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HST/FGS Observations of the Asteroid (216) Kleopatra
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The Fine Guidance Sensor interferometer aboard the HST (HST/FGS)
Interferometric observations of asteroid (216) Kleopatra were been already used in the past to resolve close binaries and the apparent siz
performed in January 2000 using the Fine Guidance Sensors (FGS) ~ €volved stars (see, e.g., Fragizal. 1991, Bernaccat al. 1993, Lattanzet al.

aboard HST. The FGS data obtained clearly suggest that (216) 1997). Therefore it seemed appropriate to use it for high-resolution observatio
Kleopatra is composed of two lobes in contact, in agreement with of asteroids, and a proposal was successfully submitted for a binary-search

the radar data (Ostro et al. 2000, Science 288 836-839), and pro- gram. Six large asteroids, |nc|ud|ng_(216) Kleopatra_, have been selected for tl
. . . ) g . program. They all show large-amplitude photometric lightcurves that could k
vide more precise constraints on the absolute size of this peculiar

. explained by either very elongated triaxial ellipsoid shapes or by equilibriur
object.  © 2001 Academic Press binary models (Cellinet al. 1985). In this note, we focus on the results obtained

Key Words: asteroids; imaging; binary; interferometry. for the main-belt asteroid (216) Kleopatra.

Recently, ground-based adaptive optics observations of (216) Kleopatra he
produced strong evidence that this object could have a shape compo:
1. Introduction. Present-day asteroids are the outcomes of a complex higy two lobes of comparable size (Marchés al. 1999), as previously sus-

tory of collisional evolution, dating back to the early epochs of the Solar Systepected from several techniques: photometry (see, e.g., Zappall. 1980,
Itis presently believed that only a few of the largest main belt objects, those hgveidenschilling 1981, Cellin@t al. 1985), Doppler-only radar observations
ing sizes over 300—-400 km, are direct survivors of the early population. The rédlitchell et al. 1995), and HST/WFPC imaging (Stores al. 1999). Subse-
of the population, including objects having sizes above 100 km, consists of cglient radar observations at Arecibo have produced the higest resolution mo
lisional outcomes. In the disruption of objects of 100 km or more, gravitationaf Kleopatra’'s shape available, in which (216) Kleopatra appears to be forme
reaccumulation of the fragments can play an important role, possibly prodiy two lobes connected by a “handle” (Ostb al. 2000). Adaptive optics
ing bodies shaped as equilibrium figures, according to their angular momentimages have been found to be coherent with this bi-lobed shape (Metlaie
(Chandrasekhar 1969, Farinedinal. 1982). 2000).

When the total angular momentum exceeds some limit, determined byin the following, we outline the procedure followed to perform the data reduc
the overall density of the object, rotational fission can conceivably takion and to investigate the response of the FGS interferometer in the preser
place, producing binary systems with both components of comparable sifea close binary or a two-lobe object. Then we present the analysis of the F(
(Weidenschilling 1980). Subsequent dynamical and collisional evolution observations and discuss the contribution in defining size and shape of a comg
the two components can lead to coalescence into a single, highly elongasefect such as Kleopatra.
body. This mechanism is probably very different compared with that leading to
the presence of small satellites like those of (45) Eugenia and (243) Ida. 2. Observations and reduction. (216) Kleopatra was observed on January

In recent times, the existence of binary systems has been successfully est8h2000, shortly after the successful third servicing mission, with the FGS1
lished by means of ground-based high-resolution observations, as in the cagasifument, as part of cycle 7 observing program #7844 (Zapgadl. 1998).
(90) Antiope (Merlineet al. 2000). The data were secured in TRANS mode with the F583W filte=(583 nm,

1 Associate researcher at the IMCCE, Observatoire de Paris, F-75014 Paris,
France. Currently at Observatoire de lat€&'Azur, Laboratoire Cassini UMR 3 Based on observations with the NASA/ESA Hubble Space Telescope, 0

6529/CNRS, B.P. 4229, 06304, Nice cedex 04, France. tained at the Space Telescope Science Institute, which is operated by the As
2 Previously invited researcher at the OATo, 1-10025 Pino Torinese (TQjiation of Universities for Research in Astronomy, Inc. under NASA Contrac
Italy. NAS5-26555.
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FGS-Y whose shape is dominated by two lobes. The modification in time is due to tt
changing geometry of the object during the observation.

With the orientation of the FGS axis on the sky being known, a modeled re
sponse curve can be fitted to each observed S-curve. The model use:
“template” (the observation of a pointlike star of appropriate color) providec
by the STScl-FGS team and an assumption on the target size and shape to b
a synthetic S-curve. In this analysis, we decided to model the target as a unifo
source neglecting, as afirst approximation, the effects of albedo inhomogeneit
and limb darkening. The synthetic S-curve is obtained by convolving the ten
plate with the brightness distribution of the target projected along the scan ax
The projection is the result of the integration of the on-sky brightness distri
bution of the target along the direction perpendicular to the BG& FGS
Y axes.

Itis useful to compare the observed S-curves to the simulated signal produc
by a single uniform disk. Figure 2 (upper panel) clearly shows that varying th
size of a single disk only causes the peak-to-peak amplitude of the S-curve
change; itis not capable of reproducing the features between the two main hun
seen in the observed curves.

The lower panel of Fig. 2 shows the synthetic S-curve produced by tw
close disks of identical brightness and angular extent (fixed at 0.1 arcsec), a
whose edge-to-edge separation is made to vary fsepe=0.015 arcsec to
sepa= —0.015 arcsec (i.e., two partially overlapped disks). The plots clearly
4 show that, as expected, the appearance of the region of the S-curve between
B e e S positive and negative maxima is related to the separation of the two componer

-02 0 02 0.2 0 0.2 Of particular interest is the case with negative separation, for this is the on
Abscissa [arcsec] ) . ; : .

configuration which can explain the lack of secondary humps in some of th

FIG. 1. Observed S-curves for five selected visits on P&f8eft panels) observed interferometr_ictraces_(Fig. 1)- Thiswas the reasonwe decid(_ed to mo

r§216) Kleopatra as a binary object; also, we generalized the three-dimensiol

d FGSY (right Is). The UTC (h d decimals) of the ob ti
an (right panels). The (hours and decimals) of the observa Ios%ape of the two components to that of uniform brightness ellipsoids. Therefor

are given in the small box. The shape of the curve around the origin orYRGS : ) LT

the first visit is characteristic of an observation of a binary system in which eatcme parqmeters o be derived were the three axis of the two ellipsoids and
component is resolved. During the observation, the S-curves change their shaf earatlon.

with the rotation of the asteroid. At the last visit the situation is reversed, with

the object being better resolved on the Fi&8irection. The line represents the - i | i i . i

result of the fit of the two-ellipsoid model as explained in the text. | SINGLE

¢=0.1 arcsec 1

$=0.15 i

AX = 234 nm) and collection lasted from 13.55 to 14.23 UTC (40.8 mindtes). E
The interferometric response function of the FGS (also called an S-curve fro.3
its characteristic shape) refers to the fringe visibility pattern produced by th
Koester's prism-based interferometer inside the instrument (Lataalz1994).
To map out the S-curve a full sweep across the target is required. Taking in
account pointing uncertainties, the length of the scans was set to 2 arcsec ¢ 0.2
the sampling step to 1.5 mas. L | ; ; 1 | ; ; ; | M
Each scan produces two interferometric response functions, one for each F DOUBLE ($=0.1) sepa=-.015 arcses
the orthogonal FGS axes (identified as F&&nd FGSY). Since the target is [
moving on the sky, the entire observation was divided into 17 “visits.” Each visit 0.1
begins with a target acquisition and recentering and ends with two consecuti_
scans. This provides two sets of two S-curves; each pair of S-curves is theg
averaged to improve the S/N ratio. The observational data for a single visit thL%ﬂ 0
correspond to a mean S-curve for each FGS axis. The single-visit coverage
the interferometerny, v)-plane ((, v) being the plane of the spatial frequencies
resolved by the instrument) is thus limited to two perpendicular segments. Eac

$=0.2
0

sepa=0.0

sepa=0.015

PR SR T SR SR S | NN S ST N WA A S R

g O ; ) -0.1
visit provides information on the shape of the resolved target, as projected onftl
two FGS axes. However, the asteroid rotated significantly during the observatio . . . 1 . .
causing the S-curves to change with time (Fig. 1). This allowed us to constrai 0.2 0 0.2
the possible shapes of the target. Abscissa [arcsec]

As far as this paper is concerned, the most important section of the S-curves ] o
in Fig. 1 is the region between the primary (positive and negative) humps. weF /G- 2. The upper panel shows the model S-curves for a single ellipsoi
will show in the following that the structure of the S-curve on this inter-humpf different sizes. While the obtained curves can be compared to some of t

interval is the signature of a binary object or, more generally, of a single bo8§ans of Fig. 1, such a simple shape cannot satisfy all of them simultaneous
In the lower panel three S-curves are shown for different separations in ft

two identical disks model (disk diameter 0.1 arcsec). The curve with a negati
4 See the Web site http://www.stsci.edu/instruments/fgs/ for technical detastsparation represents the case of a bi-lobated shape. The direction of the pa
and the instrument handbook. parallel to the scan axis.
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FIG. 3. Variation in time of the size of the asteroid projected on the axis K3grosses) and FG$ (boxes). Each symbol correspond to an HST “visit.”
Some scans were discarded due to strongly degraded data. The orientation on the sky of the two-ellipsoids model (at the epoch of the last s&sitpirepr:
the inset. The aspect angle was83The directions on the sky of the FGSand FGSY axis are shown.

The information to constrain the parameters of (216) Kleopatra is providedThe adjustment procedure above requires the assumption of the pole direct
by the several FGS scans available. In fact, the projections of the assuraethe epoch of the observations. We used the average valee3®’; g = 16°)
shape on the plane normal to the line of sight have to be consistent with all feblished in Magnusson (1990). Note that our final fit is not very sensitive t
interferometric curves observed at the times the visits were executed. the exact pole position, and thus we are not able to constrain it to better then 1

The derivation of the best-fit model followed an iterative scheme. To initializeccuracy of the literature values availabtel(°).
the procedure, independent least-squares fits were done for each vi§it and SePR- piscussion. The results of our best-fit procedure are listed in Table .
rately for each of the two FGS (FGX and FGSY) axes. From these fits, and They refer to a binary asteroid made of two ellipsoids whose center-to-cent

the FGS orientation data, we derived the projected sizes of both the primary@1 ance is smaller than the suan+ & of the two semi-major axes (see the
secondary components of (216) Kleopatra as functions of time (an example:

inset in Fig. 3). Due to the complexity of the two-step fitting process, it is rathe
the primary companion is provided in Fig. 3). We then searched for that setwi 9-3) prexity P 9p

| fthe sh h i axis of both ellipsoid jcult to carry out a careful estimation of the actual uncertainty affecting
values of the s 'ape par ameters (the Semi-axis 0 oth ellipsoids) common toeggh parameter. Therefore, approximate estimates of the errors were obtai
of the scans which minimized, when projected on the FGS axes (the solid curves

in Fig. 3), the residuals to the values derived from the individual solutions. At

this stage we also adjusted for the rotational phase, searching around the value

derived from the photometric curves in Lagerkwistal. (1987—1996). With TABLE |

the shape parameters fixed, the least-squares adjustments to the individual scans Nominal Sizes and Physical Parameters for the Triaxial

were repeated, allowing only the separation to vary. An updated series of pro- Ellipsoids Model of Uniform Brightness

jected sizes is thus derived and the next iteration is performed. The whole pro-

cedure is repeated until the iterative process converges. The iteration was ended  primary Secondary

when the rms residual between the computed and the observed curves reached Separation

a value comparable to the typical noise of the observed S-cures & 102 a b c d b’ ¢ d

in the nondimensional units of the S-curves values). The separation of the twe

ellipsoids was estimated by averaging the values derived from the final fitsGsf 34 16 65 32 23 114 (mas)
the individual S-curves. 75.9 37.4 17.6 71.5 35.2 25.3 125.4 (km)

5 Notice that the orientation of the FGS axes was not changed during theNote. Data were fitted with a sensitivity of 1 mas. The formal precision is
different visits. about 2 mas, except farandc’, which are approximate estimates (see text).
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by searching, independently for each parameter, the range of values in whgilino, A., R. Pannunzio, V. ZapmalP. Farinella, and P. Paolicchi 1985. Do we
the fit residuals cannot be distinguished from those of the best-fit solutions. Th@bserve light curves of binary asteroidsStron. Astrophysl44, 355-362.

calculations yielded error estimates of about 2 mas (2.8%) fom tredb axes  Chandrasekhar, S. 196Bllipsoidal Figures of Equilibrium.Yale University
and a somewhat larger value-ob mas (25%) for the minor axis This larger Press, New Haven.

error forc indicates the lack of sensitivity on this axis due to the nearly pOIE'Oanrinella, P., P. Paolicchi, and V. Zappdl982. The asteroids as outcomes of
geometry of the asteroid during the observation (sub-Earth latitut8). The catastrophic collisiondcarus52, 409-433.
estimate of the error on the separation is 5 mas. ) )

Even if the derived uncertainties are optimistic, they clearly show that, Whgﬁanz, O.G., T.J. N. Kreidl, L. H. Wasserman, A. J. Bradley, G. F. Benedict

the orientation of the object in space is well defined, the FGS astrometer ié;'hDi Hergegway, XV II_: xrf]'f_er)qs, i l\ﬂcgrthur, J'bE' II\_/ICV(\:/a'r:tnzy,_ Ek. NEISr\]/;/PE
capable of giving very accurate size determinations. elus, D. Story, A. L. Ippie, R. L. Duncombe, L. W. Fredrick, and W.

Although small, the residuals of the fits to the S-curves of a few initial vis- Van Altena 1991. Binary star observations with the Hubble Space Telesco

its show a trend, like that seensat~ —0.025 of the FGSX S-curve taken at fine guidance sensoréstrophys. J377, L17-20.

13.57 UTC. This fact suggests that shape and/or albedo departures fromlgerkvist, C.-l., P. Magnusson, |. Belskaya, J. Piironen, J. Warell, and M
adopted shape are being detected during portions of the observations. It is thidahlgren 1987-1996steroid Photometric Catalogu@nd updates). Con-
clear that taking into account additional effects (such as small-scale irregulariSiglio Nazionale delle Ricerche, Rome.

ties, albedo markings, and limb darkening) could account for and improve dwattanzi, M. G., J. L. Hershey, R. Burg, L. G. Taff, S. T. Holfeltz, B. Bucciarelli,
knowledge of the object, but this would require additional parameters thatwould. N. Evans, R. Gilmozzi, J. Pringle, and N. R. Walborn 1994. Hubble Spac
be very difficult to meaningfully constrain given the limited coverage ofthe ( Telescope fine guidance sensor interferometric observations of the core of
v)-plane of the FGS data. Consequently, the very small errors quoted for théoradusAstrophys. J427, L21-24

shape parameter (with the exceptiorcaindc’ noted above) represent formal Lattanzi, M. G., U. Munari, P. A. Whitelock, and M. W. Feast 1997. Interfero-

precisions relative to the adopted model. metric angular diameters of Mira variables with the Hubble Space Telescop
In summary, among the large variety of models composed by simple formSAstrophys. J485, 328-332.

only a two-lobed shape_—_whose components are individually resqlvedEone, G., P. Paolicchi, P. Farinnella, and V. Zapd#84. Equilibrium models

reproduces the characteristic S-curves observed here. Thus, our HST mterfero-f binary asteroidsAstron. Astrophysl402), 265-272

metric observations do confirm that the asteroid (216) Kleopatra hasabi-lobateuo, y T phy ’ o

nonconvex shape. As for the model adopted, the two-ellipsoids model is cldd@gnusson, P. 1990. Spin vectors of 22 large astertideus85, 229-240.

to the equilibrium figures of rotating asteroids proposed by Ledra (1984). Marchis, F., D. Hestroffer, A. Cellino, P. Tanga, and V. Zappa999. (216)

The model, with overall size of 273 km 75 km x 51 km, is more elongated  Kleopatra. IAUcirc. 7308.

than that based on radar observations proposed by @s&io(2000) but still  \erline, W. J., L. M. Close, J. C. Shelton, C. Dumas, F. Menard, C. R. Chapma

compatible given the uncertainties 15 km on the elevation of each surface p_c. sjater, and W. M. Keck II Telescope 2000. Satellites of Minor Planets
element and~25% on the absolute size) quoted in that paper. AU circ. 7503

Finally, this work demonstrates for the first time that the HST/FGS interfeM.tch(_:‘II D L.S. J Ostro. K. D. Rosema. R. S. Hudson D. B. Campbell
ometer is capable of investigating asteroid size and shape. Precise estimafﬁsF (’Zhéndi'er .an.d Ll S’ha[.Jiro. 1995 Ra;:iarlob.servation’s 0;‘ as.teroidg 70

of related quantities require repeated visits over a time interval sufficiently o'\ i 5 victoria, 216 Kleopatra, and 654 Zelinttzarus 118, 105-131.
long (as compared to the rotation period) for exploiting the asteroid’s changing
geometry. Ostro, S. J., R. S. Hudson, M. C. Nolan, J. L. Margot, D. J. Scheeres, D.

Campbell, C. Magri, J. D. Giorgini, and D. K. Yeomans 2000. Radar obsel
vations of asteroid 216 Kleopatracience288 836—839.
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