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The Yarkovsky—-O’Keefe—Radzievskii—-Paddack (YORP) effect
may spin up or spin down 5-km-radius asteroids on a 10%-year
timescale. Smaller asteroids spin up or down even faster due to the
radius-squared dependence of the YORP timescale. The mechanism

thermal torques, part of the YORP effect, can substantially a
ter the rotation rate of 10-km-diameter asteroids on &yEair
timescale for suitable shapes. Smaller asteroids and meteoro
spin up or down even faster.

The principle of thermal torqueing due to the Yarkovsky-

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.

O’Keefe—Radzievskii-Paddack effect is illustrated in Fig. 1
which shows a rotating spherical asteroid with two identica
wedges attached to its equator. The asteroid is assumed to k
blackbody, with the Sun lying in the asteroid’s equatorial plane
Also, the asteroid’s center of mass is assumed to be at the cer
of the sphere. The Sun heats the surface; this energy is reemit
as thermal radiation. Since photons carry momentum, as the
mal photons leave the surface they impart a kick to the astero
by momentum conservation. It is assumed here that the photo
departing from any given spot on the surface obey Lambert
law, which means that they are axially distributed about the Ic
cal vertical, giving a net downward force perpendicular to the
surface. There will be no radiative torque on the spherical pa
The major mechanism for changing the spin state of smalfl the asteroid because forces on the sphere point to the cer
asteroids is generally thought to be collisions (Dastsal. of mass; they have no lever arm. Hence only the forces on tt
1989) and tidal encounters (Bottkeal. 1997, Richardsoatal. wedges need be considered.
1998), but thermal torques, one aspect of the Yarkovsky—As the asteroid rotates around, the Sun shines on the v
O’Keefe—Radzievskii—Paddack effect, may also be important fiical face of one wedge and the slanted face of the other. /
kilometer- and smaller-sized asteroids, especially in the netlre instant shown in the figure, each wedge intercepts the sal
Earth region. It has been known for some time that anoth@mount of sunlight; if it reradiates all of this energy thermally,
aspect of this effect (YORP effect for short), namely sunliglthere will be a net torque on the asteroid. The reason is th
reflecting off a body with an appropriate shape, can spin tipough the magnitude of the force on each face is the same, t
small bodies orbiting the Sun (Radzievskii 1954, Paddack 1966rces do not cancel; each force is normal to its surface (st
1973, Paddack and Rhee 1975, O'Keefe 1976, Sazanov 1994, 2). The equatorial component of force on the slanted face
Komarov and Sazanov 1994). The reflection can transfer amaller than the force on the vertical face, causing a net torq
gular momentum to the body, causing it to change its rotatiafong the rotation axis. This thermal torque does not averag
speed. One example of such a shape is a propeller, with thezero as the asteroid rotates through °3& that there is
Sun on the rotation axis; sunlight bouncing off the blades wousdsecular component. The asteroid spins faster and faster o
cause it to spin. The amount of torque imparted to an objecttise.
tiny, due to the small amount of momentum carried by photons.A body must have a certain amount of “windmill” asymmetry
However, the YORP torque is secular, so that after a long periwdits shape, like the asteroid in Fig. 1, to be spun up (Padda
of time the body’s rotation rate can be substantially altered. 1969, 1973, Paddack and Rhee 1975, O’Keefe 1976); figur
Inthe Yarkovsky—O’Keefe—Radzievskii—-Paddack effect, theof revolution or even triaxial ellipsoids will not suffer from the
mal emission of infrared radiation from a body can also produd®RP effect. There will also be an instantaneous torque fror
a torque, so that even a nonreflective blackbody can be spurtlsunlight striking the surface and being absorbed by the blac
if it has the right shape. This is significant, since small Sol&ody asteroid. This torque will average to zero because it d
System objects tend to be very dark (e.g., Tedesco 1989). Thpeads on the silhouette that the asteroid presents to the Sun;
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solar torques will cancel themselves as the Sun sees the silh
ette in all aspects.

PSEUDO-ASTEROIDS

The thermal torques from the YORP effect are computed b
low on the five hypothetical asteroids Pseudo-gaspra, Pseut
ida, Pseudo-eros, Pseudo-phobos, and Pseudo-deimos. They
so-called because their shapes are based on spherical harm
expansions of the real shapes of asteroids 951 Gaspra, 243 |
and 433 Eros, as well as Phobos and Deimos (the two moo
of Mars). Their sizes are allowed to vary, but the shapes ar
densities stay the same. Each is a blackbody. They are tak
to be in circular orbits about the Sun. Pseudo-gaspra orbits t
Sun at 2.21 AU, just as the real Gaspra does; likewise Pseuc

FIG.1. Spin-up of an asymmetrical asteroid. The asteroid is modeled aéda Orbits at 2.86 AU while Pseudo-eros orbits at 1.46 AU, like
sphere with two wedges attached to its equator. The asteroid is a blackbodytise actual asteroids do. Pseudo-phobos and Pseudo-deimos

that it absorbs all the sunlight falling upon it. The solar energy is reemitted ggken to circle the Sun at 3 AU, in order to place them in th
thermal radiation, which causes a net torque on the asteroid.
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main asteroid belt. These objects have been chosen because
merical shapes have been determined for them by P. Thorr
(Thomaset al. 1994, 1996, Rubincarat al. 1995) and others
(see Acknowledgments). Hence their shapes will be more r
alistic for (if not necessarily representative of) small asteroic
than artificially concocted shapes.

Each pseudo-asteroid’s shape is given by

|max

r= ZAlmiYImi(ea)‘)v (1)

Imi

where the spherical harmonics are

Yim1(6, 1) = Bm(cosd) cosma
Yim2(0, 1) = Pim(cosf) sinma,

with Pm(cos?) being the associated Legendre polynomial o
degred and ordemn, while 6 is colatitude and. is east longi-
tude. Here thé\,,; are the shape coefficients derived from inne
products of spherical harmonics with the numerical shapes.

The thermal torques are computed numerically by findin
the thermal force on®Sx 5° squares of the spherical harmonic
shape. The Sun shines on an asteroid with strength

2
Fs = &(%) , )

whererg is the asteroid’s distance from the Sun, aRd=
1378 W n12 at the Earth’s distanca = 1 AU. The amount of

FIG.2. The radiative forces on the wedges. Sunlight (wavy arrows) com&®lar power deposited on a surface element with areis then
in horizontally from the left. Each surface absorbs the same amount of sunligj A = (f's - N) FsdA, wheref's is the unit vector pointing from
and reradiates in the infrared according to Lambert’s law. The net momenttﬂﬁb asteroid to the Suﬁl, is the unit vector normal to the surface

of the photons departing the surface is normal to the surface (thick arrows). B
action—-reaction, the wedge is kicked in the opposite direction. There is a ﬁ%

éygment, andis the insolation. If each surface element is in ¢

torque about the rotation axis because each force has the same magnitudéaiative steady state with respect to the insolation, the blac

different directions.

body temperaturd of each square will be given byT* =S,
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whereo is the Stefan-Boltzmann constant (e.g., Lebofsky arkd smaller than the thermal torque, so that the accuracy of tt
Spencer 1989, Rubincam 1995). For Lambert’s law, the fbrcecheme to account for shadowing is probably good only to abo
per unit area exerted by the reaction to the escaping photonghis 10% level.

normal to the surface in the directioN and given by 2 T4/3c, The moment of inertia of each asteroid is also required. Hel
wherec is the speed of light (see for example Rubincam 1987. is the moment of inertialM is the mass, an® is the radius
Thus for this ideal situation the force per unit area énisl of each asteroid, wherR is defined as the radius of a sphere
which gives the volum¥';i.e.,V = 47 R3/3. The angular speed
f = —2(fs- N)FsN/3c. (3) is denoted byv. The equations below use the actual moment

of inertia of the asteroids, which /M R? = 0.50 for Deimos
This force is then reduced by a thermal fudge fadtgto ac- (Rubincamet al. 1995), 0.49 for Phobos (Chao and Rubincan
count for possible thermal inertia and conduction in the regolith989), 0.63 for Gaspra (Thomas al. 1994), 0.89 for Eros

The variation in temperatur& T behaves like (Yeomanset al. 1999; Veverkaet al. 1999), and 0.92 for the
highly elongated Ida (Thomaat al. 1996). The densities of
AT o« [1+ 20 + 2(1)2]—% () Pseudo-deimos, Pseudo-phobos, Pseudo-ida, and Pseudo-

are the same as their namesakes. The density of Gaspra is

in a linearized theory (Rubincam 1995, p. 1587), whérés known, so the density of Pseudo-gaspra is conservatively &

half the thermal parameter of Lebofsky and Spencer (198§ _meds here to be 3 gTh, which is high compared to about‘
Asteroids rotate typically rotate with periods near 12 h (e.c?,9™ ° for Phobos and Deimos (Duxbury and Callahan 1989,

Binzel et al. 1989). Using the conductivity and density of thet-3 9 " ° for 253 Mathilde (Thomast al. 1997), 2.6 gm® for

lunar regolith givesd = 0.4 at 3 AU for a rapid 6-h rotation 'd2 (Beltonet al.1996), and 2.5 g m? for Eros (Yeomanst al.

period (Rubincam 1995, pp. 1587 and 1591). From (4) theggQQ,V(_averkaiatal.1999).The sp|.n—up.t|mescale.|s proporugnal
considerations produce a conservative fudge factdiok % to den_sny,.so .that a lower density will shorten it, anq a highe
Clearly by proceeding in this simple way the actual temperatf8€ Will raise it. All torques have been computed using spher
T need not be solved for; computing the insolat®is all thatis  cal harmonic expansions of shape complete to degree and or
needed. These calculations could obviously be refined furthkf; except for Pseudo-deimos, which is complete to degree a
but this is unnecessary here, since this paper is concerned S§e" 6- It appears that Deimos’ windmill shape is a large-sca
with demonstrating the order-of-magnitude of YORP. property; degrees higher than 6 do not change the torques ve

The elemental torquerdon the surface element is given by Much, so that this low value is used here.

dr =r x fdA, ) RESULTS

wherer is the distance from the center-of-mass fa dll of the The torquer; along the axis of maximum moment of inertia
elemental torques are summed up to find the total torque abadiich changes the rotation rate and the torggevhichs acts to
the rotation axis. The center-of-mass is found from the asteroidisange the obliquity are shown in Fig. 3. The positive directiol
shape, assuming a uniform density. The torque is determineddéthe body-fixedz-axis points such that the magnitude of the
every 3 of rotation and averaged over one full rotation of the aserque r, is positive when the-axis is normal to the orbital
teroid on its axis and over one full revolution as it orbits the Suplane. The angl® is defined such that it is the angle betweer
Shadowing is included in the calculations on all the pseudthe orbital plane and When the unit spin vect&@points in the
asteroids. The coordinate system is rotated so that the Sun shjpesitive z direction for small angles between the equator an
down the newz-axis. Starting from colatitude zero and a givetthe orbital plane, the asteroid speeds up, as shown in the t
longitude in the new system, colatitude is increased and egwrt of the figure. Because the torques are independent of t
5° x 5° square is checked to see if some previous square at femse of rotation of the asteroid, the torques remain the sar
same longitude juts out further from theaxis. If so, the present whensis reversed, as shown in the bottom part of Fig. 3. For th
square is in shadow and the force on itis set to zero. Otherwispribgrade rotators Gaspra and E&is the same as the obliquity,
isinsunlightand the torque is calculated as described previousifile for Ida, which is a retrograde rotator speeding up from th
The normal to the surface, which gives the direction opposite YORP torque® is 180 minus the obliquity. The torques are
the force on the surface, is found by taking the gradient of tladso independent of which way the Sun revolves around it ¢
spherical harmonic expansion of the shape (1) at the locatiorsefen from the asteroid, as indicated by the arrows on either si
the square. All torques are then referred back to the old coordf-the Sun in Fig. 3.
nate system where tfeaxis points along the positive rotation The torques for Pseudo-gaspra and Pseudo-eros are show
axis. As a check the torque from just the photons coming in frofanctions of® in Fig. 4; the same is done for Pseudo-deimo:
the Sun and striking the surface is computed; this torque shoaltd Pseudo-ida in Fig. 5. Theaxis for Pseudo-deimos is the
ideally be zero when averaged over a full rotation and asteraigposite of Deimos; for Deimos’ present sense of rotation,
year, as stated above. In practice it is usually about a factorveduld spin down and not up.
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z FIG.4. The thermal torques divided by moment of inerti€ for Pseudo-
gaspraand Pseudo-eros as a functign.dfhese objects speed up for< ~55°
and slow down fo® > ~55°. The T torque is always positive for & ® <
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 rotation
It turns out thatrg for the wedges in Fig. 1 also behaves like
this; hence all the objects examined here qualitatively act lik
the simple body shown in Fig. 1.
What about an object’'s behavior for 98 ® < 180°? For
ﬁ 90 < ©® < ~135, an object will speed up whil® increases.
However, once® increases past 135, the rotational torque
points in the direction opposite to the spin as shown in the botto
part of Fig. 3, so that the object spins down. MeanwBilgontin-
ues to asymptotically increase toward 188ence there are two
. states of very slow rotation: ne@r = 90° and 180, so that the
e spin axis is nearly perpendicular or parallel to the orbital plane
) ) ~ The graph in Fig. 6 shows the timgit would take to double
FIG. 3. Relative geometry of the asteroid and the Sun. The body-fixghe, ation speed, so that the rotation period goes from 12
z-axis of the asteroid is defined such thatpoints in the direction of the positive . . ) :
z-axis when the axis is normal to the orbital plane. The arpie defined to be 6 h, as a function of radiuR for ® = 0, assuming the density

the angle between the unit spin vecioand the the line normal to the orbital remains the same. The doubling time is given by

plane. For smal® the torquer; causes the asteroid to spin up, as shown in the

top part of the figure. The torques are independent of the sense of the asteroid’s Co
. o s . tg=—.

rotation, so that when the spin is reversed the asteroid spins down, as shown in 5

the bottom part of the figure. The torqae changes the obliquity. The torques

are also independent of the sense of direction of the Sun’s orbit as seen frontipa initial angular speed is 27 /(12 h)= 1.45 x 104 s for
asteroid. The magnitudes of andrg are denoted by, andre, respectively.

Na+

PSEUDO - DEIMOS PSEUDO - IDA
The corresponding curves are quite similar for each objec
For all the objects the rotational torque is at its maximum

3.0
when the Sun lies in the pseudo-object’s equatde{ 0). The  ~20f
rotational torque decreases @sincreases but is positive for 8"’ « 20
® < ~55°, s0 that the objects speed up in this regime. Thig 1.0 2 o
torque goes to zero in the neighborhood®f: 55°, and for g e
® > ~55° the torque goes negative and the objects spindow © g o0
Hence these objects qualitatively behave like the simple wedg e @
shown in Fig. 1, where it is clear that the asteroid spins up whe -1.0l 0r (deg)

the Sun lies in the equator, but spins down when it shines dov ool
along the rotation axis. N o
The torque magnitudeg is zero at® = 0and® = 90° butis _FIG. 5. The them_1al torques d|V|_ded by momen_t of inerti€ for Ps_eudo-_

. . . deimos and Pseudo-ida as a function@f The z-axis of Pseudo-deimos is
pOSItIVQ in between. Thus thIS torque acts to InCreasso that opposite that of Deimos; the real body would spin down for its present sen
the objects always tend to tip over further and further. Hence gfotation, rather than spin up. Pseudo-deimos is assumed to orbit the Sur

object starting out with a small value férspeeds up its rotation 3 AU. These two objects behave much like those in Fig. 4.
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all objects. The curves increase wiA because torque behaves
like areax lever arm R? x R), while the moment of inertia
behaves like mass radius squaredR® x R?). The smaller the
asteroid, the more important thermal torques become. Pseuc
phobos is so symmetrical that the YORP timescale is longer th:
the age of the solar system and is not considered further he
The other objects, however, show a significant YORP effect c
5-km-radius objects. Ida, with its 15.7-km radius and distanc
of 2.86 AU from the Sun is not a good YORP candidate; but
6-km object with Pseudo-ida’s shape would spin up faster the
Gaspra, even though it is further from the Sun.

Figure 6 gives the shortest possible spin-up timescale: the S
always stands over the objects’ equators in this figure, where t
spin-up torque is maximal. This figure is meant merely to give
an idea of the magnitude of YORP. In actuali®y= O is a state
of unstable equilibrium, as can be seen from thetorque in
Figs. 4 and 5; a small tilt will caug@ to grow. To obtain realistic
spin histories it is necessary to integrate beihandre.

The torques-, andTg can be approximated by simple poly-
nomials in® and the equations integrated to give spin rate
and obliquity® with time:

R (km)

FIG. 6. Time tq to double the rotation rate via thermal torques for five dow _ Tz 6
hypothetical asteroids, as a function of radius. All are assumed to be blackbodies E - E ( )
with uniform densities in circular orbits about the Sun. Their initial rotation
periods are 12 h and their obliquities are fixed at zero. Pseudo-deimos and d_® — T_G)‘ (7)
Pseudo-phobos orbit the Sunaa& 3 AU, while Pseudo-gaspra is at 2.21 AU, dt Cw

Pseudo-erosis at1.46 AU, and Pseudo-idais at 2.86 AU, the respective distances
of the real asteroids from the Suris the semimajor axis. The dotted lines showThe evolution of the spin states for Pseudo-gaspra is shown

the radii of the real Gaspra and Deimos; the radii of Phobos and Ida are off]bRJ_ 7 and for Pseudo-eros in Fig. 8. In each case the curre

picture. It also takes the same tiigeto slow an asteroid from 12 h to no rotation
assuming that it spins in the sense opposite to the thermal torque. This gr
is meant to give an idea of the timescales; zero obliquity is actually a state

unstable equilibrium.
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'roF]ation rate and obliquity were taken as initial values (marke

ES( the dotted line in each figure) and Eqgs. (6) and (7) integrate
forward and backward to give and ® as functions of time.

The integration used a fourth-order Runge-Kutta scheme wi
10°-year step sizes. These curves show that the spin state of b
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FIG. 7. The evolution of spin and obliquity for Pseudo-gaspra, assuming Gaspra’s present obliquity and rotation rate. Eventually it slows down, at
point it either starts its evolution all over (the YORP cycle) or perhaps tumbles randomly.
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FIG. 8. The evolution of spin and obliquity for Pseudo-eros, assuming Eros’ present obliquity and rotation rate.

objects can significantly evolve on aft@ear timescale. Pseudo-Which has the analytical solution
gaspra, for instance, can go from a 12-h rotation period (which
is typical of many asteroids) and an obliquity of about,1t6 < e >b°§° idk_k@s ii_k@k

its peak rotation rate of nearly a 6-h period and an obliquity - e e = Ve (10)
0 Do

of 55° in 4.5 x 10 years. To go through a complete cycle of

slow rotation fo spin up and then back to slow rotation tak(\elvﬁwerew and®g are the initial values. The Runge-Kutta numeri-
about 15 x 10° years. The timescale of the real asteroid ma 0 0 A 9

) . 2l solution using a Myear step size for Pseudo-gaspra showe
be almost twice as fast (see next section). Pseudo-eros can

from a 12-h rotation period and an obliquity of abotit@a 6-h oﬁ@/ trifling differences with the analytical solution (10), indi-

period and an obliquity of 40in 40 x 1P years. To go through cating a health_y !ntegratlon. The coefficietitsandc; can be
. . hosen to realistically represent the torques, exceptfpat
a complete cycle of slow rotation to spin up and then back [o

slow rotation takes aboutss 10° years for Pseudo-eros. igh obllqu|t|es;T@ does n_ot go to zero & = 90" in (9). How-
Ve, the analytical solution can be adapted®tmear 90 by

The adeguacy of t.he Runge-Kutta m_tegratlon was ChECeraking a suitable change in variables frého @ = 90° — ®
by integrating numerically the hypothetical torques below an

then comparing the output against the analytical solution. Tﬁ(e) thatre goes to zero at 90and t_he two analytical solgtmns
] . can be spliced together. The main drawback of (10) is that
torques are written in the form

does not show the YORP timescale.

|
T, =by+ 0O + 0O + .- = b6 8 COMPARISON WITH REAL ASTEROIDS
i=0
The objects investigated above are called “pseudo-asteroic
and because they are idealizations of real asteroids, the intent h
cO cO being only to demonstrate the probable importance of the YOR
To (9) effect. It is assumed here that all the objects are blackbodie

- 2 21... 7 Y9 col
Co+ €10 + 0%+ 2 j=0¢© but of course all bodies reflect some sunlight. High albedoe

lessen the thermal torque: by reflecting sunlight off an asteroid
high albedo makes less thermal energy available for reradiatic
| 3 K However, this loss is roughly offset by the momentum transfe
(Z bi @i) (Z Cj @i> = Z d k. from photons reflected off the surface. In specular reflection, f
=0 =0 =0 instance, the force is also normal to the surface, just like tf
thermal force. In other words, the reflective part of the YORI
Combining (6) and (7) gives effect investigated by Paddack and O’Keefe works in the san
direction as the thermal part of the effect presented here. T
d_w _T240 reflective torques are independent of the rotation speed, unli

0 T the thermal torques.

Also,
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The spherical harmonic shapes are smoothed representations DISCUSSION
of the real shapes. The adequacy of the smoothed shapes can
be estimated by computing the rate of spin-up from the 5° Four out of the five objects investigated here show significar

square faces on which they are based, with the Sun in the ec#dmill factors, with only Phobos being too symmetrical for
torial plane and only those faces that look away from the Slljfl'UCh of a YORP effect. While the statistics are small, they indi
assumed to be in shadow. This computation is easy to perfogate that YORP may be active on a large fraction of the smalle
but does not account for a face that points toward the Sun &gteroids. Of particular interest is the YORP cycle. For the of
is blocked from sunlight by a protrusion. In the case of Deimd€cts investigated here, though they may speed up for a whil
a low degree and order 6 shape appears to be adequate fothg¥ ultimately slow down as their obliquities asymtoptically ap:
YORP effect; the faces give little difference from the spheric&#roach 90. The results here suggest that while Gaspra and Er
harmonic shape. Thus it is no surprise that a more detailed @€ fast rotators, both have passed their peak rotation speeds
gree and order 10 shape also gives trifling differences from tRge currently slowing down. It is interesting to note that Figs. ¢
faces. and 7 indicate that both objects stay below the rubble-pile fi
The agreement between the spherical harmonic ancPtie 5sion limit of about 10 cycles day (Harris 1996) in their YORP
5° face approach is not so good for the highly irregular Gasp@{mution. 1566 Icarus is also a fast rotator (e.g., McFaddeah
For example, the degree and order 12 spherical harmonic sh4889), and YORP may have something to do with its very speec
gives a spin-up rate about 30% smaller than the faces do. Mofe3-h spin period.
over, the estimated density of Pseudo-gaspra may be high (seen the other hand, 253 Mathilde is a slow rotator. While
above). Hence the YORP timescale computed here for Pseubitsthilde may be a YORP candidate, with its relatively large
gaspra may be conservatively long compared to the real Gasjsige and probable frequent impacts in the asteroid belt, its sic
the real asteroid may evolve at a rate perhaps twice as fegigtion might be difficult to explain solely with YORP
as Pseudo-gaspra. Ida gives the same result: the 12th-deg§¥ewerkaetal.1997). However, itmay have despun by impacts o
shape of Pseudo-ida is 30% slower than the faceted shape. THigNg a satellite and then slowed further to its present 17-day p
grossly irregular shapes need either to be expanded to high ded by thermal torques. Unfortunately, the shape of Mathilde i
gree and order, or the spherical harmonic shapes should be al#nown; only one side of it has been seen (Thoetas 1997).
doned for the face approach. The latter will require a proper ac-One can speculate that once an object spins slowly enougt
counting of shadows such as performed by Sazanov (1994) &@fts to tumble due to YORP and gravitational torques from th
Komarov and Sazanov (1994). Sun; 4179 Toutatis, an asteroid 2 km in radius with a severa
It should also be noted that the shape of a real asteroid wody tumbling period, may be an example (Osttoal. 1995,
not be expected to remain constant over time as it is sculptedtydson and Ostro 1995, Harris 1994). Random tumbling wi
impacts. Thus the magnitude and even sign of the YORP efféfut off the YORP effect. In some cases of tumbling principa
may not be constant over time. axis rotation may then eventually reestablish itself through ir
The pseudo_asteroids are all assumed to be homogene"@lj@m dissipation with the Spin axis canted at some arbitrat
in density. This assumption is consistent with the small bo@bliquity, at which time YORP again operates, starting the cycl
ies whose shapes and rotation axes are well determined (CRA®Ver.
and Rubincam 1989, Thomasal.1994, 1996, Rubincamtal. ~ How does the YORP effect compare withimpacts in changin
1995, Veverkaet al. 1999). Presumably asteroids with signifithe spin states of small asteroids? Farinetlal. (1998) find that
cant density inhomogeneities do exist, but what fraction of tfige characteristic timé to substantially change the rotation
general population of small asteroids they constitute is unknowa€riod of an asteroid in the main belt is approximately
The inhomogeneity affects the center of mass position, which in )
turn affects the thermal torque calculation. t =334 10° vear R\z?
Regoliths are assumed in the calculations here, coming in ot = y
through the thermal fudge factdy,. Regoliths help the YORP
effect because of their poor thermal conductivity compared For a Gaspra-sized object this is about 2500° years, so that
bare rock or iron. Regoliths enhance the day—night tempethe YORP timescale is comparable to collisions for this siz
ture difference needed for this effect; a lunar-like regolith haange. For smaller objects it becomes more favorable for YOR
a thermal skin depth only0.5 cm deep at typical rotation fre-due to theR? dependence of the YORP timescale compared t
quencies of a few hours (e.g., Rubincam 1995, p. 1587), s@ R? dependence assumed for collisions. At 1 km, the
that a regolith depth of~1 cm or so is all that is required YORP cycle for Pseudo-gasprawould taked0® years, while
to produce a large effect. Bare rock or iron can reduce tRseudo-eros would take onlys6< 10° years.
YORP effect by an order-of-magnitude or more. Further, a high YORP can be expected to completely dominate collisions i
rotation speed lessens the thermal torque by smoothing the inner Solar System fé&t < 5-km asteroids, due to their small
the day—night differences, while a low rotation speed enhan@se, increased insolation, and smaller population of impacto
YORP. compared to the main belt. YORP should also dominate sp
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changes from tidal encounters (Bottieal. 1997, Richardson  The YORP torques may inspire nonprincipal axis rotation i
et al. 1998) in the inner Solar System f&® < 1 km. W. F. the dissipation timescale is longer than the YORP timescal
Bottke (pers. commun. 1999) finds that the average time betweenexpected for the smaller objects. For example, for a 1-k
spin-changing tidal encounters with Earth and Venus is abasteroidtpa is about 86 million years, which is longer than
13 million years, longer than thefew million years for YORP the YORP timescales of 40 million years for a 1-km Pseudc
for these objects. gaspra and 6.5 million years for a 1-km Pseudo-eros. This &
The limiting factor on YORP in the inner Solar System may beect of YORP, which would involve integrating the Euler angle:
the lifetime of the NEAs (near-Earth asteroids). Recent resu{8azanov 1994, Komarov and Sazanov 1994) remains to be
by Gladmaret al.(1997, Fig. 2) indicate that NEAs have a halfvestigated. Because YORP is straightforward physics applie
life of about 10 million years before they impact a planet or th® irregular shapes, it is likely that YORP is operative on thes
Sun, or are ejected from the Solar System by Jupiter. smaller objects; since they are generally found to be in princip
Eros, however, may be a collision fragment tens of millions @ixis rotation, then YORP may not inspire much tumbling, o
years old (Michekt al. 1996, W. Bottke pers. commun. 1998)jnternal dissipation in them may be higher than expected.
long enough to be significantly affected by YORP. In fact, with Small asteroidsR < 5 km) exhibit an excess of fast and slow
its high obliquity, Eros could be a highly evolved YORP objectotators compared to a Maxwellian distribution (Praetal.
The laser altimeter on board the NEAR (Near Earth Asteroit®97, Harris 1996). Given the expected YORP dominance
Rendezvous) mission will determine its shape more accuratéhese sizes in the main belt and at smaller sizes in the near-Ee
than the currently available model, and the orbit of the spacecradfion, it may be that YORP is responsible for this bimoda
will fix its center of mass by recovering its gravitational fielddistribution of fast and slow spin rates by depopulating the cent
so that a much better YORP calculation will be possible; band populating the extremes (W. F. Bottke, pers. commun. 199
the YORP deceleration is probably too small to be detected ovety ORP may also profoundly affect the rotation of meteoroids
NEAR’s lifetime (David E. Smith, pers. commun. 1999). A basaltic meteorai 1 m inradius with Gaspra’s shape and no
All the calculations assume principal axis rotation, so thaegolith would shorten a 12-h spin period to 6 h on thé-16
dissipation inside the pseudo-asteroids is assumed to be H@fyear timescale. With cosmic ray exposure ages typically ¢
enough to keep them in that state. Harris (1994), followin20 million years, substantial changes in spin rate might be e
McAdoo and Burns (1974) and Burns and Safronov (1973), fingected for slow rotators. Fast rotators would be less affected |
that the characteristic timga for returning a tumbling asteroid thermal torques but would still experience the reflective torqus
to principal axis rotation igpa ~ P3/(20R?), where P is the In an approximate calculation of the reflective torque, a dar
period of rotation in hoursR is the radius in kilometers, anigh, ~meteoroid with the shape of Pseudo-gaspra, Gaspra’s obliqu
is in millions of years. For 5-km-radius asteroids rotating witand distance from the Sun, an albedo of 0.05, and a spin peri
12 h periodgpa is about 3 million years, shorter than the YORPf 20 s, for instance, has a YORP cycle of abouft yars (see
timescale of~100 million years for the objects considered herdsig. 9), which is still a factor of~20 faster than the cosmic ray
so that they should remain close to principal axis rotation. exposure ages. So regardless of rotation speed, YORP mi

20

80 - 14
70 -
60 - 13

50 | ROTATION
RATE
{2 (CYCLES MIN')

OBLIQUITY

S
(DEGREES) | S

30 -
20 - i

10

0 1 1 1 1 L
0 0.25 0.50 0.75 1.00 1.25

TIME (108 YEARS)

FIG.9. The approximate evolution of spin and obliquity of a 1-m-radius meteoroid for the reflective YORP torque, assuming Pseudo-gaspra’s shape,
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greatly affect the presumed Yarkovsky orbit evolution of mesinzel, R. P., P. Farinella, V. Zappala, and A. Cellino 1989. Asteroid ro-
teoroids (e.g., Peterson 1976, Rubincam 1995, Fariet|&. tation rates: Distributions and statistics. Asteroids Il (R. P. Binzel, T.
1998. and Bottkest al. 2000)_ A meteoroid might go through Gehrels, and M. S. Matthews, Eds.), pp. 416—441. Univ. of Arizona Pres
’ . . Tucson.
many YORP cycles; or it might tumble randomly, shutting off ) ) _
the YORP effect until principal axi tati . tablished Bottke, W. F., D. C. Richardson, and S. Love 1997. Can tidal disuption o
e e QC untit principal axis .ro ation IS reestabliSned. . qigs make crater chains on the Earth and Mdoafus 126, 470-
The reflective part of YORP was invoked by Paddack (1969,474.
1973)1 Padd"?‘Ck and Rhee. (1975), ar.]d O’KeEfe_ (1976) tf) SPINgHXke, W. F., D. P. Rubincam, and J. A. Burns 2000. Dynamical evolution o
centimeter-sized meteoroids to rotational bursting. The idea wasain belt meteoroids: Numerical simulations incorporating planetary pertul
that secular spin up would continue until the centrifugal force bations and Yarkovsky thermal forcésarus 145 301-331.
overcame the strength of the meteoroid, at which point it wouRdirms, J. A, and V. S. Safronov 1973. Asteroid nutation angfies. Not. R.
fracture and fly apart. Their intent was to show that tektites hagf\stron- Sc165 403-411. -
to originate within the Earth—Moon system; further away (Mar&hio' B-R F. alr_‘deé ngzugngcam 1989. The gravitational field of Phabes:
for example) would mean a transit time long compared to tkllDe'D_ySl'D eRS' SeJ w _d_ k']_”‘ b Farinella. P. Paolicchi. and R. P. Bi
[ . e VIS, D. R., 5. J. Weldaenschilling, P. Farinella, P. Paoliccni, an . P. BINnZe
Spin-up timescale, so that most of the tektities would fragmen%l%g. Asteroidal collisional history: Effect on sizes and sping\dteroids Il
before they reached Earth. The fact that most appeared intagk p. ginzel, T. Gehrels, and M. S. Matthews, Eds.), pp. 805-826. Univ. ¢
argued for a nearby source. Arizona Press, Tucson.
The results obtained here indicate that rotational bursting mewkbury, T. C., and J. D. Callahan 1989. Phobos and Deimos control network
not happen very often. The reason is that the obliquity torquédcarus77, 275-286.
is an inevitable accompaniment of the rotational torque. Everf#rinella, P., D. Vokrouhlicky, and W. K. Hartmann 1998. Meteorite delivery
the spin vector is normal to or lies in the orbital plane, the stateYia Yarkovsky orbital drifticarus 132, 378-387.
is unstable and a small perturbation will start the tilt increasin@!?:dn;a”' B-hJI-' FHM":Q'EJ”’?" A. T,.mg'd-f"" V. Zdaf,.pagj’ P. Mlclhgi:%Ab Cellino,
when the meteoroid tips over far enough the rotational torque “roeschie, H. 7. Levison, M. bailey, and M. buncan 2357, Jynamica
. . . . . ifetimes of objects injected into asteroid belt resonanSeg&ence77, 197—
will go negative and the spin will slow. Hence, meteoroids may 5q4
be constantly speeding up and slowing down with the Yoa%rris, A. J. 1994. Tumbling asteroidsarus 107, 209-211.

CyC|e (assuming principal axis rOtation)* or tumbling, instead Warris, A. J. 1996. The rotation rates of very small asteroids: Evidence fc
speeding up to bursting. “rubble-pile” structureLun. Planet. Sci. Conf. 27t493-494.

It may also be that the evolution through the YORP cyclgudson, R. S., and S. J. Ostro 1995. Shape and non-principal axis spin state
might be interrupted by objects entering special YORP spinasteroid 4179 Toutati§cience270, 84-86.
states. For instance, an asteroid with a thermal inertia whigbmarov, M. M., and V. V. Sazanov 1994. Light pressure forces and torque
varies across the surface might cause the rotational torque to gi¥erted on an asteroid of arbitrary shapel. Syst. Re€8, 16-23.

to zero at a particular rotation rate, so that the rotational speeofsky, L. A, and J. R. Spencer 1989. Radiometry and thermal modeling ¢

remains constant thereafter. Special spin states and other aspe@tero/ds: Iisteroids Ii(R. P. Binzel, T. Gehrels, and M. S. Matthews, Eds.),

of YORP are currently under investigation pp. 128-147. Univ. of Arizona Press, Tucson.
y 9 ) McAdoo, D. C., and J. A. Burns 1974. Approximate axial alignment times fol

spinning bodieslcarus21, 86—93.
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