
Asteroid moons a.k.a. satellites



List of moons...

● Johnston (2021), Margot etal. (2015), Marchis etal. (2008a,b)
● http://www.johnstonsarchive.net/astro/asteroidmoons.html

● 467 in total (!)
● 85 NEAs
● 31 Mars-crossers
● 209 MBAs
● 6 Jupiter Trojans
● 116 TNOs



Discovery

Johnston (2021)
lightcurves (MB)
adaptive optics (MB)
Hubble (TNOs)
imaging
occultations
radar (NEAs)
astrometry



Pravec etal. (2012)

lightcurve w. eclipses



Margot etal. (2015)
Doppler ↔ delay ↕
spike due to secondary
w. synchronous rotation



Marchis etal. (2021)
adaptive optics
halo subtraction



Primary vs. secondary size

● typical ratios:
● MB 0.3
● TNOs upto 1.0
● small moons



Primary vs. secondary mass

● dtto, 3 orders 



Primary size vs. size ratio

Johnston (2021)
Lindsay etal. (2014)
A ... small asteroid
B ... small binary
C ... contact binary
L ... large asteroid
W ... wide binary



Period vs. eccentricity

● unconstrained e, strong bias?
● populations:
● eccentric TNOs, cf. origin?
● few MB w. e > 0.01
● few Trojans
● low e < 0.01, or zero?
● very useful for geodesy!



Primary size vs. spin rate

● LCDB (Warner & Harris) 
● NEAs mostly sub-critical
● MB dtto
● big TNOs more spread
● few slow-rotators
● no fast-rotators
● not random sampling?



Examples: (22) Kalliope

● Linus, massive moonTM, D = 166 km, d = 28 km (cf. Antiope, Patroclus)
● P = (3.595606 ± 0.000375) d, long arc, 158 positions (AO 2001-2019)
● Vachier etal. (2012), Drummond etal. (2021), Marin etal. (in prep.)



(45) Eugenia

● Petit-Prince, S/2004 (45) 1
● eccentric orbits, e1 = 0.0020 ± 0.0012, e2 = 0.11 ± 0.02, geodesy (!)
● Marchis etal. (2010), model w. mutual interactions



(87) Sylvia

● Romulus, and Remus
● P = 1.35699 and  3.64126 d, inclined orbits, i1 = 8.7 deg, i2 = 7.4 deg, geodesy (!)
● Carry etal. (2021); some problems w. differentiation (!)



(130) Elektra

● S/2014 (130) 1, S/2003 (130) 1
● P = 1.256 and 5.287 d, eccentric orbits, e1 = 0.157 ± 0.036, e2 = 0.0835 ± 0.0096
● Marchis etal. (2008b), Yang etal. (2016), Vernazza etal. (2021)



(216) Kleopatra

● Cleoselene, Alexhelios
● significant revision of P1, P2, M, V, ϱ & re-interpretation (!)
● Descamps etal. (2011), Marchis etal. (2021), Brož etal. (2021ab), ESO PR...



(90) Antiope

● equal-size binary (Merline etal. 2000), cf. (617) Patroclus
● sequence: sphere → Maclaurin (2-axial) → Jacobi (3-axial) → dumbbell → binary



Other interesting cases...

● (617) Patroclus - Jovian Trojan (see Lucy)
● (5261) Eureka - Martian Trojan, family
● (10188) Chariklo - Centaur w. ring system (Braga-Ribas etal. 2014)
● (136108) Haumea -  TNO w. 1 ring + 2 moons (Ortiz etal. 2017)
● (486958) Arrokoth - contact binary, “lenticular” (McKinnon etal. 2020)
● ...



(c) NASA/JHU APL/ SWRI



Origins

● L: catastrophic disruptions (SMATs; Durda etal. 2004)
● L: escaping-ejecta binaries (EEBs)
● cratering events?
● S: YORP effect spin-up (Cuk & Burns 2005)
● S: collisional spin-up
● ejections from critical rotators? (e.g. Kleopatra; Brož etal. 2021a)
● reaccretion from ring? (cf. Chariklo, Haumea)
● streaming instability, aerodynamic drag (McKinnon etal. 2020)
● tidal disruption (cf. SL9)



Dynamics

● post-fission encounters (high e; Fang etal. 2011)
● Kozai cycles (e ↔ i; Perets & Naoz 2009)
● close encounters w. planets (Fang & Margot 2012)
● spin-orbit interactions of irregulars (Scheeres etal. 2006)
● chaotic rotation (Naidu & Margot 2015)
● tidal evolution of rubble-piles (Goldreich & Sari 2009)
● tidal saltation (“dunes”; Harris etal. 2009)
● BYOPR radiative effect (Cuk & Burns 2005)
● tidal/radiative equilibrium (Jacobson & Scheeres 2011)
● reflex motion (radar; Margot etal 2002)
● ...



Pairs

Vokrouhlický & Nesvorný (2008)

metrics d = na[(Δa/a)2 + ...]1/2 [m s-1]
statistical argument!

Pravec etal. (2010), Scheeres (2007)
fast primary rotation
strength-less bodies

ωcrit = (4/3 πGϱ)1/2

ωq = ωcrit [(1 + q)/(1 + q1/3)3]1/2



Pairs

Jacobson & Sheeres (2011) 



Vokrouhlický etal. (2021)

(18777) Hobson family
incl. pair ... + (57738)
collisional disruption
w. suitable geometry

→ low-velocity dispersal

→ unbound pair



Durda etal. (2004)

● SMATs
● EEBs



Nesvorný etal. (2019)

● streaming instability (SI), rotating clumps, aerodynamic drag → spiralling
● prograde/retrograde ratio = 0.8, in accord w. observations



Scheirich etal. (2021)

● LC (eclipses) measurements of quadratic mean anomaly:
● (66391) 1999 KW4: (–0.65 ± 0.16) deg/yr2, a ↑ i.e. BYORP + tides?
● (88710) 2001 SL9: (2.8 ± 0.2) deg/yr2, a ↓ “pure” BYORP
● (175706) 1996 FG3: compatible w. zero, in equilibrium?



Vernazza etal. (2021)

● AO survey of large asteroids (MB), both S- and C-types, C- featureless, “fluid”



Vernazza etal. (2021)

● shapes from AO + LC + radar (Viikinkoski etal. 2015, Jorda etal. 2016), volumes
● masses from moons, or mutual encounters (Fienga etal. 2020)



Vernazza etal. (2021)



Links

● https://sirrah.troja.mff.cuni.cz/~mira/tmp/kleopatra/kleopatra.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/kleopatra/moons.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/kleopatra/sphere2018.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/kleopatra/resonance32.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/sylvia/sylvia.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/sylvia/silhouettes.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/sylvia/shape.html
● https://sirrah.troja.mff.cuni.cz/~mira/tmp/kalliope/kalliope.html
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