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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) x 10~ um~" deg™' 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 um, b: 0.48 yum, v: 0.55 um, Na:
0.59 ym, w: 0.70 ym, x: 0.86 um, and p: 0.95 um (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,
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phyllosilicates could be detected by the presence of an absorp-
tion in the 0.7-um 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 1. Observation conditions.

Observation time (UT)  Exposure time (s) Airmass Standard star Airmass difference
2012 June 24, 03:33 900 x 4 1.07 HD 142801 <0.06
2012 June 26, 03:47 900 x 4 1.09 HD 142801 <0.07
2012 July 5, 01:46 900 x 4 1.04 HD 142801 <0.03

Before the arrival of Hayabusa2 at Ryugu, the photometric
and spectroscopic properties of Ryugu were intensively inves-
tigated using ground-based observations. In addition, here we
provide the unpublished ground-based visible spectra of Ryugu
obtained with the Gemini-South 8.1m telescope in 2012. The
first photometric model of Ryugu was provided by Ishiguro
et al. (2014), which modeled the V-band photometric prop-
erties of Ryugu by the Hapke disk-integrated model (Hapke
1984) in wide phase angle range. The results of this modeling
suggested the very dark nature of Ryugu with the geometric
albedo of 0.047 +0.003. After arrival at Ryugu, Sugita et al.
(2019) conducted photometric modeling based on the spacecraft
data combined with ground-based observations. These latter
authors modeled only v-band with a limited spacecraft dataset
with a phase angle of 16°-20°. In this study, we compile data
from ground-based observations and the imaging observations
of Hayabusa2 during its approach and at a 20 km distance from
Ryugu. It should be noted that we used a wider range of phase
angles than Sugita et al. (2019), including close to opposition,
and we modeled all seven band filters to extract the wave-
length dependency on photometric properties. We analyze this
combined data set to demonstrate the robustness of the cam-
era calibration, provide insight into the regolith properties, and
construct global albedo and color maps of Ryugu’s surface.

2. Spectrophotometric data sets

The analyses presented in this study consist of the examination of
two sources of data: those acquired by ground-based telescopes
and those extracted from the ONC-T/Hayabusa2 images. Here
we discuss each data set and the processing that was applied to
extract the spectrophotometric measurements needed for analy-
sis. We compare the photometric and spectroscopic properties
of the two data sets. This comparison is key to validating the
calibration of ONC-T.

2.1. Visible spectral observation of (162173) Ryugu with
Gemini-South telescope

We conducted a series of visible spectroscopic observations of
(162173) Ryugu with the 8.1m-aperture Gemini-South telescope
at Cerro Pachén in Chile using the GMOS instrument (Hook
et al. 2004) on 24 and 26 June and 5 July, 2012. The obser-
vational conditions are summarized in Table 1. The apparent
visible magnitude of Ryugu was between 19.13 and 19.66 during
our observations (Fig. 1a). These three nights of observations
covered a wide range of rotational phases (Fig. 1b). The phase
angle range was relatively small, between 22.7° and 30.3°. A
G2V star, HD 142801 was used as a solar analog star for cali-
bration. This star was located close to Ryugu (airmass difference
<0.1) during the observations. Observational error was estimated
based on the scatter among the four exposures and is given as
error bars in Fig. 2. Flat field correction and sky subtraction were
conducted using standard procedures (e.g., Kuroda et al. 2014)
with the GEMINI IRAF software package.
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Fig. 1. Timing of our Ryugu observations using the Gemini-South
telescope. (a) Apparent visual magnitude (AP-mag) of asteroid Ryugu
provided by HORIZONS (https://ssd. jpl.nasa.gov/horizons.
cgi). Our visible spectra were observed during the last observation
opportunity (summer of 2012) before the launch of Hayabusa2 in
December 2014. (b) Comparison of the rotational phases among our
three observations. The black lines indicate the length of observations
for these three nights. The blue lines indicate rotational phases that
would have been observed at the respective observation times.

Four integrations of 900s of exposure were conducted for
each observation. The four exposures are added together to
increase the signal-to-noise ratio (S/N). The resulting photon
counts are large enough that shot noise is at a negligible level.
All three nights of observations contain substantial noise due to
fringe pattern at longer wavelengths; data for wavelengths longer
than ~0.8 um are unreliable. Therefore, data at >0.8 um are not
used for further analyses in this study. The observations on 5 July
suffered from background star contamination leading to a higher
noise level. Nevertheless, the noise level is low enough that the
spectral data can be used for further analyses. The remaining two
spectral data sets for <0.8 um have a low noise level of 20~ ~ 3%.

2.2. Ground-based observations from previous work

The ground-based data set in this study consisted of the
disk-integrated photometric phase curve observations cited in
Ishiguro et al. (2014) and a set of spectral observations that were
convolved with the ONC-T filter response functions to create
additional photometric phase curve observations. The Ishiguro
et al. (2014) data set was acquired at various wavelength fil-
ters reduced into the reflectance at Johnson-Cousins V band,
which corresponds to the ONC-T v-band central wavelength.
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Fig. 2. Spectra of (162173) Ryugu obtained with the Gemini-South tele-
scope on 24 and 26 June and 5 July, 2012. Spectra are normalized to
unity at 0.55 um and offsets between spectra are 0.2.

The convolved spectral observations provide additional phase
curve data points at 0.55 um, and the only phase curve data
corresponding to the remaining ONC-T filter wavelengths.

2.2.1. Ishiguro et al. (2014) data set

Ishiguro et al. (2014) collected phase curve observations span-
ning from 0.25° to 78.77° in phase angle. The observations were
measured in terms of magnitude and converted to reflectance
(I/F) using the relationship

I 5
—2.510g(;):MR—MS—zlog(%)+mc, 1)

where My is the observed magnitude of Ryugu, Mg is the
V-band magnitude of the Sun at 1 au (Ms = —26.74, Allen 1973),
and D is the apparent cross section of Ryugu (D = 6.25 x 10° m?
assuming the equivalent area of a circle with a diameter of 8§92
m, which is the diameter determined from the shape model used
in Watanabe et al. 2019), and m. = —55.87 (a constant used
by Ishiguro et al. 2014 to adjust the length unit). The value for
D in this study differs from that used by Ishiguro et al. (2014)
because these latter authors adopted a diameter of 870 m which
was determined before the rendezvous phase (Miiller et al. 2011).

2.2.2. Spectral observations

Several ground-based spectral observations (Table 2) were aver-
aged with the ONC-T filter response functions (Kameda et al.
2017) to create equivalent disk-integrated phase curve observa-
tions for each filter for wide phase angle range. The spectra
used were all normalized to unity at 0.55 um, and therefore to
convert back to absolute reflectance a method was needed to cal-
culate the reflectance at 0.55 um for the phase angle conditions

of the spectral observations. The Ishiguro et al. (2014) data set
was fit with a fifth-order polynomial. This polynomial was used
to calculate the disk-integrated reflectance at 0.55 um for each
of the spectral observations at their corresponding phase angle.
This provided a multiplicative factor to convert the broadband
spectrum from the normalized to absolute reflectance.

2.3. HayabusaZ2 observations

Hayabusa2 began approach observations of Ryugu at the
beginning of June 2018 at a distance of ~2600 km. On 27 June
Hayabusa2 arrived at the home position, an altitude of ~20km
above Ryugu, and conducted check-out operations, such as
exposure-time and stray-light checks, and flat-field validation.
After arrival, a sequence of observations was conducted for
scientific evaluation of candidate sites for touch-down (TD)
and sample operations. Table 3 summarizes the observations
from arrival until the beginning of 2019. The operations were
categorised by their objectives: for example, the objective of
“Box-A” was global mapping with ~2 mpix~! at the home
position; the objective of “Box-B” was observations with a
variety of viewing geometries; and “Box-C” was observations
with different resolutions and viewing geometries. We analyzed
the photometric properties of Ryugu using data from the
approach phase and at 20 km distance, that is, ~2 mpix~!,
such as pre-Box-A, Box-Al, Box-B2, and Box-B3. All images
contain the whole object in the field of view (FOV). In partic-
ular, we included Box-B2 operation images, where the phase
angle varied between 16.0° and 40.7°, in order to measure
the photometric phase curves of Ryugu in all seven bands.
The aim of Box-B3 was to observe Ryugu at opposition.
The observational geometry of each pixel, such as incidence,
emission, and phase angles, was calculated based on the shape
model SHAPE_SFM_3M_v20180804 (Watanabe et al. 2019)
and SPICE kernels utilizing the NAIF SPICE toolkit (Acton
1996). This shape model has a polygon size of ~1.5 m, which
is comparable to the pixel scale observed from 20 km. The disk-
resolved reflectance was obtained by the radiance factor images
described in the calibration flow in Tatsumi et al. (2019a). It
should be noted that we used the updated flat-fields by Tatsumi
et al. (2019b). The disk-integrated reflectance was obtained as
in Tatsumi et al. (2018), integrating the radiance factor images
including scattered light around the object. We calculated the
disk-integrated reflectance using improved determinations for
Ryugu’s size and dimensions. We used all images of pre-Box-A,
Box-Al, Box-B2, and Box-B3 for disk-integrated analysis and
only Box-B2 for disk-resolved analysis.

2.4. Data comparisons

ONC-T/Hayabusa2 disk-integrated phase curves and spectra can
be compared with ground-based observations. Figure 3 shows
the phase curve comparisons between the ONC-T/Hayabusa2
and ground-based observations by Ishiguro et al. (2014). The
overlap indicates that the radiometric calibration for ONC-T is
well within the error bars of both datasets.

Figure 4 shows the one rotational average spectra of Ryugu
with different phase angles. We observed very weak phase red-
dening, although the spectral slope variation was smaller than
the variation by rotational phase difference (error bar is 1-o- of
rotational variation in Fig. 4). The phase reddening is further dis-
cussed in Sect. 5.1. The average spectrum suggests Ryugu can
be classified as C-complex class due to its flat slope in visible
wavelength. However, the subtype classification is more difficult
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Table 2. Ground-based spectral observations.

ID Date of observation Wavelength Phase angle APmag®  Airmass Telescope Aperture Reference S/N
(um) ) (Instrument) (m)

BO1 1999-05-17 0.39-0.93 6.1 17.8 ~1.9 Palomar Mountain 5.0 Binzel et al. (2001) 41
Vo1 2007-07-11 0.49-0.90 40.3 204 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
Vo3 2007-09-11 0.38-0.96 22.8 18.0 1.03 MMT 6.5 Vilas (2008) 51
MO1 2012-06-01 0.42-0.97 0.2 17.8 1.20 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 139
MO02 2012-06-01 0.41-0.98 0.2 17.8 1.47 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 133
MO3 2012-06-02 0.42-0.96 1.0 17.9 1.02 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 83
Mo04 2012-06-03 0.43-0.97 2.0 18.0 1.23 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 47
MO5 2012-06-03 0.44-0.94 2.1 18.0 1.03 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 49
MO6 2012-06-03 0.42-0.97 2.1 18.0 1.01 LDSS3 Magellan 6.5 Moskovitz et al. (2013) 55
Vo4 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 0.47-0.89 243 19.8 1.04 Gemini-S 8.1 This study 56
LO1 2012-07-09 0.40-0.85 333 20.0 1.16 SOAR 41 Lazzaro et al. (2013) 23
L02 2012-07-10 0.40-0.85 33.1 20.0 1.04 SOAR 41 Lazzaro et al. (2013) 22
LO03 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) (mpix~") )

pre-Box-A 3 July 2018 20 2 18.0-18.3
Box-Al 12 July 2018 20 2 18.6-18.9
Box-Cl1 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 Qctober 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
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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 um 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 um 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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were observed in our three ground-based observations (Fig. 2).
Although there seems to be a hint of 0.7-um band absorption
on 5 July, the absorption is smaller than the noise level. There is
no obvious 0.7-um absorption band in our ground-based spectra.
The fact that three flat spectra without clear 0.7-um absorption
were observed at different rotation phases strongly suggests that
most of Ryugu’s surface may be covered by material character-
ized by a flat spectrum, at least in the latitude range seen from
the Earth during our observation period.

We can also compare the ONC-T and ground-based obser-
vations in terms of spectral properties. To quantitatively assess
those observations with a variety of conditions, we bin spectra
by 0.02 um in order to decrease the dependency on wavelength
resolution brought about by the different grisms used in dif-
ferent observations. Noise is evaluated as the deviation inside
each bin. Red points in Fig. 6 show the binned spectra and
their error bars. The observations with high S/R or low airmass
are consistent with ONC-T observations showing very flat spec-
tra, while some of them have poor S/R values and they are far
from ONC-T observations. Previous studies discussed variation
in the 0.7-um and UV drop-off. However, it turns out there is
very little spectral variation on Ryugu, meaning that some of the
ground-based observations were affected by poor signal caused
especially by atmospheric and airmass conditions. For example,
BO1, V01, LOI, and LO3 show the drop-off in near-UV, which
is not observed onboard due to relatively large airmass. The
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Fig. 5. Disk-average spectrum of Ryugu with taxonomy classification of
Tholen (1984) and Bus & Binzel (2002). Hatched areas show the high
and low values among those classes. Error bars were calculated based
on the error in sensitivity calibration in Tatsumi et al. (2019a).

S/N is highly dependent on the aperture of the telescope used.
We found that even high-S/N observations among the largest
8.2 m telescope, ESO-VLT, show mismatch when the airmass
is large. Hence, the quality of spectra is sensitive to the air-
mass condition. Excluding the observations with airmass >1.1,
the spectra are very flat but have a slightly positive spectral slope
and are consistent with the ONC-T onboard observation. This
consistency supports the robustness of the ONC-T radiometric
calibrations. We note that we see the absorption towards 1 um
for the ONC-T observations, which could be indicative of mafic
minerals such as olivine and pyroxene. For example, thermal
metamorphosed carbonaceous chondrites exhibit a wide absorp-
tion feature around lum (Cloutis et al. 2012). However, accord-
ing to the error in the sensitivity calibration of 3% (Tatsumi
et al. 2019a), the absorption could be measurement error. Fur-
ther investigations are required based on local variation of
1-um band absorption using resolved image analyses in order
to make any firm conclusions.

3. Photometric modeling approach and
methodology

The Hapke (1981, 1984, 1986, 2002) photometric model has been
widely used by the planetary science community to analyze the
nature of particulate surfaces of atmosphereless celestial bod-
ies. The Hapke model is based on the equations of radiative
transfer and its parameters can arguably be interpreted in terms
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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 yum. The red points indicate the binned spectra by 0.02 um and error bars are standard deviation inside of each bin. The ground-based
observations are shown, ordered according to S/N values.

A83, page 6 of 19



E. Tatsumi et al.: Global photometric properties of (162173) Ryugu

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:

1
(£)= [{%[(1 + B@)P@) - 11+ 2(1 - m)}
-{1 — sin(a/2) tan(a/2) In[cot(a/4)]}

2 (sin(a) + (1 — @) cos(@)

30
where w is the single-scattering albedo, ry is defined as ry =
(1 - V1-w)/(1 + V1 —-w), @ is the phase angle, and 8 is the
surface roughness parameter. The B(a) is the opposition effect
term defined as

By
tan(a/2) ’
1+ ==

T

)} S(a,0), )

B(a) = 3

where By 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 By may also include
a coherent backscatter contribution, we cannot distinguish the
contribution from these two mechanisms solely based on the
value of By. The single particle scattering function, P(a), is
provided by a single-term Henyey-Greenstein function of the
form
2

Pla)= — )

[1 - 2bcos(a) + b2]3/2

“)

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 (@ > 110°). The sur-
face roughness, accounted for in the S(a, 6) 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)g, are given by:

1 _ ﬂ Hoe —
(F), = o e P@)IL + B@I + (00 H (o) = 11)

- SG3, e, @, 0). 5

The surface roughness term, S (i, e, a, 0), accounts for the large-
scale roughness, and pg. and u, 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:

1+2x
HXx)= ————. 6
) 1+2xV1l —-w ©

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 y, defined
by

N
\/Z,‘:l(rmeasured - rmodel)z
= N ,

X (N
where N is the number of measurements, rpeasured 1S the mea-
sured reflectance, and roqer 1S the model predicted reflectance.
All parameters were varied simultaneously. Initial grid incre-
ment values were 0.01 for w, 0.1 for By, 0.05 for 4 and b, and
2° for 6. 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 By, 0.005 for /2 and
b, and 1° for A. The median value and variation for the opposi-
tion parameters were calculated across the five bands modeled.
We found values for By and % 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 By
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 y 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 6. The grid
range was 0.02-0.07 for w, 0-0.4 for b, and 20°—40° for 6. These
grid ranges were based on the results found in the first step. Max-
imum ) values for both the disk-integrated and disk-resolved
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Table 4. Hapke parameter values for (162173) Ryugu.

Filter w b

ul 0.047 £ 0.008 0.386 + 0.001
b 0.045 + 0.008  0.388 = 0.001
v 0.044 + 0.008 0.388 + 0.001
0.044 +£0.008 0.387 +0.001
w 0.045 + 0.008 0.382 + 0.001
X 0.047 +£ 0.008  0.374 + 0.001
p 0.046 + 0.008 0.377 + 0.001

098 £0.021 0.075 £0.008 28° + 6°

modeling were provided, and all combinations of parameters
over this grid and increment range with y values lower than both
disk-integrated and disk-resolved maximum values were stored
and examined.

For each band, the resulting parameter sets were sorted, first
according to the disk-integrated y value, and then according to
the disk-resolved y value. The parameter sets with the top 20
lowest disk-integrated y values were compared with the param-
eter sets with the top 20 lowest disk-resolved disk-integrated y
values. No identical parameter sets were found between these
two groups of parameter sets for any of the bands, but parame-
ter sets with the same w and 8 value were identified within each
band. These solutions were selected as the “step-2” modeling
result for that band.

In the third step, the median value for 6 (28° with a standard
deviation of 6°) from the individual band results was calculated.
The solutions from step-2 were then sorted as a function of y
value and those parameter sets with the median value of 28° were
examined. The parameter set values for each band were exam-
ined independently in this step. The final result for each band
was selected from this set of parameters based on minimizing
the combined y values. A third-order polynomial was fit to the
w and b values as a function of band wavelength. This was done
to remove any spurious spectral variations (e.g., Domingue et al.
2015).

3.4. Modeling results

The final parameter values are given in Table 4 for all bands.
These parameters are the result of the simultaneous modeling of
both the disk-integrated and disk-resolved data sets. The error
bars stated for the opposition and roughness parameters are
based on the standard deviations based on the results from step
one and step two, respectively. These standard deviations are
larger than the grid increments used in each step to find each
wavelength value. The error bars listed for the w and b were cal-
culated based on the range of values found in step 3 over all
wavelengths. If the range is smaller than the grid size, as is the
case for the b values, then the final grid size is taken as the error
estimate.

3.4.1. Disk-integrated data and model comparisons

Comparisons of the disk-integrated observations and measure-
ments with the Hapke modeling results are shown in Fig. 7 for
each band. The models show good agreement with the data. The
two data set sources (ground-based and ONC-T) overlap within
the error estimates for each data set, even within the opposition
region. The Hapke model displayed corresponds to the values
listed in Table 4. However, in the modeling process these solu-
tions were not the only viable solutions to the disk-integrated
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Fig. 7. Comparison of the disk-integrated observations of Ryugu (sym-
bols) with the Hapke modeling (black line) results. The model curves

shown correspond to the parameters listed in Table 4 from this study of
Ryugu.

data; they are the solutions that best describe the disk-integrated
and disk-resolved data simultaneously.
3.4.2. Disk-resolved data and model comparisons

The disk-resolved data set and the modeling results were com-
pared using ratios. The ratio of the measured reflectance to
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Fig. 8. Top: percentage of the disk-resolved data set for each band that
is predicted by the Hapke model solution to within <5% (orange), to
within 5-10% (light blue), to within 10-20% (purple), and to within
>20% (red). Bottom: comparison of the ONC-T reflectance versus the
model predicted reflectance, color-coded to match the percentage bins
in the top graph, for the v band. The distribution and relationship is
similar for the other bands.

that of the model predicted reflectance was calculated. The
resulting ratios were binned into four categories, and these are
shown in Fig. 8: (1) ratios within 5% (values of 0.95-1.05), (2)
ratios of 5-10% (values of 0.90-0.95 and 1.05-1.1), (3) ratios
of 10-20% (values of 0.80-0.90 and 1.1-1.2), and (4) ratios
>20% (values below 0.8 and above 1.2). As an example, the v-
band reflectance values are plotted versus the model-predicted
reflectance (Fig. 8). The majority of the disk-resolved data points
fall into the <5% category for all bands, although the percentage
of data points in this category decreases for the p band.

Figure 9 shows an example of the distribution of the four
categories as a function of incidence and emission angle for
the v band. The poorest fits (>20% category) are concentrated
at higher values of incidence and emission angle. The disk-
resolved data include shadows from boulders and craters, which
can explain some of the poorly modeled measurements.

3.4.3. Geometric and bond albedo

The geometric or physical albedo, A, is the reflectance observed
at zero phase angle relative to a Lambertian surface of the same

v Band v Band

Emission angle (deg)
Emission angle (deg)

20
Incidence angle (deg) Incidence angle (deg)

v Band vBand

Emission angle (deg)
Emission angle (deg)
2
5

0 20 40 60 80 0 20 40 60 80
Incidence angle (deg) Incidence angle (deg)

Fig. 9. Distribution of data over the incidence and emission angle space
for each of the ratio categories for the v band. The points plotted in
green are those that the model fits to <5% difference. The points plotted
in blue are those that are fit to between 5 and 10%. The points plotted
in purple are those that are fit to between 10 and 20%, and the points in
red are those that fit to >20%. The data that are modeled to within 5%
are evenly distributed across the angle space. As the model agreement
with the data decreases, the distribution moves to the edges of the angle
space. This corresponds to regions of higher incidence and emission
angle values.

Table 5. Geometric, bond albedos, and phase integral for Ryugu.

Filter ~Geometric albedo Phase integral Bond albedo
ul 0.043 = 0.005 0.339 £ 0.005 0.015 +0.01
b 0.041 + 0.005 0.338 + 0.005 0.014 + 0.01
v 0.040 + 0.005 0.338 +£ 0.005 0.014 + 0.01

Na 0.041 + 0.005 0.338 +£ 0.005 0.014 + 0.01
w 0.041 + 0.005 0.343 +£0.005 0.014 + 0.01
x 0.047 + 0.005 0.351 £0.005 0.014 +0.01
p 0.040 + 0.005 0.348 + 0.005 0.014 + 0.01

cross-sectional area similarly illuminated and can be calculated
directly from the Hapke set of equations (e.g., Hapke 1984,
2012). The phase integral, ¢, and the Bond albedo, A, are related
to the geometric albedo by the equation Ag = Apg. The phase
integral can be calculated from the equation

qg=2 fﬂ ¢(a) sin ada, ®)
0

where ¢(a) is the radiance factor. Using the Romberg method of
integration, the phase integral was calculated for each band. The
geometric albedo, phase integral, and Bond albedo for each band
are shown in Table 5. The geometric albedo of 0.040 +0.005 is
in the range of the geometric albedos of F- and C-types, namely
0.058 £0.023 and 0.061 +0.028, and is a little lower than those
of other primitive B- and G-type asteroids, namely 0.113 + 0.069
and 0.073 £ 0.018 (Usui et al. 2013).
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Fig. 10. Mosaic map made by the image hyb2_onc_20180831_112719
with phase angle of 40.4° and the image hyb2_onc_20180907_092745
with phase angle of 16.0°. Both images were acquired in the v band. Top:
images without any photometric standardization. Middle: same mosaic
after photometric standardization to (i, e, @) = (30°, 0°, 30°). Top and
middle panels: scaled from 0 to 0.027. Bottom: reflectance profile along
the red lines in the top and middle panels.

4. Photometrically standardized albedo maps and
mosaics

4.1. Evaluation of photometric standardization

One application of the photometric modeling is to provide stan-
dardization to a common viewing and illumination geometry.
This is typically (i, e, @) = (30°, 0°, 30°), which corresponds
to the viewing and illumination geometry of most laboratory
reflectance measurements of planetary materials. A set of over-
lapping images were used to form a mosaic (Fig. 10) prior to
standardization and then again after standardization. While the
seam between images is still visible, the contrast between the
images has been greatly reduced. Nevertheless, as an impor-
tant example, we constructed a mosaic based on the 12 images
acquired every 30° on the same day, 12 July 2018 (Fig. 11).
This mosaic is a more realistic example of the types of mosaics
used to construct a global map. We photometrically corrected
the 12 images and removed the pixels which has incidence or
emission values >70°. All the images were overlaid without any
smoothing at the borders. When the mosaic is made from the
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Fig. 11. Mosaic map made of 12 images for one rotation on 12 July 2018.
Each image is photometrically standardized to (i, e, @) = (30°, 0°, 30°)
without smoothing at the borders. The mosaic is scaled from 0.012 to
0.025. The border lines between the 12 images are barely seen.

images taken on the same day, the seams between images are
barely seen. This demonstrates that the photometric model pro-
vides a reasonable photometric standardization for constructing
mosaics. A more in-depth disk-resolved study, which is beyond
the scope of this work, could further reduce the contrast.

4.2. Albedo and color maps

Based on the Hapke modeling results shown in Sect. 3.4, we now
examine the global albedo variations on Ryugu in the context of
geologic features (Fig. 12). The full-disk images acquired from
the home position, an altitude of ~20 km, were photometrically
corrected and used to make a mosaic to form a v-band global
albedo map (Fig. 13; other bands can be found in Appendix A).
Here we defined the albedo as the reflectance factor with the
illumination and viewing geometry of (i, e, @) = (30°, 0°, 30°).
For the mosaic, we discarded the pixels with incidence or emis-
sion angles larger than 70°. The standard deviation in the albedo
is ~10%. The east—west albedo dichotomy, brighter in the west
area which includes Horai Fossa and Tokoyo Fossa (150°E—
120°W), can be seen in all bands as was shown by Sugita
et al. (2019). Moreover, this dichotomy is more prominent at
the shorter wavelengths. The difference of albedo could reflect
either a compositional and/or structural difference of regolith
between east and west. For example, Michikami et al. (2019)
reported the difference in the large boulder density distribution
on east and west hemispheres. Therefore, the grain size of hemi-
spheres could also be different. Furthermore, we found some
dark regions are located in the large crater, such as Momotaro,
Kibidango, Urashima, Brabo, and Cendrillon craters. The large
craters might reveal dark interior materials.

We also constructed a spectral albedo ratio map by dividing
the x-band albedo map by the v-band albedo map (Fig. 14). We
can see color variation between correlated geological features.
The blue color of the equatorial ridge, Tokoyo Fossa, and the
south pole, as was reported by Sugita et al. (2019), is apparent.
This spectral slope map shows that the northern hemisphere is
more homogeneous in spectral slope than the southern hemi-
sphere, while the south hemisphere displays variations more
correlated to surface morphology, such as Tokoyo Fossa.

Twelve 1° X 1° regions were selected, and the albedo values
of the pixels in each region were averaged to create representa-
tive color spectra for each region, as shown in Fig. 15. Figure 15a
shows the distribution of albedo and spectral slope for the global
map with the same definition as Sugita et al. (2019). The spectral
slope was calculated with a wavelength range of 0.48-0.86 um.
The spectral characteristics of TD1 and R3 are located on the
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Fig. 13. v-band global albedo map of Ryugu. The albedo is defined
by the reflectance factor with the illumination condition of (i, e, @) =
(30°, 0°, 30°). Black patches are the place where the map does not have
values due to high incidence and emission angles.

global trend: bright blue to dark red. The reference spectrum
(R3) was taken as an average of the region from [0°, 180°] to
[30°N, 150°W] to clarify the spectral difference. To visualize
the difference between regions, the regional spectra are divided
by the reference spectrum (Fig. 15b right). We confirm the major
correlation between the spectral slope and the albedo pointed out
by Sugita et al. (2019). However, we observe minor places that
display different trends. For example, the inside of Kibidango
crater (K in Fig. 12) and Urashima crater (R1 in Fig. 12) have
a relatively dark floor but the color is relatively blue. Another
example is Otohime Saxum (Ol and O2 in Fig. 12), which
is generally brighter than average but shows similar redness
to the average, depending on the surface. The processes of
brightening—darkening and bluing—reddening appears to be inde-
pendent. Those exceptions suggest a more complicated history
for Ryugu.

5. Surface properties
5.1. Phase reddening properties

Spectral reddening (increase in spectral slope with increasing
wavelength, in contrast to bluing, which is a decrease in spectral

Albedo ratio Rx/Rv

Fa(ref)

30°E 60°E 90°E 120°E 150°E 180° 150°W120°W S0°W 60°W 30°W.

Fig. 14. Global albedo ratio map (R./R,). Black patches are the place
where the map does not have values due to high incidence and emission
angles.

slope with increasing wavelength) with increasing solar phase
angle is often observed on planetary surfaces, a phenomenon
known as “phase reddening” (e.g., Gehrels et al. 1964). This
effect has been observed on asteroids by both ground- and space-
based instruments, and has been systematically investigated
using laboratory measurements (Schroder et al. 2014a). Gener-
ally, phase reddening on opaque and dark objects is thought to
be difficult to observe because it is related to multiple scattering
and surface shadowing (Kaydash et al. 2010). However, recently
the effect was observed on the dwarf planet Ceres (Ciarniello
et al. 2017), the comet 67P/Churyumov-Gerasimenko (Fornasier
et al. 2015), and the B-type asteroid Bennu (DellaGiustina et al.
2019). We also found weak phase reddening on Ryugu. The disk-
integrated spectral slope between b- and x-bands, as a function
of phase angle, is shown in Fig. 16. The strength of the phase red-
dening effect can be measured by the slope of the lines in Fig. 16:
the larger the slope the greater the phase reddening. For Ryugu,
we find a phase reddening slope of (2.0 +0.7) x 103um~" deg™".
The spectral slope variation of Ryugu is compared to two CM2
chondrites, MET 00639 and ALH 84040 (Hiroi et al. 2016b),
suggesting slightly less phase reddening than those opaque
and dark meteorites. The effect of grain size is shown to be
small among those meteorites. However, the experiments by
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crosses indicate the 12 local spectral features. (b) Photometrically stan-
dardized spectra of the 12 regions shown in Figs. 12—14. The spectra on
the right are divided by the spectrum of R3 to emphasize the variations.
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Fig. 16. Phase reddening trend of Ryugu and CM2 meteorites (MET
00639 and ALH 84040) of different grain size. Ryugu shows less phase
reddening than the carbonaceous chondrites, although phase reddening
is still apparent for this dark asteroid.

Schroder et al. (2014a) has shown that the microscopic rough-
ness on the particle size scale and/or porosity could also affect
the scattering property. Hence, the surface of boulders on Ryugu
could be more complicated than those meteoritic samples on
microscopic scale.

Phase reddening is thought to be associated with the multi-
ple scattered component of reflected light (Adams 1967; Adams
& Filice 1967; Schroder et al. 2014a). Thus, Ryugu’s regolith
has a multiple scattering nature at longer wavelengths but the
effect is very small. Because phase reddening is associated with
multiple scattering within the regolith, the strength of phase
reddening could be related to total reflectance. In Fig. 17, we
investigated the relationship between the degree of phase redden-
ing and albedo of several Solar System bodies, namely the Moon,
Ceres, Vesta, Eros, Itokawa, 67P/Churyumov-Gerasimenko, and
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Fig. 17. Phase reddening on various Solar System airless bodies. The
degree of phase reddening is measured by the variations in spec-
tral slope with increasing phase angle. The Moon by Lane & Irvine
(1973), Ceres by Ciarniello et al. (2017), Vesta by Schroder et al.
(2014a), Eros by Clark et al. (2002), Itokawa by Tatsumi et al. (2018),
67P/Churyumov-Gerasimenko by Fornasier et al. (2015), and Bennu
by DellaGiustina et al. (2019) are plotted with Ryugu (square). The
effect on Eros was measured in the near-infrared, 1.5-2.3 um, and other
objects are measured in the visible wavelength range.

Bennu (Lane & Irvine 1973; Ciarniello et al. 2017; Schroder
et al. 2014b; Clark et al. 2002; Tatsumi et al. 2018; Fornasier
et al. 2015; DellaGiustina et al. 2019). It should be noted that
only Eros was measured in the near-infrared wavelength range
of 1.5-2.3 um. Interestingly, Vesta does not show strong phase
reddening, even if it is a very bright object. Eros shows much
less phase reddening compared with Itokawa of similar albedo.
Although 67P/Churyumov-Gerasimenko is known to be a very
dark object, it exhibits significant phase reddening. Therefore,
the relationship between the reflectance and degree of phase
reddening is not very clear. Furthermore, this suggests that dif-
ferences in grain structure and/or surface compaction condition
may play a more significant role than reflectance (Schroder et al.
2014a). Moreover, Ryugu and Bennu have similar phase redden-
ing properties, suggesting a similarity in the physical properties
of Ryugu and Bennu, such as the microscopic roughness on the
boulders and porosity.

5.2. Effect of the shape of the object

Generally asteroids are not perfect spheres, as demonstrated by
the reports by the many spacecraft encounters with them to date.
In the Hapke disk-integrated reflectance model, the equations
assume that the shape of the observed body is a sphere. There-
fore, there may be uncertainties introduced by this assumption,
especially when applied to asteroids. To investigate this effect
for Ryugu, we calculated the disk-integrated phase curve based
on the shape model and compared it with the phase curve cal-
culated in Eq. (2). To be more precise, the radiance factors for
all illuminated polygons were calculated based on the realistic
shape model and the disk-resolved Hapke model to create a sim-
ulated image. The radiance factor was then integrated across
all polygons to derive a disk-integrated radiance factor. We
simulated phase curves at subspacecraft longitudes of 0°, 90°,
180°, and 270°. Figure 18 shows the comparison of the phase
curves based on the simulated images using the shape model and
Eq. (2).

The ratio between the shape model derived and the
Hapke-equation-generated phase curves clearly demonstrates a
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Fig. 18. Top: phase curves based on the shape model simulation (dot)
and the disk-integrated Hapke model equation (dashed line). Bottom:
ratio between the two phase curves; the radiance factor based on the
shape model simulation is divided by the disk-integrated Hapke model
as a function of incident solar light.

difference, especially at the larger phase angle values. The shape-
model-simulated phase curve shows a larger opposition effect
than the disk-integrated Hapke model equation which assumes
a spherical shape. Thus, the parameters obtained based on the
disk-integrated Hapke model may be overestimating the opposi-
tion parameter values for top-shaped asteroids. Moreover, even if
the subspacecraft longitude is the same, depending on the sun-
incidence direction, the disk-integrated reflectance can vary by a
few percent due to the asymmetry in shadows from large boul-
ders or longitudinal variations in shape. We need to exercise
caution when applying disk-integrated Hapke model equations
to irregularly shaped objects, which often applies to small bod-
ies. This is a subject for further investigation using a more
detailed disk-resolved model analysis. We note that the differ-
ence between the two phase curves is less than 6% for phase
angles <40°, which corresponds to the conditions under which
the ONC-T observations were taken.

5.3. Regolith properties from photometry

Photometric analysis serves multiple purposes, from calibra-
tion validation to standardization for the production of mosaics
and map products. However, models also can be used to bring
some understanding of the physical properties of the surface.
The Hapke model, derived from radiative transfer theories, links
the values of the parameters to specific physical attributes of
the scattering medium; in this case the surface regolith. While
the validity of these correlations has been questioned and tested
with mixed results (Shepard & Helfenstein 2007; Helfenstein
& Shepard 2011; Souchon et al. 2011; Shkuratov et al. 2012),
it helps place constraints on regolith characteristics especially
when compared with other Solar System objects modeled with
these same equations (Table 6).
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Fig. 19. Top: single particle phase function for each of the bands, cor-
responding to the amplitude parameter given in Table 4. All phase
functions are backward scattering, with the amplitude of the back-
scattering lobe being similar across these wavelengths. Bottom: ratio
of the single particle scattering function of each band to the v-band sin-
gle particle scattering function. The variation in the scattering function
is below 5% over all phase angles, and below 2% over the phase angles
observed by ONC-T. Phase reddening is seen in the spectral proper-
ties of Ryugu commensurate with the wavelength variations seen in the
phase function.

5.3.1. Single particle scattering function

Neither the disk-integrated or disk-resolved data sets sampled
the forward scattering direction, and therefore only a single-
term Henyey-Greenstein function was used to describe the single
particle scattering function (P(@)). Figure 19 shows the single
particle scattering function for each band. All bands display sim-
ilar backward-scattering properties. This implies regolith grains
with surface scatterers. The spectral variation in the single par-
ticle scattering function parameter, b, is essentially flat within
the error estimates of the parameter value. This suggests that
the structure of the regolith grains, at each of the filter band
wavelengths, is very similar. In other words, the scattering cen-
ters that scatter light at 0.40 ym also scatter light at 0.95 ym,
and vise versa. Even though the spectral variation in both » and
single-scattering albedo are essentially flat, the subtle variations
suggested in their values have opposite trends with wavelength.
Phase reddening is seen in the spectral properties of Ryugu com-
mensurate with the small wavelength variations seen in the phase
function, which supports the hypothesis by Adams (1967) that
multiple scattering plays role for phase reddening.

5.8.2. Surface roughness

Surface roughness is defined as the average surface tilt across all
size ranges, from unresolved fine grains to the size of the detector
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Table 6. Hapke parameter values for Ryugu compared with other asteroids and the Moon.

A&A 639, A83 (2020)

Object Type @ w By h b c 0 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° Schroder et al. (2018)
Vesta \% 0.508 1.83 0.048 0.242 n/a 17.5° Li et al. (2013)
Gaspra S 036+0.07 1.63+0.07 0.06+0.01 0.18 +0.04 ® 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® 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 @ 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 14+01 0.010+0.004 0.25=+0.02® n/a 28° +3° Lietal. (2004)
Mathilde Cb 0.035+0.006 3.18+ 1.0 0.074 +0.003 0.25+0.04® n/a 19° £5°  Clark et al. (1999)
Ttokawa Sq 0.57+0.05 098 +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 ® n/a 28° £2°  Spjuthetal. (2012)
Lutetia Xc 0.226 [1.79] [0.041] 0.27 ® 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 © n/a © 20° Helfenstein & Veverka (1987)
Moon ® - 0.33 2.09 0.073 0.239 ® 0.345® 23.4° Sato et al. (2014)
(highland)
Moon ® - 0.36 2.01 0.079 0.235® 0.325® 23.4° Sato et al. (2014)
(average)
Moon ® - 0.20 2.52 0.053 0.261 ® 0.45® 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. ”Taxonomy
classification by Bus & Binzel (2002). ’These b values were converted from the original to correspond to the equations used in this study. ’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(a), 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
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(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 um 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 (RELAB'). 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

I http://www.planetary.brown.edu/relab/
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Fig. 20. Top: comparison of reflectance between Ryugu and carbona-
ceous chondrites (RELAB). Bottom: comparison of the reflectance
between Ryugu and IOM of carbonaceous chondrites (Kaplan et al.
2019).

factor at i = 30°, ¢ = 0°, and @ = 30° (REFF(30, 0, 30)) of
Ryugu and dark carbonaceous chondrites is shown in Fig. 20
(top). MET 00639 and Y-82162 are thermally metamorphosed
carbonaceous chondrites and have the darkest and flattest spec-
tra among naturally found meteorites. As shown in the figure,
these meteorites are still more than 1.5 times brighter than
Ryugu’s reflectance. Thus, it seems reasonable to consider that
the material on Ryugu has different properties from the mete-
orite samples that we have found on Earth. If that is the case, the
lower reflectance could be explained by additional effects, such
as space weathering, higher thermal processing (Kitazato et al.
2019; Sugita et al. 2019), or different mineral composition. One
possibility is that the surface of Ryugu contains a large amount
of organic material: the more C present in the mineral composi-
tion, the lower the overall albedo becomes. The REFF(30, 0, 30)
= 1.9% suggests C contents of more than 2 wt.% (Cloutis et al.
2012). The majority of the organic matter in carbonaceous chon-
drites are composed of insoluble organic material (IOM). We
also compared Ryugu’s spectrum with the IOM spectra in CM
chondrites, Murchison, and Y-86720 (Fig. 20 (bottom)). Insol-
uble organic material is usually darker than 3% and displays a
flat slope in the visible wavelengths (Kaplan et al. 2019). Thus, a
high IOM content may explain the darkness of Ryugu’s surface.
At the same time, this is also consistent with the shallow 2.7-um
absorption seen in the NIRS3 spectra of Ryugu (Kitazato et al.
2019), since IOM spectra do not show strong absorptions.

6. Summary

Here we presented the spacecraft-based photometric observa-
tions of (162173) Ryugu acquired from the Hayabusa2 spacecraft
ONC-T with seven color filters. In addition we presented new
telescopic observations acquired with the Gemini-South tele-
scope. Comparisons between the ONC-T measurements with

both the Gemini-South telescopic observations and previous
ground-based observations demonstrate that the ONC-T calibra-
tion is robust across all bands. One caveat that we encounter
during these comparisons is that the quality of the ground-based
spectra is very sensitive to the airmass during the observation
run and aperture size of the telescope. We note that the phase
curve derived from the ONC-T v-band images is in good agree-
ment with the ground-based phase curve published by Ishiguro
et al. (2014).

Ground-based observations show some spectral variability in
the UV and some observations reveal a possible 0.7-um band
absorption. The color spectra observed by ONC-T show that
Ryugu’s surface is dark and relatively homogenous, with no
discernible spectral absorptions. Variations are seen in spectral
slope and color ratio properties, which distinguish the equatorial
ridge and polar regions from the mid-latitude regions, as was
also seen by Sugita et al. (2019).

We modeled the photometric measurements of the asteroid
Ryugu in all seven color band filters on ONC-T. We analyzed
the dataset acquired from ~20 km away from the asteroid using
both Hapke’s disk-integrated and disk-resolved models in order
to make use of the ground-based data covering a wide range of
phase angles and the spacecraft data covering a wide variety of
incidence and emission angle conditions. The single scattering
albedo derived for Ryugu is the smallest among other aster-
oids visited by spacecraft and modeled similarly. The geometric
albedo and bond albedo were calculate based on our photometric
model as 4.0 + 0.5% and 1.4 + 0.1%, respectively.

The roughness parameter derived for Ryugu is similar to that
derived for many other asteroids. It is in the range of that esti-
mated for Eros while being smoother than that estimated for
Itokawa. However, it should be noted that the disk-integrated
model assumes the planetary object is a sphere. There may be
inherent error caused by the irregular shape of asteroids, which
may affect the values of the roughness parameter. We demon-
strate, for the case of Ryugu, the irregular top-shape introduces a
~2% difference in the derived disk-integrated reflectance in the
opposition region (@ <10°) and a ~6% difference in the large
phase angle (@ >40°) regions. Further analysis of the effect of
shape is needed, but this is beyond the scope of this study.

The phenomenon of phase-reddening was observed on
Ryugu. The degree of phase reddening ((2.0 + 0.7) X
1073 um~" deg™") is comparable to that of the asteroid Bennu and
laboratory spectral measurements of some thermally metamor-
phosed CM meteorites. Phase reddening is caused by multiply
scattered light, common in fine-grained regolith. Thus, there
could be weak multiple scattering on the surface of Ryugu sug-
gesting the existence of very fine-grained (possible sub-micron-
sized) material on the surface of this asteroid, perhaps coating
the coarser grains, pebbles, and boulders visible on the surface.

Based on the albedo in this study, meteorite samples are still
measurably brighter than Ryugu. Comparisons with IOM from
CM meteorites show that this material could sufficiently darken
and flatten carbonaceous chondrites without producing any spec-
tral features and could therefore be a significant component of
the Ryugu surface. Another possibility is that we do not yet have
a sample of Ryugu in our meteorite collections. The ultimate
answer awaits the return of the direct samples from the Ryugu
surface collected by the Hayabusa2 spacecraft.
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Appendix A: Albedo maps for all filters

Figures A.1-A.3 show the albedo maps defined by the
reflectance factor at (i, e, @) = (30°,0°,30°) for all 7 band filters.
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Fig. A.1. Albedo maps for the individual filter bands on the ONC-T (top: ul band, middle: b band, bottom: v band).
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Fig. A.2. Albedo maps for the individual filter bands on the ONC-T (fop: Na band, middle: w band, bottom: x band).
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Fig. A.3. Albedo maps for the individual filter bands on the ONC-T (p band).

Appendix B: Data from RELAB

Table B.1 is the list of the sample IDs from the RELAB Database
for ease in tracking the details of samples.

Table B.1. Samples used in this study from RELAB.

Sample name Sample ID in RELAB

Murchison chip MT-S1S-234
ALH 84040 chip MP-TXH-198
MET 00639 chip MP-TXH-226

Y-82162 chip MP-TXH-137
Y-86029 chip MP-TXH-138
Y-86720 chip MP-TXH-159

Murchison IOM HK-REM-008

Y-86720 IOM HK-REM-009

A83, page 19 of 19



	Global photometric properties of (162173) Ryugu
	1 Introduction
	2 Spectrophotometric data sets
	2.1 Visible spectral observation of (162173) Ryugu with Gemini-South telescope
	2.2 Ground-based observations from previous work
	2.2.1 Ishiguro2014 data set
	2.2.2 Spectral observations

	2.3 Hayabusa2 observations
	2.4 Data comparisons

	3 Photometric modeling approach and methodology
	3.1 Disk-integrated model
	3.2 Disk-resolved model
	3.3 Modeling methods
	3.4 Modeling results
	3.4.1 Disk-integrated data and model comparisons
	3.4.2 Disk-resolved data and model comparisons
	3.4.3 Geometric and bond albedo


	4 Photometrically standardized albedo maps and mosaics
	4.1 Evaluation of photometric standardization
	4.2 Albedo and color maps

	5 Surface properties
	5.1 Phase reddening properties
	5.2 Effect of the shape of the object
	5.3 Regolith properties from photometry
	5.3.1 Single particle scattering function
	5.3.2 Surface roughness

	5.4 Comparison with meteorites

	6 Summary
	Acknowledgements
	References
	Appendix A: Albedo maps for all filters
	Appendix B: Data from RELAB


