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Abstract
The spin rate distribution of main belt/Mars crossing (MB/MC) asteroids with
diameters 3–15 km is uniform in the range from f = 1 to 9.5 d−1 , and there is
an excess of slow rotators with f < 1 d−1 . The observed distribution appears to
be controlled by the Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect. The
magnitude of the excess of slow rotators is related to the residence time of slowed
down asteroids in the excess and the rate of spin rate change outside the excess. We
estimated a median YORP spin rate change of ≈ 0.022 d−1 /Myr for asteroids in our
sample (i.e., a median time in which the spin rate changes by 1 d−1 is ≈ 45 Myr),
thus the residence time of slowed down asteroids in the excess is ≈ 110 Myr. The
spin rate distribution of near-Earth asteroids (NEAs) with sizes in the range 0.2 –
3 km (∼ 5-times smaller in median diameter than the MB/MC asteroids sample)
shows a similar excess of slow rotators, but there is also a concentration of NEAs at
fast spin rates with f = 9–10 d−1 . The concentration at fast spin rates is correlated
with a narrower distribution of spin rates of primaries of binary systems among
NEAs; the difference may be due to the apparently more evolved population of
binaries among MB/MC asteroids.
Key words: Asteroids, rotation; Photometry; Near-Earth objects; Satellites of
asteroids
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1

Introduction

Rotations of asteroids have been set and altered by several processes during
their formation and evolution. Large asteroids (with diameter D > 40 km)
show a Maxwellian distribution of their normalized spin rates, which is consistent with a relaxed distribution due to collisional evolution. Asteroids smaller
than D = 40 km have spin rate distributions diﬀerent from Maxwellian, with
excesses of both slow and fast rotators (Pravec and Harris 2000, Pravec et al.
2002). Until recently, data on rotations of small asteroids have been rather
limited; below D ∼ 15 km, there was good and consistent data for near-Earth
asteroids only (see the summary in Pravec et al. 2007). Data on spin rates of
small main belt asteroids were sparse, as there was no systematic program to
obtain them in suﬃcient number and quality until recently.
In 2004, two dedicated projects of photometric studies of small main belt asteroids were started. Brian Warner began his project of lightcurve observations
of Hungaria asteroids. Hungarias are a group of bright (geometric albedos
mostly in the range 0.2-0.4) asteroids just outside the orbit of Mars; they are
the smallest non-planet crossing asteroids that can be studied with small photometric telescopes. Warner has obtained data on spin rates for more than
80 Hungarias (Warner and Harris 2007). Their preliminary analysis of the
sample showed that the Hungaria spin rate distribution is not fundamentally
diﬀerent from the spin rate distribution of near-Earth asteroids. The subset of
Brian Warner’s sample of Hungarias that satisﬁes the quality criteria of the
BinAstPhotSurvey has been included in the current study. There were 50 such
Hungarias.
Since December 2004, we have run the project Photometric Survey for Asynchronous Binary Asteroids (BinAstPhotSurvey, Pravec and Harris 2007, and
references therein) that involves a collaboration of a number of asteroid photometrists around the world. Though the main aim of the project has been
to detect and describe binary systems among small asteroids, it has also, as
a by-product, obtained data on spin rates for nearly 300 main belt and Mars
crossing (MB/MC) asteroids with sizes < 15 km. Observations within the BinAstPhotSurvey project have been carried out in a way that largely suppressed
selection eﬀects of the photometric technique. In this paper, we present the
BinAstPhotSurvey sample of spin rates of small MB/MC asteroids, analyze
their distribution, and discuss relationships with theories of evolution of spins
of small asteroids and formation of binary systems among them.

5

2

Data set

In the BinAstPhotSurvey, asteroids with heliocentric semi-major axes < 2.5 AU
and absolute magnitudes H > 12, corresponding to D < 12.5+5.1
−2.3 km for geometric albedo pV = 0.18 ± 0.09 assumed for asteroids in the inner main belt, 1
and with favorable observing conditions were selected as observational targets. Lightcurve observations with photometric errors ≤ 0.03 mag were taken
and a suﬃcient amount of telescope time was allocated for most asteroids so
that their periods were uniquely established. The spin rate estimates have
been very accurate (relative uncertainties typically on an order of 10−4 ) for
asteroids with periods < 10 h. Noticeable uncertainties or ambiguities occured
only in some cases of longer periods where we could not allocate an excessive
amount of telescope time. Nonetheless, the presence of lower quality data for
some slow rotators did not cause any signiﬁcant uncertainty in our analyses; a
possible mutual contamination between the two slowest bins, f = 0–1 d−1 and
1–2 d−1 in histograms presented below was three objects, but likely only 1–2,
i.e., below statistical uncertainties. The fact that we have paid great attention
to obtain good period estimates even for low amplitude asteroids (by giving
a large amount of observing time to tough cases) was a key to the success of
the project which has provided good period estimates even for asteroids with
amplitudes as low as 0.08 mag. For a small fraction (5%) of targeted asteroids
with amplitudes < 0.08 mag, we were unable to obtain good period estimates,
and they have not been included in the analysis. Since they are so few in number, they could not signiﬁcantly aﬀect our analyses of spin rate distributions,
even in the unlikely case that they might have a non-uniform distribution in
f.
In the analyses presented below, we have used data for 268 main belt/Mars
crossing asteroids with estimated diameters D = 3–15 km. The median diameter of asteroids in the sample is 6.5 km. Only 16% have D < 4.4 km and
another 16% have D > 9.8 km, so 68% of the asteroids in the sample are
within a factor of 1.5 of the median diameter. The dataset is available on
http://www.asu.cas.cz/∼asteroid/binastphotsurv mbmc d3 15 071104.txt
References for the data in the summary ﬁle can be found in the Lightcurve
Database compiled by Harris et al., http://www.psi.edu/pds/resource/lc.html
and, for data on primaries of binary systems in our sample, in the Binary Asteroid Parameters dataset (see Pravec and Harris 2007).

1

For most asteroids in our sample, direct size estimates were not available. We have
estimated their diameters from measured absolute magnitudes (H) and assumed geometric albedos (pV ) using the relation given in Pravec and Harris (2007). Assumed
geometric albedos have been taken from Wisniewski et al. (1997): pV = 0.18 for S,
A, and unclassified asteroids, and 0.40 for V and E types. For Hungarias without
known taxonomic class, we assumed pV = 0.30 that is about the mean of albedos of
S and E types that are present among Hungarias in approximately equal fractions.
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Spin rates of small asteroids

3.1 MB/MC asteroids with D = 3 to 15 km
Figures 1 and 2 show a distribution of spin rates of main belt/Mars crossing
asteroids with diameters from 3 to 15 km. The distribution is consistent with
a uniform distribution between f = 1 and 9.5 d−1 , with an excess of slow
rotators at f < 1 d−1 . The excess of slow rotators among small asteroids has
been found already in previous studies (Pravec and Harris 2000, Pravec et al.
2002) using smaller datasets.
A possible explanation for the uniform distribution of spin rates of small
MB/MC asteroids between f = 1 and 9.5 d−1 is provided from the theory
of the YORP eﬀect (see, e.g., Čapek and Vokrouhlický 2004). The theory
predicts that the rate of change of spin frequency (f˙) produced by YORP
is independent of f , as long as it is in a range of frequencies where damping timescales of excited rotation are short in comparison with YORP spin
up/spin down timescales. 2 Any concentration in an original distribution of
spin rates is therefore dispersed by the YORP eﬀect, producing a distribution
more uniform than the original one. As there is no dependence of f˙ on f , the
evolution of spin rates by the YORP eﬀect does not produce any new concentration in the spin rate distribution. The resulting spin rate distribution is
ﬂattened, i.e., it is more uniform than the original distribution.
A simple model showing how a mechanism evolving asteroidal spin rates with
f˙ = const for each individual asteroid produces a uniform distribution from an
original non-uniform one is shown in the appendix. A characteristic timescale τ
of the model corresponds to the YORP doubling/halting time td of an asteroid
rotating with angular frequency ω near the middle of the range of spin rates.
The doubling/halting time is given by
td =

ω
Ic ω
=
,
|hω̇i|
|hTω i|

(1)

where Ic is the moment of inertia of the asteroid around its principal axis, and
Tω is a component of the torque caused by the YORP eﬀect in the direction
of ω (see Rubincam 2000). Since td is, however, by deﬁnition related to a
˙ ≡ |hω̇i|/2 π and conspeciﬁc value of frequency, we prefer to work with |hfi|
vert doubling/halting times estimated in other works to |hf˙i| using
˙ = f (td ) ,
|hfi|
td

(2)

2

A basic YORP theory assumes that asteroid is in its basic rotation state around
principal axis, i.e., any excitation of rotation produced by the YORP effect is
damped down rapidly by inelastic dissipation of energy inside the body. See also
comments on coupling between evolution of spin rate and evolution of obliquity in
the first paragraph and footnote in Appendix.
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where f (td ) is the frequency for which td has been estimated.
Čapek and Vokrouhlický (2004) have estimated a median td ≈ 12 Myr for an
asteroid with D = 2 km and bulk density 2.5 g/cm3 in heliocentric orbit with
semi-major axis a = 2.5 AU, rotating with initial frequency f (td ) = 4 d−1
and with obliquity 0/180◦ (i.e., in asymptotic state), which converts to |f˙| ≈
0.33 d−1 /Myr. Since |f˙| is maximal in the asymptotic state, it represents an
˙ for asteroids starting with general orientations of their spin
upper limit on |hfi|
˙
vectors. Integrations of YORP evolutions by Vokrouhlický et al. give that |hfi|
for a given asteroid is typically lower by a factor 1.5–2 than its value of |f˙| in
the asymptotic state. So, for the model asteroid of Čapek and Vokrouhlický
˙ ≈ 0.19 d−1 /Myr. Scaling it to the median D = 6.5 km and
(2004), we get |hfi|
˙ ≈ 0.022 d−1 /Myr
a = 2.26 AU of our MB/MC asteroids sample, we get |hfi|
−1
(i.e., td ≈ 180 Myr for asteroid with f (td ) = 4 d and a general initial
spin axis orientation) as a typical rate of change of frequency for asteroids
in our sample. The model presented in Appendix shows that the spin rate
distribution is ﬂattened after time 3τ . So, if the asteroids in the MBA/MCs
sample are at least 500 Myr old, then the model predicts that the spin rate
distribution should be uniform.
According to Bottke et al. (2005), main belt asteroids with D = 3–15 km have
collisional lifetimes of 2 Gyr or longer. Of the 268 asteroids in our sample,
50 and 29 are members of the Hungaria and Phocaea groups, respectively.
Asteroids in these two high-inclination asteroidal groups (and moreover with
the Hungaria group being decoupled from the main belt) have collisional lifetimes even longer than ordinary main belt asteroids; most of the 79 Hungaria/Phocaea asteroids may be more than 4 Gyr old. Only a few asteroids
in the sample that are members of two “recent” families —four belong to the
Baptistina family and one belongs to the Massalia family— are younger; the
Baptistina and Massalia families are estimated to be 150–200 Myr old (Bottke
et al. 2007, Vokrouhlický et al. 2006). So, most asteroids in our sample have
probable ages 10–20 times longer than their estimated doubling/halting time
td . It is consistent with the hypothesis that the observed uniform distribution
of spin rates between f = 1 and 9.5 d−1 has been produced by the YORP
eﬀect.
An explanation for the excess of slow rotators with f < 1 d−1 is less clear.
Generally, a concentration in a certain interval of spin rates is produced when
(1) asteroids originate with spins in the given spin rate interval in higher
abundance than outside it, or
(2) rate of a ﬂow of asteroids in the f parameter space is slowed down in
the given interval, i.e., asteroids spend longer times in that given interval
than in intervals of same width outside of that range. 3
3

Since we estimate that the collisional age of the small asteroids is many times
longer than the time scale to evolve to slow rotation, the excess of slow rotators
must be in a dynamic equilibrium, i.e., a flow of asteroids into the excess must be
equal to a flow of asteroids out of the excess. If it was not so, e.g., if the flow of

8

We speculate that the excess of slow rotators is caused by a generalized YORP
eﬀect. The basic YORP theory breaks down at low spin rates where damping
timescales of excited rotation are comparable to or longer than YORP evolution timescales for asteroids in the given size range. Therefore, it is possible
that for slow rotators, f˙ is no longer independent of f as it is for faster rotators.
If the YORP eﬀect on slowly rotating asteroids is weakened, they will remain
slow rotators for a prolonged time, which would explain the concentration of
asteroids at low f ’s (scenario 2 above). A ﬁrst attempt to model the YORP
eﬀect on slow rotators by Vokrouhlický et al. (2007) has suggested that the
YORP eﬀect itself can trigger tumbling while it spins down an asteroid and
then it causes a chaotic evolution of its tumbling rotation. Observationally,
studies of non-principal axis (NPA) rotations of asteroids in the size range
1–10 km (Pravec et al. 2005, updated) have shown that at D ∼ 6.5 km, most
asteroids with P > 4 d, and some in the range P = 2–4 d are tumbling. Using
these statistics, we estimate that about 1/3 of asteroids in the slow rotators
excess are in NPA rotation states. So, a signiﬁcant part of asteroids in the slow
rotators excess may indeed experience a chaotic tumbling rotation evolution
by YORP.
An alternative mechanism of excitation of asteroids slowed down by YORP is
sub-catastrophic collisions. A characteristic timescale of collisions capable of
exciting the rotation of a main belt asteroid with D = 6 km and P = 4 d is
estimated to be ≈ 70 Myr (adapting formulas given by Farinella et al. 1998).
Though the estimated timescale of exciting collisions has a substantial uncertainty (which is dominated by an uncertainty in the estimated number of
asteroids with sizes about and above 100 m), it is comparable to a median
time in which YORP changes spin rates by 1 d−1 , that is ≈ 45 Myr (derived
˙ ≈ 0.022 d−1 /Myr given above). So, it is possible that
as an inversion of |hfi|
sub-catastrophic collisions contribute to the excitation of slowly rotating asteroids in the excess with f < 1 d−1 with diameters about 6 km of our MB/MC
asteroids sample.
The time of residence (tsre ) of an asteroid in the slow rotators excess can be
estimated by
tsre =

Nsre
,
˙
nreg |hfi|

(3)

where Nsre is a number of asteroids in the slow rotators excess, and nreg and
˙ respectively, are a number density and a mean rate of change of rotation
|hfi|,
frequency of asteroids in the regular spin rate range outside the slow rotators
˙ ≈
excess. For our sample, we have Nsre = 56, nreg = 23.9/d−1 , and |hfi|
−1
0.022 d /Myr, that gives tsre ≈ 110 Myr. We point out that the estimation
of the residence time does not depend on an actual amount of contribution of
sub-catastrophic collisions to excitation of slow rotators, as long as a typical
asteroids out of the slow rotators excess was zero, we would expect that fully half
of all small asteroids (the ones that chanced to have f˙ < 0) would accumulate in
the slowest spin rate bin.
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magnitude of a spin rate change by exciting impact is less than the width of
the slow rotators excess (∼ 1 d−1 ).

3.2 Near-Earth asteroids with D > 0.2 km
A comparison of the data for 3–15 km sized MB/MC asteroids with data
for another population of small asteroids, near-Earth asteroids, brings further
useful insights. We use the dataset of NEA spin rates from Pravec et al. (2007).
The median diameter of NEAs in the sample is 1.3 km, and 85% of them have
D < 3 km. So, the NEA dataset is a sample of smaller asteroids than the
sample of small MB/MC asteroids given in the previous section; there is very
little overlap between the NEA and the MBA/MC samples, and the median
D of the NEA sample is 5-times less than the median D of the MBA/MC
sample. Interpretations of diﬀerences seen between distributions of spin rates
of MB/MC asteroids and near-Earth asteroids have to take into account their
diﬀerent sizes.
Figure 3 shows a distribution of spin rates of near-Earth asteroids with D >
0.2 km. There are apparent excesses of slow rotators with spin rates f < 1 d−1
and of fast rotators with f = 9–10 d−1 in front of the spin barrier at f ∼ 11 d−1
(see Pravec et al. 2007). The structure near the middle of the range, where
there is an apparent concentration at f ∼ 4 d−1 and a drop of the observed
density for f > 5 d−1 , is at frequencies where data in the NEA spin rates
sample may be particularly sensitive to observational selection eﬀects; we will
discuss it in the last paragraph of this section.
The excess of slow rotators among NEAs is in the same range of spin rates
and it has the same magnitude as for the MB/MC asteroids, within the statistical uncertainty. (There are 44 NEAs with f < 1 d−1 and a mean number
density in the range f = 1–11 d−1 is 22.8/d−1 .) It suggests a common mechanism causing asteroids in both populations (over the size range 0.2–15 km) to
concentrate at low f ’s. It may be the chaotic tumbling rotation evolution by
YORP for asteroids in the slow rotators excess (the generalized YORP eﬀect)
as discussed for larger MB/MC asteroids in Sect. 3.1, but a possible contribution to excitation of slow rotators from sub-catastrophic impacts needs to be
studied.
The excess of fast rotators in front of the spin barrier is not seen among
larger MB/MC asteroids. We propose a hypothesis that the fast rotators excess among NEAs is due to primaries of NEA binaries concentrating in the
range of the fast rotators excess (see Pravec et al. 2006). In Figs. 2 and 3, we
have plotted distributions of binaries among 3-15 km MBA/MCs and NEAs,
respectively (the dark colored histograms plotted over the light colored ones
which are for all asteroids in the samples). The distribution of spin rates of binary primaries apparently correlates with the distribution of all asteroid spin
rates both among NEAs and MBAs/MCs in the range 6–11 d−1 . The excess of
fast rotating NEAs coincides with the concentration of spin rates of primaries
10

of NEA binaries (at periods 2.2–2.8 h, where about 2/3 of NEAs are binary;
Pravec et al. 2006), but among MBA/MCs, both the fast rotators excess and
the concentration of binary primaries appear dispersed over a broad range (to
the degree that the fast rotators excess is no longer visible). If binary systems
among both MBAs and NEAs have been formed at the spin barrier, the difference between the distributions —narrow and located in front of the spin
barrier for NEAs, and broad, dispersed towards lower rates for MBAs— implies that rotations of primaries of MBA binaries are more evolved from the
spin barrier than NEA binaries. Since YORP works slower in larger asteroids,
either apparently more evolved MBA binaries are much older than NEA binaries (see also a discussion on lifetimes of binaries in Pravec and Harris 2007),
or spins of primaries of binary systems have been dispersed from the spin barrier by another mechanism with a rate greater for larger primaries (i.e., with
size dependence opposite to YORP that has a strength inversely proportional
to D 2 ).
A cause for the third apparent concentration at f ∼ 4 d−1 and the drop of
the observed density at f = 5 d−1 is unclear. We consider that it may be
largely due to observational biases in the NEA spin rates sample. The mean
lightcurve amplitude decreases by a factor greater than 2 with frequencies increasing from 4 d−1 to 7 d−1 , with the steepest decrease in the range 5–6 d−1
(see Pravec and Harris 2000, Fig. 6). The apparent drop of the observed density at f = 5 d−1 may be at least in part due to a selection eﬀect against
low-amplitude asteroids in the NEA sample. The density at f ∼ 4 d−1 might
be also enhanced with respect to lower f ’s because the photometric technique
as applied in some NEA photometry programs favored detections of relatively
short periods about 6 h against longer ones that generally require a larger
amount of observations to be established. The NEA sample is not so homogeneous as the BinAstPhotSurvey sample for MBA/MCs and the observational
biases there were not so suppressed as in the BinAstPhotSurvey.

4

Conclusions

Spin rates of asteroids smaller than 15 km appear heavily evolved by the
Yarkovsky-O’Keefe-Radzievskii-Paddack eﬀect and processes at the fast spin
barrier. Timescales of the YORP evolution are short in comparison with probable ages of small asteroids, so their spin rate distribution appears relaxed and
information on initial distribution of spin rates of small asteroids (after their
formation in collision events in the main belt, presumably) has been erased.
As large asteroids with D > 40 km appear collisionally evolved, presumably
during their formation period in early Solar System —their normalized spin
rates have a Maxwellian distribution— there occurs an interesting question of
how the evolution processes aﬀect spin rates of asteroids in the intermediate
size range. Scaling the median doubling/halting timescale estimated by Čapek
and Vokrouhlický (2004), we get that it is about equal to their ages (∼ 4 Gyr)
11

for asteroids with D ∼ 30 km. The range D = 10–40 km is where the ﬁrst
prominent deviations of spin rate distribution from Maxwellian appear, going
down from larger sizes. There occur ﬁrst several “outlying” slow rotators,
indicating an onset of the slow rotators excess at sizes of a few tens km. The
geometric mean spin rate (hf i) generally increases (with possible minor wavy
variations) in the range with diameter going down from 40 to 10 km (see Fig. 2
in Pravec and Harris 2000, also Fig. 2 in Pravec et al. 2002). The observed
increase of hf i with decreasing diameter in the 10–40 km size range may be
due to the increasing rate of the YORP evolution in the range. A levelling of
the geometric mean spin rate at hf i = 4–5 d−1 in the range D = 1–15 km
that is apparent in the plots mentioned above appears to occur there where
the spin distribution is heavily relaxed and asteroid spin rates dispersed over
the whole possible range of frequencies (from nearly 0 to ∼ 11 d−1 ) so that
there is little further dependence of hf i on D in the 1–15 km size range.
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APPENDIX

A

Simple model for the YORP-dominated rotation rate dynamics

Assume a simple model for time evolution of rotation frequency f with constant rate C of its change. Thus, we have
df
fmed
=
=C,
dt
τ

(A.1)

where fmed is median value of f and τ is some characteristic timescale. YORP
dominated evolution of regular rotation states (SAM rotation mode) has been
found to support such a simpliﬁed model (e.g., Čapek and Vokrouhlický 2004). 4
The rotation rate f is deﬁned in some ﬁnite interval of values between 0, for
a non-rotating body, and fm , the maximum value corresponding to rotational
ﬁssion. Solution of Eq. (A.1) would have been trivial if it were not for the
boundary conditions at 0 and fm . This is because a simple YORP theory of
bodies in the SAM mode breaks down (i) for slow rotation, with possible onset
of tumbling and/or other contributing eﬀects such as impacts, and (ii) near the
rotation ﬁssion limit where the asteroid can change shape due to landsliding or
even shed mass followed by satellite formation or escape of its fragments (e.g.,
Scheeres 2007). Neither of these two regimes is well-understood and we are
forced to use a rough approximation of things happening in the two limiting
regimes in our model.
The rate C in Eq. (A.1) might be either positive or negative with about the
same likelihood (Čapek and Vokrouhlický 2004). This means YORP can either
increase or decrease the rotation rate. Moreover, the value of C depends on the
degree of irregularity of the asteroid shape, such that it can be very small or
zero for smooth-enough surfaces or those endowed with particular symmetries
(e.g., triaxial ellipsoids). It is maximized for highly irregular shapes. In what
follows we shall assume C values have a Maxwellian distribution with the
maximum probability density at some characteristic value fmed /τ (see Čapek
and Vokrouhlický 2004). We also use a formalism in which the sign of C is
included into f , such that C is always positive, but f is formally deﬁned to have
values in an extended interval (−fm , fm ). A real, measured physical quantity is
|f |, and evolution on the negative f branch is that of YORP-deceleration and
4

Note that in a detailed YORP evolution model, a rotation rate evolution would be
coupled with evolution of obliquity (e.g., Rubincam 2000; Vokrouhlický and Čapek
2002; Čapek and Vokrouhlický 2004). However, as Čapek and Vokrouhlický (2004)
have shown, a typical YORP evolution ultimately drives obliquity into particular
asymptotic states. As a result, Eq. (A.1) should be understood as description of
the evolution after reaching the asymptotic states. Including the obliquity evolution
would mean to add some initial transition phase into the model. We neglect it in
the zero-level approximation; we also consider that it may be partially absorbed
into the timescale τ .
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evolution on the positive f branch is that of YORP-acceleration. The points
f = 0 and f = fm are boundaries where speciﬁc conditions should determine
an exact evolution of the rotation rate f (note f = −fm cannot be reached
by the ﬂow deﬁned in Eq. (A.1)). While a realistic modeling of what happens
at both boundaries is beyond the scope of this paper, we adopt the following
crude approximations:
• f = 0. When an evolving object reaches this boundary, we choose a new
value of C from its probability distribution, and let the body evolve toward
the positive branch of the f axis.
• f = fm . Rotation rate f of an object reaching fm is set to f = −fm and its
motion continues with a new, randomly chosen C rate along the negative
branch of the f axis (it means that it “bounced” at the spin barrier fm ).
With the identiﬁcation fm and −fm the evolution is eﬀectively that of a ﬂow
on a circle. Changing the rate of change C at 0 and ±fm produces a shear
that tends to smear any initial structures in the rotation rate distribution. A
few comments on the above choices are in order.
Letting the solution go from near f = 0 to positive f values means the solution
must re-emerge to nominal rotation rates by acceleration of its rotation frequency. The exact process of how this happens is unknown. It may be driven
by sub-catastrophic collisions that can chip oﬀ parts of the target and re-shape
it so that the direction of the YORP evolution is reversed from previous deceleration to acceleration of f . A similar evolution may be, however, driven by
YORP itself. Vokrouhlický et al. (2007) have shown that during the chaotic
tumbling rotation phase the YORP eﬀect may eventually ﬂip the spin axis
in the body frame and orient the body such that it starts gaining rotation
energy. When internal dissipation then brings the rotation into a SAM mode,
the reverted spin axis in the body frame may cause YORP spin up again. In
both cases it seems appropriate to randomly choose a new rate of change C
at the very slow rotation mode.
The physical situation near the ﬁssion limit is also unknown. For instance, our
simple circular ﬂip from fm to −fm may describe a situation where a body that
has reached the fast spin barrier is re-shaped by shedding small pieces from
its surface until YORP starts decelerating its rotation. This model neglects
situations such as when the body re-shapes into a near-spherical shape and
then stalls near, or evolves slowly from, the spin barrier for a prolonged time.
Such a situation appears to occur for primary components of binary systems
among small asteroids (see Sect. 3 and references given there).
For the starting f distribution in our simulations, we used a Maxwellian distribution with peak at f = 4. Since an initial state is quickly forgotten in
the simulated evolution, the particular choice of initial distribution does not
critically aﬀect the result of the simulations.
Figure 4, left panel, shows the result of our simulation. To minimize statistical
ﬂuctuations, we used 106 trial evolutions to determine the plotted distribu14

tions. If we used a lower number of trial cases, for instance 268 objects as is
the number of asteroids in the observed MBA/MCs sample, we would obtain
qualitatively the same result, but with statistical ﬂuctuations in the calculated distribution due to the limited number of points. A fundamental result
is that relaxation toward uniform distribution is achieved at t between 2 τ and
3 τ and after that the distribution shows no more noticeable evolution. The
real data show such uniform distribution over most of the spin rate interval,
but there is observed the excess at slow rates (Fig. 2). We have speculated
above that it has to do with the actual mechanism by which an asteroid reemerges from the very slow rotation state. In our toy model, it means that
a delay must be introduced between entering the slow rotators bin and reemerging from it. We heuristically model this process by decreasing a value
of C in Eq. (A.1) to another, eﬀective value C1 when the object reaches the
|f | < 1 range. Choosing C1 = C/2 we get results shown on the right panel
of Fig. 4. While the relaxation timescale remains same, the resulting evolved
f -distribution resembles the one observed for small main belt asteroids.
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Fig. 1. Cumulative distribution of spin rates of main belt/Mars crossing asteroids
with D = 3 to 15 km. A histogram of the data is shown in Fig. 2. The spin rate
distribution is uniform from f = 1 to 9.5 d−1 , and there is an excess of slow rotators
at f < 1 d−1 (the steep slope of the cumulative distribution in the interval 0–1 d−1 ;
see also Fig. 2).

17

Fig. 2. Histogram of spin rates of main belt/Mars crossing asteroids with D = 3 to
15 km (same data as in Fig. 1; see comments in its caption). Lower histogram (dark
colored bins, plotted over the grey bins histogram) shows a distribution of spin
rates of primaries of all known MB/MC binaries with primary diameters D1 = 3 to
15 km. The dashed line indicates a mean number density of 23.9/d−1 in the range
f = 1 to 9 d−1 in the given sample.
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Fig. 3. Histogram of spin rates of near-Earth asteroids, and primaries of NEA binaries, with D > 0.2 km (update of Fig. 3 in Pravec et al. 2007). The excesses of
slow rotators with spin rates f < 1 d−1 and of fast rotators with f = 9–10 d−1 (pile
up in front of the spin barrier at f ∼ 11 d−1 ) are apparent. The latter coincides
with concentration of spin rates of primaries of NEA binaries. Note that the plotted
binary data are observed, they have not been corrected for selection effects. After
debiassing, heights of the bins for binaries would be higher by a factor of about
2.5; about 66% of NEAs with periods 2.2–2.8 h (f ∼ 8.6–10.9 d−1 ) are actually
binary (Pravec et al. 2006). Note: One known super-fast rotator, 2001 OE84 with
f = 49.33 d−1 is off scale of the shown histogram.
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Fig. 4. Simulated spin rate distribution from our simple model at three time instants:
(i) at t = 0, assumed initial distribution (Maxwellian; top panels), (ii) distribution
at t = τ (middle panels), and (iii) distribution at t = 3 τ (bottom panels). Maximum
of the distribution has been arbitrarily normalized to unity. Left column: the first
model with C constant for individual asteroid as it moves over the whole f range.
Right column: the modified model with C in the first bin f = 0 − 1 set to half of
its value outside the slow rotators bin.
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