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Asteroid 4 Vesta has been imaged in
the Near-Infrared using the ESO 3.6-m
telescope equipped with the Come-On-
Plus adaptive optics system. The result
of these observations is the first minera-
logic map of a minor planet obtained
from ground-based observations. We
will discuss the data acquisition and re-
duction techniques that we used and de-
veloped, and present our ground-based
observational prospects.

1. Introduction: Vesta

With a mean diameter of 520 kml29,
Vesta is the third largest asteroid. Its or-
bit is located in the Main Belt, at 2.4 AU
from the Sun. Its surface albedo is very
high (0.38) compared to other asteroids
whose albedo does usually not exceed
0.15. Vesta is large enough to have ex-
perienced a differentiation phase during
its accretion: the heaviest elements like
Iron separated to sink towards the core
of the primordial body. While it cooled
down, basaltic lava flows erupted on
Vesta's surface through the cracks in the
forming crust. At that time, highly ener-
getic collisions between asteroids were
very frequent, redistributing the material
all over the surface. Previous observa-
tionsl?.10.18.19] showed that the surface of
most of the minor planets appears uni-
form, with little or no albedo variation,
Surprisingly, spectrophotometric obser-
vations of Vestal'®l revealed a spectrum
dominated by some strong absorption
bands whose intensity varies with the
rotation of the asteroid!®l, implying that
the surface of Vesta has some dark and
bright areas. The dark regions are inter-
preted as some old material darkened
by the erosion processes (solar wind
and photo-dissociation) over its lifetime,
while the brighter spots are considered
to be some fresher material excavated
by cratering impacts with smaller bod-
ies. During such impacts, some frag-
ments reached a sufficient velocity to
escape the gravitational field of Vesta
and be released in the inner solar sys-
tem. It is generally accepted that these
fragments are at the origin of the basaltic
achondrite (HED) meteorites!'9],

With the availability of the Hubble
Space Telescope and its corrected op-
lics, and with the development of Adap-
tive Optics on telescopes of the 4-m
class, we are now able to obtain direct
Images resolving the disk of the biggest
asteroids. Speckle Interferometry pro-
vides a similar resolving power!5), but re-

quires extremely heavy and complex
image reconstruction techniques. The
original goal of our AO observations was
to obtain resolved images of the whole
visible surface of Vesta at 12 wave-
lengths sampling the 2.0 um pyroxene
band. Constraining this dataset with the
spectra obtained from laboratory sam-
ples of HED meteorites, we would have
obtained some crucial indications on
the distribution of the pyroxene band
strength, on the pyroxene chemical
composition and grain size distribu-
tionl'"l. The location of the impacting
zones on Vesta could then have been
determined with a very high accuracy,
leading to a better understanding of the
chemical and physical processes under-
gone by Vesta during its lifetime.

2. Observations

During its December 1994 opposition,
we observed Vesta in the Near-Infrared
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with Come-On-Plus (CO+). The images
were obtained on the Nicmos SHARP ||
camera through a Continuously Variable
Filter (/AL = 60). The pixel size was
0.05", ensuring us a sufficient sampling
of the image in order to satisfy the
Shanon’s principle. We did not select a
smaller pixel size because the broad
“wings” of the objects would not have fit
in the corresponding field. At the time of
the observations, the inclination of Ves-
ta's rotational axis with respect to the
line of sight was such that we could see
almost 80% of its surface during an en-
tire rotation period. Its angular diameter
was 0.44", almost 9 pixels across the
chip. Because of some scheduling con-
flicts we could not observe Vesta during
its transit, but only after, when it was at
higher airmasses, pushing CO+ beyond
its nominal limit of 60° of zenithal dis-
tance. We could only secure 3"50Mn of
data, instead of the 10" originally attrib-
uted to achieve our goals. Moreover, the
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Figure 1: The entire data set recorded during a total of 3" 50™" of observation time from Decem-
ber 9-13, 1994. The x-abscissa is the central longitude of Vesta and the y-abscissa is the
wavelength of the CVF at which Vesta was imaged. For each exposure, we obtain two images.
The images shown are the raw images, i.e. no restoration has yet been applied to recover the
optimal resolution of the instrument. We have recorded images at different wavelengths, from
1.5 to 2.37 um, in order to scan the 2.0 um pyroxene band. We do not have a complete longitu-
dinal coverage of Vesta. Our images are roughly centred on the Vesta longitude 100" and 250",
Some features at the surface are already visible in the raw images. The rotation period of Vesta
is 5.3" and its angular diameter was 0.44" for the 1994 opposition.

13



Figure 2:

— a. raw image

— b: PSF (logarithm
grey-scale)

— ¢: Vesta image de-
convolved by Lucy-
Richardson (50 itera-
tions)

— d: result of the
wavelet fransforma-
tion applied to the
raw image. There is
an excellent agree-
ment between the re-
sult of Lucy-Richard-
son deconvolution
(which use a PSF)
and the wavelet
transformation (sim-
ple spatial filtering).

1994 Dec 11 —2.19um

weather was far from ideal (poor seeing
and/or non photometric) during 3 of the
4 nights when we observed, and finally
the camera displayed a systematic pat-
tern noise. As a consequence, the data-
set (illustrated in Fig. 1) does not cover
the whole visible surface, and the re-
gions observed do not have an equal
coverage in wavelength. In order to es-
tablish a map of Vesta we had to com-
bine some images recorded at different
wavelengths. This has the same disturb-
ing effect as looking at a landscape
through a stained glass window. Each
observation of Vesta consisted in a se-
ries of 30-50 short exposures (5 sec
each) obtained in two different quad-
rants of the SHARP |l camera, ensuring
that the minor planet and the back-
ground are recorded simultaneously.
We also obtained images of the solar-
type star SAO 78355, which was chosen
for its angular proximity to Vesta and its
magnitude close to that of our object, in
order to be used as reference Point-
Spread-Function for further deconvolu-
tion, as well as a rough photometric cali-
brator.

3. Data Reduction

A bad pixel map was produced for
each night, and the corresponding pixels
were interpolated over in every individu-
al image. For each object (Vesta and
star) the data are distributed in two
“cubes” of images: two object-cubes and
two sky-cubes, one for each quadrant
used during the exposure. For each
quadrant, a unique sky frame is ob-
tained by taking the median of the
sky-cube. This sky frame is then sub-
tracted from each image of the corre-
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sponding object-cube. Images of the
dome were obtained through the same
CVF. They were normalised and com-
bined to generate a template flat-field,
which is applied to each image of the
data cube. However, we do not have
suitable frames at each of our wave-
length. We then found that the short-
scale structures do not change much
with the wavelength in the 1.5-2.5 um
range, allowing us to use the flat-fields
obtained at a nearby wavelength. Each
object image is then recentred on the
central pixel of the frame. This is per-
formed by zeroing the average phase of
the image in the Fourier space. This
technique proved to be much more ac-
curate than the methods based on the

AO (near-IR)

HST (Vis)

centre-of-mass determination. Once the
centring is done, we average the object
cube in order to get a final and unique
image for each quadrant. For every
wavelength we end up with a set of two
images of Vesta and two images of the
star. In what follows, we refer to these as
“raw images”, in the sense that only the
standard processing and no restoration
technique has been applied. The imag-
es containing a pattern of systematic
noise (induced by the reading of the
camera) at a non-negligible level, have
been filtered in the Fourier space!?'.,

None of the four nights was photo-
metric, therefore no spectrophotometric
calibration star was imaged. The images
have been calibrated relatively to each
other by adjusting the total integrated
flux of each raw image to the measured
flux of a spectrum of Vesta at the same
wavelength.

To recover the optimal image resolu-
tion, we applied different restoration
techniques:

— Wiener filtering, which is a simple
division of the object by the PSF in the
Fourier space, taking in account a cer-
tain level of noise present in the images.

— Richardson-Lucy deconvolution, us-
ing a new-generation algorithm by Hook
and Lucy!" based on an iterative maxi-
mum likelihood optimisation. We per-
formed some tests on synthetic and real
images of Vesta and of the PSF. They
show that the best restoration is ob-
tained after 50 iterations. A smaller
number of iterations does not restore all
the details of the image, while continuing
over 50 iterations tends to create a
“hole” in the centre of the minor planet
disk and enhance its limb.

— Wavelels spatial filtering: the image
is transformed in the wavelet space!'?,
from which some spatial frequencies are
extracted to build the restored images.
The advantage of this technique is that it
does not require a PSF. It should how-

Figure 3: Adaptive
Oplics observations
of Vesta from ESO
(near-infrared) and
HST (visible) — (Zell-
ner B., Storr A., priv.
comm.). These two
images were record-
ed at nearly the
same central longi-
tude. The overall
shape of the asteroid
is the same as well
as the main albedo
features. On the AO
images, Vesta is
about 9 pixels across
the chip. The AO im-
ages have been de-
convolved using 50
iterations of the
Lucy-Richardson al-
gorithm.



Figure 4: The map
extraction is done by
assuming a spheroi-
dal shape for Vesta,
with a ratio of 1.2 be-
tween the two diame-
ters.

— a: image of Vesta
after 50 iterations of
Lucy-Richardson

— b: residual after
subtraction of the
spheroidal model

— €. map extracted.
Similar maps were
produced for all the
images of our data
sel. During the 1994
opposition only 80%
of Vesta's surface
was visible. The un-
seen regions are
black. Note the limb
darkening present in
the extracted map.

1994 Dec 09 - 2.02 pum

ever be noted that the enhancement in
resolution achieved by this technique is
not as good as that of the Lucy deconvo-
lution.

The data have been processed using
the Interactive Data Language (IDL), ex-
¢ept the wavelet restoration which was
Performed with the ESO-MIDAS “wave-
lets” context. The results of these three
restoration techniques show an excel-
lent agreement in most cases (Fig. 2) —
the disagreeing ones can all be ex-
plained either by a very bad raw image
of Vesta, or a bad PSF. We are therefore
confident that the features seen on Ves-
ta are not artifacts introduced during the
restoration process but rather some real
albedo variations over the surface, due
to some change in the nature of the min-
erals that form the asteroid regolith. It is
Interesting to note that HST observed
Vesta nearly simultaneously in the visi-
ble wavelengths (WFPC Zellner et al.,
FOC Albrecht et al.). The WFPC team
kindly made their raw and restored im-
ages available to our group, allowing us
1o compare our results. Figure 3 shows
the comparison of HST (visible) and
ESO (near-infrared) Vesta images re-
corded at nearly the same central longi-
tude of the asteroid. Although some dif-
ferences have to be expected because
of the different wavelength ranges, the
main albedo features are identical as
well as the overall shape of the asteroid.

S the instrumental set-up was com-
Pletely different and the data processing
totally independent, we take this as an
additional confirmation of the reality of
these features.

. We extracted a map from each Vesta
IMage by modelling the minor planet
With an oblate spheroid whose eccen-
tricity was adjusted to fit the images

(Fig. 4). We used the orientation of the
rotation axis set in the Magnusson’s syn-
thesis of the published pole solutions! 4],
Our data are in perfect agreement with
that orientation but cannot refine it. The
local divergence of Vesta with a pure el-
lipsoid will produce some errors in the
projection for the region close to the
limb. As described later, this portion of
the images is not taken into account in
the final map and therefore is of little
consequence. It should be noted that
one single pixel on a Vesta image may
be projected into an area that strongly
varies depending on the angle 6 be-
tween the normal to the surface of the
asteroid and the line of sight. More spe-
cifically, a pixel close to the limb will cor-
respond to a huge region of the minor
planet that is seen in very poor condi-
tions. This effect is taken into account by
affecting a “weight" to each data-point:
this weight is maximum for the sub-ﬁarth
pixel, and is equal fo zero for the pixels
where 6 = 90°. Each individual map is
corrected for the limb darkening effect,
using a simple cos(0)* lawl?, where the
exponent x is adjusted to the data. This
simple correction tends to over-correct
the extreme edges of the limb, and will
have to be refined. The final maps are
obtained by taking the weighted median
of the individual maps.

4. Results

Since our longitudinal coverage is not
complete, we cannot confirm the triaxial
shape measured from speckle inter-
ferometry!®l and HSTI20) . But the two di-
ameters measured from our images are
in very good agreement with the HST
measurements (560 km x 450 km}.} As
mentioned before, we could not obtain a

complete longitude coverage of Vesta at
each wavelength. Still, a rough estimate
of the pyroxene distribution can be as-
sessed by combining all the data into
two maps — the first one summing all the
individual maps obtained at wave-
lengths outside the pyroxene band — the
second, all those obtained inside the
band. These two maps are reproduced
in Figure 5. The black area corresponds
to some “Terra Incognita” that was not
visible at the time of the observations. It
must be noted that, because we could
not obtain a good coverage of Vesta, the
reliability of the map varies much with
the longitude. The regions of the map
around 90° and 270° have been imaged
several times and can be relied on, while
the regions around 0° and even more
around 180° are built from just a few pix-
els close to the limb. In a similar way, the
maps of the regions below —15° and
over 80° of latitude are not reliable.
Among the features visible in the reliable
parts of the maps, there is a strong albe-
do variation from one hemisphere to the
other, variation even enhanced on the
map corresponding to wavelengths in
the bottom of the pyroxene band. This
confirms previous photometric observa-
tions of the existence of a dark and a
bright hemisphere on Vestal®. The dif-
ference of contrast between these two
hemispheres from one map to the other
indicates an enhancement of the pyrox-
ene content of the left hemisphere (lon-
gitude below 180°) . Smaller details can
be seen: the left hemisphere shows for
example two bright spots separated by a
dark region. Also the bright area visible
on the right hemisphere is elongated
and might correspond to a large impact
zone on Vesta. A more detailed analysis
of these maps is beyond the scope of
this paper, and will be given in Dumas
and Hainaut (1996).

The most encouraging result remains
that even with poor seeing and weather,
at high airmass and during a non-optimal
opposition, we could obtain such a de-
tailed map. The next step is of course to
complete the pyroxene map of Vesta,
and to extend it to the feldspar and oli-
vine bands. The May 1996 opposition is
one of the most favourable in terms of
angular diameter (0.65”, 1.4 x its diame-
terin 1994) and aspect angle (more than
99% of the surface will be visible). We
also wish to extend this programme to
Ceres and Pallas in order to map the
water of hydration that their surface is
suspected to have retained since the as-
teroid belt formed!('3], Also in the case of
Ceres some observational results('2] and
calculations!®! sustain the fact that this
asteroid might have some polar caps
whose thickness varies with the season-
al variations induced by the inclination of
its rotation axis!'?l. Ceres and Pallas will
be at opposition at about the same time
as Vesta, making of May 1996 a fantas-
tic period for the study of asteroid miner-
alogy. Unfortunately, no time was allo-
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Figure 5: Map of the pyroxene distribution on Vesta. This is the first mineralogic map of Vesta
based on direct observations. Map A: extracted from the images whose wavelength corresponds
to the bottom of the pyroxene band. Map B: extracted from the images whose wavelength is
outside the pyroxene band. The contour level is a measurement of the reliability of the data. The
correction of the limb darkening introduces an artificial enhancement in the intensity of the two
maps close to the limb. Map A shows clearly the existence of a pyroxene dominated hemi-
sphere on Vesta (for longitude below 180°). This hemisphere becomes bright in the top map
corresponding to the spectral range outside the pyroxene band. Some smaller structures are
visible in each hemisphere. The range below —15° and above +80° of latitude, should be consid-
ered with caution since these data result from pixels located close to the limb of Vesta. Also, our
longitudinal coverage being incomplete, the points on these maps close to longitude 0° and
180" have been obtained only from a small number of pixels, also localised close to the limb.
Considering the bottom map, the bright hemisphere might correspond to a region where the
largest number of impacts on Vesta occurred, the dark hemisphere to some older material,

unaltered since the Vesta formation.

cated for this programme at ESO, and
we will not be able to test the capabilities
of ADONIS (Come-On-Plus' upgrade)
under such good conditions before a
long time (e.g. July 2000 will be almost
as good for Vesta). ADONIS is the best
instrument available to carry out this pro-
gramme, thanks to the large spectral
coverage offered by its cameras (COM-
IC, sensitive from 1.0 to 5.0 pum and an
upgraded version of SHARP 1), and the
possibility to use a CVF. This pro-
gramme was awarded one night on the
Canada-France-Hawaii Telescope. The
infrared camera used with this instru-
ment is not sensitive above 2.5 um and it
is not equipped with a CVF. Despite a too
short allocated time to complete our sci-
entific objectives, these observations will
refine the current map of Vesta and per-
form some exploratory observations of
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the water distribution over Ceres and
Pallas.
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