2013 CT63

(446085) 2013 CW179
(127502) 2002 TP59
2012 FF11

(462176) 2007 TC334
(224857) 2006 YE45
(354652) 2005 JY103
(56048) 1998 XV39
(213471) 2002 ES90
(415992) 2002 AT49
(337181) 1999 VA117
(60546) 2000 EE85
(501710) 2014 UY23
(143662) 2003 SP84
(279230) 2009 UX122
2015 RV228

2011 SE164

0.225739%2
0.16239%
0.24 + 0.05
0.30 = 0.07

0.039
0.1830:0%

0.20 = 0.06

0.15 = 0.03
0.24 £ 0.09
0.14 £ 0.04
0.14 = 0.03
0.25 + 0.06

0.27 £ 0.08
0.26 = 0.08

0.26 + 0.09

0.16 £ 0.08
0.48 £ 0.26

0.51 £ 0.17
0.32 £ 0.13

0.19 £ 0.04
0.24 £ 0.10
0.32 £0.23

0.21 £ 0.05

0.29 £ 0.11
0.23 = 0.12
0.25 = 0.14

0.16 £ 0.04

0.31 £ 0.16
0.18 £ 0.04

0.032 + 0.007

0.18 £ 0.08

Asteroid 2 Pva Taxon.; Taxon., (V-R); (V-R)» Note
S 0.466 + 0.010 Section 3.1
S Sq/Q 0.45 + 0.02 0.444 + 0.010 Section 3.2
0.457 + 0.017
Sq Section 3.3
X/E 0.40 = 0.03 Section 3.4
Sw S 0.49 + 0.03 0.46 + 0.03 Section 3.5
Ch 0.409 * 0.016 Section 3.6
Sq Q 0.424 + 0.020 Section 3.7
0.472 = 0.010 Section 3.8
S S 0.465 * 0.010 Section 3.9
Sq 0.470 = 0.010 Section 3.10
X/E 1
0.471 = 0.010 Section 3.11
Ld 0.468 + 0.010 0.464 + 0.018 Section 3.12
X/M 0.396 + 0.010 0.393 + 0.013 2
0.503 + 0.010
S S 0.481 + 0.010 3
0.451 + 0.011
L/S 0.474 + 0.010 0.46 + 0.03 4
S 0.444 + 0.011 5
Sa Sr 0.490 + 0.020 Section 3.13
Sw 0.43 £ 0.03 6
Q 0.473 = 0.010 7
0.490 + 0.010 Section 3.14
X X 0.39 = 0.03 0.40 + 0.03 18, 19
0.507 £ 0.013 Section 3.15
X/E Section 3.16
0.495 + 0.011 Section 3.17
\4 0.482 + 0.019 Section 3.18
S 18
L/S 0.470 + 0.010 8
\% 9
0.455 * 0.011
S S 0.483 + 0.011 0.45 + 0.03 Section 3.19
0.458 + 0.020 Section 3.20
S 0.450 + 0.020 Section 3.21
0.440 + 0.010
0.470 x 0.016 Section 3.22
v? 0.428 + 0.020 Section 3.23
Q 0.421 + 0.013 0.46 + 0.03 10
0.453 + 0.010
S 0.44 = 0.03 18
v Section 3.24
0.444 + 0.024
\% 0.492 + 0.010 0.447 + 0.018 Section 3.26
0.520 *+ 0.010
X/E 0.412 + 0.010 11
0.445 + 0.010 0.438 + 0.015 Section 3.27
S 0.487 + 0.014 12
S 0.483 + 0.012 Section 3.28
S/A/L 0.457 = 0.010 0.50 = 0.03 Section 3.29
S 0.480 + 0.010 0.485 + 0.010 Section 3.30
0.457 + 0.018
X/E 0.39 £ 0.03 13
0.474 + 0.019
L 0.484 + 0.011 19
0.425 = 0.010 0.402 + 0.019 Section 3.31
0.369 * 0.010
0.480 + 0.024
S 14
0.477 = 0.010
0.502 * 0.017 0.481 + 0.010 Section 3.32, 15
0.403 + 0.010 0.410 + 0.023 Section 3.33
0.450 + 0.020
0.427 * 0.015
S S 0.466 + 0.014 16
0.462 + 0.016
X/E 0.41 = 0.03 0.408 + 0.018 17
0.406 + 0.020
0.418 + 0.018
0.467 = 0.010
S/Q 0.482 + 0.010 Section 3.34

(142694) 2002 TW243
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Table 2 (continued)
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Asteroid 1 Asteroid 2 DPva Taxon. Taxon., (V-R); (V-R), Note
(103055) 1999 XR134 2008 UZ220 0.442 = 0.013

(112249) 2002 LM9 (261878) 2006 GR49 0.407 £+ 0.015

(122173) 2000 KC28 (259585) 2003 UG220 0.443 = 0.016 0.446 * 0.016 Section 3.35
(139537) 2001 QE25 (210904) 2001 SR218 0.052 * 0.012 0.391 * 0.010

(165389) 2000 WC188 (282206) 2001 VN61 0.504 = 0.017 0.460 = 0.025

(167405) 2003 WP118 2012 TK84 0.363 = 0.012

(233401) 2006 FF39 (180856) 2005 HX5 0.441 = 0.014

(313701) 2003 UN3 2012 KL9 0.345 = 0.019

(367922) 2012 BG133 (453106) 2007 WR62 0.456 *+ 0.018

. Polishook et al. (2014a) found that (9068) is an X type. Considering its position in the Hungaria asteroid group, it is probably an E type.
. For (11286), X type is a likely classification from the SDSS measurements. Its medium albedo suggests that it is actually an M type.
. For both (13284) and (154828), S type is a likely classification from the SDSS measurements.

. For (291188), we derived that it is an L or S type from the SDSS measurements.

. Polishook et al. (2014a) found that (17288) is an Sw type. We derived its color index from the SDSS measurements.

. Polishook et al. (2014a) found that (19289) is a Q type.
. For (38184), the SDSS colors give an L or S type.
. Polishook et al. (2014a) found that (38707) is a V type.
10. For (322672), Q type appears a likely classification from the SDSS colors.

1
2
3
4
5. For (16126), S type is a likely classification from the SDSS measurements.
6
7
8
9

11. For (55913), X type is a likely classification from the SDSS measurements. Considering that it belongs to the Hungaria family, it is likely an E type.
12. For (56700), S type is a likely classification from the SDSS measurements, though a L type cannot be entirely excluded.
13. For (63440), an X type was found both from the spectral measurements by Polishook et al. (2014a) and from our Lowell color measurements. Considering its

position in the Hungaria asteroid group, it is probably an E type.

14. Polishook et al. (2014a) found that (74096) is an S type.

15. The reported geometric albedo is for (56048).

16. Polishook et al. (2014a) found that both (88604) and (60546) are S types.

17. For (92336), X type is a likely classification from the SDSS colors. Considering its position in the Hungaria asteroid group, it is probably an E type.

18. Taxon.; and/or (V — R), derived from the Lowell measurements.
19. Taxon., and/or (V — R), derived from the Lowell measurements.

Table 3

Asteroid pair poles.
Asteroid 1 Asteroid 2 L1("),B:1(") Unc.; (30) Ly(*),B2(") Unc., (30) Note
(1741) Giclas (258640) 2002 ER36 105, + 30 or 288, +24 +5,+10o0r =5, + 10 Section 3.1
(2110) Moore-Sitterly (44612) 1999 RP27 91,—-75 or 270,—77 20° mean radius 8,—73 or 193,—-69 42°x 18° Section 3.2
(3749) Balam (312497) 2009 BR60 49,—-69 or 250,—71 +10, ¥ or + 25, 3 Section 3.3
(4765) Wasserburg (350716) 2001 XO105 235,+8 ‘:{0’ +10 Section 3.4
(4905) Hiromi (7813) Anderserikson 185,—87 12° mean radius Section 3.5
(5026) Martes 2005 WW113 11,+62 or 197,+47 H9 418 or £ 15, + 15 Section 3.6
(6070) Rheinland (54827) Kurpfalz 124,—-87 10° radius 72,—49 or 242,—46 10°in Ly, 15° in By Section 3.7
(7343) Ockeghem (154634) 2003 XX38 39,457 or 231,+52 +30 420 or 39, +20 Section 3.9
(9783) Tensho-kan (348018) 2003 SF334 350,—-86 29°x 8° Section 3.11
(25021) Nischaykumar (453818) 2011 SJ109 284,—-86 24°x 18° Section 3.15
(25884) Asai (48527) 1993 LC1 159,-57 +30, 1} Section 3.16
(26416) 1999 XM84 (214954) 2007 WO58 186,—-83 8°x 4° Section 3.17
(44620) 1999 RS43 (295745) 2008 UH98 155,+86 2.5°x 1.5° Section 3.21
(56232) 1999 JM31 (115978) 2003 WQ56 190,-80 30° mean radius Section 3.27
(60744) 2000 GB93 (218099) 2002 MH3 202,-69 12° mean radius Section 3.30
(69142) 2003 FL115 (127502) 2002 TP59 90,+55 + 40, £ 15 Section 3.31

(76148) 2000 EP17 (56048) 1998 XV39

83,+31 or 267,+10 + 10, = 20 or = 10, = 20 Section 3.32

Note: For (2110), (44612), (4905), (56232) and (60744), we give mean radii or semiaxes of the uncertainty areas of the nominal poles, but their boundaries are
actually irregular, see their plots in the Electronic Supplementary Information. The pole uncertainties for (9783), (25021), (26416) and (44620) are long X short

semiaxes of the pole uncertainty areas.

(2014a). The best-fit convex shape models for the two pole solutions for
both the primary and the secondary are shown in Figs. 4 and 5, re-
spectively. Though the best-fit pole positions for the two asteroids are
nearly 90° distant in longitude, their 3-0 pole uncertainty areas overlap
(Suppl. Figs. 2 and 3). Finally, from our thermophysical modeling, we
derived the primary's volume-equivalent diameter D; and geometric
albedo py,; (Appendix A). We note that the albedos and color indices of
both members of this pair are the same, within their error bars.

3.3. (3749) Balam and (312497) 2009 BR60

This asteroid pair's primary (3749) Balam has two satellites. The
outer satellite was discovered by Merline et al. (2002) and the inner
satellite was discovered by Marchis et al. (2008). Vokrouhlicky (2009)
identified the unbound secondary (312497) 2009 BR60. For the outer
satellite of the primary, Vachier et al. (2012) derived a set of possible
orbital solutions with the semi-major axis ranging from 189 to 298 km,
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Table 4

Asteroid pair primaries satellites.

als Note

ai,p
b1,p

SolPh

ar Al,p Ay

Py

Porny

Pip

Qorb
Di1,p

D1,s

D2

Dyp

Asteroid 2

Asteroid 1

b1s

Di,p

D1,p

)

(mag)

(mag)

(h)

(h)

(h)

(km)

Section 3.3

1.20

1.11
1.11
1.06
1.14
1.19
1.08
1.09
1.05
1.06
1.08
1.09
1.11
1.12
1.21

0.04

11

0.

(1.31)
(1.29)
1.30

33.39

33.38

2.8049167

0.03-0.08
0.3-0.8

3.1

0.46
0.24
0.37

0.16
0.16
0.17
0.27
0.24
0.37
0.29
0.28

0.

4.1

(312497) 2009 BR60
(312497) 2009 BR60
(510132) 2010 UY57

2011 SR158

(3749) Balam

Section 3.3

0.11

2600

2.8049167
2.39712

55

4.1
3.3
2.4

(3749) Balam

Section 3.8

53
28

1.

0.06
0.05

0.06
0.

39.80
36.20

39.80
36.20

3.4
3.3
2.8
4.3

5.5

(6369) 1983 UC
(8306) Shoko

Section 3.10

1.

(1.19)
0.95
1.16
1.21
1.09
0.

3.35015
3.0108
2.8662
2.8655
2.5344
2.9660

3.2

= 0.40

0.24
0.36
0.36
0.28

Section 3.11

0.19
0.08
0.10
0.07
0.07

0.

29.5663
56.46
81.19

(348018) 2003 SF334
(117306) 2004 VF21
(334916) 2003 YK39

(9783) Tensho-kan
(10123) Fidedja

Section 3.12

Section 3.14

13
18
11
10

1.9 0.16-0.22

2.0

(21436) Chaoyichi

Section 3.15

1.46
1.24

0.04
0.02

23.50
20.78

23.4954

2.4
2.2

(453818) 2011 SJ109

(25021) Nischaykumar
(26416) 1999 XM84
(26420) 1999 XL103
(43008) 1999 UD31

Section 3.17

97

20.7805
(47.80)
16.745

< 0.08

= 0.25
> 0.34
= 0.35

3.4 33

1.2
1.8

(214954) 2007 WO58

2012 TS209

Section 3.18

09

(1.14)
1.17
1.11
1.19
1.02

3.9

0.29
0.44
0.41
0.28
0.92

Section 3.20

1.53
1.26

0.07
0.04

0.09
0.11
0.11
0.20

16.7

2.64138
3.1393
2.6236
3.1451

1.9
3.1

(441549) 2008 TM68

Section 3.21

33.2

33.6455
16.833

33.10

< 0.13

39
0.40
0.32

(295745) 2008 UH98
2014 VR4

(44620) 1999 RS43
(46829) McMahon

Section 3.22
Section 3.33

2.0
3.1

2.5
0.9

52

1.

0.04

33.4

(213471) 2002 ES90

(80218) 1999 VO123

438

Icarus 333 (2019) 429-463

orbital period from 1306 to 3899 h, and eccentricity from 0.35 to 0.77.
From the magnitude difference between their images of the outer sa-
tellite and the primary plus inner satellite (which was not resolved in
their images) reported by Merline et al. (2002) and applying a correc-
tion for the presence of the unresolved inner satellite, we estimate the
size ratio D;,/D;, = 0.24 for the outer satellite. From the observed
total mutual events between the inner satellite and the primary, we
derived its size ratio D;/D;p, = 0.46 = 0.05. Its orbital period is
33.38 + 0.02h (Marchis et al., 2008) and it appears synchronous, i.e.,
its rotational period P ; appears equal to the orbital period. Its orbit is
slightly eccentric, e = 0.03-0.08 (3-0 range; Scheirich et al., in pre-
paration). Refining the WISE thermal measurements (Masiero et al.,
2011) with our accurately determined mean absolute magnitude of the
whole system of Balam H; = 13.57 * 0.07, we obtained the effective
diameter D; = 4.7 = 0.5km and geometric albedo py; = 0.30 = 0.07.
Correcting it for the satellites presence, we derived the primary's mean
diameter D, = 4.1 = 0.5km. Polishook et al. (2014a) derived from
their spectral observations that it is an Sq type. We also derived its
retrograde spin pole (with two mirror solutions in longitude, see
Table 3), which confirms its earlier model by Polishook (2014a). The
best-fit convex shape models for the two pole solutions are shown in
Fig. 6.

3.4. (4765) Wasserburg and (350716) 2001 X0105

Backward integrations of their heliocentric orbits suggest that these
two asteroids separated 205+3° kyr ago (Suppl. Fig. 18). From spectral
observations of the primary (4765), Polishook et al. (2014a) found that
it is an X type in the near-IR Bus-DeMeo taxonomy system; it probably
belongs to the E class in the Tholen taxonomy, considering its position
in the Hungaria asteroid group. From the SDSS measurements, we ob-
tained its (V — R); = 0.40 = 0.03. We also derived its spin vector and
constructed a convex shape model (Fig. 7). It is interesting that it has an
obliquity close to 90°, i.e., its spin axis is close to the ecliptic plane. We
have found that the small one-opposition asteroid 2016 GL253 is very
close to this pair, its distance from the primary in osculating elements is
d=2.4 %+ 0.2m/s only. We also checked that their nominal orbits
converge in the past. So, this seems to be actually an asteroid cluster,
similar to the clusters studied by Pravec et al. (2018), but a final con-
firmation awaits for backward orbit integrations after a better orbit is
derived for 2016 GL253 from its future observations.

3.5. (4905) Hiromi and (7813) Anderserikson

Despite the somewhat larger distance between these two asteroids
in mean orbital elements than usual, dyean = 28 m/s (but their distance
in the space of proper elements, calculated with formula analogous to
Eq. (1) with the angular element terms omitted, is 0.9 m/s only!), this is
a secure pair. They show a good orbital convergence with an estimated
age of 18141130 kyr, see Suppl. Fig. 19. From spectral observations of
the primary (4905), Polishook et al. (2014a) found that it is an Sw type.
We also derived its retrograde spin pole (see Table 3). The best-fit
convex shape model is shown in Fig. 8. From our thermophysical
modeling, we derived its volume-equivalent diameter D; and geometric
albedo py,; (Appendix A). For the secondary (7813), we derived from
our measured Sloan colors that it is an S type®; from its SDSS colors,
Carvano et al. (2010) derived an S type as well. Its period
P, =13.277 = 0.002h is likely, but values twice or thrice that are not
ruled out (Suppl. Fig. 21). Using our derived mean absolute magni-
tudes, we refined the WISE data by Masiero et al. (2011) and obtained
Dy = 6.3 = 0.6km and py» = 0.20 = 0.04. We note that the albedos
and color indices of both members of this pair are the same, within their

8K type is not entirely ruled out for (7813), but it is a rather rare taxonomic
type and it is much more likely that the asteroid belongs to the S complex.
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Pair (1741) - (258640)
Primary: vese = 6.6 m/s, Run = 3020 km

200000
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150000 A
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75000 1

Number of clone encounters

50000 1

250001
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Clone encounters with vy < 2 vese and rq < 5 Ry
Number of encounters: 1764425, Tio,, = 2777 1%21’ kyr
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Fig. 2. Distribution of past times of close and slow primary-secondary clone encounters for the asteroid pair 1741-258640.

Fig. 3. Convex shape models of (1741) Giclas for the pole solutions
(L1,B1) = (105°, +30°) (upper panel) and (288°, +24°) (lower panel). In this and
other figures below, each shape model is shown from two equatorial views 90°
apart and pole on. The Z-axis is the axis of rotation.

Fig. 4. Convex shape models of (2110) Moore-Sitterly for the pole solutions
(L1,B1) = (91°,—75°) (upper panel) and (270°,—77°) (lower panel).

439

error bars.
3.6. (5026) Martes and 2005 WW113

This is a very young pair. Backward integrations of their helio-
centric orbits suggest that these two asteroids separated 18 + 1 kyr ago
(Suppl. Fig. 22). For the primary (5026), Polishook et al. (2014a) found
that it is a Ch type. We also derived its prograde spin pole (with two
mirror solutions in longitude, see Table 3), in agreement with the
earlier model by Polishook (2014a). The best-fit convex shape models
for the two pole solutions are shown in Fig. 9.

3.7. (6070) Rheinland and (54827) Kurpfalz

This young asteroid pair was studied in detail by Vokrouhlicky et al.
(2017a). Their data are summarized in Tables 1 to 3. One of their in-
teresting findings is that the spin vectors of the two asteroids are neither
aligned at present nor they were aligned at the time of separation of the
two asteroids 16.34 kyr ago, but they were tilted by 38° + 12°. We will
discuss it in Section 4. The primary (6070) and the secondary (54827)
were classified as Sq and Q types, respectively (Polishook et al., 2014a).
They interpreted the spectral difference as the secondary having a
fresher, less space weathered surface.

3.8. (6369) 1983 UC and (510132) 2010 UY57

From our observations of this asteroid pair's primary (6369) taken in
March-April 2013, we found that it is a binary system. The satellite
(bound secondary) has a secondary-to-primary mean diameter ratio of
D1,4/D;p = 0.37 %= 0.02, an orbital period of 39.80 * 0.02h, and it is
synchronous, i.e., its rotational period P, s is equal to the orbital period
(Fig. 10). The fact that we did not observe mutual eclipse events in the
system during its 2nd, return apparition in February 2016 indicates that
the satellite's orbit has a significant obliquity, i.e., the orbital pole is not
close to the north or south pole of the ecliptic. The primary's rotational
period P;, = 2.39712 * 0.00005h is likely. Though we cannot for-
mally rule out a period twice as long, it would be a lightcurve with 8
pairs of maxima and minima per rotation, which is unlikely. We will
discuss it, together with other multiple (paired-binary) asteroid sys-
tems, in Section 5.
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Fig. 5. Convex shape models of (44612) 1999 RP27 for the pole solutions
(L»,B2) = (8°,—73°) (upper panel) and (193°,—69°) (lower panel).

Fig. 6. Convex shape models of (3749) Balam for the pole solutions
(L1,B1) = (49°,—69°) (upper panel) and (250°, —71°) (lower panel).

Fig. 7. Convex shape model of (4765) Wasserburg for the pole solution
(L,,By) = (235°,+8°).

Fig. 8. Convex shape model of (4905) Hiromi for the pole solution
(L1,B1) = (185°,—87").
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Fig. 9. Convex shape models of (5026) Martes for the pole solutions
(L1,B1) = (11°,+62°) (upper panel) and (197°,+47°) (lower panel).

3.9. (7343) Ockeghem and (154634) 2003 XX38

Duddy et al. (2012) found that the members of this asteroid pair
have very similar spectra belonging to the S class. They also derived the
primary's effective diameter D; = 4.1 = 0.6 km. With our determined
mean absolute magnitude H; = 14.31 = 0.11, we obtained the geo-
metric albedo py; = 0.20 = 0.06. We also derived its prograde spin
pole (with two mirror solutions in longitude, see Table 3). The best-fit
convex shape models for the two pole solutions are shown in Fig. 11.

3.10. (8306) Shoko and 2011 SR158

Pravec et al. (2013) found that this asteroid pair's primary (8306)
Shoko is a binary, possibly ternary system, from their observations
taken during September-December 2013 (see also Pravec et al., 2016).
The satellite (bound secondary) has a secondary-to-primary mean dia-
meter ratio of D, ;/D; ;, = 0.40, an orbital period of 36.20 + 0.04 h, and
it is synchronous, i.e., its rotational period P ; is equal to the orbital
period. The fact that we did not observe mutual eclipse events in the
system during its 2nd, return apparition in January-February 2015
indicates that the satellite's orbit has a significant obliquity, i.e., the
orbital pole is not close to the north or south pole of the ecliptic. The
primary's rotational period P,, = 3.35015 * 0.00005h is likely,
though we cannot formally rule out a period twice as long with 4 pairs
of maxima/minima per rotation. Note that the normalized total angular
momentum of the system a; = 1.19 + 0.17 given in Table 4 was
computed without accounting for the possible second satellite (see the
references above). Polishook et al. (2014a) found from their spectral
observations that it is an Sq type. We will discuss this asteroid system,
together with other multiple (paired-binary) asteroid systems, in
Section 5.

3.11. (9783) Tensho-kan and (348018) 2003 SF334

We found that this asteroid pair's primary (9783) Tensho-kan is a
binary system. The satellite (bound secondary) has a secondary-to-pri-
mary mean diameter ratio of D, /D, , = 0.24 + 0.02, an orbital period
of 29.5663 * 0.0006 h and a retrograde orbit with pole near the south
ecliptic pole (Scheirich et al., in preparation). The primary's rotational
period P; ;, = 3.0108 = 0.0003 h is likely, though a period twice that is
not entirely ruled out formally. Refining the WISE thermal measure-
ments (Masiero et al., 2011) with our accurately determined mean
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Fig. 10. Lightcurve data of (6369) 1983 UC from 2013. (a) The original data showing all the lightcurve components, folded with the orbital period. (b) The orbital
plus secondary rotational lightcurve components, derived after subtraction of the primary lightcurve component, showing the mutual events between components of
the binary system superimposed to the secondary rotational lightcurve. (c) The primary lightcurve component.

Fig. 11. Convex shape models of (7343) Ockeghem for the pole solutions
(L1,B1) = (39°,+57°) (upper panel) and (231°,+52°) (lower panel).

absolute magnitude of the whole system, H; = 14.06 + 0.02, we ob-
tained the effective diameter D; = 5.3 = 0.6 km and geometric albedo
Ppva = 0.15 + 0.03. Correcting it for the satellite presence, we derived
the primary's mean diameter D, , = 5.1 = 0.6 km. We will discuss it,
together with other multiple (paired-binary) asteroid systems, in
Section 5.

3.12. (10123) Fidedja and (117306) 2004 VF21

Backward orbital integrations of these two asteroids show a modest
numbers of clone encounters about 1-2 Myr ago (Suppl. Fig. 30). This is
because the orbits undergo irregular jumps over the 7:2 mean motion
resonance with Jupiter. Despite this drawback, we consider this pair to
be real, as it is supported also by a good past convergence of the
nominal orbits. It is further supported by that the two asteroids have the
same colors, as found by Moskovitz (2012), who also classified (10123)
as an Ld type, and by our measured (V — R); = 0.468 + 0.010 and
(V—R)2 = 0.464 * 0.018.

We found that the primary (10123) Fideobja is a binary system. The
satellite (bound secondary) has a secondary-to-primary mean diameter
ratio D, /D1, = 0.36 + 0.02 and an orbital period of 56.46 + 0.02h.
The primary's rotational period P; , = 2.8662 *+ 0.0001 h is likely, but
a period twice as long is also formally possible. In the best data taken in
February—-March 2013, there is also apparent a second rotational
lightcurve with period of 38.8 = 0.2h and an amplitude in the com-
bined primary plus secondary lightcurve of 0.04 mag. Whether it be-
longs to the observed eclipsing secondary or to a third body (second
satellite) in the system, remains to be seen from future studies. Refining
the WISE thermal measurements (Masiero et al., 2011) with our accu-
rately determined mean absolute magnitude of the whole system,
H, = 1455+ 0.03, we obtained the effective diameter
D; =34+ 0.6km and geometric albedo py; = 0.24 + 0.09. Cor-
recting it for the satellite presence, we derived the primary's mean
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diameter D; , = 3.2 * 0.6 km. The unbound secondary (117306) 2004
VF21 has a period P, = 14.462 + 0.010h (Suppl. Fig. 31). We will
discuss the system of Fidebja, together with other multiple (paired-
binary) asteroid systems, in Section 5.

3.13. (17198) Gorjup and (229056) 2004 FC126

Wolters et al. (2014), following spectral observations by Duddy
et al. (2013), found that the primary of this asteroid pair is Sa while the
secondary is Sr type; the secondary has a deeper 1-um absorption band.
They suggested that it could be due to a more weathered surface of the
primary. Polishook et al. (2014a) reported an Sw type for the primary.

3.14. (21436) Chaoyichi and (334916) 2003 YK39

This is a young asteroid pair, showing an orbital convergence
315 kyr ago (Suppl. Fig. 64). We found that the primary (21436)
Chaoyichi is a binary system. It has the size ratio D;/
D;, = 0.36 * 0.02 and orbital period 81.19 + 0.02 h (Scheirich et al.,
in preparation). A particularly interesting feature is that it has a non-
zero eccentricity of 0.19 = 0.03 (3-0 uncertainty). Refining the WISE
thermal measurements (Masiero et al., 2011) with our accurately de-
termined mean absolute magnitude of the whole system,
H, =15.62 £ 0.05, we obtained the effective diameter
D; =2.0+0.3km and geometric albedo py; = 0.26 + 0.09. Cor-
recting it for the satellite presence, we derived the primary's mean
diameter D;, = 1.9 + 0.3km. We will discuss it, together with other
multiple (paired-binary) asteroid systems, in Section 5.

3.15. (25021) Nischaykumar and (453818) 2011 SJ109

We found that this asteroid pair's primary (25021) Nischaykumar is
a binary system. It has the size ratio D, /D, , = 0.28 *+ 0.03 and orbital
period of 23.4954 + 0.0004 h (Scheirich et al.,, in preparation). The
data suggests that the satellite is synchronous, i.e., its rotational period
P, is equal to the orbital period. The primary's rotational period
Py, = 2.5344 + 0.0012h is likely, but we cannot rule out some longer
periods for its low amplitude. Refining the WISE thermal measurements
(Masiero et al., 2011) with our accurately determined mean absolute
magnitude of the whole system, H; = 15.94 + 0.03, we obtained the
effective diameter D; =2.1 + 0.6km and geometric albedo
pv,1 = 0.16 = 0.08. Correcting it for the satellite presence, we derived
the primary's mean diameter D;, = 2.0 + 0.6 km. We will discuss it,
together with other multiple (paired-binary) asteroid systems, in
Section 5.

3.16. (25884) Asai and (48527) 1993 LC1

For this asteroid pair's primary (25884), using our derived mean
absolute magnitude H; = 15.05 + 0.12, we refined the WISE data by
Masiero et al. (2011) and obtained D; =1.9 = 0.5km and
Pva = 0.48 = 0.26. Polishook et al. (2014a) found it to be an X type in
the near-IR Bus-DeMeo taxonomy system. Considering its high albedo
and position in the Hungaria asteroid family, it probably belongs to the
E class in the Tholen taxonomy. We also derived its retrograde spin pole
(see Table 3). The best-fit convex shape model is shown in Fig. 12.

3.17. (26416) 1999 XM84 and (214954) 2007 WO58

Polishook (2014b) suggested from observations taken from Wise in
2011 that this asteroid pair's primary (26416) 1999 XM84 is a binary
system, and we confirmed it with observations from La Silla in 2015
(Pravec et al., 2015). The satellite (bound secondary) has a secondary-
to-primary mean diameter ratio D; ;/D;, = 0.25, an orbital period of
20.7805 = 0.0002 h and a retrograde orbit with pole within 10° of the
south ecliptic pole (Scheirich et al., in preparation). The satellite is
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synchronous, i.e., its rotational period P;  is equal to the orbital period.
The primary's rotational period P, = 2.9660 + 0.0001h is likely,
though a period twice that is not formally ruled out. The rotational
period of the unbound secondary (214954), P, = 2.7689 + 0.0002h is
likely (Suppl. Fig. 69), though a period twice that with four pairs of
lightcurve maxima and minima per rotation is also possible. We will
discuss it, together with other multiple (paired-binary) asteroid sys-
tems, in Section 5.

3.18. (26420) 1999 XL103 and 2012 TS209

We found that this asteroid pair's primary (26420) 1999 XL103 is a
binary system. The satellite (bound secondary) has a secondary-to-pri-
mary mean diameter ratio D /D1, = 0.34 and an orbital period of
23.90 = 0.02h or 47.80 = 0.05h (Suppl. Figs. 71 and 72). The pri-
mary's rotational period P, , has not been uniquely determined, there
are a few possible solutions from 2.2 to 4.2h. From our Sloan color
measurements, we derived that it is a V type. We will discuss it, to-
gether with other multiple (paired-binary) asteroid systems, in
Section 5.

3.19. (42946) 1999 TU95 and (165548) 2001 DO37

From our measured Sloan colors, we found that both members of
this asteroid pair are S types. Polishook et al. (2014a) reported that the
primary is an Sr or Sw type. Using our derived weighted mean absolute
magnitude H; = 14.05 = 0.04, we refined the WISE data by Masiero
etal. (2011) and obtained D; = 4.8 = 0.5km and py; = 0.19 * 0.04; it
is an albedo typical for S types.

3.20. (43008) 1999 UD31 and (441549) 2008 TM68

From our observations taken during December 2014-January 2015,
we found that this asteroid pair's primary (43008) 1999 UD3l1 is a
binary system. The satellite (bound secondary) has a secondary-to-pri-
mary mean diameter ratio D; /D, 0.35 = 0.02 and an orbital
period of 16.745 + 0.005h (Fig. 13). The fact that we did not observe
mutual eclipse events in the system during its 2nd and 3rd, return ap-
paritions in April 2016 and September-October 2017 (Figs. 14 and 15)
indicates that the satellite's orbit has a significant obliquity, i.e., the
orbital pole is not close to the north or south pole of the ecliptic. The
satellite is synchronous, i.e., its rotational period P; ; is equal to the
orbital period. The primary's rotational period
Py, = 2.64138 + 0.00007 h is likely, but we cannot rule a period twice
that with six pairs of lightcurve maxima/minima per rotation. The
unbound secondary (441549) has a likely period P, = 7.96 + 0.01 h,
but other nearby periods are not ruled out (Suppl. Fig. 89). We will
discuss the system of (43008), together with other multiple (paired-
binary) asteroid systems, in Section 5.

=

3.21. (44620) 1999 RS43 and (295745) 2008 UH98

We found that this asteroid pair's primary (44620) 1999 RS43 is a
binary system. The satellite (bound secondary) has the secondary-to-

Fig. 12. Convex shape model of (25884) Asai for the pole solution
(L1,B1) = (159°,—57°).
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Fig. 13. Lightcurve data of (43008) 1999 UD31 from 2014 to 2015. (a) The original data showing all the lightcurve components, folded with the orbital period. (b)
The orbital plus secondary rotational lightcurve components, derived after subtraction of the primary lightcurve component, showing the mutual events between
components of the binary system superimposed to the secondary rotational lightcurve. (¢) The primary lightcurve component.

primary mean diameter ratio Dy ;/D; , = 0.39 * 0.03, an orbital period
of 33.6455 + 0.0003 h and a prograde orbit with pole within 7° of the
north ecliptic pole (Scheirich et al., in preparation). The satellite is
synchronous, i.e., its rotational period P; ; is equal to the orbital period.
The primary's rotational period P;, = 3.1393 + 0.0003h is likely.
Though a period twice that is not formally ruled out, it would be a
complex lightcurve with numerous maxima/minima per rotation,
which is unlikely. From our measured Sloan colors, we derived that the
primary is an S type. We will discuss it, together with other multiple
(paired-binary) asteroid systems, in Section 5.

3.22. (46829) McMahon and 2014 VR4

This asteroid pair is probably real. Using the method of Pravec and
Vokrouhlicky (2009), we calculated the probability that it is a random
orbital coincidence of two independent asteroids P,/N, = 0.0012. For
backward integrations of their heliocentric orbits, we used 3000 orbital
clones for the primary and 10000 clones for the secondary. We chose
that because the orbit of 2014 VR4 is not very accurately determined
yet so we sampled its large uncertainty hyperellipsoid with ten times
more clones than for other asteroid pairs. The orbital clones show a
convergence 766 4. kyr ago (Fig. 16). We found that the primary
(46829) McMahon is a binary system. The satellite (bound secondary)
has a secondary-to-primary mean diameter ratio of D;,/
Dy, = 0.40 * 0.02 and an orbital period of 16.833 = 0.002h (Figs. 17
and 18). The primary's rotational period P, = 2.6236 + 0.0003 h or
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twice that. We will discuss it, together with other multiple (paired-
binary) asteroid systems, in Section 5.

3.23. (49791) 1999 XF31 and (436459) 2011 CL97

Backward orbital integrations of these two asteroids showed a re-
latively low number of clone encounters (Suppl. Fig. 94). This is
probably because of a strong Yarkovsky effect for the small secondary,
for which our coverage with 1000 orbital clones is not very dense.
Contributing to it may be also a strong chaoticity of their orbits
(probably due to the 15:8 mean motion resonance with Mars). We
calculated that the probability that this pair is a random coincidence of
two independent asteroids in the space of mean orbital elements is 3%.
We consider this pair to be probably real, but it will have to be con-
firmed with future studies. For the primary (49791), V type is a likely
classification from the SDSS measurements, though our measured
(V—R); = 0.428 = 0.020 differs from the mean
(V—R) =0.516 = 0.037 for V types (Pravec et al., 2012b) by more
than 20; a confirmation of the taxonomic classification with further
observations will be needed. The period of (49791),
P; =13.822 = 0.002h is likely, but a value twice that with 4 pairs of
lightcurve maxima/minima per rotation is not entirely ruled out (Suppl.
Fig. 95). With the AH = 2.7 * 0.3, this primary rotation is too slow for
formation of this asteroid pair by rotational fission. We will discuss this
anomalous case, together with other two similar ones, in Section 5.
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Fig. 14. Lightcurve data of (43008) 1999 UD31 from 2016. (a) The original data showing all the lightcurve components, folded with the orbital period. (b) The
secondary rotational lightcurve component, derived after subtraction of the primary lightcurve component. Mutual events did not occur. (c) The primary lightcurve

component.

3.24. (52852) 1998 RB75 and (250322) 2003 SC7

Polishook et al. (2014a) found that this asteroid pair's primary
(52852) is a V type. Its rotational period is estimated
P; =5.4348 = 0.0005h, but half-integer multiples of this value are
also possible. In our observations taken in September—October 2015,
there appeared several brightness attenuations about 0.06 mag deep
that might be mutual events due to a satellite of the primary, but we did
not obtain a satisfactory solution for period of the suspect events. A
confirmation with future high-quality observations is needed.

3.25. (53537) 2000 AZ239 and (503955) 2004 ED107

This is a secure pair. Backward integrations of their heliocentric
orbits suggest that these two asteroids separated 565152 kyr ago (Suppl.
Fig. 103). However, the pair has an anomalously low angular mo-
mentum content. The primary's spin period was uniquely determined
P; = 72.74 £ 0.07 h, there is no ambiguity or significant uncertainty in
it (Fig. 19). In particular, all shorter periods are ruled out. With the
pair's AH = 3.3 = 0.3, it is a too slow primary rotation to be explained
by the theory of pair formation by rotational fission. We will discuss
this and other two similar anomalous cases in Section 5.

3.26. (54041) 2000 GQ113 and (220143) 2002 TO134

This is a secure pair. The two asteroids are close one to each other
(dmean = 0.72m/s, P,/N, < 10~ and they show a good orbital
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convergence with an estimated age of 2177152 kyr (Suppl. Fig. 106). The

period of (54041) is ambiguous, it is either P; = 6.610h or twice that.
The period of (220143) P, = 3.4987 = 0.0007 h is likely. Though a
period twice as long cannot be formally ruled out, it would be a com-
plex lightcurve with numerous maxima and minima, which seems im-
plausible. See Suppl. Figs. 107 to 112. With the mean H,; value (see
Electronic Supplementary Information), we refined the WISE effective
diameter and geometric albedo (Masiero et al, 2011):
Dy = 2.6 = 0.8km and py; = 0.25 + 0.14. We measured the color in-
dices (V—R); = 0.492 = 0.010 and (V — R), = 0.447 = 0.018; the
former value is consistent with the V type found for the primary by
Polishook et al. (2014a).° These two color indices differ by
0.045 + 0.021, i.e., the difference is significant at 2-0 level. It will be
good to do a spectral study of this asteroid pair in the future.

3.27. (56232) 1999 JM31 and (115978) 2003 WQ56

For this asteroid pair's primary (56232), we derived its retrograde
spin vector (see Table 3). The best-fit convex shape model is shown in
Fig. 20.

3.28. (57202) 2001 QJ53 and (276353) 2002 UY20

The rotational period of this asteroid pair's primary (57202) is likely

9 From SDSS measurements, (54041) is suggested to be an S type.
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Fig. 15. Lightcurve data of (43008) 1999 UD31 from 2017. (a) The original data showing all the lightcurve components, folded with the orbital period. (b) The
secondary rotational lightcurve component, derived after subtraction of the primary lightcurve component. Mutual events did not occur. (c) The primary lightcurve
component.
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Fig. 16. Distribution of past times of close and slow primary-secondary clone encounters for the asteroid pair 46829-2014VR4.
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Fig. 17. Lightcurve data of (46829) McMahon from February 2015. (a) The original data showing all the lightcurve components, folded with the orbital period. (b)
The orbital lightcurve component, derived after subtraction of the primary lightcurve component, showing the mutual events between components of the binary

system. (c) The primary lightcurve component.

P; = 2.44482 * 0.00007 h; periods twice or thrice as long are not en-
tirely ruled out, but appear implausible (Suppl. Figs. 127 and 128).
From the SDSS measurements, it is likely an S type, though an L type
cannot be entirely ruled out. In our observations taken in January 2017,
there occurred two brightness attenuations 0.08-0.11 mag deep that
could be mutual events due to a satellite of the primary. This probable
paired binary needs to be confirmed with future observations.

3.29. (60677) 2000 GO18 and (142131) 2002 RV11

This is a secure pair. Backward integrations of their heliocentric
orbits suggest that these two asteroids separated 141733° kyr ago (Suppl.
Fig. 131). The period of (60677), P; = 3.6274 = 0.0008 h is likely, but
a value twice that with 4 pairs of lightcurve maxima/minima per ro-
tation is not entirely ruled out (Figs. 21 and 22). The period of
(142131), P, = 4.683 + 0.008 1 is likely; a value twice that does not
appear plausible (Fig. 23). From the SDSS colors, we derived that the
secondary belongs to S, A or L class. However, a particularly interesting
feature of this pair is that it has a low AH = 0.27 = 0.05, i.e., an
anomalously high mass ratio ¢ = 0.69 + 0.05. This is not predicted for
an asteroid pair with fast rotating primary by the theory of rotational
fission. We will discuss this anomalous case, together with other three
similar ones, in Section 5.

3.30. (60744) 2000 GB93 and (218099) 2002 MH3

We measured the color indices for both members of this pair:
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(V—R); =0.480 = 0.010 and (V — R), = 0.485 * 0.010. From the
SDSS measurements, we classify the primary as an S type. We also
derived its retrograde spin vector (see Table 3). The best-fit convex
shape model is shown in Fig. 24.

3.31. (69142) 2003 FL115 and (127502) 2002 TP59

Despite the somewhat increased distance between these two aster-
0ids (dmean = 17.1m/s) and its relatively high estimated age of
114882 Myr (Suppl. Fig. 145), it appears to be a real pair. For the
primary (69142), we derived its prograde spin vector (see Table 3). The
best-fit convex shape model is shown in Fig. 25.

3.32. (76148) 2000 EP17 and (56048) 1998 XV39

This is a secure pair. Backward integrations of their heliocentric
orbits suggest that these two asteroids separated 1198719 kyr ago
(Suppl. Fig. 155). For (76148), we found a long period with the formal
best fit P, = 65.33 + 0.09 h, but it is not an unique solution and its
exact period has to be derived from future observations (Suppl.
Fig. 144). For (56048), we derived its prograde spin pole (with two
mirror solutions in longitude, see Table 3). The best-fit convex shape
models for the two pole solutions are shown in Fig. 26. We also mea-
sured their color indices (V — R); =0.502 = 0.017 and
(V= R), = 0.481 + 0.010. What is, however, particularly interesting is
that these two asteroids have about the same absolute magnitudes;
AH = 0.08 + 0.20, i.e., the mass ratio q = 0.9070%. This is not
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Fig. 18. Lightcurve data of (46829) McMahon from March 2015. (a) The original data showing all the lightcurve components, folded with the orbital period. (b) The
orbital lightcurve component, derived after subtraction of the primary lightcurve component, showing the mutual events between components of the binary system.

(c) The primary lightcurve component.
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Fig. 19. Composite lightcurve of (53537) 2000 AZ239.

Fig. 20. Convex shape model of (56232) 1999 JM31 for the pole solution
(L1,B1) = (190°, —80).

predicted for an asteroid pair formed by rotational fission. We will
discuss this anomalous case, together with other three similar ones, in
Section 5.

3.33. (80218) 1999 V0123 and (213471) 2002 ES90
This is a secure asteroid pair, showing an orbital convergence

143*8}° kyr ago (Suppl. Fig. 157). We found that the primary (80218)
1999 VO123 is a binary system. The satellite (bound secondary) has a
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Fig. 23. Composite lightcurve of (142131) 2002 RV11 from 2016.
secondary-to-primary mean diameter ratio D; /D7, = 0.32 * 0.02, an

orbital period of 33.10 + 0.05h, and it is synchronous, i.e., its rota-
tional period P, ; is equal to the orbital period (see Pravec et al., 2016).
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Fig. 24. Convex shape model of (60744) 2000 GB93 for the pole solution
(L1,B1) = (202°,—69).

Fig. 25. Convex shape model of (69142) 2003 FL115 for the pole solution
(L1,B1) = (90°,+55°).

Fig. 26. Convex shape models of (56048) 1998 XV39 for the pole solutions
(L1,B;) = (83°,+31°) (upper panel) and (267°,+10°) (lower panel).

The primary's rotational period P;, = 3.1451 + 0.0002h is likely; a
period twice as long with 4 pairs of lightcurve maxima and minima per
rotation is formally not ruled out, but it appears unlikely. The period of
the unbound secondary (213471), P, = 2.7662 + 0.0003 h is well es-
tablished (Fig. 27). We measured their color indices
(V—R); = 0.403 = 0.010 and (V — R), = 0.410 = 0.023; an excellent
agreement. However, it is even more interesting, as this asteroid pair
has an anomalously low AH = 0.28 *+ 0.06. After a correction of H; for
the satellite presence, it is AH = 0.17 * 0.06, i.e., it is a high mass ratio
q = 0.79 £ 0.07. We will discuss this very interesting asteroid system
in Section 5.

3.34. (101703) 1999 CA150 and (142694) 2002 TW243

Despite the large distance between these two asteroids in mean
elements (dpean = 63.5m/s), caused by interaction with the
g + g5 — 2gs secular resonance, this appears to be a real pair. Backward
integrations of their heliocentric orbits suggest its age of 7141L0° kyr
(Suppl. Fig. 176). The primary (101703) was found to be an Sw or Q
type  (Polishook et al, 2014b). Its rotation period
P; = 3.8948 + 0.0004h is well established. However, in the data of
2009-09-20.2, there appeared a brightness attenuation that could be a

mutual event due to a satellite of the primary (see Suppl. Fig. 38 in
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Fig. 27. Composite lightcurve of (213471) 2002 ES90 from 2015.

Pravec et al., 2010). Moreover, in our accurately calibrated data taken
in October 2013, there appears to be a second lightcurve component
with a period on an order of 50-60 h that might be a rotational light-
curve of the suspected satellite (Fig. 28). The suggested binary nature of
(101703) will have to be confirmed with future observations.
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Fig. 29. Composite lightcurve of (122173) 2000 KC28 from 2017.

3.35. (122173) 2000 KC28 and (259585) 2003 UG220

This is a secure pair. Backward integrations of their heliocentric
orbits suggest that these two asteroids separated 250735* kyr ago (Suppl.
Fig. 183). The period of (122173), P; = 2.7084 = 0.0009h is likely,

but half-integer multiples of it are not ruled out (Fig. 29). The period of
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Fig. 28. Lightcurve data of (101703) 1999 CA150 from 2013. (a) The original data showing all the lightcurve components, folded with the orbital period. (b) The
secondary rotational lightcurve component, derived after subtraction of the primary lightcurve component. Mutual events were not detected. (c¢) The primary

lightcurve component.
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Fig. 30. Composite lightcurves of (259585) 2003 UG220 from 2015.
(259585) was not accurately established, a value of

P, = 2.8461 = 0.0003h appears possible (Fig. 30), but some longer
periods are possible as well. We measured their color indices
(V —R); = 0.443 £ 0.016 and (V — R), = 0.446 + 0.016; an excellent
agreement. However, a particularly interesting feature of this pair is
that it has a low AH = 0.35 * 0.04, i.e., an anomalously high mass ratio
q = 0.62 * 0.04. This is not predicted for an asteroid pair with fast
rotating primary by the theory of rotational fission. We will discuss this
anomalous case, together with other three similar ones, in Section 5.

4. Spin and orbit poles

We determined spin or orbit pole positions for 19 asteroids or as-
teroid binaries in 17 asteroid pairs. The data are presented in Table 3
and the referenced subsections in Section 3. We analyze them below.

Of the 17 asteroid pairs with determined poles (for at least one pair
member), 7 are prograde and 10 retrograde. The slight preference for
retrograde poles is not statistically significant.

There is an apparent concentration of the determined asteroid pair
poles to the north and south poles of the ecliptic. However, its reality
needs to be confirmed with simulations of selection effects affecting the
sample; there is present an observational/modeling bias against aster-
oids with high obliquities. Note that for asteroids with low obliquities,
their poles can be uniquely (in latitude at least) derived with less
amount of data typically than for asteroids with obliquities close to 90°
(for that the latter have lower mean observed lightcurve amplitudes on
average, due to the projection effect). The selection effect is even
stronger for asteroid binaries for which we need to observe typically 3
apparitions with mutual events in order to derive an unique orbital
pole. For binaries with high obliquities that are in eclipse/occultation
geometry and therefore show mutual events in only some apparitions, it
means that we need to observe them in many more apparitions than for
binaries with low obliquities which show mutual events most or all the
time. Such multi-apparition data are not available for the binary sys-
tems in our asteroid pairs sample yet. Hence, all the four binaries in
Table 3 have B, close to + 90° or — 90°. For three other paired binaries
that we re-observed in their 2nd or 3rd apparition (after the discovery
of their binary nature in the 1st apparition), namely (6369), (8306) and
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(43008) (see their subsections), there were not present mutual events in
the return apparitions, indicating that their obliquities are not low.
Note that for general main-belt asteroid binaries, we simulated the
observational selection effects and found a real strong concentration of
their poles towards the ecliptic poles (Pravec et al., 2012a), but we will
need to do the de-biasing for paired binaries when sufficient data are
available in future.

For two pairs, 2110-44612 and 6070-54827, we determined poles
of both pair members. The important finding is that in each of the two
pairs, both members have the same sense of rotation (retrograde in both
cases). The pair 6070-54827 was studied in detail by Vokrouhlicky
et al. (2017a) who found that the original spin vectors of the two as-
teroids were not co-linear but tilted by 38° = 12° at the time of their
separation. In the case of 2110-44612, we found that though the 3-0
uncertainty areas of their pole positions overlap (see Suppl. Figs. 1 and
2), their nominal pole positions (for both mirror solutions) differing by
about 90° in longitude call for a more detailed look into the long-term
evolution of asteroid spin poles. We present it in following.

From our observations, we determine an asteroid spin vector at the
present epoch. In the optimum situation, we have information on the
spin axes of both components of an asteroid pair. However, we want to
know what were their spin axes right after formation of the pair, as such
data can be confronted with predictions from the theories of asteroid
pair formation. A question arises to what degree the current spin con-
figuration preserves the original configuration. Here we give a brief
look to this problem, having in mind the sample of paired asteroids for
which we derived their spin poles (Table 3). These bodies are large
enough, and their estimated ages short enough, so that we may neglect
non-gravitational effects, such as YORP, in the first approximation.
However, the spin axis orientation is affected by gravitational torques,
primarily from the Sun, which may tilt the original spin vectors on a
timescale comparable to or shorter than the pair ages. Therefore, we
must consider their effect for the pairs.

Breiter et al. (2005) presented an efficient numerical implementa-
tion of the secular spin dynamics due to the solar torques. Because this
problem is tightly coupled with orbital dynamics, in particular changes
in orientation of the orbital plane in the inertial space, we also need to
propagate the heliocentric orbit over the same interval of time for
which we seek the spin evolution. To infer this information, we em-
bedded the secular model of Breiter et al. (2005) into the symplectic
orbit-evolution package swift (e.g., Levison and Duncan, 1994). The
initial data for the orbit integration are taken from the AstDyS web site.
We first integrate the nominal orbit of the asteroid backward in time to
reach the inferred epoch of the pair formation. At that moment, we set
up initial data for the spin integration and propagate both the orbit and
spin forward in time to the current date. The spin integration requires
the value of the precession constant a to be known. We recall that

3 n?

a=——
27 w

3

where 7 = /1 — €2, e is the orbital eccentricity, n is the heliocentric
mean motion, @ is the spin rate and A is the dynamical flattening.
Therefore, apart from the orbital data, which are known accurately, a
depends also on body parameters w and A. The spin rate is known well
from our observations, but the flattening is determined only approxi-
mately with our convex shape model. In particular, A = (2C — A — B)/
2C where (A,B,C) are the principal values of the inertia tensor. We
assume a homogeneous density distribution in the asteroid when esti-
mating these values. However, an analysis of shape variants that also
satisfy the photometric data implies that A is known with only ~ 15-30
% accuracy typically for asteroid convex shape models. The situation is
even more complicated when the asteroid has a satellite. The effective A
value then depends also on the orbital and physical parameters of the
satellite (see Section 5.1.1 of Pravec et al., 2012a). The necessary data
are taken from our observations (Table 3) that allow to estimate the
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Fig. 31. An example of spin axis evolution for (2110) Moore-Sitterly over 2 Myr
interval of time (comparable to the estimated age of the 2110-44612 pair). Top:
Motion of the spin axis in the ecliptic longitude and latitude in polar projection
(the south ecliptic pole in the center). The four red symbols indicate the
nominal pole solutions (two mirror solutions each) for (2110) and (44612).
Bottom: Time evolution of the obliquity. Initial data is close to the first nominal
pole solution of (2110) Moore-Sitterly (Table 3).

required quantities. As above, the value of A is known with poor ac-
curacy, contributing by the largest value to the uncertainty in the
precession constant a. In order to sample possible outcomes of the spin
evolution, we propagate different variants for which the precession
constant has been fractionally changed by 15-30 % from the nominal
value.

The simplest situation occurs for very young pairs, for which the
today's pole orientation may still be relatively close to its original value.
For instance, in the case of the 6070-54827 pair, the relative config-
uration of the primary and secondary asteroid poles did not change
much. This is because (6070) has a nearly stationary spin axis directed
at the south ecliptic pole, while the spin pole of (54827) performed only
a ~ 90° displacement along a constant ecliptic latitude. When the age is
higher, and the rotation sense is retrograde, the regular precession may
smear the pole location to all possible ecliptic longitudes. As an ex-
ample, we note that it is important to consider this effect when inter-
preting our result for the 2110-44612 asteroid pair. In this case, our
solution gives the nominal poles of both components having about the
same ecliptic latitude and the ecliptic longitudes about 90° different.
This result is, however, entirely compatible with an initially co-linear
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Fig. 32. Twenty variants (black curves) of possible obliquity evolution for
(4765) Wasserburg. All cases were assumed to be formed 250 kyr ago with an
obliquity of 5°. The evolutions are different because each of the variant was
given a slightly different value of the precession constant a, by assuming a
different value of the dynamical flattening A, and a slightly different longitude
of the initial pole. The solution highlighted in red terminates close to the cur-
rently observed obliquity 91° of this asteroid. Other variants may, however,
achieve different today's obliquities in the range 0°-110°, in spite of their
common initial obliquity value.

configuration of the spins of the primary and the secondary. Fig. 31
shows an example of the evolution of the pole orientation for the pri-
mary (2110) Moore-Sitterly, assuming an age of 2 Myr and the nominal
value A = 0.33. Note that the obliquity performs only small oscillations
(keeping the ecliptic latitude nearly constant), while the ecliptic long-
itude of the asteroid spin axis undergoes regular precession around the
south ecliptic pole with a period of about 75 kyr. The evolutionary track
of the secondary's spin pole is similar with only a different value of the
precession period (because of its different value of the rotation period
and dynamical flattening). So their poles diverge in the ecliptic long-
itude to acquire any longitudinal difference at a future time. That said,
we obviously cannot prove initial co-linearity of the rotation poles in
the 2110-44612 pair, but the data are consistent with that. In any case,
the poles are never more than ~ 25°-30° apart during their evolution.
This is because of their proximity to the south ecliptic pole and the low
inclination of their heliocentric orbits.

However, things may get much wilder for prograde rotating aster-
oids residing on high-inclination heliocentric orbits. This is because
precession rate for prograde-rotating asteroids may occur to be in re-
sonance with precession rate of the orbital plane (e.g. Colombo, 1966;
Henrard and Murigande, 1987). Specific examples of secular spin axis
evolution for asteroids in the inner main belt, where most of our studied
pairs reside, can be found in Vokrouhlicky et al. (2006) or Vrastil and
Vokrouhlicky (2015).

The most significant perturbations occur for pairs among Hungaria
asteroids, whose orbital inclinations are high. To demonstrate the ef-
fects, we consider the case of (4765) Wasserburg, the primary compo-
nent of the 4765-350715 pair (Section 3.4). We found that (4765) has a
peculiarly large obliquity of about 91°, which seemed to be at odds with
the expected low obliquities of paired asteroids after YORP-induced
fission, close to the YORP asymptotic obliquity values. For sake of de-
finiteness, we assume an age of 250 kyr for the 4765-350715 pair,
consistent with its estimated age, and consider the value A = 0.33 from
the (4765)’s nominal convex shape model. Most importantly, we as-
sume that the initial obliquity at the formation of the pair was 5° only,
very different from the today's value. With these data, we propagated
the nominal model plus 19 clone variants by taking slightly different A
values and initial longitudes of the spin axis. Evolution of the obliquity
for all these cases is shown in Fig. 32. There are two main features to be
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noted: (i) the obliquities oscillate up to ~ 110°, and (ii) the different
cases quickly diverge, achieving at the current epoch any value between
0° and 110° obliquity. This is because the nominal value of the pre-
cession constant a ~ 36 arcsec/yr is close to the principal frequencies s
~-22.6 arcsec/yr and s ~—26.3 arcsec/yr with which the orbital plane
precesses in space. The proper inclination is high, ~ 21.2°, and it im-
plies a stationary point (Cassini state 2) of the spin-orbit resonance with
the s-frequency at about 60°. A similar stationary point for the s¢-fre-
quency is at about 45°, enclosed with a resonance zone spanning from
25° to 60° obliquity. Interaction of the two phenomena forms a large
chaotic zone for the obliquity evolution extending to nearly 110°. As a
result, we find that the current position of the spin pole of (4765)
cannot be used to determine its initial spin vector orientation. We may
also imagine that the pole position of the secondary (350715) could
follow one of the tracks shown in Fig. 32 that end at a near-zero ob-
liquity. Therefore, a potential large angular distance of current poles of
the members of this pair would still be perfectly compatible with them
being co-linear right after the pair formation. The same analysis applies
also to the asteroid (69142) 2003 FL115, the primary component of the
69142-127502 pair.

The huge obliquity variation discussed above for (4765) is closely
related to the prograde sense of its rotation. Retrograde rotators among
Hungarias show much smaller effects, principally produced by the large
orbital inclination. We tested this conclusion in the case of asteroid
(25884) Asai, for which we determined the current obliquity of ~ 162°
(Section 3.16 and Table 3). Adopting an age of 700 kyr, compatible
with the estimated age of the pair 25884-48527, we repeated our nu-
merical experiment by propagating 10 possible variants of pole evolu-
tion for (25884), starting with an initial obliquity of 175°. The results
are shown in Fig. 33. The obliquity oscillations are now limited to a
relatively narrow range between 160° and 180°. Note that their am-
plitudes are even smaller than the proper orbital inclination of ~ 20.8°
and the oscillations have now a short period of ~ 17-20 kyr. This is
because for retrograde rotators the regular spin precession is opposite to
the orbital plane precession and may not constitute a resonant config-
uration. As a result, the today's obliquity should preserve the initial
value to within about 10° (which is smaller than the 3-0 uncertainty of
the pole solution). Obviously, the ecliptic longitudes of spin poles of
members of a pair older than a half million years can be very different.

Using the tools described above, we analyzed all the other paired
asteroids with determined spin poles reported in Table 3. We found no
significant secular effects that would surpass the solution uncertainty
with possibly an exception of (56048) 1998 XV 39. This is the secondary
of the anomalous high-mass ratio pair 76148-56048 (see Sections 3.32
and 5.1). We find that its current ~ 65° to 70° obliquity may be acquired
from an initially low obliquity through chaotic evolution due to overlap
of the s and s secular spin-orbit resonances.

Our analyses above can be briefly summed up as follows: The pre-
sent-epoch pole orientation of a paired asteroid typically does not re-
present its original state. Effects of the spin evolution over the age of an
asteroid pair need to be taken into account. In the simplest case, the
spin dynamics represents only the regular precession in ecliptic long-
itude. For low- and mid-latitude pole positions, this effect may cause a
large angular separation of the primary and secondary poles at the
current epoch. In more complicated cases, generally those of prograde-
rotating asteroids residing on high-inclination heliocentric orbits, the
pole evolution may be chaotic, even to a degree preventing a de-
terministic connection of the present pole position with its initial value.
We conclude that each asteroid pole solution needs to be analyzed in-
dividually. Overall, of the 17 pairs in this sample, we found that 13
show low-amplitude oscillations of their obliquities (smaller than their
uncertainties), other 2 — (25884) and (56048) — show moderate os-
cillations (comparable to the uncertainties of their obliquities), and the
last 2 — the prograde-rotating Hungarias (4765) and (69142) — show
high-amplitude oscillations.
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5. Primary period vs mass ratio distribution, and bound
secondaries (paired binaries)

In Fig. 34, we plot the primary period vs pair mass ratio data for the
93 studied asteroid pairs. The filled circles are data with securely de-
termined primary periods (with the period determination quality code
U = 3), while the diamonds are data where the primary periods are
uncertain by a factor of 1.5 typically, up to 2, usually due to uncertainty
of a number of observed lightcurve maxima/minima per rotation
(U = 2). The black dashed curve is the nominal relation between the
primary period and mass ratio computed from the theory of formation
of asteroid pairs by rotational fission, and the blue, red and green solid
curves are theoretical limits (lower or upper) on the primary rotation
frequency as derived in Pravec et al. (2010, 2018) . Specifically, the
black dashed curve is for the normalized total angular momentum of
the system a; = 1.0, the primary's equatorial elongation a;/b; = 1.4,
by/c1 = 1.2, and the initial relative semi-major axis A;,;/b; = 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 a; values in small asteroid binaries
(Pravec and Harris, 2007), and the axial ratio of 1.4 is about a mean of
equatorial elongations of pair primaries suggested by their observed
amplitudes. The red and blue curves represent upper and lower limit
cases. The upper curves are for the system's normalized total angular
momentum a; = 1.2, primary's axial ratio a;/b; = 1.2, and initial or-
bit's normalized semi-major axis Aj,;/b; = 2 and 4. The lower curves
are for a; = 0.7,a;/b; = 1.5 and A;,;/b; = 2 and 4. The choice of a;/
b, = 1.2 for the upper limit cases is because the asteroid pair primaries
closest to the upper limit curve have low amplitudes .24 = 0.1-0.2 mag.
Similarly, the choice of a;/b; = 1.5 for the lower limit cases is because
the highest amplitudes of the points close to the lower limit curve are
.o/ = 0.4-0.5 mag, suggesting the equatorial elongations ~ 1.4-1.5. For
completeness, the green curve gives the theoretical hard upper limit on
the final primary spin rate (i.e., lower limit on the period) as derived in
Pravec et al. (2018). As discussed in that paper, the theoretical hard
limit was derived involving certain idealizations that are probably not
fulfilled in real asteroids. In particular, it assumes spherical component
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Fig. 33. Ten variants (black curves) of possible obliquity evolution for (25884)
Asai. All cases were assumed to be formed 700 kyr ago with an obliquity of
175°. The individual evolutions are different because each of the variant was
given a slightly different value of the precession constant @, by assuming dif-
ferent value of the dynamical flattening A, and a slightly different longitude of
the initial pole. The evolution highlighted in red terminates close to the today's
observed obliquity 162° of this asteroid. Other variants may achieve different
today's obliquities in a relatively narrow range 160°~180°. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 34. Primary rotation periods vs mass ratios of asteroid pairs.

shapes while real asteroids are non-spherical. Thus, real asteroid pairs
formed by spin-up fission may stay well below the theoretical hard
limit. Indeed, we see in the plot that the observed asteroid pairs do not
extend to the green curve at g about 0.6, but they are well to the right of
the curve (except for the four anomalous high-mass ratio pairs — the
four leftmost points in Fig. 34 — which we will discuss below).

5.1. Outliers to the P;—q relation

Of the 93 asteroid pairs in our sample, 86 follow the P;—q relation
derived from the theory of asteroid pair formation by rotational fission.
Of the 7 outliers, 3 have too slow primary rotations (too low total an-
gular momentum content; they lie below the blue curves in Fig. 34) and
4 have too high mass ratios (they are to the left of the upper limit curves
in the plot).

The 3 low-angular momentum pairs are 49791-436459
(Section 3.23), 53537-503955 (Section 3.25) and 69298-2012FF11. In
the last case, it may be due to a possible error in its P; or q value; we
cannot entirely rule out that the period of (69298) is in error by a factor
of 2 if it has a monomodal lightcurve, or the absolute magnitude of the
secondary 2012 FF11 taken from MPC may be in error. Thus, the
anomalously low angular momentum content of this pair has to be
confirmed with accurate measurements of the two uncertain para-
meters in the future. The other two asteroid pairs appear to be real
outliers; it is unlikely that their P; and q values could have big errors.
However, in the case of 49791-436459, we have to consider the pos-
sibility that it may not be a real pair, but that it may be a random orbital
coincidence of two unrelated asteroids, see Section 3.23. The case of
53537-503955 is, however, a securely established pair (see
Section 3.25) and it is a true outlier — the lowest point at AH = 3.3 in
the P,—q plot. We do not have a physical theory for how it could be
formed with such slowly rotating primary and very small secondary.
Just, we consider a possibility that it might not be actually an asteroid
pair, but an asteroid cluster, similar to the clusters studied in Pravec
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et al. (2018), with its more secondaries with sizes similar to (503955)
waiting to be discovered in the future. With a few more secondaries
with sizes of 0.5-1 km, its mass ratio would rise to g > 0.1 that would
be in agreement with the theory of asteroid cluster formation. We note
that the known main belt asteroid population is highly incomplete at
asteroid diameters < 1 km — we estimate a diameter of ~ 0.8 km for
(503955) — so there may exist yet-to-be-discovered secondaries of the
putative cluster of (53537). We conclude that all the three anomalous
pairs with apparently too low angular momentum content may be just
due to our uncertain or incomplete knowledge and they do not re-
present a real challenge to the theory of asteroid pair formation by
rotational fission.

The 4 anomalous high-mass ratio pairs are 60677-142131
(Section 3.29), 76148-56048 (Section 3.32), 80218-213471
(Section 3.33) and 122173-259585 (Section 3.35). All the four pairs
were securely identified, there is no doubt about their reality. Three of
the four form a compact group in the upper left of Fig. 34. They share a
number of common properties. All the 6 members (3 primaries and 3
secondaries) of the three pairs rotate fast, with periods from 2.7 to 4.7 h
and they have low lightcurve amplitudes < 0.28 mag that suggest that
they have nearly spheroidal shapes with the equatorial axis ratios <
1.3. They are small; we estimate their diameters 1-2km. The three
pairs are relatively young, their likely ages are between 100 and
300 kyr. They were not taxonomically classified yet; the (V — R) color
indices and positions in the inner main belt suggest that the pairs
60677-142131 and 122173-259585 could belong to the SQ complex,
while 80218-213471 might be more likely an X type. The fourth pair,
76148-56048 is somewhat separated in certain properties from the
three of the compact group: Its members rotate slower (~ 65 and 7.0 h)
and it is older (estimated age 1200 kyr), but, like the other three
pairs, it is small asteroids (D, = 2.4 = 0.5 km; see Electronic Supple-
mentary Information) with low lightcurve amplitudes, and it likely
belongs to the S complex (based on its (V — R) color indices, geometric
albedo, and position in the inner main belt). And, to make it even more
interesting, the primary of the pair 80218-213471 has a bound, or-
biting synchronous secondary, see Section 3.33 and Table 4.

The 4 outlier asteroid pairs present a challenge for the fission theory
that seems to explain the other population of asteroid pairs. Definitive
results on how they formed will require additional information and
observations of these systems. In their absence, we can analyze the
extreme energetics of fissioning and reshaping systems to understand
what the general theory can say about the limits. First, we note that the
fission theory applied to the other asteroid pairs assumes that the
bodies themselves do not undergo reshaping following fission. At most,
we may assume that they fission again, but remain rigid. If we relax this
assumption and allow for the fissioned components to reshape them-
selves into more spherical shapes, then additional energy can be lib-
erated from the system and can allow asteroid pairs with mass ratios
approaching unity.

We note that the 4 outlier asteroid pair systems have relatively
unelongated shapes that may be consistent with this scenario, and thus
we attempt to apply this generalized fission theory under the assump-
tion that the bodies reshaped themselves after fission. The main ele-
ments of the calculations we carry out are given in Scheeres (2004).
Here, we assume that the parent body is an ellipsoid with a given self-
potential energy and kinetic energy from rotation. If it rotates fast en-
ough, it can fission and split into two bodies with masses that sum to
the total mass of the initial body. If we assume that these two bodies
take on nearly spherical shapes, this releases additional energy which
the system can use to disrupt.

This process can be simply represented if we only allow the different
shapes to take on ellipsoidal shapes, as we can evaluate the self po-
tentials in closed form. The general fission process for a single body
yields the balance equation
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where M, is the mass of the parent body, f is the mass fraction of the
two bodies, I; is the moment of inertia of the ith body (assumed to be its
maximum moment of inertia), w; is its spin rate, %; is the self-potential
of the body, and v;5 and %, are the relative velocity and the mutual
potential between the fissioned bodies. Here i = 0 is the parent body
which splits into bodies 1 and 2. The free energy of the fissioned system
is

Efree = Eo — %1 — %2 )

and is normally taken as a constant. We note that the free energy must
be positive for the two bodies to be able to escape from each other
(Scheeres, 2002), and is the fundamental property that the fission
theory of asteroid pairs is founded on. If the two bodies escape from
each other, then %, — 0 and v;5 — V... The limiting case is for v.. ~ 0
and it provides a constraint on the final spin rates of the separated
bodies,

Ey— %y — U 2 %11%2 + %Izwzz- 6)
For the current analysis, we note that if bodies 1 and 2 deform into a
lower energy configuration then this can in fact increase the overall free
energy available and potentially allow for larger mass ratios to escape. The
current analysis explores the energetic limits of these systems without
necessarily proposing this as a true physical solution for their existence.

To model this, we treat the parent body as a triaxial ellipsoid with
semi-major axes ap = by = co, which allows us to compute the self-
potential of the body and the spin rate at which the body should un-
dergo disaggregation (see Scheeres, 2004 for these details). Then, for a
given mass fraction split between the bodies, to maximize the free en-
ergy we must take %; — —(3/5)(GM?/R;), which is the self-potential of a
sphere of mass M; and radius R; and minimizes the self-potential over all
possible shapes. Similarly, to maximize the resulting spin rates we take
the moments of inertia towards that of a spherical body I, — (2/5)M;R?,
which minimizes the maximum moment of inertia over all possible
constant density ellipsoidal shapes. Finally, for the constant density
constraint and mass conservation we note that M; =1 —f)
MR, = (1 — N*R,M, = fM and R, = f/°R, where R = (aghoco)'”? is
the geometric mean radius of the original body.

Then, for an assumed initial ellipsoidal shape we can calculate
whether the bodies can escape and what their expected spin rates are if
they do escape. Fig. 35 shows this calculation for f = 0.5, meaning that
the bodies split into equal masses. This figure shows the possible final
rotation rate (in terms of the surface disruption spin rate) as a function
of the axis ratios of the initial ellipsoid. It also assumes that the two
bodies spin at the same rate after escape. Also plotted are the size ratios
of the Maclaurin (green line at top) and Jacobi (purple curve) ellipsoids.
We note that Maclaurin and Jacobi ellipsoids near the bifurcation point
between them can have enough energy to allow their fissioned com-
ponents to escape if those bodies are allowed to reshape into a spherical
shape, however the spin rate of those bodies would be expected to be
low. If a body is significantly distended, however, then the bodies can
escape with a larger spin rate. Thus, from this simple analysis we see
that it may be energetically possible for our outlier asteroid pairs to be
formed from a fission event — albeit a very specific set of physical
transformations would be required.

Given this result, we can compute similar energy curves for each of
our candidate outlier asteroid pairs. Here, we assume the specific mass
fraction for each pair, assume their respective spin rates (normalized by
a spin period of 2h which we take as a proxy for these being likely
mostly S type asteroids), and then compute the line of progenitor el-
lipsoid shapes that would supply sufficient energy for the current
configuration (assuming the individual bodies are spheres). Fig. 36
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Fig. 35. The parent body is assumed to be an ellipsoid with the semi-major axes
ap = by = cp. The region to the right of the 0.0 curve is bound and fissioned
components cannot escape, while the curves to the left of this region allow
escape with the indicated relative spin rates for each body. (For interpretation
of the references to color in this figure, the reader is referred to the web version
of this article.)

presents these results. For the different pairs, Table 5 presents the dif-
ferent mass fractions and normalized spin rates.

We see that for the three more rapidly spinning pairs this would
require a relatively flattened parent asteroid, requiring an oblate body
to have co/ao from 0.4 to 0.6 across these three. For the slowly rotating
body, we see that a Maclaurin spheroid could lead to this situation.
However, we note that the members of the 4 outlier asteroid pairs are
actually not spherical as assumed in the calculations above, but they
have certain equatorial elongations producing the non-zero observed
lightcurve amplitudes (and their polar flattenings are largely un-
constrained). Thus, if this scenario with pair component reshaping after
fission is true, then the original parent body must be even more flat-
tened than suggested by the above calculation. Finally, we admit that
we do not know a mechanism that could reshape the fissioned com-
ponents into relatively unelongated bodies as we observe in the 4
outlier asteroid pairs. We conclude that a formation process for the 4
outlier asteroid pairs remains unknown.

5.2. Asteroid pairs with binary primaries

An extremely interesting finding is that many of the fastest rotating
primaries of asteroid pairs have also bound, orbiting secondaries. We
found 13 such cases, see Table 4. In fact, of the 34 asteroid pairs with
P; < 3.4hin our sample, the 13 ones with binary primaries represent a
fraction of 38%. And considering that the binary asteroid detection
probability of the photometric method is substantially less than 100%
(see Pravec et al., 2012a) , it is likely that a true fraction of binary
systems among the fastest rotating primaries of asteroid pairs is actually
at least 50%.'° It may be comparable to the binary fraction among the
fastest rotating near-Earth asteroids larger than 0.3 km that is (66719)%
(Pravec et al., 2006). The 13 asteroid pairs where the primary has a
bound, orbiting secondary are marked with green crosses in Fig. 34.

10 A few more possible binaries among asteroid pair primaries are marked
with “?” in the column “Sat.;” in Table 1. They await confirmation with further
observations.
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Fig. 36. Diagrams for each of the specific outlier asteroid pairs. (See caption of Fig. 35 for description of content). The blue line represents the possible initial
ellipsoid shape ratios that have sufficient energy to lead to the current asteroid pair. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Other than the fast primary rotations, the binary systems among
asteroid pair primaries share also other common features with many
known near-Earth and small main belt binary asteroids that were re-
ported, e.g., in Pravec et al. (2006, 2012a, 2016) and Pravec and Harris
(2007). Specifically, the bound secondaries are relatively small with
Dy /Dy p < 0.5, their normalized total angular momentum content is
close to critical with a; = 0.9 to 1.3, the primaries are nearly spheroidal
with a; ,/b1, < 1.2, the secondaries have low to moderate equatorial
elongations with a; /b, s < 1.5, and the orbital periods of the bound
secondaries are in the realm of tens of hours.!! It is also notable that,
with an exception of (3749) Balam and (21436) Chayoichi, the orbits
and rotations of the bound secondaries appear relaxed with eccentri-
cities close to 0 and synchronous spin states. With the estimated ages of

11 An exception is the second, distant satellite of (3749) Balam that has an
orbital period on an order of a few 10%h.

455

these pairs from 140 to about 1000 kyr, it may place constraints on
relaxation timescales in such small a few-km diameter asteroid binaries.
Of the two exceptional asteroid pair primaries with unrelaxed bound
secondaries, (21436) Chayoichi is quite young with the estimated age of
the pair 21436-334916 about 30 kyr, thus possibly there was simply not
enough time yet for tidal circularization of the secondary's orbit. The

Table 5
The outlier high-mass ratio asteroid pairs with their fundamental properties for
the computation in Fig. 36.

Asteroid Pair f Normalized w, Normalized wo, Section
60677-142131 0.41 0.55 0.43 3.29
76148-56048 0.47 0.03 0.29 3.32
80218-213471 0.44 0.64 0.71 3.33
122173-259585 0.38 0.74 0.71 3.35
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case of (3749) Balam is very interesting as it has also a second, smaller,
distant satellite, and the inner, close secondary is on a slightly eccentric
orbit with e = 0.03-0.08 (3-0 range), but it appears to be in a syn-
chronous spin state'? (see Section 3.3).

Asteroid pairs having both a bound, orbiting and unbound, escaped
secondary might be an outcome of the secondary fission process pro-
posed by Jacobson and Scheeres (2011). In Pravec et al. (2018), the
secondary fission process was proposed to be involved in formation of
young asteroid clusters. We suspect that the asteroid pairs with binary
primaries could be “failed clusters” where only one of the two formed
secondaries was ejected. However, there is one significant common
feature of the paired binary systems that needs to be explained: The
bound secondaries occur only around the fastest rotating asteroid pair
primaries with P; < 3.4 h, but not around slightly slower rotating ones,
see the concentration of pairs with binary primaries in the narrow
horizontal band in Fig. 34.

To look into the hypothesis that the asteroid pairs having also
bound, orbiting secondaries are “failed clusters”, we corrected the mass
ratios and primary rotation periods of the 13 pairs with binary pri-
maries for what they would be if the bound orbiting secondary escaped
and the system became a true asteroid cluster. The resulting mass ratio
was calculated as

wo=(3) +(32)

corr Dl,p Dl,p >
where D,/D, , and D, ,/D; , are from Table 4.'® The resulting corrected
primary rotation period was calculated from Eq. 21 of Pravec et al.
(2018) where for the initial spin rate we took the current (observed)
spin rate of a given binary primary (P, , from Table 4), for g we took
(DLS/DLP)?‘, for the parameters Ajyi/b; and a;/b, we took ao,/D1 p, and
ay p/b1 p, all from Table 4, and for c¢;/b, and p we assumed the values 1.2
and 2g/cm® (see Pravec et al., 2018, also the discussion in Supple-
mentary Information of Pravec et al., 2010). The corrected data are
plotted in Fig. 37, where for comparison we also plotted the data for
asteroid clusters from Pravec et al. (2018). Comparing it with Fig. 34, it
is apparent that the points for the asteroid pairs with binary primaries
shifted generally to the left (to higher mass ratios) by a substantial
amount in most cases, which is due to that the orbiting secondaries
have mostly about comparable masses to the escaped ones (see the 4th
and 5th columns in Table 4), but they shifted only slightly to lower spin
rates as only a small fraction, on an order of a few percent, of the
primary's rotational energy would need to be transferred to the orbiting
secondary to put it to an escape parabolic trajectory.

From Fig. 37, we see that if the asteroid pairs with binary primaries
became asteroid clusters, by ejecting the currently bound secondary
with transferring a fraction of the primary's rotational energy to the
secondary's motion, they would have similar mass ratios as the existing
asteroid clusters, but the primaries would still rotate substantially
faster. If the asteroid pairs with binary primaries are indeed “failed
clusters”, there must be involved a mechanism that stabilizes some
secondary orbits around the fastest rotating primaries with P; < 3.4h,
but not around somewhat slower rotating ones.'* We will look for such

@)

12 Note that the tidal circularization of the secondary orbit is a slower process
than tidal synchronization of secondary rotation.

13 For (3749) Balam that has two orbiting secondaries, the corrected mass
ratio was calculated with adding also the mass ratio of the second satellite.

4 The general population of small asteroid binaries with primary diameters
< 10 km, which are also suggested to be outcomes of rotational fission of cri-
tically spinning rubble pile parent asteroids, also shows a tendency to very fast
rotating primaries. In our current data set of small asteroid binaries, 71% have
primary periods < 3.4h. The 29% of asteroid binaries with primary per-
iods > 3.4h may be more evolved systems with the primary rotations slowed
down, e.g., by tides or YORP; their ages are not known. See, e.g., Pravec et al.
(2006, 2012a, 2016), and Pravec and Harris (2007).
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Fig. 37. Primary rotation periods vs mass ratios of asteroid pairs and clusters,
with the data for pairs with binary primaries corrected for hypothetical ejection
of the orbiting secondaries, see text.

mechanisms in future studies. One such mechanism was also proposed
in Jacobson and Scheeres (2011), where they hypothesized that a sec-
ondary that underwent secondary fission could have one of its com-
ponents fall onto the primary asteroid, which would increase its spin
rate and potentially give it a more uniform shape. If this “failed cluster”
and binary component's mass were included in the original fissioned
system it would increase the mass ratio further while decreasing the
current primary spin period. It is not clear how best to model such an
interaction, and thus we leave this specific study for the future.

Another hypothesis for the asteroid pairs with binary primaries is
that they could be formed by a cascade fission of the primary. The
scenario is following. There was formed a satellite (orbiting secondary)
of the primary in a spin fission event at an earlier time in the past, with
the primary rotating sub-critically after the satellite formation. Then
the primary was spun up by YORP to the critical spin rate again and
underwent another fission event. The new secondary started chaotically
orbiting the primary and it gravitationally interacted with both the
primary and the older secondary. One of the two secondaries was then
ejected from the system, becoming the unbound secondary (the smaller
member of asteroid pair), and the other secondary's orbit around the
primary was stabilized, so the system became an asteroid pair with
binary primary. We will explore this hypothesis in the future. We note
that a cascade disruption process was also suggested for the asteroid
cluster of (14627) Emilkowalski by Pravec et al. (2018) who found that
two of the six secondaries of the cluster separated from the primary
relatively recently, about 320 kyr ago, while the other four secondaries
separated at an earlier time, 1-4 Myr ago. And lastly, we note that the
two mechanisms for formation of asteroid pairs with binary primaries
proposed above are not mutually exclusive, but they both might be in
action in the asteroid population.

6. Concluding remarks

Our studied sample of asteroid pairs is predominated by differ-
entiated asteroid types (mostly S types). While the paucity of C and
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other primitive asteroid types in our sample is at least in part an ob-
servational bias due to the selection effect against observations of small
low-albedo asteroids in the main belt, as discussed in Appendix B, with
only one definitive C type detected and a few others suggested from
their low albedos or neutral reflectance colors (see Table 2), it will be
needed to find and study more of them in the future. Possible differ-
ences between observed properties of C/C-like and S/S-like asteroid
pairs would be very interesting to find as they could provide an in-
formation on how their different material properties affect the asteroid
fission process. However, due to the low apparent brightness of small
low-albedo primitive types — especially the small secondaries of as-
teroid pairs —, their thorough studies will probably require larger
telescopes (2+ m) than we had available for this study.

The two asteroid pairs for which we determined spin vectors for
both pair components show the same sense of rotation for both com-
ponents, which is consistent with the theory of their formation by ro-
tational fission. In the pair 6070-54827, the component spin vectors
were not co-linear at the time of separation of the two asteroids, but
they were tilted by about 38°. In the case of 2110-44612, we found that
the angle between the initial spin vectors of the two asteroids was be-
tween 0 and ~ 30°. It will be needed to obtain a sample of asteroid
pairs with spin vector determinations for both pair members so that we
can study what are typical angles between the initial spin vectors of the
pair components, to get constraints for further development of the as-
teroid pair formation theory. Again, it will probably require relatively
large telescopes (2 + m) as most asteroid pair secondaries are too small
for thorough observations with smaller telescopes.

It is remarkable that all the paired asteroids for which we got suf-
ficient observational coverage to check for possible deviations from
single periodicity in their lightcurves showed just one-period rotational
lightcurves, there was present no apparent tumbling (i.e., non-principal
axis rotation) in any of them. We note that for D = 2km and P = 4.5h,
which are about the median diameter and rotation period of paired
asteroids in our sample, the damping time of a non-principal axis (NPA)
rotation is estimated to be about 5 x 10°yr (Pravec et al., 2014 and
references therein). So, if there was a NPA rotation set in some smaller,
slower rotating, or younger paired asteroid in its formation or sub-
sequent evolution (before the pair members separated), we would still
see it now. The fact that we see no tumbling gives an important con-
straint to the theories of pair formation and evolution. Note that with
the photometric technique, we can resolve a NPA rotation with rota-
tional axis misalignment angle of about 15° or larger (Henych and
Pravec, 2013), so there might be present a low amplitude tumbling in
the paired asteroids that we could not detect.

A formation process for the 4 outlier high-mass ratio pairs remains
unknown. While it is energetically possible that they could be formed
by rotational fission of a flattened parent asteroid with the components
reshaped following fission as we showed in Section 5.1, a mechanism
for how they could undergo such very specific physical transformation
is unknown.'® It will be needed to determine more of their properties,
especially shapes, which may give us more ground for studying how
they actually formed. Particularly interesting may also be to explain the
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existence of the satellite (bound secondary) of the primary of the high-
mass ratio pair 80218-213471.
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Appendix A. Thermophysical modeling of (1741) Giclas, (2110) Moore-Sitterly and (4905) Hiromi

Thermal infrared data from the NASA's Wide-field Infrared Survey Explorer (Wright et al., 2010) are available for three of the paired asteroids for
which we derived their shape models. Shape model together with the rotation state are inputs for the thermophysical model (TPM) that we utilized
to analyze the thermal infrared fluxes. We made use of the TPM implementation by Delbé et al. (2007) based on the previous development of
Lagerros (1996, 1997, 1998). To determine the unknown parameters (thermal inertia I, volume-equivalent diameter Dy, geometric albedo py and

Hapke's mean surface slope 8), we minimize the difference between the observed f; and the modeled thermal infrared fluxes s°F;

5 We even do not know whether such highly flattened (nearly) spheroidal asteroids with sizes 1-3 km as required for parent bodies of the four anomalous high-
mass ratio pairs exist. We note that there is only a very small number of shape models of asteroids with diameters 1-3 km in the DAMIT (http://astro.troja.mff.cuni.
cz/projects/asteroids3D) so the fact that none of them is so extreme as required by the discussed theory may not be statistically significant.
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where o; are the errors of fluxes f; for the i-th measurement and s is the asteroid size scaling factor. Our reduced chi-square values are defined as
X24 = x*/v, where v is the effective number of degrees of freedom. Details on the TPM procedure can be found in Hanus et al. (2015, 2018) . In brief,
TPM computes the temperature for each surface element (triangular facet) of asteroid's convex shape model at each thermal data epoch and it
outputs the total flux in a given spectral band emitted towards the observer. The orientation of the asteroid at each thermal data epoch is given by the
rotation period, direction of the spin axis and the position of the asteroid and the observer. These quantities are used as inputs for TPM.

We applied the TPM to the thermal infrared data of asteroids (1741) Giclas, (2110) Moore-Sitterly and (4905) Hiromi. For the first two, the best-
fitting TPM solution agreed rather well with the thermal infrared fluxes as sze 4 ~ 1to 2 (Table A.1). For both, we obtained thermal inertia values I ~
100Jm~ 252K ™! that are consistent with typical values for similar-sized asteroids (Hanus et al., 2018). Moreover, our volume-equivalent dia-
meters Dy (i.e., the diameter of a sphere with the same volume as the asteroid shape model) agree to within the errorbars with the WISE diameters
Dywsg (Masiero et al., 2011). The TPM fit for (4905) Hiromi is poor ( szed ~ 8), therefore the thermophysical properties we provide for this asteroid
should be taken with a grain of salt. The derived thermophysical properties of these three asteroids are summarized in Table A.1. The columns in the
table, other than the defined above, are the number of WISE data points in filters W3 (Nws3) and W4 (Nwa), surface roughness expressed as Hapke's

mean surface slope (6), the absolute magnitude (H), the phase relation slope parameter (G), and the asteroid's heliocentric distance (r},¢;) at the epoch
of the thermal observations. We note that we have two (“mirror”) pole solutions and shape models for asteroids (1741) Giclas and (2110) Moore-
Sitterly (see Table 3), so we applied the TPM to both models for each of the two asteroids. In both cases, the TPM results for the two models are
similar, which does not allow us to resolve between them.

Table A.1

TPM results for three paired asteroids.
Asteroid Pole Nws Nwa Dy Dwise T Pv 6 sze " H G Thel

(km) (km) (SI units) (au)

(1741) Giclas 1 17 10 12.8¥9¢ 12.5 + 0.2 100*18 0.2207440 38.8 1.1 11.62 0.24 3.1
(1741) Giclas 2 17 10 12.4%}3 125+ 0.2 80732 0.231+9013 38.8 1.4 11.62 0.24 3.1
(2110) Moore-Sitterly 1 12 8 6.0103 5.4+0.5 110%% 01724993 16.1 2.0 13.54 0.24 2.3
(2110) Moore-Sitterly 2 12 8 6.4104 5.4+0.5 130+2¢ 0.152+99%2 16.1 1.5 13.54 0.24 2.3
(4905) Hiromi 1 14 13 10.0199 8.4+ 0.6 45%32 0.183+3%37 26.7 8.2 12.43 0.24 2.4

Appendix B. Albedos, colors and taxonomic classes

We obtained geometric albedos py,;, refined from the WISE data (Masiero et al., 2011) with our accurate absolute magnitudes H; using the
method described in Pravec et al. (2012b) or from our thermophysical modeling (Appendix A), for 31 asteroid pair primaries. The data are given in
the 3rd column of Table 2 and they are plotted in Fig. B.1. 27 of the 31 pairs have medium albedos between 0.14 and 0.32, while 2 and 2 are low- and
high-albedo asteroids (py,; about 0.04 and about 0.49), respectively. The scarcity of low-albedo asteroid pairs in our sample is suspected to be due to
a bias against their detection, as the pair secondaries are mostly small (on an order of 1 km) and the known population of main belt asteroids at these
diameters is heavily biased towards higher albedo objects due to the magnitude-limited sky surveys in the visual spectral range. For 74 asteroid pairs,
we obtained (V — R) color indices for one or both components. The data are given in the 6th and 7th columns of Table 2 and plotted in Fig. B.2.
Nearly 3/4 (53 of the 74) of the asteroid pairs have (V — R) in the range 0.44-0.52, which is a range predominated by the S complex and where also
Q, V and L type asteroids are. The tail towards lower (V — R) values, down to 0.34, is likely a mixture of blue-end members of the SQ complex, X
types, and neutral reflectance (solar-like color)'® primitive (C and C-like) types. From Fig. B.3 where we plot the py,, vs (V — R) data for 26 asteroid
pairs where we got both, it is apparent that most (or all, for our specific sample) asteroid pairs with the (V — R) values from 0.42 to 0.51 have
medium albedos, consistent with them being (mostly) S/Q/L types (see below). Two of the three points with neutral to slightly red (V — R) values
from 0.36 to 0.40 are low-albedo objects and one has a medium albedo; the former are probably primitive (C/C-like) types and the latter, (11286) is
an X/M type. Though unique taxonomic classifications cannot be given from the single-color data, the observed distribution of the albedos and colors
is consistent with what we see in the general population of the main asteroid belt if we consider the observational bias against small low-albedo
asteroids.

The taxonomic classifications that we obtained from spectral or color measurements for one or both components of 42 asteroid pairs (given in the
4th and 5th columns of Table 2) generally confirm the picture suggested from the albedos and (V — R) color indices above. 28 of the 42 are S, Q or L
types, 8 are X (mostly E) types, 4 or 5 (one classification is uncertain) are V types, and 1 is a Ch type. In 9 cases, we obtained taxonomic classi-
fications for both components. One of the 9 is an X type and 8 belong to the SQ complex. It is significant that in all the 9 cases, both components of a
given pair belong to the same taxonomic complex, with no or only moderate difference between them.'” In three cases (see Table 2), we see that the
secondary is apparently less space weathered, having stronger absorption features (Q, Sq, Sr) than the primary (Sq, S, Sa). It suggests that in at least
some asteroid pairs, the secondary has a fresher surface than the primary.

16 The solar (V — R) is 0.367 = 0.006.
17 We obtained the (V — R) data for both pair members in 14 more asteroid pairs (Table 2). 13 of them show the same color indices (within 2 0). In one pair,
54041-220143, we see a difference between their (V — R)’s of 0.045 = 0.021, i.e., significant at 2-o level (see Section 3.26).
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Fig. B.3. Geometric albedos py versus color indices (V — R) of asteroid pairs.
Appendix C. New asteroid clusters

As a by-product of our search for asteroid pairs, we found also 3 new asteroid clusters. We studied them with the methods described in Pravec
et al. (2018) and we outline our results below. Members of the pairs, their absolute magnitudes, distances from the primary in the space of mean
elements and estimated ages are listed in Table C.1.

C.1. Cluster of (5478) Wartburg

We discovered this new cluster as a by-product of our search for asteroid pairs. The distances in the space of mean elements of the two
secondaries (479358) 2013 XN8 and 2008 SS185 from the primary (5478) Wartburg are dpean = 2.26 m/s and 16.66 m/s, respectively. With our
backward orbital integrations we confirmed their relation, see Fig. C.1. It suggests that the two secondaries separated from the primary about 300 kyr
ago. For (5478) and (479358), we measured their mean absolute magnitudes H = 13.03 * 0.09 and 17.72 * 0.06, respectively, with the phase
relation slope parameter G = 0.27 = 0.10 for (5478). The color index of (479358) is (V — R) = 0.508 * 0.020. We also measured their rotation
periods 8.5522 * 0.0003 and 6.1820 + 0.0003 h with lightcurve amplitudes 0.49 and 1.08 mag, respectively.

As we identified the second secondary 2008 SS185 as belonging to this cluster only recently, we considered 5478-479358 as an asteroid pair
before. In Fig. 14 of Pravec et al. (2018), it was the rightmost point at AH = 4.7 and P; = 8.5522 h. Now we know that it is not a pair, but a cluster,
and the point shifts to the left to AH = 3.88 = 0.18 (¢ = 0.0047 = 0.0012) in the plot. However, it is possible that we do not know all members of
this cluster yet and that more will be discovered in the future. We will analyze this cluster in detail in a future paper.
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C.2. Cluster of (10484) Hecht

The two asteroids (10484) Hecht and (44645) 1999 RC118 were identified as a pair by Pravec and Vokrouhlicky (2009), and they were further
studied in Pravec et al. (2010, 2012b). Recently, we found that asteroid 2014 WV530 belongs to it and so the system is actually a cluster. The
distances in the space of mean elements of the two secondaries (44645) 1999 RC118 and 2014 WV530 from the primary (10484) Hecht are
dmean = 2.35m/s and 7.90 m/s, respectively. With our backward orbital integrations we confirmed their relation, see Fig. C.2. It suggests that the
two secondaries separated from the primary about 0.5 Myr ago. We will study this cluster in detail in a future paper.

C.3. Cluster of (157123) 2004 NW5

We discovered this new cluster as a by-product of our search for asteroid pairs. The distances in the space of mean elements of the two
secondaries (385728) 2005 UG350 and 2002 QM97 from the primary (157123) 2004 NW5 are dpean = 19.66 m/s and 2.96 m/s, respectively. With
our backward orbital integrations we found a moderate number of converging clones (Fig. C.3), which suggests that the two secondaries might
separate from the primary at different times, about 1800 and 150 kyr ago, respectively. However, it is possible that the apparent anomalous time
distribution of the clone encounters is affected by that the cluster lies in a relatively chaotic dynamics zone of the main belt. Moreover, we also
consider the possibility that the largest known member (157123) may not be actually a primary of this cluster, but just the largest secondary, while a
real primary may be somewhat displaced from the three known members of the cluster and it still has to be found. That means, it could be a case
similar to the cluster of (6825) Irvine where the three secondaries form a tighter concentration that is somewhat displaced from the primary (Pravec
et al, 2018). For (157123), we measured its rotation period 3.5858 + 0.0005h, lightcurve amplitude 0.65mag, the color index
(V—=R) = 0.482 = 0.023 and the mean absolute magnitude H = 16.93 + 0.07, assuming G = 0.24 + 0.11 that is the mean G value and range for S
types, which is a likely classification for this asteroid. We will study this cluster in detail in a future paper.

Table C.1
Cluster members, absolute magnitudes, distances from the primary and estimated ages.

Asteroid H dinean Toep
(m/s) (kyr)

(5478) Wartburg 13.03 0.00

2008 $5185 17.2 16.66 205459

(479358) 2013 XN8 17.72 2.26 2707638

(10484) Hecht 14.18 0.00

(44645) 1999 RC118 15.0 2.35 3957389

2014 WV530 18.0 7.90 590+358

(157123) 2004 NW5 16.93 0.00

(385728) 2005 UG350 17.5 19.66 17867833

2002 QM97 18.6 2.96 146+380

Cluster of (5478)

Primary: vese = 4.5 m/s‘ Rpin = 1815 km
25001 a) Secondary 2008 SS185
mmm Clone encounters with v < 2 vese and 7y < 10 Ry

Number of encounters: 28028. Tr.ony = 2951"};‘83 kyr

2000 1

1500 A

1000+

5001

b) Secondary (479358)
2500 mmm Clone encounters with vy < 2 Vese and 7 < 10 Ry
Number of encounters: 32385. Trony = 27[)1’(,'3(7’3 kyr

2000 1

Number of clone encounters
o

1500 A

1000 A

5001
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T [kyr]

460



P. Pravec, et al. Icarus 333 (2019) 429-463

Fig. C.1. Distribution of past times of close and slow primary-secondary clone encounters for the two secondaries 2008 SS185 and (479358) 2013 XN8 of the cluster
of (5478) Wartburg.

Cluster of (10484)

Primary: vese = 2.6 m/s, R = 955 km

20000
a) Secondary (44645)
mmm Clone encounters with vy < 2 vese and 7pe0 < 10 Rpn
Number of encounters: 226621. Tpo,y = 2951’?32% kyr
15000
10000
£ 5000
g
g
S 12001 b) Secondary 2014 WV530
':\ mmm Clone encounters with vy < 2 Vese and 7a < 10 R
5] Number of encounters: 22225. Tion, = 59015505 kyr
£ 1000
z.
800 A
600 A
4001
200
0+

800 1200 1400
T [kyr]

Fig. C.2. Distribution of past times of close and slow primary-secondary clone encounters for the two secondaries (44645) 1999 RC118 and 2014 WV530 of the
cluster of (10484) Hecht.
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Fig. C.3. Distribution of past times of close and slow primary—secondary clone encounters for the two secondaries (385728) 2005 UG350 and 2002 QM97 of the
cluster of (157123) 2004 NW5.
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Appendix D. Spurious pairs

In our previous papers (Pravec and Vokrouhlicky, 2009; Pravec et al., 2010; Pravec et al., 2018), there were published two asteroid pairs that we
considered to be real pairs at those times, but that we found spurious or needed further confirmation from our more detailed analyses recently. They
are discussed here.

D.1. Pair 1979-13732

The candidate asteroid pair of (1979) Sakharov and (13732) Woodall was proposed by Pravec and Vokrouhlicky (2009) from analysis of their
osculating elements. We revisited it, finding that the distance of these two asteroids in the space of mean elements is dyean = 23.70 m/s and
calculating that the probability that this pair is a random coincidence of two unrelated asteroids from the background population in the space of
mean elements is P,/N, = 0.07 (see Pravec and Vokrouhlicky, 2009). Our backward orbital integrations revealed no clones of the two asteroids that
would approach mutually to within 15Rgy;; at relative velocities < 5V in the past 1.5 Myr, and we note that the secular angles Q and @ of their
nominal orbits diverge as we go further to the past. We consider this pair as spurious and we did not include it to the asteroid pair sample we study in
this work.

D.2. Pair 130778-490593

We found a potential asteroid pair of (130778) 2000 SX369 and (490593) 2009 WL169 from their proximity in the space of mean elements. The
distance of these two asteroids in the space of mean elements is dyean = 12.85 m/s and the probability that this pair is a random coincidence of two
unrelated asteroids from the background population is P,/N, = 0.05. Our backward orbital integrations showed a very low number of clone en-
counters even with the loosened limits for r.; and v,, specifically, a total of 72 clone encounters spread across a range of 1300 kyr. We observed
(130778) from La Silla during 2015-11-03 to 2016-01-08 and found that it has an extremely long period of 320 = 2 h with a lightcurve amplitude of
0.28 mag at solar phases 6° to 26°. This is longer by one to two orders of magnitude than the rotation periods we found for other asteroid pairs in our
sample. (In Fig. 14 of Pravec et al., 2018, it is the lowermost point at AH = 2.4 and P; = 320 h.) We consider this pair as questionable and its reality
needs to be confirmed with further thorough studies.

Supplementary material

Supplementary material associated with this article can be found, in the online version, at https://doi.org/10.1016/j.icarus.2019.05.014.
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