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Abstract: Examination of the opposition geometry properties show that Ryugu’s surface
regolith is commensurate with laboratory studies of the photometric behavior of powdered
carbonaceous chondrites. The regolith is consistent with a broad grain-size distribution that
contains a fine-grained component.
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Fig. 1. NIRS3 footprints of the opposition observations used in this study overlaid on the ONC-T v-band
standardized reflectance map (Tatsumi et al. 2020). The circles are sized to the footprint resolution of the spectra
with blue representing 4-6 m resolution, cyan representing 6-8 m resolution, yellow representing 8-10 m
resolution, and red representing 38-40 m resolution.

1.0 Introduction
Hayabusa2, the Japanese Aerospace Exploration Agency’s (JAXA) spacecraft for the
asteroid sample return mission to the near-Earth asteroid 162173 Ryugu, began conducting



remote sensing observation in June 2018. Among the observations were near-infrared (1.8 -
3.2 um) reflectance measurements acquired by the Near Infrared Spectrometer (NIRS3).
The NIRS3 is a point spectrometer with a 0.1° field-of-view which obtained continuous
point-target spectra over Ryugu’s surface. The observations used in this study are a subset
of those made over the entire mission, and are those acquired by the NIRS3 prior to the first
touchdown (TD1) for sample collection in February 2019. Included in this data set are
infrared spectra of Ryugu acquired under opposition geometries (phase angles, o, <5°) at
various spatial scales over the near-equatorial, low latitude regions (Fig. 1).

The surge in brightness near opposition is a characteristic of all particulate media. Its
amplitude and width are a function of a variety of physical characteristics, including
composition, grain size and shape, and porosity (e.g. Hapke 2012). This study examines the
opposition data acquired by NIRS3 prior to the first sample collection. It examines the
effects of footprint resolution, variability across the surface, and variations as a function of
wavelength. The goal is to gain an understanding of the nature and magnitude of the surface
variations on Ryugu. The opposition observations provide insight into the nature and
properties of Ryugu’s surface under unique observing conditions.

2.0 The Data Set

For this study, all observations acquired prior to TD1 were binned according to footprint
resolution in consecutive bins of 2 m beginning with the first bin of 4 - 6 m footprint size.
This resolution range (2m) was chosen as the smallest resolution with sufficient data to
cover the incidence, emission, and phase angle space for modeling. All data for which
geometric information (latitude, longitude, altitude, incidence, emission, and phase angle)
was available were examined for this analysis. Each bin was examined for phase angle
coverage. Only four footprint size bins contained opposition observations: bin 4-6m, bin 6-
8m, bin 8-10m, and bin 38-40m. These four bins were used for this study of the opposition
surge. All data within each footprint size bin, regardless of phase angle value, were used for
the study.

Each spectrum ranges in wavelength from 1.8 - 3.2 um (Iwata et al. 2017). This analysis
focuses on the 76 channels ranging in wavelength from 1.801 - 3.149 um. This wavelength
range was selected since those channels above 3.2 um are affected by thermal emission and
those channels below 1.8 um are within the wavelength region where the NIRS3 detector
sensitivity decreases (Iwata et al. 2017, Kitazato et al. 2019). The observations were
converted to reflectance using the calibration algorithm described in Iwata et al. (2017).

The data within each footprint size bin were organized into photometric angular groups.
The groups were defined by every 1° of incidence and emission angle and every 0.1° of
phase angle for observations acquired in the opposition region (a<5°). Groups outside the
opposition region were defined by every 1° of incidence and emission angle and every 1° of
phase angle. A representative spectrum for each angular group was selected at random. This
method was selected to keep angle values connected to actual reflectance values. These
representative spectra from each angular group, along with their photometric angle values,
comprised the data set that was modeled. The modeling effort is described in Section 3.0.
The results are examined both as a function of footprint size and as a combined, collective

group.



A summary of the general spectral and photometric characteristics of the data set
include:

= The smaller footprint resolution bins (< 10m) represent terrains north of the
equatorial ridge while the largest footprint resolution bin (38-40m) represents
terrains south of the equatorial ridge (Fig. 1).

» The footprints within each footprint resolution bin fall on different albedo terrains
(Fig. 1).

* The angular groups display some variability (~10%) within the spectra contained in
that group, independent of footprint resolution bin (Fig. 2).

= Spectral properties are uniform between different footprint bins (Fig. 3).

= The phase curve in the opposition region displays both wavelength and footprint
resolution bin related variations (Fig. 4).

= The phase curve at larger phase angles (a >10°) shows no variations with footprint
resolution bin, but wavelength dependent variations are observed at a few phase
angles > 16°, which may be a consequence of the incidence and emission angle
coverage (Fig. 4).

2.1 Spectral properties of the Data Set

The NIRS3 spectra in the 1.8 to 3.2 wm range show a fairly flat spectrum with a sharp
absorption feature at ~2.7 um, indicative of the presence of hydroxyl (OH) - bearing
minerals (Kitazato et al. 2019). These spectral characteristics are ubiquitous over the
surface (Kitazato et al. 2019), however we do see some variations in overall albedo and
depth of the 2.7 um feature across the surface (Barucci et al. 2019).

Many angular bins do not contain any data. Those angular bins that are present in the
data set contain a small number of spectra (Fig. 2 displays an example for the 6-8m
footprint group of spectra acquired within angular bin 4°<i< 5% 8°<e<9° 12°< a<13°).
Spectral variability is predominately in albedo, not in spectral slope or the
absence/presence of spectral features (Fig. 3). This is attributed to local differences in
Ryugu’s surface, and is discussed in more detail in Section 2.3. The small variations
observed in the spectra are the result of calibration residuals and not Gaussian photon
noise.



Angular Bin Spectra: 6 - 8 m Footprint
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Fig. 2. The spectra shown are from the angular bin with incidence angle of 4° — 5° emission
angle of 8° - 9°, and phase angle of 12° - 13° from the 6 - 8 m footprint resolution group. All
spectra from this angular bin and footprint resolution group (labeled alphabetically) are
displayed. The representative spectrum for this angular bin and footprint resolution group is
shown as a solid black line. The small variations are due to calibration residuals.

2.2 Photometric characteristics of the Data Set

Another method for examining the spectral data is to look at the variations in reflectance as
a function of phase angle with respect to wavelength. Comparisons of the phase curve
(reflectance vs phase angle) at various wavelengths shows that the NIRS3 phase curve
varies with wavelength, most notably within the opposition region (Fig. 4). Examination of
the phase curve at 2um, 2.56um, and 2.7um (Fig. 4) shows that for each illumination and
viewing geometry, the reflectance as a function of phase angle is wavelength dependent, and
possibly dependent on footprint resolution.
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Fig. 3. The representative spectra from the angular bin with incidence angle of 4° - 5°,
emission angle of 8° - 9°, and phase angle of 12° - 13° from the three footprint resolution



groups that contain spectra within this angular range.
reflectance (left) and normalized to unity at ~2 um (right).

The spectra are shown absolute
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Fig. 4. Different regions within the NIRS3 phase curve are shown comparing three different
wavelengths and all four footprint-resolution groups. The size groups are represented by the
same colors as in Fig. 1. The left column compares the phase curve at 2Zum (open diamonds)
and 2.7um (solid circles). The right column compares the phase curve at 2um (open diamonds)
and 2.56um (solid circles). The top row displays the opposition region and the bottom row
displays the 14° - 15° phase range. There are wavelength dependent differences seen in at the
opposition phase angles that are not present at the higher phase angles.

3.0 Model and Modeling Methodology
The data sets from each footprint resolution bin were combined to form a data set for
modeling the opposition region of Ryugu’s phase curve. The data range in phase angle from



0.128° to 28.141°. The incidence and emission angle coverage is shown in Fig. 5. Here we
describe the model used and the approach taken with the model application.
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Figure 5. This graph displays the coverage in incidence (i) and emission angle (e) of the
opposition data set examined in this study.

3.1 The Model

The model used to analyze the NIRS3 data set is that described by the Hapke set of
equations for expressing disk-resolved reflectance, (I/F)r, which is given by:

/), =522 {[P@)I1 + B()]] + [H(soe) H (o) — 11}S iy, @, 6) Eq(1),

4 poetle

where w is the single scattering albedo, P(a) is the single particle scattering function (Eq. 2),
and B is the opposition term (Eq. 3). For this study a single-term Henyey-Greenstein
function was chosen for P(a), such that

P(a) = (1-b%) Eq(2)
- [1 — 2bcos(a) + b2]3/2 ' 1

where b describes the amplitude of the scattering peaks. Postitive values of b correspond to
backward scattering, negative values to forward scattering. A single term phase function is
used since the data set does not capture the forward scattering direction (a >110°) and only
contains observations with phase angle values below 30°.

The opposition term, B(a), in this expression is given by

Eq(3)



where Bso describes the amplitude of the opposition surge and hs describes the width of the
opposition peak. This expression assumes that the shadow-hiding mechanism (SHOE) is the
sole contributor to the opposition effect. This assumption is made since Ryugu’s albedo is
extremely low; it is one of the darkest objects to be visited by a spacecraft.

In the disk-resolved reflectance equation (Eq. 1) the surface roughness term, S(le,a, ),
accounts for the large-scale roughness, and wupe and u. are the modified cosines of the
incident and emission angles, respectively, due to surface roughness. The surface roughness
is defined as the average surface tilt on the size scale ranging from a few particle diameters
to the resolution of the detector footprint (e.g Hapke 2012). The H(x) terms in the
reflectance equation are the Chandrasehkar H-functions. The mathematical expressions for
these terms, and their derivation can be found in Hapke (1981, 1984, 1986, 1993, 2002,
2008, 2012).

3.2 Modeling Methodology
The modeling methodology used was a least squares grid search that minimized the
value of chi (), defined by

¥ = §V=1 \/(rmeasured — Tmodet)? N Eq(4)

where N is the number of measurements, 7;,,.45ureq 1S the NIRS3 measured reflectance, and
Tmodel 1S the calculated reflectance using the Hapke model. The grid search was defined by a
range and increment (grid size) for each parameter, and all combinations across the
parameter values were examined. All parameters were varied simultaneously, and the top
ten parameter sets that resulted in the lowest values of chi were recorded. This is the same
methodology used by Domingue et al. (2016a, 2016b, 2018). Each wavelength channel was
modeled independently.

The initial grid size for w was 0.005, B, was 0.05, h and b was 0.01, and 6 was 5°. The
final grid size was 0.001 for w, 0.005 for B,, 0.001 for h and b, and 1° for 6. The range in
values for each parameter depended on the model run since the data was modeled in a step-
wise fashion. In the initial modeling run, where a run is where all the wavelengths have
been modeled using the same parameter constraints, the only constraint was placed on the
opposition amplitude parameter, B,. In this initial run B, was constrained to be less than
unity. This is in line with Ryugu’s surface being dark and the dominant mechanism for
producing the opposition surge is shadow-hiding. The parameter ranges for the initial run
were 0.03 - 0.06 for w, 0 - 1 for B,, 0.001 - 0.171 for h, 0.20 - 0.55 for b, and 10 - 35 for 6.
These ranges were based on the model values obtained by Tatsumi et al. (2020) for the
Telescopic Optical Navigation Camera (ONC-T) modeling efforts.

Prior to the second step, the values of the surface roughness parameter and the single
particle scattering function parameter were examined. The median value of the surface
roughness parameter, 8, across all wavelengths, was found to be 29° with a range of values
between 28° - 31° over all wavelengths. Thus, for the second run, the value of 6 was
constrained to be 29°. In the derivation of the Hapke model equations, the value of 8 is
defined to be wavelength independent, thus constraining the value of  to 29° across all
wavelengths is in line with the definition of this parameter.



The phase angle coverage in this data set only samples the backward scattering
direction, thus this study utilized only a single-term Henyey-Greenstein single particle
scattering function (Eq. 2) for P(a). However there is a mathematical coupling in the Hapke
equations between w, P(«), and 0, especially over this small phase angle range (i.e. Hapke
2012). Using the median value of 8 across all wavelengths not only aligns with the
parameter’s derivation and definition, but also assists in decoupling the values of these
three parameters. In addition, the value of P(«a) also affects the opposition terms over this
phase angle range dominated by the opposition region. The values of w, B,, h, and b after the
initial run all displayed strong wavelength variations, especially between 2.4 to 3.0 um. In
order to eliminate mathematical coupling as the source of these wavelength dependencies,
the value of the single particle scattering function parameter, b, was set to the median value
over wavelengths from 1.8 - 2.4 um. The median value of b, in this wavelength range, is
0.318 over a range of values from 0.315 - 0.324.

In the second, and final run, the parameters w, B,, and h were varied while the value of b
was set to 0.318 and the value of  was set to 29°. The initial/final grid size was 0.001,
0.005, and 0.001 for w, B,, and h, respectively. The parameter value ranges were 0.04 - 0.06,
0.3 -1, and 0.01 - 0.21 for w, B,, and h, respectively. The parameter values, as a function of
wavelength, after the initial run and after the final run are compared in Fig. 6.
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Figure 6. These graphs compare and contrast the model parameter and y values from the
initial modeling run with the final modeling run as a function of wavelength. The initial run
values are shown by the solid black lines (circles) and the final run values are shown by the
dotted grey lines (diamonds).

4.0 Modeling Results
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Figure 7. Variability of the NIRS3 spectra with wavelength. The top graph displays an
opposition spectrum acquired at 0.254° phase modeled with a 6% order polynomial. The
central graph displays the same spectrum divided into 4 wavelength segments (color-coded
red, navy, pink, and teal), each modeled with a separate 6" order polynomial.

Examination of the parameter values in Fig. 6 show that they are not a smooth function
of wavelength (they include variations due to compensations for the calibration residuals).
For example, the single scattering albedo final values show a constant value of 0.049
between 1.86 um - 2.0 um, except for at 1.91 um where the value is 0.050. These values are
equivalent within the error estimates (w: #0.002). This level of variation is due to
uncertainties in the spectral measurements, differences within the data set from variations
in Ryugu’s surface reflectance, and the search grid increment that all translate into
uncertainties in the parameter values. In order to ensure that any standardizations using
the model values to do not introduce spurious spectral variations, it is important to derive
parameter values that are smooth, yet variable, as a function of wavelength, such that the
wavelength-to-wavelength deviations should not contain spurious spikes or dips.



One technique for deriving parameter values that minimizes wavelength-to-wavelength
variations is to apply a polynomial fit to the parameter values (Domingue et al. 2015,
2016a). However, as shown in Figure 7, the spectrum of Ryugu itself is not well fit by a
single polynomial of order 6 or less. Important spectral features are lost or highly
diminished if a single polynomial is used to fit the entire wavelength range of the spectrum.
In order to capture the spectral variations in the spectrum, the spectrum was divided into
four wavelength segments, and each segment was fit with a 6™ order polynomial. The
segments were defined such that they overlapped with adjacent segments (contained data
points in common), and that the polynomial fits could provide a smooth transition between
segments. When spliced together the concatenated polynomials provided a smooth curve
descriptive of the spectrum, as demonstrated in Figure 7.

In order to avoid loss of spectral variability in the photometric parameters a similar
approach was taken to fitting the parameter values with a series of polynomials as
demonstrated on the NIRS3 spectrum. Using the wavelength segments defined by the
example spectrum (Fig. 7), the parameter values were divided into similar segments and
fitted with 6% order polynomials. The resulting parameter values from the polynomial
fitting are shown in Fig. 8 as a function of wavelength.

The ratio between the observed reflectance to the model predicted reflectance (Fig. 9)
was calculated in order to examine how well the model describes the data set. Values of
unity correspond to equivalent values between the observation and model. Over the entire
phase curve examined 74.5%, 82.5%, 78.8%, and 86.0% of the 4 - 6m, 6 - 8m, 8 - 10m, and
38 - 40m footprint groups, respectively, have ratio values within 5% of unity. If we examine
the percentage of ratio values within 2% of unity we find that over the entire phase curve
examined 39.9%, 53.7%, 48.2%, and 63.5% of the 4 - 6m, 6 - 8m, 8 - 10m, and 38 - 40m
footprint groups, respectively, fall in this range. Within the opposition region (a<1°) 82.8%,
99.6%, 100%, and 100% of the 4 - 6m, 6 - 8m, 8 - 10m, and 38 - 40m footprint groups,
respectively, have ratio values within 5% of unity. The percentage of modeled observations
that fall within 2% of unity within the opposition region are 81.0%, 52.2%, and 100% of the
6 - 8m, 8 - 10m, and 38 - 40m footprint groups, respectively, while none of the 4 -6m
footprint group model values are within 2% of the observations.

Another test of the modeling results is an examination and comparison of how well the
model replicates the spectral properties of the spectral data set. Examples of spectral
observations acquired near 15° phase (Fig. 10) and within the opposition region (Fig. 11)
are contrasted with corresponding spectra derived from the Hapke model solutions. In the
examples shown from the near 15° phase observations, there are good replications of the
spectra by the model at 15.756° phase, yet poor replications at 15.766° phase. Normalizing
the 15.766° phase spectra to unity at 2.5 um (Fig. 10) shows that both the observed spectra
and their corresponding model spectra overlap. This is also observed at other phase angles.
This suggests that the variations we are seeing are due to albedo variations across the
surface and not wavelength-to-wavelength (spectral) differences. Figure 10 demonstrates
that within the data set there is a range of reflectance values for similar viewing conditions,
which the modeling attempts to minimize. However, this figure also demonstrates that the
modeling results do not introduce any spurious spectral variations. A similar examination of
the spectra acquired at near opposition geometries (Fig. 11) shows that the model better
predicts the spectral properties near opposition than at larger phase angles.
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Figure 8. Hapke model parameter values as a function of wavelength after the polynomial
fitting of the final model results. The feature in the single scattering albedo at 2.7 um is a
reflection of the absorption seen in the spectral data at this wavelength, while other broad
features are a result of variations in the data set due to more subtle slope variations within the
data sets.
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Model vs Observation
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Figure 9. As a test of the goodness of fit the ratio of the observed reflectance to the model
predicted reflectance is plotted as a function of phase angle for the 2.0 um data set over all the
footprint resolution groups. These results are typical of those seen across all wavelengths.
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Ryugu Spectra Near 15 Phase Normalized Ryugu Spectra Near 15 Phase

0.028 104
0.027 1.02 |
0.026 1l
0.025 M
2098
g
0,024 g
£ 096
s o«
§oox 2
5 2oa
0.022 g / ’ ==—15.766 - data (6-8m) a
$0.92 —_— - =
0021 / s I 15.766 - data (6-8m) b
= = 15.766 - model (6-8
002 —15.766 - data (6-8m) a ——15.766 - data (6-8m) b ++++15.766 - model (6-8m) a 09 f model (6-6m) a
. , = = 15.766 - model (6-8m) b
0,015 0.88 15.766 - data (8-10m)
++++15.766 - model (8-10m)
0.018 0.86
1700 1900 2100 2300 2500 2700 2900 3100 3300 1700 1900 2100 2300 2500 2700 2900 3100 3300
Wavelength (nm) Wavelength (nm)
0.0265 0.0265
0,026 2 0026 /1
R :
0.0255 | . 0.0255 - .
0,025 oA v\ AN 0,025 - 0 3 < *
2 0.025 3 2 0.0245 A - EIK
£ 0. '“ £o. [-
5 H \d
T oou \ $ oo [
3
0.0235 0.0235 [
0.023 I 0.023 :
N ==—15.756 - data (8-10m) b { *
. ——15.756 - data (8-10m) a
00225 ++++15.756 - model (8-10m) b 0.0225
++++15.756 - model (8-10m) a
0.022 0.022
1700 1900 2100 2300 2500 2700 2900 3100 3300 1700 1900 2100 2300 2500 2700 2900 3100 3300
Wavelength (nm) Wavelength (nm)

Figure. 10. Comparisons of spectral observations from NIRS3 (solid lines) near 15° phase with
the corresponding model predicted spectra (dashed lines). Comparisons are made in absolute
reflectance (top left, bottom row) and normalized to unity at 2.5 um (top right).
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Figure 11. Comparisons of spectral observations from NIRS3 (solid lines) near opposition with
the corresponding model predicted spectra (dashed lines). Comparisons are made in absolute
reflectance (bottom left, top row) and normalized to unity at 2.5 um (bottom right).
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Fig. 12. The reflectance variation within the NIRS3 opposition data (top) acquired at phase
angles <5° is compared with the NIRS3-equivalent footprint resolution data extracted from the
ONC-T v-band standardized mosaic (center, Tatsumi et al. 2020) and the ONC-T v-band normal
albedo mosaic (bottom, Yokota et al. 2020). Size group colors as in Fig. 1. Phase angles below
1° range from 0.293° - 0.401° for the 4-6m resolution bin, 0.150° - 0.233° for the 6-8m
resolution bin, 0.128° - 0.434° for the 8-10m resolution bin, and 0.293° - 0.401° for the 38-40m

resolution bin.

5.0 Comparisons with ONC-T
5.1 Comparisons of Spectral Properties
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Comparisons of the NIRS3 opposition observations were made with the ONC-T color
observations. Two sets of mosaics have been created from the ONC-T data set. One set of
mosaics were constructed from images photometrically standardized to 30°, 0° 30° in
incidence, emission, and phase, respectively (Tatsumi et al. 2020). This set consists of a
global mosaic for each filter band of the camera system, and we here after refer to these
global mosaics as the ‘standard mosaics’. The second set of mosaics was constructed from
the ONC-T opposition observations and they represent the normal albedo of the surface
(Yokota et al. 2020). This set also consists of global mosaics, one for each band, and we here
after refer to these global mosaics as the ‘normal albedo mosaics’. The locations of the NIRS3
opposition observations are shown on the v-band standard mosaic in Fig. 1.

Initial comparisons between the NIRS3 opposition spectra and the ONC-T observations
were made by comparing the NIRS3 2.0 um band reflectance as a function of longitude with
the ONC-T equivalent reflectance extracted from both the v-band standard mosaic and the
v-band normal albedo mosaic as a function of longitude (Fig. 12). The ONC-T equivalent
spectra are derived from the global mosaics by projecting the NIRS3 footprint onto the
mosaic and calculating the median value of the pixels contained within the footprint. The v-
band equivalent reflectance values from both v-band mosaics show no reflectance
differences as a function of footprint resolution. The NIRS3 reflectance values indicate that
the smallest footprint resolution bin (4-6m) is different than the remaining footprint
resolution bins. However, the spread in reflectance values between the 4-6m footprint
resolution bin and the other NIRS3 footprint resolution bins is comparable to the spread
seen in the v-band equivalent data (Fig. 12). The range in reflectance values in the v-band
equivalents is larger than the range seen in the NIRS3 2.0 um data.

Spectral properties that can be examined, and compared to laboratory studies of
meteorites, include spectral slope and phase reddening. Spectral slope is defined as

Ri — R,
=2

slope =

where R; and R are the normalized reflectance values at wavelengths 41 and 1.,
respectively. A spectrum is considered ‘red’ or ‘red sloped’ if it becomes brighter as
wavelength increases, or the slope is positive. Conversely, a spectrum is considered ‘blue’ or
‘blue sloped’ if it becomes darker with increasing wavelength, or the slope is negative. Phase
reddening (Pr, also called spectral reddening in the literature) is defined as

_ slopey, — slopeg,
T al — a2 ’

where al and o2 are phase angle values and their corresponding slopes. Phase reddening
occurs when P; is larger than zero (slope increases with increasing phase angle), and phase
bluing occurs when P is less than zero (slope decreases with increasing phase angle).

The spectral slope at the NIRS3 opposition footprint sites can be examined in both the
visible and the near-infrared. Using the ONC-T data, the visible spectral slope was calculated
using the b- and p-bands reflectance values normalized to the v-band. The slope was
calculated for the locations of the NIRS3 opposition data from both the normal albedo
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mosaics of Yokota et al. (2020), and the standard mosaics of Tatsumi et al. (2020) (Fig. 13).
The standard mosaics represent the reflectance at 30° phase while the normal albedo
mosaics represent the reflectance at 0° phase. The slope values derived from the normal
albedo mosaics is blue while the corresponding values from the standard mosaic are red,
thus indicating that the visible spectral properties become more red with increasing phase
angle (Fig. 13), commensurate with the studies of Sugita et al. (2019) and Tatsumi et al.
(2020).

The spectral slope within the NIRS3 data was calculated based on the wavelength
interval between 1.9 um to 2.5 wm normalized to unity at 2.0 um, using the NIRS3 data from
opposition (a<0.5°) and again using data from 18.5° - 19.5° phase (Fig. 14). The near
opposition and near 19° phase slopes are both red, and in the near-infrared Ryugu’s surface
exhibits subtle phase reddening (becomes ‘more red’, the slope increases with increasing
phase angle). The phase reddening values are 4.5 x 10-%, 4.2 x 10-%, 4.4 x 10-%, and 5.1 x 10-°
(units of um-ldeg?!) for the 4 - 6m, 6 - 8m, 8 - 10m, and 38 - 40m footprint bins,
respectively. These values are calculated from the median spectral slope for each footprint
bin for both the near opposition and near 19° phase spectra. This is in comparison to the
visible phase reddening values of 3.9 x 10-3, 4.4 x 10-3, 3.4 x 10-3, and 2.4 x 10-3 (units of um-!
deg) for the 4 - 6m, 6 - 8m, 8 - 10m, and 38 - 40m footprint bins, respectively, calculated
from the normal albedo and standard mosaics (Fig. 13). The visible phase reddening values
are higher than those calculated by Tatsumi et al. (2020) of (8 + 5) x 10-4 um1deg-1, which is
based on a disk-integrated data set. Thus phase reddening is observed in both visible and
near-infrared spectra of Ryugu, although it is subtle and much shallower in the near-
infrared wavelength range.
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Figure 13. (top) The spectral slope calculated from the ONC-T standardized mosaics (open
diamonds) of Tatsumi et al. (2020) and the normal albedo mosaics (open circles) of Yokota et
al. (2020) of the ONC-T equivalent reflectance to the NIRS3 opposition data in units of um-L.
The slopes were calculated using the b- and p-band reflectance values. The colors correspond
to the footprint sizes (blue 4 - 6m, teal 6 - 8m, green 8 - 10m, and red 38 - 40m). Subtle
regional variations are noted in the spectral slope values. (bottom) The longitudinal and
latitudinal coverage of the opposition observations.
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Figure 14. The spectral slope calculated from NIRS3 opposition observations (top) and the
near 19 phase angle observations (center). The slopes were calculated using based on the 1.9
um and 2.5 um reflectance values. The colors correspond to the footprint sizes (blue 4 — 6m,
teal 6 - 8m, green 8 - 10m, and red 38 - 40m). The longitudinal and latitudinal coverage of the
near 19 phase observations (bottom) can be compared with the similar coverage for the
opposition observations shown in Figure 13.

There have been many laboratory examinations of meteorite samples that have

attempted to correlate spectral slope and phase reddening properties with asteroid regolith
characteristics (e.g. Beck et al. 2012; Binzel et al. 2015; Cloutis et al. 2018). For example,
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Beck et al. (2012) examined a series of meteorite samples over 5 different band pass filters
in the visible (0.45 - 0.9 um) that included three carbonaceous chondrites (Orgeuil (CI),
Tagish Lake (CC), Allende (CV)) along with a howardite, eucrite, diogenite, and a lunar
meteorite. All samples they examined displayed phase reddening. This trend with phase
angle was seen in samples with both blue and red spectral slopes. This trend, also seen in
studies of basalt and Allende meteorite (Gradie et al. 1980; Gradie and Veverka 1986), led
Beck et al. (2012) to assert that phase reddening is ubiquitous to all meteorite types. More
detailed laboratory work examined the correlations of spectral slope and spectral reddening
with sample properties, such as granularity (rock vs powder), grain size, packing (porosity),
and surface texture (roughness). The goal is to extrapolate these correlations to
characterize the physical properties of asteroid surface regoliths. The findings are
summarized and compared to our findings for Ryugu.

Granularity. Cloutis et al. (2018) examined and compared the spectral slope of samples
of Murchison meteorite, a CM2 carbonaceous chondrite; finding that slab samples were
darker and blue sloped in comparison with powdered samples. Examination of the
Mukundpura CM2 chondrite by Potin et al. (2019) also correlated spectral effects as a
function of rock versus powder. Potin et al. (2019) demonstrated that for samples of this
CM2 meteorite, even though both powders and rock have red slopes, powder displays a
redder spectral slope than the bare rock, and powder also displays greater phase reddening
than rock. In their experiments they discovered that spectral slope is affected by incidence
angle, where the powder sample was relatively insensitive to incidence but the rock sample
displayed a strong sensitivity, especially at grazing (high) values of incidence. The effect
they noted is that at the same phase angle, the spectral slope becomes redder with
increasing incidence angle in their rock sample. This could be used as a test for the presence
of powdered regolith on an otherwise rocky surface.

Examination of the NIRS3 38 - 40m footprint data as a function of incidence angle at
both opposition and near 19° phase (Fig. 15) shows no definitive correlation in the spectral
slope with incidence angle. This argues for a ‘powder’ component to Ryugu’s regolith, based
on the laboratory measurements described by Potin et al. (2019).

Grain Size. Binzel et al. (2015) examined Murchison samples of various grain sizes and
demonstrated that while coarse-grained samples (500 - 1000 wm grains) are spectrally
blue, the introduction of even 5% of a fine-grained fraction (< 45 um grain size) changes the
slope from blue to red. Increasing average grain size, for carbonaceous chondrites, results in
darker more blue-sloped spectra (Johnson and Fanale 1973; Cloutis et al. 2011b, 2013,
2018; Gillis-Davis et al. 2013; Binzel et al. 2015), where as the inclusion or presence of a
fine-grained fraction introduces spectral reddening (Schroder et al. 2014; Binzel et al. 2015;
Cloutis et al. 2018). The spectral slopes here refer to the brightness variation at wavelengths
above 0.7 pm. Cloutis et al (2018), in their study of Murchison powders, demonstrated that
the greatest influence on spectral slope was the minimum grain size of the sample, not the
average or maximum grain size. They showed that as the grain size decreases spectra
become brighter and more red sloped, commensurate with the findings of Binzel et al.
(2015).

Our analyses of the visible spectral slope properties shows that at opposition Ryugu’s
surface is blue sloped, where at larger phase angles (commensurate with those of the
laboratory studies) the surface is red sloped. In the infrared the spectral slope is red at both
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opposition and larger phase angles. Cloutis et al. (2018) demonstrated that slabs of a CM
chondrite are blue, which would be expected of a surface with no granular regolith. Binzel et
al. (2015) demonstrated that coarse-grained regolith also displays a blue spectral slope and
that a fine-grained component was needed to produce a red spectral slope. Both the ONC-T
and NIRS3 spectral observations show a red spectral slope for Ryugu'’s surface, providing
another indication for the presence of a ‘powder’ component within Ryugu’s regolith and
that this component contains a fine-grained fraction.

Packing/Porosity. The study by Cloutis et al. (2018) found that the spectral effects of
sample packing or porosity was connected to the incidence, emission, and phase angle
conditions under which the spectra were acquired. At the standard laboratory conditions
(i=30° e=0° a=30°) they found there were no effects on spectral slope with packing,
however they found that spectral slope increased (became more red) with increasing
porosity for spectra acquired at i=e=45°. This is commensurate with the findings of Lantz et
al. (2017) who demonstrated that unpacked powder of carbonaceous meteorite samples
were darker and redder than the same sample compacted into pellets. There is currently no
metric to correlate spectral slope with a specific packing or porosity value, however this can
provide a metric for potentially mapping the relative packing differences across a surface.
More work is needed to understand how to distinguish between the spectral slope changes
due to grain-size from packing.

In the case of Ryugu, the observation that compaction creates bluer, brighter spectra
suggests that the red spectral slope imply some amount of porosity to the regolith.

Surface Texture/Roughness. Binzel et al. (2015) examined the spectral properties
(between 400 nm to 2500 nm) of saw-cut faces of Murchison that displayed variable
amounts of surface roughness. They found the spectral slope ranged from overall blue to
strongly red, suggesting that surface roughness affects spectral slope in a regolith-free
environment, however they do not state if rougher surfaces are bluer or redder. Binzel et al.
(2015) also examined powders of Murchison. In one case they examined a powdered sample
of Murchison with a grain size of <150 um under various particle densities and surface
textures. Their conclusion was that surface texture and particle density can change the
overall spectral slopes of carbonaceous chondrites, though they do not correlate specific
textures and densities with bluer or redder slopes. Cloutis et al. (2018) found that surface
texture had a larger affect on the photometric properties of the samples with no clear
correlation with spectral slope or reddening.

Space Weathering. Laboratory experiments of ‘traditional’ space weathering processes
(solar wind radiation and micrometeoritic bombardment) on carbonaceous asteroids show
both spectral reddening and bluing (e.g. Lazzarin et al. 2006; Moroz et al. 2004; Nesvorny et
al. 2005; Lantz et al. 2013, 2015, 2017; Vernazza et al. 2013; Brunetto et al. 2014; Gillis-
Davis et al,, 2017; Hiroi et al.,, 2013; Matsuoka et al. 2015, 2020, Nakamura et al., 2020;
Thompson et al,, 2019, 2020). A solar heating (another space weathering process) study by
Hiroi et al. (1993) shows that carbonaceous chondrite samples display bluer slopes when
heated. The properties of the spectral slope are ambiguous for linking traditional space-
weathering processes to surface alteration, but may be indicative of heating events. More
laboratory work is needed to make a definitive claim.
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Figure 15. Comparisons of spectral slope at (top) opposition phase angles and (bottom) near
19° phase as a function of near nadir (low incidence, black symbols) and grazing (high
incidence, blue symbols). No distinctive trend with incidence angle suggests the presence of a
granular component at the surface of Ryugu.

The NIRS3 spectral data set can be compared with both the ONC color and ground-based
observations. The normalized near-infrared observations of Moskovitz et al (2013) and Le
Corre et al. (2017) are compared to a subset of the 38 - 40m footprint resolution NIRS3
opposition spectra (Fig. 16). All spectra are normalized to unity at 2.0 um, and show a
similar spectral shape in the wavelength range of overlap between the three data sets. Even
though the spectra overlap within the noise of the ground-based observations, the NIRS3
spectra suggest a shallower slope at the longer wavelengths. The ground-based
observations show differences in the spectral slope at shorter wavelengths approaching the
visible and do not overlap below ~1.4um.
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Examination of the Moskovitz et al. (2013) normalized visible spectra, in comparison
with their near-infrared spectrum (Fig. 17), suggests that Ryugu’s spectrum is flat in the
visible and increases in slope towards the near-infrared. These data have been normalized
to unity at 0.86 um. Comparison of the Moskovitz et al. (2013) visible spectra re-normalized
to unity at 0.55 um with the ONC color observations also normalized to unity at 0.55 um
demonstrates that the shape of the two spectral data sets are similar (Fig. 17). However,
comparisons of the ONC color with the NIRS3 spectra in absolute reflectance (Fig. 17)
shows a different relationship between the visible and near-infrared than seen in the
ground-based observations, outside of what could be ascribed to differences due to phase
angle variations. The visible reflectance is brighter than the near-infrared, which is opposite
to the relationship seen in the Moskovitz et al. (2013) spectral observations (Fig. 17). The
source of this spectral difference between the two instruments is currently unknown.
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Figure 16. Example opposition spectra from the 38 - 40m footprint resolution bin across
several longitudes (identified in the upper graph’s legend, which overlap sufficiently that only
the last spectrum, in purple, is clearly visible) from the NIRS3 data set are compared to the
ground-based observations of Le Corre et al. (2017) in blue and Moskovitz et al. (2013) in red.
All spectra are normalized to unity at 2.0 um. The average of the example NIRS3 spectra is
compared over the near-infrared wavelengths (bottom graph).
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38 - 40 Meter Resoltuion Visible to Near-Infrared Spectra of Ryugu
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Figure 17. The observations of Moskovitz et al. (2013), shown in the center graph, display a
smooth, increasing slope from the visible to the near infrared. This comparison is made be
normalizing both the visible and near-infrared observations to unity at 0.86 um. Re-
normalizing the visible spectra to unity at 0.55 um shows that the ONC color spectra display
the same shape as the ground-based data (bottom graph). However, comparisons of the ONC
color and NIRS3 spectra (top graph) in absolute reflectance show that the visible spectrum is
brighter than the near infrared. The ONC spectra are the NIRS3 equivalent spectra derived
from the normal albedo mosaics. The average spectrum shown in the top graph is the same
spectrum shown in the bottom graph.

23



5.2 Comparisons of Photometric Properties

The ONC-T approach observations were modeled by Tatsumi et al. (2020) using the
Hapke set of equations. Their results are compared to those from this study of the NIRS3
opposition data set. It is important to note that the ONC-T study included both disk-
integrated and disk-resolved observations. The ONC values are derived from disk-integrated
measurements constrained by disk-resolved measurements, but the NIRS3 values are
derived solely from disk-resolved values. The ONC-T data set also covered a larger range of
phase angle, which include disk-integrated opposition measurements. The surface
roughness parameter from the ONC-T study was 28° +6° (Tatsumi et al. 2020) whereas the
NIRS3 based value is 29° £3°, both identical within the error bars. The NIRS3 study found a
uniform value of 0.318 for the single particle scattering parameter, b, whereas the ONC-T
values ranged from 0.374 - 0.388 with a median value of 0.386 across all ONC-T bands
(Tatsumi et al. 2020). The values correspond to a backward scattering phase function from
both instrument data sets, with a more strongly backward scattering particle scattering
function in the visible.

The spectral characteristics of the single scattering albedo for both instrument data sets
is similar in shape to the spectral properties (Fig. 18). While the near-infrared spectra from
the NIRS3 are darker than their counterpart visible spectra (Fig. 17) from the ONC-T, the
opposite is seen for the single scattering albedo derived from each instrument’s data set.
The relative values in single scattering albedo between the visible and near-infrared are
similar to what is seen in the ground-based spectral observations. The single particle
scattering function is less strongly backward scattering in the NIRS3 modeling results,
which results in a darker reflectance, thus the absolute reflectance differences between the
visible (ONC) and near-infrared (NIRS3) is accounted for by the model in the single particle
scattering function.

The opposition parameter values from the ONC-T study were assumed constant with
wavelength over the instrument’s band range (0.40 - 0.95 um), since the wavelength-to-
wavelength variation was minor (Tatsumi et al. 2020). The opposition parameter values
from the ONC-T study are based on visible disk-integrated opposition observations, in
contrast to the NIRS3 opposition data set that consists of near-infrared disk-resolved
measurements. Thus the ONC parameters describe the globally averaged surface, whereas
the NIRS3 parameters describe the near equatorial region they observe. The disk-resolved
opposition observations from the NIRS3 data show that in the near-infrared there are
variations with wavelength (Fig. 18). The variations in the opposition parameters derived
from the NIRS3 data appear to be centered about the 2.7 um feature, and may be due to
differences caused by the material creating this absorption. This is discussed in more depth
in Section 6.
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Figure 18. Comparisons of the wavelength variability of the Hapke model parameter values
from the ONC-T study (Tatsumi et al. 2020) with those acquired in this study for the NIRS3
opposition data. The black lines are the NIRS3 values and the red lines are the ONC-T values.
Note that the opposition parameters from the ONC-T study were set to be constant over
wavelength.

6.0 Regolith Characteristics

When examining or extrapolating regolith characteristics from photometric modeling results it
is important to note that the portion of the regolith that is under scrutiny is the optically active
portion. This is the top layer of the regolith that interacts with the incident and subsequently
reflected light. The depth within the regolith this corresponds to is dependent on the opacity and
scattering efficiencies of the regolith materials, but for visible and near-infrared wavelengths this
typically corresponds to the upper hundreds of micrometers. Given Ryugu’s highly absorbing
regolith (it is among one of the darkest objects observed), sunlight will not penetrate beyond a
few tens of wavelengths. Within absorption features, such as the 2.7 wm band, the absorption
coefficient increases and this can significantly reduce the penetration depth of incident photons.
This section of the regolith that interacts with the incident sunlight is the portion of the regolith
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we can characterize using photometric modeling. We cannot state what the properties of the
regolith are at depths below a few tens of micrometers, based solely on photometric behavior.

Several photometric models, and variations on these models, have been used to study
reflectance from planetary surfaces as a function of illumination and viewing geometry. One of
the most common models currently in use is that derived by B. Hapke (Hapke, 1981, 1984, 1986,
1993, 2002, 2008, 2012), which is based on geometric optics and the equations of radiative
transfer. It incorporates expressions and parameters to account for surface roughness, grain size
and compaction, and grain scattering properties. The parameters in this model are derived to
correlate to specific surface properties or sets of properties. However, many of these derivations
have built in assumptions regarding the scattering surface. Laboratory tests of the correlation
between Hapke model parameters with sample characteristics have shown evidence that the
Hapke model parameters can be qualitatively related to physical properties (Shepard and
Helfenstein 2007, Helfenstein and Shepard 2011, Souchon et al. 2011) and that the parameter
values are often influenced by more than one property (Shepard and Helfenstein 2007). A
quantitative correlation with regolith properties has yet to be firmly established in the laboratory.

Therefore, the first step for understanding the opposition parameters is to understand the
mechanisms that produce this surge in brightness at phase angles smaller than 5°. A concise
description of these mechanisms is given in Schroder et al. (2018), and is summarized here. The
two dominant mechanisms contributing to the opposition effect are shadow hiding (SHOE) and
coherent backscatter (CBOE). SHOE occurs when the illumination source (the Sun) is directly
behind the detector/observer (in this case the spacecraft) and areas that would be in shadow are
now illuminated. The resulting effect is to increase the reflectance from the surface (Hapke 1984,
1986; Shkuratov et al. 1994; Shkuratov and Helfenstein 2001). CBOE occurs through the
constructive interference of light at very small phase angles (Mishechenko and Dlugach 1993;
Mishchendo et al. 2009; Dlugach and Mishchenko 2013), and in order to be observed regolith
grains with sizes on the order of the wavelength (in this case approximately 1 to 4 um) are
required (Mishchenko and Dlugach 1993, Schroder et al. 2018). Coherent backscatter contributes
to the opposition surge for atmosphereless bright bodies, however this contribution is considered
negligible for dark objects (Shevchenko and Belskaya 2010; Shevchenko et al. 2012). In the
modeling presented here we consider only a shadow-hiding component to the opposition effect.

The second step for interpreting the opposition parameters is to understand their definitions
and the assumptions inherent in their definitions. The opposition amplitude is defined as the
amount of light from the first reflection ratioed to the total reflection at a = 0. Based on the
definition of B,, changes in the opposition amplitude correspond to changes in the amount of light
initially scattered versus the amount of light totally scattered into the opposition direction. A
value of B,=1 can then be interpreted as all the light is scattered from the first reflection into the
opposition direction. Decreases in B, correspond to an increase in the mechanisms that decrease
the amount of light initially scattered, or an increase in absorption or transmission of light as
opposed to reflection. The general correspondence of the decrease in B, with the 2.7um
absorption feature is commensurate with these mechanisms (less light is reflected, more light is
absorbed). The additional wavelength structure in B, implies that the optical properties of the
material within Ryugu’s regolith are more complex than what is seen in the spectral reflectance
alone. Thus the variations in the opposition surge amplitude with wavelength are attributable to
the physical properties of the regolith and not simply the albedo of the regolith.
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The opposition width parameter’s value, based on the Hapke model derivation, is related to
the porosity and grain size distribution within the optically active portion of the regolith. Hapke
(2012) defines the half-width at half-maximum of the shadow-hiding opposition surge, 4, as

KEag
h =
2

where K is the porosity coefficient, £ is the volume-averaged extinction coefficient, and ag is the
mean extinction radius (the radius of an equivalent sphere having a cross-sectional area equal to
or, the volume-average extinction cross-section). The porosity of the optically active portion of
the regolith is wavelength invariant. However, the extinction coefficient and cross-section are
dependent on the composition and physical structure of the grains within the regolith, and can
vary with wavelength.

Hapke (2012) argues that if the particles are larger than the wavelength of observation and
equant, and the particle size distribution is narrow, then the volume-average extinction efficiency
can be assumed to be approximately unity, ar is approximately equal to the particle radius (a), and
o is = ma’. In this case, the opposition width, h, is related to porosity and grain size by

h=-— (%) Yin(p)

where p is the porosity and Y is the grain size distribution function which is related to the power
law index f of the differential size distribution of grains (ratio of radius of the largest to smallest
grain size). These assumptions imply no wavelength dependent variations in the extinction
properties of the regolith material, thus the opposition parameters would be constant as a function
of wavelength. This is clearly not the case for Ryugu in the near-infrared. The wavelength
dependence seen in the opposition parameter values implies one or more of the above
assumptions do not apply to Ryugu’s regolith. Therefore the variations in the opposition surge
width with wavelength are also attributable to the physical properties of the regolith and not
simply the regolith’s albedo.

The values of both B, and % support wavelength dependent physical characteristics of the
regolith. These characteristics include the extinction coefficient of the regolith grain material, the
mean extinction radius, and that at least one of these characteristics does not apply to Ryugu’s
regolith: grains are larger than the observing wavelength, grains are equant, the size distribution
of the grains is narrow. Based on the spectral slope and phase reddening properties, along with the
imaging of the surface, the grain size distribution is neither equant or narrow, in line with the
properties we see in the opposition parameters.

Comparisons of the opposition parameter values derived for Ryugu with other solar system
objects (Fig. 19 & Table 1) allows us to make some inferences based on comparative
planetology. However, the objects in Fig. 19 (also listed in Table 1) were modeled using different
strategies depending on the quantity and quality of the data being modeled. All objects listed, with
the exception of Mathilde, are brighter than Ryugu, thus many studies include a mechanism for
including a CBOE. For many of the published studies the CBOE was accounted for by allowing
values of B, to exceed unity. Those objects for which the values of B, are < 1 include Steins
(Spjuth et al. 2012), Itokawa (Kitazato et al. 2008, Tatsumi et al. 2019), Eros (Clark et al. 2002,
Domingue et al. 2002), Ryugu (Tatsumi et al. 2020), and the Moon (Helfenstein and Veverka,
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1987), and thus provide the best comparisons with this study of Ryugu. More current lunar studies
by Sato et al. (2014) allow B, > 1, due to studies by Hapke et al. (1993) and Muinonen et al.
(2011) which suggest that coherent backscatter plays a part in the lunar opposition surge, though
this contribution to the opposition properties of the Moon has been debated (Shkuratov et al.
1999, 2012).

While it is helpful to compare Hapke model opposition parameters of one object to another,
some caveats do apply. Are the parameters derived from examining observations acquired at the
same wavelength? As mentioned above, there are certain physical constraints within the regolith
that must be met for the opposition to be wavelength independent. Ryugu does not meet those
constraints. Did the model applied incorporate the same single particle scattering function? Not
all studies constrain the single particle scattering properties in the same manner. The choice is
often based on the phase angle coverage within the dataset being modeled. For example, this
study used a single term function that allows either forward or backward scattering, but not both
simultaneously. This is because the data set itself does not sample the forward scattering
direction. In contrast the studies of Eros (Clark et al. 2002; Domingue et al. 2002) utilized two-
term single particle scattering functions that allow for combinations of forward and backward
scattering. The single particle scattering function can affect the reflectance observed in the
opposition region (a<5°), oft-times in subtle ways especially if the data set is limited in geometric
angle coverage.

Comparisons of Ryugu’s opposition parameter values (Fig. 19) with those from studies of
other solar system objects show that, in general, Ryugu’s opposition width is broader but its
amplitude overlaps with the opposition characteristics of Eros, Itokawa, and some early studies of
the lunar surface. The values shown for comparison are predominately from visible wavelength
observations, whereas the NIRS3 results are from near-infrared observations. The different
wavelength regions could be a contributor to the differences seen between Ryugu and these other
objects. The ONC-T visible observations for Ryugu shown (Tatsumi et al. 2020) are closer to
those for Itokawa and Helfenstein and Veverka’s (1987) study of the Moon. The opposition
amplitude is identical between Ryugu and Itokawa in the visible. Comparisons of Ryugu in the
visible and the near-infrared show the amplitude is similar but the opposition width is broader in
the near-infrared.

Near-infrared modeling results for Eros (Clark et al. 2002) and Itokawa (Kitazato et al. 2008)
show the same relationship with the Ryugu results as the visible wavelength studies: overlapping
amplitude values and wider width values for Ryugu. One physical parameter of the regolith that
could produce this difference is a higher porosity coefficient for Ryugu compared to either Eros
or Itokawa. Variations in the extinction properties, with Ryugu having either a higher extinction
coefficient or extinction radius for the constituent grains in its regolith, could also explain the
difference. The much darker albedo of Ryugu’s regolith is commensurate with higher extinction
coefficient or extinction radius values than those for either Eros or Itokawa.

Table 1. Comparisons of Opposition Parameter Values*
Asteroid Taxonomy Bo h Reference
(system)
162173 CbICe | 0.98+0.02 |0.075+0.008 Tatsumi et al. 2020
Ryugu (Binzel/)
25143 S(IV) .
Ttokawa (Tholen) 0.98 +£0.06 0.05+0.02 Tatsumi et al. 2018
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25143

S(IV)

Ttokawa (Tholen) 0.02+£0.1 0.141 £ 0.1 Lederer et al. 2008
25143 S(IV) 0.867 —0.872 | 0.006 —0.083 .
Ttokawa (Tholen) +0.013° +0.031° Kitazato et al. 2008
S/Sw
433 Eros (Tholen/Bus | 1.00+0.14 | 0.022 +0.005 Clark et al. 2002
Demeo)
S/Sw
433 Eros (Tholen/Bus 1+0.02 0.022 +0.005 Domingue et al. 2002
Demeo)
S/Sw
433 Eros (Tholen/Bus 1.4+0.1 0.010 £ 0.004 Li et al. 2004
Demeo)
253 Mathilde | $P 3.18 0.074 Clark et al. 1999
(Bus)
S .
951 Gaspra (Tholen) 1.63 +£0.07 0.06 = 0.01 Helfenstein et al. 1994
S/Sw
243 Ida (Tholen/Bus | 1.53 +£0.01 0.02 = 0.005 Helfenstein et al. 1996
Demeo)
2867 Steins E 0.60 £0.05 | 0.027 +0.002 Spjuth et al. 2012
M/Xc
) Masoumzadeh et al. 2015
21 Lutetia (Tholen/Bus [1.79] [0.041] Hasselmann et al. 2016
Demeo)
A%
4 Vesta (Tholen/Bus 1.66 0.076 Lietal. 2013
Demeo)
3.1 0.081
G/C
1 Ceres (Tholen/Bus 1.8 0.056 Schroder et al. 2018
Demeo)
1.6 0.054
67P/CG Comet 242+0.3 0.081 + 0.005 Hasselmann et al. 2017
Moon 0.71 0.07 Helfenstein & Veverka (1987)
Moon 2.01 0.079 Sato et al. (2014)
(average)
Moon
(highlands) 2.09 0.073 Sato et al. (2014)
Moon (mare) 2.52 0.053 Sato et al. (2014)

29




*All asteroid parameter values are for the v-band equivalent wavelength, with the exception of Steins (630 nm),
Lutetia (631.6 nm), and Itokawa (763 nm - 2247nm, Kitazato et al. 2088). "Minimum and maximum values are listed,
errors are average over entire wavelength range. Numbers in brackets were held constant during some portion of the
modeling analysis.
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Figure 19. Comparisons of the values of the opposition amplitude (Bo) with the opposition
width (h) for several solar system objects. The Ryugu values from this study (blue diamonds)
are plotted with those from the ONC-T (red circle), those from other asteroids (green circles),
the Moon (purple circles), and comet 67P/CG (blue asterisk). The values from the near-infrared
study of Itokawa by Kitazato et al. (2008, orange diamonds) are also shown. Table 1 shows the
values for the specific objects that are being compared with the NIRS3 derived parameter
values. NOTE: the comparison is being made between the NIRS3 near-infrared values with
visible wavelength values of other objects, with the exception of the modeling results of
Itokawa by Kitazto et al. (2008).

Another method for characterizing the opposition surge is to examine and compare the
reflectance at 0.3° phase with the reflectance at 5° phase. Belskaya and Shevchenko (2000)
examine the ratio of the reflectance at these two phase angles for several asteroids observed in the
visible at 0.55 pm (see Belskaya and Shevchenko (2000) Table 1). A plot of the geometric albedo
versus this opposition ratio (Fig. 21) is compared with values from Tatsumi et al. (2020) from the
observations at 0.55 pum (v-band) and those from this study at 2.0 um and 2.7 um. We used the
geometric albedo at 0.55 um derived by Tatsumi et al. (2020) of 0.04 + 0.005 and use their Hapke
parameter values to derive the reflectance of Ryugu at 0.3° and 5.0° phase to calculate the ratio.
The v-band value for Ryugu plots within the grouping for C-, F- and P-class asteroids in the
ECAS taxonomy.

The near-infrared ratio values were derived from the 38 — 40 m data observations. All
observations within 0.3° + 0.005° were averaged together to provide the reflectance value at 0.3°
phase. All observations within 5.0° = 0.005° were averaged together to provide the reflectance
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value at 5.0° phase. The ratio was then calculated for each wavelength (Fig. 21). The geometric
albedos at 2.0 um and 2.7 um were derived using the Hapke model and the model parameter
values for those wavelengths. The values at 2.0 um and 2.7 wm are compared with the 550 nm
values. The near-infrared ratios are much lower than their visible counterparts and the geometric
albedo values at 2.0 um and 2.7 um (0.035 and 0.033, respectively) are significantly darker than
the value at 0.55 pm. The properties of Ryugu’s opposition in the near-infrared is clearly different
than those for other objects observed in the visible.

The opposition ratio for Ryugu also shows a strong variation with wavelength, as is seen in
the Hapke modeling results. This variation with wavelength supports the finding from the
modeling that the opposition is not only dependent on the albedo of the surface, but is influenced
by the physical structure of the regolith.
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Figure 20. (left) Comparisons of the opposition ratio (reflectance at 0.3° phase/reflectance at 5.0°
phase) with the asteroid data set from Belskaya and Shevchenko (2000). (right) Variations in the
opposition ratio with wavelength for the near-infrared, as derived from the NIRS3 38 — 40m
observations.

7.0 Discussion/Conclusions

This study of Ryugu’s opposition surge in the near-infrared provides some additional insight
into the properties of the optically active portion of its regolith. Unlike the photometric behavior
observed in the visible, which shows the opposition model parameters to be uniform with
wavelength (Tatsumi et al. 2020), the opposition parameters in the near-infrared show a clear
variation with wavelength. The variation in both amplitude and width are commensurate with
wavelength dependencies in the absorption and physical properties (particle shape and
distribution of sizes) of the regolith material. While the near-infrared spectra acquired by the
NIRS3 instrument display a very dark, flat spectrum with a single sharp absorption at 2.7 wm, the
photometry shows broader variations in the opposition parameters, with a maximum near 2.74 um
and 2.8 um, for B, and 4, respectively. Based on the Hapke model derivation and definitions of
the opposition parameters, the wavelength dependence of both the opposition amplitude and
width are attributable to the physical properties (such as absorption properties, particle shape, and
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grain size distribution) of the regolith and not only the regolith’s albedo. This is also supported by
the opposition ratio properties.

The wavelength variation in the opposition amplitude can be ascribed to either (or both) the
composition of the regolith or the nature of the scattering centers within the regolith grains. The
nature of the scattering centers is to reflect the incident light such that it does not return directly to
the detector and is multiply scattered such that it is lost to detection. This can be accomplished via
composition (highly absorbing media), particle inclusions, or particle shape. Ryugu’s dark
regolith is composed of highly absorbing material, thus making it difficult to discern the role of
the regolith particle characteristics solely based on the opposition amplitude.

The opposition width wavelength characteristics argue that one or more of the following
characteristics are invalid for describing Ryugu’s regolith: (1) regolith grains/particles are larger
than the wavelength of light, (2) these grains/particles are equant, and (3) the grain/particle size
distribution is narrow. ONC images of Ryugu’s surface boulders (Fig. 22) shown by Sugita et al.
(2019) clearly show the presence of a granular component to Ryugu’s surface, even though it may
not completely cover the entire surface. ONC images acquired at ~42 m altitude show regions on
the surface containing particles several cm in size (Sakatani et al. 2019). The MASCOT lander
studies do not show any evidence for fine-grained dust (Jaumann et al. 2019; Grott et al. 2019;
Biele et al. 2019). However, thermal studies suggest that the boulders on Ryugu are highly porous
(Okada et al., 2020; Shimaki et al. 2020). The thermal inertia properties show that Ryugu’s
boulders are consistent with a fragile porous matrix that is easily disrupted to produce fine-grains
(Okada et al., 2020; Shimaki et al. 2020). These fine-grains could accumulate on the surface to
mix with the coarser-grained regolith, or even coat the coarser grains, apparent in the images.
Observations of particles elevated by the thrusting during the Touch Down 1 (TD1) operations
(Morota et al. 2020; Tsuda et al. 2020) along with the thermal inertia measurements (Shimaki et
al. 2020) suggest that fine-grains exist in some regions as a portion of Ryugu’s regolith. This is
commensurate with the photometric behavior of the spectral slope we observe in the NIRS3 data
set. The phase reddening behavior with both phase and incidence angle, in comparison with
laboratory measurements of carbonaceous meteorites, indicate a granular regolith with a fine-
grained (< 45um) component.

In December 2020 the samples collected from Ryugu’s surface will be returned to Earth. The
mystery of the regolith grain size distribution may be revealed in the sample capsule.
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Figure 21. (left) A boulder near the MINERVA-II landing site partially covered with regolith.
(right) Type 2 boulder displaying some coverage by regolith. Coarse-grained (mm - cm)
regolith is apparent at the resolution of both these images
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