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The rotational dynamics of asteroids are primarily governed by two mechanisms: collisions and the
Yarkovsky-0'Keefe-Radzievskii-Paddack (YORP) effect. The YORP effect is a radiative torque
resulting from the anisotropic emission of thermal radiation from irregularly shaped asteroids. These
two processes dominate different rotational regimes. Because the strength of the YORP effect scales
approximately as ~1/R2 (where R is the asteroid's radius), it is significantly more effective for
smaller asteroids—typically those less than 50 km in diameter. In contrast, collisions are the
dominant driver of rotational evolution for larger asteroids. Additionally, collisions play a crucial role
in the spin evolution of very slowly rotating asteroids, whose low angular momentum makes them
especially susceptible to even minor impacts.

For the past 40 years, astronomers have been puzzled by three major unexplained phenomena in
asteroid rotation:

= Excess of slow rotators - A significant overabundance of asteroids with extremely slow rotation
periods, first discovered in the 1980s (e.g. Pravec & Harris 2000 and references therein).

= Distribution of tumbling asteroids — A subset of asteroids that do not rotate about their principal
axis (Harris 1994), yet their size-dependent distribution in the slow rotation regime follows a
power law.

Recently discovered in Gaia data (Durech & Hanus 2023), the spin-size distribution of asteroids
exhibits a gap, creating a previously unknown discontinuity in the population, as Fig. 1 shows.
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Fig. 1. Period-diameter distribution: comparison of Gaia observations and simulations. Left:
Observational data from Gaia (Durech & Hanus, 2023) showing the period-diameter distribution for
asteroids, where the tumblers are identified using data from Asteroid Lightcurve Data Base (LCDB)
(Warner, 2009). Right: Results from numerical simulations of the period-diameter distribution. The
grey lines represent a fitted line that identifies the gap in the distribution.

In our latest study (Zhou et al, 2025), we developed a new asteroid rotational evolution model that
includes the collisions, YORP and non-principal axis rotation state (tumbling), successfully resolving
all three of these long-standing mysteries. We show that most of slow rotators should be tumbling
and their overabundance is caused by their slow evolution under the weakened YORP effect. These
tumblers are trapped in the slow regions as collisions keep triggering a new onset of tumbling
motion. A typical rotational evolution is shown in Fig. 2.
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Fig.2. Rotational evolution of a synthetic asteroid over 200 Myr. The spin rate and nutation angle are
denoted by the solid and dashed lines, respectively. This asteroid follows such a typical sequence:
(1) it spins down, under the YORP effect, until it goes through a sub-catastrophic collision; (2)
subsequently, the tumbling motion is triggered and it spins down at a slower rate than before due to
a weak YORP effect until a new tumbling state is triggered; (3) then it starts to spin up at a slow
rate until the tumbling is damped; (4) it spins up at a normal YORP acceleration until getting
disrupted. It can be seen that the time fraction of lifetime in the slow region for asteroids is
relatively high compared to that in the faster region, resulting in a larger number density of asteroid
population in the slow region.

The gap is the boundary between pure spinner and tumblers (Fig. 3) and its location is regulated by
the balance of collisions excitation and friction damping. We also found the location of the gaps is
different for S-type asteroids and C-type asteroids. This could imply that the C-type asteroids
dissipate energies faster than the S-type asteroids due to the difference of porosity and material
properties.
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Fig. 3. Bimodal period distribution for simulated asteroids between 3 km and 4 km as an example
showing the location of the gap. The group of fast rotators is dominated by pure spinners while the
group of slow rotators is dominated by tumblers. A distinct gap clearly separates the two groups.
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