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            Abstract
Asteroids are primitive Solar System bodies that evolve both collisionally and through disruptions arising from rapid rotation1. These processes can lead to the formation of binary asteroids2,3,4 and to the release of dust5, both directly and, in some cases, through uncovering frozen volatiles. In a subset of the asteroids called main-belt comets, the sublimation of excavated volatiles causes transient comet-like activity6,7,8. Torques exerted by sublimation measurably influence the spin rates of active comets9 and might lead to the splitting of bilobate comet nuclei10. The kilometre-sized main-belt asteroid 288P (300163) showed activity for several months around its perihelion 2011 (ref. 11), suspected to be sustained by the sublimation of water ice12 and supported by rapid rotation13, while at least one component rotates slowly with a period of 16 hours (ref. 14). The object 288P is part of a young family of at least 11 asteroids that formed from a precursor about 10â€‰kilometres in diameter during a shattering collision 7.5 million years ago15. Here we report that 288P is a binary main-belt comet. It is different from the known asteroid binaries in its combination of wide separation, near-equal component size, high eccentricity and comet-like activity. The observations also provide strong support for sublimation as the driver of activity in 288P and show that sublimation torques may play an important part in binary orbit evolution.
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                    Figure 1: The 288P system between August 2016 and January 2017.[image: ]


Figure 2: Binary orbits matching the observations.[image: ]


Figure 3: Orbital properties of 288P and of previously known binary asteroids.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Comparison of the binary orbit to the projected heliocentric orbit.
a, Difference in on-sky position angle between the line connecting the two components and the projected heliocentric orbit. The measurements at large component distances (>1.5â€‰px) are consistent with projected inclinations between +4Â° and -12Â°. The error bars in both panels represent the uncertainty propagated from the position uncertainty in Fig. 1. b, Component distance perpendicular to the projected orbit, Î². Near conjunction (separation <1.5â€‰px), these measure the angle Î± between the heliocentric and binary orbit perpendicular to the image plane through the relation sin Î±â€‰=â€‰Î”/D sin Î², where Î” is the geocentric distance and D is the component separation along the line of sight. We assume Dâ€‰=â€‰100â€‰km and Î”â€‰=â€‰2 au. With Î²maxâ€‰=â€‰0.45 px, we obtain Î±maxâ€‰=â€‰9Â°. In conclusion, our best estimate of the binary orbit pole orientation is (-4â€‰Â±â€‰8)Â° in the image plane and (0â€‰Â±â€‰9)Â° perpendicular to it, and we describe the uncertainty of the pole direction by a double cone of opening angle 18Â°. This corresponds to a solid angle of 0.15 sr, or 1% of 4Ï€.


Extended Data Figure 2 Orbital and observational geometry during the HST observations.
a, Binary orbit and line of sight from Earth at an arbitrary fixed time t (black) and with respect to the viewing geometry at a specific reference time (red), seen from the north ecliptic pole. The vector r(t) describes the motion of one component with respect to the other fixed in one focus of the elliptic orbit. tper, time of periapsis passage; Î¸p, Î¸r, true anomaly of a prograde and retrograde orbit; d, projected physical distance of the components; Î±(t), angle between the line of sight and the semimajor axis of the system; Î», observer-centred ecliptic longitude; the index 0 refers to the time t0 (2016 August 22). b, Apparent motion of the 288P system to an Earth-based observer in ecliptic longitude and latitude over the timeframe of the HST observations. The coordinates at the times of the 12 observations are indicated by numbers, with 1 corresponding to 2016 August 22, and 12 to 2017 January 30 (see Extended Data Table 1).


Extended Data Figure 3 The central 8â€³â€‰Ã—â€‰4â€³ of the coma and tail of 288P.
The red and green lines correspond to the projected orbit and projected antisolar direction. Solid black lines show the loci of particles of fixed radiation pressure coefficient Î² (syndynes36), with Î²â€‰=â€‰10âˆ’4, 10âˆ’3, 10âˆ’2 and 10âˆ’1 in anticlockwise order. For a bulk density of 1,000â€‰kg mâˆ’3, this translates to particle sizes of 6â€‰mm, 600â€‰Î¼m, 60â€‰Î¼m and 6â€‰Î¼m, respectively. The remaining lines (cyan, blue, and black-dashed) show synchrones36, the loci of particles ejected at a given time. The colours correspond to the following ejection dates: solid cyan, 2016 July 19; dashed cyan, 20 days before and after that date; blue, 2016 September 29; dotted black, 10 days before the observation; dashed black, 60 days before the observation. Up to September 09, the dust tail was oriented towards the direction where large dust grains (0.6â€“6â€‰mm radius) ejected in July 2016 are expected. Beginning from September 20, a tail of 6â€“60-Î¼m-sized particles developed in the projected antisolar direction and remained there up to the end of our observation campaign in January 2017. On those dates when the viewing geometry allowed us to distinguish between 6 and 60â€‰Î¼m (September 20 to October 26), the smaller-sized syndynes match the data better.


Extended Data Figure 4 Dust production of 288P.
The production rate was inferred from the coma brightness within a 400-km aperture for representative particle sizes of 6â€‰Î¼m and 60â€‰Î¼m. The production rates represent lower limits (see Methods). The horizontal error bars represent the time that it takes dust to leave the 400-km aperture in which the dust brightness was measured. DOY, day of year.


Extended Data Figure 5 Possible evolutionary paths of the 288P system.
We assume that 288P is a fragment from a catastrophic collision 7.5â€‰Ã—â€‰106 years ago15. Possible outcomes of this collision are (1) a single fragment or a contact binary, or (2) an EEB21. EEBs contain only a small fraction of the mass involved in a collision, while the bulk is in single fragments or contact binaries21,22. An EEB could subsequently have been activated by either an impact of a 1-m-radius body, or by rotational mass shedding after YORP-acceleration (path C). The average time between such impacts is 105 years, whereas the YORP spin-up time is 105 to 106 years (ref. 18). The sublimation can last more than 5,000 years (ref. 28). If 288P evolved out of a single fragment or a contact binary, it could have split into a binary by rotational fission on a timescale of 105â€“106 years. Subsequently, the binary and spin periods must have tidally synchronized, to enable binary YORP (BYORP) or sublimation torques to further expand the semimajor axis. The timescale for tidal synchronization of an equal-mass binary is 5,000 years (ref. 18), such that activity triggered upon splitting could have prevailed at the time of synchronization. In that case (path A), sublimation torques could have expanded the binary orbit to its present state on timescales of 500 years. If the system was not active at the time of synchronization (path B), the orbit expansion would have to be attributed to the binary YORP effect, which takes several orders of magnitude longer than sublimation torques. The activity would in this case have had to be triggered by an impact or rotational mass shedding following renewed YORP spin-up. The timescales for path B are longer than for path A but well within the age of the 288P family.


Extended Data Table 1 Parameters of the HST observationsFull size table


Extended Data Table 2 Measured component separationsFull size table
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Some asteroids show comet-like activity and have been dubbed 'main-belt comets'. Jessica Agarwal and colleagues report that one such main-belt comet is a wide binary system, with the components having similar masses. This is in contrast to the usual binary asteroids, where one component is much bigger than the other, and the orbits are close. They conclude that sublimation of subsurface ice drives the activity and that torques arising from sublimation have a role in the evolution of the orbit of the binary.
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