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The Yarkovsky–O’Keefe–Radzievskii–Paddack (YORP) effect
may spin up or spin down 5-km-radius asteroids on a 108-year
timescale. Smaller asteroids spin up or down even faster due to the
radius-squared dependence of the YORP timescale. The mechanism
is the absorption of sunlight and its re-emission as thermal radiation
from an irregularly shaped asteroid. This effect may compete with
impacts and tidal encounters as a way of changing rotation rates
for small asteroids, especially in the near-Earth region. The YORP
effect may explain the rapid rotation of 1566 Icarus and the slow
tumbling of 4179 Toutatis. It may explain to some extent the slow
rotation of 253 Mathilde. Meteoroids spin up or down on timescales
fast compared to their cosmic ray exposure ages.

Key Words: asteroids, rotation; meteoroids; asteroids, Eros; aster-
oids, Gaspra; surfaces, Asteroid.
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The major mechanism for changing the spin state of sm
asteroids is generally thought to be collisions (Daviset al.
1989) and tidal encounters (Bottkeet al.1997, Richardsonet al.
1998), but thermal torques, one aspect of the Yarkovs
O’Keefe–Radzievskii–Paddack effect, may also be importan
kilometer- and smaller-sized asteroids, especially in the n
Earth region. It has been known for some time that ano
aspect of this effect (YORP effect for short), namely sunlig
reflecting off a body with an appropriate shape, can spin
small bodies orbiting the Sun (Radzievskii 1954, Paddack 19
1973, Paddack and Rhee 1975, O’Keefe 1976, Sazanov 1
Komarov and Sazanov 1994). The reflection can transfer
gular momentum to the body, causing it to change its rota
speed. One example of such a shape is a propeller, with
Sun on the rotation axis; sunlight bouncing off the blades wo
cause it to spin. The amount of torque imparted to an obje
tiny, due to the small amount of momentum carried by photo
However, the YORP torque is secular, so that after a long pe
of time the body’s rotation rate can be substantially altered.

In the Yarkovsky–O’Keefe–Radzievskii–Paddack effect, th
mal emission of infrared radiation from a body can also prod
a torque, so that even a nonreflective blackbody can be spu
if it has the right shape. This is significant, since small So
System objects tend to be very dark (e.g., Tedesco 1989). T
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ter the rotation rate of 10-km-diameter asteroids on a 108-year
timescale for suitable shapes. Smaller asteroids and meteo
spin up or down even faster.

The principle of thermal torqueing due to the Yarkovsk
O’Keefe–Radzievskii–Paddack effect is illustrated in Fig.
which shows a rotating spherical asteroid with two identi
wedges attached to its equator. The asteroid is assumed to
blackbody, with the Sun lying in the asteroid’s equatorial pla
Also, the asteroid’s center of mass is assumed to be at the c
of the sphere. The Sun heats the surface; this energy is reem
as thermal radiation. Since photons carry momentum, as t
mal photons leave the surface they impart a kick to the aste
by momentum conservation. It is assumed here that the pho
departing from any given spot on the surface obey Lambe
law, which means that they are axially distributed about the
cal vertical, giving a net downward force perpendicular to t
surface. There will be no radiative torque on the spherical p
of the asteroid because forces on the sphere point to the c
of mass; they have no lever arm. Hence only the forces on
wedges need be considered.

As the asteroid rotates around, the Sun shines on the
tical face of one wedge and the slanted face of the other
the instant shown in the figure, each wedge intercepts the s
amount of sunlight; if it reradiates all of this energy thermal
there will be a net torque on the asteroid. The reason is
though the magnitude of the force on each face is the same
forces do not cancel; each force is normal to its surface (
Fig. 2). The equatorial component of force on the slanted fac
smaller than the force on the vertical face, causing a net tor
along the rotation axis. This thermal torque does not aver
to zero as the asteroid rotates through 360◦, so that there is
a secular component. The asteroid spins faster and faster
time.

A body must have a certain amount of “windmill” asymmet
in its shape, like the asteroid in Fig. 1, to be spun up (Padd
1969, 1973, Paddack and Rhee 1975, O’Keefe 1976); figu
of revolution or even triaxial ellipsoids will not suffer from th
YORP effect. There will also be an instantaneous torque fr
the sunlight striking the surface and being absorbed by the bl
body asteroid. This torque will average to zero because it
pends on the silhouette that the asteroid presents to the Sun
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RADIATIVE SPIN-UP AND SPIN

FIG. 1. Spin-up of an asymmetrical asteroid. The asteroid is modeled
sphere with two wedges attached to its equator. The asteroid is a blackbo
that it absorbs all the sunlight falling upon it. The solar energy is reemitte
thermal radiation, which causes a net torque on the asteroid.

FIG. 2. The radiative forces on the wedges. Sunlight (wavy arrows) com
in horizontally from the left. Each surface absorbs the same amount of sun
and reradiates in the infrared according to Lambert’s law. The net momen
of the photons departing the surface is normal to the surface (thick arrows
action–reaction, the wedge is kicked in the opposite direction. There is a

torque about the rotation axis because each force has the same magnitud
different directions.
DOWN OF SMALL ASTEROIDS 3
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solar torques will cancel themselves as the Sun sees the si
ette in all aspects.

PSEUDO-ASTEROIDS

The thermal torques from the YORP effect are computed
low on the five hypothetical asteroids Pseudo-gaspra, Pse
ida, Pseudo-eros, Pseudo-phobos, and Pseudo-deimos. Th
so-called because their shapes are based on spherical har
expansions of the real shapes of asteroids 951 Gaspra, 24
and 433 Eros, as well as Phobos and Deimos (the two m
of Mars). Their sizes are allowed to vary, but the shapes
densities stay the same. Each is a blackbody. They are t
to be in circular orbits about the Sun. Pseudo-gaspra orbits
Sun at 2.21 AU, just as the real Gaspra does; likewise Pse
ida orbits at 2.86 AU while Pseudo-eros orbits at 1.46 AU, l
the actual asteroids do. Pseudo-phobos and Pseudo-deim
taken to circle the Sun at 3 AU, in order to place them in
main asteroid belt. These objects have been chosen becau
merical shapes have been determined for them by P. Tho
(Thomaset al. 1994, 1996, Rubincamet al. 1995) and others
(see Acknowledgments). Hence their shapes will be more
alistic for (if not necessarily representative of) small astero
than artificially concocted shapes.

Each pseudo-asteroid’s shape is given by

r =
lmax∑
lmi

Almi Ylmi (θ, λ), (1)

where the spherical harmonics are

Ylm1(θ, λ) = Plm(cosθ ) cosmλ

Ylm2(θ, λ) = Plm(cosθ ) sinmλ,

with Plm(cosθ ) being the associated Legendre polynomial
degreel and orderm, while θ is colatitude andλ is east longi-
tude. Here theAlmi are the shape coefficients derived from inn
products of spherical harmonics with the numerical shapes

The thermal torques are computed numerically by find
the thermal force on 5◦ × 5◦ squares of the spherical harmon
shape. The Sun shines on an asteroid with strength

FS = FE

(
aE

rS

)2

, (2)

where rS is the asteroid’s distance from the Sun, andFE =
1378 W m−2 at the Earth’s distanceaE = 1 AU. The amount of
solar power deposited on a surface element with area dA is then
SdA = (r̂S · N̂)FSdA, wherer̂S is the unit vector pointing from
the asteroid to the Sun,N̂ is the unit vector normal to the surfac
element, andS is the insolation. If each surface element is in

e butradiative steady state with respect to the insolation, the black-
body temperatureT of each square will be given byσT4 = S,
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whereσ is the Stefan-Boltzmann constant (e.g., Lebofsky
Spencer 1989, Rubincam 1995). For Lambert’s law, the forf
per unit area exerted by the reaction to the escaping photo
normal to the surface in the direction -N̂ and given by 2σT4/3c,
wherec is the speed of light (see for example Rubincam 198
Thus for this ideal situation the force per unit area on dA is

f = −2(r̂S · N̂)FSN̂/3c. (3)

This force is then reduced by a thermal fudge factorfth to ac-
count for possible thermal inertia and conduction in the rego
The variation in temperature1T behaves like

1T ∝ [1+ 28+ 282]−
1
2 (4)

in a linearized theory (Rubincam 1995, p. 1587), where8 is
half the thermal parameter of Lebofsky and Spencer (19
Asteroids rotate typically rotate with periods near 12 h (e
Binzel et al. 1989). Using the conductivity and density of t
lunar regolith gives8 ∼= 0.4 at 3 AU for a rapid 6-h rotation
period (Rubincam 1995, pp. 1587 and 1591). From (4) th
considerations produce a conservative fudge factor offth

∼= 2
3.

Clearly by proceeding in this simple way the actual tempera
T need not be solved for; computing the insolationSis all that is
needed. These calculations could obviously be refined fur
but this is unnecessary here, since this paper is concerned
with demonstrating the order-of-magnitude of YORP.

The elemental torque dτ on the surface element is given b

dτ = r × f dA, (5)

wherer is the distance from the center-of-mass to dA. All of the
elemental torques are summed up to find the total torque a
the rotation axis. The center-of-mass is found from the astero
shape, assuming a uniform density. The torque is determine
every 5◦ of rotation and averaged over one full rotation of the
teroid on its axis and over one full revolution as it orbits the S

Shadowing is included in the calculations on all the pseu
asteroids. The coordinate system is rotated so that the Sun s
down the newz-axis. Starting from colatitude zero and a giv
longitude in the new system, colatitude is increased and
5◦ × 5◦ square is checked to see if some previous square a
same longitude juts out further from thez-axis. If so, the presen
square is in shadow and the force on it is set to zero. Otherw
is in sunlight and the torque is calculated as described previo
The normal to the surface, which gives the direction opposit
the force on the surface, is found by taking the gradient of
spherical harmonic expansion of the shape (1) at the locatio
the square. All torques are then referred back to the old coo
nate system where thez-axis points along the positive rotatio
axis. As a check the torque from just the photons coming in f
the Sun and striking the surface is computed; this torque sh

ideally be zero when averaged over a full rotation and aster
year, as stated above. In practice it is usually about a facto
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10 smaller than the thermal torque, so that the accuracy of
scheme to account for shadowing is probably good only to ab
the 10% level.

The moment of inertia of each asteroid is also required. H
C is the moment of inertia,M is the mass, andR is the radius
of each asteroid, whereR is defined as the radius of a sphe
which gives the volumeV ; i.e.,V = 4πR3/3. The angular spee
is denoted byω. The equations below use the actual mome
of inertia of the asteroids, which isC/M R2 ∼= 0.50 for Deimos
(Rubincamet al. 1995), 0.49 for Phobos (Chao and Rubinca
1989), 0.63 for Gaspra (Thomaset al. 1994), 0.89 for Eros
(Yeomanset al. 1999; Veverkaet al. 1999), and 0.92 for the
highly elongated Ida (Thomaset al. 1996). The densities o
Pseudo-deimos, Pseudo-phobos, Pseudo-ida, and Pseud
are the same as their namesakes. The density of Gaspra
known, so the density of Pseudo-gaspra is conservatively
sumed here to be 3 g m−3, which is high compared to abou
2 g m−3 for Phobos and Deimos (Duxbury and Callahan 198
1.3 g m−3 for 253 Mathilde (Thomaset al.1997), 2.6 g m−3 for
Ida (Beltonet al.1996), and 2.5 g m−3 for Eros (Yeomanset al.
1999, Veverkaet al.1999). The spin-up timescale is proportion
to density, so that a lower density will shorten it, and a hig
one will raise it. All torques have been computed using sph
cal harmonic expansions of shape complete to degree and
12, except for Pseudo-deimos, which is complete to degree
order 6. It appears that Deimos’ windmill shape is a large-sc
property; degrees higher than 6 do not change the torques
much, so that this low value is used here.

RESULTS

The torqueτ z along the axis of maximum moment of inert
which changes the rotation rate and the torqueτ2 whichs acts to
change the obliquity are shown in Fig. 3. The positive direct
of the body-fixedz-axis points such that the magnitude of t
torqueτ z is positive when thez-axis is normal to the orbita
plane. The angle2 is defined such that it is the angle betwe
the orbital plane and̂s. When the unit spin vector̂spoints in the
positive z direction for small angles between the equator a
the orbital plane, the asteroid speeds up, as shown in the
part of the figure. Because the torques are independent o
sense of rotation of the asteroid, the torques remain the s
whenŝ is reversed, as shown in the bottom part of Fig. 3. For
prograde rotators Gaspra and Eros2 is the same as the obliquity
while for Ida, which is a retrograde rotator speeding up from
YORP torque,2 is 180◦ minus the obliquity. The torques ar
also independent of which way the Sun revolves around i
seen from the asteroid, as indicated by the arrows on either
of the Sun in Fig. 3.

The torques for Pseudo-gaspra and Pseudo-eros are sho
functions of2 in Fig. 4; the same is done for Pseudo-deim
and Pseudo-ida in Fig. 5. Thez-axis for Pseudo-deimos is th

oid
r of
opposite of Deimos; for Deimos’ present sense of rotation, it
would spin down and not up.
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FIG. 3. Relative geometry of the asteroid and the Sun. The body-fi
z-axis of the asteroid is defined such thatτ z points in the direction of the positiv
z-axis when the axis is normal to the orbital plane. The angle2 is defined to be
the angle between the unit spin vectorŝ and the the line normal to the orbit
plane. For small2 the torqueτ z causes the asteroid to spin up, as shown in
top part of the figure. The torques are independent of the sense of the ast
rotation, so that when the spin is reversed the asteroid spins down, as sh
the bottom part of the figure. The torqueτ2 changes the obliquity. The torque
are also independent of the sense of direction of the Sun’s orbit as seen fro
asteroid. The magnitudes ofτ z andτ2 are denoted byτ z andτ2, respectively.

The corresponding curves are quite similar for each ob
For all the objects the rotational torqueτ z is at its maximum
when the Sun lies in the pseudo-object’s equator (2 = 0). The
rotational torque decreases as2 increases but is positive fo
2<∼55◦, so that the objects speed up in this regime. T
torque goes to zero in the neighborhood of2 ≈ 55◦, and for
2>∼55◦ the torque goes negative and the objects spin do
Hence these objects qualitatively behave like the simple we
shown in Fig. 1, where it is clear that the asteroid spins up w
the Sun lies in the equator, but spins down when it shines d
along the rotation axis.

The torque magnitudeτ2 is zero at2 = 0 and2 = 90◦ but is
positive in between. Thus this torque acts to increase2, so that

the objects always tend to tip over further and further. Hence
object starting out with a small value for2 speeds up its rotation
-DOWN OF SMALL ASTEROIDS 5
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FIG. 4. The thermal torquesτ divided by moment of inertiaC for Pseudo-
gaspra and Pseudo-eros as a function of2. These objects speed up for2 ≤ ∼55◦
and slow down for2 ≥ ∼55◦. Theτ2 torque is always positive for 0≤ 2 ≤
90◦, so that they always tip over further and further as time progresses.

for a while; but once it tips over far enough it slows its rotatio
It turns out thatτ2 for the wedges in Fig. 1 also behaves lik
this; hence all the objects examined here qualitatively act
the simple body shown in Fig. 1.

What about an object’s behavior for 90◦ ≤ 2 ≤ 180◦? For
90◦ ≤ 2 ≤ ∼135◦, an object will speed up while2 increases.
However, once2 increases past∼135◦, the rotational torque
points in the direction opposite to the spin as shown in the bot
part of Fig. 3, so that the object spins down. Meanwhile2contin-
ues to asymptotically increase toward 180◦. Hence there are two
states of very slow rotation: near2 = 90◦ and 180◦, so that the
spin axis is nearly perpendicular or parallel to the orbital plan

The graph in Fig. 6 shows the timetd it would take to double
the rotation speed, so that the rotation period goes from 1
6 h, as a function of radiusR for 2 = 0, assuming the density
remains the same. The doubling time is given by

td = Cω

τ z
.

The initial angular speedω is 2π/(12 h)= 1.45× 10−4 s−1 for

FIG. 5. The thermal torquesτ divided by moment of inertiaC for Pseudo-
deimos and Pseudo-ida as a function of2. The z-axis of Pseudo-deimos is
opposite that of Deimos; the real body would spin down for its present se

anof rotation, rather than spin up. Pseudo-deimos is assumed to orbit the Sun at
3 AU. These two objects behave much like those in Fig. 4.
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FIG. 6. Time td to double the rotation rate via thermal torques for
hypothetical asteroids, as a function of radius. All are assumed to be black
with uniform densities in circular orbits about the Sun. Their initial rota
periods are 12 h and their obliquities are fixed at zero. Pseudo-deimo
Pseudo-phobos orbit the Sun ata = 3 AU, while Pseudo-gaspra is at 2.21 A
Pseudo-eros is at 1.46 AU, and Pseudo-ida is at 2.86 AU, the respective dis
of the real asteroids from the Sun.a is the semimajor axis. The dotted lines sh
the radii of the real Gaspra and Deimos; the radii of Phobos and Ida are
picture. It also takes the same timetd to slow an asteroid from 12 h to no rotatio
assuming that it spins in the sense opposite to the thermal torque. This

is meant to give an idea of the timescales; zero obliquity is actually a sta
unstable equilibrium.

ted

ith
both
The integration used a fourth-order Runge-Kutta scheme w
106-year step sizes. These curves show that the spin state of
FIG. 7. The evolution of spin and obliquity for Pseudo-gaspra, assum
point it either starts its evolution all over (the YORP cycle) or perhaps tumb
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all objects. The curves increase withR2 because torque behave
like area× lever arm (R2× R), while the moment of inertia
behaves like mass× radius squared (R3× R2). The smaller the
asteroid, the more important thermal torques become. Pse
phobos is so symmetrical that the YORP timescale is longer t
the age of the solar system and is not considered further h
The other objects, however, show a significant YORP effect
5-km-radius objects. Ida, with its 15.7-km radius and distan
of 2.86 AU from the Sun is not a good YORP candidate; bu
6-km object with Pseudo-ida’s shape would spin up faster th
Gaspra, even though it is further from the Sun.

Figure 6 gives the shortest possible spin-up timescale: the
always stands over the objects’ equators in this figure, where
spin-up torque is maximal. This figure is meant merely to g
an idea of the magnitude of YORP. In actuality,2 = 0 is a state
of unstable equilibrium, as can be seen from theτ2 torque in
Figs. 4 and 5; a small tilt will cause2 to grow. To obtain realistic
spin histories it is necessary to integrate bothτ z andτ2.

The torquesτ z andτ2 can be approximated by simple poly
nomials in2 and the equations integrated to give spin rateω

and obliquity2 with time:

dω

dt
= τ z

C
(6)

d2

dt
= τ2

Cω
. (7)

The evolution of the spin states for Pseudo-gaspra is show
Fig. 7 and for Pseudo-eros in Fig. 8. In each case the cur
rotation rate and obliquity were taken as initial values (mark
by the dotted line in each figure) and Eqs. (6) and (7) integra
forward and backward to giveω and2 as functions of time.
ing Gaspra’s present obliquity and rotation rate. Eventually it slows down, at which
les randomly.
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FIG. 8. The evolution of spin and obliquity for Pse

objects can significantly evolve on a 108-year timescale. Pseud
gaspra, for instance, can go from a 12-h rotation period (w
is typical of many asteroids) and an obliquity of about 15◦, to
its peak rotation rate of nearly a 6-h period and an obliq
of 55◦ in 4.5× 108 years. To go through a complete cycle
slow rotation to spin up and then back to slow rotation ta
about 1.5× 109 years. The timescale of the real asteroid m
be almost twice as fast (see next section). Pseudo-eros c
from a 12-h rotation period and an obliquity of about 8◦ to a 6-h
period and an obliquity of 40◦ in 40× 106 years. To go through
a complete cycle of slow rotation to spin up and then bac
slow rotation takes about 5× 108 years for Pseudo-eros.

The adequacy of the Runge-Kutta integration was chec
by integrating numerically the hypothetical torques below
then comparing the output against the analytical solution.
torques are written in the form

τ z = b0+ b12+ b22
2+ · · · =

I∑
i=0

bi2
i (8)

and

τ2 = c2

c0+ c12+ c222+ · · · =
c2∑J

j=0 cj2 j
. (9)

Also, (
I∑

i=0

bi2
i

)(
J∑

j=0

cj2
j

)
=

K∑
k=0

dk2
k.

Combining (6) and (7) gives
dω

ω
= τ z

τ2
d2,
do-eros, assuming Eros’ present obliquity and rotation rate.
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which has the analytical solution

ω

ω0
=
(
2

20

) b 0c 0
c

e
−

K∑
k=1

dk
kc2

k
0
e

K∑
k=1

dk
kc2

k

, (10)

whereω0 and20 are the initial values. The Runge-Kutta numer
cal solution using a 106-year step size for Pseudo-gaspra show
only trifling differences with the analytical solution (10), indi
cating a healthy integration. The coefficientsbi andcj can be
chosen to realistically represent the torques, except forτ2 at
high obliquities;τ2 does not go to zero at2 = 90◦ in (9). How-
ever, the analytical solution can be adapted to2 near 90◦ by
making a suitable change in variables from2 to2′ = 90◦ −2
so thatτ2 goes to zero at 90◦, and the two analytical solutions
can be spliced together. The main drawback of (10) is tha
does not show the YORP timescale.

COMPARISON WITH REAL ASTEROIDS

The objects investigated above are called “pseudo-astero
because they are idealizations of real asteroids, the intent h
being only to demonstrate the probable importance of the YO
effect. It is assumed here that all the objects are blackbod
but of course all bodies reflect some sunlight. High albedo
lessen the thermal torque: by reflecting sunlight off an asteroid
high albedo makes less thermal energy available for reradiati
However, this loss is roughly offset by the momentum transf
from photons reflected off the surface. In specular reflection,
instance, the force is also normal to the surface, just like t
thermal force. In other words, the reflective part of the YOR
effect investigated by Paddack and O’Keefe works in the sa
direction as the thermal part of the effect presented here. T

reflective torques are independent of the rotation speed, unlike
the thermal torques.
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The spherical harmonic shapes are smoothed representa
of the real shapes. The adequacy of the smoothed shape
be estimated by computing the rate of spin-up from the 5◦ × 5◦

square faces on which they are based, with the Sun in the e
torial plane and only those faces that look away from the
assumed to be in shadow. This computation is easy to perf
but does not account for a face that points toward the Sun
is blocked from sunlight by a protrusion. In the case of Deim
a low degree and order 6 shape appears to be adequate f
YORP effect; the faces give little difference from the spheri
harmonic shape. Thus it is no surprise that a more detailed
gree and order 10 shape also gives trifling differences from
faces.

The agreement between the spherical harmonic and the◦ ×
5◦ face approach is not so good for the highly irregular Gas
For example, the degree and order 12 spherical harmonic s
gives a spin-up rate about 30% smaller than the faces do. M
over, the estimated density of Pseudo-gaspra may be high
above). Hence the YORP timescale computed here for Pse
gaspra may be conservatively long compared to the real Ga
the real asteroid may evolve at a rate perhaps twice as
as Pseudo-gaspra. Ida gives the same result: the 12th-d
shape of Pseudo-ida is 30% slower than the faceted shape.
grossly irregular shapes need either to be expanded to hig
gree and order, or the spherical harmonic shapes should be
doned for the face approach. The latter will require a proper
counting of shadows such as performed by Sazanov (1994
Komarov and Sazanov (1994).

It should also be noted that the shape of a real asteroid w
not be expected to remain constant over time as it is sculpte
impacts. Thus the magnitude and even sign of the YORP e
may not be constant over time.

The pseudo-asteroids are all assumed to be homogen
in density. This assumption is consistent with the small b
ies whose shapes and rotation axes are well determined (
and Rubincam 1989, Thomaset al.1994, 1996, Rubincamet al.
1995, Veverkaet al. 1999). Presumably asteroids with signi
cant density inhomogeneities do exist, but what fraction of
general population of small asteroids they constitute is unkno
The inhomogeneity affects the center of mass position, whic
turn affects the thermal torque calculation.

Regoliths are assumed in the calculations here, comin
through the thermal fudge factorfth. Regoliths help the YORP
effect because of their poor thermal conductivity compare
bare rock or iron. Regoliths enhance the day–night temp
ture difference needed for this effect; a lunar-like regolith
a thermal skin depth only∼0.5 cm deep at typical rotation fre
quencies of a few hours (e.g., Rubincam 1995, p. 1587)
that a regolith depth of∼1 cm or so is all that is require
to produce a large effect. Bare rock or iron can reduce
YORP effect by an order-of-magnitude or more. Further, a h
rotation speed lessens the thermal torque by smoothing

the day–night differences, while a low rotation speed enhan
YORP.
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DISCUSSION

Four out of the five objects investigated here show signific
windmill factors, with only Phobos being too symmetrical f
much of a YORP effect. While the statistics are small, they in
cate that YORP may be active on a large fraction of the sma
asteroids. Of particular interest is the YORP cycle. For the
jects investigated here, though they may speed up for a w
they ultimately slow down as their obliquities asymtoptically a
proach 90◦. The results here suggest that while Gaspra and
are fast rotators, both have passed their peak rotation speed
are currently slowing down. It is interesting to note that Figs
and 7 indicate that both objects stay below the rubble-pile
sion limit of about 10 cycles day−1 (Harris 1996) in their YORP
evolution. 1566 Icarus is also a fast rotator (e.g., McFaddenet al.
1989), and YORP may have something to do with its very spe
2.3-h spin period.

On the other hand, 253 Mathilde is a slow rotator. Wh
Mathilde may be a YORP candidate, with its relatively lar
size and probable frequent impacts in the asteroid belt, its
rotation might be difficult to explain solely with YOR
(Veverkaet al.1997). However, it may have despun by impacts
losing a satellite and then slowed further to its present 17-day
riod by thermal torques. Unfortunately, the shape of Mathild
unknown; only one side of it has been seen (Thomaset al.1997).

One can speculate that once an object spins slowly enou
starts to tumble due to YORP and gravitational torques from
Sun; 4179 Toutatis, an asteroid 2 km in radius with a seve
day tumbling period, may be an example (Ostroet al. 1995,
Hudson and Ostro 1995, Harris 1994). Random tumbling
shut off the YORP effect. In some cases of tumbling princi
axis rotation may then eventually reestablish itself through
ternal dissipation with the spin axis canted at some arbit
obliquity, at which time YORP again operates, starting the cy
all over.

How does the YORP effect compare with impacts in chang
the spin states of small asteroids? Farinellaet al.(1998) find that
the characteristic timetrot to substantially change the rotatio
period of an asteroid in the main belt is approximately

trot
∼= 3.34× 106 years

(
R

1m

) 1
2

.

For a Gaspra-sized object this is about 250× 106 years, so tha
the YORP timescale is comparable to collisions for this s
range. For smaller objects it becomes more favorable for YO
due to theR2 dependence of the YORP timescale compare
the R

1
2 dependence assumed for collisions. AtR= 1 km, the

YORP cycle for Pseudo-gaspra would take 40× 106 years, while
Pseudo-eros would take only 6.5× 106 years.

YORP can be expected to completely dominate collision
the inner Solar System forR< 5-km asteroids, due to their sma

cessize, increased insolation, and smaller population of impactors
compared to the main belt. YORP should also dominate spin
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RADIATIVE SPIN-UP AND SPIN

changes from tidal encounters (Bottkeet al. 1997, Richardson
et al. 1998) in the inner Solar System forR< 1 km. W. F.
Bottke (pers. commun. 1999) finds that the average time betw
spin-changing tidal encounters with Earth and Venus is ab
13 million years, longer than the∼few million years for YORP
for these objects.

The limiting factor on YORP in the inner Solar System may
the lifetime of the NEAs (near-Earth asteroids). Recent res
by Gladmanet al.(1997, Fig. 2) indicate that NEAs have a ha
life of about 10 million years before they impact a planet or
Sun, or are ejected from the Solar System by Jupiter.

Eros, however, may be a collision fragment tens of millions
years old (Michelet al.1996, W. Bottke pers. commun. 1998
long enough to be significantly affected by YORP. In fact, w
its high obliquity, Eros could be a highly evolved YORP obje
The laser altimeter on board the NEAR (Near Earth Aster
Rendezvous) mission will determine its shape more accura
than the currently available model, and the orbit of the space
will fix its center of mass by recovering its gravitational fie
so that a much better YORP calculation will be possible;
the YORP deceleration is probably too small to be detected
NEAR’s lifetime (David E. Smith, pers. commun. 1999).

All the calculations assume principal axis rotation, so t
dissipation inside the pseudo-asteroids is assumed to be
enough to keep them in that state. Harris (1994), follow
McAdoo and Burns (1974) and Burns and Safronov (1973), fi
that the characteristic timetPA for returning a tumbling asteroi
to principal axis rotation istPA≈ P3/(20R2), where P is the
period of rotation in hours,R is the radius in kilometers, andtPA

is in millions of years. For 5-km-radius asteroids rotating w
12 h periodstPA is about 3 million years, shorter than the YOR

timescale of∼100 million years for the objects considered here,

pe, density,

Fig. 9), which is still a factor of∼20 faster than the cosmic ray
might
so that they should remain close to principal axis rotation.

FIG. 9. The approximate evolution of spin and obliquity of a 1-m-radius meteoroid for the reflective YORP torque, assuming Pseudo-gaspra’s sha

exposure ages. So regardless of rotation speed, YORP
obliquity, and distance from the Sun, an albedo of 0.05, and a rotation pe
changed.
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The YORP torques may inspire nonprincipal axis rotation
the dissipation timescale is longer than the YORP timesc
as expected for the smaller objects. For example, for a 1
asteroidtPA is about 86 million years, which is longer tha
the YORP timescales of 40 million years for a 1-km Pseud
gaspra and 6.5 million years for a 1-km Pseudo-eros. This
pect of YORP, which would involve integrating the Euler angl
(Sazanov 1994, Komarov and Sazanov 1994) remains to b
vestigated. Because YORP is straightforward physics app
to irregular shapes, it is likely that YORP is operative on the
smaller objects; since they are generally found to be in princ
axis rotation, then YORP may not inspire much tumbling,
internal dissipation in them may be higher than expected.

Small asteroids (R< 5 km) exhibit an excess of fast and slo
rotators compared to a Maxwellian distribution (Pravecet al.
1997, Harris 1996). Given the expected YORP dominance
these sizes in the main belt and at smaller sizes in the near-E
region, it may be that YORP is responsible for this bimod
distribution of fast and slow spin rates by depopulating the cen
and populating the extremes (W. F. Bottke, pers. commun. 19

YORP may also profoundly affect the rotation of meteoroid
A basaltic meteoroid 1 m inradius with Gaspra’s shape and n
regolith would shorten a 12-h spin period to 6 h on the 103- to
104-year timescale. With cosmic ray exposure ages typically
20 million years, substantial changes in spin rate might be
pected for slow rotators. Fast rotators would be less affected
thermal torques but would still experience the reflective torq
In an approximate calculation of the reflective torque, a d
meteoroid with the shape of Pseudo-gaspra, Gaspra’s obliq
and distance from the Sun, an albedo of 0.05, and a spin pe
of 20 s, for instance, has a YORP cycle of about 106 years (see
riod of 20 s. The shape of the curves is the same as in Fig. 6; only the timescale has
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greatly affect the presumed Yarkovsky orbit evolution of m
teoroids (e.g., Peterson 1976, Rubincam 1995, Farinellaet al.
1998, and Bottkeet al. 2000). A meteoroid might go throug
many YORP cycles; or it might tumble randomly, shutting o
the YORP effect until principal axis rotation is reestablished

The reflective part of YORP was invoked by Paddack (19
1973), Paddack and Rhee (1975), and O’Keefe (1976) to spi
centimeter-sized meteoroids to rotational bursting. The idea
that secular spin up would continue until the centrifugal fo
overcame the strength of the meteoroid, at which point it wo
fracture and fly apart. Their intent was to show that tektites
to originate within the Earth–Moon system; further away (Ma
for example) would mean a transit time long compared to
spin-up timescale, so that most of the tektities would fragm
before they reached Earth. The fact that most appeared i
argued for a nearby source.

The results obtained here indicate that rotational bursting m
not happen very often. The reason is that the obliquity tor
is an inevitable accompaniment of the rotational torque. Eve
the spin vector is normal to or lies in the orbital plane, the s
is unstable and a small perturbation will start the tilt increasi
when the meteoroid tips over far enough the rotational tor
will go negative and the spin will slow. Hence, meteoroids m
be constantly speeding up and slowing down with the YO
cycle (assuming principal axis rotation), or tumbling, instead
speeding up to bursting.

It may also be that the evolution through the YORP cy
might be interrupted by objects entering special YORP s
states. For instance, an asteroid with a thermal inertia wh
varies across the surface might cause the rotational torque
to zero at a particular rotation rate, so that the rotational sp
remains constant thereafter. Special spin states and other as
of YORP are currently under investigation.
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