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a b s t r a c t 

By means of a varied-shape thermophysical model of Hanuš 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 J 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. 
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. Introduction 

The recent availability of thermal infrared data obtained by the

ASAs Wide-field Infrared Survey Explorer (WISE, Wright et al.,

010 ) opens exciting possibilities of determining surface char-

cteristics of thousands of minor bodies of our solar system

 Mainzer et al., 2011a ). This characterisation can be performed by

he analysis of WISE data by thermophysical models (hereafter

PM, see Section 3 ). WISE observations changed asteroid thermo-

hysical modeling from being limited by the availability and accu-

acy of thermal infrared data to being limited by the availability of

he a priori information required by the TPMs, namely the spin and
∗ Corresponding author. 

E-mail address: pepa@sirrah.troja.mff.cuni.cz (J. Hanuš). 
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hape solutions ( Koren et al., 2015 ). This is why early TPM analy-

es of WISE data focused on a small number of objects: of near-

arth asteroids (NEAs) (341843) 2008 EV5 ( Alí-Lagoa et al., 2014 )

nd (29075) 1950 DA ( Rozitis et al., 2014 ), and four main-belt as-

eroids (MBAs), four NEAs and 1 Trojan ( Hanuš et al., 2015 ). 

The main object characteristics that one aims to determine are

hermal inertia �, Bond albedo A (or geometric visible albedo p V ),

urface roughness θ and volume-equivalent diameter (i.e., the di-

meter of a sphere with the same volume as of the asteroid shape

odel). The shape can be elongated and in general quite differ-

nt compared to a sphere. Surface roughness at a scale bigger than

he typical diurnal heat propagation distance (few mm to few cm)

auses a surface to emit thermal radiation in a non Lambertian

ay ( Lagerros, 1998; Rozitis and Green, 2011; Delbo’ et al., 2015 ).

n particular, the absorbed solar flux is preferentially radiated back

o the sun, a phenomenon that is called thermal infrared beam-

https://doi.org/10.1016/j.icarus.2018.03.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2018.03.016&domain=pdf
mailto:pepa@sirrah.troja.mff.cuni.cz
https://doi.org/10.1016/j.icarus.2018.03.016
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ing. Thermal inertia is defined as a function of the density of the

surface regolith ρ , thermal conductivity κ , and heat capacity C :

� = (ρκC) 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, � 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 (d a /d t ) due to the recoil force of the thermal photons (see,

e.g., Bottke et al., 2006; Vokrouhlický et al., 2015 ). 

In the case of asteroids, values between almost zero or be-

low 10 to almost 10 0 0 J 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 J 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

100 km) have typical values of thermal inertia of the order of

10 J 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 J 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, 1 Ďurech 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 ( Alí-Lagoa et al., 2014;

Emery et al., 2014; Rozitis and Green, 2014 ). This motivated our

recent study ( Hanuš 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 

e  
nd pole uncertainties, and where we demonstrated its reliability

n nine asteroids. Here we apply the VS-TPM method to all main-

elt asteroids with lightcurve-based shape models and sufficient

mount of thermal infrared data in WISE filters W3 and W4 (see

ection 2.1 ). 

We describe the thermal infrared fluxes obtained by the WISE

atellite in Section 2.1 and the shape models and the optical

ightcurves used for their determination in Section 2.2 . The VS-TPM

s described in Section 3 and applied to three hundred asteroids in

ection 4 . In Section 5 , we present the main findings of the statis-

ical study of thermophysical parameters within the whole popu-

ation of MBAs and within few asteroid families. We conclude our

ork in Section 6 . 

. Data 

.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-

ISE project dedicated to the solar system bodies (see, e.g.,

ainzer et al., 2011a ). The thermal infrared data were downloaded

rom the WISE All-Sky Single Exposure L1b Working Database via

he IRSA/IPAC archive 2 and processed in the same way as data

sed in our previous studies focused on asteroid (341843) 2008

V 5 ( Alí-Lagoa et al., 2014 ) and nine asteroids ( Hanuš et al., 2015 ).

ellow, we briefly summarize our procedure, additional details can

e found in papers mentioned above. 

We consider only thermal data from filters W3 and W4 (isopho-

al wavelengths at 12 and 22 μm) from the fully cryogenic phase of

he mission, because these data are thermal-emission dominated,

hilst the fluxes in filters W1 and W2 (isophotal wavelength at

.4 and 4.6 μm) usually at least partially consist of reflected sun-

ight for typical main-belt objects. 

Our selection criteria are based on a combination of cri-

eria from Mainzer et al. (2011b) , Masiero et al. (2011) , and

rav et al. (2012) . We obtained the reported observation tracklets

rom the Minor Planet Center (MPC) and used them for a cone

earch radius of 1 ′ ′ around the MPC ephemeris of the object when

uerying the IRSA/IPAC catalogs. We only consider data with arti-

act flags p, P, and 0, quality flags A, B, and C, and data with a

agnitude error bars smaller than 0.25 mag. Moreover, we require

he IRSA/IPAC modified Julian date to be within four seconds of

he time specified by the MPC and that the data are not partially

aturated. A positive match from the WISE Source Catalog within

.5 ′ ′ around the tracklet indicates that there is an inertial source

t a distance smaller than the point-spread function width of the

1 band. We consider that these data are contaminated if the in-

rtial source fluxes are greater than 5% of the asteroid flux and we

emove them. We implement the correction to the red and blue

alibrator discrepancy in W3 and W4 filters ( Cutri et al., 2012 ). 

We selected only datasets where we had at least 5 points in

oth W3 and W4 filters. Similarly as in Hanuš et al. (2015) , we

ncreased the nominal error bars of the fluxes by factors 1.4 and

.3 for the W3 and W4 data, respectively. To be more specific,

e studied the consistency of the error bars within two WISE

easurements of the same source in frames obtained 11 s apart

rom each other. Such double measurements were allowed due to

 10% field overlap between two subsequent frames. Because 11 s

s not enough time for rotation to explain the differences in the

bserved fluxes, the uncertainties are clearly underestimated and

hus we should consider them. To account for that, we decided to

nlarge the uncertainties the way they roughly followed the nor-
2 http://irsa.ipac.caltech.edu/Missions/wise.html 

http://astro.troja.mff.cuni.cz/projects/asteroids3D
http://irsa.ipac.caltech.edu/Missions/wise.html
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al distribution. Similar results were inferred by Nathan Myrhvold

 Myhrvold, 2017 , and private communication). He analyzed all the

ouble detections, while our subset contained about 400 of such

etections. 

We also utilized the thermal infrared fluxes obtained by the

RAS satellite ( Tedesco et al., 2002 ) as well. These data in four dif-

erent filters (I1, I2, I3, I4, isophotal wavelengths 12, 25, 60 and

00 μm) were downloaded from the The Supplemental IRAS Mi-

or Planet Survey (SIMPS, Tedesco et al., 2004 ). We rejected fluxes

n filter I4 due to their generally poor quality. The precision of the

RAS fluxes is usually about 10 times lower than of the WISE fluxes,

hich essentially means that the TPM fits will be governed by the

ISE data. 

For each asteroid, we downloaded the photometric data and

hape solution from the DAMIT database. In several cases, we

lso obtained new lightcurve data from the Asteroid Lightcurve

ata Exchange Format database (ALCDEF; 3 Warner et al., 2011 ).

or those asteroids that have new lightcurve data compared to the

AMIT version, we generated revised spin state and shape solu-

ions using the lightcurve inversion ( Kaasalainen and Torppa, 2001;

aasalainen et al., 2001 ). All these represent our “nominal” shape

odels ( ∼ 300). The references to the shape model publications

re reported in Table A.3 . 

.2. Shape models and disk-integrated photometry 

A shape model is used as a priori information in thermophysical

odeling of the infrared fluxes of asteroids described in the previ-

us section . Our sample mostly consists of shape models already

ublished and available in the public DAMIT database ( ∼ 300).

ll shape models from the DAMIT database were derived by the

ightcurve inversion method of Kaasalainen and Torppa (2001) and

aasalainen et al. (2001) and are usually represented by a con-

ex polyhedron with ∼ 1 0 0 0 triangular facets. Sidereal rotation

eriod, the pole orientation, the shape model as well as used

ightcurves are all available in the DAMIT database. 

The overall shape model quality, which is dependent on the

mount, type and variety of the photometric data used for the

odel determination, differs within our sample. Only recently, a

uality flag QF that reflects each shape model reliability was intro-

uced in Hanuš et al. (2018) . Such a measure, available for each

hape model, gives us an idea how well the shape model should

epresent the true shape of the asteroid (the high-quality shape

odels have QF = 3 , while rather coarse shape models have QF =
 ). Typical uncertainties in the pole orientation are ∼ 5–30 de-

rees (e.g., Hanuš et al., 2011 ), where the lower values correspond

o solutions based on large datasets of dense lightcurves ( QF = 3 ),

hilst the larger values are typical for solutions mostly based on

parse measurements from astrometric surveys ( QF = 1 − 1 . 5 ). Of-

en, the restricted geometry of observations due to asteroid’s low

nclination of its orbit does not allow us to break the symme-

ry of the inversion method ( Kaasalainen and Lamberg, 2006 ), so

wo pole solutions with similar ecliptic latitudes β and difference

n ecliptic longitude λ of ∼ 180 ° are typically available. This ill-

osedness of the inversion methods is often called the pole ambi-

uity. The shape models within the ambiguous solutions are rather

imilar although differently oriented with respect to the observer. 

All shape models are based on dense-in-time and/or sparse-in-

ime photometry. Generally, combined datasets are used for the

hape modeling. The dense data are typically obtained during one

ight and well sample the rotation period. On the other hand, the

parse data contain a few hundred individual calibrated measure-

ents during ∼ 15 years and are obtained by several astrometric
3 http://alcdef.org 

e  

v  

S  
urveys. Sparse data sample various observing geometries, which

elps to constrain the pole orientation despite their lower photo-

etric quality. 

For 12 asteroids, new photometric dense lightcurves became

vailable since their shape models were published. Such data al-

owed us to better constrain their shape models, and consequently

ecrease the uncertainty in the pole orientation. We applied the

ightcurve inversion method to the updated photometric datasets

nd derived shape models by following the same procedures as in

anuš et al. (2011, 2016b) . These revised shape models are then

sed in the TPM. 

Moreover, for five asteroids, we derived their shape models for

he first time. We present rotation states of these models and used

hotometry in Tables A.3 and A.4 . We utilize these new models in

he TPM as well. 

. Thermophysical modeling (VS-TPM) 

In the classical TPM analysis a single shape model and spin so-

ution per asteroid is used as an a priori and fixed information

nd model parameters ( D, A , �, θ ) are varied until best fit be-

ween the calculated and the observed thermal infrared fluxes is

btained. However, this approach does not take into account the

ncertainty of the shape and spin state solution. Here, we use the

aried-shape TPM (VS-TPM) introduced by Hanuš et al. (2015) . The

S-TPM consists in applying the classical TPM approach repeatedly

sing different (varied, bootstrapped) shape models of the same

steroids in order to map the uncertainty of the shape model and

ts rotation state on the values of the physical parameters. The var-

ed shape models are generated by the lightcurve inversion method

rom bootstrapped photometric datasets. This implies that we need

o possess the disk-integrated optical data that were used for the

hape model determination. These data were downloaded from the

AMIT database. 

The VS-TPM scheme consists of three steps: 

1. We bootstrap ( Press et al., 1986 ) the original photometric data

(i.e., those downloaded from DAMIT or the updated dataset)

in such way that we keep the original number of dense

lightcurves in the dataset. We independently bootstrap also

the sparse data: we randomly choose individual measurements

within each lightcurve until we get a sparse lightcurve with the

original number of individual measurements. 

2. We apply the lightcurve inversion method to each bootstrapped

dataset and spin state solution and derive the shape model. We

create 19 bootstrapped/varied shape models for each pole so-

lution. We also add the nominal shape and spin pole solution,

totaling to 20 varied shapes (and spin states) per object and per

pole solution. Each shape model has its own spin solution that

is usually consistent within few degrees within the correspond-

ing varied shapes. 

3. For each varied shape model and its rotational state, we per-

form the TPM analysis scheme the same way as for the nominal

shape model (i.e., shape from the DAMIT). We run the VS-TPM

for each pole solution individually. 

The CPU requirements are rather high: a TPM analysis scheme

the most time-consuming procedure) for one particular boot-

trapped/varied shape model runs on a single CPU for about a day.

e usually have two pole solutions for each asteroid, which results

hen in 40 individual TPM runs. We applied VS-TPM to about 300

steroids. Additional details concerning the VS-TPM can be found

n Hanuš et al. (2015) . 

We use a thermophysical model implementation of Delbo’

t al. (2007) and Delbo’ (2004) that is based on TPM de-

eloped by Lagerros (1996) , Lagerros (1997) , Lagerros (1998) ,

pencer et al. (1989) , Spencer (1990) and Emery et al. (1998) . A

http://alcdef.org


300 J. Hanuš et al. / Icarus 309 (2018) 297–337 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Ten different values of surface roughness 

used in the TPM. The table gives the opening 

angle γ c , the crater areal density ρc , Hapke’s 

mean surface slope θ, and our designation. 

γ c ρc θ Designation 

0 0.0 0.0 No roughness 

30 0.3 3.9 Low roughness 

40 0.7 12.6 Medium roughness 

41 0.9 16.5 Medium roughness 

50 0.5 12.0 Medium roughness 

60 0.9 26.7 High roughness 

70 0.7 27.3 High roughness 

90 0.5 38.8 High roughness 

90 0.7 50.1 Extreme roughness 

90 0.9 58.7 Extreme roughness 
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TPM allows thermal infrared fluxes to be calculated at different

wavelengths and at a number of epochs taking into account the

shape of an asteroid, its spatial orientation, and a number of phys-

ical parameters such as the size of the body, the albedo A , the

macroscopic surface roughness θ (Hapke’s mean surface slope),

and the thermal inertia �. The values of the parameters are deter-

mined by minimizing the difference between the observed fluxes f i 
and the modeled fluxes s 2 F i , where we consider the scale factor s

for the asteroid size, and i corresponds to individual observations.

To find the optimal set of parameter values, we minimize the met-

ric 

χ2 = 

∑ (s 2 F i − f i ) 
2 

σ 2 
i 

, (1)

where σ i represent the errors of fluxes f i . 

The shape is represented either by a convex polyhedron with

triangular facets (all models from the DAMIT database), or by a

set of surfaces and normals (the so called Gaussian image). The

latter representation is a direct output of the lightcurve inversion

method (see Kaasalainen and Torppa, 2001 ) and its use in the TPM

allows us to save a significant amount of computational time. Ac-

cording to our tests, both representations produce similar fluxes

and could be considered equivalent. The shape model has usually a

meaningless value of the initial size, and the parameter s , adjusted

in the TPM fit to the data, is a factor that either scales linearly all

vectors of the vertices of the polyhedron, or quadratically all the

surfaces of the Gaussian image. The representation by the polyhe-

dron gives us the volume equivalent diameter D V , while the rep-

resentation by the Gaussian image leads to the surface equivalent

diameter D S (i.e. the diameter of a sphere with the same surface

as the shape model scaled in size). However, we always transform

D S to D V and present this quantity throughout this work. We use

convex shape models so we do not need to take into account topo-

graphic shadowing effect and the heating due to the light reflected

and emitted by facets on other facets. 

The usage of a convex shape model is motivated by the

scarcity of available shape models with local surface features

(based on radar measurements or spacecraft imaging). The ground-

truth shape models and in-situ measurements of several aster-

oids that have been visited by spacecrafts offer a possible vali-

dation of the methods based on Earth-based measurements and

convex shape models. For instance, O’Rourke et al. (2012) used

a concave shape model of main-belt asteroid (21) Lutetia based

on Rosetta fly-by data ( Carry et al., 2010 ) as an input for a

TPM and derived consistent (though more constrained) ther-

mophysical properties as Mueller et al. (2006) with a con-

vex shape model of Torppa et al. (2003) as an input. More-

over, Rozitis and Green (2014) showed a good consistency be-

tween TPM results obtained for lightcurve- and radar-based

shape models of NEA (1620) Geographos. Similar consistency was

also confirmed between the TPM results for near-Earth asteroid

(101955) Bennu ( Müller et al., 2012; Emery et al., 2014 ). Further-

more, Rozitis et al. (2013) claim that large concavities are not al-

ways resulting in large self-heating effects for NEAs, it depends

on the observational geometry and the aspects of the body be-

ing sampled in the disc-integrated data. Then, for MBAs, because

they are colder and hence self-heating effects are much weaker

(flux ∝ T 4 ), we do not expect that neglecting this effect should have

any measurable systematic impact on the sample of derived ther-

mal inertias. It could, however, affect particular cases but this will

have to wait for more ground-truth knowledge of MBAs with sig-

nificant concavities to make a more quantitative argument. There-

fore, we expect that the typical concavities as observed by the

few spacecraft missions do not significantly affect the TPM results.

We note that the largest asteroids usually lack the low-scale sur-

face features, whilst the presence of concavities and their size in-
rease with decreasing size (with some peculiar exceptions such as

ome asteroids rotating close to the disruption limit that are rather

pherical). 

The effect of roughness on the thermal infrared flux is ac-

ounted for by adding a spherical-section crater to each surface el-

ment of the shape, in which shadowing of crater facets on other

acets and mutual heating are taken into account. The crater with

n opening angle γ c and the crater areal density with respect to

he flat part of the surface element ρc can be varied from 0 ° to

0 ° and from 0 to 1, respectively, to cover different strength of the

oughness. We calculate the TPM scheme for a set of ten rough-

ess models, whose parameters are given in Table 1 . The corre-

pondence between Hapke’s mean surface slope θ and the adopted

alues of γ c and ρc is also given in Table 1 . We compute θ follow-

ng the definition of Hapke (1984) : 

an θ = 

2 

π

∫ π/ 2 

0 

tan θ a (θ ) d θ (2)

here a ( θ ) is a function describing the distribution of the tilts θ in

he crater and in the flat surface element to which the crater be-

ongs, weighted by the fractional area covered by the crater com-

ared to that of the flat surface. In Eq. (2) , θ is the angle of a given

acet from horizontal, and a ( θ ) is the distribution of surface slopes

see also Emery et al., 1998 ). The mean surface slope does not de-

end on the illumination, but it is an intrinsic property of the sur-

ace. 

Instead of explicitly calculating the heat diffusion within

raters ( Delbo’ and Tanga, 2009 ), the analytical approximation

f Lagerros (1998) is used. The Lagerros crater approximation

s applicable if the thermal infrared fluxes were obtained at

ower phase angles ( � 30 °–40 °), which is the case of the WISE

ata of most MBAs. According to our tests, the differences in

he fluxes produced by these two models are usually smaller

han 1%. 

We apply the color correction to model fluxes the same way as

n Alí-Lagoa et al. (2014) and Hanuš et al. (2015) . 

We run the TPM model for different values of the thermal in-

rtia � ∈ (0, 2500) J m 

−2 s −1 / 2 K 

−1 . For each value of the sur-

ace roughness, we run the TPM for the thermal inertia � = 2500

 m 

−2 s −1 / 2 K 

−1 and the Bond albedo A = 0 . 08 , and get the first

ize estimate D . Before each following TPM run (while keeping

he same surface roughness), we first compute the new value of

he Bond albedo A from the equation (see, e.g., Harris and Lager-

os, 2002 ) 

 ( km ) = 

1329 √ 

p V 
10 

−0 . 2 H , (3)

here we use diameter D determined in the previous TPM

un, and where the visible geometric albedo p V can be ex-

ressed via A = q p v , where q = 0 . 290 + 0 . 684 G is the phase inte-
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ral ( Bowell et al., 1989 ). We utilize the values of absolute magni-

udes H and slopes G from the Asteroid absolute magnitude and

lope catalog 4 (AAMS, Muinonen et al., 2010; Oszkiewicz et al.,

011 ). We then run the TPM model with decreasing values of �

ntil � = 0 . Following each step, we always recompute the A value.

he same procedure is performed for ten different values of the

urface roughness. 

We set emissivity to ε = 0 . 9 as this is appropriate for objects

ith surfaces that emit a substantial portion of their thermal-

nfrared radiation shortwards of 8 μm ( Lim et al., 2005 ). 

We do not account for the uncertainty in the H and G values.

ccording to our tests (TPM with different H values), a change of

0.5 mag in H is compensated by the change of the Bond albedo A

or p V ). However, the size remains similar (see Eq. (3) ). Moreover,

he thermal inertia is not sensitive on H either. 

Due to the uncertainty in the rotation period, we have the typ-

cal uncertainty in the rotation phase of the asteroid of about 10 °.
herefore, we treat the initial rotation phase φ0 as a free parame-

er of the model to be adjusted by the best fitting procedure. We

un the TPM scheme with different φ0 values from the expected

nterval (usually ± 10 °) given by the uncertainty in the rotation pe-

iod with a step of 2 °. 
After scanning the parameter space of thermal inertia, surface

oughness, initial rotational phase and Bond albedo, we find the

olution with the lowest χ2 value. 

To determine the uncertainties of thermal inertia �, diame-

er D and Bond albedo A for a TPM solution with a single shape

odel (i.e., the model from DAMIT), we utilize the standard statis-

ical tools based on χ2 values. This approach for the uncertainty

etermination described, for example, in Press et al. (1986) has

een commonly used (see, e.g., Alí-Lagoa et al., 2014; Emery et al.,

014; Hanuš et al., 2015 ). First, we find all solutions within the 1 σ
onfidence interval, i.e., solutions with χ2 < (χ2 

min 
+ 

√ 

2 ν) , where

e consider 
√ 

2 ν ∼ σ and ν is the effective number of degrees

f freedom. The range of possible solutions gives us then the

pper and lower bounds of the derived parameter uncertainties.

owever, this approach gives reliable uncertainties if the χ2 val-

es of the best-fitting solutions are comparable to the number

f degrees of freedom (i.e., if the reduced χ2 ∼ 1), which is of-

en not the case. Unfortunately, the contribution of the uncer-

ainty of the shape model and the rotation state to the uncer-

ainties of derived thermophysical properties is completely ignored

ere. 

To overcome the difficulties with the unrealistic uncertainties

hen the χ2 values are high, we estimate the uncertainties of the

earched parameters by an empirical approach: we accept all solu-

ions with χ2 < (χ2 
min 

+ χ2 
min 

√ 

2 ν) . This follows the procedure ap-

lied in Hanuš et al. (2015) . 

We prefer to use reduced chi-square values χ2 
red 

= χ2 /ν, which

re more illustrative than the “non-reduced” χ2 . 

To estimate the uncertainties of derived thermophysical prop-

rties ( �, D or A ) based on the VS-TPM, we use an empirical

ethod. We only consider the best-fitting solution for each var-

ed shape. We find the smallest range within 14 solutions (corre-

ponds to ∼ 68% of the total number of 20). For example, each

aried shape gives us a thermal inertia value. We sort these val-

es and find the lowest range given by 14 thermal inertia val-

es and compute the mean value. This usually rejects the most

xtreme values of �. Values of the thermophysical parameters

ith their uncertainties estimated by this method are included
n Table A.3 . 

4 http://wiki.helsinki.fi/display/PSR/Asteroid+absolute+magnitude+and+slope 

p  

a

. Results and discussion 

.1. VS-TPM of three hundred asteroids 

We applied the VS-TPM to ∼ 280 asteroids with shape mod-

ls and sufficient amount of thermal infrared data from WISE. We

btained five qualitative VS-TPM results, which are illustrated in

ig. 1 : 

a) TPM solutions for all/most varied shapes are similar, they have

reasonably low χ2 
red 

values and a prominent minimum in �

( Fig. 1 (a)). 

b) TPM solutions for all/most varied shapes are similar, they have

reasonably low χ2 
red 

values, however, without a prominent min-

imum in �. Thermophysical properties cannot be constrained

( Fig. 1 (b)). 

c) TPM solutions for all/most varied shapes exhibit similar trends

(i.e., a qualitatively similar shape of the minimum) with a

prominent minimum in �, but the range in the χ2 
red 

is large ( ∼
5 − 10 ). Hence, the quality of the TPM fits depends on the var-

ied shapes. However, the thermophysical parameters are con-

sistent and well constrained across the varied shapes solutions

( Fig. 1 (c)). 

d) TPM solutions for varied shapes are different, which suggests

that the shape model uncertainty is important. Reliable ther-

mophysical properties cannot be derived ( Fig. 1 (d)). 

e) All TPM solutions have large χ2 
red 

values, so the thermophysical

properties are not ( Fig. 1 (e)). 

Reliable thermophysical properties can be obtained in cases (a)

nd (c). Therefore, we only present these results in Table A.3 . These

ases represent 120 out of the initial 280 asteroids, for which we

pplied the VS-TPM. Most of the remaining cases fall to the (b)

 ∼ 50) and (d) ( ∼ 100) categories and only a few to the (e) cate-

ory. 

Case (b) usually happens if the thermal infrared dataset is

ather small and/or with large uncertainties, the rotation period is

oo long ( � 15 h) or the geometry of observation is close to pole-

n. 

The category (d) represents asteroids, for which the TPM fits

re dependent on the varied shapes, so on the uncertainty in the

hape model. Future shape model refinement by additional optical

hotometry would be necessary for obtaining a useful TPM solu-

ion. 

The category (e) correspond to cases likely affected by system-

tic effects. These could include incorrect rotation state (e.g., rota-

ion period) or the shape, or incorrect fluxes (e.g., there could be

 substantial offset of an individual flux measurement or we made

n error in the data processing). As an example, we show aster-

id (830) Petropolitana in Fig. 1 (e). The shape model presented

n Hanuš et al. (2016b) is likely wrong, because the shape and

pin state solution was searched near the rotation period of ∼ 39

ours available at the CdR&CdL 5 database. However, the true pe-

iod seems to be much longer ( ∼ 169 h, personal communication

ith Dagmara Oszkiewicz and recent unpublished observations of

rian Skiff). We replaced the incorrect solution in DAMIT by the

evised one and repeated the VS-TPM scheme. We obtained a sig-

ificantly better fit to the thermal infrared data, however, the mini-

um in � is rather broad, so thermal inertia cannot be constrained

 Fig. 1 (f)). 

In our figures of � vs. χ2 
red 

(see Fig. 1 and figures in the Ap-

endix), we show the TPM solution with a nominal shape model

s an input and for all (19) the varied shapes. 
5 http://obswww.unige.ch/ ∼behrend/page _ cou.html 

http://wiki.helsinki.fi/display/PSR/Asteroid+absolute+magnitude+and+slope
http://obswww.unige.ch/~behrend/page_cou.html
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Fig. 1. Typical VS-TPM fits in the thermal inertia parameter space. We illustrate here five (a)–(e) qualitative results discussed in the text. Each plot also contains the number 

of thermal infrared measurements in WISE W3 and W4 filters and in all IRAS filters, and the rotation period. Case (f) corresponds to the corrected/revised shape and spin 

solution of asteroid (830) Petropolitana. P1 and P2 corresponds to ambiguous pole solutions. 
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The standard uncertainty values based on the χ2 statistics are

reliable only for a sub-sample of our studied asteroids. For the re-

maining asteroids, the χ2 
red 

values are higher than ∼ 1 (see column

15 in Table A.3 ). We utilized here the semi-empirical approach for

the uncertainty estimation described in Section 3 . 

The χ2 
red 

values of ∼ 2–5 for the best-fitting set of parameters

indicate that we are not fitting the thermal fluxes by our model

very well. However, if the fit has a prominent minimum in � and
f the solution is consistent within the varied shapes, we consider

uch solution as reliable. The rather worse fit to the thermal data

ould be explained by two main reasons: (i) the tabulated uncer-

ainties of the WISE data may not correspond to the 1 σ standard

rrors. We already increased the error bars based on the compar-

son of measurements taken in consecutive exposures (see discus-

ion in Hanuš et al., 2015 , Fig. 8), but there could be other biases

hat remain unaccounted for. Moreover, possible systematic errors
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Fig. 2. Comparison between our sizes derived by the VS-TPM and radiometric sizes 

based on NEATM from Mainzer et al. (2016) . Both methods use the same thermal 

infrared datasets. 
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n the WISE fluxes could be present, however, we do not have

ontrol on them other than that clear outliers could be identified.

ii) Model uncertainties (convex shape, pole orientation, systemat-

cs of the TPM) dominate over the flux uncertainties. 

For most asteroids, the VS-TPM can produce a better fit than

he classical TPM with the published shape model. All varied shape

odels, although different in the goodness of thermal IR data fit,

re indistinguishable in terms of reproducing the visible photom-

try. On the other hand, our method is not a true optimization, it

ather maps the uncertainties in the shape and the pole orienta-

ion and their influence on the TPM results. 

Selecting 14 out of 20 varied-shape solutions for the estima-

ion of fitted parameters and their uncertainties allowed us to re-

ect potential unrealistic solutions that could originate from spe-

ific (peculiar) bootstrapped photometric datasets. 

Another intriguing result is the fact that we obtained TPM fits

ith a large range of χ2 
red 

values for a number of studied asteroids,

owever, with similar appearance of the minimum in � ( Fig. 1 (c)).

his suggests a substantially different quality of the fits within the

aried shape models on one side, and a stable TPM solution in �

n the other side. Some of the shape models produce χ2 
red 

values

arger by a factor up to 5–10 than the best fitting varied shape

odel. We illustrate such TPM fits for asteroid (1568) Aisleen in

ig. 1 . It is clear that the shape model (together with the pole

rientation) is an important limiting factor for the quality of the

t, and so for a number of varied shapes we do not fit the ther-

al data well. On the other hand, we suspect that the quality of

he TPM fit could be improved in the future when more realistic

hape models will become available. The results of investigation of

he stability of the TPM solution with respect to the shape model

ariations raise the confidence that for most asteroids presented

n this study, the thermophysical solution is stable, and so derived

hermophysical properties are realistic. 

. Interpretation of derived thermophysical properties 

.1. Sizes 

We compared in Fig. 2 our diameters computed by the VS-TPM

ith the radiometric diameters reported by Mainzer et al. (2016) .

oth diameters are based on the WISE thermal infrared data, so
heir differences of even 10% has to originate in the different mod-

ls utilized (i.e., of the TPM and NEATM). It is obvious that the

pherical shape model used in the NEATM is a crude approxima-

ion, especially for elongated objects, because their projected sizes

trongly depends on the geometry of the observation. If we study

he asteroid populations from a global perspective, where we do

ot need accurate values for individual objects, the radiometric

izes still represent the best choice. Indeed, utilizing a large sta-

istical sample (e.g., for the size frequency distributions of differ-

nt populations used for the comparisons to the results of numer-

cal models) averages the role of the non-spherical shape, and so

hese size samples are reliable (the reliability of the sizes based on

EATM model and thermal data is discussed by Usui et al., 2014 ).

he size comparison in Fig. 2 indicates that our sizes are consistent

ith the radiometric sizes of Mainzer et al. (2016) . 

Our VS-TPM results only represent asteroids with sizes between

 and 100 km. For larger asteroids, WISE data are usually affected

y saturation, and for smaller asteroids, we do not have sets of

ightcurves good enough to successfully obtain the shape models.

t may be possible to correct for partial saturation, but we chose

ot to do it, because it has not been characterized for asteroids in

articular, which would complicate the TPM interpretation. To in-

rease our statistical sample on asteroids with larger and smaller

izes, we searched the literature for reported values of thermal in-

rtia, size, and albedo determined by other authors (mostly by dif-

erent TPM implementations) and present them together with the

eferences in Table A.2 . 

.2. Thermal inertia values 

We investigate the relationship between asteroid diameters and

hermal inertias for all asteroids in our sample ( ∼ 120 our deter-

inations and 60 previously published values), but also for sub-

roups with respect to the albedo, taxonomy class, family mem-

ership or sidereal rotational period. It is not straightforward to

ompare thermal inertia values obtained at different heliocentric

istances r hel , because � is a function of the temperature T , hence

 hel (see, e.g., Keihm, 1984; Mueller et al., 2010; Delbo’ et al., 2015 )

∝ T 3 / 2 ∝ r −3 / 4 

hel 
. (4) 

We normalized the resulting thermal inertia values of all as-

eroids to r hel = 1 au. We note that this model assumes that all

he observations are obtained at similar r hel . However, for some

steroids, observations at two distinct epochs, thus r hel , are avail-

ble. We provide the average value of r hel in Table A.3 , which in-

roduces only a small inaccuracy, because the differences in r hel 

etween the two epochs are usually rather small. Most of the

steroids in our sample are from the main belt and were ob-

erved by WISE at typical heliocentric distances of r hel ∼ 2 − 3 . 5

u, which implies only a small correction of the thermal iner-

ia. In the following, we use the corrected thermal inertia values,

hile the Table A.3 provides the original values of � together with

he heliocentric distance r hel . 

In Fig. 3 , we compare the D vs. � dependence of our whole

ample. We also show the running box in � of ten values to il-

ustrate potential trend with size. Values of � for most of our as-

eroids are between 0 and 200 J m 

−2 s −1 / 2 K 

−1 and have large

ncertainties. Considering all the � values available, the trend of

he increasing thermal inertia with decreasing size suggested in

elbo’ et al. (2007) seems evident: the largest objects with D > 500

m have � � 20 J m 

−2 s −1 / 2 K 

−1 , typical thermal inertia is then

rowing with decreasing size, is ∼ 100 J m 

−2 s −1 / 2 K 

−1 for objects

etween 10 and 100 km, and is reaching its maximum of several

undreds for kilometer-sized objects. It is also possible that in the

ize range between 5 and 100 km, covered by our new thermal in-

rtia determinations, � does not exhibit a significant trend in D
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Fig. 3. Dependence of the thermal inertia � on asteroid diameter D . We included our estimates (circles) and adopted literature values (squares). 
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vs. �. This would indicate a sudden increase of � values for sizes

< 10 km. The dispersion of the thermal inertia within similar size

ranges is rather high, which could imply various grain sizes of the

surface regolith. However, this conclusion is not very robust be-

cause of the large error bars affecting the values of the thermal

inertia. 

The � values obtained from the literature seem to be, in gen-

eral, larger than values derived here. This is mostly because both

sources sample different populations. The adopted thermal iner-

tia values correspond either to NEAs ( D < 5 km) or to large as-

teroids ( D > 100 km) and TNOs. For NEAs, we expect higher �

values than in our sample due to the � vs. size inverse depen-

dence. For TNOs, we suspect that the simple dependence follow-

ing Eq. (4) might not be a reliable approximation, because their

surface temperature is significantly lower than for main-belt aster-

oids. For D in the 5–100 km range, the few literature values of �

tend to be larger than our values. However, the literature values

of � have rather large uncertainties and we also suffer by the low

number statistics. Moreover, the adopted � values in the size range

of 5–100 km were mostly derived based on the IRAS thermal mea-

surements ( Delbo’ and Tanga, 2009 ) that usually have uncertain-

ties > 10%. Another possible reason is that the Gamma values from

the literature are not based on VS-TPM. So the classical TPM uses

one of the shapes (the nominal), which might not be the best one

to interpret the thermal IR data. Therefore, we have some doubts

about their reliability. 

There is a group of objects with diameters < 80 km with very

low ( � < 20 J m 

−2 s −1 / 2 K 

−1 ) thermal inertias that is observed for

the first time. These objects should be covered by a layer of fine

and mature regolith. Such fine regolith is a product of thermal

disintegration and/or micrometeorite bombardment of larger rocks

( Delbo’ et al., 2014 ). In both cases, the asteroid in the size range of

several tens of kilometers needs millions of years to build up a fine

regolith layer and this timescale is comparable or even larger than

the collisional lifetime. In this sense, asteroids with low � could

be those who were lucky enough to avoid recent collisional event

that would remove the fine-grained material from the surface (i.e.,

essentially increase �). 

In Fig. 4 , we plot the D vs. � dependence for the low ( p V < 0.12)

and high ( p V > 0.12) albedo objects. We chose the value of p V =
0 . 12 , because it corresponds to the border between S-complex

(high albedo) and C-complex (low albedo) taxonomy class aster-

oids (see also the Supp. Materials of Delbo’ et al., 2017 ). The

only obvious correlation in this plot is the selection effect of the

lightcurve inversion method – the majority of photometric data

for smaller objects ( D � 20 km) is strongly biased towards the inner

main belt and objects with higher albedo. We note that mid- and
arger sized low-albedo objects are less likely to be in our sample

ecause they saturate. 

By using the SMASS II ( Bus and Binzel, 2002 ) and the Tholen

 Tholen, 1984; 1989 ) taxonomy, we assigned the taxonomic classi-

cation (if available) to the asteroids in our sample. For the pur-

ose of our study, we distinguished S- and C-complexes (we in-

luded S, Q, Sa, Sq, Sr, Sk, Sl into the S-complex and B, C, Cb, Ch,

g, Cgh into the C-complex) and split the X-complex into P, M, and

 types according to their albedos ( p V < 0.10 for P, 0.10 < p V < 0.30

or M, and p V > 0.30 for E types). For few asteroids with un-

nown taxonomy classification, we adopted the taxonomic assign-

ent from DeMeo and Carry (2013) , which is based on the colors

rom the Sloan Digital Sky Survey. However, this approach is not

lways reliable for individual objects, so we also checked in these

ases the values of the geometric visible albedo p V . In Fig. 5 , we

lot the D vs. � dependence with respect to the most represented

axonomic types (S- and C-complexes, P, M, and E types). Thermal

nertia values from the literature for M-types already seem, in av-

rage, larger than for S- and C-types. Our few additional solutions

urther supports this behavior. Moreover, E-type seems to have, in

verage, larger � values as well, although the statistical sample is

ather small and dominated by small ( D < 10 km) objects. 

We have five asteroid families that are represented in our

ample by at least two members – Flora, Koronis, Eos, Euno-

ia and Phocaea. Most of the convex shape models of aster-

ids that belong to these asteroid families were already stud-

ed by Hanuš et al. (2013a) , from where we also adopted the

embership revision, which is an essential procedure. Indeed, the

nitial family membership assignment is adopted from Nesvorný

t al. (2015) , who used the hierarchical clustering method (HCM,

ee e.g., Zappalà et al., 1990; 1994 ). However, such family lists are

ontaminated by interlopers and the membership of each individ-

al object should be carefully checked, for example, by consid-

ring the taxonomic type, the albedo or the color. In Fig. 6 , we

lot the D vs. � dependence for asteroids that belong to these

ve asteroid families, where we excluded interlopers reported in

anuš et al. (2013a) . Thermal inertia values within these aster-

id families (e.g., Flora, Eos, Eunomia) are rather consistent, we

nly have few values of thermal inertia < 20 J m 

−2 s −1 / 2 K 

−1 ,

hich could suggest different regolith grain size on the surface

ven for objects of common origin (i.e., same age and composition

s is usually expected for family members). Alternatively, these ob-

ects could not be real members of the family or derived � val-

es are wrong. The small � values of some family members could

e an important link to non-catastrophic collisions that could re-

resh the surface and to the processes that could create the re-

olith ( Delbo’ et al., 2014 ). Noticeable differences in thermal iner-
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Fig. 4. Dependence of the thermal inertia � on asteroid diameter D for the low ( p V < 0.12) and high ( p V > 0.12) albedo objects. We included our estimates (circles) and 

adopted literature values (squares). 

Fig. 5. Dependence of the thermal inertia � on asteroid diameter D for asteroids from S- and C-complexes, and P, M, and E types. We included our estimates and adopted 

literature values. 

Fig. 6. Dependence of the thermal inertia � on asteroid diameter D for members of five collisional families – Flora, Koronis, Eos, Eunomia, Phocaea, Themis, and Maria. 
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ia values are present in the Koronis family. Two asteroids have

hermal inertia values ∼ 100 J m 

−2 s −1 / 2 K 

−1 , while the other two

0–20 J m 

−2 s −1 / 2 K 

−1 . We suspect that some of the asteroids

re not true members of the Koronis family. Specifically, asteroids

167) Urda and (311) Claudia are borderline cases based on their

ositions in the proper semi-major axis vs. size plot ( Hanuš et al.,

013a ), and asteroid (1742) Schaifers has quite a low albedo (0.11)

ompared to the typical albedos of the Koronis family members

average value is 0.22, the range is about ± 0.1). In this sense, as-

eroid (1618) Dawn represents the only truly reliable member of

he Koronis family. Asteroid (311) Claudia has a consistent ther-
al inertia value to that of asteroid Dawn, which might support

ts membership in the Koronis family. 

We show the VS-TPM fits in the thermal inertia parameter

pace for individual asteroids from Eos, Flora, Koronis and Pho-

aea collisional families in Figs. B.9 –B.12 . Thermal inertia values

re rather consistent within the individual families; however, some

inor differences are noticeable. Unfortunately, improvements in

he thermal inertia determinations (i.e., lowering the uncertainties)

nd/or enlargement of the statistical sample are necessary. 

For fast rotating asteroids, it could be difficult to retain the

ery fine regolith grains on their surface because of the centrifu-
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Fig. 7. Dependence of the thermal inertia � on asteroid diameter D for the fast ( P < 4 h), intermediate (4 < P < 20 h), and slow ( P > 20 h) rotators. We also included the 

literature values. 

Fig. 8. Dependence of the thermal inertia � on asteroid rotation period P . We also included the literature values. 
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gal force, and thus higher thermal inertias could be preferred. An-

other mechanism to consider is the thermal fatigue – fast rotators

should not experience large temperature differences during the

day and night, and so the thermal cracking mechanism of Delbo’

et al. (2014) should not be that efficient as for intermediate ro-

tators. To investigate the potential fingerprints of these scenarios,

we show the D vs. � dependence for the fast ( P < 4 h, objects close

to the disruption limit), intermediate (4 < P < 20 h, objects with a

common rotation), and slow ( P > 20 h) rotators in Fig. 7 and the

dependence of the thermal inertia � on asteroid rotation period

P in Fig. 8 . There are only two out of 17 fast rotating asteroids,

which ranges of � cover low values ( < 40 J m 

−2 s −1 / 2 K 

−1 ). On

the other hand, values of � > 40 J m 

−2 s −1 / 2 K 

−1 are still possible

for these objects. Therefore, all these fast rotating asteroids could

have higher thermal inertias. Unfortunately, our � values are not

constrained to a necessary resolution to draw a more reliable con-

clusions. So, the D vs. � dependence in Fig. 7 does not show any

significant correlation. 

6. Conclusions 

We performed thermophysical modeling of three hundred as-

teroids using the VS-TPM analysis, which produced acceptable fits

(i.e., a reasonable minimum in the thermal inertia) to the thermal

data for 122 asteroids. We report their thermophysical properties

such as size, thermal inertia, surface roughness and geometric visi-

ble albedo ( Table A.3 ). This work increased the number of asteroids

with determined thermophysical properties, especially thermal in-

ertias by about a factor of three. We attempted VS-TPM for 280 as-

teroids in total, but for 150 of these bodies, the shape model and
ole orientation uncertainties, specific rotation or thermophysical

roperties, poor thermal infrared data or their coverage prevented

he determination of reliable thermophysical properties. 

Derived sizes and geometric visible albedos are usually well

onstrained and have their uncertainties smaller than 10% and

0%, respectively. Moreover, our sizes (and albedos) are con-

istent with the radiometric sizes based on the NEATM from

ainzer et al. (2016) as is illustrated in Fig. 2 . Both sizes are based

n the same thermal infrared dataset. On the other hand, the

alues of thermal inertia are significantly less constrained, which

akes their interpretation difficult. Although some insight into

he physical properties of main-belt asteroids can be made, un-

ortunately, improvements in the thermal inertia determinations

i.e., lowering the uncertainties) are still desired. This could be

riven mostly by improvements in the shape models by utiliz-

ng additional photometric data for the shape modeling or by im-

rovements of the TPM model, where, for instance, both optical

nd thermal infrared data could be utilized (CITPM, Ďurech et al.,

017a ). Also, new space-based thermal infrared measurements

uch as those obtained by the WISE satellite would greatly help. 

There is no doubt that the shape model and pole orientation

ncertainty plays an important role for the thermophysical mod-

ling and is the main reason for the low number of well con-

trained solutions and the large uncertainties of thermal inertia

alues. Specifically, the VS-TPM shows, in many cases, strong de-

endence of the thermophysical fit on the individual varied shape

odels. Often, the χ2 values of fits with some varied shape mod-

ls are extremely large, so these solutions cannot be even accepted,

ut other varied shape models (of the same asteroid) fit the ther-
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al infrared data reasonably well. Also, we have cases with incon-

istent TPM fits with similar χ2 values within the varied shapes. 

The VS-TPM allowed us to remove the pole ambiguity for 7 as-

eroids. In all these cases, the TPM fits within the varied shapes

hat corresponded to the same original pole solution were clearly

etter than for the second (ambiguous) pole solution. We label

hese asteroids in Table A.3 . 

We confirmed the correlation between the size and the thermal

nertia proposed by Delbo’ et al. (2007) , however, the range of the

hermal inertia for similar sizes is large and usually varies between

ero and few hundreds (in the size range of 10–100 km). In general,

arger objects have lower thermal inertia values. 

Surprisingly, we derived very low ( < 20 J m 

−2 s −1 / 2 K 

−1 ) ther-

al inertias for several asteroids ( ∼ 10) with various sizes. Aster-

ids with such properties that suggest a mature regolith on the

urface are reported for the first time. We note that the uncertain-

ies of thermal inertias for most of these asteroids are rather large

nd cover values even up to 100 J m 

−2 s −1 / 2 K 

−1 . Further confir-

ation of the low � values by utilizing additional optical and/or

hermal infrared data is desired. Thermal inertia values within sev-

ral asteroid families are rather consistent with no obvious trends.

owever, we still have only few members in each studied family,

hich makes any interpretation difficult due to the low number

tatistics. 

The fast rotators with P � 4 h seem to have slightly larger ther-

al inertia values, so do not likely have a fine regolith on the sur-

ace. This could be explained, for example, by the loss of the fine

egolith due to the centrifugal force, or by the ineffectiveness of

he regolith production (e.g., by the thermal cracking mechanism

f Delbo’ et al., 2014 ). 

Our current work represents a characterization effort to provide

 context to whatever we learn about individual objects from mis-

ions and extensive studies of single objects. We provide thermal

nertias for a set of MBAs in a size range that had almost no pre-
ious information. Still, this work shows that increasing the num-

er of known thermal inertia values by a factor of three to ∼ 200

s not enough to push forward our understanding of the physical

roperties of asteroids. Therefore, we likely need dedicated stud-

es (e.g., collisional families) that spend a few years on lightcurve

bservations, and maybe more missions such as the WISE satel-

ite. The Near-Earth Object Camera (NEOCam, Mainzer et al., 2015 )

ould be the next major driver for the new knowledge concerning

he thermophysical properties of asteroids. 

Regarding future improvements on the TPM, it should hap-

en based on studying the very few targets with ground-truth

nowledge of physical properties and rich (thermal) data sets (e.g.,

ozitis, 2017 ). Or maybe with thermal infrared data from space-

raft missions (OSIRIS-REx data, Lauretta et al., 2015 ). 
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Table A.2 

Compilation of previously published values of thermophysical properties (size D , thermal inertia �, geometric visible albedo p V ), taxonomical 

class, heliocentric distance r h of the object when the thermal infrared data used for the thermal inertia determination were obtained, rotation 

period P , and references to the publications. The taxonomical classes are either adopted directly from the publications, or based on the SMASS 

II ( Bus and Binzel, 2002 ) or the Tholen ( Tholen, 1984; 1989 ) taxonomy. 

Asteroid D � p V Tax r h P Reference 

[km] [J m 

−2 s −1 / 2 K −1 ] [au] [h] 

1 Ceres 923 ± 20 10 ± 10 0.113 ± 0.005 C 2.8 8.95 Mueller and Lagerros (1998) 

2 Pallas 544 ± 43 10 ± 10 0.14 ± 0.02 B 2.8 7.81 Mueller and Lagerros (1998) 

3 Juno 234 ± 11 5 ± 5 0.24 ± 0.03 S 2.7 7.21 Mueller and Lagerros (1998) 

4 Vesta 525 ± 1 20 ± 15 0.34 ± 0.01 V 2.3 5.34 Leyrat et al. (2012) 

16 Psyche 244 ± 25 125 ± 40 0.12 ± 0.02 M 2.7 4.20 Matter et al. (2013) 

21 Lutetia 96 ± 1 5 ± 5 0.20 ± 0.01 M 2.8 8.17 O’Rourke et al. (2012) 

22 Kalliope 167 ± 17 125 ± 125 0.17 ± 0.03 M 2.3 4.15 Marchis et al. (2012) 

32 Pomona 85 ± 1 70 ± 50 0.23 ± 0.01 S 2.8 9.45 Delbo’ and Tanga (2009) 

41 Daphne 202 ± 7 25 ± 25 0.064 ± 0.007 Ch 2.1 5.99 Matter et al. (2011) 

44 Nysa 81 ± 1 120 ± 40 0.41 ± 0.01 E 2.5 6.42 Delbo’ and Tanga (2009) 

45 Eugenia 198 ± 20 45 ± 45 0.046 ± 0.01 C 2.6 5.70 Marchis et al. (2012) 

87 Sylvia 300 ± 30 70 ± 60 0.030 ± 0.007 P 2.7 5.18 Marchis et al. (2012) 

107 Camilla 245 ± 25 25 ± 10 0.043 ± 0.009 P 3.2 4.84 Marchis et al. (2012) 

110 Lydia 94 ± 4 135 ± 65 0.15 ± 0.01 M 2.9 10.93 Delbo’ and Tanga (2009) 

115 Thyra 92 ± 2 62 ± 38 0.21 ± 0.01 S 2.5 7.24 Delbo’ and Tanga (2009) 

121 Hermione 220 ± 22 30 ± 25 0.043 ± 0.009 Ch 2.9 5.55 Marchis et al. (2012) 

130 Elektra 197 ± 20 30 ± 30 0.064 ± 0.013 Ch 2.9 5.22 Marchis et al. (2012) 

277 Elvira 38 ± 2 250 ± 150 0.15 ± 0.02 S 2.6 29.69 Delbo’ and Tanga (2009) 

283 Emma 135 ± 14 105 ± 100 0.032 ± 0.007 P 2.6 6.90 Marchis et al. (2012) 

306 Unitas 56 ± 1 180 ± 80 0.145 ± 0.005 S 2.2 8.74 Delbo’ and Tanga (2009) 

382 Dodona 75 ± 1 80 ± 65 0.100 ± 0.005 M 2.6 4.11 Delbo’ and Tanga (2009) 

433 Eros 18 ± 1 150 ± 50 0.29 ± 0.02 S 1.6 5.27 Mueller (2012) 

532 Herculina 203 ± 14 10 ± 10 0.20 ± 0.04 S 2.8 9.40 Mueller and Lagerros (1998) 

617 Patroclus 106 ± 11 20 ± 15 0.045 ± 0.009 P 5.9 102.80 Mueller et al. (2010) 

624 Hektor 170 ± 20 5 ± 5 0.063 ± 0.012 D 5.3 6.92 Hanuš et al. (2015) 

694 Ekard 110 ± 2 120 ± 20 0.031 ± 0.005 1.8 5.93 Delbo’ and Tanga (2009) 

720 Bohlinia 41 ± 1 135 ± 65 0.135 ± 0.005 S 2.9 8.92 Delbo’ and Tanga (2009) 

771 Libera 33 ± 3 90 ± 60 0.14 ± 0.03 X 2.8 5.89 Hanuš et al. (2015) 

956 Elisa 10.4 ± 0.8 90 ± 60 0.14 ± 0.02 1.8 16.49 Lim et al. (2011) 

1036 Ganymed 36 ± 3 54 ± 46 0.26 ± 0.04 S 3.9 10.30 Hanuš et al. (2015) 

1173 Anchises 136 ± 15 62 ± 37 0.027 ± 0.006 P 5.0 11.60 Horner et al. (2012) 

1472 Muonio 9.1 ± 0.2 44 ± 45 0.24 ± 0.07 2.7 8.71 Hanuš et al. (2015) 

1580 Betulia 4.6 ± 0.5 180 ± 50 0.077 ± 0.015 C 1.1 6.13 Mueller (2012) 

1620 Geographos 5.0 ± 0.1 340 ± 120 0.168 ± 0.017 S 1.1 5.22 Rozitis and Green (2014) 

1627 Ivar 7.7 ± 0.6 140 ± 80 0.258 ± 0.017 S 2.1 4.80 Hanuš et al. (2015) 

1685 Toro 3.5 ± 0.4 260 ± 130 0.26 ± 0.05 Sv 1.9 10.20 Ďurech et al. (2018) 

1862 Apollo 1.55 ± 0.07 140 ± 100 0.20 ± 0.02 Q 1.0 3.07 Rozitis et al. (2013) 

1980 Tezcatlipoca 5.1 ± 0.1 310 ± 300 0.25 ± 0.10 Sl 2.3 7.25 Hanuš et al. (2015) 

2060 Chiron 142 ± 10 4 ± 4 0.11 ± 0.02 B/Cb 12.0 5.92 Groussin et al. (2004) 

2060 Chiron 218 ± 20 5 ± 5 0.16 ± 0.03 B/Cb 13.0 5.92 Fornasier et al. (2013) 

2363 Cebriones 82 ± 5 7 ± 7 0.060 ± 0.008 D 5.2 20.05 Fernández et al. (2003) 

2606 Odesa 18 ± 3 125 ± 75 0.12 ± 0.05 X 3.5 8.24 Hanuš et al. (2015) 

2867 Steins 4.9 ± 0.4 150 ± 60 0.27 ± 0.04 E 2.1 6.05 Lamy et al. (2008) 

2867 Steins 5.2 ± 1.0 210 ± 30 0.22 ± 0.10 E 2.1 6.05 Leyrat et al. (2011) 

3063 Makhaon 116 ± 4 15 ± 15 0.048 ± 0.004 D 4.7 8.64 Fernández et al. (2003) 

3200 Phaethon 5.1 ± 0.2 600 ± 200 0.122 ± 0.008 B 1.1 3.60 Hanuš et al. (2016a) 

8405 Asbolus 66 ± 4 5 ± 5 0.12 ± 0.03 7.9 8.94 Fernández et al. (2002) 

10199 Chariklo 236 ± 12 1 ± 1 0.07 ± 0.01 D 13.0 7.00 Groussin et al. (2004) 

25143 Itokawa 0.32 ± 0.03 700 ± 100 0.19 ± 0.07 S 1.1 12.13 Mueller (2012) 

25143 Itokawa 0.32 ± 0.03 700 ± 200 0.29 ± 0.02 S 1.1 12.13 Müller et al. (2014a) 

29075 1950 _ DA 1.30 ± 0.13 24 ± 20 0.20 ± 0.05 M 1.7 2.12 Rozitis et al. (2014) 

33342 1998 _ WT 24 0.35 ± 0.04 200 ± 100 0.56 ± 0.20 E 1.0 3.70 Mueller (2012) 

50 0 0 0 Quaoar 1082 ± 67 6 ± 4 0.12 ± 0.02 43.0 17.68 Fornasier et al. (2013) 

54509 YORP 0.09 ± 0.01 700 ± 500 0.20 ± 0.02 S 1.1 0.20 Mueller (2012) 

55565 2002 _ AW 197 700 ± 50 10 ± 10 0.17 ± 0.03 47.0 8.86 Cruikshank et al. (2005) 

90377 Sedna 995 ± 80 0.1 ± 0.1 0.32 ± 0.06 87.0 10.27 Pál et al. (2012) 

90482 Orcus 968 ± 63 1 ± 1 0.23 ± 0.03 48.0 13.19 Fornasier et al. (2013) 

99942 Apophis 0.38 ± 0.01 600 ± 300 0.30 ± 0.06 Sq 1.1 30.56 Müller et al. (2014b) 

101955 Bennu 0.49 ± 0.01 650 ± 300 0.045 ± 0.013 B 1.1 4.30 Müller et al. (2012) 

101955 Bennu 0.49 ± 0.02 310 ± 70 0.046 ± 0.005 B 1.1 4.30 Emery et al. (2014) 

136108 Haumea 1240 ± 70 0.3 ± 0.2 0.80 ± 0.10 51.0 3.92 Lellouch et al. (2013) 

161989 Cacus 1.00 ± 0.20 650 ± 150 0.20 ± 0.05 S 1.3 3.75 Ďurech et al. (2018) 

162173 Ryugu 0.865 ± 0.015 225 ± 75 0.047 ± 0.003 C 1.4 7.63 Müller et al. (2017) 

175706 1996 _ FG 3 1.7 ± 0.1 120 ± 50 0.046 ± 0.014 C 1.4 3.59 Wolters et al. (2011) 

208996 2003 _ AZ 8 4 480 ± 20 1.2 ± 0.6 0.11 ± 0.02 45.0 13.42 Lellouch et al. (2013) 

308635 2005 _ YU 55 0.31 ± 0.01 575 ± 225 0.065 ± 0.010 C 1.0 19.31 Müller et al. (2013) 

341843 2008 _ EV 5 0.37 ± 0.01 450 ± 60 0.13 ± 0.05 C 1.0 3.72 Alí-Lagoa et al. (2014) 
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Table A.3 

Thermophysical characteristics of asteroids derived by the VS-TPM. We provide the asteroid number and name, the ecliptic coordinates λ and β of the pole solutions, the sidereal rotational period P , the reference 

to the shape model, quality flag of the shape model QF , the number of IRAS N I , WISE in filters W3 N W3 and W4 N W4 thermal IR measurements, volume equivalent diameter D , thermal inertia � in J m 

−2 s −1 / 2 K −1 

units, visual geometric albedo p V , Hapke’s mean surface slope θ, reduced chi-square of the best fit χ 2 
red 

, heliocentric distance r hel of the thermal infrared observations, absolute magnitude H and slope G (AAMS, 

Muinonen et al., 2010; Oszkiewicz et al., 2011 ), taxonomical class, and membership to a collisional family. For the taxonomy, we show the Tholen (T1, Tholen, 1984; 1989 ) and SMASS II (T2, Bus and Binzel, 2002 ) 

classes. 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

73 Klytia 266 68 8.28307 Hanuš et al. (2011) 3 24 9 13 44.1 ± 2.1 44.6 ± 0.9 13 ± 12 0.20 ± 0.02 26.7 1.1 2.8 9.1 0.40 S 

44 83 8.28307 Hanuš et al. (2011) 3 24 9 13 45.4 ± 1.3 44.6 ± 0.9 15 ± 14 0.18 ± 0.02 12.0 1.3 2.8 

82 Alkmene 164 −28 13.0 0 08 Hanuš et al. (2011) 2 12 10 10 58.6 ± 1.2 57.6 ± 0.7 32 ± 12 0.25 ± 0.03 38.8 1.9 3.3 8.2 0.23 S Sq 

349 −33 13.0 0 08 Hanuš et al. (2011) 2 12 10 10 57.9 ± 1.3 57.6 ± 0.7 29 ± 15 0.26 ± 0.03 38.8 2.3 3.3 

99 Dike 233 49 18.1191 Hanuš et al. (2016b) 3 3 7 8 66.5 ± 0.9 67.4 ± 0.4 35 ± 19 0.07 ± 0.03 55.4 2.2 3.2 9.3 0.11 C Xk 

125 Liberatrix 95 68 3.96820 Ďurech et al. (2007) 3 12 14 14 51.1 ± 2.1 48.4 ± 0.5 80 ± 15 0.18 ± 0.02 38.8 2.1 2.9 8.8 0.26 M X 

280 74 3.96820 Ďurech et al. (2007) 3 12 14 14 50.1 ± 1.3 48.4 ± 0.5 60 ± 15 0.19 ± 0.02 26.7 1.6 2.9 

152 Atala 347 47 6.24472 Hanuš et al. (2011) 1.5 6 14 57.5 ± 1.8 59.0 ± 0.5 0 ± 0 0.22 ± 0.02 16.1 2.0 2.9 8.3 0.39 I S 

155 Scylla 346 41 7.95878 Revised 2 2 19 19 39.0 ± 0.8 39.6 ± 0.2 30 ± 10 0.05 ± 0.03 48.4 3.2 3.1 10.9 0.09 XFC 

190 65 7.95878 Pole rejected 2 2 19 19 37.5 ± 1.1 39.6 ± 0.2 20 ± 10 0.05 ± 0.03 26.7 4.4 3.1 

167 Urda 107 −69 13.0613 Ďurech et al. (2011) 3 6 21 21 40.8 ± 0.8 39.9 ± 0.3 107 ± 12 0.22 ± 0.02 55.4 6.9 2.8 9.1 0.28 S Sk Koronis 

249 −68 13.0613 Ďurech et al. (2011) 3 6 21 21 41.5 ± 0.8 39.9 ± 0.3 115 ± 5 0.21 ± 0.03 55.4 5.5 2.8 

188 Menippe 32 48 11.9765 Hanuš et al. (2011) 1.5 21 13 13 35.3 ± 0.9 35.8 ± 0.4 21 ± 13 0.28 ± 0.06 16.1 3.9 3.2 9.2 0.14 S S 

198 25 11.9765 Hanuš et al. (2011) 1.5 21 13 13 36.0 ± 1.1 35.8 ± 0.4 13 ± 7 0.27 ± 0.05 16.1 3.8 3.2 

193 Ambrosia 141 −11 6.58167 Hanuš et al. (2013b) 3 8 8 30.8 ± 1.2 26.3 ± 0.2 47 ± 7 0.22 ± 0.04 48.4 2.0 3.3 9.6 0.33 Sk 

328 −17 6.58167 Hanuš et al. (2013b) 3 8 8 30.1 ± 0.8 26.3 ± 0.2 52 ± 17 0.23 ± 0.02 55.4 1.4 3.3 

220 Stephania 26 −50 18.2087 Hanuš et al. (2013b) 2 6 12 12 29.8 ± 0.5 31.7 ± 0.2 5 ± 5 0.07 ± 0.02 12.0 1.9 2.8 11.1 0.20 XC 

223 −62 18.2088 Hanuš et al. (2013b) 2 6 12 12 29.8 ± 0.6 31.7 ± 0.2 2 ± 2 0.07 ± 0.02 16.1 1.0 2.8 

( continued on next page ) 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

226 Weringia 284 −14 11.1485 Hanuš et al. (2016b) 3 7 7 7 28.7 ± 0.2 31.5 ± 0.3 30 ± 10 0.23 ± 0.02 26.7 1.8 3.1 9.8 0.25 S 

263 Dresda 98 53 16.8139 Hanuš et al. (2016b) 3 4 13 12 23.7 ± 1.0 24.0 ± 0.2 25 ± 25 0.23 ± 0.03 3.9 5.5 2.8 10.2 0.27 S 

272 61 16.8138 Hanuš et al. (2016b) 3 4 13 12 24.0 ± 0.7 24.0 ± 0.2 27 ± 17 0.23 ± 0.05 12.0 7.2 2.8 

272 Antonia 293 −90 3.85480 Hanuš et al. (2013b) 2 9 12 12 30.5 ± 1.1 26.9 ± 0.3 75 ± 10 0.10 ± 0.03 48.4 3.0 2.9 10.5 0.16 X Hoffmeister 

274 Philagoria 328 −71 17.9410 Hanuš et al. (2016b) 2 12 4 4 28.0 ± 0.8 27.3 ± 0.4 95 ± 5 0.24 ± 0.03 55.4 1.1 2.7 9.8 0.17 

154 −65 17.9410 Hanuš et al. (2016b) 2 12 4 4 28.9 ± 0.9 27.3 ± 0.4 90 ± 10 0.23 ± 0.03 55.4 1.1 2.7 

281 Lucretia 128 −49 4.34971 Hanuš et al. (2013b) 2.5 7 8 8 11.3 ± 0.2 11.0 ± 0.1 45 ± 10 0.24 ± 0.03 27.3 1.2 2.5 11.8 0.32 SU S Flora 

309 −61 4.34971 Hanuš et al. (2013b) 2.5 7 8 8 11.1 ± 0.1 11.0 ± 0.1 50 ± 10 0.25 ± 0.03 26.7 1.4 2.5 

290 Bruna 286 −80 13.8055 Hanuš et al. (2013b) 2 26 24 9.8 ± 0.1 9.8 ± 0.1 30 ± 30 0.26 ± 0.02 16.1 2.5 2.3 12.0 0.40 Phocaea 

37 −74 13.8056 Hanuš et al. (2013b) 2 26 24 9.9 ± 0.3 9.8 ± 0.1 12 ± 12 0.26 ± 0.04 12.6 2.3 2.3 

311 Claudia 214 43 7.53138 Hanuš et al. (2011) 3 2 14 14 26.5 ± 0.6 26.3 ± 0.4 24 ± 6 0.24 ± 0.03 16.1 3.8 2.9 9.9 0.25 S Koronis 

30 40 7.53138 Hanuš et al. (2011) 3 2 14 14 25.8 ± 0.8 26.3 ± 0.4 9 ± 9 0.26 ± 0.02 12.6 3.6 2.9 

340 Eduarda 188 −43 8.00613 Hanuš et al. (2011) 1.5 9 10 10 27.3 ± 0.3 28.0 ± 0.5 30 ± 14 0.24 ± 0.04 26.7 2.2 2.9 9.8 0.27 S 

18 −47 8.00613 Hanuš et al. (2011) 1.5 9 10 10 27.2 ± 0.4 28.0 ± 0.5 20 ± 20 0.24 ± 0.03 26.7 2.6 2.9 

351 Yrsa 20 −70 13.3120 Hanuš et al. (2013b) 1.5 11 11 11 42.6 ± 0.9 39.7 ± 0.4 52 ± 17 0.23 ± 0.03 38.8 3.8 3.2 9.0 0.22 S 

193 −41 13.3120 Hanuš et al. (2013b) 1.5 11 11 11 42.3 ± 1.6 39.7 ± 0.4 47 ± 17 0.24 ± 0.03 38.8 2.2 3.2 

352 Gisela 24 −21 7.48008 Hanuš et al. (2013b) 2 6 16 16 24.8 ± 0.6 26.7 ± 0.8 17 ± 17 0.22 ± 0.03 48.4 5.8 2.3 10.2 0.30 S Sl Flora 

206 −28 7.48008 Hanuš et al. (2013b) 2 6 16 16 24.3 ± 0.4 26.7 ± 0.8 5 ± 5 0.23 ± 0.03 26.7 8.3 2.3 

355 Gabriella 159 88 4.82899 Marciniak et al. (2012) 3 14 24 24 24.8 ± 0.8 24.0 ± 0.3 35 ± 5 0.23 ± 0.04 26.7 4.4 2.3 10.1 0.29 S 

341 83 4.82899 Marciniak et al. (2012) 3 14 24 24 24.2 ± 0.7 24.0 ± 0.3 35 ± 5 0.23 ± 0.02 26.7 4.8 2.3 

378 Holmia 130 60 4.44043 Marciniak et al. (2008) 3 7 13 14 28.7 ± 0.7 27.8 ± 0.4 13 ± 12 0.24 ± 0.03 26.7 4.2 2.8 9.8 0.26 S S 

286 76 4.44043 Marciniak et al. (2008) 3 7 13 14 29.0 ± 0.6 27.8 ± 0.4 13 ± 12 0.24 ± 0.02 12.6 3.9 2.8 

390 Alma 53 −50 3.74117 Hanuš et al. (2013b) 2 16 14 14 24.3 ± 0.4 25.7 ± 0.2 29 ± 21 0.24 ± 0.03 26.7 3.0 2.4 10.1 0.27 DT Eunomia 

275 −76 3.74117 Hanuš et al. (2013b) 2 16 14 14 25.3 ± 0.6 25.7 ± 0.2 42 ± 7 0.23 ± 0.04 48.4 4.3 2.4 

394 Arduina 195 −61 16.6217 Hanuš et al. (2016b) 2 5 10 10 30.6 ± 0.6 30.0 ± 0.3 90 ± 10 0.24 ± 0.03 55.4 1.8 2.9 9.6 0.25 S S 

55 −79 16.6217 Hanuš et al. (2016b) 2 5 10 10 31.1 ± 1.2 30.0 ± 0.3 77 ± 22 0.23 ± 0.02 55.4 2.0 2.9 

400 Ducrosa 328 56 6.86788 Hanuš et al. (2011) 1.5 12 11 10 34.1 ± 0.5 36.0 ± 0.4 35 ± 10 0.10 ± 0.03 38.8 1.8 3.4 10.4 0.17 

158 62 6.86789 Hanuš et al. (2011) 1.5 12 11 10 35.2 ± 1.1 36.0 ± 0.4 42 ± 12 0.09 ± 0.03 16.1 1.6 3.4 

413 Edburga 202 −44 15.7715 Hanuš et al. (2011) 1.5 12 26 27 34.6 ± 0.8 34.2 ± 0.2 110 ± 50 0.13 ± 0.02 16.1 6.9 2.9 9.9 0.30 M X 

430 Hybris 19 −68 7.21655 ThisWork 1 15 9 9 32.9 ± 0.5 31.7 ± 0.7 52 ± 2 0.07 ± 0.03 48.4 1.7 3.5 10.8 0.05 

188 −79 7.21655 ThisWork 1 15 9 9 33.4 ± 0.8 31.7 ± 0.7 57 ± 7 0.07 ± 0.03 55.4 2.8 3.5 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

482 Petrina 280 61 11.79214 Hanuš et al. (2016b) 3 6 12 12 44.2 ± 1.0 45.8 ± 0.3 12 ± 12 0.18 ± 0.02 27.3 1.8 3.3 9.1 0.58 S 

94 23 11.79210 Hanuš et al. (2016b) 3 6 12 12 44.2 ± 0.6 45.8 ± 0.3 1 ± 1 0.19 ± 0.02 38.8 4.0 3.3 

484 Pittsburghia 70 46 10.64977 Hanuš et al. (2011) 1.5 2 11 11 29.2 ± 0.7 30.1 ± 0.2 6 ± 5 0.20 ± 0.03 16.1 4.7 2.8 9.8 0.39 S 

497 Iva 121 −21 4.62085 Hanuš et al. (2016b) 2 10 10 37.2 ± 0.6 40.9 ± 0.3 72 ± 17 0.14 ± 0.03 12.6 0.9 3.6 9.8 0.15 M 

303 −32 4.62085 Hanuš et al. (2016b) 2 10 10 37.6 ± 0.7 40.9 ± 0.3 67 ± 22 0.14 ± 0.03 16.1 0.8 3.6 

509 Iolanda 248 54 12.2909 Hanuš et al. (2013b) 2 12 20 20 55.7 ± 1.3 51.9 ± 0.7 9 ± 9 0.21 ± 0.02 26.7 5.4 3.3 8.5 0.38 S S 

90 24 12.2909 Hanuš et al. (2013b) 2 12 20 20 55.2 ± 1.4 51.9 ± 0.7 8 ± 8 0.20 ± 0.02 16.1 5.0 3.3 

512 Taurinensis 324 45 5.58203 Hanuš et al. (2013b) 2 5 13 13 18.0 ± 0.7 4 ± 4 0.23 ± 0.02 12.6 3.0 2.2 10.7 0.31 S S 

520 Franziska 282 −79 16.5045 Hanuš et al. (2016b) 2 8 8 6 28.9 ± 0.9 25.3 ± 0.2 28 ± 16 0.12 ± 0.02 12.0 1.7 3.3 10.5 0.25 CGU 

114 −45 16.5045 Hanuš et al. (2016b) 2 8 8 6 27.5 ± 1.0 25.3 ± 0.2 38 ± 32 0.12 ± 0.03 55.4 2.0 3.3 

537 Pauly 31 32 16.2961 Hanuš et al. (2016b) 2 8 6 6 41.4 ± 0.9 40.7 ± 0.8 5 ± 5 0.28 ± 0.02 26.7 1.1 3.5 8.8 0.40 DU: 

211 50 16.2961 Hanuš et al. (2016b) 2 8 6 6 42.4 ± 1.0 40.7 ± 0.8 8 ± 8 0.27 ± 0.03 26.7 1.2 3.5 

544 Jetta 21 −71 7.74528 Hanuš et al. (2011) 1.5 9 13 13 26.5 ± 1.2 27.2 ± 0.2 29 ± 11 0.22 ± 0.03 16.1 2.7 3.0 10.0 0.25 

267 −89 7.74528 Hanuš et al. (2011) 1.5 9 13 13 27.5 ± 1.3 27.2 ± 0.2 27 ± 17 0.20 ± 0.02 16.1 2.1 3.0 

550 Senta 63 −40 20.5726 Hanuš et al. (2013a) 1.5 9 23 24 38.2 ± 1.1 37.4 ± 0.2 30 ± 30 0.22 ± 0.02 16.1 3.4 3.1 9.3 0.31 S 

257 −56 20.5727 Hanuš et al. (2013a) 1.5 9 23 24 37.3 ± 0.7 37.4 ± 0.2 22 ± 22 0.23 ± 0.03 26.7 3.2 3.1 

562 Salome 54 55 6.35032 Pole rejected 3 7 22 19 33.9 ± 0.6 32.7 ± 0.1 10 ± 0 0.16 ± 0.02 27.3 5.0 3.2 9.9 0.19 S 

267 43 6.35032 Hanuš et al. (2018) 3 7 22 19 33.4 ± 0.8 32.7 ± 0.1 0 ± 0 0.16 ± 0.02 16.1 2.1 3.2 

573 Recha 76 −26 7.16585 Hanuš et al. (2018) 2 17 12 12 40.1 ± 1.1 47.6 ± 0.5 45 ± 15 0.17 ± 0.02 55.4 2.3 2.7 9.3 0.20 Eos 

590 Tomyris 274 −29 5.55248 Hanuš et al. (2018) 2 10 13 13 31.9 ± 1.2 30.6 ± 0.2 15 ± 15 0.15 ± 0.03 27.3 7.0 3.1 10.0 0.25 Eos 

113 −35 5.55248 Hanuš et al. (2018) 2 10 13 13 32.3 ± 1.2 30.6 ± 0.2 22 ± 22 0.15 ± 0.02 16.1 6.2 3.1 

631 Philippina 183 −2 5.90220 Hanuš et al. (2011) 2 12 20 46.6 ± 3.2 50.5 ± 0.8 0 ± 0 0.24 ± 0.03 48.4 1.1 2.8 8.7 0.35 S S 

644 Cosima 278 −30 7.55709 Hanuš et al. (2016b) 2.5 2 9 9 19.5 ± 0.4 17.0 ± 0.2 42 ± 17 0.20 ± 0.03 26.7 1.7 3.0 10.8 0.32 S 

99 −29 7.55709 Hanuš et al. (2016b) 2.5 2 9 9 19.3 ± 0.5 17.0 ± 0.2 50 ± 20 0.21 ± 0.03 26.7 1.8 3.0 

669 Kypria 30 39 14.2789 Hanuš et al. (2013b) 1.5 5 12 10 29.8 ± 0.9 29.2 ± 0.4 24 ± 21 0.20 ± 0.04 55.4 3.7 3.2 9.8 0.12 S Eos 

190 49 14.2789 Hanuš et al. (2013b) 1.5 5 12 10 31.1 ± 1.3 29.2 ± 0.4 45 ± 10 0.19 ± 0.03 48.4 2.8 3.2 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

687 Tinette 271 17 7.39710 Hanuš et al. (2016b) 1.5 8 8 22.2 ± 0.5 21.5 ± 0.5 50 ± 15 0.08 ± 0.03 26.7 2.3 3.2 11.5 0.17 X X 

100 43 7.39710 Hanuš et al. (2016b) 1.5 8 8 21.4 ± 0.7 21.5 ± 0.5 50 ± 15 0.09 ± 0.03 26.7 2.5 3.2 

731 Sorga 83 42 8.18632 Hanuš et al. (2013b) 2 10 13 13 36.9 ± 1.3 34.6 ± 0.4 62 ± 22 0.17 ± 0.02 26.7 2.2 3.3 9.6 0.31 CD Xe 

274 21 8.18632 Hanuš et al. (2013b) 2 10 13 13 37.4 ± 1.4 34.6 ± 0.4 90 ± 30 0.16 ± 0.02 26.7 2.3 3.3 

749 Malzovia 242 61 5.92748 Revised 2 8 8 12.8 ± 0.4 11.1 ± 0.1 50 ± 15 0.22 ± 0.03 26.7 0.9 2.2 11.5 0.21 S S 

50 58 5.92748 Revised 2 8 8 13.9 ± 0.5 11.1 ± 0.1 70 ± 30 0.20 ± 0.02 26.7 1.8 2.2 

756 Lilliana 200 31 7.83250 Hanuš et al. (2016b) 3 15 7 7 60.0 ± 0.8 64.8 ± 0.5 11 ± 5 0.06 ± 0.03 26.7 1.5 3.5 9.7 0.06 

53 36 7.83252 Hanuš et al. (2016b) 3 15 7 7 61.8 ± 1.7 64.8 ± 0.5 8 ± 8 0.06 ± 0.03 26.7 1.8 3.5 

757 Portlandia 263 −68 6.58112 Hanuš et al. (2016b) 2 9 11 11 33.1 ± 0.5 32.9 ± 0.2 62 ± 2 0.16 ± 0.03 55.4 3.0 2.5 9.9 0.16 XF Xk 

89 −55 6.58112 Hanuš et al. (2016b) 2 9 11 11 32.8 ± 0.5 32.9 ± 0.2 52 ± 7 0.16 ± 0.03 48.4 3.7 2.5 

784 Pickeringia 282 35 13.16998 Hanuš et al. (2016b) 1.5 6 9 8 80.0 ± 1.4 75.6 ± 0.3 30 ± 10 0.05 ± 0.03 16.1 1.4 3.7 9.2 0.13 C 

103 67 13.16997 Hanuš et al. (2016b) 1.5 6 9 8 77.5 ± 1.9 75.6 ± 0.3 47 ± 17 0.05 ± 0.03 16.1 2.7 3.7 

787 Moskva 331 59 6.05581 Hanuš et al. (2013b) 3 15 16 15 31.3 ± 0.6 32.0 ± 0.8 37 ± 7 0.20 ± 0.02 27.3 1.7 2.9 9.8 0.37 Maria 

126 27 6.05580 Hanuš et al. (2013b) 3 15 16 15 29.9 ± 0.3 32.0 ± 0.8 10 ± 8 0.22 ± 0.02 12.0 2.3 2.9 

789 Lena 121 56 5.84234 Revised 1 11 9 20.8 ± 1.2 22.5 ± 0.3 20 ± 20 0.12 ± 0.03 16.1 6.4 2.7 11.1 0.19 X 

287 77 5.84234 Revised 1 11 9 22.3 ± 0.4 22.5 ± 0.3 47 ± 7 0.11 ± 0.02 12.0 6.0 2.7 

802 Epyaxa 179 −87 4.39012 Revised 2.5 6 6 7.2 ± 0.5 7.4 ± 0.2 62 ± 7 0.27 ± 0.04 48.4 0.1 2.3 12.6 0.24 

808 Merxia 26 54 30.6297 Hanuš et al. (2011) 1.5 12 13 13 28.6 ± 0.5 30.9 ± 0.2 110 ± 20 0.23 ± 0.02 55.4 1.6 2.9 9.7 0.28 Sq Merxia 

192 57 30.6297 Hanuš et al. (2011) 1.5 12 13 13 29.3 ± 0.5 30.9 ± 0.2 115 ± 25 0.23 ± 0.02 55.4 1.4 2.9 

810 Atossa 12 67 4.38547 Hanuš et al. (2011) 1 11 11 8.0 ± 0.2 8.1 ± 0.1 65 ± 30 0.24 ± 0.05 48.4 0.9 2.5 12.5 0.29 

188 69 4.38547 Hanuš et al. (2011) 1 11 11 8.1 ± 0.3 8.1 ± 0.1 70 ± 25 0.24 ± 0.05 26.7 1.0 2.5 

816 Juliana 124 −8 10.56272 Hanuš et al. (2013b) 2 24 7 13 48.0 ± 0.7 50.7 ± 0.2 23 ± 17 0.06 ± 0.03 55.4 1.9 2.8 10.2 0.09 

303 9 10.56277 Hanuš et al. (2013b) 2 24 7 13 49.5 ± 0.6 50.7 ± 0.2 3 ± 3 0.05 ± 0.03 38.8 1.9 2.8 

852 Wladilena 181 −48 4.61330 Hanuš et al. (2013b) 3 3 11 11 26.3 ± 0.3 26.5 ± 0.2 45 ± 15 0.21 ± 0.02 48.4 1.3 2.7 10.1 0.39 Phocaea 

46 −53 4.61330 Pole rejected 3 3 11 11 26.7 ± 0.2 26.5 ± 0.2 57 ± 22 0.20 ± 0.02 26.7 2.7 2.7 

857 Glasenappia 227 48 8.20757 Hanuš et al. (2013b) 2 10 30 30 12.0 ± 0.2 14.5 ± 0.2 47 ± 22 0.30 ± 0.02 26.7 2.5 2.3 11.3 0.25 MU 

38 34 8.20756 Hanuš et al. (2013b) 2 10 30 30 11.7 ± 0.2 14.5 ± 0.2 28 ± 27 0.31 ± 0.02 26.7 3.0 2.3 

867 Kovacia 200 −44 8.67807 Hanuš et al. (2013b) 1 2 7 7 25.0 ± 0.8 24.1 ± 0.4 23 ± 17 0.07 ± 0.03 27.3 1.3 3.4 11.3 0.13 Hygiea 

38 −50 8.67807 Hanuš et al. (2013b) 1 2 7 7 24.1 ± 1.1 24.1 ± 0.4 12 ± 12 0.08 ± 0.03 16.1 1.7 3.4 

873 Mechthild 51 −61 11.0064 Hanuš et al. (2016b) 2 4 8 8 31.3 ± 0.6 34.5 ± 0.1 67 ± 32 0.05 ± 0.03 55.4 2.2 2.6 11.2 0.14 PC 

249 −51 11.0064 Hanuš et al. (2016b) 2 4 8 8 32.4 ± 0.4 34.5 ± 0.1 17 ± 17 0.05 ± 0.03 55.4 1.6 2.6 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

874 Rotraut 201 −41 14.3007 Hanuš et al. (2013b) 1.5 15 11 11 52.1 ± 0.8 58.3 ± 0.2 52 ± 7 0.07 ± 0.03 55.4 2.7 3.3 9.9 0.14 

2 −36 14.3007 Hanuš et al. (2013b) 1.5 15 11 11 51.2 ± 0.6 58.3 ± 0.2 45 ± 10 0.07 ± 0.03 26.7 2.2 3.3 

890 Waltraut 30 69 12.58309 Hanuš et al. (2018) 3 5 8 8 28.9 ± 1.0 28.4 ± 0.2 80 ± 20 0.13 ± 0.02 55.4 1.8 3.1 10.4 0.20 CTGU: 

122 72 12.58309 Pole rejected 3 5 8 8 29.4 ± 1.2 28.4 ± 0.2 100 ± 20 0.12 ± 0.04 55.4 4.0 3.1 

900 Rosalinde 276 70 16.6868 Hanuš et al. (2013b) 1.5 4 13 13 20.5 ± 0.7 19.6 ± 0.1 7 ± 7 0.10 ± 0.02 3.9 3.2 2.8 11.5 0.19 

90 39 16.6868 Hanuš et al. (2013b) 1.5 4 13 13 20.4 ± 0.6 19.6 ± 0.1 7 ± 6 0.10 ± 0.02 12.6 1.7 2.8 

915 Cosette 350 56 4.46974 Hanuš et al. (2011) 1.5 17 17 12.3 ± 0.2 11.7 ± 0.1 37 ± 37 0.24 ± 0.02 3.9 1.7 2.5 11.6 0.34 Flora 

189 61 4.46974 Hanuš et al. (2011) 1.5 17 17 12.4 ± 0.5 11.7 ± 0.1 35 ± 29 0.23 ± 0.04 27.3 1.7 2.5 

934 Thuringia 120 −52 8.16534 Hanuš et al. (2011) 1 33 8 8 52.3 ± 1.0 53.7 ± 0.4 5 ± 5 0.06 ± 0.03 26.7 1.8 3.3 9.9 0.12 Ch 

958 Asplinda 41 48 25.3050 Hanuš et al. (2013b) 1.5 10 12 12 45.4 ± 1.1 45.1 ± 0.1 0 ± 0 0.05 ± 0.02 26.7 5.8 3.7 10.3 0.36 

226 35 25.3050 Hanuš et al. (2013b) 1.5 10 12 12 46.8 ± 0.6 45.1 ± 0.1 2 ± 2 0.05 ± 0.02 26.7 5.0 3.7 

984 Gretia 245 52 5.77803 Marciniak et al. (2009) 3 12 18 18 33.2 ± 0.7 32.4 ± 0.3 14 ± 6 0.22 ± 0.02 26.7 3.1 3.2 9.5 0.38 Sr 

998 Bodea 336 −70 8.57412 Revised 1 2 16 16 30.0 ± 0.4 27.9 ± 0.2 14 ± 2 0.05 ± 0.03 26.7 4.0 3.6 11.4 0.15 

72 −56 8.57412 Revised 1 2 16 16 28.6 ± 0.6 27.9 ± 0.2 9 ± 6 0.06 ± 0.03 26.7 3.4 3.6 

1013 Tombecka 16 57 6.05017 ThisWork 1.5 12 8 7 34.5 ± 0.8 34.6 ± 0.3 55 ± 15 0.13 ± 0.02 26.7 1.5 3.1 10.1 0.22 XSC 

243 51 6.05017 ThisWork 1.5 12 8 7 33.0 ± 0.7 34.6 ± 0.3 50 ± 10 0.13 ± 0.02 27.3 1.6 3.1 

1017 Jacqueline 364 68 7.87148 Revised 1 12 10 9 37.9 ± 0.9 40.2 ± 0.2 20 ± 20 0.04 ± 0.03 16.1 3.2 2.8 10.9 0.10 C 

115 85 7.87147 Revised 1 12 10 9 37.6 ± 1.7 40.2 ± 0.2 57 ± 12 0.05 ± 0.03 26.7 2.9 2.8 

1056 Azalea 252 51 15.0276 Hanuš et al. (2013b) 1.5 12 13 11.4 ± 0.3 11.9 ± 0.1 4 ± 3 0.27 ± 0.03 26.7 1.7 2.5 11.6 0.20 S Flora 

64 41 15.0276 Hanuš et al. (2013b) 1.5 12 13 11.6 ± 0.3 11.9 ± 0.1 4 ± 4 0.28 ± 0.03 26.7 2.0 2.5 

1087 Arabis 155 25 5.79500 Hanuš et al. (2018) 2 3 7 7 34.3 ± 0.4 37.5 ± 0.5 0 ± 0 0.17 ± 0.02 12.0 2.3 3.2 9.7 0.21 S Eos 

331 5 5.79499 Hanuš et al. (2018) 2 3 7 7 34.5 ± 0.6 37.5 ± 0.5 1 ± 1 0.17 ± 0.02 16.1 3.2 3.2 

1102 Pepita 25 −34 5.10532 Hanuš et al. (2011) 1 8 9 9 35.8 ± 0.4 36.6 ± 0.4 8 ± 8 0.24 ± 0.02 26.7 3.4 3.3 9.3 0.24 C S 

231 −30 5.10532 Hanuš et al. (2011) 1 8 9 9 34.9 ± 0.6 36.6 ± 0.4 10 ± 10 0.25 ± 0.02 27.3 1.7 3.3 

1119 Euboea 79 75 11.39813 Hanuš et al. (2016b) 1 5 23 22 29.9 ± 0.6 29.4 ± 0.3 9 ± 6 0.05 ± 0.02 27.3 5.2 2.5 11.2 0.24 

282 55 11.39813 Hanuš et al. (2016b) 1 5 23 22 30.6 ± 0.5 29.4 ± 0.3 9 ± 6 0.06 ± 0.02 26.7 3.9 2.5 

1127 Mimi 221 −62 12.74555 Revised 1 27 13 13 46.9 ± 0.8 46.0 ± 0.3 8 ± 2 0.04 ± 0.03 55.4 3.3 3.3 10.4 0.15 CX 

1130 Skuld 200 36 4.80764 Hanuš et al. (2013b) 2 12 12 9.7 ± 0.2 10.1 ± 0.1 3 ± 3 0.30 ± 0.02 3.9 0.7 2.2 11.9 0.22 

25 42 4.80764 Hanuš et al. (2013b) 2 12 12 9.8 ± 0.3 10.1 ± 0.1 2 ± 2 0.30 ± 0.02 3.9 0.6 2.2 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

1140 Crimea 12 −73 9.78693 Pole rejected 1.5 13 19 19 29.6 ± 1.0 29.2 ± 0.2 5 ± 4 0.24 ± 0.03 16.1 4.0 3.0 9.6 0.21 S S 

175 −22 9.78694 Hanuš et al. (2011) 1.5 13 19 19 29.4 ± 0.6 29.2 ± 0.2 5 ± 5 0.26 ± 0.02 16.1 1.9 3.0 

1188 Gothlandia 334 −84 3.49182 Hanuš et al. (2013b) 3 10 24 23 13.0 ± 0.4 12.7 ± 0.1 57 ± 12 0.23 ± 0.02 48.4 2.3 2.6 11.5 0.25 S Flora 

1210 Morosovia 245 −77 15.26088 Hanuš et al. (2018) 2 21 10 8 36.5 ± 1.2 33.7 ± 0.3 60 ± 30 0.14 ± 0.03 55.4 2.3 2.9 

1241 Dysona 124 −68 8.60738 Hanuš et al. (2013b) 1.5 18 5 11 78.4 ± 2.2 79.2 ± 0.7 10 ± 10 0.04 ± 0.02 26.7 1.8 3.5 9.5 0.22 PDC 

20 −23 8.60740 Hanuš et al. (2013b) 1.5 18 5 11 75.4 ± 2.3 79.2 ± 0.7 35 ± 10 0.04 ± 0.02 55.4 2.1 3.5 

1276 Ucclia 110 −64 4.90749 Pole rejected 1 8 12 12 36.2 ± 1.1 36.5 ± 0.2 70 ± 10 0.07 ± 0.03 26.7 5.2 3.1 10.6 0.04 Alauda 

235 −28 4.90749 ThisWork 1 8 12 12 35.7 ± 0.6 36.5 ± 0.2 55 ± 10 0.07 ± 0.03 12.0 4.6 3.1 

1291 Phryne 281 56 5.58414 Hanuš et al. (2018) 2 2 17 14 27.1 ± 1.3 27.4 ± 0.1 17 ± 17 0.15 ± 0.03 38.8 7.7 3.1 10.3 0.25 Eos 

109 33 5.58414 Hanuš et al. (2018) 2 2 17 14 25.3 ± 1.0 27.4 ± 0.1 19 ± 16 0.17 ± 0.02 26.7 7.0 3.1 

1301 Yvonne 39 41 7.31968 Hanuš et al. (2011) 1 27 11 11 21.2 ± 0.9 21.4 ± 0.1 1 ± 1 0.11 ± 0.03 12.6 2.8 3.2 11.2 0.17 C 

1339 Desagneauxa 230 66 9.37510 Hanuš et al. (2018) 1.5 4 29 27 24.9 ± 1.0 24.4 ± 0.2 65 ± 15 0.12 ± 0.03 38.8 3.5 3.1 10.7 0.22 S Eos 

106 72 9.37509 Hanuš et al. (2018) 1.5 4 29 27 26.0 ± 1.2 24.4 ± 0.2 60 ± 20 0.12 ± 0.02 26.7 2.6 3.1 

1360 Tarka 322 −55 8.86606 Hanuš et al. (2016b) 2 10 18 19 29.4 ± 0.4 33.3 ± 0.1 40 ± 5 0.06 ± 0.03 55.4 1.9 3.2 11.2 0.07 Ch 

1386 Storeria 227 −67 8.67795 Pole rejected 1.5 10 10 10.0 ± 0.6 10.6 ± 0.2 57 ± 7 0.07 ± 0.02 55.4 2.3 3.0 13.1 0.19 Ch 

297 −67 8.67793 Hanuš et al. (2013b) 1.5 10 10 10.4 ± 0.7 10.6 ± 0.2 20 ± 19 0.07 ± 0.02 26.7 0.4 3.0 

1388 Aphrodite 325 35 11.94390 Hanuš et al. (2018) 2 10 10 21.1 ± 0.4 21.4 ± 0.3 70 ± 20 0.19 ± 0.03 27.3 1.2 3.2 10.7 0.16 

137 66 11.94393 Hanuš et al. (2018) 2 10 10 21.1 ± 0.6 21.4 ± 0.3 67 ± 22 0.18 ± 0.03 16.1 0.8 3.2 

1401 Lavonne 204 23 3.93261 Hanuš et al. (2013b) 1.5 10 11 9.3 ± 0.3 9.3 ± 0.1 42 ± 42 0.30 ± 0.03 12.6 1.1 2.6 12.0 0.27 S 

27 44 3.93261 Hanuš et al. (2013b) 1.5 10 11 9.3 ± 0.5 9.3 ± 0.1 65 ± 45 0.31 ± 0.03 27.3 0.9 2.6 

1419 Danzig 22 76 8.11957 Hanuš et al. (2011) 1.5 13 13 14.6 ± 0.9 14.0 ± 0.9 75 ± 10 0.21 ± 0.03 26.7 1.8 2.0 11.2 0.19 Flora 

193 62 8.11957 Hanuš et al. (2011) 1.5 13 13 13.9 ± 0.2 14.0 ± 0.9 36 ± 24 0.26 ± 0.02 12.6 2.2 2.0 

1424 Sundmania 50 75 94.537 Hanuš et al. (2016b) 2 12 6 10 61.3 ± 2.4 64.7 ± 0.3 15 ± 15 0.05 ± 0.03 55.4 2.1 3.2 9.7 0.14 X 

274 58 94.537 Hanuš et al. (2016b) 2 12 6 10 61.9 ± 3.4 64.7 ± 0.3 12 ± 12 0.04 ± 0.03 48.4 2.1 3.2 

1436 Salonta 223 18 8.86985 Hanuš et al. (2013b) 2 12 12 12 55.4 ± 1.1 53.8 ± 0.3 4 ± 4 0.05 ± 0.03 16.1 1.0 3.3 10.1 0.16 

57 35 8.86987 Hanuš et al. (2013b) 2 12 12 12 56.2 ± 0.7 53.8 ± 0.3 1 ± 0 0.05 ± 0.03 16.1 1.9 3.3 

1495 Helsinki 355 −39 5.33131 Hanuš et al. (2013b) 2 2 29 29 12.1 ± 0.2 12.2 ± 0.1 1 ± 1 0.29 ± 0.03 12.6 5.6 2.4 11.4 0.36 Eunomia 

1508 Kemi 351 107 9.19182 Hanuš et al. (2016b) 2 12 12 14.9 ± 0.1 15 ± 5 0.14 ± 0.03 16.1 0.8 3.7 11.8 0.12 BCF C 

165 73 9.19183 Hanuš et al. (2016b) 2 12 12 14.6 ± 0.2 17 ± 7 0.15 ± 0.03 27.3 0.8 3.7 

( continued on next page ) 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

1545 Thernoe 346 −62 17.2030 Revised 1 6 10 7 17.5 ± 0.7 17.3 ± 0.4 27 ± 27 0.12 ± 0.03 3.9 6.2 3.1 11.6 0.12 K 

168 −62 17.2030 Revised 1 6 10 7 17.0 ± 0.5 17.3 ± 0.4 6 ± 6 0.12 ± 0.03 3.9 5.9 3.1 

1568 Aisleen 109 −68 6.67597 Hanuš et al. (2011) 1 23 23 11.8 ± 0.3 12.4 ± 0.1 55 ± 5 0.26 ± 0.03 27.3 0.9 2.9 11.5 0.13 Phocaea 

1607 Mavis 0 59 6.14775 Hanuš et al. (2013b) 1.5 2 15 15 13.5 ± 0.5 12.8 ± 0.2 62 ± 22 0.23 ± 0.04 26.7 1.8 3.2 11.3 0.26 

1618 Dawn 38 −62 43.2192 Hanuš et al. (2013a) 1 2 13 10 16.1 ± 0.4 17.5 ± 0.2 1 ± 1 0.20 ± 0.02 3.9 4.6 2.9 11.1 0.31 S Koronis 

215 −53 43.2192 Hanuš et al. (2013a) 1 2 13 10 16.5 ± 0.4 17.5 ± 0.2 5 ± 5 0.19 ± 0.02 12.6 3.8 2.9 

1672 Gezelle 44 79 40.6825 Hanuš et al. (2016b) 2 8 8 25.0 ± 0.9 26.3 ± 0.2 10 ± 10 0.06 ± 0.02 26.7 5.1 3.3 11.3 0.19 

1691 Oort 44 68 10.26842 Hanuš et al. (2013a) 1 11 10 36.8 ± 0.7 33.6 ± 0.3 22 ± 22 0.06 ± 0.03 38.8 3.6 3.6 10.7 0.16 CU Themis 

223 76 10.26842 Hanuš et al. (2013a) 1 11 10 35.9 ± 1.5 33.6 ± 0.3 42 ± 7 0.05 ± 0.03 38.8 3.7 3.6 

1701 Okavango 281 −70 13.19176 ThisWork 1.5 1 16 17 18.9 ± 0.4 19.5 ± 0.1 16 ± 13 0.28 ± 0.03 26.7 2.8 2.6 10.5 0.13 

118 −60 13.19179 ThisWork 1.5 1 16 17 20.5 ± 1.1 19.5 ± 0.1 35 ± 35 0.24 ± 0.03 55.4 5.8 2.6 

1704 Wachmann 267 41 3.31391 Hanuš et al. (2013b) 1 14 14 6.6 ± 0.1 6.6 ± 0.1 120 ± 40 0.24 ± 0.04 26.7 1.2 2.0 12.9 0.30 

90 40 3.31391 Hanuš et al. (2013b) 1 14 14 6.6 ± 0.1 6.6 ± 0.1 100 ± 40 0.23 ± 0.02 27.3 1.5 2.0 

1723 Klemola 252 −35 6.25610 Hanuš et al. (2018) 3 12 23 19 31.8 ± 0.7 33.4 ± 0.2 37 ± 12 0.15 ± 0.02 48.4 2.7 3.0 10.0 0.26 S 

80 −58 6.25610 Hanuš et al. (2018) 3 12 23 19 31.4 ± 0.5 33.4 ± 0.2 32 ± 7 0.15 ± 0.02 26.7 2.2 3.0 

1738 Oosterhoff 13 −68 4.44896 Revised 1 9 9 7.9 ± 0.1 7.9 ± 0.1 77 ± 32 0.27 ± 0.05 26.7 1.2 2.2 12.4 0.24 S Flora 

176 −64 4.44896 Revised 1 9 9 8.0 ± 0.2 7.9 ± 0.1 55 ± 15 0.26 ± 0.07 48.4 1.9 2.2 

1742 Schaifers 198 57 8.53270 Hanuš et al. (2011) 1.5 4 12 12 15.1 ± 0.5 16.7 ± 0.1 85 ± 15 0.24 ± 0.04 26.7 2.4 3.1 11.1 0.18 Koronis 

46 55 8.53271 Hanuš et al. (2011) 1.5 4 12 12 15.5 ± 0.3 16.7 ± 0.1 97 ± 12 0.23 ± 0.06 48.4 2.2 3.1 

1789 Dobrovolsky 318 30 4.81110 Hanuš et al. (2016b) 1.5 7 7 8.7 ± 0.1 7.9 ± 0.1 13 ± 7 0.29 ± 0.04 0.0 1.7 2.2 12.2 0.23 

137 34 4.81110 Hanuš et al. (2016b) 1.5 7 7 8.6 ± 0.2 7.9 ± 0.1 16 ± 4 0.28 ± 0.04 0.0 2.7 2.2 

1820 Lohmann 263 64 14.0449 Hanuš et al. (2016b) 2 5 10 6.0 ± 0.1 5.3 ± 0.1 115 ± 15 0.25 ± 0.04 27.3 0.5 2.5 13.1 0.16 

69 54 14.0449 Hanuš et al. (2016b) 2 5 10 6.1 ± 0.3 5.3 ± 0.1 120 ± 20 0.23 ± 0.04 26.7 0.5 2.5 

1837 Osita 305 −65 3.81880 Revised 1.5 10 9 7.2 ± 0.2 7.5 ± 0.1 110 ± 20 0.24 ± 0.02 38.8 1.0 2.0 12.8 0.21 

126 −63 3.81880 Revised 1.5 10 9 6.6 ± 0.2 7.5 ± 0.1 112 ± 17 0.26 ± 0.03 55.4 1.0 2.0 

1902 Shaposhnikov 326 37 20.9959 Hanuš et al. (2016b) 3 6 8 7 77.6 ± 1.4 83.4 ± 1.7 0 ± 0 0.05 ± 0.02 27.3 6.5 4.8 9.2 0.20 X 

144 78 20.9958 Hanuš et al. (2016b) 3 6 8 7 79.7 ± 2.9 83.4 ± 1.7 0 ± 0 0.04 ± 0.02 26.7 5.9 4.8 

1930 Lucifer 32 17 13.05361 Hanuš et al. (2011) 2 16 13 13 31.6 ± 1.2 34.4 ± 0.2 80 ± 30 0.07 ± 0.02 55.4 3.2 3.3 10.9 0.25 Cgh 

211 −19 13.05360 Hanuš et al. (2011) 2 16 13 13 29.0 ± 0.6 34.4 ± 0.2 50 ± 15 0.08 ± 0.02 55.4 3.6 3.3 

( continued on next page ) 
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Table A.3 ( continued ) 

Asteroid λ β P Reference QF N I N W3 N W4 D D WISE � p V θ χ2 
red 

r hel H G T1 T2 Family 

[deg] [deg] [h] [km] [km] [SI] [au] [mag] 

1987 Kaplan 352 −52 9.45950 Revised 2 0.8 2.9 11.5 0.26 Phocaea 

2617 Jiangxi 239 75 11.77295 Hanuš et al. (2013b) 1 5.8 2.7 10.4 0.17 

−1 55 11.77298 Hanuš et al. (2013b) 1 3.8 2.7 

2659 Millis 108 −49 6.12464 Hanuš et al. (2016b) 1. 1.4 3.5 11.5 0.12 B 

288 −48 6.12464 Hanuš et al. (2016b) 1. 1.4 3.5 

3428 Roberts 78 56 3.27835 Hanuš et al. (2016b) 1 0.7 3.1 11.9 0.16 

232 60 3.27835 Hanuš et al. (2016b) 1 0.9 3.1 

3544 Borodino 293 −59 5.43460 Hanuš et al. (2016b) 1 4.8 2.3 12.3 0.19 

156 −57 5.43460 Hanuš et al. (2016b) 1 4.2 2.3 

3678 Mongmanwai 125 −65 4.18297 Hanuš et al. (2011) 1. 1.2 2.9 12.6 0.18 S 

4077 Asuka 57 45 7.92310 Hanuš et al. (2018) 2 4.2 3.3 10.9 0.11 

266 44 7.92310 Hanuš et al. (2018) 2 2.6 3.3 

4265 Kani 105 60 5.72755 Hanuš et al. (2016b) 1. 1.6 2.9 12.9 0.21 C 

310 54 5.72755 Hanuš et al. (2016b) 1. 3.3 2.9 

4606 Saheki 40 68 4.97347 Revised 2 1.9 2.4 12.9 0.20 Nysa/Polan 

222 65 4.97347 Revised 2 1.4 2.4 

4800 Veveri 274 −40 6.21570 Hanuš et al. (2018) 1. 2.4 2.7 11.7 0.12 

94 −65 6.21570 Hanuš et al. (2018) 1. 2.3 2.7 

5489 Oberkochen 195 −41 5.62439 Hanuš et al. (2016b) 1. 1.3 2.9 11.6 0.24 

13 −66 5.62440 Hanuš et al. (2016b) 1. 0.8 2.9 

6136 Gryphon 310 62 16.4684 Hanuš et al. (2018) 2 1.0 3.0 11.6 0.20 

87 52 16.4684 Hanuš et al. (2018) 2 0.9 3.0 

6635 Zuber 262 −77 5.53564 ThisWork 2 1.0 2.1 14.0 0.21 

286 −34 5.53564 ThisWork 2 1.4 2.1 

8359 1989 WD 121 −68 2.89103 Hanuš et al. (2013b) 1. 0.9 2.5 13.2 0.20 Vesta 

274 −68 2.89103 Hanuš et al. (2013b) 1. 1.0 2.5 

19848 Yeungchuchiu 66 −70 3.45104 Hanuš et al. (2013b) 1 3.7 2.8 12.1 0.09 Eos 

190 −67 3.45104 Hanuš et al. (2013b) 1 1.4 2.8 
 9 9 13.0 ± 0.2 13.0 ± 0.2 35 ± 10 0.24 ± 0.02 27.3 

 8 8 14 52.2 ± 1.7 49.1 ± 0.3 6 ± 6 0.04 ± 0.03 38.8 

 8 8 14 50.7 ± 2.3 49.1 ± 0.3 0 ± 0 0.04 ± 0.03 26.7 

5 2 6 7 27.2 ± 0.6 27.7 ± 0.3 35 ± 19 0.05 ± 0.03 38.8 

5 2 6 7 27.1 ± 0.6 27.7 ± 0.3 37 ± 12 0.05 ± 0.03 38.8 

 13 13 17.1 ± 0.2 17.2 ± 0.1 62 ± 17 0.09 ± 0.03 3.9 

 13 13 17.3 ± 0.6 17.2 ± 0.1 70 ± 10 0.09 ± 0.03 12.6 

 17 11 8.3 ± 0.2 8.5 ± 0.1 62 ± 27 0.25 ± 0.02 16.1 

 17 11 8.3 ± 0.2 8.5 ± 0.1 60 ± 20 0.26 ± 0.04 26.7 

5 8 8 8.5 ± 0.3 8.0 ± 0.1 72 ± 17 0.18 ± 0.07 16.1 

 12 12 19.0 ± 0.2 19.5 ± 0.2 11 ± 1 0.19 ± 0.03 0.0 

 12 12 19.4 ± 0.4 19.5 ± 0.2 9 ± 3 0.19 ± 0.03 0.0 

5 7 6 14.3 ± 0.3 14.2 ± 0.2 6 ± 6 0.05 ± 0.02 38.8 

5 7 6 13.8 ± 0.6 14.2 ± 0.2 1 ± 1 0.05 ± 0.02 3.9 

 8 8 6.5 ± 0.3 6.7 ± 0.1 10 ± 10 0.25 ± 0.04 16.1 

 8 8 7.1 ± 0.3 6.7 ± 0.1 8 ± 8 0.21 ± 0.04 12.6 

5 8 7 13.2 ± 0.4 14.1 ± 0.1 37 ± 27 0.17 ± 0.03 12.0 

5 8 7 13.3 ± 0.4 14.1 ± 0.1 40 ± 10 0.17 ± 0.03 38.8 

5 3 12 12 14.8 ± 0.4 13.1 ± 0.1 18 ± 12 0.17 ± 0.02 12.0 

5 3 12 12 14.1 ± 0.2 13.1 ± 0.1 17 ± 17 0.19 ± 0.03 3.9 

 10 8 15.4 ± 0.2 15.6 ± 0.3 37 ± 12 0.16 ± 0.02 26.7 

 10 8 15.3 ± 0.5 15.6 ± 0.3 40 ± 15 0.16 ± 0.02 16.1 

 12 12 3.6 ± 0.1 3.9 ± 0.1 85 ± 15 0.28 ± 0.05 55.4 

 12 12 3.6 ± 0.1 3.9 ± 0.1 19 ± 16 0.33 ± 0.06 16.1 

5 11 11 8.1 ± 0.4 8.2 ± 0.1 57 ± 12 0.10 ± 0.02 38.8 

5 11 11 8.1 ± 0.3 8.2 ± 0.1 115 ± 35 0.12 ± 0.03 12.6 

 11 11 10.6 ± 0.7 12.7 ± 0.1 18 ± 12 0.20 ± 0.08 0.0 

 11 11 11.4 ± 0.9 12.7 ± 0.1 18 ± 17 0.17 ± 0.08 12.0 
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Table A.4 

Lightcurve observations used for model revisions and new determinations. We provide the 

number of dense lightcurves N lc and individual sparse-in-time measurements N sp . The sparse 

data were obtained by two astrometric surveys – U.S. Naval observatory in Flagstaff (USNO, 

IAU code 689) and Catalina Sky Survey (CSS, IAU code 703, Larson et al., 2003 ) or comes 

from the Lowell database. 

Asteroid Date N lc N sp Reference/observatory 

155 Scylla 1998 07–2009 01 110 USNO-Flagstaff

1999 10–2010 05 108 CSS 

20 08 11–20 08 12 4 Owings (2009) 

20 08 11–20 08 12 7 Pilcher and Jardine (2009) 

2014 02–2014 02 2 Stephens (2014b) 

430 Hybris 1998 11–2009 03 105 USNO-Flagstaff

2005 06–2010 06 54 CSS 

749 Malzovia 1998 08–2008 10 121 USNO-Flagstaff

2005 10–2010 05 136 CSS 

2014 04–2014 06 5 Oey (2016) 

2014 04–2014 06 5 Pilcher (2014) 

789 Lena 1998 06–2007 07 135 USNO-Flagstaff

1999 10–2010 06 96 CSS 

802 Epyaxa 1998 09–2003 05 92 USNO-Flagstaff

20 03 03–20 09 05 50 CSS 

20 08 11–20 09 02 21 Dykhuis et al. (2016) 

2009 01–2014 11 4 Warner (2009, 2012) 

2014 11–2014 11 2 Stephens (2014a) 

998 Bodea 1998 03–2007 11 79 USNO-Flagstaff

20 03 05–20 09 03 70 CSS 

1013 Tombecka 1986 04 03 1 Weidenschilling et al. (1990) 

1998 12–2009 07 160 USNO-Flagstaff

2006 10–2010 10 87 CSS 

1017 Jacqueline 1998 09–2009 06 144 USNO-Flagstaff

1999 11–2005 03 140 CSS 

1127 Mimi 1998 06–2008 02 125 USNO-Flagstaff

20 0 0 02–2010 07 140 CSS 

1276 Ucclia 1998 07–2008 05 114 USNO-Flagstaff

2006 01–2010 11 45 CSS 

1545 Thernoe 1999 05–2008 05 70 USNO-Flagstaff

2003 03–2010 11 50 CSS 

1701 Okavango 1994 10–2012 02 380 LOWELL 

2004 07 22 1 Higgins (2005) 

1738 Oosterhoff 1998 09–2004 06 109 USNO-Flagstaff

1999 11–2010 05 105 CSS 

1837 Osita 20 06 01–20 06 03 4 Hanuš et al. (2013b) 

1998 09–2012 03 337 Lowell 

1987 Kaplan 1999 02–2012 01 283 Lowell 

20 0 0 10–20 0 0 10 8 Warner (2011, 2012) 

4606 Saheki 20 04 06–20 09 06 123 CSS 

20 09 01–20 09 01 2 Hanuš et al. (2013a) 

20 09 01–20 09 03 4 Brinsfield (2009) 

6635 Zuber 20 05 10–20 09 03 107 CSS 

2010 06–2015 05 13 Warner (2010, 2014, 2015) 
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Fig. B.9. VS-TPM fits in the thermal inertia parameter space for asteroids from Eos collisional family. Each plot also contains the number of thermal infrared measurements 

in WISE W3 and W4 filters and in all four IRAS filters, and the rotation period. 
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Fig. B.10. VS-TPM fits in the thermal inertia parameter space for asteroids from Flora collisional family. Each plot also contains the number of thermal infrared measurements 

in WISE W3 and W4 filters and in all four IRAS filters, and the rotation period. 
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Fig. B.11. VS-TPM fits in the thermal inertia parameter space for asteroids from Koronis collisional family. Each plot also contains the number of thermal infrared measure- 

ments in WISE W3 and W4 filters and in all four IRAS filters, and the rotation period. 
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Fig. B.12. VS-TPM fits in the thermal inertia parameter space for asteroids from Phocaea collisional family. Each plot also contains the number of thermal infrared measure- 

ments in WISE W3 and W4 filters and in all four IRAS filters, and the rotation period. 

Fig. B.13. VS-TPM fits in the thermal inertia parameter space for asteroids from Eunomia collisional family. Each plot also contains the number of thermal infrared measure- 

ments in WISE W3 and W4 filters and in all four IRAS filters, and the rotation period. 
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Fig. B.14. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.15. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.16. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.17. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.18. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.19. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.20. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.21. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.22. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.23. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.24. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.25. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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Fig. B.26. VS-TPM fits in the thermal inertia parameter space for eight asteroids. Each plot also contains the number of thermal infrared measurements in WISE W3 and W4 

filters and in all four IRAS filters, and the rotation period. 
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