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By means of a varied-shape thermophysical model of Hanus§ et al. (2015) that takes into account asteroid
shape and pole uncertainties, we analyze the thermal infrared data acquired by the NASA's Wide-field
Infrared Survey Explorer of about 300 asteroids with derived convex shape models. We utilize publicly
available convex shape models and rotation states as input for the thermophysical modeling. For more
than one hundred asteroids, the thermophysical modeling gives us an acceptable fit to the thermal in-
frared data allowing us to report their thermophysical properties such as size, thermal inertia, surface
roughness or visible geometric albedo. This work more than doubles the number of asteroids with de-
termined thermophysical properties, especially the thermal inertia. In the remaining cases, the shape
model and pole orientation uncertainties, specific rotation or thermophysical properties, poor thermal in-
frared data or their coverage prevent the determination of reliable thermophysical properties. Finally, we
present the main results of the statistical study of derived thermophysical parameters within the whole
population of main-belt asteroids and within few asteroid families. Our sizes based on TPM are, in aver-
age, consistent with the radiometric sizes reported by Mainzer et al. (2016). The thermal inertia increases
with decreasing size, but a large range of thermal inertia values is observed within the similar size ranges
between D ~ 10-100 km. We derived unexpectedly low thermal inertias (<20 ] m~2 s~1/2 K-1) for several
asteroids with sizes 10 < D <50 km, indicating a very fine and mature regolith on these small bodies. The
thermal inertia values seem to be consistent within several collisional families, however, the statistical
sample is in all cases rather small. The fast rotators with rotation period P<4 h tend to have slightly
larger thermal inertia values, so probably do not have a fine regolith on the surface. This could be ex-
plained, for example, by the loss of the fine regolith due to the centrifugal force, or by the ineffectiveness
of the regolith production(e.g., by the thermal cracking mechanism of Delbo’ et al. 2014).

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

shape solutions (Koren et al., 2015). This is why early TPM analy-
ses of WISE data focused on a small number of objects: of near-

The recent availability of thermal infrared data obtained by the
NASAs Wide-field Infrared Survey Explorer (WISE, Wright et al.,
2010) opens exciting possibilities of determining surface char-
acteristics of thousands of minor bodies of our solar system
(Mainzer et al., 2011a). This characterisation can be performed by
the analysis of WISE data by thermophysical models (hereafter
TPM, see Section 3). WISE observations changed asteroid thermo-
physical modeling from being limited by the availability and accu-
racy of thermal infrared data to being limited by the availability of
the a priori information required by the TPMs, namely the spin and
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Earth asteroids (NEAs) (341843) 2008 EV5 (Ali-Lagoa et al., 2014)
and (29075) 1950 DA (Rozitis et al., 2014), and four main-belt as-
teroids (MBAs), four NEAs and 1 Trojan (Hanus et al., 2015).

The main object characteristics that one aims to determine are
thermal inertia I', Bond albedo A (or geometric visible albedo py),
surface roughness 6 and volume-equivalent diameter (i.e., the di-
ameter of a sphere with the same volume as of the asteroid shape
model). The shape can be elongated and in general quite differ-
ent compared to a sphere. Surface roughness at a scale bigger than
the typical diurnal heat propagation distance (few mm to few cm)
causes a surface to emit thermal radiation in a non Lambertian
way (Lagerros, 1998; Rozitis and Green, 2011; Delbo’ et al., 2015).
In particular, the absorbed solar flux is preferentially radiated back
to the sun, a phenomenon that is called thermal infrared beam-
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ing. Thermal inertia is defined as a function of the density of the
surface regolith p, thermal conductivity «, and heat capacity C:
I' = (pkC)1/2, and measures the resistance of a material to tem-
perature change, and thus controls the temperature distribution of
the surface of an atmosphere-less body. Non-zero thermal inertia
breaks the symmetry of the temperature distribution on asteroids.
So, I' directly controls the strength of the Yarkovsky effect, which
is the rate of change in the semi-major axis of the orbit of an as-
teroid (da/dt) due to the recoil force of the thermal photons (see,
e.g., Bottke et al., 2006; Vokrouhlicky et al., 2015).

In the case of asteroids, values between almost zero or be-
low 10 to almost 1000] m~2 s~1/2 K-1 have been derived (see
Table A.2). The lowest values are typical for very large aster-
oids (D> 100 km, Mueller, 2012), large Trojans (Mueller et al.,
2010; Horner et al., 2012) and large trans-Neptunian objects (TNOs)
(Lellouch et al., 2013). These low thermal inertia values have been
interpreted as due to very fine and mature regolith or even fluffy
surfaces with extremely high porosities (e.g., Vernazza et al., 2012;
Lellouch et al., 2013). Most D > 100 — 200 km MBAs have a thermal
inertia of the order of few tens of ] m—2 s=1/2 K-1, On the other
hand, much smaller NEAs (sizes from several hundred meters to
few kilometers) have thermal inertia values of the order of several
hundreds (Delbo’ et al., 2015). However, there are almost no ther-
mal inertia determinations for MBAs in a size range of 10-100 km.
Our current study fills this gap.

The findings concerning different thermal inertia values be-
tween small and large asteroids were later confirmed by the work
of Gundlach and Blum (2013): in particular, asteroids with sizes
smaller than 100 km in diameter were found to be covered by rel-
atively coarse regolith grains with typical particle sizes in the mil-
limeter to centimeter regime, whereas large asteroids (with diame-
ters bigger than 100 km) possess very fine regolith with grain sizes
between 10 and 100 microns. Modeling by Rozitis et al. (2014) sug-
gested a lunar-like thermal inertia characteristic of fine surface re-
golith on a 1-km NEA. Presence of cohesion forces could prevent
the escape of the fine particles driven by the solar wind pressure
and the centrifugal force from the surface. So, thermal inertia cor-
relates with the regolith grain size (Gundlach and Blum, 2013). Par-
ticularly, objects covered with a very fine regolith (for instance,
grain sizes between 10 and 100 microns on asteroids larger than
100km) have typical values of thermal inertia of the order of
10] m=2 s=1/2 K-1 (see the compilation in Table A.2 for several
examples). On the other hand, coarse regolith grains with typical
particle sizes of millimeters to centimeters implies thermal inertia
values of several hundred ] m=2 s~1/2 K-1 (typical for NEAs).

The database of the WISE thermal infrared asteroid observa-
tions, with their unprecedented photometric accuracy (often better
than 1%) not achievable by current ground-based telescopes and
with no contamination by Earth’s atmosphere, can be analyzed by
means of a TPM in order to derive thermal inertias for several
hundreds of asteroids with known shapes models. Typically, shape
models are based on radar imaging or on inversion of photomet-
ric lightcurves. The lightcurve-based shape models are stored in
the public Database of Asteroid Models from Inversion Techniques
(DAMIT,! Durech et al., 2010).

Classically, a TPM is used with an a priori knowledge of the
shape and the rotational state of the asteroid. However, the high
precision of WISE data introduces a new challenge: as it was al-
ready noticed, the shape model plays a crucial role in the deriva-
tion of the asteroid physical parameters (Ali-Lagoa et al., 2014;
Emery et al., 2014; Rozitis and Green, 2014). This motivated our
recent study (Hanu$ et al., 2015), where we introduced a varied
shape TPM scheme (VS-TPM) that takes into account asteroid shape

1 http://astro.troja.mff.cuni.cz/projects/asteroids3D

and pole uncertainties, and where we demonstrated its reliability
on nine asteroids. Here we apply the VS-TPM method to all main-
belt asteroids with lightcurve-based shape models and sufficient
amount of thermal infrared data in WISE filters W3 and W4 (see
Section 2.1).

We describe the thermal infrared fluxes obtained by the WISE
satellite in Section 2.1 and the shape models and the optical
lightcurves used for their determination in Section 2.2. The VS-TPM
is described in Section 3 and applied to three hundred asteroids in
Section 4. In Section 5, we present the main findings of the statis-
tical study of thermophysical parameters within the whole popu-
lation of MBAs and within few asteroid families. We conclude our
work in Section 6.

2. Data
2.1. Thermal infrared fluxes

We make use of the data acquired by the WISE satellite
(Wright et al, 2010), in particular the results of the NEO-
WISE project dedicated to the solar system bodies (see, e.g.,
Mainzer et al.,, 2011a). The thermal infrared data were downloaded
from the WISE All-Sky Single Exposure L1b Working Database via
the IRSA/IPAC archive? and processed in the same way as data
used in our previous studies focused on asteroid (341843) 2008
EVs (Ali-Lagoa et al., 2014) and nine asteroids (Hanus et al., 2015).
Bellow, we briefly summarize our procedure, additional details can
be found in papers mentioned above.

We consider only thermal data from filters W3 and W4 (isopho-
tal wavelengths at 12 and 22 um) from the fully cryogenic phase of
the mission, because these data are thermal-emission dominated,
whilst the fluxes in filters W1 and W2 (isophotal wavelength at
3.4 and 4.6um) usually at least partially consist of reflected sun-
light for typical main-belt objects.

Our selection criteria are based on a combination of cri-
teria from Mainzer et al. (2011b), Masiero et al. (2011), and
Grav et al. (2012). We obtained the reported observation tracklets
from the Minor Planet Center (MPC) and used them for a cone
search radius of 1" around the MPC ephemeris of the object when
querying the IRSA/IPAC catalogs. We only consider data with arti-
fact flags p, P, and 0, quality flags A, B, and C, and data with a
magnitude error bars smaller than 0.25 mag. Moreover, we require
the IRSA/IPAC modified Julian date to be within four seconds of
the time specified by the MPC and that the data are not partially
saturated. A positive match from the WISE Source Catalog within
6.5"" around the tracklet indicates that there is an inertial source
at a distance smaller than the point-spread function width of the
W1 band. We consider that these data are contaminated if the in-
ertial source fluxes are greater than 5% of the asteroid flux and we
remove them. We implement the correction to the red and blue
calibrator discrepancy in W3 and W4 filters (Cutri et al., 2012).

We selected only datasets where we had at least 5 points in
both W3 and W4 filters. Similarly as in Hanu$ et al. (2015), we
increased the nominal error bars of the fluxes by factors 1.4 and
1.3 for the W3 and W4 data, respectively. To be more specific,
we studied the consistency of the error bars within two WISE
measurements of the same source in frames obtained 11 s apart
from each other. Such double measurements were allowed due to
a 10% field overlap between two subsequent frames. Because 11 s
is not enough time for rotation to explain the differences in the
observed fluxes, the uncertainties are clearly underestimated and
thus we should consider them. To account for that, we decided to
enlarge the uncertainties the way they roughly followed the nor-

2 http://irsa.ipac.caltech.edu/Missions/wise.html
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