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ABSTRACT

Aims. A possibility of detection of the YORPf&ct in the population of the very small near-Earth astersidéscussed. It is probable
that due to their significant thermal conductivity, thosetta# objects which are on low inclination orbits experienceoatinuous
spin-ugspin-down without the typical YORP cycles, and their spiasaare moved towards obliquities of@&nd 180.

Methods. For all rapidly rotating near-Earth asteroids observedhV@ALT, as well as other such objects for which periods are
known, future observing possibilities are identified. Atistécally derived, approximate relation for the YORP spigispin-down is
then utilized to check which of the considered asteroidsbeapotentially used to detect thiffect.

Results. It was found that for two asteroids, 2000 HRif successfully recovered in 2014) and 1998 s Yrotation period changes
due to YORP should be detectable in the future. A deternunaif obliquities of two other objects, 2001 A/and 2006 XY should
also be possible. For the latter constraints on its poletiposare obtained suggesting a prograde rotation and timeasis obliquity

€ <50,
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1. Introduction (NEASs) there are two other spin altering mechanisms, whieh a
articularly dfective in the inner solar system. These are close
lanetary encounters (Bottke et al. 1997) and YORP (Ruhinca

2000). While first attempts of explaining the rapid spins &A%

@thhasized rotational energy transfer immediately afesaton

during impacts (Whiteley et al. 2002; Pravec et al. 2002en¢

. ; ; ; -, works tend to favour YORP as the dominant mechanism respon-
data reductlpn and analysis was p_resented in Kwiatkowski elsible for extremely short periods of many VSAs (Pravec et al.
(2009b), which reported observations of an unusual neEthEaZOOS. Rossi et al. 2009).

asteroid 2006 Ripo. A more systematic presentation of the re- .
sults of the survey was started in Kwiatkowski et al. (2009a) The YORP &ect (Rubincam 2000; Vokrouhlicky &apek
(hereafter Paper I), which included 14 lightcurves of venali  2002) is a torque induced on the rotating asteroid by thertaer
asteroids (VSAs), with diameters of 214rD <94 m and rota- radiation emitted by its surface. It can either spin it up lons
tion periods of 77 & P <44 min. Such objects are sometimeslown its rotation as well as change the obliquity of its spiisa
called Monolithic Fast Rotating Asteroids (MFRAS), butwe{ ¢, which is an angle between the normal to the asteroid orbital
fer to use the broader term VSAs because we used only the piane and its rotation axis. It should not be confused withdia
terion of size in our survey (selecting targets with the &ldiso hedral angley, also known as obliquity, showing the orientation
magnitude ofH > 215 mag). Moreover we are not sure thaof the asteroid spin vector with respect to the plane of tharso
all fast-rotating VSAs are monolithic pieces of rocks. lhert phase angle.

studies of their spin limits can help in explaining the imtr _
structure of these bodies (Holsapple 2007). Most of the studies of the YORPffect assume zero ther-

Several mechanisms have been proposed in the past to r_@;g\_l conductivity o_f the asteroid sprface, which can be seali
plain the fast rotation of VSAs. Being a product of collissan  ti¢ for large, regolith covered bodies, but does not worklwel
the Main Belt, they could obtain their rotational kineticcegy fOr VSAS, which have bare-rock surfaces without any insulat
during ejection from the parent body. A numerical simulatig N9 layer. According to Delbo et al. (2007), the average-the
an impact disruption of an asteroid (Asphaug & Scheeres Y1999 Cond‘fCtj‘l"tyk of NEAs in the km-size range is= 0.03+
suggests that it is possible for small fragments of a cottigp  0:01 WnT K™ with a clear trend to increase with decreasing
have rapid rotations. Also post-formation, non-destugctolli- Siz€- For theD = 0.3 km Itokawa (which is the smallest NEA
sions, which are relatively frequent in the Main Belt couleem  for which k has bleeplmeasured), thermal conductivity is larger
the rotation rates of VSAs (Farinella et al. 1992; Farinetial. thank = 0.1 Wm™K"", and for smaller asteroids it approaches

1998). In the case of the VSAs belonging to near-Earth agterok = 1 Wm K™ (see Delbo etal. 2007, Fig. 6). This is consistent
with recently measured thermal conductivities of the storey

Send offprint requests to: T. Kwiatkowski, teorite samples, which were found toke 0.5- 1.9 Wm 1K1
e-mail: tkastr@vesta.astro.amu.edu.pl (Consolmagno et al. 2009).

This is the second paper in the series presenting the rexfult
the photometric survey of very small near-Earth astereitisch
was carried out from January 2007 to March 2008. Its goal w;
to obtain lightcurves of tens of objects and derive theiaot
tion periods and shape elongations. A detailed descripfidime
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The role of finite surface thermal conductivity in the YORP  Inthe near future new surveys will start operation, incirggs
effect has been studied yapek & Vokrouhlicky (2004) who our chances of rediscovering many NEAs. In the beginning of
found out that it can substantially change previous concld012 the Gaia space mission will start observations, ambitlsl
sions. Specifically, the rotation rate changes appear toehe n be able during its 10 years of operation to detect astergittsiat
independent ork, while the obliquity éfect increases with in- asV = 20 mag (Tanga et al. 2007). The Pan-STARRS project
creasingk. To derive a statistical characterization of YORRJedicke et al. 2007) will go even deeperRo= 24 mag. The
Capek & Vokrouhlicky (2004) generated 200 Gaussian randdi$t of its four telescopes is currently at the beginningtsf3.5
spheres with ective diameters ob = 2 km, approximating Year Science Mission (Chambers 2009), after which it witrga
shapes of real asteroids. All of them were assigned a pefiodo® routine observations. Similar surveyrte- 24.7 mag will be
rotation of 6 h and were assumed to revolve about the Sun @fried out by LSST (Jones et al. 2009), which is supposed to
circular orbits with a semimajor ax@&= 2.5 AU and zero incli- Start full science operations in 2017
nation to the ecliptic. For each object an orbit-averageel o& Because of these prospects it is reasonable to check if any
change of the spin and obliquity due to YORP were computéfithe objects described in Paper | will be passing close ¢o th
for different surface thermal conductiviti&s Results showed Earth in the next 20 years (June 2009 to June 2029). To make
that fork = 0.1 Wm 1K1, spin axes of 95% of objects wereour review more complete we added other fast-rotating NEAs
driven to become perpendicular to the orbital plane (whblige (With periods shorter than 2.2 h, the period reliability eddl >
uities achieved asymptotic values= 0° or e = 180°). At the 2 and diameter® < 150 m), taken from the LCDB (Warner
same time rotation rates were accelerated and deceleritted &t al. 2009). After removing (54509) YORP (it has alreadyrbee
equal probability. extensively observed), 2006 R4 (it is on a dificult Earth-like

Care must be taken when applying these conclusions to regpit) and 2008 Tg (which ended its life in the Nubian desert)
asteroids because planetary perturbations can changeothei We were left with 53 objects.
bits disturbing the obliquity path towards asymptotic esatin It was assumed that due to the rapid rotation of the consid-
the absence of YORP secular changes of the orbital ascendiigd objects successful photometry can be obtained for NEAs
node can make the obliquigycirculate with an amplitude daf faint asV = 22 mag, and this was the limit brightness in our
(wherei is the inclination of the orbit to the ecliptic plane). Thesearch. Using the NEODySwe first found, for a given aster-
timescale of such changes can be as shor d9 kyr, while 0id, all close approaches of the nominal orbit to the Earth (a
the timescale of YORP for many VSAs can be 100 kyr or evendistance< 0.1 AU). Next, using the Minor Planet & Comet
1 Myr. Obviously, this purely geometricalfect can be neglected Ephemeris Servicg MPES) we computed a detailed ephemeris
for small inclination orbits. for the period of a close passage and chose the maximum bright

So far YORP has been positively detected only for foutess of the asteroid during that time.
near-Earth asteroids: (1862) Apollo (Kaasalainen et ab720  Unfortunately, the orbits of most asteroids in our sampée ar
Durech et al. 2008b), (54509) YORP (Lowry et al. 2007; Tayldfnown with low accuracy. To estimate the uncertainty of thie ¢
et al. 2007), (1620) GeographoBurech et al. 2008a), and culated brightness three ephemerides were computed: éor th
(3103) Egerlv)urech etal. 2009), of which only (54509) belong ominal orbit, for the line-of-variatiohOV = -3¢, and for

to VSAs (its diameter is about 100 m). To test our presentund OV = +3¢. For each of them the aste_roid maXi”_‘“m bright-
standing of YORP, particularly in the realm of VSAS, new absen€ss was recorded even though the obtained magnitudeekfer

vations are needed. In the next chapters we will first chedkhwh © Qiﬁerentf dﬁtes during th]? r(]:lose anr?aCE. This gafve a rough
- : : timate of the accuracy of the results. In the case of twer-ast

of the previously observed VSAs with periods shorter th@?2. es . :

will be available for studies in the near future, then disciine 0|d_s (2008. Wl:#? aondbé_(:(l):)o EkB“) thsegl\\/I/QZEtShmd no':jp:rowde

possibility of detecting YORP from their lightcurves, ancifily ~ Variant orbits. The OrbFit Package 3.3vas then used to com-

constrain the pole position of 2006 XY. The knowledge of stePUte: for each of the two objects, 100 clones, from which the

oid pole coordinates is important in transforming the obsdy LOk\]/ - _%O— afnd I;hovdth“?"TfOTb'ts were selected. Fobrtth((jan;,
synodic periods into sidereal ones, which evolve under YORIPNEMENUES Ior the dales of close passages were obtaiaed an

What is more, if spin axes of statistically significant numbg maximum magnitudes selected. For the sake of consistency of
VSAs, especially tliwse with smallare fo{mgto be perpendic-the results it was checked that the computations with thé-©rb

ular to the planes of their orbits, this would confirm resats 98ve the same magnitudes as those from MPES (for the test ob-
Capek & Vokrouhlicky (2004) about YORRfectively chang- Jects, forwhl_ch MPES provided variant orp|ts).
ing their obliquities Table 1 lists only those asteroids which were found to be

' observable during the next 20 yearsyak 22mag. The fourth
column shows thé OV = -3¢0 andLOV = +3¢ brightness,
from which the uncertainty of can be estimated.

For five asteroids, which are marked in bold, the fourth col-
The problem with the very small NEAs is that most of theramn gives similar numbers. This is because the ephemerfdes o
are observed as one-opposition objects. Subsequent giesetlaese objects are known with a positional accuracy of bteer
proaches to the Earth can happen on a time scale of sevéralt also means they will not have to be recovered.
months to many decades, but even relatively frequent afpesi Table 1 contains 24 out of 53 asteroids, which means that
do not guarantee that the object will be accessible for ektdn a significant number of objects belonging to the fast-rotati
studies. Many orbits of the NEAs are determined with totelitt VSAs can potentially be recovered and observed again in the
accuracy to permit successful recovery during the next sipponext 20 years. If we are more restrictive and accept only the
tions, and such objects are considered lost shortly afseog:
ery. If rediscovered by any of the wide-field asteroid susyey ! httpy/Isst.orglsstsciencgtimeline, last accessed 2009-07-18
they can be linked back to their past apparitions and have the? httpy/newton.dm.unipi.jneodyg
orbits improved so that they will not be lost again (Ted Bdyel 2 httpy/www.cfa.harvard.ediayy MPEphMPEph.html
personal communication). 4 httpy/adams.dm.unipifjoromaintorbfit/

2. Future apparitions
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Table 1. Future observing opportunities of fast rotating VSAs forigthperiods withU > 2 are known. Date is given in the YYYY-MM-DD
order andV is the maximum asteroid brightness during the approachpated from the nominal orbiAV, given as a range, is an estimate of the
brightness uncertainty, obtained from variant orbits i@V = +3c-.

Asteroid Date \Y AV Asteroid Date V AV
[mag] [mag] [mag] [mag]
2007 DD 2010-06-04 22.1 (22.1, 22.1) 2001 UF5 2016-04-05 20.1 (27.2,26.7)
2011-07-13 20.8 (20.8, 20.8) 2002 GD10 2017-11-02 21.9 (22.0, 21.8)
2000 WN148 2010-12-01 20.5 (18.2, 23.p) 2021-10-23 21.5 (21.7, 21.3)
2000 EB14 2011-02-23 20.2 (22.1, 24.p) 2025-10-15 21.6 (21.3, 21.8)
2008 DG4 2011-11-19 18.9 (25.8, 25.8)2000 UO30 2017-11-12 21.0 (18.8, 22.3)
2007 TU18 2011-12-05 21.6 (23.3, 24.9)2007 KE 2017-12-19 18.5 (22.9,22.2)
2000 YA 2011-12-25 15.4 (15.6, 16.53) 2006 XY 2017-12-21 17.0 (14.7,18.2)
2001 AV43 2013-11-13 18.7 (18.6, 18.9) 2007 LT 2018-06-14 20.6 (23.5, 22.0)
2001 SQ3 2014-03-07 20.7 (20.7, 20.7) 2007 RQ12 2019-09-13 18.0 (24.0, 24.8)
2015-09-27 20.3 (20.3, 20.3) 2004 FH 2021-02-21 19.9 (20.0, 19.9)
2021-03-14 18.5 (18.5, 18.5) 2007 DX40 2022 08 27 21.3 (25.8, 26.3)
2022-10-03 21.5 (21.5, 21.5) 2026-02-25 21.4 (26.2, 26.3)
2028-03-17 16.2 (16.2, 16.2) 1998 WB2 2024-04-02 18.8 (24.3, 23.8)
2000 HB24  2014-05-01 17.4 (16.9,18.2)2000 WQ148 20240411 16.6 (26.1,23.8)
2017-06-10 20.0 (20.5, 20.3) 2026 12 12 17.5 (26.0, 27.6)
2020-07-02 21.6 (19.2, 22.0) 1998 KY 26 2024-05-27 20.0 (20.0, 20.0)
2028-05-17 19.1 (17.7, 19.3) 1995 HM 2025-06-04 19.9 (20.3, 19.5)
2029-08-06 18.8 (19.4, 18.4) 2007 VVv83 2026-11-04 19.9 (19.7, 20.1)
2001 WR5 2016 01 04 19.4 (18.3, 20.5)

001 oo Lo toTTTT already existing cluster in the center of the plot. Theretene
squares and dots that coincide: one pair denotes 2006 X¥hwhi
can be found both in LCDB (the Dec 2006 data) and in our sur-
vey (the Jan 2007 lightcurves in Paper ). Another pair iat#is
two different asteroids: 2001 WM\and 2007 LT, which do have

!

2008 TC3

o
2006 RH120 . 2007 LT

* «[2001 SQ3
2007 DO

[T T
Lo o

i o nggigf e similar periods of rotation, but can be quitéfdient in their sizes

3 2001 Avas—=" 1 g & 1 given the approximate nature of theifective diameters.

°§ r Se/e 0 ] The horizontal line marks a 2.2 h spin limit for a gravita-
2 VAN .. ° * 1 tionally bound body (Pravec & Harris 2000). As can be seen,
g E 2000H826 T o 3 most asteroiddarger than about 150 m have periods longer than

. . 2.2 h, while many VSAs display a significantly faster rotatio
r - - B T, We will leave a more detailed analysis of this plot to the next
: ;253'2“\'”2009 “:'}: . .7 paper in the series, where more new periods of VSAs observed
& Hicks et al. 2009 1309 with SALT will be reported, and focus on the YORRext.
e =3 Similarly to Pravec et al. (2008) we can use the results of
' " Effective diameter, D [km] Capek & Vokrouhlicky (2004) to estimate the rate of the pe-
Fig. 1. Rotation periods vsfeective diameters for all asteroids presenteriOd changein the case of the fast rotating asteroids ptesém
in Paper | as well as for the objects cataloged (till 21 Apr®ada the E’_aper l. As found bﬁapek & .VOkrOUhI'.Cky (2004)' the me-
LCDR database. Selected objects, which are mentioned itestieare dian value of the rotation period doubling ting (computed
indicated. at asymptotic obliquities of 0and 180) was 11.9 Myr (with
75% of objects having 4 Myk ty < 16 Myr). The period dou-
bling timety can be easily scaled to smaller diametershorter

asteroids where the expected magnitudes (both nominal @tdiodsP and orbits of smaller semiaxesusing the relation:
LOV = +30 ones) are not greater than 22 mag, we still end dp ~ @ D=P~*, which is a consequence of the basic physics of
with 12 potentially observable objects. This is on a leve@¥, YORP (Rubincam 2000). For our purposes it is also more con-

and in the future this percentage should grow, as many moye veenient to replace; with |[P| = Pt;*, where we use the absolute
small NEAs will be discovered and followed-up. value to account for both the increase and decreage 8ince

Capek & Vokrouhlicky (2004) computed for the asymptotic

obliquities, wheréP| is the largest, it is more realistic to replace
3. Rotation of asteroids and YORP |P| with [(P)|, which is the rate of change of the period aver-

) ) ] o aged over all possible obliquities. According to numeriog-

The rotational properties of aster0|qls are best visible hm. tgrations of YORP performed by Vokrouhlicky et al. (and qubte
log D—logP plot which shows a relationship between rotatiofh pravec et al. (2008))(P)| is usually 1.5-2 times lower than
periods and sizes. In Fig. 1 we show periods (with the rdltgbi by 5o we will adopt(P)| ~ 0.5/P!.
codeU > 2) for all asteroids available in the LCDB (Warner
et al. 2009) as well as a newly obsenid= 200 m near-Earth s pecently Masiero et al. (2009) reported six Main Belt astiro
asteroid 2001 Fg (Hicks et al. 2009), limiting the scope towhich are larger than 150 m and have spins shorter than 2.2 tiis
D < 1 kmandP < 10 h. It also includes new results presentefksult, according to the authors, is still uncertain andhesé objects
in Paper I. The new points, marked by squares, fit well in thae not presented in Fig. 1

0.15 km

TTT T T T

D
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Combining this we have: Earth unnoticed. The situation is better with 2000 YA, which

PP during its 2011 apparition will reach the maximum brightes

ta = 2.85x 10° a’D?PHyr, (1) of Vv = 15- 16 mag. Even though its ephemeris is uncertain

but sinceP| = Pt-1 Py ~ 0.5|P in: and the exact observing circumstances cannot be checked, it
ut sincelPl tg” andKP)l ~ 0.5|Pfwe obtain possible it will be successfully recovered. Unfortunateiy not

[Py ~ 107 P?D2a 2 h/yr, (2) @ good candidate for YORP detection since its rotation plerio

is known with rather low accuracy, and there will be no furthe
whereP is given in hoursD in kilometers anda in AU. From  close approaches in the near future.
this equation it is evident that to make the influence of YORP The ephemeris of 2001 Ay for its 2013 apparition is accu-
independent o it would be best to work wittP)|/P?, Such rate enough to predict that from September 2013 to March 2014
a parameter was used by Pravec et al. (2008), widsehas it will make a long arc on the sky which should make it possible
exactly the same meaning. In other works the fractional ghano derive its accurate spin axis and shape. While the predict
of P in time was usedAP/Py per year) even though it depends(p)| is too small for a determination of the YORP spinyslpw-
on P. Here we will stay with(P)|, which is the easiest to operatedown, its orbital inclination of only = 0.3° suggests YORP
with in our situation. could have pushed its spin axis towards one of the asymptotic
Of course|(P)| suggests only the order of magnitude of thetates. The determination of the pole position of 2003 évuld
true value oP (and does not determine its sign). A slightly bettefest this hypothesis.
approximation would be an interval bracketiRgSince|(P)| is From 2014 to 2028 there will be five close approaches of
inversely proportional tty and for 75% of objects 4 Myx ty < 2001 SQ which would make it a good candidate for YORP de-
16 Myr, in most caseB should lie in the interval from B(P)|  tection if its|(P)| was not that small. However, there is another
to 3(P)|. . . reason why this asteroid should be studied. On th®legogP
To check Eq. 2 we can see how well it approximakes piot (Fig. 1) it is located near the theoretically predictgin
due to YORP, determined from observations of (1862) ApO'ETnit at which rotational fission or mass shedding can happen
(Durech et al. 2008b), (54509) YORP (Lowry et al. 2007YHolsapple 2007). While in 2015 the Milky Way will make the
(1620) GeographosDurech et al. 2008a), and (3103) Egepbservations of 2001 SQmpossible, it will be accessible for
(Durech et al. 2009). Such a comparison is presented in Tablév@o months in 2014 and two in 2021 for extended observations
which provides the parameters necessary to compRje the at different locations on the sky. Another favorable apparition
semimajor axis of the asteroid orlait its effective diameteD, Will happen in 2028. Apart from photometry it would be desir-
and the rotation perio®. We also list the uncertainty ¢f and able to obtain spectra of this asteroid to determine itsrtarty
P derived from observations. In the last coluki) is given. As and albedo.
we can see, the observed values are generally not smaller tha Another asteroid in Table 1 which is close to the spin limit
the statistically derived ones. The only exception is (3)5fbr is 2007 LT. This object, however, needs recovery duringpts a
which (P} is slightly greater ther. In fact, since its obliquity proach in 2018, which can be problematic due to the predicted
was found to be close to one of the asymptotic states173), maximum brightness of 20.6 mag and a large uncertainty sf thi
our estimated valuéP) should be doubled. We do not assumgalue.
the knowledge of the spin axis for the discussed asteromg; h A pattern of close approaches can also be noticed in the
ever, and to treat them all on an equal basis we will use Eq. 2aase of 2000 HB,. Its recovery should be possible in May
select new candidates for YORP detection. 2014, when it will reachv = 18 mag, providing its galactic
The second part of Table 2 lists selected VSAs with alreadtitude is not too small (its present ephemeris is not ateur
known rotation periods, which — according to Table 1 — can fmough to check this). If successfully located, this asdendll
potentially observed during the next 20 years (they haveeeit give us a good opportunity for YORP detection. The change of
good orbits or should be bright enough to allow recovery). fe rotation period due to YORP during 15 years should reach
comparison of the rotation period accuragywith AP = (P)At, =~ 50x 107% h, which should be easy to measure. Subsequent ap-
whereAt is the time span, separating two apparitions, ARds  paritions will make it possible to obtain an accurate spis ard
the estimated change &f due to YORP, allows one to judgeshape. Since the orbital inclination of 2000 HBs onlyi = 3°,
whether the detection of YORP could be possible. chances are its spin axis may be close to one of the asymptotic
The orbit of 2007 DD is well known, which makes it possiblestates.
to accurately check the observing conditions during its two 2006 XY will come back in 2017, eleven years after the first
ture apparitions. Unfortunately during the 2010 close apph photometric observations in December 2006. Since its brigh
this asteroid will move along the Milky Way and will not leaveness at this time will b& = 15— 18 mag, there should be no
it until its brightness drops t¥ = 24 mag. In 2011 the observ-problem with its recovery. New photometric data combinetthwi
ing conditions will be much more favorable except that itlwiltwo lightcurves from Dec 2006 (Hergenrother et al. 2009) and
achieve the maximum brightness \éf = 20.8 during the full Jan 2007 (Paper I) should allow to refine the approximate pole
moon. Also, the path on the sky will not be long enough to aposition obtained so far (see Sec. 4 in this paper), remov#-am
low determination of the spin axis and shape. Even tha(®jh guity from the already known rotation period and allow tlans-
is quite large for 2007 DD, the low accuracy of the period dédation of synodic periods into sidereal ones. During eleyesrs
termined in 2007 as well as thefliculty with obtaining its spin  YORP should alter the sidereal period by about®19— a value
axis in 2011 does not warrant success for YORP detectioridn tbomparable to 3 accuracy, with which the period of 2006 XY
case. has been obtained from the 20RB07 apparition. Even if during
During the 2010-2011 time span there will be close aphe 2017 opposition the period is determined with higheuacc
proaches of four other asteroids with known periods (seacy, it may not be possible to detect YORP by comparing the
Table 1). Since their orbits are uncertain, they will havdoéo 20062007 and 2017 results. It should be feasible, however, to
recovered. Given the predicted low maximum brightness dwheck if its obliquitye is close to one of the asymptotic states
ing the apparitions, it is quite probable that they will p#ss (the orbital inclination of 2006 XY i$ = 4°).
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In Table 1 there is also an asteroid (2004 FH) that displaydteanH = 21.5 mag, only one object has its spin axis determined.
non-principal axis rotation. It will be observable\at< 20 mag It is (54509) YORP, whose physical model is based on com-
during one week in February 2021. Because of its tumbling rbined radar and optical observations (Taylor et al. 2003 ¥a%
tation it cannot be used for YORP detection nor determimatimo other VSA with a known rotation period was observed pho-
of spin axigshape. tometrically in the past at more than one position in the fky.

In 2024 there will be a close approach of 19984 an as- this situation 2006 XY is a notable exception and even thaugh
teroid for which a good ephemeris is known and rotation geridias been observed photometrically at only two, insteadrekth
of which has been accurately determined. In fact, 19984 Ygeometries, its lightcurves can be used to constrain thiquos
will pass the Earth even earlier, in 2013, but then its max¥f its rotation pole.

mum brightness is estimated to be oMy= 234 mag. At this A generic method to derive poles and shapes by means of

time it will be Obse_rvable twice: dU”ng the dark time in MBI’C a |ightcurve inversion has been presented by Kaasalainah et

(V = 24 mag) and in OctobeM(= 23.7 mag). In the meantime (2001) and Kaasalainen et al. (2002). It uses all lightcpoiats

it will be either fainter or close to the Galactic center. &ivthe and is able to derive a detailed Shape of the asteroid. Thiere a

short, 10 min rotation period of 1998 Ky, it will be a very dif-  simpler algorithms, however, which give similar resultsase

ficult ok_)ject for successful photometric observations il26  of the spin axis position and require less input data. These s

even with a 8-10 m telescope. called epoch-amplitude methods use lightcurve amplitadhes
Capek & Vokrouhlicky (2004) computed the YORIMext timings of the lightcurve extrema to obtain the siderealiqukr

for 1998 K., using its radar shape, but not knowing the polef rotation, pole coordinates and a triaxial ellipsoid shapat

position they could only give the value averaged over aligbl best approximates the asteroid body. While the shape dkirive

uities, which is(P) = +5x 107 hyyr. It is close to the result this way is a rough approximation of the asteroid body (and is

which was obtained from Eq. 2 and listed in TableCapek sometimes referred to asphotometric shape), the period and

& Vokrouhlicky (2004) concluded that the 2024 apparitioh opole position are obtained with good accuracy. A side-lole-si

1998 KY,3, brightness of which should then rea¢h= 20 mag, application of the lightcurve inversion and the epoch-amgé

will give us a good opportunity to measure YORP because theethods can be found in Kaasalainen et al. (2003), where the

change of the rotation period from 1998 to 2024 should amounpdel of a (25143) Itokawa is presented. The sidereal period

to 10 h. However, the observations during this apparition witnd the pole position of the asteroid obtained with both wdsh

not be easy. The asteroid will cross the Galactic center adlhd wvere the same within the formal uncertainties.

then pass close to the Moon. After a short period of obselitiabi  |n order to constrain the pole position of 2006 XY we used an
at the beginning of June 2024 (about 10 days) it will approaghyoch-amplitude method described in Kwiatkowski (1995 T
the Sun. Still, the arc of 60on the sky should make it possibleinput data were based on two lightcurves: the first from 16 Dec
to determine its spin axis, which should not b#&idult because 2006 (Hergenrother et al. 2009) and the second, being a com-
of its known shape. posite of three nights, from 12-19 Jan 2007 (Fig. 4 in Paper 1)
From the presented review it is evident that there are onffhe average amplitudes of these lightcurves we98:00.1 mag
two VSAs with known periods for which a detection of YORPand 08 + 0.1 mag, respectively, and the (light-time corrected)
during the next 20 years can be expected: 19984@nd, if re-  time span between them waJ; = 27.91744+ 0.00005 d (or
covered, 2000 HB,. For both of them, as well as for 2001 &/ AT, = 27.91918+0.00005 d if the first maximum on the 16 Dec
and 2006 XY, it should also be possible to derive the obliquilightcurve was assumed to be identical with the second maxi-
€. On the other hand, a thorough study of 20013$@uld be mum on the 12-19 Jan lightcurve).
desirable, including the spectroscopic characterizatfats sur- In its original form the epoch-amplitude method uses a

face. . . model with five parameters: the sidereal period of rotaRgg
A special group of NEAS, that were not mentioned yet, ae ecliptic coordinates of the poli, 8, and the shape of the

Earth co-orbitals. They sometimes visit the Earth every Y@@ iayia| ellipsoida/b andb/c, rotating about the shortesixis.
about a decade. (54509), for which YORP has been successfyl case of 2006 XY we first used the amplitude part of the algo-
measured, belongs to this group. Some of them can transer {nm scanning the whole celestial sphere with trial paied at
quasi-satellite (QS) orbit in the vicinity of the Earth. Gamtly o5 step adjusting thegb parameter of the model shape so that
there are two quasi-satellite asteroids which are smaligihoo the y2 was minimum ¢2 was obtained as a sum of the squared

be regarded as VSAs (given a natural uncertainty of thece residuals in ampli . _
N - plitudes divided by, = 0.01mag). Theb/c pa-
tive diameters). These are (164207) 20045GD = 0.18 km) rameter was kept constant afl 1as it weakly influences model

and 2006 Fy; (D = 0.15 km). Quite coincidentally, both Of.amplitudes. Results are presented in Fig. 2C, which shows se
them approach the Earth every year in March and display a siffic,q j isolines of the? value (3=1,2,5) for diferent trial pole

llar maximum brightness of about 20.5 mag). Contrary to Son%‘Eliptic coordinates. As can be seen, there are two large; sy

other Earth co-orbitals, they will remain on QS orbits foe th ; ; :
' . metric areas in the sky, where the asteroid pole can be lbcate
next thousand years (Wajer 2008), which makes them goad t flere are also another two small regions at the oppositetiecli

%ec::tfggtg)r((t)?gsg?s%?:?]eé\i/;rtr:%rtffstg?gtesF\:/)\I/ir;ﬁ a;?iggé :<nouun, lPatitudes, which are close to the ecliptic pole. Thus fardbe-
P otfnget f§Iusion can be drawn that the observed amplitudes suggest th

2 h (Fig. 1). Th_|s means_the_y require longer observing runs pin axis of 2006 XY is closer to the ecliptic pole than to the
an accurate spin determination. ecliptic plane

The search for the asteroid pole was repeated using the epoch
4. Spin axis of 2006 XY part of the algorithm. This was possible because the acgaifac
P two solutions for the synodic period of 2006 XY, obtained in
Determination of the spin axis and shape of asteroids from ptPaper | (see Table 2) was high enough to compute unambigu-
tometry traditionally requires at least three lightcureetained ously the number of asteroid rotations between Dec 2006 and
at different observing geometries. So far, for asteroids smallian 2007. It was also found that afdrence between the syn-
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Table 2. Period changes due to YORP for selected asteraitisthe orbital semimajor axis aridl denotes theféective diameter. For the first four
objectsP is the sidereal period of rotation, while for the rest it isyacdic one o is a standard deviation &, P is the observed rate of change
of P, while (P) is a theoretically predicted, approximate rate of change. of

Asteroid a D P op P (P)
[AU] [km] [h] 10°5[n] 10°C[hyr] 107 [h/yr]
(1620) Geographos 1.2 25 5.223336 2 -0.75 +0.3
(1862) Apollo 15 14 3.065447 3 -12 +0.2
(3103) Eger 1.4 2.5 5.710150 6 -0.7 +0.3
(54509) YORP 1.0 0.1 0.20290046 0.01 -0.3 +0.4
2007 DD 1.0 0.02 0.07429 70 — +1
1998 KYa4 1.2 0.03 0.1783583 7 — +2
2006 XY 1.5 0.05 0.0829783 0.3 — +0.1
0.0831226 0.4 —

2000 HBy4 0.8 0.05 0.2176 600 — +3
2000 YA 2.4 0.06 0.6658 100 — +2
2001 AVy3 1.3 0.03 0.1701 500 — +2
2001 sSQ 11 0.14 0.06248 50 — +0.02

odic and sidereal period of rotation should not be greatan th -
the accuracy of the derived synodic period.

During a scan over the celestial sphere, at each trial pele th*]
sidereal period of rotation was adjusted. At the start wé the ; _
first solution for the sidereal period of 2006 XY, and assuméd'] *
that its true period should notféér by more thar:30 fromit. |
This was a rather week constraint on the pole coordinates and
limited the spin axis position to a large area on the sky. Efy.
shows a plot of 2 isolines (drawn atZ = 1, 2,5 obtained from
the squared residuum in the time spghdivided byo2 = 2.5x

1072 d?). Interestingly, a very similar plot was obtained when the” [
second solution for the period of 2006 XY was used (Fig. 2B). | &
The final plot in Fig. 2D shows results of the simultaneots | *
fit in amplitudes and epochs and was obtained by superpositio, !
of Fig. 2A and Fig. 2C (this was possible because hgttand
X2 were related to the standard deviations of the amplitudes an- |
the time span, respectively). As a result only one regionetas :
tained where the asteroid pole can be located. It indicétes t~:
prograde rather than retrograde sense of the rotation amd su
gests the ecliptic coordinatag, 3, of the spin axis of 2006 XY Fig.2. Constraints on the pole position of 2006 XY. Two upper pléts (
are, approximately, 30< 1 < 160° and 40 < 8 < 90°. The @and B) were obtained from the epochs method, the lower-left()
ecliptic coordinatesl,, 5, of the pole of the orbit of 2006 XY Was obtained from the amplitude method and the lower-right(p) is
about the Sun can be easily obtainedigs= Q + 270° and the result from the smulganeous fitin both epochs and aotfgs. The
Bo = 90° — i, whereQ = 258 is the longitude of the ascendingcor.]tmuous lines refer tg? = 1, the dashed lines mark thé = 2 area,
node and = 4° is the inclination of the orbit to the ecliptic. TheWhlle the dotted lines refer g* = 5.
pole of the orbit is thus located at = 166°,8, = 86° which
is well inside of the solution area in Fig. 2D. It also mearss th i o i )
obliquity of 2006 XY ise < 50°. If we assume the rapid ro- COVer many new objects in this class and help determine their

tation of 2006 XY is due to YORP, then the sanfieet should accurate orbits by the follow-up observations, but even thewxe
also influence the asteroid obliquity moving its spin axisacds € VSAs which will come close to the Earth in the near future.

one of the poles of its orbit. It is thus possible that the pate While there are several reasons why VSAs should be observed

of 2006 XY is not far fromi,, Bo. This possibility can be used (One of them are their spin limits, which are connected witrt
when planning new observations of 2006 XY in 2017. internal structure), the detection of YORP is particulaigpen-
dent on frequent close approaches.

Presently there are two fast-rotating VSAs, for which
changes of their periods, due to YORP, should be detectable i
the near future. 2000 HR, if recovered in 2014, will present a
The photometric survey of very small near-Earth asteroiils w sequence of close approaches during the next 20 yearsgdurin
the SALT telescope extended the database of the known faghich the change of period due to YORP should be detectable.
rotating VSAs by 14 new objects (including the unusual astet998 KY-g, for which a radar shape is already known, will be ob-
oid 2006 RH2p, not discussed in Paper 1), and there are cuservable in 2024 and provide another opportunity for theystu
rently 56 of them known (not counting 5 VSAs discovered in thef YORP. For other VSAs with known short periods, which will
Main Belt). Their studies are ficult because many of them arebe recovered during their close approaches to the Earth; a de
not available for observations during several apparitiéiugure tection of period changes due to YORP can be vefiyadilt or
wide-field surveys like Gaia, Pan-STARRS and LSST can disnpossible. However, their observations, if well planreat) re-

Latitude [deg]

Latitude [deg]

160 270 180
Longitude [deg] Longituda [deg]

5. Conclusions
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sultin the determination of their spin axes. This has alydseen
done in the case of (54509) and, preliminary, for 2006 XY. The
obliquity of (54509) was found to he= 173, and for 2006 XY

it is less than 5% If obliquities of more fast-rotating VSAs are
found to be close to the asymptotic values this will providéa
dependent prove of YORP at work as it was already done in the
case of the spin vector alignment of the Koronis family astes
(Vokrouhlicky et al. 2003).

There is one more asteroid that should draw attention.
2001 SQ is close to the theoretically predicted spin limit and
will be observable during apparitions in 2014, 2021 and 2028
Both photometric and spectroscopic observations of thjsabb
would then be desirable to help determine its spin axis, shap
albedo, size and taxonomic type.
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