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Abstract

The sizes, shapes, and surface or subsurface properties of Near Earth Objects (mostly asteroids, also inactive comet nuclei
are still poorly known, since any accurate determination requires in situ missions. It may nevertheless be estimated that the
sizes of these irregular bodies range from a few tens of kilometres to a few tens of meters, with possibly about 1000 NEOs with
sizes greater than 1 km. Their surfaces are estimated to be quite rough, and at least partially covered witToegtdithis
article: A.C. Levasseur-Regourd et al., C. R. Physique 6 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les tailles, formes et propriétés de surface ou sous surface des géocroiseurs sont encore mal connues, dans la mesure ¢
leur détermination repose sur I'exploration locale. Ces objets irréguliers (essentiellement des astéroides, mais aussi des noyau:
comeétaires inactifs) ont des tailles allant de quelques kilométres a quelques meétres, avec environ un millier d’entre eux dépassan
le kilometre. Les surfaces semblent assez rugueuses et sont couvertes, au moins partiellement, deRagotittes. cet
article: A.C. Levasseur-Regourd et al., C. R. Physique 6 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

A better knowledge of the physical properties of Near Earth Objects (thereafter NEOs) is mandatory to estimate the risks
of an impact and optimize survey strategies. More specifically, the determination of surface and subsurface properties (i.e.
porosity, size of the irregularities) is required to define the efficiency of penetrators and anchoring devices; it would be vital for
any attempt to mitigate the risks of a potentially hazardous object.
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Information on the shapes, albedo, and size distribution of NEOs is also mandatory for any attempt to investigate their
physical nature, mineralogy, taxonomy and origins, and to understand the physical processes that played a role in their evolution.

The NEO population actually consists of asteroids (or fragments thereof), i.e. mostly rocky objects; it also consists of
cometary nuclei, i.e. icy objects and small inactive nuclei (so-called defunct or dormant comets), which have lost all their
ices or are coated by an insulating dust mantle. Asteroids most likely represent the main population. However, inactive and
active comets could represent about up to 18% and 1%, respectively, of the total population [1]. It is thus necessary to consider
the physical properties of both asteroids and comets, specially taking into account the fact that cometary orbits may be quite
elongated and inclined with respect to the Earth orbital plane, leading to high relative velocities and impact energies.

NEOs parent bodies have been formed over a large range of solar distances in the early solar system, with different tem-
peratures, compositions and concentrations; moreover, they have been going through various evolution processes, in relatior
to their collision and evaporation history. NEOs thus exhibit a wide diversity in their properties. After describing our present
knowledge about their sizes, shapes and surface morphology, we will analyze their surface properties, as derived from thermal
and light scattering observations.

2. Sizes, shape and craterisation of near-Earth asteroids
2.1. Direct observations

The precise shape of a NEO is known only in the case of asteroid 433 Eros (Fig. 1(left)), the target of the one-year long
orbital NEAR-Shoemaker mission. The images show that it is elongated, with a shape roughly fitted by a McLaurin ellipsoid of
34.4 kmx 11.2 kmx 11.2 km axis. The surface seems to be mostly covered by a regolith, i.e. a layer of fragmentary incoherent
rocky debris, which nearly everywhere forms the surface terrain. Of special interest is the evidence for down-slope motion and
flat ponds of smaller debris inside some craters of a few tens of meters [2].

Information on cratering records on asteroid surfaces has been obtained from Galileo images of 951 Gaspra, 243 Ida (and
its moon Dactyl) and from NEAR-Shoemaker images of 253 Mathilde and 433 Eros. From this limited sample, the cratering
history of NEOs does not seem to differ significantly from that of main belt objects. Crater populations (size above 100 m) on
Ida and Eros are similar and show very high crater densities. Gaspra has a few large craters but has been riddled with a large
number of small and ‘fresh’ craters. Mathilde is dominated by huge craters, with diameters close to its radius. Such differences
amongst these bodies have been attributed to differences in the bulk structure of the asteroids [3].

Fig. 1. Left: Asteroid Eros, from a mosaic of images obtained in December 2000. The saddle-shape feature Himeros is visible just above the
centre of the image, together with impact craters and local heterogeneities in the surface texture (NASA, NEAR-Shoemaker). Right: Nucleus
of comet Wild 2, as imaged in January 2004. Surface depressions, some of which could be impact craters, pinnacles and albedo features may
be noticed on the surface (Nasa, Stardust, see also [16,17]).
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2.2. Remote observations

Remote observations provide most of the available estimates on asteroid shapes. The applied techniques are: (i) lightcurve
inversion method with or without additional information from synthetic lightcurves obtained from laboratory simulation or
numerical models [4]; (i) sophisticated modelling from a very large set of disk integrated data [5]; and (iii) radar observations
[6]. The accuracy of each method depends on the completeness of the data sets and on the observation technique.

Broad-band photometry (mostly in V and R bands) is the main source of lightcurve data. Barucci et al. [7] suggested the use
Fourier analyses of asteroids lightcurves with substantially complete phase coverage and point density and the use of synthetic
lightcurves from models different in shape, orientation and albedo markings, in order to possibly derive the shape and albedo
variations by comparing model and asteroid lightcurve coefficients. If a small set of high quality lightcurves obtained at different
ecliptic longitudes is available, it is possible to deduce both the asteroid pole direction ant thedb/c ratio between the
axes of the ellipsoid fitting the real shape of the asteroid [8]. The various methods based on the above techniques have beer
used to recover the shape of Gaspra, the first asteroid target of a spacecraft mission [4]. The comparison between the real shap
of Gaspra, obtained from Galileo, and the results of the lightcurves analysis shows that the bulk shape can be obtained with a
relatively small amount of data (three to five lightcurves).

If several lightcurves obtained at various geometries are available, the resulting convex inversion is unique and stable and
provides the rotation period, pole direction, and scattering parameters simultaneously with the shape. The recovered shapes ar
general and not based on modifications of any prior shape model. Kaasalainen et al. [9] present shape, pole, and period solution:
for asteroids that have also been observed by space probes or radar.

Radar is a powerful source of information about the physical properties and orbits of asteroids. Measurements of the dis-
tribution of echo power in time delay (range) and Doppler frequency (radial velocity) produce two-dimensional images with
a resolution of up to few meters, in the case of very high signal-to-noise echo returns. These images can be used to construct
detailed three-dimensional models if a wide coverage in orientation is obtained. In most cases, radar is the only ground-based
technique that spatially resolves near-Earth objects. Ostro et al. [6] have summarized the results for 105 near-Earth asteroids,
which span four orders of magnitude in diameter and rotation period. Radar has shown the great variety of near-Earth objects:
spheroids and highly elongated shapes, contact-binary shapes, and binary systems. More and more NEOs have indeed bee
discovered to be binary systems, with forty six couples known while this paper is written [11] and 16% of NEOs larger than
200 meters estimated to be binary systems [12]. Radar experiments also provide an estimation of the near surface porosity. Fol
433 Eros, this approach leads to a surface porosity of about 47% [10].

Finally, the known NEO population includes thousands of objects ranging from ten or so kilometers to ten or so meters. The
data obtained with the above-described methods show that generally these objects have elongated irregular shapes. Satellite size
are in the range of 0.2 to 0.5 of the primary’s diameter. Secondary rotations appear mostly (but not generally) synchronized with
the mutual orbital motions. While primaries show lightcurves with low amplitudes indicating that they have roughly spheroidal
shapes with low equatorial elongations, secondary lightcurves suggest that some of them have more elongated shapes [13].

3. Size, shape and surface morphology of cometary nuclei

Comet nuclei gravitate on rather elongated orbits around the Sun, and eject gases and dust when the solar radiation is
sufficient enough to allow some evaporation of their ices. They are either point sources when they are far from the Sun (and
the Earth), or are hidden by their bright coma when they get closer to the Sun. Detection of near-Earth inactive nuclei is also
difficult, since they are likely to be small and dark objects. Precise determination of their size, shape and morphology is thus
only possible through in-situ missions, although some indirect information may also be obtained.

3.1. Direct observations

Only three comet nuclei have up to now been imaged: 1P/Halley, 19P/Borelly and 81P/Wild 2, respectively by Giotto in
1986, Deep Space 1 in 2001 and Stardust in 2004. The sizes and shapes approximately correspond to ellipsoids with axis
diameters of respectively 15x 7.2 x 7.2 km [14], 80 km x 3.2 km x 3.2 km [15] and 55 km x 4.0 km x 3.3 km [16].

A comparison of the images immediately reveals a significant diversity in overall shapes and topographic features. The nucleus
of Wild 2 (Fig. 1(right)), much more round than the nuclei of Halley and Borelly, is littered with depressions, and a large variety
of landforms (including areas likely to consist of porous cohesive material) are observed. Some cometary nuclei are likely to be
gravitational aggregates of smaller bodies (so-called rubble-piles), while others could be more compact [17].
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3.2. Remote observations

It is possible, from high-resolution remote observations (with e.g. HST), to separate the signal of the nucleus from that of
the coma, and to derive its mean radius (with an assumption on the albedo and on the phase dependence of the magnitude)
Moreover, the lightcurve allows the derivation of the rotational period and of theatio of the assumed ellipsoidal nucleus.

Lamy et al. [18] have successfully predicted values ahdb equal to 8.8 km and 3.6 km, respectively, for Borelly.

Other indirect approaches may be used, such as radar observations and simultaneous thermal and optical observations. Frol
two different approaches, the nucleus of the remarkably bright and active comet C/1995 01 Hale-Bopp has been estimated to be
in a 56 km to 30 km size range [19,20].

Based on data obtained with HST and Keck telescopes, Meech et al. [21] suggest that the size distribution correspond to
a (r—39) collisional population law, truncated for radii below about 2 km. Small nuclei are actually expected to disappear,
because of outgassing, complete disruption and partial fragmentation. Fragmentation processes are quite usual. The presence
multiple icy fragments with sizes up to a hundred meters had been inferred from observations of C/1996 B2 Hyakutake [22]. It
is also most likely that the huge cloud of dust particles encountered by Stardust resulted from the progressive disintegration of
a fragment of Wild 2, of the order of one meter across [23,24]. The surface layer of most nuclei might actually easily ‘crumble’
in meter or sub-meter sized fragments.

4. Size and albedo, asderived from thermal observations

Measurements of the thermal continua of asteroids (longwards of 5 pum, but from the ground limited by the atmospheric
absorption to 20 um), combined with simultaneous visible magnitudes and a suitable model of the surface thermal emission
(thermal model) is a powerful technique to derive sizes and albedos of asteroids. Observations carried out by IRAS satellite
[25] have provided size and albedo information for more than 2000 main-belt asteroids, representing a major milestone in the
physical characterization of minor planets. However, this is not the case for the NEO population. NEOs are small and faint
targets, the infrared observations of which are a challenge requiring the largest telescopes in the world.

4.1. NEO sizedistribution frominfrared observations

The physical characterization of NEOs from thermal infrared observations is a promising technique that has up to now
provided the large majority of their sizes and albedos [26—28]. Recent long-term observational programs have incremented the
number of NEOs with measured sizes and albedos by 54% [28,29]. The bias-corrected NEO population has been modelled by
combining this database of albedos with the largest dataset of NEOs taxonomies [1,30], leading to a bias-corrected mean albedc
for the NEO population of A4+ 0.02, for which an (H) magnitude of 19+ 0.1 translates to a diameter of 1 km, in close
agreement with the Morbidelli et al. [31] model. On the basis of the taxonomic and albedo corrected NEO population model, the
H-magnitude has been translated to a diameter distribution, with 208D NEOs with diameter larger than 1 km. However,
albedo measurements are available for only about 4% of the total NEO population, and the large contribution from the X-types
strongly suggests the need to better characterize this group with more albedo measurements.

4.2. Thermal inertia of NEOs from infrared observations

The application of thermal infrared techniques to NEOs presents special problems due to the wide range of solar phase
angles at which they are observed and the fact that, compared to observed main-belt asteroids, NEOs are small and irregula
(e.g. [32,33]). Several authors (e.g. [26,34—36]) have explained inconsistencies found between radiometric albedos and albedos
derived by radar or inferred from taxonomic classification, by the lack of a significant insulating layer of regolith on some NEO
surfaces. It implies a thermal inertia higher with respect to that of the main belt asteroids.

Thermal inertia, which represents quantitatively the resistance of a material to temperature changes during a full heat-
ing/cooling cycle, can be used to estimate the average grain size of a particulate surface material [37]. Lower values are
indicative of loose, fine-grained sediments that loose heat rapidly. Increasingly consolidated sediments and coarser-grained
materials (i.e., sand, gravel, boulders, and bedrock) have higher heat retention and therefore they produce progressively highel
thermal inertia values. Recent studies [28], using a near-Earth asteroid thermal model [27] to derive radiometric diameters and
albedos, put constraints on how high the NEOs thermal inertia can be. In this modelpérameter describes numerically
how the observed surface temperature distribution deviates from that of a smooth surface with no thermal inertia in thermal
equilibrium with solar insolations(= 1.0 for every value of the phase angle). Fig. 2 shows that the large majority of NEOs
have rather low;-values scattered around a straight line. A detailed analysis [28] provides growing evidence to the fact that
NEOs thermal inertia is usually much lower than that of exposed bare rock. Such values imply surfaces at least partially covered
with regolith.
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5. Texture, asderived from asteroidslight scattering observations

Light scattering gives unique clues about the texture of the regolithic surface (see e.g. [38,39]). Solar light scattered by such
irregular surfaces is partially linearly polarized. While the intengity scattered in a given direction is the sum of two polarized
components (with the electric field vector respectively parallel and perpendicular to the scattering plane), the linear polarization
P is defined by the ratio of the difference to the sum of these two components (see e.g. [40]):

Z=(Z1 +Z), P=(Z, - Z)/(ZL+ Z).

The polarization only varies with the solar phase anglevith the wavelength., and with the physical properties of the
surface. Polarization can thus be used to compare data obtained at different times, on different regions and on different objects.

5.1. Phase angle and wavelength dependence of the polarization

The changing geometry of a NEO and of the observer with respect to the Sun is used to define a (disk integrated) po-
larization phase curve, tentatively betweéh(Backscattering) and 18(Qforward scattering). Asteroidal polarization phase
curves are similar to those of numerous particulate media in the solar system, such as the Moon or cometary dust (see e.g.
[38,41]). As illustrated in Fig. 3, they are smooth, with a small negative branch near backscattering Zyvipeeelominates
overZ ), an inversion region near 20followed by a wide positive branch with a near9®aximum. Such curves have been
estimated by various authors to be typical of the interaction of light with irregular particles media, with a size larger than the
wavelength.

A sharp increase of the negative polarization may be noticed near backscattering (together with a non linear enhancement
of the intensity towards smaller phase angles). It is attributed to optical effects within a porous regolitic surface, i.e. mutual
shadowing and coherent backscattering.

Different slopes at inversion (or different maxima in polarization for NEOs observed at large phase angles) are easily no-
ticed in Fig. 3. The slope at inversion (as well as the value of the maximum) usually increases with decreasing values of the
albedo(A). Taking into account the fact th&Z) is proportional ta(A), this relationship, so-called Umov law, indicates that the
correlation betwee(Z | — Z)) and(A) is very weak [42]. Itis actually related to the surface roughness and to the existence of
multiple scattering in the subsurface. The slope at inversion can thus be used to derive from clustering analysis a classification
similar to asteroidal taxonomy, with two main classes corresponding respectively to bright (S, M and E types) asteroids and
dark (C, G and P types) asteroids (see e.g. [43,44]).
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The numerous observations performed by different teams on 4179 Toutatis (e.g. [45]), a S-type object, indicate [39] that:
(i) the phase curves obtained in different colours have almost the same inversion point ()eéi)26e maximum is reached
near 100; (iii) the polarization decreases linearly with increasing wavelength in tRé®280° phase angles range, the decrease
getting steeper from 200 9C°.

Observations of 2100 Ra-Shalom, a C-type object [46] lead to a similar inversion angle, but the polarization hardly varies
with the wavelength. This discrepancy suggests that the surface physical properties are different, not only in terms of albedo,
but also in terms of size distribution of the irregularities.

To summarize, NEOs surfaces are likely to be covered by porous and rough regolitic layers. However, they are cer-
tainly far from being homogeneous, and the presence of harder consolidated areas cannot be ruled out, as emphasized b
the detection of local variations in the physical characteristics. Some parameters in the light scattering properties (e.g. max-
imum in polarization phase curve, polarization wavelength dependence) differ significantly from one object to the next.
They need to be exactly translated in terms of morphological properties of the particulate media building up the sur-
faces.

5.2. Interpretation through simulations of light scattering observations

The light scattering properties of fractal aggregates of spheroidal (mono-disperse or core-mantle) monomers can be com-
puted through Discrete Dipole Approximation codes, for various size parameters and complex refractive indices. The negative
branch of polarization at small phase angles appears as soon as the size of the aggregate is of the order of the wavelength. Alsc
a comparison between the phase curves obtained for aggregates with the same amount of identical monomers, suggests th:
porous aggregates are likely to correspond to a higher polarization than more compact aggregates.

Monte-Carlo techniques have been recently developed by Muinonen [47] to take into account the multiple scattering, with
both coherent backscattering and radiative transfer theories, for semi-infinite plane-parallel media of spherical monodisperse
scatterers with various size parameters. They are being compared with laboratory measurements on highly porous ‘cakes’ of
silica spheres [48].

Experimental simulations indeed provide a complementary approach, since they avoid computations of multiple scattering
by irregular particles, as well as various assumptions (value of the complex refractive indices, morphology of the medium,
surface irregularities). The obtained polarization phase curves are reminiscent of the observed ones and demonstrate that th
maximum in polarization depends upon the size, the albedo and the porosity of the scattering medium.

Fig. 4 presents recent results obtained on various samples in the laboratory with the PRD&RAnenNt (see e.g. [49]),
with sifted particles, the porosity of which should be quite representative of that of asteroidal regoliths. The maximum in
polarization increases with the average size of compact particles, up to a level that depends upon the refracted light absorption,
i.e. upon the characteristics of the sample. It also decreases with the albedo, the decrease being stronger for porous layers
Simultaneous determination of the thermal and light scattering properties of a given region of a NEO would indeed allow a
decent determination of its albedo, size distribution and porosity.
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6. Perspectives

NEOs are small irregular bodies (mostly asteroids, also inactive comets nuclei and fragments thereof), whose shapes and
surface morphologies are still poorly known. Space missions represent an invaluable source of information, to be used as
a ‘ground truth’ in interpreting remote observations. They have provided and will continue to provide us with most of the
required information. New precious observations of the big asteroid 21 Lutetia and the small asteroid 2867 Steins, as well as
of the nuclei of comets 67P/Churyumov—Gerasimenko and 9P/Tempel 1, are expected from Rosetta and Deep Impact space
missions in the coming years.

Meanwhile, more remote observations, on a large range of wavelengths (from the optical to the thermal infrared ranges),
over a wide range of phase angles, with possibly retrieval of the whole Mueller matrix of the scattered light, are expected.
Significant refinements of the thermal models will be possible thanks to SIRTF observations of small asteroids from Earth
orbit. Light scattering models will benefit from the results coming from laboratory simulations under microgravity conditions.
These improvements will allow us to obtain a more precise determination of the key parameters, which describe the physical
characteristics of the NEOs.
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