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Abstract

We show that, over the next two decades, the current radar and optical astrometric technology is adequate to allow detection of the
Yarkovsky effect acting on at least two dozen NEAs from a variety of orbital regimes and with effective diameters ranging from about ten
meters up to several kilometers. The Yarkovsky effect will likely be detected for objects of rarer spectral types X, C, and E, as well as the more
common S and Q. The next predicted detection of the Yarkovsky effect is for 4179 Toutatis in October 2004, which would be also the first

multi-kilometer case. The Asteroid 25143 Itoka, with a likely detection at the end of 2005, could offer an important test due to the indepen-

dent “ground-truth” measurements of the asteroid mass and surface thermal inertia expected from the Hayabusa spacecraft. Earth co-orbil
asteroids (e.g., 2000 PH5 or 2003 YN107) are the best placed for rapid determination of the Yarkovsky effect, and the timespan betweel
discovery of the object and detection of the Yarkovsky effect may be as short as 3 years. By 2012, the motion of potential Earth impactor

(29075) 1950 DA will likely reveal the magnitude of the Yarkovsky effect, which in turn will identify which of two possible pole orientations
is correct. Vis-a-vis the 2880 impact, this naviormation will dlow a substantial improvement ingtguality of long term predictions.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction which distinguishes it from the majority of other perturbing
effects, such as planetary perturbations.
The Yarkovsky effect is a tiny non-gravitational self- The ability to steadily change the orbital semimajor axis
acceleration of asteroids and meteoroids due to radiativemeans the Yarkovsky effect is a fundamental transport mech-
recoil of the anisotropic thermal emissigBottke et al., anism for small bodies in the Solar System. In particular,

2003) There is an inevitable time delay between the ab- the majority of Earth-crossing meteoritic and asteroidal ma-
sorption of solar radiation on the Sun-facing side and its terial has presumably been supplied by certain mean mo-
subsequent re-emission as thermal radiation, thus the resulttion and secular resonancesdnnear the main belt, which
ing recoil force on the body is offset from the solar direction are in turn fed by the Yarkovsky-driven transport of ma-
because of the asteroid’s rttaal and orbital motion. This  terial (Vokrouhlicky and Farinella, 2000; Morbidelli and
produces an along-track perturbation of the orbital motion, vokrouhlicky, 2003) As the bodies continue their motion
SpeCifically a secular variation of the Osculating semima- in the p|anet_crossing region, the brief but intense gravi_
jor axis and an associated variation of the osculating or- tational tugs during planetary encounters, rather than the
bital longitude that increases quadratically with time. This -gntinuous Yarkovsky-force perturbations, determine their
quadratic runoff allows the Yarkovsky acceleration to be de- |ifetime. However, the Yarkovsky effect may also be impor-
tected much more rapidly, despite its very small magnitude, (ot for precise orbit determination on a short timespan, as

noted byVokrouhlicky et al. (2000, 2001yho predicted the
* Corresponding author. Fax: +420-2-2191-2567. Yarkovsky perturbation may surpass the orbital uncertainty
E-mail addressvokrouhl@mbox.cesnet.¢D. Vokrouhlicky). for a few near-Earth aster@ddNEAS) in the first decade
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of the 21st century. Following their predictioGhesley et and rotation period, the shape model, etc. Surprisingly, in
al. (2003)conducted radar observations of 6489 Golevka spite of the large strength of the Yarkovsky effect for the
in May 2003 and confirmed Yarkovsky perturbation in its smallest bodies, these are generally not the most attractive
orbit. This resultimmediately implies that the Yarkovsky ef- candidates since it is difficult to acquire this additional in-
fect should be detected in the orbits of many more NEAs in formation for them. The currently most interesting candidate
the near futuré:?2 Moreover, the strength of the Yarkovsky group are bodies a few hundreds of meters across that make
perturbation depends on a number of notoriously inacces-frequent close encounters with the Earth during the next
sible physical parameters that can actually be constraineddecade or so. We discuss the special case of binary aster-
by measuring the Yarkovsky orbital displacement. The as- oids in a separate paper.
teroid’s mass (and hence bulk density unless the volume is  The selection rules described so far should isolate the
poorly known) is the most important of these parameters.  most promising candidates for a successful Yarkovsky detec-
Here we continue the work afokrouhlicky et al. (2000)  tion. But since a main purpose is to acquire physical infor-
and discuss a sample of NEAs that may permit detection of mation, as well as orbit refinement, we may also adopt addi-
the Yarkovsky effect within the next decade or so. In some tional criteria. For instance, we may wish to select a sample
cases we correct errors or substantiate conclusions fromof asteroids whose spectral classes are as heterogeneous as
that early work. We also note several objects overlooked by possible. Although NEAs are known for their spectral di-
Vokrouhlicky et al. (2000)and we find new bodies discov-  versity, S- and Q-types dominate (e.Binzel et al., 2003,
ered after 2000 that are suitable for the YarkOVSky detection. 20049' SO our selection criteria may be “biased” towards bod-
A recent discovery does not necessarily mean that we needes of spectral classes other than S and Q. Similarly, despite
to wait “generations” for detection of the Yarkovsky effect. the difficulties mentioned above, we may seek the Yarkovsky
In Golevka’'s case it took 12 years between the asteroid dis-sjgnal in orbits of asteroids of diverse sizes, from tens of
covery(Helin et al., 1991)and the Yarkovsky detection. In meters to kilometers. This is an important goal, recalling
what follows we show, that for a small body on a suitable nat the Yarkovsky detection analysis constrains bulk den-
orbit the period between discovery and the Yarkovsky detec- sjty of the target and thus its interior structure. Experimental
tion may be as short as 36 years. and theoretical work dating to the 1960s has converged to
a consensus that a fundamental change, from the strength-
dominated regime to the gravity-dominated regime, occurs
. in the structure of Solar System bodies as sizes increase be-
It appears d|ff|cu.lt, and perhaps even unnecessary, toyond about 100-200 m (e.gAsphaug et al., 2003 The
perform our analysis for all known NEAs and we thus . sy effect detections may offer a unique possibility

adop;te;j t'hitiollowgg.setlrslactt?hn c\r(lte;a. ':;he ]Ifwstt, a}[nd trlﬁ to probe the two regimes by constraining the bulk density

most straightiorward, IS that the rarkovsky €liect SWengin ¢y, e g ranging from as small as ten meters up to a few

increases for small objects. Second, the Yarkovsky effect, . ST
) . . . " kilometers in diameter.

becomes discernible as a perturbation of the orbital longi-

tude that increases with tim&hird, astrometry as accurate 12 Methodol

as possible is needed. With those rules, we note several cat=""" ethodology

egories of candidate objects: (i) bodies with suitably long ) ) .

optical astrometry, past radar astrometry (even if modest FOF any given asteroid the methodology of our work is

in quality) and having an opportunity to be radar ranged the same as ivokrouhlicky et al. (2000)We use all avail-

once or twice soon (e.g., Apollo, Aten, Icarus; Sect®)n able past optical and radar astretry data to fit orbits using

(i) very small bodies (e.g., 2000 UK11, 1998 KY26, 2002 two different force models, one with only gravitational in-
JR100; Sectiod) and (jii) bodies on unusual orbits allow- teractions and the other with the addition of Yarkovsky ac-

ing extensive radar astrometry in the near future (e.g., 2oooceleratigns. For both models, the best-fitting orbit and its
PH5, 1999 MN; Sectio) or bodies with unusual observa- uncertainty are propagated to the nearest close encounter

tion circumstances (e.g., Itokawa to be visited by Hayabusa
spacecraft). Each of these groups has its own difficulties, 3 In this work, we consider the uncertainty due to the observation errors

especially because a “productive” Yarkovsky detection re- qniy. As inChesley et al. (2003pn extended analysis taking into account

quires additional information like the rotation pole position uncertainty in the gravitational influence of asteroids, planets and parame-
ters of the Yarkovsky effect may be necessary when real data are processed.

- Experience with Golevka shows that gigtions made in this paper are re-

1 we also note the work dlesvorny and Bottke (2004yho showed liable and that the influence of the uncertain mass of asteroids does not
that semimajor axes of the young Asteroid Karin cluster members have overwhelm the observation-based uncertainty intervals (and becomes actu-
changed during the past 5.8 Myr in a way compatible with prediction of ally negligible for orbits sufficientldecoupled from the main asteroid belt).
the Yarkovsky effect, obtaining thus the first direct evidence of Yarkovsky Uncertainty in Mercury’s mass may be a concern for some deep Atens (e.g.,
effect acting on the main-belt asteroids. Section3.3), but in the post-Messenger era this effect should be negligible.

2 We find it symbolic that the Yarkovsky effect might be detected in the In the cases of long-lasting encounters with unusually small relative veloc-
orbits of 1862 Apollo and 2062 Aten, “the namesakes of their dynamical ity (e.g., Sectior8.2), the role of the Earth-mass uncertainty should be also
groups,” within the next decade (Sectign checked.

1.1. Selection criteria
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with the Earth that allowgjood-quality radar data to be that are pre-computed and tabulated as a function of aster-
taken. In practice we require the single day signal-to-noise oid true anomaly. These high accuracy forces are obtained
ratio (SNR) of the radar echoes (e.@stro, 1993; Ostro et  with dedicated software that accommodates such details as
al., 2003 to be larger than 16.We assume ranging from (i) the precise shape of the bodly, (ii) a complete, non-linear
the Arecibo or Goldstone facilities, as appropriate, using heat diffusion numerical solver and (iii) temperature and
the current system parameters (btp://echo.jpl.nasa.gov/ depth dependence of the thermal parameters. A particular
At the next radar observation opportunity we check for novelty in the present paper is a full-fledged nonlinear com-
overlap or separation of the two prediction uncertainty el- putation of the Yarkovsky force components for Toutatis,
lipses (one with and one without Yarkovsky) in the de- characterized with a non-principal-axis rotation (such that
lay/Doppler (range/range-rate) plane. If the separation of the spin vector undergoes free wobble about the long body
the two confidence ellipses is statistically significant then axis; Hudson and Ostro, 1995; Ostro et al., 1995a, 1999
observations at that epoch can reveal Yarkovsky accelera-We also use this formulation to refine our earlier prediction
tion. for Geographos, taking intaccount its extremely elongated

Unfortunately for our purposes, however, the uncertainty shapgOstro et al., 1995b, 1996)
regions often overlap. In that situation, the radar astrom-  Inwhat follows, we investigate the possibility of Yarkovs-
etry serves to further constrain orbital uncertainty and a ky detection for a number of objects in the three different
subsequentadar opportunity allows the actual detection of classes noted above. These objects are tabulafEabie 1
the Yarkovsky effect. To comder this scenario, weim- For each case, we summarize theesioc information relevant
ulate radar observations during the next close encounter for estimation of the strength of the Yarkovsky effect, and,
and check overlap/separation of the no-Yarkovsky and the when needed, we comment oretBimulated future obser-
Yarkovsky solutions during the subsequent approach. Invations, outlining an optimum schedule for an early detec-
some cases we also simulate optical astrometry. It shouldtion.
be pointed out that the purpose of these simulations is to
see howthey confine future orbital uncertaingnd not to
“guide the orbit along some direction” and thus they are 2 Targetswith long observation records
constructed in accord with the current observations. We as-
sume current technology for the simulation of optical and
radar astrometry, typically taking the estimated size of the
object as a formal uncertainty of the radar observations,
and one arcsecond as a formal uncertainty of the opti-
cal observations. It is likely that future astrometry technol-
ogy, such as the GAIA project (e.gMignard, 2002 and
http://astro.estec.esa.nl/GAlAwill enhance Yarkovsky de-
tection possibilities; also if ar systems are upgraded, or
a dedicated NEA radar network is eventually built (e.g.,
Ostro, 1997, Yarkovsky detections could become more fre-
quent.

Our analyses used two different software sets: @Ghle-
Fi t package lfttp://newton.dm.unipi.if/and the JPL orbit
determination program. Both programs implement a lin-
earized formulation of the diurnal and seasonal variants of
the Yarkovsky effect (e.gVokrouhlicky et al., 200D that
assumes spherical bodies with constant thermal and rota
tional parameters. Our Golevka experience has shown tha
predictions made with this simplified approach can be con-
sidered reliable, so in most of the simulations reported below
we used the linearized models a@dbFi t . But in two
cases the linear method was judged unreliable so we use(fi
the JPL software, which has a special high-accuracy mode
that allows the lookup of externally computed Yarkovsky
force components. This approach, which was also used for
Golevka(Chesley et al., 2003applies force components

In this section we discuss Yarkovsky detectability for ob-
jects having a long record of optical astrometr@eomans
(1991, 1992panalyzed several NEAs with long observational
histories (most also having some radar astrometry) for em-
pirical accelerations common to the motion of active short-
period comets, eventually rednh the conclusion that there
was at the time no evidence for nongravitational accelera-
tions on any NEAs. However, the passage of time and the
corresponding increase of optical and radar astrometry for
these objects will soon enable the detection of much smaller
forces than was possible in 1991. Conveniently, except the
cases with pre-discovery identifications, these are typically
large asteroids with enough photometric observations to re-
veal the pole direction. Sometimes we also make use of
infrared observations that help to constrain the surface ther-
mal inertia. Of course, a detrimental factor for these bodies
is their large size and the correspondingly small strength for
Ehe Yarkovsky effect. An extreme case is the large (32 km
long) Asteroid 433 Eros, with the longest known observa-
tional history among NEAs. Surprisingly, the possibility of
etecting the Yarkovsky effect for Eros is not out of the ques-
on in light of the fact that the NEAR Shoemaker mission
enabled a series of high-accuracy range measurements to
be derived from the spacecraft tracking data. A major hin-
drance in this case, however, is a very unlucky orientation
of the spin axis, with obliquity o~ 90° (e.g., Konopliv
et al., 2002; Souchay et al., 2003vhich diminishes the

4 \Whenever we report a SNR value we mean the matched-filtered SNR Otherwise dominant diurnal variant of the Yarkovsky ef-
in one day of observation. fect.
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Table 1

Selected candidate asteroids for Yarkovsky detection within the next two decades

169

Note Asteroid Spectral Size Year of Yarkovsky Required pre-detection observations
No. Ident. class (m] detectability Radar Optical
ab 4179 Toutatis S 2459 2004?7-2008 (2004)
a 25143 Itokawa S 360 2005 2004
a 54509 2000 PH5 ? 100 2006 2004, 2005
a 2003 YN107 ? 20 2006 2005 2004
a 1862 Apollo Q 1400 2007 2005
ab 1620 Geographos S 2580 2008?7-2019 (2008)
a 1999 MN ? 250 2010 2005, 2009
a 2000 UK11 ? 32 20107 2005 2065
a 3103 Eger E 1750 2011 2006
a 29075 1950 DA ? 1100 2012?7-2023 2004-2b12
a 2062 Aten Sr 900 2014 2012, 2013 2011
a 1566 Icarus SU, Q 1270 2015 2006
2000 WN10 ? 350 2015? pre-2015 possibilities
33342 1998 WT24 E 500 20157 2012
a 2100 Ra—Shalom Xc 2780 20167-2019 2006 (2016)
2001 YE4 ? 250 20167-2017 2007, 2012 2boe
1989 VA Sq 800 2017 2007, 2012
2002 JR100 ? 50 2018 2010, 2011 2610
1991 VG ? 10 2018 2087
1998 SD9 ? 50 20187-2021 2008, 2011 sbos
2002 BF25 ? 115 2020 2010, 2012 26810
b 1998 KY26 c? 36 20207-2024 2009, 2013
2340 Hathor Sq 530 2021 2007, 2014
3361 Orpheus Sq 500 2021 2017
2004 FH ? 25 2021 2018 2048
1995 CR ? 80 2022 2014, 2017 2605
7341 1991 VK Sr 1400 20227 2007, 2012, 2017
6037 1988 EG ? 600 2023 2008, 2013

Note Objects are sorted according to the estimated year of Yarkovsky detection. Only solitary asteroids are considered here; binary asterogltsylséems ar

reported in a follow-on paper. Addithal candidate objects will be posted luttp://sirrah.troja.mff.cuni.cz/~davak/

2 A full simulation and discussion is included in this paper.

b previously analyzed byokrouhlicky et al. (200Q) Here we report refined results for Geographod Futatis for which we compute the Yarkovsky
acceleration using a complete nonlinear model actogrior their specific shape and rotation state.
¢ A precise shape is known. We indicate the diameter of a sphere with equivalent volume.

d Accurate optical astrometry isgeired for a successful detection.
2.1. 1862 Apollo

Like Golevka, Apollo is a Q-type candidate for the detec-
tion of the Yarkovsky effect.Apollo has a long, though not
exceedingly extensive, opticaktrometry data series since

of the standard thermal analysis bgbofsky et al. (1981)
yielding a size in the range 1.2-1.5 km with slightly higher
value of the albeddOstro et al. (2002place an upper limit

of 1.6 km on the effective diameter from the analysis of 1980
radar data. Hereafter we use the Binzel et al. values.

December 1930. Radar astrometry comprises a single cam- The rotation period ® = 3.065 hr) and pole information

paign in November 1980 with modest accuracy (€stro
et al., 2002, but still providing a valuable constraint on the
orbit.

Assuming data fronBinzel et al. (2003) namely the
absolute magnitudé/ = 16.23 and the geometric albedo
pv = 0.26 (implying, with the slope paramete23, a Bond
albed§ A ~ 0.12), one obtains for Apollo an effective size
D ~ 1.4 km. These results are in accord witlarris (1998)

(ecliptic longitudet = 56° and latitudeb = —26° both with
formal uncertainty less than 10are due toHarris et al.
(1987) We note a similar rotation period but slightly differ-
ent value of pole position{(= 38> + 12° andb = —36° +
10°) by De Angelis (1995)who also indicates polar flatten-
ing of about 1.87. From shape inversionQlrech (2003,
private communication) obtained a solution with a still larger
obliquity (relevant for the Yarkovsky effect strength) and

who used a thermo-physical model to remove drawbacksan asteroid silhouette compatible widstro et al. (2002)

5 Apollo was inadvertently omitted from the analysisvokrouhlicky et
al. (2000)

but the statistical significance of this solution does not ex-
ceed those mentioned above. Good photometry and radar
data during Apollo’s 2005 apparition should significantly

6 \We note that Bond's albedo is used in the expression for the Yarkovsky IMpProve pole and shape solutions. At present we use Har-

force within the linearized theoryokrouhlicky and Bottke (2001)

ris et al.’s solution which is, in a sense, conservative, since
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it has the lowest obliquity and thus the minimum strength of 6l (1862) Apollo, May 2007
the Yarkovsky force.

Lebofsky et al. (1981)ecorded radiometric observations
of Apollo in the range 4.8-20 um; these data were also
analyzed byHarris (1998)who used his empirical thermo-
physical model to conclude that this target should have a
non-zero, but small, surface thermal inertia. (The beaming
factor n ~ 1.15 suggests a slightly larger thermal inertia
than that of Eros.) Without more detailed information, we

Range-rate [km/d]
N
T
|

adopted the following tentative set of surface thermal para- -2 q
meters: thermal conductivitk = 0.01 W/(mK), specific . ' .

heat capacity’ = 680 J(kgK), and surface and bulk densi- 0 50 100

ties py; = 2.0 g/cm® and p, = 2.6 g/cn®, all corresponding Range [km]

toa mlxtgre of part!CU|ate Iaye_r and rocks. T_h? Yark(?VSky Fig. 1. Predicted Yarkovsky-induced offset witlr $99%) confidence el-
acceleration scales inversely wjth, but aless trivial scaling  |ipses in the space of radar range and range-rate for 1862 Apollo on
relates the other parameters (except for a correlated depenmay 11.6, 2007. The statistical significance of the potential Yarkovsky de-
dence o, K ; see, e.g.Chesley et al., 2003With the other tection opportunity is indicated by ¢hdegree of separation between the
parameters fixed, the maximum Yarkovsky signal occurs for N0-Yarkovsky prediction (gray ellipse, centered on origin) and Yarkovsky
N prediction (black ellipse). The predictions assume simulated Arecibo radar
K ~0.05 W/(mK). . . astrometry in November 2005 as described in the text.
There are two good opportunities to observe Apollo, in
November 2005 from Goldstone anq Arecibo .and inMay 55 1566 |carus
2007 only from Goldstone. The Arecibo 2005 signal should
reach SNR of nearly 5000, while Goldstone in 2007 peaks at  The case of Icarus has already been considered by

SNR=80. A single ranging in either 2005 or 2007 will not  \krouhlicky et al. (2000)but we update their prediction for
unambiguously reveal the Yarkovsky effect, hence it will be 4 reasons: (i) There are ambiguities in size of this object,
necessary to acquire radar data in both 2005 and 2007. Thegyq Vokrouhlicky et al. (2000)selected what now appears
importance of the 2005 run is twofold: (i) it should yield {5 pe an unlikely diameter, and (i) a low-SNR possibility
an accurate shape model and pole position for Apollo, and o radar range Icarus in 2006 was overlooked. Specifically,
(ii) it should reduce orbital uncertainty. We simulated two system upgrades at Arecibo should allow ranging to Icarus
Arecibo range/range-rate measurements separated by twgn |ate June 2006, when the SNR peaks at around 14 as the
days in early November 2005Assumed uncertainties are  gsteroid approaches the Earth-a0.3 AU. There is also
0.5 kmin range and 0.75 kfday in range-rate. some likelihood, not considered here, that optical astrome-
With these simulated observations, plus all previous opti- try in 2006, 2009, and 2010 will reduce the orbit uncertainty
cal and radar observations, we determined the separation o{\okrouhlicky et al., 2001)
the no-Yarkovsky and Yarkovsky orbits, together with their Vokrouhlicky et al. (2000assumed an effective diame-
uncertainty regions, in mid-May 2007, when the asteroid ter D = 0.9 km based on a value of the geometric albedo
is within range of the Goldstone rad&igure 1promises pv = 0.6, which was rather high, but consistent with the
a good separation of the two solutions with no statistically IRAS standard thermal model. However, like other simi-
significant overlap of the uncertainty regichgermitting an lar caseqHarris, 1998) this was almost certainly wrong.
unambiguous Yarkovsky detection. Harris (1998) using an empirical thermo-physical model,
The next deep close approach to the Earth is not un- obtained a more reasonable interpretation of Icarus’ radio-
til 2046, but we note that Apollo will be within reach of metric data withD = 1.27 km andpy = 0.33, which, with
Arecibo radar during shallow approaches in December 2021 a slope parameter.@ implies a Bond albedo of = 0.12.
(peak SNR~ 40) and June 2023 (peak SNR70). We The approach offarris (1998)oes not let us solve for sur-
also note an interesting close approach of Apollo to 4 Vesta face thermo-physical parameters, like thermal ineftis=
in 2017; post-2017 radar and optical astrometry data may +/KpsC, directly, yet the high value of the beaming fac-
produce an independent estimate of Vesta’s mass, providedor n = 1.15 suggests a substantial value for Moreover,
Apollo’s orbit is well modeled, including good characteriza- the low perihelion orbit of this asteroid also suggests a
tion of the Yarkovsky perturbation. high thermal inertia, since all factors il increase with
effective temperatufe(e.g., Wechsler et al., 1972 As a
result, we assume the following set of parameters in our

7 Apollo has been also scheduled for Goldstone observations in Novem- simulations: thermal conductivitif = 0.05 W/(mK), spe-
ber 2005 littp://echo.jpl.nasa.goy/but these are not considered here.

8 Should the surface conductivity be an order of magnitude smaller, say
K =0.001 W/(mK), which is unlikely (Harris, 1998) the Yarkovsky dis- 9 Moreover, fast rotation of Icarus may suggest fewer regolith deposits
placement irFig. 1would be reduced by half. on its surface.
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cific heat capacityC = 800 J(kgK), surface and bulk den-
sities py; = 2.0 g/cm® and p, = 2.6 g/cm®. Rotation pe-
riod (P = 2.274 hr) and pole direction (ecliptic longitude
¢ =214 £+5° and latitudeéh = 5° + 12°) are fromDe Ange-
lis (1995)

To test different hypotheses, we briefly report the re-
sults of several model runs. First, we propagated Icarus’
orbit, as defined by the currently available set of astromet-
ric observations, to the nearest future encounters with the .
Earth, in June 2006 and June 2015. The 2015 approach is i 7
close enough to gather detailed information about this target Bl L L L |
with both the Arecibo system (SNR 3500) and at Gold- -100 -50 0 50
stone (SNRx 600). Figure 2shows the no-Yarkovsky and Range [km]

Yarkovsky predictions and their associated uncertainty re- (a)

gions in the radar-observable plane in both 2006 and 2015. . ;
Unfortunately, at both epochs a partial overlap of the uncer- 20
tainty regions occurs, so that the statistical significance of
the Yarkovsky acceleration is modest, perhaps 2-3 sima.
In fact, results byMokrouhlicky et al. (2000, Fig. 11are
somewhat similar. As discussed above, the way to improve
the Yarkovsky signal is to further constrain the 2015 predic-
tion using the 2006 ranging opportunity. To this purpose we
have simulated Arecibo delay and Doppler astrometric data
taken on June 27, 2006 with an equivalent range accuracy of
2 km and range-rate accuracy of 7 kday. As a result, the
orbit uncertainty region in 2015 is considerably diminished ' : : ' ‘
(Fig. 2b, interior ellipses), enough to ensure a statistically =30 20 -10 0 10 20 30

significant detection of the Yarkovsky effett. Ft(ab?ge [lem]

(1566) Icarus, June 2006 -

Range-rate [km/d]

(1566) Icarus, June 2015 |

10} -

Range-rate [km/d]

[
-
o
T
1

2.3. 2062 Aten Fig. 2. Yarkovsky offsets for 1566 Icarus on (a) June 27, 2006 and (b) June
19.6, 2015, depicted as iig. L Only currently available astrometry is

Like Apollo, Aten is another enigmatic “leader in its used, except for the interior ellipses in (b), which include simulated Arecibo

group,” the first asteroid discovered having semimajor axis radar asFrometry from June 2006 when the target is barely observable with
. the Arecibo radar (SNR- 14).

smaller than 1 AU(Helin et al., 1976)Apart from excep-
tional cases, Aten-like orbits typically suffer from sparse
observational possibilities, especially for large orbital incli-
nation. As a result, past optical astrometry of this target is
sporadic, although the observed arc is long, from Decemberth rotation pole orientation has been obtained. underminin
1955 (three pre-discovery observations) until February 1997. € rotation pole orientation has been oblained, unde 9

Also, a single Doppler measurement has been obtained fromzﬂrigczga;erg;re;rlcnOonlg]:rri‘:n t‘ aa[t'i“jg{pgt;;%a;o_n' V;/goas-
Goldstone in January 199Benner et al., 1997) yp . =+,

Early radiometry of Ater(Morrison et al., 1976; Cruik- with corresponding obliquity~ 43", which gives an “aver-
shank and Jones, 1977; Veeder et al., 1988)lted in an age” strength to the \{arkovsky effect, .
estimation of its diameted ~ 900 m for py = 0.2, yielding Low solar elgngatlon makes Aten bargly observable till
2 Bond albedod ~ 0.1 Bec_ause of the orbitall a'md spectral 2009, but a series of yearly encounters with the Earth from
similarity to Icaru_s (é.é.Lebofsky etal. 1979 Binzel et al. 2012 to 2015 gives a good prospect for accurate orbit deter-

2003 we assume the same thermal surface parameters Iisteémnatlon’ m%udmg the posr.?lbnny to (3etgct t.he \:}arllrovsky
above for lcarus. effect. Arecibo can range this target during its shallow en-

counters in July 2012 and June 2013 with a maximum SNR
of >~ 18 and~ 20, respectively. Deeper encounters with
10 Higher values of the surface thermal inertia increase the significance, the Earth occur in January 2014 (SNR135) and 2015
but still not enough to remove ambiguity, even in 2015. (SNR= 45). Our analysis indicates that the 2012 and 2013
Figure 2 suggests the range measurement in 2006 places the mOStradar opportunities are impOI’tB.tO constrain the orbit un-
significant constraint to reduce orbitancertainty (required for the 2015 taintv of this t t A . del D |
detection of the Yarkovsky effects). It can be replaced with a single Doppler certainty _O IS Qrge : .ssumlng elay-Doppler measure-
measurement equivalent to a range-rate datum with an uncertainty betterMe€nts with effective noise |eve!5 at 1 km range and
than~ 0.5 km/day. ~ 2 km/day range-rate are acquired at both of these radar

Reliable photometry of Aten has been recorded during the
1995 apparition byottola et al. (1995)who report a syn-
odic rotation period o? = 40.77 hr. So far, no constraint on
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6l- (2062) Aten, January 2014 il timates (e.g.Lebofsky et al., 1979; Veeder et al., 1989;
L ] Harris et al., 19980f a large sizeD ~ 2.78 km and small
a4l i albedo py = 0.083, which is consistent with the spectral
I ] type and with the analysis of the radar dé&hepard et
ol 4 al., 2000, 2004)These authors conclude Ra—Shalom should
I ] have an unusually high value of the surface thermal iner-
ok 3 4 tia, “comparable to, or exceed, that of solid rock.” Thus
L ] we adopt thermal conductivitk = 1 W/(mK) and spe-
2o 4 cific heat capacityC = 800 J(kgK). We use low surface
] and bulk densitiep; = p, = 2.0 g/cm®, as appropriate for
s - the spectral type Xc. This choice of parameters yields ap-
-50 0 50 100 proximately the same value of surface thermal inerfiax{
Range [km] 1100 J(m? K s%/2)) as that reported biarris et al. (1998)
@ Kaasalainen et al. (2004¢cently re-analyzed the avail-
: able photometry on this asteroid and obtained a sidereal ro-
tation period of>~ 19.8 hr with pole directior¢ = 73°> and
b = 13. A preliminary, convex shape model was also de-
2r i} rived, consistent witlshepard et al.'s (200@pnclusion that
i this object is not elongated.
Ra—Shalom has an exceptionally good record of close
encounters with the Earff¥, though none of them is par-
1 ticularly deep within the next century or so. Nevertheless,
2ok 4 Arecibo is able of observe this target several times in the
near future, with the best opportunities occurring in August
2006 (SNR~ 130), September 2016 (SNR70) and Sep-
: : : tember 2019 (SNR- 170) and still better possibilities in the
-100 Range_[i?n] 0 garly 2020s. There is. also a more challenging rgdgr yvindow
) in September 2013 with the peak SNR25. An “optimistic”
scenario is to constrain Ra—Shalom’s orbit by the 2006 radar
Fig. 3. Yarkovsky offsets for 2062 Aten on (a) January 8.4, 2014 and (b) observations (in our simulation we assumed one range ob-
January 17.8, 2015, depicted asig. 1 In (a) we have simulated Arecibo ~ Servation of 0.3 km accuracy and one range-rate observation
radar astrometry in 2012 and 2013; in (b) we extend the data set to include of 0.75 kiryday accuracy) and achieve the Yarkovsky effect
the 2014 radar astrometry. detection with the 2016 radar observations. Howeviey, 4a
(envelope ellipses) suggests that the orbital uncertainty re-
opportunities, the January 2014 ranging can marginally re- mains large, leaving some overlap for the no-Yarkovsky and
veal the Yarkovsky perturbation for this obje€ig. 32). A Yarkovsky predictions.
year later (January 2015), a more statistically substantial de- There are two ways to improve the situation. First, we
tection can be reached with radar astrometry acquired duringsimulated low-quality radar astrometry from September

Range-rate [km/d]

| (2062) Aten, January 2015

Range-rate [km/d]
o
T
|

previous possibilitie¥ (Fig. 30). 2013} specifically a range measurement with 2 km un-
certainty and a range-rate measurement with 7.5day
2.4. 2100 Ra—Shalom uncertainty. These reduced the uncertainty regions in 2016

enough to allow a statistically significant detection of the

This asteroid has a good record of optical astrometry Yarkovsky effectin 2016Rig. 4a, interior ellipses).
(since October 1975) and four radar runs with increasing lev- ~ Another option is to record radar astrometry in 2006 and
els of accuracy (from August 1981 to August 2003) With 2016 (for the latter we simulated data as in 2006) and attempt
a nearly 3 km diameter, Ra—Shalom is the largest asteroidto detectthe Yarkovsky effect by September 2(Hi§ure 4
for which we expect the Yarkovsky effect may be detected confirms that the Yarkovsky effect should be easily revealed
within the next decade or so. in this scenario.

This is a first chance to detect the Yarkovsky effect for
an Xc-type body. Pnor to .acchradlometry, the're V}/as'a 13 This is because Ra—Shalom belongs to viigani et al. (1989)clas-
fair amount of fluctuation in estimates of this object’s size. sify as a “Toro orbital class”; in particular, this asteroid presently resides in

The latest work oDelb6 et al. (2003fonfirms earlier es-  the 2316 mean motion resonance with the Earth. Note this is close to the
4/3 resonance and thus Ra—Shalomespp to encounter the Earth every 3
- years in separated periods of time.
12 \We checked that this result can be obtained with ranging in 2013 and 14 We did not investigate the possibility of numerous and accurate optical
2014 only. astrometry in 2013.
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: : : : : Fig. 5. Yarkovsky offsets for 3103 Eger on July 24.0, 2011, depicted as in
23 (2100) Ra-Shalom, September 2019 Fig. 1 These solutions assume simulated Arecibo astrometry from 2006.
T 150 | E-type asteroid§Britt et al., 2003) so the Yarkovsky effect
E measurement might provide an interesting clue.
E 1.0+ . The orbit of 3103 Eger has not been heavily observed, al-
- 051 | though its available optical astrometry, dating to 1982, and
& two moderately accurate radar apparitions (July 1986 and
g 00| . - July 1996) form a solid basis for detecting the Yarkovsky
- effect. However, some uncertainty does arise from poor
051 ] knowledge of the size of this asteroid. We adopt the radar-
-1.0 . : s . ; suggested effective value >~ 1.75 km(Benner et al., 1997)
20 -15 -10 -5 0 5 10 Biaxiality of the asteroid shape was foundigasalainen et
Range [km] al. (2002)rom lightcurve inversion. The same analysis gave
(b) reliable information about Eger’s pole direction=£ 10°,

b = —50°) and sidereal rotation period(= 5.707 hr). The

Fig. 4. Yarkovsky offsets for 2100 Ra—Shalom on (a) September 12.6, 2016 ; [P o _
and (b) September 9.8, 2019, depicted a&im 1 The larger pair of el- retrOgrade sense of rotation (obl|qu11y121 ) makes the or

lipses in (a) assume a simulated Arecibo radar observation in August 2006, bit drift inward to the Sun due to the (diurnal and seasonal)

while the smaller ellipses include simulated radar measurements from both Yarkovsky effect.
2006 and September 2013. In (b) we assume simulated radar apparitions in  Little is known about the surface properties of this aster-

August 2006 and September 2016. oid, except for a high radaircular polarization(Benner et
al., 1997) which may be interpreted as a signature of ex-
2.5. 3103 Eger treme near-surface roughness at centimeter to meter scales.
This would suggest a higher value of the surface thermal
After being recognized as the first E-type NEYeeder inertia, but a thin dusty cover of a few penetration depths

et al., 1989) this target has attracted attention as a putative of the diurnal thermal wave is certainly not excluded. We
parent body of the enstatite achondrite meteorj@affey ~ thus assume moderate values of thermal conductiity
et al., 1992) Since this result, additional spectrally-similar 0.01 W/(mK), specific heat capacity’ =800 J(kgK),
bodies have been identified among the NEA population (e.g.,and surface and bulk densitigs = 2.0 g/cm® and p), =
Binzel et al., 2008 but Eger remains somewhat enigmatic 2.6 g/cne.
as a large body residing on what may be an unusually long-  The same resonant orbit that protects Eger from collision
lived planet-crossing orb# This suggests a possible link Wwith the Earth is responsible for shallow close approaches
to the spectrally similar group of Hungaria asteroids, which once every 5 years. This pattern allows Arecibo observa-
have similarly large values for inclination and which tend to tions in July 2006 (SNRx 120), July 2011 (at SNR: 85),
heliocentric distances similar to Eger’s aphelion distance. SoJuly 2016 (SNRx 52), as well as a 2021 approach with a
far, we do not have density information about any of the rare still lower value of SNR. We find that the 2006 observa-
tions, while helpful for refining the shape and spin state,
= . o _ are definitely needed to constrain the orbital uncertainty so
Milani et al. (1989)recognized the orbit being presently locked in the that radar observations in 2011 observation will reveal the

exterior ¥5 mean motion resonance with the Earth, providing thus a pro- .
tection mechanism against close encounters with the planet; moreover, theYarkOVSky effect. To that end we simulated 2006 radar as-

collisional probability to encounter/intact with other planets is decreased ~ trometry with a 0.2 kmrange meas_uremem anda 0.,Ed_ay
by the high orbital inclination. range-rate measurement at the time of the peak ShGR.
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ure 5 confirms that the no-Yarkovsky and the Yarkovsky 0.0( ' ' '
predictions are distinct at thes6level, with minimal over- i
lap of the 3 confidence regions. Obviously, the 2016 radar
measurements would further refine the solution reducing its
uncertainties.

2.6. 1620 Geographos

da/dt [10™*AUMyr]

Geographos has been considered as a Yarkovsky-detec-
tion candidate already byokrouhlicky et al. (2000)Here
we refine that solution by (i) taking into account Ge- . .
ographos’ extreme elongation as derived by previous radar
and optical observations (e.gdstro et al., 1995b, 1996; 0.0001 0.001 K[\?\-I%/K] 01 !
Magnusson et al., 1996; Hudson and Ostro, 3988ad (ii)
by removing a mistakenly considered possibility to radar- Fig. 6. The Yarkovsky-induced average semimajor axis drift tate/dr)

sense the asteroid in March 2015 (should have been in Au-for Geographos, as a function of surface conductivity The solid line
gust 2019) is the result from the complete numerical model accounting for details of

G raoh nderwent it | t t-di ver _Geographos' irregular shape. The dashed line shows the result from a lin-
€ograpnhos unaderwe S closest pOSt-CISCOVerY ap- g, izeq approximation of heat conduction and a fictitious spherical body

proaf:h to th? Earth in August 1994 an'd during that ap- haying the same volume as Geographos, which is equivalent to the approx-
parition detailed radar data were acquir@dstro et al., imation used byokrouhlicky et al. (2000)

1995b, 1996) Based on those observatiortdudson and

Ostro (1999)constructed a shape model of this asteroid. fylly numerical model in this aper and the much simplified
Since Geographos appears to be one of the most elongatedo|ytion used invokrouhlicky et al. (2000)ield surpris-
objects known, we wondered how reliable was the predic- jngly similar results Fig. €), with a maximum difference of
tion of Vokrouhlicky et al. (2000)who assumed a spherical  ~ 100, whenk ~ 0.03 W/(mK).

asteroid. In our present simulation, we use the 4092 surface-  Geographos approaches Earth in March 2008 (offering
facet polyhedral model available lattp://www.psi.edu/pds/  SNR~ 625 from Arecibo) and in September 2019 (offering
archive/rshape.htmHeat diffusion is numerically solved in  gNR~ 15 from Arecibo).Figure 7 indicates that the de-

a one-dimensional approximation (e.yokrouhlicky and  tectability of the Yarkovsky effect in 2008 is somewhat du-
Farinella, 1998 for each of the surface facets, taking into pioys, with the Yarkovsky signal at about the Rvel. Con-
account daily and seasonal cycles of illumination, and any straining the current uncertainty seems difficult, although in
mutual shadowing between diffent parts of the asteroid  pecember 2004 Geographos’ sky-plane uncertainty in right

surface. After the recoil force is computed for each of agcension will increase up t90.036 arcsec. High accuracy
the surface elements as a function of time and true anom-qniical astrometry—if sucasful and prolific—may slightly

aly, their effects are combined to obtain the resulting total jmyrove the situation. For the sake of an illustration we sim-
Yarkovsky force along one revolution and exported as a jated 001 arcsec astrometry on December 15, 2004, and
look-up table used by the orbit determination progrém. e verified that it can shrink the 2008 uncertainty ellipse
Our model assumes the effective thermal parameters of they, 4oyt 23 of its current extent. This would shift the es-

surface are constant; we fixed the value of the specific heat;;\4aq Yarkovsky displacement to about Salue in the
capacity toC = 680 J(kgK), surface and bulk densities uncertainty region.

ps = 1.7 g/cm? andp,, = 2.5 g/cm®, while leaving the value Ultimately, even though the 2008 radar astrometry may

of the surface conductivity to span a wide range of values be only suggestive of the Yarkovsky displacement, it would

4
betweeﬂ 10 andl 1 V\//(mbK). Asl né)ted l;yC.heslley.et al. o confine the orbital uncertainty enough to make the Yarkovs-
(2003)these results may be scaled to obtain solutions wit ky effect detectable in 201F(g. 7b).

other values of the fixed parameters; namely the Yarkovsky
acceleration (i) scales inversely proportionally with and 2.7. (29075) 1950 DA
(ii) is invariant for p; K constant.

The radar shape model uses a pole position at ecliptic lon-
gitude? = 55° £ 6° and ecliptic latitudé = —46° + 4° and
a sidereal rotation period of 5.2233 hr. These are identical
to the values derived bilagnusson et al. (1996)om the
photometric lightcurve data.

We first note that the orbit-averaged value of the semima-
jor axis drift due to the Yarkovsky effect determined with a

1510

1950 DA has been the object of considerable attention
due to a small possibility of Earth impact in the year 2880
(Giorginiet al., 2002)Although they did not compute an im-
pact probability, Giorgini et al. did place an upper bound at
3.3 x 1073, Interestingly enough for the present paper, the
chief obstacle to computing the impact probability relates
to uncertainty surrounding the Yarkovsky effect. In particu-
lar, the pole orientation was not uniquely determined by the

16 Data available albttp://sirrah.troja.mff.cuni.cz/~davok/ 2001 radar imaging, so there are two equally probable spin


http://www.psi.edu/pds/archive/rshape.html
http://www.psi.edu/pds/archive/rshape.html
http://www.psi.edu/pds/archive/rshape.html
http://sirrah.troja.mff.cuni.cz/~davok/

Yarkovsky detection opportunities 175

B T T T T T T T ] 0'4 T T T T
21" (1620) Geographos, March 2008 (29075) 1950 DA, July 2012
=) o 02+ -
- ]
€ 1f |
— (3]
Q Sl L . =
3 = 0.0 Retrograde Rot.
o 0 8 s
g g 02+ Direct Rot. i
(@]
= A
r i 0.4+ .
-40 20 0 20 40 60 04 02 00 02 04 06
Range [km] Right ascension [arcsec]
@ (a)
0.6~ (1620) Geographos, October 2019 1 i I (29675) 1950 DA, Mg;y 2012
= 0.4 - _
= o Direct Rot.
= L N
E 0.2 i Al |
(] L -
% -0.2F 1 g ok . .
[
i DT &
-0.6F . 2l i
08! . ‘ ‘ : 1 | Reltrograde‘ Rot. :
-20 0 20 40 -150  -100  -50 0 50 100
Range [km] Range [km]

(b) (b)

Fig. 7. Yarkovsky offsets for 1620 Geographos on (a) March 3.1, 2008 and Fig. 8. Yarkovsky offsets for (29075) 1950 DA for (a) optical astrometry on
(b) October 5.0, 2019, depicted asHig. 1 Only currently available astrom- July 1, 2012 and (b) radar astrometry on May 29, 2012, depictedrag.ith
etry is used, except for the interior ellipses in (b), which include simulated The offsets are presented for the twapible pole solutions described in the
Arecibo radar astrometry from 2008, despite the poor observability at that text. The solutions include 32 simuldteptical observations over the period
time (SNRx 15). from November 2004 to March 2012.

axes, a direct solutiort(= 97°, b = 79) and a retrograde  than V = 17. Figure 8indicates the observability of the
solution ¢ = 18, b = —40°). Giorgini et al. showed that Yarkovsky signal in 2012, for both radar and optical mea-
the impact is effectively ruledut by the retrograde rotation  surements and for both putative pole solutions. From the
pole, but the impact remains possible for the direct rotation figure itis clear that the correct pole solution should be easily
pole. discerned from either optical or radar observations in 2012.
The observation set for 1950 DA is robust. It was discov- In the case of direct rotation, the Yarkovsky signal will be
ered in February 1950 and observed for a period of 17 daysreadily apparent in 2012, bahe 2880 impct possibility
at that time. It was rediscovered in the last hours of 2000 andwould likely persist at some level. If, on the other hand, the
observed heavily during 2001, including radar ranging from retrograde pole solution is favored then the actual Yarkovsky
Goldstone and Arecibo in March 2001. Additionally, obser- detection will be less clear (although tkembinedpower
vations from 1981 have been measured on archival plates.of radar and optical measurements should strengthen the
The combination of long optical baseline and precise radar Yarkovsky signal beyond the level indicated Big. 8), but
measurements provide an excellent constraint on the orbit,the possibility of impact would presumably be eliminated.
but not enough to reveal the Yarkovsky effect directly. We note that it is very likely that the pole will have been in-
The next Earth close approach—and Yarkovsky detection dependently determined through lightcurve inversion by late
opportunity—for 1950 DA occurs in May 2012. To account 2012. In any event, even if the detection in 2012 is some-
for ongoing observations between now and then, we havehow marginal, a conclusive detection during the subsequent
simulated precise optical astrometry on 16 nights (two ob- approachin 2023 is all but guaranteed from optical measure-
servations per night with accuracy of B) from late 2004 ments alone.
to mid-2012. Radar ranging from Arecibo in 2012 will be The simulations irFig. 8 assume diametdd = 1.1 km,
challenging, with peak SNR 15, but precise optical as- albedoA = 0.1, thermal conductivityk = 0.01 W/(mK),
trometry will be straightforward, with magnitudes brighter specific heat capacit¢’ = 680 J(kgK), and surface and
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bulk densitiesp; = 1.7 g/cm® andp;, = 3.0 g/cn. The high rotational variant of the Yarkovsky effect, might also be de-
value of bulk density is suggested to strengthen gravitational tected for Itokawa by 2004 (and nearly certainly in 2005
binding in order to prevent rotational fusion; note 1950 DA using Hayabusa observations). Hence 25143 Itokawa would
has one of the shortest rotational periaels~ 2.11 hr for be the first target for which both Yarkovsky and YORP ef-
bodies of its size. fects will be simultaneously determined. Al&krouhlicky
et al. (2004)report that the YORP effect depends only lit-
tle on the surface thermal inertia value while still depending
3. Targetson unusual orbits on the asteroid’s mass or bulk density (see &spek and
Vokrouhlicky, 2004, thus the YORP detection itself would
This is currently the most promising class of objects for also help to decorrelate the Yarkovsky-detected parameters
Yarkovsky detection. Except for 25143 Itokawa, for which (mass and the surface thermal inertia).
results have already been reporteddstro et al. (2004and
which is only briefly mentioned here, a key characteristic of 3.1. 4179 Toutatis
bodies in this group is a series of frequent close encounters
with the Earth. As we have segthe Yarkovsky acceleration This asteroid is exceptional in several respects. Toutatis,

is generally evident at the third suitably accurate radar ap- ke Golevka, currently resides in the¢ Bmean motion res-
parition, and so objects that support frequentradar observingynance with Jupiter, but it also temporarily interacts with
opportunities are particularly favored for an early detection. 1, ,ch weaker exterior /B mean motion resonance with the

Asteroids visited and orbited by a spacecraft form an g44h (e.g.,Marsden, 1970; Whipple and Shelus, 1993

interesting (and “expensive”) exception. After 433 Eros, ag g result, Toutatis undergoes close encounters with the
25143 Itokawa is expected to be the second such near-Earthe 4 every 4 years for some period of time around 2000.

asteroid(Farguhar et al., 2(_)03)The Qapanese spacecraft This fact gives a splendid opportunity to acquire good or-
Hayabusa will hover near this target in the May—September o gata, including radar astromef§Secondly, early af-
2005 time frame, performmg observationsin severql spectral o Toutatis’ discoveryBardwell (1989)established a con-
bands and collecting a small sample of the asteroid S“rfacenection between its orbit and that of lost object 1934 CT.
to be returned back to the Earth. The telecommunication link Pre-discovery identifications are now frequéhbut link-
to the satellite can be used to generate pseudo-range obsefy g servations nearly 60 years apart is still unusual. It has
vations to the asteroid with about 100 m accuracy. Since poan also claimed for some time (e §itarski, 1998, that
ltokawa has been successfglly radar-ranged in June 2004y,0qq early Toutatis observations are not exactly aligned with
both by Goldstone and Arecibo, the Hayabusa data shouldy, ;e data, and actually lie several arc-seconds from the
bq enough to conymcmgly reveal the Yarkovsky signal in prediction. Speculations have been made about comet-like
this 2ster0|<|3 N kat'SH (O§tro etal., iOOA') d b q propulsion effects on this orbit. Prompted by these puzzles,
T el fYar OVSky etectlpn for ltokawa Wouf h e fun S' Vokrouhlicky et al. (2000psked whether the Yarkovsky ef-
mentalfor two reasons. First, measurement of the Hayabusag might be the missing element in the long-term Toutatis

motion near Itokawa |t,self will allow an mdepen_dent deter- dynamics, but concluded negatively. Here we confirm this
mination of the target’s mass (from its gravitational effect finding

on the spacecraft) and the on-board infrared observations As in the case of Geographos, we have several reasons

should allow detailed understanding of the temperature vari- .o evisit the Vokrouhlicky et al. (2000)analysis of this

ations on the surface. BOt.h parameters are those that are, IrE!)bject. First, Toutatis is highly elongated with an accurate
a correlated way, determined through the measurement of

) shape mode{Hudson and Ostro, 1995, 1998; Ostro et al.,
the Yarkovsky perturbation. Independent measurements °f1999- Hudson et al., 20033nd we want to know whether
these properties will help us to test the reliability of estimates . S S
derived from measuring the Yarkovsky effect. Secondly, the simple spherical model used Mpkrouhlicky et al.

o (2000) gives reasonable results. Second, and more impor-
Vokrouhlicky et al. (2004)suggested the YORP effect, a tant, Vokrouhlicky et al. (2000)ncluded two errors in their

analysis that likely affect their conclusions: (i) they assumed

17 Here we specify parameters of the Yarkovsky model use@stro a spherical Toutatis-equivalent body of 5.5 km size, more
et al. (2004) (i) rotation period P = 12.132 hr and rotation pole ecliptic than twice the real value (2_45 kidudson and Ostro, 1995,

longitude ¢ = 355 and latitudeb = —84° by Kaasalainen et al. (2003) 1998, and (i) they assumed a 7 hr rotation period instead

(i) radar shape model b@stro et al. (2004)and (iii) thermal and bulk . I }
physical parameters, the surface thermal conducti¥ity: 0.05 W/(mK), of much longer proper periods of the non-principal-axis ro

the specific heat capacity = 800 J (kg K), the surface and bulk densities  tation of the real body (see below).
ps =2.0 g/cm3 andpp =25 g/cm3. These latter parameters are consistent
with Ishiguro et al.’s (2003)adiometric observations indicating the surface

thermal inertial” = 290 J (kg m?st/2), thus the thermal parametér = 18 Radar data were obtained at all of these possibilities, with particularly
1.3 at about 1 AU. These infrared observations also suggest a geometricaccurate measurements in 1992 and 1996.
albedopy = 0.35, that, with the slope paramet@r= 0.29, implies a Bond 19 |n fact, Toutatis has been recovered on five more pre-discovery plates

albedo ofA =0.17. taken in July 1988.
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Hudson et al. (2003)ecently derived the highest reso- 0.0[ ' ' '

lution model of Toutatis’ shape, a model with 39996 tri- I

angular facets of roughly equal area. However, the pur- % g5l i
pose of this work does not need such fine resolution, which = I

would require unrealistically large computational costs. We 2 i

instead use a 12796 facet model derivedHydson and S, -1.0f 7
Ostro (1995) the corresponding source files can be found = I

at http://www.psi.edu/pds/archive/rshape.htMle assume 5 I

the following thermal and physical parameters: geometric -8 1.5 i
albedopy = 0.08 (Ostro et al., 1999see alsd_upishko et I

al., 1995, specific heat capacity = 800 J(kgK), surface 200 , , , ]
and bulk densities op; = 2.0 g/cm® and p, = 2.6 g/cm® 0.0001 0.001 0.01 0.1 1
(compatible with results 00Ostro et al., 1999 The value K [W/m/K]

K =0.01 W/(mK) is most compatible with the thermal in-
ertia reported byHowell et al. (1994)so we use that value Fig. 9. Th_e Yarkovsky-jnduced average semi_major axis d_rift_(dtt?’dt)
in our 2004 Yarkovsky displacement predicticﬁig(. 1@_ for Toutatis, as a function o_f surface conduc‘tviy‘The solid line is the

. . result from complete numerical model described in the text. The other two

Modeling of the Yarkovsky effect for Toutatis is par- lines show the result from a lineadéd approximation of heat conduction

ticularly difficult because ofts curious rotation state. In-  and a fictitious spherical body having the same volume as Toutatis rotating
deed, this is the first case for which a computation of the about an axis directed along Toutatis’ angular momentum with periods of
Yarkovsky effect has been performed for an asteroid in a 7-42 days (dashed) and39 days (dotted), respectively.
non-principal-axis mode of rotation. We use the spin state
derived byHudson and Ostro (199%3ee alsdiudson and  the asteroid's orbit is exporté®iand later used in the orbit
Ostro, 1998andOstro et al., 1990 namely (i) Euler angles  getermination program.
characterizing transformation of the ecliptic (inertial) frame Figure 9shows the orbit-averaged value of semimajor
and the body-fixed frame of principal axes of the inertia ten- gyis drift due to the Yarkovsky effect as a function of sur-
sor, and (ii) projection of the angular velocity vector onto  f5ce thermal conductivity. We noted above that our result
the prin.ci.p.al axes (|n the body-fixed frame) for giyen epoch. supersedes that afokrouhlicky et al. (2000, Fig. 5)the
These initial conditions are propagated numerically (€.9., yarkovsky effectis stronger than previously reported mainly
Landau and Lifschitz, 1976; Kryszcagka et al., 1999 giv- due to correction in size, and, due to slow rotation, the
ing at any time the transformation matrix between the body- aximum effect now occurs for high conductivity. Inter-
fixed frame and the inertial (ecliptic) frame. We note the estingly, the much simplified linearized approach of the
period of free motion of the angular velocity vector aboutthe yarkoysky force computation using a spherical body and a
longest axis of the inertia tensor in the body fixed frame— fictitious spin axis in the direction of Toutatis angular mo-
= 5.37 days—and the period of precession of the body-fixed mentum (dashed curve) gives a fairly satisfactory result. Fu-

frame_abo_ut the nearly-constant angular momentum vectory, .o analyses of the Yarkovsky effect on tumbling objects
in the inertial frame—=- 7.42 daystludson and Ostro, 1995; 5y thus use this simplified formulation as a reliable zero-
Ostro et al., 1999see alsoScheeres et al., 1998A par- order approximation.

ticular problem, relevant to the heat diffusion modeling, IS Anead of us are four radar-observable close approaches
that there is no exact periodicity in Toutatis’ rotation state ¢ 1o, tatis to the Earth, and it is virtually certain that the

(e.g.,Landau and Lifschitz, 1996Though in principle Tou-  varoysky perturbation will be detected; the question is

tatis never returns to the same configuration in inertial sPace, hen. The close encounters®ctober 2004 and December
there is a near-exact periodicity of 14544 days, curiously 2012 are particularly deep so that Arecibo's SNR for such
close to Toutatis orbital period. This near periodicity of Tou- a large object will reach 50,000. In November 2008 the en-

tatis’ orientation in space after one revolution is important, counter is more distant, yet the SNR for the Arecibo system
because it facilitates formulation of the boundary conditions i «ij ~ 4000 and the latest radasteometry possibility un-

for the heat diffusion problem, which are otherwise trivial il 2069 occur’s in January 2017 (with SNR70). In what
forvﬁlr,'?lc'ﬂal axis ro'tjltl%n. g _ fiod follows we argue that already the first chance, October 2004,
h Ith the aster.0| | s a[;edan rotak:loréspem Ieh » WE USE likely reveal existence and strength of the Yarkovsky ef-
t T sar;:e Eumeg.?_fa T”e‘ 0 b?s In the leograp 0S Case 1qqc for this target; further observations will only sharpen this
solve t_e eat di usion problém, namely we US€ a ON€-;,¢nmation. Toutatis will thus be the first multi-kilometer
dimensional reduction to depth and time variables for each asteroid for which the Yarkovsky effect would be measured
of the surface facets. The surface boundary condition is @4nd it will be also the first target for which the Yarkovsky

nonl|'nea.r energy conservat'lon' Iaw. As desprlbed above, theperturbation may be repeatedly measured and refined.
solution is forced to be periodic with a period of the aster-

oid’s revolution about the Sun. A look-up table of numer-
ically computed Yarkovskwcceleration components along 20 Data available ahttp://sirrah.troja.mff.cuni.cz/~davak/


http://www.psi.edu/pds/archive/rshape.html
http://sirrah.troja.mff.cuni.cz/~davok/
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(4179) Toutatis, October 2004 1.0 (54509) 2000 PHS5, July 2005
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Fig. 10. Yarko_v;ky offsets for 417%Ttatis on October 8.5, 2004, depicted 0.4 i @ : : i
as described ifig. 1 ' (54509) 2000 PH5, July 2006
Figure 10shows the predicted orbital displacement due T 02 7
to the Yarkovsky effect in October 2004, assuming the sur- g
face and bulk parameters as described above. We note the @
- . . ©w 0.0- . 4
Yarkovsky signal, subject to our assumptions, surpasses the
60 significance level for all dates, ensuring a Yarkovsky de- %
tection. The Goldstone radar is unavailable due to scheduled @ 9o i
maintenance, but the relevant observations have been pro-
posed at Arecibo.
-0.4 . ‘ . \
3.2. (54509) 2000 PH5 G Raﬁge - I 15
(b)

This body belongs to an interesting subgroup of NEAs,
namely the Earth co-orbital asteroids (see, eQfristou, Fig. 11. Yarkovsky offsets for (54509) 2000 PH5 on (a) July 26.7, 2005 and
2000; Wiegert et al., 2000; Morais and Morbidelli, 2002  (b) July 22.6, 2006, depicted asfig. 1 In (a) we assume Arecibo radar
that temporarily librate about the unitary circle in the So- astrometry in July 2004. In (b) we assume radar astrometry from 2004 and

: . : .. 2005.
lar System. Occasionally, this motion causes the asteroid to

experience a sequence of yearly close approaches whenevesize is currently derived from the absolute magnitude only
the heliocentric longitudes of the Earth and the co-orbital and no constraint on albedo is available, although in 2004
are similar?! In the case of 2000 PH5 such radar-observable the situation should much improve if radar ranging from

close encounters will last until 2006 (for distances less than Arecibo is successful. Similarly, we have little information

~0.08 AU). about this target’s surface properties. We adopt the following
In spite of its small size » ~ 100 m assuming a plausible values: thermal conductivify = 0.05 W/(mK),
mid-range geometric albedo of1b) and recent discovery  specific heat capacity’ = 800 J(kgK), surface and bulk
(Hergenrother, 2000)the unusual orbit has allowed ob- densitieso; = 2.0 g/cm® andp;, = 2.6 g/cn.
servers to obtain some useful information about this target. 2000 PH5 will be observable annually from Arecibo dur-
So far we know accurately the rotation perigd= 12173 ing the next three years with a fading SNR20000 in July
min (e.g., http://www.asu.cas.cz/~ppravic/although no 2004,~ 1200 in July 2005 and: 37 in July 2006. With radar
good constraint is available on the rotation pole except for astrometry in July 2000 and optical astrometry since then,
P. Pravec’s (2004, personal communication) claim thjat- the Yarkovsky effect should be easily detectable. In 2004,
30°, based on an extensive photometric campaign during however, the observations cannot serve for that purpose, yet
2003. Hereafter we presume a pole positiort ef 0° and they will be very important. First, the very large SNR value
b = +30°. (Any position closer to the ecliptic poles makes should provide an excellent opportunity for physical char-
the Yarkovsky perturbation stronger, up to a factor of 2.) We acterization, including shapsize, rotation state and surface
also, somewhat conservatively, uBe= 120 m because the properties. Moreover, the orbit uncertainty will be dramati-
cally reduced, so that radar astrometry in July 2005 or 2006
e o . _ should reveal the Yarkovsky perturbatiofid. 11). In our
Similarly, bodies inside or near the/2 exterior resonance with the . .
Earth may happen to closely apamh the Earth every second year: a good S|mulqt|on we assumed radar astrometry of 50-m accuracy
example, and also a good Yarkovsky-detection candidate, is the Asteroid taken in July 2004 and 2005. The 2005 data may still be am-
2003 YT70. biguous judging from the partial overlap of the confidence


http://www.asu.cas.cz/~ppravec/
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2003 YN107, June 2006
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Fig. 12. Yarkovsky offsets for 2003 YN107 on June 13.4, 2006, depicted as
in Fig. 1 These solutions assume current optical astrometry together with a
simulated optical recovery in December 2004 and Arecibo ranging in 2005
as described in the text.

regions Fig. 11a), and this motivates the 2006 observations
(Fig. 11b).

3.2.1. Other remarkable co-orbitals

For the same reason discussed for 2000 PH5, sev-
eral other Earth co-orbitals are promising candidates for
Yarkovsky effect detection: Yearly repetition of close en-
counters with the Earth allows us to gather very detailed
orbital and physical information. Below we briefly outline
several other interesting objects in this class, although we do
not present a detailed simulation for all of them.

e 1998 UP1 This ~ 250 m object unfortunately fades

tion of the Yarkovsky effect strength are known today
so we have adopted the following values: rotation pe-
riod P ~ 10 min, pole orientatioi = 0° andb = +30°,
thermal conductivityk = 0.1 W/(mK), specific heat
capacityC = 800 J/(kgK), surface and bulk densities
ps = 2.0 g/cm?® andp, = 2.6 g/cm®.

2003 WP25This~ 50 m body has been observed since
October 2002. It may be radar detected from Arecibo
in February 2008 and in March 2009, while optical as-
trometry may be obtained yearly till 2010. The nearly
10-year timebase should allow Yarkovsky detection.
2000 WN10 This ~ 350 m object will be undergoing
shallow close approaches to the Earth (withif.2 AU
distance) up until November 2027. On several occasions
between November 2005 and November 2014, Arecibo
SNR surpasses 20, allowing 1 km accurate radar as-
trometry. If at least some of these ranging possibilities
are used, the Yarkovsky effect should be readily de-
tected.

1999 JV6 This 350-400 m size body is drifting toward
close approaches with the Earth in between January
2014 and January 2018. At each of these occasions the
target is observable either from Arecibo or Goldstone
with comfortably large SNR values, the best in January
2016 from Arecibo when SNR surpasses 1000. Apart
from that, this asteroid is optically observable every
year.

3.3. 1999 MN

. This is an example of another interesting class of NEAs:
from radar detectability by 2007, but yearly data may A deep Aten-type object with aphelion distance (1.12 AU)
have the power to reveal the Yarkovsky effect before that . <t outside the Earth's orbit and perihelion distance
point. The two pre-discovery observations from Octo- u utst ! Perinel !

ber 1990 are both offset in right ascension (on average(so'zz. A(\jU) \ive"tlr?sldti M\e(rcll:ry’skorbgcf. Itts przox:(rjnlk';y o thfe
by ~ 2 arcsec); this might already be an effect of the unindicates that the yarkovsky etiect should be particu-

Yarkovsky force acting on this body. larly strong on this orbit. Moreover, this body is also among

e 2003 YN107This ~ 20 m object was discovered dur- the 25 NEAs whose relativistic perihelion drift exceeds
ing its close encounter in December 2003 after being 10 &rcsefcy (itis 188 arcsegcy for 1999 MN), and which
missed during a series of close approaches since 1997 MY Serve to test relativity theo¥argot, 2003) Here we
any recovery from archival data would be important (but dQ not study a possible correlation of the Yarkovsky angl rel-
may be contingent on estimation of the Yarkovsky per- ativity parameters, and we focus on the Yarkovsky signal
turbation). 2003 YN107 resides on an exceptional quasi- ©ly- .
satellite orbit around the EartfBrasser et al., 2004) Little is known about the bodyight now, except for the
with numerous close encounters at distasc@.07 AU likely value of the rotation period af 5.5 hr, kindly com-
till May 2007. The radar rangg possibilities are in De- ~ Municated to us by C. Hergenrother. 1999 MN was recov-
cember 2004, June 2005 and June 2006 (the latter two atered by Spacewatch in late May 2004, and subsequently
SNR> 200 and~ 600 from Arecibo). According to our scheduled for both Goldstone and Arecibo observations in
estimate Fig. 12), the 2006 radar astrometry should re- June and July 2004. The orbit is unusual in its frequent
veal existence of the Yarkovsky perturbation at a very close encounters with the Earth (and both Venus and Mer-
significant statistical level. This solution assumes re- cury) during the next decade or so. Favorable approaches
covery of the target in mid-December 2004, which is to the Earth occur in July 2004, June 2005, July 2009 and
necessary for further steps in our scenario, and Arecibo June 2010 (to mention the nearest only). At all these oc-
ranging in June 2005 (withr 200 m and~ 500 nyday casions Arecibo can range this target with SNR larger than
uncertainties in range and range rate). Obviously, none 35 (a minimum peak value for the 2009 encounter). Results
of the physical parameters needed for accurate estima-presented below are to be considered more as a feasibility
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2 " 4999 1MN, May 2010 We also note 1999 MN undergoes further close encoun-
1k | ters with the Earth in June 2015 and June 2020 when addi-

tional orbital information may improve the Yarkovsky solu-
o- = . tion for this object.

4. Very small targets

Range-rate [km/d]
T
|

2 -
Here we discuss examples of very small NEAs for which
8 ] the strength of the Yarkovsky effect is generally large and
-4 ; : ; : ‘ , thus the possibility to detect it is good, at least a priori. How-
100 -80 -60 -40 -20 O 20 40 ever, it is often difficult to acquire necessary information
Range [km] about the physical properties of the object (rotation state,
(@) constraints on the surface thermal parameters, etc.). In most
: : ‘ . of the cases discussed below we do not yet know these char-
6 1999 MN, June 2010 acteristics, so our analyses should be considered only as
— 4l 2 feasibility studies rather than accurate predictions.
E The case of 1998 KY26 was discussedvokrouhlicky et
S of i al. (2000)and we do not have new results for that object, al-
=, though we note that challenging recovery observations were
kS oL . i obtained from Mauna Kea in early 20@Zholen, 2003)
§ Also, we have already discussed the small co-orbital Aster-
S s i oids 2003 WP25 and 2003 YN107 that would naturally fall
a into this category. Anothemteresting case is the recently
s | spotted small Asteroid 2004 FH)(=~ 25 m) that on March
; ‘ ‘ . 18, 2004 passed at a geocentric distance of only 49100 km.
-3 -2 -1 0 1 2 In spite of observations spanning just3 days, the body
Right ascension [arcmin] may be recovered in January 2018, when it undergoes a
(b) more distant Earth encounter. If radar astrometry is recorded

during that flyby (marginally possible from Arecibo), the

Fig. 13. Yarkovsky offsets for 1999 MN on May 30, 2010 (a) and June 3, yarkovsky effect should be easily detected in February 2021.
2010 (b), depicted as ifig. 1 Part (a) shows the range and range-rate

Roproprat fo opioa asromaty. These solutons assume i currentopt4-1. 2000 UK11
cal astrometry together with simulated Goldstone radar observation in 2004
and Arecibo radar observations in 2005 and 2009 as described in the text.  Virtually nothing is known about this body, except its
small size?? the absolute magnitudé ~ 25 implies a size

analysis than a real prediction, since they make use of thein the interval 20-50 m (in our simulations we consider
four nearest radar apparitions mentioned above. D = 32 m). Optical astrometry includes observations dur-

In the absence of other information, we use a fictitious ing October and November 2000, when radar data were also
pole position { = 0°, b = +30°) in our simulations, which  acquired. No additional information that would hint about
yields about an average strength of the Yarkovsky effect. We the rotation or physical properties of this object exist. Given
further assume a size db >~ 170 m. Also, we expect the  the small size of this body and its Aten orbit we consider it
surface thermal parameters aféected by the proximity to  reasonable to assume a higher value of the surface thermal
the Sun along most of the orbit, hence the following values inertia, hence the thermal conductiviky= 0.05 W/(mK),
seem appropriate: thermal conductivily= 0.05 W/ (mK), the specific heat capacity = 800 J(kgK), surface and
specific heat capacit¢ = 800 J(kgK), surface and bulk  bulk densitieso; = 2.0 g/cm® and p, = 2.6 g/cm®. Con-
densitieso; = 2.0 g/cm® andp, = 2.6 g/cne. sistent with results for other small asteroids (eRyavec et

As expected, the orbit uncertainty must be well con- al., 2004, we assume a short rotation peridel= 10 min,
strained before attempting to detect a perturbation as fineand an arbitrary pole positiod,= 0° andb = +30°.
as the Yarkovsky effect; we find that any astrometry from A common feature to many of the “small-target scenar-
2004, 2005, and most likely also 2009, will serve only that ios” is the necessity of their recovery. In the 2000 UK11 case
purpose. Howeverfig. 13indicates that in May 2010 we
.may expect a fa.lrly strong Yarkovsky signal revealed both m revision of this manuscript, M. Nolan communicated to us that
in radar and optical astrometry (we assumed 300-m range.ie 2000 Arecibo radar data indicate a very fast rotator at the limit of

and 800-miday range-rate, astrometry during the pre-2010 ~ 3 min period. Re-analysis of thosatd might also provide a more tight
ranging possibilities). radar astrometry that would shrink uncertainty intervalig 14
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0.20 2000 UK11, October 2010 larger, perhaps by a factor of 2, but, on the other hand, a
. higher surface conductivity might hamper detection, making
g 015 ) the orbital displacement smaller, by as much as a factor of
8 0.10 - | 5. We conclude that the Yarkovsky detection in 2010 may be
s O e o . X
= difficult, but is indeed possible, even with current technol-
S 0.05- -} ogy, as long as the magnitude of the Yarkovsky acceleration
8 is not much less than we have modeled.
'§ 0.00- . . Further close approaches to the Earth occur in July 2024
o and August 2029. During the first, shallower encounter this
-0.05- ] target is barely observable by the Arecibo radar (estimated
-0.10 s s . \ , ; SNR 2 10), thoughFig. 14 suggests the Yarkovsky dis-
-05 -04 -03 -02 -01 0.0 01 0.2 placement might be readily d=tted. Hopefully, future radar
Right ascension [arcsec] systems devoted to asteroid observation will have the capa-
(a) bility to reach this target at significantly higher SNR value.
2000 UK11, July 2024 4.2. 2002 JR100
T 1k i In many respects this body resembles 2000 UK11, though
£ the estimated sizeD ~ 50 m, is a little larger. We as-
o Of . A sume the same thermal and bulk properties as for 2000
§ UK11, the same pole orientation, and a rotation period of
2 Ar i 15 min. Current observations of this object cover only about
S 2 - two weeks in May 2002, but futarpossibilities to observe
= this object are considerably better than in the case of 2000
-3 7 UK11. Promising radar-observability windows occur during
-4 . ! ‘ . April/May 2010, September 2011 and April/May 2018.
-100 0 100 200 300 In the ideal scenario, the target will be recovered in April
Range [km] 2010, when it becomes reasonably brightZ0 magnitude)
(b) and the sky-plane uncertainty stretches over abdai@ng

the line of variations. After recovery the orbit may be se-
Fig. 14. Yarkovsky offsets, depicted askig. 1, for 2000 UK11 in (a) th_e cured within a few days, in time for the optimum Arecibo
plane-of-sky on October 10, 201Q arig (n the range vs. range-rate projec- (SNR: 1200) or Goldstone (SN@ 180) observing win-
tion on July 7, 2024. These solutions assume the current optical astrometry . .
plus Arecibo radar observations in 2005. dows. Ifthis scheme succeeds and some 200-m radar ranging
is obtained in 2010, plus some less precise ranging in Sep-
_ _ ~ tember 2012* we may expect later observations would re-
the task is reasonably simple: In late October 2005 the objecty gy the Yarkovsky perturbatiofigure 1% shows the esti-
will bg at v!sual magmtuc&” ~ 208 angl the skyjpl'ane UN-" mated range vs. range-rate Yarkovsky displacement relative
certainty will bex 1 arcmin along the line of variation. The 4 the no-Yarkovsky solution in April 2018 (the estimated
recovery would be timely because in early November 2005 gNR of the Arecibo system is 1450). Note the comfort-
the target is observable from Arecibo with an estimated SNR aply large separation of ther3uncertainty intervals of the
of 2 350. New radar astrometry would be crucial to con- o orbits. In fact, even the sky-plane position is signifi-
strain the orbital uncertainty and to acquire additional infor- ¢antly displaced by the Yarkovsky effect and by itself may
mation about the body itself. Here we assume radar rangingreveal the sought signaFig. 15).
in 2005 with 300 m uncertainty. The Yarkovsky effect detec-
tion itself should, however, wait for later close encounters 4.3. 1991 VG
with the Earth.
Should the technology allow, the Yarkovsky effect could With an estimated absolute magnitudg ~ 284,
be detected optically by October 2010 when the asteroid ap-1991 VG is among the smallest objects ever observed. As-
proaches the Earth atXb9 AU. Figure 14 shows the diffi-  suming a diameteb ~ 10 m, it is comparable to or smaller
culty: The targetis at magnitude24.1, and the sought sky-  than the estimated size of theegursors of several mete-
plane displacement, though surpassing theuBcertainty,  orites. 1991 VG was discovered during its deep close en-
is less than half an arcsecond. Should the rotation pole becounter with the Earth in November 19€3cotti and Mars-
closer to the pole of the ecliptic, the effect may be a little den, 1991)and it was briefly observed again in April 1992.

23 Asan optimistic scenario we may hope to obtain lightcurve data in the 24 1n our simulation we assumed 500 m accurate range measurement and
same epoch. 1 km/day accurate range-rate measurement from Arecibo.
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@) Fig. 16. Right-ascension uncertainty (format-¢alue) of 1991 VG dur-
T T — T T ing the 2017-2018 period; the upper dashed curve (1) is a solution with
I 2002 JR100, April 2018 1 the current observational data, the lower dashed curve (2) accounts for
— 0OF . - simulated optical observations in August 2017 when the object closely ap-
b proaches to the Earth. The 2017 observations cause a sharp “collapse” of
& the orbital uncertainty. The thick solid curve shows the estimated maximum
E‘ 20} i right-ascension displacement due to the Yarkovsky effect (see the text). This
c signal could be observable during thebruary 2018 apparition (shaded pe-
-2 riod, during which the estimated visual magnitude drops below 25).
©
£ -401 *
(6]
2 1 =~ 5 min. Should the asteroid rotate more slowly, or should
60+ 1 the surface conductivity be smaller, the effect would be still
‘ : : ‘ . larger, up to a factor of 5. On the other hand, our adopted
-4 -3 2 -1 0 1 o pole maximizes the Yarkovsky effect.
Right ascension [arcsec] With this simulation, we tentatively conclude that the pe-
(b) culiar object 1991 VG might be the first case for which the

Yarkovsky perturbation would be determined without any

Fig. 15. Yarkovsky offsets, depicted asFig. 1, for 2002 JR10D on April radar astrometry data at all. This certainly remains excep-
ig. 15. Yarkovsky offsets, depicted asFiy. 1, for on Apri . — . .
29.9, 2018. Both radar (a) and optical (b) offsets are plotted. These solutionstlonal’ but future hlgh accuraayp tical astrometry projects

- - . - - 5 -
assume the current optical astromyeplus Goldstone and Arecibo radar (including space missions like GAIA,.e.g.,M|gnard, 2002
observations in 2010 and 2011. and http://astro.estec.esa.nl/GAJAMight boost power of

“non-radar means” to detect the Yarkovsky effect.

This secured the orbit remarkably well: The sky-plane un-
certainty is only a few arcmin during its next close encounter
with the Earth in August 2017. And, at a visual magnitude 5. Conclusions
of >~ 23.4, we expect it to be recovered and the orbit dramat-
ically improved Fig. 16), enabling a possible measurement In this paper we point out a number of asteroids for
of the Yarkovsky perturbation in February 2018. which the Yarkovsky effect might be detected within a

To demonstrate feasibility of this scenario, we first decade or two. Additional candidate objects will certainly
simulated the effect of recovery in 2017 on the orbit be discovered after publication, as the automatic programs
uncertainty—dashed lines 1 and 2 leig. 16 We simulated will continue their search for smaller objects (e 8tpkes
three optical measurements with 1 arcsec uncertainty in bothet al., 2003. For that reason we plan to maintain a web
right ascension and declination, which reduces the sky-planesite (ttp://sirrah.troja.mff.cuni.cz/~davokthere the list of
uncertainty below~ 0.3 arcsec. As a result, the orbit uncer- candidate bodies will be updated. We have intentionally
tainty remains sub-arcsecond during the 2018 approach topostponed to a follow-on paper the discussion of possible
the Earth. The estimated skyjane displacement due to the Yarkovsky detection for binary asteroid systems, for which
Yarkovsky effect (up tax 9 arcsecfrig. 16 during that ap-  the orbital analysis is much more complicated than for single
parition might be measurable, but a large telescope is neededsteroids.
for this task since the visual magnitude peaks at an4.5.
This solution assumes the following surface and bulk pa- —z—— . _ . -

. .. g Note, however, that limiting magnitudes might prevent efficient obser-

rameters: thermal conductivity = 0.1 W/(mK), specific vations of very small targets by these cosmic astrometric missions and the

heat capacityC = 800 J(kgK), surface and bulk densi-  radar astrometry during their close encounters with the Earth may remain
ties p; = 2 g/cm® and p, = 3 g/cn®, and rotation period  to be the principal tool for decades.


http://astro.estec.esa.nl/GAIA/
http://sirrah.troja.mff.cuni.cz/~davok/

Yarkovsky detection opportunities

The wide variety of asteids and circumstances for
which the Yarkovsky effect could be detected suggests that
this technique could become an important tool in asteroid
science. The capability of measuring the mass of a can-
didate asteroid is the most important finditffgHowever,
to complement the radar astronomy, an interdisciplinary
collaboration—including light curve observations to con-

strain shape and spin states, optical astrometry to refine

the orbits and infrared observations to constrain the thermal
properties—is needed to fully exploit this information.
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