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ABSTRACT

Aims. We investigate the nucleus photometric properties of the comet 67P/Churyumov-Gerasimenko as observed by the Visible and
Infrared Thermal Imaging Spectrometer (VIRTIS) onboard the Rosetta spacecraft. Both full-disk and disk-resolved images of the
comet have been analyzed, deriving light and phase curves as well as a photometric reduction of the radiance factor (I/F) to single
scattering albedo (SSA) in the 0.4-3.5 um range.

Methods. Hyperspectral cubes from VIRTIS were calibrated and corrected for instrumental artifacts. We computed integrated fluxes
from full-disk acquisitions to derive nucleus light curves and phase curves at low phase angles (1.2° < a < 14.9°). Disk-resolved
observations in the phase angle range 27.2° < @ < 111.5° were reduced to SSA by means of a simplified Hapke model, deriving
average spectrophotometric properties of the surface and producing SSA maps at different wavelengths. Spectral phase reddening in
the visible (VIS) and infrared (IR) ranges was measured. Finally, full-disk and disk-resolved data were used together to derive a phase
curve of the nucleus in the 1.2° < & < 111.5° range.

Results. We measure an asymmetric double-peaked light curve that is due to the elongated shape of the nucleus. The average SSA
albedo shows a reddish spectrum with a strong absorption feature centered at 3.2 pum, while the surface exhibits a backscattering
behavior. The derived geometric albedo is Ay, = 0.062 + 0.002 at 0.55 um, indicating a very dark surface. Phase reddening is
significant both in the VIS and IR ranges, and we report spectral slopes of 0.20/kA and 0.033/kA, respectively, after applying
photometric reduction. SSA maps indicate that Hapi and Imothep regions are the brightest in the VIS, with the former showing
a bluer spectrum with respect to the rest of the surface. The phase curve of the nucleus shows a strong opposition effect, with

£ =0.077 £ 0.002 for @ < 15°.

Key words. methods: data analysis — techniques: spectroscopic — comets: individual: 67P/Churyumov-Gerasimenko —

techniques: photometric

1. Introduction and rationale

After a cruise phase of more than ten years, the Rosetta space-
craft entered orbit around comet 67P/Churyumov-Gerasimenko
(67P) on 6 August 2014. From this date onward, the spacecraft
began to escort the comet and will follow it until the end of
the nominal mission (December 2015). This allowed very ac-
curate nucleus imaging, making 67P the sixth comet to be di-
rectly observed from a spacecraft after 1P/Halley, 9P/Tempel 1,
19P/Borrelly, 81P/Wild 2, and 103P/Hartley 2. The Rosetta or-
biter carries eleven instruments, one of which is VIRTIS, the
Visible and Infrared Thermal Imaging Spectrometer (Coradini
et al. 2007). This experiment is composed of two sensor heads,
-M (mapper) and -H (high resolution). The -H sensor is a high-
resolution punctual spectrometer mainly devoted to the study
of the coma properties in the 1.88-5.03 um range, while -M
produces hyperspectral images of the target in the 0.2-5.1 ym
range with an angular resolution of 250 urad x 250 urad. Data

from VIRTIS-M are crucial to assess nucleus spectrophotomet-
ric properties: on a global scale with disk-integrated observa-
tions, and, thanks to its imaging capabilities, at higher spatial
resolutions with disk-resolved measurements. The latter case is
of paramount importance to map the compositional variability
on the surface and possibly link it to sources of activity.

This work focuses on VIRTIS-M data acquired from
July 2014 up to February 2015. The analysis we performed is
divided into two main subjects: full-disk photometry (Sect. 2)
and disk-resolved photometry (Sect. 3). In Sect. 2, we discuss
rotational curves (Sect. 2.1), full-disk phase curves (Sect. 2.2),
color ratios (Sect. 2.3) and the derivation of the geometric albedo
(Sect. 2.4). In Sect. 3 we calculate a photometric reduction by
means of a Hapke simplified model, taking advantage of the
large dataset acquired by VIRTIS-M and assess the spectropho-
tometric properties of the surface. We also derived a zonal pho-
tometric reduction for four macro-regions to better investigate
compositional and morphological differences on the nucleus
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(Sect. 3.6). In Sect. 4 the full-disk and the disk-resolved dataset
are used together to derive a complete phase curve of the comet.
A comparison to photometric properties of other comets is fi-
nally shown in Sect. 5, and in Sect. 6 we summarize the main
findings and discuss future developments of this work with new
observations in the coming months.

2. Full-disk photometry

In this section we analyze the photometric properties of 67P as
observed by the VIRTIS instrument during the approach phase
to the comet (MTPOOS phase). Acquisitions have been taken on
July 2014, when the comet was at an heliocentric distance of
approximately 3.7 AU. The target-spacecraft distance decreased
from 13000 km down to 1800 km in this period. As a con-
sequence, the pixel dimension at the surface decreased from
3.2 km to 450 m and the portion of the VIRTIS field of view
(FOV) occupied by the comet varied from a few pixels to up
to a few tens. The whole dataset here and in the following sec-
tions was corrected for residual instrumental artifacts following
the method described in Raponi (2015). Given the low spatial
resolution of these acquisitions and the relatively low amount
of pixels available for the analysis, a disk-resolved photomet-
ric study was not feasible, which justifed a disk-integrated ap-
proach. To this aim, the signal of the whole VIRTIS FOV was
summed for each hyperspectral cube at each wavelength, pro-
ducing a full-disk spectral reflectance. Because of the low ac-
tivity of the comet, coma contribution to the total signal can
be considered as negligible at the large heliocentric distance
at that time. However, the average signal measured from back-
ground pixels was subtracted, which removed residual dark cur-
rent contributions and minimized light scattered from the coma.
Background pixels were selected as the closest to the comet disk
image in the FOV, where the signal from the nucleus could not
be recognized. Each acquisition is characterized by a value of the
solar phase angle (1.2° < @ < 14.9°) and of the rotational phase.
This allows us to produce both light curves and phase curves of
the comet as shown below in Sects. 2.1 and 2.2.

2.1. Light curves

In Fig. 1 we report the light curves of the comet 67P as derived
from VIRTIS MTPOOS observations. Since the VIRTIS signal is
calibrated into standard radiance units W/m? /um/sr to be able
to compare our result with previous measurements by Mottola
et al. (2014), the derived flux (Fe7pr, [W/m?]) was converted
into reduced planetary magnitudes in the R-band (R(1, 1, @))
after convolution with the Kron-Cousins R-filter bandpass of
(Bessell 1986) by means of the following relations (Lagerkvist
& Magnusson 1990):

Fepr = Zilg,i0€

F
mg = mog — 2.5log —22&
O,R
R(1,1,@) =mg —Slogr- A, (1)

where I ; is the pixel radiance, de the instrumental instantaneous
FOV (IFOV), mg the comet relative magnitude, mg g the Sun
relative magnitude, Fox the solar flux at the comet heliocen-
tric distance r, and A the spacecraft-comet distance. Both » and
A are expressed in astronomical units, while the subscript R in-
dicates that values refer to the R-band. Error bars are derived
with the VIRTIS signal-to-noise ratio simulator described in
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Fig. 1. Light curve in the R band. Black diamonds indicate the light
curve as measured by the OSIRIS camera onboard Rosetta (Mottola
et al. 2014), arbitrarily shifted to match the rotational phase of VIRTIS
observations. We assumed a comet rotational period of 12.4043 +
0.0007 h (Sierks et al. 2015). The rotational phase is set to O at the
time of the first VIRTIS acquisition 7y = 56 850.0 MJD (Modified
Julian Date). The color bar provides the phase angle scale in degrees
for VIRTIS observations.

Raponi (2015). In Fig. 1 points are grouped according to their
phase angle @. Because of the elongated irregular shape of 67P,
these curves are double-peaked, with the primary maximum
larger than the secondary. Moreover, they are shifted toward
lower magnitudes for decreasing phase angles because a larger
portion of the comet is both visible and illuminated and because
of the opposition effect (OE) surge (Hapke et al. 1998). For com-
parison we report the light curve derived by the OSIRIS camera
onboard Rosetta (Mottola et al. 2014) at & = 32.6°, which shows
that the results of the two instruments agree well.

2.2. Low-phase integrated phase curves

From the same dataset described in Sect. 2.2 we derived the
phase curve of the comet, and we show it in Fig. 2 in four differ-
ent wavelengths, 0.55 ym, 0.80 um, 1 um and 2 um. Data with
similar phase angles but acquired at different rotational phases
were averaged into 1° phase angle bins. The phase curves were
normalized at the lowest phase angle @ = 1°. The shape of
the phase curve clearly displays a well-developed opposition ef-
fect (OE) below 10°. No strong dependence on wavelength is
observed, which indicates that shadow-hiding OE is the dom-
inant mechanism (Hapke 1993), with coherent-backscattering
OE possibly relevant only for phase angles lower than 1° (Hapke
2002; Kaydash et al. 2013). A rigorous analytic description of
the OE for full-disk observations can only be applied for a spher-
ical body (Hapke 1993, 2012), which is not the case of comet
67P. For this reason, we decided to postpone a full characteri-
zation of the OE parameters to a future work, when low phase
angle disk-resolved observations will be available.

2.3. Color ratios

The same dataset as analyzed in Sects. 2.1 and 2.2 was
used to compute color ratios at various wavelengths from
integrated fluxes. Here we report three ratios as a func-
tion of the rotational phase (Fig. 3): one in the VIS range
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Fig. 2. Phase curve of the nucleus at low phase angles normalized at 1°.
We report four different wavelengths: 0.55 pum (black), 0.80 pum (blue),
1 um (yellow), and 2 um (red). Error bars are from the flux variability
that is due to the varying rotational phase.
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Fig. 3. Color ratios as a function of rotational phase. Cyis is reported
with diamonds, Cig with crosses, and Cyjs_jg With asterisks. Error bars
are typically smaller than the symbol size, and the scatter of the points
is due to the different solar phase angles of the individual acquisitions.

(Cvis = (Fo.s5 um/Fo.8 um)/(F0,0.55 um/Fo0.8 um)), one in the IR
(Cr = (F1 ym/F2 um)/ (Fo,1 yum/Fo2 um)), and one across the VIS
and IR ranges (Cvis-1r = (Fo.55 um/F2 ym)/ (Fo,055 jum/ Fo.2 ym))-
Acquisition with solar phase angles ranging in the 0°-5° inter-
val were selected. Cyis, Cir and Cyis-jr behave approximately
as constants with no significant modulations. This indicates that
surface spectral properties are fairly homogeneous on a global
scale at the spatial resolution of the dataset.

2.4. Geometric albedo

In this section we derive the geometric albedo of 67P using the
definition of normal albedo A,. Normal albedo is the reflectance
of a surface observed at 0° phase angle, normalized to the re-
flectance of a perfect Lambert surface at null incidence angle.
This quantity is not an integrated value and can be straightfor-
wardly computed from the reflectance of fully illuminated pixels
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Fig. 4. Derivation of the normal albedo at 0.55 ym. The value at 0° is
extrapolated by means of a linear fit as shown in the plot.

Table 1. Geometric albedo of 67P as measured by VIRTIS compared to
OSIRIS.

Wavelength [um]  Ag, (this work) — Ag, (Fornasier et al. 2015)

0.480 0.054 + 0.002 0.0554 + 0.0024
0.535 0.059 +0.002 0.0589 +0.0034
0.649¢ 0.074 £ 0.002 0.0677 + 0.0039
0.700 0.077 £ 0.002 0.0720 + 0.0031
0.743 0.080 + 0.003 0.0766 + 0.0031

Notes. @ The value at 0.649 um for the VIRTIS case is computed as
an interpolation on the local continuum after removing the wavelengths
in the 0.642-0.653 um range, which are affected by a junction of the
instrument spectral filters.

acquired at null a. From the whole MTPOOS observations dataset
we selected pixels at the lowest phase angles (1°-2.5°) that were
fully illuminated (incidence and emission angles below 10°), as
shown in Fig. 4. An approximated linear trend of the radiance
factor (//F) with phase angle can be recognized, and we extrap-
olated the value at @ = 0° by means of a linear fit. The value
obtained at 0.55 um is A, = 0.062 = 0.002, which refines the
value previously reported in Capaccioni et al. (2015). In the ap-
proximation of single scattering, which can be safely applied to
the case of a dark object like 67P, the normal albedo has the same
expression as the geometric albedo (Hapke 2012), the latter be-
ing the average value of the former over the illuminated portion
of the target body. For this reason we assume that the value of A,
derived in this section matches the geometric albedo Age, of the
comet. To compare our results to those derived in Fornasier et al.
(2015), we derived the geometric albedo at wavelengths corre-
sponding to OSIRIS’ filters bandpasses with the same technique
as described in this section. Because of the larger noise affecting
wavelengths shortward of 0.4 um and the presence of a spectral
artifact in 0.8-1.0 um (see Sect. 3.1.2), we limited the compari-
son to five wavelengths in the 0.4-0.8 um range, as reported in
Table 1. The results of the two instruments agree well.

3. Disk-resolved photometry

In this section we analyze the data acquired during MTP006
to MTP12 sequences. The distance of the nucleus of 67P to
the spacecraft varies between 384 km and 7.7 km, providing a
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Fig. 5. Average target-spacecraft distance (solid line) and phase angle
(dashed line) for the different VIRTIS-M acquisitions.

spatial resolution from 96 m down to 1.9 m (see Fig. 5), with
most of the observations taken at a resolution below 25 m/pixel.
The phase angle ranges in an interval of 27.2°-111.5° (see
Fig. 5), and different regions were observed several times under
varying observation geometries. To compare data acquired un-
der different illumination conditions, it is necessary to separate
photometric effects from the spectral properties of the surface.
This requires the photometric reduction of the signal measured
by VIRTIS to a quantity that is linked to the intrinsic brightness
of the surface.

3.1. Photometric reduction

To compute a photometric reduction, we require a model that
links the reflectance of a particulate medium to the observa-
tion geometries and physical properties of the surface. There
are several models that accomplish this task, based on empir-
ical, semi-empirical, or physical assumptions (Akimov 1988;
Longobardo et al. 2014; Minnaert 1941; Shkuratov et al. 1999).
We here adopted the well-known Hapke model (Hapke 1993,
2002, 2012). This solution of the radiative transfer equation
has been extensively applied in planetary science to interpret
data from remote-sensing measurements (Buratti et al. 2004;
Ciarniello et al. 2011; Domingue et al. 1995), and in particu-
lar to investigate photometric properties of cometary nuclei (Li
et al. 2007b,a, 2009, 2013). The expression of the bidirectional
reflectance of a semi-infinite medium from Hapke’s model is
given by the following equation:

. w HOeff
r(i, e, (Z) =
AR poetr + Mefr
X [Bsu(@) p(@)+H(w, poes) H(w, pet) — 1] X S (i, e, @, 0) Bep(@),
(2)

where

i, e, @ are incidence, emission, and phase angle;

w is the single scattering albedo (SSA);

p(a) is the single particle phase function (SPPF);

Moeft, Uer are effective cosines of incidence and emission an-
gle, respectively;

H(w, x) are the Chandrasekhar functions;

Bsy is the shadow-hiding opposition effect (SHOE);
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- BCB is
(CBOE);

- S(i,e,a,0) is the shadowing function for large-scale
roughness;

— 0 is the average surface slope.

the coherent-backscattering opposition effect

We refer to Hapke (1993) for a complete description of every sin-
gle term of Eq. (2). Considering the lack of observations at low
phase angles for the disk-resolved dataset (27.2° < @ < 111.5°)
and the extremely low albedo of comet surface (see Sect. 2.4),
the formulation given in Eq. (2) can be simplified posing to 1 the
opposition effect terms Bsy, Bcg, and the function H(w, x) that
describes multiple scattering (single scattering approximation).
Equation (2) is then reduced to

I'F _ w  poert

= — = p(@)S (i, e, a,0), (3)
n 47 poefr + Meft

r(i,e,a) =

where three quantities link the reflectance to the spectrophoto-
metric properties of the surface: w, p(a), and 6. The SPPF is
modeled following Heyney & Greenstein (1941),

1-05%
(1 +2bcos(a) + b2)3/2°

ple) = @)

where b is the asymmetry parameter that determines the SPPF
behavior:

— b < 0: backscattering
— b > 0: forward-scattering.

The advantage of the formulation in Eq. (3) is that in contrast
to Eq. (2), the photometric reduction is achieved by means of
a multiplicative term, thereby enabling the SSA to be com-
puted in closed form once the model parameters are determined.
However, it must be pointed out that neglecting the contribu-
tion of multiple scattering in the modeling might introduce a
limited overestimation of the retrieved w, while the elimination
of the OE term, which should be negligible in the phase an-
gle range used, might in principle be compensated for by an
adjustment of w, b. We note that a refinement of the Hapke
model that accounts for the effect of porosity has been devel-
oped in Hapke (2008, 2012) and was discussed in Ciarniello
et al. (2014). Nevertheless, the vast majority of the photomet-
ric studies that use Hapke’s theory applied the formulation given
in Eq. (2), which is the one we used here to be able to provide
a direct comparison of our results with those derived in previous
analyses. Moreover, the effect of porosity cannot be separated
from SSA if multiple scattering is negligible (Li et al. 2013) and
OE is excluded, thus making the application of Hapke (2008)
model impractical for this work.

The whole dataset we analyzed to derive the photometric pa-
rameters was filtered to avoid unfavorable observation geome-
tries that are due to large incidence and emission angles, im-
posing i,e < 60° and pixels with extremely low reflectance
(I/F < 0.001 at 0.55 pm). In particular, this allow us to sort
out pixels that are dominated by noise and minimize the number
of residual partly shadowed pixels that are not ruled out using
the adopted shape model of the nucleus from Preusked et al.
(2015) and to limit the effect induced by the error on the ge-
ometry. For the latter point we recall that the relative error on
cos(i) and cos(e) diverges when i, e — 90°. This choice fixes the
number of analyzed pixels to more than 2, 100, 000. This repre-
sents a statistically representative sample of the global surface
properties of the nucleus, also preserving acquisitions at large
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phase angle, as shown in Fig. 6, where the pixel density is re-
ported in a I/F vs. a plot. The distribution develops along a de-
creasing monotonic curve that links reflectance to phase angle,
as expected. Photometric reduction was computed under the as-
sumption that the photometric properties of the comet surface
are globally homogeneous at the spatial resolution of the VIRTIS
observations. This implies that b and 6 are constant over the
surface. As shown below, in deriving b and 8, we determine a
global spectrum of w. This quantity can be considered as an av-
erage SSA spectrum of the comet. However, we assumed that
most of the intrinsic brightness variability of comet surface is
contained in the SSA. This allows, as a further step, using the
derived b and 6 in Eq. (3) to independently estimate a value of
w from each pixel, thus mapping the variation of albedo across
the nucleus surface and to compare observations of the same re-
gions acquired at different times along the comet orbit during the
Rosetta mission.

To derive the set of Hapke parameters, we applied the fol-
lowing iterative algorithm:

— The I/F at a given wavelength of each pixel is multiplied
by the factor 4/#%, where 6 is a given value of the
roughness slope parameter. Assuming Eq. (3), this quantity
represents wp(@), and we derive a distribution like the one
shown in Fig. 7.

— The distribution of wp(«a) is averaged in 1° phase angle bins.

— The average curve of wp(«) is fitted, thus retrieving » and w.

— The same procedure is repeated for all the VIRTIS wave-
lengths: residuals from selected wavelengths across VIS-IR
are summed.

— The whole algorithm is repeated for §, varying in the
[1°-60°] range with 1° steps (Fig. 8).

— The final w, b, 8 are selected as those that provide the lowest
residuals.

We recall that w and b in general are wavelength-dependent
quantities, while 6 is not, since it is linked to the morphology
of the surface.

3.1.1. Surface roughness and

In Fig. 9 we report the total residuals of the fitting procedure de-
scribed in Sect. 3.1 as a function of 6. We computed this quantity
with the equation

Res(f) = X300, &)

2 um
5

A=0.55 ym
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where Xﬁ(@) is the resulting chi-square value of the fit of the av-
erage wp(a) curve derived assuming 6, at wavelength A (Fig. 8).
Residuals were summed in the 0.55-2 um range to exclude both
shorter wavelengths, which are affected by higher noise, and
longer ones, where thermal emission can partially be present
even if it is not dominant. The lowest value of the residuals is
obtained at # = 19°. The physical meaning of the surface slope
parameter is still debated. While commonly related to the shad-
owing due to large-scale roughness (Hapke 2012), laboratory
studies from Shepard & Helfenstein (2011) indicated that it can
be affected by submme-scale structures. Moreover, compensation
effects with other photometric parameters in the fit procedure,
such as the asymmetry factor of SPPF and SSA, can also modify
the retrieved value of 6, and this must be taken into account when
interpreting its meaning. This effect could be strong when there
are no observations at very large phase angles. Apart from these
problems, we can estimate the error on 6 by examining the curve
in Fig. 9: the level of the first part of the curve is not sensitive
to the slope parameter and then it was assumed as a sensitivity
threshold to the effects of the roughness, thus obtaining a final
value of f = 19°*5.

3.1.2. SSA

In Fig. 10 we report the derived spectrum of the SSA. As shown
previously in Capaccioni et al. (2015), the spectrum of the comet
surface is reddish, with a steeper slope in the VIS region. The
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Fig. 9. Total residual as a function of the roughness slope parameter 0
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Fig. 10. Spectral variation of the SSA w as derived from the computa-
tion of the photometric parameters. Missing parts of the spectrum cor-
respond to junctions of the instrumental spectral filters. The absorption
in the 0.8—1 um is a residual artifact from calibration.

overall level of w is extremely low, with a value of 0.052 at
0.55 pum that increases in the IR to 0.14 at 2.8 ym. The 3.2 um
absorption feature, caused by the presence of organic material,
is clearly visible up to 3.5 um, where the thermal emission starts
to affect the spectrum. A feature centered at 0.9 um can be
noted, but it is currently interpreted as a residual artifact from
calibration.

As stated above, the derived SSA can be considered as
representative of the average properties of the surface of 67P.
However, spatial albedo variability is expected at the VIRTIS
observation scale, and this is the information we aim to extract
after applying the photometric reduction as shown in Sect. 3.3.

3.1.3. SPPF

In Fig. 11 we report the spectrum of the derived asymmetry fac-
tor b. The value at 0.55 ym is b = —0.42, indicating a strong
backscattering behavior, as observed for other comets (Table 3),
slightly increasing with wavelength. As stated above, the asym-
metry factor drives the behavior of the phase curve. The phase
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Fig. 11. Spectral variation of the asymmetry factor b as derived from
the computation of the photometric parameters. Missing parts of the
spectrum correspond to junctions of the instrumental spectral filters.

Table 2. Hapke modeling of the photometric properties of the nucleus
of 67P as derived from VIRTIS and OSIRIS data at 0.65 um.

Instrument Bosu hsy Bocs  hcs b w 0
VIRTIS (this work)? — — — — -0.41 0.060 19°
OSIRIS 2.5 0.079 0.188 0.017 -0.37 0.042 15°

Notes.  The values are computed as an interpolation on the local con-
tinuum after removing the wavelengths in the 0.642-0.653 um range,
which are affected by a junction of the instrument spectral filters.

angle range investigated in this work, albeit limited, can be con-
sidered wide enough to provide a robust determination of b since
it covers the part of the phase curve that is most sensitive to this
parameter. In fact, at very small and very large phase angles, the
opposition effect and large-scale surface roughness dominate, re-
spectively; this masks the effect of the SPPF.

3.2. Comparison with Hapke modeling of OSIRIS data

Fornasier et al. (2015) have applied Hapke modeling to images
of the nucleus of 67P acquired by the OSIRIS Narrow Angle
Camera onboard Rosetta. As a result of the better spatial resolu-
tion with respect to VIRTIS (18.6 urad/pix, Keller et al. 2007),
the OSIRIS camera produced disk-resolved images of the nu-
cleus of 67P during the MTPOOS phase, with solar phase angles
down to 1.3°. This enabled Fornasier et al. (2015) to character-
ize the opposition effect region of the phase curve as well by de-
termining the SHOE amplitude Bysy and width Asy and analog
parameters for the CBOE (Bycp and hcp). Two different Hapke
models have been adopted, described in Hapke (2002, 2012), re-
spectively, the latter including the effect of porosity. Here we
compare our Hapke modeling results with those obtained by
OSIRIS for the case reported in Hapke (2002), which is more
similar to our approach. The results are listed in Table 2.

The two studies converge on a low SSA and a backscattering
behavior of the SPPE. However, it must be noted that we here ob-
tain a higher value of the SSA and of the absolute value of b. This
discrepancy is explained by the different versions of the Hapke
model that were adopted. In particular, the inclusion of the OE
in the model, which was necessary in Fornasier et al. (2015)
to describe low phase angle observations, can also account for
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Table 3. Spectrophotometric properties and Hapke parameters of 67P compared to other cometary nuclei.

Comet B-V V-R R-1 SSA b 4 Ageo Blmag/°] Phase angle coverage
67P¢ 0.73+£0.07 0.57+0.03 0.59+0.04 0.052+0.013 -0.42 19°%% 0.062 +0.002  0.077 +0.002°, 0.041 = 0.001¢ 1.2°-111.5°
67P¢ - - - 0.037+£0.002 -0.42 +0.03 15° 0.059 + 0.02¢ 0.047 + 0.002 1.3°-53.9°
67P/ - 0.52 +0.05 - - - - - - 4.8°
67P9 0.83+£0.08 0.54+0.05 0.46+0.04 - - - - 0.061 - 0.076 0.5°-10.6°
1P/Halley” 0.72+0.04 0.41+0.03 0.39+0.06 - - - - - 107°
19P/Borrelly’ - - - 0.057£0.009 -043+0.07 22°+5° 0.072+0.020 0.043 51°-75°
19P/Borrelly’ - 0.25+0.78 - - - - - - 1.98°
103P/Hartley 2" 0.75+0.05 0.43 +0.04 - 0.036 £0.006 -0.46+0.06 15°+10° 0.045+0.009 0.046 + 0.002 79°-93°
9P/Tempel 1" 0.84+0.01 0.50+0.01 049+0.02 0.039+0.005 -049+0.02 16°+8° 0.051+0.009 0.046 + 0.007 63°-117°
81/P Wild 2° - - - 0.038 £0.04 -0.52+0.04 27+5° 0.059 0.0513 + 0.0002 11°-100°

Notes.  This work. ® For a < 15°. © For @ > 15°. ¥ w, b (at 0.535 um), 6 and 3 from Fornasier et al. (2015). © Sierks et al. (2015). ) Lamy
et al. (2006). ¥ Tubiana et al. (2011). B — V has been computed from B — R and V — R measurements reported in Tubiana et al. (2011). ® Thomas
& Keller (1989). ) Photometric parameters derived in R-band by Li et al. (2007b). Ground-based observations with solar phase angle down to 13°
have been included to compute the slope parameter.  Lowry et al. (2003). ™ Li et al. (2013). Gemini and HST observations at low phase angle
have been included to constrain Hapke modeling and derive the slope parameter. ® Photometric parameters derived in V-band Li et al. (2007a).
Ground-based and HST observations with solar phase angle down to 4° have been included to compute the slope parameter. ” Photometric

parameters derived in R-band by Li et al. (2009).
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0.14F '
part of the photometric output at relatively large phase angles 0.12 -
(>20°), therefore it requires a smaller SSA and a less backscat- 0.10F
tering SPPF, as in the OSIRIS case. This effect can be strong for 0.08 F
very high values of Byosy (>1), where, in the case of backscatter- 2 0.06 3
ing surfaces, the SHOE term on one side and the SPPF and the TR
SSA on the other can compensate for one another. This makes 0.04 E
a clear distinction between the two solutions difficult. In this 0.02F
context, CBOE plays a minor role because it has smaller am- 0.00t : : ' ' :
plitude and angular width. We also retrieve a somewhat higher 0 10 20 30 40 50 60
value of about 25% of the roughness slope parameter 6 than did e [deg]
Fornasier et al. (2015), which is because our dataset extends to (b)

larger solar phase angles (up to 111.5°) than the OSIRIS images
(up to 53.9°). This makes it more sensitive to the effect of sub-
pixel roughness.

3.3. Accuracy of the photometric reduction
and photometrically reduced data

After the photometric parameters (b, 8) have been retrieved, they
can be applied to invert Eq. (3) to derive the SSA from the I/F
measured by VIRTIS for each acquired pixel on the surface. In
Fig. 12 we report the derived SSA at 0.55 um after applying the
photometric reduction to all the pixels of Fig. 6. This effectively
removes the dependence on phase angle, as shown by the very
low correlation coefficient (R, = 0.03), and the cloud of val-
ues is distributed around the global value obtained in Sect. 3.1.2

Fig.13. SSA at 0.55 um vs. incidence angle a) and emission an-
gle b). The color bar indicates the root pixel density normalized at
the highest value. The correlation coefficients are R,; = 0.03 and
R,. =—-0.05.

(w = 0.052). The width of the distribution at each phase angle
is related to the intrinsic variability of the surface properties, to
measurement errors as well as to possible compensating effects
generated by assuming a single determination of b and 6 for the
entire surface.

In Fig. 13 we report the derived SSA values at 0.55 ym as a
function of the incidence and emission angles. In both cases the
SSA is substantially independent of i and e, with R,,; = 0.03 and
Ry, = —0.05, respectively.
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Fig. 15. Histograms of the derived SSA at 0.55 um (left) and 1.8 um
(right). Both curves have been normalized at the total number of pixels.
Mean value and standard deviation are indicated in the plots.

To further check the accuracy of the derived photometric re-
duction, we compared the //F as measured by VIRTIS with the
reduction factor rf:

rf =t PDgi s o). ©6)

HMoeft + Meff 4

As shown in Fig. 14, these two quantities show a linear corre-
lation that intercepts the origin, indicating that the photometric
model we applied is appropriate to describe the reflectance of the
surface of the nucleus. In particular, the fitted slope coefficient
is 0.052, and this quantity can be interpreted as the average SSA
of the surface, confirming the value shown in Fig. 10 at 0.55 um.
From Fig. 14 it can be noted that no points with peculiar photo-
metric properties can be isolated, indicating a certain homogene-
ity of the surface. This is confirmed in Fig. 15, where we show
histograms of the derived w values at 0.55 ym and 1.8 um. The
two distributions are unimodal, meaning that we cannot recog-
nize terrains with a statistically different behavior at the VIRTIS
pixel scale. Only an elongated tail toward low values of w can be
found in both distributions; this might be related to regions with
lower albedo (see Sect. 3.5) or residual partly shadowed pixels.

In Fig. 16 we show the result of the photometric reduction
at 0.55 um on typical VIRTIS hyper-spectral cubes. Bright re-
gions in I/F images disappear in the photometrically reduced
ones, revealing that the SSA is similar to that of the surrounding
terrains. However, some residuals of the topography can still be
recognized in the photometrically reduced cubes. This is due to
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the presence of shadows and a miscorrection in correspondence
of sharp reliefs, where the incidence and emission angle can be
either large or can abruptly vary at subpixel scale.

3.4. Spectral slopes and phase reddening

In Figs. 17a and b we show the spectral slope as a function of
the phase angle in two ranges: between 0.55 ym and 0.80 um

_ 1/Fo80 ;m=1/Fo55 ym _
(Svis = T/Foss (8 KA=S.5 kR) kA)) and between 1 yum and 2 ym (S g =

I/Fy ym—1/F1 ym :
Ty (20 kA0 KK) A))' It can be noted that spectral slopes in the

two intervals increase with phase angle. This phenomenon, typ-
ically referred to as phase reddening, is common to many plan-
etary bodies, such as asteroids (Clark et al. 2002), icy satellites
(Filacchione et al. 2012), and planetary rings (Filacchione et al.
2014), and has been also observed in laboratory measurements
(Schroder et al. 2014). From the linear fits shown in Figs. 17a
and b we obtain values of relative phase reddening (angular co-
efficient divided by the intercept at 0°) of 0.44%/deg in the VIS
and 0.73%/deg in the IR. A pronounced phase reddening is also
reported in Fornasier et al. (2015) from the OSIRIS camera on-
board Rosetta, where they measured a relative phase reddening
in the VIS of about 0.95%/deg. This value is higher than ours,
but it has been computed on a slightly different wavelength in-
terval (0.535-0.882 pm) and within a different solar phase angle
range 1.3°-53.9°. This latter argument can explain the difference
between the two measurements, since the phase reddening in-
tensity can vary with phase angle, as shown in Schroder et al.
(2014).

In Fig. 17 we also show the same quantities after the photo-
metric reduction. The dependence on phase angle has basically
been removed, with final values of Syis = 0.20/kA (Fig. 17¢)
and Sir = 0.033/kA (Fig. 17d). These quantities confirm the
previous measurements of spectral slopes reported in Capaccioni
et al. (2015). Phase reddening can be interpreted as an effect of
multiple scattering (Cuzzi et al. 2002; Li et al. 2015), which
is relatively stronger at large phase angles for bodies with a
backscattering phase function, by stretching albedo differences
at different wavelengths. This explanation is reasonable for sur-
faces with moderate to large w, where multiple scattering plays
an important role, but may be not sufficient in the case of dark
surfaces, where single scattering is the dominant process. In the
photometric modeling presented so far we neglected multiple
scattering; but our photometric reduction to w removes phase
reddening because the derived single scattering phase function
behavior varies with wavelength (Fig. 11). It is then legitimate
to wonder whether this result is just a compensation effect due
to our simplified model. To test this hypothesis, we computed
I/F simulated slopes in the VIS and IR by applying a Hapke
model including multiple scattering, with SSA values as derived
by our analysis, but with constant values of the asymmetry factor
in each spectral range byis = —0.42 and bg = —0.40, compat-
ible with the ones we determined so far, for all the observation
geometries of our dataset (Fig. 18). This allows estimating to
which extent phase reddening can be due to multiple scatter-
ing when the single scattering phase function is constant over
the wavelength range. The values of phase reddening we obtain
from a linear fit (red curve) of the simulated //F distribution of
Fig. 18 are 0.1%/deg for VIS and 0.14%/deg for the IR, respec-
tively, which is well below the ones we measure from VIRTIS
observations. This indicates that for 67P and in more general
terms for low-albedo surfaces, multiple scattering is not suffi-
cient to explain phase reddening, and in particular, that single
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Fig.16. I /F images (left) and w images after photometric reduction (right) at 0.55 um. Red arrows indicate bright regions in the //F images. The
same regions in the photometrically corrected images show a SSA level that is compatible with that of the surrounding terrains, revealing that //F

brightness enhancement is due to observation geometry.

scattering is the dominant process. This also shows that the sim-
plified Hapke model we adopted well describes the photometric
properties of 67P.

Such a monotonic phase reddening has been measured and
simulated by Schroder et al. (2014) for opaque material where
single scattering is significant. They suggested that this effect
might be related to the roughness on the surface of the particles
composing the regolith combined to a positive spectral slope of
the reflectance. This is compatible with our finding of a phase
reddening related to the single scattering process. In fact, the
SPPF, along with SSA, describes the average scattering property
of the particle, and the behavior we derive (Fig. 11) can account
for the effect of particle surface roughness.

3.5. Albedo maps

The derived SSA values (see Fig. 12) were reprojected, accord-
ing to their coordinates, onto a cylindrical map with a grid of
1° sampling both in longitude and latitude. If there was more
than one value located in the same cell, we computed the me-
dian. The result of this approach are SSA maps of the surface,
and in Fig. 19 we show two examples at 0.55 ym and 1.8 ym.
This allows investigating local photometric variability that can-
not be appreciated from the global analysis presented so far be-
cause it is masked in the SSA albedo distribution derived in
Fig. 15. To provide a reference, we divided the nucleus into
four macro-regions (Fig. 19¢): head, neck, body, and bottom. In
the 0.55 um map (Fig. 19a) the neck region, which corresponds
to the Hapi area of Thomas et al. (2015), and the center of the

bottom region (Imothep in Thomas et al. 2015) have a relatively
larger SSA than the rest of the comet, as found by Fornasier
et al. (2015), while in the middle of the body region, approxi-
mately at 150° < lon < 180°, 40° < lat < 60°, a darker area
can be observed. Some residual of topography is still present,
which produces the small-scale variations of the albedo that is
due to the effects of partly shadowed pixels or miscorrection in
the correspondence of sharp reliefs. A similar result is obtained
for the map at 1.8 um (Fig. 19b). In this case, the Imothep plain
appears even brighter than the neck, indicating a a slightly red-
der SSA across the VIS-IR. This is confirmed in Fig. 20, where
a RGB composite map is shown from data at 0.44 um (blue),
0.55 um (green), and 0.70 um (red). A dichotomy of the nucleus
surface can be noted, being redder in correspondence of the bot-
tom, body, and head regions, while the neck area shows a more
neutral color. This difference has not emerged from the full-disk
photometric analysis (Sect. 2.3) because of the limited extension
of the neck region as well as its position; it is frequently shad-
owed by the two main lobes of the nucleus.

3.6. Zonal photometric reduction

In this section we separately investigate the four macro-regions
described in Sect. 3.5 by deriving an independent photometric
reduction for each one. This approach has the twofold advantage
of providing a more accurate photometric reduction for each re-
gion and exploiting, if present, global-scale differences in the
spectrophotometric properties of the surface, which could have
been masked in the previous analysis. In Fig. 21 we show the
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Fig. 17. Density plot of the spectral slope [kA~'] in the VIS range a) and IR b) range as a function of the phase angle. The same quantity, after
photometric reduction, is shown in ¢) and d) for VIS and IR, respectively. Linear fits are drawn as a black line in the plots: the angular coefficient

is expressed in [kAfldeg’l] and the intercept in (KA.

derived asymmetry parameter b and the w for the four macro-
regions. The derived spectra of b and w are similar to those de-
rived for the global analysis of Sect. 3.1. The retrieved surface
roughness parameters are Oheag = 21°, Oneck = 18°, Opoay = 20°,
and Bpoom = 19°. The main differences with respect to the av-
erage properties of the nucleus are seen for the neck and the
bottom region. In the first case, the derived parameters indicate
a more backscattering SPPF and a deeper absorption feature at
3.2 um, with the minimum shifted at 3.1 um. The increased band
depth at 3.2 yum and the shift of the minimum can be due to an
enrichment of water ice, which could also be related to the fact
that the most of the activity is related to the region of the neck
and surroundings at the time of these observations (Sierks et al.
2015). The bottom region, on the other side, shows the highest
albedo in the IR. The derived roughness parameters are similar
in the different regions and to the global value # = 19°. This ap-
parently contradicts the fact that the neck (Hapi) and the bottom
(which includes the Imothep plain) are characterized by smooth
terrains, as shown by OSIRIS images (Thomas et al. 2015), thus
pointing to a link of the slope parameter with millimeter-scale
roughness.

4. Connecting full-disk and disk-resolved images

In this section we present an attempt to retrieve a complete phase
curve of the comet in the Bessel V-band (Bessell 1990) by con-
necting full-disk and disk-resolved data. For this purpose, we
followed a classical approach in which the shape of the nucleus
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is assumed spherical: since the real shape is indeed not spheri-
cal, the accuracy of the resulting phase curve is limited by this
assumption. The relative magnitude is determined from the in-
tegrated flux by means of Eq. (1). This is not possible in the
case of disk-resolved images because a measurement of the inte-
grated flux is not available. However, assuming that the nucleus
is spherical, we can derive the flux from the comet in the V-band
from the following equation:

(I/F)qy nR2D(a)

> (7)

Ferpv = Foyv
where Fg y is the solar flux, (//F),.y is the average reflectance
at phase angle a from the dataset of disk-resolved images, R is
the comet equivalent radius, ®(a) = Leos@ g the fraction of
the surface both visible and illuminated, and A is the spacecraft-
comet distance. Given this, it is then possible to retrieve the re-
duced magnitude V(1,1,@) by applying the second and third
expression of Eq. (1). In Fig. 22 we show the phase curve we
obtained by combining the full-disk and disk-resolved datasets.
The equivalent comet radius R = 1.72 km was estimated as the
radius of a sphere having the same volume as comet 67P, which
is 21.4 + 2.0 km? (Sierks et al. 2015). At small phase angles
the OE peak is fully developed, while at larger o the magni-
tude increases linearly. This ideally divides the curve into two
regions with different linear phase coefficients, which were fit-
ted with the following results: B,<15c = 0.077 = 0.002 mag/°
and B, > 150 = 0.041 £0.001 mag/°. We can compare B, < 15- With
previous measurements provided by Tubiana et al. (2011) with
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Fig. 18. Svyis a) and S g b) normalized at the smallest phase angle as a
function of . Black points are simulated values as described in the text,
the red curve is their linear fit, and the green curve is the linear fit of the
measured spectral slope distribution of comet 67P (Fig. 17).

compatible phase angle coverage. The values agree well and are
for the latter in the range of 0.061-0.076 mag/°. With respect
to other Jupiter-family comets, the value we retrieve is slightly
higher than the average 8 = 0.053 + 0.005 mag/° that has been
derived by Snodgrass et al. (2011). Fornasier et al. (2015) com-
puted a linear fit considering only points with 7° < a < 54°
and derived 8 = 0.047 + 0.002 mag/°. This quantity is com-
parable to B, 15- derived in this work. The two quantities are
slightly different, but it must be considered that the covered
phase angle ranges are not the same in the two datasets and
that our measurement assumes a spherical nucleus for this phase
angle range. Fornasier et al. (2015) also derived the slope for
a < 7° and obtained S = 0.074 mag/°, which perfectly agrees
with B, < s- computed in this work. To further characterize the
phase curve of 67P, we applied the HG formalism (Lagerkvist
& Magnusson 1990) to fit V(1, 1, ). We obtained for the ab-
solute magnitude Hy(1,1,a) = 15.8 £ 0.1 and for the slope
parameter G = —0.09 + 0.04, which both agree well with
the values from OSIRIS measurements (Fornasier et al. 2015),
Hy(1,1,@) =15.74+£0.02and G = -0.13 £ 0.01.

5. Comparison to other comets

Before the Rosetta mission, five comets have been im-
aged from instruments onboard spacecraft: 1P/Halley (Giotto),
9P/Tempel 1 (Deep Impact), 19P/Borrelly (Deep Space 1),
81P/Wild 2 (Stardust mission), and 103P/Hartley 2 (EPOXI). In
this section we compare the photometric properties we derived
for 67P with those derived for these comets and with previous
measurements of 67P. In particular, here we compare color in-
dices B—V,V — R, R— I, the SSA, the asymmetry parameter b,

and the geometrical albedo Ay, at 0.55 um, the roughness pa-
rameter 8, and the linear phase coefficient 5. The results are sum-
marized in Table 3. Color index values of 67P were computed
here after applying photometric reduction. This means that we
assumed the flux of the comet to be proportional to the retrieved
SSA. As shown in Sect. 3.4, the effect of phase reddening was
eliminated, and this must be considered in the comparison with
color indexes from other works, which are typically derived at
a given observation geometry: generally low phase angles for
ground-based observations and variable phase angles for mea-
surements from spacecraft. The retrieved values of B—V = 0.73
and V — R = 0.57 are compatible with values of other comets.
In particular, there is a good agreement with previous measure-
ments of 67P by Tubiana et al. (2011) and Lamy et al. (2006).
For the R — I color index, our value of 0.59 is the highest of the
comets reported in Table 3, and in particular, it must be noted
that it is not compatible with the one of Tubiana et al. (2011);
this requires further investigation. The value of the 67P SSA
is 0.052 at 0.55 um (from the distribution in Fig. 15a), which
is higher than most of the values derived for other comets, but
still indicates a very dark object, which appears to be a com-
mon property of cometary nuclei. The value derived in Fornasier
et al. (2015) from disk-averaged analysis is w = 0.037, but
in their Hapke modeling OE is included and a lower value of
the roughness parameter is assumed (Sect. 3.2). The asymme-
try parameter b = —0.42 at 0.55 um indicates a backscattering
SPPF, very similar to the other values reported in Table 3 and
in perfect agreement with the value of Fornasier et al. (2015).
The roughness slope parameter is comparable to other results,
all indicating moderate to large topographical variegation, while
the derived geometric albedo of 67P at 0.55 um is an intermedi-
ate value in this family of cometary nuclei, and our determina-
tion agrees with that of Sierks et al. (2015). Finally, we obtained
two values of the linear phase coefficient, one for @ < 15° and
one for @ > 15°. As already mentioned, our determination at
low phase angles is comparable with observation conditions of
Tubiana et al. (2011) and the derivation of Fornasier et al. (2015)
at a < 7°, providing good agreement. Conversely, at large phase
angles, our 8 = 0.041 + 0.001 mag/° is the lowest of the entire
set of values reported here. Fornasier et al. (2015) found an in-
termediate value in the phase angle range 7° < @ < 54°, close
to our determination, but outside the error bars. We must recall
in this context that the phase angle coverage plays an important
role in determining the final value of 8, and moreover, our deter-
mination relies on the strong assumption of a spherical shape of
the comet. This makes a direct comparison with other measure-
ments difficult.

6. Conclusions and future work

We have studied the photometric properties of the comet
67/P Churyumov-Gerasimenko as observed by the VIRTIS-M
instrument onboard the Rosetta mission. The investigation has
been developed in two parts, one concerning the analysis of full-
disk observations of the comet, and one based on disk-resolved
images. For the full-disk observations we computed the inte-
grated flux from the nucleus to derive the light curve of 67P at
different phase angles. The light curve, as measured by VIRTIS,
shows a double-peak behavior that is due to the elongated shape
of the nucleus and agrees well with the one derived by Mottola
et al. (2014). Since full-disk observations have been taken at low
phase angles, we also preliminarily characterized the OE surge,
suggesting shadow-hiding as the driving mechanism.
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Fig.19. a) SSA map at 0.55 um. b) SSA map at 1.8 um. ¢) The four macro-regions superimposed on the SSA albedo map: head (red), neck
(green), body (blue), and bottom (orange).
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Fig. 20. Red (0.70 um), green (0.55 um), and blue (0.44 um) SSA map.
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Fig. 21. Spectral variation of b a) and w b) for the four different macro-regions: head (red), neck (green), body (blue), and bottom (orange). The
derived spectra from the global analysis are reported in black. The absorption common to all the spectra in the 0.8-1 um is likely a residual
calibration artifact. Some abrupt oscillations of w and b at certain wavelengths are due to degeneration in the fitting.

The color ratios in the VIS and IR ranges were calculated to
exploit large-scale compositional differences on the surface, with
negative results. Taking advantage of full-disk data at very low
phase (o < 1°-2.5°), we estimated the normal albedo at 0.55 um
and obtained A, = 0.062 + 0.002. This value was assumed to
match the geometric albedo Age,, following the considerations
of Sect. 2.4.

For the disk-resolved images, we used the huge dataset pro-
duced by VIRTIS-M so far to derive a photometric reduction to
SSA and simultaneously determine the photometric properties
of the nucleus. The photometric reduction we applied is a sim-
plified Hapke model, where OE effect and multiple scattering
were neglected because our phase angle coverage is limited to
the range 27.2° < @ < 111.5° and the surface of 67P is very
dark. We retrieved a backscattering single particle phase func-
tion (b = —0.42 at 0.55 ym) and SSA w = 0.052 + 0.013.
The surface roughness was determined by the average slope
parameter 19°t‘9‘.

We also investigated the phase-reddening effect. Our conclu-
sion on this topic is that it is mainly due to single scattering

through a wavelength-dependent phase function, and the role
of multiple scattering can be neglected. We measured a phase
reddening of 0.44%/deg in the VIS, while for comparison, no
reddening has been observed on Tempel 1 (Li et al. 2007a). The
color indices in the VIS range indicate that the spectral proper-
ties of 67P are typical in the context of cometary nuclei, except
for R — I, which is larger than the average and indicates an in-
crease of the reddening longward in the VIS.

Albedo maps were produced by means of photometrically re-
duced data. The neck (Hapi region) and the center of the bottom
(Imothep plain) are sligthly brighter than the rest of the nucleus.
The former shows a more neutral spectrum, while the latter ap-
pears redder, similarly to the rest of the surface (head and body).

A future development of this work will concern the inclu-
sion of the OE in the modeling, taking advantage of the more re-
cent disk-resolved acquisitions at low phase angles. We will also
compare the photometric properties of the nucleus before and af-
ter the perihelion passage (13 August 2015) to exploit the modi-
fication of the photometric parameters induced by the cometary
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Fig. 22. V-band phase curve. Points with @ < 15° are from full-disk im-
ages, while points with @ > 15° are from disk-resolved data averaged
on 1° bins. Dashed and dot-dashed lines represent linear fits of @ < 15°
and @ > 15° data points, respectively. The solid line is the fitted HG
curve. Computed errors are typically smaller than the observed scatter
of the points and are not shown in the plot because they are not repre-
sentative of the real uncertainty. The scatter of points at @ < 15°, which
correspond to integrated fluxes from VIRTIS data, is due to the variable
projected cross section of the comet in the different observations. At
larger solar phase angles the flux is computed from the average value
of the I/F at each given phase angle. The corresponding error, derived
as the standard deviation of the //F distribution at each @ normalized
to the root of the number of elements in that phase angle bin, is much
smaller than the observable scatter, indicating a non-Gaussian behavior.

activity to better constrain the composition and textural proper-
ties of the surface materials and their changes with time.
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