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ABSTRACT

Aims. We aim to explore the behavior of the opposition effect as an important tool in optical remote sensing on the nucleus of comet 67P/
Churyumov-Gerasimenko (67P), using Rosetta-OSIRIS images acquired in different filters during the approach phase, July-August 2014 and the
close flyby images on 14 of February 2015, which contain the spacecraft shadow.

Methods. We based our investigation on the global and local brightness from the surface of 67P with respect to the phase angle, also known as
phase curve. The local phase curve corresponds to a region that is located at the Imhotep-Ash boundary of 67P. Assuming that the region at the
Imhotep-Ash boundary and the entire nucleus have similar albedo, we combined the global and local phase curves to study the opposition-surge
morphology and constrain the structure and properties of 67P. The model parameters were furthermore compared with other bodies in the solar
system and existing laboratory study.

Results. We found that the morphological parameters of the opposition surge decrease monotonically with wavelength, whereas in the case of
coherent backscattering this behavior should be the reverse. The results from comparative analysis place 67P in the same category as the two Mars
satellites, Phobos and Deimos, which are notably different from all airless bodies in the solar system. The similarity between the surface phase
function of 67P and a carbon soot sample at extremely small angles is identified, introducing regolith at the boundary of the Imhotep-Ash region

of 67P as a very dark and fluffy layer.
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1. Introduction

Launched in 2004, the Rosetta spacecraft woke up on 20 January
2014 after ten years of cruising and 30 months of deep space
hibernation. In July-August 2014, Rosetta reached the comet
67P/Churyumov-Gerasimenko (67P). Since then, the space-
craft has escorted the comet and observed it by a number of
remote-sensing instruments (Schulz et al. 2009). OSIRIS, the
Optical, Spectroscopic, and Infrared Remote Imaging System
(Keller et al. 2007), was the scientific imaging system onboard
Rosetta. It contained two cameras: the Narrow Angle Camera
(NAC), and the Wide Angle Camera (WAC), which covered the
wavelength range of 250 nm to 1000 nm with total of 26 fil-
ters. NAC and WAC were designed as a complementary pair
to study aspects of the nucleus surface, such as its morphology
(Thomas et al. 2015; El-Maarry et al. 2015) or its spectrophoto-
metric properties (Fornasier et al. 2015), and to investigate the
dynamics of the sublimation processes.

During the close flyby (~6 km away from the comet sur-

face) on 14 February 2015, zero-phase-angle observations were
performed in combination of various filters. The images cover
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an area in the Imhotep-Ash boundary region (El-Maarry et al.
2015).

The close-flyby images of OSIRIS taken at very small phase
angles help us to extend our understanding of the sharp increase
in the brightness of airless bodies when the angle between in-
cident light and the observer direction (phase angle @) reaches
zero. This phenomenon is called opposition effect (OE); it is of
special interest in photometric studies and is a major remote-
sensing tool for understanding the nature of bidirectional re-
flectance from planetary regoliths.

The OE can be characterized by two parameters com-
ing from the optical phase curve (dependence of brightness
on phase angle) of a body. The OE parameters are the am-
plitude (also specified as the enhancement factor, {) and the
angular width estimated as the half-width at half-maximum,
HWHM. The effect has been observed on various planetary
surfaces (Belskaya & Shevchenko 2000; Rosenbush et al. 2002;
Shevchenko et al. 2008; Déau et al. 2009) and planetary regolith
analogs in the laboratory (Shkuratov et al. 2002; Psarev et al.
2007; Déau et al. 2013; Jost et al. 2016).

From the theoretical modeling perspective, two mechanisms
are proposed to explain the OE, shadow hiding (SH) and co-
herent backscattering (CB). The first is related to the amount
of shadow that grains cast on each other (self-shadowing). The
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Fig. 1. Shape model of 67P outlined in blue, displaying the area imaged
in the field of view of the OSIRIS NAC on 14 February 2015.

shadow cast by the regolith grains is hidden to the observer
when @ = 0° (Hapke 1986; Shkuratov 1994; Penttild 2013).
The second mechanism originates from constructive interfer-
ence between the partial electromagnetic waves that travel in the
medium in opposite directions and experience multiple scatter-
ing within the same path between particles. These waves leave
the medium in phase and therefore provide the conditions for the
constructive interference.

Recently developed theoretical models have gained
some success in simulations of light scattering by par-
ticulate media (Mishchenko 1992; Muinonenetal. 2012;
Mackowski & Mishchenko 1996, 2011) to fully explain the
observed OE. However, to simulate realistic media, these
models require enormous computer resources, which are often
unavailable to researchers, and deal with a limited range of
parameters.

The goal of this paper is to study the opposition effect on the
surface of comet 67P and the physical mechanisms behind this
phenomenon. Accordingly, we constructed global and local sur-
face phase functions of comet 67P using OSIRIS data that are de-
scribed in Sect. 2. In Sect. 3, we analyze and illustrate the phase
curves of comet 67P in different wavelengths for both the entire
disk of the object and a small area on its surface. The results of
the opposition-effect behavior of 67P are discussed in Sect. 5,
which leads us to conclude on our main findings in Sect. 6.

2. Observational data

We used the OSIRIS NAC images taken in various filter combi-
nations from 25 July to 6 August as well as three images taken
during the close flyby on 14 of February 2015 to investigate the
phase curves given in Sect. 3.1. The characteristics of images
used in this study are given in Table A.1.

The July 2014 images were photometrically corrected us-
ing the Lommer-Seeliger (LS) disk function (Li et al. 2015),
and geometrical angles were calculated from the global 3D
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shape model constructed by stereo-photoclinometric techniques
(Jorda et al. 2016). The photometrically corrected images from
August 2014 are taken from Fornasier et al. (2015).

In addition, the three flyby images (last row in Table A.1),
which included the shadow of the spacecraft and, thus, were
acquired at very small phase angles (less than 2°) were used.
These three images, taken in F84 (480.7 nm), F82 (649.2 nm),
and F88 (743.7 nm), were coregistered and photometrically cor-
rected with the Lommel-Seeliger disk law using the USGS ISIS3
software (Integrated Software for Imagers and Spectrometers’,
Anderson et al. 2004).

During the photometric correction, the angles were cal-
culated using a 3D-shape model constructed by stereo-
photogrammetric methods (Preusker et al 2015) and SPICE ker-
nels”. The details of image registration and photometric correc-
tion steps are described in Oklay et al. (2016).

All OSIRIS NAC images used in this study are expressed in
the radiance factor, hereafter denoted as I/ F'. The radiance factor
is defined as the ratio between the radiance of an illuminated
surface and the radiance from a normally illuminated Lambert
surface at the same observer-object separation.

The calibration of OSIRIS images is discussed in detail by
Tubiana et al. (2015). The uncertainty of the absolute calibration
is reported to be 1%—2% for NAC filters in the visible range.

3. Analysis techniques and results

To better understand how the surface scatters the sunlight, we
need to cover a range of phase angles as broad as possible. For
this, we supplemented the local phase curve, which covers very
small phase angles, with the global phase curve with the larger
phase angles. Then, we applied the approximation function used
by Rosenbush et al. (2002) on the combined phase curve of 67P.

3.1. Local phase curve

Of the close-flyby OSIRIS images that have been acquired at
small phase angles on 14 February 2015, the images includ-
ing the spacecraft shadow (zero-phase-angle point) were used
to extract the local phase curves. The top panel of Fig. 2 demon-
strates the RGB image that captured the spacecraft shadow on
the surface of the nucleus. Images taken in F88 (740 nm), F82
(649 nm), and F84 (480 nm) were coded to the RGB channels
of the image. The Rosetta shadows are the colored patches at the
bottom of the image.

The phase angle distribution map was computed for
each facet using the shape model (SHAP4s with IM facets
Preusker et al. 2015) associated with SPICE kernels (Acton
1996) for Rosetta with the MATLAB software. The 2D phase
angle map was superimposed on the multispectral image as a
reference. The change in color indicates the phase angle vari-
ation with steps of 0.1°. The locations of regions of interest
(ROIs) were chosen to collect the averaged I/F corresponding
to the different phase angles (see bottom panel of Fig. 2). The
local phase curves in three wavelengths, spanning from 0.2° to
2.0°, are displayed in Fig. 3. The behavior of the local phase
curves can be described by a log-linear function approximation
(Lamy et al. 2004),

log,yI/F(a) = log,o!/Fg + 0.4 (H

' http://isis.astrogeology.usgs.gov/index.html
2 http://www.cosmos.esa.int/web/spice/
spice-for-rosetta
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Fig. 2. Top panel: RGB image of the Imhotep-Ash boundary on the
large lobe of 67P using OSIRIS NAC close-flyby images acquired on
14 February 2015 at UTC time of 12.39. The RGB images are associ-
ated with F88 (740 nm), F82 (649 nm), and F84 (480 nm). The colored
patches are the spacecraft shadow. Bottom panel: phase angle distribu-
tion calculated for each facet using the DLR SPG model SHAP4s (1M
facets) and overlay on the multispectral image. The colors are assigned
to a phase angle step of 0.1°. The ROIs are outlined with blue boxes and
contain 4400 pixels.

where [ is a phase coefficient in magnitude per degree
(mag/deg), and I/ F gives the brightness at opposition (& = 0°).

The resulting phase coefficients are 0.086 + 0.025 mag/deg
in the F84 (480 nm), 0.0915 + 0.022 mag/deg in F82 (649 nm),
and 0.0941 = 0.029 in F88 (740 nm), respectively. The difference
between the phase coefficients demonstrates a decrease in S with
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Fig. 3. Resulting local phase curves from the surface of 67P using
OSIRIS NAC close-flyby images in three filters.

wavelength for the surface phase function of 67P at very small
phase angles.

Because it was taken inside the opposition-surge part of the
phase curve, the 8 = 0.0915 + 0.022 mag/deg in F82 (649 nm)
from local phase curve in the range of 0.2° to 2.0° is steeper than
those recorded for larger phase angles; (Tubiana et al. 2011) de-
rived the linear phase coefficient of 0.061-0.076 mag/deg from
the ground-based observations in the phase angle range of 0.5°—
10° and for @ < 15°, VIRTIS reported 8 = 0.082+0.016 mag/deg
(Ciarniello et al. 2015) .

Since the effect of non-zero angular size of the Sun is a con-
cern for objects in the inner and outer solar system, we computed
the angular radius of the Sun for 67P using the following expres-
sion (Déau 2012 and references therein):

. R
e = arcsin © R 2)
67P-0

where Ry, is the radius of the Sun (6.955 x 10° km) and Dg7p_o
is the distance between 67P and the Sun (3.466 x 10% km).

The resulting value of the angular size of the solar disk as
seen by 67P during the observation, 0.12°, indicates that the min-
imum phase angle of 0.2° of the local phase curve is not within
the angular size of solar disk. Hence, the size of the Sun does not
influence our local phase curve.

3.2. Global phase curve

We built the global surface phase function (Li et al. 2015) for the
whole cometary nucleus, hereafter referred to as global phase
curve, to extend the local phase curve as a means to model the
morphology of the phase curve (filled symbols in Fig. 4). To
construct the global phase curve of 67P, we used OSIRIS images
taken from 25 July to 6 August (Table A.1) in the phase angle
range of 1.4°-53.9° in the same three filters we discussed above.

We integrated the I/F values over the comet surface using
the histogram-based technique (Burger & Burge 2013), and then
divided the average I/ F to the visible and illuminated cross sec-
tion of 67P using its shape model (Preusker et al. 2015).
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3.3. Combined phase curve

We combined the local and global phase curves into a single
curve for corresponding filters (Fig. 4). The resulting phase
curve, which we call combined phase curve, enables us to fit
the photometric models to the phase curve and explore the OE
behavior of 67P. The combined phase curve with a wide phase
angle range including the data for very small phase angles is suit-
able for comparisons with other bodies in the solar system with
an extensive range of phase angles.

The albedo map of 67P generated by Fornasier et al. (2015)
and the global spectrophotometric analysis of the close-flyby im-
ages by Feller et al. (2016) justify the combination of global and
local phase curves because the disk average albedo (6.5 + 0.2%)
and the albedo of Imhotep-Ash area (6.15 + 0.07%) are close.

4. Morphological modeling

We used a four-parameter exponential-linear model to fit the
data. The model considers the phase function as a combination
of an exponential peak and a linear part. Its main interest is that it
has been applied to the phase curves of various atmosphereless
solar system bodies by Rosenbush et al. (2002) and references
therein. The function is given by

UF:Uﬂﬁpt +I/F, + Ba, 3)

a
1.45 x HWHM)

where I/F is the amplitude of opposition peak and is defined
as the brightness increase relative to the background brightness
1/ Fy. B is the slope of the linear part, and HWHM stands for the
angular width of the OE.

Following Rosenbush et al. (2002), we also calculated the
amplitude of OE in the form of the enhancement factor, . The ¢
is defined as

_I/F+1]F,
(=R )

We fit the model to the combined phase function of 67P for three
filters (see Fig. 4) and list the best-fit values of the OE parame-
ters, HWHM, and Z, in Table A.2.

The variation of the OE parameters with respect to the wave-
length would suggest the contribution of CB in the formation of
opposition-surge phenomenon (Mishchenko 1992). On the other
hand, the independency of the OE parameters on the wavelength
is typical for the SH effect; SH is a geometric optics effect; it
deals with particles that are much larger than the wavelength,
and it does not depend on wavelength.

The best-fit parameters obtained through modeling (see
Table A.2) suggest that the wavelength dependency of the { and
HWHM is either absent (taking into account the accuracy of
the results) or that both these parameters decrease with wave-
length. Neither of these behaviors are consistent with coher-
ent backscattering, which should show a strong dependence on
the wavelength, with the HWHM increasing with wavelength
(Mishchenko 1992).

The albedo and color dependence of OE parameters have
also been studied by Belskaya & Shevchenko (2000). The au-
thors stated that the contribution of CB decreases for low-
albedo asteroids, while it increases for high- and medium-albedo
asteroids.
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Fig. 4. Combined phase function of 67P in three wavelengths from
OSIRIS NAC images corrected by the Lommel-Seeliger disk law. The
dashed lines represent the Rosenbush et al. (2002) function stated by
Eq. (3).

5. Discussion

We concentrate our discussion on the comparative analysis of
the combined phase curves of 67P, including both disk-averaged
and disk-resolved brightness. The comparison of the phase curve
between bodies in the solar system and laboratory measurements
enables us to constrain the physical properties of the surface of
67P nucleus as well as interpret the phenomenon of the opposi-
tion effect by itself.

5.1. Comparison of 67P with bodies in the solar system

The modeled OE parameters (HWHM and ¢) of 67P from
the combined phase curve at 1 = 649 nm are plotted versus
the geometric albedo (see Fig. 5) together with available OE
parameters of numerous solar system bodies (Rosenbush et al.
2002). The albedo values of these bodies are also taken from
Rosenbush et al. (2002) and references therein.

The resulting scatter plot (upper panel of Fig. 5) demon-
strates the inverse relation of the HWHM with the geometric
albedo for different airless bodies in the solar system. As the ge-
ometric albedo increases, the HWHM tends to decrease for high-
albedo objects, while the HWHM data points for low-albedo ob-
ject are inclined to increase although in a more scattered way.
The inverse trend (dashed line) is depicted by inspection of the
scatter plot of HWHM versus albedo. The modeled HWHM for
67P is located close to satellites of Mars, Phobos and Deimos,
suggesting a similarity in the optical properties and structure of
their surfaces, such as size of particles and porosity.

The variation of the enhancement factor, { against geomet-
ric albedo does not follow a recognizable trend (lower panel of
Fig. 5). However, it shows two collections of data points, the
values of the enhancement factor for all bright bodies studied
in Rosenbush et al. (2002) are lower than 1.6, while for all dark
objects they do not go beyond 1.8. It is notable that Phobos and
Deimos including 67P do not resemble any group of data points.

Another comparative study can be done for 67P and ex-
isting data for Centaurs and Kuiper belts objects (KBOs)
(Belskaya et al. 2008). Since these bodies are observed in the
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Fig. 5. Plots of the HWHM (upper panel) and the enhancement factor
(lower panel) versus the geometric albedo of bodies in the solar system,
evaluated by Rosenbush et al. (2002). The model OE parameters of 67P
are shown by a red star symbol. The error bar is associated with the fit
uncertainty. The dashed curve in the upper panel represents the inverse
trend by inspection between HWHM and the geometric albedo. The
dashed circular curves in the lower panel display two groups of data
points with ¢ > 1.8 (dark objects) and <1.6 (bright objects).

small phase angle range, for the comparison we only adopt the
local phase curve of 67P at 4 = 649 nm in the same phase angle
range as those objects. The best-fit value of the phase coefficient
in mag/deg for 67P is plotted together with the measured phase
coefficients of KBOs and Centaurs (Table 1 of Belskaya et al.
2008 and references therein) with respect to the albedo (see
Fig. 6).

Figure 6 shows that 67P with the phase coeflicient, 0.092 +
0.022, is located in Centaurs regions. The two particular Cen-
taurs with similar phase coefficient to 67P are (54 598) Bienor
and 1999 TDI10. Centaurs are believed to have a greater
steepness in their phase curve than other solar system bodies
(Bauer et al. 2003; Rousselot et al. 2005).
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Fig. 6. Phase coefficient versus albedo for Centaurs, classical Kuiper
belt objects (KBOs), and trans-Neptunian objects in R band together
with comet 67P/CG at A = 649 nm.

5.2. Comparison with laboratory measurements of the phase
curve at small phase angles

We also compared our results with laboratory measurements that
study the dependence of the photometric characteristics of par-
ticulate surfaces on the surface properties, that is, albedo, grain
size distribution, and porosity.

There are not many experimental studies at very small phase
angles. The measurements that are made in the opposition-effect
region were carried out by Jost et al. (2016) for icy particles
with a high-albedo close to unity and by Psarev et al. (2007) for
low- and high-albedo samples. We found that the laboratory re-
flectance data from carbon soot at the wavelength of 630 nm in
the phase angle range of 0.008°-1.5° (Psarev et al. 2007) show
a behavior that is very similar to the measured local phase curve
from the Imhotep-Ash region of 67P at 4 = 649 nm. The local
phase curve we extracted was normalized at @ = 1.5° to make
it comparable with normalized laboratory measurements (see
Fig. 7).

In Fig. 7 two samples, the ultra-dispersed quartz and the car-
bon soot, behave similarly for the phase angles >0.2° (the limit
we determined for the local phase curve of 67P from OSIRIS
close-flyby images). However, light scattering by quartz sample
is defined by its very special characteristics, such as birefrin-
gence and high albedo, which is responsible for the narrow OE
peak at phase angles <0.1° caused by CB. Neither of them can
be associated with the material in the Imhotep-Ash area, which
allows us to exclude quartz from the following consideration.

The carbon soot sample has a very dark fluffy surface that
contains fine grains (<1 um). This resemblance as well as our
previous analysis confirms that the photometric characteristics of
Imhotep-Ash are typical of dark fluffy materials and are formed
by the shadow-hiding effect. The results from this compari-
son are consistent with the conclusion of Fornasier et al. (2015)
based on the global modeled Hapke parameters of 67P that the
surface porosity is equal to 87%. The porous regolith on 67P is
also verified through the measurements reported by the Rosetta
CONSERT experiment (Kofman et al. 2015).
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Fig. 7. Photometric phase curve for magnesia, carbon soot, and ultra-
dispersed quartz measured in the laboratory at the 4 = 630 nm in the
phase angle range of 0.008°-1.5°. The data points are taken from the
figure in Psarev et al. (2007). The intensity is normalized at phase angle
1.5°. The local phase curve constructed from the Imhotep-Ash region of
67P using an OSIRIS close-flyby image in F82 (649 nm) filter is plotted
as well (red dots).

6. Conclusions

This work was focused on the opposition-effect phenomenon for
comet 67P. We have extracted the surface phase function locally
and globally from OSIRIS NAC images in three wavelengths.
The local surface phase function was fitted by log-linear func-
tion, and the phase coefficient, 8, was estimated to be 0.0915 =
0.022 at A = 649.2 nm. The resulting S compared with Centaurs
and KBOs shows that 67P belongs in the group of Centaurs.

Comparison with the existing Laboratory data at very small
phase angles indicated a similar trend shown by the phase curves
of the Imhotep-Ash region of 67P and the very dark and porous
carbon soot.

We combined the local surface phase function with the
global surface phase function to model the morphology of the
opposition effect. The approximating function introduced by
Rosenbush et al. (2002) was applied to describe the morphology
of the opposition effect. The best-fit value of the morphological
parameters HWHM and ¢ in three filters indicates a decreasing
trend with respect to wavelength, which is not expected to be
caused by the coherent backscattering effect.

We collated the retrieved parameters of 67P with the same
parameters for other bodies in the solar system explored by
Rosenbush et al. (2002), which places 67P in the same cate-
gory as the two satellites of Mars, Phobos and Deimos. Both
Phobos and Deimos are small bodies and have spectra very sim-
ilar to dark carbonaceous chondrite. Moreover, Phobos has such
a low density that it may contain water ice below its surface
(Fanale & Salvail 1989, 1990). Thus, a resemblance between the
opposition effect of the Martian satellites and 67P may be not a
coincidence, but an indicator of some commonality in the nature
of these objects.
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Appendix A: Additional tables

A&A 599, A11 (2017)

Table A.1. Characteristics of the OSIRIS NAC images used in this analysis.

Filter IDs (A in nm)

Acquisition date

Start time (UTC)

Phase angle (°)

F24 (480.7), F22 (649.2), F28 (743.7)

F24, F22, F28
F24, F22, F28
F24, F22, F28
F24, F22, F28
F24, F22, F28
F24, F22, F28
F24, F22, F28

2014-07-25
2014-07-28
2014-07-29
2014-08-01
2014-08-02
2014-08-03
2014-08-05
2014-08-06
2015-02-14

08:12:51.972
23:26:59.080
00:46:59.084
11:51:46.179
23:22:46.224
00:22:47.231
23:20:44.320
01:20:46.316
12:40:45.838

2.2°-21°
1.3°
14°
9.1°-11.5°
27.0°
28.1°-35.9°
48.9°
50.1°-53.9°
0.2°-2.0°

F84 (480.7), F82 (649.2), F88 (743.7)

Notes. Acquisition date and time are shown for the first image of each sequence in F24 and F84.

Table A.2. Best-fit values of the OE parameters from the combined phase function of 67P based on the morphological modeling of Rosenbush et al.
(2002; Eq. (3)).

Filter IDs A, (nm) e HWHM Phase angle

range (deg)
F24, F84 480.7 2778 £0.34 599 +0.52 0.2°-53.9°
F22, F82 649.2 234 +0.20 4.20+0.51 0.2°-53.9°
F28, F88 7437 2.17+0.19 3.05+047 0.2°-53.9°
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