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Introduction: Since June 2018, the Optical Navi-
gation Camera (ONC) onboard Hayabusa2, has ob-
served the C-type asteroid 162173 Ryugu at a distance
below 20 km [1]. ONC consists of three cameras:
ONC-T, -W1 and -W2, [2-4]. ONC-T has 7 broadband
filters ranging in wavelength from 0.39-0.95 um [2].
ONC-W1 and -W2 are wide-angle (> 65°) panchro-
matic cameras mainly used for optical navigation dur-
ing cruise and low-altitude (< 20km) operations[3].
ONC-T and ONC-W1 are used for surface imaging
operations, and their images allow us to investigate the
disk-resolved photometric properties of the surface.

Hayabusa2’s position is nominally fixed on the line
connecting Ryugu and the Earth. Therefore, the availa-
ble solar phase angle range by the narrow-angle ONC-
T changes seasonally with the orbits of Earth and
Ryugu around the sun. Therefore, we have to collect a
large number of ONC-T images over a long period of
time to cover a wide phase angle range (Table 1).
However, ONC-W1 covers a wider phase angle range
within a single frame during the descent operations,
because of its wide field of view (Fig. 1). This work
focuses on data derived from the ONC-W1 images.

Table 1. Time and ONC-T phase angle.

Time Operation topics Phase angle
June-July, - Arrival at Ryugu (20 km). | ~20°
2018 - First multi-band observa-

tion of one rotation.
Aug.—Sep., | - Observations at ~5km. ~20° to ~40°
2018 - Tour observation for large

phase angle.
Sep.—Oct., - Separation of rovers ~10° to ~20°
2018 - Rehearsals for touchdown
Nov., 2018 | - Conjunction operation ~0° to ~10°
—Jan., 2019 | - Zero phase angle obs.

Data preparation: Figure 1 shows an ONC-W1
image taken during the MINERVA 111 separation op-
erations. The shadow of the spacecraft is seen around
the zero phase angle point. As shown in the right panel,
various viewing geometries (incidence angle i, emis-
sion angle e, phase angle «) are observed within a sin-
gle frame. Shown in blue in the left panel are areas,

such as space, shadows, and large boulders which were
excluded from the analysis. We binned the ONC-W1
image data with a 5x5 pixel box, and excluded pixels
imaged at large (>75°) emission angles. Applying the
calibration algorithms derived for the ONC-T 550-nm
band [4], the ONC-W1 response was converted to I/F.
The derived I/F is plotted (Fig. 2) as a function of
phase angle.
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Fig. 1. (Left) ONC-W1 image (hyb2_onc 20180921

040050 wi1f) acquired during decent for the
MINERVA 111 release. (Right) Photometric angles of
the image scene calculated from the shape model (Ko-
be University).
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Fig. 2. I/F vs. phase angle. Multiple combinations of
incidence and emission angles, for a single phase angle
value, are included in the data set.
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Hapke model fitting: The Hapke model equations
[5 — 8] were applied to the data set using two different
algorithms. The first algorithm used a least squares grid
search method, which has been applied to studies of
many solar system objects.. The second methodology
used the MINPACK-1 least squares fitting library
(MPFIT), and IDL software package. The range of
Hapke parameter values are shown in Table 2.

Table 2. Hapke Model Parameter Ranges

Intermediate
Parameter Range

case
Single scattering 0.0221 -
albedo, w 0.0609 0.057
Opposition ampli-
tude, BO 1.0-87 1.41
Opposition width, h 0.088 — 0.286 0.138
Scatt‘_arlng function -0.268 — -0.078 0225
amplitude, b
Surface roughness, 6 27.6 — 28 28

Figure 3 plots the disk-resolved model phase curves,
for the various solutions at a nadir looking condition
(e=0 and i=a). This figure shows that although there
was some diversity in parameter values, all solutions
provide similar descriptions of the data.

The results are consistent with an intrinsically dark
surface (single scattering albedo values significantly
below 10%), with a surface that is rougher than the
equivalently derived lunar value (20°) [9], and regolith
grains that are backward scattering (as expected of dark,
opaque, rough particles). The wide variation in the
opposition parameters is due to the different constraints
incorporated in the fitting algorithms, which need fur-
ther examination.

Figure 4 plots the relationship between the opposi-
tion effect strength BO and other parameters. If we re-
strict BO to small value (<2), then the resulting width of
the opposition effect, h, is also small value (<0.2) (Fig.
4a). On the other hand, a small opposition effect leads
to small b (strong back scatter) values, a mathematical
compensational link in the model (Fig. 4b). Similarly,
small BO values lead to large w (Fig. 4c). Surface
roughness 6 is not sensitive to BO (Fig. 4d), as ex-
pected since its properties are better determined from
large incidence/emission angle data.

These modeling results, however, are in contrast to
the disk-integrated values derived from fitting disk-
integrated observations using Hapke’s equations for
disk-integrated reflectance [10,11]. The source of the
inconsistency between our disk-resolved model solu-
tions and the disk-integrated modeling results (Fig. 3)
are not yet well understood. Possible sources include
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calibration variations in the two data sets, photometric
angle coverage between the data sets, and intrinsic dif-
ferences between globally averaged data and the ONC-
W1 sub-region examined.
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Fig. 3. Model phase curves (e=0 and i=a)) from disk-
resolved (solid lines) and disk-integrated (dashed lines)
Hapke parameters.
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Fig. 4. Derived parameters are shown as a function of
opposition effect strength BO. (a) Width of opposition
effect, h. (b) Shape of scattering lobe, b. (c) Single
scattering albedo, w. (d) Surface roughness, 6.
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