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Abstract We present the results of a numerical study to prepare for the remote sensing of
asteroid 162173 Ryugu (1999 JU3) using the Hayabusa2 thermal infrared imager (TIR). We
simulated the thermal characteristics of the asteroid with a thermophysical model (TPM)
using an ideal body with a smooth and spherical surface, and investigated its feasibility to
determine the thermophysical properties of the asteroid under two possible spin vectors;
(λecl, βecl) = (73◦,−62◦) and (331◦,20◦). Each of the simulated snapshots taken at various
local times during the 1.5-year proximity phase was analyzed to estimate uncertainties of
the diurnal thermal phase delay to infer the thermal inertia of Ryugu. The temperature in a
pixel was simulated based on the specification of the imager and the observing geometry.
Moreover, we carried out a regression analysis to estimate albedo and thermal emissivity
from the time variation of surface temperature. We also investigated the feasibility of deter-
mining thermal phase delay in a first attempt using realistic rough surfaces. We found that
precise determination of the thermal phase delay would be difficult in the (331◦,20◦) spin
type unless the surface was nearly smooth. In contrast, the thermal phase delay is likely to
be observable even if the surface topography is moderately rough in the other spin type.
From the smooth-surface model, we obtained a less than 20% error of thermal inertia on
observation opportunities under the likely range of thermal inertia ≤ 1000 J m−2 s−1/2 K−1.
The error of thermal inertia exceeded 50% under a realistic surface with roughness.
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1 Introduction

The thermophysical properties of near-earth asteroids (NEAs) have gained much attention
since the discovery that thermal inertia can provide insight into the physical state of plan-
etary surfaces. Thermal inertia, Γ = √

ρck (where ρ is density, c is specific heat, and k is
thermal conductivity), controls the temperature distribution over a surface to provide volu-
metric information within the scale length of heat diffusion. Therefore, the thermal inertia
can be a sensitive indicator for the nature of the regolith on the surface of asteroids, in
particular of the grain size. The latter can be affected by the global size and the age of
a body: e.g. Delbó et al. (2007) and Gundlach and Blum (2013) show how thermal iner-
tia depends on the asteroid size. Big bodies, with their stronger gravitational potential, can
keep more easily than small asteroids the ejecta of impacts that, falling back on the body,
form the regolith (Horz and Cintala 1997). However, bigger asteroids have longer gravi-
tational collisional lifetime than smaller ones, and thus have more time to develop a finer
regolith via both impact (Horz and Cintala 1997) and thermal cracking (Delbó et al. 2014)
processes. In this respect, thermal inertia might be used as a measure of the age of an aster-
oid.

Moreover, thermal inertia affects the strength of the Yarkovsky effect, which induces
orbital change (Vokrouhlický et al. 2000; Chesley et al. 2003; Delbó et al. 2007). Thermal
inertia can be used to infer the strength of Yarkovsky and YORP-induced thermal torque,
which in turn is useful for investigating the interior structure of an asteroid (Lowry et al.
2014).

Knowledge of an asteroid’s thermal inertia has been acquired using disk-integrated mea-
surements. The thermal inertia of more than 50 asteroids is known at present (see e.g. Delbó
et al. 2015, and the references therein). These values provide spatially averaged results. Ex-
tensive ground-based observations cover the thermal inertia of the trans-Neptunian objects,
the Centaurus and Kuiper belt objects, from Herschel and Spitzer observations (average
2.5 J m−2 s−1/2 K−1) (Lellouch et al. 2013). For more distant objects, the thermal inertia of
the Pluto system was observed by the Spitzer observatory; thermal inertia was determined
to be 20 to 30 J m−2 s−1/2 K−1 for Pluto and 10 to 150 J m−2 s−1/2 K−1 for Charon (Lellouch
et al. 2011). The New Horizons spacecraft flew by the multiple system in July 2015 (Stern
et al. 2015). Pluto’s surface displays diversity in geological features and evidence is found
for a water-ice crust (Stern et al. 2015).

Interplanetary missions can provide disk-resolved images of the targets to derive the
thermal inertia of the planetary surface where ground-based observations have difficulty ob-
taining spatial resolutions. For example, regional maps of thermal inertia on Mars have been
presented, and the thermophysical structures of the Martian surface have been derived based
on remote-sensing results (Mellon et al. 2000; Putzig et al. 2005; Fergason et al. 2006;
Audouard et al. 2014). Thermal inertia has been used to discriminate exposed bedrocks
on Mars from regolith since Γ is known to be higher for dense material such as bedrock.
Similarly, rock abundance on the lunar surface was estimated using thermal properties at-
tributable to surface heterogeneities based on observations using the Diviner Radiometer
data from the Lunar Reconnaissance Orbiter (e.g., Bandfield et al. 2011; Paige et al. 2010).

The thermal inertia of Phobos and Deimos, the Martian moons, were measured in the
Mariner 9 mission using the infrared radiometer, which showed extremely low conductive
layer of dust covered the surface of Phobos (Gatley et al. 1974). The subsequent Viking
orbiter (Lunine et al. 1982) and the Phobos-2 spacecraft measured the thermophysical prop-
erties of the satellites (Ksanfomality et al. 1989, 1991; Kührt et al. 1992), suggesting a
lunar-like regolith texture.
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Thermophysical observation of the solid planets in the outer solar system includes per-
formance on Jovian and Saturnian satellites. The thermal inertias of four Galilean satellites,
which were observed by the Voyager and the Galileo spacecraft, were estimated to be 50 to
70 J m−2 s−1/2 K−1 (Spencer 1987; Spencer et al. 1999; Rathbun et al. 2004). The thermal
inertia of the Saturnian moons (Mimas, Enceladus, Tethys, Dione, Rhea, and Iapetus) was
derived from the data of the Cassini spacecraft. The thermal inertias of these satellites were
2 to 6 times lower than those of the Galilean satellites, which implied a less consolidated
and more porous surface (Howett et al. 2010). Moreover, from the mid-infrared spectra of
Phoebe, the mean thermal inertia was determined to be 20 J m−2 s−1/2 K−1. The low thermal
inertia for solid water ice was assumed to imply a highly fragmented regolith (Flasar et al.
2005).

As for small bodies, the thermal inertia of Comet 9P/Tempel 1 was estimated to be less
than 200 J m−2 s−1/2 K−1 during the flyby of the Deep Impact mission and the subsequent
EPOXI mission, which also observed the Comet 103P/Hartley2 (< 250 J m−2 s−1/2 K−1)
(Groussin et al. 2007, 2013). The disentanglement of thermal inertia and surface roughness
is discussed in the works of Davidsson et al. (2009, 2013).

The Rosetta spacecraft observed the thermal inertia of the Comet 67P/Churyumov-
Gerasimenko (10 to 50 J m−2 s−1/2 K−1) (Gulkis et al. 2015). Moreover, the Rosetta lander
Philae measured the thermal inertia of the landing site using an infrared radiometer at 50 to
120 J m−2 s−1/2 K−1 (Spohn et al. 2015), which was higher than the representative value of
the overall surface.

Asteroid 21 Lutetia and 2867 Steins were observed in the flyby of the Rosetta space-
craft before arrival at the comet. Very low thermal inertia was required to explain the ob-
servations of Lutetia: less than 20 to 40 J m−2 s−1/2 K−1, which is comparable to that of
a lunar-like powdery regolith (Gulkis et al. 2012; Coradini et al. 2011). The low thermal
inertia of the asteroid Lutetia is also supported by the work through the Herschel Space
Observatory (O’Rourke et al. 2012). In the analysis of the thermal inertia of Steins, sur-
face roughness was studied using thermal modeling. The results confirm that surface rough-
ness affects the derivation of thermal inertia: 110 J m−2 s−1/2 K−1 for a smooth surface and
210 J m−2 s−1/2 K−1 for a rough surface (Leyrat et al. 2011).

The Dawn spacecraft measured thermal infrared emission from asteroid 4 Vesta. Thermal
inertia of 30 J m−2 s−1/2 K−1 was derived from the retrieved temperature (Capria et al. 2014).
Extremely low thermal inertia (< 5 J m−2 s−1/2 K−1) and high surface roughness were also
indicated in a crater region (Keihm et al. 2015). These values are consistent with the typical
thermal inertias for large main-belt asteroids (1 Ceres, 2 Palls, 4 Vesta and 532 Herculina):
5 to 25 J m−2 s−1/2 K−1, which are derived from Infrared Space Observatory (Müller and
Lagerros 1998; Müller et al. 1999), and are smaller than the lunar value: 50 J m−2 s−1/2 K−1

(Spencer et al. 1989).
The previous Hayabusa mission indicated that asteroid 25143 Itokawa had a boulder-rich

surface. Although no directional thermal measurement was performed in remote sensing to
derive thermal inertia, this finding was consistent with the high thermal inertia of Itokawa
(750 J m−2 s−1/2 K−1) (Müller et al. 2005), which was derived from ground-based observa-
tion.

Plans for the Hayabusa2 mission include monitoring the surface of the near earth as-
teroid 162173 Ryugu within several tens of meters resolution. The spacecraft will reach
the asteroid in mid-2018 and perform operations for 1.5 years (Tsuda et al. 2013). Aster-
oid Ryugu is classified as C-type in the taxonomy (Vilas 2008), and the surface of Ryugu
can be considered homogeneous in ground-based estimation from the time series of visible
spectra (Moskovitz et al. 2013). Some fundamental properties of the asteroid were esti-
mated using ground observations in the works of Hasegawa et al. (2008), Abe et al. (2008),
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Campins et al. (2009), and Müller et al. (2011). While estimations of optical properties (e.g.,
albedo, H-G parameter, rotational period, and radius) were determined precisely, the value
of thermal inertia and the solution of the spin vector remain unclear. The observed value
of Γ of Ryugu ranges from 150 to 900 J m−2 s−1/2 K−1, based on the works of Hasegawa
et al. (2008), Campins et al. (2009), and Müller et al. (2011). While the spin vector solution
λecl = 331◦, βecl = 20◦ in a study by Abe et al. (2008), Müller et al. (2011) analyze both spin
axis solutions and strongly prefer a retrograde sense of rotation with a spin-axis orientation
of λecl = 73◦, βecl = −62◦, and Psid = 7.63 ± 0.01 hr. The retrograde rotation is also consis-
tent with an origin of Ryugu from ν 6 secular resonance, as pointed out by Campins et al.
(2013).

As for upcoming spacecraft missions, the OSIRIS-REx will return samples from the
near earth asteroid, 101955 Bennu (Lauretta 2012). Bennu is classified as B-type in the
taxonomy which includes 2 Pallas, the second largest main-belt asteroid. The mission will
carry OSIRIS-REx Thermal Emission Spectrometer (OTES) which provides mineral and
thermal emission spectral maps in 4–50 μm. The data can be used to derive temperature
maps of the asteroid surface, from which maps of thermal inertia and surface roughness
can be deduced. The disk-averaged thermal inertia of Bennu is 240 to 380 J m−2 s−1/2 K−1

(Emery et al. 2014).

2 Operation of Hayabusa2 TIR and Its Strategy

2.1 Outline of the TIR Imager Operations

The main objective of Hayabusa2 is to obtain samples from the asteroid surface as well as to
perform scientific observations using remote-sensing devices. To observe the thermal inertia
of the target asteroid, the spacecraft deploys a thermal infrared imager (TIR), which provides
information of candidate sample sites and can support safe operation for the sample return by
monitoring the in-situ surface temperature of the target asteroid. Thermal inertia is needed
to predict surface temperature in the future, and is estimated from TIR observation. The
Hayabusa2 TIR inherited the longwave infrared camera onboard the Venus orbiter Akatsuki
(Fukuhara et al. 2012). As an image sensor, the TIR has a micro-bolometer that covers 8 to
12 μm. The basic specifications of Hayabusa2 TIR are listed in Table 1 (see Okada et al.
2015 for more detail). The detectable range of the temperature of the TIR is 150 to 460 K.
The TIR was calibrated in a thermally controlled environment using a black-body plate
whose temperature and infrared emissivity were known. When the temperature of monitored
objects is 233 to 423 K, the absolute temperature accuracy of the TIR is less than 3 K and

Table 1 Brief description of the Hayabusa2 TIR imager

Item Specifications

Wave length 8–12 μm

Field of view 16 × 12 deg

Pixel number 328 × 248

Spatial resolution 0.05 deg/pix (0.9 mrad/pix)

Temperature range 233–423 K (150–460 K, detectable)

Temperature resolution < 3 K (absolute) < 0.3 K (relative)
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Fig. 1 Orbit diagram during the
operational term of the
Hayabusa2 mission in the
heliocentric ecliptic plane. The
spacecraft is planned to reach the
target asteroid in July 2018
(Tsuda et al. 2013). The global
mapping is an in-situ observation
phase to determine not only the
global shape of the asteroid, the
rotational period, and the
orientation of the spin axis, but
also the global temperature and
the composition of surface
materials. The term after May
2019 is a backup margin of the
global mapping phase to cover
extra observations. The
spacecraft will leave the asteroid
in December 2019 to return to the
Earth

the relative accuracy is less than 0.3 K, based on the noise equivalent temperature difference
(Okada et al. 2015).

Thermophysical studies of the target asteroid will begin from a distance of 2000 km with
a space where the TIR will detect disk-integrated thermal emissions from the asteroid and
measure its thermal infrared lightcurve. After arrival, Hayabusa2 will stay at a nominal po-
sition (target distance 20 to 40 km), positioning a satellite antenna in the sub-earth direction
to communicate with the Earth. The spacecraft will stay at this position and will not orbit
the asteroid. The observation will continue for 1.5 years, and the TIR will map the global
surface temperature of the target asteroid (Fig. 1). During this mapping phase, the solar
array panel will be oriented toward the sun. Thus, the dayside surface of the asteroid will
be monitored mainly by onboard instruments, which are attached to the main body of the
spacecraft in the opposite direction of the solar panel. While S/N of the TIR is worse in low
temperature target < 233 K, this will not cause a significant error in the dayside observation
from the TIR.

The target distance of the spacecraft is 20 km with a space in the global mapping phase.
The spatial resolution of the target asteroid from the TIR will be 20 m/pixel at this altitude.
The TIR plans to observe the asteroid once a week in nominal operation after arrival at
the asteroid, and target images will be taken every 512 sec in a single performance of the
TIR. We will obtain 50 images of the asteroid in a single rotation of 7.63 hr. Therefore,
each of the surface elements (area within the field of view (FOV) of the TIR) will be seen
every 7 degrees for the rotational angle. This phase also includes low-altitude observation
and touchdown observation, and the surface temperature of the local areas during these
operations will be observed using the TIR (Okada et al. 2015).

2.2 Strategy for Estimating Thermal Inertia Under Restricted Operation

Thermal inertia measures the tendency of an object to resist change in surface temperature.
The surface temperature of material with high thermal inertia does not change as fast as
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Fig. 2 Examples to illustrate that albedo and emissivity do not affect the amount of thermal phase delay in
diurnal motion. (a) Thermal emissivity is 0.9. (b) Bond albedo is 0.014. The thermal inertia of the curves is
400 J m−2 s−1/2 K−1. These properties of thermal profiles are valid for different thermal inertia

that of material with low thermal inertia, which easily responds to transient changes of the
external thermal state. Finite thermal inertia requires corresponding time delay to change
the surface temperature. Hence, thermal inertia can be estimated in terms of the degree of
time delay.

For planetary surfaces, thermal inertia can be inferred from nighttime temperature pro-
files (e.g., Linsky 1966; Keihm and Langseth 1973; Bandfield et al. 2011; Vasavada et al.
2012). The diurnal profile of the surface temperature of a planet and its amplitude of temper-
ature change between night and day can also be utilized to infer thermal inertia, whose meth-
ods were used in estimating the thermal inertia of Jovian and Saturnian satellites (Spencer
et al. 1999; Rathbun et al. 2004; Flasar et al. 2005; Howett et al. 2010). For the Hayabusa2
mission, the spacecraft is not an orbiter, and the remote-sensing instruments onboard will
face mainly on the day side during proximity operation, except for optional operation such
as high phase angle observation (Okada et al. 2015). Thus, a whole temperature curve in a
rotation of the asteroid will not always be retrieved during the observation.

The degree of maximum surface temperature can provide firsthand information related to
the thermal inertia of a planetary surface, although the maximum temperature could be af-
fected by other thermophysical properties (e.g., bond albedo, thermal emissivity, and surface
roughness). In contrast, thermal phase delay of a diurnal temperature profile is not strongly
affected by these values (Fig. 2). This approach requires only dayside temperatures. Con-
sidering these restrictions in the observation, we selected this approach to deduce thermal
inertia.

In this study, we investigated the feasibility and accuracy using an ideal body whose
surface is smooth and spherical to prepare for mission operations on thermophysical es-
timation. We used numerical methods to evaluate the observations of Ryugu from real-
istically simulated images of the asteroid seen from the spacecraft, in an effort to find a
period of opportunity to observe thermal inertia during the 1.5-year operational term. In-
cluded is a description of the derivation of albedo and emissivity using surface tempera-
ture data. Moreover, we discuss the feasibility of thermophysical estimation using some
realistic rough surfaces, as a preliminary study for more advanced studies in our future
work.
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3 Method

3.1 Thermal Modeling of Asteroid

The thermal models of asteroids have different implementations of thermal behavior. The
thermophysical model (TPM) treats finite thermal inertia explicitly to solve the heat con-
duction problem under the boundary conditions on a planetary surface (Spencer et al. 1989;
Lagerros 1996, 1997, 1998). Our thermal model is categorized as this type. We calculate
time evolutions of surface temperature in our numerical model. Asteroid Ryugu is presently
estimated to be spherical (Müller et al. 2011) rather than a shape that strongly requires multi-
polygonal configuration, like asteroid Itokawa. We adopted spherical geometry to construct
our thermal model.

We calculated the position of asteroid Ryugu in the heliocentric ecliptic coordinate sys-
tem (J2000EC) with the orbital elements. The heliocentric distance changes from 0.964 to
1.416 AU in the orbit. The spin vector of Ryugu has not been clearly constrained from
ground-based observations, due to its rounded shape. We adopted two types of spin vector
solution in our thermal models: (λecl, βecl) = (73◦,−62◦) and (331◦,20◦) where λecl and
βecl are the components of the spin vector in the ecliptic coordinates. These values are based
on results observed by Müller et al. (2011) and Abe et al. (2008). The spin pole plays an
important role in the TPM (Hanuš et al. 2015).

We adopted bond albedo A = 0.014 from the ground-based observations of Ishiguro et al.
(2014). We assumed emissivity ε = 0.9, which is commonly used in Hasegawa et al. (2008),
Campins et al. (2009), and Müller et al. (2011). While mid-infrared emissivity (8–12 μm) is
generally greater than 0.9 (near 1.0) based on measurement of the reflectance of Carbona-
cious meteorites (e.g., ASTER Spectral Library (Baldridge et al. 2009)), we assumed that
the effect of emissivity on thermophysical estimation is negligible for the shift of thermal
curves (e.g., Fig. 2). Besides, significant emission features are not seen in the wavelength
range of the TIR from the Spitzer spectrum of Ryugu (Campins et al. 2009).

The thermophysical properties such as specific heat and thermal conductivity are gener-
ally functions of temperature. Density is a function of depth. These functions of lunar soil
were studied using lunar samples (see e.g., Appendix of Keihm 1984). Indeed, temperature
dependence plays an important role in explaining the behavior of the nighttime temperature
of lunar regolith (Vasavada et al. 2012). However, for dayside observation of Hayabusa2,
the temperature near the sub-solar region does not change over several tens of Kelvin (e.g.,
20 K in the profiles of Γ = 400 J m−2 s−1/2 K−1), which might not cause a significant error
for thermophysical estimation from the phase shift. We assumed materials were uniformly
distributed in the medium and their thermal properties were constant against temperature
variation.

3.2 Thermal Equation and Boundary Conditions

The thermal state of an asteroid surface in the TPM is usually implemented using the un-
steady 1D heat conduction equation under the boundary conditions of solar irradiance and
thermal emission from the surface. This is based on the assumption that the thermal diffu-
sion scale is small enough to neglect lateral heat conduction. The heat conduction equation
in the absence of internal heat sources is

∂T

∂t
= k

ρc

∂2T

∂z2
, (1)
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Table 2 Model parameters of the standard case in numerical calculations

Fixed parameters Value Source

Radius of asteroid 450 m Typical value of †

Rotational period 7.36 hr Hasegawa et al. (2008)

Bond albedo 0.014 Ishiguro et al. (2014)

Emissivity 0.9 Common value of †

Density 1662 kg m−3 Opeil et al. (2010)

Specific heat 700 J kg−1 K−1 Yomogida and Matsui (1983)

(Orbital elements) JPL Small Body Database Browser

Semi-major axis 1.19 AU

Eccentricity 0.19

Inclination of revolution orbit 5.9◦
Longitude of ascending node 251.6◦
Argument of perihelion 211.4◦
Time of perihelion passage 2456376.1351 JED

Free parameters Symbol Model values

Thermal inertia Γ 0, 200, 400, 600, 1000
J m−2 s−1/2 K−1

Spin vector (λecl, βecl) (73◦,−62◦), (331◦,20◦)

† (Hasegawa et al. 2008; Abe et al. 2008; Campins et al. 2009; Müller et al. 2011)

Table 3 Symbols and definitions
S0 Solar constant W m−2 1370

σ Stephan-Boltzmann constant W m−2 K−4 5.67 × 10−8

c0 Speed of light m s−1 3.00 × 108

h Planck constant J s 6.63 × 10−34

kB Boltzmann constant J K−1 1.38 × 10−23

where ρ is density, c is specific heat, and k is thermal conductivity. Tables 2 and 3 list the
constants used in this study.

The surface boundary conditions are given by

(1 − A)FS(t) = −k
∂T

∂z

∣
∣
∣
∣
z=0

+εσT 4
z=0, (2)

where A is bond albedo, FS(t) is the time-dependent flux of incident sunlight, ε is emissivity,
and σ is the Stefan-Boltzmann constant. The boundary condition at the bottom is given by

∂T

∂z

∣
∣
∣
∣
z=z0

= 0, (3)

where z0 is the bottom depth of numerical geometry. We set z0 which is long enough to
neglect the numerical errors caused by the shortages of thermal diffusion length in the model
under assumptions of the thermal properties and rotational period (Table 2).

The solar flux is given by

FS(t) =
{−S(r)s · n (s · n < 0),

0 (s · n ≥ 0),
(4)
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where S(r) = S0/r2 is irradiance at solar distance r and S0 is solar constant (Table 3); s is a
unit vector of solar light, which is determined by the position of the asteroid; n is the normal
vector of a point on the surface whose time evolution is determined by the spin vector of the
asteroid.

4 Simulations

4.1 Image Simulation and Rendering Procedure

Utilizing our numerical models described above, we simulated the expected images that will
be obtained by the TIR from nominal operation in the global mapping phase. We took into
account the geometrical conditions of the spacecraft and the target asteroid, as depicted in
Fig. 3 (see Appendix A for mathematical description). As for the observing geometry, we
assumed that the distance between the spacecraft and the target asteroid was fixed at 20 km
with a space in the sub-earth position (SEP). We applied parallel projection in the rendering
process from a 3D to a 2D image. The pixel number of a synthesized image, 328 × 248
arrays of pixels, is the same as the actual specification of the imaging device. The diameter
of the asteroid in an image is expected to be 50 pixels at the target distance of 20 km.

4.2 Effective Temperature in a Pixel

The thermal detector of the TIR is a micro-bolometer with a wavelength of 8 to 12 μm. The
temperature in a pixel is obtained as an effective temperature that is the radiatively averaged
value of the energy emitted from all the sub-pixels in a pixel of an image. We divided one
pixel into 10 × 10 sub-pixels in the numerical calculations. We assumed thermodynamic
equilibrium in each of sub-pixel grid point. The amounts of radiative energy emitted from
each sub-pixel are integrated to provide the effective temperature in a pixel, assuming a
Lambertian emitter. In this process, artificial noise, which is simulated as random errors of
0.3 K in a pixel of the TIR and the systematic bias of 3 K in each of the TIR images were
added to the numerical results.

Fig. 3 Definition of the coordinate systems for simulations of the TIR images. The (x, y, z) is the helio-
centric ecliptic coordinates. We define asteroid-centric coordinates (x′, y′, z′) as the z′ axis is aligned with
the asteroid-earth vector and the x′ axis is parallel to the xy plane. The y′ axis satisfies the right-hand rule.
The observer (spacecraft) is on the z′ axis with the distance to the asteroid: 20 km. We define XY plane as a
rendering plane of the images. The XY plane is originally equivalent to x′y′ plane
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We calculated the intensity of the component in a pixel as

Ẽ(u, v) = 1

100

9
∑

i=0

9
∑

j=0

E
(

T
(

X
(u,v)
i , Y

(u,v)
j

))

, (5)

where T (X
(u,v)
i , Y

(u,v)
j )is the temperature of a sub-pixel in a pixel (u, v); 0 ≤ u ≤ 247, 0 ≤

v ≤ 327. Thermal energy as a function of temperature E(T ) is expressed in Plank’s law of
radiation and the function B(λ,T ):

E(T ) =
∫ 12 μm

8 μm
B(λ,T )dλ. (6)

The intensity of radiation is given by

B(λ,T ) = 2πhc2
0

λ5

1

exp(
hc0

λkBT
) − 1

, (7)

where h is Planck constant, c0 is speed of light, and kB is Boltzmann constant (Table 3).
Consequently, we obtain the effective temperature in a pixel using the inverse function

of the averaged energy:

T (u, v) = E−1Ẽ(u, v). (8)

In the calculation of Eq. (8) with the inverse function of Eq. (6), we used a lookup table of
temperature as a function of radiance, whose implementation was based on Eqs. (6) and (7).

4.3 Fitting Procedure to Examine Uncertainties of Thermal Phase Delay

The diurnal curve of surface temperature is restored by collecting the intensity of the pixel
from the images. Data points that are extracted from the images are fitted as a quadratic
function using the least square method to determine the fitting coefficients. This procedure is
repeated 100 times with different random noise using the same number of simulated images
to determine uncertainties of thermal phase delay. The fitting function is given by

T = aφ2 + bφ + c (9)

where a, b, and c are the coefficients of the polynomial and φ is the longitudinal variable of
a fitting curve. The longitude of the maximum temperature is given by

φm = − b

2a
. (10)

An example of the fitting results is plotted in Fig. 4. We selected the pixels that were
located in the same latitude in a TIR image and fitted them using the fitting function. We
determined the latitudinal width of the pickup range to be ±2◦ from the centered latitude in
order to retain the number of data points for the fitting method. The longitudinal range of
picking up data points is −30◦ to 60◦ where the fitting curve is in symmetrical form against
the longitude of maximum temperature. The scatter of the points in Fig. 4 results from not
only the random errors of the detector, but also the areal (or angular) coverage in a pixel
to the asteroid surface. The pixels near the edge of an image have wider areal coverage of
the asteroid surface per pixel in latitude and longitude. Thus, the temperatures from a wider
area on the surface are mixed compared to that of the pixel near the center of an image.
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Fig. 4 Schema for illustrating the retrieval of the longitude of maximum temperature using the least square
fitted curves. The data points are from pixels of a simulated TIR image. Zero longitude corresponds to sub–
solar longitude on the surface of the asteroid. The number of data points in each latitude changes according
to the asteroid’s spin vector. In this example, the data is from Γ = 400 J m−2 s−1/2 K−1 in the spin vector
(73◦,−62◦) in Aug 1st, 2018. The scatter of the points results from random errors of the detector and the
areal coverage of a pixel to the asteroid surface in an image; the centered pixels have higher spatial resolution
than those near the edge. Temperature in a pixel is an averaged value of those in sub-pixels

5 Results

Figure 5 shows the longitudinal delay of temperature peak, φm, and its variance, φm, given
from the 100-time fittings for various latitude. The spin vector is assumed to be (73◦,−62◦).
The results show that φm depends on the thermal inertia. In the case of Aug 1st, 2018 (upper
panel of Fig. 5), φm remains small relative to φm at almost whole latitude range. Accord-
ingly, we estimate the thermal inertia of surface material with high accuracy in this timing.
On the other hand, in the case of May 1st, 2019 (lower panel of Fig. 5), the dependency of
φm on thermal inertia becomes less obvious, especially in the northern hemisphere (lower
hemisphere of left bottom figure). Even zero thermal inertia produces an apparent thermal
phase delay due to technical reason of numerical fitting to a quadratic curve.

Figure 6 represents the results of the simulations in which the spin vector is assumed to
be (331◦,20◦). In the case of May 1st, 2019 (upper panel of Fig. 6), the dependency of φm

on the thermal inertia is obvious. However, the large φm means that the estimation of the
thermal inertia of Ryugu’s surface is inaccurate in this timing. On the other hand, in the case
of July 1st, 2019 (lower panel of Fig. 6), we can confidently estimate the thermal inertia
from the longitudinal delay of temperature peak calculated from Eq. (10).

To clarify the time variation of uncertainties of estimation of the thermal inertia, we cal-
culated averaged φm s around the SEP that corresponds to sub-satellite point, for various
days during the operational period (Fig. 7). Figures 7(a) and 7(b) show the time evolution of
the averaged longitudinal delay, 〈φm〉 within the latitudinal range SEP ±4◦, and Figs. 7(c)
and 7(d) show 〈φm〉 within the latitudinal range of SEP ±20◦ for various thermal inertia.
These figures show the choice of the latitudinal range does not change the tendency of the
time evolution of 〈φm〉.

The averaged variance of the longitudinal phase delay changes up to one to two orders
of magnitude with time. For example, 〈φm〉 increases after March 2019 in the case with
the spin vector (73◦,−62◦) (Figs. 7(a) and 7(b)). These time variations are caused by the
change of the observable longitude range on the asteroid’s surface from TIR, which will
restrict the reproduction of the diurnal profile of surface temperature after March 2019. The
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Fig. 5 Examples of simulated images (Γ = 400 J m−2 s−1/2 K−1; the broad lines correspond to the equator
and sub-solar longitude) and results of fitting procedures for φm . The spin vector solution is (73◦,−62◦),
the retrograde type. The error bars correspond to 1σ of the fitting iterations, which add the random error of
the detector. Upper panel (Aug 1st, 2018) shows one of the results in observing opportunities. φm remains
small relative to φm over a wide range of latitudes. Lower panel (May 1st, 2019) shows the result from the
inappropriate observing condition. The dependency of φm on thermal inertia is not clear, especially in the
northern hemisphere. The lines of error bars and data points overlap with each other

observable longitude of the asteroid in a TIR image is geometrically determined by the
difference between the longitude of sub-solar point (SSP) and the longitude of SEP on the
asteroid because the spacecraft (or the TIR) maintains the position of SEP of Ryugu in this
simulations (e.g., Fig. 3). The difference angle is positive when the TIR has a wider coverage
of the morning hemisphere of Ryugu’s surface, while it is negative when the TIR has a wider
coverage of the evening hemisphere. Because we use the diurnal thermal delay to estimate
thermal inertia in this study, it is preferred that the TIR monitors a wider area of the evening
hemisphere. Accordingly, the longitudinal difference is a useful index in determining the
appropriate timing for observing thermal inertia in remote sensing. Figure 7(e) represents
the longitude difference for the case with spin vector (73◦,−62◦).

In contrast, when the asteroid has the horizontal spin vector (331◦,20◦), the latitude of
the sub-solar point is also the critical parameter as well as the difference angle between the
SSP and SEP longitudes (Figs. 7(b), 7(d) and 7(f)). When the sub-solar point comes into
the polar region of Ryugu, the surface of the asteroid is illuminated from almost the same
illumination angle. Consequently, the temperature distribution over the surface is averaged
in the longitudinal direction, and the thermal phase delay becomes faint over the surface,
regardless of the degree of thermal inertia. For this reason, the reproducibility of the diurnal
curves for thermal inertia using the quadratic fitting method will be lowered during the
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Fig. 6 Examples of simulated images (Γ = 400 J m−2 s−1/2 K−1; the broad lines correspond to the equator
and sub-solar longitude) and results of fitting procedures for φm . The spin vector solution is (331◦,20◦),
the horizontal type. The error bars correspond to 1σ of the fitting iterations, which add the random error of
the detector. Upper panel (May 1st, 2019) shows the result of the inappropriate observing condition. When
the sub-solar point comes into the polar region, the temperature distribution over the surface is averaged in
the longitudinal direction, and the thermal phase delay becomes faint over the surface. Lower panel (Jul 1st,
2019) shows one of the observing opportunities. φm remains small relative to φm over a wide range of
latitudes

periods of higher sub-solar latitudes. In fact, this situation can happen in the TIR observation
in Hayabusa2 when the target asteroid has horizontal spin vector tilting toward the ecliptic
plane. The spin vector (331◦,20◦) is one of the cases: the top figure in Fig. 6 depicts a typical
example.

Additionally, we note here that the fitting errors could be reduced to some extent if we
adjust the longitudinal range of the fitting data (e.g. Fig. 4) or change the fitting functions to
other types of polynomial expressions (e.g., sinusoidal curves, instead of using the quadratic
curves) to measure the diurnal phase delay. This is out of scope in this study.

6 Discussion

6.1 Accuracy of Thermal Inertia and Observation Opportunity in the Ideal Case

We evaluate uncertainties of thermal inertia in the ideal case using

Γ =
∣
∣
∣
∣

dΓ

dφm

∣
∣
∣
∣
φm, (11)
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Fig. 7 (a)–(d) Averaged uncertainties of thermal phase delay (〈φm〉) in the latitudinal ranges from July
2018 to December 2019: (a), (b) SSP ±4◦; (c), (d) SSP ±20◦; (e), (f) curves of SEP and SSP latitudes of
Ryugu are shown. The curves of the difference angle between the longitudes of SSP and SEP are also shown
here. When the difference angle is positive, the TIR has narrower coverages of the evening sphere of Ryugu’s
surface; The spin vector is (73◦,−62◦) in (a), (c), and (e); (331◦,20◦) in (b), (d), and (f); The gray fields
show the timings that 〈φm〉 is greater than 1 degree. The timings in the white fields will be appropriate
seasons to measure the thermal inertia of Ryugu using the TIR

where φm is the estimated uncertainty of the diurnal phase delay of the surface tempera-
ture. Here, φm could be decreased to less than 1 degree under an observation opportunity,
based on the result of the imaging simulations (Fig. 7). The error of thermal inertia Γ/Γ

in the observation opportunity will be less than 20% when Γ is below 1000 J m−2 s−1/2 K−1.
The opportunity for observing thermal inertia in the spin vector (73◦,−62◦) is described

from the difference angle between the longitudes of SSP and SEP; |φSSP −φSEP| < 20◦. This
condition will last from July 2018 to March 2019 (Fig. 7(e)). In contrast, the observation op-
portunity for the horizontal spin vector (331◦,20◦) is described from the sub-solar latitude;
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−40◦ < θSSP < 40◦, where we considered the problem caused by the high latitude of SSP in
the previous chapter and excluded these timings. The appropriate condition comes around
from September 2018 to February 2019 and from July to September 2019, which will be the
observation opportunity for the operation of the TIR in remote sensing. The difference angle
in the longitude of SSP and SEP is still important in this case: we excluded the timing from
September to October 2019 because the difference angle was over 20◦ (smaller than −20◦)
though the SSP latitude was smaller than 40◦ (Fig. 7(f)).

While the result from the ideal case is important for preparing for scientific observations
and mission operations, the lack of surface roughness in thermal modeling is oversimplifica-
tion. Errors of thermal inertia will be significantly influenced by this effect. Local topogra-
phy or surface roughness will be essential in thermal modeling of a realistic asteroid surface.
We performed a preliminary study on this issue, which will be described in Sect. 6.3.

6.2 Estimation of Albedo and Emissivity from Regression Analysis

The energy balance at the surface is given in Eq. (2). In general, the amount of conduc-
tive heat flow toward the ground is much smaller than the energy influx via solar irradi-
ation. Neglecting the internal heat flux, we obtain quasi-steady surface temperature from
T ∼ 4

√
(1 − A)F/εσ , which means the surface temperature is determined by the ratio

(1 − A)/ε under constant solar flux F . Here, the albedo is difficult to determine indepen-
dently of emissivity. However, the surface temperature profile in fact depends on thermal
inertia, which indicates that the heat flux from the ground also affects the surface temper-
ature profile. From this perspective, albedo and emissivity can be separated and estimated
independently.

We carried out numerical tests of surface temperature using various values of albedo and
emissivity to evaluate the effect of these parameters on surface temperature. Figure 8 depicts
the correspondence of albedo and emissivity with surface temperature. Thermal inertia is as-
sumed to be 400 J m−2 s−1/2 K−1 in this calculation. Higher surface temperature is achieved
with lower albedo and lower emissivity, whereas lower surface temperature is achieved with
higher albedo and higher emissivity. We confirmed that the absolute surface temperature
was not always the same even if the same amount of (1 − A)/ε was assumed with finite
thermal inertia.

For detailed analysis of the dependence of surface temperature on albedo and emissivity,
we focused on the temperature profile at the equator. Thermal profiles with various values
of albedo and emissivity are fitted by a quadratic function, as discussed in the previous

Fig. 8 Schema for illustrating
that temperature distribution is
not always the same even if the
same amount of (1 − A)/ε is
assumed with finite thermal
inertia. Difference in surface
temperature modeled with
various (A, ε) from the nominal
case (A = 0.014, ε = 0.9);
(0.014,0.85), (0.014,0.986),
(0.05,0.9), (0.1,0.9),
(0.15,0.85), (0.15,0.9)
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Fig. 9 Uncertainties of the regression functions. (a) Bond albedo, Eq. (12); (b) Thermal emissivity, Eq. (13)

chapter (Eq. (9)). The ratio −b/2a could change with albedo and emissivity; however, the
difference is less than 10% over the entire parameter range in this study. The likely errors
of these parameters are less than several percent. This result seems to be due to our simple
fitting of quadratic polynomials to sinusoidal curves. Figure 9 plots the relationship between
A (and ε) and the coefficients obtained by simple linear regression analysis. The resultant
sets of coefficients are compiled in Eqs. (12) and (13):

A ∼ 146.105a + 4.220b − 0.005c + 1.162, (12)

ε ∼ 64.275a − 19.744b + 0.028c + 2.148. (13)

Figure 9 implies that we can estimate albedo and emissivity simultaneously, with accuracy
exceeding 95%. We demonstrated the estimation of albedo and emissivity for a specific case
(in the spin vector (73◦,−62◦) on August 2018 at the equator); however, this method can be
applied to other conditions.

When we consider surface roughness using this approach, the determination of albedo
and emissivity would be more uncertain than the ideal case of a smooth surface. The uncer-
tainties of these quantities might be significant, since they are based on the absolute value of
temperature itself, contrary to the determination of thermal inertia through the phase shift,
which is derived from only the profiles of diurnal temperature.

6.3 A Study on Realistic Rough Surface

6.3.1 TPM with Local Topography and Surface Roughness

In the preceding chapters, we ignored surface topography and surface roughness of the as-
teroid in thermal modeling. However, we will encounter these problems when performing
observations from a close position in remote sensing. In this section, we present our pre-
liminary results of a study on the effect of surface topography on thermophysical estimation
using artificial shape models with random rough surfaces. Here, we distinguished surface to-
pography from surface roughness, where surface roughness means the spatially unresolved
scale of roughness, which is not explicitly expressed in the surface mesh of the global shape
model.

For the numerical approach using TPM, we produced rough surface models by deforming
a spherical surface mesh (Fig. 10). The radius of the original sphere is 450 m; the number
of vertices of the surface is 2562, and the number of facets is 5120. The spatial resolution
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Fig. 10 Surface meshes of rough surface models and examples of global temperature distributions over
the surface. The four figures in the top row depict the global shapes of surface topographies. The spatial
resolution of each facet is 22 m in the smooth sphere. The rough scales of the surface meshes are expressed in
the RMS surface slope s (above the top figures). The four figures in the middle row are from the spin vector
(73◦,−62◦), and the bottom four figures are from (331◦,20◦). Thermal inertia is 400 J m−2 s−1/2 K−1.
These images are not the simulated ones that will be seen from the spacecraft in the rendezvous phase. These
figures are represented in the xz plane at a rotational phase. The orientation of the z axis corresponds to that
of the spin vector

of the surface facet is 22 m, which is comparable to that of a pixel in a TIR image taken at
a target distance of 20 km. We used the software MeshLab (http://meshlab.sourceforge.net/)
to add artificial random displacement of the surface vertex of the original sphere. We set the
input parameters of the maximum displacement of the vertices to 2 m, 5 m, and 10 m.

We calculated RMS surface slope s (Spencer 1990; Davidsson et al. 2015) as a parameter
to express the level of rough scale of the topography. The definition of s is given by

s =
√
√
√
√

∑N

i=1 θ2
i bi cos θi

∑N

i=1 bi cos θi

, (14)

where N is the total number of the facets in the surface mesh and each of the facts is locally
smooth. bi is the area of a facet i and θi is an angle which is made by the normal vector of
the facet i and the standard normal of the terrain. We calculated θi as

http://meshlab.sourceforge.net/
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θi = cos−1 ni · n̄i , (15)

where ni is a facet normal of the rough mesh, and n̄i is a normal vector of the original
spherical mesh which determines the standard for the facet angle. The values of s are 0◦,
4.0◦, 9.6◦, and 19.2◦ in the original (smooth), 2 m, 5 m, and 10 m meshes, respectively.

The thermophysical properties are basically the same as the ones described in Sect. 3,
except for the use of numerical surface meshes. Additionally, we considered the effect of
surface roughness on surface temperature as a function that changes only the effective emis-
sivity of the asteroid surface, following the works of Davidsson et al. (2009) and Leyrat
et al. (2011). Since the surface roughness of asteroid Ryugu has not yet been explicitly de-
termined, we adopted the effective infrared emissivity εeff = 0.73, which is the observed
value of asteroid Steins (Leyrat et al. 2011). The effective emissivity is given by

εeff = (1 − εξ)ε, (16)

where ξ is a parameter for surface roughness (which can be derived from lope angle of
surface roughness, Hapke 1984), ξ = 0.2 for Steins (Leyrat et al. 2011). This approach does
not explicitly consider mutual energy exchanges by radiation or local shadowing between
the surface facets.

6.3.2 Effect of Rough Surface on the Thermal Phase Delay

We fitted the surface temperatures that were generated by the rough surface models to de-
termine whether the thermal phase delay can still be retrieved under rough surface topogra-
phies. Two types of spin vectors are also considered in this study. This time, we picked only
the surface temperatures on the equatorial zone under the appropriate seasons for thermal
observations (Aug 2018 and July 2019), as discussed in the previous chapter. Quadratic
least-square fitting is applied to the data of latitude 0 ± 2 degrees. The fitting longitudinal
range is −30 to 60 degrees against the sub-solar longitude. Figure 11 depicts the profiles of
surface temperatures from the four models of different rough scales with the same thermal
inertia in one graph. The sub-solar longitude is at 0 degree in these graphs.

We evaluated uncertainties in the estimation of the phase delay using least square fittings
based on a series of data generated in the diurnal motion. A data set contains 360 data files
that are sampled in a rotation and contain the surface temperature of the entire facets. We
produced data set using each of the four rough surfaces in TPM with parameters of thermal
inertia 200, 400, and 600 J m−2 s−1/2 K−1. We repeated the fitting procedures using each
of the data files to calculate the fitting coefficient (a and b in Eq. (10)) and integrated these
results to calculate the average value and standard deviation of the fitting results to determine
the amount of thermal phase shift. The error bars in Figs. 12(a) and (b) correspond to 1σ

from these results.

6.3.3 Accuracy of Thermal Inertia in Rough Surfaces

We found that the feasibility of thermal inertia from the diurnal phase delay depended greatly
on the orientation of the spin vector. The thermal phase delay could be determined with-
out being strongly affected by local topography if the target asteroid has the spin vector
(73◦,−62◦) within the range of the rough scales in this study. In contrast, we presume that
estimation of thermal inertia might not be feasible for the spin vector orientation (331◦,20◦)
when we consider the likely surface topography of the NEAs, which will be rough in several
meters of the vertical scale towards the horizontal scale of 20 m, like asteroid Itokawa.
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Fig. 11 Temperature profiles of the rough surface models in a diurnal motion. (a), (c), (e) Spin vec-
tor (73◦,−62◦) in August 2018; (b), (d), (f) Spin vector (331◦,20◦) in July 2019. Thermal inertia is
200 J m−2 s−1/2 K−1 in (a), (b); 400 in (c), (d); and 600 in (e), (f). The temperature data are selected from
the equatorial zone. Surface roughness is also included through the self-heating parameter, which controls
the effective thermal emissivity (εeff = 0.73; ξ = 0.2)

Considering the errors of phase shift of Fig. 12 to be combined with the results of the
ideal case, uncertainty of thermal inertia will be greater than 50% if the rough scale is
s = 9.6◦ (vertically 5 m towards the horizontal scale of 20 m) in the spin vector (73◦,−62◦).
The same extent of roughness could result in errors exceeding 200% in the spin vector
(331◦,20◦). Thermophysical estimation is likely to be difficult in the horizontal vector
(331◦,20◦), while determination of the diurnal phase delay in the spin vector (73◦,−62◦)
will still be feasible unless the target asteroid has a significantly rough topography.
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Fig. 12 Estimated thermal phase delay using the rough surface models from the quadric least square fittings.
(a) Spin vector (73◦,−62◦) in August 2018; (b) spin vector (331◦,20◦) in July 2019; The feasibility to
accurately determine the thermal phase delay is strongly affected by the combination of surface topographies
and directions of spin vector, which will change illumination conditions on the surface. The fitting procedure
for the phase estimations fails when the surface slope angle exceeds 10° in the spin vector (331◦,20◦)

6.4 Crucial TIR Observations and Data to Distinguish Roughness Effects from
Thermal Inertia Effects

There is a degeneracy between roughness and thermal inertia in the thermal effects on tem-
perature in disc-integrated data and it is difficult to disentangle the effects of these param-
eters. In disk-resolved data, retrieval of temperature depends strongly on illumination and
observation geometry (e.g., Rozitis and Green 2011). Indeed, we can find the strong de-
pendencies in our study in Sect. 6.3 (Fig. 11) when we consider the results from different
spin vectors as the results from different illumination conditions. Therefore, it is important
to observe a specific surface region at the observing condition that the effects of surface
roughness are as small as possible in order to derive the thermal inertia.

Numerical studies with various types of roughness models (e.g., concave spherical seg-
ment; parallel sinusoidal trenches; random Gaussians) provides a practical advice that the
nadir observations (emergence angle = 0◦) of regions near the sub-solar point with smaller
incidence angle (< 30◦) will be suited to the derivation of thermal inertia from dayside
emission near the Planck curve peak at 1 AU (Davidsson et al. 2015). Inversely, when we
are interested in the information about surface roughness, the regions illuminated at high
incidence will be crucial to determine the level of roughness.

We planned preliminary strategies about how we should operate spacecraft and onboard
instruments in the Hayabusa2 mission to obtain the data that will allow us to clearly de-
termine thermal inertia and surface roughness. One of the straight forward approaches is
to observe a specific region on Ryugu’s surface at various illumination and viewing condi-
tions and collect the data which have different sensitivities to surface roughness. These data
will be able to assist TPM analyses. Also, we considered observations to the locations at
dawn and dusk on the asteroid surface. In these moments, the surface temperature will less
disturbed by rough surfaces under an appropriate viewing condition (e.g., Fig. 11).

The information about surface roughness can be obtained using data from other devices
on board the spacecraft (e.g., the optical camera (ONC) and the laser altimeter (LIDAR)).
The high resolution optical images of asteroid surface (e.g., images that will be obtained in
close observations such as the touch down operations for sample acquisitions) will allow us
to directly investigate the roughness of Ryugu’s surface.
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Moreover, the Hayabusa2 spacecraft carries a lander (MASCOTT) with a radiometer
(MARA) which uses thermopile sensors with 4 bandpass channels and can measure bright-
ness temperature in mid-infrared wavelength similar to the TIR (Grott et al. 2015, this issue).
The MARA will measure at least a whole diurnal temperature on Ryugu’s surface. The in-
situ measurement as a time series at a single site on asteroid surface will provide valuable
data for interpretation of the thermal infrared data from the global remote sensing.

We are now planning to perform several optional operations of spacecraft to cover wide
range of observing conditions to obtain the crucial data for the disentanglement of thermal
inertia and surface roughness. Though the spacecraft is basically fixed to the sub-earth direc-
tion as described before, the new operational plan will include several attempts to change the
spacecraft direction toward the asteroid or move the spacecraft from the nominal position to
achieve multi illumination and viewing conditions.

7 Summary and Conclusions

We simulated images of the target asteroid seen from the thermal infrared imager (TIR) on-
board Hayabusa2 in the proximity phase from July 2018 to December 2019 using numerical
calculations. The implementations are based on the TPM and the specification of the TIR
to detect radiation emitted from the asteroid. We considered a realistic observing geometry
of the spacecraft using the orbital position of the asteroid as well as the spin pole orien-
tations. Although ground-based observation prefers the retrograde rotation of spin vector
(73◦, −62◦) to the type (331◦, 20◦), we adopted both solutions to study the effect of spin
pole in the thermophysical observations. We studied the feasibility of the observation using
an ideal body with a smooth and spherical surface to prepare for mission operations and
thermophysical estimations. While we basically assumed a smooth surface in this study, it is
true that surface roughness can cause significant errors in thermophysical estimation for the
ideal case. We also included a discussion about this problem in a preliminary study, which
will be a basis for the next step of our future work.

Considering dayside observation of the target asteroid in remote sensing, we selected a
method to determine the thermal inertia from the phase delay of diurnal temperature profiles.
Here, thermal inertia can be estimated independently of albedo and emissivity. Moreover,
the use of temperature near the sub-solar region will be appropriate to avoid non-Lambertian
emitters at high solar phase angles. Simultaneous estimation of albedo and thermal emissiv-
ity is also feasible with known thermal inertia after determination through the thermal phase
delay, which will be our primary strategy for estimating thermophysical properties.

Appropriate conditions for observing Ryugu using the TIR significantly change accord-
ing to the spin vector solutions of the target asteroid. In a spin vector of (λecl, βecl) =
(73◦,−62◦), an opportunity to monitor the thermal phase delay is the condition less than
20◦ in the difference angle between the longitudes of SSP and SEP. From the arrival of the
Hayabusa2 spacecraft in mid-2018, this condition will last until March 2019. In a spin vec-
tor of (331◦,20◦), the season when not only the difference angle between the longitudes of
SSP and SEP is less than 20◦ but also the sub-solar latitude comes between −40◦ and 40◦
(September 2018 to February 2019, and July to September 2019) will be the observation
opportunity.

We evaluated the uncertainty of thermal inertia observed at a target distance of 20 km
using the TIR in the operational period. The uncertainty was less than 20% under the appro-
priate timings based on our numerical simulations if the surface was smooth. Uncertainties
of bond albedo and thermal emissivity are expected to be less than 5% within the likely
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range of these values based on regression analysis. We note here the significant uncertain-
ties in some of these results, due to ignoring surface roughness in the thermal modeling.
When we consider the rough surfaces of the asteroids, uncertainty could exceed 50% at a
realistic rough scale. Determination of thermal inertia will be more difficult if the asteroid
has a spin vector of (331◦,20◦).

The solution of the spin vector of the target asteroid is very important for thermophysical
estimation of asteroid surfaces using remote sensing instruments, which will also be in-
formative for ground-based observations of asteroids at thermal infrared wavelengths (e.g.,
Müller et al. 2014). The Hayabusa2 will allow us to make a better understanding of thermo-
physical properties of a primitive asteroid from the in-situ investigations, and also helping
us better interpret of spatially-integrated thermal infrared data acquired by the ground based
facilities.

8 Future Work

Although we approximated the shape of Ryugu as a perfect spherical body in this study,
we must include more practical problems like surface topography or surface roughness and
thermal infrared beaming when we reproduce images of the target asteroid using scien-
tific computations. Shadowing on the surface and reabsorption of radiated thermal energy
are expected to be necessary in simulating local temperature variations. Moreover, 3D heat
conduction might be essential for explicit disentanglement of thermal inertia and surface
roughness for NEAs with high thermal inertia (Davidsson and Rickman 2014). In addition,
the temperature dependence of thermal inertia and non-Lambertian emitters are important
for handling more realistic surfaces (Groussin et al. 2013; Keihm et al. 2012, 2015).

While we started work on surface roughness in the preliminary study using some rough
surface meshes in this study, future work will interpolate a more realistic approach and
the value of surface roughness for Ryugu in thermal modeling. Reproduction of a detailed
surface temperature map is also important for spectroscopy, since thermal emission could
disturb the intrinsic spectrum of surface materials and its interpretations. The thermal model
is helpful in removing the thermal continuum flux from the data in the mid-infrared region
(Emery et al. 1998).

Ongoing studies of existing and future optical and thermal observations will probably
constrain the spin vector, thermal inertia, size, shape, and albedo considerably. This TIR
study can be updated well before the start of Hayabusa2 proximity operations on asteroid
Ryugu.
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Appendix A: Mathematical Description of the Imaging Simulation

We now describe mathematical implementations for simulating TIR images. In this proce-
dure, we calculated the components of the spin vector in the imaging coordinate system to
determine the asteroid’s local equatorial longitude and latitude, which are combined with
the reference point of the sub-solar point.
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Fig. 13 Definition of the prime
meridian in the imaging
coordinate system

The base vectors of the imaging coordinate system (x ′, y ′, z′) are defined based on the he-
liocentric ecliptic coordinates of the asteroid (xA, yA, zA) and the earth (xE, yE, zE), which
are given by (see Fig. 3)

e′
z =

⎡

⎣

(xE − xA)/|EA|
(yE − yA)/|EA|
(zE − zA)/|EA|

⎤

⎦ , (17)

e′
x =

⎡

⎣

−(yE − yA)/|EA′|
(xE − xA)/|EA′|

0

⎤

⎦ , (18)

e′
y = e′

z × e′
x, (19)

where

|EA| =
√

(xE − xA)2 + (yE − yA)2 + (zE − zA)2, (20)

|EA′| =
√

(yE − yA)2 + (xE − xA)2. (21)

The spin vector of the asteroid in the imaging coordinates is given by

spin′ = (spin · e′
x)e

′
x + (spin · e′

y)e
′
y + (spin · e′

z)e
′
z, (22)

where

spin =
⎡

⎣

cosβecl cosλecl

cosβecl sinλecl

sinβecl

⎤

⎦ . (23)

We obtain the components of spin vector in the imaging coordinate system:

λ′
ecl = tan−1 spin′

z

spin′
x

, (24)

β ′
ecl = tan−1

√

(spin′
x)

2 + (spin′
z)

2

spin′
y

. (25)

The longitude of the prime meridian is defined so as to coincide with the sub-solar lon-
gitude in the asteroid-centric coordinate system (Fig. 13). Sub-solar longitude and latitude
are defined as follows, including the orbital position of a planet:

φ′
SSP = tan−1 ssp′

z

ssp′
x

, (26)

θ ′
SSP = tan−1

√

(ssp′
x)

2 + (ssp′
z)

2

ssp′
y

, (27)
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where the sub-solar vector expressed in (x ′, y ′, z′) system is

ssp′ = (ssp · e′
x)e

′
x + (ssp · e′

y)e
′
y + (ssp · e′

z)e
′
z (28)

and the normalized vector of sub-solar point expressed in (x, y, z) system is

ssp =
⎡

⎣

−xA/r

−yA/r

−zA/r

⎤

⎦ , (29)

where

r =
√

x2
A + y2

A + z2
A. (30)

The view seen from the direction of the spacecraft camera is made by projecting the 3D
coordinates of asteroid in (x ′, y ′, z′) to a rendering plane x ′y ′. We redefine the x ′y ′ plane as
a XY plane for simple representation of symbols.

The 2D components are given by

[

X

Y

]

=
[

1 0 0
0 1 0

]
⎡

⎣

x ′
y ′
z′

⎤

⎦ , z′ ≥ 0 (31)

⎡

⎣

x ′
y ′
z′

⎤

⎦ =
⎡

⎣

R sin θ ′ cosφ′
R cos θ ′

R sin θ ′ sinφ′

⎤

⎦ ≡ Rvec(θ ′, φ′) (32)

where R is the radius of the target asteroid.
The asteroid-centric equatorial latitude Θ and longitude Φ at (X,Y ), where X2 + Y 2 <

R2 is satisfied in the image coordinate, are calculated based on the definition of the projected
plane in imaging coordinates and the radius of the target asteroid:

Θ = π

2
− cos−1(p · q), (33)

Φ =
{

cos−1 (p×s)·(p×q)

|p×s|‖p×q| for (p × s) · q ≥ 0,

− cos−1 (p×s)·(p×q)

|p×s||p×q| for (p × s) · q < 0,
(34)

where

p = vec(β ′
ecl, λ

′
ecl), (35)

s = vec(θ ′
SSP, φ

′
SSP) (36)

and

q = 1

R

⎡

⎣

X

Y√
R2 − X2 − Y 2

⎤

⎦ . (37)
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