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Abstract. We predict that the YORP thermal-emissidffieet can be directly detected through a measurable increase in the
rotation period of the several-hundred-meter near-Earth asteroid 25143 Itokawa. The fractional change of Itokawa’s rotatior
rate in between 2001 and 2004 should beQ)ix 1074, significantly larger than its currently estimated uncertaiefiyx 1075
The corresponding change of sidereal rotation phase, normalized to unity in a cy€@0B-0.25) in January 2004, producing
~(1-3) h delay of lightcurve maximum.
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1. Introduction 2. YORP effect
Torques produced by the reflecion and thermal re-emissig B TCY 00 22 B A SRR B M T
'(I)'Liss;u%?kr:)tvfsrﬁg-l ;&:;,tg_rgg dSziZl\J/Istlzciigggailliei)rr I\t{some?ta(ﬁément. If conditior_ls _for a nonunif(_)rm distribution of surfac
(Rubincam 2000; Vokrouhlick& Capek 2002; Vokrouhlick” temperature are sat|sf|e<_j, t_he resulting net fﬁ@d torquer
et al. 2003) is rélated t0 the Yarkovskffect ’by which the from the thermal re-radiation are nonzero. This torque alt
U . - - . _the asteroid’s angular velocity at a rate (see Rubincam 200(
anisotropic re-radiation of absorbed sunlight causes obje (S:'krouhlicky& éapek 2002)
orbital semimajor axis to drift at a rate that depends on the ob-
ject’s physical properties, especially its mass, its spin state ard Ts/C =T - s/C, (1)
its surface’s thermal characteristics (Bottke et al. 2002). YORfheresis the unit vector along the spin axis aBds the largest
torques depend on these factors and especially on the shapgner value of the moment of inertia. This simplified mod
energy re-radiated from an irregularly shaped body allows t9ésumes a body rotating along its shortest axis (a condi
YORP éfect to change the spin period and the obliquity, whilge|| satisfied for Itokawa; Kaasalainen et al. 2003; Ostro et

there would be no net YORP torques on a homogeneous sp%§3). As a result, the rotation rate changes as
or ellipsoid.
W = wo + 6w, (2)
Whereas the obliquityféect is unlikely to be measureable .
with ground-based astronomical techniques, rotation rate vt .
ations could in principle accumulate rapidly enough to be de;, ¢y _ ﬂ_sf o(f)df” 3)
tectable over time scales as short as several years. Here wSe n Ji, (1+ecosf’)?
argue that precise meas_urements of the rotation period of e f is the orbit's true anomalyy, is a reference value of
small near-Earth asteroid 25143 Itokawa (1998 SF36) M@ rotation rate afy, e is the orbit's eccentricityn its mean

yield, for the first time, a direct detection of the YORfPe&t. | 11:01 motion and; = V1— €. Variationsw of the rotation

rate produces a variatiafid of the sidereal rotation phase
defined as

t
q):z—::rftowdtzd)o+6d), (4)
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where®y is a linearly increasing nominal value of the phase r ‘ i

corresponding to the constant rotation rate(note in this pa- - 8

per the rotation phase is always normalized to unity in a rota- N 2/ Sep v )

tion cycle). With Eq. (3) we thus have i g 16 Jan 186 110 L]
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Note that any (linear) secular change in the rotation rate trafis- | N B /;ug lg? ;g * 1

lates into a quadratic change in the rotation phase, hence pdp- [ w « ]

agating faster than observation uncertainty (see also Fig. 3). -60- y 7

i " 2/ Jun 1

3. Results for 25143 ltokawa 80| * .
Itokawa’s orbit, not far from the/2 exterior resonance with the ‘_50‘ o 0 D 50 D qoo‘

Earth, is favorable for detection of YORP modification of the Ecliptic longitude

aSterO'd’S Spln period. Du_r_lng It_OK_awa'S 2004_ CIO_Se approaqt-]g. 1. Itokawa’s motion in the sky during most of 2004 (ecliptic lon-
its PhOtomet”C observability mimics that during its 2001 a jitude and latitude in degrees on axes); legend gives visual magni-
parition even though the approach occurs near the descendig /) and phase anglerJ on selected dates.
node. Itokawa will be observable with small and medium size
telescopes during two periods: January through March 2004
and June through September 2004; Fig. 1 shows Itokawa'’s pkthiguro et al. (2003). We include th&ect of both the torque
on the sky during the apparition. It starts January 1 in the ugue to the thermally radiated energy (the “proper” YORP ef-
per right corner, turns back around March 15, swoops very fdstt) as well as the torque due to radiation reflected in optical.
through the southern latitudes in Jjhdy during the closest For that component we assumédse reflection on the surface
approach, and approaches the plane of the ecliptic agaimaimd mean geometric albedo of 0.3. The bulk density is taken
late September. ltokawa’s elongation is smaller thah 6® to be 25 g/icm® consistent with Itokawa’s spectral type S; see
tween May 20 and June 25 (about when its solar phase arg. Yeomans et al. (2000) and Ostro et al. (2003). We use the
gle exceeds 1X(. After this, Itokawa is a bright target fromradar-derived shape model from Ostro et al. (2003), which as-
late June (when it reaches very high phase angles) until ealymes the pole and rotation period of Kaasalainen et al. (2003).
August. The visual magnitudes in Fig. 1 are estimated froftfitokawa’s high obliquity £172°) contributes to the strength of
Itokawa'’s solar phase curve in Kaasalainen et al. (2003); thdbe YORP #ect.) As a check, we also used the shape model
in May—June at high phases are wide extrapolations and thigesived by Kaasalainen et al. (2003) from analysis of 2001
uncertain. A similar situation then occurs also in 2007, adptical photometry, rescaling its dimensions to make it 18%
ter it is visited by the Japanese spacecraft Hayabusa dudi@gyer in order to give it the same volume and mass as the radar
June—November 2005 (Fujiwara et al. 1999; Farquhar et sthape model. The YORP torque from the photometrically de-
2003). Below we show that this sequence of observation ajved shape model is about 15% larger than that from the radar
portunities, their expected precision of rotation period deternshape model.
nation, and the estimated strength of the YORIRat imply Figure 2 shows time evolution of the relative chanBe-(
detectability of the ffect. Po)/ Py of Itokawa’s rotation periodP due to the YORP féect

We have carried out a numerical simulation using the modelative to the valu®y = 12132 h determined during its 2001
by Vokrouhlicky & Capek (2002) generalized to includéeets apparition. We estimate an uncertainty of 30% in the nominal
of finite surface thermal inertia. The assumed surface paramedel prediction, with the following principal components: (i)
ters are as follows: thermal conductivky= 0.05 Wn/K, heat uncertainty in the shape model (we created 10 “clone” Itokawa
capacityC = 800 Jkg/K and surface densitys, = 2 gcm?, models by slight shape variations and verified that the resulting
consistent with Itokawa'’s value of thermal inertia derived frodORP torque does not change by more than 15%); (ii) uncer-
infrared observations (Ishiguro et al. 2003) and with radar ofainty in linear size of Itokawa 0£10% (Ostro et al. 2003;
servations reported by Ostro et al. (2003). The assumed theate that such linear rescaling implies a quadratic rescaling
mal conductivity and surface density correspond to appropoi-the YORP torques); (iii) uncertainty in ltokawa’s bulk den-
ate for L chondrites with about (320)% surface porosity sity of ~10%; (iv) uncertainty in the pole position; and (v) un-
(Yomogida & Matsui 1983) and the assumed heat capacitgrtainty in the surface optical and thermal parameters. Even
which is very dependent on temperature, corresponds to théhe worst case, the filerence between the YORP modified
mean temperature along the orbit. However, we note that, watation period in 2004 and that determined in 2001 amounts
like for the Yarkovsky &ect, results of this paper do not deto about~2 standard deviations (expressed in the 2001 uncer-
pend critically of the value of the surface thermal inertia s@inty). Assuming Gaussian statistics, there is abdl prob-
that uncertainty in this parameter contributes very little to thability that such fluctuation would happen in the constant rota-
error budget of our YORPfEect prediction. We assume thetion rate model; the probability drops td0@3 for the result of
value for Itokawa’s geometric albedo ef{0.23-0.35) from the nominal YORP model thatfiiérs by as much as3 stan-
infrared observations reported by Sekiguchi et al. (2003) addrd deviations from the constant rotation model. Therefore we
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Fig. 2. Relative change of the rotation perié referred to a nomi- Fig. 3. Change of the rotation phas®, with an arbitrary zero value at
nal valuePo = 12132 h in MID= 52 000 (Kaasalainen et al. 2003),MJD = 52 000 (Kaasalainen et al. 2003), as a function of time due
as a function of time due to the YORMBect. The thick solid curve the YORP dect; notation as in F|g 2. The formal uncertainty of th
corresponds to a nominal model described in the text, and the thievious determination of asteroid’s rotation rate causes a linear
solid curves are results for YORP torques varied#30% from the crease of the uncertainty in phase (dotted line), while the YORRte

nominal model. Solid curves show the complete expected variatigignature ins® is quadratic and hence easily observable in the futu
of Itokawa’s rotation period, and dashed lines show the mean linear

rate of rotational slowing. The dotted lines indicate the formal uncer-
tainty of the rotation period determination from the 2001 campaign.
The shaded intervals correspond to future optical observing opporiiyby along a hyperbolic orbit on rotation of a quasi-rigid bod
nities, notably in 2004 from Earth and in 2005 from Hayabusa. The a¥ith their results we estimate maximum relative change
row shows the asteroid’s close encounter with the Earth, during whitbkawa's rotation rate during a flyby as
the rotation period may fractionally change h$810°° at maximum

due to the fect of Earth’s gravitational torque (see the text). (6w) 1B-AGM

CA

27 C C{Z—vm’ (6)

w
argue that the 2004 observations should be able to detect YORRreA < B < C are proper values of the inertia tensBrthe
rotational slowing of Itokawa. gravitational constantyl planetary massg is minimum dis-

The Hayabusa observations, if comparable in accuracyté®ce to the planet during the approach ands relative veloc-
those of the NEARShoemaker spacecraft (Yeomans et aty at large distance. For Itokawa we estimaBe-(A)/C ~ 0.6.
2000; Konopliv et al. 2003), should be able to contribute inWith v, ~ 7 kms* andq ~ 0.013 AU appropriate for the 2004
portantly to the YORP ffect measurement. First, the shapencounter (Ostro et al. 2003 and Fig. 2), we thus obtail
model and thermal properties of the asteroid will be determingthximum impulsive change of Itokawa's rotation rate of abc
more accurately than by the Earth-based observations (tho@h/w)ca ~ 3.1 x 107°. The exact value, and its sign, depent
significant refinements of Itokawa'’s shape model will be alsmn rotation phase at pericenter of the Earth flyby. Though |
obtained from radar imaging in June 2004 and optical observegligible, the &ect of gravitational torques is small compare
tions throughout 2004). Additionally, Hayabusa measuremegsy ORP.
should in principle be accurate enough to themselves reveal thewe noted above that measurement of the YORP-indut
YORP-induced deceleration of the asteroid rotation. A link tlowing of Itokawa’s rotation is uncertain due several unknov
the previous (and possible future) observations should then gﬂ)ﬁv‘rameters, principally the asteroid’s precise shape, size
a superb probe of the thermafects on this body (indepen-mass, but once detected these parameters may be in turr
dently, Ostro et al. 2003, also demonstrate that Hayabusa ragignined. Since the scheduled radar and optical observat
ranging should be also able to detect the Yarkovstgoe af-  during 2004 should reduce uncertainty in shape and size
fecting Itokawa’s orbit around the Sun). ltokawa, YORP detection would result mainly in constrainir

Figure 3 shows the accumulated chadgeof Itokawa’s its mass (as it is the case of the Yarkovskeet detection;
sidereal rotation phase due to the YORFeet. As expected, Chesley et al. 2003).
6@ propagates quadratically with time, much faster than the
growth in its uncertainty, and by January 2004 the YORR-

h . Acknowledgementsie thank anonymous referee and L. A. MV
induceds® dominates. The expected value of at leabt09 Benner who helped to improve the final form of this paper. Tt

translates into a delay of lightcurve maximumdy h, which  .caarch was supported in part by grant /2@503 awarded by
should be easily detectable. the Grant Agency of the Czech Republic. Part of this research \

An asteroid’s spin state can also be modified by grawenducted at the Jet Propulsion Laboratory, California Institute
itational torques during close approaches (CA) to planef®chnology, under contract with the National Aeronautics and Sp
Scheeres et al. (2000) investigated tiiee of a planetary Administration (NASA).



L24 D. Vokrouhlicky et al.: Detectability of YORP rotational slowing

References Konopliv, A. S., Miller, J. K., Owen, W. M., et al. 2002, Icarus, 160,

L . . 289
Bottke, W. F., Vokrouhlick; D., Rubincam, D. P., & Bm'M. 2002, Ostro, S. J., Benner, L. A. M., Nolan, M. C., et al. 2003, Meteor.

in Asteroids lll, ed. W. F. Bottke, et al. (Tucson: The University Planet. Sci. submitted

of Arizona Press), 395 -
’ . . Rubincam, D. P. 2000, Icarus, 148, 2
Chesley, S. R., Ostro, S. J. VokrouhliciD., et al. 2003, Science, 302’Scheeres, D., Ostro, S. J., Werner, R. A, Asphaug, E., & Hudson, R. S.

1739
2000, Icarus, 147, 106
Dermawan, B., Nakamura, T., Fukushima, H., et al. 2002, PASJ, %Aekiguch,i T Lft;e M' Boehnhardt. et al. 2003. A&A. 397 325
635 1 » M., , . , , ,
. Vokrouhlicky, D., & Capek, D. 2002, Icarus, 159, 449
Farquhar, R., Kawaguchi, J., Russell, C. T., et al. 2002, K o .
ouhlicky, D., Nesvory, D., & Bottke, W. F. 2003, Nature, 425
Asteroids lll, ed. W. F. Bottke, et al. (Tucson: The University o 2:7 icky, D., Nesvory, D., ' , aure, '

Arizona Press), 367 . . .
. . . . Yeomans, D. K., Antreasian, P. G., Barriot, J.-P., et al. 2000, Science,
Fujiwara, A., Mukai, T., Kawaguchi, J., & Uesugi, K. T. 1999, Adv. 289 2085

Space Res., 25, 231 - .

P Y da, K., & Matsui, T. 1983, J. G hys. Res., 88, 9513
Ishiguro, M., Abe, M., Ohba, Y., et al. 2003, PASJ, 55, 691 omogica asul eopnys. kes
Kaasalainen, M., Kwiatkowski, T., Abe, M., et al. 2003, A&A, 405,

L29



