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Abstract. We derive a new analytical solution for the seasonalvestigated one can mention the role of non—spherical shapes
Yarkovsky effect, the mean—motion frequency mode of the rgsee Vokrouhlicly 1998b and Vokrouhlick & Farinella 1998
coil force due to reradiated sunlight, on a spherical asterda some preliminary results), the effects of fractures running
fragment. The body is assumed to have a thin low—conductivityrough the body, and the emission properties of the body’s
(regolith—like) surface layer, covering a much more thermalgurface (including those due to surface roughness and the direc-
conductive core. If the penetration depth of the seasonal thertiahal properties of the emission lobe, improving on the simple
wave in the low—conductivity surface material is larger than thembert—law isotropic geometry which has been always as-
regolith’s geometrical thickness, the previous simplified solsumed so far in the framework of Yarkovsky force studies).
tion assuming a homogeneous interior of the body might lead In this note we aim to extend the applicability of the existing
to wrong estimates on the intensity of the perturbing forcthermal models by taking into account another problem, namely
Our approach removes this problem and the results indicatee possible inhomogeneity of the thermal parameters in the
(i) an increased seasonal mobility of 10—m sized and lardevdies. A related problem in radiometry has been studied by
fragments with an insulating surface layer, and (ii) a decreasebwn & Matson (1987), who have investigated the role of
seasonal mobility of meter—sized fragments with the same strttee finite propagation depth for insolation on a porous asteroid
ture. These results may affect the accuracy of simulations of nseface. In this paper, we shall focus on modelling the thermal
teorite and NEA transport to the Earth, as well as the dynamiediects for bodies which have a layered structure: a highly—
evolution of some real small asteroids (e.g. 1566 Icarus). conductive core covered by a thin layer of a low—conductivity
material (such as a porous, dusty or finely fragmented regolith).
Key words: celestial mechanics, stellar dynamics —minor plan- This problem is interesting for the following reasons, which
ets, asteroids are different for the diurnal and the seasonal components of the
Yarkovsky effect. In the case of the seasonal effect, which has
been recently analyzed for a range of surface thermal conduc-
) tivities including the very low values appropriate for regoliths
1. Introduction (Rubincam 1995, Farinella et al. 1998), the penetration depth

Thermal phenomena on asteroid fragments have attracted dorf2§ the seasonal thermal wave for a body covered by low—
siderable attention over the last few years, since their dynamiégnductivity, regolith-like surface material would be of about
aspects, known as the Yarkovsky effects, have been found to5eCM- Because the corresponding penetration depth is much
important in solving some interesting problems related to th9er for compact rocky material, due to its higher thermal
transport of NEAs and meteoroids to the Earth vicinity (e.§onductivity (e.9/; ~ 2 m for a bare-rock basalt surface) the
Farinella et al. 1998; Hartmann et al. 1999, Vokrouhick seasonal temperature changes would affect a much larger frac-
Farinella 1998; Farinella & Vokrouhlisk1999: Bottke et al. tion of the body’s volume thanjust.the surface layer if the latter
1999). A quantitative understanding of the astronomical rof¢ere thinner than the corresponding valué.cénd the under-

of the Yarkovsky effects requires: (i) a reliable knowledge ¢fing core were much more conductive. In such a case, the tem-
the thermal and other parameters affecting their efficiency (e Bgrature gradient across the body and the resulting Yarkovsky
the surface thermal conductivity of asteroid fragments, colffféct would be very different with respect to the values pre-
sional evolution time scales, etc.), and (ii) a realistic modellif§fctéd by assuming a homogeneous structure, having the same
of the thermal effects themselves. Whereas the former problefftductivity throughout the interior as on the surface.

basically requires observational inputs (such as thermal—IR gb- Modelling the diurnal component of the Yarkovsky effect
servations of asteroid surfaces during fly—by space missior§J, bodies with very low surface conductivity presents a dif-

the latter demands theoretical efforts. Among the issues tof§Eent problem. Using the thermal parameters measured for the
lunar regolith (e.g. Langseth et al. 1973), we obtain an esti-
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thermal wave (here is the rotation frequency of the body in
rad/s). Assuming a linear dependence of the rotation pdriod
on mean radius® of the body, such a® = (2r/w) = 5R
(with R in meters; this is the relationship recently adopted for
asteroid fragments by Farinella & Vokrouhlick999), we can
express the estimated diurnal penetration depth as a functfon
of the body’s size34.2+/R pm. For the meter—sized bodieg
of interest in meteoritics this depth is submillimetric. Since o
this scale the surface is likely to be dusty or particulate, witl
a complex mixture of micrometric grains and voids of similar
size, the current models based on the homogeneity assumptioN
are very likely to be simplistic. If the surface microparticles are
optically thin, the impinging radiation may penetrate to some
depth in the body and represent effectively an additional source
of energy (see e.g. Brown & Matson 1987). However, dealifigy 1 The interior structure of a layered body as discussed in the text.
with this problem is much more complicated than in the previ-

ously mentioned case of the seasonal effect, and in this paper

we will limit ourselves to the latter. , orders of magnitude) than compact rocks, including most me-
Coming back to the regolith issue, is it plausible to assun&ite samples used by Yomogida & Matsui. In conclusion, we
that small (say, meter—sized) asteroid fragments or meteorqigis that the the possibility of a layered structure for small as-
have a thin, low-conductivity surface layer? In our opinion, theigs/meteoroids cannot be ruled out at this time, and therefore
available observational evidence allows no definite reply for thes \worth some modelling effort.
time being. Meteorites are normally covered by a fusion crust |, this note, we consider the seasonal Yarkovsky effect only
developed during their passage through the Earth's aimosphgig remove the homogeneity assumption adopted in the previ-
and their original surface material cannot be observed; recgit thermal models, by considering bodies with a simple layered
studies of these fusion crusts (Genge & Grady 1999) indical@ cture. Sect. 2 is devoted to the derivation of the semimajor
that their compositions are similar to those of the bulk metgs;s qrift rate in this case from a linearized thermal theory, while
orites, both at the same time suggest that meteorite ablaigisect. 3 we discuss some specific examples and applications

spheres produced at high altitudes resemble cosmic Spheryles graw some conclusions on the importance of this issue.
derived from coarse-grained precursors. It is also interesting to

note, in this respect, that many fireballs show anomalous ab- h
lation efficiencies and/or IR luminosities already at very hig?T Theory

altitudes, a possible explanation of which would be the eanlyereinafter we shall use the same mathematical approach and,
loss of loose surface material (Z. Ceplecha, private commugd-a large extent, the same notations introduced in the series of
cation). As for larger bodies, surface regolith has been obseryggbers by Vokrouhlick (1998a,b; 1999). The reader is referred
on asteroids such as Gaspra and Ida; recently, the presenag @fese papers for further details.

a meter—thick dust coating on the Martian moon Phobos has \we are going to derive a linearized solution for the temper-
been inferred from the large temperature differences (more th@tre variations in a spherical and rotating body, that revolves
100 K) between the day and night sides of this satellite, meground a radiating source (the Sunin our case) in a circular orbit.
sured by the Mars Global Surveyor thermal emission spectromere body, of radiusR, is assumed to have a thin and homoge-
ter instrument (see e.g. http://www.newmars.com/). This case\ious surface layer of thickness characterized by thermal
particularly interesting because most of Phobos’s surface ovggnductivity K, thermal capacity’; and density,. The cor-
flows its Roche lobe (DObrOVO'SkiS & Burns 1980), and deSpifgsponding parameters for the under|ying corefageCy, and

this the near—surface dust particles have not been flung off -gnwe assume that the thermal conductivitiés and K, are
indication that electrostatic interactions (see e.g. Lee 1996) m@iferent; typically,&, = K, /K, < 1/100. For later use we
keep dust or fine fragments sticking on the surface despite H1€o introduce the ratio between the thermal depths in the two
centrifugal force due to the presumably rapid rotation of smgjhrts of the bodys;, = VE1p2C2/Kap Cy < 1/15. Figld
bodies. In this regard, we stress that the theory discussed inghgws the geometrical structure of the bodies discussed in this
remainder of this paper is not meant to be applied only in thgte.

case of real regoliths, formed by ejecta from relatively large— Since we shall use a linearized heat conduction theory,
scale impacts, but also to bodies whose surface material nig¥ temperaturd” throughout the body is assumed to oscil-
have developed a certain degree of porosity or granularity, §dte around a constant mean vallie: 7' = T,, + AT. The
because of micrometeorite impacts. Measurements of Wechglgfistant average part is defined by the formal conservation of
et al. (1972), Presley & Christensen (1997) and Yomogida ghsorbed and reradiated energy, without taking into account the
Matsui (1983) show that such porous or particulate materiggat conduction effects. The heat conduction problem then re-
have thermal conductivities much lower (even by two or thregiires one to solve for the temperature variatidh at any time
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t everywhere in the body. The volume elements in the body aMeiner 1960). Both the temperature and the heat flux are to be

labelled by their spherical coordinates 9, ¢). continuous on this surface, and therefore

A sunablg scaling of the variables s!mplmes_the mathemati- AT'(R — h'), = AT'(R —1')_, (6)
cal formulation of the problem. The radial coordinaie scaled AT (R — I AT (R — I
by the thermal penetration depgth= /K1 /p1C1n of the sur- & [(_)} - [(_)} ) )
face layerr — r’ = r/I! (scaled quantities are denoted by a or’ + or’

prime; n is the mean motion of the orbital revolution aroundhe indexest indicate that the corresponding quantities have
the Sun). The temperature variatid¥" is scaled by the sub- to be computed as a limit{— R’ — h’) from the surface layer
solar surface temperatui@, defined fromecT? = &, (cis (+) or the core {) region.

the thermal emissivity and the optical absorption coefficient  Thanks to the spherical geometry, the temperature distri-
of the surfaceg the Stefan—Boltzmann constant afidthe so- pution in the body can be developed as a spherical harmonics
lar radiation flux at the body’s distance from the Sun). Finall¢eries

time¢ is replaced by the complex varialje= exp(i)), where n

A = n(t — to) is the mean longitude along the orbit. The ime\T"(r';0,¢;¢) = > > t,.(r":1¢) Yur(6,9) | (8)
origin g is chosen in such a way that the solar colatitdgén n>1 k=—n

the body’s reference frame (measured from the body’s spin axj§iy, the coefficients’,, ('; ¢) depending on the scaled radial

fulfils the_conqlitiork:os fo = sinysin A (herey is the obliquity istancer’ from the center and time. Only the dipole part
of the spin axis). _ . th,(r";¢) is required to compute the seasonal Yarkovsky accel-
The linearized heat conduction problem then satisfies tglé‘ti na (see Vokrouhlick 1999), since

Fourier equation (see e.g. Vokrouhljck998a; 1999):
_ 42 e
ifﬁ AT (r';0,¢;¢) = (1) a(() = 3\/;O‘(I)t10(R iC)s. 9)

¢ Here,s is the unit vector in the direction of the spin axis and
_ L {‘9 (,,/28) + A0 ¢)} AT (r';0, ¢;¢) ® = 7R2E, /mcis the usual radiation pressure factor is the
r’z | o or! 7 "7 mass of the body anethe velocity of light). Like in the simpler
case of thermal effects on a homogeneous body (e.g. Rubincam
1998; Vokrouhlicky 1999), thet},(r’'; ¢) coefficient satisfies a
A0, 6) = 1 [3 (Sm03> 182] ) Bessel equation in both the surface layer and the core. In the
o0 sin § 02 core, the solution depends only on the spherical Bessel function

where the operatak(0, ¢) is given by

~ sinf |06
) ] ] of the first kind (in order to guarantee regularityrat= 0),
The general solution of Eq.J(1) is constrained by three boundgfyereas in the surface layer the solution in general is a mixture

conditions. The energy flux conservation at the body’s surfageihe two fundamental solutions (of first and second kind) of

(r' = R') reads the Bessel equation.
OAT' (R After a great deal of algebra we obtain
’ RSN ! !
tio(R;¢) = \/; sy 1+ x ) (10)

with the incident radiation flu£ normalized by the “subsolar”
value&, (&' = £/&,)andO = /K pC1\/n/ecT? defined as Where
the seasonal thermal parameter of the surface low—conductivity

Ba— B3

layer. The boundary conditioil(3) depends on the particu Ly explid) = B1Bs — BafBs (11)
syrface eIemen(t@, qb)_ and time(¢) that allre considered. Theqpq auxiliary complexi—factors are given by
right-hand side termin EQ.I(BAE’ = £'— ;) canbe developed x
in a spherical harmonics series b= 1+7 n X1/J1(Zl) : (12)
- 3X X
net ke _ _ Bs = [f2 — 1+ &1 (22) — 91 (23)] Y3 (22) & (14)
where o_nly, the dipole zonal term will be relevant _belomm = [=26 — 1+ &by (220) — 1 (23)] U3 (21) (15)
Vokrouhlicky (1999) has showed that the corresponding am-
plitudec1o(C) is with .
L 1 wie) = B (16)
610(()221.\/g31n7(§—§_ ) - ) J1 J
o Up(z) = —— 2, (17)
A new type of constraint in this case is due to the boundary ni(z) dz
between the surface layer and the core{at R’ — h'), which j1(2)
are assumed to be in perfect thermal contact (see e.g. Bolef/’éz) - ni(z) (18)
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Here, j1(z) andn,(z) are the spherical Bessel functions o

the first and the second kind. The complex arguments of t

B functions readz; = V—i R, 2o = /—i(R' — h') and 1000

z3 = v/—i& (R —I'). Finally, the real parametaris defined __

by: x = ©/v2R'. N
Finally, using the corresponding Gauss perturbation eqi<

tion we can estimate the secular rate of the orbital semima

axis:

da 4a ¢ Ep sindg

— = — — 7 sin?y. 19 :
dt 9 n 1+x S (19) 10 ) . . ]
This result is formally identical to Eq. (26) in Vokrouhligk o Lo ”1'0 s "'1'(;0 .
(1999), which had been derived for a homogeneous spheri ’ ' R (m) ’ '

body. However, in our case the amplitullig- and the seasonal o . .

thermal phase lagr are given by the much more complextig. 2. The average time (in Myr) required to move an asteroid fragment
expressiond{11) £(1L8) derived above (see Appendix A foby 0.05 AU in semimajor axis through the seasonal variant of the
numerical method suitable for the evaluation of #g sin 6z Yarkovsky effect is plotted vs. the body’s radiis(in meters). The
factor whenR’ > 1). Obviously, taking the limit for a homo- solutions of this paper for three thicknesaexf the low— layer (thick

. _ a o . solidlines:th = 1 mm,h = 5mm,h = 10 mm) are compared with the
geneous body (.65, = K3, p1 = pz andC; = C3) the semi- simplified solutions for a homogeneous body (thin solid lines: curve 1

_major axis §e(;ular drif({19) reduces t_o the simpl.er.result (2@ K, = 0.0015 W/m/K, corresponding to the lowk surface layer;
in Vokrouhlicky (1999). The same applies for the linit— R,  cyrve 2 fork, = 1 W/m/K, corresponding to the highly conductive
when the surface layer formally extends over the whole bodyre). The asymptotic behaviors, based on the solutions of the 1-D

and the limith — 0, when the surface layer disappears. heat diffusion problem (see Appendix B), are shown by the dashed
lines. Timescales longer than the estimated collisional lifetimes of the
3. Examples and conclusions fragments correspond to the shaded upper region.

In order to assess the importance of the effects related to the pos-
sible layered structure of asteroid fragments, we have perforngghnificant decrease of its thermal gradients and semimajor axis
two tests. In both of them we assume the following parametensobility. In other words, the effect of the highly conductive core
(i) K1 = 0.0015 W/m/K andp; = 1.5 g/cm?® for the low—K  helps the temperature to get closer to an average value and thus
surface layer, and (ii{o = 1 W/m/K andp, = 3.5 g/cm?® for decreases the efficiency of the seasonal Yarkovsky effect. On
the high- core. the other hand, the higher conductivity of the core also helps in
First, we have estimated the timescale required to movénareasing the “average” thermal parameter (indicating roughly
main—belt body by.05 AU due to the seasonal Yarkovsky efhow much the thermal reemission lags behind the absorption of
fect, assuming a body initially at = 2.25 AU (for a similar sunlight) in the case of 10 m sized and larger bodies. This effect
discussion see Hartmann et al. 1999). The statistical methodtwn leads to a faster seasonal Yarkovsky mobility compared to
Farinella & Vokrouhlicks (1999) was used to include the effectdow—K homogeneous bodies in this size range, as illustrated in
of random changes in the spin axis orientation due to collisioRi).[2.
with the background population of main-belt bodies. The re- Fig[3 shows the average semimajor axis drift of asteroid
sults, shown in Fid.l2, indicate that the previous, simplified afragments of different sizes within their estimated collisional
proach (assuming a homogeneous I&vbody) overestimates lifetimes (compare with Fig. 3 in Farinella & Vokrouhligk
in a significant way the seasonal effect mobility of meter—sizet999). The more efficient mobility of fragments around 10 m
regolith—covered fragments, while at the same time it signifiz radius when they are covered by a poorly conductive surface
cantly underestimates the seasonal effect mobility bodies witlyer is confirmed here [see the bump on the thick curves in
the same structure in 10 to 100 m size range. On the other hastdp (b)]. Bodies of this size have both a high diurnal effect
assuming a highx homogeneous structure would overestimataobility and, on top of this, a significantly increased seasonal
the seasonal Yarkovsky drift rate over all the size range exceeffect mobility (as discussed above). We recall that thanks to
ing a few tens of cm. the very small penetration depth of the diurnal thermal wave
These results are easy to understand. We recall that the(ase Sect. 1), the previous models for the diurnal effect remain
sumed geometrical thickness of the regolith—layer (U@tmm essentially correct — unless, of course, the granularity effects
in Fig.[2) is smaller than the penetration defititaboutl5 cm) mentioned in Sect. 1 play an important role.
of the seasonal thermal wave corresponding to the thermal pa-Let us now comment briefly on the possible astronomical
rameters of this material. The surface temperature variatioesevance of the enhanced (for “large” bodies) or inhibited (for
thus penetrate well into the highly conductive core of the bodgmall” bodies) seasonal Yarkovsky mobility resulting from the
Since the typical penetration depthof the seasonal thermaleffect analysed in this paper.
wave in the core is of the order bf-3 m, the efficient heat con- First, the increased semimajor axis mobility of bodies
duction through the interior of the meter—sized body results irmeound 10 m in size, when they have a thin, low—conductivity
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- Let us consider, for instance, a 10 m sized, regolith—covered
& 4

body released at &.15 AU distance from a resonance in the
inner region of the asteroid belt — this is roughly the case of
ejecta from asteroid Vesta, the best candidate parent body for
the HED meteorites. Using the results shown in [Hig. 3, we can
see that the simplified (homogeneous) thermal model predicts
a typical drift of about0.1 AU within the estimated lifetime
of a 10 m body, which would not be sufficient to reach the
resonances for many fragments released from Vesta. However,
0.01F (@) ) when the model developed here is used instead, the enhanced
T N T T mobility may protect most 10 m bodies from being disrupted
10° 10° 107 10 1 10 on their way to the resonances, thus inhibiting to some extent
R (km) the importance of the collisional cascade effects.
A detailed analysis of the orbital dynamics of the near—Earth
Fig. 3. Average semimajor axis drift (in AU) within the lifetime of gsteroid (1566) Icarus represents a special problem where the
an asteroid fragment vs. its radiiis(in km). Both diurnal and sea- regylts of this paper might provide an element of the solution.
sonal effects_ are included ht_ere. The assum(_ed collisional l'fe“me,&écording to Sitarski (1991), Icarus’s orbit determination re-
16.8 V'R Myris taken from Farinella & Vokrouhlick(1999). The com- veals an unexplained secular semimajor axis decrease of about

plete solution of the seasonal effect (as derived in this paper) is shqug « 104 AU/Myr. Given the fact that Icarus, which is about

for three thicknesses of the low-layer (thick solid lines: curve 1 for L .
h = 1 mm; curve 2 forh = 5 mm: curve 3 forh = 10 mm) and is =~ 900Min diameter, could well have aregolith cover, the results

compared to the simplified solution for a homogeneous body whd&pPorted above suggest thatin modelling the seasonal Yarkovsky
thermal parameters correspond to the surface layer (thin solid lin@jfect on this body the homogeneity assumption might lead to
The diurnal variant of the Yarkovsky effect is the same in all casegrong estimates (an additional difficulty is that Icarus’s orbit is
Region (b) of the figure, where the largest differences are found, corvery eccentric, and that also poses a special problem for the eval-
sponds to Tunguska-like Earth impactors with typical diametet$ of uation of the seasonal Yarkovsky effect). Indeed, preliminary at-
—60 m. Regions (a) and (c) correspond to the size ranges characterigdigipt to model the Yarkovsky semimajor axis drift for Icarus’s
of meteoritgs gnd large NEAs, respectively, as discussed by Faring|iit (Vokrouhlicky, in preparation) indicates that the current
& Vokrouhlicky (1999). models fail to predict the observed value as reported by Sitarski
(1991). Of course, there are some simple possible explanations
surface layer, could enhance the flux of these bodies into hés discrepancy, such as: (i) Sitarski’s value is overestimated
main—belt resonances. Their overabundance in the resonaf@ds, Yeomans (1992) was unable to confirm Sitarski's result];
should then result in a corresponding excess among the Eaffh-lcarus is smaller than it was assumed. However, the possibil-
crossing objects. Rabinowitz’s (1993, 1994) analysis of Spad&-should also be considered that the seasonal Yarkovsky effect
watch survey data indicates that such an excess exists in thelt#s been somewhat underestimated due to the simplifying as-
served NEA popu|ation, and several authors (Rubincam 19§gmptions of the current thermal models, and a fl.l”y numerical
Hartmann et al. 1999; Vokrouhli§k& Farinella 1999a) have model that would simulate consistently the abrupt change in the
suggested the relatively high Yarkovsky mobility of these bodermal conductivity at the boundary between the two layers
ies as a plausible explanation. Future quantitative simulatidféit extending to the nonlinear regime the linearized analysis
on the transport and “demography” of NEAs of different size® this paper) is required to obtain more accurate results. Al-
should take into account Yarkovsky effects in the best possififwugh this possibility seems plausible to us, we must await a
way, including the implications of the improved thermal modéletailed re—analysis of Icarus’s orbit for a realistic assessment.
discussed here, in particular in the critical diameter range BB-any case, Icarus's dynamics might offer a unique test of the
tween about 10 and 50 m. Yarkovsky effect on such a large, natural orbiting body.
Second, the quantitative results on the expected cosmic ray
exposure ages of different types of meteorites recently obtairknowledgementsThe authors thank P. Farinella for helpful discus-
by Vokrouhlicky & Farinella (1999b) by a Monte Carlo modelsions and assistance in revising the paper. They are also grateful to
depend on the mobility of asteroid fragments in the critical si#@e reviewer, D.P. Rubincam, for some criticism which was useful to
range around 10 m. The reason is that the model indicates {faffy the final version of the paper.
most meteorites reach the Earth after a cascade of successive
fragmentation events (as already suggested by Wetherill 198 o . .
ang the 10-m objects(often are 3:16 i?ngmediateyprecursors Of@éaendlx A: numerical evaluation of Bq. (11)
recovered meteorites. What is the abundance of these bodidsithis appendix we comment on the numerical evaluation of
the main belt, do they often succeed in reaching the resonanttescomplex functionE'g: exp(idg/) in Eq. I1), which is an
before being broken up, how many are disrupgedrouteto  important step in the procedure to estimate the semimajor axis
the Earth, are all open questions at present, and the replies mhaff (9). Curiously, this problem is rather tricky, for reasons
depend upon the assumed thermal models. that will be explained below.

0.10

Na (AU)
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First, a more suitable representation of [Eq] (11) reads seasonal component of the Yarkovsky effect is identical with
1 Eq. [I9), provided th&r, exp(idr:) function reads

Ep exp(idp) = (A1)

81+ B0l B exp(idr) _ L . (BD
i . . 1+ X 1-0 i 14+&12 eXp(2\/jiiz’)
where the ratio of thes functions in the second term of the 2T g1 exp(2v/—ih')
denominator is of particular concern. Using simple algebraic ] .
identities for the spherical Bessel functions, one proves thatke€ping the same notations as above, with
X m dys(a) £y = 182 (B2)
B1— B2 = 1+ x ¥3(z1) dz . (A2) &1+ &

[obviously, the dependence oR’ has disappeared from
Eq. [B1)]. Interestingly, formuld (B1) can be evaluated without
any numerical problems and can be used to check the quality of
the approximation discussed in Appendix A. Results based on
B 2 (BI) are shown in Fid.]2 as dashed curves. WRéns> 1, we
+ <> ag (215 R, €1,&) + .. ] , (A3) note afairly good match with the complete solution (solid line),
R while at small sizesR’ < 1/¢;) the plane—parallel approxima-
wherea, aw, etc. are some complex functions. Note that botipn of course fails.
(81 — B2) and((4 — (33) are proportional to the first derivative
of the ¢35 function defined in Eq[(18). One easily proves thadeferences
this term decays to zero extremely fast when the npsihof

More cumbersome algebra then leads to

dis(21) {

& + ﬁOﬂ (215 R, &1, &2)

Ba—PB3 = —= 7

dz

its argument grows. In quantitative terms, we estimate Boley B.A., J.H. Weiner, 1960, Theory of Thermal Stresses. J. Wiley
and Sons, New York
dips(z1) , Bottke W.F., D.P. Rubincam, J.A. Burns, 1999, Icarus, in press
dz | exP (‘ﬂR ) : (A% Brown R.H. Matson D.L., 1987, Icarus 72, 84

rovolskis A.R., Burns J.A., 1980, Icarus 42, 422

. . . Do
Since a typical value for the penetration depth of the Se""soﬁg‘lﬁnella P., Vokrouhlick D., Hartmann W.K., 1998, Icarus 132, 378
thermal wave in the regolith layer ig ~ 15 cm and the ra- parinelia p., Vokrouhlick D., 1999, Sci 283, 1507

dius R of the bodies of interest may be as largelé8 meters, Genge M.J., Grady M.M., 1999, Meteoritics Planet. Sci. 34, 341

in such a case we obtajty;(z1)/dz| ~ 1074%°1 While both Hartmann W.K., Farinella P., VokrouhligiD., et al., 1999, Meteoritics
the numerator and the denominator factors are of this order, Planet. Sci. 34, A161

their ratio is a finite number. Of course, without factorizing theangseth M.G., Keihm S.J., Chute J.L., 1973, Heat flow experiments.
de(Zl)/dZ term, a precise evaluation of the Comp|ex num- In: Apollo 17 — Preliminary Science Report. NASA SP-330

ber E: exp(idx/) in the left-hand side of E_{A1) would belee P., 1996, Icarus 124, 181

impossible. In our examples, therefore, we have developed figsiey M.-A., Christensen P.R., 1997, J. Geophys. Res. 102, 6551
(h/R) term in EqQ.[A3) up to the third power by using a TayloEab'noWItZ D.L., 1993, ApJ 407, 412

expansion of theds and 3, functions abinowitz D.L., 1994, Icarus 111, 364
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