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Preface

I
n this manuscript (mémoire) I summarise the work I have carried out in the
last ∼10 years devoted to the physical characterisation of asteroids. As it
is common practice, some relevant papers are attached to the manuscript.
Some of my works, of rather technical nature, were devoted to improve the

methods of the physical characterisation of asteroids. Other works were dedi-
cated to the preparation of instruments and space missions to observe asteroids
remotely, such as ESA’s Gaia, or to visit asteroids, such as NASA’s OSIRS-
REx. Clearly, one of the most challenging, interesting, and rewording aspects
of my work is to understand the nature of asteroids and discover new processes
that have shaped these bodies and their surfaces throughout the last 4.5 Ga of
the evolution of our Solar System.

Possibly, these projects must be carried out taking into account the rapidly
changing panorama and state of the art of the physical study of asteroids and
other minor bodies, and how these studies fit in the global scenarios of the
formation of our and other planetary systems. Furthermore, it is important to
understand what are the open issues in this and other related fields of research.

The first chapter of this manuscript deals with these aspects: i.e. the state of
the art of the research and its implication for the global picture of understanding
the formation of our solar system. Next, I present some open questions. The
second chapter focuses on the great improvements in the physical characterisa-
tion of asteroids of the last 10 years and how my works fit into these research.
The third chapter presents some of the perspectives for this research.

This mémoire is structured as a broad review chapter. It is not exhaustive,
but it can be used as student’s introduction to the context and the problems of
the physical characterisation of asteroids.

Nice, 14 May 2015. Marco Delbo





1
Introduction

R
evolving around the Sun between the orbits of Mars and Jupiter, aster-
oids are small airless bodies considered to be leftovers from the processes
of planetary formation. Understanding the chronological origin, diverse

physical nature, varied compositions, and orbital distribution of asteroids is
essential to constrain models of Solar System formation and evolution.1.1 Asteroids 3
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Figure 1.1: Orbital element distribution of asteroids in the inner Solar System (a ⇠< 5 AU). Top
panel: inclination (degrees) versus semi-major axis (AU). Bottom panel: eccectricity versus
semi-major axis. Prominent Kirkwood gaps are marked in red. The ⌫6 secular resonance is
indicated in blue.
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Figure 1.1: Orbital element distribution of asteroids in the inner Solar System (a<5 au). Left panel:
inclination (degrees) versus semi-major axis (au). Right panel: eccentricity versus semi-major axis. Prominent
Kirkwood gaps, created my mean motion resonance, are marked in red. The ν6 secular resonance is indicated
in blue. Names are given to some major asteroid groups.
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1.1 Physics of asteroids: context and state-of-the-art

Asteroid physical
studies

The purpose of asteroid physical studies is to construct a detailed compo-
sitional map of the asteroid population (and sub populations thereof) and to
determine the formation location of these bodies. As we shall see, an important
aspect of these studies is to establish a chronology for the formation and de-
struction of asteroids throughout the whole history of the Solar System, whose
origin is fixed at 4.567 billions of years ago [4].

Furthermore, it is fundamental to understand how these bodies have been
subject to different degree of modifications since their formation due to pro-
cesses such as (i) disruptive collisions amongst them, (ii) impact cratering, (iii)
early thermal heating due to radioactive nuclides, and (iv) surface space weath-
ering [27]. The latter is the surface alteration due to a number of phenomena
such as the constant exposure to solar and galactic cosmic rays, micrometeorite
bombardment, and radiative heating from the sun1. The importance of the
latter has been recognised only recently [112, 46].

Implications for
models of Solar

System formation

The story of asteroids begins in a very active Solar System: violent dy-
namical scenarios for its earlier stages [130] are invoked by modern theories of
planetary formations such as the Grand Tack Hypothesis [181] and the Nice
Model [171, 128, 62]. These theories, which describe the early (∼ 4.56 Ga) and
the final (∼ 4.1 Ga) phases of the giant planets migration in our Solar Sys-
tem, respectively, have to reproduce the distribution of the orbital and physical
properties of the different classes of minor bodies, such as asteroids [127, 51],
comets, Jupiter Trojans [128, 138], and Transneptunian objects [62].

The Grand Tack In essence, according to the Grand Tack hypothesis, Jupiter formed in the
first few millions of years, likely beyond the snow-line in the protoplanetary disk
(at e.g. 3.5 au) and migrated inward down to until 1.5 au, when it was stopped
by the inward migration of the forming Saturn. The giant planets perturbed the
orbits of those planetesimals that have orbits interior to that of Jupiter. Several
of these small bodies, which formed between 1.5 and 3.5 au were pushed inward,

1Analyses of soil samples from both the Moon and the asteroid Itokawa showed that
nanophase metallic particles accumulate on the rims of regolith grains with time. This causes
changes in the reflectance spectrum that can be observed from telescopic observations. In the
case of the asteroid (4) Vesta spectroscopic measurements from the NASA’s DAWN mission
indicate that space weathering is due to locally homogenized upper regolith that is generated
with time through small-scale mixing of diverse surface components [144].
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or scattered into orbits at higher heliocentric distances. Next, the migration of
the two giant planets reversed, until they stopped in a compact configuration
with Jupiter at about 5.2 au and Saturn at about 7 au. On their way out,
the planets scattered planetesimals inward, repopulating that zone of the Solar
System that today corresponds to the Main Belt (2 – 3.5 au).

The Nice ModelThe Nice model makes the hypothesis that, after the dissipation of the gas
and dust of the primordial Solar System disk, the four giant planets were placed
on small-eccentricity orbits between 5.2 and 17 au, in a more compact orbital
configuration than they are today. A disk of planetesimals of ∼35 Earth masses,
extended from the orbit of the outermost giant planet to about 35 au. This
disk of debris perturbs the orbit of the planets with the three outermost of
them slowly migrating outward because of planets-planetismals scattering. Af-
ter several hundreds of millions of years of slow and smooth migration, Jupiter
and Saturn cross their mutual 1:2 mean-motion resonance. This resonance in-
creases their orbital eccentricities, destabilising the entire planetary system.
The arrangement of the giant planets alters quickly and dramatically. Jupiter
shifts Saturn out towards its present position, and this relocation causes mutual
gravitational encounters between Saturn and the two ice giants, which propel
Neptune and Uranus onto much more eccentric orbits. These ice giants then
plough into the planetesimal disk, scattering tens of thousands of planetesimals
from their formerly stable orbits in the outer Solar System. This disruption al-
most entirely scatters the primordial disk, removing 99% of its mass, a scenario
which explains the modern-day absence of a dense trans-Neptunian population.

Late Heavy
Bombardment

Some of the planetesimals are thrown into the inner Solar System, producing a
sudden influx of impacts on the terrestrial planets: the Late Heavy Bombard-
ment (LHB).

Jupiter TrojansThe puzzling properties of Jupiter Trojans, such as their wide range of orbital
inclinations and their singular spectral characteristics, could be explained if
they actually originated in the trans-Neptunian belt but were scattered and
later captured in the giant planet’s Lagrangian points [128, 138].

Acquiring a profound knowledge of all these processes by studying asteroid
physical properties and dynamics is therefore another prerequisite for unrav-
eling the clues about our Solar System’s distant past recorded within these
bodies. For instance, the current orbital configuration of the Main Belt cannot
be explained without an early (Izidoro, A., et al. In preparation2) and a later

2Izidoro et al. find that disks with shallow density gradients allow the dynamical excitation
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planetary migration [124, 127].

Further
implications

All these studies have far-reaching implications. They provide key con-
straints to our understanding of how planets like our own form, how volatiles,
such as water and organics, have originated and have been distributed to their
present locations in our Solar System and, ultimately, how these processes are
linked to the emergence of life on Earth.

But there is more: in fact, ”the Main Belt is a living relic. On-going col-
lisional and dynamical evolution processes, however, are slowly obscuring the
traces left behind” [17].The Main Belt as a

living Relic (W.
Bottke)

Another goal of asteroid studies is to find the obser-
vational constraints to model the collisional evolution of the Main Belt, from
the epoch of the LHB up to now. Three types of information are particularly
needed in this respect: the first is the knowledge of basic asteroid physical
properties such as sizes, albedos and mineralogical composition. The second is
a comprehension of the geological features of the surfaces of asteroids at differ-
ent heliocentric distances, of different mineralogy, sizes and ages. The third is
the understanding of the processes that create, modify and erase these features,
as well as a chronology for the formation and destruction of asteroids.

Asteroid families Beside the orbital structure of asteroids, sculpted by the presence of the
orbital resonances with the planets, there is another major dynamical feature
in the asteroid belt manifesting itself at a smaller scale in orbital element space:
the asteroid families. These can be identified as groupings of asteroids in orbital
elements space, and are typically called dynamical families [123]. Some of these
families are believed to play a fundamental role in the delivery of asteroids and
meteoroids from the Main Belt to near-Earth space [180, 21, 147]

Disruption and
collisions of

asteroids

The formation of a family is due to impacts between asteroids. We call this
a collisional family. These impacts can dig giant craters such as Venenia and
Reasilvia on (4) Vesta or catastrophically disrupt asteroids. The debris created

of the asteroid belt by a self-stirring process, but lead inevitably to the formation of a Mars
analog which is significantly more massive than the real planet. Instead, a disk with a surface
density gradient proportional to 1/r5 beyond 1 AU allows us to reproduce the Earth/Mars
mass ratio, but leaves the asteroid belt on a dynamical state way too cold compared to the real
belt. Therefore, we conclude that no disk profile can explain at the same time the structure
of the terrestrial planet system and of the asteroid belt. Thus, the asteroid belt has to have
been depleted and dynamically excited by an external agent as, for instance, in the Grand
Tack scenario.
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Figure 1.2: Main Asteroid Belt. Asteroids are colour coded according to their albedos [115]. Most of the
groupings in the orbital element space are asteroid families.

by these impacts can re-accumulate and form new asteroids [122]: these are
rubble-pile asteroids and constitute members of the families (e.g. the Vesta’s
families, due to cratering events; the Themis’ family due to a catastrophic de-
struction of the parent asteroid). It is thought that collisions that happen today
are generally disruptive, given the high velocity of asteroid-asteroid encounters
(average is ∼ 5km/s), but some low-speed collisions can still implant exogenous
material into asteroids [60].

Observations of
disruption and
collisions of
asteroids in real
time

However, disruption of asteroids by high-velocity collisions or rotational
spin-up, believed to be the primary mechanism for destruction and the pro-
duction of new asteroids, have been theoretically studied but never shown in
action until only a few years ago: extraordinary HST observations [86] showed
the recent disruption of the main-belt asteroid P/2010 A2. It was later deter-
mined [160] that the peculiar tailed shape of the object P/2010 A2 arose from a
single event, likely due to an impact, rather than a period of cometary activity,
in agreement with other independent results.
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The standard tool used to link asteroids according to their orbital elements has been Hierar-
chical Clustering Method (see Bendjoya and Zappala 2002). This technique starts with a proposed
parent asteroid, and tests to see if any asteroid’s orbit is within a critical “distance”, where the
distance is measured in velocity “m/s” calculated by how di↵erent their orbital elements are from
each other (using proper orbital elements, a, e, i). If a neighboring asteroid is withing the limiting
distance, then the same check is then run from this neighbor and the family expands. Starting with
a given Main Belt asteroid as the center, or parent, of the family the linking criteria D is increased
and the number of linked bodies is counted at each increment.
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Fig. 1.— The Erigone fam-
ily, showing (left) family mem-
ber sizes as a function of their
semimajor axis, and (right) their
eccentricity as a function of
their semimajor axis. The size-
dependent Yarkovsky drift cre-
ates the “Y” shape on the left
(where larger Absolute Mag. is
smaller size). The pink circle
shows the location of the parent
body, (163) Erigone.

A typical outcome from an HCM linking of a family is shown in Fig. ?? showing the relationship
between the number of linked family members and the D criteria for the Erigone family in WISE
data. At first, D is too small and only links a handful of very close asteroids, but reaching a
critical linking distance there is a large jump in family membership numbers (around ⇠55 m/s).
Beyond about ⇠78 m/s there is another large jump in numbers where most of the entire inner Main
Asteroid Belt is linked.

[Maybe show later?]

This method has been widely used, and in some cases the linking metric has been expanded
to include asteroid physical properties, such as visible albedo (Masiero et al. 2013) or their SDSS
colors (Carruba et al. 2013). The basic method, however, relies heavily on the three primary orbital
elements of semimajor axis a, eccentricity e and inclination i.

However, asteroids orbits spread in semi-major axis over time due to the thermal forces of the
Yarkovsky e↵ect. This e↵ect is strongly size-dependent (⌧ ⇠ 1/D), so the more numerous smaller
family members disperse faster than the fewer large bodies (see Fig. 1). On 100 Myr timescales
⇠1 km bodies can drift ⇠0.01 AU, and can drift ⇠0.1 AU in their ⇠1 Gyr collisional lifetimes.
Therefore young families have always been easier to detect using HCM because they are more
tightly clustered owing to less Yarkovsky orbital drift.

In fact, Walsh et al. (2013) found that the very old (< 2 Gyr) “New Polana” family was
impossible to find using the HCM method on the entire set of known asteroids. The family was so
disperse and widely spaced due to 2 Gyr of Yarkovsky drift that the HCM required such a large
distance (VC ⇠ 190) to the find the family that it connected the entire inner Main Asteroid Belt
rather than just the family members. HCM simply can’t work on very old families sitting among a
dense background of asteroids. This problem will get worse when our datasets increase by orders
of magnitude in the near future.

The “New Polana” family was only found when most of the asteroid belt was filtered away,
using physical properties derived from the WISE mission to substantially reduce the background.
Even then, Walsh et al. (2013) had to rely on new methods to assure that the family detection

Figure 1.3: The Erigone family, showing (left) family member sizes as a function of their semimajor axis,
and (right) their eccentricity as a function of their semimajor axis. The size-dependent Yarkovsky drift creates
the ”V” shape on the left (where larger Absolute Mag. is smaller size). The pink circle shows the location of
the parent body, (163) Erigone.

Moreover, the big (∼ 115 km in diameter) asteroid (596) Scheila in December
2010, showed a cometary-like tail that was interpreted as due to the release of
dust due to impact excavation [14, 87]. Since there was no detection [14] of
any of the gases that are typically associated with either hypervolatile activity
thought to be responsible for cometary outbursts (CO+ , CO2+ ), or of any
volatiles excavated with the dust (OH, NH, CN, C2, C3), it was suggested that
the dust does not contain any ice. Based on these observations, it was concluded
that Scheila was most likely impacted by another Main Belt asteroid less than
100 m in diameter.

The mysterious
(3200) Phaethon

But asteroids show activity not only because of impacts. For instance,
(3200) Phaethon, established to be the parent body of the massive (1012-1013

kg) [85] Geminids meteor stream, once thought to be an extinct comet because
of its association with said meteors, is instead an asteroid. Spectroscopically,
Phaethon is very different from cometary nuclei, with Phaethon having a blue
reflectance in the visible and near-infrared [104] and comets extremely red ones
[32]. Phaethon spectrum is also very similar to that of (2) Pallas and Pallas’s
family members [39]. A dynamical link with this Main Belt asteroid and its
family was also found [39]. As it is not a comet-like activity that produces the
Geminids, neither was a collision [65], the mechanism is still not clear, even
though a small activity was observed on Phaethon after one of its very close
perihelion passages [85].
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Main Belt Comets
or Activated
Asteroids

Regarding asteroidal activity, a breakthrough in the field was the discovery of
the so-called main belt comets (MBCs) [81]. These objects, located in the Main
Belt, display sporadic activity. Dynamically, MBCs are not comets, therefore
some researchers prefer to call them activated asteroids. A possible explanation
for their activity is related to the sublimation of volatile species, including water
ice, likely exposed by small impacts. This had a big implication at the time of
their discovery, as water ice had never been observed in or on asteroids. Water
ice is also not stable over billions of years on the their surfaces, although and
MBC can harbour water ice since the beginning of the Solar System under a
regolith layer [157]. Most of these objects turned out to belong to the collisional
family of the asteroid (24) Themis.

Water ice on (24)
Themis

The discovery of the MBCs triggered attention to (24) Themis and its family,
in particular detailed spectroscopic investigations were attempted using SPEX
at the NASA IRTF. The most intriguing result was the detection of a spectro-
scopic band at 3 microns that was interpreted as water frost and the presence
of organics [31, 149]. As water ice is not stable over the age of the Solar System
at this heliocentric distance, a mechanism capable of replenish water at the
surface e.g. impact excavation of subsurface ice, is required to explain these
observations. Water ice was also detected on other outer belt asteroids such
as (65) Cybele [103]. It must be said that the presence of the mineral goethite
can be an alternative explanation for the origin of the 3.1 micron band on dark
asteroids [10].

Water vapour from
(1) Ceres

Models of Solar System origin suggest that some of the icy bodies, formed
beyond the snow-line, may have migrated into the asteroid belt [181]. So, the
observations of (24) Themis, and (65) Cybele and of the MBCs support these
kind of models. Moreover, hydrated minerals have been found on the surfaces
of many asteroids including the dwarf planet (1) Ceres [99, 94]. This is an
indication that water was present on Ceres at least during the initial phases of
Solar System evolution. However, a lot of attempts to find traces of water on
this body failed3, until the recent detection of water vapour using the Herschel
space telescope [95].

Origin and delivery
of water and
organics to Earth

These discoveries shed new light on the important problem of how much
material and from which zone of the solar nebula was delivered to the different
terrestrial planets at the time of their formation. This is a crucial question to

3besides the presence of water vapour suggested by a marginal detection of the photodis-
sociation product of water, hydroxyl
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improve our understanding of the connection between planetary evolution and
life. At the same time, it has been shown that water delivery to the early dry
terrestrial planets it is typically done by plantesimals formed beyond 3.5 au,
during the latests stages of planetary accretion [145, 146]. Once it was thought
that comets could be the primary source of Earth’s water. But it is known that
water from Oort cloud comets is too enriched in Deuterium to match Earth
water. On the other hand, the water included in the CI and CM carbonaceous
chondrites has just the right D/H ratio. As the best analogs for the CI and CM
meteorites are primitive, low-albedo, C-complex asteroids, such as Ceres and
Themis, this also indicated that asteroids formed in the outer belt are the more
likely source of Earth’s water. To complicate this nice story, note in Fig. 1.4
the two JFCs with D/H similar to that of the Earth [74]. This led to think
that Oort cloud comets and JFCs formed from different reservoirs in the proto-
planetary nebula, in contrast with Solar System formation hypothesis such as
the Nice Model. But, the recent measurement of a D/H ratio of the JFC 67P
Churimov/Gerasimenko almost 4 times higher than that of the Earth, by ESA’s
ROSETTA shows that these type of comets can be Deuterium rich [3], as Oort
comets are.

Figure 1.4: Deuterium/Hydrogen ratio measured for different celestial bodies compared to the Earth value.
Adapted from [74]

Indeed, recent results, including the analysis from the samples of the space
mission Stardust, are strengthening the idea that there is a sort of continuum
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between dark asteroids found in the outer Main Belt and comets. As a matter
of fact, the chemical composition, the mineralogy and the oxygen isotopic com-
position of the dust from comet Wild 2 are very similar to those of a class of
meteorites, carbonaceous chondrites, allegedly coming from dark asteroids [63].

1.2 Open questions

The sources of
meteorites

In the light of the recent discoveries described in the previous section, some
questions4 emerge: carbonaceous chondrites (CCs) of the CI and CM groups
contain water with approximately the same D/H ratio of Earth’s water; these
meteorites are broadly associated, on the basis of low-albedo and reflectance
spectra, with asteroids of the C-Complex, such as Themis and Ceres; however,
it is not clear whether the CIs and CMs that fall on Earth are coming from
those asteroids for which water as detected. Thus, we do not know what is the
D/H ratio of the water of asteroids such as Ceres and Themis !

The missing Ceres’
family

In addition, very likely, we do not get meteorites from Ceres, as this body has
no known family [148, 123], and the presence of a family is necessary to produce
meteorites. However, it is common for other large asteroids to have collisional
families: these asteroids are likely as old as the Solar System [126, 156], and the
probability that they had a sizeable collision to produce a family is exceeding
one. One possible explanation for the missing Ceres’ family is that the latter
existed in the past, but its asteroid members evaporated on timescales shorter
than the age of the asteroid belt. This idea is favoured by models of Ceres’
thermal history, which predict a differentiated object with an icy sub-surface
covered by a ∼ 0.1-1 km of regolith. Impacts could produce a collisional family
of predominately icy bodies, which could evaporate in timescales of several
hundred My [148].

The missing D-type
families

The same explanation might also be valid for D-type asteroids, which all
lack families: D-types could be water ice-rich bodies, implanted in the asteroid
belt during the LHB [102]. On the other hand, (24) Themis, which has water
[31, 149], has a huge and very old family (>2.5 Ga, maybe even>3.5 G) [26, 163].

Missing
carbonaceous
meteorites ?4This is a personal view of the problems and the important questions that are still un-

resolved. Certainly, this view also emerges from discussions with important close collegues:
V.E. Ali-Lagoa, R. Binzel, B. Bottke, H. Campins, A. Crida, S. Jacobson, J. Hanus, G.
Libourel, P. Michel, F. Mignard, A. Morbidelli, P. Tanga, K. Walsh, and others.
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Next, we have to consider that the record of CCs that we receive on Earth
is extremely biased. Consider for instance that km- and sub-km-sized NEAs
with C-complex taxonomy and low albedos, the immediate precursors of CCs,
comprise about a fourth to a third of all NEAs [166, 110], whereas CC meteorites
only provide <3% of all meteorite falls [28]. The reason for this mismatch is not
completely understood: one obvious explanation (i) is that many fragile CC,
such as the CI and the CM meteorites fail to survive passage through Earth’s
atmosphere. Other less obvious possibilities are that (ii) small, m-sized NEAs,
are efficiently destroyed or eroded by thermal processes [33, 46], transforming
these bodies to dust before they can hit the Earth, or that (iii) the these m-sized
NEAs are not delivered to the near Earth space, as the Main Belt is severely
depleted of these small asteroids.

These questions are just parts of a more general problem: i.e. establishing
connections between meteorites, NEAs, and their parent main belt asteroids is
an important goal of planetary science [28]. This is also important to maximize
the science return from sample return missions such are NASA’s OSIRIS-REx
and JAXA’s Hayabusa II [30, 29, 180, 22]5.

Recent progress in this field include the confirmation of the hypotheses for-
mulated in the ’70s that (i) HEDs came from Vesta [156, 40], and that (ii) Ordi-
nary Chondrites (OCs) are originating from S-type asteroids [13, 114, 75, 136]6.

5I participated to several studies devoted to this topics: (i) a search for the source regions of
2008 TC3 [60], which fell in the Namibian desert and produced the Almahata Sitta meteorites
[84]; (ii) the physical studies and identification the source of (162173) 1999 JU3 [30, 29] a
potentially hazardous NEA and target of JAXA’s Hayabusa II sample return mission; (iii)
the investigation of the dynamics of (101955) Bennu [22], which is also a potentially hazardous
NEA and target of NASA’s OSIRIS-REx sample return mission, in order to find the source
region of this body; (iv) these studied led to a better understanding of the inner Main Belt,
including our discovery of two asteroid families important for the delivery to near-Earth space
of C-type NEAs and CCs [180].

6Regarding the link between S-types and OCs, the long standing question was that S-
types have reflectance spectra typically redder and with shallower absorption bands than
those of OCs. The S-type are the most abundant type of asteroids with mafic silicate spectra,
and OCs are the most abundant meteorites. This problem was understood in term of the
space weathering, [27]. The latter is the reddening and the shallowing of the mafic silicate
absorption bands of the S-type surface due to the bombardment of ions from the Sun [173]
and micrometeorites Thus, a fresh surface with a reflectance of an OC slowly assumes that
of an S-type in some My [173]. The inverse process is also possible: it is believed that
weathered S-types can be refreshed by close approaches to Earth [12] Confirmation that OCs
are originating from S-type was beautifully demonstrated by in-situ spectroscopy [75] and
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However, the association between S-types and OCs is not exempt of prob-
lems. For instance, observations show that the fraction of NEAs with fresh
surfaces, whose reflectance spectra resemble those of OCs, is increasing with
decreasing perihelion distance [113]. This is contrary to the intuitive idea that
asteroids that go closer to the Sun would be more weathered, because more
strongly exposed to the solar radiation than asteroids that stay further away
from our star. While a not full convincing solution for this problem was ad-
vanced [12], the discovery the importance of asteroid surface thermal cracking
[46] offers a natural explanation for this effect (also presented in section 2.5).

The source origins of the different groups of OCs are also not completely
understood: we recall here that, according to their iron content, OCs are divided
into H (high total Fe), L (low total Fe) and LL (low total Fe, low metallic
Fe) groups, with 42.8%, 47.4% and 9.8% of OC falls belonging to each group,
respectively. These meteorite groups are closely related because the chondrules
in H, L and LL chondrites are similar. Why aren’t LL the

most abundant
OCs?

However, quite surprisingly, the large
majority of the S-type NEAs, the immediate precursors of OCs, have spectra
similar to LLs and not to L or the H OCs [174]. Moreover, S-type NEAs share
composition similarity with the asteroids from the family of (8) Flora [174].
Flora’s asteroid family is massive and lies close to the brink of the ν6 resonance,
which is very effective in delivering material, including meteorites, to NEA
space. So, why are not the LLs the most abundant class of OCs that we can
find on Earth if they originate from the Flora family ?

Ls from Gefion,
which is far away
from Earth

Furthermore, dynamical studies [139] identified the source of OCs of the L
group in the asteroid family of (1272) Gefion, which is mainly7 located between
∼2.7 and ∼2.8 au. A potential problem with this result is the low relative
efficiency of meteorite delivery from the Gefion family location. Dynamical
models indicate that meteoroids from Gefion have ∼10 lower probability of

later by the laboratory analysis of samples returned from the surface of the S-type asteroid
(25143) Itokawa [136]. In addition, it was found that younger S-type asteroid have spectra
more resembling those of OCs than older asteroids, indicating that the spectral differences
between OCs and S-types is due to an ageing of the surface [13].

7In order to explain the falls of L-chondrites, it is hypothesised [139] that the Gefion
family extends to smaller heliocentric distances, down to 2.5 au, in order to feed the 3:1
MMR with Jupiter with meteoritic material. This ”extension” of Gefion, is supposed to
be beyond the current detection limit of asteroid discovery surveys. However, (Morbidelli,
private communication) the SFD of the Flora family, beats the SFD of Gefion at all sizes.
To explain the mismatch between the L and LL recovery statistic, it is necessary to invoke a
change in the slope of the SFD of Gefion at metric sizes.
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striking the Earth than those coming out of Flora family. All things being
equal, this would suggest that meteoroids from the Flora family should dominate
meteorite fall statistics. But as we said above, this is not the case. One possible
solution is that the Gefion breakup produced a much larger number of sub-
km fragments than the Flora breakup; and/or the sub-km precursor objects to
Flora meteoroids have been efficiently depleted over the Flora family age, by
e.g. the Yarkovsky effect.

Hs from Hebe, but
where is Hebe’s

family ?

Moreover, the asteroid (6) Hebe was spectroscopically identified [58] as the
parent of the H group of the OC. But, the asteroid Hebe appears to have no
family. Consequently, it is not clear how small fragments of this asteroid reaches
the resonances and are being delivered to near-Earth space.

Fireballs
observations

Can the observation of fireballs8 help in linking meteorites to specific aster-
oids ? Unfortunately, the orbit measured for any particular meteorite producing
fireball is heavily evolved from the original orbit of the parent asteroid. As a
result, linking individual fireballs with specific asteroids is generally not possi-
ble. Rather, classes of meteorites and source regions in the main asteroid belt
can be statistically associated using the orbit distribution of many meteorites
and models of Main Belt – near Earth asteroid delivery [19].

Almahata Sitta:
different

mineralogical types
of meteorites from
the same asteroid

A discovery that challenges the theories of asteroid formation and evolution
was the finding of the Almahata Sitta meteorites coming from the fireball due to
the atmospheric impact of the asteroid 2008 TC3 [84]. TC3 was a fragile body
that disrupted relatively high in the atmosphere. A large number (∼ 600) of
small (0.2 – 379 g) meteorites were recovered, but no big meteorite was found.
The big surprise was that the meteorites were of various mineralogical types:
mineralogical analysis of 110 meteorites revealed 75 ureilites, 28 enstatite chon-
drites (both EH and EL), 5 ordinary chondrites (H, L, LL), one carbonaceous
chondrite (CB) and one a previously unknown type of chondrite related to R-
chondrites [76]. This fact completely changed our paradigm that one meteorite
fall produces meteorites of one type and that (undifferentiated) asteroids have
a certain mineralogical composition, although polymict meteorite breccias were
known before. None of the foreign lithologies was found to be directly embedded
within the ureilitic meteorites9. It therefore seems that the chondritic material

8A fireball is a brighter-than-usual meteor. The International Astronomical Union defines
a fireball as ”a meteor brighter than any of the planets” (magnitude -4 or greater).

9For this reason, the Gayon-Markt et al’s model seems not correct. This model is based
on implanting EC and OC on the urelite parent body.
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was only loosely bound within the asteroid.
The second confirmed case of heterogeneous meteorite is Benesov [164].

BenesovSurprisingly, one meteorite was H chondrite, one was LL chondrite and one
was LL chondrite with embedded achondritic clast. The size and location of
all four meteorites exactly in the predicted area for corresponding masses, the
same degree of weathering and composition consistent with the bolide spectrum
along with the extremely low probability of two coincidental falls in the given
area, means that almost certainly all meteorites came from the Benesov bolide.
The heterogeneous nature of the Beneov meteoroid is supported by its early
separation into smaller bodies during the atmospheric flight [15].

These findings shed new light on some old meteorite finds, such as the
Galim meteorite fall (LL + EH), Hajmah (ureilite+L), Gao-Guenie (H+CR),
and Markovka (H+L) [16]. Asteroids with mixed mineralogies might be more
abundant than what we thought. However, the mechanism(s) of formation of
these bodies remain mysterious [76]. Low velocity (e.g. < 0.5 km/s) impacts
between asteroids are invoked to explain this mixing, but in the Main Belt the
occurrence of such impacts is too low to explain substantial asteroid mixing [60].
One possible solution is that the heterogeneous composition of some asteroids
was inherited from a time when the asteroid belt was in a different dynamical
state, most likely in the very early Solar system.

Projectile survival
after hypervelocity
impacts:
implications for
asteroid mixing

However, new laboratory experiments [7, 6] show that projectile material can
survive impacts at speed much higher than 0.5 km/s, implying that asteroid
mineralogical mixing is probably more efficient than previously thought and
that earlier studies [60] should be revised.

Furthermore, analysis of the the meteorites samples suggest that there were
at least 100 planetesimal that encountered a total or partial melting and differ-
entiation (formation of an iron core, mantle and crust) during the early phases
of Solar System formation. Some of these differentiated (big) asteroids are pre-
dicted to be in the Main Belt today, e.g. Vesta [156], Ceres, Pallas, etc. Other
large asteroids, that likely underwent partial or total differentiation have been
catastrophically disrupted by impacts. The debris of these impacts are the
family members. No clear indication

of asteroid
differentiation in
families

The formation of an asteroid family from a differentiated as-
teroid should produce asteroid members corresponding to the curst, the mantle
and the core. However, spectroscopic observations show that the mineralogical
compositions of asteroid families are homogenous [143].

Moreover, it was predicted [156] that Vesta underwent differentiation: i.e.
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formation of an iron core, pyroxene and olivine-rich mantle, and HED crust [89].
Missing traces of

expected
differentiation in

Vesta

Vesta’s density as reported by the Dawn spacecraft team is consistent with the
presence of an iron core [156]. The chemical trends of the HED meteorites,
including the depletion of sodium, the FeO abundance, and the trace element
enrichments are also consistent with the differentiation. However, very surpris-
ingly, there is a total absence of exposed mantle material on Vesta’s surface
[5], among Vestoid asteroids, or in our collection of basaltic meteorites. One
possible explanation is a non chondritic initial composition of the planetesimal
that made Vesta [38]. This is striking, because the Earth, and Mars have a
chondritic composition as well as the largest fraction of the meteorites that fall
on Earth. More likely the problems should be searched in the models [37] used
to predict the thickness of the crust, and of the olivine mantle (A. Morbidelli,
private communication).

Metallic asteroids However, radar and thermal infrared observations show there are asteroids
with regolith with high iron content [159, 158], such as (216) Kleopatra [142] and
(16) Psyche [117]. These objects are thought to be the exposed iron cores of fully
differentiated asteroids. Interestingly, none of these two asteroids have known
asteroid families. This might contrasts with the evidence that they are the
exposed metallic core of differentiated parent bodies that were catastrophically
disrupted. The catastrophic disruption of these metallic asteroids, provided
it happened in the Main Belt, should have each produced a large number of
fragments resulting in the formation of asteroid families. Another possibility
is that these asteroids are not indigenous to the Main Belt: they formed in
the terrestrial planet region. The protoplanets emerging from the population of
planeterismal induced collisional evolution among the remaining planetesimals
and scattered some of the survivors into the Main Belt, where they stayed
for billions of years before escaping via a combination of collisions, Yarkovsky
thermal forces, and resonances to produce iron meteorites [20].

Is the lack of known family members for asteroids Psyche and Kleopatra
due to a physical process or due to a systematic bias in the methods used to
form asteroid families that eschews older families ?Missing families, in

particular the oldest
ones

Further evidences suggest
that the census family of asteroids is incomplete. For instance, note that recent
models of formation and evolution of our Solar System such as the Nice Model
[62] predicts the existence of a dozen families formed after the destruction of
asteroids D> 200 km, but also a hundred families older than ∼ 2 Ga formed
after the destruction of asteroids of D> 100 km [25].

However, observations indicate that either these models have discrepancies
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or that we are not able to properly identify families from parent bodies with D>
100 km as old as 2-3 Ga. Indeed, the number of observed large families (D>
200 km) is approximately equal to the expected number observed, but there
is a very significant lack of small families (D> 100 km) compared to model
predictions [26].





2
Asteroid physical studies: from

Astrophysics to Geophysics

F
or decades, physical characterisation of asteroids involved essentially
techniques of Astrophysics. This consisted in measuring magnitudes and
reflectance spectra in the visible and near-infrared, allowing asteroids to

be classified in broad mineralogical classes. Furthermore, in order to derive sizes
and albedos, thermal infrared measurements of these bodes were obtained using
the largest telescopes on the ground such as the Keck [45]. Typically, near-Earth
asteroids were targeted from the ground, as for main belt asteroids we relied on
measurements obtained from space by IRAS (the Minor Planet Survey, IMPS,
and the Supplementary IRAS Minor Plant Survey, SIMPS, containing size and
albedo for 2228 asteroids [169]).

The WISE
revolution

But, in the last years asteroid physical characterisation has changed pace:
the number of asteroids with known sizes and albedos improved tremendously
with the release of NASA’s Wide-field Infrared Survey Explorer (WISE) enor-
mous thermal infrared catalogue. This survey provided photometric obser-
vations of more than 150,000 asteroids [115, 109, 116, 110], two orders of
magnitude more than IRAS. Other infrared missions such as NASA’s Spitzer
[170, 73, 133], JAXA’s AKARI [172] and ESA’s Herschel have collected detailed
thermal infrared data of minor bodies, including spectra in almost all domains
of the thermal infrared [111]. The IRTF/SPEx

revolution
High quality spectroscopic measurements in the

near-infrared have been obtained essentially with the NASA IRTF ground based
telescope. Very efficient discovery surveys have reached a great power over the
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last few years.Importance of
discovery surveys

Indeed, quoting Jedicke et al. [83], ”Without asteroid surveys
there would be no asteroid science”.The cumulative efforts of over 200 years of
asteroid surveying has resulted in the discovery of over half a million asteroids.

Images from
spacecraft

However, the big revolution came from space missions such as NASA’s
NEAR-Schoemaker and Dawn, JAXA’s Hayabusa, ESA’s Rosetta, that have
carried out detailed in-situ investigation of serval asteroids and comets. Space
missions have imaged the surface of these tiny worlds and revealed to us a wide
range of geological features such as craters, boulders, hills, cracks, ridges, re-
goliths of different grain size, albedo and spectral variegation on the surface.
Asteroids are no longer just dots in the Solar System, but bodies with complex
shapes and surface Geophysics [135](see e.g. Fig. 3.1).

Asteroid geology
from remote
sensing data

In addition, geological information about the surface of asteroids can be also
obtained form remote sensing thermal infrared data, which allow one to derive
the thermal inertia. As we shall see, this physical parameter is a sensitive
indicator of the ”rockiness” of the surface.

Geology and
dynamics of

asteroids

Moreover, we realised recently that asteroid geology has an effect also on
the dynamics of these bodies: the Yarkovsky effect is a secular variation of
the semimajor axis of the orbits of asteroids on a time scale of the order of
10−4 au/Myr for a main-belt asteroid at 2.5 au from the Sun with a diameter
of 1 km and a bulk density of 2500 kg/m3 [23]. This phenomenon is due to
the non-zero thermal inertia of asteroid surfaces. In the case, because the
temperature distribution is no longer symmetric with respect to the direction
to the Sun [49] (Fig 2), the momentum carried off by the photons emitted in
the thermal infrared has a component along the orbital velocity vector of the
body, causing a decrease or increase of the asteroid orbital energy depending on
whether the rotation sense of the body is prograde or retrograde. The intensity
of the Yarkovsky effect depends on physical parameters such as the asteroid
size, density, rotation period and thermal inertia. The gross shape and the
macroscopic roughness of the asteroid also plays a role [151, 152, 153]Importance of the

Yarkovsky effect
The

Yarkovsky effect is responsible for the slow but continuous transport of small
asteroids and meteoroids from the zone of their formation into chaotic resonance
regions that can deliver them to near-Earth space [129]). The Yarkovsky effect
also offers an explanation for the spreading of asteroid dynamical families [137,
23].

YORP Moreover, the emission of thermal photons also produces a net torque that
alters the spin vector of small bodies in two ways: it accelerates or decelerates
the spin rate and also changes the direction of the spin axis. This mechanism
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was named by [155] as the Yarkovsky-O’Keefe-Radzievskii-Paddack effect, or
YORP for short. The YORP effect is extremely sensitive to the shape of the
asteroid [165, 24], the detail of the heat transfer in at the surface of the body
[61], and the mass and density distribution [106].

Recent reviews have been written on these topics [179, 49].

2.1 Shapes, sizes and albedos

Knowledge of physical properties is crucial to understand asteroids: for instance,
size information is fundamental to constrain the asteroid size frequency distri-
bution that informs us about the collisional evolution of these bodies [18, 17],
is paramount for the study of asteroid families, for the Earth-impact risk as-
sessment of near-Earth asteroids (NEAs) [69], and for planning asteroid space
missions. Accurate sizes are also a prerequisite to calculate the volumes of those
asteroids with known mass, allowing us to derive the bulk density, which inform
us about the internal structure of these bodies [35].

Sized and albedos of
NEOs from
ground-based
telescopes

In the pre-WISE era, the largest telescopes on the ground have been used to
obtain thermal infrared observations, which were used for the determination of
NEA sizes and albedos [44, 45, 41]. This was essential toward determining the
compositional [13] and size distribution [166] of objects that have the potential
for colliding with the Earth (see Fig. 2.1).

Sizes and albedos of
NEOs from
space-borne
telescopes

This work is still being continued in the framework of different international
projects such as ExploreNEOs, that has already characterised 558 NEAs using
the Warm Spitzer Telescope, which also allowed the characterisation of potential
spacecraft targets [133] and the discovery of cometary activity around the NEA
(3552) Don Quixote [125], previously expected to be an extinct comet1. Other
on going works2 include understanding the details of the NEA size distribution
in the 1 km to 100 m range, which has important implications for both the
evolution of near-Earth space and assessment of the impact hazard posed by
bodies with sizes similar to that of the parent of the Chelyabinsk meteorite.

1I was awarded grants from my institute (BQR) and from ESA (Space Situation Awareness,
or SSA) that allowed myself and my first ”Poincaré” post-doc (Michael ”Migo” Mueller)
to carry out NEA physical characterisation.

2The European Union, in the framework of the Horizons 2020 “Science and Technology
for Near-Earth Objet Prevention” has selected projects such as NEOShield 2 to characterise
small NEAs in the size range of 50-300 m. I am Co-I of NEOShield 2, and I was awarded a
grant to support post-doc (Victor Emmanuel Ali-Lagoa)
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abundances for the complexes assumed an exponential form
for the number of NEOs as a function of absolute magnitude.
The real absolute magnitude distribution was then added
back in at the end of the analysis to obtain a diameter distrib-
ution. A more rigorous approach would be to use the full ab-
solute magnitude distribution from the beginning. However,
this would eliminate the possibility of using the magnitude-
limited debiasing equations (6) and (8), because the deriva-
tion of those equations requires an analytical form for the
absolute magnitude distribution. In the absolute magnitude
range where most of the NEOs with measured albedos reside
(14.5< H < 18) the distribution is very close to exponential
(Stuart, 2001). Including the full absolute magnitude distrib-
ution in the calculations of the observational bias is not war-
ranted because it would be a minor effect on the bias correc-
tion factors and the resulting debiased fractional abundances
and average albedos. This more complicated approach
would also suffer from the second, unavoidable problem.
The second problem with using the binned, non-cumula-

tive absolute magnitude distribution along with the debiased

Fig. 5. Cumulative diameter distribution. The solid line shows the cumula-
tive number of NEOs larger than a given diameter. The absolute magnitude
distribution (Stuart, 2001) is converted to a diameter distribution using the
albedos and fractional abundances for the taxonomic complexes from Ta-
ble 4. The dotted lines represent an approximate error envelope. The upper
side of the error envelope is computed by allowing the number of NEOs
in each absolute magnitude bin to be one standard deviation above the best
estimate for that bin, and allowing the albedo of each taxonomic complex
to be one standard deviation lower than the best estimate for that complex
and following the same procedure used to calculate the central red curve
(described in the text). The lower side of the error envelope is similarly
calculated by allowing the number of NEOs in each H bin to be one stan-
dard deviation low, and the albedo of each taxonomic complex to be one
standard deviation high. Since the two sources of error are not added in
quadrature, the error envelope is somewhat larger than one standard de-
viation. The straight dashed line is not a fit to the solid curve, but is the
power-law distribution derived by assuming an exponential absolute mag-
nitude distribution. The dashed line has a power-law slope (α from Eq. (3))
of −1.95, and calibrated with 991 NEOs larger than 1 km, as in Table 3.
The number of NEOs with diameters larger than 1 km is 1090± 180.

fractional abundances and average albedos to generate a di-
ameter distribution is that it reverses the proper causal order.
Using this method makes the assumption that all of the tax-
onomic complexes have the same absolute magnitude dis-
tribution with its various bumps and wiggles lined up at the
same place in absolute magnitude. Those bumps and wiggles
then get shifted when the absolute magnitude distribution
is converted to a diameter distribution for each taxonomic
complex. When the diameter distributions for the complexes
are summed to obtain the cumulative diameter distribution,
the bumps and wiggles that were all lined up in absolute
magnitude space get averaged out in diameter space. This
is very unlikely to be the case in the real world. The more
likely scenario is that the taxonomic complexes have differ-
ently shaped diameter distributions reflecting differences in
material properties. Any bumps and wiggles in the diam-
eter distribution would get smoothed out when converting
to an absolute magnitude distribution. The absolute magni-
tude distributions for the different taxonomic complexes are
very unlikely to be perfectly aligned. However, there is re-
ally no alternative to making this assumption. Every NEO
that has been discovered has a measured absolute magnitude,
whereas only about 3% of them have measured diameters.
The absolute magnitude distribution is better constrained
than the diameter distribution. Until the albedos and diam-
eters of nearly all of the NEOs have been measured, the best
estimate of the diameter distribution will have to be based
on the absolute magnitude distribution.
Accurate photometry for a large number of main-belt as-

teroids has recently become available from the Sloan Digital
Sky Survey (SDSS) (Jurić et al., 2002). These results indi-
cate that there is a 0.2 magnitude bias in the asteroid catalog
of the Minor Planet Center. In its simplest form, the result
implies a shift in the absolute magnitudes of all asteroids
making them slightly fainter. Consequently, this would re-
sult in a reduction in the estimate of the number of NEOs
(and main-belt asteroids) at all absolute magnitudes and
sizes. Preliminary investigation with the first data release
(ADR1.dat) of the Sloan Digital Sky Survey Moving Object
Catalog (http://www.astro.princeton.edu/~ivezic/sdssmoc/
sdssmoc.html) indicates that the bias is not a simple off-
set, but rather is dependent on the apparent magnitude, with
the offset becoming larger with fainter apparent magnitudes.
Only a small number of NEO observations are included in
the SDSSMOC (25 observations of 20 different NEOs). The
error between the apparent visual magnitude predicted from
the cataloged H magnitude and the SDSS measured appar-
ent magnitude (V band synthesized from r∗ and g∗ bands)
is only 0.05 magnitudes, significantly better than the 0.2
magnitude offset found for main-belt asteroids. Properly cor-
recting for photometric bias in the asteroid catalogs is a large
task that will not be attempted here. However, the potential
exists that all asteroid population estimates may need to be
revised downward.
The cumulative diameter distribution shown in Fig. 5

represents the best current estimate of the overall diameter
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Fig. 12.— Cumulative size distribution for the various NEO populations as described in the

text. The grey area shows the approximate region of our derived NEO size distribution.

The lower bound (orange line) must be a fairly extreme solution since it predicts that the

number of unknown small NEOs (orange line minus red or green line) is small, which is

unlikely (though the underlying Harris broken power law does predict an upturn in the

number of NEOs smaller than 100 m, a regime that is beyond the constraints of our data).

The agreement between our solution (grey region) and the independently derived NEOWISE

result (cyan line) is compelling.

Figure 2.1: Cumulative size distribution for the various NEA populations as described in the text. LEFT:
The solid line shows the cumulative number of NEAs larger than a given diameter. The absolute magnitude
distribution is converted to a diameter distribution using the albedos from [45] and fractional abundances
for the taxonomic complexes from [13]. The dotted lines represent an approximate error envelope. The plot
is from [166]. RIGHT: the grey area shows the approximate region of the NEA size distribution derived by
the ExploreNEOs program (Trilling et al. submitted to AJ). The lower bound (orange line) must be a fairly
extreme solution since it predicts that the number of unknown small NEAs (orange line minus red or green
line) is small, which is unlikely (though the underlying Harris’ broken power law does predict an upturn in
the number of NEAs smaller than 100 m, a regime that is beyond the constraints of our data). The agreement
between our solution (grey region) and the independently derived NEOWISE result (cyan line) is compelling.

Thermal modelling The most utilised method to derive asteroid sizes is by measuring their
thermal infrared emission and comparing it with prediction from an asteroid
thermal model, which is used to find the values of the size and albedo that give
the best fit to the observations [44, 45, 49, 70, 72].

However, the this is not a direct method as it requires assumptions of surface
temperature and thermal emission. Therefore, it is always important to confront
infrared diameters with those measured by direct methods. Direct methods
of size determination are disk resolved imaging by in-situ spacecrafts, or by
adaptive-optics systems at the largest telescopes, or by stellar occultations.
The first require a visit by a spacecraft, the second is limited to very large
asteroids (e.g. > 100 km), the latter require accurate occultation predictions
and ultimate precision in asteroid orbits and stellar catalogs (see § 3.1 for the
perspective of asteroid occultations in the post-Gaia era).

Interferometric
studies of asteroids

To overcome these limitations, ground-based, long-baseline interferometry
was used [47] to obtain precise determination of the size of an asteroid and
of its shape for the first time3; spatial resolutions between 20 and 200 milli-

3The instrument MIDI of the ESO VLTI was used for this study. Data reduction and
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The shape of (234) Barbara 3389

Figure 6. Comparison of the binary model of Barbara derived by Delbo
et al. (2009) in blue lines with the KOALA shape model (black contour) at
the time of VLTI observations. The irregular shape of Barbara mislead the
interpretation, by mimicking the signal of a binary system projected on the
VLTI baseline. As spatial resolution is missing in the direction perpendicular
to the baseline, the dashed lines enclose possible locations for a satellite
compatible with the VLTI signal.

A network of observers at different longitudes constitute a clear
advantage that we will try to exploit in future photometric cam-
paigns devoted to Barbarian asteroids. Obtaining more shapes of
the Barbarians, polarimetric measurements and near-infrared spec-
tra to confirm the presence of spinel-rich inclusions is required to
better understand such objects that could represent a rare sample
of CAI-rich Solar system bodies, dating back to the first phases of
Solar system formation.
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Figure 2.2: Comparison of the bilobed or binary model of Barbara derived from VLTI measurements [47]
(blue lines) with the KOALA shape model (black contour) at the time of VLTI observations. The irregular
shape of Barbara mislead the interpretation, by mimicking the signal of a binary system projected on the
VLTI baseline. As spatial resolution is missing in the direction perpendicular to the baseline, the dashed lines
enclose possible locations for a satellite compatible with the VLTI signal.

arcseconds can be obtained from the ground (see the attached paper [47] by Delbo
et al., 2009). A bilobate shape for the asteroid (234) asteroid was derived [47]4.
These findings inspired follow up observations, including stellar occultations,
which enable building an accurate shape model in very good agreement with
the interferometric data [168]. See also Fig 2.2.

Furthermore, the simple geometric model of ref.[47] was adapted [36] to the
study of binary systems to analyse the interferometric data in combination with
the results of the lightcurve modelling. They applied interferometry to study
small binary asteroids (∼ 10 km) in the main belt for the first time. The study
of binary asteroids is extremely useful because by measuring the period and
the semimajor axis of their mutual orbital, one can measure the mass of the
system, which can be used to infer the body’s bulk density provided volume
(size and shape) is known. When the asteroid density is compared with that
of the meteorite analog one can estimate the body’s bulk porosity, which gives
information about the asteroid internal structure. The latter can inform us

analysis were carried out in collaboration with Alexis Matter, in the framework of his PhD
thesis at OCA. VLTI study of asteroids represent 1/3 of Matter’s PhD thesis.

4a binary system was another possible solution compatible with the data.
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about the origin of the body (e.g. monolith or rubble-pile), and it also can give
fundamental clues about the potential differentiation of the asteroid.

Interferometry:
basic concepts

Mid-infrared interferometric instruments measure the total flux and the vis-
ibility of a source, the latter being related to the intensity of the Fourier Trans-
form (FT) of the spatial flux distribution along the interferometer’s baseline
projected on the plane of sky. Thus, the data analysis procedure consisted in
generating images of the thermal infrared emission of the asteroids at different
wavelengths as viewed by the interferometer and then in obtaining the model
visibility and flux for each image. The former is related to the FT of the image,
the latter is simply the sum of the pixels. The free parameters of the thermal
model (e.g. size, albedo, and surface temperature) are adjusted in order to min-
imize the distance between the disk integrated flux and visibility of the model,
and the corresponding observed quantities [47, 118, 117, 36, 54].

Provided the asteroid shape is known, interferometry can be used measure
other surface thermal properties [118, 117], such as the thermal inertia, the
latter informing us about the nature of the surface material (see § 2.3).

2.2 Spectroscopy and Mineralogy

Introduction Reflectance spectroscopy is used to investigate the mineralogical nature of
asteroids, by attempting the identification of bands and other features due to
mineral assemblies or by spectral matching with known meteorite spectra. This
procedure is far from reproducing unique solutions and in some case can lead
to discordant results e.g. the mysterious nature of (21) Lutetia5. Particular at-
tention in the last years has been devoted to the main-belt origin of low albedo
NEOs that spectroscopically match to carbonaceous chondrites. A driver for
this interest has been (i) the development of JAXA’s Hayabusa 2 and NASA’s
OSIRIS-REx, two sample return missions to primitive and organic-rich aster-

5This asteroid has a M-type taxonomy, that was interpreted with a metallic composition
in the early classification schemes. The flat and featureless visible and near-infrared spectra
obtained by VIRTIS during the fly-by of ROSETTA do not allow discrimination between a car-
bonaceous and/or enstatite nature. Mid-infrared observations by the Spitzer space telescope
obtained a few years before are more in favour of a carbonaceous chondrite like composition
[9]. However, later works [176] showed that the spectral (from 0.3 to 25 micron) and physical
(albedo, density) properties of Lutetia are quantitatively similar to the class of meteorites
known as enstatite chondrites. HST/STIS observations in the Near Ultraviolet, are favouring
the enstatite chondrites association: http://adsabs.harvard.edu/abs/2014DPS....4650604S
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system apparent geometry, which dominates the data compared
to, e.g., putative surface composition heterogeneity, did not
change. We thus averaged the four observing epochs to reduce
the statistical noise. Assuming that the averaging process also
removed the possible offsets affecting the four measurements,
the corresponding error bars only include the ‘‘averaged’’
short-term statistical error contribution. Fig. 3 shows the four
measurements resulting from the seven initial individual MIDI
measurements listed in Table 2.

3. Surface composition

We use the Virtual Observatory (VO) service M4AST1 (Popescu
et al., 2012) to analyze the near-infrared reflectance spectrum of
Isberga shown in Fig. 2. It presents two broad absorption bands cen-
tered at 0.95 ± 0.01 and 1.91 ± 0.01 lm, tracers of olivine and pyrox-
ene assemblages. We classify Isberga as an S- or Sq-type asteroid (in
the classification scheme by DeMeo et al. (2009)), the main class in
the inner part of the asteroid belt (DeMeo and Carry, 2013, 2014).
We also use M4AST to determine the degree of space weathering
presented by Isberga’s surface, following the space weathering
model by Brunetto et al. (2006), valid for pyroxenes and olivines
(see, e.g., Brunetto et al., 2007; Vernazza et al., 2009; Fulvio et al.,
2012). In this model, the effect of space weathering is a multiplica-
tive exponential continuum written as KeðCS=kÞ. This model is based
on many laboratory experiments on ordinary chondrites and mimic
the effect of space weathering on lunar-like surfaces (increased spec-
tral slope and decreased albedo, see Sasaki et al., 2001; Chapman,
2004; Strazzulla et al., 2005, among others). Space weathering trends
are more subtle and complex for asteroids within the S-complex,

owing to the different compositions it encompass (Gaffey et al.,
1993; Gaffey, 2010), albeit spectral reddening is consistent.

We determine a reddening strength of CS ¼ $0:6 lm, a value
similar to, e.g., (158) Koronis (measured with M4AST on the
near-infrared spectrum by Burbine and Binzel (2002) obtained at
a phase angle of 19!) and corresponding to significant weathering
(responsible for the higher spectral slope of Isberga compared with
the average Sq-class of DeMeo et al. (2009) in Fig. 2). The spectrum
of Isberga was however obtained at a large phase angle of 28! (Sec-
tion 2.2), and part of the reddening may be caused by the observing
geometry. Spectral observations of Isberga at visible wavelengths

Fig. 3. Left: Correlated flux of Isberga observed with MIDI over the four epochs listed in Table 2. The best-fit solution of binary model (FB) is also plotted as a solid blue line.
Right: Corresponding geometry of the system on the plane of the sky. The red line represents the projected VLTI baseline, the black ellipse Isberga, the black disk its satellite,
and the black circle the projection of the satellite on the baseline. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 3
Best-fit values for a circular mutual orbit with 3-r uncertainties of the parameters
described in Section 4.1.

Parameter Value Unit

(Lp, Bp) (225, +86)a deg.
Porb 26:6304% 0:0001 h
L0 354 ± 3 deg.
T0 2453790.631170 JD
e 60.10b

x 0–360 deg.
_x 0–10 deg.

a=D1;C 2:5þ0:3
$0:6

D2;C=D1;C 0:29% 0:02
Prot 2:91695% 0:00010 h
A1=C1 1:3þ0:7

$0:07
A2=C2 1.1c

a The 3-r area is approximately an ellipse of semi-major axes of 8! and 6!, cen-
tered on these coordinates, see Fig. 4.

b We estimated only an upper limit on the eccentricity from 2011 data.
c This is only a formal best-fit value of the elongation of the secondary, a

spherical shape is consistent as well.

1 http://m4ast.imcce.fr/.
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Figure 2.3: Left: Correlated flux of Isberga observed with MIDI over four epochs. The best-fit solution of
binary model (FB) is also plotted as a solid blue line. Right: Corresponding geometry of the system on the
plane of the sky. The red line represents the projected VLTI baseline, the black ellipse Isberga, the black disk
its satellite, and the black circle the projection of the satellite on the baseline. Adapted from [36]

oids, and (ii) because it is thought that carbonaceous rich asteroids have brought
water and organics and other seeds of life to the early dry Earth. Asteroid familiesThe land-
scape of the inner Main Belt is dominated by a handful of asteroid families and
a diffuse population of ”background” objects [180]. The identification source
asteroid families offer the possibility to link NEOs to a unique body in the
asteroid, i.e. the parent of the family.

Inspired by these motivations Gayon-Markt6, et al. i.e. ref.[60] performed a
detailed spectroscopical and dynamical investigation of the most likely source
region of OSIRS-REx and Hayabusa 2 targets: the inner main belt at low
inclination (2.1< a < 2.5 au and i <8◦) Discovery of

asteroid families
. One of Gayon et al. results was that

background asteroids with colours consistent with primitive spectra (B-type) in
the region showed an orbital and size distribution typical of asteroid families.

6Julie Gayon-Markt was my two-years CNES post doc. She worked on the development
and tests of the algorithms and software for the unsupervised classification of asteroids from
Gaia low-resolution spectroscopic observations.
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The paper by Gayon-Markt et. 2012, ref. [60], is here attached.
Further studies of primitive Inner Belt asteroid families, were carried out

[180].New Polana and
Eulalia asteroid

families

These works focused on the primitive, low-albedo, component of the Nysa-
Polana complex and found that the most of the low-albedo background asteroids
belongs to a family that formed over 2000 Myr ago, parented by asteroid (142)
Polana. Walsh, Delbo, et al. named this family New Polana. They also find that
the asteroids thought to belong to the once-called Polana family, are included
in a family that formed 900–1500 Myr ago parented by asteroid (495) Eulalia.
Further studies [56] discovered additional structures associated with the Eulalia
family (maybe a sub impact family).

2001; see also a review by Bottke et al. (2006)). This discovery pro-
vided the key piece of physics needed to understand how Main Belt
asteroids become NEOs. It had been known that some of the more
powerful resonances located near, or in, the Main Asteroid belt
could rapidly excite asteroid’s eccentricities, sending them onto
planet-crossing orbits leading to their delivery to NEO orbits. The
Yarkovsky effect showed how to efficiently get asteroids into these
resonances.

The two most important resonances for this delivery process are
readily visible in a plot of the asteroid belt. First, the 3:1 mean mo-
tion resonance (MMR) with Jupiter is located at heliocentric dis-
tance !2.5 AU, and is responsible for the large gap in the
asteroid distribution at this semi-major axis. The other is the m6

secular resonance, which occurs when the precession frequency
of an asteroid’s longitude of perihelion is equal to the mean preces-
sion frequency of Saturn. This resonance is inclination dependent,
and is very efficient at delivering low-inclination bodies to NEO or-
bits. It is the effective inner edge of the asteroid belt at !2.15 AU,
and estimated to deliver !37% of all NEOs with H < 18 (Bottke
et al., 2002).

The inner Main Belt (IMB; 2.15 < a < 2.5 AU)—bound by these
two resonances—is a predominant source of NEOs. Dynamical
models predict that !61% of the H < 18 NEO population comes
from there. The majority of the detected IMB asteroids, !4/5 those
with H < 15.5, are on low-inclination orbits (i < 8!). Although a
compositional gradient is known to exist in the Main Belt, with
low-albedo, primitive asteroids being predominant in the central
(2.5 AU < a < 2.8 AU) and the outer asteroid belt (a > 2.8 AU) (Gra-
die and Tedesco (1982); Mothé-Diniz et al., 2003; Masiero et al.,
2011), the IMB contains numerous primitive asteroids (Campins
et al., 2010; Gayon-Markt et al., 2012; Masiero et al., 2011). For in-
stance, in a sample of WISE-studied asteroids limited to absolute
magnitude H < 15, about 1/6 of these bodies in the IMB with mea-
sured albedos and sizes have geometric visible albedos pV < 0.1,
where we use pV < 0.1 as a simple way to separate low-albedo
primitive bodies from more processed or igneous bodies typically
with higher albedos.

Recent studies devoted to finding the origin of the primitive
NEOs 1999 RQ36, 1999 JU3, and 1996 FG3 (baseline targets of the
sample return space missions, OSIRIS-REx, Hayabusa-II, and Marco
Polo-R) have found that each of these three bodies are almost cer-
tainly (>90%) delivered from the IMB following the well-studied
dynamical pathway from the Main Belt to NEO-orbits (Campins
et al., 2010, 2012,, 2000, 2002). Moreover, the current low inclina-
tion (i < 8!) orbits of these bodies is indicative of origins on simi-
larly low inclination orbits in the Main Belt. Furthermore,
Jenniskens et al. (2010), and Gayon-Markt et al. (2012) have iden-
tified the IMB at low inclination (i < 8!) as the likely source (>90%)
of the NEO 2008 TC3, the asteroid whose impact produced the
Almahata Sitta meteorites.

The work presented here develops the fundamental hypothe-
ses to be tested by planned asteroid sample return missions.
Dynamical evolution studies are critical to obtaining the maxi-
mum scientific benefit from these missions. Such studies support
primary mission objectives to characterize the geologic and dy-
namic history of the target asteroids and provide critical context
for their returned samples. In addition, cosmochemical analyses
of e.g., cosmogenic isotope ratios, radionuclide abundances, and
nuclear track densities will, in return, provide important con-
straints on the dynamical evolution of the parent asteroid. This
synergy will result in improved understanding of the dynamical
pathways that transform IMB objects into NEOs. Furthermore,
the OSIRIS-REx mission specifically will provide the first
ground-truth assessment of the Yarkovsky effect as it relates to
the chemical nature and dynamical state of an individual aster-
oid. These studies will provide important input to models of the

evolution of asteroid families by Yarkovsky drift and delivery to
orbital resonances in the IMB.

1.2. Asteroid families and the Nysa–Polana complex

The landscape of the inner Main Belt is dominated by a handful
of asteroid families and a diffuse population of ‘‘background’’ ob-
jects (see Fig. 1). Among primitive, low-albedo, bodies the largest
known family is the low-albedo component of the Nysa–Polana
complex, followed by the Erigone family and the Sulamitis family
(Nesvorný 2010; Nesvorný, 2010; Gayon-Markt et al., 2012; Cam-
pins et al., 2012). Following an asteroid break-up event, fragments
are launched onto orbits that are distinct from, but similar to, the
parent body. Specifically, their ‘‘proper orbital elements’’, roughly
the long-term average of their osculating orbital elements, remain
linked over time (Zappalá et al., 1990, 1994; Knežević and Milani,
2003). Smaller fragments are typically launched with higher veloc-
ity, creating a size-dependent spread in orbital elements. Over time
the thermal Yarkovsky effect induces a size-dependent drift in
semi-major axis, such that smaller bodies drift faster, and thus fur-
ther, over time than the larger bodies. Therefore families of aster-
oids are identifiable in two ways: clustering in proper orbital
element space, and correlated shapes in size vs. semimajor axis
due to size-dependent Yarkovsky drift (see Vokrouhlický et al.,
2006a; Bottke et al., 2006).

In the context of NEO-delivery, the size, age and location of an
asteroid family are important properties. First, the larger the fam-
ily, the more potential asteroids that can be delivered. Second, the
age of a family determines how far it has spread by the Yarkovsky-
effect, where older families can spread further. Finally, the location
of the family determines how far its fragments must drift via the
Yarkovsky effect to reach a resonance. As we find with the Nysa–
Polana complex, a location very near a resonance makes locating
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Fig. 1. The entire inner Main Belt, including all asteroids that were observed by
WISE and whose D and pV were published in the Preliminary release of Albedos and
Diameters (Masiero et al., 2011) plotted using computed synthetic proper elements
(Knežević and Milani, 2003). The plots show the orbital inclination and the
eccentricity as a function of their semimajor axis (AU). The color of each point
represents their WISE-determined albedo with values shown in the colorbar on the
right (Masiero et al., 2011). The low-albedo component of the Nysa–Polana complex
is visible as the large low-albedo complex at e ! 0.15 and i ! 3! extending across
almost the entire IMB. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure 2.4: The entire inner Main Belt, including all asteroids that were observed by WISE and whose D
and pV were published in the Preliminary release of Albedos and Diameters [115, 116] plotted using computed
synthetic proper elements [123]. The plots show the orbital inclination and the eccentricity as a function of
their semimajor axis (AU). The color of each point represents their WISE-determined albedo with values
shown in the colorbar on the right. The low-albedo component of the Nysa-Polana complex is visible as the
large low-albedo complex at e∼0.15 and i∼3◦ extending across almost the entire IMB.

A mechanism for
the origin of the

multi-lithology
Earth-impactor

NEO 2008 TC3

Gayon et al.’s studied also a mechanism to explain to origin of the remarkable
asteroid 2008 TC3. This was a near-Earth asteroid that impacted the Earth
on 2008 October 7. Meteorites were produced by the break-up of 2008 TC3 in
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the high atmosphere and at present, about 600 meteorites – called Almahata
Sitta coming from 2008 TC3 were recovered [84]. A mineralogical study of
Almahata Sitta fragments showed that the asteroid 2008 TC3 was made of
meteorites of different types (ureilites, H, L and E chondrites). Understanding
the origin of this body and how it was put together remain a challenge. [60]
showed that asteroids with spectroscopic classes that can be associated with
the different meteorite types of Almahata Sitta are present in the region of the
main belt that includes the once-called Nysa-Polana family and objects of the
background at low inclination. Gayon et al., also showed that there is little
chance that 2008 TC3 was formed by low-velocity collisions between asteroids
of different mineralogies, in the current asteroid belt. It seems more likely
that the heterogeneous composition of 2008 TC3 was inherited from a time
when the asteroid belt was in a different dynamical state, most likely in the
very early Solar system. Because ureilites are fragments of a large, thermally
metamorphosed asteroid, this suggests that the phases of collisional erosion (the
break-up of the ureilite parent body) and collisional accretion (the formation
of the parent body of 2008TC3) overlapped for some time in the primordial
asteroid belt. This have important implication for our understanding of the
dynamics and physics of the early phases of our solar system [88].

A class of primitive asteroids of particular interest is that of the B-type,
which show an unique blue reflectance spectrum. Recent work on B-type aster-
oids has shown that the near-infrared spectral slopes (de Leon et al. 2012) and
the WISE 3-micron reflectances (Ali-Lagoa et al. 2013) of these objects form
a continuum that ranges from slightly negative (blue) to moderately positive
(red) values. Toward a better

understanding of
primitive asteroids :
the B-types

A tantalising interpretation is that this diversity might be related
to a gradient in the composition as a function of size on the original parent
bodies of these objects. This would be consistent with the fact that (2) Pallas
and its collisional family, which is thought to be the result of a cratering event,
only show extreme values in the range of physical properties found (signifi-
cantly higher visible albedos and significantly lower 3-micron reflectances [1])
and therefore sample the surface of the B-type parent bodies, of which Pallas
is the only survivor.
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2.3 Thermal inertia of asteroids

Remote telescopic observations, from the ground and/or from space-based ob-
servatories, give access to a limited set of asteroid properties such as magnitudes,
sizes and albedos, and spectral properties, but cannot provide any detailed in-
formation of the surface geological features such as the rock, regolith, and crater
abundance as well as the mechanical and thermal properties of the constituents.

Advantage of space
missions

Only in-situ observations with space missions can access this information. Un-
fortunately, the number of space missions devoted to asteroids is very limited.
In fact, only three space missions have been fully devoted to these objects so far.
Yet, each rendezvous with an asteroid has turned our geological understanding
on its head, with relevance in the closer-to-home fields of granular mechan-
ics, landslides, earthquakes, faulting, and impact cratering. For instance, while
both the 17 km-sized asteroid (433) Eros (NEAR mission) and the 0.32 km-sized
(25143) Itokawa (Haybusa mission) have the same spectral type and nearly the
same albedo, images of their surfaces show two totally different worlds. Eros
is covered with a deep layer of fine regolith, while Itokawa is covered with a
shallow layer of coarser, rubble-like regolith and many large rocks.

Thermal inertia:
the ultimate

physical parameter

This difference can actually be captured by the value of the thermal inertia,
without going there. Thermal inertia, the resistance of a material to tempera-
ture change, is a sensitive indicator for the properties of the grainy soil [49] on
asteroids. Thermal inertia is defined by Eq. 2.1

Γ =
√
κρC (2.1)

where κ is the material’s thermal conductivity, ρ its density, and C its heat
capacity.

Thermophysical
models (TPMs)

The determination of asteroids thermal inertia is obtained by means of ther-
mophysical models (TPMs). These are computer numerical codes that allow one
to calculate the temperature of asteroids’ surface and immediate sub-surface.
These temperatures depend on absorption of sunlight, multiple scattering of
reflected and thermally emitted photons, and heat conduction. Physical pa-
rameters such as albedo (or reflectivity), thermal conductivity, heat capacity,
emissivity, density and roughness, along with the shape (e.g., elevation model)
of the body, its orientation in space, and its previous thermal history are taken
into account. From the synthetic surface temperatures, thermally emitted fluxes
(typically in the medium-infrared) can be calculated. Physical properties are
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constrained by fitting model fluxes to observational data. Typically TPMs pro-
duce the value of the thermal inertia averaged over the whole surface of the
body.

Ten years ago, thermal properties were known for only a few asteroids, i.e.,
(1) Ceres, (2) Pallas, (3) Juno, (4) Vesta, (532) Herculina [134], and (433) Eros
[100]. Since then, the number of asteroids with known thermal properties has
increased steadily. But still, our knowledge of asteroid thermal inertia is limited
to only 16 and 27 near-Earth and Main Belt asteroids, respectively (Delbo et al.
2015, and references therein). This is due to the fact that these measurements
are very difficult, as they require thermal data of very good quality, a shape
and spin state model of the asteroid, an advanced thermophysical model (TPM).
Above all, the know-how to use these instruments, understanding the sources
of measurement errors and judging the reliability of the results is essential. For
example, an enormous catalog of thermal data became available only recently
thanks to the observations from NASA Wide-field Infrared Survey Explorer
(WISE), but its exploitation with TPMs requires an accurate understanding of
the measurement errors and good asteroid shape models. As a consequence, a
massive use of TPMs on WISE data has not yet been attempted.

Early works [42, 50] attempted to put the thermal inertia of asteroids in a
global context. (The paper by Delbo et al. (2007) is attached).
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Figure 2.5: Thermal inertia values vs. asteroid sizes, from [49] and references therein for different taxonomic
types (see key). Left plot: original measurements, right plot: Γ corrected to 1 au heliocentric distance for
temperature dependent thermal inertia [49].

An inverse correlation between Γ and D was noticed [42], and later confirmed
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and updated [50, 34].Inverse correlation
between thermal
inertia and size

This supported the intuitive view that large asteroids
have, over many hundreds of millions of years, developed substantial insulating
regolith layers, responsible for the low values of their surface thermal inertia.
On the other hand, much smaller bodies, with shorter collisional lifetimes [18,
114], have less regolith, and or larger regolith grains (less mature regolith), and
therefore display a larger thermal inertia.

In the light of the recently published values of Γ [49] (see also Fig. 2.5),
said inversion correlation between Γ and D is less clear, in particular, when the
values of the thermal inertia are temperature corrected (Fig. 2.5). However, the
Γ vs D distribution of D > 100 km (large) asteroids is different than that of
D < 100 km (small) asteroids. Small asteroids typically have higher Γ-values
than large asteroids, which present a large scatter of Γ-values, ranging from
a few to a few hundreds J m-2s-1/2K-1. This is a clear indication of a diverse
regolith nature amongst these large bodies. A shortage of low Γ values for
small asteroids is also clear, with the notable exception of 1950 DA, which has
an anomalously low Γ-value compared to other NEAs of similar size [154].

Fig. 2.5 also shows previously unnoticed high-thermal-inertia C types, maybe
related to CR carbonaceous chondrites, which contain abundant metal phases.
We also note that all E types in our sample appear to have a size-independent
thermal inertia.

2.4 Geological interpretation of thermal inertia

Typically, the measurement of the thermal inertia of an asteroid can be com-
pared with a reference value for a solid rocky surface. It is known that the
lower the thermal inertia compared to these reference values, the smaller is the
average grain size of the regolith: this is because the value of the thermal inertia
decreases with increasing porosity of the soil or rock [184, 64]. Interpretation of
thermal inertia data for asteroids has traditionally lagged behind that for the
Moon and Mars, which are extraordinarily developed. This was due to lack of
(i) good quality astronomical data, of (ii) laboratory measurements on asteroid
analogs and of (iii) detailed models of asteroids soils.

The situation has only started to change in the last years: concerning astro-
nomical data (a), space telescopes (Spitzer, WISE) have collected an extraor-
dinary amount of new thermal data. However, only few laboratory data on
meteorite thermal properties (b) are starting to appear [140, 141], and theoret-
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a b c d

Figure 2.6: Higher Γ-values correspond to coarser regoliths. (a) image of the soil of (21) Lutetia from
OSIRIS on board of the ESA Rosetta showing abundant, thick (600 m) and very fine regolith. A value of Γ <
10 J m-2s-1/2K-1 was derived for this body. (b) image of the soil of (4) Vesta from the Dawn mission also
showing fine regolith. The average thermal inertia Vesta is Γ ∼ 30 J m-2s-1/2K-1. (c) close-up image of (433)
Eros from the NASA Schoemaker NEAR mission reveals coarse regolith with grain size in the mm-range and
the presence of surface rocks and some boulders. The value of Γ is ∼150 J m-2s-1/2K-1 for Eros. (d) image
from the JAXA Hayabusa mission of the surface of (25143) Itokawa displaying its blocky nature with very
little amount of fine regolith. The value of Γ is ∼750 J m-2s-1/2K-1 for Itokawa.

ical models (c) that allow interpreting thermal inertia measurements in terms
of regolith properties, only capture average properties of the soil, such as the
average regolith grain size [64].

Several space missions flew-by, orbited, and landed on asteroids with re-
goliths of different nature and known Γ-values. These images (see Fig. 2.6)
provide ground-truth for estimating regolith properties, in particular its grain
size, from thermal inertia data, demonstrating that asteroids with larger Γ-
values have coarser regoliths.

Extremely low
values of the
thermal inertia

We also note that the some of the C-complex outer main-belt asteroids and
Jupiter Trojans have very low thermal inertia in the range between a few and
a few tens of J m-2s-1/2K-1. In order to reduce the thermal inertia of a material
by at least one order of magnitude (from the lowest measured thermal inertia
of a meteorite, ∼650 J m-2s-1/2K-1 at 200 K [140], to the typical values for these
large asteroids (Fig. 2.5), a very large porosity (>90%) of the first few mm of the
regolith is required [175]. This is consistent with the discovery that emission
features in the mid-infrared domain (7 − 25 µm) are rather universal among
large asteroids and Jupiter Trojans [175], and that said features can be repro-
duced in the laboratory by suspending meteorite and/or mineral powder (with
grain sizes < 30 µm) in IR-transparent KBr (potassium bromide) powder [175].
As KBr is not supposed to be present on the surfaces of these minor bodies,
regolith grains must be ”suspended” in void space likely due to cohesive forces
and/or dust levitation. On the other hand, radar data indicate a significant
porosity (40-50 %) of the first ∼1 m of regolith [108, 175], indicating decreasing
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Gauss’ law. Additional investigations are therefore needed, as the
physical mechanism(s) responsible for the high surface porosity
of large asteroids remains unknown [see discussion by Hartzell
and Scheeres (2011) for ideas].

5. Deriving compositional information from mid-IR spectra

In this last section we try to clarify how much compositional
information can be retrieved from the mid-IR range. We first focus
our analysis on a single object, 624 Hektor, whose spectrum dis-
plays the clearest/strongest emissivity features. We next show
how this composition helps constraining the origin of Trojan aster-
oids. Finally, we briefly discuss the necessary/useful wavelength
range in the mid-IR for detailed compositional investigation of
asteroid surfaces.

5.1. Comparison of 624 Hektor’s spectrum with KBr-diluted meteorite
spectra

We performed a detailed comparison of Hektor’s spectrum with
the new mid-IR laboratory measurements of meteorites obtained
at the University of New Mexico (King et al., 2011, K12). To search
for plausible meteoritic analogs, we used the location of the follow-
ing diagnostic features: (i) residual reststrahlen features, which oc-
cur as reflectance peaks, (ii) absorption bands due to overtone/
combination tone bands, which occur as reflectance troughs, and
(iii) the Christiansen feature, which also occurs as a trough in
reflectance (Salisbury et al., 1991).

The comparison reveals that the closest spectral matches to 624
Hektor are found among ordinary chondrites and carbonaceous
chondrites (yet only among CVs, see Fig. 6), that is among oliv-
ine-rich meteorites. At first glance, these spectral matches could
appear as very surprising since the VNIR spectral properties of or-
dinary chondrites carbonaceous chondrites (CVs) are at odds with
those of Hektor. However, considering that the KBr-diluted sam-
ples are very good proxies for small silicate grains being embedded
in a highly porous surface layer, the spectral matches make sense.
If the grain sizes of the surface particles were very small (<2 lm) as
suggested by Emery et al. (2006) in the Trojan case (hence the case
of Hektor), then we would not expect to see any absorption band in
the VNIR range (as the appearance of such band requires larger
grain sizes). The presence of mostly fine-grained olivine particles

on these object surfaces would also provide a natural explanation
for their red colors, olivine being very sensitive to so-called space
weathering processes which tend to redden its VNIR reflectance
spectrum (e.g., Vernazza et al., 2009a and references therein).
Interestingly and supporting this hypothesis, Emery et al. (2011)
successfully modeled the VNIR spectra of red Trojans (note that
there are two compositional groups among Trojans – the red and
the blue – and Hektor belongs to the red group; see Emery et al.,
2011) using amorphous and crystalline silicates (olivine and
pyroxene) embedded in a mid-IR transparent matrix as end-mem-
bers. It thus appears that both their (VNIR range) and our (the mid-
IR range) studies predict that the surfaces of red Trojans may be
covered by very small silicate grains (mainly olivine) embedded
in a highly porous upper surface layer.

Fig. 5. Schematic model of the asteroid surface structure as deduced from both the good correspondance between the KBr-diluted meteorite spectra and the asteroid spectra
(for the first millimeter) and the low surface density inferred from radar measurements (for the first meter). The high porosity within the first millimeter may be due to
cohesive forces (see model on the upper right-hand side) and/or dust levitation (see model on the upper left-hand side).

Fig. 6. Comparison between the emissivity spectrum of 624 Hektor and the
emissivity spectra of the KBr-diluted ordinary chondrite Greenwell Springs (LL4)
and the KBr-diluted carbonaceous chondrite Leoville (CV3). The similarities of the
spectral features in both the asteroid and meteorite spectra are highlighted by the
red dotted lines. As in Fig. 4, the similarity between the asteroid and meteorite
spectra implies not only similar compositions (dominated by olivine which we
verified with our spectral decomposition model, see Fig. 9 and Table 1) but also
similar scattering properties (in terms of empty space between particles) due to a
highly porous surface in the asteroidal case. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

P. Vernazza et al. / Icarus 221 (2012) 1162–1172 1167

Figure 2.7: Schematic model of the asteroid surface structure as deduced from both the good correspondence
between the KBr-diluted meteorite spectra and the asteroid spectra (for the first millimeter) and the low
surface density inferred from radar measurements (for the first meter). The high porosity within the first
millimeter may be due to cohesive forces (see grains on the upper right-hand side) and/or dust levitation (see
grains on the upper left-hand side) [175].

porosity with increasing depth [175].

2.5 Surface processes

Where are bare
rock-surface
asteroids ?

Note that before the first thermal inertia measurements of small asteroids
[131, 41] and before spacecraft encounters with asteroids, many scientists as-
sumed that the smallest asteroids were all monolithic rocks with a bare surface,
although, there had been a few articles suggesting possible alternative surface
properties and internal structures [80, 120, 71]. Given the low gravitational ac-
celeration on the surface of an asteroid, it was thought that regolith formation
would not be possible; even if small fragments of rock were created during the
impact process nothing would be retained on the surface [79, 78].Regolith is

everywhere
However, the

NASA Galileo and NEAR-Shoemaker space missions revealed a substantial re-
golith covering (951) Gaspra, (243) Ida and (433) Eros [167, 150, 177], and the
JAXA Hayabusa mission revealed (25143) Itokawa to be a rubble pile asteroid
essentially made of regolith throughout [57, 183]. In addition to finding each of
these bodies to be regolith-covered, there is strong evidence that this regolith
has very complex and active dynamics.

Classic scenario of
regolith formation

Regolith generation has traditionally been attributed to the fall back of
impact ejecta and by the comminution of boulders by micrometeoroid impact
[80, 77]. However, laboratory experiments [79] and impact models [80] show that
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crater ejecta velocities are typically larger than several tens of cm/s, which cor-
responds to the gravitational escape velocity of km-sized asteroids. Classic scenario of

regolith formation
has problems of
explaining regolith
on very small
asteroids

Therefore,
impact debris cannot be the main source of regolith on small asteroids [80]. It
has been shown [46] that thermal fatigue [119, 107, 178], a mechanism of rock
weathering and fragmentation with no subsequent ejection, is the dominant
process governing regolith generation on small asteroids (The paper by Delbo et
al., 2014 is here attached).

A new scenario for
regolith formation:
thermal cracking

It is found that rocks larger than a few centimeters break up faster by
thermal fragmentation, induced by the diurnal temperature variations, than by
micrometeoroid impacts. Since thermal fragmentation is independent of the
asteroid size, this process can also contribute to regolith production on larger
asteroids. Implications of this

discovery
Production of fresh regolith originating from thermal fatigue frag-

mentation may be an important process for the rejuvenation of near-Earth as-
teroids’ surfaces, as well as for explaining the observed shortage of low-perihelion
carbonaceous near-Earth asteroids [110].

The work of [46] provides also the rates of asteroidal rock break up by
meteorite impacts in the asteroid main belt and near-Earth space for the first
time.

However, it is not only the temperature excursions that cause surface pro-
cess on asteroids, but also the temperatures themselves ! An important result
in the last years, was the realisation that a large number of asteroids and mete-
orites, having close approaches with the Sun, reach temperatures high enough
to modify the mineralogy of their surfaces [112].

All these studies contributed to build the evidence that the heating driven
by the sun is an important process of space weathering of asteroid surface. Pre-
vious known space weathering process where the micrometeorite bombardment
– that can mechanical break and locally heat it the surface material – and the
implantation of ions from the solar wind.

The surface alteration by space weathering phenomena is an important is-
sues related to sample return missions to primitive asteroids, such as JAXA’s
Hayabusa 2 and NASA’s OSIRS-REx. Surface weathering:

importance for
sample return
missions

In particular it is worth to assess whether
the surface (and the subsurface) of the object has been preserved from weath-
ering processes active in space. It is well known, for instance, that the implan-
tation of ions by the solar wind and the bombardment of micrometeorites can
alter the spectroscopic properties of asteroids [75] (Hapke 2001; Sasaki et al.
2001). However, these processes affect only the first few microns of the surface,
while current sampling devices aim at collecting material at depth larger than a
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few millimeters. On the other hand, NEOs can easily reach temperatures >400
K [121, 48], and the heat penetration depth is of the order of some centimeters
for a body with a rotation period of some hours [162].

2.6 Asteroid Thermal Models

Most of the studies presented above have one method in common: the use of
an asteroid thermal model. Asteroid thermal modelling is about calculating the
temperature of asteroids’ surface and immediate subsurface, which depend on
absorption of sunlight, multiple scattering of reflected and thermally emitted
photons, and heat conduction. Physical parameters such as albedo (or reflec-
tivity), thermal conductivity, heat capacity, emissivity, density and roughness,
along with the shape (e.g., elevation model) of the body, its orientation in space,
and its previous thermal history are taken into account. From the synthetic sur-
face temperatures, thermally emitted fluxes (typically in the infrared) can be
calculated. Physical properties are constrained by fitting model fluxes to obser-
vational data. One differentiates between sophisticated thermophysical models
or TPMs [101, 161, 162, 97, 96, 98, 41, 132, 151] and simple thermal models,
which typically assume spherical shape, neglect heat conduction (or simplify
its treatment), and do not treat surface roughness [72, 44]. In the past, us-
age of TPMs was reserved to the few exceptional asteroids for which detailed
shape models and high quality thermal infrared data existed [72]. In the last
ten years, however, TPMs became significantly more applicable, thanks both
to new space-born infrared telescopes such as Spitzer, WISE and AKARI [111]
and to the availability of an ever-growing number of asteroid shape models [54].
The TPM developed by [41] is one of the most used for asteroids [49, 54]. The
review paper, Asteroids IV book chapter by Delbo et al. 2015, ref. [49] is here
attached.
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ABSTRACT

We have obtained the first successful interferometric measurements of asteroid sizes and shapes by means of the
Very Large Telescope Interferometer-Mid-Infrared Interferometric Instrument (VLTI-MIDI). The VLTI can spa-
tially resolve asteroids in a range of sizes and heliocentric distances that are not accessible to other techniques such
as adaptive optics and radar. We have observed, as a typical bench mark, the asteroid (951) Gaspra, visited in the
past by the Galileo space probe, and we derive a size in good agreement with the ground truth coming from the
in situ measurements by the Galileo mission. Moreover, we have also observed the asteroid (234) Barbara, known
to exhibit unusual polarimetric properties, and we found evidence of a potential binary nature. In particular, our
data are best fit by a system of two bodies of 37 and 21 km in diameter, separated by a center-to-center distance of
∼24 km (projected along the direction of the baseline at the epoch of our observations).

Key words: infrared: solar system – minor planets, asteroids – techniques: interferometric

1. INTRODUCTION

The study of the physics of asteroids is crucial to constrain
models of formation, growth and physical properties of the
planetesimals that accreted into the inner solar system planets.

Most asteroids are too small to allow a direct determina-
tion of their fundamental physical properties, including sizes,1

shapes, and masses.2 According to current expectations, in the
next decade, the Gaia mission of the European Space Agency
will provide accurate mass determinations for about 100 of the
largest main belt asteroids (MBAs) and will be able to directly
measure the sizes of all MBAs larger than 30 km (∼1000 ob-
jects) (Mouret et al. 2007; Mignard et al. 2007). At present, how-
ever, the most important source of progress in this field is related
to the increasing rate of discovery of binary systems. These dis-
coveries have been made possible by adaptive optics imaging at
several large telescopes, radar—particularly suited for the study
of near-Earth objects (NEAs)—and optical lightcurve observa-
tions. Binary asteroids are extremely important to derive the
mass of the system; the sizes and shapes of the components are
then needed to estimate average densities, which in turn provide
crucial information about the internal structure of the bodies.

Unfortunately, asteroid sizes are generally not measurable by
means of direct imaging. Improvements in the performances of
modern adaptive optics systems are currently making significant
progress, but this is forcedly limited to size measurements of
the largest MBAa, and very close approaching NEAs (Conrad
et al. 2007). Radar has been proven to be a powerful tool to infer

∗ Based on data obtained at the Very Large Telescope Interferometer (VLTI)
of the European Southern Observatory (ESO): program ID 076.C-0798.
1 Only for the largest hundred main belt asteroids their sizes can be directly
measured with present-day adaptive optics systems at 10 m class telescopes
(Conrad et al. 2007).
2 At the time of writing, only 15 multiple main belt asteroids had their
components resolved, allowing determination of their orbits and thus of the
masses of the systems (Marchis et al. 2008).

shapes and sizes for a sample of kilometer- and subkilometer-
sized objects. This technique, however, is mostly limited to the
population of NEAs, which can experience close encounters
with our planet. This is due to the fact that the intensity of the
radar echo decreases with the fourth power of the distance.

To summarize, the vast majority of asteroid sizes, due to
their small apparent angular extension and orbital location in
the Main Belt, remain beyond the range of measurability using
current techniques. As a consequence, nearly all of the available
information we have today about asteroid sizes comes from the
results of indirect methods of size determination.

The most widely adopted technique to determine asteroid
sizes is thermal infrared radiometry (see Harris & Lagerros
2002, and references therein). This method is based on the fact
that the infrared flux I (λ) carries information about the size
of the source. In particular, I (λ) is proportional to the area
of the asteroid visible to the observer. However, I (λ) depends
also upon the temperature distribution on the asteroid surface.
Different models of asteroid thermal infrared emission (the so-
called asteroid thermal models; see Section 2, Harris & Lagerros
2002; Delbo & Harris 2002, and references therein) are used to
estimate the surface temperature distribution allowing one to
derive D from measurements of I (λ). The asteroid’s geometric
visible albedo, pV , can then be obtained from Equation (1)
which represents the fundamental relation linking the effective
diameter, D (in km), the albedo, and the absolute magnitude
H (the magnitude in the V band that would be measured by
observing the object at 1 AU distance from both the Sun and the
observer, and at zero phase angle):

log pV = 6.247 − 2 log D − 0.4H. (1)

We note that the value of pV is per se a very important
physical parameter, because it is a function of the composition,
texture, and roughness of an asteroid’s surface. Polarimetric
observations can also be used to estimate the value of pV
(Muinonen et al. 2002; Cellino et al. 2005) from empirical
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relations between the albedo and the degree of polarization
of the reflected light from the asteroid surface. The asteroid
effective diameter D can then be determined from pV using
Equation (1).

We note that the value of the absolute magnitude H is derived
from photometric observations of the asteroid under different
illumination conditions (Muinonen et al. 2002). However, in
practice, the H value is usually not determined at the same time
of radiometric or polarimetric observations. Its value is in most
circumstances simply taken from public catalogs, such as the
Minor Planet Center’s orbital database, which are known to be
affected by significant systematic errors of 0.3 mag or more,
mainly for asteroids smaller than ∼40–50 km (Cellino et al.
2009; Parker et al. 2008).

As a conclusion, it can be said that there are currently
significant uncertainties on the size (and albedo) values for
MBAs of moderate sizes (D < 50 km): all but about a thousand
of the over one million asteroids in the main belt are smaller
than 50 km.

There is thus a strong need to extend direct size measurements
to smaller asteroids. However, this is a very challenging task.
The only technique that has been so far nominally available,
namely the measurement of stellar occultations, is hardly appli-
cable in practice due to the very narrow strips of observability of
occultation events and to the actual limits in current accuracies
of stellar astrometric catalogues and of asteroid orbital elements
(see Tanga & Delbo 2007).

As we show in this paper, a new very powerful facility for the
direct measurement of asteroid sizes is now available, namely
the Very Large Telescope Interferometer (VLTI) of the European
Southern Observatory (ESO). In particular, the VLTI can be
successfully applied to objects that (1) are not too big (apparent
angular diameters �100–200 mas), but, on the other hand, (2)
are sufficiently bright (brighter than visible magnitude ∼13–
14). Although these constraints certainly limit the number of
objects for which the VLTI can provide direct size and shape
determinations, a large number of asteroids still exist that fall
within the above magnitude and size ranges (see Figure 1 and
Delbo et al. 2006; Loreggia et al. 2008). The results presented in
this paper, based on our pilot program, are a nice confirmation
of the above statement.

Generally speaking, the VLTI has the capability of measuring
sizes (and shapes) of asteroids from measurements of the
visibility (contrast) of interferometric fringes. Visibility is a
function of the apparent angular extension of the body along the
projected interferometer baseline. At present, visibilities can be
measured at the VLTI in the near infrared (1–2.5 μm) using
the Astronomical Multi-BEam combineR (AMBER; Petrov &
The AMBER Consortium 2003) and in medium infrared (N
band) by means of the Mid-Infrared Interferometric Instrument
(MIDI; Leinert et al. 2003; Przygodda et al. 2003). Because
VLTI baseline lengths vary between 16 and 120 m, spatial
resolutions of λ/B between about 2 and 12 mas and 20 and
200 mas can be, in principle, obtained with the AMBER and
MIDI, respectively. For a general technical overview of the
VLTI, see, for instance, Glindemann et al. (2003). Details of
the VLTI instruments can also be found on the ESO web pages:
http://www.eso.org/projects/vlti/.

One particularly interesting feature of the MIDI instrument
is that it also measures the total (noncoherent) spectral energy
distribution, I (λ), of the source in the 8–13 μm spectral interval.
These thermal infrared data can then be used to derive asteroid
sizes through the application of asteroid thermal models (see,
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Figure 1. Asteroids for which MIDI can provide direct size determination,
according to the present instrument requirements: i.e, (1) a correlated thermal
infrared flux (flux × visibility) at 11.8 μm greater or equal to 1 Jy and
(2) a visibility greater or equal to 0.1. Diamonds: MBAs. Squares: NEAs. Orbital
element are from the minor planet center (MPC). Diameters have been calculated
from the MPC H values assuming an average albedo of 0.2. Ephemerides have
been calculated every 5 days for NEAs and every 15 days for MBAs for a time
span of 15 years starting from 2005 June 1 to check for those bodies meeting
conditions (1) and (2).

e.g., Harris & Lagerros 2002; Delbo & Harris 2002, and
references therein).

In this paper, we report the results of the first successful
observations of asteroids with the VLTI-MIDI. In particular, the
selected targets were (951) Gaspra and (234) Barbara.

For (951) Gaspra we have a priori detailed information of
the size and shape: this object was flown by by the space
mission Galileo on its way to Jupiter (Thomas et al. 1994). This
target was selected with the purpose of performing a test of the
real performances of the MIDI-VLTI system by comparing the
results of our size determination, with the ground truth coming
from the in situ measurements by the Galileo space probe.

As for (234) Barbara, this asteroid belongs to a rare taxonomic
class (Ld) and has been discovered by one of us to exhibit a very
anomalous behavior in terms of polarimetric properties (Cellino
et al. 2006) (in more technical terms, this object displays a
phase–polarization curve that reaches strongly negative values at
unusually large phase angles, larger than 20◦). These properties
have been until recently unique, whereas a handful of other
relatively small objects belonging to the same or other unusual
taxonomic classes have been recently found to share the same
polarimetric behavior (Gil-Hutton et al. 2008). Interestingly,
(234) Barbara has a long rotation period (26.5 hr, Schober
1981; Harris & Young 1983) which might be suggestive of a
possible binary system. The effective diameter derived from
IRAS radiometric is of 44 ± 1 km (Tedesco et al. 2002) which
implies a geometric albedo (pV ) of 0.22 ± 0.01 when an absolute
magnitude H = 9.02 is assumed. Taken at face value, the
polarimetric parameters of this object would give an albedo (pV )
of ∼0.325 (Cellino et al. 2006), quite larger than the IRAS value.
However, Cellino et al. (2006) claim that the unique polarimetric
behavior of this object should prevent anyone from using usual
polarization–albedo relations to infer reliable albedo estimates
for this asteroid.

This paper is organized as follows. In Section 2, we describe
the theoretical models used for the interpretation of MIDI data;
we present details of MIDI observations of (951) Gaspra and
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(234) Barbara in Section 3 along with the adopted data reduction
procedure; results are presented in Section 4, followed by a
discussion (Section 5) and a concluding (Section 6) section.

2. ANALYSIS OF MIDI OBSERVATIONS

The main purpose of the MIDI is to combine coherently the
infrared light collected by two of the four 8 m UT telescopes
(or by two of the four AT telescopes) of the ESO VLT: both
telescopes observe the same target and when the optical path
distances of the two beams are equal, interferometric fringes
form on the detector. Fringe contrast (the ratio between the
maximum and the minimum intensity) carries information on
the angular extension of the source. More precisely, the MIDI
measures the source’s spatial coherence function or interfero-
metric visibility. Given the brightness distribution O(x, y, λ)
of a source on the projected sky plane, (x, y), and the cor-
responding total flux intensity I (λ) = ∫ ∫

O(x, y, λ)dxdy,
the visibility is given by V (u, v) = Ô(u, v)/I (λ), where
Ô(u, v) = ∫ ∫

O(x, y, λ)e−2πi(xu+yv)dxdy is the Fourier trans-
form of O(x, y, λ), u = Bx/λ and v = By/λ are the spatial
frequencies in rad−1 along the x- and y-coordinates, respec-
tively, Bx and By are the components along the two orthogonal
directions of the interferometer’s baseline projected on the plane
of the sky, and λ is the wavelength of the light.

For maximum sensitivity, MIDI observations are usually
carried in a dispersed mode: a prism, with a spectral resolution
R � 30, and a long slit inserted along the optical path
allows visibility measurements to be obtained simultaneously
at different wavelengths in the spectral range between 8 and 13
μm. Because V ≡ V (u = Bx/λ, v = By/λ), obtaining V at
different λ is also equivalent to a variation of the baseline length
at constant λ.

In principle, by measuring V (u, v) for a set of different val-
ues of u and v, possibly filling the uv-plane, one could directly
derive the spatial flux distribution of the source O(x, y, λ) by
taking the inverse Fourier transform of V (u, v) (aperture syn-
thesis). However, because at present the MIDI acquisition of
one calibrated visibility observation requires about 1 hr of time
when observations are executed in the service mode, images
of asteroids from interferometric measurements are difficult to
obtain from aperture synthesis methods. An additional compli-
cation comes also from the fact that asteroids rotate considerably
during such an interval of time.

When visibility measurements are available at only one or few
baselines, which is the most common observing circumstance,
simple parametric model-fitting techniques must be used. In the
following, we describe two geometric models used to derive the
sizes of our targets from MIDI visibility measurements, namely
a disk of uniform intensity and a binary system made of two
uniform disks.

We also used simple models of asteroid thermal emission
(see Harris & Lagerros 2002) in order to derive the sizes of our
targets from the MIDI spectrophotometry only (Figures 2(b)
and 3(b)). Theoretical visibilities calculated from these models
with asteroid sizes fixed to the values derived from spectropho-
tometry were afterwards compared to the measured visibilities.

2.1. Uniform Disk Model

If the image of the asteroid on the plane of the sky is
approximated by a uniform circular disk of angular diameter
θ , the amplitude of the visibility as a function of u = B/λ is

given by
|Vθ (u)| = |2J1(πθu)/(πθu)| , (2)

where J1 is the first-order Bessel function of first kind and
B is the length of the baseline projected on the plane of the
sky. The angular diameter of the disk can be derived from
a single visibility measurement. The equivalent uniform disk
diameter D̃ of the asteroid is then trivially derived from θ , and
the known geocentric distance Δ of the body. Note that for a
highly irregularly-shaped body (such as (951) Gaspra), θ and
D̃ correspond to the angular and the physical extension of the
body along the projected baseline (see Figure 4).

2.2. Binary System Model

Since the rate of discovery of binary systems has been steadily
increasing in recent years, and the detection/characterization
of binary systems is a primary application of high-resolution
techniques such as the VLTI, it is worth developing a model of a
binary source to be applied to the analysis of VLTI data. Here, we
assume that the image on the plane of the sky, projected along the
baseline B of a binary asteroid system, is given by two uniform
disks of diameters θ1 and θ2 separated by an angular distance ρ

(with the corresponding physical diameters D̃1, D̃2, and physical
separation a): Ob(x, λ) = Oθ1 (x, λ) + δ(x − ρ) ⊗ Oθ2 (x, λ),
where ⊗ is the convolution operator and the x-coordinate is
taken along the baseline, in this case.

As mentioned above, the visibility function is the Fourier
Transform of Ob(x, λ) divided by the total flux intensity I:
namely, Vb = [Ôθ1 +Ôθ2 exp(−i2πuρ)]/I . Because Ôθ = VθIθ ,
I = Iθ1 + Iθ2 , and θ2

1 /θ2
2 = Iθ1/Iθ2 , we can derive an analytical

expression for the visibility amplitude of the binary asteroid
by inserting these equations in the modulus of Vb: after a little
algebra, we obtain

|Vb(u)| =
√

V 2
θ1
I 2
θ1

+ V 2
θ2
I 2
θ2

+ 2Vθ1Iθ1Vθ2Iθ2 cos(2πuρ)

I
. (3)

Note that Equation (3) is a function of the three parameters
θ1, θ2, and ρ. These parameters are adjusted (e.g., by means
of the Monte Carlo procedure) until the χ2 between the model
(Vb(u)) and the observed (V (ui)) visibilities is minimized, where
χ2 = ∑N

i=0((Vb(ui) − V (ui))2/σ 2
V (ui )

).

2.3. Asteroid Thermal Models

In order to interpret thermal infrared observations of aster-
oids, models of the temperature distribution and correspond-
ing infrared emission at the surface of these objects have been
developed. Sophisticated thermo-physical asteroid models are
nowadays used when information about the body’s shape and
spin vector is known. Infrared fluxes are then computed as a
function of the asteroid’s albedo, thermal inertia and macro-
scopic roughness, and these parameters are then adjusted until
a best fit to the data is obtained (see Mueller 2007; Delbo et al.
2007; Delbo & Tanga 2009, for details).

In the most common situation of bodies for which spin
vector and shape information is not available, simplified thermal
models based on an assumed spherical shape must be adopted. In
the case of our MIDI data, the refined standard thermal model
(STM; Lebofsky et al. 1986), the near-Earth asteroid thermal
model (NEATM; Harris 1998), and the fast rotating thermal
model (FRM; see Harris & Lagerros 2002; Delbo & Harris
2002, and references therein) were used to fit the measured
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Table 1
Observational Circumstances and Relevant Data

Asteroid Date UT r (AU) Δ (AU) α (deg)

Barbara 2005-11-15 07:21:05 2.1297371 1.2051145 12.6
Gaspra 2005-11-14 03:21:43 1.8566048 0.8685061 02.2
Gaspra 2005-11-14 04:29:28 1.8566492 0.8685798 02.3
Gaspra 2005-11-14 05:04:27 1.8566857 0.8686429 02.3

Notes. Asteroid ephemerides were generated using the JPL Horizons System:
http://ssd.jpl.nasa.gov/?horizons. r and Δ are the heliocentric and geocentric
distances of the targets; α is the solar phase angle (the Sun–target–observer
angle).

photometric infrared fluxes in order to derive the diameters and
the albedos of (951) Gaspra and (234) Barbara.

In a second step, interferometric visibilities were also com-
puted by taking the Fourier transform along the projected base-
line spatial infrared emission of the STM, FRM, and NEATM
using the sizes derived from MIDI spectrophotometry only.
Models visibilities were then compared to the measured ones
(see Figures 1(a) and 2(a)).

Without entering into details at this stage, we remind the
reader that the STM has been found to be most appropriate for
the large MBAs. In the case of small fast-rotators, like some
near-Earth objects, the surface temperature distribution is not
well reproduced by the STM. The FRM, or even better the
NEATM, are better suited. The NEATM is mostly an improved
version of the STM, in which the value of the so-called “beaming
parameter,” one of the parameters of the model, is not arbitrarily
fixed like in the case of STM, but it is actually derived from the
data taken in different thermal IR bands. This leads usually
to a much better fit of the measured thermal IR data. The
corresponding relative errors are generally less than 15% in
diameter and 30% in albedo. For a more detailed description of
the uncertainties on diameters and albedos when derived from
the NEATM, STM and FRM see (Delbo et al. 2003; Delbo 2004;
Harris 2006).

3. MIDI OBSERVATIONS AND DATA REDUCTION

The observations of (234) Barbara and (951) Gaspra were
carried out in the service mode, on November 15, 2005 between
07 and 08 UT, and on November 14, 2005 between 05 and
06 UT, respectively. A typical observing sequence with MIDI is
described extensively by Przygodda et al. (2003). Three consec-
utive visibility measurements were obtained for (951) Gaspra,
whereas in the case of (234) Barbara only one visibility obser-
vation was acquired. Table 1 reports the observational circum-
stances for the two targets including their phase angle, and their
heliocentric and geocentric distances, for each visibility mea-
surement.3 Interferometric fringes were detected in all cases,
demonstrating the feasibility of ground-based interferometric
observations of solar system minor bodies for the first time.

In the case of (234) Barbara and (951) Gaspra the 47 m long
interferometric baseline was used by coherently combining the
light from the UT2 (KUEYEN) and UT3 (MELIPAL) telescopes
(UT2–UT3 baseline). Table 2 gives the value of the projected

3 Note that we observed during an exceptionally close opposition of (951)
Gaspra, and that these are not very frequent. Last such favorable opposition,
with (951) Gaspra at a geocentric distance, Δ < 1 AU took place in 2008
September. Next ones will take place in 2015 December, 2018 October, 2028
November, 2031 September, 2038 December, 2041 October, and 2051
November.

Table 2
VLTI Configuration and Other Relevant Interferometric Parameters of the

Performed Observations

Asteroid Telescopes B (m) θB (deg) R.A. Decl.

(234) Barbara UT2-UT3 46.285 36.41 03:57:51.40 −08:03:33.2
(951) Gaspra (1) UT2-UT3 34.730 59.85 03:03:22.65 +20:47:46.0
(951) Gaspra (2) UT2-UT3 40.495 58.75 03:03:19.79 +20:47:24.2
(951) Gaspra (3) UT2-UT3 42.785 56.35 03:03:17.45 +20:47:06.1

Notes. B is the length in m of the baseline projected on the plane of sky; θB is its
position angle from north to east. R.A. and decl. are the J2000 right ascension
and the declination of the targets at the time of the observations.

baseline and other relevant parameters during the observations
of our targets. The telescopes and the delay lines of the interfer-
ometer were tracked at the rates predicted from the ephemerides
of each target. Our observations included medium-infrared pho-
tometric standard stars and visibility calibrators chosen from the
ESO database, namely HD 31421 for (951) Gaspra and HD 2324
for (234) Barbara. Absolutely calibrated infrared spectra for the
calibration stars were taken from the database of Cohen et al.
(1999). Absolutely calibrated fluxes for the target asteroids were
obtained by multiplying the ratio target/calibration star raw
counts at each wavelength by the absolute fluxes of the calibra-
tion stars. Instrumental target visibilities were obtained by the
ratio of the source raw correlated flux and the source raw photo-
metric flux. Calibrated visibilities were calculated by dividing
the instrumental visibility of the target asteroid and the one of
the corresponding calibrator star. Calibrators are stars have small
and known angular diameter, so that their visibility is close to
unity at all wavelengths. Figures 2 and 3 show the resulting
calibrated interferometric visibilities, as well as the measured
thermal IR fluxes of (951) Gaspra and (234) Barbara, respec-
tively. The predicted interferometric visibilities corresponding
to different size solutions resulting from the different models of
Section 2 are also shown in the figures. Different thermal models
give correspondingly different predictions of the interferometric
visibilities.

Visibility measurements can be extracted from MIDI obser-
vations by using two different data reduction software pack-
ages, namely the MIDI Interactive Analysis (MIA) or the Expert
WorkStation (EWS). MIA does a power spectrum analysis (or
incoherent analysis) of the MIDI dispersed fringes in order to
obtain one visibility ”spectrum” for each exposure. In contrast,
EWS performs a coherent analysis of the dispersed fringes and
enables one to obtain, in addition to the visibility, the phase
of fringes as a function of λ. The data of both asteroids were
reduced by using in parallel MIA and EWS. The use of both
packages gives indications of the visibility uncertainties. At the
beginning of the data reduction, the two-dimensional frames
in the raw data files are converted to one-dimensional spectra.
As a first step, both MIA and EWS use masks to select those
regions of the detector where fringes (coherent flux) and pho-
tometric images (photometric incoherent fluxes) of the source
form. By default, EWS uses a pre-defined mask which always
selects the region of the detector where the signals of the fringes
and photometric channels are expected to be present. The MIA
mask is defined by searching the spectrum on the detector and
performing a Gaussian fit over the signal in order to parameter-
ize its position and width. When faint sources are observed, the
MIA mask might have trouble finding the position of the signals
on the detector. This was the case for (951) Gaspra and con-
sequently the pre-defined EWS mask was used. Because (234)
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Figure 2. (a) Observed interferometric visibility data for (951) Gaspra, and the corresponding best fit by means of a uniform disk model. The NEATM, STM, and FRM
curves are the predicted interferometric visibility derived from the three thermal model solutions obtained from the measured infrared fluxes in the range between 8
and 13 μm (measured visibilities were not used in the thermal models fits). (b) The measured thermal infrared fluxes at different wavelengths, and the corresponding
best-fit solutions by means of the three thermal models described in the text.
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Figure 3. Same as Figure 2, but for (234) Barbara. In (a), in addition to the interferometric visibility predicted by a uniform disk model and to the thermal model
solutions, the best-fit interferometric visibility of the binary model (see the text) is also plotted. Note how the latter model produces a clearly much better fit to the
observations than the others.

Barbara was brighter, the MIA mask was used without problems
to extract the fringes and the photometric images.

Suppression of the sky background, which is the predom-
inant flux contribution in the N band, is an issue. Sky back-
ground generates a DC offset of the whole spectrum. This DC
component creates a fringe artifact at zero OPD (optical path
difference between the two beams) when EWS calculates the
Fourier transform of the measured signal dispersed along wave-
lengths on the detector, in order to estimate the fringe position.
If the source is weak and so is the signal within the fringe, the
artifact at zero OPD may be considered as the real fringe by
EWS. As our sources are weak and the fringe tracking was not
performed around the zero OPD, we used an option of EWS
(dAve) to remove the DC background component of the signal
by subtracting the mean of all pixels in the spectrum from each
individual pixel.

Moreover, at the end of the data reduction process of MIA,
the calculated visibilities turned out to be quite noisy. Since
we do not request high spectral resolution we modified the λ
binning (the default value is 3 pixels for each spectral channel)
to 8 pixels for the calculation of the visibilities.

In the next section, we describe how asteroid physical
parameters were derived from MIDI measurements.

4. RESULTS

Asteroid sizes were derived from the application of the models
described in Section 2 to MIDI measurements. First of all, the
STM, the FRM, and the NEATM were fit to the measured
infrared fluxes I (λ) only, to obtain effective diameters. Flux
data and thermal models’ best-fit continua for (951) Gaspra
and (234) Barbara are plotted in Figures 2 and 3, respectively.
The geometric visible albedos were calculated from the derived
sizes, utilizing H values from the Minor Planet Center, namely
H = 11.46 for (951) Gaspra and H = 9.02 for (234) Barbara.
Table 4 reports D and pV obtained from the application of the
thermal models and the corresponding angular extension of the
body at the time of our VLTI observation. An uncertainty of
0.5 mag (see Cellino et al. 2009), affecting the uncertainty on
the derived albedo, was assumed on the adopted value of the
absolute magnitude H (from the MPC).

We then computed interferometric visibilities corresponding
to the obtained NEATM, STM, and FRM solutions (by using
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Table 3
Results From Geometric Models Fits to Measured Visibilities

Asteroid D (km) θ (mas) Notes

Gaspra 11 ± 1 17 ± 2 EWS mask
Barbara 44.6 ± 0.3 51.0 ± 0.4 poor fit
Barbara(1) 37.1 ± 0.5 43.0 ± 0.5 primary
Barbara(2) 21.0 ± 0.2 24.2 ± 0.2 satellite

a (km) ρ (mas)
(1)–(2) 24.2 ± 0.2 28.1 ± 0.2 separation

Note. Uncertainties are 1σ .

Table 4
Results from Thermal Model Fits

Asteroid D̃ (km) pV η θD (mas) Model

Gaspra 13.8 ± 1.0 0.24 ± 0.14 1.06 ± 0.17 22.0 ± 1.6 NEATM
Gaspra 11.6 ± 0.4 0.34 ± 0.13 (0.756) 18.4 ± 0.6 STM
Gaspra 24.0 ± 0.3 0.08 ± 0.04 · · · 38.1 ± 0.5 FRM
Barbara 51 ± 2 0.17 ± 0.09 1.17 ± 0.05 58 ± 2 NEATM
Barbara 40 ± 1 0.27 ± 0.09 (0.756) 46 ± 1 STM
Barbara 89 ± 1 0.06 ± 0.03 · · · 102 ± 1 FRM

Notes. Uncertainties are at 1σ level. D is the diameter of a sphere with the
same projected area visible to the observer; pV is the geometric albedo in visible
light; η is the beaming parameter. An uncertainty of 0.5 mag was assumed on
the adopted value of the absolute magnitude H (from the MPC). Values of η

in brackets are default values. θD is the angular extension of D in mas at the
distance of the asteroid.

the values of the diameters and the albedos obtained from
models fits to the infrared fluxes). We calculated the Fourier
transform of the model thermal infrared emission and evaluated
this function at (u = B cos θB, v = B sin θB). The values of
B and θB are reported in Table 2 for each VLTI observation.
The predicted interferometric visibilities corresponding to the
different thermal radiometry solutions are overplotted along
with the measured values in Figures 2 and 3 as the three dotted
lines labeled NEATM, STM, and FRM.

In a second step, we used the simple geometric models
described in Section 2 to analyze measured visibilities.

4.1. (951) Gaspra

Fringes were detected for all interferometric observations
reported in Tables 1 and 2. However, by careful analysis of the
acquisition images, we discovered a failure in the acquisition
of the source during the first MIDI measurement (the one taken
at UT 03:21:43). So, we limited our analysis to the second and
the third observations, only. In order to increase the signal to
noise ratio of the visibility measurements, we computed the
average visibility extracted using the EWS mask between the
second and third measurement (i.e., those obtained at 04:29:28
and 05:04:27 UT). Figure 2 shows the obtained data points. The
error bars correspond to half of the difference between the two
measurements.

We note that for B/λ � 3.8 × 106 rad−1, corresponding to
λ � 11 μm, Figure 2 shows that the visibility oscillates around
1, which we interpret as due to the lack of spatial resolution at
these wavelengths.

We performed a least-squares fit of Equation (2) (uniform
disk model) to the data points of Figure 2 using θ as the only
free parameter and using B = 41.64 m. We obtain θ = 17 ±
2 mas, which corresponds to D̃ = 11 ± 1 km at the distance
of the asteroid. (see Table 3 for a summary of our results).
The comparison of our VLTI/MIDI size determination of (951)

Gaspra with the asteroid’s projected size known from Galileo
spacecraft observations is discussed in Section 5.

4.2. (234) Barbara

The visibility of (234) Barbara extracted from MIDI observa-
tions are shown in Figure 3. Error bars, obtained using the EWS
data reduction software, represent the standard deviation of the
visibility. As for the case of (951) Gaspra, a least-squares fit of
Equation (2) was performed to the data points with the angular
diameter θ of the uniform disk as the only free parameter. We
obtained θ = 51.0 ± 0.4 mas, which corresponds to D̃ = 44.6
± 0.3 km at the distance of the asteroid. However, Figure 3
clearly shows that a uniform disk model provides a poor fit to
the measurements. Model visibilities calculated by means of
the NEATM, the STM, and the FRM thermal models also give a
poor fit of the actual measurements. This is likely an indication
that the spatial distribution of the source’s infrared flux differs
from that of a uniform single body.

An application of the binary disk model to the measured
visibility, however, gives much better results. In this case, we
found a remarkably good match between the model and the
observations, as shown in Figure 3. Best-fit values of the model
parameters θ1, θ2, and ρ are 43.0 ± 0.5, 24.2 ± 0.2, and 28.1 ±
0.2 mas, respectively. When we take into account the distance to
the asteroid at the time of our observations we derive diameters
of D̃1 = 37.1 ± 0.5 km and D̃2 = 21.0 ± 0.2 km for the primary
and the secondary components of the binary system. The center-
to-center distance projected on the interferometer baseline was
of a = 24.2 ± 0.2 km.

5. DISCUSSION

For (951) Gaspra we have a priori information on its size,
shape, and spin vector state from spacecraft observations
(Thomas et al. 1994). This is the main reason why we decided
to observe this object, in order to obtain a reliable estimate of
the resulting accuracy in the size determination from thermal
models and by means of the uniform disk model fit to MIDI
interferometric observations. We caution here that a single uni-
form disk model may provide a poor description of the spatial
distribution of the infrared emission of asteroids in some cases,
as clearly demonstrated by our observations of (234) Barbara.

In order to estimate the reliability of our size determinations
of (951) Gaspra, we compared the sizes derived from our
MIDI measurements with that published by Thomas et al.
(1994). As a first step, we computed the orientation of the
shape of the asteroid at the epoch of the VLTI observation
using an asteroid physical ephemerides service of the Institut
de Mécanique Celeste et de Calcul des Ephemerides (IMCCE)
in Paris.4 The shape model of the asteroid, derived from the
Galileo spacecraft observations, is that of Thomas et al. (1994).
Two spin vector models are available, namely a first one with
αp = 9.◦5, δp = 26.◦7 (Thomas et al. 1994) and a second one
with λp = 20◦, βp = 19◦ (Kaasalainen et al. 2001), where αp

and δp are J2000 equatorial coordinate of the asteroid’s pole,
whereas λp and βp are its J2000 ecliptic longitude and latitude.
Figure 4 shows the orientation of (951) Gaspra, assuming the
spin model 1, at the time of the second and the third visibility
measurement. Note that the asteroid was observed almost pole-
on. Figure 5 shows a comparison of the object shape model
adopted and one image taken by the Galileo mission.

4 Internet service available at http://www.imcce.fr → Ephemerides →
Ephemeris for physical observation of the solar bodies.
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(a) (b)

Figure 4. Shape model of (951) Gaspra projected on the plane of the sky at the time of the second (a) and third (b) VLTI visibility measurement, computed using the
MOVIS software.

Figure 5. Comparison of an image of (951) Gaspra taken by the Galileo mission
on 1991-10-29 at 22:26 UT from a distance of 5300 km and our shape model
(dashed line) observed under the same circumstances. The scale of the image is
54 m pixel−1.

From the shape model, we found that total projected area
visible to the observer was 380 mas2. Taking 2 × √

380.0/π
we obtain a value of θD = 22 mas corresponding to D =
14.71 km. Thomas et al. (1994) give detailed information about
the accuracy of the shape model: from their Figure 5 one
can estimate a conservative error of 1 km along the projected
radius of the shape model of (951) Gaspra at the time of
our observation. We can take 15 ± 2 km as the value for D
from Thomas et al. (1994) shape model. When we compare
this latter value with the size solutions derived from thermal
models, we find very good agreement with the estimate of D
from the NEATM. Even though the NEATM was developed for
the observation of relatively small near-Earth asteroids, there is

no reason to believe that it should not be suited to apply also to
main belt asteroids of the same size, and this is confirmed by
our MIDI data of (951) Gaspra.

As for the other thermal models, the STM predicts a fairly
smaller diameter, whereas the size estimate of the FRM turns out
to be very inaccurate. The latter result is not surprising: given
the pole-on aspect of the asteroid with respect to the sun, the
effect of rotation and thermal inertia in smoothing out the surface
temperature is strongly reduced, and the ideal circumstances for
the application of the FRM are certainly not met.

Figure 4 shows also the orientation of the projected baseline of
the interferometer. The angular extension of (951) Gaspra was
19.5, and 16.9 mas, respectively. From Thomas et al. (1994),
Figure 5 one can estimate an error of 2 km in the shape model
along the direction of the VLTI projected baseline. This value
correspond to 3 mas at the distance of the asteroid. We can thus
take 19 ± 3 mas and 17 ± 3 mas as the extensions of the shape
of (951) Gaspra at the time of the second and the third visibility
measurement, respectively.

Assuming the pole solution of Kaasalainen et al. (2001)
(model 2) the difference in total projected area of the asteroid
visible to the observer with respect to the pole solution 1 turns
out to be negligible. The size of (951) Gaspra along the projected
baseline, however, turns out to be 17 ± 3 mas at the time of
both the second and the third visibility measurement using the
Kaasalainen et al. (2001) pole.

The result of this analysis indicates that the expected value of
the projected size of (951) Gaspra along the VLTI baseline at the
epochs of our observations is in excellent agreement with the
angular extension of the body derived from fitting the uniform
disk model to the MIDI measurements, i.e., 17 ± 2 mas.

Our MIDI observations of (234) Barbara strongly suggest
that this asteroid is composed of two bodies with diameters of
37 and 21 km. We note that, taken at face value, the separation
of ∼24 km between the centers of the two disks is smaller
than the sum of the radii of the two bodies of ∼29 km. This
might be an indication of a bi-lobated shape. On the other hand,
because the separation of the two objects is measured along the
projected baseline on the plane of the sky, the actual distance
between the two components can be much larger, implying a
binary system, as shown in Figure 6. At the moment, we are not



No. 2, 2009 MIDI-VLTI OBSERVATIONS OF ASTEROIDS 1235

-100

-50

 0

 50

 100

-100 -50  0  50  100

k
m

km

N

E

P
ro

j. 
ba

se
lin

e Primary

Secondary

Figure 6. Sketch of the binary model for the asteroid (234) Barbara resulting
from VLTI-MIDI observations. The most external circle represents the width
of the 10 μm beam of the UT telescopes in which the source must be
positioned in order to provide an interferometric signal measurable by MIDI.
The secondary component of the system can be anywhere within the two dashed
lines perpendicular to the interferometer projected baseline.

able to distinguish between the possibility that (234) Barbara
is a single object having a bi-lobated shape, or it is actually
a detached or contact binary system. Further interferometric
observations using different projected baselines coupled with
optical lightcurve measurements are required to test the different
possible alternatives.

In order to compare the size of (234) Barbara derived from
the geometric binary model and those obtained from thermal
modeling, we compare the diameters of the spheres with
equivalent area, D. The total surface of the binary model varies
from 1420 ± 30 km2, corresponding to the fully separated case,
to 1370 ± 30 km2 when the center-to-center distance of the two
disks is 29 km. These values correspond to D of 43 ± 1 km and
42 ± 1 km, respectively, and they lie in between the NEATM
and the STM size estimates.

6. CONCLUSIONS

We have obtained the first direct measurements of asteroid
sizes from ground based interferometry in the thermal infrared
using the MIDI of the ESO VLTI. Our observations of (951)
Gaspra convincingly show that MIDI observations can spatially
resolve asteroids as small as ∼12 km in the Main Belt with
excellent accuracy. This is suggested by the comparison of our
VLTI results with the shape model obtained by means of in situ
imaging observations during the flyby of the Galileo mission.
Our observations suggest that the second target, (234) Barbara,
is a potential binary system. However, further investigation
are required to fully prove this hypothesis and to derive the
geometric parameters of the system (in particular, the separation
of the two components, which might also be in contact). We
note that a binary nature of (234) Barbara is not surprising
given the slow rotation period of this object obtained in the
past from lightcurve observations. A binary nature, however,
can not explain per se the unusual polarimetric properties of

this object (Cellino et al. 2006). The above properties are most
likely due to an unusual surface composition of this object, as
also suggested by its unusual taxonomic classification. We have
here a very interesting example of an object which seems to
exhibit clear evidence of a complex history, and this makes it
a high-priority target for further observations and theoretical
investigations.
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ABSTRACT
Asteroid 2008 TC3 was a near-Earth asteroid that impacted the Earth on 2008 October 7.
Meteorites were produced by the break-up of 2008 TC3 in the high atmosphere and at present,
about 600 meteorites – called Almahata Sitta – coming from 2008 TC3 have been recovered. A
mineralogical study of Almahata Sitta fragments shows that the asteroid 2008 TC3 was made
of meteorites of different types (ureilites, H, L and E chondrites). Understanding the origin
of this body and how it was put together remain a challenge. Here we perform a detailed
spectroscopical and dynamical investigation to show that the most likely source region of
2008 TC3 is in the inner main belt at low inclination (i < 8◦). We show that asteroids with
spectroscopic classes that can be associated with the different meteorite types of Almahata
Sitta are present in the region of the main belt that includes the Nysa-Polana family and
objects of the background at low inclination. Searching for a possible scenario of formation
for 2008 TC3, we show that there is little chance that 2008 TC3 was formed by low-velocity
collisions between asteroids of different mineralogies, in the current asteroid belt. It seems
more likely that the heterogeneous composition of 2008 TC3 was inherited from a time when
the asteroid belt was in a different dynamical state, most likely in the very early Solar system.
Because ureilites are fragments of a large, thermally metamorphosed asteroid, this suggests
that the phases of collisional erosion (the break-up of the ureilite parent body) and collisional
accretion (the formation of the parent body of 2008 TC3) overlapped for some time in the
primordial asteroid belt.

Key words: techniques: spectroscopic – catalogues – meteorites, meteors, meteoroids – minor
planets, asteroids: individual: 2008 TC3.

1 IN T RO D U C T I O N

Meteorites are a partial sample of asteroids that survive the passage
through the Earth’s atmosphere. The identification of the source
regions of the different type of meteorites is essential to be able
to link the mineralogical properties of meteorites to the parent as-
teroids and, consequently, to address the mineralogical evolution
in the asteroid belt. However, this is not an easy task and only
some of these links could be established: for instance, the group of
howardites, eucrites and diogenites (HEDs) meteorites are thought
to come from the Vesta family of asteroids (e.g. Binzel & Xu 1993);
more speculatively, L ordinary chondrites could come from the
Gefion family (Nesvorný et al. 2009), while asteroids of the Flora
family bear spectral similarities with the LL chondrites (Vernazza
et al. 2008). However, the parent bodies of most meteorite types, if
still intact, are unknown.

�E-mail: julie.gayon@oca.eu

The discovery and spectroscopic observation of the near-Earth
asteroid (NEA) 2008 TC3 (henceforth TC3) 20 h before it impacted
the Earth’s high atmosphere, and the subsequent recovery of mete-
orites (called Almahata Sitta) – clearly coming from this body – was
a major result in this respect (Jenniskens et al. 2009; Shaddad et al.
2010). It allowed a direct link between an asteroid and meteorites to
be established for the first time: the asteroid was classified as belong-
ing to the spectroscopic F-class (in the Tholen classification; Tholen
1984) or B-class (in the Bus classification; Bus & Binzel 2002) on
the basis of the flat shape of its reflectance spectrum in the region
between 500 and 1000 nm. Moreover, among the 47 meteorites ini-
tially recovered, it was observed that the visible spectrum of the
fragment #7 matches the telescopic spectrum of TC3 obtained be-
fore the impact with the Earth’s atmosphere (Jenniskens et al. 2009).
Fragment #7 is an achondrite polymict ureilite (Jenniskens et al.
2009). Ureilites are in a group of achondritic meteorites that exhibit
both primitive and evolved characteristics (Cloutis et al. 2010): in
particular, they are characterized by olivine and pyroxene-rich clasts
among carboneous material (mainly graphite); fine-grained graphite
is also present, which lower the albedo of the meteorites (about
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10–12 per cent; Hiroi et al. 2010). Ureilites were initially thought to
derive from S-class asteroids (see for instance Gaffey et al. 1993).
However, because of its spectral properties, Jenniskens et al. (2009)
propose a link with B-class asteroids according to the Bus classifi-
cation or F-class in the Tholen classification. This is more plausible
than a link with S-class asteroids, given the low albedos of ureilite
meteorites, consistent with B- or F-class asteroids but not with the
S-class.

It is worth to note that the F-class can be distinguished from
the B-class from a much weaker ultraviolet (UV) drop-off in the
spectra of the former compared to the latter and also because B-
class asteroids show a moderately higher average albedo than F-
class bodies. However, in the Bus classification these two classes
are merged in a unique class (the B-class). This is because the Bus
& Binzel (2002) spectral classification is based on spectra acquired
with CCD spectrographs, which – in general – do not observe far
enough in the UV to observe the above-mentioned drop-off feature.
We will refer in this work to B-class asteroids including both Tholen
B and F classes, and Bus B-class.

Interestingly, mineralogical studies of Almahata Sitta show that,
among the ∼600 fragments recovered (Shaddad et al. 2010), about
70–80 per cent are ureilites, while the remaining 20–30 per cent are
enstatite chondrites, H and L ordinary chondrites. More specifically,
Bischoff et al. (2010) show that, among a subsample of 40 deeply
studied meteorites from Almahata Sitta, 23 fragments are achon-
dritic ureilites and 17 have chondritic litologies with 14 of them
corresponding to enstatite chondrites, two to H ordinary chondrites
and one to a new type of chondrite (see Horstmann et al. 2010
for more details). Although small clasts of different types are quite
common in brecciated meteorites (see Meibom & Clark 1999, for a
review) and carboneous material is found in some HED meteorites,
it is the first time that meteorites of very different mineralogies (i.e.
primitive fragments with achondrite polymict ureilites and evolved
ones such as ordinary chondrites or enstatite chondrites) are associ-
ated with the same fall. This led to make the hypothesis that TC3 was
an asteroid made of blocks of different mineralogies, held together
very loosely (given the explosion of the body at the anomalously
high altitude; Jenniskens et al. 2009; Bischoff et al. 2010; Shaddad
et al. 2010).

Tracing back TC3 to its source region in the asteroid main belt
would allow us to understand the origin of the Almahata Sitta
meteorites and how TC3 was put together by loosely assembling
meteorites of different mineralogies. Establishing this link would
also be fundamental to shed light on the source region of ure-
ilites, that albeit rare, is the fourth major class of primitive mete-
orites recovered on Earth after the CV, CI and CO carbonaceous
chondrites.

In their attempt to find the source region of TC3 and Almahata
Sitta, Jenniskens et al. (2010) selected all B-class asteroids, ac-
cording to the Bus classification, and objects of the Tholen F and B
classes and searched for spectra similarities with TC3 and Almahata
Sitta. As a result of their study, they showed spectral similarities
between TC3 and ungrouped asteroids as well as several dynamical
asteroid groups (or families) as possible origins for the TC3 asteroid,
namely Polana (2.4 au, 3◦), Hoffmeister (2.8 au, 4.◦5), Pallas (2.8 au,
33◦), Themis (3.15 au, 1.◦5) and Theobalda (3.2 au, 14◦). Later, from
dynamical grounds, Jenniskens et al. (2010) concluded that aster-
oids from the inner asteroid belt (i.e. with orbital semimajor axis
a < 2.5 au) are the likely parent bodies of TC3. This reduces the
choice to dispersed B-class asteroids in the inner main belt and the
Polana asteroid group. In Section 2, we revisit this issue studying
the possible dynamical source regions for TC3.

We recall here that the Polana group is part of a cluster of as-
teroids known as the Nysa-Polana family (Nesvorný 2010), which
is located in the inner main belt, between the ν6 secular resonance
(at heliocentric distance ≈2.1 au) and the 3:1 mean motion reso-
nance with Jupiter (at heliocentric distance of 2.5 au). This family
has a complex – twofold – structure in orbital proper element space
(Nesvorný 2010), suggesting that it is the outcome of at least two
independent break-up events in the same orbital region. From the
few spectral data available at the time, Cellino et al. (2001) argued
that the Nysa-Polana family contains asteroids of three spectral
classes. The first class is that of B-class objects, like asteroid (142)
Polana itself – note that Cellino et al. (2001) uses the F-class clas-
sification from the Tholen (1984) taxonomy; the second class is the
S-class, with the largest member being identified as the asteroid
(878) Mildred; the third class is that of X-class objects, such as the
asteroid (44) Nysa. In this paper, we revisit this result using a much
wider data set of spectrophotometric data provided by the Mov-
ing Objects Catalog (MOC) of the Sloan Digital Survey (SDSS;
Ivezic et al. 2002), which is analysed here using a new classifica-
tion algorithm (Michel, Bendjoya & Rojo Guerra 2005, described
in Section 3) developed for the Gaia space mission of the European
Space Agency (ESA).

A detailed study of the mineralogy of the Nysa-Polana family
is of great importance also for better understanding the origin of
other NEOs. In particular, Campins et al. (2010) claimed that the
asteroid (101955) 1999 RQ36, target of the sample return mission
OSIRIS-REx (approved in the program New Frontiers of NASA),
was delivered to near-Earth space via the ν6 secular resonance from
the Polana group. Moreover, the binary asteroid (175706) 1996 FG3,
primary target of the sample return mission Marco Polo-R, under
study at the ESA, might have formed within the Polana group and
delivered to the near-Earth space via the overlapping Jupiter 7:2
and Mars 5:9 mean motion resonances rather than the ν6 (see Walsh
et al. 2012).

As a consequence, in Sections 4 and 5, we perform a spectro-
scopic analysis using the SDSS data of the asteroids of the Nysa-
Polana family as well as dispersed asteroids of the inner main belt
(called objects of the background) in order to find spectral matches
with TC3 and Almahata Sitta.

Finally, in Section 6, we investigate a possible formation scenario
for the TC3 asteroid as a rubble pile of rocks of different mineralog-
ical types, which is based on the peculiar low inclination of the
Nysa-Polana family and dispersed asteroids.

2 DY NA M I C A L H I S TO RY A N D M A I N - B E LT
O R I G I N O F T C 3

The large majority of NEAs are fragments generated by the colli-
sional disruption of larger asteroids of the main belt; said fragments
drift in orbital semimajor axis by the so-called Yarkovsky effect
until they reach regions of orbital instabilities (mean motion reso-
nances with Jupiter and secular resonances) which, by enhancing
their orbital eccentricities, deliver them to the near-Earth space (see
Morbidelli et al. 2002, for a review).

According to model by Bottke et al. (2002), there are five main
intermediate sources of NEAs:

(1) the ν6 secular resonance, which marks the inner edge of
the asteroid belt and occurs when the precession frequency of the
longitude of perihelion of an asteroid is equal to that of Saturn;

(2) the 3:1 mean motion resonance located at a ∼ 2.5 au, where
the orbital period of an asteroid is 1/3 of that of Jupiter;
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(3) Mars-crossing asteroids, defined as objects which are not
NEAs (i.e. their perihelion distance q is larger than 1.3 au), but
whose semimajor axis evolves in a random-walk fashion as a result
of close and distant encounters with Mars;

(4) the outer belt population, whose eccentricities can increase
up to planet-crossing values due to a network of high-order orbital
resonances with Jupiter and three-body resonance of type asteroid
Jupiter–Saturn (Morbidelli & Nesvorny 1999);

(5) dormant Jupiter family comets.

The orbital elements of TC3 before impact are not known very
precisely. Here are different estimates: a = 1.29 au, e = 0.299 and
i = 2.◦441 (NEODyS website http://Newton.dm.unipi.it/neodys);
a = 1.308 au, e = 0.312 and i = 2.◦542 (Jenniskens et al. 2010). For
each of these orbits we computed, using the original orbital evolu-
tion files of Bottke et al. (2002), which are the most likely interme-
diate sources among those enumerated above. We found that TC3

has a probability of 63–66 per cent to come from the ν6 source and
34–37 per cent to come from the Mars crosser population. Appar-
ently, none of the simulations for the 3/1 resonance in Bottke et al.
(2002) produces objects within ±0.05 au in a, ±0.05 in e and ±2.◦5
in i of TC3. This contrasts with the claim reported in Jenniskens
et al. (2010), that TC3 has a 20 per cent probability to come from
the 3/1 resonance in the Bottke et al. (2002) model. We suspect
that there has been an error in the manipulation of the Bottke et al.
(2002) model in that work.

Of the Mars crossers that can produce the TC3 orbit in Bottke
et al. (2002) simulations, none has semimajor axis larger than 2.5 au.
From this, and remembering that the ν6 resonance lays at the inner
edge of the belt, we conclude – in agreement with Jenniskens et al.
(2010) – that TC3 most likely comes from the inner asteroid belt,
inside of 2.5 au.

As noted in Jenniskens et al. (2010), there are two populations of
asteroids in the inner belt with spectra broadly consistent with that
of TC3: the Polana members, with an orbital inclination of 2◦–3◦,
and a population of dispersed B-class asteroids, with inclinations
ranging up to 15◦. These objects are too dispersed to belong to a
relatively young collisional family, but their broad cluster in or-
bital space suggests that they might belong to an old collisional
family, dynamically dispersed probably during the phase when
the orbits of the giant planets changed substantially, about 4 Gyr
ago.

To determine whether it is more likely that TC3 comes from the
Nysa-Polana family or from the population of dispersed B-class
asteroids, we turn, once again, to the original simulations in Bottke
et al. (2002). In that work, the initial distribution of asteroids in
the ν6 was uniform in inclination. In particular, 50 per cent of the
initial conditions had initial inclination larger than 8◦. However,
93 per cent of the particles which reproduced the orbit of TC3 at
some time during their evolution have initial inclination i < 8◦.
For the Mars crossers, all those reproducing the orbit of TC3 have
initial i < 8◦. This suggests that the most likely source of TC3 is
at low inclination, consistent with the Nysa-Polana family and with
the dispersed B-class asteroids with i < 8◦. This is not surprising,
given that the inclination of TC3 is 2.◦3–2.◦5. However, the dynamics
rules out a TC3 origin from the dispersed B-class asteroids at higher
inclination (i.e. i > 8◦).

Finally, Campins et al. (2010) have shown that the Polana group
can easily deliver small enough fragments in the ν6 resonance.
In fact, the extrapolated Yarkovsky-induced semimajor axis dis-
tribution of Polana group members predicts that asteroids fainter
than H ∼ 18.5 can reach the border of the ν6 resonance, which

is at 2.15 au for a Polana-like inclination. Assuming a Polana-
like geometric visible albedo of 0.05, H = 18.5 translates into
a diameter D ∼ 2 km, which is much larger than the size of
TC3.

For all these reasons we conclude that, from the dynamical view-
point, the Nysa-Polana family and dispersed B-class asteroids with
i < 8◦ are the most likely sources of TC3. Thus, we will focus on
the Nysa-Polana family and the background at low inclination in
the next sections.

3 SP E C T RO S C O P I C A NA LY S I S M E T H O D

3.1 Asteroid spectral classification algorithm

In order to search for spectral groups in the Nysa-Polana asteroid
family or in the inner main belt background at low inclination, we
used the unsupervised classification algorithm that will be adopted
for the classification of asteroid spectra from the multiband pho-
tometers (Jordi et al. 2010) on board the Gaia space mission of the
ESA.

While Gaia is mainly devoted to the observations of 109 stars, it
is expected that this mission will also observe more than 250 000
asteroids multiple times over 5 yr (mission lifetime; Mignard et al.
2007). Spectral classification of asteroids will be performed by an
unsupervised classification algorithm based on the works of Michel
et al. (2005) and Galluccio et al. (2008). An unsupervised approach
has the advantage that no a priori information is taken into account
to build the spectral groups.

The algorithm is based on a method for partitioning a set V of
N data points (V ∈ RL), where L in our case is the number of
spectral bands into K non-overlapping clusters (or groups of data
points) such that (a) the intercluster variance is maximized and (b)
the intracluster variance is minimized. Each spectrum is considered
as a vertex of tree. A tree is a graph that is connected (i.e. every
vertex is connected to at least another vertex) and acyclic (i.e. the
graph has no loops). The minimum spanning tree (MST; i.e. the
tree passing through each vertex of the set) with the minimal length
is calculated using the so-called Prim’s algorithm (see Galluccio
et al. 2009, and references therein). The length of each edge of the
tree (i.e. the distance between two spectra) is determined using the
Kullback–Leibler metric: let vi = {vi1, . . . , viL} the feature vec-
tor corresponding to a reflectance spectrum (L being the number
of wavelengths); at a given wavelength λj, each spectrum is asso-
ciated with a (positive) normalized quantity: ṽij = vij /

∑L
j=1 vij ,

which can be interpreted as the probability distribution that a cer-
tain amount of information has been measured around the wave-
length λ. To measure the similarity between two probability den-
sity functions, we compute the symmetrized Kullback–Leibler
divergence:

dKL(vi || vk) =
L∑

j=1

(ṽij − ṽkj ) log
ṽij

˜vkj

.

The identification of the cluster is performed by first computing,
at each step of the MST construction, the length of the newly con-
nected edge and then by identifying valleys in the curve obtained
by plotting the MST edge length as a function of the iteration of
the construction (see Fig. 1). The valleys in this curve identify the
number and the position of high-density region of points, i.e. the
clusters (see Galluccio et al. 2009, for a more thorough description
of the algorithm).
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Figure 1. Minimum distance between spectra computed by the MST
method as a function of the spectra index. The cut-off used to obtain the B,
X and S groups was determined such as already classified asteroids belong
to their appropriate group.

3.2 Spectral data

In order to increase the sample statistics compared to the relatively
small number of asteroids observed by Cellino et al. (2001) and
identify meaningful spectral groups within the Nysa-Polana family,
we used our spectral classification algorithm on the observations
contained in the SDSS MOC4 (http://www.sdss.org; Ivezic et al.
2002). The MOC4 contains magnitudes of 104 449 main belt as-
teroids. Each asteroid was observed, in general, at multiple epochs
over five spectral bands in the visible light, namely u′, g′, r′, i′,
z′ at the following central wavelengths (λ) of 354, 477, 623, 763,
913 nm, respectively.

To obtain the surface reflectance of the asteroids, we needed to
remove the solar contribution (u�, g�, r�, i�, z�) to the ob-
served magnitudes. The solar contribution is calculated from trans-
formation equations between the SDSS u′g′r′i′z′ magnitudes and
the usual UBVRcIc system. We find u� = 6.55, g� = 5.12, r� =
4.68, i� = 4.57, z� = 4.54 (see the SDSS website for more de-
tails: http://www.sdss.org). In order to compare asteroid spectral
reflectances and be able to classify them, we chose to normalize
each spectrum relatively to the r′ band (λr ′ = 623 nm). Finally, we
obtained the following asteroid reflectance for the λu′ wavelength:

Fu′ = 10−0.4(Cu′ −Cr′ ),

with

Cu′ = u′ − u� and Cr ′ = r ′ − r�,

the reflectance colours at λu′ and λr ′ , respectively. The
same computations were performed for the λg′ , λi′ and λz′

wavelengths.
We searched in the MOC4 data base for all asteroids belong-

ing to the Nysa-Polana family and for dispersed objects. Concern-
ing the family members identification, we used the definition of
dynamical families of Nesvorný (2010). Among the Nysa-Polana
family, 4134 objects have been observed at least once by SDSS [as
a comparison, the number of spectra obtained in the visible light or
near-infrared, for the Nysa-Polana family, in the Main-belt Aster-
oid Spectroscopic Survey (SMASS), Eight-Color Asteroid Survey
(ECAS) and 52-Color catalogues are 15, 13 and 2, respectively]. For

those asteroids with more than one observation, we calculated the
weighted mean reflectance by averaging the reflectancies derived at
each epoch weighing each point with its respective signal-to-noise
ratio.

However, likely due to non-photometric conditions some of the
observed objects have high uncertainties in the measured magni-
tudes. In the visible light, the separation of asteroid spectroscopic
group is based on the overall slope of their reflectance and in the
presence (or absence) and strength of the 1μm absorption feature.
In order to avoid the superposition of spectral groups we selected
asteroid with the less noisy observations. Namely, we rejected ob-
servations with a relative uncertainty >10 per cent on the in-band
photometric flux derived from the MOC4 magnitudes. In the end,
the taxonomic classification of the Nysa-Polana dynamical fam-
ily was performed over 579 objects and over 2828 objects for the
background at low inclination.

4 SP E C T R A L A NA LY S I S O F T H E
NYSA-POLANA FA MILY

4.1 Application of the spectral classification method

Fig. 1 shows the MST length as a function of the number of it-
erations (i.e. addition of spectra) in the case of the SDSS MOC4
spectrophotometric data of the 579 asteroids of the Nysa-Polana
family. The figure clearly shows three main valleys corresponding
to three groups composed of 118, 13 and 378 asteroids, respec-
tively. The remaining objects (70) are considered as unclassified
asteroids. This is due to their large value of the MST length which
means no spectral similarity among the family is found for these 70
objects.

Fig. 2 shows asteroid spectra of each group and their average
spectrum. Error bars are the 1σ standard deviation. We also com-
pared the spectra of each spectral group of asteroids with the mean
spectrum of different taxonomic classes from the Bus classification
(http://smass.mit.edu/busdemeoclass.html). In each panel, we only
plot the Bus mean spectra which present the closer similarity with
the mean spectra of each group.

(i) For the first group (top panel of Fig. 2, 378 objects), we find
that all spectra resemble the S-class mean spectra of Bus.

(ii) In the middle panel of Fig. 2, the 118 spectra of the sec-
ond group fits with B-class asteroids (such as 142 Polana, for
instance).

(iii) The bottom panel shows the third more populous group
containing 13 asteroids. Comparing the spectra of this group and
the mean spectrum of the X-class, Xc-class, Xk-class and Xe-class,
we find that the third group of 13 objects corresponds to asteroids
of the X-complex and its subclasses.

We note that groups (1) and (2) are consistent with the two main
spectral classes found by Cellino et al. (2001). Moreover, the same
authors had already identified the presence of asteroids with X-
class spectral reflectances. They also noted that two of the largest
asteroids, (44) Nysa and (135) Herta have spectra consistent with
an X-class. As a consequence, we confirm their results using the
SDSS MOC4 large sample of spectra.

In Fig. 3 we plot the asteroids of the three spectroscopic groups
of the Nysa-Polana family as a function of a∗ and i′ − z′ (with a∗ =
0.89(g′ − r′) + 0.45(r′ − i′) − 0.57). We show that the S-class
group is well defined with a∗ ∈ [0; 0.25] and i′ − z′ ∈ [−0.15;
0.08]. The B-class region stretches from ∼ −0.2 to ∼ −0.06 for
a∗ and from −0.1 to 0.14 for i′ − z′ and we find for the X-class
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Figure 2. Panel (a), (b) and (c) represent the spectra for each group with
their mean spectrum. A comparison with several spectra classes coming from
the Bus taxonomy is also performed: Group 1 with S-class spectrum, Group
2 with B-class spectrum and Group 3 with X subclasses. We also find a good
agreement with several Almahata Sitta fragments. Spectral differences with
fragment #25 (H-chondrite) appearing in panel (a) are likely due to space
weathering. Fragments #4 and #7 in panel (b) are ureilites.

region, a∗ ∈ [−0.1; −0.02] and i′ − z′ ∈ [−0.02; 0.08]. The colour
palette used in Fig. 3 is that of Parker et al. (2008). Blue dots cor-
respond to asteroids with neutral or slightly blue spectra (B-class),
asteroids with neutral to slightly red spectra (X-class) are displayed
in the plot with purple colours, while S-class asteroids are red to
yellow.

Figure 3. Distribution of S-class (�), B-class (•) and X-class (�) objects
of the Nysa-Polana family as a function of a∗ and i′ − z′ (calculated from
SDSS magnitudes). Ellipses represent the location of S, B and X regions.
The colour palette is the same of Parker et al. (2008). Although Polana
(B), Nysa (X) and Herta (X) have not been observed by SDSS, we have
calculated their a∗ and i′ − z′ values from the ECAS catalogue and located
them in this plot.

4.2 Comparison with Almahata Sitta meteorites

It is very interesting to note that the three asteroid spectroscopic
groups that we found in the Nysa-Polana family are likely to be the
analogues of the different meteorite mineralogies found in Alma-
hata Sitta. To strengthen this argument, we also compare – in Fig. 2
– the mean spectrum of each asteroid spectroscopic class of the
Nysa-Polana family (S, B, X; red curves) with published spectra
(from Hiroi et al. 2010) of some fragments of Almahata Sitta. We
note that at the time of writing, spectra of E-chondrites from Alma-
hata Sitta are not yet publicly available. So, comparisons between
the classes of asteroids in the Nysa-Polana family and fragments
of Almahata Sitta were performed for the S and B classes only.
However, comparison of spectra of other E-chondrites (from the
RELAB data base from Gaffey 1976) with the average spectrum of
the Nysa-Polana X-class shows a good agreement.

Concerning the B class, we find that the mean spectrum of the
Nysa-Polana B-class asteroids matches the spectra of the fragments
#4 and #7 (ureilites) of Almahata Sitta. It is important to note
that this spectral match was obtained only considering the visi-
ble wavelengths between about 350 and 900 nm. We remind that,
from spectroscopic and albedo similarities, Jenniskens et al. (2009,
2010) have proposed a link between the B-class (or the F-class)
and ureilite meteorites. An important caveat is that the link be-
tween B-class asteroids and the Almahata Sitta ureilites proposed
by Jenniskens et al. (2009, 2010) is based on the noisy spectrum of
TC3. Moreover, B-class asteroids are more commonly associated
with carbonaceous chondrites by several studies (see Clark et al.
2010, for a review about B-class objects, their meteorite analogues
and their composition). However, a recent spectroscopic survey of
B-class asteroids by De Leon et al. (2012) shows that the ensemble
of the reflectance spectra of the 45 B-class asteroids analysed in
their work have a continuous shape variation in the range between
500 and 2500 nm, from a monotonic negative (blue) slope to a pos-
itive (red) slope. De Leon et al. (2012) apply a clustering technique
to reduce the ensemble of the spectra to six optimized averaged
spectra or ‘groups’. Interestingly the RELAB spectrum of the frag-
ment #4 of Almahata Sitta shows a good match with the group #3
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of De Leon et al. (2012) in the region between 500 and 2500 nm
(De Leon, private communication).

Concerning the S-class, we show, in Fig. 2, that fragment #25
(an ordinary chondrite) is rather close to the S-class mean spec-
trum, as expected, but not in very good agreement (see e.g. the
review of Chapman 2004, for spectroscopical links between ordi-
nary chondrites and S-class asteroids). One possible explanation for
this spectral mismatch is the space weathering of S-class asteroids.
We discuss this possibility in the following subsection.

4.3 Space weathering of S-class members
of the Nysa-Polana family

Space weathering is a physical process caused by cosmic rays, colli-
sions, ion bombardment, that alters physical and spectral properties
of the surface of atmosphereless planetary bodies. More partic-
ularly, due to space weathering, S-class asteroids become darker
(their albedo is reduced), redder (the reflectance increases with in-
creasing wavelength) and the depth of absorption bands are reduced.
As a consequence, the spectral slope changes due to this process
(Clark et al. 2002; Chapman 2004).

In Marchi et al. (2006), a strong relation was found between the
spectral slope of S-class asteroids and their ‘exposure’ to space
weathering. The exposure of an asteroid to space weathering corre-
sponds to time integral the flux of solar ions that the body receives
along its orbit. The exposure to space weathering depends on the
age of the asteroid and its average distance from the Sun. Therefore,
in order to know if space weathering affected S-class asteroids of
the Nysa-Polana family, we calculate the exposure to space weath-
ering of these bodies as shown in Marchi et al. (2006) and Paolicchi
et al. (2007).

We compute the slope α of a SDSS spectrophotometric data
by fitting a linear equation normalized to 1 at λr (623 nm) to the
data points. To calculate the exposure, we need to estimate the
average collisional age of main belt asteroids (TMBA), which can be
constrained by the age of the belt (tLHB ∼ 4 Gyr) and by collisional
times (τ coll):

TMBA 
 τcoll

[
1 −

(
1 + tLHB

τcoll

)
e− tLHB

τcoll

]
+ tLHB e− tLHB

τcoll .

According to Bottke et al. (2005), the collisional lifetime can be
estimated as a function of asteroid diameter (using SDSS H absolute
magnitudes and assuming an albedo of ρV = 0.2 for all S-class
objects). In the end, we have

exposure ∝ TMBA

a2
√

1 − e2
,

with a and e the asteroid proper semimajor axis and eccentricity,
respectively.

In Fig. 4, we plot both the spectral slope of Nysa-Polana S-class
objects as a function of the exposure to space weathering and the
best linear fit to this distribution. The two-tailed probability for
the linear correlation is lower than 0.001 per cent which means the
linear correlation is significant.1 This shows that the spectral slope
increases with the exposure.

Semimajor axes and eccentricities do not vary much within
the Nysa-Polana family. As a consequence, the exposure variation
mainly comes from asteroid diameter, through the computation of

1 A linear fit is considered significant whenever the two-tail probability is
lower then 5 per cent.

Figure 4. Spectral slope as a function of the exposure to space weathering
of S-class objects of the Nysa-Polana family (black dots and black line)
and S-class objects of the background at low inclination (circles and dashed
line). As a comparison, the spectral slope of H-chondrites which are thought
to come from S-class asteroids is of about 0.1–0.2.

TMBA. Hence, plotting the spectral slope as a function of the ex-
posure, or TMBA, or asteroid diameters (d) provides quite similar
figures (not shown here) – where the exposure increases with time
or diameter – but with the following abscissa ranges: 0.5 < TMBA <

2.5 Gyr or 1 < d < 6 km.
The spectral slope increase with exposure or asteroid age is then

the proof that space weathering occurs for S-class asteroids of the
Nysa-Polana family. We also note that the spectral slope of the
fragment #25 of Almahata Sitta has the value of 0.03.

As a consequence, the spectral mismatch between asteroids of the
S-component of the Nysa-Polana family and the ordinary chondrites
of Almahata Sitta – as observed in Fig. 2 – can be explained by space
weathering.

5 A NA LY S I S O F A S T E RO I D S O F T H E
BAC K G RO U N D AT L OW IN C L I NATI O N

As mentioned in Sections 1 and 2, the other possible origin source
for TC3, from a dynamical point of view, is the population of dis-
persed asteroids at low inclination. In the present section, we per-
form the same spectroscopic study as for the Nysa-Polana fam-
ily (Section 4) but using objects of the background located in
the inner main belt (2.1 < a < 2.5 au) with a proper inclina-
tion lower than 8◦. Selecting the best observations of the SDSS
MOC4 catalogue (i.e. observations with a relative uncertainty
>10 per cent on the in-band photometric flux, corresponding to
2828 objects), we find four large groups of asteroids correspond-
ing to the following spectral classes: B, C, X, S, as well as small
clusters of Q, V and A-class asteroids. In addition, for the B, X
and S groups of the background, we obtain mean spectra very
similar to those of the Nysa-Polana family (not shown here). We
also note that space weathering is also found for S-class aster-
oids of the background (see Fig. 4). As a consequence, the three
ingredients required to form TC3 (S-class asteroid/H-chondrite;
B-class asteroid/ureilite; X-class asteroid/enstatite chondrite) are
found in both the Nysa-Polana family and in the background at low
inclination.

In our attempt to definitively conclude on the origin region of TC3,
we have compared the distribution of B-class asteroids for the two
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Figure 5. Plot 1: cumulative number of asteroid N(<H) as a function of the H absolute magnitude for B-class asteroids of the Nysa-Polana family (black curve)
and the background at low inclination (i < 8◦; dashed curve). Plots 2–4: distribution in eccentricity (plot 2), inclination (plot 3) and H absolute magnitude (plot
4) as a function of semimajor axis. Black points correspond to Polana B-class asteroids and black circles to B-class dispersed objects from the background
at low inclination. Plot 4 shows the H-dependent semimajor axis distribution induced by the Yarkovsky effect that best fits the boundaries of the observed
distribution for the Polana group (black curves) and for the background at low inclination (dashed curve).

source regions. In order to get a homogeneous selection of B-class
asteroids both from the Nysa-Polana family and the background at
low inclination, we have selected objects such as their spectra are
similar to the B-class mean spectrum of the Nysa-Polana family,
within the 1σ error bar. Although this selection reduces the size of
the original B-class groups, we limit the overlap of classes (B and
X classes can overlap; see Fig. 2).

From this selection, we plot in Fig. 5, the cumulative number of
asteroids as a function of H absolute magnitude as well as the dis-
tribution in eccentricity, inclination and H magnitude as a function
of semimajor axis. We find more B-class asteroids from the back-
ground at low inclination (dashed curve in the first plot of Fig. 5)
than from the Polana group (black curve). As a consequence, the
background at low inclination seems to dominate the Polana group,
even if, around magnitude 17, the slope of the Polana group curve
looks a little steeper than the curve for the background. In the other
plots in orbital elements, we can see that the two regions overlap in
some points and that B-class objects of the background are much
more dispersed compared to Polana asteroids.

As in Campins et al. (2010), we also represent the absolute mag-
nitude (H) a function of semimajor axis, both for the Polana group
and the background (the plot of Campins et al. 2010 was done for the
whole Nysa-Polana family). The plot appears to be V shaped which
is a feature known to be associated both with the size-dependent
ejection velocity field and with the drift in the proper semima-
jor axis induced by the Yarkovsky effect (e.g. Vokrouhlický et al.
2006). In the plot, the black curve shows the H-dependent semima-
jor axis distribution induced by the Yarkovsky effect that best fits
the boundaries of the observed distribution for the Polana B-class
asteroids. Objects below this curve are expected to be interlopers
and may belong to the background. The extrapolated Yarkovsky-
induced distribution predicts that the Polana group should reach the
outer edge of the ν6 resonance for objects with H ∼ 18, which for
a Polana-like albedo of pv = 5 per cent translates into a diameter
D ∼ 2 km. This means that objects smaller than 2 km, such as TC3,
can easily escape the Polana group and the inner main belt.

Concerning the background at low inclination, different size lim-
its can be computed due to a large variation of proper orbital in-
clinations. For an inclination of ∼0◦, the ν6 resonance boundary is
found at a ∼ 2.1 au, which gives us an H magnitude of ∼16 and
an asteroid diameter limit of d ∼ 4 km. For the highest inclination

(i ∼ 8◦), we obtain H ∼ 14.5 at a ∼ 2.2 au, which is equivalent to
a B-class asteroid (pv = 5 per cent) of 8 km. As a result, the back-
ground at low inclination could have also delivered TC3 through the
ν6 resonance.

Because the background at low inclination is not a dynamical
family, its V-shaped structure in H(a) was not especially expected.
We then think that the background at low inclination could cor-
respond to an old break-up of the Nysa-Polana family. As a con-
sequence, we can conclude that TC3 comes from the inner main
belt, more particularly from the background at low inclination or
the Nysa-Polana family, and that these two sources could be genet-
ically linked.

6 POSSI BLE FORMATI ON SCENARI O
O F 2 0 0 8 T C 3

Meteorite strewn fields with fragments of different mineralogical
types are very rare. Almahata Sitta and Kaidun (Ivanov et al. 1984)
are probably the only known specimen. In the scenario that mixing
occurs by a collisional process, the paucity of mineralogically mixed
meteorites suggests that the process that formed Almahata Sitta, i.e.
mixing the material between projectile and target is very rare; in
most cases the projectile is pulverized and leaves negligible traces
in the target (Melosh 1989).

It is unclear which conditions allow for mixing between projec-
tile and target. Impact velocity is probably a key parameter. The
average impact velocity between asteroids in the main belt is 4.4–
5.3 km s−1 (Bottke et al. 1994). If projectile/target mixing were pos-
sible at these impact speeds, meteorites like Almahata Sitta would
probably be frequent, which is not the case. Thus, we think that
unusually low impact velocities are needed for mixing. This could
prevent the target from pulverizing and could lead to macroscopic
projectile fragments being implanted in the regolith of the impacted
body or gravitationally bound to fragments of the target, if the latter
is catastrophically disrupted by the impact. The fact that we give
evidence that TC3 comes from the Nysa-Polana family (see Sec-
tion 4) or the background at low inclination (see Section 5), which
are characterized by a mixing a taxonomic classes, also suggests
that a specificity of the members of these families/regions may be
unusually low collision velocities with projectiles that are also on
low-inclination orbits.
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For all these reasons we did a systematic search for projectiles
that could hit Nysa-Polana family members or dispersed asteroids
of the background at very low speeds. We did this search using the
algorithm for the calculation of the intrinsic collision probability
Pi between pairs of asteroids, described in Wetherill (1967). This
algorithm, given the semimajor axis a, eccentricity e and inclination
i of the two orbits (we use proper values for each pair of selected
asteroids) assumes that the angles M, ω and 
 (mean anomaly,
argument of perihelion and longitude of the ascending node) of
the two objects have a uniform probability distribution over the
range 0–2π; then it computes which fraction of these angles cor-
responds to the two objects being closer to each other than 1 km;
finally, this fraction is translated into an intrinsic collision proba-
bility per year (Pi), using the orbital periods of the two objects and
assuming that they are not in resonance with each other. For our
goals, we modified this algorithm in order to take into account only
orbital intersections corresponding to relative speeds smaller than
0.5 km s−1. Admittedly, this velocity threshold is arbitrary. Given
the exceptional character of Almahata Sitta, we need a threshold
much smaller than the typical impact velocity among random aster-
oids, that is to say a subsonic impact velocity, in order to preserve the
target.

Because most of Almahata Sitta fragments recovered are mainly
made of ureilites, which we consider as analogues of B-class as-
teroids (as previously mentioned in Section 1 and according to
Jenniskens et al. 2010), we assume that the favourite scenario for
the formation of TC3 involves a low-velocity collision of asteroids
of X and S classes (projectiles) with a B-class member (target) of
the Nysa-Polana family.

As for projectiles we considered all asteroids known
in the Asteroid Orbital Elements Database (ASTORB) file
(ftp://ftp.lowell.edu/pub/elgb/astorb.html) of the whole main belt
and we computed the probability of collision of each asteroid with
a B-class object near the centre of the B-class group of the Nysa-
Polana family. Fig. 6 shows the region of orbital element space
where impacts can occur (impact probability >0). This figure shows
that asteroids included in the region of low-velocity impacts have
different SDSS colours and thus different taxonomies. As a conse-
quence, collisions involving B-, S- and X-class asteroids are likely
to be possible.

In the end, depending on the location of the target within the
Polana group, we find that projectiles come from one of the follow-
ing families: (i) Nysa-Polana, (ii) Flora or (iii) Massalia, located in
the inner main belt, or (iv) Hestia which is in the central main belt,
very close to the 3:1 mean motion resonance with Jupiter. More
particularly, for targets with a semimajor axis (a) smaller or equal
than 2.3 au, the Flora family and objects of the background, very
close to the Flora and Nysa-Polana family are the main source of
projectiles; for targets with 2.3 < a < 2.4 au and eccentricities larger
than ∼0.15, projectiles in general are likely to come from the Nysa-
Polana family; for targets with 2.3 < a < 2.4 au and eccentricities
smaller than ∼0.15, projectiles are likely to come from the Massalia
family; for targets with a ≥ 2.4 au projectiles come from the Hestia
family. Similar results are found when studying collisions involving
B-class asteroids of the background at low inclination.

Once identified the region of potential impactors, we proceeded
to estimate the likelihood and the frequency of impacts, which
depend on the sizes, number density of asteroids and average impact
probability in the region. The average impact probability in the
region was derived by averaging the intrinsic impact probabilities
(one of the output of our algorithm) of the asteroids in the region;
we found Pi = 3 × 10−19 impacts km−2 yr−1.

Figure 6. Distribution of proper orbital element for asteroids of the in-
ner main belt: semimajor axes and eccentricities (top panel) or inclinations
(bottom panel). For an asteroid target (black square), the region of orbital
element space where impactors can come from is plotted in black. The loca-
tion of the Nysa-Polana and Massalia families are, respectively, represented
in blue and red. The colour palette corresponds to the Parker’s colour dis-
tribution as mentioned in Parker et al. (2008) and depends on the value of
a∗ and i′ − z′, with a∗ = 0.89(g′ − r′) + 0.45(r′ − i′) − 0.57, g′, r′, i′, z′
corresponding to SDSS magnitudes at the following central wavelengths:
477, 623, 763 and 913 nm, respectively. Bluer dots (a∗ ∈ [−0.25; 0] and i′ −
z′ ∈ [−0.2; 0.2]) are related to dark objects while yellow to red colours (a∗
∈ [0; 0.25] and i′ − z′ ∈ [−0.2; 0.2]) gather brighter objects (see Fig. 3 for
more details). Data come from the SDSS MOC4.

First of all, we estimated the number of impacts and the size of
the impactors hitting TC3 during its collisional lifetime assuming
a diameter of 4 m (given by its H value of 30.9, Jenniskens et al.
2009, and assuming a geometric visible albedo of 0.05). The impact
probability per projectile for TC3 is given by Pp = R2τ collPi, with
R the radius of TC3 and τ coll its collisional lifetime estimated from
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Figure 7. SFD of the asteroid population in the impact region. The SFD is
plotted in terms of the cumulative number of asteroid as function of their
absolute magnitude (H).

Marchi et al. (2006) (τ coll = 16.2 Myr). As a consequence, we find
that TC3 has an impact probability per projectile of the order of 2 ×
10−17 during its collisional lifetime.

To obtain the number of impacts on TC3 during its collisional
lifetime, we estimated the number of projectiles by calculating the
size frequency distribution (SFD) of the population of the asteroids
in the impact region and extrapolating the corresponding function to
asteroid sizes below the detection limit of current discovery surveys.
Fig. 7 shows the SFD in terms of the cumulative number of asteroid
as function of their absolute magnitude (H). We used H values from
the ASTORB file. In order to extrapolate the SFD asteroid sizes
below the current detection limits, we calculated the equation of
the straight line that best fits the base-10 logarithm of the known
SFD and that is compatible with the SFD of the whole main belt
(see Bottke et al. 2002) (see Fig. 7). The line has equation y =
αH + β, where y is the log10(N(>H)) 10-base logarithm of the
cumulative number of asteroids with H smaller or equal than a
threshold value. The best-fitting values for α and β are 0.5 and −4.5,
respectively, implying about 104 asteroids with H < 17, 106 objects
with H < 21, 109 with H < 27 and 1011 with H < 31, if the linear
extrapolation is assumed to be valid. We can deduce that for H <

31, we obtain only ∼10−6 impacts with TC3. In the end, one impact
at v ≤ 0.5 km s−1 during TC3 collisional lifetime would require
1/Pp objects (i.e. 5 × 1016 objects). Using the SFD equation, this
means we need a collision with an object of magnitude H ∼ 42.
This corresponds to the size of a pebble of 2.4 cm of diameter.
Clearly the contamination brought by low-speed impacts is very
small (the volume ratio between TC3 and the pebble is 1.1 × 10−7)
and certainly not at the level of 20–30 per cent as implied by the
number of chondrites found amongst the ureilites of the Almahata
Sitta meteorites.

Much more likely, TC3 was a fragment of a larger asteroid that
was liberated by an impact near the ν6 resonance few millions
years ago. In fact, we note that (1) the dynamical time to deliver
asteroids from the ν6 resonance to orbits similar to that of TC3 is
of the order of 19 Myr (see Campins et al. 2010, for 1999 RQ36

coming from the Polana region); (2) the cosmic ray exposure age
of Almahata Sitta meteorites is of 19.5 ± 2.5 Myr (Welten et al.
2010); as a consequence, TC3 spent most of its life as a single
asteroid travelling from the ν6 resonance to the orbit that brought it
to impact the Earth.

It makes sense to investigate what was the contamination brought
by low-velocity impacts on the parent body of TC3. The average
impact probability implies that we have ∼1.4 × 10−9 impacts km−2

over the age of the Solar system, which correspond to one impact of
an asteroid of H ∼ 27 taking into account the SFD of the objects in
the region. The diameter of an asteroid with H = 27 is between 10
and 25 m depending on the albedo. Again the level of contamination
is very little, of the order of 1 × 10−5.

When we take into account the necessity of mixing meteorites
of at least three different mineralogies, we conclude that the for-
mation of TC3 by means of low-velocity collisions is not a realistic
scenario.

7 C O N C L U S I O N

From our study, it seems that the Nysa-Polana family and the back-
ground at low inclination are good candidates for the origin of
2008 TC3 and Almahata Sitta. First of all, as mentioned in Sec-
tion 2, the Nysa-Polana family is located close to the ν6 secular
resonance which is the favourite route leading to primitive NEOs
and more particularly to asteroid 2008 TC3. Moreover, the proper
inclination of the Nysa-Polana family is very similar to that of TC3,
which should have been maintained during the transfer of TC3 to the
NEOs region through the ν6 secular resonance. We also know, from
our algorithm of spectral classification (Section 3), that the Nysa-
Polana family gathers the three spectral classes (S, B and X), which
are proposed analogues to Almahata Sitta fragments (Section 4)
under the hypothesis that ureilites are linked to B-class asteroids.
More specifically, (1) the mean spectrum of B-class asteroids of the
Nysa-Polana family is spectrally matched – at least in the visible
– with available spectra of ureilitic fragments of Almahata Sitta,
(2) considering space-weathering effects, the mean spectrum of S-
class asteroids of the Nysa-Polana family is compatible with the
spectrum of the H-chondrite fragment #25, (3) a good agreement
is found between X-class asteroids and enstatite chondrites from
other meteorite falls (we remind that enstatite chondrites are part of
Almahata Sitta). Of course, a comparison with enstatite chondrites
from Almahata Sitta fragments would be very useful to get a defini-
tive match between the Nysa-Polana family and Almahata Sitta. In
Section 5, the same kind of work was performed for objects of the
inner main belt coming from the background at low inclination (i <

8◦). We concluded that these dispersed asteroids could also be at
the origin of TC3.

In Section 6, we tried to explain the formation of TC3 by low-
velocity impacts (below 0.5 km s−1) between different mineralogies
in the neighbourhood of and within the Nysa-Polana family. Select-
ing TC3 as the target asteroid (d = 4 m), we find a probability per
projectile about 10−17 impacts during its collisional lifetime (i.e. in
16.2 Myr). As a consequence, impacts at low velocity are extremely
rare and there is little chance that TC3 was formed by low-velocity
impacts in the current asteroid belt. This implies that the heteroge-
neous composition of the parent body of TC3 has to be inherited
from a time when the asteroid belt was in a different dynamical
state, most likely in the very early Solar system. One could think
that an asteroid of ureilite composition was contaminated by im-
pactors of different nature when the asteroid belt was still massive
and dynamically cold, so that mutual collisions were frequent and
at low velocity. However, this view is probably simplistic. In fact,
a body of ureilite composition needs to be formed in the interior of
a large carbonaceous asteroid which underwent significant thermal
alteration (Singletary & Grove 2003). This asteroid needs to have
undergone a collisional disruption to expose the ureilite material in

C© 2012 The Authors
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space. The same is true for the bodies of Hn composition, with n
larger than 3 (Gopel, Manhes & Allegre 1993). But collisional dis-
ruptions require large relative velocities, in contrast with the view of
a dynamically cold belt. Thus, the asteroid belt could not be overall
dynamically cold when the parent body of TC3 formed.

These considerations suggest that, conversely to what is usually
thought, accretion and collisional erosion had to co-exist for some
time in the asteroid belt. For this to be possible, presumably there
had to be still a significant amount of gas in the system so that,
although large asteroids could be on dynamically excited orbits, the
orbit of their small fragments were rapidly re-circularized by gas
drag. Consequently, the mutual relative velocities of these fragments
were small and a new phase of accretion was possible for them.

We remark that the heterogeneity of TC3 is not at the microscopic
level; each of the meteorites delivered to the ground are of a distinct
class. Thus, TC3 seems to be an agglomeration of meteorite-sized
(i.e. few dm) pebbles of different nature. Pebbles of this size are
strongly coupled with the gas and are extremely sensitive to pressure
gradients. They play the key role in the new models of planetesimal
formations, based on the concentration of dm-size pebbles in the
eddies of a turbulent disc and on the process of streaming instability
(Johansen et al. 2007; Johansen, Youdin & Mac Low 2009). These
models of planetesimal formation in a turbulent disc seem a priori to
be particularly favourable to explain the coexistence of collisional
erosion and accretion. Large planetesimals are formed by the con-
centration of a large number of pebbles, forming self-gravitating
clumps. Once formed, the orbits of these large planetesimals are
rapidly excited by the stochastic gravitational perturbations exerted
by the turbulent disc (Ida, Guillot & Morbidelli 2008; Morbidelli
et al. 2009). If the threshold for collisional break-up is achieved, the
pebble-size fragments of these large bodies are re-injected into the
game: by being concentrated into new eddies they can give origin to
new large planetesimals and so forth. Admittedly, quantitative work
is needed to support this scenario; also, other more classical plan-
etesimal formation mechanism in presence of gas drag (Wetherill
& Stewart 1993; Kenyon & Bromley 2004; Weidenschilling 2011)
might explain the co-existence of erosion and accretion as well.

In this respect, it will be important to understand from the obser-
vational point of view if macroscopic heterogeneity as that of TC3

is the exception or the rule among asteroids. TC3 is the first object
of this kind that has ever been observed, but it is also the first fall
of an asteroid on Earth documented live and for which an extensive
and exhaustive search for meteorites has been done. So, it might
not be as rare as one could be tempted to believe. Indeed, a second
similar case has just been reported (Spurný, Haloda & Borovicka
2012). Now that the possibility for macroscopic heterogeneity is rec-
ognized, careful investigations (also conducted by remote sensing
techniques) may reveal additional interesting cases. Understanding
which fraction of the asteroids is of primary or secondary accretion
will be a fundamental step to constrain the asteroid formation and
evolution models.
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Paolicchi P., Marchi S., Nesvorný D., Magrin S., Lazzarin M., 2007, A&A,
464, 1139
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Abstract

Thermal inertia determines the temperature distribution over the surface of an asteroid and therefore governs the magnitude the Yarkovsky effect.
The latter causes gradual drifting of the orbits of km-sized asteroids and plays an important role in the delivery of near-Earth asteroids (NEAs)
from the main belt and in the dynamical spreading of asteroid families. At present, very little is known about the thermal inertia of asteroids
in the km size range. Here we show that the average thermal inertia of a sample of NEAs in the km-size range is 200 ± 40 J m−2 s−0.5 K−1.
Furthermore, we identify a trend of increasing thermal inertia with decreasing asteroid diameter, D. This indicates that the dependence of the drift
rate of the orbital semimajor axis on the size of asteroids due to the Yarkovsky effect is a more complex function than the generally adopted D−1

dependence, and that the size distribution of objects injected by Yarkovsky-driven orbital mobility into the NEA source regions is less skewed to
smaller sizes than generally assumed. We discuss how this fact may help to explain the small difference in the slope of the size distribution of
km-sized NEAs and main-belt asteroids.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Asteroids; Near-Earth objects; Infrared observations; Photometry; Asteroids, dynamics

1. Introduction

Observations of asteroids in the wavelength range of their
thermal-infrared emission (>5 µm) have been used since the
1970s (Allen, 1970) to determine the sizes and the albedos of
these bodies. In recent years, thanks to the advances in de-
tector technology and the availability of 10-m class telescopes
on the ground, thermal-infrared observations of asteroids have
improved in sensitivity. Increased efforts have consequently
been devoted to deriving the sizes and albedos of near-Earth
asteroids (NEAs; for reviews see Harris and Lagerros, 2002;
Delbo’ and Harris, 2002; Delbo’, 2004; Harris, 2006 and refer-
ences therein), in order to better assess the impact hazard these
bodies pose to our planet and to improve our understanding
of their relation to main-belt asteroids and comets (see Stuart
and Binzel, 2004; Morbidelli et al., 2002). Furthermore, im-

* Corresponding author. Fax: +33 (0) 4 9200 3121.
E-mail address: delbo@obs-nice.fr (M. Delbo’).

provements in spectral coverage and the possibility of easily
obtaining spectrophotometric data through narrow-band filters
in the range 5–20 µm have allowed information on the surface
temperatures of asteroids to be obtained. The spectrum of the
thermal-infrared radiation received from a body is related to
the temperature distribution on that part of its surface visible to
the observer. Several factors play a role in determining the tem-
perature distribution on the surface of an asteroid, such as the
heliocentric distance, albedo, obliquity of the spin vector, rota-
tion rate, and a number of thermal properties of the surface such
as its thermal inertia.

Thermal inertia is a measure of the resistance of a material
to temperature change. It is defined as Γ = √

ρκc, where κ is
the thermal conductivity, ρ the density and c the specific heat
capacity. The thermal inertia of an asteroid depends on regolith
particle size and depth, degree of compaction, and exposure of
solid rocks and boulders within the top few centimeters of the
subsurface (see, e.g., Mellon et al., 2000). At the limit of zero
thermal inertia (the most simple temperature distribution model

0019-1035/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2007.03.007
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for asteroids), a body with a smooth surface would display a
temperature distribution which depends only on the solar inci-
dence angle i (on a sphere, i is also the angular distance of a
point from the subsolar point):

(1)T =
{

TSS cos1/4 i, i � π/2,

0, i > π/2.

The subsolar temperature, TSS, is determined by equating the
total energy absorbed by a surface element to that emitted in
the thermal infrared, i.e.

(2)
S�(1 − A)

r2
= ησεT 4

SS,

where A is the bolometric Bond albedo, S� is the solar con-
stant, r is the heliocentric distance of the body, ε is the in-
frared emissivity, σ is the Stefan–Boltzmann constant and η

is the so-called “beaming parameter,” which is equal to one
in the case that each point of the surface is in instantaneous
thermal equilibrium with solar radiation. The surface temper-
ature distribution that one obtains for η = 1 on a spherical
surface is that of the so-called Standard Thermal Model (STM;
Lebofsky and Spencer, 1989) that was widely used to derive di-
ameters and albedos especially of main-belt asteroids (MBAs).
In the more realistic case of a body with finite thermal iner-
tia and rotating with a spin vector not pointing toward the sun,
the temperature distribution is no longer symmetric with re-
spect to the subsolar point: each surface element behaves like
a capacitor or sink for the solar energy such that the body’s
diurnal temperature profile becomes more smoothed out in lon-
gitude (see Spencer et al., 1989; Delbo’ and Harris, 2002;
Delbo’, 2004). The hottest temperatures during the day de-
crease, whereas those on the night-side do not drop to zero as
in the idealistic case of zero thermal inertia, implying non-zero
thermal-infrared emission from the dark side of the body.

However, the effect of thermal inertia is coupled with the
rotation rate of the body. An asteroid rotating slowly with a
high thermal inertia displays a similar temperature distribution
to one rotating more rapidly but with a lower thermal inertia.
The degree to which the surface of an asteroid can respond
to changes in insolation can be characterized by a single para-
meter: this is the so-called thermal parameter Θ (e.g., Spencer
et al., 1989), which combines rotation period, P , thermal iner-
tia, Γ , and subsolar surface temperature, TSS, and consequently
depends on the heliocentric distance of the body. The thermal
parameter is given by

(3)Θ = Γ

εσT 3
SS

√
2π

P
.

Note that objects with the same value of Θ , although with dif-
ferent P or Γ , display the same diurnal temperature profile,
provided they have the same shape and spin axis obliquity (the
angle formed by the object spin vector and the direction to the
Sun). In the case of non-zero thermal inertia, because the tem-
perature distribution is no longer symmetric with respect to the
direction to the Sun, the momentum carried off by the pho-
tons emitted in the thermal infrared has a component along
the orbital velocity vector of the body, causing a decrease or

increase of the asteroid orbital energy depending on whether
the rotation sense of the body is prograde or retrograde. This
phenomenon, known as the Yarkovsky effect (see Bottke et al.,
2002), causes a secular variation of the semimajor axis of the
orbits of asteroids on a time scale of the order of 10−4 AU/Myr
for a main-belt asteroid at 2.5 AU from the Sun with a di-
ameter of 1 km. The Yarkovsky effect is responsible for the
slow but continuous transport of small asteroids and meteoroids
from the zone of their formation into chaotic resonance regions
that can deliver them to near-Earth space (Bottke et al., 2002;
Morbidelli and Vokrouhlický, 2003). The Yarkovsky effect also
offers an explanation for the spreading of asteroid dynami-
cal families (Bottke et al., 2001, 2006; Nesvorný and Bottke,
2004). Moreover, the emission of thermal photons also pro-
duces a net torque that alters the spin vector of small bodies
in two ways: it accelerates or decelerates the spin rate and
also changes the direction of the spin axis. This mechanism
was named by Rubincam (2000) as the Yarkovsky–O’Keefe–
Radzievskii–Paddack effect, or YORP for short.

Knowledge of the thermal inertia of asteroids is thus impor-
tant for a number of reasons: (a) It can be used to infer the
presence or absence of loose material on the surface: thermal
inertia of fine dust is very low: ∼30 J m−2 s−0.5 K−1 (Putzig
et al., 2005); lunar regolith, a layer of fragmentary incoher-
ent rocky debris covering the surface of the Moon, also has
a low thermal inertia of about 50 J m−2 s−0.5 K−1 (Spencer
et al., 1989). Coarse sand has a higher thermal inertia, i.e.,
about 400 J m−2 s−0.5 K−1 (Mellon et al., 2000; Christensen,
2003), that of bare rock is larger than 2500 J m−2 s−0.5 K−1

(Jakosky, 1986), whereas the thermal inertia of metal rich as-
teroidal fragments can be larger than 12,000 J m−2 s−0.5 K−1

(Farinella et al., 1998; Table 1). (b) Thermal inertia is the
key thermophysical parameter that determines the tempera-
ture distribution over the surface of an asteroid and therefore
governs the magnitude of the Yarkovsky and YORP effects
(Capek and Vokrouhlický, 2004). (c) It allows a better deter-
mination of systematic errors in diameters and albedos derived
using simple thermal models, which make assumptions about
the surface temperature distribution and/or neglect the thermal-
infrared flux from the non-illuminated fraction of the body (see
Spencer et al., 1989; Delbo’, 2004; Harris, 2006). However, at
present, very little is known about the thermal inertia of aster-
oids in general, especially in the case of bodies in the km size
range.

The thermal inertia of an asteroid can be derived by com-
paring measurements of its thermal-infrared emission to syn-
thetic fluxes generated by means of a thermophysical model
(TPM; Spencer, 1990; Lagerros, 1996; Emery et al., 1998;
Delbo’, 2004), which is used to calculate the temperature dis-
tribution over the body’s surface as a function of a number of
parameters, including the thermal inertia Γ . In these models,
the asteroid shape is modeled as a mesh of planar facets. The
temperature of each facet is determined by numerically solving
the one-dimensional heat diffusion equation using assumed val-
ues of the thermal inertia, with the boundary condition given by
the time-dependent solar energy absorbed at the surface of the
facet (see Delbo’, 2004). This latter quantity is calculated from
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Table 1
Near-Earth asteroids with η-values derived from spectral fitting to multi-wavelength mid-infrared observations

Asteroid D (km) pV A η r (AU) α (◦) P (h) Obs. date Spin axis Ref.

433 Eros 23.60 0.200 0.079 1.05 1.135 10 5.27 17-01-1975 Y a
433 Eros 23.60 0.210 0.082 1.07 1.619 31 5.27 29-06-1998 Y a

1580 Betulia 3.82 0.110 0.043 1.09 1.199 53 6.138 22-06-2002 Y b
1862 Apollo 1.40 0.260 0.102 1.15 1.063 35 3.065 26-11-1980 – c
1866 Sisyphus 8.90 0.140 0.055 1.14 1.609 35 2.4 29-06-1998 – d
1980 Tezcatlipoca 6.60 0.150 0.059 1.64 1.129 63 7.252 31-08-1997 Y a
2100 Ra-Shalom 2.79 0.080 0.031 2.32 1.174 39 19.8 21-08-2000 Y e
2100 Ra-Shalom 2.50 0.130 0.051 1.80 1.195 41 19.8 30-08-1997 Y f
3200 Phaethon 5.10 0.110 0.043 1.60 1.132 48 3.604 20-12-1984 – c
3554 Amun 2.10 0.170 0.067 1.20 1.243 16 2.53 15-03-1986 – c
3671 Dionysus 1.50 0.160 0.063 3.10 1.126 58 2.705 02-06-1997 – a
5381 Sekhmet 1.50 0.220 0.086 1.90 1.213 44 3 22-06-2003 – d
5381 Sekhmet 1.40 0.240 0.094 1.50 1.119 35 3 14-05-2003 – d
5587 1990 SB 4.00 0.250 0.098 1.10 1.399 19 5.052 09-04-2001 Y d
5587 1990 SB 3.57 0.320 0.126 0.84 1.210 42 5.052 10-05-2001 Y e
6455 1992 HE 3.43 0.280 0.110 0.80 1.641 22 – - 22-03-2002 – g
6455 1992 HE 3.55 0.240 0.094 0.70 1.364 29 – 29-09-2002 – g
9856 1991 EE 1.00 0.300 0.118 1.15 1.093 36 3.045 11-09-1991 – f

14402 1991 DB 0.60 0.140 0.055 1.04 1.025 36 2.266 16-04-2000 – e
19356 1997 GH3 0.91 0.340 0.133 0.98 1.406 5 6.714 11-05-2001 – e
25330 1999 KV4 2.55 0.080 0.031 1.06 1.392 3 4.919 14-05-2003 – d
25330 1999 KV4 2.70 0.080 0.031 1.30 1.495 16 4.919 02-06-2003 – d
25330 1999 KV4 3.21 0.050 0.020 1.50 1.197 54 4.919 10-05-2001 – e
33342 1998 WT24 0.34 0.590 0.232 0.90 0.990 67 3.697 18-12-2001 – d
33342 1998 WT24 0.44 0.350 0.137 1.50 0.987 79 3.697 19-12-2001 – d
33342 1998 WT24 0.50 0.270 0.106 1.85 0.981 93 3.697 21-12-2001 – d
35396 1997 XF11 0.89 0.320 0.126 1.30 1.215 30 3.257 28-11-2002 – d
35396 1997 XF11 0.91 0.310 0.122 1.20 1.018 53 3.257 03-11-2002 – d
35396 1997 XF11 1.18 0.180 0.071 1.80 1.034 63 3.257 05-11-2002 – d
53789 2000 ED104 1.20 0.180 0.071 1.68 1.089 60 – 29-09-2002 – g
85953 1999 FK21 0.59 0.320 0.126 0.91 1.140 35 – 21-02-2002 – e
86039 1999 NC43 2.22 0.140 0.055 2.86 1.116 59 34.49 17-03-2000 – e
99935 2002 AV4 1.50 0.370 0.145 1.60 1.086 70 – 01-06-2003 – d

1999 HF1 4.74 0.110 0.043 1.68 0.957 91 – 22-03-2002 – g
2000 BG19 1.77 0.040 0.016 0.74 1.388 17 – 17-03-2000 – e
2001 LF 2.00 0.050 0.020 1.40 1.172 45 – 02-06-2003 – d
2002 BM26 0.84 0.020 0.008 3.10 1.023 60 – 21-02-2002 – e
2002 HK12 0.80 0.170 0.067 2.84 1.138 33 – 28-09-2002 – g
2002 NX18 2.40 0.030 0.012 1.19 1.158 54 – 29-09-2002 – g
2002 QE15 1.94 0.150 0.059 1.53 1.131 62 – 28-09-2002 – g
2003 YT1 1.50 0.270 0.106 1.92 1.035 74 – 08-05-2004 – d

Note. The object effective diameter, D, the geometric visible albedo pV, and the η-values have been derived by using the NEATM. α is the phase angle at the
epoch of the observations, which is given in the “Obs. date” column. P is the rotation period in hours. In the column “Spin axis” a “Y” indicates that the spin axis
orientation of the asteroid is known. In the column “Ref.” we give the original publication reference: (a) Harris and Davies (1999); (b) Harris et al. (2005); (c) Harris
(1998); (d) Delbo’ (2004); (e) Delbo’ et al. (2003); (f) Harris et al. (1998); (g) Wolters et al. (2005).

the heliocentric distance of the asteroid, the value assumed for
the albedo, and the solar incident angle. Macroscopic surface
roughness is usually modeled by adding hemispherical section
craters of variable opening angle and variable surface density to
each facet. Shadowing and multiple reflections of incident solar
and thermally emitted radiation inside craters are taken into ac-
count as described by Spencer (1990), Emery et al. (1998), and
Delbo’ (2004). Heat conduction is also accounted for within
craters (Spencer et al., 1989; Spencer, 1990; Lagerros, 1996;
Delbo’, 2004). Surface roughness can be adjusted by changing
the opening angle of the craters, the density of the crater distri-
bution, or a combination of both. However, Emery et al. (1998)
have shown that if surface roughness is measured in terms of
the mean surface slope, θ̄ , according to the parameterization in-

troduced by Hapke (1984), emission spectra are a function of
θ̄ only and not of the crater opening angle and crater surface
density. We recall here that

(4)tan θ̄ =
π/2∫
0

a(θ) tan θ dθ,

where θ is the angle of a given facet from the horizontal, and
a(θ) is the distribution of surface slopes. The total observable
thermal emission is calculated by summing the contributions
from each facet visible to the observer. Model parameters (e.g.,
Γ , A, θ̄ ) are adjusted until the best agreement is obtained with
the observational data, i.e., the least-squares residual of the fit,
χ2, is minimized, thereby constraining the physical properties
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(albedo, size, macroscopic roughness, and thermal inertia) of
the asteroid.

To date, TPMs have been used to derive the thermal inertia
of seven large MBAs (Müller and Lagerros, 1998; Müller and
Blommaert, 2004; Mueller et al., 2006), and five NEAs (Harris
et al., 2005, 2007; Müller et al., 2005; Mueller et al., 2007); val-
ues derived lie between 5 and ∼1000 J m−2 s−0.5 K−1, i.e., Γ

varies by more than two orders of magnitude. The applicability
of TPMs is limited to the few asteroids for which gross shape,
rotation period, and spin axis orientation are known. Multi-
epoch observations are also required for obtaining a robust es-
timation of the thermal properties of asteroids via TPM fit.

There is, however, an extensive set of thermal-infrared ob-
servations of NEAs in the km size range for which no TPM
fit is possible (e.g., Veeder et al., 1989; Harris, 1998; Harris
et al., 1998; Harris and Davies, 1999; Delbo’ et al., 2003;
Delbo’, 2004; Wolters et al., 2005). In order to overcome this
limitation, we have developed a statistical inversion method, de-
scribed in Section 2, enabling the determination of the average
value of the thermal inertia of NEAs in the km-size range. Our
approach is based on the fact that, even though shapes, rota-
tion periods, and spin axis orientations are not known for every
NEA, the distribution of these quantities for the whole popula-
tion can be inferred from published data (La Spina et al., 2004;
Hahn, 2006).

In Section 3 we compare the result from our statistical inver-
sion method with the values of the thermal inertias of asteroids
determined by means of thermophysical models, and we iden-
tify a trend of increasing thermal inertia with decreasing aster-
oid diameter, D.

In Section 4 we describe the implications of the trend of in-
creasing thermal inertia with decreasing asteroid diameter, in
particular for the size dependence of the Yarkovsky effect and
the size distribution of NEAs and MBAs.

2. Determination of the mean thermal inertia of NEAs

The large majority of asteroids for which we have thermal-
infrared observations have been observed at a single epoch
and/or information about their gross shape and pole orienta-
tion is not available, precluding the use of TPMs. In these
cases simpler thermal models such as the near-Earth asteroid
thermal model (NEATM; Harris, 1998) are used to derive the
sizes and the albedos of these objects. The NEATM assumes
that the object has a spherical shape, and its surface temper-
ature distribution is described by Eqs. (1) and (2). However,
the parameter η is not kept constant, as in the case of the
STM, but is adjusted in the fitting procedure to allow the model
spectral energy distribution to match the observed data. In or-
der to derive a robust estimate of the η-value the NEATM
requires observations at different, ideally well-spaced, wave-
lengths in the thermal infrared. The parameter η can be seen
as a measure of the departure of the asteroid temperature dis-
tribution from that of the STM and is a strong function of
the surface thermal inertia (Spencer et al., 1989; Harris, 1998;
Delbo’, 2004). However, η depends also on parameters such as
the macroscopic surface roughness, θ̄ , the rotation period, P ,

the bolometric Bond albedo, A, the thermal-infrared emissiv-
ity, ε, the heliocentric distance, r , the gross shape of the body,
S, the sub-solar latitude, θSS, the longitude, φSE, and the lati-
tude, θSE, of the sub-Earth point (Delbo’, 2004). In general we
can write that

(5)η ≡ η
(
ε,A, r,Θ(Γ,P ), θ̄ , θSS, θSE, φSE,S

)
.

These parameters are usually not known for the individual ob-
jects, but their distributions can be estimated (or reasonably
assumed) for the entire population. Note that a set of θSS, φSE,
and θSE, which depend on the ecliptic longitude λ0 and latitude
β0 of the pole of the body, is also related to the value of the
solar phase angle, α.

Delbo’ et al. (2003) noted that qualitative information about
the average thermal properties of a sample of NEAs could be
obtained from the distribution of the η-values of the sample as a
function of the phase angle, α. In particular, the absence of large
η-values (e.g., η > 2) at small or moderate phase angles (e.g.,
�45◦), and the fact that η tends to ∼0.8 for α approaching 0◦,
was interpreted in terms of the NEAs having low thermal iner-
tias in general. In subsequent work (Delbo’, 2004) it was found
that for a synthetic population of spherical asteroids with con-
stant values of A, r , Γ , P , and θ̄ , but with pole directions ran-
domly oriented, the distribution of the points in the (α, η) plane
is strongly dependent on Γ . By varying Γ until the distribution
of the synthetic points in the (α, η) plane matched the one de-
rived from the observations, Delbo’ (2004) obtained a best-fit
thermal inertia for the NEAs equal to ∼500 J m−2 s−0.5 K−1.
Harris (2006), using a similar method on a larger database of η-
values and neglecting the effects of surface roughness (θ̄ = 0◦),
derived a best-fit thermal inertia of ∼300 J m−2 s−0.5 K−1.

Here we improve on the above-mentioned work by determin-
ing the mean thermal inertia of NEAs using a rigorous statistical
inversion method, based on the comparison of the distributions
of NEATM η-values from the current NEA database vs α, with
that of a synthetic population of asteroids generated through
a TPM, using realistic distributions of the input parameters
P , θSS, θSE, φSE, and A derived from the literature [see Ta-
ble 1 with published η-values from Harris (1998), Harris et al.
(1998), Harris and Davies (1999), Delbo’ et al. (2003), Delbo’
(2004), and Wolters et al. (2005). La Spina et al. (2004) give
the distribution of λ0 and β0 for NEAs, and Hahn (2006) that
of NEA rotation rates]. In the following section we describe our
method in detail.

2.1. Model parameter space

As a first step we studied the dependence of η on the rele-
vant parameters of Eq. (5). This was done by choosing typical
parameter values and showing how small perturbations of the
assumed values affect η. For the purpose of this analysis we as-
sume A0 = 0.073, r0 = 1.2 AU (as we will show below, these
are the average values of A and r for the NEAs in our sam-
ple), θ̄0 = 36◦ (the value derived for 433 Eros; Domingue et
al., 2002), S0 = sphere, and Θ0 = 1.0. Note that Θ0 = 1.0
corresponds to a thermal inertia of ∼200 J m−2 s−0.5 K−1 for
surface temperatures typical of NEAs and P = 6 h, a rotation
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Fig. 1. Sensitivity of η to model parameter variations. �η/η (%) caused by a change of 1% in the bolometric Bond albedo A (upper left), macroscopic surface
roughness θ̄0 (upper right), heliocentric distance r (lower left), and the thermal parameter Θ (lower right). See text, Section 2.1 for details.

period representative of asteroids with sizes between ∼0.15
and 10 km (Pravec et al., 2002). We will show in Section 2.3
that Γ = 200 J m−2 s−0.5 K−1 is the mean thermal inertia of
NEAs. The illumination and observation geometry was varied
such that θSS was uniformly distributed in the range between
0 and π/2 and θSE, φSE were varied in such a manner that the
resulting sub-Earth vectors were uniformly distributed over the
celestial sphere. The values of θSE, φSE were further subject to
the constraint that the phase angle be �100◦. Fig. 1 shows the
sensitivity of η to a change in the model parameters. In par-
ticular, for each value of θSS, θSE, and φSE, the variation of
η due to a 1% change in each parameter is plotted. We have
also calculated, for some fixed illumination and observation
geometries (e.g., θSE = 0◦, φSE = 45◦, and θSS = 0◦), how the
variations �η scale with changes in the model parameters. We
found that �η is proportional to �A, �θ̄0, �Θ , and �r within
a large range of variation (>100%) of each parameter from
its nominal value. Because for common asteroidal material the
thermal-infrared emissivity is thought to be relatively constant,
it has been fixed for this study at ε = 0.9. It is appropriate for
objects with surfaces that emit a substantial portion of their
thermal-infrared radiation shortward of 8 µm (Lim et al., 2005;
Salisbury et al., 1991). Mustard and Hays (1997) have also
shown that the reflectances of fine-grained particulate materi-
als, thought to be representative of planetary regoliths, have
values around 0.1 and in general smaller than 0.2 in the re-

gion 8–24 µm. Because the reflectance, R, and the emissivity
are related by Kirchhoff’s law (R = 1 − ε), the measurements
cited above imply that ε = 0.9 is a reasonable estimate for the
thermal-infrared emissivity of NEA surfaces. Moreover, from
Eq. (2) one can calculate that �η ≈ 1.6�ε for ε ≈ 0.9 and
η ≈ 1.5 (the average η for the NEAs for which this parame-
ter was derived from observations; see Table 1). This implies
that variations of ε in the range 0.8–1.0 cause changes of η that
are within the typical uncertainty of ∼20% in the estimation
of η from observations. Note that the value of �η/η = 20%,
where �η is the uncertainty in η, is based on the reproducibil-
ity of η for those objects for which more than one measure-
ment is available from independent data sets. Moreover, 20% is
also the mean value of �η/η of the “Delbo’ Thermal Infrared
Asteroid Diameters and Albedos” database at the NASA PDS
(Delbo’, 2006). In this dataset for those observations where �η

is present, its value was formally calculated from the measure-
ments of the asteroids’ thermal infrared fluxes.

The vast majority of the observations in our sample was
obtained at a phase angle smaller than 80◦, and within this
range, Fig. 1 shows that the largest variation of η caused by
a 1% change of A (the bolometric Bond albedo) is approxi-
mately 0.1%. Because the mean value of A for our sample is
〈A〉 = 0.073 and the standard deviation is 0.04 (see Table 1), the
variation of η due to the distribution of the albedos is smaller
than 5% and thus small compared to the typical uncertainty of
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�η/η ∼ 20%. For this reason we have utilized a constant value
of 0.073 for A in our statistical inversion method.

Moreover, the variation of η due to a 1% change in the
macroscopic surface roughness is strongly phase angle depen-
dent, but in general smaller than 0.2% for α in the range 0–60◦.
This implies that even a ±100% change in θ̄ causes a variation
of η within the typical 20% uncertainty. Note that a ±100%
change in θ̄ corresponds to a large variation of the macroscopic
roughness, ranging from that of a completely smooth surface to
one oversaturated by hemispherical craters. For those observa-
tions carried out at α > 60◦, η is more sensitive to variations
of θ̄ . For the reasons above we have treated θ̄ as a free parame-
ter in the inversion method and searched for the value that best
fits the observational data.

The sensitivity of η to changes of the objects’ heliocentric
distances is such that a 1% change of r corresponds to a maxi-
mum 0.7% change of η. As calculated for the values in Table 1,
the heliocentric distances in our sample have a mean value of
1.2 AU and a standard deviation of 0.1 AU (∼8%). The cor-
responding variation of η is approximately 6% and therefore
small. We thus took a constant value of 1.2 AU for r in our sta-
tistical inversion method. Only in two cases, namely those of
the 29-06-1998 observation of (433) Eros and for the 22-03-
2002 observation of (6455) 1992 HE is the variation of η due
to the deviation of the heliocentric distance from the nominal
value of 1.2 AU slightly larger than the error bars.

We note here that Eq. (5) implicitly contains the assumption
that seasonal effects do not affect asteroid surface temperatures.
However, when Θ �= 0, asteroid temperatures always depend on
the previous thermal history of the surface. Since NEAs have
in general large orbital eccentricities, these bodies experience
large variations of insolation as a function of their orbital posi-
tion, which may lead to a seasonal component of the variation
of their surface temperatures and thus of the corresponding η-
values. To demonstrate that our working hypothesis of Eq. (5) is
valid (i.e., seasonal components are negligible), we calculated
η for several synthetic asteroids with the same physical charac-
teristics, but with different orbits, in order to explore the effect
of different levels of insolation. Orbits were chosen with ec-
centricities in the range 0 to 0.8 but with a common perihelion
distance rp. For different values of the asteroid thermal iner-
tia in the range 200–5000 J m−2 s−0.5 K−1 and rp in the range
0.5–1.5 AU, we found variations of only a few percent in the η-
values calculated at rp. This leads us to conclude that seasonal
variations in the η-values are small and that Eq. (5) is valid.

In general NEAs have elongated shapes, which may cause
their surface temperature distributions to differ from that of a
spherical object with the same surface properties and illumina-
tion geometry. We studied the sensitivity of η to deviations from
the spherical shape by calculating η-values of tri-axial ellip-
soids, the semiaxes of which were varied in the ratio a/(

√
a/1)

with 1 � a � 6, assuming A0 = 0.073, r0 = 1.2 AU, θ̄0 = 36◦,
Θ0 = 1.0, and for random orientations of the shape with re-
spect to the Sun and the Earth. We found that the distribution
of �η is a function of a (with values of �η increasing with in-
creasing a), where �η is the deviation of η from that calculated
using a sphere under the same illumination and viewing geom-

etry. However, the relative error in η,�η/η, is always smaller
than ±10% for a � 5 and α � 45◦. For α > 45◦, the mean value
of the relative error, 〈�η/η〉, is smaller than +15% and its stan-
dard deviation, σ�η/η, is smaller than 5% for a � 5. Because the
maximum lightcurve amplitude of our model ellipsoid is L ≈
1.25 loga mag, �η/η is smaller than 20% if L � 0.873 mag.
This condition is in general satisfied for the NEAs in Table 1,
for which the average value of L is around 0.6 mag.

We expect that the contributions to �η due to variations
of the model parameters A, r , θ̄ , and the ellipsoid axial ra-
tio a, stack up randomly, since deviations of these parameters
from their mean values are fully uncorrelated (e.g., there is
no apparent reason that an NEA with an albedo higher than
the average is also observed at an heliocentric distance higher
than the average value). We performed some numerical ex-
periments in order to cross check this assumption and found
that the value of �η is in general a good approximation of
[(∂η/∂A�A)2 + (∂η/∂r�r)2 + (∂η/∂θ̄�θ̄)2]1/2. Adding the
effect of non-spherical shapes increases the value of �η, but
never systematically at phase angles < ∼60◦. It is clear that el-
lipsoids are highly idealized shapes and larger contributions to
�η may be expected in the case of real NEAs.

Fig. 1 shows that the sensitivity of η to changes in the ther-
mal parameter is very similar to the sensitivity to changes in r ,
with variations of η in general no larger than 0.5% for a 1%
change of Θ . However, while the value of r for the asteroids
in Table 1 is rather constant around the mean value of 1.2 AU,
Θ can range between 0.1 and 20 considering that thermal iner-
tia can be anywhere between 10 J m−2 s−0.5 K−1 (the thermal
inertia of large main-belt asteroids) and 2500 J m−2 s−0.5 K−1

(that of bare rock). This implies that the scatter in the η-values
that we observe in the NEAs of Table 1 is mainly a function
of α and Θ , which depends on the thermal inertia. If we as-
sume the thermal inertia to be roughly constant within the NEA
population for a given size, its value can be inferred from the
distribution of the measured η-values versus α. This is the idea
on which our statistical inversion method is based.

2.2. Model populations

Our inversion method requires η to be computed for all
members of a synthetic population of NEAs as a function of Γ .
The calculation of η was performed by numerically generating
thermal-infrared spectra by means of a TPM and fitting them
with the NEATM. As discussed in the previous sections, the
parameters A, ε, r , θ̄ , and S contribute little to the variation of
η within the expected parameter ranges. Therefore, they have
been kept fixed to their nominal values throughout the mod-
eling process. In order to keep the amount of computing time
required for the inversion within reasonable limits, the values of
η have been computed only once for all possible combinations
of the remaining parameters, and the results have been stored
in a four-dimensional look up table. The granularity of the look
up table was chosen to be small enough to cause changes of η

of about 0.1 between two consecutive parameter steps.
For each value of Γ , we then generated a large number

(30,000) of synthetic objects whose parameters have random
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Fig. 2. Distribution of the input parameters used in our statistical inversion method. Upper left: distributions of NEA rotation rates from “Physical parameters of
NEOs” (Hahn, 2006; http://earn.dlr.de). Upper right: distribution of NEA phase angles. Lower left: distribution of NEA sub-solar latitudes θSS. Lower right, solid
line: distribution of the geometric albedos (pV) and, dashed line: the bolometric Bond albedos (A) for the asteroids of Table 1 having η-values determined from
observations.

values with distributions that have been chosen to provide a
reasonable match to the observed population of NEAs. In par-
ticular:

(i) the distributions of the angles θSS, θSE, and φSE were com-
puted starting from the distributions of the spin-axis orien-
tation (λ0, β0) from La Spina et al. (2004), the phase angle
α, the heliocentric ecliptic latitude βH, and the geocentric
ecliptic latitude βE of the asteroids at the time of the in-
frared observations (see Table 1 and Fig. 2);

(ii) the distribution of the thermal parameter was calculated
starting from the distribution of the NEA rotation periods
(Hahn, 2006) and by using a constant value of Γ .

In Fig. 3 three such populations are shown that correspond
to the Γ values of 15 (green), 200 (red), and 1000 (blue)
J m−2 s−0.5 K−1, respectively. We have superimposed the η-
values for the NEAs in Table 1 on the synthetic data plot.

2.3. Best-fit procedure

Fig. 3 gives a clear visual impression of the dependence of
η on Γ . We therefore used a formal best-fit technique to esti-
mate the value of Γ for which a synthetic population best fits

the observed data, under the assumption that Γ is constant for
all objects in the observed sample. The method that we used
to compare the observed data with the bi-dimensional distrib-
utions of the synthetic points in the (α, η) plane is based on
the two-dimensional Kolmogorov–Smirnov metric (K–S; Press
et al., 1992). The distance D of the K–S metric is used as the
goodness of fit estimator (Press et al., 1992). Our best-fit proce-
dure consisted of finding the value of Γ that minimizes the K–S
distance D. From here on, we indicate this value with the sym-
bol Γ ∗. Fig. 4, where we have plotted the K–S distance D as a
function of Γ , shows that the function D(Γ ) has a minimum at
Γ = 200 J m−2 s−0.5 K−1, which is the value of thermal inertia
that we take for Γ ∗.

We expect Γ ∗ to depend upon the assumed value for θ̄ , the
distributions of NEA rotation rates, and also on the spin-axis
orientations that we have used to produce the distribution of
the input parameters θSS, θSE, and φSE. Moreover, the value of
Γ ∗ must be affected by the errors in the measurements of the
thermal-infrared fluxes, i.e., by the errors on the η-values taken
from the literature. In order to study the sensitivity of Γ ∗ to
changes applied to the nominal values of the input parameters,
we first varied θ̄ in the range between 0◦ (perfectly smooth sur-
face) and 58◦ (corresponding to the surface completely covered
by hemispherical craters). Fig. 4 shows the function D(Γ ) for
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Fig. 3. Dependence of η-value on phase angle, α. Black diamonds: η-values derived from the NEATM for a set of NEAs with adequate multi-filter photometric data
to enable η to be derived via spectral fitting (the data set includes multiple values of η for some objects observed at more than one phase angle; for the original data
sources see Table 1). The error bars represent a 20% uncertainty, which is based on the reproducibility of η for those objects for which more than one measurement
is available from independent data sets. Colored points: distributions of (α, η) calculated by means of our model for different values of thermal inertia: i.e., 15
(green), 200 (red), and 1000 (blue) J m−2 s−0.5 K−1. The distribution of the measured η-values is best described by the red points.

three different values of θ̄ . It clearly demonstrates that the value
of Γ ∗ only weakly depends on θ̄ and that a high degree of sur-
face roughness produces a better fit to the observed data.

We also investigated the sensitivity of Γ ∗ to changes in the
input distributions of asteroids’ spin-axis orientations and rota-
tion rates. Fig. 4 shows the function D(Γ ) obtained by using
random spin-axis orientations uniformly distributed over the
sphere instead of the nominal distribution. In that case, the
best-fit thermal inertia increases to 250 J m−2 s−0.5 K−1, and to
230 J m−2 s−0.5 K−1 if the distribution of the rotation rates are
assumed to be uniformly distributed between 4 and 10 h, a case
which we believe to be very extreme.

The sensitivity of Γ ∗ to the errors affecting the η-values
from Table 1 was studied by performing extended Monte Carlo
simulations, in which we randomly varied the values of the
η-values within their error bars (using normally distributed ran-
dom numbers), and for each simulation of noise-corrupted data
we calculated the best-fit thermal inertia. The standard devia-
tion of Γ ∗ was found to be 40 J m−2 s−0.5 K−1.

Of course, we expect that the distribution of the data points
in Fig. 3 derives from a population with a range of thermal in-
ertias, and further investigation is required to understand what
the relations are between Γ ∗ and the parameters defining the
population, such as the mean value of Γ and the standard de-
viation of its distribution. In order to answer this question,
we applied our inversion method on (α, η) points obtained
from synthetic populations of NEAs with known distributions
of thermal inertia. We used random values of Γ uniformly
and normally distributed, varying both the mean value and
the standard deviation of the populations. We found that our
fitting procedure, based on the minimization of the K–S dis-

Fig. 4. Plot of the function D(Γ ), i.e., the distance D of the two-dimensional
Kolmogorov–Smirnov best-fit procedure against the thermal inertia Γ . The
three curves were generated assuming three different values of the surface
roughness: solid line, θ̄ = 58◦; dotted line, θ̄ = 36◦; dashed line, θ̄ = 0◦, i.e.,
a smooth surface. The dashed–dotted line shows the function D(Γ ) obtained
by using θ̄ = 58◦ and a random distribution of asteroid spin-axis orientations
uniformly distributed over the celestial sphere, instead of the nominal one, as
input for our model.

tance D, is capable of retrieving a good estimate of the mean
value for Γ of the populations in all cases. We conclude that
the average value of the thermal inertia for km-sized NEAs is
200 ± 40 J m−2 s−0.5 K−1, which is about four times that of the
lunar soil and corresponds to a surface thermal conductivity
of 0.027+0.015

−0.010 W m−1 K−1 assuming that the surface mater-
ial density and specific heat capacity are in the range 1500–
3500 kg m−3 and 500–680 J kg−1 K−1, respectively (Britt et al.,
2002; Farinella et al., 1998).
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The value of Γ ∗ that we have derived by means of the best-
fit procedure is less than 10% of that expected for a bare-rock
surface (Jakosky, 1986). This implies that the surfaces of NEAs
have in general significant quantities of thermally insulating re-
golith. However, Γ ∗ is also about four times higher than the
value that has been determined for the lunar soil and more than
ten times higher than the thermal inertia typical of large main-
belt asteroids. This effect may be due to the fact that the regolith
present on NEA surfaces is less mature and/or less thick than
that of the Moon and the largest MBAs. The higher NEA ther-
mal inertia can also be explained in terms of a coarser regolith
and the exposure of rocks and boulders on the surface of these
bodies, as clearly shown in the high resolution images of (433)
Eros and (25143) Itokawa obtained by the NEAR Shoemaker
and the Hayabusa missions, respectively.

A population of asteroids with constant Γ = 200 J m−2-
s−0.5 K−1 gives the best fit to the dataset. Fig. 3 shows, how-
ever, that five points with η > 2 are clearly significantly higher
than the majority, indicating that these objects presented un-
usually low color temperatures to the observer, possibly due
to higher-than-average thermal inertia (see Delbo’ et al., 2003;
Delbo’, 2004). To gain insights into the width of the distrib-
ution of the thermal inertia of km-sized NEAs, we fitted the
observed distribution of the data points with a synthetic pop-
ulation in which Γ was assumed to be uniformly distributed
between 0 and ΓMAX. The best fit was obtained for ΓMAX ∼
600 J m−2 s−0.5 K−1. This suggests that the large majority of
km-sized NEAs in our sample have thermal inertia below this
value.

The average value of the thermal inertia was derived for
a sample of objects whose diameter distribution is shown in
Fig. 5. We use here the radiometric diameters as derived by
the NEATM. The mean diameter of the sample is 3 km, but if
we remove the Asteroid 433 Eros, the mean diameter value de-
creases to 2 km. 433 Eros is much larger than the average size
of the sample (see Fig. 5). In fact the median value of the diam-
eter distribution (including 433 Eros) is 1.8 km. We note that
the distribution of logD (where D is the diameter measured in
km) is well fitted by a Gaussian distribution with a central value

Fig. 5. Histogram of the distribution of the log of the diameters, D, of the
NEAs for which we have η-values determined from observations. The best-fit
Gaussian function, 0.37 exp(−z2/2), where z = (logD − 0.23)/0.31, with D

in km, is also shown.

of 1.7 km. The standard deviation of the best-fit Gaussian func-
tion is 0.31 (in logD). We can thus conclude that the average
value of the thermal inertia is representative of NEAs in the size
range 0.8–3.4 km.

3. Size dependence of asteroid thermal inertia

The mean thermal inertia for the sample of NEAs with pub-
lished η-values is consistent with the values derived by means
of TPMs for (433) Eros (Mueller et al., 2007), (1580) Be-
tulia (Harris et al., 2005), (25143) Itokawa (Mueller et al.,
2007; Müller et al., 2005), and (33342) 1998 WT24 (Harris
et al., 2007) for which values around 150, 180, 350, 630, and
200 J m−2 s−0.5 K−1 have been obtained respectively. Note that
in the case of (25143) Itokawa, Müller et al. (2005) have ob-
tained a thermal inertia value of 750 J m−2 s−0.5 K−1 combining
thermal-infrared observations gathered at ESO in 2004 with
those obtained by Delbo’ (2004) in 2001. On the other hand,
from the latter dataset of observations and a series of further ob-
servations of (25143) Itokawa obtained at the NASA-IRTF 3-m
telescope with MIRSI in 2004, Mueller et al. (2007) derived
a thermal inertia of ∼350 or ∼800 J m−2 s−0.5 K−1 depend-
ing on whether the size of the body was obtained from the
TPM or was forced to the radar value of Ostro et al. (2004).
In this work we have taken the mean value and the extreme val-
ues of 350, 750, and 800 J m−2 s−0.5 K−1 as our best estimate
for the thermal inertia of Itokawa and its uncertainty. Müller
et al. (2004) have also attempted to derive the thermal inertia
of the small (∼0.28 km) NEA 2002 NY40. They obtained a
value of 100 J m−2 s−0.5 K−1 in the case that the size of the ob-
ject was derived from the TPM, or 1000 J m−2 s−0.5 K−1 if the
body’s size was forced to the value obtained from radar obser-
vations. However, it is important to note that the thermal inertia
of 2002 NY40 was derived by assuming an equator-on view and
a spherical shape for this object. The value of the thermal iner-
tia derived from the TPM is in general strongly dependent on
the pole orientation of the body. For this reason we expect the
value of Γ derived for 2002 NY40 to be less reliable than the
values obtained for the other NEAs, for which the pole orienta-
tion derived from lightcurve inversion was adopted.

From thermophysical modeling, Müller and Lagerros (1998)
derived the thermal inertias of a number of the largest MBAs,
namely (1) Ceres, (2) Pallas, (3) Juno, (4) Vesta, and (532) Her-
culina, obtaining the values of 10, 10, 5, 25, and 15 J m−2 s−0.5

K−1, respectively. Using the same approach, Müller and Blom-
maert (2004) derived a thermal inertia of 15 J m−2 s−0.5 K−1

for (65) Cybele, and Mueller et al. (2006) obtained Γ ∼
50 J m−2 s−0.5 K−1 for (21) Lutetia. From the published plots
of the goodness of the TPM fit to the thermal-infrared data as a
function of Γ it is possible to deduce that the relative uncertain-
ties for the thermal inertias of these asteroids are around 50%.

From the comparison of the values of Γ mentioned above, it
is clear that there is an increase in the thermal inertia from that
of large MBAs with diameters of several hundred km to that
of much smaller km-sized NEAs, and that the values of Γ ob-
tained for km-sized NEAs are about one order of magnitude or
more higher than the values derived for large MBAs, but still an
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Fig. 6. Thermal inertia as a function of asteroid diameter. Small open circles represent values from the literature derived by means of thermophysical models. The
large open diamond is the result from this work (see text for details). The straight (continuous) line which gives the best fit to the trend of increasing thermal
inertia, Γ , with decreasing asteroid diameter, D, is given by the expression Γ = 300 × D−0.48. The axis on the right-hand side gives the asteroid surface thermal
conductivity k on the basis of k = Γ 2/(ρc), assuming constant surface density, ρ, equal to 2500 kg m−3 and specific heat capacity, c, equal to 600 J kg−1 K−1.
These values are reasonable assumptions for asteroid surfaces (Britt et al., 2002; Farinella et al., 1998). The thermal conductivities of (6489) Golevka (Chesley et
al., 2003) and for Karin cluster asteroids (Nesvorný and Bottke, 2004) are indicated with arrows. The two values of Γ derived for 2002 NY40 are indicated as the
lower and the upper limits of the error bar on the extreme left of the plot. Dotted line: linear regression of Eq. (6) for MBAs only; dashed line: linear regression of
Eq. (6) for NEAs only.

order of magnitude lower than the thermal inertia of bare rock
(∼2500 J m−2 s−0.5 K−1; Jakosky, 1986). In order to highlight
the behavior of the thermal inertia of asteroids as a function
of their size, we have plotted the mean value of thermal iner-
tia for NEAs and the values of the thermal inertia derived by
means of TPMs against object diameters in Fig. 6. Small open
circles represent the literature values derived from the applica-
tion of TPMs. The large open diamond is the result from this
work. The axis on the right-hand side gives the asteroid sur-
face thermal conductivity k as a function of size, on the basis of
k = Γ 2/(ρc), with constant surface density ρ = 2500 kg m−3

and specific heat capacity c = 600 J kg−1 K−1. These values are
reasonable assumptions for asteroid surfaces (Britt et al., 2002;
Farinella et al., 1998). For the Asteroid 2002 NY40 a bar be-
tween 100 and 1000 J m−2 s−0.5 K−1 is drawn. The thermal
conductivity has also been constrained in the cases of (6489)
Golevka (Chesley et al., 2003) and for asteroids in the Karin
cluster (Nesvorný and Bottke, 2004). The values of the ther-
mal conductivities derived by these authors have been con-
verted to values of Γ assuming ρ = 2500 kg m−3 and c =
600 J kg−1 K−1. Fig. 6 shows that the resulting limits, based
on the measurements of the Yarkovsky effect on these bodies,
are in general agreement with our results.

Fig. 6 reveals a convincing trend of increasing thermal in-
ertia with decreasing asteroid diameter, D, confirming the in-
tuitive view that large main-belt asteroids, over many hundreds
of millions of years, have developed substantial insulating re-
golith layers, responsible for the low values of their surface

thermal inertia. On the other hand, much smaller bodies, with
shorter collisional lifetimes, presumably have less regolith, or
less mature regolith, and therefore display a larger thermal in-
ertia. Deriving a functional dependence of the thermal inertia as
a function of the size of the body has important implications for
improving the models of the orbital mobility of asteroids due
to the Yarkovsky effect and to better quantify systematic errors
in radiometric diameters and albedos of small bodies based on
the use of thermal models that neglect the effects of heat con-
duction, such as the STM. The graph in Fig. 6 suggests that, to
the first order, thermal inertia in this size range follows a power
law. Expressing Γ as

(6)Γ = d0D
−ξ

(a linear relation in the logΓ –logD plot), a linear regression
gives best-fit values of ξ = 0.48 ± 0.04 and d0 = 300 ± 47,
where D is km and Γ in S.I. units (J m−2 s−0.5 K−1), and the
1σ uncertainty is based on the assumption that the errors on
the thermal inertia and diameter values are normally distrib-
uted. (The values of Γ for 2002 NY40, 6489 Golevka and the
Karin cluster asteroids were excluded from the linear regression
analysis.)

However, the slope ξ of Eq. (6) may assume different val-
ues in different size ranges, since there are reasons to suspect
that the surface properties of large asteroids may be different
to those of smaller bodies: for example, Bottke et al. (2005)
showed that asteroids with D > 100 km and most bodies with
D > 50 km in size are likely to be primordial objects that
have not suffered collisional disruption in the past 4 Gyr. These
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large bodies have spent sufficient time in the asteroid belt to
build a regolith such that they would display a low thermal
inertia independent of size. In this case ξ should be about
zero for D larger than about 50 km. In the same study it was
shown that asteroids smaller than ∼30 km are statistically the
remnants of catastrophic collisional disruption of larger par-
ent bodies, and the smaller the object, the fresher the surface.
In this latter case one may intuitively expect that a depen-
dence of the thermal inertia on the asteroid diameter would
be more likely to occur, implying ξ > 0 for D < 30 km. For
these reasons we tried to fit the data piecewise, separating the
NEAs from the MBAs: a linear regression of Eq. (6) for the
MBAs only of Fig. 6, gives best-fit values of ξ = 0.49 ± 0.27
and d0 = 300 ± 1504 (Fig. 6, dotted line) in good agree-
ment with the trend obtained by fitting the whole dataset of
thermal inertias. However, we note that the accuracy of this
fit is poor and that the value of ξ is strongly influenced by
the thermal inertia of 21 Lutetia. On the other hand, a fit of
Eq. (6) for near-Earth asteroids only, gives best-fit values of
ξ = 0.36 ± 0.09 and d0 = 300 ± 45 (Fig. 6, dashed line) which
corresponds to a shallower dependence of Γ on D for sizes up
to 20 km.

A further distinction in the thermal properties of MBAs com-
pared to that of NEAs is given by the different mean helio-
centric distances of the two classes of body, causing NEAs to
have average temperatures ∼200 K higher than those of MBAs.
The thermal conductivity in the regolith is temperature depen-
dent (Keihm, 1984), and so is thermal inertia. This temperature
dependence of Γ may alter the slope ξ of Eq. (6) when both
NEAs and main-belt asteroids are included in the fit. Under the
assumption that heat is transported in the regolith mainly by
radiative conduction between grains, the thermal conductivity
is proportional to T 3, with T being the temperature of the re-
golith grains (Kührt and Giese, 1989; Jakosky, 1986). In this
case Γ ∝ T 3/2 and, from Eq. (2), Γ ∝ r−3/4, where r is the
heliocentric distance of the body. On the basis of this depen-
dence of Γ with respect to r , we corrected the values of the
thermal inertias of the asteroids of Fig. 6 to the mean heliocen-
tric distance rref of 1.7 AU. Although the correction factors are
in general smaller than the errors affecting the values of Γ , the
thermal inertia values of NEAs (r < rref) are reduced, whereas
those of MBAs (r > rref) are increased, yielding a smaller value
of the slope ξ = 0.37 ± 0.04 and d0 = 230 ± 30.

Furthermore, the make up of NEA surfaces can be modified
by processes such as close encounters with planets causing tidal
disruption that do not affect asteroids in the main belt. Such
processes might have been able to alter or strip off the regolith
of some NEAs. Thus, while NEAs may be a good proxy for
small main-belt asteroids, more observations are needed to con-
firm this point.

It is clear that with the present small number of asteroids
for which we have an estimate of the thermal inertia it is diffi-
cult to reveal possible variations of ξ with respect to the mean
trend, ξ ∼ 0.4, in different size ranges. Nevertheless, Fig. 6
shows a clear correlation of Γ with asteroid size and that as-
teroids in the 1–30 km size range have values of Γ in general
larger than 100 J m−2 s−0.5 K−1. The fact that thermal iner-

tia increases with decreasing size and that the value of Γ for
km and multi-km sized asteroids is at least ten times larger
than the value derived for the largest main-belt asteroids, has
a number of important implications. First of all, radiometric
diameters and albedos of asteroids derived by means of ther-
mal models neglecting the effects of thermal inertia, such as
the STM, are likely to be affected by increasing systematic er-
rors with decreasing size. Spencer et al. (1989) have studied
systematic biases in radiometric diameter determinations as a
result of the effects of thermal inertia, rotation rate, pole ori-
entation, and temperature. They concluded that the STM sys-
tematically underestimates the diameters of objects with non-
negligible thermal inertia, while overestimating their albedos.
Because we find that thermal inertia increases with decreasing
asteroid diameter, it is likely that the systematic underestima-
tion of asteroid diameters (and overestimation of asteroid albe-
dos) obtained from the STM increases for decreasing asteroid
size.

Moreover, the absolute value and size dependence of the
thermal inertia for asteroids with diameters smaller than about
10–20 km have crucial implications for the magnitude of the
Yarkovsky effect, which is an important phenomenon that offers
an explanation for the dispersion of asteroid dynamical families
and the slow but steady injection of bodies into the dynamical
resonances that eventually transport them from the main belt to
near-Earth space.

4. Implications for the magnitude of the Yarkovsky effect

Current models of Yarkovsky-assisted delivery of NEAs
from the main belt (Morbidelli and Vokrouhlický, 2003) and the
spreading of asteroids families (Bottke et al., 2001; Nesvorný
and Bottke, 2004), assume that thermal inertia is independent
of object size. In this case, the theory of the Yarkovsky effect
predicts that the orbital semimajor axis drift rate of an asteroid,
da/dt , is proportional to D−1 (Bottke et al., 2002). However,
the mean value of the thermal inertia derived for NEAs and
the inverse correlation of this thermophysical property with as-
teroid size, demonstrated in this work, give rise to a different
magnitude of the Yarkovsky effect and a modified dependence
of da/dt on the object diameter. In order to derive this modi-
fication one can directly insert the function Γ = d0D

−ξ in the
formulas given by Bottke et al. (2002) and Vokrouhlický (1999)
to explicitly calculate da/dt as a function of the relevant para-
meters.

Here we discuss the case of MBAs with D < 10 km, as-
suming the linearized theory of the diurnal component of the
Yarkovsky effect of Vokrouhlický (1999), which yields

(7)
da

dt
∝ 1

D

Θ

1 + Θ + 0.5Θ2
.

Because Θ is directly proportional to Γ , for Θ 
 1, da/dt ∝
D−1Γ −1 and hence da/dt ∝ Dξ−1. We found that this condi-
tion holds in general for small asteroids in the main belt: in fact
for objects with D smaller than ∼10 km Fig. 6 shows that the
thermal inertia is in general >100 J m−2 s−0.5 K−1, and at he-
liocentric distances >2 AU the surface temperatures of these
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bodies are in general smaller than 250 K (see, e.g., Delbo’,
2004). Pravec et al. (2002) have also shown that asteroids with
sizes between ∼0.15 and 10 km have a typical rotation rate
around 6 h. Inserting these values in Eq. (3), we find that Θ

is in general larger than ∼2 for main-belt asteroids in this size
range. By taking ξ ∼ 0.4, as derived in the previous section for
the Γ = d0D

−ξ relation, we obtain that the size dependence of
da/dt due to the diurnal component of the Yarkovsky effect is
proportional to D−0.6 rather than proportional to D−1, as gener-
ally assumed, and which holds for a thermal inertia independent
of asteroid size.

We caution, however, that there are currently no reliable es-
timates of thermal inertia available for any object smaller than
Itokawa (D ∼ 350 m), so the relation derived for da/dt ∝
D−0.6 should be assumed to hold for objects with diameters in
the range between ∼0.35 and ∼10 km. Moreover, for asteroids
smaller than 350 m and/or higher values of the thermal inertia,
the seasonal component of the Yarkovsky effect may become
significant and contribute to the average value of da/dt . From
this analysis we conclude that, in the main belt, the drift rate in
semimajor axis due to the diurnal component of the Yarkovsky
effect increases with decreasing asteroid size more slowly than
is normally assumed in models of the origin of NEAs and the
spreading of asteroids families.

The shallower dependence of the Yarkovsky effect on the
diameter of the bodies caused by the inverse correlation of Γ

with D has the important implication that the size distribution
of the asteroids injected into the NEA source regions is less
skewed to small objects than generally assumed. In the fol-
lowing we briefly discuss some of the consequences of this:
there is general consensus that the large majority of NEAs orig-
inate from the main belt via well defined “feeding zones” of
dynamical instability (Morbidelli et al., 2002). Asteroidal ma-
terial can gradually drift towards these NEA source regions as a
result of Yarkovsky-driven semimajor axis mobility (Morbidelli
et al., 2002; Morbidelli and Vokrouhlický, 2003). The cumu-
lative size distribution of a population of asteroids in a given
diameter range (e.g., 0.35 < D < 10 km) can be approximated
by a simple exponential function of the form

(8)N(> D) = N0D
−α.

Therefore, according to this asteroid delivery model, the dif-
ference in the exponent α between the bodies injected into the
NEA source regions and the remaining population of asteroids
in the main belt is of the order of ∼1 if the semimajor axis mo-
bility is proportional to D−1. The same difference in the value
of the exponents holds for the NEA and the MBA populations
in a comparable size range, assuming that the large majority of
NEAs come from the main belt.

The results of the latest studies that have analyzed the size
distributions of NEAs and km-sized MBAs imply that this dif-
ference is closer to 0.5–0.7, in favor of a Yarkovsky effect less
effective for smaller asteroids, which is consistent with the re-
sults of this work. We recall that Eq. (8) can be converted into a
cumulative absolute visual magnitude H distribution of a pop-
ulation of asteroids with the form

(9)N(< H) = N ′
010βH ,

where the exponential slope of the absolute magnitude distribu-
tion, β , can be converted into the power-law slope of the diam-
eter distribution via α = 5β (see, e.g., Stuart and Binzel, 2004).
Several authors (Rabinowitz et al., 2000; Bottke et al., 2000;
Stuart and Binzel, 2004) agree that β is in the range 0.35–
0.39 for the NEA population, which implies a value of αNEA
between 1.75 and 1.95. The size distribution of km- and sub-
km-sized MBAs is less constrained than that of NEAs, since the
known population is still rather incomplete for H > 14–15 (cor-
responding to values of D between 6 and 3 km for a geometric
visible albedo of 0.11), so that beyond this threshold only ex-
trapolations of the known distribution can be made. Morbidelli
and Vokrouhlický (2003) used the slopes derived by Ivezic et
al. (2001) from the Sloan Digital Sky Survey (SDSS), namely,
β = 0.61 for 13 < H < 15.5 and β = 0.25 for 15.5 < H < 18,
to extrapolate the observed H cumulative distribution (as given
by the Astorb catalog) to km-sized asteroids, and use it in their
model of the Yarkovsky-driven origin of near-Earth asteroids.
Assuming β = 0.25 for 15.5 < H < 18 this would give a value
of αMBA = 1.25 for the slope of the cumulative size distri-
bution of MBAs in the range 1 < D < 3 km. This value is
in good agreement with the even slightly shallower size dis-
tribution (αMBA ∼ 1.2) of km- and sub-km-sized MBAs (for
0.5 < D < 1 km) found by the SMBAS survey (Sub-Kilometer
Main-Belt Asteroid Survey) obtained by Yoshida et al. (2003).
Taking the values of α from the studies above, we find that
αNEA − αMBA = 0.5–0.7, in good agreement with a drifting
population of asteroids with da/dt ∝ D−0.6.

However, Morbidelli and Vokrouhlický (2003) have also
shown that the collisional re-orientation of asteroid spin axes
(which resets the drift speed due to the Yarkovsky effect), the
collisional disruption of the bodies during their slow drift to-
wards the NEA source regions, and the YORP effect, tend to
decrease the difference between αNEA and αMBA. The addi-
tion of these phenomena along with the revised dependence of
da/dt ∝ D−0.6 due to the Yarkovsky effect may help to ex-
plain the even steeper size distribution of small MBAs, and
thus a difference between αNEA and αMBA smaller than 0.5–
0.7 implied by the recent results of the Sub-Kilometer Asteroid
Diameter Survey (SKADS; Davis et al., 2006), which found
βMBA = 0.38, corresponding to αMBA = 1.9, for 13 < H < 17.

The value of the thermal inertia also plays an important
role in the YORP effect (Rubincam, 2000; Vokrouhlický and
Capek, 2002), which is a torque produced by the thermal radi-
ation emitted by asteroids with irregular shapes causing a slow
spin-up/spin-down and a change of the spin axis obliquities of
these bodies. In contrast to the Yarkovsky effect, YORP also
acts on bodies with zero surface thermal conductivity. However,
in the case of a thermal inertia significantly larger than zero (in
contrast to the case of zero-conductivity), YORP preferentially
drives obliquity toward two asymptotic states perpendicular to
the orbital plane, and asymptotically decelerates and acceler-
ates rotation rate in about an equal number of cases (Capek
and Vokrouhlický, 2004). Capek and Vokrouhlický (2004) have
shown that the acceleration of the rotation rate, dω/dt , is largely
independent of the thermal inertia, whereas the latter signifi-
cantly affects the rate of change of the obliquity, dθSS/dt , in
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the sense that the higher the thermal inertia the larger the mean
value of dθSS/dt . Capek and Vokrouhlický (2004) found the
median value of the distribution of dθSS/dt for populations
of Gaussian spheres increased from 3.33 deg/Myr for Γ =
0 J m−2 s−0.5 K−1 to 5.94 deg/Myr for Γ = 39 J m−2 s−0.5 K−1

and to 8.60 deg/Myr in the case of Γ = 122 J m−2 s−0.5 K−1,
which is a reasonable value for bodies of about 5 km accord-
ing to our Fig. 6. Because our Γ (D) relation predicts an even
larger value of surface thermal inertia for asteroids of 1 km in
diameter, the YORP reorientation of the spin vector of asteroids
becomes a more effective mechanism in the case of km-sized
asteroids, capable of driving the rotation axis to the asymptotic
state perpendicular to the orbital plane in just a few tens of mil-
lions of years.

5. Conclusions

The thermal inertia of an asteroid can be derived by compar-
ing measurements of its thermal-infrared flux, at wavelengths
typically between 5 and 20 µm, to synthetic fluxes generated by
means of a thermophysical model (TPM). To date TPMs have
been used to derive the thermal inertia of seven large MBAs
and five NEAs. Although an extensive set of thermal-infrared
observations of NEAs exists, application of TPMs is limited to
the few asteroids for which the gross shape, the rotation period,
and the spin axis orientation are known.

In order to overcome this limitation, we have developed a
statistical method enabling the determination of the thermal in-
ertia of a sample of objects for which such information is not
available. This method has been applied to a sample of NEAs
with diameters generally between 0.8 and 3.4 km. The resulting
value, Γ = 200 ± 40 J m−2 s−0.5 K−1, corresponds to a surface
thermal conductivity of about 0.03 W m−1 K−1.

This value of thermal inertia and those derived by means of
TPMs reveal a significant trend of increasing thermal inertia
with decreasing asteroid diameter, D. Assuming that Γ is pro-
portional to D−ξ we derive a best-fit value for the exponent of
ξ ∼ 0.4.

The dependence Γ (D) has important implications for the
magnitude of the Yarkovsky effect. On the basis of our re-
sults, the size dependence of the orbital semimajor axis drift
rate da/dt of MBAs for ∼0.35 < D < ∼10 due to the diurnal
component of the Yarkovsky effect is proportional to D−0.6,
rather than the generally assumed D−1 dependence for size-
independent thermal inertia.

The modified dependence, da/dt ∝ D−0.6, implies that the
size distribution of the objects injected by Yarkovsky-driven or-
bital mobility into the NEA source regions is less skewed to
smaller sizes than generally assumed. This may help to explain
the smaller-than-one difference in the value of the exponents of
the cumulative size distribution of NEAs and MBAs.

We stress that the dataset on which our results are based
is small and more multi-wavelength, multi-epoch thermal-
infrared observations of asteroids with known spin states are
required to refine our conclusions on the size dependence of
thermal inertia and its consequences.
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Thermal fatigue as the origin of regolith on
small asteroids
Marco Delbo1, Guy Libourel2,3, Justin Wilkerson4, Naomi Murdoch1,5, Patrick Michel1, K. T. Ramesh4, Clément Ganino3,
Chrystele Verati3 & Simone Marchi6

Space missions1,2 and thermal infrared observations3 have shown
that small asteroids (kilometre-sized or smaller) are covered by a
layer of centimetre-sized or smaller particles, which constitute the
regolith. Regolith generation has traditionally been attributed to
the fall back of impact ejecta and by the break-up of boulders by micro-
meteoroid impact4,5. Laboratory experiments6 and impact models4,
however, show that crater ejecta velocities are typically greater than
several tens of centimetres per second, which corresponds to the gravi-
tational escape velocity of kilometre-sized asteroids. Therefore, impact
debris cannot be the main source of regolith on small asteroids4.
Here we report that thermal fatigue7–9, a mechanism of rock weath-
ering and fragmentation with no subsequent ejection, is the dom-
inant process governing regolith generation on small asteroids. We
find that thermal fragmentation induced by the diurnal tempera-
ture variations breaks up rocks larger than a few centimetres more
quickly than do micrometeoroid impacts. Because thermal frag-
mentation is independent of asteroid size, this process can also con-
tribute to regolith production on larger asteroids. Production of
fresh regolith originating in thermal fatigue fragmentation may be an
important process for the rejuvenation of the surfaces of near-Earth

asteroids, and may explain the observed lack of low-perihelion, car-
bonaceous, near-Earth asteroids10.

The collisional and gravitational re-accumulation processes by which
small asteroids are formed probably result in the creation of surfaces
composed of boulders11. These boulders are broken up by microme-
teoroid impacts into the smaller particles constituting the regolith4,5. A
standard model12 that calculates the time required to form regolith by
fragmenting rocks of sizes between 1 and 10 cm by micrometeoroid
impacts shows that these rocks on the Moon’s surface will be broken
down into smaller rocks in several million years5,12. Using the known13

orbital distribution of micrometeoroids and a method14 to calculate
the impact probability of micrometeoroids with the Moon and aster-
oids (Methods), we find that the breakdown of surface rocks requires
about the same amount of time on near-Earth asteroids (NEAs; aster-
oids with a perihelion distance of q , 1.3 AU, where 1 AU is the Earth–
Sun distance) and on the Moon, whereas on main-belt asteroids (MBAs)
this time is about ten times longer than on the Moon (Fig. 1).

Boulders on the surfaces of asteroids are also exposed to cyclic diurnal
temperature variations, which cause mechanical stresses. To answer the
question of whether these stresses are large enough to induce thermal

1Laboratoire Lagrange, UNS-CNRS, Observatoire de la Côte d’Azur, Boulevard de l’Observatoire-CS 34229, 06304 Nice Cedex 4, France. 2Université de Lorraine, CRPG-CNRS, 15 Rue Notre-Dame des
Pauvres, BP 20, 54501 Vandoeuvre les Nancy, France. 3Laboratoire Géoazur, UNS-CNRS, Observatoire de la Côte d’Azur, 250 rue Albert Einstein, Les Lucioles 1, Sophia-Antipolis, 06560 Valbonne, France.
4Hopkins Extreme Materials Institute, Johns Hopkins University, Latrobe 122, 3400 North Charles Street, Baltimore, Maryland 21218, USA. 5Institut Supérieur de l’Aéronautique et de l’Espace, 10 avenue
Edouard-Belin,BP 54032,31055 Toulouse Cedex 4, France. 6Solar System ExplorationResearch Virtual Institute, Institute for the Scienceof Exploration Targets, SouthwestResearch Institute, 1050Walnut
Street, Suite 300 Boulder, Colorado 80302, USA.
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Figure 1 | Time required to break rocks on
asteroids. Symbols show the time required to
thermally fragment 90% of rocks for the nominal
values of the model parameters. The thick dashed
lines show the times at which 90% of these same
rocks are broken by micrometeoroid impacts.
a, Ordinary chondrite-like asteroid 1 AU from the
Sun; b, carbonaceous chondrite-like asteroid at
1 AU; c, ordinary chondrite-like asteroid at 2.5 AU;
d, carbonaceous chondrite-like asteroid at 2.5 AU.
Error bars show the change in the thermal
fragmentation time when model parameters are
varied within their uncertainties (Methods).
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fatigue crack growth, we perform laboratory experiments (Methods) on
two meteorites: a carbonaceous chondrite (CM2 Murchison) and an
ordinary chondrite (L/LL3.2 Sahara 97210) considered the closest avail-
able analogues of the broad asteroid spectroscopic classes C and S,
respectively. Our protocol (Extended Data Fig. 1) consists of using a
climatic chamber to subject these meteorites to temperature cycles that
approximate the day–night temperature variations experienced on NEA
surfaces. The temperature cycle period was taken to be 2.2 h, the fastest
period permitted by our climatic chamber, allowing us to have a reas-
onable number of cycles within a month (still subjecting meteorites to
temperature rates of change typical of NEA surfaces). The magnitude
of the temperature excursion, DT, was taken to be 190 K, equal of the
DT of C-type NEAs at ,0.7 AU from the Sun (Methods and Extended
Data Fig. 2).

After subjecting the meteorites to as few as 407 temperature cycles,
we use X-ray tomography to observe (Fig. 2) and measure (Methods)
an increase in the length and in the width of several of the pre-existing
cracks in both Murchison and Sahara 97210, thus confirming thermal

fatigue (measurements for 21 cracks for each meteorite are shown in
Extended Data Figs 3 and 4). Additionally, we found particles in the
sample holder of Murchison that had broken off from its surface as a
result of temperature cycling (Fig. 3). Crack growth and fragmentation
due to either the manipulation of the samples or the freeze–thaw of
water are both ruled out (Methods and Extended Data Fig. 5).

A second question is how much time is required for pre-existing cracks
to propagate enough to break the rocks and contribute to the genera-
tion of finer regolith. Our measurements show that, under laboratory
conditions, pre-existing cracks are extending in length at a rate of about
0.5 mm yr21 (average of Murchison and Sahara 97210). A constant crack
propagation rate would suggest that a 1-cm rock on the surface of an
NEA could fragment into smaller pieces in less than 20 yr, several orders
of magnitude faster than comminution by micrometeoroid impacts,
which requires about 2 Myr on NEAs and about 20 Myr on MBAs.
However, the crack propagation rate is typically a nonlinear function
of crack size, thus requiring a detailed fracture mechanics analysis to
investigate whether such a rapid growth rate would be maintained to
the point of fragmentation and whether thermal fragmentation can also
occur for different cycle periods, for larger rocks and at lower tempera-
tures (for example for MBAs).

To investigate this question, we develop a micromechanical model
(Methods) based on well-established thermal diffusion15, thermo-
mechanical16 (Extended Data Fig. 6) and fracture mechanics17 models in
order to analyse the progressive crack growth from the early stages to final
fragmentation (model parameter values are in Extended Data Table 1).

First we compare the crack growth measured in our laboratory experi-
ments with model predictions. We use thermal boundary conditions
simulating those of the laboratory experiments: the entire surface of a
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rock 1 cm in diameter is forced to follow sinusoidal temperature oscil-
lations withDT 5 190 K and a period of 2.2 h. Considering the idealized
nature of the model, the agreement with the experimental measure-
ments is satisfactory (the average model-to-experiment discrepancy is
20%; see Methods and Extended Data Fig. 7) and indicates that we have
captured the essential aspects of thermal fatigue crack growth.

Next we use the model to provide predictions for the time (number
of day–night temperature cycles) required to achieve thermal fragmenta-
tion for surface rocks with sizes between 1 and 10 cm (Extended Data
Fig. 8) on C- and S-type asteroids at 1 and 2.5 AU from the Sun. Here the
cycle period is taken to be 6 h, which is more appropriate than 2.2 h for
most small asteroids. The day–night temperature variations, temper-
ature gradients and mechanical stresses are calculated using boundary
conditions appropriate for asteroid surfaces radiatively heated by the
Sun (Methods). We use a conservative definition of rock fragmentation
in our model, namely that an initial 30-mm-long crack grows to a length
equal to the rock diameter. Shorter cracks can still produce fragments,
either by merging with other growing cracks or by a flaking mechanism
(as in the case of Fig. 3).

Our results (Fig. 1) demonstrate that, at 1 AU from the Sun, centimetre-
sized rocks fragment on asteroids at least an order of magnitude faster
by thermal fragmentation than by comminution by micrometeoroid
impacts, the previously assumed dominant mechanism. We also find
(Fig. 1) that although larger rocks require more time to fragment by
micrometeoroid impact, the trend is reversed for thermal fragmenta-
tion. Therefore, thermal fragmentation of a 10-cm rock is predicted to
occur orders of magnitude faster than fragmentation due to microme-
teoroid impact. Although the speed of thermal fatigue is reduced at
larger heliocentric distances (Extended Data Fig. 2), we still find (Fig. 1)
that in the main belt, 2.5 AU from the Sun, thermal fatigue fragmentation
is, in general, and within the errors of our model (Methods and Extended
Data Fig. 9), more quickly than rock break-up by micrometeoroid impacts.

Because regolith formation by thermal fragmentation does not depend
on asteroid size, this process occurs also on larger asteroids (for example,
those varying in size from several tens to several hundreds of kilometres).

We argue that asteroid rock thermal fragmentation has observable
implications: by breaking down rocks into smaller pieces and thus expos-
ing new surface area, thermal fragmentation can provide a mechanism
to make fresh regolith. Because the process of thermal fragmentation is
strongly dependent on the value of DT, the rate of thermal fragmenta-
tion increases with decreasing perihelion distance (Extended Data Fig. 2).
Observations show that the fraction of NEAs with fresh surfaces, whose
reflectance spectra resemble those of ordinary chondrites (‘Q-type’ aster-
oids), is increasing with decreasing perihelion distance with a depend-
ence18 that mimics the curves of the NEADT. From this result, a concrete,
testable prediction is that more regolith should be found on NEAs that,
during their chaotic dynamical evolution, are likely to have spent more
time with smaller perihelion distances19.

We also predict that small NEAs (for example those 100 m in radius)
with low perihelion distances (q , 0.3 AU) could be eroded by thermal
fragmentation and radiation pressure sweeping20 on timescales shorter
than their dynamical lifetime. For instance, at 0.3 AU the solar radiation
pressure can remove grains with radii of the order of millimetres from
the surface of an asteroid with a radius of 100 m (ref. 20); these grains
can be produced by thermal fragmentation of centimetre-sized rocks in
less than ,200 yr. Therefore, low-perihelion NEAs loose regolith at a
rate of roughly 5 3 1025 m yr21, implying that an object with a radius
of 100 m would be completely eroded in about 2 Myr. Because thermal
fragmentation is faster for C-type NEAs than for S-type NEAs (Fig. 1),
we predict that erosion would be faster for carbonaceous NEAs, pro-
viding an explanation for the shortage of low-albedo, carbonaceous
Aten-type NEAs10.

METHODS SUMMARY
Rock comminution by micrometeoroid impacts on asteroids. We calculate the
impact probability of micrometeoroids of the zodiacal dust cloud13 on the Moon,

on a typical NEA and on MBAs using the method of ref. 14 but without imposing
any impact velocity cut-off. The ratio of the rock survival times on NEAs and
MBAs to the known lunar value12 is proportional to the respective impact prob-
ability ratios.
Thermal fatigue laboratory experiments. We perform two sets of temperature
cycles (respectively 76 and 331, for a total of 407) on centimetre-sized samples of
the meteorites Murchison (CM2) and Sahara 97210 (L/LL3.2). Before and after the
first set of cycles, and after the second set, meteorites are imaged using a computed
tomographic scanner. The scanned volumes are aligned and the increases in volume
and length of several (21) cracks are measured.
Thermomechanical and fatigue crack growth model. Asteroid rock (Extended
Data Fig. 8) temperatures are calculated for heliocentric distances between 0.3 and
2.5 AU. We use a well-established one-dimensional thermal model15. Model parameters
are as follows21: rotational period, 6 h; thermal inertia, C 5 640 J m22 s20.5 K21

(carbonaceous chondrite) or C 5 1,800 J m22 s20.5 K21 (ordinary chondrite); bolo-
metric albedo, A 5 0.02 (carbonaceous) or A 5 0.1 (ordinary). The cyclic spatial
and temporal temperature fields are used to calculate the strains and stresses in the
rocks and the stress intensity factors at the tip of surface cracks that, following
Paris’s law17, grow downwards through the rocks in the direction perpendicular to
the asteroid surface. The time needed to propagate a crack from 30mm to a length
equal to the rock diameter is then compared with the rock survival time against
micrometeoroid impact (Fig. 1).

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Rock comminution by micrometeoroid impacts on asteroids. On asteroids, like
on the Moon, regolith formation via break-up of rocks by micrometeoroid impacts
is accomplished by two mechanisms: rupture and erosion5. On the Moon, rock
survival time against micrometeoroid rupture is in the range between 2 and 20 Myr
for rock diameters between 1 and 10 cm (ref. 12). This survival time on asteroids
can be calculated by the following method.

First, given the relation between the rock diameter and the meteoroid impact
energy required for the rock rupture12, and assuming densities of 1 g cm23 for
cometary meteorids and 3.5 g cm23 for asteroidal meteoroids, one can find that
rocks 1–10 cm in size are broken up by sub-millimetre meteoroids5. Meteoroids of
this size dominate the zodiacal dust cloud13,14, 90% of which is constituted by
cometary dust13.

Next, given the orbital distribution of these cometary particles13, we use a clas-
sical method14, but without imposing an impact velocity cut-off, to calculate the
average intrinsic impact probabilities (p, for example, the number of impacts per
meteoroid on a circular cross-section of radius 1 km per year) and the average
impact velocity (vi) of meteoroids on the Moon, a typical NEA (a 5 1 AU, e 5 0.3,
i 5 0.15 rad; where a is the semimajor axis of the orbit, e is its eccentricity and i is its
inclination) and an average MBA. We find that p 5 8.0 3 10218 and vi 5 11 km s21

for the Moon, that p 5 9.5 3 10218 and vi 5 15 km s21 for a typical NEA, and that
p < 1 3 10218 and vi 5 10 km s21 for an average MBA. Neglecting the different
impact velocities (because the energy for rock break-up, Eb, is a shallow function of
the impact velocity12: Eb!v0:7

i ), the rate of meteoroid impacts per unit time and
unit surface, W, on the Moon, NEAs and MBAs is proportional to p. We thus have
WNEA < WMoon < 10WMBA.

Hence, the rock survival time on NEAs is similar to that on the Moon (we assume
that they are the same in Fig. 1), whereas on MBAs rocks survive about ten times
longer. For rocks in the size range 1–10 cm, erosion removes surface material at a
rate of order 1 mm Myr21 (refs 5,12), requiring at least ,10–100 Myr to commin-
ute rocks on the Moon and on NEAs, and 0.1–1 Gyr on MBAs.
Thermal fatigue laboratory experiments. Our experimental protocol is pre-
sented in Extended Data Fig. 1. To ‘image’ the cracks in the meteorites at three
stages of thermal fatigue (before the temperature cycles, t0; after 76 cycles, t1; and
after 407 cycles, t2), we use a Phoenix Nanotom computed tomography scanner
that produces three-dimensional data cubes of approximately 1,0003 voxels or
2,0003 voxels depending on the spatial resolution, Dl. Specifically, for Murchison
Dl 5 12.5, 13, 13mm, and for Sahara 97210 Dl 5 3.75, 4, 4.5mm, at t0, t1 and t2,
respectively. The higher spatial resolution for Sahara 97210 is necessary because
this meteorite has fewer and thinner cracks than Murchison. The orientation of
each sample within the scanned volume varies between t0, t1 and t2. Because the
determination of crack growth requires the comparison of sizes of same cracks
at t0, t1 and t2, we precisely align and scale the meteorites within the computed
tomography scans. To do this, several distinctive features in the meteorites, such as
metal-rich inclusions of a few voxels in volume, are visually identified at t0, t1 and
t2, and used as position markers. Because the objects are not initially aligned, the
same marker does not necessarily have the same coordinates at t0, t1 and t2. For
each meteorite, we determine the matrices that best transform the marker coordi-
nates at t1 and at t2 to those at t0. A Monte Carlo method is used to calculate the best
transformation matrix by minimizing the square of the distance between the
marker coordinates at t0 and the transformed ones. We then use the procedure
TRANSFORM_VOLUME, written in IDL by Martin Downing, to apply the trans-
formations to align the computed tomography volumes at t1 and t2 with those at
t0 (see www.idlcoyote.com/programs/transform_volume.pro; IDL is developed by
Exelis Visual Information Solutions Incorporated (http://www.exelisvis.com/Products
Services/IDL.aspx)). The accuracy of the final alignment is, in general, of the order
of 1 voxel.

We develop a method for the determination of the volume and length of the
cracks that is not sensitive to the absolute value of the voxel intensity. This is because
the X-ray intensity is not constant between different computed tomography scans,
causing variability of the meteorite voxel counts, the background counts and the
noise level among scans of the same meteorite. We measure the crack width at all
voxels along the crack length, and the crack height, within a volume of interest of
the meteorite that includes the crack or a portion thereof. We use the same volume
of interest for the same crack at t0, t1 and t2 on the aligned computed tomography
scans. The volume of interest, different for each different crack, is defined as follows.
We chose a plane (for example, the x–y plane) along which the crack mainly extends,
and we extract several slices from the computed tomography volume parallel to the
considered plane. Typically, we consider ten slices. For each slice, we draw a segmen-
ted line that follows the crack as closely as possible; the same number of segments
is used for each slice. For each segment and for each slice, we determine the width
of the crack and the width uncertainty in the direction perpendicular to the segment
at every point. We calculate the volume of the crack portion from

V~
XN

i~n

XMi

j~1

XLi,j

k~1

Wi,j,kgi,j,k Dlð Þ3 ð1Þ

where Wi,j,k is the crack width at the kth position along the jth segment of length
Li,j on the ith slice of the volume of interest. The initial and final slices are n and N,
respectively, and M is the number of segments. The value of gi,j,k is equal to 1 or 0
depending on whether the width determination was accepted or deemed invalid
using the procedure described in the next paragraph. As for the width of the crack,
we use the full-width at half-maximum of the Gaussian function that best fits the
intensity profile of the meteorite perpendicular to the segment. We prefer to give
the volume of the crack instead of its average width. This is because cracks typically
have large width variations throughout their volume. The accuracy of the crack
width determination is estimated at each point by a Monte Carlo method: we
attempt to fit a Gaussian function up to 9,000 times to the meteorite intensity
profile to have at least 30 valid fits. Gaussian random noise (with a standard
deviation given by noise in the computed tomography data) is added to the voxel
counts in each iteration. If at t0, t1 or t2 the dispersions of the widths, centres or
amplitudes of the Gaussian fits are larger than some threshold values that, once
tuned, are kept constant for both meteorites at all times, the point is deemed not to
contain a crack and is excluded from the sums of equation (1) at t0, t1 and t2 (by
setting the corresponding value of g to zero).

The crack length measurement method is similar to the one used for the crack
volume determination, but with two main differences. First we select a volume of
interest that includes one or more crack tips, typically by constructing the seg-
ments such that they partly extend beyond the crack tips. This is because any
potential increase in the length of the crack due to temperature cycling must
happen at the crack tip. Next, for each slice, we count the number of voxels where
g 5 1, that is, where a valid crack width is found. We note that, contrary to the
method used for the measurement of the crack volume, we do not set g 5 0 at t0, t1

and t2 if g 5 0 at t0, t1 or t2. We observe that our method fails to fit a Gaussian
function to the meteorite intensity profile beyond the crack tip and that the dis-
persions of the Gaussian parameters can become very large, indicating the absence
of a crack. The length of the crack averaged over the slices of interest is given by

L~
1

N{n

XN

i~n

XMi

j~1

XLi,j

k~1

gi,j,kDl

We take the standard error of the mean as the error in the length of the crack. This
same process is applied to the computed tomography scans of the meteorites at t0,
t1 and t2 to measure the evolution of crack length as a function of the number of the
cycles.

We were concerned that processes other than thermal fatigue could affect crack
growth in our experiments. For example, the water freeze–thaw effect has an import-
ant role in the opening of cracks in terrestrial rocks. Atmospheric moisture in the
cracks of our specimens could, in principle, have been present and may have facili-
tated the opening and the lengthening of cracks. However, we rule out this mech-
anism in our experiments in two ways. First, temperature cycling of our samples is
carried out under an anhydrous atmosphere at a pressure of 1 bar. Next, before the
temperature cycling begin, the meteorite specimens are exposed to a vacuum of
,1022 bar and later immersed in an argon–nitrogen gas for several hours to
eliminate potential traces of humidity.

We were also concerned that the transport of the meteorites from the climatic
chamber to the computed tomography scanner may have stressed the samples and
affected the crack growth. We rule out this effect by obtaining scans of a sample of
Murchison that was transported from the climatic chamber to the scanner, but not
subjected to temperature cycles. We repeat this procedure twice. Visual inspection
of the scan images shows no obvious change in the position, width and length of
the cracks, and no formation of new cracks. Also, no fragments flaking off from the
surface of the Murchison specimen were found (analysis of the scans shows no
obvious change in the surface of the specimen). Volume measurements of several
cracks in the specimen of Murchison that was transported but not subjected to
temperature cycles show no variation within the error bars (Extended Data Fig. 5).
Thermomechanical and fatigue crack growth model. Our thermomechanical
and crack growth model is based on the coupling of a well-established thermal
diffusion model15, linear elastic fracture mechanics and a well-established fatigue
crack growth law (Paris’s law17). Paris’s law relates the rate at which the crack
length, a, grows as a function of the number of cycles, N, to the maximum stress
intensity factor17 excursion, DKI:

da
dN

~C½DKI (a)$n ð2Þ

where C and n are material properties fitted to experimental fatigue data22.
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First, we use a well-established thermal model15 to solve the one-dimensional
heat diffusion problem and calculate the temperature, !T x,tð Þ, as a function of time,
t, and depth, x, in a layer of rocks of different sizes at the asteroid surface (Extended
Data Fig. 8). We use the same boundary conditions and finite-difference imple-
mentation as in ref. 15, but we adopt a higher spatial resolution of 0.025 times the
heat penetration depth15, and a maximum depth is set at 1,024 resolution elements.
We model a surface area at the equator. We set the initial temperatures to zero,
and we let the model evolve until the mid-day temperature of the surface at the
asteroid rotation N 1 1 is within 0.1 K of the temperature at the rotation N. The
parameters that control the values of !T x,tð Þ are the thermal inertia, C, the bolo-
metric albedo, A, and the asteroid rotation period, P. We model two cases whose
thermal parameters, taken from ref. 21, are C 5 640 J m22 s20.5 K21, A 5 0.02 and
C 5 1,800 J m22 s20.5 K21, A 5 0.1, corresponding to those of carbonaceous and
ordinary chondrites, respectively (Extended Data Table 1). We set P 5 6 h, which
is appropriate for small asteroids. The thermal model does not account for the rock
boundaries, which increase the porosity of the medium, resulting in lower thermal
inertia and probably increasing the thermal gradients.

To model the temperatures in the meteorites in our laboratory experiments, we
modify the thermal model by solving the heat diffusion problem for an idealized
spherical, homogeneous and isotropic body (with the thermal properties of a car-
bonaceous or an ordinary chondrite, as above) whose surface temperature is forced
to follow a sinusoidal function in time with a period of 2.2 h and an amplitude of
190 K, independently of the mineralogy and equal to those imposed on the meteor-
ites in the climatic chamber.

Next we compute the time-dependent macroscopic stress field, S(x, t), associated
with the transient thermal gradients following established methods16. Additionally,
we account for the microscopic stress fields, s(x; y, t), that develop as a result of the
heterogeneous microstructure of the material, assuming different thermal expan-
sion coefficients for the matrix and the chondrules (the two main components of
those meteorites). Finally, the maximum stress intensity excursion experienced
over a temperature cycle is used in Paris’s law to compute the growth rate of a planar
crack originating from the surface of rock (a flow chart of the procedure is shown in
Extended Data Fig. 6).

Consider a two-scale body (Extended Data Fig. 6) with two macroscale observ-
able quantities, namely macroscopic stress, S(x, t), and macroscopic temperature,
!T x,tð Þ, which are functions of the macroscale material coordinate x. Likewise, the
microscale quantities s(x; y, t) and T(x; y, t) are functions of the microscale material
coordinate y. The macroscale quantities are related to the microscale quantities
through a suitable volumetric average, that is, S(x, t) 5 v{1

ð

v
s x; y,tð Þ dv and

!T x,tð Þ~v{1
ð

v
T x; y,tð Þ dv. The microscale is heterogeneous, approximated by

spherical inclusions embedded in a matrix. The linear thermoelastic properties
of the inclusions are as follows: bulk modulus, Ki; shear modulus, mi; thermal
expansion coefficient, ai. Likewise, the linear thermoelastic properties of the matrix
are Km, mm and am. The macroscale is homogenized with effective linear thermo-
elastic properties of !K , !m and !a (Extended Data Table 1).

The macroscopic stresses, S(x, t), develop as a result of spatial gradients in the
macroscopic transient temperature field, !T x,tð Þ. The formulation of our macroscopic
stress field is very similar to that in ref. 16. We confirm that the macroscopic stress
fields used in this study agree with finite-element analysis.

In general, additional microscale stresses in excess of the macroscale stresses are
generated by both the heterogeneous microstructure, that is, ai ? am, as well as
microscale gradients in the microscale temperature field, that is, =yT(x; y, t). For
simplicity, we assume that the microscale temperature field is equal to the macroscopic
temperature field at a particular macroscale location, that is, T x; y,tð Þ~!T x,tð Þ,
thus neglecting any microscopic gradients in the microscopic temperature field.

Let the spherical inclusions of radii rc be located on a cubic lattice with lattice
parameter 2,. The microscopic stress tensor associated with the thermal mis-
match, sTM, is defined such that s(x; y, t) 5 S(x, t) 1 sTM(x; y, t) and is calculated
through a self-consistent, two-phase composite spheres approach. The method approx-
imates the periodic array of spherical inclusions as a two-phase spherical assemblage
with appropriate boundary conditions23. This approach approximates the stress-
field interactions between inclusions23. The thermoelastic constitutive relations for
both the inner solid sphere and outer spherical shell are expressed as

sTM~

Ki{
2
3

mi

" #
I : eTMð ÞI

z2mie
TM{3KiaiD!TI 0ƒ yk kƒrc

Km{
2
3

mm

" #
I : eTMð ÞI

z2mmeTM{3KmamD!TI rcv yk kƒ‘

8
>>>>>>>><

>>>>>>>>:

where tensorial notation is used, eTM is the total microscopic linear strain associated
with the thermal mismatch, and I is the identity (where the tensor product A : B is
defined as AijBij).

The microscopic equilibrium equation yields the following solution for the
microscopic hoop stresses associated with thermal mismatch:

sTM
hh x; y,tð Þ~

KTMDaD!T x,tð Þ(r3
c ‘

{3{1) 0ƒ yk kƒrc

1
2

KTMDaD!T x,tð Þ(r3
c yk k{3zr3

c ‘
{3) rcv yk kƒ‘

8
<

:

where Da 5 ai 2 am, D!T x,tð Þ~!T x,tð Þ{!T0, and KTM is defined as

KTM~
12mmKiKm

3KiKmz4mmKmz4mm Ki{Kmð Þr3
c ‘

{3

Returning to the body shown in Extended Data Fig. 6, we now consider the
introduction of a planar crack originating from the surface of this body. On the
macroscale the crack cuts through the diameter of the rock, and on the microscale
the crack is assumed to cut through the array of chondrules. To perform the fatigue
crack propagation analysis, it is necessary to obtain an expression for the stress
intensity factor, KI, which is dependent on both the loading and the geometry17.

The stress intensity factor most closely associated with our geometry and load-
ing conditions was obtained by ref. 24 as

KI a,tð Þ~
ða

0
dj

2ec
n. s j,tð Þec

nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p a{jð Þ

p
X3

i~0

Mi 1{
j

a

" #i=2

ð3Þ

where s is the total microscopic tensorial stress field that would develop along the
crack plane if the crack were not present, ec

n is the unit normal to the crack plane
and Mi are geometric parameters that may be found in ref. 24. To make use of the
transient stress intensity factor of equation (3) in the solution of equation (2), it is
necessary to obtain the maximum stress intensity factor excursion, DKI(a), experi-
enced over a particular cycle. Because we are dealing with thermal cyclic stress, the
crack tip experiences both tensile and compressive stresses over a full cycle; there-
fore, ignoring crack closure25, the lowest stress intensity factor that the crack tip
experiences is simply zero. The resulting nonlinear ordinary differential equation—
equation (2) after substitution of equation (3)—is solved numerically by an adaptive
fourth-order Runge–Kutta method, providing the crack size as a function of the
number of thermal cycles.

Lastly, we develop a method for providing some degree of model validation and
uncertainty quantification. The chondrule size, rc, and spacing, ,, are known with a
high degree of accuracy because these are measured from our computed tomography
scans. However, we expect a ,30% relative uncertainty in the values of the thermo-
physical parameters because their values were obtained through direct measurement
of meteorites16,26–30. We thus calculate our model for several sets of values of the
thermophysical parameters that we choose to within 30% of the nominal parameter
values, and find an order-of-magnitude change in the predicted number of thermal
cycles required to achieve rock fragmentation. This implies an order-of-magnitude
change in the survival time of rocks in Fig. 1 and, therefore, that thermal fragmenta-
tion remains dominant over meteoroid impacts as a regolith generation mechanism.

To the best of our knowledge, no systematic fatigue crack growth experiments
have been conducted on asteroid or meteorite materials. Therefore, we took the
Paris’s law parameters of Carrara marble22, which satisfactorily predict the fatigue
crack growth observed in our experiments (inset of Extended Data Fig. 7). Paris’s
law parameters dramatically different from those of Carrara marble will result in
greater model–experiment discrepancy (Extended Data Fig. 9), which is defined as

amodel Nð Þ{aexp Nð Þ
aexp Nð Þ{aexp N~0ð Þ

%%%%

%%%% ð4Þ

where amodel and aexp are the crack lengths predicted by the model and those mea-
sured from our laboratory experiments, respectively. Even if the Paris’s law exponent
were 30% larger than the assumed value (Extended Data Fig. 9), the model would
still predict that thermal fragmentation is the dominant regolith generation mech-
anism over comminution by micrometeroid impact.
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Extended Data Figure 1 | Protocol of the thermal fatigue laboratory
experiments. We place samples of Murchison and Sahara 97210 ,1 cm in size
in a climatic chamber where the air temperature is forced to follow cycles
between 250 and 440 K with a period of 2.2 h. The air is anhydrous and at a

pressure of 1 bar. Meteorites are analysed by X-ray computed tomography
before the temperature cycles begin (t0), after 76 cycles (t1) and after 407 cycles
(t2). From the scans, we measure (Methods) the increases in the volume and
length of cracks as functions of the number of temperature cycles.
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Extended Data Figure 2 | Diurnal surface temperature excursions on
asteroids as a function of the distance to the Sun. Temperatures are
calculated at the equator of a spherical asteroid by means of an asteroid
thermophysical model15 (Methods), assuming the thermal properties

(Extended Data Table 1) of a carbonaceous chondrite (the CM2 Cold-
Bokkevel) and that of an ordinary chondrite (the H5 Cronstad). The asteroid
rotation period is set to 6 h. The bolometric albedo is assumed to equal 0.02 for
the carbonaceous chondrite and 0.1 for the ordinary chondrite.
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Extended Data Figure 3 | Volume growth of individual cracks as a function
of the number of temperature cycles. a, Murchison; b, Sahara 97210.
Statistical errors are 1s and are in general smaller than the plot symbols. The
crack volume is measured by the procedure described in Methods. Cracks are

labelled with the value of the initial slice of the corresponding volume of
interest. If different volumes of interest are defined with the same initial
tomographic slice, the last letter of the crack label is used to identify the crack
(for example Z387a, Z378b, Z378c).
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Extended Data Figure 4 | Length growth of individual cracks as a function
of the number of temperature cycles. a, Murchison; b, Sahara 97210.

Statistical errors are 1s. The crack length is measured by the procedure
described in Methods. See Extended Data Fig. 3 for crack labelling.
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Extended Data Figure 5 | No crack growth with no temperature cycles.
Volume growth of individual cracks in a specimen of Murchison that was
transported from the climatic chamber to the computed tomography scanner
without temperature cycling. Statistical errors are 1s. The crack volume is
measured by the procedure described in Methods. We performed three

computed tomography scans: scan no. 0 (the label on the x axis) was obtained
on the sample of the meteorite as it was received; scan no. 1 was carried out after
the meteorite was transported from the computed tomography scanner to the
climatic chamber and back; and scan no. 2 was obtained after a second
transportation of the meteorite.
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Extended Data Figure 6 | Schematics of our micromechanical model.
a, Flow chart; b, schematic of the two-scale representation (Methods). hV is the
surface of a body of volume V. A microscopic spherical inclusion, centred at the
macroscopic point x is embedded in an infinite, effectively homogenized

matrix. A general microscopic material point is located at a distance y measured
from the centre of its nearest spherical inclusion located at x. The spherical
inclusions of radius rc are located at the vertices of a cubic lattice with lattice
parameter 2,.
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Extended Data Figure 7 | Comparison of theoretical and measured crack
growth. Crack size is shown as a function of the number of temperature
cycles predicted by our model and compared with experimental data for two
particular cracks. Main plot: pre-existing cracks of 0.76 mm for Murchison
and 0.41 mm for Sahara 97210 originating at the surface of the samples

progressively propagate through the respective meteorites. The crosses indicate
that the crack has reached a length equal to the meteorite diameter; therefore,
full fragmentation occurs. Inset: comparison of the model with the length
growth measured in our experiments for the same two cracks.
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Extended Data Figure 8 | Schematic of the surface layer of rocks modelled in
this work. The schematic is inspired by Fig. 3 of ref. 7. The layer is composed of
rocks with different sizes. The rocks are subjected to spatial and temporal
temperature gradients at the surface of the asteroid due to changes in the
diurnal solar heating. The bottom of the rock layer is assumed to be in
contact with bedrock that is deep enough to have a constant temperature.
Temperatures are calculated assuming a uniform medium (no rock
boundaries). This is probably a conservative approximation, because the

presence of voids between rocks may enhance the temperature gradients owing
to a reduction in the thermal conductivity. When the model starts, all rocks
have a surface crack of the same length (30 mm), represented by the thin vertical
line. It is very likely that cracks of this size, similar to the grain size of meteorites,
are present in asteroidal material. Crack growth is from top to bottom.
Crack growth is modelled until the time (survival time) the crack reaches
the diameter of the rock (through-crack), and the rock is broken into two
pieces. Rock survival times are shown in Fig. 1.
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Extended Data Figure 9 | Sensitivity of the model results to variations in
Paris’s law parameters. The stars indicate model results for the nominal values
of the parameters given in Extended Data Table 1. a, Number of temperature
cycles until fragmentation for a rock 1 cm in diameter as a function of
the Paris’s law exponent, n. b, Discrepancy between the model and the
experimental crack growth, defined by equation (4) in Methods, as a function

of the Paris’s law exponent. The model–experiment discrepancy is of the order
of 20% for the nominal values of the C and n. A 100% discrepancy would be
clearly visible in Extended Data Fig. 7. c, Same as a, but here the number of
cycles until rock fragmentation is plotted as a function of the Paris’s law
factor C. d, Same as b, but here the discrepancy between the model and the
experimental crack growth is plotted as a function of the Paris’s law factor C.
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Extended Data Table 1 | Physical properties of materials and their default values used in this work
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The field of asteroid thermophysical modeling has experienced an extraordinary growth
in the last ten years, as new thermal infrared data became available for hundreds of thousands
of asteroids. The infrared emission of asteroids depends on the body’s size, shape, albedo,
thermal inertia, roughness and rotational properties. These parameters can therefore be derived
by thermophysical modeling of infrared data. Thermophysical modeling led to asteroid size
estimates that were confirmed at the few-percent level by later spacecraft visits. We discuss
how instrumentation advances now allow mid-infrared interferometric observations as well as
high-accuracy spectro-photometry, posing their own set of thermal-modeling challenges. We
present major breakthroughs achieved in studies of the thermal inertia, a sensitive indicator for
the nature of asteroids soils, allowing us, for instance, to determine the grain size of asteroidal
regoliths. Thermal inertia also governs non-gravitational effects on asteroid orbits, requiring
thermophysical modeling for precise asteroid dynamical studies. The radiative heating of
asteroids, meteoroids, and comets from the Sun also governs the thermal stress in surface
material; only recently has it been recognized as a significant weathering process. Asteroid
space missions with thermal infrared instruments are currently undergoing study at all major
space agencies. This will require a high level of sophistication of thermophysical models in
order to analyze high-quality spacecraft data.

1. INTRODUCTION

Asteroid thermophysical modeling is about calculating
the temperature of asteroids’ surface and immediate sub-
surface, which depend on absorption of sunlight, multiple
scattering of reflected and thermally emitted photons, and
heat conduction. Physical parameters such as albedo (or re-
flectivity), thermal conductivity, heat capacity, emissivity,
density and roughness, along with the shape (e.g., elevation
model) of the body, its orientation in space, and its previous
thermal history are taken into account. From the synthetic
surface temperatures, thermally emitted fluxes (typically in
the infrared) can be calculated. Physical properties are con-
strained by fitting model fluxes to observational data.

One differentiates between sophisticated thermophysi-
cal models (TPMs; Lebofsky and Spencer, 1989; Spencer,
1990; Spencer et al., 1989; Lagerros, 1997, 1996a, 1998;
Delbo, 2004; Mueller, 2007; Rozitis and Green, 2011) and
simple thermal models, which typically assume spherical

shape, neglect heat conduction (or simplify its treatment),
and do not treat surface roughness (see Harris and Lagerros,
2002; Delbo and Harris, 2002, for reviews). In the past, us-
age of TPMs was reserved to the few exceptional asteroids
for which detailed shape models and high quality thermal
infrared data existed (Harris and Lagerros, 2002). In the
last ten years, however, TPMs became significantly more
applicable (see § 6), thanks both to new spaceborn infrared
telescopes (Spitzer, WISE and AKARI; see Mainzer et al.,
2015) and to the availability of an ever-growing number of
asteroid shape models (Durech et al., 2015).

After introducing the motivations and the different con-
texts for calculating asteroid temperatures (§ 2), we pro-
vide an overview of simple thermal models (§ 3) and of
TPMs (§ 4). We describe data analysis techniques based
on TPMs (§ 5), then we present the latest results and im-
plications on the physics of asteroids (§ 6). In § 7, we dis-
cuss temperature-induced surface changes on asteroids; see
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also the chapter ”Asteroid surface geophysics” by Murdoch
et al. (2015). All used symbols are summarized in Tab. 1.

Note that we do not discuss here the so-called asteroid
thermal evolution models that are generally used to compute
the temperature throughout the body as a function of time,
typically taking into account internal heat sources such as
the decay of the radiogenic 26Al. Such models allow one to
estimate the degree of metamorphism, aqueous alteration,
melting and differentiation that asteroids experienced dur-
ing the early phases of the solar system formation (see Mc-
Sween et al., 2002, for a review).

2. MOTIVATIONS AND APPLICATIONS OF TPMs

Thermophysical modeling of observations of asteroids
in the thermal infrared (λ & 4 µm) is a powerful tech-
nique to determine the values of physical parameters of as-
teroids such as their sizes (e.g., Müller et al., 2014a), the
thermal inertia and the roughness of their soils (e.g., Müller
and Lagerros, 1998; Mueller, 2007; Delbo and Tanga, 2009;
Matter et al., 2011; Rozitis and Green, 2014; Capria et al.,
2014) and in some particular cases also of their bulk density
and their bulk porosity (Rozitis et al., 2013, 2014; Emery
et al., 2014; Chesley et al., 2014)

Knowledge of physical properties is crucial to under-
stand asteroids: for instance, size information is fundamen-
tal to constrain the asteroid size frequency distribution that
informs us about the collisional evolution of these bodies
(Bottke et al., 2005); is paramount for the study of aster-
oid families, for the Earth-impact risk assessment of near-
Earth asteroids (NEAs; see Harris et al., 2015, for a review),
and for the development of asteroid space mission scenarios
(§ 5.7). Accurate sizes are also a prerequisite to calculate
the volumes of asteroids for which we know the mass, al-
lowing us to derive the bulk density, which inform us about
the internal structure of these bodies (e.g., Carry, 2012).

Thermal inertia, the resistance of a material to temper-
ature change (§ 5.2), is a sensitive indicator for the prop-
erties of the grainy soil (regolith, Murdoch et al., 2015) on
asteroids, e.g., the typical grain size (Gundlach and Blum,
2013) and their degree of cementation (Piqueux and Chris-
tensen, 2009a,b) can be inferred from thermal-inertia mea-
surements. In most cases, the regolith is what we study by
means of remote-sensing observations. It therefore mod-
erates our understanding of the underlying body. Regolith
informs us about the geological processes occurring on as-
teroids (Murdoch et al., 2015) such as impacts, micromete-
oroid bombardment (Hörz and Cintala, 1997), and thermal
cracking (Delbo et al., 2014). Regolith contains records of
elements implanted by the solar wind and cosmic radiation,
and therefore informs us about the sources of those materi-
als (Lucey, 2006). Regolith porosity can shed light on the
role of electrostatic and van-der-Waals forces acting on the
surface of these bodies (e.g., Rozitis et al., 2014; Vernazza
et al., 2012).

Knowledge of surface temperatures is also essential for
the design of the instruments and for the near-surface op-

eration of space missions, as in the case of the sample-
return missions Hayabusa-II and OSIRIS-REx of JAXA and
NASA, respectively, In the future, knowledge of asteroid
temperatures will be crucial for planning human interaction
with asteroids.

Another reason to model asteroid surface temperatures
is that they affect its orbital and spin state evolution via
the Yarkovsky and YORP effects, respectively (§ 5.8 and
Vokrouhlický et al., 2015). In particular, thermal inertia
dictates the strength of the asteroid Yarkovsky effect. This
influences the dispersion of members of asteroid families,
the orbital evolution of potentially hazardous asteroids, and
the delivery of D . 40 km asteroids and meteoroids from
the main belt into dynamical resonance zones capable of
transporting them to Earth-crossing orbits (see Vokrouh-
lický et al., 2015, and the references therein).

The YORP effect is believed to be shaping the distri-
bution of rotation rates (Bottke et al., 2006) and spin vec-
tor orientation (Vokrouhlický et al., 2003; Hanuš et al.,
2011, 2013); small gravitationally bound aggregates could
be spun up so fast (Vokrouhlický et al., 2015; Bottke et al.,
2006, and references therein) that they are forced to change
shape and/or undergo mass shedding (Holsapple, 2010).
Approximately 15% of near-Earth asteroids are observed to
be binaries (Pravec et al., 2006), and YORP spin up is pro-
posed as a viable formation mechanism (Walsh et al., 2008;
Scheeres, 2007; Jacobson and Scheeres, 2011).

A further motivation to apply TPM techniques is to con-
strain the spin-axis orientation and the sense of rotation
of asteroids (examples are 101955 Bennu and 2005 YU55,
Müller et al., 2012, 2013). Durech et al. (2015) describe
how to use optical and thermal infrared data simultaneously
to derive more reliable asteroid shapes and spin properties.

The temperature and its evolution through the entire life
of an asteroid can alter its surface composition and nature
of the regolith (§ 7). For example, when the temperature
rises above a certain threshold for a sustained period, certain
volatiles can be lost via sublimation (Schorghofer, 2008;
Capria et al., 2012), dehydration (Marchi et al., 2009), or
desiccation (Delbo and Michel, 2011; Jewitt et al., 2015,
and references therein).

There can be pronounced and fast temperature variations
between day and night. Modeling these temperature varia-
tions is fundamental to studying the effect of thermal crack-
ing of asteroid surface material (§ 7.1), which was found to
be an important source of fresh regolith production (Delbo
et al., 2014).

3. SIMPLE THERMAL MODELS

We start by introducing the near-Earth asteroid thermal
model (NEATM, Harris, 1998) that is typically used where
the data quality and/or the available knowledge about as-
teroid shape and spin preclude the usage of TPMs. Typ-
ically, the NEATM allows a robust estimation of asteroid
diameter and albedo, but does not provide any direct infor-
mation on thermal inertia or surface roughness (see Harris
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and Lagerros, 2002, for a review). The recent large-scale
thermal-emission surveys of asteroids and trans-Neptunian
objects (see Mainzer et al., 2015; Lellouch et al., 2013,
and references therein) typically use the NEATM in their
data analysis, thereby establishing it as the de-facto default
among the simple thermal models. The typical NEATM
accuracy is 15% in diameter and roughly 30% in albedo
(Harris, 2006). Other simple thermal models are the “Stan-
dard Thermal Model” (STM; Lebofsky et al., 1986), the
“Isothermal Latitude Model” (ILM, also known as the Fast
Rotating Model or FRM, Lebofsky and Spencer, 1989), and
the night emission simulated thermal model (NESTM by
Wolters and Green, 2009). The STM and the ILM, reviewed
by, e.g., Harris and Lagerros (2002), have largely fallen out
of use.

The NEATM assumes that the asteroid has a spherical
shape and does not directly account for thermal inertia nor
surface roughness. The surface temperature is given by the
instantaneous equilibrium with the insolation, which is pro-
portional to the cosine of the angular distance between local
zenith and the Sun and zero at the night side. The maximum
temperature occurs at the subsolar point and it reads:

(1−A)S�r
−2 = ησε T 4

SS (1)

(nomenclature is provided in Tab. 1). The parameter η was
introduced in the STM of Lebofsky et al. (1986) as a means
of changing the model temperature distribution to take ac-
count of the observed enhancement of thermal emission at
small solar phase angles due to surface roughness. This is
known as the beaming effect. For this reason η is also called
the beaming parameter. The η formalism, in the NEATM,
allows a first-order description of the effect of a number
of geometrical and physical parameters, in particular the
thermal inertia and surface roughness on the spectral en-
ergy distribution of an asteroid (Delbo et al., 2007). For
a large thermal inertia, one would expect η-values signifi-
cantly larger than unity (e.g., 1.5–3; with theoretical max-
imum values around 3.5; Delbo et al., 2007), whereas for
low thermal inertia η ' 1 (for Γ = 0 and zero surface rough-
ness). Roughness, on the other hand, tends to lower the
value of η (for observations at low or moderate phase an-
gles). For instance, a value of η ∼ 0.8 for a main belt as-
teroid indicates that this body has low thermal inertia and
significant roughness (with minimum theoretical values of
0.6 - 0.7; Spencer, 1990; Delbo et al., 2007). We note, how-
ever, that η is not a physical property of an asteroid, as it can
vary due to changing observing and illumination geometry,
aspect angle, heliocentric distance of the body, phase angle
and wavelength of observation.

4. THERMOPHYSICAL MODELS

4.1. Overview

Different TPMs have been proposed to study the ther-
mal emission of asteroids, comets, planets, and satellites.
The first models were motivated by thermal observations
of the lunar surface, which revealed an almost thermally

insulating surface that emitted thermal radiation in a non-
Lambertian way (Pettit and Nicholson, 1930; Wesselink,
1948a). Heat conduction and radiation scattering models
of various rough surfaces were able to reproduce the lu-
nar observations to a good degree (e.g., Smith, 1967; Buhl
et al., 1968b,a; Sexl et al., 1971; Winter and Krupp, 1971),
and the derived thermal inertia and surface roughness val-
ues matched in situ measurements by Apollo astronauts (see
Rozitis and Green, 2011, and references therein). These
early lunar models were adapted to general planetary bod-
ies, albeit with an assumed spherical shape, by Spencer
et al. (1989) and Spencer (1990). The most commonly
used asteroid TPMs of Lagerros (1996a, 1997, 1998), Delbo
(2004), Mueller (2007), and Rozitis and Green (2011) are
all based on Spencer et al. (1989) and Spencer (1990). Here
we present the basic principles utilized in TPMs; for imple-
mentation details, the reader is referred to the quoted works.

All TPMs represent the global asteroid shape as a mesh
of (triangular) facets (see Fig. 1) that rotates around a given
spin vector with rotation period P . In general, utilized
shape models are derived from radar observations, inversion
of optical light-curves, in-situ spacecraft images, or stellar
occultation timing (see Durech et al., 2015, for a review of
asteroid shape modeling). If no shape model is available,
one typically falls back to a sphere or an ellipsoid (e.g.,
Müller et al., 2013, 2014a; Emery et al., 2014).

The goal is to calculate the thermal emission of each
facet of the shape model at a given illumination and ob-
servation geometry. To this end, the temperature of the sur-
face and, in the presence of thermal inertia, the immediate
subsurface need to be calculated. Generally, lateral heat
conduction can be neglected as the shape model facets are
much larger than the penetration depth of the diurnal heat
wave (i.e., the thermal skin depth), and only 1D heat con-
duction perpendicular to and into the surface needs to be
considered. For temperature T , time t, and depth z, 1D
heat conduction is described by:

ρC
∂T

∂t
=

∂

∂z
κ
∂T

∂z
(2)

where κ is the thermal conductivity, ρ is the material den-
sity, and C is the heat capacity. If κ is independent of depth
(and, implicitly, temperature independent, see §5.3), Eq. 2
reduces to the diffusion equation:

∂T

∂t
=

κ

ρC

∂T 2

∂2z
(3)

It is useful to define the thermal inertia Γ and the thermal
skin depth ls

Γ =
√
κρC (4)

ls =
√
κP/2πρC. (5)

These material properties are generally assumed to be
constant with depth and temperature in asteroid TPMs,
but varying properties has been considered in some Moon,
Mars, planetary satellites, and asteroids models (e.g Giese
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TABLE 1
NOMENCLATURE

Symbol Quantity Unit Symbol Quantity Unit

T Temperature K θ̄ Mean surface slope deg
TSS Subsolar temperature K ls Thermal skin depth m
σ Stefan-Boltzmann constant (5.67051 10−8) W m−2 K−4 P Rotation period s
S� Solar constant at r=1 au (1329) W m−1 ω = 2π/P s−1

r Distance to the Sun au λp ecliptic longitude of the pole deg
~r Vector to the Sun m βp ecliptic latitude of the pole deg
∆ Distance to the observer au φ0 Initial rotational phase at epoch deg
ε Emissivity - α (Phase) angle between asteroid-sun-observer deg
η Beaming parameter - a Area of a facet m2

κ Thermal conductivity W m−1 K−1 S Shadowing function
C Heat capacity J kg−1 K−1 F~ı,~ View factor
Γ Thermal inertia J m-2s-1/2K-1 JV (~) Visible radiosity
Θ Thermal parameter - JIR(~) Infrared radiosity
ρ Material density kg m−3 n̂ Local normal m
H Absolute magnitude of theH,G system ~ı Vector to the local facet m
G Slope parameter of theH,G system ~ Vector to the remote facet m
V Actual magntude in the V-band γC Crater opening angle deg
D Diameter m (or km) ρC or f Area density of craters
A Bolometric Bond albedo - φ Emission angle rad
pV Geometric visible albedo - fλ(τ) Infrared flux W m−2 µm−1

z Depth in the subsoil m λ Wavelength µm
t Time s
rp Pore radius of regolith m

and Kuehrt, 1990; Urquhart and Jakosky, 1997; Piqueux
and Christensen, 2011; Keihm, 1984; Keihm et al., 2012;
Capria et al., 2014, see also section 5.3).

TPM implementations typically employ dimensionless
time and depth variables: τ = 2πt/P and Z = z/ls. Then,
the only remaining free parameter is the dimensionless ther-
mal parameter (Θ = Γ

√
ω/εσT 3

SS , Spencer, 1990) describ-
ing the combined effect of thermal inertia, rotation period,
and heat emission into space on the surface temperature dis-
tribution (see Fig. 2).

A numerical finite-difference technique is used to solve
the 1D heat conduction equation, and an iterative technique
is used to solve the surface boundary condition. This re-
quires a suitable number of time and depth steps to fully
resolve the temperature variations and to ensure model sta-
bility (typically, at least 360 time steps and 40 depth steps
over 8 thermal skin depths are required). TPMs are run
until specified convergence criteria are met (e.g., until tem-
perature variations between successive model iterations are
below a specified level) and/or until a specified number of
model iterations have been made.

For applications such as the study of the sublimation of
water ice from the shallow subsurface of asteroids (e.g.,
the Main Belt Comets or 24 Themis) the heat conduction
equation must be coupled with a gas diffusion equation
(Schorghofer, 2008; Capria et al., 2012; Prialnik and Rosen-
berg, 2009). See also Huebner et al. (2006) for a review.

The 1D heat conduction equation is solved with inter-
nal and surface boundary conditions to ensure conservation
of energy. Since the amplitude of subsurface temperature
variations decreases exponentially with depth, an internal
boundary condition is required to give zero temperature gra-

dient at a specified large depth
(
∂T

∂z

)

z�ls
= 0. (6)

A typical surface boundary condition for a facet at point ~ı
with respect to the asteroid origin, at point ~r with respect to
the Sun, and with surface normal n̂ is then given by

εσT 4(~ı, t)−
(
∂T (~ı, t)

∂z

)

z=0

=

(1−A)S�
~r 3

(~r · n̂)(1− S(~r,~ı))+

(1−A)

∫
JV (~)F~ı,~ da

′+

εσ(1− ε)
∫
JIR(~)F~ı,~ da

′

(7)

The left-hand side of Eq. (7) gives the thermal energy ra-
diated to space and the heat conducted into the subsurface,
and the right-hand side gives the input radiation from three
different sources: direct solar radiation, multiply scattered
solar radiation (i.e., self-illumination), and reabsorbed ther-
mal radiation (i.e., self-irradiation). The two last compo-
nents are also known as mutual heating (see Fig. 3).

The amount of solar radiation absorbed by a facet de-
pends on the Bond albedo A and any shadows projected on
it, which is dictated by S(~r,~ı) (i.e., S(~r,~ı) = 1 or 0, de-
pending on the presence or absence of a shadow). Projected
shadows occur on globally non-convex shapes only, which
can be determined by ray-triangle intersection tests of the
solar illumination ray (e.g., Rozitis and Green, 2011) or by
local horizon mapping (e.g., Statler, 2009). Related to shad-
owing are the self-heating effects arising from interfacing
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Figure 5.3: Wireframe renderings of various rough surfaces. (1 st
 row) 30º and 45º craters. 

(2 nd
 row) 60º crater and 90º high resolution crater. (3 rd

 row) 90º medium resolution and low 

resolution craters. (4 th
 row) High resolution and low resolution Gaussian random height 

surfaces. 
 

b c d

a

Z

Y
X

Fig. 1.— (a) example of a triangulated 3D shape model
as typically used in TPMs (asteroid (2063) Bacchus from
http://echo.jpl.nasa.gov/asteroids/shapes/shapes.html). Tempera-
tures are color coded: white corresponds to the maximum and
dark-gray corresponds to minimum temperature. Three different
roughness models are sketched in the bottom of the figure: (b)
hemispherical section craters; (c) Gaussian surface; (d) fractal sur-
face. Sub-figures b and d are adapted from Davidsson et al. (2015),
c is from Rozitis and Green (2011).

facets, which tend to reduce the temperature contrast pro-
duced inside concavities. The problem here is to determine
which facets see other facets, and to calculate the amount
of radiation exchanged between them. The former can be
determined by ray-triangle intersection tests again, and the
latter can be solved using view factors. The view factor
F~ı,~ is defined as the fraction of the radiative energy leaving
the local facet ~ı that is received by the remote facet ~ as-
suming Lambertian emission (Lagerros, 1998). JV (~) and
JIR(~) are then the visible and thermal-infrared radiosities
of remote facet ~. Either single or multiple scattering can be
taken into account, and the latter can be efficiently solved
using Gauss-Seidel iterations (Vasavada et al., 1999). Most
TPMs neglect shadowing and self-heating effects resulting
from the global shape for simplicity, but they can be sig-
nificant on asteroids with large shape concavities (e.g., the
south pole of (6489) Golevka: Rozitis and Green, 2013).

4.2. Modeling asteroid thermal emission

Once the surface temperature distribution across an as-
teroid surface has been computed, the emission spectrum
(Fig. 4) at a given observation geometry and a specified time
can be calculated. The monochromatic flux density can also
be calculated at wavelengths of interest. When these model
fluxes are plotted as a function of the asteroid rotational
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Fig. 2.— Synthetic diurnal temperature curves on the equator of
a model asteroid for different values of thermal inertia (in units
of J m-2s-1/2K-1). Increasing thermal inertia smooths temperature
contrasts and causes the temperature peak to occur after the insola-
tion peak at 3 h. The asteroid is situated at a heliocentric distance
of r = 1.1 au, has a spin period of 6 h, a Bond albedo of A = 0.1,
and its spin axis is perpendicular to the orbital plane.

phase, one obtains the so-called thermal lightcurves (e.g.
Fig. 5), which can be used to test the fidelity of shape and
albedo models typically used as input in the TPM.

When the temperature for a facet is known, the inten-
sity Iλ(τ) at which it emits at wavelength λ is given by the
Planck function. Assuming Lambertian emission, the spec-
tral flux of the facet seen by an observer is then

fλ(τ) = Iλ(τ)
a

∆2
cosφ (8)

where a is area of the facet, ∆ is the distance to the ob-
server, and φ is the emission angle. The total observed
flux is obtained by summing the thermal fluxes of all vis-
ible shape model facets including any contributions from
surface roughness elements contained within them. For
disk-integrated measurements, this summation is performed
across the entire visible side of the asteroid, whilst for spa-
tially resolved measurements it is summed across facets
contained within the detector pixel’s field of view.

The assumption of Lambertian emission depends on no
directionality induced by surface irregularities at scales
below the thermal skin depth. Davidsson and Rickman
(2014) show that surface roughness at sub-thermal-skin-
depth scales is quasi-isothermal and is therefore not likely
to deviate from Lambertian emission overall. However,
radiative transfer processes between the regolith grains
could contribute up to 20% of the observed beaming effects
(Hapke, 1996). Rozitis and Green (2011, 2012) investi-
gated combined microscopic (regolith grain induced) and
macroscopic (surface roughness induced) beaming effects,
and demonstrated that the macroscopic effects dominated
overall. This was previously found to be the case in di-
rectional thermal emission measurements of lava flows on
Earth (Jakosky et al., 1990).
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Figure 4.1: Schematic of the Advanced Thermophysical Model (ATPM) where the terms 
FSUN, FSCAT, FRAD, k(dT/dx), and εσT4 are the direct sunlight, multiple scattered sunlight, 
reabsorbed thermal radiation, conducted heat, and thermal radiation lost to space 
respectively. 
 

The 3D shape of a planetary body is broken down into a number of discrete triangular 

surface elements called facets, and can be obtained from lightcurve and radar inversion, or 

from direct imaging by a spacecraft. Artificial shapes can be easily generated if necessary 

(see appendix A.1). Each shape facet has its own unique set of thermal properties including 

thermal inertia and surface roughness, but generally these are assigned the same values 

across the planetary body. These shape facets are large enough so that lateral heat 

conduction can be neglected, and only 1D heat conduction perpendicular and into the 

surface can be considered. A shape facet's surface temperature is determined by solving the 

1D heat conduction equation with a surface boundary condition that includes time-varying 

direct and multiple scattered sunlight, shape shadowing effects, and reabsorbed thermal 

radiation from interfacing shape facets. Generally, surface roughness that leads to thermal 

infrared beaming is not resolved in the planetary body shape model, and therefore it is 

artificially added to each shape facet. A separate topography model representing the 

unresolved surface roughness is used, and consists of an additional set of roughness facets. 

These roughness facets are considered to be smaller than the shape facets, but are larger 

The Sun 

Planetary Body 

FSUN 

FSCAT 

FRAD 

k(dT/dx) 

FSUN 

εσT4 

εσT4 

k(dT/dx) 

Fig. 3.— Diagram illustrating the energy balance and radiation
transfer between facets (copied from Rozitis and Green, 2011).
The terms FSUN, FSCAT, FRAD, k(dT/dx) and εσT 4 are the di-
rect sunlight, multiply scattered sunlight, reabsorbed thermal radi-
ation, conducted heat and thermal radiation lost to space, respec-
tively.

As wavelengths increase to the submillimeter range and
above, asteroid regolith becomes increasingly transparent
and the observed flux is integrated over increasing depths
(Chamberlain et al., 2009; Keihm et al., 2013). Model-
ing such fluxes with typical thermal models (which derive
fluxes from surface temperatures, only) requires a signifi-
cant reduction in effective spectral emissivity. For example,
3.2 mm flux measurements of (4) Vesta require an emissiv-
ity of∼0.6 to match model predictions (Müller and Barnes,
2007). The reduction in emissivity can be explained by
lower subsurface emission temperatures (Lagerros, 1996b)
and by different subsurface scattering processes dependent
on grain size (Redman et al., 1992; Müller and Lagerros,
1998). Keihm et al. (2012, 2013) attribute the reduced emis-
sivity at submm/mm wavelengths to a higher thermal inertia
value of the subsurface layers. Reduction in emissivity has
also been determined at wavelengths shorter than 4.9 µm
for disk-resolved regions of (4) Vesta (Tosi et al., 2014).

4.3. Surface Roughness

Roughness causes an asteroid surface to thermally emit
in a non-Lambertian way with a tendency to reradiate the
absorbed solar radiation back towards the Sun, an effect
known as thermal infrared beaming (Lagerros, 1998; Rozi-
tis and Green, 2011). It is thought to be the result of two
different processes: a rough surface will have elements ori-
entated towards the Sun that become significantly hotter
than a flat surface, and multiple scattering of radiation be-
tween rough surface elements increases the total amount of
solar radiation absorbed by the surface. The relevant size
scale ranges from the thermal skin depth to the linear size
of the facets in the shape model. It is included in thermo-
physical models by typically modeling an areal fractional
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Fig. 4.— (a) Example of SED calculated from a TPM and
the NEATM compared to a Spitzer spectrum of (87) Sylvia. (b)
Spectral emissivity derived from the above: data divided by the
NEATM continuum. Figure from Marchis et al. (2012).

coverage (f ) of spherical-section craters (of opening an-
gle γC) within each shape model facet. Other more com-
plex forms have been considered, such as Gaussian random
(Lagerros, 1998) or fractal (Groussin et al., 2013) surfaces
or parallel sinusoidal trenches (see sketch of Fig. 1) , but the
spherical-section crater produces similar results (in terms of
the disk-integrated beaming effect Lagerros, 1998) and ac-
curately reproduces the directionality of the lunar thermal
infrared beaming effect (Rozitis and Green, 2011). How-
ever, it has been shown that the thermal emission depends
also on roughness type in addition to roughness level, for
disk resolved data Davidsson et al. (2015).

Spherical-section craters are typically implemented, as
the required shadowing and view-factor calculations can
be performed analytically (Emery et al., 1998; Lagerros,
1998). Heat conduction can be included by dividing the
crater into several tens of surface elements where the same
equations listed above can be applied. Alternatively, the
temperature distribution within the crater resulting from
heat conduction, Tcrater(Γ), can be approximated using

Trough(Γ)

Trough(0)
=
Tsmooth(Γ)

Tsmooth(0)
(9)

where Trough(0) can be calculated analytically assuming in-
stantaneous equilibrium (Lagerros, 1998). Tsmooth(0) and
Tsmooth(Γ) are the corresponding smooth-surface tempera-
tures, which can be calculated exactly. This approximation
is computationally much cheaper than the full implemen-
tation. However, it does not work on the night side of the
asteroid and temperature ratios diverge near the terminator
(Mueller, 2007). An even simpler alternative is to multi-
ply the smooth-surface temperatures by a NEATM-like η
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above the noise in the IRS data (e.g., Salisbury et al., 1991), suggest-
ing that this option is also not viable.

A third interpretation, and the one that we favor, is that a com-
bination of surface grain size and packing state conspires to keep
the spectral contrast of the silicate features very small. Laboratory
experiments (e.g., Hunt and Logan, 1972) and Mie theory calcula-
tions (e.g., Harker et al., 2002) both reveal that single-grain emis-
sion cross sections for silicate materials in the MIR decrease in
spectral contrast as particle size is increased from about a micron
up to several tens of microns. When the grains are part of a rego-
lith, the polarity of the emission feature near the Si–O fundamen-
tals switches for large grains, such that for samples with average
particle size greater than a few hundred microns, there is a clear
emissivity low (with superposed reststrahlen features) reminiscent
of the spectrum of a polished face or bedrock sample. Thick layers
of small grains can also somewhat mimic this effect, decreasing the
spectral contrast as compared to single-grain emissivity (Hunt and
Logan, 1972). In fact, the only way to produce a spectrum like that
of Hektor shown in Fig. 13 is for the surface to be composed of fine-
grained (! lm-sized) particles that are well-separated from one
another (e.g., in an extremely high porosity fairy-castle structure,
embedded in a medium that is transparent in the MIR, or dispersed
in an optically thin cloud or coma above the surface; Emery et al.,
2006). The absence of such features from the spectra of Bennu indi-
cates that the surface is not covered in such a fine-grained, fairy-
castle regolith of silicate particles (spectral observations sense
the upper few tens of microns to few millimeters, depending on
the mean free photon path at a given wavelength). The absence
of features of opposite polarity indicates the surface is not covered
in bedrock or boulders of silicate material. The emissivity spectra
are therefore inconclusive in terms of surface mineralogy, but they

do place these broad constraints on the structure of the surface
layer.

3.3. Coma search

We use the infrared images of Bennu obtained with Spitzer to
perform a sensitive search for the presence of dust around the
asteroid. The majority of NEAs do not show any evidence of such
extended emission, but there are some exceptions. Most promi-
nent among the exceptions is 3200 Phaethon, which is in the same
taxonomic class (B-type) as Bennu (de León et al., 2010). Phaethon
is the parent of the Geminid meteor shower, so has clearly shed
dust at some point in its recent past. Furthermore, Jewitt and Li
(2010) detected a brightening of Phaethon when it was 0.14 AU
from the Sun, which they interpret as an impulsive release of dust.
Jewitt et al. (2013) further report a dust tail imaged near perihelion
passage of Phaethon in 2009 and 2012. In addition, a dusty coma
around the asteroid would represent a potential hazard to safe
operation of the spacecraft. Therefore, even though no dust is
anticipated around Bennu, a search for a dust coma is conducted.

The peak-up images at 16 and 22 lm provide the most sensitive
search for dust, because they sense the peak of the blackbody curve
for dust at !1 AU. Radial profiles of all PUI frames are generated,
using 0.2-pixel cubic spline interpolation, and co-added by wave-
length to generate a super profile. The super profile is compared
to a model point spread function (PSF) generated with the STiny-
Tim7 software for a 290 K blackbody spectrum. The 16 lm PSF was
smoothed by the equivalent of a 1.9 pixel boxcar (1.5 pixels for
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Fig. 12. Thermal lightcurves calculated with the TPM using the radar shape overplotted on IRAC data at (a) 4.5, (b) 8.0, and (c) 22 lm. The lightcurves are interpolated using
the thermal inertias in Table 8 for reference.

7 http://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/tools/contrib-
uted/general/stinytim/.
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Fig. 5.— Example of a TPM generated thermal lightcurve
(dashed line) and real data for (101955) Bennu. From Emery et al.
(2014).

value (e.g. Groussin et al., 2011). Whilst this alternative
might produce the correct disk-integrated color tempera-
ture of the asteroid, it does not reproduce the directionality
of the beaming effect. Indeed, roughness models predict a
limb-brightening effect (Rozitis and Green, 2011), which is
seen in spatially-resolved measurements of (21) Lutetia by
Rosetta (Keihm et al., 2012).

The above implementations neglect lateral heat conduc-
tion, although the spatial scales representing surface rough-
ness can, in some cases, become comparable to the thermal
skin depth. Modeling of 3D heat conduction inside rocks
the size of the thermal skin depth has demonstrated that
their western sides (for a prograde rotator; eastern sides for
a retrograde rotator) are generally warmer than their east-
ern sides, which could result in a tangential-YORP effect
that predominantly spins up asteroids (Golubov and Krugly,
2012). Other than this, it appears that the 1D heat conduc-
tion approximation still produces satisfactory results.

In thermophysical models, the degree of surface rough-
ness can be quantified in terms of the Hapke mean surface
slope

tan θ̄ =
2

π

∫ π/2

0

a(θ) tan θ dθ (10)

where θ is the angle of a given facet from horizontal, and
a(θ) is the distribution of surface slopes (Hapke, 1984). Al-
ternatively, it can be measured in terms of the RMS sur-
face slope (Spencer, 1990). This then allows comparison of
results derived using different surface roughness represen-
tations (e.g., craters of different opening angles and frac-
tional coverages, or different Gaussian random surfaces:
Davidsson et al., 2015), and comparison against rough-
ness measured by other means. It has been demonstrated
that different roughness representations produce similar de-
grees of thermal infrared beaming when they have the same
degree of roughness measured in terms of these values
(Spencer, 1990; Emery et al., 1998; Lagerros, 1998; Rozitis

and Green, 2011).

5. DATA ANALYSIS USING A TPM

5.1. Thermal infrared spectro-photometry

Physical properties than can be derived from TPM fits
to disk-integrated thermal observations include the diam-
eter, geometric albedo, thermal inertia and roughness. In
practically all cases, the absolute visual magnitude H is
known, establishing a link between D and pV and reduc-
ing the number of TPM fit parameters by one:

D(km) = 1329 p
−1/2
V 10−H/5, (11)

(Fowler and Chillemi, 1992; Vilenius et al., 2012). Fre-
quently, the rotational phase during the thermal observa-
tions is not sufficiently well known and has to be fitted to
the thermal data (e.g., Harris et al., 2005; Alı́-Lagoa et al.,
2014). In some cases, TPMs can be used to constrain the
orientation of the spin vector of an asteroid, with λp and βp
treated as free parameters (as demonstrated e.g., by Müller
et al., 2013, 2012, note that in the case of 101955 Bennu the
radar-constrained pole solution was not yet known). More-
over, Müller et al. (2014b) successfully performed a TPM
analysis of an asteroid (99942 Apophis) in a non-principal
axis rotation state for the first time.

The thermal effects of thermal inertia and surface rough-
ness are difficult to tell apart. A commonly used approach is
to use four different roughness models corresponding to no,
low, medium, and high roughness, with each model leading
to a different thermal-inertia fit (Mueller, 2007; Delbo and
Tanga, 2009); frequently, the scatter between these four so-
lutions accounts for the bulk of the uncertainty in thermal
inertia. However, in some lucky cases, data do allow the
effects of roughness and thermal inertia to be disentangled.
This requires good wavelength coverage straddling the ther-
mal emission peak and good coverage in solar phase angle,
such that both the morning and afternoon sides of the aster-
oid are seen. See Fig. 6 for an illustration.

The best-fitting model parameters are those that mini-
mize χ2. Their uncertainty range is spanned by the values
that lead to χ2 within a specified threshold of the best fit,
depending on the number of free fit parameters. Ideally, the
reduced χ2 of the best fit should be around unity. How-
ever, due to systematic uncertainties introduced in thermal
infrared observations (e.g., flux offsets between different in-
struments), and/or in the thermophysical modeling, it is not
uncommon to get large reduced χ2 values. Large χ2 val-
ues are also obtained when the assumed shape model dif-
fers significantly from the asteroid’s true shape (Rozitis and
Green, 2014). In particular, if the spatial extent of the shape
model’s z-axis is wrong, this can lead to diameter determi-
nations that are inconsistent with radar observations (e.g.,
for 2002 NY40 and (308635) 2005 YU55 in Müller et al.,
2004, 2013, respectively), and/or two different thermal in-
ertia determinations (e.g., the two different results produced
for (101955) Bennu by Emery et al., 2014; Müller et al.,
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As a result, using the LAM model, the ‘‘true’’ H-mag for Lutetia,
based upon the shape model with an effective diameter (of an
equal volume sphere) of 95.97 km and an albedo of 0.2070.01, is
calculated to be H-mag¼7.4870.03.

These two values were fed into the radiometric analysis
described in the next subsection via the TPM code to us to derive
a conclusive value for the surface roughness and thermal inertia
of (21) Lutetia.

4.3. Surface roughness and thermal inertia of (21) Lutetia

As described in Sections 2 and 3, 92 observations from
different observatories were fed into the model. The thermal
model was therefore run not only against Herschel PACS and
SPIRE observations, the key data set for this analysis, but also a
comprehensive set of 76 observations made of Lutetia by other
observatories as described in Table 4.

A TPM w2 test was run using a range of thermal inertias (from
1 to 50) with the goal to find the best fit obtained with a specific
thermal inertia value when comparing the observation/TPM ratio
with phase angles, wavelength, rotational phase and aspect angle.

The initial result of this w2 test showed that a driving constraint
on all parameters was the surface roughness. The analysis of the

Fig. 2. Thermal Inertia w2 test — this figure shows the impact of roughness on the
overall thermal inertia whereby the best fit lies clearly with roughness of r¼0.6
and f¼0.7. The slope of this bottom curve can be seen to clearly rise after a
thermal inertia of 5 J m"2 s"0.5 K"1 which allows us to conclude on this value as
being the actual thermal inertia of (21) Luteta.

Fig. 3. These graphs show the wide range of observations being fit against the model where the roughness is r¼0.6 and f¼0.7. and the thermal Inertia was
5 J m"2 s"0.5 K"1. The graphs show Observations/Thermal model versus (a) phase angle (b) wavelength (c) rotation phase and (d) aspect Angle.
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Fig. 6.— (21) Lutetia: a TPM fit that allows surface rough-
ness to be constrained. The quantity ρ here is not the bulk
density of the body, but it is the r.m.s. of the slopes on
the surface. It is related to the ratio between the diameter
and the depth of spherical section craters (Lagerros, 1998)
in this particular case. f is the areal fraction of each facet
covered with craters. From O’Rourke et al. (2012).

2012). In some works, the asteroid shape model has also
been optimized during the thermophysical fitting to resolve
inconsistencies with radar observations (e.g., (1862) Apollo
and (1620) Geographos in Rozitis et al., 2013; Rozitis and
Green, 2014, respectively).

We remind the reader that the accuracy of the physical
properties (in particular the value of Γ) of asteroids derived
from TPM depends on the quality of the thermal infrared
data, coverage in wavelength, phase, rotational, and aspect
angle. The accuracy of the shape model and of the H and
G values are also important (see e.g. Rozitis and Green,
2014). The derived thermal inertia value often depends on
the assumed degree of roughness and it is usually affected
by large errors (e.g. 50 or 100 %, see Tab. 2). Care must be
used in accepting TPM solutions purely based on the good-
ness of fit (e.g. the value of the χ2), as they can be domi-
nated by one or few measurements with unreliable small er-
rors or calibration offsets between measurements from dif-
ferent sources.

5.2. Thermal Inertia and Thermal Conductivity

As asteroids rotate, the day-night cycle causes cyclic
temperature variations that are controlled by the thermal in-
ertia (defined by Eq. 4) of the soil and the rotation rate of the
body. In the limit of vanishing thermal inertia, the surface
temperature would be in instantaneous equilibrium with the
incoming flux, depending only on the solar incidence an-
gle (as long as self heating can be neglected); surface tem-
peratures would peak at local noon and would be zero at
night. In reality, thermal conduction into and from the sub-
soil causes a certain thermal memory, referred to as ther-
mal inertia. This smoothens the diurnal temperature profile,

leads to non-zero night-side temperatures, and causes the
surface temperature to peak on the afternoon side, as shown
in Fig. 2, thereby causing the Yarkovsky effect (§ 5.8).

The mass density ρ, the specific heat capacity c, and the
thermal conductivity κ, and correspondingly Γ itself, must
be thought of as effective values representative of the depth
range sampled by the heat wave, which is typically in the
few-cm range. In turn, thermal-inertia values inform us
about the physical properties of the top few centimeters of
the surface, not about bulk properties of the object.

As will be discussed below (§ 6.5), ρ and c of an asteroid
surface can plausibly vary within a factor of several, while
plausible values of κ span a range of more than 4 orders of
magnitude. It is therefore not unjustified to convert from
Γ to κ and back using reference values for ρ and c (note
that Yarkovsky/YORP models tend to phrase the thermal-
conduction problem in units of κ, while TPMs tend to be
formulated in units of Γ, which is the observable quantity).

Importantly, the κ of finely powdered lunar regolith is 3
orders of magnitude lower than that of compact rock (com-
pact metal is even more conductive by another order of
magnitude). This is because radiative thermal conduction
between regolith grains is significantly less efficient than
phononic heat transfer within a grain. A fine regolith, an
aggregate of very small grains, is a poor thermal conduc-
tor and displays a low Γ. Thermal inertia can therefore
be used to infer the presence or absence of thermally in-
sulating powdered surface material. In extension, thermal
inertia can be used as a proxy of regolith grain size. The
required calibration under Mars conditions (where the ten-
uous atmosphere enhances thermal conduction within pores
compared to a vacuum) was obtained by Presley and Chris-
tensen (1997a,b) and used in the analysis of thermal-inertia
maps of Mars (see Mellon et al., 2000; Putzig and Mel-
lon, 2007). Similar progress in asteroid science was slowed
down by the lack of corresponding laboratory measure-
ments under vacuum conditions (but see below for recent
lab measurements of meteorites). However, Gundlach and
Blum (2013) provided a calibration relation based on heat-
transfer modeling in a granular medium.

5.3. Temperature dependence of thermal inertia

Thermal inertia is a function of temperature (Keihm,
1984), chiefly because the thermal conductivity is. In gen-
eral, for a lunar-like regolith the thermal conductivity is
given by:

κ = κb + 4σrpT
3 (12)

where κb is the solid-state thermal conductivity (heat con-
duction by phonons) and rp is the radius of the pores of the
regolith. The term proportional to T 3 is due to the heat con-
duction by photons. Equation 12 is often written in the form
κ = κ0(1 + χT 3) (e.g., Vasavada et al., 1999). Note that
κb is itself a function of T (Opeil et al., 2010). There is ex-
tensive literature on the T -dependence of the conductivity
of lunar regolith (e.g., Vasavada et al., 1999, and references
therein). A theoretical description of the temperature de-
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pendence of κ in regoliths is given by Gundlach and Blum
(2013).

Asteroid TPMs typically neglect the temperature depen-
dence of Γ. This is uncritical for typical remote observa-
tions, which are dominated by the warm sunlit hemisphere
(see Fig. 7 and Capria et al., 2014; Vasavada et al., 2012). In
the analysis of highly spatially resolved observations, how-
ever, the temperature dependence must be considered, cer-
tainly when analyzing night-time observations on low-Γ as-
teroids. Note that for temperature-dependent κ, Eq. 2 must
be used instead of Eq. 3 (see, e.g., Capria et al., 2014).
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Fig. 7.— Diurnal temperature curves at the equator of an asteroid
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Caution must be exercised when comparing thermal-
inertia results obtained at different heliocentric distances r,
i.e., at different temperatures. All other things being equal,
T 4 ∝ r−2. Assuming that the T 3 term dominates in Eq.
12, the thermal inertia of a test object scales with (see also
Mueller et al., 2010):

Γ ∝ √κ ∝ T 3/2 ∝ r−3/4. (13)

5.4. Binary Asteroid TPM

A rather direct determination of thermal inertia can be
obtained by observing the thermal response to eclipses and
their aftermath, allowing one to see temperature changes in
real time. Such observations have been carried out for plan-
etary satellites such as the Galilean satellites (Morrison and
Cruikshank, 1973), and our Moon (Pettit, 1940; Shorthill,
1973; Lawson et al., 2003; Lucey, 2000; Fountain et al.,
1976). Mueller et al. (2010) report the first thermal obser-
vations of eclipse events in a binary Trojan asteroid system,
(617) Patroclus, where one component casts shadow on the
other while not blocking the line of sight toward the ob-
server.

The thermophysical modeling of eclipse events is rela-
tively straightforward, assuming the system is in a tidally
locked rotation state typical of evolved binary systems. In

that case, the components’ spin rates match one another,
and their spin axes are aligned with that of the mutual or-
bit. The system is therefore at rest in a co-rotating frame
and can be modeled like a single object with a non-convex
(disjoint!) global shape. Eclipse effects are fully captured,
provided that shadowing between facets is accounted for.
The two hemispheres that face one another can, in princi-
ple, exchange heat radiatively. This is negligible for typical
binary systems, however.

As discussed above, the thermal effects of roughness and
thermal inertia can be hard to disentangle. In the case of
eclipse measurements, which happen at essentially constant
solar phase angle, the effect of surface roughness is much
less of a confounding factor. This is because the variation in
the thermal signal is dominated by the temperature change
induced by the passing shadow, which is a strong function
of thermal inertia.

It must be kept in mind that the duration of an eclipse
event is short compared to the rotation period. The eclipse-
induced heat wave therefore probes the subsoil less deeply
than the diurnal heat wave does (the typical heat penetration
depth is given by Eq. 5 with P equal to the duration of the
eclipse event). A depth dependence of thermal inertia (see
§ 6.6) could manifest itself in different thermal-inertia de-
terminations using the two different measurement methods.

5.5. Thermal-infrared interferometry

Interferometric observations of asteroids in the ther-
mal infrared measure the spatial distribution of the ther-
mal emission along different directions on the plane of sky,
thereby constraining the distribution in surface temperature
and hence thermal inertia and roughness. Provided the as-
teroid shape is known, interferometry can be used to break
the aforementioned degeneracy between thermal inertia and
roughness from a single-epoch observation (Matter et al.,
2011, 2013). Interferometry also allows a precise determi-
nation of the size of an asteroid (Delbo et al., 2009).

Spatial resolutions between 20 and 200 milli-arcseconds
can be obtained from the ground (see Durech et al., 2015,
for a review and future perspectives of the application of
this technique).

While for the determination of asteroid sizes and shapes
from interferometric observations in the thermal infrared,
simple thermal models can be used (Delbo et al., 2009;
Carry et al., 2015), a TPM was utilized to calculate interfer-
ometric visibilities of asteroids in the thermal infrared for
the observations of (41) Daphne (Matter et al., 2011) and
(16) Psyche (Matter et al., 2013).

Mid-infrared interferometric instruments measure the to-
tal flux and the visibility of a source, the latter being re-
lated to the intensity of the Fourier Transform (FT) of the
spatial flux distribution along the interferometer’s baseline
projected on the plane of sky. Thus, the data analysis proce-
dure consisted in generating images of the thermal infrared
emission of the asteroids at different wavelengths as viewed
by the interferometer and then in obtaining the model visi-
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bility and flux for each image. The former is related to the
FT of the image, the latter is simply the sum of the pix-
els. The free parameters of the TPM (size, thermal inertia
value and roughness) are adjusted in order to minimize the
distance between the disk integrated flux and visibility of
the model, and the corresponding observed quantities (see
Matter et al., 2011, 2013; Durech et al., 2015, for further
information). Some results from these observational pro-
grams are discussed in § 6 and in the chapter by Durech
et al. (2015).

5.6. Disk-resolved data and retrieval of temperatures

The availability of disk-resolved thermal-infrared obser-
vation has been increasingly steadily over the years: the
ESA mission Rosetta performed two successful flybys to
the asteroids (2867) Steins (in 2008) and (21) Lutetia (in
2010) (Barucci et al., 2015). In 2011, the NASA mission
Dawn began its one-year orbiting of (4) Vesta (Russell et al.,
2012); Dawn is reaching (1) Ceres at the time of writing.
JAXA’s Hayabusa II sample-return mission will map its tar-
get asteroid (162173) 1999 JU3 using the thermal infrared
imager (TIR) aboard the spacecraft (Okada et al., 2013);
NASA’s OSIRIS-REx mission and its thermal spectrome-
ter OTES will do likewise for its target asteroid (101955)
Bennu (in 2018-2019). These data can be used to derive
surface-temperature maps, from which maps of thermal in-
ertia and roughness can be derived.

Three different methods are used to measure surface
temperatures from orbiting spacecraft: bolometry, mid-
infrared spectroscopy, and near-infrared spectroscopy. In
the following, we will elaborate on the challenges posed by
these different methods, and on their dependence on spec-
tral features, surface roughness, illumination geometry, and
viewing geometry.

Bolometers measure thermal flux within a broad band-
pass in the infrared, approximating the integral of the
Planck function, U = σT 4

e (e.g., Kieffer et al., 1977; Paige
et al., 2010). The temperature derived in this way (effective
temperature) is directly relevant to the energy balance
on the surface. Since the bolometric flux is spectrally
integrated, the resulting temperature is fairly insensitive
to spectral emissivity variations, as long as the bolomet-
ric emissivity (weighted spectrally averaged emissivity) is
known or can be reasonably approximated.

Temperatures derived from mid-infrared spectrometry,
on the other hand, are typically brightness temperatures,
i.e., the temperature of a black body emitting at the wave-
length in question. It is generally assumed that at some
wavelength, the spectral emissivity is very close to 1.0, and
the brightness temperature at this wavelength is taken as the
surface temperature.

Spacecraft sent to asteroids (and/or comets) have more
commonly been instrumented with near-infrared spectrom-
eters (e.g., λ < 5 µm) rather than mid-infrared spectrome-
ters. The long-wavelength ends of these spectrometers of-
ten extend into the range where thermal emission dominates

the measured flux (for the daytime surface temperatures of
most asteroids). At these wavelengths, one cannot assume
that the emissivity is close to 1.0. It is therefore not prac-
tical to derive brightness temperatures. Instead, the color
temperature is derived, that is the temperature of a black
body that emits with the same spectral shape. Such deriva-
tions have to separate temperature from spectral emissivity.
The problem is under-constrained (N+1 unknowns, but only
N data points), so there is no deterministic solution. Spec-
tral emissivities for fine-grained silicates trend in the same
direction as the blackbody curve, so it would be very easy
to mistake spectral emissivity variations for different tem-
peratures. The most statistically rigorous approach that has
been applied to separating temperature and spectral emis-
sivity in the 3 – 5 µm region is that of Keihm et al. (2012)
and Tosi et al. (2014) for Rosetta/VIRTIS data of Lutetia
and Dawn/VIR data of Vesta.

Temperatures thus measured represent an average tem-
perature in the field of view of a given pixel: illuminated hot
zones and shadowed colder parts will both contribute. They
do not directly correspond to a physical temperature of the
soil; rather, they depend sensitively on the observation and
illumination geometry (see Rozitis and Green, 2011, in par-
ticular their Fig. 9), especially in the case of large illumina-
tion angles.

Microwave spectrometers such as MIRO (Gulkis et al.,
2007) can provide both day and nightside thermal flux mea-
surements. At sub-mm, mm, and longer wavelengths, aster-
oid soils become moderately transparent. Subsurface lay-
ers contribute significantly to the observable thermal emis-
sion, thus providing information on the subsurface temper-
ature. Observable fluxes depend on the subsurface temper-
ature profile, weighted by the wavelength-dependent elec-
trical skin depths, so both a thermal and an electrical model
are required to interpret such data (Keihm et al., 2012).

We remind here that thermal infrared fluxes should be
used as input data for TPMs and not (effective, color, or
brightness) temperatures derived from radiometric meth-
ods, because of their dependence on illumination and ob-
servation angles !

5.7. Sample-return missions

Space agencies across the planet are developing space
missions to asteroids, notably sample-return missions to
primitive (C and B type) near-Earth asteroids: Hayabusa-
2, was launched by JAXA towards (162173) 1999 JU3 on
December 3, 2014, and OSIRIS-REx is to be launched by
NASA in 2016 (Lauretta et al., 2012). A good understand-
ing of the expected thermal environment, which is governed
by thermal inertia, is a key factor in planning spacecraft op-
erations on or near asteroid surfaces. E.g., OSIRIS-REx is
constrained to sampling a regolith not hotter than 350 K,
severely constraining the choice of the latitude of the sam-
ple selection area on the body, the local time, and the arrival
date on the asteroid.

Both Hayabusa-2 and OSIRIS-REx are required to take
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regolith samples from the asteroid surface back to Earth.
Obviously, this requires that regolith be present in the first
place, which needs to be ascertained by means of ground-
based thermal-inertia measurements. The sampling mecha-
nism of OSIRIS-REx, in particular, requires relatively fine
(cm-sized or smaller) regolith.

5.8. Accurate Yarkovsky and YORP modeling from
TPMs

Scattered and thermally emitted photons carry momen-
tum. Any asymmetry in the distribution of outgoing pho-
tons can, after averaging over an orbital period, impart a net
recoil force (Yarkovsky effect) and/or a net torque (YORP
effect) on the asteroid. Both effects are more noticeable as
the object gets smaller. For small enough objects, the orbits
can be significantly affected by the Yarkovsky effect, and
their rotation state by YORP (Bottke et al., 2006; Vokrouh-
lický et al., 2015).

The strength of the Yarkovsky effect is strongly influ-
enced by thermal inertia (Bottke et al., 2006, and references
therein) and by the degree of surface roughness (Rozitis
and Green, 2012). However, the strength and sign of the
YORP rotational acceleration on an asteroid is independent
of thermal inertia (Čapek and Vokrouhlický, 2004), but it
is highly sensitive to the shadowing (Breiter et al., 2009),
self-heating (Rozitis and Green, 2013), and surface rough-
ness effects (Rozitis and Green, 2013) that are incorporated
in thermophysical models.

Accurate calculations of the instantaneous recoil forces
and torques require an accurate calculation of surface tem-
peratures as afforded by TPMs; Rozitis and Green (2012,
2013) report on such models. Other than on thermal in-
ertia, the Yarkovsky-induced orbital drift depends on the
bulk mass density. Therefore, Yarkovsky measurements
combined with thermal-inertia measurements can be used
to infer the elusive mass density (Mommert et al., 2014b,a;
Rozitis and Green, 2014; Rozitis et al., 2014, 2013). In the
case of (101955) Bennu, the uncertainties in published val-
ues of thermal inertia (Emery et al., 2014) and measured
Yarkovsky drift (Chesley et al., 2014) are so small that the
accuracy of the inferred mass density rivals that of the ex-
pected in-situ spacecraft result (1260 ± 70 kg m−3, i.e., a
nominal uncertainty of only 6%). Rozitis et al. (2014) de-
rived the bulk density of (29075) 1950 DA and used it to
reveal the presence of cohesive forces stabilizing the object
against the centrifugal force.

In turn, the measured Yarkovsky drift can be used to infer
constraints on thermal inertia. This was first done by Ches-
ley et al. (2003) studying the Yarkovsky effect on (6489)
Golevka and by Bottke et al. (2001) studying the Koro-
nis family in the main asteroid belt; both studies revealed
thermal inertias consistent with expectations based on the
observed correlation between thermal inertia and diameter
(see § 6.2).

Whilst the YORP effect is highly sensitive to small-scale
uncertainties in an asteroid’s shape model (Statler, 2009), it

can be used to place constraints on the internal bulk density
distribution of an asteroid (Scheeres and Gaskell, 2008).
For instance, Lowry et al. (2014) explain the YORP de-
tection on (25143) Itokawa, which was opposite in sign to
that predicted, by Itokawa’s two lobes having substantially
different bulk densities. However, unaccounted lateral heat
conduction in thermal skin depth sized rocks could also ex-
plain, at least partially, this opposite sign result (Golubov
and Krugly, 2012).

6. LATEST RESULTS FROM TPMs

In the Asteroid III era, thermal properties were known
for only a few asteroids, i.e., (1) Ceres, (2) Pallas, (3)
Juno, (4) Vesta, (532) Herculina from Müller and Lagerros
(2002), and (433) Eros from Lebofsky and Rieke (1979).
Since then, the number of asteroids with known thermal
properties has increased steadily. We count 59 minor bodies
with known value of Γ (see Tab. 2). Of these, 16 are near-
Earth asteroids (NEAs), 27 main-belt asteroids (MBAs), 4
Jupiter Trojans, 5 Centaurs, and 7 trans-Neptunian objects
(TNOs).

These classes of objects present very different physical
properties such as sizes, regolith grain size, average value of
the thermal inertia, and composition. Other important dif-
ferences are their average surface temperature due to their
very different heliocentric distances and orbital elements.
The illumination and observation geometry are also diverse
for different classes of objects. For instance, for TNOs and
MBAs the phase angle of observation from Earth and Earth-
like orbits is typically between a few and a few tens of de-
grees, respectively. On the other hand, NEAs can be ob-
served under a much wider range of phase angles than can
approach hundred degrees and more Müller (see also 2002).
A special care should be used in these cases to explicitly
calculate the heat diffusion in craters instead of using the
approximation of Eq. 9.

6.1. Ground truth from space missions to asteroids

A number of asteroids have been, or will be, visited
by spacecraft, providing ground-truth for the application of
TPMs to remote-sensing thermal-infrared data.

(21) Lutetia: based on ground-based data and a TPM,
Mueller et al. (2006) measured Lutetia’s effective diame-
ter and pV to within a few percent of the later Rosetta re-
sult (Sierks et al., 2011). Their thermal-inertia constraint
(Γ < 50 J m-2s-1/2K-1) was refined by O’Rourke et al.
(2012) based on the Rosetta shape model and more than
70 thermal-infrared observations obtained from the ground,
Spitzer, Akari, and Herschel: Γ = 5 J m-2s-1/2K-1with a
high degree of surface roughness. Keihm et al. (2012) used
MIRO aboard Rosetta to obtain a surface thermal inertia
. 30 J m-2s-1/2K-1. The low thermal inertia can be ex-
plained by a surface covered in fine regolith; Gundlach and
Blum (2013) infer a regolith grain size of about 200 µm.
The study of the morphology of craters by Vincent et al.
(2012) indicates abundant, thick (600 m), and very fine re-
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TABLE 2
PUBLISED THERMAL INERTIA VALUES

Number Name D ∆D Γ ∆Γ Tax r Ref. Number Name D ∆D Γ ∆Γ Tax r Ref.
(km) (km) (SI) (SI) (au) (km) (km) (SI) (SI) (au)

1 Ceres 923 20 10 10 C 2.767 1 1620 Geographos 5.04 0.07 340 120 S 1.1 12
2 Pallas 544 43 10 10 B 2.772 1 1862 Apollo 1.55 0.07 140 100 Q 1.0 13
3 Juno 234 11 5 5 S 2.671 1 2060 Chiron 142 10 4 4 B/Cb 8-15 14
4 Vesta 525 1 20 15 V 2.3 2 2060 Chiron 218 20 5 5 B/Cb 13 15

16 Psyche 244 25 125 40 M 2.7 3 2363 Cebriones 82 5 7 7 D 5.2 16
21 Lutetia 96 1 5 5 M 2.8 4 2867 Steins 4.92 0.4 150 60 E 2.1 17
22 Kalliope 167 17 125 125 M 2.3 5 2867 Steins 5.2 1 210 30 E 2.1 18
32 Pomona 85 1 70 50 S 2.8 6 8405 Asbolus 66 4 5 5 - 7.9 19
41 Daphne 202 7 25 25 Ch 2.1 7 3063 Makhaon 116 4 15 15 D 4.7 16
44 Nysa 81 1 120 40 E 2.5 6 10199 Chariklo 236 12 1 1 D 13 14
45 Eugenia 198 20 45 45 C 2.6 5 10199 Chariklo 248 18 16 14 D 13 13
87 Sylvia 300 30 70 60 P 2.7 5 25143 Itokawa 0.32 0.03 700 100 S 1.1 8

107 Camilla 245 25 25 10 P 3.2 5 25143 Itokawa 0.320 0.029 700 200 S 1.1 20
110 Lydia 93.5 3.5 135 65 M 2.9 6 29075 1950 DA 1.30 0.13 24 20 M 1.7 21
115 Thyra 92 2 62 38 S 2.5 6 33342 1998 WT24 0.35 0.04 200 100 E 1.0 8
121 Hermione 220 22 30 25 Ch 2.9 5 50000 Quaoar 1082 67 6 4 - 43 15
130 Elektra 197 20 30 30 Ch 2.9 5 54509 YORP 0.092 0.010 700 500 S 1.1 8
277 Elvira 38 2 250 150 S 2.6 6 55565 2002 AW197 700 50 10 10 - 47 22
283 Emma 135 14 105 100 P 2.6 5 90377 Sedna 995 80 0.1 0.1 - 87 23
306 Unitas 56 1 180 80 S 2.2 6 90482 Orcus 968 63 1 1 - 48 13
382 Dodona 75 1 80 65 M 2.6 6 99942 Apophis 0.375 0.014 600 300 Sq 1.05 24
433 Eros 17.8 1 150 50 S 1.6 8 101955 Bennu 0.495 0.015 650 300 B 1.1 25
532 Herculina 203 14 10 10 S 2.772 1 101955 Bennu 0.49 0.02 310 70 B 1.1 26
617 Patroclus 106 11 20 15 P 5.9 9 136108 Haumea 1240 70 0.3 0.2 - 51 27
694 Ekard 109.5 1.5 120 20 - 1.8 6 162173 1999 JU3 0.87 0.03 400 200 C 1.4 28
720 Bohlinia 41 1 135 65 S 2.9 6 175706 1996 FG3 1.71 0.07 120 50 C 1.4 29
956 Elisa 10.4 0.8 90 60 - 1.8 10 208996 2003 AZ84 480 20 1.2 0.6 - 45 27

1173 Anchises 136 15 50 20 P 5.0 11 308635 2005 YU55 0.306 0.006 575 225 C 1.0 30
1580 Betulia 4.57 0.46 180 50 C 1.1 8 341843 2008 EV5 0.370 0.006 450 60 C 1.0 31

References: [1] Müller and Lagerros (1998), [2] Leyrat et al. (2012), [3] Matter et al. (2013), [4] O’Rourke et al. (2012), [5] Marchis et al. (2012), [6] Delbo and Tanga
(2009), [7] Matter et al. (2011), [8] Mueller (2007), [9] Mueller et al. (2010), [10] Lim et al. (2011), [11] Horner et al. (2012), [12] Rozitis and Green (2014), [13] Rozitis
et al. (2013), [14] Groussin et al. (2004), [15] Fornasier et al. (2013), [16] Fernández et al. (2003), [17] Lamy et al. (2008), [18] Leyrat et al. (2011), [19] Fernández et al.
(2002), [20] Müller et al. (2014a), [21] Rozitis et al. (2014), [22] Cruikshank et al. (2005), [23] Pál et al. (2012), [24] Müller et al. (2014b), [25] Müller et al. (2012), [26]

Emery et al. (2014), [27] Lellouch et al. (2013), [28] Müller et al. (2011), [29] Wolters et al. (2011), [30] Müller et al. (2013), [31] Alı́-Lagoa et al. (2014), Note: for Ceres,
Pallas, Juno, and Herculina r is assumed equal to the semimajor asxis of the orbit.

12



golith, confirming the TPM results.
(433) Eros was studied by the NASA NEAR-Shoemaker

space mission that allowed determination of the shape and
size of this asteroid (mean radius of 8.46 km with a mean
error of 16 m; Thomas et al., 2002). Mueller (2007) per-
formed a TPM analysis of the ground-based thermal in-
frared data by Harris and Davies (1999), obtaining a best-fit
diameter of 17.8 km that is within 5% of the Thomas et al.
(2002) result of 16.9 km, and Γ in the range 100 - 200
J m-2s-1/2K-1. The latter value, in agreement with TPM re-
sults of Lebofsky and Rieke (1979), implies coarser surface
regolith than that on the Moon and larger asteroids (see,
e.g., Mueller, 2007; Delbo et al., 2007). From the value
of Γ of Mueller (2007), Gundlach and Blum (2013) calcu-
lated a 1-3 mm typical regolith grain size for Eros. Optical
images of the NEAR-Schoemaker landing site at a resolu-
tion of about 1 cm/pixel (Veverka et al., 2001) show very
smooth areas at the scale of the camera spatial resolution
(Fig. 8), likely implying mm or sub-mm grain size regolith,
consistent with TPM results.

(25143) Itokawa physical properties were derived in-
situ by the JAXA sample-return mission Hayabusa, allow-
ing us to compare the size, albedo and regolith nature de-
rived from the TPMs with spacecraft results. Müller et al.
(2014a) show an agreement within 2% between the size and
the geometric visible albedo inferred from TPM analysis
of thermal-infrared data and the value of the corresponding
parameters from Hayabusa data. The TPM thermal inertia
value for Itokawa is around 750 J m-2s-1/2K-1, significantly
higher than the value of our Moon (about 50 J m-2s-1/2K-1)
and of other large main belt asteroids including (21) Lutetia,
implying a coarser regolith on this small NEA. The corre-
sponding average regolith grain size according to Gundlach
and Blum (2013) is ∼ 2 cm. Hayabusa observations from
the optical navigation camera (ONC-T), obtained during the
descent of the spacecraft to the “Muses Sea” region of the
asteroid, reveal similar grain sizes, at a spatial resolution of
up to 6 mm/pixel. In particular, Yano et al. (2006) describe
“Muses Sea” as composed of numerous size-sorted granular
materials ranging from several centimeters to subcentime-
ter scales. Itokawa’s regolith material can be classified as
”gravel”, larger than submillimeter regolith powders filling
in ponds on (433) Eros (Fig. 8).

It is worth pointing out, however, that “Muses Sea” is
not representative of Itokawa’s surface as a whole. Rather,
it was selected as a touchdown site because, in earlier
Hayabusa imaging, it appeared as particularly smooth (min-
imizing operational danger for the spacecraft upon touch-
down) and apparently regolith rich (maximizing the chance
of sampling regolith). Grain sizes measured at “Muses Sea”
are therefore lower limits on typical grain sizes rather than
values typical for the surface as a whole.

6.2. Thermal inertia of large and small asteroids

An inverse correlation between Γ and D was noticed by
Delbo et al. (2007), then updated Delbo and Tanga (2009)
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REPORT

Touchdown of the Hayabusa
Spacecraft at the Muses
Sea on Itokawa
Hajime Yano,1* T. Kubota,1 H. Miyamoto,2 T. Okada,1 D. Scheeres,3 Y. Takagi,4 K. Yoshida,5

M. Abe,1 S. Abe,6 O. Barnouin-Jha,7 A. Fujiwara,1 S. Hasegawa,1 T. Hashimoto,1 M. Ishiguro,8

M. Kato,1 J. Kawaguchi,1 T. Mukai,6 J. Saito,1 S. Sasaki,9 M. Yoshikawa1

After global observations of asteroid 25143 Itokawa by the Hayabusa spacecraft, we selected the
smooth terrain of the Muses Sea for two touchdowns carried out on 19 and 25 November 2005 UTC
for the first asteroid sample collection with an impact sampling mechanism. Here, we report
initial findings about geological features, surface condition, regolith grain size, compositional
variation, and constraints on the physical properties of this site by using both scientific and
housekeeping data during the descent sequence of the first touchdown. Close-up images
revealed the first touchdown site as a regolith field densely filled with size-sorted, millimeter-
to centimeter-sized grains.

T
he most challenging engineering dem-
onstration, as well as the most impor-
tant scientific goal of the Hayabusa

spacecraft (originally called MUSES-C) is the
sampling of surface materials of the Apollo-
type, near-Earth asteroid 25143 Itokawa (previ-
ously 1998 SF36). To maximize scientific
promises of laboratory analyses of the returned
samples, it is necessary to characterize physical
and geological contexts of sampling sites as
much as possible by using both onboard science
instruments and housekeeping data of the
spacecraft.

The Hayabusa spacecraft arrived at the
asteroid hovering at a 20-km altitude (gate po-
sition) on 12 September 2005 UTC (1, 2). At
altitudes of 7 to È20 km above Itokawa_s
surface, Hayabusa spent 6 weeks performing
global remote-sensing measurements (3–5) that
revealed a clear dichotomy between boulder-
rich rough terrains and low-potential smooth
terrains of the asteroid. Shape models show that
Itokawa is 550 m by 298 m by 224 m in its
circumscribed box size (2).

After completion of the scientific observa-
tion phase, the Hayabusa team chose two
sampling-site candidates on the basis of scien-

tific merits, judged mainly from optical images
and light detection and ranging (LIDAR)
topography, as well as technical constraints
such as guidance-navigation-control (GNC)
accuracy and operational safety during the
touchdown sequence (Fig. 1A). These sites
were (i) the largest smooth terrain area in the
Muses Sea, a part of the adjacent Bneck[ region
between the Bhead[ and Bbody[ parts, which is
as wide as È60 m from the head to the body
and È100 m from north to south and (ii) the
largest facet of the rough terrain of the body
called Little Woomera (2, 3). Both areas are in
the local dayside of the equatorial region during
the real-time telemetry coverage from ground
stations. They also have relatively flat plains
with few obstacles as large as the spacecraft
itself (6) and show shallow local surface incli-
nations such that both high solar-power pro-
duction and broad telecommunication to Earth
are available during all touchdown sequences at
a solar angle of È10-.

The operation team performed two touch-
down rehearsals on 4 and 12 November and
two imaging navigation tests on 9 November.
High spatial resolution images of both can-
didate sites also were acquired from altitudes
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Fig. 1. Location of the Muses Sea smooth terrain, including the first touchdown site on Itokawa. All
images were taken in v-band (3). The square in (A) indicates the size of (B); the rectangle in (B)
indicates the size of (C); the rectangle in (C) indicates the size of (D). Scale bars in (C) and (D), 1 m. (A)
Itokawa is 550 m by 298 m by 224 m in its circumscribed box size (2). (B) Taken by the wide-field
optical navigation camera (ONC-W) from È32-m altitude at 20:33 UTC. The circle next to Hayabusa’s
shadow shows the target marker that landed on the Muses Sea at TD1. (C) A composite of three close-up
images of ST2563511720, ST2563537820, and ST2563607030, which were taken from 80-m, 68-m,
and 63-m altitudes, respectively, according to LIDAR measurements. The spatial resolutions are 0.8 to
È0.6 cm/pixel. Contrasts in (C) are arbitrary and stretched to make the apparent brightness of the three
images continuous, whereas the gray-scale brightness of (D) is stretched about five times that of the
original image. The Muses Sea is composed of numerous, size-sorted granular materials ranging from
several centimeters to subcentimeter scales. Rocks larger than tens of centimeters in size often exhibit
brighter and/or darker spots on their surfaces than do smaller regolith grains.
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Fig. 8.— Higher Γ-values correspond to coarser regoliths. (A)
Close-up image of (433) Eros from the NASA NEAR Shoemaker
mission reveals coarse regolith with grain size in the mm-range
(adapted from Veverka et al., 2001). The value of Γ is ∼150
J m-2s-1/2K-1 for Eros. (B) Image from the JAXA Hayabusa mis-
sion (from Yano et al., 2006) of the surface of (25143) Itokawa dis-
playing gravel-like regolith. The value of Γ is ∼750 J m-2s-1/2K-1

for Itokawa.

and Capria et al. (2014). This supported the intuitive view
that large asteroids have, over many hundreds of millions of
years, developed substantial insulating regolith layers, re-
sponsible for the low values of their surface thermal inertia.
On the other hand, much smaller bodies, with shorter col-
lisional lifetimes (Marchi et al., 2006; Bottke et al., 2005,
and references therein), have less regolith, and or larger re-
golith grains (less mature regolith), and therefore display a
larger thermal inertia.

In the light of the recently published values of Γ (Tab. 2),
said inversion correlation between Γ and D is less clear, in
particular, when the values of the thermal inertia are tem-
perature corrected (Fig. 9). However, the Γ vs D distribu-
tion of D > 100 km (large) asteroids is different than that
of D < 100 km (small) asteroids. Small asteroids typically
have higher Γ-values than large asteroids, which present a
large scatter of Γ-values, ranging from a few to a few hun-
dreds J m-2s-1/2K-1. This is a clear indication of a diverse
regolith nature amongst these large bodies. A shortage of
low Γ values for small asteroids is also clear, with the no-
table exception of 1950 DA, which has an anomalously low
Γ-value compared to other NEAs of similar size (Rozitis
et al., 2014).

Fig. 9 also shows previously unnoticed high-thermal-
inertia C types, maybe related to CR carbonaceous chon-
drites, which contain abundant metal phases. We also
note that all E types in our sample appear to have a size-
independent thermal inertia.

6.3. Very low Γ-values

We also note that the some of the C-complex outer
main-belt asteroids and Jupiter Trojans have very low ther-
mal inertia in the range between a few and a few tens of
J m-2s-1/2K-1. In order to reduce the thermal inertia of a ma-
terial by at least one order of magnitude (from the lowest
measured thermal inertia of a meteorite, ∼650 J m-2s-1/2K-1

at 200 K (Opeil et al., 2010), to the typical values for these
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Fig. 9.— Γ values vs. D from Tab. 2 for different taxonomic
types (see key). Top plot: original measurements, bottom plot: Γ
corrected to 1 au heliocentric distance for temperature dependent
thermal inertia assuming Eq. 13 and the heliocentric distance at the
time of thermal infrared observations reported in Tab. 2. Trojans,
Centaurs and trans-Neptunian objects are not displayed.

large asteroids (Tab. 2 and Fig. 9), a very large porosity
(>90%) of the first few mm of the regolith is required
(Vernazza et al., 2012). This is consistent with the dis-
covery that emission features in the mid-infrared domain
(7–25 µm, Fig. 4) are rather universal among large aster-
oids and Jupiter Trojans (Vernazza et al., 2012), and that
said features can be reproduced in the laboratory by sus-
pending meteorite and/or mineral powder (with grain sizes
< 30 µm) in IR-transparent KBr (potassium bromide) pow-
der (Vernazza et al., 2012). As KBr is not supposed to
be present on the surfaces of these minor bodies, regolith
grains must be ”suspended” in void space likely due to co-
hesive forces and/or dust levitation. On the other hand,
radar data indicate a significant porosity (40-50 %) of the
first ∼1 m of regolith (Magri et al., 2001; Vernazza et al.,
2012), indicating decreasing porosity with increasing depth
(see Fig. 5 of Vernazza et al., 2012, for a regolith schemat-
ics).

6.4. Average thermal inertia of asteroid populations

As described before, the thermal inertia of an aster-
oid can be directly derived by comparing measurements
of its thermal-infrared emission to model fluxes generated
by means of a TPM. Typically, more than one observation
epoch is required to derive the thermal inertia, in order to
”see” the thermal emission from different parts of the as-
teroid’s diurnal temperature distribution. Unfortunately, the
large majority of minor bodies for which we have thermal-
infrared observations have been observed at a single epoch
and/or information about their gross shape and pole orienta-
tion is not available, precluding the use of TPMs. However,
if one assumes the thermal inertia to be roughly constant
within a population of asteroids (e.g., NEAs) one can use
observations of different asteroids under non-identical illu-
mination and viewing geometries, as if they were from a
unique object. Delbo et al. (2003) noted that qualitative in-
formation about the average thermal properties of a sample
of NEAs could be obtained from the distribution of the η-
values of the sample as a function of the phase angle, α.
Delbo et al. (2007) and Lellouch et al. (2013) developed
a rigorous statistical inversion method, based on the com-
parison of the distributions of published NEATM η-values
vs α, or vs. r with that of a synthetic population of aster-
oids generated through a TPM, using realistic distributions
of the input TPM parameters such as the rotation period,
the aspect angle etc. Delbo et al. (2007) found that the av-
erage thermal inertia value for km-sized NEAs is around
200 J m-2s-1/2K-1. The average thermal inertia of binary
NEAs is higher than that of non-binary NEAs, possibly in-
dicating a regolith-depriving mechanism for the formation
of these bodies (Delbo et al., 2011). The same authors also
found that NEAs with slow rotational periods (P >10 h)
have higher-than-average thermal inertia. From a sample
of 85 Centaurs and trans-Neptunian objects observed with
Spitzer/MIPS and Herschel/PACS, Lellouch et al. (2013)
found that surface roughness is significant, a mean ther-
mal inertia Γ = 2.5 ± 0.5 J m-2s-1/2K-1, and a trend to-
ward decreasing Γ with increasing heliocentric distance.
The thermal inertias derived by Lellouch et al. (2013) are
2-3 orders of magnitude lower than expected for compact
ices, and generally lower than on Saturn’s satellites or in
the Pluto/Charon system. These results are suggestive of
highly porous surfaces.

6.5. Relevant astronomical and laboratory data

Physical interpretations of thermal-inertia estimates de-
pend strongly on laboratory and ground-truth measure-
ments of relevant material properties. While in the Asteroid
III era, we based interpretation of thermal inertia on Earth
analog materials, in the last few years laboratory measure-
ments were performed on asteroid analog materials, i.e.,
meteorites. Meteorite grain densities range from ∼2800
kg m-3 for CM carbonaceous chondrites to ∼3700 kg m-3

for enstatite chondrites (Consolmagno et al., 2006; Macke
et al., 2010, 2011a,b). Heat capacities have been measured
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for a wide sampling of meteorites by Consolmagno et al.
(2013), who find that values for stony meteorites are be-
tween 450 and 550 J kg-2 K-1, whereas C for irons tends
to be smaller (330 – 380 J kg-2 K-1). Opeil et al. (2012,
2010) present thermal conductivity measurements of stony
meteorites, finding values of 0.5 W K-1 m-1 for the car-
bonaceous chondrite Cold Bokkeveld to 5.5 W K-1 m-1 for
the enstatite chondrite Pillistfer. Their one iron meteorite
sample has a κ of 22.4 W K-1 m-1. They also find a linear
correlation between and the inverse of the porosity, from
which Opeil et al. (2012) conclude that the measured κ of
the samples is controlled more by micro-fractures than by
composition.

Grain size and packing, more than compositional het-
erogeneity, are responsible for different thermal inertias of
different surfaces. This also explains why TPMs are capa-
ble of deriving asteroid physical parameters independently
of the asteroid mineralogy. Conduction between grains is
limited by the area of the grain contact (Piqueux and Chris-
tensen, 2009b,a). As grain size decreases to diameters less
than about a thermal skin depth (few cm on most aster-
oids), conduction is more and more limited (e.g., Presley
and Christensen, 1997b). On bodies with atmospheres, con-
duction through the air in pores can often efficiently trans-
port heat. On airless bodies, however, radiation between
grains, which is not very efficient, particularly at low T
(e.g., Gundlach and Blum, 2012), is the only alternative to
conduction across contacts (Fig. 10). Considering these two
modes of energy transport and their dependence on grain
size, Gundlach and Blum (2013) developed an analytical
approach for determining grain size from thermal inertia
measurements. They incorporated the measurements of ma-
terial properties of meteorites measured above along with
results of their own laboratory of heat transport in dusty
layers. Additional laboratory measurements of conductiv-
ities of powdered meteorites under high vacuum would be
valuable for more precise interpretation of asteroid thermal
inertias.

The classic opportunity for ground-truth thermal mea-
surements came with the Apollo missions. Astronauts
on Apollo 15 and 17 carried out bore-hole style temper-
ature measurements to depths of 1.4 m below the surface
on Apollo 15 and 2.3 m below the surface on Apollo 17
(Langeseth and Keihm, 1977; Vaniman et al., 1991). Ther-
mal conductivity of about 0.001 W K-1 m-1 was found in the
top 2 to 3 cm of the lunar regolith, increasing to about 0.01
W K-1 m-1 over the next few cm, then to values as high as
2 W K-1 m-1 deeper into the surface where the regolith ap-
pears to have been very compacted (Langeseth and Keihm,
1977). Low thermal inertias derived from remote thermal
infrared measurements (e.g. Wesselink, 1948b; Vasavada
et al., 2012) agree with the very low κ in the topmost few cm
of the lunar surface, and the Apollo measurements provide
the necessary ground-truth for interpreting such low ther-
mal inertias as very fine-grained, ”fluffy” regolith. These
measurements fostered, for instance, development of de-
tailed models of lunar regolith (Keihm, 1984). Detailed

 
Figure XX.  Diagram of the modes of heat transport in regoliths.  On airless bodies, heat can 
flow by conduction through grain boundaries (solid line) or by radiation between grains (dashed 
line).  The dotted line showing transport by gas diffusion is not relevant to asteroid surfaces.  
(From Gundlach and Blum 2012). 
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Fig. 10.— Diagram of the modes of heat transport in regoliths.
On airless bodies, heat can flow by conduction through grain
boundaries (solid line) or by radiation between grains (dashed
line). The dotted line showing transport by gas diffusion is not
relevant to asteroid surfaces. From Gundlach and Blum (2012).

thermal infrared observations and thermal models of the
lunar regolith allows today estimating the subsurface rock
abundance (e.g., Bandfield et al., 2011), allowing geologi-
cal studies of the regolith production rate.

6.6. Dependence of Γ with depth

The depth dependence of typical asteroid regolith prop-
erties is poorly constrained at this point, which is why
physical constants are typically assumed to be constant
with depth. MIRO observations of (21) Lutetia, how-
ever, showed the existence of a top layer with Γ < 30
J m-2s-1/2K-1, while the thermal inertia of subsurface mate-
rial appears to increase with depth much like on the Moon
(Keihm et al., 2012).

6.7. Infrared limb brightening

Recent modeling and observations show that, contrary
to expectation, the flux enhancement measured in disk-
integrated observations of the sunlit side of an asteroid (e.g.,
Lebofsky et al., 1986) is dominated by limb surfaces rather
than the subsolar region (Rozitis and Green, 2011; Keihm
et al., 2012). This suggests that for the sunlit side of an
asteroid, sunlit surfaces directly facing the observer in situ-
ations where they would not be if the surface was a smooth
flat one are more important than mutual self-heating be-
tween interfacing facets raising their temperatures. Figure 9
of Rozitis and Green (2011) pictures this effect for a Gaus-
sian random surface during sunrise viewed from different
directions. The thermal flux observed is enhanced when
viewing hot sunlit surfaces (i.e., Sun behind the observer),
and is reduced when viewing cold shadowed surfaces (i.e.,
Sun in front of the observer).

Jakosky et al. (1990) also studied the directional thermal
emission of Earth-based lava flows exhibiting macroscopic
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roughness. They found that enhancements in thermal emis-
sion were caused by viewing hot sunlit sides of rocks and
reductions were caused by viewing cold shadowed sides of
rocks. This agrees precisely with the model and adds fur-
ther evidence that thermal infrared beaming is caused by
macroscopic roughness rather than microscopic roughness.

The effect of limb brightening has also been measured
from disk-resolved thermal infrared data (<5 µm) acquired
during sunrise on the nucleus of the comet 9P/Tempel 1 by
the Deep Impact NASA space mission (Davidsson et al.,
2013), and from VIRTIS and MIRO measurements of the
asteroid (21) Lutetia (Keihm et al., 2012).

6.8. Asteroid thermal inertia maps

Disk-resolved thermal infrared observations, in the range
between 4.5 – 5.1 µm, were provided by the instrument VIR
(De Sanctis et al., 2012) on board of the NASA DAWN
(Russell et al., 2012) spacecraft (Capria et al., 2014, and
references therein). Form TPM analysis of VIR measure-
ments, Capria et al. (2014) obtained a map of the roughness
and the thermal inertia of Vesta. The average thermal in-
ertia of Vesta is 30 ± 10 J m-2s-1/2K-1, which is in good
agreement with the values found by ground-based observa-
tions (Müller and Lagerros, 1998; Chamberlain et al., 2007;
Leyrat et al., 2012). The best analog is probably the sur-
face of the Moon, as depicted by Vasavada et al. (2012) and
Bandfield et al. (2011): a surface whose thermal response is
determined by a widespread layer of dust and regolith with
different grain sizes and density increasing toward the in-
terior. Exposed rocks are probably scarce or even absent.
Capria et al. (2014) also show that Vesta cannot be consid-
ered uniform from the point of view of thermal properties.
In particular, they found that the thermal inertia spatial dis-
tribution follows the global surface exposure age distribu-
tion, as determined by crater counting in Raymond et al.
(2011), with higher thermal inertia displayed by younger
terrains and lower thermal inertia in older soils.

Capria et al. (2014) also found higher-than-average ther-
mal inertia terrain units located in low-albedo regions that
contain highest abundance of OH, as determined by the 2.8
µm band depth (De Sanctis et al., 2012). These terrains are
associated with the dark material, thought to be delivered by
carbonaceous chondrite like asteroids that have impacted
Vesta at low velocity. Note that in general (carbonaceous
chondrites) have lower densities and lower thermal conduc-
tivity (Opeil et al., 2010) than basaltic material, which con-
stitute the average Vestan terrain. This consideration would
point to a lower thermal inertia rather than a higher one, as
observed on Vesta. Capria et al. (2014) conclude that the
factor controlling the thermal inertia in these areas could be
the degree of compaction of the uppermost surface layers,
which is higher than in other parts of the surface.

6.9. Thermal inertia of metal-rich regoliths

In principle, the composition of the regolith and not
only its average grain size and the degree of compaction

also affects the thermal inertia of the soil (Gundlach and
Blum, 2013). For instance iron meteorites have a higher
thermal conductivity than ordinary and carbonaceous chon-
drites (Opeil et al., 2010). We thus expect that a metal iron
rich regolith displays a higher thermal inertia than a soil
poor of this component. Harris and Drube (2014) compared
values of the NEATM η-parameter derived from WISE data
with asteroid taxonomic classifications and radar data, and
showed that the η-value appears to be a useful indicator of
asteroids containing metal. Matter et al. (2013) performed
interferometric observations with MIDI of the ESO-VLTI
in thermal infrared of (16) Psyche and showed that Psy-
che has a low surface roughness and a thermal inertia value
around 120 ± 40 J m-2s-1/2K-1, which is one of the higher
values for an asteroid of the size of Psyche (∼ 200 km).
This higher than average thermal inertia supports the evi-
dence of a metal-rich surface for this body.

7. EFFECTS OF TEMPERATURES ON THE SUR-
FACE OF ASTEROIDS

7.1. Thermal cracking

The surface temperature of asteroids follows a diur-
nal cycle (see Fig. 2) with typically dramatic tempera-
ture changes as the Sun rises or sets. The resulting, re-
peated thermal stress can produce cumulative damage on
surface material due to opening and extension of micro-
scopic cracks. This phenomenon is known as thermal fa-
tigue (Delbo et al., 2014).

Growing cracks can lead to rock break-up when the num-
ber of temperature cycles is large enough. For typical aster-
oid properties, this process is a very effective mechanism
for comminuting rocks and to form fresh regolith (Delbo
et al., 2014). For cm-sized rocks on an asteroid 1 au from
the Sun, thermal fragmentation is at least an order of magni-
tude faster than comminution by micrometeoroid impacts,
the only regolith-production mechanism previously consid-
ered relevant (Hörz and Cintala, 1997; Hoerz et al., 1975).

The efficiency of thermal fragmentation is dominated by
the amplitude of the temperature cycles and by the temper-
ature change rate (Hall and André, 2001), which in turn de-
pend on heliocentric distance, rotation period, and the sur-
face thermal inertia. The rate of thermal fragmentation in-
creases with decreasing perihelion distance: at 0.14 au from
the Sun, thermal fragmentation may erode asteroids such as
(3200) Phaethon and produce the Geminids (Jewitt and Li,
2010), whereas in the outer Main Belt this process might
be irrelevant. Thermal fragmentation of surface boulders is
claimed by Dombard et al. (2010) to be source of fine re-
golith in the so-called ”ponds” on the asteroid (433) Eros.
Production of fresh regolith originating in thermal fatigue
fragmentation may be an important process for the rejuve-
nation of the surfaces of near-Earth asteroids (Delbo et al.,
2014).

Thermal cracking is reported on other bodies, too: on
Earth, particularly in super-arid environments (Hall, 1999;
Hall and André, 2001), on the Moon (Levi, 1973; Duen-
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nebier and Sutton, 1974), Mercury (Molaro and Byrne,
2012), Mars (Viles et al., 2010), and on meteorites (Levi,
1973). Moreover, Tambovtseva and Shestakova (1999) sug-
gest that thermal cracking could be an important process in
the fragmentation and splitting of kilometer-sized comets
while in the inner solar system. Furthermore, Čapek and
Vokrouhlický (2010) initially proposed that slowly rotating
meteoroids or meteoroids that have spin vector pointing to-
wards the sun can be broken up by thermal cracking. In
a further development of their model, Čapek and Vokrouh-
lický (2012) showed that as the meteoroid approaches the
Sun, the stresses first exceed the material strength at the sur-
face and create a fractured layer. If inter-molecular forces
(e.g., Rozitis et al., 2014) are able to retain the surface layer,
despite the competing effects of thermal lifting and centrifu-
gal forces, the particulate surface layer is able to thermally
shield the core, preventing any further damage by thermal
stresses.

7.2. Sun-driven heating of near-Earth asteroids and
meteoroids

It is known that heating processes can affect the physical
properties of asteroids and their fragments, the meteorites
(see, e.g., Keil, 2000).

Internal heating due to the decay of short-lived radionu-
clides was considered early on (Grimm and McSween,
1993). Marchi et al. (2009) discuss close approaches to the
Sun as an additional surface-altering heating mechanism.
In the present near-Earth asteroid population, the fraction
of bodies with relatively small perihelion (q) is very small:
about 1/2, 1/10, and 1/100 of the population of currently
known near-Earth objects (11,000 as of the time of writ-
ing) have a perihelion distance below 1, 0.5, and 0.25 au,
where maximum temperature are exceeding 400, 550, and
780 K, respectively (see Fig. 11). However, dynamical sim-
ulations show that a much larger fraction of asteroids had
small perihelion distances for some time, hence experienc-
ing episodes of strong heating in their past (Marchi et al.,
2009). For instance, the asteroid 2004 LG was approaching
the Sun to within only ∼5.6 solar radii some 3 ky ago, and
its surface was baked at temperatures of 2500 K (Vokrouh-
lický and Nesvorný, 2012).

Solar heating has a penetration depth of typically a few
cm (see Eq. 5 and Spencer et al., 1989). Organic compo-
nents found on meteorites break up at temperatures as low
as 300–670 K (see Fig. 11 and Kebukawa et al., 2010; Frost
et al., 2000; Huang et al., 1994), thus solar heating can re-
move these components from asteroid surfaces.

7.3. Thermal metamorphism of meteorites

Radiative heating from the Sun has been invoked as a
mechanism for the thermal metamorphism of metamorphic
CK carbonaceous chondrites (Chaumard et al., 2012). The
matrix of these chondrites shows textures consistent with a
transient thermal event during which temperatures rose be-
tween 550 and 950 K. The inferred duration of these events
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Fig. 11.— Surface temperature of an asteroid or meteoroid as a
function of the distance from the Sun. Vertical arrows indicate the
threshold temperature for the thermal alteration/desiccation for a
variety of chemical compounds discussed in the text (see Delbo
and Michel, 2011, and references therein for further information).
The temperature range for thermal metamorphism of the CK chon-
drites is from Chaumard et al. (2012).

is of the order of days to years, much longer than the time
scale of shock events but shorter than the time scale for
heating by the decay of radiogenic species such as 26Al
(e.g., Kallemeyn et al., 1991).

7.4. Subsurface ice sublimation

Observational evidence for the presence of ice on aster-
oid surfaces stems from the discovery of main belt comets
(MBCs; Hsieh and Jewitt, 2006), the localized release of
water vapor from the surface of (1) Ceres (Küppers et al.,
2014), and the detection of spectroscopic signatures inter-
preted as water ice frost on the surface of (24) Themis
(Rivkin and Emery, 2010; Campins et al., 2010) and of (65)
Cybele (Licandro et al., 2011).

The lifetime of ices on the surface and in the subsurface
depends strongly on temperature. TPMs have been used to
estimate these temperatures. This requires a modification
of the “classical” TPM as presented in section 4, such that
heat conduction is coupled with gas diffusion (Schorghofer,
2008; Capria et al., 2012; Prialnik and Rosenberg, 2009).
The referenced models assume a spherical shape. As for the
interior structure, Capria et al. (2012); Prialnik and Rosen-
berg (2009) assume a comet-like structure, i.e., an inti-
mate mixture of ice and dust throughout the entire body,
while Schorghofer (2008) consider an ice layer underneath
a rocky regolith cover. Sublimation of ice and the trans-
port of water molecules through the fine-grained regolith is
modeled in all cases.

All authors agree that water ice exposed on asteroid sur-
faces sublimates completely on timescales much shorter
than the age of the Solar System. Therefore, asteroid sur-
faces were expected to be devoid of water ice, contrary to
the observational evidence quoted above. However, water
ice can be stable over 4.5 Gy in the shallow subsurface, at a
depth of ∼1–10 m. In particular, Fanale and Salvail (1989)
showed that ice could have survived in the subsurface at the
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polar regions of Ceres. Large heliocentric distances, slow
rotation, and a fine-grained regolith leading to low thermal
conductivity and short molecular free path, all favor the sta-
bilization of subsurface water ice (Schorghofer, 2008). The
same authors conclude that rocky surfaces, in contrast to
dusty surfaces, are rarely able to retain ice in the shallow
subsurface.

To be observable on the surface, buried ice most be ex-
posed. Campins et al. (2010) describe several plausible
mechanisms such as impacts, recent change in the obliquity
of the spin pole, and daily or orbital thermal pulses reaching
a subsurface ice layer.

8. FUTURE CHALLENGES FOR TPMs

The Spitzer and WISE telescopes have opened a new era
of asteroid thermal-infrared observations and the exploita-
tion of their data through TPMs has just begun (e.g., Alı́-
Lagoa et al., 2014; Rozitis et al., 2014; Emery et al., 2014).
At the moment, the limiting factor is the availability of ac-
curate asteroid shape models. However, optical-wavelength
all-sky surveys such as PanSTARRS, LSST, and Gaia are
expected to produce enormous photometric data sets lead-
ing to thousands of asteroid models. We envision the avail-
ability of thousands of thermal-inertia values in some years
from now, enabling more statistically robust studies of ther-
mal inertia as a function of asteroid size, spectral class,
albedo, rotation period, etc.

For instance, the distribution of Γ within asteroid fam-
ilies will be crucial in the search of evidence of aster-
oid differentiation: asteroid formation models and mete-
orite studies suggest that hundreds of planetesimals experi-
enced complete or partial differentiation. An asteroid fam-
ily formed from the catastrophic disruption of such a dif-
ferentiated asteroid should contain members corresponding
to the crust, the mantel and the iron core. However, the
observed spectra and albedos are very homogeneous across
asteroid families. Thermal inertia might help in separating
iron rich from iron poor family members, supposedly orig-
inating respectively from the core and mantle of the differ-
entiated parent body (e.g., Matter et al., 2013; Harris and
Drube, 2014).

At any size range, Fig. 9 shows an almost tenfold vari-
ability in thermal inertia, corresponding to difference in av-
erage regolith grain size of almost two orders of magnitude
Gundlach and Blum (2013). For small near-Earth aster-
oids, this could be due to a combination of thermal cracking
(Delbo et al., 2014), regolith motion (Murdoch et al., 2015),
and cohesive forces (Rozitis et al., 2014). Faster rotation
periods allow more thermal cycles, which then enhances
thermal fracturing. It also encourages regolith to move to-
wards the equator where the gravitational potential is at its
lowest (Walsh et al., 2008). And for the extremely fast rota-
tors, large boulders/rocks could be selectively lofted away,
because they stick less well to the surface than smaller par-
ticles. For D > 100 km sized asteroids, Γ-values might be
help to distinguish between primordial and more recently

re-accumulated asteroids. The former had ∼ 4 Gy of re-
golith evolution, the latter have a less developed and there-
fore coarser regolith.

The high-precision thermal-infrared data of WISE and
Spitzer pose new challenges to TPMs, as model uncertain-
ties are now comparable to the uncertainty of the measured
flux. This will become even more important with the launch
of the James Webb Space Telescope (JWST). In particular,
the accuracy of the shape models might represent a limiting
factor (e.g., Rozitis and Green, 2014). The next challenge
will be to allow the TPM to optimize the asteroid shape.
This seems to be possible as the infrared photometry is also
sensitive to shape, provided good-quality thermal data are
available (Durech et al., 2015).

New interferometric facilities, such as MATISSE, LBTI,
and ALMA, will become available in the next years requir-
ing TPMs to calculate precise disk-resolved thermal fluxes
(Durech et al., 2015). The wavelengths of ALMA, simi-
lar to those of MIRO, will allow to measure the thermal-
infrared radiation from the subsoil of asteroids, thus pro-
viding further information about how thermal inertia varies
with depth.

Certainly, constraining roughness is one of the future
challenges for TPMs. To do so from disk-integrated data re-
quires a range of wavelengths and solar phase angles. Low
phase angle measurements are enhanced by beaming whilst
high phase angle measurements are reduced by beaming.
In particular, shorter wavelengths are affected more than
longer wavelengths.

Moreover, the future availability of precise sizes and
cross sections of asteroids from stellar occultation timing
(Tanga and Delbo, 2007), combined with shape informa-
tion derived from lightcurve inversion (Durech et al., 2015)
will allow to remove the need to constrain the object size
from TPM analysis. Iinfrared fluxes will thus be converted
into highly reliable thermal inertia and roughness values.
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Čapek D. and Vokrouhlický D. (2010). Thermal stresses in small
meteoroids. Astronomy and Astrophysics, 519, A75.
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Küppers M., O’Rourke L., Bockelée-Morvan D., et al. (2014). Lo-
calized sources of water vapour on the dwarf planet (1) Ceres.
Nature, 505, 525–527.

Lagerros J. S. V. (1996a). Thermal physics of asteroids. I. Effects
of shape, heat conduction and beaming. Astronomy and Astro-
physics, 310, 1011–1020.

Lagerros J. S. V. (1996b). Thermal physics of asteroids. II. Po-
larization of the thermal microwave emission from asteroids.
Astronomy & Astrophysics, 315, 625–632.

Lagerros J. S. V. (1997). Thermal physics of asteroids. III. Irregu-
lar shapes and albedo variegations. Astronomy & Astrophysics,
325, 1226–1236.

Lagerros J. S. V. (1998). Thermal physics of asteroids. IV. Thermal
infrared beaming. Astronomy & Astrophysics, 332, 1123–1132.

Lamy P. L., Jorda L., Fornasier S., et al. (2008). Asteroid 2867
Steins. III. Spitzer Space Telescope observations, size deter-
mination, and thermal properties. Astronomy & Astrophysics,
487, 1187–1193.

Langeseth M. G. and Keihm S. J. (1977). Lunar Heat-Flow Exper-
iment. NASA Technical Report NASA-CR-151619; CU-4-77,
pp. 1–289.

Lauretta D. S., Barucci M. A., Bierhaus E. B., et al. (2012). The
OSIRIS-REx Mission — Sample Acquisition Strategy and Ev-
idence for the Nature of Regolith on Asteroid (101955) 1999
RQ36. Asteroids, Comets, Meteors. Proceedings IAU Sympo-
sium No. 229, 2005 D. Lazzaro, S. Ferraz-Mello & J.A. Fer-
nandez, eds, 1667, 6291.

Lawson S. L. S. L., Rodger A. P. A. P., Bender S. C. S. C., et al.
(2003). Multispectral thermal imager observations of the moon
during total eclipse. Lunar and Planetary Science XXXIV.

Lebofsky L. A. and Rieke G. H. (1979). Thermal properties of
433 Eros. Icarus, 40, 297–308.

Lebofsky L. A. and Spencer J. R. (1989). Radiometry and a ther-
mal modeling of asteroids. In Asteroids II, pp. 128–147. Uni-
versity of Arizona Press, Tucson, AZ.

Lebofsky L. A., Sykes M. V., Tedesco E. F., et al. (1986). A refined
’standard’ thermal model for asteroids based on observations of
1 Ceres and 2 Pallas. Icarus, 68, 239–251.

Lellouch E., Santos-Sanz P., Lacerda P., et al. (2013). ”TNOs are
Cool”: A survey of the trans-Neptunian region. IX. Thermal
properties of Kuiper belt objects and Centaurs from combined
Herschel and Spitzer observations. Astronomy & Astrophysics,
557, 60.

Levi F. A. (1973). Thermal Fatigue: A Possible Source of Struc-
tural Modifications in Meteorites. Meteoritics & Planetary Sci-
ence, 8, 209–221.

Leyrat C., Barucci A., Mueller T., et al. (2012). Thermal properties
of (4) Vesta derived from Herschel measurements. Astronomy
& Astrophysics, 539, A154.

Leyrat C., Coradini A., Erard S., et al. (2011). Thermal properties
of the asteroid (2867) Steins as observed by VIRTIS/Rosetta.
Astronomy & Astrophysics, 531, A168.

Licandro J., Campins H., Kelley M., et al. (2011). (65) Cybele:
detection of small silicate grains, water-ice, and organics. As-
tronomy & Astrophysics, 525, A34.

Lim L. F., Emery J. P., and Moskovitz N. A. (2011). Mineralogy
and thermal properties of V-type Asteroid 956 Elisa: Evidence
for diogenitic material from the Spitzer IRS (5-35 µm) spec-
trum. Icarus, 213, 510–523.

Lowry S. C., Weissman P. R., Duddy S. R., et al. (2014). The
internal structure of asteroid (25143) Itokawa as revealed by
detection of YORP spin-up. Astronomy & Astrophysics, 562,
A48.

Lucey P. G. (2000). Observations of the moon using the Air Force
Maui Space Surveillance Complex. Proc. SPIE Vol. 4091,
4091, 216–224.

Lucey P. G. (2006). Radiative transfer modeling of the effect
of mineralogy on some empirical methods for estimating iron
concentration from multispectral imaging of the Moon. Jour-
nal of Geophysical Research, 111, 8003.

Macke R. J., BRITT D. T., and Consolmagno G. J. (2011a). Den-
sity, porosity, and magnetic susceptibility of achondritic mete-
orites. Meteoritics & Planetary Science, 46, 311–326.

Macke R. J., Consolmagno G. J., and BRITT D. T. (2011b).
Density, porosity, and magnetic susceptibility of carbonaceous
chondrites. Meteoritics & Planetary Science, 46, 1842–1862.

Macke R. J., Consolmagno G. J., BRITT D. T., et al. (2010). En-
statite chondrite density, magnetic susceptibility, and porosity.
Meteoritics & Planetary Science, 45, 1513–1526.

Magri C., Consolmagno G. J., Ostro S. J., et al. (2001). Radar
constraints on asteroid regolith compositions using 433 Eros
as ground truth. Meteoritics & Planetary Science, 36, 1697–
1709.

Mainzer A., Trilling D., and Usui F. (2015). Space-Based Infrared
Studies of Asteroids. In Asteroids IV. University of Arizona
Press, Tucson, AZ.

Marchi S., Delbo M., Morbidelli A., et al. (2009). Heating of
near-Earth objects and meteoroids due to close approaches to
the Sun. Monthly Notices of the Royal Astronomical Society,
400, 147–153.

Marchi S., Paolicchi P., Lazzarin M., et al. (2006). A General
Spectral Slope-Exposure Relation for S-Type Main Belt and
Near-Earth Asteroids. The Astronomical Journal, 131, 1138–
1141.

Marchis F., Enriquez J. E., Emery J. P., et al. (2012). Mul-
tiple asteroid systems: Dimensions and thermal properties
from Spitzer Space Telescope and ground-based observations.
Icarus, 221, 1130–1161.

Matter A., Delbo M., Carry B., et al. (2013). Evidence of a metal-
rich surface for the Asteroid (16) Psyche from interferometric
observations in the thermal infrared. Icarus, 226, 419–427.

Matter A., Delbo M., Ligori S., et al. (2011). Determination of
physical properties of the Asteroid (41) Daphne from interfer-
ometric observations in the thermal infrared. Icarus, 215, 47–
56.

McSween H. Y. J., Ghosh A., Grimm R. E., et al. (2002). Thermal
Evolution Models of Asteroids. Asteroids III, W. F. Bottke Jr.,
A. Cellino, P. Paolicchi, and R. P. Binzel (eds), University of
Arizona Press, Tucson., pp. 559–571.

21



Mellon M. T., Jakosky B. M., Kieffer H. H., et al. (2000). High-
Resolution Thermal Inertia Mapping from the Mars Global
Surveyor Thermal Emission Spectrometer. Icarus, 148, 437–
455.

Molaro J. and Byrne S. (2012). Rates of temperature change of air-
less landscapes and implications for thermal stress weathering.
Journal of Geophysical Research, 117, 10011.

Mommert M., Farnocchia D., Hora J. L., et al. (2014a). Physical
Properties of Near-Earth Asteroid 2011 MD. The Astrophysical
Journal Letters, 789, L22.

Mommert M., Hora J. L., Farnocchia D., et al. (2014b). Constrain-
ing the Physical Properties of Near-Earth Object 2009 BD. The
Astrophysical Journal, 786, 148.

Morrison D. and Cruikshank D. P. (1973). Thermal Properties of
the Galilean Satellites. Icarus, 18, 224–236.

Mueller M. (2007). Surface Properties of Asteroids from Mid-
Infrared Observations and Thermophysical Modeling. PhD
thesis, PhD thesis on arXiv.org.

Mueller M., Harris A. W., Bus S. J., et al. (2006). The size and
albedo of Rosetta fly-by target 21 Lutetia from new IRTF mea-
surements and thermal modeling. Astronomy & Astrophysics,
447, 1153–1158.

Mueller M., Marchis F., Emery J. P., et al. (2010). Eclipsing bi-
nary Trojan asteroid Patroclus: Thermal inertia from Spitzer
observations. Icarus, 205, 505–515.

Müller T. G. (2002). Thermophysical analysis of infrared observa-
tions of asteroids. Meteoritics & Planetary Science, 37, 1919–
1928.

Müller T. G. and Barnes P. J. (2007). 3.2 mm lightcurve observa-
tions of (4) Vesta and (9) Metis with the Australia Telescope
Compact Array. Astronomy & Astrophysics, 467, 737–747.

Müller T. G., Durech J., Hasegawa S., et al. (2011). Thermo-
physical properties of 162173 (1999 JU3), a potential flyby and
rendezvous target for interplanetary missions. Astronomy and
Astrophysics, 525, 145.

Müller T. G., Hasegawa S., and Usui F. (2014a). (25143) Itokawa:
The power of radiometric techniques for the interpretation of
remote thermal observations in the light of the Hayabusa ren-
dezvous results*. Publications of the Astronomical Society of
Japan, 66, 52.

Müller T. G., Kiss C., Scheirich P., et al. (2014b). Thermal infrared
observations of asteroid (99942) Apophis with Herschel. As-
tronomy & Astrophysics, 566, A22.

Müller T. G. and Lagerros J. S. V. (1998). Asteroids as far-
infrared photometric standards for ISOPHOT. Astronomy &
Astrophysics, 338, 340–352.

Müller T. G. and Lagerros J. S. V. (2002). Asteroids as calibra-
tion standards in the thermal infrared for space observatories.
Astronomy & Astrophysics, 381, 324–339.

Müller T. G., Miyata T., Kiss C., et al. (2013). Physical prop-
erties of asteroid 308635 (2005 YU55) derived from multi-
instrument infrared observations during a very close Earth ap-
proach. Astronomy & Astrophysics, 558, A97.

Müller T. G., O’Rourke L., Barucci A. M., et al. (2012). Phys-
ical properties of OSIRIS-REx target asteroid (101955) 1999
RQ36. Derived from Herschel, VLT/ VISIR, and Spitzer ob-
servations. Astronomy & Astrophysics, 548, A36.

Müller T. G., Sterzik M. F., Schütz O., et al. (2004). Thermal
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3
Perspectives

S
urfaces are where exploration and planetary science intersect. A key
challenge for solar system science is to establish a comprehensive time
line for understanding the variety of processes that create, evolve, and

shape the surfaces of small bodies. One future development for the physical
studies of minor bodies is to tackle this issue by surveying the physical nature
of the surfaces of many asteroids. There are two ways of doing this: (i) by
sending many space missions, or (ii) from remote sensing observations. While
the former solution is clearly very expensive and quite impractical, we explore
here the future perspectives to the latter approach.

3.1 Asteroid spectroscopy and mineralogy with Gaia

Presentation of
Gaia

The ESA cornerstone mission Gaia, that started its 5-years all-sky survey
in July 2014, will characterize all astrophysical sources down to V=20, includ-
ing about 300,000 asteroids, by measuring their position, motion and spectral
properties. The ultra-precise astrometry (∼25 µas at V=15) is the unbeatable
driver for Gaia science, promising a revolution in astrophysics, with the first
data release in 2016.

Gaia’s instruments:
focal plane’s CCDs

Gaia consists of two telescopes with a rectangular aperture of 1.45 × 0.5 m2

observing simultaneously two fields separated by a basic angle of 106.5◦. The
two telescopes have a common focal plane composed of 106 CCDs: 77 of them
will collect the data for the astrometry and the photometry of the observed
sources; 14 CCDs will measure the light dispersed by two prisms, in order to
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obtain the colour of all sources observed by the astrometric focal plane; 12
CCDs will collect the data coming from the high resolution spectrometer (RVS)
to measure the objects radial velocity; the remaining CCDs are needed for
calibration purposes. The two low resolution spectrophotometers are called the
Blue Photometer – BP for short – and Red Photometer – RP for short. The
first optimised in the blue, and the second in the red.

Figure 3.1: LEFT: Gaia spacecraft with deployed sun shield and view of the optical bench that carries the
mirrors and the focal plane CCDs. RIGHT: schematics of the focal plane CCDs and of the optical paths.

Asteroid
spectroscopy with

Gaia

The low-resolution spectrophotometric observations (hereafter BP-RP ob-
servations) of asteroids from Gaia will be used to determine the surface reflec-
tivity of asteroids and to produce a spectral classification for 100,000 – 150,000
of these bodies [43], to be compared to the 3,000 asteroid spectra available today.
This large number statistic will allow compositional studies of the whole aster-
oid belt down to very small sizes (it is estimated that there are about 100,000
asteroids larger than 5–7 km in the Main Belt; [18]) and of sub-population of
asteroids, such as the different dynamical and collisional families present in the
asteroid belt. Moreover, all spectra will be acquired by the same instrument in
a very stable space-based environment.

It is estimated [43] that a singal-to-noise ratio good enough to perform spec-
tral classification can be obtained for about 100,000 – 150,000 asteroids with
H<15 if the data are averaged over five years of observations (i.e. roughly 60
transits on the focal plane per asteroid). On the other hand, for all observed
asteroids (∼ 400,000) the eight-color magnitudes calculated by means of the
Spectral Shape Coefficients (SSCs) [43] averaged over the mission duration will
allow us to calculate eight-point reflectancies of quality good enough for a ro-
bust spectral classification. SSCs are coefficients of spline functions allowing to
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reproduce the shape of the BP-RP spectrophometry with a limited number of
basis functions with the aim of describing the overall shape of BP-RP spectra.
SSCs give more information than just the integrated BP and RP fluxes and can
be used to calculate simple pseudo-colours of the observed sources. SSCs will
provide four colors for each spectrophotometer, for all sources observed by Gaia
[43].

Gaia asteroid
spectral taxonomy

Asteroid reflectivities will be used to determine the asteroid spectral class by
means of an unsupervised clustering algorithm. The use of this latter method
will produce a new asteroid ”Gaia” taxonomic classification. The clustering
method is based on a Minimal Spanning Tree (MST) algorithm and was devel-
oped by ref. [59].

Moreover, the combination of Gaia spectrophotometric observations with
auxiliary data (e.g. albedos from the WISE space mission or the Spitzer Space
Telescope), will make possible to remove some spectral class degeneracies and
build a mineralogical map of the asteroids of the main belt down to sizes of few
kilometers in diameter (the diameter of an asteroid with H∼15 and geometric
visible albedo ∼0.1 is about 4 km).

The DPACThese analysis are performed by the Data Processing and Analysis Con-
sortium of Gaia (DPAC) gathers ∼450 scientists and engineers from all over
Europe tasked with the mass processing of the mission1. The goal of DPAC is
to produce a calibrated, first-level data product containing the main properties
(positions, proper motions, statistics, classifications, etc.) of the largest possible
number of astrophysical objects, as observed by Gaia.

3.2 Interferometry

Mass, density and
internal structure of
asteroids

Among the most important characteristics of asteroids are their density and
internal structures, which are also some of the least constrained. When com-
pared with the densities of meteorites - a partial sample of the building blocks
of asteroids that survive the passage through the Earth’s atmosphere - one can
deduce the nature of asteroid interiors.

1I have responsibilities in the development of algorithms and software for the treatment
and scientific exploitation of the data from the Gaia space mission, with which my department
– the Laboratoire Lagrange – is strongly engaged. I am in charge of the spectrophotometry of
small bodies and I am member of the Radiation Damage Task Force that studies the effects
of the damage of the CCD sensors due to cosmic and solar protons bombardment.
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Binary asteroids
with interferometry

Recent technological advances in high spatial resolution astronomy offer a
unique opportunity to study the densities and internal structures of asteroids
in unprecedented detail. In particular, interferometry can be used to measure
the semimajor axis of the orbits of asteroid satellites. This method can pro-
vide very accurate masses since, by Kepler’s third law, the orbital period and
semi-major axis of the system uniquely determine the mass of the bodies. The
orbital periods of small binary asteroid targets are already known from pho-
tometric lightcurve observations; accurate measurements of their sizes are now
also available from WISE data.

Going to smaller and fainter binary asteroids can revolutionize our under-
standing, because we will be sampling a new regime in physical properties.
Moreover, up to now densities have been determined for only 30 asteroids; the
known sample is strongly biased because it includes only the largest asteroids -
such as 1 Ceres, 2 Pallas, 4 Vesta - few binaries with sizes >100 km, and a hand-
ful of small near NEAs two of them visited in situ by space missions and the
others accurately studied by radar, by high precision astrometry, and thermal
infrared that allow the determination of their densities from the measurement
and modelling of the Yarkovsky effect.

From the bulk density of asteroids one can estimate their macroporosity and
assess their internal structure. To do this, three sources of data are required
for each individual asteroid: (1) its bulk density, (2) its reflectance spectrum,
to indicate a meteoritic compositional analogue, and (3) the grain density and
average porosity of that analogue meteorite.

Scientific impact Any deviation of the asteroid’s bulk density from its potential meteorite
analog’s grain density provides an estimate of the bulk porosity of the asteroid.
The macroporosity of asteroids is directly linked to the past collisional evolution
of the asteroid belt. In fact, current models [11, 90] predict that most asteroids
larger than a few ∼100 m are fractured aggregates held together by gravity
only. Their gravitational reaccumulation follows the catastrophic disruption of
a parent body, due to a collision [120]. Checking these models is highly required
because our knowledge of the collisional process is still poor and needs to be
confronted to a large variety of validation tests (e.g. impact experiments at
small scale, asteroid family formation at large scale, confrontation with macro-
porosity measurements through linkage with meteorite analogs). Furthermore,
collisional processes play a major role in all phases of planetary system forma-
tion and evolution, from the formation of planets through collisional accretion
to later stages when small bodies undergo collisional disruptions. Moreover,
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knowledge of macroporosity allows us to estimate the lifetime of small bodies,
because their response to impacts depends highly on their internal structure.
A final need for knowing the internal structure of asteroids concerns mitigation
strategies. In order to efficiently deflect a potentially hazardous asteroid by
means of a kinetic impactor, it is fundamental to know its internal structure,
such that the projectile can be given adequate impact energy. Binaries among
the larger main-belt asteroids are probably formed by collisions: catastrophic
collisions, followed by mutual capture of individual fragments, can form binaries;
large cratering events (sub-catastrophic collisions), with reaccumulation of some
ejecta can yield moons orbiting a large primary body [120, 52]. Furthermore,
the knowledge of the presence and amount of marcoporosity is an important
discriminator for models of binary formation. Indeed, formation mechanisms
involving rotational fragmentation due to the YORP spin-up assumes that the
progenitor at the origin of the final binary is a gravitational aggregate. In this
model [182], while the spin of the progenitor increases slowly due to the YORP
thermal effect, particles from the equator (which undergo the largest centrifugal
force, and lowest gravity) start being ejected from the surface, those from the
pole go to the equator to be eventually ejected, and under certain conditions
ejected particles reaccumulate to form a secondary. This mechanism only works
if the original asteroid is a rubble pile, so that individual particles can leave the
surface and on the same time the shape of the primary remains oblate enough
that a secondary is not destabilized by a too irregular potential over which it
orbits.

The instrumentsThese observational techniques require achieving spatial resolutions well be-
low ∼100 mas by making use of interferometers such as the ESO Very Large
Telescope Interferometer (VLTI), the Large Binocular Telescope Interferometer
(LBTI), or ALMA.

Figure 3.2 shows all asteroids with satellites known in the Main Belt. Only
asteroids in the upper left corner, bright and with primary-secondary separation
in excess of 100 mas, can be resolved today using direct imaging. Interferome-
tries can be used to target those asteroids, with separation <100 mas, that
cannot be resolved that way. These asteroids are known to have a satellite
from photometric lightcurve studies. With nominal spatial resolution varying
between 2 and 12 mas in the near-IR and 20 and 200 mas in the thermal IR,
the VLTI of the ESO can be used to characterize binary asteroids that are
too compact to be imaged with other techniques. The spatial resolution of the
LBTI at around 3 µm (using the LMIRcam) is about 20 mas. The measurement
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Concretely, our complete approach to the determination of the bulk density of PDBs 
consists in combining interferometric, thermal infrared, and visible photometric 
lightcurve measurements. In particular, photometric lightcurves are used to obtain the 
orbital period of the system (already known in most cases), the shapes of the asteroids using 
a method developed by Cellino et al. (2009), equivalent to that put forward by Kaasalainen et 
al. (2001, 2002), and the orientation of the orbit in space. High resolution interferometric data 
will determine the separation of the components, yielding thus the semimajor axis of their 
orbits. Thermal-infrared observations, which we will obtain from the NASA WISE mission, 
will give us the combined sky-projected area of the binary system. Knowledge of the area 
and shape will allow us to estimate the volume of the components. We note that in the near 
future, the interferometric facilities (in particular, VLTI and LBTI) will reach the 
capabilities, in terms of flux sensitivities and resolving power, needed to study most of 
the currently known objects in this category. 

Figure 3 shows all asteroids with 
satellites known today in the Main Belt. 
Only asteroids in the upper left corner, 
bright and with primary-secondary 
separation in excess of 100 mas, can be 
resolved today using direct imaging. 
We target those asteroids, with 
separation <100 mas, that cannot be 
resolved that way. These asteroids are 
known to have a satellite from 
photometric lightcurve studies. With 
nominal spatial resolution varying 
between 2 and 12 mas in the near-IR 
and 20 and 200 mas in the thermal IR, 
the VLTI of the ESO can be used to 
characterize binary asteroids that are 
too compact to be imaged with other 
techniques. The spatial resolution of 
the LBTI at around 3 µm (using the 
LMIRcam) is about 20 mas. The 
measurement of the separation of a 
binary astronomical source is a 
classical application of interferometry, 
and Delbo et al. (2009) describe the 
application of this technique in the case 

of asteroids observed with MIDI at the VLTI. A binary source produces a modulation of the 
contrast of the interferometric fringes proportional to the square root of the cos(2πλ/Bρ) 
where B is the projected length of the interferometer baseline, λ the wavelength of the light 
and ρ the angular separation of the binary components in the plane of the sky projected 
along B. However, one of the major limitations of the first generation interferometric 
instruments of the VLTI, MIDI and AMBER, is the magnitude of the target: namely V~10 
with AMBER and V~13 with MIDI, when using the 8m UTs, preventing observations of all of 
the more interesting binaries with V>13.  
We use a novel approach to go to unprecedented depth, by using fringe trackers (such as PRIMA at 
the VLTI) that will allow us to obtain interferometric fringes on asteroids as faint as V~15 
when using the 2m AT telescopes. A strict requirement is the availability of a V~11 star 
nearby (<30 arcsec) the asteroid for fringe tracking. Luckily, asteroids are moving objects and 
we have the needed software tools for calculating these appulse events. Our first preliminary 
estimations show that, for any object in the PDB category, there are between 5 and 20 close 
encounters with a V<11 star, at a minimal distance <30 arcsec, and an elevation >30° from 
Paranal, during the 4 years of the project. A further selection is needed, however, since the 

Figure 3 Binary asteroids in the Main Belt. The plot 
shows the séparation of the two components vs the 
system magnitude under best observing conditions.  

Figure 3.2: LEFT: Gaia spacecraft with deployed sun shield and view of the optical bench that carries the
mirrors and the focal plane CCDs. RIGHT: schematics of the focal plane CCDs and of the optical paths.

of the separation of a binary astronomical source is a classical application of
interferometry, and [47] and [36] describe the application of this technique in
the case of asteroids observed with MIDI at the VLTI. A binary source pro-
duces a modulation of the contrast of the interferometric fringes proportional
to

√
cos(2πλ/Bρ) where B is the projected length of the interferometer base-

line, λ the wavelength of the light and ρ the angular separation of the binary
components in the plane of the sky projected along B.

The Multi AperTure mid-Infrared SpectroScopic Experiment (MATISSE)
is the mid-infrared spectrograph and imager under construction for the VLTI
[105]2. This is a second generation interferometric instrument will significantly

2I was invited to join the MATISSE Science Team in 2011. This international team was
mostly devoted to the definition of the science cases for the instrument and now to the
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contribute to several fundamental research topics in astro- physics, focussing,
for instance, on the inner regions of discs around young stars where planets form
and evolve, the surface structure and mass loss of stars at different evolution-
ary stages and the environment of black holes in active galactic nuclei (AGN).
MATISSE is a combined imager and spectrograph for interferometry in the 3–5
µm region (L- and M-bands) and the 8–13 µm window (N-band).

MATISSE will provide simultaneous observations with four different base-
lines, leading to six simultaneous visibility points. In the case of binary asteroid
studies, this will lead to a much better constraint on the angular separation of
the system, and will allow us to determine, in one single observation, the ”true”
angular separation as projected onto the plane of the sky (and not only along
the baseline direction). An efficient and reliable measurement of the semi-major
axis of the system is thus expected.

The Atacama Large Millimeter/submillimeter Array (ALMA) is also a very
promising instrument for high spatial resolution studies of asteroids. Recent
images [82] of the asteroid (3) Juno were obtained with an angular resolution of
0.042 arc sec (60 km at 1.97 au). With the unprecedented resolution of ALMA,
it is shown that it is possible to study the brightness temperature variation
across the surface of the body. These results demonstrate ALMA?s potential
to resolve thermal emission from the surface of main belt asteroids, and to
measure accurately their position, geometric shape, rotational period, and soil
characteristics.

3.3 NEA space exploration & sample return

OSIRIS-RExThe NASA’s Origins, Spectral Interpretation, Resource Identification, and
Security–Regolith Explorer (OSIRIS-REx) asteroid sample return mission3 of
the NASA will survey near-Earth asteroid (101955) Bennu to understand its
physical, mineralogical, and chemical properties; assess its resource potential;
refine the impact hazard; and return a sample of this body to Earth. This
mission is scheduled for launch in 2016, rendezvous in 2018, and departure in
2021.

preparation of the GTO time and the data exploitation.
3I was invited to be Co-I of the mission with the task of thermophsyical modelling. One of

my task is to put forward a methodology of developing the asteroid Bennu surface temperature
maps for OSIRIS-REx spacecraft and instrument thermal design and analyses.
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The measurements made at the asteroid during our encounter will allow us
to critically test our pre-encounter understanding of Bennu, built from astro-
nomical observations. The most interesting results will be obtained in areas
where the ground-based observations proved inaccurate.

OSIRIS-REx will also develop a comprehensive thermophysical model of the
asteroid using data obtained during the asteroid encounter. Comparison of the
Yarkovsky and YORP effects predicted from this first-principles approach to
the direct measurement of the resulting asteroid acceleration and change in
rotation state will test our understanding of these phenomena and lead to a
substantial improvement in our knowledge of the fundamental parameters that
give rise to these effects. Finally, the thermal conductivity and heat capacity
of the returned samples will be directly measured in the laboratory. These
fundamental physical parameters, combined with the state of the regolith on
the asteroid surface, drive the thermal inertia and the resulting strength of the
YORP and Yarkovsky effects. Thus, OSIRIS-REx will benefit future studies of
near-Earth objects as well as Main Belt asteroids in many different ways.

AIDA The Asteroid Impact & Deflection Assessment (AIDA) mission will be the
first space experiment to investigate a binary NEA and to demonstrate asteroid
impact hazard mitigation by using a kinetic impactor. AIDA4 is a joint ESA-
NASA cooperative project, which includes the ESA Asteroid Impact Mission
(AIM) rendezvous spacecraft and the NASA Double Asteroid Redirection Test
(DART) mission. The primary goals of AIDA are (i) to investigate the binary
NEA (65803) Didymos, (ii) to test our ability to impact its moon by an hy-
pervelocity projectile in 2022 and (iii) to measure and characterize the impact
deflection both from space with AIM and from ground based observatories.

The AIM study entered Phase A/B1 at ESA in early 2015 and will proceed
through summer 2016. The DART study entered NASA Phase A in late spring
2015 and will also proceed through summer 2016.

3.4 Thermal inertia and nature of asteroid surfaces

Limitation of
spectroscopic and

albedo data

Most of our knowledge of asteroid physical properties is hitherto based on
the determination of their albedos and reflectance spectra as tools to investigate
their compositions and mineralogy. However, these parameters are insensitive
to geological quantities of asteroid surfaces such as the presence of rocks or

4I am a member of the AIDA science team.
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fine regolith, which still remain poorly constrained despite being a key param-
eter for planetary science. The surface is indeed what we sense with remote
observations, and it thus shapes our understanding of the underlying body.

Thermal inertia
and rockyness

The physical nature of airless surfaces can be investigated from remote ob-
servations by measuring the value of the thermal inertia (Γ), which is very
sensitive to the ”rockiness” of the soil. For instance, fine-grained-soil has a
Γ-value lower than that of a solid rock with the same composition [64].

The value of the thermal inertia depends on the composition and physical
nature of the soil: e.g., a metal-rich soil has a higher Γ-value than a metal-poor
one (this is because the value of the thermal conductivity of metal is much
higher than that of silicates or carbonaceous compounds [140, 141].

Determination of
thermal inertia

As we saw in chapter 2, asteroid thermal inertias can be determined by
analysing thermal infrared and optical data by the so-called asteroid TPMs.
Physical parameters such as albedo (or reflectivity), thermal conductivity, heat
capacity, emissivity, density and roughness, along with the shape (e.g., eleva-
tion model) of the body, its orientation in space, and its previous thermal his-
tory are taken into account by TPMs to calculate surface temperatures. From
the synthetic surface temperatures, thermally emitted fluxes (typically in the
medium-infrared) can be calculated. Physical properties are constrained by fit-
ting model fluxes to observational data. Typically TPMs produce the value of
the thermal inertia averaged over the whole surface of the body.

Current limitationsDue to the relative scarcity of both requisites for TPM, namely high-quality
IR data and asteroid shapes and rotation states, it is not surprising that only
a meagre set of 27 values of thermal inertias have been determined to date for
asteroids in the main belt [49] (see also Fig. 2.5). Part of the problem has
recently improved tremendously with the release of NASA’s WISE enormous
thermal infrared catalogue. Simple thermal models that assume spherical sur-
faces and neglect the thermal mechanisms described above have already been
used to exploit WISE’s large database. While more sophisticated modeling re-
quires better quality and more numerous data, there are still ∼50,000 asteroids
which have more than ten measurements in both W3 and W4 bands amenable
to TPM. On the other hand, only three works that take advantage of WISE
data and TPM have been published so far [2, 154, 67]. Thus, the bottleneck
now hindering significant advancement in the field is thus the small number of
asteroids with known shapes.

Shapes of asteroids
from lightcurve
inversion

The lightcurve inversion method [92, 93] is a powerful tool that allows us to
derive basic physical properties of asteroids (the sidereal rotation period, spin
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vector orientation and the shape) from their disk-integrated photometry. These
shape models are used as inputs for the TPM5. In March 2015, models of al-
most 400 asteroids were included in DAMIT6. about a hundred based only on
dense data. Recently, another 400 new asteroid models were recently derived
from sparse data. These unpublished models are much coarser than those based
on classical dense lightcurves and additional photometry needs to be obtained
prior any further application. However, it is estimated (Hanus, private commu-
nication) that shapes for almost 1,000 are almost available. In addition, Gaia
data analysis in 2019 will provide shapes for ∼10,000 asteroids, allowing us to
obtain the same number of thermal inertias.

This allows to build a new tool for the reconnaissance of the rockiness of
asteroid surfaces from remote sensing that, in addition to albedo and spectral
data, will add a new dimension to the maps of the physical properties of aster-
oids throughout the Main Belt, with obvious benefits for various types of space
missions (Figs. 3.3,3.4).

Scientific impact This will have far reaching implications. For example, knowledge of thermal
inertia is fundamental for modeling thermal forces affecting the orbits of small
asteroids, including those that are close to Earth. Furthermore, rockiness is a
key parameter for space missions designed to interact with the surface to, for
instance, collect samples, land, or even put an astronaut on an asteroid. These
results will give us unprecedented insights into the asteroid population from a
completely unexplored point of view. For instance, finding asteroids of similar
sizes within the same families but with different thermal inertias might indicate

5This photometry can be dense-in-time, sparse-in-time or combination of both. To obtain
a unique spin and shape solution, one needs a set of at least a few tens of dense lightcurves
observed during three or more apparitions for an asteroid: this is the first/classical approach.
But, it has been shown [91] that one can also use only sparse data for the inversion technique.
In such case, a unique model can be derived from more than about one hundred calibrated
measurements observed during 3-5 years if the photometric accuracy is better than ∼5% [53].
Sparse data available so far are not that accurate. Nevertheless, for many asteroids with high
lightcurve amplitudes, it is possible to derive their shape models from contemporary sparse
data (covering usually time of ∼15 years). First results coming from this approach were based
on sparse data from the US Naval Observatory in Flagstaff (USNO-Flagstaff station) [55]. If
one combines sparse and dense data together, the shape model can be already derived from
few dense lightcurves and about 100 sparse data points. This approach led to a significant
increase of derived shape models from ∼100 to ∼400 [66, 68].

6Most of the asteroid models are publicly available in the Database of Asteroid Models
from Inversion Techniques (DAMIT, http://astro.troja.mff.cuni.cz/projects/asteroids3D).
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Figure 3 Orbital distribution of asteroids throughout the belt. We highlight the asteroids that will be targets of CHRONAS.  

A worldwide net of collaborators (Czech Rep., USA, Australia) including amateur astronomers will provide 
support for complementary photometric observations. The development of numerical models that support the 
observational, analytical and the experimental developments throughout this project will be performed on the 
local computing center. While the present codes for asteroid shape and thermal modeling will permit to 
attack the case of few hundreds objects, massively parallel codes are need to be developed for modeling non-
convex shapes and in the case of the Gaia data.  
As already stated above, the experiments will be done in collaboration with the laboratory of CHREA, and 
LEMTA (Nancy). Team members will participate in the design of the set-ups that are peculiar to the project 
objectives. While the MESOCENTRE CPUs will be used for the data analysis, observational data will 
require acquiring hard-discs for extended storage facilities; its defrayment is requested in this proposal.  
Our project requires assembling of a multidisciplinary team on experts and will rise a new generation of 
young scientists that will constitute the bridge between the different fields of expertise; these include two 
PhDs and several postdocs. The two PhDs (36 months each) will be at frontier of the research as their tasks 
will be to provide the most novel tools of CHRONAS: rock abundance determination from thermal inertia 
and the law of how rock abundance decays with time on asteroids. Two postdocs devoted to the telescopic 
observations and shape modeling of asteroids will be necessary (24 months each in order to have long 
baseline of observations). A senior Research scientist on thermophysical modeling for the whole duration of 
CHRONAS (60 months) will perform the key tasks spanning the most important parts of the project and 
deliver materials to all other colleagues. An engineer (24 months) will develop the tools necessary to manage 
and make the scientific products publicly available through the Virtual Observatory. In addition, this person 
should have experience in code development required to produce a robust and multiplatform TPM code to be 
released to the community. 
Finally, the implementation of a visitor program at the Observatory will be of paramount importance. The 
idea is to invite world-leading experts in fields related to the project for one-month or longer stays. Such 
programs prove to be the most efficient way to trigger collaborations and will significantly increase the 
visibility of the ongoing work. For this, a defrayment of 3 one-month visits per year is requested. Two 
focused workshops will give visibility to CHRONAS results and will help discuss new ideas. 
 
Potential Impact of the results: Scientific repercussions 
The results of CHRONAS will provide a revolution in the study of the thermal inertia of main belt asteroids. 
Not only will it increase the number of reliable values of this parameter by more than an order of magnitude, 
including multiple objects in several collisional families, but it will push forward the limits of how much we 
can learn from it. It will give us unprecedented insights into the asteroid population from a completely 
unexplored point of view. For instance, finding asteroids of similar sizes within the same families but with 
different thermal inertias might indicate different composition, which in turn could provide hints of 
differentiation of the parent body. Clues of asteroid differentiation come from the meteorite record but have 
never been found in the asteroid Main Belt; e.g., no trace of family members corresponding to the metallic 
core, olive mantle and silicate crust have ever been found nor there is any clear evidence of the olivine rich 
mantle in (4) Vesta, despite the fact that asteroid formation models suggest it should be differentiated.  
Reliable values of thermal inertias typical of particular asteroid families are highly desired inputs for 
accurate modeling of Yarkovsky force causing the spreading of the semi/major axes of the family members 
over time (Vokrouhlicky et al. 2015). This is a force acting on a rotating body in space caused by the 

Figure 3.3: Orbital distribution of asteroids throughout the belt. We highlight the asteroids that we are
currently attempting to derive thermal inertia from shape models of the DAMIT and unpublished shape
models.
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Figure 3.4: Thermal inertia vs diameter. This is an update of Fig. 2.5 including unpublished results from
Hanus, Delbo et al. in preparation (since 2014).
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different composition, which in turn could provide hints of differentiation of
the parent body. Clues of asteroid differentiation come from the meteorite
record but have never been found in the asteroid Main Belt; e.g., no trace of
family members corresponding to the metallic core, olive mantle and silicate
crust have ever been found nor there is any clear evidence of the olivine rich
mantle in (4) Vesta, despite the fact that asteroid formation models suggest it
should be differentiated. Reliable values of thermal inertias typical of particular
asteroid families are highly desired inputs for accurate modeling of Yarkovsky
force causing the spreading of the semi/major axes of the family members over
time.

An original perspective is the utilization of thermal inertia as a clock. The
rockiness, i.e., the fractional area of the surface covered by ∼10 cm-sized rocks
and larger compared to the area covered with fine regolith [8], can be derived
form thermal inertia data. The rockiness can then be used as a clock to time
how long a surface has been exposed to space and weathered by micrometeorite
impacts and thermal fatigue fragmentation [46]. These processes result in the
gradual fragmentation of the surface material, which will be used to establish
a novel approach to set a unified asteroid chronology of evolutionary processes
of asteroids with different mineralogy and ages throughout the Main Belt

models of asteroids soils.  
The situation has only started to change in the last years: concerning astronomical data (i), space telescopes 
(Spitzer, WISE) have collected an extraordinary amount of new thermal data. However, only few laboratory 
data on meteorite thermal properties (ii) are starting to appear (Opeil et al. 2010), and theoretical models (iii) 
that allow interpreting thermal inertia measurements in terms of regolith properties, only capture average 
properties of the soil (e.g. the average regolith grain size; Gundlach & Blum 2013). While this information is 
already interesting, it fails to identify the presence of boulders on Itokawa, which is dramatically shown by 
the images from Hayabusa.  
 
Methodology, work plan and time lines 
A newly born asteroid is rocky (Michel & Richardson 2013). As time passes, impacts by micrometeorites 
sandblasting the surface and thermal shocks result in the fragmentation of these rocks producing finer 
regolith (Delbo et al. 2014). Therefore, older asteroids are expected to have lower rock abundance than 
younger ones; likewise older lunar terrains have lower rock abundance than younger ones (Ghent et al. 
2014). However, this relationship between age and rock abundance, has never been demonstrated for 
asteroids. Figure 2 captures the essence of our methodology; it illustrates the relationship between rock 
abundance and thermal inertia (left panel) and a first hint of the relationship between thermal inertia and age 
of some asteroids with estimated ages (right panel). 

 
Figure 2 Left: rock abundance as a function of thermal inertia derived using our preliminary method described in part B2 of 
the proposal. Right: thermal inertia versus age for some asteroids with estimated ages (preliminary, unpublished results).  

The first task is the determination of the thermal inertia of a large number of asteroids (Fig. 3) with well-
known shapes and of carefully selected targets for which CHRONAS will derive the shape by telescopic 
observations with the 1-m telescope at OCA/Calern (Task 2).  
The next task (Task 3.1) is to perform new laboratory measurements of the thermal properties (thermal 
diffusivity and conductivity) of asteroids analogues, including meteorites, which will serve to construct a 
method to derive rock abundance from thermal inertia (Task 4). Another essential part of the laboratory work 
will be to measure the rate of thermal fragmentation of meteorites and other asteroid analogues (Task 3.2). 
This information will allow us to determine a law on how rock abundance on asteroids decreases with time  
and as a function of composition and location in the Main Belt (Task 5). Once properly calibrated, this law 
will provide a new asteroid chronometer. The final task is the public release to the community of the results 
of CHRONAS, i.e., the chronological tool, the asteroid thermal inertia values, rock abundances, and others 
products such as size and shapes via a Virtual Observatory portal (Task 6).  
 
Resources and feasibility 
The CNRS and the Observatoire de la Côte d’Azur (OCA) have agreed to provide support to this project. 
The team members will be granted access to collective facilities and services. In particular, they will have the 
possibility to use the computing MESOCENTRE, which comprises more than three thousand processors. 
The working environment of OCA will also allow the team to benefit from scientific interactions with 
worldwide experts in observational astronomy, planetary sciences, cosmochemistry, geology and geophysics, 
and in state-of-the-art numerical techniques: Dr. P. Michel will help with the modeling of the evolution of 
asteroid surfaces; Prof. G. Libourel will follow and support the experimental work. Interaction with Dr. P. 
Tanga will be necessary for the preparation and the use of Gaia data. The team will also have granted access 
for 80 nights/year at the 1m telescope in Calern that will be used to refine asteroid photometry for shape 
modeling. 

Figure 3.5: Left: rock abundance as a function of thermal inertia derived using our preliminary method
described in part B2 of the proposal. Right: thermal inertia versus age for some asteroids with estimated ages
(preliminary, unpublished results).

A field-changing discovery would be the confirmation of the primordial age
(∼4.6 Ga) of main belt asteroids with very low thermal inertia value (e.g., 10-50
J m-2s-1/2K-1) in the size range 10-40 km, which have been identified in prelim-
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inary results from our group (Hanus, Delbo, Durech, Al-Lagoa in preparation.
See also Fig. 3.4). If these objects were the direct result of primordial material
accretion in the nebula, their existence could be explained only by certain mod-
els of planetesimal accretion, e.g., by the so-called pebble accretion (Kretke,
K. A. & Levison H. F. (2014), DPS abstract; Levison, H. F. (2014), Nature,
submitted). On the other hand, if these were products of collisions, we would
be looking at the remnants of the first collisional processes in our Solar System,
which have been long sought after without success.
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The Gaia space mission of the European Space Agency (ESA) will survey the entire sky with a limiting

magnitude of about 20 in the V-band. Gaia is expected to be launched in the summer of 2013. Gaia will

also observe about 400,000 asteroids, for which high precision astrometry and photometry will be

obtained. Here we discuss Gaia spectrophotometric observations of asteroids, the methods for the

treatment of the data, the expected performances of the spectrophotometers and the spectral

classification of asteroids. We estimate that a robust spectral classification can be obtained for at least

100,000 asteroids from the low-resolution spectra obtained by Gaia.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In 2013 the European Space Agency (ESA) will launch the Gaia
space mission to the Earth’s Lagrangian Point L2. Gaia is mainly
devoted to the precise measurement of the positions of about 109

stars repeatedly over 5 years (see Perryman et al., 2001; Mignard
et al., 2007, and references therein). These measurements will
produce the most complete and accurate catalogue of parallaxes
and proper motions of the stars of our galaxy with unprecedented
astrometric accuracy. Gaia consists of two telescopes with a rectan-
gular aperture of 1.45�0.5 m2 observing simultaneously two fields
separated by a basic angle of 106.51. The two telescopes have a
common focal plane composed of 106 CCDs: 77 of them will collect
the data for the astrometry and the photometry of the observed
sources; 14 CCDs will measure the light dispersed by two prisms, in
order to obtain the color of all sources observed by the astrometric
focal plane; 12 CCDs will collect the data coming from the high
resolution spectrometer (RVS) to measure the objects radial velo-
city; the remaining CCDs are needed for calibration purposes. The
two low resolution spectrophotometers are called the Blue Photo-

meter – BP for short – and Red Photometer – RP for short. The first
optimised in the blue, and the second in the red.

On one hand, the spectrophotometric data will provide funda-
mental information about the physical characteristics of the
observed sources (e.g. the photospheric temperature of stars);
on the other hand, color spectrophotometry is needed to select

the color-dependent instrument point spread function (PSF) in
the analysis of the astrometric focal plane data.1

Gaia will also serendipitously observe about 400,000 asteroids on
average 60 times over 5 years (Tanga and Mignard, this issue). The
main products of Gaia solar system objects observations will be
orbital and physical properties of asteroids (Mignard et al., 2007). In
this paper we focus on the low-resolution spectrophotometric
observations (hereafter BP-RP observations) of asteroids from Gaia.
These data will be used to determine the surface reflectivity of
asteroids and to produce a spectral classification for 100,000 –
150,000 of these bodies (see Section 4.1), to be compared to the
3,000 asteroid spectra available today. This large number statistic
will allow compositional studies of the whole asteroid belt down to
very small sizes (it is estimated that there are about 100,000
asteroids larger than 5–7 km in the Main Belt; Bottke et al., 2005)
and of sub-population of asteroids such as the different dynamical
families present in the asteroid belt. Moreover, all spectra will be
acquired by the same instrument in a very stable space-based
environment.

This paper gives a short overview of the asteroid spectrophoto-
metry with Gaia and is structured as follows: after an introduction
devoted to asteroid spectral classification (Section 2) and the
interpretation of these classes in terms of composition of these
bodies, Section 3 will shortly describe the BP-RP instruments;
Section 4 describes their performances in terms of asteroid observa-
tions as well as the products of the BP-RP data reduction pipeline for
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1 Although Gaia’s telescopes are based on a full reflective optical system, chro-
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asteroid; in Section 5, the classification method adopted and
a verification test of the latter are presented; Section 6 is devoted
to synergies of Gaia asteroid spectrophotometry with other
complementary data.

2. Asteroid spectral classes and mineralogy

A spectral class is assigned to asteroids based on the shape of
the object’s surface reflectivity as a function of the wavelength.
The reflectivity is determined by the ratio of the spectral energy
distribution of the asteroid (SED) measured in visible and/or near-
infrared light and the spectrum of the Sun. Fig. 1 shows examples
of asteroid reflectivities in the visible. In general each spectral
class is thought to correspond to an asteroid’s surface composi-
tion/mineralogy.2 In particular, asteroid spectral classification
was initiated by Chapman et al. (1975) with three main groups:
the C-type for dark carbonaceous objects, S-type for stony
(silicaceous) objects, and U-type for those that did not fit into
either C or S. This classification has since been expanded by
several works (see Tholen, 1989; Bus et al., 2002; DeMeo et al.,
2009, and references therein). Most recent visible spectroscopic
classification schemes are based on spectra acquired by means of
CCD spectrographs covering the wavelength range between
� 450 and � 1000 nm (Bus and Binzel, 2002; Bus et al., 2002).
In the latest years, the growing availability of near-infrared (NIR)
spectrographs at 3–4 m class and 8–10 m class telescopes allowed
asteroid spectroscopy and their spectral classification to be
extended in the NIR (DeMeo et al., 2009). The NIR spectral range
is rich of silicate absorption bands diagnostic of the asteroid
mineralogical composition.

2.1. Modern CCD based asteroid spectroscopy and its limitations

Early asteroid classifications were based on measurements
obtained by photoelectric photometers: this is the case of the
Eight Colour Asteroid Survey (ECAS) by Zellner et al. (1985). ECAS
was based on asteroid magnitudes measured in eight filters in the
330–1,050 nm range. Visible spectra of asteroids taken today with
CCD-based spectrographs allow the observations of much fainter
objects, but usually do not include data at wavelength less then
450 nm, and most available data in the blue region (340–550 nm)
are in general of poor quality. We note that the paucity of data for
wavelength o450 nm is not only related to the lower CCD
efficiency in this region, but also to the choice of many observers
in getting low resolution spectroscopy in the largest wavelength
range: often an order sorter filter is inserted at 400–450 nm to
avoid second order overlapping in the 800–900 nm where some
interesting absorption bands may be seen.

Recent classifications have been thus increasingly based on the
red part of the visible spectrum. As a consequence some spectral
classes of Bus and Binzel (2002) cannot distinguish among
previously identified classes of low-albedo, primitive bodies,
which could be separated in the past based on their spectroscopic
properties in the ultraviolet (roughly between 330 and 400 nm)
and in the blue region (roughly between 400 and 500 nm).
For instance, the F-class, in the classification of Tholen (1989) can
be distinguished from the Tholen’s B-class from a much weaker UV
drop-off in the spectra of the former compared to the latter and also
because B-class asteroids show a moderately higher average albedo
than F-class bodies. However, in the Bus classification these two
classes are merged in a unique class (the B-class).

In terms of the number of objects observed, the Moving Object
Catalogue (MOC) of the Sloan Digital Sky Survey (SDSS) (Ivezić
et al., 2002, 2001; Parker et al., 2008) is the largest survey of
visible colors of asteroids. SDSS observations allow the determi-
nation of reflectivities in five bands (centered at u0 : 354, g0 : 477,
r0 : 623, i0 : 763, z0 : 913 nm). These data are available (in the
MOC4 http://www.astro.washington.edu/users/ivezic/sdssmoc/
sdssmoc.html) for more than 100,000 asteroids and allowed the
investigation of the composition of several asteroid families
(Ivezić et al., 2002; Parker et al., 2008). However, a limitation of
asteroid data in the SDSS is the in general low quality of the
photometry for the faintest bodies (e.g. there are � 87,000
asteroids with SNR\10 and � 57,000 with SNR\20). We recall
here that an SNR of at least 20 in the 400–1000 nm range is in
general required for a robust spectral classification of an asteroid
(F. Demeo, private communication).

By observing a larger number of asteroids with higher sensitivity
and more stable conditions (from space), Gaia BP-RP observations
will allow a new compositional map of the asteroid population and
its different sub-populations (e.g. asteroid families). In the next
sections we describe the BP-RP instruments devoted to acquire
spectrophometric measurements and the expected results.

3. BP-RP: the low-resolution spectrophotometers of Gaia

Spectrophotometry will be obtained for every asteroid brighter
than G� 20 at the epoch of observation from the Earth’s Lagran-
gian Point L2 (G is the apparent magnitude of a source in the
unfiltered broad band of Gaia CCDs: G� V�0:234 for a solar like
spectrum). From an extended set of simulations of observations of
asteroids from Gaia, under realistic conditions, it is possible to
show that the expected G-magnitude distribution will have a
median value of H�4 (where H is the absolute magnitude of the
asteroid) and a width of the distribution at full half maximum of
about 1 magnitude (see Tanga and Mignard, this issue, for more
details) This implies that Gaia will be roughly limited to Ht16
for asteroids. Our knowledge of the population of asteroids at
H¼16 is not yet complete. However, Tanga and Mignard (this
issue) estimates that the total number of asteroids that will be
observed by Gaia should be around 400,000. Spectrophotometry
will be obtained for all these bodies. After presenting the
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2 However, there are few classes, such as the X-class in the Bus et al. (2002)

taxonomy that can correspond to more than one asteroid mineralogy.
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spectrophotometers, in the next sections we estimate the SNR of
the BP-RP observations as a function of the magnitude and the
number of asteroids for which we expect to obtain robust spectral
classes.

The spectrophotometers are based on two low-resolution
prisms (for the instrument layout see Jordi et al., 2010, and in
particular their Figure 2). One spectrophotometer (BP) is opti-
mised for the blue wavelengths (330–680 nm) and one (RP) for
the red wavelengths (640–1000 nm). Fig. 2 shows the spectral
resolution of each spectrophotometer.

The dispersion direction corresponds to the scan of the satellite
(along scan direction or ‘‘AL’’). For both BP and RP, the spectrum is in
general contained within 40 AL pixels. Sampling is such to have
about 18 spectrophotometric independent bands in the BP-RP
domain (Brown, 2006).

4. Gaia BP-RP asteroid observations

BP and RP observations – including asteroids – will be treated
by the Photometric pipeline (PhotPipe), which will calculate the
calibrated spectrum (the SED) and also the Spectral Shape
Coefficients (SSCs). The latter are coefficients of spline functions
allowing to reproduce the shape of the BP-RP spectrophometry
with a limited number of basis functions with the aim of
describing the overall shape of BP-RP spectra. SSCs give more
information than just the integrated BP and RP fluxes and can be
used to calculate simple pseudo-colours of the observed sources.
SSCs will provide four colors for each spectrophotometer, for all
sources observed by Gaia (Marrese and Brown, 2009). As pro-
posed in the latter report, the knots of the spline used for the
determination of the SSCs are at the wavelengths of 327.9924,
386.9469, 501.7551, 623.7873, 656.4977, 710.0429 nm for BP
and 623.7873, 656.4977, 710.0429, 816.6522, 888.0572,
1042.2987 nm for RP. Note that the last three knots for BP and
the first three knots for RP coincide, and that the SSCs and the
asteroid reflectancies derived from BP-RP spectrophometric data
will be both published in the Gaia catalogue.

It is worthy of note to mention that the colors derived from the
SSCs, are refined using updated spacecraft/telescopes/detectors
calibrations at every data treatment cycle (i.e. every � 6 months)
and are potentially very interesting for a color survey of asteroids
similar to ECAS and the more recent SDSS (see also Section 4.1 for

an estimate of the SNR of asteroid observations in the SSCs
bands).

Asteroids are moving objects and, as such, require a special
data treatment compared to ‘‘fixed’’ stars. In particular, knowl-
edge of their proper motion at the time of the transit on the Gaia
focal plane is necessary to propagate their position from the
astrometric field to the BP and RP CCDs.3 An accurate a priori

position on the BP and RP CCDs is required for the wavelength
calibration of the spectra.

A second effect of asteroids’ rapid proper motions is the
smearing of their spectra. Because a CCD transit lasts about four
seconds, a smearing of the PSF r1 pixel is expected. This value is
not of concern for an accurate extraction of the asteroid reflectiv-
ity from BP-RP data.

4.1. Expected performances of the BP-RP

In order to estimate the signal to noise ratio (SNR) of BP-RP
asteroid observations as a function of the magnitude, we eval-
uated the BP-RP response for point like sources assuming a solar
like spectrum using an instrument model (see Fig. 3).

Because the BP and the RP provide in general photon noise
limited observations, the SNR for asteroid observations of differ-
ent magnitudes can be easily calculated as SNR¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nphelectrons

p

(where Nphelectrons is the number of photoelectrons within the
exposure time) as a function of the wavelength (see Fig. 4). Fig. 5
shows the minimum and the peak SNR in the range between 400
and 1000 nm per observation (i.e. asteroid transit on the Gaia
focal plane). Note that the minimum of the SNR always occurs in
the blue end of the BP range.

Because an SNR of at least 20 in the 400–1000 nm range
(F. Demeo, private communication) is in general required for a
robust spectral classification of an asteroid, Fig. 5 shows that
asteroids observed by Gaia with a magnitude Go15 can be
classified from a single transit. For faintest asteroids, it is required
to build a higher SNR spectrum by averaging over observations at
different epochs.

Due to the Gaia scanning law of the sky, the large majority of
asteroids (in the Main Belt) are observed on average 60 times
(Mignard et al., 2007; Tanga and Mignard, this issue) over 5 years.
The SNR of the accumulated (also called the average) spectro-
photometry is thus roughly equals to the SNR of the single-transit
BP-RP signal times the square root of the number of transits. Fig. 6
shows the SNR of BP-RP observations at the end of mission
assuming an average of 60 observations per asteroids. It can be
clearly seen that the SNR is large enough for an accurate spectro-
photometric classification over a large range of magnitudes.
However, for the faintest magnitudes, in the range of magnitudes
19tGt20 even the SNR of the accumulated BP-RP signal will be
not large enough for an accurate spectral classification if the
criterion SNR420 in the range 400–1000 nm is adopted. If this
latter criterion is somehow relaxed (e.g. SNR410 in the range 400–
1000 nm) then spectral classification from BP–RP data will be
possible for all asteroids observed by Gaia (� 400,000).

Figure 4 of Tanga and Mignard (this issue) shows that Gaia will
observe between 100,000 and 150,000 asteroids with Ht15
(corresponding to Gt19), for which the quality of the data will
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3 Simulations by Mignard et al. (2007) show that 80% of asteroids are

observed with proper motions r15 mas=s. Because BP–RP observations take

place about 40 s after the source position is detected, the wavelength calibration

can be off by several pixels (the along scan pixel size is 60 mas) if the proper

motion of ;the asteroid is not taken into account. Asteroid ephemerides will be

used to calculate the on-the-sky velocity of the asteroid at the time of the

detection in order to propagate its position from the measured position on

the astro focal plane to the BP and RP CCDs.
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be good enough to obtain a robust spectral classification. It is also
worth mentioning that the SNR of the BP-RP data after one single
transit will be good enough for those asteroids with Gt15, i.e.
Ht11 and Figure 4 of Tanga and Mignard (this issue) shows that
about 2000 asteroids meet this condition. This imply that for
Ht11 asteroids Gaia will produce data at about 60–80 different
epochs with each signal with SNRZ20 or better. This implies that
spectrophotometry of good enough signal-to-noise ratio will be
obtained for these asteroids at different rotational phases and/or
aspect angles. Such data will be very valuable to study possible
spectra heterogeneity of the surface of these bodies.

For very faint asteroids ð19tGt20Þ, the use of SSCs to
calculate the eight-color reflectivity might be more robust than
the accumulated spectrum. In order to estimate the SNR of the
eight colors spectrophotometry as a function of the magnitude,
we integrated the response of RP and BP of Fig. 3 in the SSC bands.
We used rectangular bands. Fig. 7 shows the flux in each of the
SSC colors for a source of magnitude G¼20. It is clear that even
for the faintest sources, the eight-color fluxes, accumulated over
60 observations epochs will yield to an SNR of 40 or better over
the whole spectral range.
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4.2. Products of the data treatment pipeline

BP and RP data will mainly results in the publication of two
products in the Gaia catalogue of asteroid observations: namely
surface reflectivities (in the range 330–1000 nm), averaged over
the whole set of observations, and the asteroid spectral classes.
In order to produce the above mentioned products, the following
procedure has put forward: first the spectral energy distribution
of the source (SED in physical units: e.g. W=m2=mm as a function
of the wavelength) is obtained from accumulated BP-RP data;
epoch SEDs might be also produced for those asteroids bright
enough to have SNR420 in the range 400–1000 nm after one
transit on the focal plane. Fig. 5 shows that this corresponds to
asteroids brighter than magnitude G¼15 or H¼11. Asteroid
reflectivities are then calculated from the SEDs: BP and RP SEDs
(calculated separately by the PhotPipe) are combined into one
SED and the latter is divided by the solar spectrum and the results
normalised to 1 at 550 nm. Asteroid reflectivities will be used to
determine the asteroid spectral class by means of an unsuper-
vised clustering algorithm. The use of this latter method will
produce a new asteroid ‘‘Gaia’’ taxonomic classification.

The clustering method is based on a Minimal Spanning Tree
(MST) algorithm and was developed by Galluccio et al. (2008).
The algorithm is based on a method for partitioning a set V of N

data points (V ARL), where L in our case is the number of spectral
bands, into K non-overlapping clusters such that (a) the inter-
cluster variance is maximized and (b) the intra-cluster variance is
minimized. Each spectrum is considered as a vertex of tree. A tree
is a graph that is connected (i.e. every vertex is connected to at
least another vertex) and acyclic (i.e. the graph has no loops).

The spanning tree (i.e. the tree passing through each vertex of
the set) with the minimal length, namely the MST, is calculated
using the Prim’s algorithm (see Galluccio et al., 2008, and
references therein). The length of each edge of the tree (i.e. the
distance between two spectra) is determined using the Kullback–
Leibler metric: let vi ¼ fvi1, . . . ,viLg be the feature vector corre-
sponding to a reflectance spectrum (L being the number of
wavelengths or spectral bands); at a given wavelength li, each
spectrum is associated with a (positive) normalized quantity:
~vij ¼ vij=

PL
j ¼ 1 vij, which can be interpreted as the probability

distribution that a certain amount of information has been
measured around the wavelength li. To measure the similarity
between two probability density functions, we compute the
symmetrized Kullback–Leibler divergence:

dklðvi99vkÞ ¼
XL

j ¼ 1

ð ~vij� ~vkjÞlog
~vij

~vkj
:

The identification of the clusters is performed by first comput-
ing, at each step of the MST construction, the length of the newly
connected edge and then by identifying valleys in the curve
obtained by plotting the MST edge length as a function of the
iteration of the construction (see Fig. 8; an example of how to use
Fig. 8 for the identification of spectral groups will be given in
Section 5). The valleys in this curve identify the number and the
position of high density region of points, i.e. the clusters (see
Galluccio et al., 2008, for a more thorough description of the
algorithm). The clusters represent, in our case, the different
asteroid spectral classes. In the next section we present a test of
this classification algorithm using SDSS data.

5. Test of the classification algorithm

In order to test our spectral classification algorithm we
performed the identification of the asteroid spectral classes in
the Nysa–Polana dynamical family. This is a group of asteroids
located in the inner main belt, at low orbital inclination (it51)
between the n6 secular resonance (at heliocentric distance � 2:1
AU) and the 3:1 mean motion resonance with Jupiter (at helio-
centric distance of 2.5 AU). A spectroscopy study by Cellino et al.
(2001) of this group of asteroids suggested that there are at least
two populations of bodies of different physical characteristics
overlapping in orbital element space. SDSS colors of the members
of the Nysa–Polana family also show the presence of two
compositional groups (Campins et al., 2010, Fig. 1).

This suggests that the Nysa–Polana group was formed by two
major collisional break-up events, one related to asteroid (142)
Polana and the other one possibly related to asteroid (878)
Mildred, as originally proposed by Cellino et al. (2001). The same
work also found a few X-type objects in the Nysa–Polana group,
which suggests the possibility of a third, minor, collisional break-
up event in the region or the presence of interloper asteroids in
the Nysa–Polana family assuming the members identification of
Nesvorny (2010). We note that the Nysa–Polana family includes
also other large asteroids that are classified as X-types (in the Bus
taxonomy) such as (44) Nysa and (135) Herta. However, Cellino
et al. (2001) followed the Tholen’s taxonomy, so that (44) Nysa
and (135) Herta are an E- and M-type, respectively.

In order to increase the sample statistics compared to the
relatively small number of asteroids observed by Cellino et al.
(2001) and identify meaningful spectral groups within the Nysa–
Polana family, we used our spectral classification algorithm on the
observations contained in the SDSS MOC4 (Ivezić et al., 2002, 2001).

To obtain the surface reflectivity of the asteroids, we sub-
tracted the solar contribution (u�, g�, r�, i�, z�) to the observed
asteroids magnitudes. The solar contribution is calculated from
transformation equations between the SDSS u0g0r0i0z0 magnitudes
and the usual UBVRcIc system: i.e.: u� ¼ 6:55, g� ¼ 5:12, r� ¼ 4:68,
i� ¼ 4:57, z� ¼ 4:54. (for more details, see the SDSS website http://
www.sdss.org). In order to calculate the symmetrized Kullback–
Leibler divergence between asteroid spectral reflectancies and be
able to use our classification algorithm, we chose to normalize
each spectrum relatively to the r0 band (lr0 ¼ 623 nm). Finally, we
obtained the following asteroid reflectivity for the li wavelength:

vi ¼ 10�0:4ðCi�Cr0 Þ

Fig. 8. Edge-length of the MST as a function of the number of the spectrum

(spectrophotometry) added to the tree. A class is defined anytime the graph makes

a valley below the horizontal threshold line. Each valley corresponds to a group

of points (spectrophotometric data) that have a small distance between them.

Th B- and S- groups can be clearly identified in the plot. The X-types constitute a

small group of asteroid and are separated by a small distance – though statistically

significant – from the B-types.
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with Ci ¼ i�i� and Cr0 ¼ r0�r�

the reflectivity colors at li and lr0 respectively; where the index i

runs over the g0, i0, and z0 wavelengths.
We searched in the MOC4 database for all asteroids belonging

to the Nysa–Polana family. Concerning the family members
identification, we used the definition of dynamical families of
Nesvorny (2010). Among this family, 4134 objects have been
observed at least once by the SDSS (as a comparison, the number
of spectra obtained in the visible light or near-infra red, for the Nysa–
Polana family, in the SMASS, ECAS and 52-Color catalogs are : 15,
13, and 2, respectively).

However, likely due to non-photometric conditions and the
faintness of the asteroids, some of our objects have high uncer-
tainties in the magnitudes published in the MOC4. Thus, we
selected only the less noisy observations: namely, we required
that all data have a relative uncertainty t10% in the in-band
photometric flux, in order for an observations to be included in
our analysis. If an asteroid has multiple valid observations, we
computed the average reflectivity and its standard deviation in
the five bands. In the end, the taxonomic classification of the
Nysa–Polana group was performed over 579 objects.

Fig. 8 shows the edge length as a function of the number of
added spectra when processing the MST construction on SDSS-
MOC4 photometric data of the asteroid of the Nysa–Polana
family. The figure clearly shows three main valleys corresponding
to three groups composed of 378, 118, and 13 asteroids, respec-
tively. The remaining objects (70 of which makes about 12% of the
total sample) do not belong to any group because both the
‘‘distance’’ between these objects and the three groups and also
the ‘‘distance’’ between each pair of spectra is larger than the
threshold. We conclude that we cannot find similarities between
these spectra and the main three groups. These asteroids are
likely interlopers in the Nysa–Polana family. From the hierarch-
ical clustering method (HCM) of family members identification, it
is in general expected that about 10% of the family members are
interlopers (D. Nesvorny, private communication). As a conse-
quence, in the following, we do not take into account these 70
unclassified asteroids.

Also, in order to estimate the probability of misclassification of
our method, we used a Monte-Carlo analysis. We generated a
random set of B-, X- and S-type reflectivities on the bands of the
SDSS, normally distributed around the mean value of the respec-
tive groups previously found in the Nysa–Polana family (see
Fig. 9). We applied our classification method on the simulated
spectrophotometric data and found that between 2 and 5% of the
objects are misclassified depending on the choice of the value of
the threshold line (see Fig. 8 and the corresponding text).

Fig. 9 shows asteroid spectra of each group and their asso-
ciated mean spectrum. Error bars are the 1-sigma standard
deviation. We also compared our results with the mean spectrum
of different spectral classes from the Bus-DeMeo classification
(http://smass.mit.edu/busdemeoclass.html). In each panel, we
only plot the Bus-DeMeo mean spectra which present the closer
similarity with the mean spectra of each group:

1. For the first group (top panel of Fig. 9, 378 objects), we find
that all spectra resemble the S-type mean spectra of Bus-
DeMeo.

2. In the middle panel of Fig. 9, the 118 spectra of the second group
fits with B-type asteroids (such as 142 Polana, for instance).

3. The bottom panel shows the third more populous group
containing 13 asteroids. Comparing the spectra of this group
and the mean spectrum of X-types, Xc-types, Xk-types, and
Xe-types, we find that the third group of 13 objects corre-
sponds to asteroids of the X-complex and its subtypes.

We note that groups (1) and (2) are also consistent with the
two main spectral classes found by Cellino et al. (2001). More-
over, the same authors had already identified the presence of
asteroids with X-type spectral reflectancies. They also noted that
two of the largest asteroids, (44) Nysa and (135) Herta have
spectra consistent with an X-type classification. This shows that
(1) our classification algorithm is capable of retrieving the three
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classes already identified by Cellino et al. (2001); (2) our classi-
fication algorithm is able to retrieve robust spectral classes from
five-points asteroid spectral reflectivities; (3) our classification
algorithm can operate effectively on a large number of asteroid
spectra.

6. Combination of BP-RP spectroscopy with auxiliary data

The application of the classification method presented here to
BP-RP spectrophotometric asteroid data will produce a new
asteroid taxomomy. The latter will be published in the Gaia
observational catalogs. Plans are also in place to assign spectral
classes from an existing taxonomy (e.g. the Bus taxonomy) to
asteroids observed by Gaia by comparing accumulated (end of
mission) BP-RP spectrophotomertic reflectivities to the average
classes of an asteroid taxonomy.

Gaia spectrophotometric observations will help us to refine
the mineralogical map of the Main Belt to an unprecedented
detail. However, it is well known that classes of asteroids built
from visible spectroscopy are affected by degeneracies in their
compositional interpretation. For instance, the X-class (in the Bus
taxonomy) does not define a compositional class nor has a unique
meteorite analog. It is known that asteroids of the X-class can
have very different albedos from low (defining the P-class), to
moderate (defining the M-class), to high (defining the E-class).
Another example is given by B-type asteroids: while in the visible
the asteroids belonging to the B-type have very similar spectra,
the extension of their spectra in the near infrared shows different
behaviours that can be interpreted with different processes that
have affected the surfaces of these bodies (Clark et al., 2010;
de León et al., 2012).

In order to remove degeneracies in the Gaia classification of
asteroids, one can add auxiliary data to the BP-RP spectropho-
metry. These data can come from telescopic surveys in the near
infrared, or more likely from the catalogue of asteroid observa-
tions of the NASA WISE mission (Wright et al., 2010; Mainzer
et al., 2011a; Masiero et al., 2011, and references there in). WISE
has surveyed the whole sky in four bands, centered at 3.4, 4.6, 12,
and 22 microns, in the thermal infrared. From WISE thermal
infrared observations, it is possible to derive asteroid sizes and
geometric visible albedos (pV) by means of the so-called asteroids
thermal models (see Harris and Lagerros, 2002; Delbó and Harris,
2002, and references therein). The first release of diameters and
values of pV for asteroids from the cryogenic phase of the mission
contains results for 129,750 main belt asteroids (Masiero et al.,
2011). The value of pV provides strong constrain to the asteroid
mineralogy when used together with the spectral information.
Other space missions have been obtained data of a large number
of asteroids in the medium infrared from which physical proper-
ties such as diameters, albedo and thermal properties such as the
surface thermal inertia (see e.g. Delbo’ and Tanga, 2009) can be
obtained. We remind here: the Supplemental IRAS Minor Planet
Survey (Tedesco et al., 2002, SIMPS), the Akari (Usui et al., 2011)
and the Asteroid Spitzer Survey (Enga et al., 2009). The SIMPS
contains 2228 different multiply observed asteroids (measured
infrared fluxes as well as resulting asteroid diameters and albedos
are available in the catalogue); the Akari catalog include 4953
main belt asteroids, 58 near-Earth asteroids, and 109 Jovian
Trojan asteroids. The catalog is publicly available via the Internet;
the Spitzer Asteroid Catalog contains flux measurements of
asteroids serendipitously observed in publicly available Spitzer
data. To the best of our knowledge the Spitzer Asteroid Survey
was never released for public use.

In order to show the importance of the albedo information
to constrain the mineralogy of the asteroids members of the

Nysa–Polana family, we plot in Fig. 10 the distributions of the
geometric visible albedos of asteroids in the B-, S-, and X-groups
as identified in Section 5. We obtained the WISE albedos from
Masiero et al. (2011). The albedo distribution of S-type asteroids
in our sample is consistent with S-type asteroids in general in the
asteroid main belt (Mainzer et al., 2011b). The albedo distribution
of B-types in our sample is strongly concentrated below a value of 0.1.
This is an indication that the B-type asteroids of the Nysa–Polana
family have dark surfaces and are primitive, likely carbonaceous rich
asteroids. On the other hand, albeit limited by a small number
statistics, asteroids with X-type spectra have in the 64% of the cases
albedos below 0.1. This is indicative that some of the asteroids of the
Nysa–Polana family with X-type spectra have also primitive composi-
tions (maybe P-types). An interesting question is whether these
bodies are genetically related to the B-type asteroids also present in
the family.

While WISE has mainly observed main belt asteroids, the
determination of the diameters and albedos for also 428 near-
Earth asteroids have been obtained from thermal modeling of WISE
data (Mainzer et al., 2011c). Moreover, it is worth reminding that at
the time of writing there are other observational programs specifi-
cally devoted to the size and albedo determination of near-Earth
asteroids: the ExploreNEOs (PI D. Trilling) is one of the most
important. It makes use of the Warm Spitzer NASA telescope. Sizes
and albedos of more than 100 NEOs from the ExploreNEOs program
have already been published (Trilling et al., 2010), whereas results
for 450 NEOs have been obtained as of March 2011. It is expected
that the final database of ExploreNEOs will include sizes and albedos
for about 700 NEOs (Trilling et al., 2010).

7. Conclusions

Gaia will be launched in 2013 and will obtain astrometric and
photometric observations of abut 400,000 asteroids in the visible
light. Gaia will also obtain low resolution (R� 20290) visible
spectra (or spectrophometry) of asteroids using two instruments:
one spectrophotometer (BP) is optimized in the blue, the other
(RP) in the red.

The catalogue of Gaia observations of asteroids will contain
reflectancies (averaged over all observations during the mission)
and spectral classes of asteroids, and likely epoch spectrophoto-
metry for the brighter asteroids. Because the data reduction
pipeline will also calculate magnitudes in six bands on each
photometer (with three bands overlapping on BP-RP spectra), a
proposal is also in place to publish the eight-point spectral
reflectivities derived from this data for each asteroid.

Fig. 10. The distribution of the geometric visible albedos (from Masiero et al.,

2011) of the asteroids of B-, S-, and X-type identified using our classification

method in the Nysa–Polana family. Continuous line: B-types; dashed line: S-types;

filled bars: X-types.
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Gaia asteroid spectrophotometry will be obtained throughout
the duration of the mission under very stable conditions in space.
In this work we have calculated the expected SNR for spectro-
phometry observations for asteroids. We recall here that a
spectrum with an SNR420 is required in the range (400–
1000 nm) for a robust spectral classification. We found that a
SNR420 in the range (400–1000 nm) can be obtained for Gt15
asteroids from one single transit of the body on the Gaia’s focal
plane. It is expected that this corresponds to Ht11 asteroids,
whose population includes about 2000 objects.

An SNR420 in the range (400–1000 nm) can be obtained for
about 100,000 – 150,000 asteroids with Ht15 if the data are
averaged over five years of observations (i.e. roughly 60 transits
on the focal plane per asteroid).

For all observed asteroids (� 400,000) the eight-color magni-
tudes calculated by means of the Spectral Shape Coefficients
(SSCs) averaged over the mission duration will allow us to
calculate eight-point reflectancies of quality good enough for a
robust spectral classification.

Here we also have presented and tested on a real case (the
Nysa–Polana asteroid family) the asteroid spectral classification
algorithm adopted by the data reduction pipeline.

Moreover, the combination of Gaia spectrophotometric obser-
vations with auxiliary data (e.g. albedos from the WISE space
mission or the Spitzer Space Telescope), will make possible to
remove some spectral class degeneracies and build a mineralogi-
cal map of the asteroids of the main belt down to sizes of few
kilometers in diameter (the diameter of an asteroid with H¼15
and pV¼0.1 is 4.2 km).
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[143] A. Parker, Ž. Ivezić, M. Jurić, R. Lupton, M. D. Sekora, and A. Kowalski.
The size distributions of asteroid families in the SDSS Moving Object
Catalog 4. Icarus, 198(1):138–155, Nov. 2008.

[144] C. M. Pieters, E. Ammannito, D. T. Blewett, B. W. Denevi, M. C.
De Sanctis, M. J. Gaffey, L. Le Corre, J. Y. Li, S. Marchi, T. B. McCord,
L. A. McFadden, D. W. Mittlefehldt, A. Nathues, E. Palmer, V. Reddy,
C. A. Raymond, and C. T. Russell. Distinctive space weathering on Vesta
from regolith mixing processes. Nature, 491(7):79–82, Nov. 2012.

[145] S. N. Raymond, T. Quinn, and J. I. Lunine. Making other earths: dynam-
ical simulations of terrestrial planet formation and water delivery. Icarus,
168(1):1–17, Mar. 2004.

[146] S. N. Raymond, T. Quinn, and J. I. Lunine. High-resolution simulations
of the final assembly of Earth-like planets I. Terrestrial accretion and
dynamics. Icarus, 183(2):265–282, Aug. 2006.

[147] V. Reddy, J. A. Sanchez, W. F. Bottke, E. A. Cloutis, M. R. M. Izawa,
D. P. O’Brien, P. Mann, M. Cuddy, L. Le Corre, M. J. Gaffey, and G. Fuji-
hara. Chelyabinsk meteorite explains unusual spectral properties of Bap-
tistina Asteroid Family. Icarus, 237:116–130, July 2014.

[148] A. S. Rivkin, E. Asphaug, and W. F. Bottke. The case of the missing
Ceres family. Icarus, 243:429–439, Nov. 2014.

[149] A. S. Rivkin and J. P. Emery. Detection of ice and organics on an aster-
oidal surface. Nature, 464(7):1322–1323, Apr. 2010.

[150] M. S. Robinson, P. C. Thomas, J. Veverka, S. Murchie, and B. Carcich.
The nature of ponded deposits on Eros. Nature, 413(6):396–400, Sept.
2001.

[151] B. Rozitis and S. F. Green. Directional characteristics of thermal-infrared
beaming from atmosphereless planetary surfaces - a new thermophysical



148 BIBLIOGRAPHY

model. Monthly Notices of the Royal Astronomical Society, 415(3):2042–
2062, Aug. 2011.

[152] B. Rozitis and S. F. Green. The influence of rough surface thermal-infrared
beaming on the Yarkovsky and YORP effects. Monthly Notices of the
Royal Astronomical Society, 423(1):367–388, June 2012.

[153] B. Rozitis and S. F. Green. The influence of global self-heating on the
Yarkovsky and YORP effects. Monthly Notices of the Royal Astronomical
Society, 433(1):603–621, July 2013.

[154] B. Rozitis, E. MacLennan, and J. P. Emery. Cohesive forces prevent
the rotational breakup of rubble-pile asteroid (29075) 1950 DA. Nature,
512(7):174–176, Aug. 2014.

[155] D. P. Rubincam. Radiative Spin-up and Spin-down of Small Asteroids.
Icarus, 148(1):2–11, Nov. 2000.

[156] C. T. Russell, C. A. Raymond, A. Coradini, H. Y. McSween, M. T. Zuber,
A. Nathues, M. C. De Sanctis, R. Jaumann, A. S. Konopliv, F. Preusker,
S. W. Asmar, R. S. Park, R. Gaskell, H. U. Keller, S. Mottola, T. Roatsch,
J. E. C. Scully, D. E. Smith, P. Tricarico, M. J. Toplis, U. R. Christensen,
W. C. Feldman, D. J. Lawrence, T. J. McCoy, T. H. Prettyman, R. C.
Reedy, M. E. Sykes, and T. N. Titus. Dawn at Vesta: Testing the Proto-
planetary Paradigm. Science, 336(6):684–686, May 2012.

[157] N. Schorghofer. The Lifetime of Ice on Main Belt Asteroids. The Astro-
physical Journal, 682(1):697–705, July 2008.

[158] M. K. Shepard, B. E. Clark, M. C. Nolan, E. S. Howell, C. Magri, J. D.
Giorgini, L. A. M. Benner, S. J. Ostro, A. W. Harris, B. Warner, D. Pray,
P. Pravec, M. Fauerbach, T. Bennett, A. Klotz, R. Behrend, H. Correia,
J. Coloma, S. Casulli, and A. Rivkin. A radar survey of M- and X-class
asteroids. Icarus, 195(1):184–205, May 2008.

[159] M. K. Shepard, B. E. Clark, M. Ockert-Bell, M. C. Nolan, E. S. Howell,
C. Magri, J. D. Giorgini, L. A. M. Benner, S. J. Ostro, A. W. Harris,
B. D. Warner, R. D. Stephens, and M. Mueller. A radar survey of M-
and X-class asteroids II. Summary and synthesis. Icarus, 208(1):221–237,
July 2010.



3.5 BIBLIOGRAPHY 149

[160] C. Snodgrass, C. Tubiana, T. O. Team, J.-B. Vincent, H. Sierks, S. Hviid,
R. Moissi, H. Boehnhardt, C. Barbieri, D. Koschny, P. Lamy, H. Rickman,
R. Rodrigo, B. Carry, S. C. Lowry, R. J. M. Laird, P. R. Weissman,
A. Fitzsimmons, S. Marchi, and O. Team. A collision in 2009 as the
origin of the debris trail of asteroid P/2010A2. Nature, 467(7):814–816,
Oct. 2010.

[161] J. R. Spencer. A rough-surface thermophysical model for airless planets.
Icarus, 83(1):27–38, Jan. 1990.

[162] J. R. Spencer, L. A. Lebofsky, and M. V. Sykes. Systematic biases in
radiometric diameter determinations. Icarus, 78(2):337–354, Apr. 1989.

[163] F. Spoto, A. Milani, and Z. Knežević. Asteroid family ages. arXiv.org,
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