
sition of ASW can also occur when a particle 
or body is passing through a water cloud with 
a large relative velocity. In other cases, such 
as the formation of comets (I),  porous ASW 
may result when omnidirectional deposition 
of the water molecules occurs. 

Adsorption. diffusion, reaction. and de- 
sorption of volatile gases on and through 
ASW are expected to depend critically on the 
morphology. These elementaiy kinetic pro- 
cesses form the microscopic basis for a vari- 
ety of important astrophysical phenomena 
such as the outgassing of comets (19, 20, 30, 
31) and chemical reactions in interstellar 
clouds (3). Our results show that, for porous 
ASW. large quantities of gases can adsorb at 
temperatures above the nominal equilibrium 
vapor pressure. The thermal conductivity of 
ASW, which is important in the thermal pro- 
cessing of icy bodies, should also depend 
sensitively on its morphology. The tempera- 
tures attained in the objects help to determine 
the extent of densification of the ASW and 
the diffusion. reaction, or desorption of gases 
trapped in the ASW. Examples of thelmal 
processing include comets as they orbit the 
sun (30, 32) and particles in the rings of 
Saturn as they pass into and out of the plan- 
et's shadow (2). 
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Semimajor Axis Mobility of 
Asteroidal Fragments 
Paolo Farinella'" and David Vokrouhlicky2 

The semimajor axes of asteroids up to  about 20 kilometers in diameter drift as 
a result of the Yarkovsky effect, a subtle nongravitational mechanism related 
to  radiation pressure recoil on spinning objects that orbit the sun. Over the 
collisional lifetimes of these objects (typically, 10 to  1000 million years), orbital 
semimajor axes can be moved by a few hundredths of an astronomical unit for 
bodies between 1 and 10 kilometers in mean radius. This has implications for 
the delivery of multikilometer near-Earth asteroids, because the Yarkovsky drift 
drives many small main-belt asteroids into the resonances that transport them 
to the Mars-crossing state and eventually to  near-Earth space. Recent work has 
shown that, without such a drift, the Mars-crossing population would be de- 
pleted over about 100 million years, a time scale much smaller than the age 
of the solar system.  oreo over, the Yarkovsky semimajor axis mobility may 
spread in an observable way the tight semimajor axis clustering of small 
asteroids produced as a consequence of disruptive collisions. 

Since their discovery two centuries ago, as- 
teroids have been considered useful "test par- 
ticles" for celestial mechanics. This is be- 
cause asteroids are small enough (51O3 km 
in diameter) to have negligible gravitational 
influences on the sun and the planets, while 
also large enough that gravitation is by far the 
most important force affecting their orbital 
motion. Nongravitational forces. arising from 
interactions with interplanetaiy dust particles 
and solar radiation. have been thought to 
perturb only the orbits of small objects (1, 2), 
with diameters less than -10 m. Two addi- 
tional forces-tidal forces in planet-satellite 
systems and recoil forces due to gas jets from 
comets-are not relevant for asteroids. 

Because of the dominance of gravitational 
perturbations by the planets, asteroidal orbits 
undergo long-term (2 10"ears) changes in 
their inclinations (i) and eccennicities (e) (3). In 
most cases, their semimajor axes (a) undergo 
small. short-term periodic perturbations caused 
by the planets. The asteroids' semimajor axes 
have been altered only in the so-called Kirk- 
wood gaps in the main asteroid belt, at semi- 

major axes corresponding to strong orbital res- 
onances with Jupiter, and near some other sec- 
ular resonances with the outer vlanets. Reso- 
nant planetary perturbations have caused the 
asteroid population to be depleted by large ec- 
centricity jumps leading to encounters or colli- 
sions with the planets and the sun. No other 
dynamical mechanism is thought to have re- 
shaved the basic structure of the distribution of 
asteroidal semimajor axes since the formation 
of the solar system. Even disruptive collisions, 
which may impart to fragments relative speeds 
of - 100 mh. create families of asteroids whose 
orbits remain tightly clustered in orbital element 
space (4, 5).  

However, the Yarkovsky- effect-a radia- 
tion pressure recoil force that acts on anisotro- 
pically emitting spinning bodies heated by sun- 
light to different temperatures in different parts 
of their surfaces (2, h t represents  an addition- 
al force that may perturb the orbits of small 
asteroids (sizes up to -20 lun in diameter). The 
original diurnal effect, discovered by the Rus- 
sian engineer I. 0. Yarkovsky about a centuly 
ago, is a change in orbital elements, including 
the semimajor axis, of a rotating asteroidal body 

,Dipartimento di Astronomia, Universitd di Trieste, 
as a result of the diurnal changes in its surface 

Via Tiepolo 1 I, 1.34131 Trieste, Italy, 21nstitute of temperature distribution. Because the "after- 
Astronomy, Charles Universitv, V Holesovickach 2, noon" temverature tends to be higher than in the 
CZ-1 8 0 0 6  Prague 8, Czech ~ e p u b l i c .  

- 
"morning" quadrant, the thermal radiation pro- 

*To w h o m  correspondence should be addressed. duces a nonradial recoil force on the body. 
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More recently, after related work on laser- 
tracked artificial satellites (7 ) ,  a "seasonal" 
variant of the Yarkovsky effect was proposed 
(8) to be effective for bodies - 10 to 100 m in 
diameter for transporting them from their 
source regions in the mall1 asteroid belt (or from 
Mars) to Earth's vicinity. This effect is attrib- 
utable to a conlponent of the force associated 
with theimal reradiation acting along the polar 
axis for asteroids with nonzero obliquity. It 
arises because the hemisphere experiencing 
"autumn" is hotter (and radiates more thei-inal 
energy) than the hemisphere experiencing 
"spring." 

The diurnal and seasoilal Yarkovskv effects 
act together but depend in different ways on the 
thermal and rotatioilal properties of the in- 
volved bodies. as well as on their sizes. More- 
over, for objects undergoing impacts frequently 
enough to change their polar axes in a random 
fashion. the seasonal effect causes a variable 

drag-like orbit decay, whereas the diurnal effect 
results in a kind of random-walk semimajor 
axis evolution. We proposed that the Yark- 
ovsky-driven semimajor axis drift is important 
for delivering collisiol~ally generated asteroid 
fragments to the resonant zones of the inner part 
of the main belt, from which most meteorites 
are believed to come (9, 10). 

Using recent thennal models for spherical 
bodies (11), we have calculated how far in 
semimajor axis the Yarkovsky-driven orbital 
evolution process typically taltes asteroidal 
fragments of different sizes (up to several tens 
of kilometers in diameter) over their collisional 
lifetimes [up to about 1000 inillion years (My)] 
(12). For every radius R and set of material 
properties [density p, assunled to be 3500 kg/ 
m3 for silicate-rich bodies (stones) and 8000 
kg1m3 for metal-rich bodies; specific heat C, 
680 J/(kg.K) for stones and 500 J:(kgK) for 
metals; and thermal conductivity k], we have 

Fig. 1. (A) Average 
semimajor axls dis- 
placement Aa caused 
by the dlurnal Yark- 
ovsky effect wlthin the 
collisional lifehme T,,, 

for asteroid fragments 
of different radii R. We 
used three different 
values for the surface 
thermal conductivity: 
(1) k = 0.001 5 W/(m.K), 
(2) k = 0.0075 W/(m.K), 
and (3) k = 0.015 
W/(m.K). The shaded ar- 
eas correspond to three 

considered lo6 particles with spin periods P = 

5 X (R/1 m) s (13) and starting at a semimajor 
axis N = 2.25 AU. Then nre evolved the semi- 
inajor axes under both variants of the Yark- 
ovsky effect, reorienting at random the spin 
axes of the particles to miinic the effects of a 
sequence of collisions (14). The semimajor axis 
evolution was followed over the collisional life- 
time of each particle, assuined to be given by 
T~~~ = 16.8 X (R/1 nl)l" h1y (for stones; for 
metal-rich bodies we assumed a lifetime about 
two orders of magnitude longer. up to the age of 
the solar system). Within a factor 2 of uncer- 
tainty, these collisio~lal lifetimes are in agree- 
ment with the obsen~ed cosmic-ray exposure 
ages of stony and iron meteorites (15) and the 
estimated collisional lifetimes of multikiloine- 
ter main-belt asteroids (12). The average semi- 
major axis displacemeilt Aa was computed for 
each simulation. 

We have found that for values of k typical 
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astronomically Impor- 
tant classes of bodles c R (km) R (km) 

slze range A, pre-atmo- I I , I , ~ I I ,  I I IIII, I , I I I I I I ,  I I I 1 1 1 1  I I I I I ~  D 2 5 -  , t , r r r  r -  

spherlc meteorite parent A C - 
bodles (R = 0 1 to 1  - 

- 
m 

: 1 
1 5 m), slze range B, Tun- 
guska-llke small NEAs 
(R = 5 to 30 m); and slze - 
range C, the largest ex- 

' 
Y -  istlng NEAS (R = I to 10 5 

km). We have verlfled ' - 

that plausible changes In $ 
speclflc heat, densty, ,/ and the startlng seml- 4 - 
major axls modlfy these 
results by less than a / /  5 

factor of 2 (8) Thesame 1 0 0 - '  ' 3 
I L;b.2 I I ; b . ~  I " H I  I I ' " " '  

1  10 2 77 2 78 2 79 2 80 
as (A) but for the sea- 
sonal verslon of the R (km) a (AU) 
Yarkovsky effect Hlgher 
thermal conduct~v~t~es of the surface materlal are assumed here (1) k = 0 1 B slze ranges, but much less so In range C (D) Proper semimajor axls a 
W/(m.K), (2) k = 1 W/(m.K), and (3) k = 2 W/(m.K). Them curve [k = 40 versus radlus R for the known members of the Astrid famlly (0). Note the 
W/ (~ .K) ]  corresponds to metal-rlch fragments, whose estimated llfetime is larger semlmajor axls dtsperslon of the smaller famlly members To show 
>4500 My for R > 15 m (for larger bodles, correspondlng to the dashed that thls dlsperslon 1s consistent with Yarkovsky mobility, we have assumed 
part of the curve, we used T~~~ = 4500 My In our calculations for thls that the family was generated 1000 My ago wlth a small veloclty dlsperslon 
case). The maximum h a  moblllty for the seasonal effect occurs In slze (10 m/s, comparable to the escape velocity of the largest members, thls 
range B, as recently polnted out by Rubincam (8, 7 1). (C) A composite of dlsperslon corresponds to the shaded strlp between the dashed llnes) We 
the results shown In (A) and (B), wlth the dturnal and seasonal compo- then plotted the expected Yarkovsky l a  wlth respect to the largest famlly 
nents of the Yarkovsky effect assumed to act together Both low- and member as a functlon of R, for different values of the thermal conductivity 
hlgh-conductlvlty surfaces are considered here (1) k = 0 002 W/(m.K), k (1) k = 0.002 W/(m.K), (2) k = 002 W/(m.K), (3) k = 0 2 W/(m.K), and 
(2) k = 0 02 W/(m.K), (3) k = 0 2 W/(m.K), (4) k = 2 W/(m.K), and (m (4) k = 2 W/(m.K) The fact that the smaller famlly members are preferen- 
curve) k = 40 W/(m.K) The low-k cases are dominated by the dlurnal tlally located at smaller semimajor axes suggests an important contribution 
effect, whereas for h~gh-k cases the seasonal effect 1s more important of the Yarkovsky seasonal effect, correspondlng to the hlgher conductlvlty 
Note that Aa depends sensltlvely on the selected value of k In the A and cases 



R E P O R T S  

of regolith-free solid rocks, including chon- 
dritic meteorites [-0.1 to 2 W1(m.K) (16)], 
and for higher values of k typical of metal- 
rich fragments [-40 WI(m.K)], the seasonal 
effect is in general the doininant one (Fig. 1, 
A to C). On the other hand, the diunlal effect 
is more important for values of k typical of 
regoliths or particulate stony materials 
[0.0015 to 0.1 Wl(n1.K) (17)l. For real aster- 
oid fragments, k may depend on size. because 
larger bodies are more likely to retain surface 
regoliths. 

Our simr~lations considered a range of ob- 
ject sizes, including (i) R = 0.1 to 1.5 m. that is, 
the typical sizes of meteorites before they enter 
Earth's ahnosphere: (ii) R = 5 to 30 m, coire- 
sponding to Tunguska-sized asteroid fragments 
recently found to be overabundant in near-Eai-th 
space (18): and (iii) R = 1 to 10 km, the size 
range of large near-Earth asteroids W A S )  ca- 
pable of causing catastrophic damage if they hit 
Eai-th. For the first two size ranges. the Yark- 
ovsky mobility in the asteroid belt appears to be 
a sensitive function of lc. whereas in the hT.4 
range we get An values of 0.008 to 0.03 .4U, 
independeilt of the value of I<. The direction of 
this semimajor axis drift depends on the domi- 
nant Yarkovsky .effect: A systeinatic inward 
motion would result when the seasonal effect is 
stronger, whereas a random walk in either di- 
rection would be associated with a dominant 
diurnal effect. 

Our simulations of the subkilometer-size 
bodies confirm earlier findings on the potential 
iinpoltance of the Yarkovsky effects to deliver 
the meter-sized pre-atmospheric precursors of 
meteorites and the small (10 to 100 m in diam- 
eter) NEAs from stable main-belt orbits to the 
main resonances that work as transpoi-t routes to 
near-Earth space (8-11). However, we believe 
that our model is too simplified to determine 
detailed quantitative results on the deliveiy of 
these sinall bodies. While they drift in the belt 
or evolve in resonant orbits; they undergo a 
kind of "collisional cascade," so that each initial 
body is transformed into an evolving swarm of 
inultigenerational fragments, and these are the 
objects that eventually hit Earth. This is con- 
firmed by the fact that many meteorites display 
"complex" histories of exposure to cosmic rays. 
consistent with a sequence of brealiup events 
spread over time spans of tens of millions of 
years [comparable to T,,? as estimated earlier 
(19)]. On the other hand, this problem is less 
serious for the size range 1 to 10 km (in radius), 
where the collisional lifetime in the main belt is 
on the order of 1000 IVY. 

The fact that multikilometer-size asteroid 
fragments move by a few hundredths of an 
astronomical unit in semimajor axis. after their 
generation in large-scale collisional events; has 
important implications for the delive~y of 
NEAs to planet-crossing orbits. Recent work 
(20) has shown that most inultikilometer-size 
NEAs do not come directly through the pow- 

erful 3 : 1 and v, resonances in the inner asteroid 
belt. as previously thought, because these reso- 
nances throw most bodies stai-ting fkom thein 
into sun-grazing orbits within a few million 
years and therefore \vould require too high a 
flux to sustain the existing NEA population in a 
steady state. Rather. inultiluloineter-size NE.4s 
probably come from the Mars-crossing asteroid 
population, which in turn is resupplied by a 
large number of thin. high-order resonances 
with Mars and Jupiter located in the inner main 
belt, which cause a slow chaotic diffusion of the 
eccentricities of the asteroids (21). However. 
quantitative studies of this process (21, 22) have 
shown that the current population of multikilo- 
meter-size inner-belt asteroids at moderate ec- 
centricities is too small. at least by a factor of 2. 
to sustain the Mars-crossing population in a 
steady state in the long tenn (-100 My and 
longer). However, this conclusion holds only if 
asteroid semirnajor axes are assumed to be 
fixed. Yarkovsky-driven se~nimajor axis mobil- 
ity may be instrumental in feeding the high- 
order resonances with a much higher flux of 
bodies. There are about 100 thin chaotic reso- 
nances in the inner main belt (semimajor axes 
between 2.15 and 2.45 AU), with average spac- 
ings and widths of 3 x and 3 x 10-%AU, 
respectively (22). Therefore. as a result of Yark- 
ovsky mobility, nearly all the small asteroids 
will encounter a thin resonance during their 
collisional lifetime. Collisionally imparted ve- 
locity changes are not as effective as the Yark- 
ovsky drift in feeding these resonances. because 
their collective width (-0.03 AU) is small rel- 
ative to the total selnirnajor axis range spanned 
by the inner belt. This means that ne\vly born, 
collisionally ejected fragments \vould have only 
a - 10% chance of ending up in a resonance. 

In quantitative terms, collisional models 
(23) show that in the inner belt, collisions create 
about three fragments per inillion years that are 
larger than 5 km in diameter (this rate is uncer- 
tain by a factor of 2). If all are injected into the 
Mars-crossing population through the reso- 
nances during their collisional lifetimes of 
-1000 My, the average feeding rate of about 
300 per 100 My is just what is needed to 
compensate for the dynamical loss of about 360 
Mars crossers of this size per 100 My obtained 
by Migliorini and co-workers (21, 22). and 
three times the feeding rate derived by these 
authors assuming only gravitational effects. 
Without the Yarkovsky effect, collisions would 
inject into the resonances oilly about 30 new 
5-km fragments per 100 IVY. 

Mostly large asteroids (2 to 20 1tm in diam- 
eter) will be lost from the belt and become Mars 
crossers through this mechanism, because the 
Yarkoksky drift rate for these bodies is slow 
enough (-lo-' -4UMy) for the thin resonances 
to be able to pump up the eccentric~ty by a large 
amount over the characteristic time scales of a 
few tens of millions of years for resonant dif- 
fusion of the eccentricity. On the other hand; 

the flux problem does not exist for the kiloine- 
ter-size and smaller N!3.4s, whose populatioils 
can be maintained in steady state by the main 
3 : 1 and v, resonances alone (23, 24). Thus. we 
suggest that the delivery of large NEAs may be 
a complex, multistage process, starting from a 
collisional breakup in the inner belt (possibly 
forming an asteroid family), followed by slow 
sen~iinajor axis drift under Yarkovsky effects, 
then chaotic diffusion of eccentricity in a thin 
resonance up to Mars-crossing, and eventually 
injection into an Ealth-crossing orbit by a 
strong resonance. NEAs smaller than -1 km, 
on the other hand, are likely to skip the thin- 
resonance stage. 

-4n independent test of the role of the 
Yarkovsky drift comes from the analysis of 
the orbital distribution of small main-belt as- 
teroids. Some asteroid families are compact 
clusters in proper elemeilt space, with typical 
semimajor axis ranges of a few hundredths of 
an astronomical unit. Unfortunately, because 
of observational selection effects, only a fear 
such families are known with a large enough 
number of members having diailleters smaller 
than 20 km. The best case identified in the 
most recent and comprehensive fainily search 
(5) is that of the Astrid family, a very com- 
pact cluster of 10 small asteroids located at a 
semimajor axis of about 2.78 AU. For the 
Astrid fainily members, despite the limited 
number of objects available, the semimajor 
axis range in the fainily is larger at smaller 
sizes. consistent with Yarkovsky mobility 
(Fig. ID). We cannot exclude the possibility 
that a higher (and possibly size-dependent) 
initial ejection velocity of the family mein- 
bers is also playing a role here. 

Another way to test whether the Yark- 
ovsky drift alters real asteroidal orbital ele- 
ments is to look at the orbits of sinall ( 5 2 0  
ktn in diameter) asteroids close to the edges 
of the Kirkwood gaps associated with the 
main jovian resonances. Nakamura (25) has 
observed that near the edges of these gaps 
there is a gradient of mean asteroid sizes, 
with more of the smaller bodies closer to the 
centers of the gaps. The effect is apparent at 
diameters of - 10 km over a semimajor axis 
range of -0.01 AU. -4gain; this can be inter- 
preted in terms of a size dependence of frag- 
ment speeds following ejection after asteroi- 
dal breakup events (26), but an alternative 
inteipretation is that Yarkovsky mobility may 
gradually bring into the resonances small 
fragments originally fom~ed "on the brink." 
-4 specific case of this type is possibly 2953 
Vysheslavia. a 15-km-diameter member of 
the Koronis asteroid family whose senlimajor 
axis is so close to the edge of the 5 :2  gap that 
its orbit will become unstable and fall into the 
strongly chaotic portion of the resonance 
within a few tens of millions of years (27). 
Other small members of the family may be on 
their way to a similar fate (28). 
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Finallv, the Yarkovskv semimaior axis faster. The uncertainty of the diurnal drift related t o  21. F. Migliorini e t  al., Science 281, 2022 (1998). 

drift may be important in transporting to the 
main resonances a large number o f  bodies 
around 10 m in radius for which h a  values o f  
-0.1 AU are expected (Fig. 1C), similar to 
the distances between the main Kirkwood 
gaps. These fragments may be removed from 
the main belt population faster than bodies o f  
other sizes, and in turn this may result into 
longer collisional lifetimes T,,, for the 100-m 
objects, which would also become inore mo- 
bile (29). .4lthough a realistic model o f  the 
feedback effects between Yarkovsky orbital 
drift and collisional processing o f  the asteroid 
size distribution would be required to assess 
these effects. we suggest that the Yalkoksky 
mobility mechanism may provide a plausible 
explanation for the observed overabundance 
o f  bodies 10 to 100 m in diameter in the 
near-Earth population (18). 
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Quartzlike Carbon Dioxide: An 
Optically Nonlinear Extended 
Solid at  High Pressures and 

Temperatures 
V. Iota, C. S. Yoo," H. Cynn 

An extended-solid phase, carbon dioxide phase V (C02-V), was synthesized in 
a diamond anvil cell by Laser heating the molecular orthorhombic phase, carbon 
dioxide phase Ill, above 40 gigapascals and 1800 kelvin. This new material can 
be quenched to  ambient temperature above 1 gigapascal. The vibration spec- 
trum of C02-V is similar to  that of the quartz polymorph of silicon dioxide, 
indicating that it is an extended covalent solid with carbon-oxygen single bonds. 
This material is also optically nonlinear, generating the second harmonic of a 
neodymium-yttrium-lithium-fluoride laser at a wavelength of 527 nanometers 
with a conversion efficiency that is near 0.1 percent. 

High pressure alters the nature o f  chemical 
bonds, electronic and ciystal struch~lres, and 
thermal and mechanical propei-ties o f  solids. It 
has beell suggested that simple molecular solids 
may transform into a polymeric phase before 
they become metals at high pressure ( I ) .  The- 
oretical models and experimental data support 
this hypothesis, including polymeric forms o f  
N2 ( I ) .  CO (2), diamond (3),  0-C,N, (4), and 
symmetric H20 (5) .  Furtheirnore. these pres- 
sure-induced changes often occur in systematic 
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ways, providing new routes for designing and 
synthesizing novel materials with advanced op- 
tical and mechanical properties. The stmct~lres 
o f  the N, polymer, diamond. and P-C,N, at 
high pressures, for example, can be viewed as 
being similar to the assemblages o f  heavier 
elements in each periodic group ( P ,  Si. and 
0-Si,N,, respectively) at low pressures. 

Carbon dioxide is one o f  the most abun- 
dant volatile materials on Eaith. -4lso; CO, 
crystals (dry ice) are widely used for cooling, 
and CO, is found as clathrates on Mars and 
other planets ( 6 ) .  However, the properties o f  
CO, at high pressures are not well under- 
stood. Four polymorphs have been suggested 
for CO,. but the structures and stability o f  
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