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ABSTRACT

Context. The Hayabusa2 spacecraft launched by Japan Aerospace Exploration Agency has been conducting observations of the
asteroid (162173) Ryugu since June 2018. The Telescopic Optical Navigation Camera (ONC-T) onboard Hayabusa2 has obtained
thousands of images under a variety of illumination and viewing conditions.
Aims. Our objective is to examine and validate the camera calibration, derive a photometric correction for creating global albedo
maps, and to interpret the photometric modeling results to characterize the surface of Ryugu.
Methods. We observed (162173) Ryugu with the Gemini-South telescope, and combined these measurements with other published
ground-based observations of the asteroid. The ground-based observations were compared with the data obtained by ONC-T in order to
validate the radiometric calibration mutually. We used a combination of the Hapke disk-integrated and disk-resolved model equations
to simultaneously analyze the combined ground- and spacecraft-based data.
Results. The average spectrum of Ryugu was classified as Cb-type following the SMASSII taxonomy and C/F-type following the
Tholen taxonomy based on spacecraft observations. We derived Hapke model parameters for all seven color filters, which allowed us
to photometrically correct images to within an error of <10% for ∼80% of the image pixels used in the modeling effort. Using this
model, we derived a geometric albedo of 4.0 ± 0.5% (v band) for Ryugu. The average reflectance factor at the standard illumination
condition was 1.87±0.14% in the v band. Moreover we measured a phase reddening of (2.0±0.7)×10−3 µm−1 deg−1 for Ryugu, similar
to that observed for the asteroid (101955) Bennu.
Conclusions. The global color map showed that the general trend was for darker regions to also be redder regions, however there were
some distinct exceptions to this trend. For example, Otohime Saxum was bright and red while Kibidango crater was dark and blue. The
darkness and flatness of Ryugu’s reflectance might be caused by a high abundance of organic materials.
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1. Introduction

The Japanese spacecraft Hayabusa2 arrived and conducted its

rendezvous with the near-Earth asteroid (162173) Ryugu between

June 2018 and November 2019. Hayabusa2 started its approach

observations in early June and began acquiring global, disk-

resolved images from its home position (an altitude of ∼20 km)
from July to September, 2018, using the Optical Navigation Cam-
era (ONC, Sugita et al. 2019). The ONC is composed of three
cameras, one telescopic camera, ONC-T, and two wide-angle
cameras, ONC-W1 and -W2. ONC-T is equipped with seven
color bandpass filters; ul: 0.40 µm, b: 0.48 µm, v: 0.55 µm, Na:
0.59 µm, w: 0.70 µm, x: 0.86 µm, and p: 0.95 µm (Kameda
et al. 2017; Suzuki et al. 2018; Tatsumi et al. 2019a). ONC-T
was designed to measure and map the spectrophotometric prop-
erties of the surface of the target asteroid as well as the mission
operation support (i.e., the optical navigation).

One of the main objectives for ONC-T is to map both
organic-related and hydrated minerals on the surface of Ryugu
in order to provide information for touch-down and sample site
selections. The presence of organic compounds found in car-
bonaceous chondrites and interplanetary dust particles is known
to lower the reflectance properties of materials (Hiroi et al.
2016a). Therefore, the regions with lower reflectance may indi-
cate areas that are richer in organic compounds. In addition,

phyllosilicates could be detected by the presence of an absorp-
tion in the 0.7-µm band region (e.g., Vilas & Gaffey 1989).
Phyllosilicates are abundant in CM chondrites, which are the
most common carbonaceous chondrites on Earth. Detection of
the presence of phyllosilicates might mean that Ryugu was aque-
ously altered during its early history, which favors the hypothesis
that Ryugu is a potential source of the water on Earth. Since
Ryugu turned out to be very dark and have little variation in
spectral properties over its surface (Sugita et al. 2019), care-
ful and accurate photometric correction is needed for mapping
subtle mineral compositional variations.

Photometric analysis of the images from ONC-T have been
used for (1) validating the calibration of the camera, (2) provid-
ing photometric standardization for the construction of albedo
and color maps of the surface, and (3) to gain some under-
standing of Ryugu’s regolith properties in comparison with other
asteroids, especially those visited by spacecraft. The photomet-
ric analysis presented here was conducted using the Hapke set
of equations (e.g., Hapke 2012). The Hapke set of photomet-
ric model equations, derived from radiative transfer theory, have
been widely applied to many planetary surfaces to describe their
photometric reflectance behavior (e.g., Domingue et al. 2002,
2015; Li et al. 2004, 2013; Hasselmann et al. 2017; Tatsumi
et al. 2018). This study places Ryugu in context with these other
objects.
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Table 2. Ground-based spectral observations.

ID Date of observation Wavelength Phase angle APmag (∗) Airmass Telescope Aperture Reference S/N

(µm) (◦) (Instrument) (m)

B01 1999-05-17 0.39–0.93 6.1 17.8 ∼1.9 Palomar Mountain 5.0 Binzel et al. (2001) 41

V01 2007-07-11 0.49–0.90 40.3 20.4 1.12–1.16 MMT 6.5 Vilas (2008) 8

V02 2007-09-10 0.40–1.00 22.5 18.1 1.03–1.04 MMT 6.5 Vilas (2008) 30

V03 2007-09-11 0.38–0.96 22.8 18.0 1.03 MMT 6.5 Vilas (2008) 51

M01 2012-06-01 0.42–0.97 0.2 17.8 1.20 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 139

M02 2012-06-01 0.41–0.98 0.2 17.8 1.47 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 133

M03 2012-06-02 0.42–0.96 1.0 17.9 1.02 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 83

M04 2012-06-03 0.43–0.97 2.0 18.0 1.23 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 47

M05 2012-06-03 0.44–0.94 2.1 18.0 1.03 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 49

M06 2012-06-03 0.42–0.97 2.1 18.0 1.01 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 55

V04 2012-06-12 0.45–0.88 12.0 18.6 >1.5 McDonald 2.1 Vilas (2012) 5

S01 2012-06-24 0.47–0.88 22.8 19.3 1.07 Gemini-S 8.1 This study 102

S02 2012-06-26 0.47–0.89 25.1 19.4 1.09 Gemini-S 8.1 This study 88

S03 2012-07-05 0.47–0.89 24.3 19.8 1.04 Gemini-S 8.1 This study 56

L01 2012-07-09 0.40–0.85 33.3 20.0 1.16 SOAR 4.1 Lazzaro et al. (2013) 23

L02 2012-07-10 0.40–0.85 33.1 20.0 1.04 SOAR 4.1 Lazzaro et al. (2013) 22

L03 2012-07-10 0.40–0.85 33.1 20.0 1.33 SOAR 4.1 Lazzaro et al. (2013) 23

P01 2016-07-12 0.45–0.87 13.9 20.1 1.26 ESO-VLT (FORS2) 8.2 Perna et al. (2017) 41

P02 2016-07-12 0.45–0.87 13.9 20.1 1.08 ESO-VLT (FORS2) 8.2 Perna et al. (2017) 47

P03 2016-07-12 0.45–0.87 13.8 20.1 1.14 ESO-VLT (FORS2) 8.2 Perna et al. (2017) 41

P04 2016-07-12 0.45–0.87 13.8 20.1 1.17 ESO-VLT (FORS2) 8.2 Perna et al. (2017) 30

P05 2016-08-11 0.35–2.15 24.5 21.1 1.07 ESO-VLT (X-shooter) 8.2 Perna et al. (2017) 49

P06 2016-08-11 0.35–2.15 24.6 21.1 1.12 ESO-VLT (X-shooter) 8.2 Perna et al. (2017) 43

P07 2016-08-11 0.35–2.15 24.6 21.1 1.29 ESO-VLT (X-shooter) 8.2 Perna et al. (2017) 42

Notes. (∗)Provided by HORIZONS (https://ssd.jpl.nasa.gov/horizons.cgi).

Table 3. ONC observations between June 2018 and January 2019.

Operation Date Min. alt. Pixel scale Phase angle

(km) (m pix−1) (◦)

pre-Box-A 3 July 2018 20 2 18.0–18.3
Box-A1 12 July 2018 20 2 18.6–18.9
Box-C1 20 July 2018 6 0.6 17.0–20.3
Mid-altitude 1 August 2018 5 0.5 18.6–19.1
Gravity measurement 6 August 2018 0.8 – 18.5–18.8
Box-B1 24 August 20 2 30.0–30.2

Box-B2 (∗) 31 August–7 September 2018 20 2 16.0–40.4
TD rehearsal 1 11 September 2018 0.6 – 15.4–15.6
MINERVA release 20–21 September 2018 0.05 – 10.8–16.9
MASCOT release 2–4 October 2018 0.05 – 6.3–12.8
TD rehearsal 1A 14–16 October 2018 0.02 – 9.0–10.9
TD rehearsal 3 24–25 October 2018 0.02 – 6.5–11.3

Box-C2 (∗) 31 October–1 November 2018 2 0.2 0.0–0.1
Box-B3 8 January 2019 20 2 0.2–0.3

Notes. Phase angles were measured in the center of the FOV. (∗)These include dates transferring from or to HP.

because of its unique spectral feature of upturn in UV. With the
definition by Bus & Binzel (2002), the UV absorption feature
divides the C-complex class into C and Cb types. Ryugu is clas-
sified to Cb type, although the mean visible spectral slope of
Ryugu is reminiscent of both C and Cb type. According to the
taxonomy by Tholen (1984), although the visible spectral slope
is closer to the mean of C type than that of F type, the fea-
ture of upturn in UV suggests that Ryugu is more similar to F
type (Fig. 5). According to Tholen (1984) taxonomy, Ryugu is an

intermediate type of asteroid between C and F type. Although B
and F types in Tholen (1984) taxonomy cannot be distinguished
in Bus & Binzel (2002), the wide coverage of the ONC-T filter
down to 0.4 µm allows us to classify Ryugu as a C- or F-type but
not a B-type.

Spectra from both ground- and spacecraft-based datasets
normalized to unity at 0.55 µm show similarities in spectral
shape (Fig. 6). Flat spectra similar to the September 2007
spectrum by Vilas (2008) and that by Moskovitz et al. (2013)
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Fig. 6. Comparison between the 24 ground-based spectra (Binzel et al. 2001; Vilas 2008, 2012; Moskovitz et al. 2013; Lazzaro et al. 2013; Perna
et al. 2017) and disk-average spectrum observed by ONC-T/Hayabusa2 at phase angles between 18.5◦ and 18.7◦. All spectra are normalized to unity
at 0.55 µm. The red points indicate the binned spectra by 0.02 µm and error bars are standard deviation inside of each bin. The ground-based
observations are shown, ordered according to S/N values.
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of the physical properties of the surface (Hapke 2012). How-
ever, the model has been the subject of criticism for apparent
correlations between supposedly independent parameters and
difficulties in linking the parameters to physical surface prop-
erties (Gunderson et al. 2006; Shepard & Helfenstein 2007;
Shkuratov et al. 2012). Some model parameters may represent
complex combinations of particle properties, surface roughness,
and packing state (Shepard & Helfenstein 2007). Recent versions
of the model appear to perform better, and the debate is ongo-
ing (Ciarniello et al. 2014; Shepard & Helfenstein 2011; Labarre
et al. 2017). Regardless of whether the Hapke model accurately
describes the physics of regolith scattering, the model has been
widely used and Hapke’s parameters are available for many plan-
etary objects. Our observations with ONC-T cover a wide range
of illumination conditions, which allows us to tightly constrain
the Hapke parameters. In addition, because the Hapke model has
been intensively used for many objects, it is worth conducting a
comparative study with Hapke’s parameters.

For each ONC-T filter, we collected two types of photomet-
ric measurements: (1) the disk-integrated phase curves using
both ground- and spacecraft-based observations, and (2) disk-
resolved photometric measurements extracted from the Box-B2
image sets. Here we describe the models used to analyze each
data set, and the approach used for deriving a description of the
global photometric behavior of Ryugu’s surface.

3.1. Disk-integrated model

The Hapke set of equations for describing disk-integrated
reflectance, (I/F), are given by:

(

I

F

)

=

[

{

w

8
[(1 + B(α))P(α) − 1] +

r0

2
(1 − r0)

}

· {1 − sin(α/2) tan(α/2) ln[cot(α/4)]}

+

2

3
r0

(

sin(α) + (π − α) cos(α)

π

)]

S (α, θ̄), (2)

where w is the single-scattering albedo, r0 is defined as r0 =

(1 −
√

1 − w)/(1 +
√

1 − w), α is the phase angle, and θ̄ is the
surface roughness parameter. The B(α) is the opposition effect
term defined as

B(α) =
B0

1 +
tan(α/2)

h

, (3)

where B0 describes the amplitude of the opposition surge and
h describes the width of the opposition peak. Although the
inter-grain multiple scattering within the regolith on comet
67P/Churyumov-Gerasimenko was used to argue for the pres-
ence of a CBOE (Fornasier et al. 2015; Markkanen et al.
2018), the mechanism producing the opposition surge is still
debated. Ryugu might be dominated by the shadow-hiding mech-
anism (SHOE) rather than the coherent backscatter contribution
(CBOE) because of its dark nature. We apply this opposition
effect term, since the shadow-hiding mechanism is considered
to be the dominant source for the opposition effect (Hapke 1986,
2002, 2012). However, because the value of B0 may also include
a coherent backscatter contribution, we cannot distinguish the
contribution from these two mechanisms solely based on the
value of B0. The single particle scattering function, P(α), is
provided by a single-term Henyey-Greenstein function of the
form

P(α) =
(1 − b2)

[1 − 2b cos(α) + b2]3/2
, (4)

where b describes the amplitude of the scattering peaks. A sin-
gle term phase function is used since the data set does not
capture the forward-scattering direction (α > 110◦). The sur-
face roughness, accounted for in the S (α, θ) term, is defined
as the average slope over the resolution element of the detector
(Hapke 1984). The derivation and mathematical expression for
the surface roughness term can be found in Hapke (1984, 2012).

3.2. Disk-resolved model

The Hapke set of equations for describing disk-resolved
reflectance, (I/F)R, are given by:

(

I

F

)

R
=

w

4π

µ0e

µ0e + µe

{

P(α)[1 + B(α)]] + [H(µ0e)H(µe) − 1]
}

· S (i, e, α, θ̄). (5)

The surface roughness term, S (i, e, α, θ̄), accounts for the large-
scale roughness, and µ0e and µe are the modified cosines of the
incident and emission angles, respectively, due to roughness.
The H(x) terms are the Chandrasekhar H-functions, which are
estimated using the expression:

H(x) =
1 + 2x

1 + 2x
√

1 − w
. (6)

The mathematical expression of these terms, and their derivation
can be found in Hapke (2012).

3.3. Modeling methods

The data were modeled in a step-wise approach. In the first
step, only the disk-integrated data were modeled and only those
bands whose disk-integrated data set includes both ground-based
and ONC-T derived opposition measurements (b, v, Na, w, and
x bands). There are no opposition measurements in the disk-
resolved data used in this study. The data were modeled using a
least-squares grid search that minimized the value of χ, defined
by

χ =

√

∑N
i=1(rmeasured − rmodel)2

N
, (7)

where N is the number of measurements, rmeasured is the mea-
sured reflectance, and rmodel is the model predicted reflectance.
All parameters were varied simultaneously. Initial grid incre-
ment values were 0.01 for w, 0.1 for B0, 0.05 for h and b, and
2◦ for θ̄. The initial results defined a narrower parameter space
in which to search for final values. The final search was run with
grid increment values of 0.001 for w, 0.01 for B0, 0.005 for h and
b, and 1◦ for θ̄. The median value and variation for the opposi-
tion parameters were calculated across the five bands modeled.
We found values for B0 and h of 0.98 and 0.075 with standard
deviations of 0.021 and 0.008, respectively.

In the second step, the opposition parameter values for B0

and h were set to 0.98 and 0.075, respectively, for all bands.
In this step all seven bands were modeled using both the
disk-integrated and disk-resolved data sets. The model used a
least-squares grid search, where separate χ values for the disk-
integrated and disk-resolved data sets were calculated. The grid
increment values were 0.001 for w and b, and 1◦ for θ̄. The grid
range was 0.02–0.07 for w, 0–0.4 for b, and 20◦–40◦ for θ̄. These
grid ranges were based on the results found in the first step. Max-
imum χ values for both the disk-integrated and disk-resolved
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Table 6. Hapke parameter values for Ryugu compared with other asteroids and the Moon.

Object Type (a) w B0 h b c θ̄ Reference

Ryugu Cb 0.044 ± 0.008 0.98 ± 0.02 0.075 ± 0.008 0.388 ± 0.01 n/a [28◦] ± 6◦ This study

Ceres C 0.116 1.6 0.054 0.22 n/a 25◦ Schröder et al. (2018)

Vesta V 0.508 1.83 0.048 0.242 n/a 17.5◦ Li et al. (2013)

Gaspra S 0.36 ± 0.07 1.63 ± 0.07 0.06 ± 0.01 0.18 ± 0.04 (b) n/a 29◦ ± 2◦ Helfenstein et al. (1994)

Gaspra S 0.63 ± 0.01 [1.63] [0.06] 0.47 ± 0.01 1.0 ± 0.01 7.5◦ ± 1◦ Domingue et al. (2016)

Gaspra S 0.39 [1.63] [0.06] 0.034 n/a 22◦ This study

Ida Sw 0.218 ± 0.024 1.53 ± 0.01 0.02 ± 0.005 0.33 ± 0.03 (b) n/a 18◦ ± 2◦ Helfenstein et al. (1996)

Eros Sw 0.42 ± 0.01 1.00 ± 0.14 0.022 ± 0005 0.26 ± 0.01 (b) n/a 24◦ ± 2◦ Clark et al. (1999)

Eros Sw 0.43 ± 0.02 1 ± 0.02 0.022 ± 0.005 0.29 ± 0.02 n/a 36◦ ± 5◦ Domingue et al. (2002)

Eros Sw 0.33 ± 0.03 1.4 ± 0.1 0.010 ± 0.004 0.25 ± 0.02 (b) n/a 28◦ ± 3◦ Li et al. (2004)

Mathilde Cb 0.035 ± 0.006 3.18 ± 1.0 0.074 ± 0.003 0.25 ± 0.04 (b) n/a 19◦ ± 5◦ Clark et al. (1999)

Itokawa Sq 0.57 ± 0.05 0.98 ± 0.06 0.05 ± 0.02 0.35 ± 0.04 0.56 ± 0.08 40◦ ± 3◦ Tatsumi et al. (2018)

Steins Xe 0.66 ± 0.02 0.60 ± 0.05 0.027 ± 0.002 0.30 ± 0.01 (b) n/a 28◦ ± 2◦ Spjuth et al. (2012)

Lutetia Xc 0.226 [1.79] [0.041] 0.27 (b) n/a [25◦] Masoumzadeh & Boehnhardt (2019)

67P/Churyumov-Gerasimenko - 0.037 ± 0.002 1.95 ± 0.12 0.023 ± 0.004 0.42 ±0.03 n/a 15 Fornasier et al. (2015)

Moon - 0.21 0.71 0.07 n/a (c) n/a (c) 20◦ Helfenstein & Veverka (1987)

Moon (§) - 0.33 2.09 0.073 0.239 (b) 0.345 (b) 23.4◦ Sato et al. (2014)

(highland)

Moon (§) - 0.36 2.01 0.079 0.235 (b) 0.325 (b) 23.4◦ Sato et al. (2014)

(average)

Moon (§) - 0.20 2.52 0.053 0.261 (b) 0.45 (b) 23.4◦ Sato et al. (2014)

(mare)

Notes. They all include the disk-resolved analysis. All other asteroid parameter values are for the v-band equivalent wavelength, with the exception
of Steins (630 nm) and Lutetia (649.2 nm). Numbers in brackets were held constant during some portion of the modeling analysis. (a)Taxonomy
classification by Bus & Binzel (2002). (b)These b values were converted from the original to correspond to the equations used in this study. (c)The
phase function used in this study was a Legendre polynomial. (§)The values listed are estimated from the graphs in Fig. 17 of Sato et al. (2014).

footprint (Hapke 1984, 2012). For disk-integrated measurements,
the effect of object shape (sometimes contained within the detec-
tor footprint size) factors into the estimation of this parameter.
We have already shown that for the case of Ryugu the object
shape can affect the phase curve reflectance by ∼6%. Compar-
isons of the shapes of these three objects show that Ryugu is
closest to a sphere (which is assumed by the model) and both
Eros and Itokawa are elongated, irregularly-shaped ellipsoids.
The comparison of the surface roughness parameter values with
the contrasting surface images suggests that shape plays a sig-
nificant role in the underlying value of the surface roughness
parameter when examining disk-integrated data. Therefore, the
disk-resolved data should be compared here. The Hapke param-
eter values displayed in Table 6 were derived with the inclusion
of disk-resolved data sets.

Gaspra, an S-type asteroid similar in class to Itokawa, was
examined by Helfenstein et al. (1994) and Domingue et al.
(2016). The results from Helfenstein et al. (1994) predict a sur-
face that is both darker and smoother than Itokawa. Domingue
et al. (2016), in contrast, predict a surface that is brighter than
that of Itokawa and smoother than those of all other objects
shown in Table 6. However, Domingue et al. (2016) incorporated
a two-term P(α), where the disk-resolved data they examined did
not include measurements in the forward scattering direction.
Using the same data set, with the opposition parameter values
set to those of Helfenstein et al. (1994), we refit the Gaspra data
using the same constraints as applied by this study to Ryugu.
The resulting values (Table 6) indicate that Gaspra is darker than
Itokawa but much brighter than Ryugu, as expected for an S-
type compared to a C-type. Gaspra’s surface roughness in this
updated analysis is also much smoother than that measured for
Itokawa and Ryugu, and closer to that seen on Eros and Ida,
which are both S-type.

The photometric analyses which include a disk-resolved
dataset show a wide range of photometry roughness: 7.5–40◦

(Table 6). However, except for the largest value of Itokawa

(Tatsumi et al. 2018) and the smallest value of Gaspra
(Domingue et al. 2016), the photometric roughness scatters
around 20–30◦. Surprisingly, those values are also similar to the
value for the Moon, although the surface of the Moon is cov-
ered by fine regolith. This might be because of roughness made
by numerous craters on the Moon, while the numerous boulders
account for the roughness on asteroids.

The surface roughness derived for Ryugu (28◦) is smaller
than that measured for Itokawa (40◦; Tatsumi et al. 2018).
However, images of these asteroids show that they each have
unique surface regolith properties; Itokawa displays alternating
regions of rocky coarse-grained regolith with areas of fine-
grained dust, while the images of Ryugu show a surface that is
rocky and coarse-grained, reminiscent of some of the regions
on Itokawa. Itokawa has regions of ponded, fine-grained dust,
which is noticeably absent on Ryugu. Nevertheless, Ryugu could
possess unresolved fine grains on its surface uncovered by the
touch-down operations (Morota et al. 2020).

5.4. Comparison with meteorites

Using a photometric correction based on the modeling results in
Sect. 3.4, we are able to compare Ryugu’s color spectrum with
laboratory spectra of selected meteorite samples. The detection
of a hydroxyl band absorption at 2.7 µm by NIRS3 suggests
the existence of hydrated minerals on Ryugu (Kitazato et al.
2019). However, Ryugu is relatively dark compared with CM
and CI class carbonaceous chondrites, which typically have
reflectance of ∼4–6% at the standard illumination and viewing
angles (RELAB1). It is difficult to explain the dark and flat spec-
trum of Ryugu by comparisons with existing meteorites. Very
few thermally metamorphosed meteorites of comparable spec-
tral darkness and flatness are discussed in Sugita et al. (2019)
and Kitazato et al. (2019). A comparison between the reflectance

1 http://www.planetary.brown.edu/relab/
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