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ABSTRACT

Aims. The Jupiter family comet 67P/Churyumov-Gerasimenko (67P/C-G) is the target comet of ESA’s ROSETTA mission. A detailed
portrait of this comet has been drawn from observations around perihelion, but what needs to be enhanced is the description of the
comet’s behaviour at large heliocentric distance. It is not only important for planning the rendezvous of the ROSETTA spacecraft with
the comet, but will also provide valuable information on basic physical properties of the nucleus and the possible distant activity of
JFCs.

Methods. We performed broad-band imaging and longslit spectroscopy of 67P/C-G in the visible wavelength range in June 2004,
May 2006, and August 2006, when the comet was at the heliocentric distance of r > 4.9 AU. The observations were performed at the
ESO VLT with the FORS2 instrument.

Results. The comet appears point-like at all observing epochs, indicating that no significant coma is present around the nucleus. From
our 67P/C-G images, we determined a synodic rotational period of the nucleus of 12.7047 + 0.0011 h and a linear phase function
coefficient 8 = 0.076 + 0.003 mag/°. We estimated the large-to-small axis ratio a/b > 1.45 + 0.09 and, assuming an albedo of 0.04,
an effective nucleus radius of 2.38 + 0.04 km, which corresponds to the mean absolute magnitude H = 15.35 + 0.04 mag. No colour
variation with the rotational phase is found, based on broadband colour indices and reflectance spectra of the nucleus. A trail-like
structure of heavy grains is clearly detected in June 2004, displaying a surface brightness of ~28 mag/” 2 in R the filter. For the first
time we also determined visible colours of the trail-like structure: (V — R) = 0.95 + 0.14 mag/” 2 and (R — I) = 0.39 + 0.14 mag/” 2.

A trail-like structure is also barely visible in the May 2006 images, but a quantitative study was not possible.

Key words. comets: general — comets: individual: comet 67P/Churyumov-Gerasimenko — methods: observational —
techniques: photometric — techniques: spectroscopic — solar system: general

1. Introduction

After the success of the Giotto mission to comet 1P/Halley, the
European Space Agency (ESA) approved a new space mission
in the early nineties with a comet as its main target. ROSETTA
will rendezvous with the Jupiter family comet 67P/Churyumov-
Gerasimenko (67P/C-G) in 2014. It will be the first spacecraft to
orbit a comet’s nucleus and to land on it. What makes this mis-
sion exceptional is that the spacecraft will follow the comet in its
journey towards the Sun, examining how a frozen comet is trans-
formed by solar heating and space weathering. In 2003, due to
a delay in the launch of the ROSETTA spacecraft, 67P/C-G was
chosen on the basis of orbital considerations as the most suitable
alternative to the original target, 46P/Wirtanen, even though very
little was known at that time about this comet and the physical
properties of its nucleus. Since then, observational campaigns
and theoretical investigations were performed to establish a de-
tailed portrait of 67P/C-G in preparation for the rendezvous with
the spacecraft. Due to repeated close encounters with Jupiter,
the orbital evolution of 67P/C-G is chaotic. The last encounter
in February 1959 produced a drastic change in the orbit of

* Based on observations performed at the European Southern
Observatory, Chile (ESO Programmes 073.C-0346, 077.C-0609 &
277.C-5038).

67P/C-G and may have triggered its activity, which most likely
led to its discovery in 1969 (Lamy et al. 2007).

The most recent results for physical properties of 67P/C-G
have been collected by various scientists and are summarised by
Lamy et al. (2007) for nucleus and gas, Agarwal et al. (2007)
for dust and Hansen et al. (2007) for plasma. Thanks to space-
and ground-based observations performed around perihelion in
different wavelength regions, a detailed portrait of the comet has
been drawn. What needs to be enhanced in this picture of the
ROSETTA target is a profound description of the comet’s be-
haviour at large heliocentric distances. A first characterisation of
the physical properties of 67P/C-G far away from the Sun has
been obtained by Lowry et al. (2006). Here, we present the re-
sults of visible imaging and spectroscopy of 67P/C-G observed
at the ESO Very Large Telescope (VLT) in June 2004, May 2006,
and August 2006, when the comet was at the heliocentric dis-
tance of r > 4.9 AU. The main aim of our observations was to
investigate the possible presence of activity in the aphelion arc.
Since no activity was detected, we focused our analysis mainly
on the characterisation of the nucleus of 67P/C-G and its dust
trail. Thus, our observations of 67P/C-G are not only important
for good planning of the rendezvous of the ROSETTA space-
craft with the comet, but also provide valuable information on
the basic physical properties of the nucleus of JFCs.
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Table 1. Details of the observations of 67P/C-G.

Start time [UT] | End time [UT] | r[AU] | A[AU] | @[°] | GL[°] | Skycond. | Observ. type
16.06.04 23:20 | 17.06.04 02:17 4.89 4.29 10.3 52.6 PH IM
26.05.06 01:00 | 26.05.06 09:42 5.62 4.61 1.3 14.7 CL IM & SP
31.05.06 00:28 | 31.05.06 09:33 5.61 4.60 0.6 15.3 CL IM & SP
01.06.06 00:17 | 01.06.06 09:46 5.61 4.60 0.5 15.5 CL IM & SP
18.08.06 01:42 | 18.08.06 02:03 5.51 5.27 10.5 21.3 CL M
19.08.06 01:29 | 19.08.06 01:48 5.51 5.28 10.5 21.2 CL IM
23.08.06 02:32 | 23.08.06 02:52 5.50 5.34 10.6 21.1 CL M
23.08.06 23:30 | 23.08.06 23:53 5.50 5.35 10.6 21.1 CL IM

Explanation: date and start & end time of the observations; r and A are the heliocentric and geocentric distances; « is the phase angle and GL
the galactic latitude of the comet. The average sky conditions during the night are reported (PH = photometric, CL = clear) as well as the type of

observations performed (IM = imaging, SP = spectroscopy).

2. Observations and data reduction

We observed 67P/C-G in the visible wavelength range, on June
16, 2004, May 25, 30, and 31, 2006 and August 17, 18, 22, and
23, 2006 with the FORS2 instrument at the 8.2 m Very Large
Telescope UT1 (named Antu) in Cerro Paranal (Chile). FORS2
(for a description of the instrument, see http://www.eso.org/
instruments/fors/index.html)is one of the two visual and
near UV FOcal Reducer and low dispersion Spectrographs for
the VLT of the European Southern Observatory (ESO). Its de-
tector consists of a mosaic of two 2 k x 4 k MIT CCDs (15 um
pixels). In the standard resolution mode (which we used for
the observations), the image scale in the default readout mode
(2 x 2 pixel binning) is 0.25” /pix, providing a field of view of
6.8’ X 6.8". The observations were performed with the telescope
tracking at the proper motion rate of the comet. The observa-
tional circumstances in the observation nights are summarised
in Table 1.

The aim of each of the observing runs was different, hence
also the strategy applied for the observations, as discussed in the
subsequent paragraphs.

2.1. Observations in June 2004

The main purpose of the observing run was to detect and char-
acterise the dust trail. Thus, three hours of observations were
granted on June 16, 2004, when the comet was at a heliocen-
tric distance of 4.9 AU, moving towards aphelion. The obser-
vation consisted of three consecutive series of VRI broadband
images, one series per filter. The dataset is composed of a to-
tal of 38 images: 18 in / Bessell filter (Acentra,1 = 7970 10\), 10
in V Bessell filter (Acenta,v = 5450 A), and 10 in the R spe-
cial filter (Acengral, R = 6380 A). To ensure a good signal-to-noise
ratio (S/N ~ 50 was anticipated), we used an exposure time
of 300 s for the V and R filter images. To avoid saturation of
the CCD by sky background light, the [ filter images were split
into two exposures of 150 s each. The images were reduced us-
ing standard techniques of bias subtraction, flat field correction
(using a super-flat field created from the night exposures of the
comet), exposure time normalisation, and sky background sub-
traction. To flux-calibrate the images, we observed a standard
star field (PG1323-086) in the same instrument configuration
as for the comet frames. From the standard star field, we de-
termined the zero point, adopting colour terms, and extinction
coeflicients as provided by ESO for the period when the observa-
tions were carried out (http://archive.eso.org/bin/qcl_
cgi?action=qcl_browse_instrume-\&instrume=FORS2).

Fig. 1. R filter images of 67P/C-G taken in May 2006 (panel a)), August
2006 (panel b)), and June 2004 (panel c)). The position of the comet in
the frames is marked and the orientation of each frame is shown. Each
panel shows only part of the original image. The images illustrate the
crowded fields at low galactic latitudes (panels a) and b)), which makes
accurate photometry of the comet a difficult task. The uneven diffuse
background is due to galactic clouds.

2.2. Observations in May 2006

In May 2006 we observed 67P/C-G to characterise physical
properties of its nucleus. Four full nights of observations were
granted in order to fulfill the following goals:

1. assessment of the nucleus activity around aphelion and, if no
activity is detected; then

2. accurate determination of the nucleus size and of the light
curve over the rotation phase for a refinement of the ro-
tational period of 12.41 + 0.41 h (Lamy et al. 2006) and
12.72 £ 0.05 h (Lowry et al. 2006) and to achieve a firm ref-
erence for later studies of changes in the rotational period,
due to nuclear activity, and light curve shape along the orbit
due to changing viewing geometry;

3. measurement of possible VRI colour variations with rota-
tional phase;

4. detection of potential minerals and absorptive materials on
the nuclear surface through reflectance spectroscopy.

Due to bad weather conditions, one night was lost and the ob-
servations were performed on May 25, 30, and 31, 2006 (see
Table 1). The comet was at the heliocentric distance of about
5.6 AU, post-aphelion, and at a galactic latitude of about 15°,
thus in front of a star-rich background (see Fig. 1, panel a).
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The expected nucleus magnitude (estimated from previous
measurements) was around 23 mag. Due to its motion, the comet
passed close by or even across a number of background objects,
making the photometric measurements difficult and in some
cases even impossible. Thus, when a background star was con-
taminating the comet image or the sky background around, we
discarded the image for photometric measurements. At the time
of the observations, 67P/C-G was at phase angle between 0.5°
and 1.3°, an interesting range for assessing the opposition effect
of the comet.

Photometry. A total of 197 broadband images of 67P/C-G were
taken during the three nights of observations: 165 in the R special
filter (Acentral.x = 6380 A), 8 in the V Bessell filter (Acentral,v =

5450 A), and 24 in the I Bessell filter (deenrar,y = 7970 A).
The exposure time used were the same as in June 2004. Bias,
flat fields, and standard stars were taken each night. Standard
techniques of image reduction were applied, as described in
Sect. 2.1. For the flux calibration, we determined the photomet-
ric coefficients (zero points, extinction coefficients, and colour
terms) using the various standard star fields observed at different
airmasses. We determined a unique photometric solution for the
three nights of observation.

Spectroscopy. Spectra of the comet were obtained using the
low-resolution grism 1501+27 (A1 = 3500-11000 A, disper-
sion = 3.45 A/pix). On May 25, 30, and 31, we used a 1.3”
slit. The slit of the spectrograph was placed parallel to the di-
rection of proper motion of the comet. Unfortunately, the spec-
trum observed on May 30 was too weak so it could not be used
for analysis. For calibration purposes, spectra of solar analogue
stars were taken at similar airmasses and with the instrument in
the same configuration as for the comet’s spectra . Each mea-
surement of 67P/C-G was split into two exposures at two differ-
ent slit positions A and B, 20” apart. By subtracting spectrum A
and B from each other, a very accurate background subtraction
was achieved. In order to increase the signal-to-noise ratio, the
positive spectra resulting from A-B and B—A subtractions were
aligned and summed-up. Standard methods for spectroscopy re-
duction and extraction were applied (bias subtraction, flat field-
ing using lamp flats, wavelength calibration through arclamp
spectra, exposure time normalisation; extinction correction was
not applied because not needed). To remove the solar spectrum
from the comet ones, we divided the comet spectra by the aver-
age of the solar analogue spectra obtained with the same slit at
similar airmasses. Finally, the comet spectra were normalised to
unity at 6380 A (central wavelength of the R filter).

2.3. Observations in August 2006

We performed R filter imaging of 67P/C-G in parallel with
scheduled Spitzer observations of the comet. We obtained 3 im-
ages of the comet per epoch, for a total of 4 epochs on August 17,
18,22, and 23, when the comet was at about 5.5 AU from the Sun
(post aphelion) and at a phase angle slightly more than 10°. To
have a reasonably good signal-to-noise ratio, the exposure time
of each image was set to 350 s. Bias, flat fields, and photometric
standards were taken each night. The images were reduced as de-
scribed in Sect. 2.1. For the flux calibration, we determined the
zero point using the standard star field PG1633+099, assuming
the extinction coefficient and colour term as determined from the
May 2006 measurements. The comet was still at low galactic lat-
itude, thus the field of view was as crowded as during the May
2006 observations (see Fig. 1, panel b). Since the comet was
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always very close to bright stars, we subtracted rebinned images
of different nights (centred on the same star) in order to remove
the star background from the vicinity of the comet.

2.4. Comet photometry

Using normal aperture photometry, we measured the apparent
magnitude of the comet m(r, A, @) in each frame. From that we
calculated the reduced magnitudes m(1, 1, @) normalised to Sun
and Earth distances equal to 1 AU, which are listed in Table 5.
The observing time is corrected for the travel time of light to the
comet. For the photometric error estimation, we considered the
error on the aperture measurement, the error of the flux calibra-
tion coefficients, and errors due to the “non-flatness” of the flat
field used. The final error on the apparent, reduced, and absolute
magnitudes was obtained with the Gaussian error propagation.
For the May and August 2006 datasets, we adopt a safe over-
all value of the photometric errors of 0.05 mag, although minor
deviations exist for individual measurements (with smaller error
estimates).

3. Results on the cometary nucleus
3.1. Activity level at large distance (coma)

We investigated the presence of coma around the nucleus of
67P/C-G in June 2004, May 2006, and August 2006. For all
datasets we applied two methods:

1. We compared the point spread function (PSF) of the comet
with the one of a neighbouring star following the approach
described in Boehnhardt et al. (2002). Apart from minor oft-
sets in the normalised peak magnitude (which is due to the
statistical scatter of the brightest pixel position in the image
centre) the profiles of the comet and star images are identi-
cal, indicating that the comet PSF is indistinguishable from
that of a point source (Fig. 2); therefore, we conclude that no
coma activity is detectable around the nucleus. Weak coma
activity would first be detected by deviations of the comet
PSF from that of the star in the inflection region, just before
the profile becomes background-dominated.

2. We co-add images centred on the comet and searched for
diffuse structures around the nucleus in the co-added image.
In addition, we applied a smoothing of the co-added images
to increase the S/N ratio. No coma structure is visible in
either the co-added images and the smoothed ones.

In conclusion, for each observing epoch, 67P/C-G appears like
a point source, indicating that no coma was evident around the
nucleus. We estimated that the limiting detectable brightness in
the co-added image is 29.8 mag.

3.2. Rotational period and phase function of the nucleus

The nucleus of comet 67P/C-G, since it is inactive during our ob-
servations and presumably has an irregular shape, should exhibit
periodic variations in brightness, stimulated by its rotation. This
is because the nucleus changes its projected cross-section over
the rotational cycle, thus its surface reflects different amounts
of light. Assuming shape-dominated variability, the rotational
phase profile should feature two main peaks of brightness sep-
arated by approximately half of the rotational phase. However,
the actual light curve may be quite irregular due to possible and
irregular albedo and shape variations over the nucleus surface.
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Fig. 2. Comparison between the profile of the comet (solid line) and the one of a neighbouring star (dashed line). The normalised flux is plotted
versus the distance (in pixels) from the centre of the objects. Panel a): May 2006 observation, panel b): August 2006 observation, panel ¢): June

2004 observation.

Datasets. Although three datasets are available to us (June 2004,
May 2006, and August 2006), to determine the rotation period
and of the phase function coefficient of the comet, we restrict
the analysis to the May 2006 and August 2006 datasets only, in
order to ensure stability of the observing geometry.

Following the approach of Drahus & Waniak (2006), who
adopted the routine by Michatowski (1988), we calculated that
the maximum phase shift induced by changes of the geometry
of the comet between the two runs in 2006, is less than 0.01 at
a 95% confidence level, i.e. negligibly small. This suggests neg-
ligible changes in the mean magnitude, amplitude, and specific
shape of the phase profile, meaning that we can analyse the data
from both epochs all together. Moreover, this also ensures that
the rotational periodicity, though formally of a synodic type, is
practically indistinguishable from the sidereal rotational period
of the nucleus. In contrast, the maximum phase shift calculated
for the 2004 and 2006 campaigns, due to the longer time differ-
ence between the two observing runs, is equal to 0.27 at a 95%
confidence level. Changes in the viewing aspect of the nucleus
that occurred during this time interval most likely produce con-
siderable changes in the observed phase profile. Therefore, we
do not consider the June 2004 observations for period analysis.

As input data we use the reduced magnitude m(1, 1, @) as
described in Sect. 2.4. The final dataset (May + August 2006)
consists of 107 datapoints, 95 from May and 12 from August
2006.

Methods. When performing the periodicity analysis, we gener-
ally followed the approach of Drahus & Waniak (2006). Since
67P/C-G was inactive over the time interval considered here, we
chose the phase function coefficient as a second free parameter
to be estimated simultaneously with the rotational period. Two
different methods were used as searching kernels, i.e. the phase

dispersion minimisation (hereafter PDM), originally proposed
by Stellingwerf (1978), and the y? minimisation using a sum
of harmonics fitted to the observations (hereafter y> minimisa-
tion). Both methods return the quantity ® as a function of the
rotational frequency f, whose minima indicate possible period-
icities present in the light curve. The working parameters of the
PDM algorithm are the number of bins N, and the number of
covers N,. The single parameter of the y*> minimisation method
is the number of frequencies N, i.e. the number of harmonics
including the base frequency that are used for fitting. Although
both methods, as implemented by Drahus & Waniak (2006), ac-
count for individual weights of the data points, we did not take
advantage of this property for the rotational period and phase
function coeflicient estimation for 67P/C-G, as the errors of our
nucleus photometry were found to be rather uniform (0.05 mag,
see Sect. 2, last paragraph).

The errors in the frequency (or periodicity) and in the linear
phase function coeflicient were retrieved through a Monte Carlo
method:

1. Using the y* minimisation method, a smooth curve is calcu-

lated for the individual moments of the observations. (Here

the y* minimisation is used for two different purposes: as a

method for periodicity search and in order to get a noiseless

representation of the phase profile.)

The smooth profile is modified by “data noise” calculated in-

dividually for each observing point, producing a set of simu-

lated light curves. We assumed a Gaussian noise distribution,
with its variance given by the square of the error bar.

. We repeat the procedure for 1000 noise realisations and each
of the simulated light curves is then analysed with the PDM
and the y? minimisation methods. This provides 1000 fre-
quencies and phase function coeflicients for each method.
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Fig. 3. Cross-cut through the ® periodograms for the whole range of frequencies scrutinised (panels a)) and ¢)) for fixed values of the linear phase
coefficient B. The regions of the global minima are marked by a black arrow and a 50-times zoom of these regions is plotted on the right hand
side of the figure (panels b) and d)). The very low values of ® result from the normalisation of this parameter using the datapoints, which were

unphased and uncorrected for the phase angle dependence.

As errors on the frequency and on the phase function coefficient,
we adopted the standard deviations of these quantities, resulting
from each set of the 1000 solutions. This approach naturally con-
verts the observing uncertainties into the errors of the quantities
determined.

Results. We first consider the linear phase function. We scru-
tinised the frequency f ranging from 0.02 to 0.8 h™' (T, =
1.25-50 h) and the linear phase coefficient 8 ranging from 0
to 0.2 mag/°. The PDM algorithm was used with N, = 25 and
N, = 5, whereas the y> minimisation method was run for Ny = 5.
We checked that, if working with noticeably lower values of
these parameters, the methods would not return the whole set of
existing solutions, whereas for much higher values they did not
provide any additional solutions and were at the same time also
less stable due to the limited number of measurements available.

Both the PDM and the y? minimisation methods show only
one clear band of solutions (i.e., characterised by consider-
ably deeper minima than any others), which is located around
f = 0.078-0.079 h™! and 8 = 0.07 — 0.09 mag/° (Fig. 3). For
PDM, the global minimum of ® was found at f; = 0.078193 h!
(Tror1 = 12.7889 h) and B; = 0.077 mag/°, whereas the y?
minimisation method returned f, 0.078711 h™! (Tyon =
12.7047 h) and S, 0.076 mag/°. The phase profiles corre-
sponding to these rotational periods are plotted in Fig. 4. The
other potential solutions at lower frequencies (see Fig. 3) offer
unrealistic rotational phase profiles.

The periodograms (Fig. 3) clearly show that the band is very
complex, featuring several individual solutions. However, the
global minimum given by one method (either PDM or y? min-
imisation) is detected as the second deepest minimum by the
other one (either y? minimisation or PDM). This confirms the

robustness of the minima found. The difference in frequency be-
tween the absolute minima from the two methods is equivalent
to the uncertainty of one full rotational cycle between the May
and August observing runs; thus for each of the solutions, the
data are phased very similarly.

As mentioned before, other solutions are also visible in be-
tween f; and f,. They are characterised by different rotational
phases of the August data and look less realistic (which is re-
flected by higher values of ®), but they cannot be completely
excluded. Therefore, fi and f> could also be considered as the
extremes of a broader range of possible, although less likely, ro-
tational frequencies.

The two solutions for the rotational frequency have practi-
cally the same value of the linear phase function coefficient 3,
which is mainly controlled by the large phase angle difference
between the May and August observations (see Table 1). These
best-fit 8 values (0.077-0.076 mag/°) correspond to a very steep
brightness dependence on phase angle. For cometary nuclei, a
shallower dependence is usually suggested, with typical values
of B around 0.04 = 0.02 mag/° (Lamy et al. 2004). However,
a steeper phase function is measured, for instance, for comet
2P/Encke (see Fernandez et al. 2000).

For each of the considered solutions, the uncertainties of the
rotational frequency (and thus the rotational period) and the lin-
ear phase function coefficient were estimated using 1000 realisa-
tions of Gaussian noise superimposed on smooth representations
of the corresponding phase profiles (cf. the description in para-
graph “Methods”, in this section). The smooth fit was calculated
with Ny = 8, which offers the most realistic curve, such that the
dispersion of the data points about the fit was closest to the rms
error of the measured photometry. For both solutions the derived
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Fig. 4. Rotational phase profiles of both solutions for the fit assuming a
linear phase function. The smooth curves were calculated using the y?
minimisation method with Ny = 8. They were used as reference profiles
for calculating the errors of the solutions.

Table 2. Best solutions for rotational periods and linear phase coeffi-
cients of 67P/C-G using the May and August 2006 photometry of the
nucleus.

Tro [h] B [mag/°]
Solution I~ 12.7889 + 0.0009  0.077 + 0.003
Solution2  12.7047 £ 0.0011  0.076 + 0.003

Note: the two solutions could also be considered as extremes of a
broader range of possible, although less likely, rotational periods.

uncertainty on the rotational period T is below 5 s, and the er-
ror on the linear phase function coefficient S is 0.003 mag/°. The
results are summarised in Table 2.

Application of a similar analysis to the 67P/C-G data, now
using the IAU-adopted phase law with slope parameter G, pro-
vides the following results: both the PDM and the y> minimi-
sation methods have a global minimum of ® at the rotational
frequency f3 identical (within its error) to the solution f, deter-
mined before for the linear phase law. The second deepest min-
ima obtained with both methods differ from f; and also from
each other. This suggests that the solution f, (=f3) is very ro-
bust, because insensitive to the mathematical form of the phase
function. In contrast, solution f; is not very stable in this respect.
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Fig.5. Reduced magnitude vs. phase angle. The values correspond
to the midpoint magnitude in R filter. The different symbols corre-
spond to the different datasets. The solid line indicates the slope of
B =0.076 mag/°.

This global minimum is found at G equal to —0.08 + 0.02
(for PDM) and —0.09 + 0.02 (for the y> minimisation method),
practically identical values, which corresponds to a shallower
brightness dependence on the phase angle than the one derived
for this comet by Lamy et al. (2007), who obtained G = —0.45.

Discussion. We consider the analysis employing a linear phase
function approximation to be more realistic, since the quality
of the profiles, indicated by the ® parameter, is better than for
the IAU-adopted approximation. This could be interpreted that
for 67/C-G, the opposition effect is rather not very pronounced.
The two solutions have the same statistical significance, and of-
fer practically the same rotation phase profiles. However, solu-
tion 2 is additionally supported by the analysis with the alterna-
tive phase function.

Figure 5 shows the behaviour of the reduced magnitude
m(1,1,a) vs. phase angle for each dataset. Since in August 2006
the phase angle is almost constant during the nights of obser-
vation, one single value has been calculated for that observ-
ing run. The solid line corresponds to a linear phase coefficient
B = 0.076 mag/°. For comparison the midpoint reduced magni-
tude from Lowry et al. (2006) and Lamy et al. (2006) are over-
plotted. While the value from Lowry et al. (2006) is in excel-
lent agreement with ours, the midpoint reduced magnitude from
Lamy et al. (2006) is much lower. This can explain the very steep
phase dependence for this comet obtained by Lamy et al. (2007),
who used data only from Lowry et al. (2006) and Lamy et al.
(2006) to determine the slope parameter G. Figure 5 also sug-
gests that the measurement by Lamy et al. (2006) underestimates
the brightness of the comet.

Using the value for the linear phase coefficient 8, = 0.076 =
0.003 mag/°, we determined the absolute magnitudes for the
June 2004 run. The partial light curve from June 2004 matches
the phase profile obtained from the May and August 2006 obser-
vations well, when arbitrarily shifted in rotational phase to match
best (estimated by eye) the 2006 rotation light curve (Fig. 6).

Our best solution for the rotational period of the nucleus
(Trorp = 12.7047 + 0.0011 h) is in excellent agreement with
the period published by Lowry et al. (2006), who found 12.72 +
0.05 h. However, it is more than one order of magnitude more
accurate than the latter. Also our second solution 7o is close
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Fig. 6. Phased light curve of 67P/C-G from May & August 2006
datasets, overplotted with the observations of June 2004, arbitrarily lo-
cated in rotational phase.

to this value. The phase profiles from both studies are double-
peaked, with the same amplitude Am. This is compatible with a
light curve dominated by the shape of the nucleus. Comparing
the phase profile of Lowry et al. (2006) with ours, both phased
light curves show the secondary peak to be a bit fainter with re-
spect to the primary one. In addition, the main peak presents a
modulation in our phase profile, which was not found by Lowry
et al. (2006). The rotational period Ty, = 12.41 = 0.41 h, pub-
lished by Lamy et al. (2006), is consistent with our result within
its error, although it is less accurate by more than two orders of
magnitude. By applying our methods to the HST nucleus pho-
tometry of 67P/C-G by Lamy et al. (2006), we find plausible so-
lutions for rotational periods of 6.1 h, 12.7 h, 16.1 h, and 18.4 h,
where the solution at Tyoy = 12.7 £ 0.2 h, corresponding to the
one they published, is now perfectly consistent with our result.

3.3. Size and shape of the nucleus

The rotational phase profile has an asymmetric, double-peaked
profile, with a maximum amplitude Am = 0.40 + 0.07 mag.
Assuming an ellipsoidal shape for the nucleus, with semi-major
axes a and b and constant surface albedo, we can estimate a
lower limit for the axis ratio using

% > 10044 — 1 45 4 (0.09. (1)

To obtain the absolute magnitude H = m(1,1,0), we have to
apply a phase correction to the reduced magnitude m(1, 1, @).
We consider a linear phase law (similar to Lamy et al. 2004)
with 8 = 0.076 + 0.003 mag/°, as determined in Sect. 3.2 and
calculate the effective radius of the nucleus of 67P/C-G using

100-41Mo-H] 172
7] , (2)

Reﬁz[ A

where M, is the absolute magnitude of the Sun in the R filter,
H the mean absolute magnitude of the comet, and A its albedo.
We obtained an effective nucleus radius Reg = 2.38 + 0.04 km,
assuming an albedo of 0.04.

Discussion. The mean absolute R filter magnitude of the comet
(H = 15.35 £ 0.04 mag) is consistent with the one obtained
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Table 3. Colour indices of 67P/C-G as determined from the photometric
observations in June 2004 and May 2006.

V-R (mag)  R-I (mag) o*
16.06.2004 0.38 +0.04 0.44 = 0.06
25.05.2006  0.49 + 0.06 - 0.1
0.65+0.07 045+0.04 0.3
0.66 +£0.08 047 +0.05 0.5
30.05.2006 - 0.40+£0.09 0.6
0.55+0.08 0.39+0.07 09
31.05.2006  0.44 + 0.08 - 0.4
046 +0.07 054+0.06 0.8
0.50 £0.06 0.57+0.06 0.9

Note: * the rotational phase at which V and [ filter images, used to
determine the corresponding colour indices, were taken.

by Lowry et al. (2006). 67P/C-G appears slightly brighter than
expected from the HST photometry by Lamy et al. (2006), sup-
porting the interpretation as being due to a changing viewing
geometry of the nucleus along the orbit. Our radius value is
higher than the one determined by Lamy et al. (2006) and Lowry
et al. (2006). This discrepancy is due to them using a linear
phase coefficient of 0.04 mag/°. On the other hand, our result
can be potentially biased by the opposition effect of the nu-
cleus, which may result in overestimating the nucleus size. Up to
now no proof of the presence of the opposition effect for comet
67P/C-G exists. For a shallower linear phase function coefficient
of 0.04 mag/°, we obtain an effective radius of the nucleus of
2.00 km. Our result for the axis ratio (a/b > 1.45 + 0.09) is in
good agreement with the one obtained by Lowry et al. (2006).

3.4. Surface colours and reflectance spectra of the nucleus

The colour indices (V — R) and (R — I) were obtained from
the June 2004 and May 2006 observations (see Table 3). They
show that the comet’s nucleus is slightly redder than the Sun
(V- R)e = 0.36 mag, (R — )¢ = 0.33 mag), as expected for
cometary nuclei (Lamy et al. 2004). The August 2006 observa-
tions were only performed in R filter, thus the determination of
colour indices is not possible.

In May 2006, V and [ filter images of the comet were ob-
tained at different rotational phases (Table 3). Thus, the resulting
colour indices sample different regions of the nucleus surface.

The values for R—I index are rather uniform. The V-R in-
dices, in particular on May 25, show a larger scatter, in parts due
to having too few measurements performed in V filter. In fact,
only one single V filter image was taken per epoch. Although
slightly outside the error bars of the other V—R results, the higher
V=R colours are still consistent with the measured spectra of the
cometary nucleus (see Fig. 7). For each couple of V-R and R-/
colours in Table 3, we determined the mean spectral reddening
and found it to be constant within the error bars. Thus, we con-
clude that colour variations with the rotational phase are small, if
present at all. The average V—R and R—I colours of the nucleus of
67P/C-G are found to be (0.54+0.03) mag and (0.47+0.03) mag,
respectively, and compare to a mean spectral reddening (Delsanti
et al. 2001) of (11 +2)%/1000 A.

Visible spectra of the comet were observed on May 25 and
May 31, 2006. Two spectra were discarded because of unrea-
sonable spectral shapes possibly caused by a background ob-
ject passing across the comet image while integrating the spec-
trum. Each spectrum was binned to 70 A/pix. Figure 7 shows
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Fig.7. Spectra of the comet 67P/C-G. To each binned spectrum (dot-
ted line) the corresponding smoothed one (solid line) is superimposed.
Spectrum a) was observed on May 25, while b), ¢), and d) were taken
on May 31, 2006. The spectra are normalised to unity at 6380 A and
shifted for clarity. The diamonds superimposed to the spectra corre-
spond to the spectral reflectivities obtained from the photometric colour
indices of the nucleus, closest in rotational phase. The dashed bars be-
side the diamonds show the uncertainties of the binned reflectance spec-
tra in each wavelength region, as summarised in Table 4.

Table 4. Signal-to-noise ratio (S/N) and corresponding relative error
for the binned spectra shown in Fig. 7.

Spectrum * (A) S/N  error
a 5000-5140 10 0.10
6500-6640 7 0.14
8000-8140 6 0.16

b 5000-5140 21 0.05
6500-6640 14 0.07
8000-8140 13 0.08

c 5000-5140 19 0.05
6500-6640 13 0.08
8000-8140 13 0.08

d 5000-5140 19 0.05
6500-6640 15 0.07
8000-8140 8 0.12

Note: * the wavelength range used for the determination of S/N and the
error.

the binned spectra of 67P/C-G with the smoothed ones superim-
posed.

Spectra a) and b) have been observed at rotational phase be-
tween 0.4 and 0.5, while c) and d) at rotational phase between
0.8 and 0.95. The S/N ratios and the corresponding relative er-
rors of the individual binned spectra are summarised in Table 4.

The spectra display a reddening of rather constant slope of
~10%/1000 A and do not show any absorption or emission fea-
tures. The reddening obtained from the spectra agrees within the
errors with the one calculated from the photometric colours of
the nucleus (see Fig. 7). Constant reddening of the reflectance
spectra with rotational phase also agrees with the previous con-
clusion of no (or only small) photometric colour variation of the
nucleus with rotational phase. Thus, we conclude that the nu-
cleus colour and/or reflectance does not vary much over rota-
tional phase.

Discussion. Lowry et al. (2006) obtained a colour index (V —
R) = 0.41 £ 0.04 mag, in good agreement with our results.
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W

Fig. 8. Trail-like structure of 67P/C-G in a) [ filter, b) R filter, ¢) V fil-
ter, d) composite VRI image. All images are centred on the nucleus of
the comet (black spot close to the panel centres). All subpanels have
the same orientation, which is indicated in panel d). The trail-like struc-
ture has an extension of more than 153.25” and a width of about 8",
respectively ~4.8 x 10° km and ~2.5 x 10* km at the comet distance.

Lamy et al. (2006) claim a variation in the nucleus colour across
the surface of the nucleus, a result that is not confirmed by our
photometry and spectroscopy. Their averaged (V — R) colour in-
dex agrees with our results, while they obtain a photometric re-
flectivity gradient of 17%/1000 A, slightly higher than the re-
flectivity slope we obtained from our spectra. Since reflectance
spectra provide a more detailed picture of the reddening be-
haviour, we favour our conclusion of rather uniform surface re-
flectance and colours of the nucleus of comet 67P/C-G. The ab-
sence of gas emission features in the spectra is not surprising,
since the comet is found without coma, as described above.

3.5. Dust trail

Dust trails are commonly associated with short-period comets
(Sykes et al. 1986). They are usually formed by mm-sized and
larger particles and appear to the observers as faint and linear
structures. The dust trail of 67P/C-G was observed for the first
time in the IR by the Infrared Astronomical Satellite (IRAS) in
1983 (Agarwal et al. 2007, and references therein) .

Our June 2004 observations were dedicated to the detection
and characterisation of the dust trail in the visible wavelength
range. Due to its low S/N ratio, it cannot be detected using a
single exposure of the comet field. To allow detection, a median
combination of the images (filter by filter) centred on the comet
was applied. Figure 8 shows the result of the median combina-
tion in /, R, and V filters and the composite image, obtained as
the average of the three filter exposures.

A trail-like structure is clearly visible in the median-
combined images, projected in the sunward direction, at a po-
sition angle PA = (298.1 = 0.2)°, measured north over east.
This value agrees more with the predicted position angle of the
neck-line of (298.4 + 0.2)° (Agarwal, private communication),
rather than the heliocentric velocity vector projected in the sky
(297.2°), which indicated the orientation of the dust trail. Thus,
based only on geometrical considerations, the trail-like structure
is better interpreted as a neck-line rather than as a trail. At a dis-
tance of ~47” (~1.5 x 10° km at the distance of the comet) from
the nucleus, we measured a surface brightness of the trail-like
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Table 5. Results of photometry in R filter.
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Time (h) m(1,1,@) o Day | Time (h) m(1,1,@) o Day | Time (h) m(1,1,@) o Day
0.465 15.44 0.05 1 124.496 15.49 0.05 2 2017.112 16.26 0.05 4
0.560 15.46 0.05 1 124.590 15.43 0.05 2 2017.220 16.20 0.05 4
0.657 15.47 0.05 1 124.683 15.41 0.05 2 2040.754 16.21 0.05 5
0.751 15.57 0.05 1 124.777 15.35 0.05 2 2040.863 16.20 0.05 5
0.854 15.59 0.05 1 124.875 15.35 0.05 2 2040.971 16.24 0.05 5
1.143 15.60 0.05 1 124.969 15.30 0.05 2 2137.801 15.99 0.05 6
1.237 15.61 0.05 1 125.063 15.35 0.05 2 2137918 15.98 0.05 6
2.850 15.38 0.05 1 125.156 15.31 0.05 2 2138.027 16.06 0.05 6
2.944 15.35 0.05 1 125.250 15.31 0.05 2 2158.769 16.05 0.05 7
3.040 15.36 0.05 1 125.809 15.35 0.05 2 2158.937 16.07 0.05 7
3.421 15.33 0.05 1 125.902 15.35 0.05 2 2159.046 16.11 0.05 7
4.179 15.37 0.05 1 125.996 15.39 0.05 2 -0.340 15.97 0.10 8
4.274 15.37 0.05 1 126.089 15.41 0.05 2 -0.252 16.04 0.08 8
5.918 15.26 0.05 1 126.184 15.32 0.05 2 -0.168 15.97 0.09 8
6.013 15.30 0.05 1 126.282 15.24 0.05 2 -0.117 16.06 0.08 8
6.201 15.28 0.05 1 126.376 15.34 0.05 2 -0.065 16.06 0.08 8
6.295 15.33 0.05 1 126.470 15.37 0.05 2 -0.016 16.18 0.09 8
6.488 15.31 0.05 1 126.563 15.27 0.05 2 0.033 16.10 0.09 8
6.980 15.33 0.05 1 126.657 15.29 0.05 2 0.082 16.06 0.08 8
8.126 15.51 0.05 1 127.994 15.49 0.05 2 0.132 16.08 0.08 8
8.408 15.56 0.05 1 128.088 15.44 0.05 2 0.182 16.02 0.08 8
8.503 15.58 0.05 1 128.562 15.47 0.05 2 0.231 16.19 0.08 8
8.602 15.64 0.05 1 128.656 15.52 0.05 2 0.280 16.12 0.09 8
8.695 15.58 0.05 1 128.750 15.49 0.05 2 0.329 16.13 0.08 8
8.884 15.50 0.05 1 143.737 15.44 0.05 3 0.476 16.11 0.06 8

119.979 15.37 0.05 2 143.831 15.40 0.05 3 0.566 16.18 0.06 8

120.305 15.38 0.05 2 143.925 15.35 0.05 3 0.655 16.15 0.06 8

120.405 15.20 0.05 2 144.019 15.30 0.05 3 0.746 16.23 0.06 8

120.502 15.36 0.05 2 144.398 15.24 0.05 3 0.835 16.16 0.06 8

120.595 15.18 0.05 2 144.492 15.26 0.05 3 0.925 16.19 0.06 8

120.689 15.17 0.05 2 146.089 15.27 0.05 3 1.015 16.15 0.06 8

120.782 15.20 0.05 2 147.472 15.35 0.05 3 1.105 16.15 0.06 8

120.915 15.23 0.05 2 147.566 15.41 0.05 3 1.285 16.15 0.06 8

121.009 15.22 0.05 2 147.660 15.36 0.05 3 1.453 16.10 0.04 8

121.102 15.23 0.05 2 149.157 15.48 0.05 3 1.543 16.17 0.05 8

121.289 15.23 0.05 2 149.251 15.51 0.05 3 1.633 16.18 0.04 8

121.387 15.28 0.05 2 149.344 15.54 0.05 3 1.722 16.20 0.04 8

121.481 15.29 0.05 2 149.550 15.49 0.05 3 1.813 16.20 0.05 8

121.575 15.27 0.05 2 151.751 15.37 0.05 3 1.903 16.33 0.04 8

121.669 15.31 0.05 2 152.172 15.35 0.05 3 1.993 16.25 0.04 8

122.338 15.41 0.05 2 152.270 15.23 0.05 3 2.083 16.20 0.04 8

123.094 15.39 0.05 2 152.365 15.33 0.05 3 2.172 16.26 0.04 8

123.188 15.51 0.05 2 152.459 15.33 0.05 3 2.263 16.29 0.05 8

123.304 15.62 0.05 2 152.570 15.29 0.05 3

123.398 15.61 0.05 2 152.669 15.39 0.05 3

123.491 15.62 0.05 2 152.763 15.39 0.05 3

123.586 15.26 0.05 2 152.857 15.34 0.05 3

123.680 15.56 0.05 2 2016.982 16.23 0.05 4

Explanation: m(1,1,a) is the reduced magnitude and o its error. Day is the day of the observation (1 = May 25, 2006; 2 = May 30, 2006; 3 = May
31, 2006; 4 = August 17, 2006; 5 = August 18, 2006; 6 = August 22, 2006; 7 = August 23, 2006; 8§ = June 16, 2004). The time relative to May
and August 2006 runs is normalised to May 26, 2006 00:00 UT. The time series of June 2004, instead, is normalised to June 16, 2004 23:20 UT.

The times are light-time corrected.

structure of (28.1+0.1) mag/”’? in R filter, (29.0 +0.1) mag/’” in
V filter, and (27.7 + 0.1) mag/”’? in I filter. Thus we determined
for the first time its visible colours: (V —R) = 0.95 +£0.14 mag/""?
and (R—1I) = 0.39 +0.14 mag/”">. The corresponding reflectance
presents a steeper increase between 5500 A and 6400 A, while it
becomes much shallower between 6400 A and 8000 A. Over the
whole wavelength range (5500-8000 A), we obtained a mean
spectral slope of ~17%/1000 A. Thus, on average, the trail-
like structure looks redder than the nucleus of 67P/C-G, which
presents a reddening slope of ~10%j/1000 A.

In a similar way, we tried to detect a trail-like structure also
in the R-band images taken in May 2006. As previously dis-
cussed, the field of view was very crowded from bright stars
from the galactic disc. Even applying a median combination
of the images centred in the comet, “remanence” effects from
the background objects produce artificial linear structures in the
median-combined image, as can be seen in Fig. 9. However,
a faint structure is visible in the expected direction (PA =
(285.6 = 0.2)° measured north over east), but no quantitative
characterisation of the trail-like structure can be done.



386

Fig. 9. Median combination of R filter images taken on May 31, 2006.
The orientation of the image is north up, east left. The nucleus of the
comet is the black dot close to the centre of the image. A faint structure
at PA = (285.6+0.2)° is visible. The image quality is very poor. In fact,
due to the crowdiness of the field, the median combination technique
did not work well in removing background objects. Their “remanences”
produce artificial linear structures in the median-combined image.

4. Summary and conclusions

We analysed broad-band images and low-resolution spectra ob-
tained at the ESO VLT in June 2004, May 2006, and August
2006, when 67P/C-G was at the heliocentric distance of r >
4.9 AU. At all epochs the comet looks point-like, which indi-
cates the absence (or very low level) of coma activity around the
nucleus.

Using the PDM and the y? minimisation methods, we
determined that the best solution for the rotational period of the
comet is Ty = 12.7047 + 0.0011 h. A second solution is visible
in the periodograms (T, = 12.7889 + 0.0009 h), which looks
less stable and robust than the previous one. These two solutions
could also be considered as the extremes of a broad range of
possible, although less likely, rotational periods. The bulk of the
nuclei of ecliptic comets have rotational periods between 5 and
18 h (Lamy et al. 2004), the rotational period we determined
for the nucleus of 67P/C-G is in the afore-mentioned range.
No evidence of a pronounced opposition effect is present in the
data, in particular not for the May 2006 observations that cover
the phase angle range of 0.5-1.3°. The linear approximation
of the phase function gives a better quality to the rotational
phase profile than the IAU-adopted law. We estimated a lin-
ear phase coefficient 8 = 0.076 + 0.003 mag/°, higher than
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the one usually adopted for cometary nuclei (Lamy et al. 2004).
From the rotational phase profile, we calculated a lower limit for
the axis ratio of 1.45 + 0.09 and an effective radius of the nu-
cleus of 2.38 + 0.04 km, assuming an albedo of 0.04 and the lin-
ear phase coefficient previously determined. Both these results
are in the range of values determined for ecliptic comets (Lamy
et al. 2004). From both photometry and spectroscopy, the nu-
cleus of 67P/C-G looks slightly redder than the Sun, and does so
uniformly over the nuclear surface, with a reflectivity gradient
of ~10%/1000 A. Also in this respect, 67P/C-G behaves as ex-
pected for Jupiter family comets (Lamy et al. 2004). A trail-like
structure is visible in the June 2004 observation with an average
brightness in the R filter of ~28 mag/’?. We determined its visi-
ble colours for the first time: (V — R) = 0.95 + 0.14 mag/””? and
(R -1 = 0.39 + 0.14 mag/""?. The trail-like structure is barely
visible in the May 2006 images.
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