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NOTE

HST/FGS Observations of the Asteroid (216) Kleopatra
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Interferometric observations of asteroid (216) Kleopatra were
performed in January 2000 using the Fine Guidance Sensors (FGS)
aboard HST. The FGS data obtained clearly suggest that (216)
Kleopatra is composed of two lobes in contact, in agreement with
the radar data (Ostro et al. 2000, Science 288, 836–839), and pro-
vide more precise constraints on the absolute size of this peculiar
object. c© 2001 Academic Press
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tory of collisional evolution, dating back to the early epochs of the Solar Sys
It is presently believed that only a few of the largest main belt objects, those
ing sizes over 300–400 km, are direct survivors of the early population. The
of the population, including objects having sizes above 100 km, consists of
lisional outcomes. In the disruption of objects of 100 km or more, gravitatio
reaccumulation of the fragments can play an important role, possibly pro
ing bodies shaped as equilibrium figures, according to their angular mome
(Chandrasekhar 1969, Farinellaet al.1982).

When the total angular momentum exceeds some limit, determined
the overall density of the object, rotational fission can conceivably t
place, producing binary systems with both components of comparable
(Weidenschilling 1980). Subsequent dynamical and collisional evolution
the two components can lead to coalescence into a single, highly elon
body. This mechanism is probably very different compared with that leadin
the presence of small satellites like those of (45) Eugenia and (243) Ida.

In recent times, the existence of binary systems has been successfully
lished by means of ground-based high-resolution observations, as in the c
(90) Antiope (Merlineet al.2000).
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been already used in the past to resolve close binaries and the apparent s
evolved stars (see, e.g., Franzet al. 1991, Bernaccaet al. 1993, Lattanziet al.
1997). Therefore it seemed appropriate to use it for high-resolution observa
of asteroids, and a proposal was successfully submitted for a binary-search
gram. Six large asteroids, including (216) Kleopatra, have been selected fo
program. They all show large-amplitude photometric lightcurves that could
explained by either very elongated triaxial ellipsoid shapes or by equilibr
binary models (Cellinoet al.1985). In this note, we focus on the results obtain
for the main-belt asteroid (216) Kleopatra.

Recently, ground-based adaptive optics observations of (216) Kleopatra
produced strong evidence that this object could have a shape comp
by two lobes of comparable size (Marchiset al. 1999), as previously sus-
pected from several techniques: photometry (see, e.g., Zappal`a et al. 1980,
Weidenschilling 1981, Cellinoet al. 1985), Doppler-only radar observation
(Mitchell et al. 1995), and HST/WFPC imaging (Storrset al. 1999). Subse-
quent radar observations at Arecibo have produced the higest resolution m
of Kleopatra’s shape available, in which (216) Kleopatra appears to be for
by two lobes connected by a “handle” (Ostroet al. 2000). Adaptive optics
images have been found to be coherent with this bi-lobed shape (Merlineet al.
2000).

In the following, we outline the procedure followed to perform the data red
tion and to investigate the response of the FGS interferometer in the pres
of a close binary or a two-lobe object. Then we present the analysis of the
observations and discuss the contribution in defining size and shape of a com
object such as Kleopatra.3

2. Observations and reduction. (216) Kleopatra was observed on Janua
13, 2000, shortly after the successful third servicing mission, with the FGS
instrument, as part of cycle 7 observing program #7844 (Zappal`a et al. 1998).
The data were secured in TRANS mode with the F583W filter (λ = 583 nm,
),

3 Based on observations with the NASA/ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc. under NASA Contract
NAS5-26555.
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FIG. 1. Observed S-curves for five selected visits on FGSX (left panels)
and FGSY (right panels). The UTC (hours and decimals) of the observati
are given in the small box. The shape of the curve around the origin on FGSY at
the first visit is characteristic of an observation of a binary system in which e
component is resolved. During the observation, the S-curves change their s
with the rotation of the asteroid. At the last visit the situation is reversed, w
the object being better resolved on the FGSX direction. The line represents th
result of the fit of the two-ellipsoid model as explained in the text.

1λ = 234 nm) and collection lasted from 13.55 to 14.23 UTC (40.8 minutes4

The interferometric response function of the FGS (also called an S-curve
its characteristic shape) refers to the fringe visibility pattern produced by
Koester’s prism-based interferometer inside the instrument (Lattanziet al.1994).
To map out the S-curve a full sweep across the target is required. Taking
account pointing uncertainties, the length of the scans was set to 2 arcse
the sampling step to 1.5 mas.

Each scan produces two interferometric response functions, one for ea
the orthogonal FGS axes (identified as FGSX and FGSY). Since the target is
moving on the sky, the entire observation was divided into 17 “visits.” Each v
begins with a target acquisition and recentering and ends with two consec
scans. This provides two sets of two S-curves; each pair of S-curves is
averaged to improve the S/N ratio. The observational data for a single visit
correspond to a mean S-curve for each FGS axis. The single-visit covera
the interferometer (u, v)-plane ((u, v) being the plane of the spatial frequencie
resolved by the instrument) is thus limited to two perpendicular segments. E
visit provides information on the shape of the resolved target, as projected o
two FGS axes. However, the asteroid rotated significantly during the observa
causing the S-curves to change with time (Fig. 1). This allowed us to cons
the possible shapes of the target.

As far as this paper is concerned, the most important section of the S-cu
in Fig. 1 is the region between the primary (positive and negative) humps.

will show in the following that the structure of the S-curve on this inter-hum
interval is the signature of a binary object or, more generally, of a single bo

4 See the Web site http://www.stsci.edu/instruments/fgs/ for technical deta
and the instrument handbook.
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whose shape is dominated by two lobes. The modification in time is due t
changing geometry of the object during the observation.

With the orientation of the FGS axis on the sky being known, a modeled
sponse curve can be fitted to each observed S-curve. The model u
“template” (the observation of a pointlike star of appropriate color) provi
by the STScI-FGS team and an assumption on the target size and shape t
a synthetic S-curve. In this analysis, we decided to model the target as a un
source neglecting, as a first approximation, the effects of albedo inhomogen
and limb darkening. The synthetic S-curve is obtained by convolving the
plate with the brightness distribution of the target projected along the scan
The projection is the result of the integration of the on-sky brightness d
bution of the target along the direction perpendicular to the FGSX or FGS
Y axes.

It is useful to compare the observed S-curves to the simulated signal prod
by a single uniform disk. Figure 2 (upper panel) clearly shows that varying
size of a single disk only causes the peak-to-peak amplitude of the S-cu
change; it is not capable of reproducing the features between the two main h
seen in the observed curves.

The lower panel of Fig. 2 shows the synthetic S-curve produced by
close disks of identical brightness and angular extent (fixed at 0.1 arcsec
whose edge-to-edge separation is made to vary fromsepa= 0.015 arcsec to
sepa=−0.015 arcsec (i.e., two partially overlapped disks). The plots cle
show that, as expected, the appearance of the region of the S-curve betwe
positive and negative maxima is related to the separation of the two compon
Of particular interest is the case with negative separation, for this is the
configuration which can explain the lack of secondary humps in some o
observed interferometric traces (Fig. 1). This was the reason we decided to
(216) Kleopatra as a binary object; also, we generalized the three-dimens
shape of the two components to that of uniform brightness ellipsoids. There
the parameters to be derived were the three axis of the two ellipsoids an
separation.

FIG. 2. The upper panel shows the model S-curves for a single ellip
of different sizes. While the obtained curves can be compared to some o
scans of Fig. 1, such a simple shape cannot satisfy all of them simultane
In the lower panel three S-curves are shown for different separations i
two identical disks model (disk diameter 0.1 arcsec). The curve with a neg

ilsseparation represents the case of a bi-lobated shape. The direction of the pair is
parallel to the scan axis.
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FIG. 3. Variation in time of the size of the asteroid projected on the axis FGSX (crosses) and FGSY (boxes). Each symbol correspond to an HST “visi

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 visit) is represented in
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the inset. The aspect angle was 33◦˙8. The directions on the sky of the FGSX an

The information to constrain the parameters of (216) Kleopatra is prov
by the several FGS scans available. In fact, the projections of the ass
shape on the plane normal to the line of sight have to be consistent with a
interferometric curves5 observed at the times the visits were executed.

The derivation of the best-fit model followed an iterative scheme. To initia
the procedure, independent least-squares fits were done for each visit and
rately for each of the two FGS (FGSX and FGSY) axes. From these fits, an
the FGS orientation data, we derived the projected sizes of both the primar
secondary components of (216) Kleopatra as functions of time (an examp
the primary companion is provided in Fig. 3). We then searched for that s
values of the shape parameters (the semi-axis of both ellipsoids) common
of the scans which minimized, when projected on the FGS axes (the solid c
in Fig. 3), the residuals to the values derived from the individual solutions
this stage we also adjusted for the rotational phase, searching around the
derived from the photometric curves in Lagerkvistet al. (1987–1996). With
the shape parameters fixed, the least-squares adjustments to the individua
were repeated, allowing only the separation to vary. An updated series of
jected sizes is thus derived and the next iteration is performed. The whole
cedure is repeated until the iterative process converges. The iteration was
when the rms residual between the computed and the observed curves re
a value comparable to the typical noise of the observed S-curves (∼1.5× 10−2

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

ellipsoids was estimated by averaging the values derived from the final fits
the individual S-curves.

5 Notice that the orientation of the FGS axes was not changed during
different visits.
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The adjustment procedure above requires the assumption of the pole dire
at the epoch of the observations. We used the average values (λ = 72◦; β = 16◦)
published in Magnusson (1990). Note that our final fit is not very sensitive
the exact pole position, and thus we are not able to constrain it to better the
accuracy of the literature values available (∼10◦).

3. Discussion. The results of our best-fit procedure are listed in Table
They refer to a binary asteroid made of two ellipsoids whose center-to-ce
distance is smaller than the suma+ a′ of the two semi-major axes (see th
inset in Fig. 3). Due to the complexity of the two-step fitting process, it is rat
difficult to carry out a careful estimation of the actual uncertainty affect
each parameter. Therefore, approximate estimates of the errors were ob

TABLE I
Nominal Sizes and Physical Parameters for the Triaxial

Ellipsoids Model of Uniform Brightness

Primary Secondary
Separation

a b c a′ b′ c′ d

69 34 16 65 32 23 114 (mas
75.9 37.4 17.6 71.5 35.2 25.3 125.4 (km
theNote.Data were fitted with a sensitivity of 1 mas. The formal precision is
about 2 mas, except forc andc′, which are approximate estimates (see text).
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by searching, independently for each parameter, the range of values in w
the fit residuals cannot be distinguished from those of the best-fit solutions
calculations yielded error estimates of about 2 mas (2.8%) for thea andb axes
and a somewhat larger value of∼5 mas (25%) for the minor axisc. This larger
error forc indicates the lack of sensitivity on this axis due to the nearly pole
geometry of the asteroid during the observation (sub-Earth latitude−43◦). The
estimate of the error on the separation is 5 mas.

Even if the derived uncertainties are optimistic, they clearly show that, w
the orientation of the object in space is well defined, the FGS astromet
capable of giving very accurate size determinations.

Although small, the residuals of the fits to the S-curves of a few initial v
its show a trend, like that seen atx ' −0.025 of the FGSX S-curve taken at
13.57 UTC. This fact suggests that shape and/or albedo departures fro
adopted shape are being detected during portions of the observations. It i
clear that taking into account additional effects (such as small-scale irregu
ties, albedo markings, and limb darkening) could account for and improve
knowledge of the object, but this would require additional parameters that w
be very difficult to meaningfully constrain given the limited coverage of theu,
v)-plane of the FGS data. Consequently, the very small errors quoted fo
shape parameter (with the exception ofc andc′ noted above) represent forma
precisions relative to the adopted model.

In summary, among the large variety of models composed by simple fo
only a two-lobed shape—whose components are individually resolve
reproduces the characteristic S-curves observed here. Thus, our HST inte
metric observations do confirm that the asteroid (216) Kleopatra has a bi-lob
nonconvex shape. As for the model adopted, the two-ellipsoids model is c
to the equilibrium figures of rotating asteroids proposed by Leoneet al.(1984).
The model, with overall size of 273 km× 75 km× 51 km, is more elongated
than that based on radar observations proposed by Ostroet al. (2000) but still
compatible given the uncertainties (∼15 km on the elevation of each surfac
element and∼25% on the absolute size) quoted in that paper.

Finally, this work demonstrates for the first time that the HST/FGS inter
ometer is capable of investigating asteroid size and shape. Precise est
of related quantities require repeated visits over a time interval sufficie
long (as compared to the rotation period) for exploiting the asteroid’s chan
geometry.
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