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Summary

This thesis is based on the analysis and interpretation of photometric and spectroscopic
observations of the Jupiter family comet (JFC) 67P/Churyumov-Gerasimenko (67P/C-G)
at large heliocentric distance. The aim of this study is to provide a good characterization
of the nucleus of the ROSETTA target comet and its dust environment far away from the
Sun. This information is of high importance for a good planning of the rendezvous of the
ROSETTA spacecraft with 67P/C-G. Moreover, this study will provide valuable informa-
tion on the basic physical properties of the nucleus of JFCs and their dust environment far
away from the Sun, helping to understand if 67P/C-G behaves as a typical Jupiter family
comet or not.

The observations were carried out between April 2004 and July 2007, when the comet
was moving in its aphelion arc between 4.6 AU pre-aphelion and about 4.6 AU post-
aphelion. From our analysis of the point spread function, the comet appeared point like at
all observing epochs, indicating that no significant coma was present around the nucleus
at large heliocentric distance. In this respect, 67P/C-G behaves like several other JFCs.
Moreover, we can also infer that supervolatiles like CO may be either absent in the top
surface layer of the nucleus or covered by temporary crust or confined to regions not ex-
posed to sunlight during aphelion.

The multiple solutions for the rotational period of 67P/C-G, as determined from our ob-
servations, fall in the range 7',,, = 12.6801 — 12.8612 h and are in general agreement with
the rotational periods published by Lowry et al. (2006) and Lamy et al. (2006). Although
from our solutions a final conclusion on the accurate rotational period cannot be drawn,
our rotational period estimates have a much higher intrinsic accuracy rather than the ones
of Lowry et al. (2006) and Lamy et al. (2006). Concerning the rotational period, 67P/C-G
behaves like a rather typical JFC. In fact, our multiple solutions fall in the range of values
determined for the bulk of the nuclei of ecliptic comets (Lamy et al. 2004).

The phased light curve of 67P/C-G has an asymmetric, double-peak profile with a max-
imum amplitude Am = 0.40 + 0.07 mag and mean absolute R filter magnitude H =
15.35 +£0.04 mag. We determined a lower limit for the axis-ratio a/b > 1.45 + 0.09 and an
effective radius of the nucleus R, ;s = 2.38 + 0.04 km, assuming an albedo of 0.04. The
former value is in agreement with the determinations by Lowry et al. (2006) and Lamy
et al. (2006). Our effective radius is well compatible with the one determined by Lowry
et al. (2006). The effective radius determined by Lamy et al. (2006), instead, is not in
agreement with our estimation within the uncertainties. This disagreement is most likely
an effect of changes of the viewing geometry of the comet between our observations and
Lamy et al. (2006) one. Our estimations for the rotational period and lower limit for the
axis ratio of 67P/C-G are close to the mean values of the effective radius and axis-ratio
distributions for ecliptic comets, as determined by Lamy et al. (2004). Thus, also in this
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Summary

aspect, 67P/C-G is a rather typical Jupiter family comet.

Our observations covered the phase angle range between 0.5° and 10°. 67P/C-G does
not show opposition effect at small phase angles; we determined that the brightness de-
pendence on phase angle is linear and very steep, with linear phase function coefficient
B =0.061 — 0.076 mag/’. The possible linear phase function coefficient of 67P/C-G was
found to be steeper than the one usually assumed for JFCs (Lamy et al. 2004), while it is
close to the value determined, for instance, for comet 2P/Encke (Fernandez et al. 2000,
Bohnhardt et al. 2008).

The nucleus of 67P/C-G is slightly redder than the Sun, with a constant reddening slope
of ~ 11 %/1000 A. No color variation with rotational phase is found, based on broad-band
color indices and reflectance spectra of the nucleus. The V-R color index determined by
Lowry et al. (2006) is slightly lower than the ones we obtained, while the averaged V-
R color index determined by Lamy et al. (2006) is in agreement with our results. The
nuclear colors we determined for 67P/C-G are slightly redder than the mean colors deter-
mined for ecliptic comets by Lamy et al. (2004). The absence of absorption or emission
features in our spectra and a rather constant spectral slope (~ 11 %/1000 A) are in agree-
ment with visible spectra of other ecliptic comets (Luu 1993). We iterate the conclusion
that 67P/C-G is a rather typical Jupiter family comet concerning its spectral behaviour in
the visible wavelength range.

In April 2004, June 2004 and May 2006 we detected a tail-like structure of heavy grains
associate with 67P/C-G. It displays a mean R filter surface brightness of 27.5 + 0.1 mag/"?
in April 2004, 28.1 + 0.1 mag/"? in June 2004 and 28.5 + 0.2 mag/"? in May 2006. The
tail-like structure was not detected in July 2007, despite similar sensitivity as in April
2004. Using the June 2004 observations, for the first time we determined also the vis-
ible colors of the tail-like structure: V-R = 0.95 + 0.14 mag/"?> and R-I = 0.39 + 0.14
mag/"?, which correspond to a mean spectral reddening of ~ 17 %/1000 A. Thus, on
the average, the tail-like structure looks redder than the nucleus of 67P/C-G. Based on
geometrical considerations (position angle of the tail-like structure), we concluded that
the tail-like structure is more compatible with a neck-line activity of the comet during the
recent perihelion passage (i.e. 2002/03) rather with an “old” dust trail, composed of large
dust particles emitted during the previous orbits of 67P/C-G, i.e. 1995/96 and earlier. Our
conclusion is strengthened by the fact that the surface brightness of the tail-like structure
is not a linear function of log(r), as it would have been expected for a “old” dust trail.

In conclusion, 67P/C-G is a rather typical Jupiter family comet concerning most of
the aspects we dealt with.
The knowledge we acquired about the comet’s behaviour of large heliocentric distance
is of high importance for a good planning of the ROSETTA spacecraft rendezvous with
the comet, which will take place at ~ 4.5 AU of heliocentric distance. No observations
of 67P/C-G from previous aphelion passages are available which can be compared with
our results to estimate if changes in the comet’s behaviour at large heliocentric distance
took place during the last apparitions. The gas and dust production rates of 67P/C-G close
to perihelion show similar behaviour during the last three apparitions, indicating that the
comet’s activity did not change significantly during the last orbital passages (Schleicher
2006, Weiler et al. 2004). This might suggest that also the comet’s behaviour at large
heliocentric distance did not change from one orbital revolution to the other and we could
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expect that during its approach to 67P/C-G, ROSETTA will find the same conditions we
detected during our observations.






1 Comets: introduction

One of the most spectacular phenomena in the Solar System is the apparition of a bright
comet, which can be easily seen in the sky by naked eyes. Comets attracted and fasci-
nated the human being for the last several thousand years, as is reported from paintings
and drawings of comets on caves, cloths and observations of early writers. Since early
times, comets were believe to be bad omens and their apparitions were associated with
disasters, calamities, tragedies and so on. One example is provided by the Bayeux tapestry
showing the 1066 apparition of comet Halley.

It was only in 1577 that Tycho Brahe demonstrated that comets are celestial objects and
not atmospheric phenomena. He observed a very bright comet (C/1577 V1) with accurate
instruments and from various locations in Europe and due to the small comet’s parallax,
he concluded that the comet must have been further away than the Moon.

Edmond Halley discovered that comets are members of the solar system. Using New-
ton’s gravitational theory, he computed the orbit of several comets and showed that the
comet apparitions in 1531, 1607 and 1682 belong to the same comet with orbital period
of about 75 years. He also noticed that the time interval between successive perihelion
passages was not the same and he concluded that this could have been due to perturbation
of the cometary orbit produced by Jupiter and Saturn. Halley successfully predicted that
the same comet would have appeared in 1758, as it was observed. After his success this
object was named comet Halley.

During early times, comets were studied basically from the point of view of their dynam-
ics, while with the passage of time, cometary research evolved to the study of the nature
of comets. In the last decades, the focus is mostly in the understanding of the origin,
physics and chemistry of comets.

What are comets? The three main parts of a comet are the nucleus, the coma and the
tails (Fig. 1.1 and 1.2).
According to the icy-conglomerate model (Whipple 1950) the nucleus is a discrete ro-
tating body which consists of water ice (about 80%), complex molecules formed out of
abundant elements (H, C, N and O) and dust. The diameter of the nucleus is very small
and it is typically about 1 to 10 km.
When the comet is far away from the Sun, only the nucleus is present. As it approaches
the Sun, due to solar heating, the ice sublimates producing gas, called parents molecules,
(i.e. CHy, CO, CO,, H,0) which drags along dust. It expands in the vacuum giving rise
to the coma, which in the visible has a dimension up to 10* - 10> km. The heliocentric
distance at which sublimation becomes important and thus comets become active depends
on which ice (i.e. H,O, CO,, CO) is present in the top surface layers of the nucleus and
is therefore exposed to sunlight or to the related heat wave expanding into the upper sur-
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1 Comets: introduction

,NUCLEUS’%'_ B DUSTTAIL ™ -

Figure 1.1: Image of comet Hale-Bopp, showing coma and tails (dust tail: yellowish,
plasma tail: bluish). The nucleus is embedded in the coma and it is not visible. Image
adapted from: http://www.secretum-omega.com/HaleBopp.gif.

DUST TAIL

Figure 1.2: Image of comet Hale-Bopp in narrow-band Na (left panel) and H,O" (right
panel) filters. The dust tail is visible in both images. The sodium tail and the plasma tail
are marked. Image adapted from Cremonese et al. (1997).

face layers. Figure 1.3 shows the sublimation rate as function of heliocentric distance for
different ices.

The cut-off distance for water sublimation is around 3 AU solar distance after which the
activity of short period comets is usually no longer driven by water sublimation. It is
frequently found that these comets are inactive at larger distances. However, long period
comets (i.e. Hale-Bopp (Szabo et al. 2008)) display activity at much larger heliocentric
distance, which can be explained for instance by sublimation of CO ice.

The parent molecules are subjected to various physical processes (i.e dissociation, ioniza-
tion, etc.) which transform them into daughter species.

The dust particles dragged outwards by the gas are subject to the radiation pressure of
the Sun which pushes them away from the comet and gives rise to the dust tail. The
dust grains move in orbits with slowly increasing semi-major axis and as a result their
Keplerian velocities decrease slowly relative to that of the cometary nucleus and they lag
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1 Comets: introduction
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Figure 1.3: Sublimation rate for various ices as function of the heliocentric distance. The
distance at which sublimation becomes negligible is marked by r,. Figure adapted from
Delsemme (1982).

behind the nucleus and coma in their orbits. This produces the broad curved appearance
of the dust tail when the comet is close to the Sun. The dust tail is visible through the light
scattering of the solar radiation by the dust particles, which explains its yellowish color
in photographs. It generally extends up to about 107 km, but in some cases dust tails can
reach extensions > 1 AU.

Incident UV radiation breaks up the parent molecules released by the nucleus and it also
ionizes them. The ionized gas is accelerated away from the coma by the solar wind to pro-
duce the plasma tail which extends up to about 107 - 10® km. The structure and dynamics
of the plasma tail are basically due to the interaction of the cometary plasma and the solar
wind. The ionized cometary gas is coupled to the solar wind through the interplanetary
magnetic field. The dominant emission in plasma tails in the visible is the one of CO™.
Since this emission lies in the blue spectral region, the ion tail appears bluish in color
photographs.

Visible images of cometary coma and dust tail are dominated by um-sized particles. The
dust mass which is released by a comet to the interplanetary space is mainly carried by
mm-sized or larger particles (Agarwal 2007, and references therein). These dust grains
have low emission speed (about m/s) and are little sensitive to solar radiation pressure,
thus they remain close to the comet orbit for two or more revolutions around the Sun.
They appear as a faint linear structure, called dust trail.

A neutral gas tail was discovered in 1997 (Cremonese et al. 1997). It consists of sodium
atoms which have a high efficiency for resonance fluorescence emission of the sunlight
and are thus also subjected to the radiation pressure.

Why is it important to study comets? Comets spend most of their life far away from
the Sun where they are not active. Only a thin layer (order of meters) of the material of
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1 Comets: introduction

the nucleus is abraded at every perihelion passage due to comet activity and only a few
meters of the upper surface layers warm up from the heat wave from sunlight. The deep
interior of the nucleus remains unaffected at cold temperature. Therefore, the inner core
of a comet may represent the composition of the original material at the time of its for-
mation. Systematic studies of comet nuclei can give information about the nature of the
material present at the time of the Solar System formation.

In the 20" century comets were tried to be subdivided in different classes according
to their properties. A first distinction was done based on the orbital period: comets with
period longer than 200 y were defined long period comets, while the ones with period
shorter than 200 y were called short period comets. Short period comets were then split
in two classes: Jupiter family comets (JFCs), with period smaller than 20 y whose orbits
are governed by Jupiter, and Halley-type comets, with longer period (between 20 and 200
y). The historical division between JFCs and Halley-type comets based on their orbital
period can be iterated based on their orbital dynamics. Figure 1.4 shows the inclination of
short period comets versus their semi-major axis. The red vertical line shows the historical
division at T = 20 y, which, through Kepler’s third law, corresponds to semi-major axis a
=7.4 AU.

T T T UL L I T T T L
- Jupiter-Family o ® Halley-Type -
150 |- —
— i P=20 years (a=7.4AU) .
(@] - -
g | . ]
z | _
g 10 L ]
< I . |
P °
— — -
O ] |
p
= ° _
o i
| ]
1 1 1 11011
100

SEMI-MAJOR AXIS a (AU)

Figure 1.4: Distribution of the inclination of short period comets versus semi-major axis.
The red vertical line shows the historical division between JFCs and Halley-type comets
at T = 20 y, which corresponds to a = 7.4 AU. Figure adapted from Levison (1996).

There is a strong concentration of objects with semi-major axis between 3 and 4 AU and
low inclination, while comets with a > 7 AU display a more uniform inclination distribu-
tion. Comets on the left-hand side of the plot tend to have aphelion close to the orbit of
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1.1 Physical properties of cometary nuclei

Jupiter, thus they are dynamically dominated by this planet: they are the Jupiter family
comets. Their inclination distribution is very flat, with mean inclination of 10°, thus their
are approximately confined to the ecliptic plane. Moreover, JFCs are generally in pro-
grade orbits. Halley-type comets, instead, have a more isotropic inclination distribution,
with a mean inclination of 41° and several of them are in retrograde orbits (Levison 1996).
Levison (1996) proposed a new classification based on the Tisserand parameter (with re-
spect to Jupiter):

2
T, = Yo 292D s, (1.1)
a aj

where a; is Jupiter’s semi-major axis and a, e and i are the comet’s semi-major axis, ec-
centricity and inclination, respectively. Thus, it is based on the orbital elements and uses
dynamical properties to differentiate between groups of comets. The Tisserand parame-
ter is approximately constant for any given comet, even after perturbation due to Jupiter.
Comets with 7, > 2 are defined Ecliptic comets (ECs), while the ones with 7; < 2 are
Near Isotropic comets (NICs). Halley-type and long period comets are NICs. JFCs have
2 < Ty < 3, thus they are ECs.

Where do comets come from? Based on observed orbital characteristics (eccentricity
e < 1) and isotopic ratios (*>C/'*C measured in many comets and few other isotopic ratios
seen in comet Halley), comets are believed to be members of the solar system. Oort (1950)
pointed out that there should exist a comet reservoir between 20000 and 200000 AU from
the Sun which contains around 10" comets: the Oort cloud. The Oort cloud is the source
of long period comet and its predicted spherical shape explains the isotropic distribution
of inclinations of LP comets orbits (comet interaction with passing stars makes the orbit
inclinations random). However, the Oort cloud theory faces serious problems in explain-
ing the number of low inclination short period comets. Fernandez and Ip (1981) proposed
that short period comets come from another reservoir, located in the ecliptic plane be-
yond the orbit of Neptune. This reservoir is called Kuiper Belt and is supposed to contain
around 108 to 10'° comets. The first Kuiper Belt Object (KBO) discovered was Pluto in
1930. However, originally it was classified as a planet and only later it was recognized as
one of the largest member of the KBOs. Only in 1992 Jewitt and Luu (1993) discovered
the first KBO which was recognized as such: (15760) 1992 QB,. After than, over a thou-
sand of similar objects have been discovered, confirming the prediction of Fernandez and
Ip regarding the existence of a reservoir of objects beyond the orbit of Neptune.
A sketch of the Oort Cloud and the Kuiper Belt is shown in Fig. 1.5.

1.1 Physical properties of cometary nuclei

In the last two decades, spacecraft flew-by 6 comets: comet 21P/Giacobini-Zinner (In-
ternational Cometary Explorer, 1985), comet 1P/Halley (Giotto, Vega 1, Vega 2, Suisei,
Sakigake, 1986), comet 26P/Grigg-Skjellerup (Giotto, 1992), comet 19P/Borrelly (Deep
Space 1, 2001), comet 81P/Wild 2 (Stardust, 2004) and comet 9P/Tempel 1 (Deep Impact,
2005). These fly-bys provided in-situ measurements of cometary nuclei and resolved im-
ages of four of the aforementioned comets: 1P/Halley, 19P/Borrelly, 81P/Wild 2 and
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1 Comets: introduction

Figure 1.5: Sketch of the Oort cloud (left panel) and the Kuiper Belt (right
panel). Images from: http://www. astro.rug.nl/onderwys/ACTUEELONDERZOEK/
JAAR2000/pluto/oort_cloud.gif and http://www.enterprisemission.com/images/ star-
dust/image003.jpg.

B

Figure 1.6: Spacecraft image of (a) comet 1P/Halley, (b) comet 19P/Borrelly, (c) comet
81P/Wild 2 and (d) comet 9P/Tempel 1.

OP/Tempel 1. The resolved images show that cometary nuclei can be very diverse (Fig.
1.6).
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1.1 Physical properties of cometary nuclei

While spacecraft encounters are the best way to obtain detailed information about physi-
cal properties of cometary nuclei, this approach is limited to a small number of object and
cannot be used to determine properties of cometary nuclei as a population. Ground- and
space-based telescopes allow the study of a large number of cometary nuclei although not
at the great details as spacecraft missions.

Cometary nuclei are certainly among the most difficult solar system object to detect and
characterize since when comets are at small heliocentric distance their nuclei are sur-
rounded by a coma and when comets are far away from the Sun and thus not active,
cometary nuclei are faint. For illustration, Fig. 1.7 show the apparent magnitude of
comets with different effective radii, observed at opposition (A =1 - 1, @ = 0° where r
and A are heliocentric and geocentric distance, respectively, and « is the phase angle) at
different heliocentric distances.

—
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—_ L R =10.00km A ||
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Figure 1.7: Apparent magnitude of comets with effective radii of 1 km, 2.5 km, 5 km and
10 km, observed at opposition at different heliocentric distances.

For remote observations, four techniques can be applied to detect and characterize cometary
nuclei. The primary technique is visible wavelength imaging and spectroscopy, which
uses the sunlight reflected by the nucleus and takes advantage of large telescopes (typi-
cally 3-10 m aperture) and very high-performance detectors like CCDs. This technique
has been successfully used for nuclei at large heliocentric distance, where very low or
no activity is detected, and for active comets observed with instruments with very high
spatial resolution to separate the nucleus and coma signals (Lamy et al. 2004). A second
technique relies on the detection of the thermal emission from the nucleus. The disadvan-
tages with respect to the previously described technique are that generally the IR signal is
much fainter than the visible one, using ground-based telescopes the thermal background
is high, and the infrared detectors have much lower performance rather than CCDs. If a
cometary nucleus is close or large, it can be detected through its thermal emission at radio
wavelength. The number of nuclei which fulfill the requirements is very restricted. When
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1 Comets: introduction

comets pass very close to the Earth, radar measurements of their nuclei can be performed
(Lamy et al. 2004, and references therein). The limit of this technique is set by the fact
that the radar signal scales as A™*, where A is the geocentric distance.

Since our observations were performed in visible wavelength, in the following paragraphs
we describe how a cometary nucleus can be characterized starting from its visible pho-
tometry and spectroscopy at large heliocentric distance.

1.1.1 Size and shape of a cometary nucleus

Ground- or space-based observations do not allow to determine directly size and shape of
cometary nuclei, since due to their small dimension, they cannot be resolved, even with
the largest telescopes available. Nevertheless, size and shape of a nucleus can be indi-
rectly determined from photometric observations when the comet is at large heliocentric
distance and thus not active (stellar appearance). When solar radiation impinges on the
nucleus surface, part of the energy is reflected and part is absorbed. The reflected energy
depends on the albedo of the nucleus. The absorbed energy gives rise to thermal emission
and to the surface temperature which sublimates the material present in the nucleus. At
large distance from the Sun the temperature of the nucleus is too low to allow sublima-
tion of the ices from the nucleus (see Fig. 1.3). The observed radiation in the visible
wavelength is the reflected sunlight and can be written as (Keller 1990):

_ Fo S Ad)
CTr2A2n225-10%2°
where F is the solar flux at 1 AU, A the geometric albedo and S = R? r [m?] the effective
cross section of the nucleus, r [AU], A [AU] and ¢(«@) are the heliocentric, geocentric
distances and the value of the phase function of the comet at the time of the observation,
respectively. Using the relation between flux and magnitude (magnitude = -2.5 log(flux)),
from Eq. 1.2 we obtain the effective radius of the nucleus in km (Russell 1916):

100-4(Mo—-H)
Repr = 1.496 x 10° ‘/T’ (1.3)

where H and M., are the absolute magnitude of the comet and of the Sun in the same
wavelength (Lamy et al. 2004). The absolute magnitude H = m(1,1,0) is the apparent
magnitude of the comet nucleus scaled at heliocentric and geocentric distance of 1 AU
and zero phase angle. The determination of the absolute magnitude is described in Sec.
3.5.3. The aforementioned equation requires the assumption of an albedo value. Nowa-
days, measurements of albedo exists only for a few comets and a canonic value A = 0.04
+ 0.02 is generally assumed (Lamy et al. 2004).

(1.2)

If the spatial resolution of the imaging optics is adequate, even when the nucleus is
active the coma contamination can be effectively subtracted to derive the flux contribution
from the nucleus. Adequate spatial resolution means that the flux in the central pixel is
dominated by scattered solar light from the nucleus. This technique has been applied for
Hubble Space Telescope observations by Lamy and co-workers to determine the nuclear
sizes of comets (Lamy et al. 2004). The brightness of an active comet is the sum of the
coma and of the nucleus brightness, as sketched in Fig. 1.8 (left panel).
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VAN

coma nucleus

brightness brightness total brightness

Figure 1.8: Left panel: schematic representation of the coma and nucleus profiles sepa-
rately and their combination, which represents the brightness of an active comet (Figure
adapted from Tancredi et al. (2000)). Right panel: Image of 67P/C-G obtained with the
WFPC?2 of the Hubble Space Telescope. The inner circular isophotes highlight the nu-
cleus of the comet, while the outer ones indicate the coma. Figure adapted from Lamy et
al. (2006).

Thus, the detection of an unresolved nucleus is matter of contrast of a point source (nu-
cleus) against an extended object (coma), which is maximized when the comet is closest
to the Earth. When the spatial resolution is very high, as for HST, while the nucleus sig-
nal is preserved in the point spread function of the telescope, the signal from the coma
is diluted as the spatial resolution increases. Figure 1.8 (right panel) shows one image of
67P/C-G obtained with the WFPC?2 of the Hubble Space Telescope by Lamy et al. (2006),
when the comet was at 2.5 AU from the Sun and active. The inner circular isophotes high-
light the nucleus of the comet, while the outer ones indicate the slightly asymmetric coma.
The signal from the nucleus is estimated comparing the observed brightness distribution
with a model for the surface brightness distribution for nucleus + coma (Lamy and Toth
1995). Lamy et al. (2006) model the brightness distribution of the comet as:

B(p) = [nucleus + coma) ® PSF, (1.4)

where PSF is the point spread function of the telescope and ® is the convolution operator.
Since the nucleus is not resolved:

nucleus = k,0(p) (1.5

where p is the projected radial distance from the nucleus, 6(p) the Dirac delta function
and k,, a scaling factor. k,PSF represents the nucleus brightness in absence of coma. In a
canonical coma with a constant dust production rate, the surface brightness decreases as
1/p. Lamy et al. (2006) adopt a simple isotropic model for the coma:

coma = k./p?, (1.6)

where k. is a scaling factor for the coma and p the power exponent of the brightness
versus distance from the nucleus. The scaling factor k, and the parameters of the coma
model (k., p, location of the nucleus) are determined minimizing the residuals between
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the synthetic and the observed images.
Once the flux contribution from the nucleus of the comet has been determined, the effec-
tive radius of the cometary nucleus can be computed from Eq. 1.3.

If the radius is measured for a large sample of nuclei, the size distribution function can
be calculated. The number of comets with radius greater than ry can be approximated by
a power law:

N (> ry) « r;;’ (1.7)

The size distribution is an important marker of the history of cometary nuclei. If comets
are collisional fragments of larger bodies they should have a distribution with q = 2.5
(Dohnanyi 1969). A theoretical work by O’Brien and Greenberg (2003) gives a wavy
size distribution with an average q = 2.04 for the size range observed in comets. Comets,
during their repeated passages through the inner part of the solar system, are subjected to
mass loss (outgassing and splitting), which may significantly distort the size distribution
of the nuclei. The very small number of small size cometary nuclei observed is very likely
an observational bias, since small nuclei are very difficult to observe. Lowry et al. (2003)
determined q = 1.6 + 0.1, Weissman and Lowry (2003) obtained q = 1.59 + 0.03 and
Lamy et al. (2004) q = 1.9 + 0.3 (Fig. 1.9). All the aforementioned results imply either
a non-collisional parent population or significant modification of the size distribution due
to activity. Fernandez et al. (1999), instead, determined q = 2.65 + 0.25.
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Figure 1.9: Cumulative size distribution for 65 ecliptic comets, as determined by Lamy et
al. (2004). Figure adapted from Lamy et al. (2004).

We approximate the shape of a comet nucleus with a tri-axial ellipsoid having semi-
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axis a and b and ¢, where a > b and b = ¢ (Fig. 1.10), and we assume that the spin axis
of the comet is perpendicular to the line of sight. The nuclear shape is describe by the
axis-ratio a/b. If the second requirement is not fulfilled, we determine a lower limit for
the axis-ratio of the nucleus.

(b)

MAGNITUDE

TIME

Figure 1.10: (a): tri-axial ellipsoid with semi-axis a and b and ¢, where @ > b and b = c¢;
(b): light curve. A and B correspond to a minimum and a maximum of the light cure,
respectively.

The amplitude Am of the light curve can be due to 1) cross-section variations, assuming
constant albedo of the nucleus or 2) large scale albedo variations, considering the cross-
section constant or 3) a combination of cross-section and albedo variations. If only cross-

section variations take place:

FB _ SB _a
Fy Sa b
where F, and Fp are the reflected fluxes in A and B, respectively, S4 = 7b% and S =
mrab are the cross-sections in A and B, respectively. Using the relation between flux and

magnitude, Eq. 1.8 can be re-written as:

(1.8)

a_ 10~-04Am

, 1.9
5 (1.9)
which expresses the shape of the comet (a/b) as function of the amplitude of the light
curve (Am).

If instead the magnitude variation is due to albedo variations (considering constant cross-

section), in an analogue way we obtain:
(1.10)

which relates albedo variations with the amplitude of the light curve (Am).
Generally, shape dominated light curves are double peaked, while the ones produced by
albedo variations display a single peak.

Sizes have been determined for 65 ecliptic comets and their effective radii are in the
range 0.2-15 km (Lamy et al. 2004) (Fig. 1.11). Although there are examples of highly

elongated cometary nuclei, which display an axis ratio a/b > 2, most of the cometary
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nuclei seem to differ from a spherical body by about 50%. In fact the distribution of lower
limits of the axis ratio for ecliptic comets shows a median value of ~ 1.5 (Lamy et al.

2004) (Fig. 1.11).
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Figure 1.11: Distribution of the effective radii (top panel) and of the lower limit for the
axis ratio (bottom panel) for ecliptic comets. Figure adapted from Lamy et al. (2004).

1.1.2 Rotational period of a cometary nucleus

First, we have to distinguish between sidereal and synodic rotational period. The sidereal
rotational period is the time required to make a complete cycle of rotation around the fixed
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axis of rotation as seen by an inertial observer (i.e. a distant star). It is independent from
the Sun-comet-Earth geometry and any change of it. The synodic rotational period is the
apparent rotational period of a comet that is moving relative to the observer. From now
on, we refer to synodic rotational periods.

The rotational period of a cometary nucleus can be determined using well sampled rota-
tional light curves or coma structures which display periodic variability. In general, the
former method provides more precise determinations.

Rotational light curves. Rotational light curves of cometary nuclei can be obtained
from 1) observations of bare nuclei when the comet is at large heliocentric distance or 2)
observations of active comets if the spatial resolution is adequate to allow to effectively
subtract the coma contamination and derive the flux contribution from the nucleus.
Extraction of periods from light curves can be achieved from different techniques (Sama-
rasinha et al. 2004, and references therein), for instance the phase dispersion minimization
and the y? minimization using a sum of harmonics fitted to the observations. Both meth-
ods are described in Appendix D.

Repetitive coma structures. The time evolution of repetitive structures present in
cometary comae (i.e. jets) can be used to determine the rotational period of the comet
(Samarasinha et al. 2004, and references therein). Figure 1.12 shows three CN jets of
comet 109P/Swift-Tuttle (Bohnhardt and Birkle 1994). The jet orientation changes with
time and it has been used by Bohnhardt and Birkle (1994) to determine the rotational
period of the comet.

Figure 1.12: Variation in the orientation of the CN jets (A, B and C) of comet 109P/Swift-
Tuttle with rotational phase. Figure adapted from Bohnhardt and Birkle (1994).

In conclusion, the most common technique to determine rotational period of cometary

nuclei is to use their rotational light curve. Unfortunately most of the rotational periods
are not accurately determined because of the scarcity of data points to define the light
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curves. The range of rotational periods for ecliptic comets extends from 5 to 70 h and the
bulk of the nuclei have period in a more restricted range, between 5 and 18 h (Lamy et
al. 2004) (Fig. 1.13). However, most likely a bias towards short rotational periods exists,
due to the difficulty in the measure of long rotational periods.
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Figure 1.13: Distribution of the rotational periods for cometary nuclei. Figure from Lamy
et al. (2004).

1.1.3 Albedo of cometary nuclei

Comets are among the darkest objects of the solar system. Albedo of cometary nuclei
can be determined either from in-situ measurements, as in the case of comet 1P/Halley
where a geometric albedo of 0.04*)9* was derived from Vega images (Keller et al. 2004)
and comet 9P/Tempel 1 for which albedo variations are within 50% of an average of 0.04
(A’Hearn et al. 2005), or combining simultaneous observations in visible and IR, which
allow to solve independently for radius and albedo of the nucleus. In fact, if sublimation
is negligible, the energy balance on the isothermal nuclear surface can be written as:

Fo (1-A)

—— R, =0T knR,, (1.11)

r

where F is the solar flux at 1 AU, A the geometric albedo and R, s, the effective radius of
the nucleus and T, its effective temperature, r is the heliocentric distance. k = 4 for a fast
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rotating nucleus and k = 2 for a slow rotating nucleus. The left-hand side of the equation
is the energy which is reflected by the nuclear surface in visible wavelength and the right-
hand side the energy which is instead irradiated in IR. Both quantities can be measured
through simultaneous observations in the visible and IR. Unfortunately, the unknowns in
Eq. 1.11 are 3: the albedo of the nucleus, its effective radius and its effective temperature.
Thus, to use this method to determine the albedo of a comet, simultaneous observations in
the two wavelength regions have to be complemented by the determination of the effective
temperature of the cometary nucleus with a model.

The described technique has been applied e.g. to the determination of the albedo of comet
67P/C-G which resulted to be 0.044 in R band (Lamy et al. 2004b).

The geometric albedo has been measured only for a small number of comets. Based on
the available values, the range of albedos is narrow, from 0.02 to 0.06 (Lamy et al. 2004).
A canonical value of 0.04 + 0.02 is usually assumed for Jupiter family comets, which
corresponds to the average of the measured albedos.

1.1.4 Bulk density of cometary nuclei

The bulk density is one of the most uncertain, yet important, physical properties of a
cometary nucleus. It can give information about the structure of the nucleus. The bulk
density can be estimated provided the mass and the volume of the nucleus are known;
unfortunately, the aforementioned quantities are difficult to determine. Several methods
can be used for constraining the mass or bulk density of cometary nuclei. Among others,
ground-based Doppler tracking of a spacecraft flying-by or orbiting a nucleus, observa-
tions and modelling of breakup of cometary nuclei, the need of a body to have a certain
self-gravity and material strength in order to resist to the centrifugal force due to rotation
and time lags between the predicted and the observed perihelion passages, caused by non-
gravitational forces due to nucleus sublimation and outgassing. The general conclusion
is that the results appear to indicate a low value for the bulk density of cometary nuclei,
suggesting that the nucleus could be fluffy and a loosely packed structure (Swamy 1996).
For comet 9P/Tempel 1 a bulk density of about 350 kg/m> has been estimated (A’Hearn
and Combi 2007).

1.1.5 Colors indices and spectra of the nucleus

Information on the surface compositions of cometary nuclei can be inferred studying how
their reflectance varies at different wavelengths. The most complete compositional in-
formation comes from spectroscopy. While it is regularly used in observations of active
comets (to study the gases and the dust present in the coma or tail), it is just rarely em-
ployed in studies of bare nuclei: due to the faintness of the nuclei, it is very difficult to
obtain a good signal-to-noise ratio. To overcome this problem, big telescopes have to
be employed. Luu (1993) obtained CCD spectra of five nuclei at large heliocentric dis-
tance, where they are expected to be inactive. The spectra do not show any absorption
or emission feature and display a fairly constant gradient in the whole wavelength range
considered (Fig. 1.14).

A color index is defined as the difference between magnitudes of an object at two
specific wavelengths. The color indices can also be converted into relative spectral reflec-
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Figure 1.14: Visible spectra of cometary nuclei at large heliocentric distance, as observed
by Luu (1993). The spectra do not show any absorption or emission feature and display
a fairly constant gradient in the wavelength range considered. Figure adapted from Luu
(1993).

tivities computed at the central wavelength of the broadband filter used (Delsanti et al.
2001):

R(/l) =10 —0.4[(color)comer—(color)s] (112)

where (color).m; 1s the color of the comet and (color), the corresponding color of the
Sun. Thus, color indices are equivalent to very low resolution spectra. Both from color
indices and from spectra the reflectivity gradient can be determined. It is the rate of
change of reflectivity with respect to the wavelength in the considered wavelength range
(Delsanti et al. 2001):

_ R(4y) — R(A)
S(A1,4) = 100 x L = 22)/1000 (1.13)

The reflectivity gradient is measured in %/1000 A.

Lamy et al. (2004) obtained that cometary nuclei are statistically redder than the Sun,
with mean value of the color indices <V-R> = 0.42 mag, <R-I> = 0.38 mag and <B-V>
= 0.82 mag (Fig. 1.15). For comparison, the solar colors are: (V-R); = 0.36 mag , (R-I),
= 0.33 mag and (B-V), = 0.67 mag. The individual colors, however, are very diverse
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ranging from slightly blue to very red, as obtained also from spectra by Luu (1993), who
measured normalized reflectivity gradients in the range from -3 %/1000 A to 20 %/1000
A. Jewitt (2002) obtained for cometary nuclei a mean spectral reddening of 8.3 + 2.8
%/1000 A, which corresponds to V-R = 0.45 £ 0.02 mag.
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Figure 1.15: Distribution of the B-V, V-R and R-I color indices for ecliptic comets. Figure
from Lamy et al. (2004).

1.2 Dust trail and neck-line

Cometary nuclei release dust particles with very diverse sizes, ranging from 107% m or
less to 107! m. While small particles are blown away from the comet into the tail region
by solar radiation pressure, large dust grains, ejected at low velocities (perhaps m/s), gen-
erally remain close to the orbit of the comet for many revolutions around the Sun and
form the dust trail. Due to their non-zero ejection velocities, large dust grains slowly drift
away from the comet orbit due to slow changes in their orbits caused by radiation pressure
forces. Cometary trails were observed for the first time in 1983, when the first survey of
the entire sky at thermal infrared wavelength was conducted by IRAS (Sykes et al. 2004,
and references therein).

When the Earth crosses a comet trail orbit, the large dust grains enter the atmosphere
at high speed, are heated by friction to high temperatures and vaporizing the material,
give rise to visible meteors. Because of the high concentration of dust grains in the orbit,
many of them enter the atmosphere at the same time, producing meteor showers. Two of
the most famous meteor showers are the Perseids and the Leonids, associated to comet
109P/Swift-Tuttle and 55P/Tempel-Tuttle, respectively. Meteor showers often show vari-
ations of magnitude from year to year. The peak magnitude is usually near or soon after
the time of perihelion passage of the parent comet. For example the Leonid meteor shower
peaks every 33 years, which corresponds to the orbital period of 55P/Tempel-Tuttle.

The concept of neck-lines was introduced by Kimura and Liu (1977). The orbit of dust
grains emitted by the comet nucleus is determined by the starting velocity of the dust and
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B, defined as the ratio between the solar gravity and the radiation pressure force. In non-
relativistic approximation S depends only on the material properties of the dust grains and
not on their distance from the Sun. Dust grains ejected in all directions at the same time,
with the same 8 and with the same velocity form a spherical shell expanding in space
(Fig. 1.16).
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Figure 1.16: Evolution of a dust shell emitted with positive velocity. The solid line is
the orbit of the comet nucleus and the dotted and dashed-dotted lines are the orbits of
the dust grains ejected perpendicular to the comet orbital plane. Top panel: line of sight
perpendicular to the comet orbital plane. Bottom panel: line of sight parallel to the comet
orbital plane. Figure adapted from Fulle and Sedmak (1988).

Dust grains composing the spherical shells have heliocentric orbits similar to the one of
the parent comet, and in general inclined with respect to it. The orbital plane of the comet
and the one of the dust grains intersect one another along the nodal line crossing the Sun.
The first node is the location of dust emission and the second one is at true anomaly of
1807 after ejection along the orbit of the dust grains. Monte Carlo simulations by Fulle
and Sedmak (1988) showed that at true anomaly of 180° after ejection the dust shell can
be approximated by an ellipsoid, whose two main axes in the comet orbital plane are
orders of magnitude longer than the axis perpendicular to the comet orbital plane. Thus,
the ellipsoid can be approximated by a 2D ellipse laying on the comet orbital plane. The
expansion and shrink of the dust shell takes place only in the direction perpendicular to
the orbital plane, while the shell is always expanding in the orbital plane. The position
of the second intersection point on the line of nodes depends on the semi-major axis of
the particle orbit. Since the orbital periods are less sensitive to small changes of orbital
energy than the semi-major axis, large particles emitted at a given time cross the orbital
plane of the comet almost simultaneously but at different positions along the nodal line.
To an observer in or close to the orbital plane of the comet, they appear as a bright line:
the neck-line (Agarwal 2007).
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2 67P/Churyumov-Gerasimenko and
the ESA’s ROSETTA mission

After the success of the Giotto mission to comet 1P/Halley, the European Space Agency
(ESA) approved in the early nineties a new space mission with a comet as main tar-
get: ROSETTA, which will rendezvous with the Jupiter family comet 67P/Churyumov-
Gerasimenko (67P/C-G) in 2014. ROSETTA will be the first spacecraft to orbit a comet’s
nucleus and to land on it. What makes this mission 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, on the basis of orbital considerations, 67P/C-G was chosen 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 in order to estab-
lish a detailed portrait of 67P/C-G in preparation of the rendezvous with the spacecraft.
Thanks to space- and ground-based observations performed around perihelion in different
wavelength regions, a detailed portrait of 67P/C-G has been drawn (see Agarwal et al.
2007, Hansen et al. 2007, Lamy et al. 2007). What needs to be enhanced in this picture
of the ROSETTA target is a profound description of the comet’s behaviour at large helio-
centric distances, where the rendezvous between the ROSETTA spacecraft and 67P/C-G
will take place. This information will also help to identify to which extent 67P/C-G is a
typical JEC.

Here on, we summarize published results about 67P/C-G, which will be used as compar-
ison with our results in Chapter 5.

2.1 Discovery and orbital evolution

67P/Churyumov-Gerasimenko is a Jupiter family comet with Tisserand parameter with
respect to Jupiter T; = 2.75, orbital period of 6.56 years and orbital elements listed in
Table 2.1 (Lamy et al. 2007).

Due to repeated close encounters with Jupiter, the orbital evolution of 67P/C-G is
chaotic. The last encounter in February 1959 occurred at a distance of only 0.0518 AU and
produced a drastic change in the orbit of 67P/C-G. In fact its perihelion distance dropped
from 2.76 AU to 1.29 AU, the eccentricity of the orbit increased from 0.36 to 0.63, the
inclination decreased from 23.15? to 7.13 and the orbital period of 67P/C-G shortened
from 9.00 y to 6.55 y (Belyaev et al. 1986). It is speculated that this drastic change may
have triggered the activity of the comet, which most likely led to its discovery in 1969 by
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orbital element value
Eccentricity 0.63
Inclination 7.13°
Longitude of ascending node 50.92°
Argument of perihelion 11.37°
Semi-major axis 3.50 AU
Perihelion distance 1.29 AU
Aphelion distance 5.72 AU
Time of perihelion passage 2002 Aug 18.24

Table 2.1: Orbital elements of comet 67P/C-G for the epoch 23.0 August 2004 in the
coordinate system given by the ecliptic and the mean equinox of J2000. The values are
taken from Lamy et al. (2007).

K. I. Churyumov and S. I. Gerasimenko (Lamy et al. 2007).

2.2 Nucleus properties

Information about the nuclear properties of 67P/C-G has been obtained thanks to observa-
tions performed on March 12-13, 2003 using the Planetary Camera 2 onboard the Hubble
Space Telescope (HST) (Lamy et al. 2006) and on May 10, 12 and 14, 2005 using the
ESO’s 3.5m New Technology Telescope (NTT) at La Silla, Chile (Lowry et al. 2006).
While at the time of the first observation 67P/C-G was at heliocentric distance of about
2.52 AU and active, in the other epoch the comet was at about 5.6 AU from the Sun and
there were no sign of coma outgassing. The main results obtained from the aforemen-
tioned observations are reported in Lamy et al. (2007) and summarized in Table 2.2.

Refp [km] a/b T, [h] V-R (mag) reference

HST | 1.98 + 0.02 >1.5 12.41 £0.41 | 0.52 + 0.05 | Lamy et al. (2006)
NTT | 226 £0.03 | >1.42+£0.05 | 12.72 £ 0.05 | 0.41 £ 0.04 | Lowry et al. (2006)

Table 2.2: Physical properties of the nucleus of 67P/C-G as obtained by Lamy et al.
(2006) and Lowry et al. (2006) thanks to observations performed with HST and NTT,
respectively.

The light curves derived from HST and NTT observations are highly asymmetric and the
difference in amplitude suggests that the nucleus was observed at different aspect angles.
Lamy et al. (2007) attempt to determine the phase function of the nucleus of 67P/C-G
combining HST and NTT observations, even though they stated that, due to the orbital
motion of the comet, changes of observing geometry might have occurred. They suggest
a strong opposition effect for 67P/C-G and determine a slope parameter G = -0.45.

For the determination of the orientation of the nucleus rotational axis various methods
can be used, such as the inversion of at least three light curves of the nucleus observed

at three different viewing geometries, the analysis of coma structures or non-gravitational
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forces or thermophysical models. Lamy et al. (2007) applied the inversion technique to
the HST and NTT light curves of 67P/C-G. Even though the constraint on the number
of light curves employed was not fulfilled, the inversion yielded a useful constraint on
the rotational axis orientation. They obtained two possible solutions: A4 = 51° + 207, 8
= +54° + 10° corresponding to a prograde rotation and A = 245° + 20°, 8 = -50° + 10°
corresponding to a retrograde rotation. The existence of two solutions is due to the too
small number of light curves used.

Weiler et al. (2004), using images of 67P/C-G taken in March 2003, identified two radial
structures in the coma of the comet which were interpreted as the edge of a cone origi-
nated by a single active region present on the rotating nucleus. From the position angle of
this structure Weiler et al. (2004) estimated that the inclination of the projected rotational
axis to the orbital plane was about 40°. A strong sunward radial feature in the coma of
67P/C-G was detected by Schleicher (2006) in images obtained in January 1996. He ex-
plained this structure as the edge of a cone swept out by the rotation of a jet from a single
active region. Using Monte Carlo simulations of this jet and imposing the constraint on
the inclination given by Weiler et al. (2004), he determined that the best solutions for the
rotational axis are: RA ~ 57?, DEC ~ +65 or RA ~ 223°, DEC ~ -65, since the sense of
rotation is not constrained.

Chesley (2004) modelled the non-gravitational acceleration as outgassing from body-
fixed jets that thrust according to the level of insolation received. He assumed a near-polar
northern jet or a mid-latitude southern jet responsible for the post-perihelion activity of
67P/C-G. Images of the comet from Weiler et al. (2004) constraint the jet location: in
fact, images are not consistent with a polar jet, while a good agreement exists with the
predicted orientation and width of a mid-latitude jet. The estimation of the pole orienta-
tion of 67P/C-G is: RA = 90° + 10? and DEC = +75° + 10? (with no constraint on the
sense or rotation), which implies an obliquity around 45°.

Davidsson and Gutiérrez (2005), using a thermophysical model and imposing observa-
tional constraints (i.e. the water production rate measurements have to be reproduced),
determined that the spin axis of 67P/C-G can be confined in two regions in the (argument,
obliquity) plane (Sekanina 1981): (60° = 157, 120° + 307) or (240° = 157, 60° + 30°).
Lamy et al. (2007) defined the direction of the rotational axis of the nucleus of 67P/C-G
using as constraints the determinations by Weiler et al. (2004), Schleicher (2006), Ches-
ley (2004), Davidsson and Gutiérrez (2005) and Lamy et al. (2007): RA = 220°*3), and
DEC = -70° + 10° (retrograde rotation) or RA = 40°*30" and DEC = +70° + 10° (prograde
rotation).

The bulk density of cometary nuclei is believed to be rather low, typically 500 kg/m?.
Davidsson and Gutiérrez (2005) calculated for the nucleus of 67P/C-G a density range
from 100 to 370 kg/m>. The mass of 67P/C-G is therefore estimated to be in the range 2.1
x 10'2 - 1.1 x 10'3 kg (Lamy et al. 2007).

Thermal infrared images of 67P/C-G were obtained with the MIPS instrument on-
board the Spitzer Space Telescope on February 25, 2004 when the comet was at heliocen-
tric distance of 4.48 AU (Lamy et al. 2007). Lamy et al. (2004b) combined the HST visi-
ble images and the aforementioned thermal infrared ones and they determined an albedo
of 0.044 (in R band) for 67P/C-G.
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2.3 Annual light curve

Weiler et al. (2004) compared the annual light curves of 67P/C-G relative to the last three
perihelion passages (Fig. 2.1).
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Figure 2.1: Annual light curve of 67P/C-G relative to the 1982/83, 1995/96 and 2002/03
apparitions. The apparent magnitude, corrected for changing geocentric distance, is plot-
ted versus the heliocentric distance. Figure adapted from Weiler et al. (2004).

A similar dependence of activity from heliocentric distance is observed in the 1982/83,
1995/96 and 2002/03 apparitions, with a higher post- rather than pre-perihelion activity.
A possible conclusion is that no significative changes of activity of 67P/C-G during the
last orbital passages took place.

2.4 Gas and dust production

Gas and dust production rates have been determined for 67P/C-G during the 1982/83,
1995/96 and 2002/03 apparitions (see i.e. Hanner et al. 1985, A’Hearn et al. 1995, Osip
et al. 1992, Schleicher 2006, Schulz et al. 2004, Weiler et al. 2004, Agarwal 2007). All
species present a pronounced perihelion asymmetry in the production rates, with a peak
about one month after perihelion (Fig. 2.2).

Schleicher (2006) measured a peak water production of ~ 8 X 10?” mol/s one month after
perihelion at ~ 1.35 AU. When combined with a standard water vaporization model, the
aforementioned production rate implies an effective active area on the nuclear surface of
about 1.5 — 2.2 km?. Assuming that the radius of the nucleus of 67P/C-G is 1.98 + 0.02
km (Lamy et al. 2006) the effective active area corresponds to a fraction of about 3 —
4% of the nucleus surface. In a similar way, based on water production rate of 67P/C-G
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Figure 2.2: Log of the production rates for OH, NH, CN, C,, C; and of Afp as function
of the time from perihelion, for the 1982/83 apparition (triangles) and the 1995/96 one
(circles). Filled symbols represent data obtained before perihelion and open symbols are
used for post-perihelion measurements. The dotted vertical line represents the perihelion
position. Figure from Schleicher (2006).

at 1.41 AU, A’Hearn et al. (1995) estimated and active area of the nucleus of 1.3 km?,
yielding an active fraction of 2.6%. Schleicher (2006) observed a dependence of Afp
(A’Hearn et al. 1984) on the employed aperture size; moreover, he determined Afp ~ 450
cm at 1.35 AU post-perihelion, a red color of the dust grains (reddening slope 30 + 42
9%/1000 A) and no obvious variations of dust color with location in the coma. Afp is
the product of grain albedo (A), filling factor (= mean cross section of the particles per
aperture surface area, f) and aperture radius (p). It is a proxy of the dust production. Lamy
et al. (2006), with observations of 67P/C-G performed at 2.5 AU post-perihelion in the
2002/03 apparition, determined Afp = 40.2 + 0.3 cm. Moreover they determined that the
dust grains of 67P/C-G are quite red, with a reddening slope of 32 + 6 %/1000 A. From
spectroscopic observations Storrs et al. (1992) determined a reflectivity gradient of 24 +
1 %/1000 A, while Weiler et al. (2004) obtained -0.7 + 5.1 %/1000 A.

A 3-0 upper limit for the CO production rate of 9.2 x 10?® mol/s at 3 AU from the Sun
has been derived from radio observations (Bockelée-Morvan et al. 2004). From longslit
spectra obtained during the perihelion passage of 67P/C-G in 1996 Weiler et al. (2004)
determined a CN production rate of (1.35 + 0.35) x 10* mol/s, an upper limit for the C;
production rate of 1 x 10% mol/s and Afp = 428.2 + 59.8 cm at ~ 1.3 AU post-perihelion.
The CN production rate and the Afp parameter are similar to the values determined in
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the 1982 perihelion passage. This might indicate that the activity of 67P/C-G did not
change significantly during the last orbital revolutions. The strong perihelion asymmetry,
observed in both gas and dust productions during the 1982/83 and 1995/96 apparitions,
may result from an inclination of the rotational axis with respect to the orbital plane. In
fact, if the rotational axis is inclined, the illumination of parts of the nuclear surface can
vary strongly along the orbit of 67P/C-G (Weiler et al. 2004).

Schulz et al. (2004) studied the activity of 67P/C-G during the 2002/03 apparition, when
the comet was along its post-perihelion orbit from 2.29 AU to 3.22 AU. They detect a
major drop of activity between 2.5 AU and 2.9 AU and a continued fading with increasing
heliocentric distance, but at much lower pace (Fig. 2.3).
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Figure 2.3: Post-perihelion activity of 67P/C-G during the 2002/03 apparition. Gas pro-
duction rates and Afp are plotted versus heliocentric distance. The red vertical lines mark
the heliocentric distances of 2.5 AU and 2.9 AU. Figure adapted from Schulz et al. (2004).

The CN production rate decreased by a factor 4.8 between 2.5 AU and 2.9 AU, while the
decrease of Afp was of a factor 21. In fact the production rate of CN changed from (24.2
+ 3.4) x 10% mol/s to (5.0 + 0.3) x 10?* mol/s and Afp from 63.1 + 1.3 cm t0 2.9 + 0.1
cm. The strong activity decrease indicates a major change in the outgassing behaviour
of the nucleus at heliocentric distance between 2.5 AU and 2.9 AU, and might be due to
water sublimation becoming less efficient (Schulz et al. 2004).

Observations obtained during the comet’s apparition in 1982/83 showed that the coma of
67P/C-G was depleted in C, with respect to CN (C,/CN = 0.49) at a heliocentric distance
of 1.4 AU (A’Hearn et al. 1995). The same depletion was also measured by Schulz et al.
(2004) during the 2002/03 apparition at 2.9 AU post-perihelion (C,/CN < 0.62).
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2.5 Coma features, trail and neck-line

The coma of 67P/C-G displayed distinct features during both 1995/96 and 2002/03 ap-
paritions. These features have been interpreted as border lines of coma fans produced by
active areas at different latitudes on the rotating nucleus (Agarwal et al. 2007, and refer-
ences therein).

Between perihelion in August 2002 and at least April 2004, the tail of 67P/C-G was char-
acterized by a thin bright spike close to the orbit of the comet pointing in the trailing
direction. Fulle at al. (2004) and Moreno et al. (2004) interpreted this structure as a neck-
line (Kimura and Liu 1977).

The dust trail of 67P/C-G was observed for the first time in the IR by the Infrared Astro-
nomical Satellite (IRAS) in 1983 (Sykes et al. 1986a, Sykes and Walker 1992, Sykes et
al. 1986b). The first observation of the trail in the visible wavelength was performed by
Ishiguro (2008), using images obtained between September 2002 and February 2003.
Agarwal (2007) detected the trail of 67P/C-G in visible observations performed in April
2004 and in IR observations (using Spitzer) performed in August 2005 and April 2006.
In the April 2004 image, a split of the trail is seen beyond 17’ from the nucleus (Fig. 2.4).
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Figure 2.4: Image of 67P/C-G obtained in April 2004 before (a) and after (b) filtering to
increase the signal-to-noise ratio is applied. The image size is 35’ x 4.7’, the orientation
of the images is indicated and the brightness range is ADU is shown by the colorbar. A

split of the trail is seen beyond 17’ from the nucleus. Image by courtesy of J. Agarwal
(Agarwal 2007).

Thanks to simulations, the upper and the lower branches are interpreted as due to particles
emitted during the last apparition of the comet (neck-line) and previous apparitions (old
trail), respectively. The trail split was instead not detected in IR images (Agarwal 2007).
Kelley et al. (2008) reported the detection of the dust trail and neck-line of 67P/C-G in
images taken in February 2004 with the Spitzer Space Telescope. Additionally, the neck-
line was detected also in visible images taken in June 2003.

2.6 ESA’s ROSETTA mission

ROSETTA is the planetary cornerstone mission in ESA’s long-term program Horizon
2000. Its primary objective is to investigate the origin of our Solar System by studying
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the origins of comets. The mission is named after the Rosetta stone, a volcanic basalt
plate which allowed to understand hieroglyphic writing and thus unravel the civilization
of ancient Egypt. In fact, the scientific instruments onboard the ROSETTA spacecraft are
designed to unlock the mysteries of comets, the oldest building blocks of our Solar Sys-
tem (Glassmeier et al. 2007, and references therein). ROSETTA was launched on March
2, 2004 from the Guyana Space Center in Kourou, French Guyana and it will rendezvous
with the comet 67P/Churyumov-Gerasimenko in 2014, when 67P/C-G will be at about
4.5 AU from the Sun.

The main goals of the ROSETTA mission are: 1) a global characterization of the
nucleus of 67P/C-G, its dynamical properties, surface morphology and composition; 2)
the study of the development of cometary activity and of the processes in the surface layers
of the nucleus and inner coma, and 3) the study of the evolution of the interaction region
between the solar wind and the outgassing comet during perihelion approach (Schwehm
and Schulz 1999). The ROSETTA spacecraft consists of two parts, an orbiter and a lander
and it is comprised of 22 experiments. To characterize the properties of the cometary
nucleus, ROSETTA combines two strategies. The orbiter instruments will investigate the
evolution of 67P/C-G along its orbit while it is approaching the Sun, by monitoring the
physical and chemical properties of the nucleus and in-situ analysis of the near-nucleus
environment. The lander will analyse the nucleus material directly. Figure 2.5 shows a
sketch of the ROSETTA spacecraft and its scientific payload.

ROSINA CONSERT

VIRTIS

MIRO : PHILAE
G RPC

Figure 2.5: Sketch of the ROSETTA spacecraft and its scientific payload. Figure from
Glassmeier et al. (2007).

The orbiter’s scientific payload includes 12 experiments (Glassmeier et al. 2007):

o ALICE: ultraviolet imaging spectrometer which will analyse gases in the coma and
in the tail and measure the comet’s production rates of water and CO or CO,. It will
also provide information of the surface composition of the nucleus.
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CONSERT: comet nucleus radiowave sounding experiment, which will probe the
nucleus interior by studying radio waves that will penetrate the nucleus.

COSIMA: a secondary ion mass spectrometer which will analyse the characteristics
of the dust grains emitted by the comet, such as their composition and whether they
are organic or inorganic.

GIADA: grain impact analyser and dust accumulator, which will measure the num-
ber, mass, momentum and velocity distribution of the dust grains coming from the
comet nucleus.

MIDAS: micro-imaging dust analysis system, which will study the dust environ-
ment around the comet and provide information on particle population, size, vol-
ume and shape.

MIRO: microwave instrument for the ROSETTA orbiter, which will determine the
abundances of selected major gases, the surface outgassing rate and the nucleus
sub-surface temperature.

OSIRIS: optical, spectroscopic and infrared remote imaging system which consists
of a wide-angle and a narrow-angle camera to obtain high resolution images of the
nucleus of 67P/C-G.

ROSINA: ROSETTA orbiter spectrometer for ion and neutral species analysis, which
will determine the composition of the comet’s atmosphere and ionosphere, the ve-
locities of ionized gas particles and reactions in which they take part.

RPC: ROSETTA plasma consortium (plasma interface unit + five instruments: Ion
and electron sensor, flux gate magnetometer, ion composition analyser, mutual
impedance probe and plasma interface unit) which will study structure and dynam-
ics of the comet - solar wind interaction during the comet’s approach to the Sun.
RPC will also examine the physical properties of the nucleus and, during the cruise
phase, will provide scientific measurements about possible encounters of cometary
ion tails and dust trails.

RSI: radio science investigation, which will use shifts in the spacecraft’s radio sig-
nal to measure mass, density and gravity of the nucleus of 67P/C-G.

VIRTIS: visible and infrared thermal imaging spectrometer which will map and
study the temperature of the surface of the nucleus and will identify comet gases,
characterize the physical conditions of the coma.

SREM: standard radiation environment monitor which will monitor the high ener-
getic, ionizing particle environment abroad the spacecraft to provide an almost un-
interrupted measurement of the high energetic particles encountered by ROSETTA.

The ROSETTA lander PHILAE can be considered a scientific spacecraft by its own. It
will be carried by the ROSETTA orbiter to the comet and delivered in November 2014,
when 67P/C-G will be at about 3 AU from the Sun. PHILAE will be dropped on the
cometary surface from a distance of 1 — 2 nucleus radii (approximately 2 — 4 km) and at
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a speed of up to 1 m/s. It is equipped with sophisticated touch-down equipments and har-
poons which will assure a safe landing even in case of very hard or very soft and inclined
surface layers.

The ROSETTA lander PHILAE contains 10 scientific instruments (Glassmeier et al. 2007):

e CIVA and ROLIS: panoramic and microscopic imaging system and descendent
camera, respectively, which will take images of the cometary surface during the
descent of the lander to the nucleus and after landing will continue the imaging of
the surface and its environment around the landing site.

e SESAME: surface electrical, acoustic and dust impact monitoring (composed of
comet acoustic surface sounding experiment, dust impact monitor and permittiv-
ity probe), which will perform electric and acoustic sounding of the surface and
monitor dust impacts from cometary activity.

e CONSERT: the lander equipment of the CONSERT (radio sounding, nucleus to-
mography) experiment will receive and transmit the radio sounding signal from the
orbiter counterpart of the instrument, allowing to explore the interior of the comet
and the global constitution of the comet and a whole.

e ROMAP: magnetometer and plasma monitor, which will explore the magnetic and
plasma environment of the landing site and its interaction with the solar wind.

o APXS: a-p-X-Ray spectrometer which will be deployed to the surface and will
measure the elemental composition of the surface material.

e MUPUS: multi-purpose sensor for surface and sub-surface science, which will be
deployed to the surface of the comet and will measure the thermal and mechanical
properties of the sub-surface layers.

e SD-2: sampler, drill and distribution system, which can also retrieve mechanical
properties of the nuclear surface.

e PTOLEMY: evolved gas analyser for isotopic composition (mass spectrometer).

e COSAC: evolved gas analyser for elemental and molecular composition (mass spec-
trometer & gas chromatograph).

The combined activities of the drill and sampling acquisition system SD-2 and of the mass
spectrometer and gas chromatograph PTOLEMY and COSAC will collect and analyse
surface and sub-surface samples of the nucleus for elemental, isotopic and molecular
composition. A camera and the infrared spectrometer of the CIVA instrument will allow
to take images and measure SD-2 samples before they are vaporized in the PTOLEMY
and COSAC ovens.

After the intense measurement phase which will take place during the first 5 days after the
landing of PHILAE on the nucleus of 67P/C-G, the long-term exploration of the comet
will start. It consists in the monitoring of the temporal evolution of the nuclear activity
and environmental phenomena, in a further sampling of the nucleus at different locations
around the landing site and in continuing the exploration of the interior of the comet
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through the CONSERT measurements. It is expected that PHILAE will survive the tough
environment at the comet surface for few months up to al least when 67P/C-G will be at
heliocentric distance of 2 AU.

2.7 Motivations of the thesis

As discussed in the previous paragraphs, 67P/C-G is the target comet of the ESA’s ROSET-
TA mission. Thanks to space- and ground-based observations performed around perihe-
lion, a detailed portrait of the comet has been drawn. What needs to be enhanced is the
description of the comet’s behaviour at large heliocentric distance, where ROSETTA will
make its first approach to 67P/C-G. This information is of high importance for a good
planning of the ROSETTA spacecraft rendezvous with the comet.

The purpose of this thesis is to study the properties of the nucleus of 67P/C-G and its
dust environment at large heliocentric distance, thanks to ground-based observations per-
formed in the visible wavelength range at the ESO Very Large Telescope (VLT). Using
imaging and spectroscopy we wanted:

1. To investigate the possible presence of cometary activity in the aphelion arc.

2. To determine the nucleus size, the light curve over rotational phase, the rotation
period of 67P/C-G with high accuracy (for a refinement of the values already deter-
mined by Lamy et al. (2006) and Lowry et al. (2006)) and the phase function of the
nucleus.

3. To measure the colors of the nucleus and investigate possible color variations with
rotational phase.

4. To investigate the presence of mineral and absorptive materials on the nucleus sur-
face (through reflectance spectroscopy).

5. To detect and characterize the dust trail associated with 67P/C-G.

Moreover, this study provides valuable information on the basic physical properties
of the nucleus of JFCs and its dust environment far away from the Sun. Due to their small
size, JFCs are usually observed and well characterized mainly at small heliocentric dis-
tance. In addition, our characterization of 67P/C-G helps to identify to which extent this
comet is a typical JFC.

A description of the instrument used for the observations, the datasets obtained and the
methods employed for the analysis is presented in Chapter 3. The results are summarized
in Chapter 4 and in Chapter 5 they are compared with what was already known about
67P/C-G and with the physical characteristics of other well-studied comets.
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3 Observing strategy and performance
of the observations of 67P/C-G

3.1 Observations: strategy and preparation

As outlined in the previous chapter, the main purpose of our observations is to obtain an
accurate knowledge about the nucleus of 67P/C-G and its dust environment at large helio-
centric distance, through groundbased observations. Why at large heliocentric distance?
For three reasons. First, because the rendezvous of 67P/C-G with the ROSETTA space-
craft will take place at about 4.5 AU from the Sun, thus a good knowledge of the dust
environment of the comet at that distance is necessary for the mission planning. Second,
to provide valuable information of the dust environment of JFCs far away from the Sun,
since they are usually observed and thus well characterized only much closer to it. Third,
because JFCs and therefore also 67P/C-G is thought to be not (or at low level) active
at large heliocentric distance and the best condition to characterize a comet’s nucleus is
when it is not surrounded by a coma.

We performed broadband imaging in different filters and spectroscopy of 67P/C-G. The
purposes of the photometric observations were: 1) to investigate the possible presence of
activity at large heliocentric distance and to monitor its evolution in the aphelion arc from
4.6 AU pre-aphelion to 4.6 AU post-aphelion. 2) to determine a well sampled rotational
light curve of the nucleus of 67P/C-G from which to determine its rotational period with
high accuracy. 3) to determine the nuclear colors and their possible variations with rota-
tional phase. 4) to detect and characterize the dust trail associate with 67P/C-G. Through
reflectance spectroscopy, instead, we wanted to investigate the possible presence of miner-
als and absorptive materials on the nuclear surface. Spectral slopes provide also valuable
information about the nuclear color and its possible variations with rotational phase.

The expected 67P/C-G nuclear magnitude, estimated from previous measurements,
was around 23 mag. Thus 67P/C-G was a faint object at the time of the observations.
To obtain images and spectra with high signal-to-noise ratio, necessary for accurate mea-
surements, the employment of a large telescope was required. For images, we required a
signal-to-noise ration SNR ~ 50 — 100, to achieve an accuracy of + 0.05 mag in the deter-
mination of the magnitude of the comet. For spectroscopy, instead we required a signal-
to-noise ration SNR ~ 10. Our observations, in fact, have been performed at the ESO
8.2m Very Large Telescope (VLT), as described in the following paragraphs. To achieve
the same S/N ratio we obtained using a smaller telescope, we would have had to combine
images together, losing both time resolution and a good sampling of the light curve, nec-
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essary for an accurate determination of the rotational period. Regarding the spectra, one
night of integration would have been necessary to achieve the S/N ratio needed to detect
potential absorption and emission features.

Our observations can be divided into two groups: full nights of observations and short
point-and-shoot runs. The full nights of observations, performed in visitor mode in April
2004, May 2006 and July 2007, are used to determine the nuclear properties of 67P/C-G
over rotational phase. They consist of R filter imaging of 67P/C-G interspersed with V,
I and B filter images and visible spectra of the comet. In 2006 and 2007 67P/C-G was
at galactic latitude lower than 20°, thus projected in front of very star-rich background.
Due to its motion, 67P/C-G could pass close to or even across background objects which
contaminate the comet image or the background around it. Most of the times the con-
taminated frames have to be discarded from photometric measurements. To limit the loss
of data we selected as observing nights the ones in which dust clouds in the Milky Way
were present. In fact, they reduce the intensity of background objects and therefore they
reduce the number of them in the field of view. Even though this precaution was taken,
the background was still rather crowded, but not comparable with the one when no dust
clouds were present (Fig. 3.1).

Figure 3.1: Star background when dust clouds are not present in the Milky Way (left
panel) and when instead they are present (right panel). The field of view of each image
1s 10°x10’. The images have been retrieve using the ESO Online Digitized Sky Survey
(http://archive.eso.org/dss/dss).

The point-and-shoot observations, performed in service mode in June 2004 and Au-
gust 2006, are used to investigate the activity and dust environment of 67P/C-G along the
aphelion arc. They consist of short sequences of images of 67P/C-G in V, R and I filters
in June 2004 and in R filter solely in August 2006. The dates of the August 2006 run were
chosen to be simultaneous or at least close in time with scheduled Spitzer observations.

In the following sections we will describe the instrument used for the observations
(Sec. 3.2), the acquired datasets (Sec. 3.3), the data reduction techniques applied (Sec.
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3.4) and the methods employed to extract information from photometric (Sec. 3.5) and
spectroscopic (Sec. 3.6) frames.

3.2 Instrumentation

The VLT at Cerro Paranal, in the Atacama Desert, is ESO’s premier site for observa-
tions in visible and IR (http://www.eso.org/instruments/). It is composed of four unit
telescopes (UT) of 8.2 m diameter each, which are individually in operation with dif-
ferent instruments (see Fig. 3.2, top panel). However, thanks to a combined focus, the
four individual telescopes can work together, as the VLT Interferometer (VLTI). The tele-
scopes act as a single, giant telescope, as large as the entire group. Our observations
were performed using the FORS?2 instrument (http://www.eso.org/instruments/fors1/). It
is one of the two visual and near UV FOcal Reducer and low dispersion Spectrograph
for the VLT of the European Southern Observatory (ESO). FORS2 is designed for the
wavelength range from 3300 A to 11000 A and its detector consists of an array of two
2k x 4k MIT CCDs (pixel size of 15 X 15 um). 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’. FORS2 is mounted on the
Cassegrain focus of the telescope. A schematic view of the instrument is represented in
Fig. 3.2 (bottom panel). The main instrument components are:

1. The Top Section with the focal plane equipment for spectroscopy (slits and masks)
and the calibration units (with calibration lamps).

2. The Collimator Section with the collimators and the electronic cabinets.

3. The Filter/Camera Section with the wheel for the Wollaston prism and the optional
optical analysers (filters and/or grism), the grism wheel and the broadband filter
wheel in the parallel beam.

4. The camera, the interference filter wheel in the converging beam and the exposure
shutter in front of the CCD.

5. The detector in a liquid N, cooled dewar.

For a more detailed description of the instrument see http://www.eso.org/sci/facilities/para-
nal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v80.pdf.

3.3 Datasets

We performed broadband imaging and long slit spectroscopy of 67P/C-G in the visible
wavelength range in April 2004, June 2004, May 2006, August 2006 and July 2007. The
observational circumstances for each observing night are summarized in Table 3.6. At the
time of the observations 67P/C-G was at heliocentric distance larger than 4.6 AU moving
along its aphelion arc, as sketched in Fig. 3.3, where each triangle corresponds to the
position of the comet at each observing epoch.
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Figure 3.2: Top panel: schematic representation of VLT. The instruments mounted in
each UT are indicated. Image adapted from http://www.eso.org/sci/facilities/paranal/ in-
struments/overview.html. Bottom panel: photo together with a schematic view of FORS2.
Images from http://www.eso.org/projects/odt/Fors2/Fors2u.html and FORS2 user manual,
respectively.

Photometric observations of 67P/C-G were done with B, V, R and I Bessell filters. We
obtained spectra of the comet using the low resolution grism 1501+27. Technical charac-
teristics of the filters (i.e. transmission curves and central wavelengths) and of the grism
(i.e. wavelength range, dispersion and efficiency curve) used are summarized in Appendix
A. 67P/C-G is a moving target, therefore the observations were performed with the tele-
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3.3 Datasets

Figure 3.3: Orbit of 67P/C-G. The red triangles represent the position of the comet at
each observing epoch: 1 = April 2004, 2 = June 2004, 3 = May 2006, 4 = August 2006, 5
= July 2007. In this image 67P/C-G moves in counterclockwise direction along its orbit.
The orbits of Mercury, Venus, Earth, Mars and Jupiter are also shown.

scope tracking at the proper motion rate of the comet.

During each night of observation, in addition to science frames we obtained also calibra-
tion frame: bias and flat fields to perform standard data reduction, photometric standard
star fields to flux calibrate comet images, solar analogue star spectra to remove the solar
spectrum from 67P/C-G ones and arc-lamp spectra to wavelength calibrate comet and so-
lar analogue star spectra.

The aim of each observing run was different, and therefore also the strategy of the ob-
servations, as described in the following sections. Information about photometric and
spectroscopic calibrations obtained at all observing run is summarized in Sec. 3.3.6.

3.3.1 April 2004

The main purpose of this observing run was the determination of the light curve of the
nucleus of 67P/C-G, its size, axis-ratio and colors. Two full nights of observation were
granted to fulfill the aforementioned goals. One night was lost due to bad weather con-
ditions and 67P/C-G was observed on April 14, 2004. At the time of the observation the
comet was at heliocentric distance of 4.7 AU moving towards aphelion. The run consists
of 50 broadband images of 67P/C-G in R Special, V Bessell, I Bessell filters; the number
of exposures per filter is summarized in Table 3.1. To ensure a good signal-to-noise ratio
(S/N ~ 50), we used an exposure time of 300 s for the V and R filter images; in order to
avoid saturation of the CCD by sky background light, the I filter images were split in two
exposures of 150 s each.
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3 Observing strategy and performance of the observations of 67P/C-G

3.3.2 June 2004

The aim of this observation was the detection and characterization of the trail-like struc-
ture associated with the comet. Three hours of observation were allocated on June 16,
2004. The comet was at heliocentric distance of 4.9 AU, moving towards aphelion. The
observation consists of three consecutive series of VRI broadband images, one series per
filter, for a total of 38 images (for details see Table 3.1). The exposure times used are the
same as in the April 2004 run.

3.3.3 May 2006

In May 2006 we observed 67P/C-G to characterize the physical properties of its nucleus
and its dust environment. 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 was detected,

2. Accurate determination of the nucleus size and of the light curve over rotational
phase for a refinement of the the rotational 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 reference for
later studies of changes in the rotational period due to nuclear activity, and light
curve shape along the comet’s orbit due to changes of viewing geometry.

3. Measurement of possible VRI color variations with rotational phase.

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

Since the rotational period of 67P/C-G is estimated to be of about 12 h, a full night of
observation (8 — 9 h long) covers a good fraction of the rotational light curve. Three
full nights of observations with one night gap in between would allow to sample the full
comet light curve. Moreover, the time gap between the observing nights allows to achieve
a higher accuracy in the rotational period determination. This is because the total time
interval span by the time series (magnitude versus time) is longer.

Following the aforementioned criteria the observations were scheduled on May 25, 30, 31
and June 1, 2006. Due to bad weather conditions the last night was lost and 67P/C-G was
observed on May 25, 30 and 31, 2006. The comet was at heliocentric distance of about
5.6 AU, post-aphelion, and at galactic latitude of about 15°, thus in front of a star-rich
background. At the time of the observations, 67P/C-G was at phase angle between 0.5°
and 1.3°, an interesting range to assess the opposition effect of the comet.

A total of 197 broadband images of 67P/C-G were taken during the three nights of ob-
servations in VRI filters. Also in this case, we used the same exposure times as in April
2004.

Reflectance spectra of the comet were obtained using a 1.3" slit and the low resolution
grism 1501+27. The slit of the spectrograph was placed parallel to the direction of proper
motion of the comet. Unfortunately, the spectrum observed on May 30 was too weak and
it could not be used for analysis.

Additional details about images and spectra of 67P/C-G are summarized in Tables 3.1 and
3.2.
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3.3.4 August 2006

We performed R filter imaging of 67P/C-G in parallel with scheduled Spitzer observations
of the comet. We obtained 3 images 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 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. For additional details see
Table 3.1.

3.3.5 July 2007

One full night of observation was granted on July 16, 2007 during which we performed
broadband photometry and long slit spectroscopy of 67P/C-G to verify the results ob-
tained during the previous observing runs. At the time of the observation the comet was
at heliocentric distance of about 4.6 AU and phase angle of about 6°.

A total of 156 images of 67P/C-G were taken in BVRI filters. To insure a reasonably good
signal-to-noise ratio we used an exposure time of 100 s in R and V filters, 140 s in I filter
and 420 s in B filter.

As in May 2006, reflectance spectra of the comet were obtained using the low resolution
grism 1501+27. Also in this case the slit of the spectrograph (1.3" width) was placed
parallel to the direction of proper motion of the comet.

Additional details about images and spectra of 67P/C-G are summarized in Tables 3.1 and
3.2.

date filter | number frames | exposure time [s] AM
April 2004 R 30 300 1.0-2.2
\" 7 300 1.0-2.0
I 13 150 1.0-1.7
June 2004 R 10 300 1.1
A" 10 300 1.0-1.1
I 18 150 1.0-1.1
May 2006 R 165 300 1.0-2.6
A" 8 300 1.0-1.6
I 24 150 1.0-1.8
August 2006 | R 12 350 1.0-1.8
July 2007 R 143 100 1.0-2.8
\" 3 100 1.2-1.3
I 7 140 1.3-1.5
B 3 420 14-1.5

Table 3.1: Summary of the photometric science frames obtained during all observing
runs. The filters used (R = R special, V = V Bessell, I =1 Bessell, B = B Bessell) as well
as the number of frames per filter and the exposure times are listed. AM is the airmass
range covered during the observations.
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3 Observing strategy and performance of the observations of 67P/C-G

date slit ["] grism | number frames | exposure time [s]
May 25, 2006 1.3 1501+27 6 900
May 30, 2006 1.3 1501+27 2 900
May 31, 2006 1.3 1501+27 6 900
July 2007 1.3 1501+27 3 700

Table 3.2: Summary of the spectroscopic science frames obtained during May 2006 and
July 2007 observations. Slit and grism used as well as the number of frames and the
exposure times used are listed.

3.3.6 Photometric and spectroscopic calibrations

During each observing night, standard calibration frames were taken: bias (5 frames), sky
flat fields (4 frames per filter), lamp flat fields (4 frames) and arc-lamp spectra (1 frame).
In addition to the aforementioned standard calibration frames photometric standard star
fields and solar analogue star spectra were observed, with the instrument in the same
configuration as for the science frames (comet images and spectra, respectively). Since
they are bright objects, the exposure time used was usually less than 1 s.

Tables 3.3 and 3.4 summarize the details about photometric standard star fields and solar
analogue stars observed, respectively.

On May 25, solar analogue star spectra were obtained with a 1.3" slit, while the slit width
used on May 30 and 31 was 1.0" (see Table 3.4). In fact, in parallel to the observations of
67P/C-G we also observed the asteroid (132524) 2002JFs¢ (Tubiana et al. 2007), which
required, on May 30 and 31, spectra obtained with a 1.0" slit. The slit width for the solar
analogue spectra was set accordingly to the one of the asteroid spectra.

3.4 Data reduction: instrumental calibration of photo-
metric and spectroscopic frames

In this section we describe data reduction of photometric and spectroscopic frames. First
we introduce the calibration frames (bias, dark current, flat field and arc-lamp spectra),
how they are obtained and what they are used for. Then we address the problem of the
background subtraction.

A raw CCD image contains information about the science object (in our case 67P/C-
G), but it contains also noise, both random and systematic. While the random noise can
only be measured to understand which contribution it gives to the signal from the object
(S/N ratio), the “known” part of the systematic noise can be eliminated through the cali-
bration of the images. There are two types of CCD calibration data: one type corrects for
additive systematic noise (bias and dark current) and the other for multiplicative system-
atic noise (flat field).

Bias: it is an electrical offset which is applied to the CCD before readout, first, to make
the CCD working and, second, to shift the zero-level of the CCD to a positive value. Bias

is constant in time but varies from pixel to pixel (see Fig. 3.4, top panels). Bias frames
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date field name filter AM
April 2004 PG1323-086 R, V,1 1.4
PG1633-099 R,V,1I 1.2
Mark-A R, V,I 2.1
June 2004 PG1323-086 R, V,1 1.1
May 25, 2006 | PG1047+003 | R, V, I 1.1
SA98-670 R, V, I 2.1
PG1528+062 | R, V,I 1.2
SA92+249 R, V,1 1.7
SA110 R, V, 1 1.6
May 30, 2006 | PG1047+003 | R, V,I 1.1
SA98-670 R, V, 1 2.3
PG1528+062 | R, V,I 1.2
SA92+249 R, V,1 1.6
SA110 R, V,I 1.3
May 31, 2006 | PG1047+003 | R, V, I 1.1
SA98-670 R, VI |22-23
PG1528+062 | R, V, 1 1.2
SA92+249 R, V, 1 1.5
SA110 R, V,1 1.8-1.9
August 2006 | PG1633+099 R 1.2
July 2007 PG1657+078 | R, V,I, B 1.7
PG1323+086 | R, V,I, B 1.1
PG2331+055 | R, V,I, B 1.2

Table 3.3: Summary of the standard star fields observed during all observing runs. The
filters used (R = R special, V = V Bessell, I = I Bessell, B = B Bessell) together with the
airmass range covered during the observations are listed.

are obtained with a very short exposure (ideally a zero-seconds exposure) and the shutter
closed. We create a bias median image median-averaging a series of bias frames. We
subtract this bias median image from the science frames and flat fields.

Dark current: thermal agitation in the silicon layers of the CCD produces electrons
which are indistinguishable from photoelectrons (produced by the light from the object
incident on the CCD). Thermal electrons give rise to a dark current which, in absence of
light, follows the law:

I, =A-ef (3.1)

where A and B are constants, k is the Boltzmann constant and T is the device temperature.
Dark images are obtained with the shutter closed and with an exposure time much longer
than the one used for the science frames. If the CCD is properly cooled down, the dark
current is negligible for exposure times up to few 10 minutes. In our case, the dark current
is always neglected.
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3 Observing strategy and performance of the observations of 67P/C-G

date field name slit ["] grism

May 25, 2006 | HD89010* 1.3 1501+27
SA102-1081 1.3 1501+27
SA110-361 1.3 1501+27
SA112-1333 1.3 1501+27
SA115-271 1.3 1501+27
May 30, 2006 | SA102-1081 1.0 1501+27
SA110-361 1.0 1501+27
SA112-1333 1.0 1501+27
SA115-271 1.0 1501+27
May 31, 2006 | SA102-1081 1.0 1501+27
SA110-361 1.0 1501+27
SA112-1333 1.0 1501+27
SA115-271 1.0 1501+27
July 2007 SA107-998 1.3 1501+27
SA115-271 1.3 1501+27

Table 3.4: Summary of the solar analogue stars observed during May 2006 and July
2007 runs. The slit and grism used are listed. The star spectra marked by the asterisk
(HD89010) were saturated and could not be used.

bias
|

time

Figure 3.4: Top panels: example of bias frame and bias versus time. Bottom panel:
example of flat field image.

Flat field: it corrects for the non-uniform sensitivity of the CCD. Two kinds of non-
uniformities can be distinguished: a pixel-to-pixel variation and a gradient across the
chip. Thus, when the CCD is exposed to a uniform radiation, the resulting image is not
uniform, as shown in Fig. 3.4, bottom panel. In order to eliminate these spatial variations,
the science frames are divided by the flat field.
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3.4 Data reduction: instrumental calibration of photometric and spectroscopic frames

To reduce photometric images different kinds of flat field exist:

1. twilight flat field: images of the sky obtained just after sunset or before sunrise,
when the sky better approximates uniform illumination. These images are taken
with the same settings (exposure time, filter) as for the science frames. The advan-
tage of twilight flat fields is that the light enters the telescope in a very similar way
as during the night. The disadvantage is that the sky brightness changes rapidly dur-
ing twilight and it can be difficult to obtain several frames with high signal-to-noise
ratio. In addition, twilight flat fields can contain stars, in particular if they are taken
when the twilight brightness is low.

2. dome flat field: images of an uniformly illuminated screen inside the dome. Usu-

ally dome screens are not quite as uniform as the twilight sky, thus twilight flats
are usually flatter than dome flats. Moreover, the direction of entry of the light is
different from that during the night. The advantage of dome flat fields, instead, is
that it is easy to obtain several frames with high signal-to-noise ratio.
For big telescopes, as for instance VLT, dome flat fields are not possible, mainly due
to the difficulty to obtain an homogeneous illumination of the dome screen, since its
surface is very extended. Instead instrument screen flat fields are used. In this case
the screen is inside the instrument and it has a much smaller size. If the advantage
of instrumental screen flat fields is to obtain a more homogeneous illumination, the
disadvantage is that the light from a lamp does not go through the telescope optics,
but only through the instrument.

3. superflat field: obtained as a median-average of many night exposures. The advan-
tage is that the color of this flat field is representative of the night sky. A major
disadvantage is their very low signal-to-noise ratio, due to the very low counts of
the background night sky.

Often superflat fields are a better choice rather than twilight or screen flat fields. When the
night sky background is very crowded, as i.e. when observations take place at low galac-
tic latitude, the median combination of science frames might not work very efficiently
in removing background stars. Thus, their remnances might be visible in the superflat
field and will create dark spots in the reduced images. Figure 3.5 shows the comparison
between the superflat field and the twilight flat field corresponding to the same dataset,
obtained in the aforementioned situation. Remnants of stars can also occur in the superflat
field due to a too small number of images used to create the superflat field.

In the reduction of our datasets for broadband imaging we use superflat fields where
possible, otherwise we used a median-average of twilight flat fields.

In case of spectroscopy, twilight flat fields cannot be used because light from the twi-
light sky does not produce white light. Incandescent lamps are employed to create flat
field images, since they produce a continuum spectrum. A lamp flat field is obtained in
two ways: either the telescope is aimed at a dome screen illuminated by lamps, or the
light from a lamp is brought to focus on the slit.

The reduced images are obtained as follows:
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3 Observing strategy and performance of the observations of 67P/C-G

(a) (b)

Figure 3.5: Example of superflat field (a) and twilight flat field (b) in R filter correspond-
ing to the same dataset. The superflat field has been obtained from night exposures which
are very crowded from background objects. Remnants of stars are visible in the superflat
field image. The ratio between the two images is displayed in (c).

image — bias
flat field — bias

reduced image = (3.2)
Reduced images are then: a) cosmic rays corrected, replacing the intensity of the pixels
hit by cosmic rays with the median value of the intensities of the neighbouring pixels; b)
exposure time normalized to 1 s and ¢) sky background subtracted.

The procedure of sky background subtraction is different for photometric and spectro-
scopic images and it is described in the following.

In case of spectroscopy, the reduced frames have to be wavelength calibrated before

to be sky background subtracted. The wavelength calibration is done using an arc-lamp
spectrum in which the wavelengths of the emission lines are known (Fig. 3.6).
In case of low dispersion spectroscopy argon, mercury and neon arc-lamps are a good
choice, while iron and thorium are often used for high dispersion spectroscopy, since
their spectra contain a large number of emission lines. Arc-lamp spectra are obtained
with the same instrumental configuration as for spectroscopic science frames. Comparing
the pixel position of the emission lines with their tabulated wavelength, the wavelength
calibration or dispersion curve is determined as a polynomial fit to the pixel-wavelength
correspondence. It is then be applied to all comet and solar analogue star spectra.

The procedures of sky background subtraction for photometric and spectroscopic
frames are described hereafter.
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Figure 3.6: Arc-lamp spectrum for wavelength calibration of spectroscopic frames. The
wavelength of the emission lines (in A) is shown in the top part of the figure.

Photometric images: in each image we select an area where no stars are present; this
selected area has to be the same region of the sky for all the images of one dataset. We
calculate the median average inside this area and subtract the median average per pixel to
each pixel of the image.

Photometric images are now fully reduced and the comet’s magnitude can be measured
from each frame. Figure 3.7 shows a science frame before (left panel) and after reduction
(right panel).

Figure 3.7: A science frame before (left panel) and after reduction (right panel).

The reduction procedure just described has to be applied also to photometric standard
star frames, which are used to flux calibrate the comet’s magnitude.

Spectroscopic images: one of the most delicate aspects of the spectra reduction is

the removal of the sky emission lines. Figure 3.8 (a) shows a 2D spectrum of the comet
before the sky emission lines substraction is applied. The comet spectrum is the faint
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horizontal line close to the bottom of the image. Sky emission lines (vertical lines) are
very well visible. In order to achieve a very accurate background subtraction we spilt
each measurement of the object in two exposures at two different slit positions A and B,
20" apart. Since the slit, in the aforementioned image, is placed parallel to the y-axis, this
results in two spectra of the comet placed a two different y position. Subtracting spectrum
A and B from each other, a very accurate background subtraction is achieved, as shown
in Fig. 3.8 (b) and (c). In order to increase the signal-to-noise ratio, the positive spectra
resulting from A - B and B - A subtractions are aligned and summed-up (Fig. 3.8 (d)).
After sky lines subtraction, the comet spectrum has to be extracted from the 2D image.
The extraction region has to be wide enough not to leave out signal from the spectrum,
but at the same time not too wide to avoid to include too much background in it. We
do not use a fixed width for the extraction area (i.e. 3-sigma), but we choose the most
appropriate one for each spectrum through visual inspection. Unfortunately, not all the
background is removed during the sky lines subtraction. Thus, an additional background
subtraction is applied during the spectrum extraction procedure. Two regions for the
background determination are selected, usually one above and one below the spectrum.
For faint objects this additional background subtraction is not always applied since it adds
noise to the extracted spectrum.

Figure 3.8: In each image wavelength is on the x-axis (increasing from left to right). The
intensity of the spectra is color coded (with increasing intensity from black to white). (a):
2D spectrum of the comet before sky emission lines subtraction. The comet spectrum
is the thin horizontal line in the bottom part of the image. Sky emission lines (vertical
lines) are well visible. (b) and (c): 2D spectra of the comet resulting from A-B and B-A
subtraction respectively. The position of the positive comet spectra is marked. Most of
the sky lines have been removed. (d): image resulting from the sum of the previously
described images aligned on the positive spectrum of the comet. Sky background lines
are very well removed at short wavelength while some remnants are still visible at longer
wavelength. In all panels, the thick lines are star spectra.

The reduction procedure just described for the comet spectra has to be applied also to
solar analogue star spectra, which are used to remove the Sun spectrum from the comet
one.

The last step in the spectra reduction is the removal of the solar spectrum from the
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comet one. This is achieved through the division of the comet spectrum by the average
of solar analogue spectra obtained with the same slit width. Finally, comet spectra are
normalized to unity at 6380 A (central wavelength of the R filter).

For the analysis of photometric and spectroscopic images (from the instrumental cal-
ibration to the extraction of information from the science frames) we used the ESO-
MIDAS software (for details see http://www.eso.org/sci/data-processing/software/esomid-

as/).

3.5 Photometry: methods & calibrations

3.5.1 Methods

Once the photometric images are fully reduced, the comet’s magnitude is measured. For
all datasets we used the technique of aperture photometry. More details about this tech-
nique are presented in Appendix B.1.

For the June 2004 and May 2006 datasets the measurement of the comet’s magnitude
was rather straightforward. In the latter epoch, 67P/C-G was at low galactic latitude and
therefore the field was very crowded of background stars and galaxies. 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 contaminating the comet image or the sky background around, we
discarded the image for photometric measurements.

In August 2006 and July 2007 an additional treatment of the images had to be applied
before to measure the comet’s magnitude. In both dataset, 67P/C-G passed in the vicinity
of plenty of stars and it was not possible to discard all the images where the comet was
contaminated by their presence. To remove the star’s contamination we proceeded in the
following way: first we rebinned each image to a new pixel size of 0.2 x 0.2 pixel (the
image flux is conserved during rebinning). Then we aligned the images on a star; thanks
to the rebinning to a smaller pixel size, we achieved a very precise alignment of the im-
ages. Finally we subtracted two rebinned aligned images to obtain a final frame in which
the comet was free from contaminations. Figure 3.9 show the comparison between the
original frame and the one after the subtraction. The star contamination is successfully
removed from the vicinity of the comet. Three saturated stars (which display a white re-
gion close to their center) are visible in the original image. Since saturation is different
from frame to frame, those stars cannot be completely removed during subtraction and
their remnances are visible in the subtracted frame (Fig. 3.9).

To achieve an accurate result, some expedients have to be taken:

1. The two images used for the subtraction have to be taken with seeing values as close
as possible. Seeing affects the star profile and to have a good star removal, the star
profiles have to be as similar as possible. For each frame we determined the full
width half maximum (FWHM) of a star, which gives the value of the seeing at the
moment at which the image was taken.

2. The comet position does not have to overlap in the two images used for subtraction,
to avoid comet’s flux removal during subtraction. When the comet is not active, a
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Figure 3.9: Example of subtraction between two images to remove the star contamination
from the vicinity of the comet. The original frame is shown in the left panel, while the
subtracted frame is displayed in the right one. In both cases the comet position is marked.
Remnances of saturated stars are visible in the subtracted frame.

distance between the comet positions of about 3 — 5 times the diameter of the comet
is enough to avoid comet’s flux removal during subtraction.

The closer the comet is to the star, the less are the chances to obtain a good removal of
the star contamination. In addition, the closer the comet flux is to the one of the contami-
nating star, the better the contamination is removed.

In August 2006 the observations were split in 4 nights. Due to the small motion rate of
the comet, part of the star field in the first night overlaps with part of the star field in
the second night and part of the field of the third night overlaps with part of the field of
the forth night. Since the seeing was rather constant during all nights of observation, we
subtracted rebinned images of different nights centered on the same star.

In July 2007 we had only one night of observation and the motion rate of the comet was
very low, which implied that the position of the comet in consecutive images was vary
similar. In addition, strong seeing variations (between 0.5" and 1.5") took place during
the night. To achieve an accurate star removal we had to subtract images as close as pos-
sible in time (to have as small as possible seeing variations) but paying attention that the
position of the comet in the two images was well separated.

Finally, for both datasets we measured the comet magnitude using aperture photometry
on the rebinned subtracted images.

In April 2004 the night of observation was not photometric. Thus, in July 2007 we ob-
served the same star field as in April 2004 (using the same instrumental configuration)
and we used it to cross-calibrate the April 2004 dataset. A comparison between one of
the images taken in April 2004 and the calibration field observed in July 2007 is shown
in Fig. 3.10. In the calibration field we selected a certain number of stars which could be
used to calibrate the April 2004 dataset. Those stars are labelled in the aforementioned
figure. The stars have to be:

1. Non variable,

2. Bright enough to have a reasonable high S/N ratio also when the seeing is bad but
at the same time non saturated when the seeing is good (in all April 2004 images
and in the calibration field).
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3. Isolated, to determine their magnitude with aperture photometry.

Only stars E, F and H fulfilled the previously described requirements. Stars A, B, C and
D are saturated in the images when the seeing is good and star G has a too low S/N
ratio when the seeing is bad. When stars are not variable, variations in their magnitude
from one frame to the other and with respect to the calibration field are due to seeing and
extinction variations. These variations (seeing and extinction) affect the star’s magnitudes
and the comet’s magnitude in the same frame in the same way. If the comet would not be
variable the difference between star and comet magnitude (in the same frame) would be
constant in time. Thus, changes in the aforementioned difference are “produced” by the
comet (shape and/or composition).

For the determination of the comet’s magnitude we proceeded in the following way:

1. In the calibration field we measure the magnitude of star E, F and H with the tech-
nique of aperture photometry. We flux calibrate the measured magnitudes with zero
points, color and extinction coeflicients determined for the July 2007 dataset.

2. In each frame taken in April 2004 we measured the magnitude of the comet and of
stars E, F and H always with the technique of aperture photometry.

3. Image by image, per each star we compute the difference:

Amstar,i = [mstar,i]calib - [mstar,i]Apri12004 (33)

wherei = E, F, H, [myqi]caip 1S the star’s apparent magnitude in the calibration field
and [Mgqrilaprinoos 1s the measured magnitude of the same star in the April 2004
image. Amy,,; 1s a “calibration coeflicient” which corrects the comet’s magnitude
for extinction and seeing variations.

4. The comet’s apparent magnitude is:

Mapparent = Mmeas + Amgy, (3.4)

We obtain three values of comet’s magnitude per frame.

3.5.2 Flux calibration of photometric images

Once the magnitude of the comet has been measured in each image, it has to be “flux
calibrated”: corrected for the effects produced by the transit of the reflected light from the
comet through the Earth’s atmosphere and for the color sensitivity of the optical system
used.

The flux calibrated measured magnitude of the object is called apparent magnitude
and it is determined using:

Mapparent = Mineas + Mzero point — k-AM + A - COlO}", (35)

The derivation of Eq. 3.5 is treated in Appendix B.
The flux calibration coefficients are determined using fields of photometric standard stars
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3 Observing strategy and performance of the observations of 67P/C-G

Figure 3.10: Comparison between one image taken in April 2004 (left panel) and the
calibration field observed in July 2007 (right panel). The selected stars to calibrate the
April 2004 data are labelled.

(Landolt 1992). For those stars the visual magnitude together with their colors B-V, U-
B, V-R and R-I, obtained using a standard photometric system (for instance the original
Bessell filters), is tabulated.

A detailed description of the method employed in the determination of the flux calibration
coeflicients is presented in Appendix B.

We determined the flux calibration coefficients for the different observing runs in the way
described hereafter.

June 2004: with the standard star field observed during the night (PG1323-086) we
determined the zero points, adopting color coefficients and extinction coefficients as pro-
vided by ESO for the period when the observations were carried out (http://archive.eso.org-
/bin/qcl_cgi?action=qcl_browse_instrume&instrume=FORS2).

May 2006: since 22 photometric standard star fields were observed over a wide air-
mass range during the three observing nights (Table 3.3), we determined all the photo-
metric coefficients. We determined a unique solution for the three nights of observation.
A unique solution avoids that artificial offsets have to be applied to match the light curves
from different observing night, as would happen if the photometric calibration would be
determined night by night.

To test the goodness of the determined photometric coefficients, we used one of the ob-
served photometric standard stars as it would have been our target and we calculated its
magnitude using the determined coefficients. Since the obtained star magnitude coincided
with its tabulated values, we concluded that the flux calibrations coefficients were reliable.

August 2006: the standard star field PG1633+099 was used to determine the zero
point, assuming color and extinction coefficients as determined from the May 2006 mea-
surements.

July 2007: we determined zero points and extinction coefficients from the various
standard star fields observed during the night at different air mass (Table 3.3). Regarding
the color coeflicients, we adopted the ones determined in May 2006 for V, R, I filters,

58



3.5 Photometry: methods & calibrations

while for the B filter we used the value provided by ESO for the night when the observa-
tion was carried out. In fact in May 2006 no B filter observations were carried out and
thus no color coefficient for this filter was available.

The flux calibration coefficients for all nights of observations are summarized in Table
3.7.

3.5.3 Correction for heliocentric and geocentric distances and phase
angle

Once the magnitude of an object (i.e comet) has been flux calibrated, it is independent

from the instrument with which it has been determined and the atmospheric extinction.

But it still depends on the heliocentric and geocentric distance of the comet at the time of
the observation and on the phase angle:

Mypparent = m(r, A, CZ). (36)

To compare with other measurements of the same objects performed in other locations or
in other periods, the apparent magnitude has to be scaled as if the object would have been
observed at heliocentric and geocentric distances of 1 AU and at zero phase angle:

H =m(1,1,0) = mypparens — Slog(rA) + 2.5log[P(a)], 3.7

where the second term on the right-hand side of the equation corrects for heliocentric (r)
and geocentric (A) distances, respectively, and the third one for the phase angle (@). H is
called absolute magnitude.

Two approximations for the phase function ®(«) are used:

1. the linear phase function approximation (Lamy et al. 2004), which assumes a linear
increase of brightness with decreasing phase angle:

2.5log[D(a)] = —a - B (3.8)
where « and S are the phase angle and the linear phase coefficient, respectively.

2. TAU-adopted phase law, which includes the opposition effect at small phase angles
(Meeus 1998):

2 510g[®(@)] = 2.5l0g[(1 — G)D, + GDs] (3.9)
with
a 0.63
®, = exp[—3.33(tan§) ] (3.10)
a 1.22
®, = exp[—1.87(tan§) ] G.11)

where « is the phase angle and G the “slope parameter”.

Both the linear phase coefficient and the slope parameter indicate how magnitude varies
with respect to phase angle.
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3 Observing strategy and performance of the observations of 67P/C-G

3.5.4 Errors on photometric measurements

For the photometric error estimation we consider three contributions: the error on the
aperture measurement, the error of the flux calibration coefficients and one due to the
“non-flatness” of the flat field used. The error on the aperture measurements is deter-
mined automatically by MIDAS per each measurement. The Gaussian error propagation
of Equation 3.5 produces the part of error on the apparent magnitude due to the first two
contributions (aperture measurement and flux calibration coefficients).

The error due to the “non-flatness” of the flat field used is significant for absolute photom-
etry, but frequently is not taken into account. We determined this error in the following
way. Per each image (in the case of R filter images obtained in April 2004, May 2006
and July 2007 we selected part of the images) we measured the gradient across the CCD
in four directions: alone the two diagonals, along a horizontal line and a vertical one.
Even though the comet is usually placed close to the center of the CCD, we measured the
gradients across the whole CCD, since the photometric standard stars used for the flux
calibrations are located in different parts of the frame and not only close to the comet’s
position. The error due to the “non-flatness” of the CCD per each observing epoch is
summarized in Table 3.5.

observing epoch | o framess[ %]
April 2004 3
June 2004 3
May 2006 2
August 2006 4
July 2007 5

Table 3.5: Errors due to the “non-flatness” of the flat field used.

The final error on the apparent (and therefore relative and absolute) magnitudes is:

2
+ O-flamess

(3.12)

— 2
o = O-a,f

where o~ ; is the error due to aperture measurement and flux calibration coefficients and

2
O-flatness

is the contribution from the “non-flatness” of the flat field used.

3.6 Spectroscopy: method

As we will discuss in Sec. 4.4, the comet spectra do not show any absorption or emission
feature both in May 2006 and in July 2007. They present only a reddening. For each
spectrum we determined the slope of the reddening through a linear fit of the normalized
reflectance versus wavelength.

3.6.1 Uncertainties on the spectra

The signal-to-noise ratio of the spectra is wavelength dependant, therefore also the un-
certainties on the spectra. For the May 2006 spectra we determined relative errors in 3
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3.6 Spectroscopy: method

wavelength regions: around 5000 A, 6500 A and 8000 A. For the July 2007 spectrum
the relative errors were calculated, in addition to the three aforementioned wavelength
regions, also around 4300 A and around 7800 A. For each of this regions we calculated
the standard deviation in an interval of 140 A, which directly provides the signal-to-noise
ratio at that wavelength.
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start time [UT] | end time [UT] | r [AU] | A[AU] | @ [°] | GL [°] | sky condition | observation type | observing mode
15.04.04 00:58 | 15.04.04 08:40 | 4.67 | 3.68 | 2.1 | 474 | CLR/non PHO IM v
16.06.04 23:20 | 17.06.04 02:17 | 489 | 429 | 103 | 52.6 | CLR M S
26.05.06 01:00 | 26.05.0609:42 [ 5.62 | 4.61 | 13] 147 CLR IM & SP \
31.05.06 00:28 | 31.05.06 09:33 | 5.61 | 460 | 0.6 | 153 CLR IM & SP \%
01.06.06 00:17 | 01.06.0609:46 | 5.61 | 460 | 05| 155 CLR IM & SP \
18.08.06 01:42 | 18.08.0602:03 | 5.51 | 527 [105 | 213 CLR IM S
19.08.06 01:29 | 19.08.06 01:48 | 551 | 528 | 10.5 | 21.2 CLR IM S
23.08.06 02:32 | 23.08.06 02:52 | 550 | 5.34 | 10.6 | 21.1 CLR M S
23.08.06 23:30 | 23.08.06 23:53 | 550 | 5.35 | 106 | 21.1 CLR M S
16.07.07 23:51 | 17.07.0708.00 | 463 | 372 | 60| 0.6 | CLR | IM&SP | \

3 Observing strategy and performance of the observations of 67P/C-G

Table 3.6: Details of the observations of 67P/C-G: date and start & end time of the observations, r and A are the heliocentric and geocentric
distance, respectively, « is the phase angle and GL the galactic latitude of the comet. The average sky conditions during the night are
reported (PHO = photometric, CLR = clear) as well as the type of observations performed (IM = imaging, SP = spectroscopy) and the
observing mode used (V = visitor mode, S = service mode).
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4 Results on 67P/C-G

This chapter summarizes all the results obtained from photometry and spectroscopy of
67P/C-G in April and June 2004, May and August 2006 and July 2007.

Examples of comet images in R filter for each of our observing runs are displayed in Fig.
4.1. Each panel displays only part of entire field of view. In May 2006 (Fig. 4.1 (c)),
August 2006 (Fig. 4.1 (d)) and July 2007 (Fig. 4.1 (e)) 67P/C-G was at low galactic
latitude; therefore the field was crowded with background objects, which makes accurate
photometry of the comet a difficult task. The uneven diffuse background is due to galactic
clouds. In each frame the comet’s position is marked and image scale and orientation are
shown.

With the technique of aperture photometry we measured the apparent magnitude m(r, A, )
of the comet in each frame. The reduced magnitude m(1, 1, @) for each observing run is
listed in Table C.1. Figures 4.2, 4.3 and 4.4 shows the R filter reduced magnitude versus
time for the April 2004, May 2006 and July 2007 datasets, respectively.

The gaps in the time series are due to: 1) photometry of the comet done in different filters,
2) rejected measurements because of background object contaminations, 3) observations
of spectra of 67P/C-G (only in May 2006 and July 2007).

The final error in the reduced magnitudes was obtained as described in Sec. 3.5.4. For the
May 2006 and August 2006 datasets, although minor deviations exist for individual mea-
surements (with smaller error estimates) we adopt a safe overall value of the photometric
errors of 0.05 mag.

4.1 Activity at large heliocentric distance: coma

We investigated the presence of coma around the nucleus in all observing epochs. For all
datasets we applied two methods:

1. We compared the point spread function (PSF) of the comet with the one of a neigh-
bouring star following the approach described in Bohnhardt et al. (2002). Since the
observations are performed with the telescope tracking the comet, stars are trailed.
As reference star, we chose a star with a high signal-to-noise ratio. The profile of
the reference star is produced from a perpendicular cut through the trail, averaged
along the trail axis. The pixels on the edge of the trail are excluded. The radial
profile of the comet, instead, is obtained measuring the flux in concentric rings (1
pixel wide) versus the radial distance from the center of the comet. Both star and
comet profiles are normalized to have background level to zero and maximum value
to one. Apart from minor offsets in the normalized peak magnitude (which is due to
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4 Results on 67P/C-G
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Figure 4.1: R filter images of 67P/C-G taken in April 2004, June 2004, May 2006, August
2006 and July 2007. Image scale and orientation are shown. The position of the comet in
the frames is marked. The image taken on May 25, 2006 (c) illustrates the crowdiness of
the field at low galactic latitude. Uneven diffuse background is due to galactic clouds.

statistical scatter of the brightest pixel position in the image center) the profiles of
the comet and star images are identical, indicating that the PSF is undistinguishable
from that of a point source (Fig. 4.5). Therefore, we conclude that no coma activity
is detectable around the nucleus. Weak coma activity would be first detected by
deviations of the comet PSF from that of the star in the inflection region, just before
the profile becomes background-dominated.
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4.2 Rotational period and phase function of the nucleus
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Figure 4.2: R filter reduced magnitude m(1, 1, @) versus time for the April 2004 obser-
vation. The comet’s magnitude relative to each reference star and the average magnitude
per frame are displayed. The time is in hours and it is normalized to April 15, 2004 00:00
UT. The gaps in the time series are due to photometry of the comet done in different filters
and rejected measurements because of background object contaminations.

2. We co-add images centered 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, in order to increase the S/N ratio. No extended structure is visible
in the co-added images as well as in the smoothed ones. Figure 4.6 shows one
example of co-added image before and after smoothing is applied.

In conclusion, for each observing epoch 67P/C-G appears like a point source, indicating
that no coma is evident around the nucleus. For the May 2006 dataset, we estimated that
the limiting detectable brightness in the co-added image is 29.8 mag.

Using an individual image of the May 2006 dataset, we determined a 3-o- upper limit for
the dust production rate of Afp ~ 1.94 cm, which corresponds to a dust production of Q,
~ 0.22 kg/s using a simple heuristic relationship as described by Kidger (2004).

4.2 Rotational period and phase function of the nucleus

The nucleus of comet 67P/C-G, since it is inactive during our observations and presum-
ably 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 bright-
ness separated by approximately half of the rotational phase. However, the actual light
curve may be quite irregular due to possible irregular albedo and shape variations over the
nucleus surface. Brightness changes in the reduced magnitude m(1,1,@) are induced by
the nucleus rotation and the phase darkening. Thus, to have valuable information on both
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Figure 4.3: R filter reduced magnitude m(1, 1, @) versus time as measured in May 25,
2006 (top panel), May 30, 2006 (middle panel) and May 31, 2006 (bottom panel). The
time is in hours and it is normalized to May 26, 2006 00:00 UT. The gaps in the time
series are due to photometry of the comet done in different filters, rejected measurements

‘ggcause of background object contaminations and observations of spectra of 67P/C-G.



4.2 Rotational period and phase function of the nucleus
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Figure 4.4: R filter reduced magnitude m(1, 1, @) versus time for the July 2007 observa-
tion. The time is in hours and normalized to July 17, 2007 00:00 UT. The gaps in the time
series are due to photometry of the comet done in different filters, rejected measurements
because of background object contaminations and observations of spectra of 67P/C-G.

effects the phase darkening and the nucleus rotation have to be considered and determined
simultaneously.

4.2.1 Datasets

The May 2006 dataset is composed of three full nights of observations and spans a time
interval of almost one week. Thus, it is most appropriate for a rotational period search.
During the three nights of observations, 67P/C-G covered a phase angle range between
0.5? and 1.3, too small to allow the determination of the phase function of the comet.
Since in the other epochs 67P/C-G was at higher phase angle (see Table 3.6), we would
like to combine datasets observed in different epochs to determine simultaneously the ro-
tational period and the phase function of 67P/C-G.

First, we determine the rotational period of 67P/C-G combining the May 2006 and the
August 2006 datasets. The combination of two datasets has two advantages: 1) the time
interval covered by the combined dataset is long and thus the rotational period can be de-
termined with very high accuracy; 2) since in August 2006 67P/C-G was at about 10° of
phase angle, we can also determine the phase function of the comet simultaneously with
the rotational period. The results from this analysis are described in Sec. 4.2.3.

Then, we performed the same analysis using also the July 2007 dataset in addition to the
May 2006 and August 2006 ones (see discussion in Sec. 4.2.4). In July 2007 67P/C-G
was at phase angle of about 6, intermediate between the phase angle in May 2006 and
August 2006. Thus, this dataset has an high importance in the determination of the phase
function of the comet.

Combining datasets observed in different epochs brings the advantages described above,
but also caution has to be taken. In fact, due to the orbital motion of the comet changes of
the viewing geometry can occur, which can produce non negligible changes of the mean
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Figure 4.5: Comparison between the profile of the comet (red solid line) and the one of a
neighbouring star (black dashed line). The normalized flux is plotted versus the distance
(in pixels) from the center of the objects. Panel top left: April 2004 observation, panel
top right: June 2004 observation, panel middle left: May 2006 observation, panel middle
right: August 2006 observation, panel bottom left: July 2007 observation.

magnitude, amplitude and shape of the light curve. 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 observing geometry of 67P/C-G between
the May 2006 and August 2006 observations is less than 0.01 at 95% confidence level and
the one between the May 2006 and July 2007 runs is 0.13 at 95% confidence level.
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4.2 Rotational period and phase function of the nucleus

Figure 4.6: Left panel: co-addition of R filter images centered on the comet. The total
integration time in the co-added image is 70 minutes. Right panel: co-added image after
smoothing is applied. In both panels the position of the comet is marked; the elongated
structures are stars.

As input data we used the reduced magnitude m(1,1,a). The May 2006 dataset con-
sists of 95 data points, the August 2006 of 12 and the July 2007 of 126. Thus, the com-
bined dataset May 2006 + August 2006 has 107 data points, while the May 2006 + August
2006 + July 2007 consists of 233 data points.

4.2.2 Method

Performing the periodicity analysis, we generally followed the approach of Drahus &
Waniak (2006). Since 67P/C-G was inactive over the time interval considered for the
analysis, we chose the phase function coefficient as a second free parameter to be esti-
mated simultaneously with the rotational period. We adopted two approximations for the
phase function: the linear approximation with linear phase function coefficient 8 (Eq. 3.8)
and the IAU-adopted phase law with slope parameter G (Eq. 3.9). Two different meth-
ods were used as search kernels: the Phase Dispersion Minimization (hereafter PDM),
originally proposed by Stellingwerf (1978), and the x> minimization using a sum of har-
monics fitted to the observations (hereafter y> minimization). Both methods return, for
each value of the trial rotational frequency f and phase coeflicient, the quantity ® whose
minima indicate posz,sible periodicities present in the light curve. For PDM, this parameter

is defined as ® = 242 where the numerator is the variance in the phased binned data and

tot

the denominator is the total variance of the measured points. For the y?> minimization it
2

is defined as ® = %, where the numerator is the variance with respect to the smoothed
curve and the denominator is the total variance of the measured points. The working pa-
rameters of the PDM algorithm are the number of bins N, and the number of covers N.,.
The single parameter of the y* minimization method is the number of frequencies Ny, i.e.
the number of harmonics including the base frequency that are used for fitting. For our
analysis, we chose N, = 25, N. = 5 and Ny = 5. We checked that 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
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available. More details about the search kernels can be found in Appendix D.
The errors in the frequency (or periodicity) and in the phase function coefficient were
retrieved through a Monte Carlo method:

1. Using the )(2 minimization method, a smooth curve is calculated for the individual
data points. Note that here the y?> minimization is used for two different purposes:
as a method for periodicity search and in order to get a noiseless representation of
the phase profile.

2. The smooth profile is modified by “data noise” calculated individually for each
observing point, producing a set of simulated light curves. We assumed a Gaussian
noise distribution, with its variance given by the square of the error bar.

3. We repeat the procedure for 1000 noise realizations and each of the simulated light
curves is then analysed with the PDM and the y? minimization methods. This
provides 1000 frequencies and phase function coefficients for each method.

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

4.2.3 Results using May 2006 + August 2006 datasets

We first consider the linear approximation for the phase function. We scrutinized the
frequency f in the range Af = 0.02 — 0.8 h™! (AT,,, = 1.25 — 50 h) and the linear phase
coefficient 8 in the range AB = 0 — 0.2 mag/°. Both the PDM and the y? minimization
methods show only one clear band of solutions, characterized by considerably deeper
minima than any others, which is located around f = 0.078 — 0.079 h™!' and 8 = 0.07
— 0.09 mag/°. For PDM, the global minimum of ® was found at f; = 0.078193 h™!
(Tyor1 = 12.7889 h) and B, = 0.077 mag/’, whereas the y? minimization method returned
f» =0.078711 h™! (Tyorp = 12.7047 h) and B, = 0.076 mag/’. A cross-cut through the
whole periodogram for 8, = 0.076 mag/° and 8; = 0.077 mag/° and the whole range of
frequencies scrutinized is shown in Fig. 4.7, together with a 50—times zoom of the region
where the global minima are located. The periodograms clearly show that the band is very
complex, featuring several individual solutions. However, the global minimum given by
one method (either PDM or y? minimization) is detected as second deepest minimum
by the other one (either y* minimization or PDM). This confirms the robustness of the
minima found. The difference in frequency between 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, also other solutions are visible in between f; and f,. They are char-
acterized by different rotational phases of the August data and look less realistic (which
is reflected by higher values of ®), but they cannot be completely excluded. Therefore, f;
and f; could also be considered as the extremes of a broader range of possible, although
less likely, rotational frequencies. Solutions f; and f, have practically the same value of
linear phase function coeflicient 8, which is mainly controlled by the large phase angle
difference between the May and August observations (see Table 3.6). These best fit 8
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Figure 4.7: Cross-cut through the ® periodograms for the whole range of frequencies
scrutinized (left panels) for fixed values of the linear phase coefficient 8 (8, = 0.076 mag/’
(top left panel), 8; = 0.077 mag/’ (bottom left panel)). The regions of the global minima
are marked by a black arrow and a 50—times zoom of these regions is plotted in the right
panels (8, = 0.076 mag/’ (top right panel), 8; = 0.077 mag/° (bottom right panel)). The
very low values of ® result from the normalization of this parameter using the data points
which were unphased and uncorrected for the phase angle dependence.

values (0.077 — 0.076 mag/’) correspond to a very steep brightness dependence on phase
angle. As described above, for both solutions, the uncertainties of the rotational frequency
(and thus the rotational period) and the linear phase function coeflicient were estimated
using 1000 realizations of Gaussian noise superimposed on smooth representations of the
corresponding phase profiles. 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 uncertainty
in the rotational period 7, is below 5 sec, and the error in the linear phase function coef-
ficient 8 is 0.003 mag/’.

As second step, we consider the [AU-adopted phase law as approximation of the phase
function. Since with the previous analysis we identify the frequency region where the
minima are located, we restrict the search for periodocities to the aforementioned range.
We scrutinized the frequency £ in the range Af = 0.077 — 0.08 h~! and the slope parameter
G in the range AG = -0.5 — 0.5. For PDM, the global minimum of ® was found at f; =
0.078705 h™! (T, 3 = 12.7057 h) and G3 = -0.08, whereas the y*> minimization method
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4 Results on 67P/C-G

returned f; = 0.078715 h™! (T,,;4 = 12.7041 h) and G4 = -0.09. A cross-cut through the
periodogram for G = -0.084 (mean value of G; and G4) and the frequency region where
the global minima are found (f = 0.077 — 0.08 h™!), is shown in Fig. 4.8.
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Figure 4.8: Cross-cut through the ® periodogram for G = -0.084 (mean value of G; and
G,) and the frequency region where the global minima are found (f = 0.077 — 0.08 h™).

Both search kernels found a global minimum located at almost the same frequency and
with almost the same slope parameter. Thus, for the determination of the uncertainties in
frequency and slope parameter, we considered the mean frequency f,eq, = 0.078710 h™!
and the mean slope parameter G,,.,, = -0.084. Again, the uncertainties were estimated
using 1000 realization of Gaussian noise superimposed on smooth representations of the
phase profile. The smooth fit was calculated, in this case, with Ny = 5. The PDM method
gives an error in the frequency of 0.000009 h~! and in G of 0.021, while the y* minimiza-
tion method provides an uncertainties of 0.000007 h™! and 0.018 in frequency and slope
parameter, respectively. Thus, the effective error in the mean frequency is 0.000008 h™!
and the effective error in the mean slope parameter 1s 0.019.

Ty [h] B [mag/’]
Solution 1 12.7889 + 0.0009  0.077 + 0.003
Solution 2 12.7047 £ 0.0011  0.076 + 0.003

Ty [h] G
Solution 3-4  12.7049 + 0.0013 -0.084 + 0.019

Table 4.1: Best solutions for rotational periods and phase coefficients of 67P/C-G using
the May and August 2006 photometry of the nucleus. Solutions 1 and 2 have been ob-
tained assuming a linear approximation of the phase function, while solution 3-4 assuming
the TAU-adopted phase law.

74



4.2 Rotational period and phase function of the nucleus

The results obtained with both phase function approximations are summarized in Table
4.1 and the phase profiles corresponding to these rotational periods and phase coefficients
are plotted in Fig. 4.9 and Fig. 4.10.
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Figure 4.9: Rotational phase profiles of both solutions for the fit assuming a linear phase
function (top panel: 7 = 12.7889 + 0.0009 h, g = 0.077 + 0.003 mag/’; bottom panel:
T =12.7047 £ 0.0011 h, g = 0.076 + 0.003 mag/’). The smooth curves were calculated
using the x? minimization method with N, = 8. They were used as reference profiles for
calculating the errors of the solutions.

The global minimum obtained using the IAU-adopted phase law is identical within the
uncertainties to solution 2 obtained with the linear phase function approximation. This

75



4 Results on 67P/C-G

149F ]

F| A 25.05.06 E

E| [ 30.05.06 B

15.0 £} © 31.05.06 il E

E| ¥ August 2006 gL E

B % ¥ {Z}F E

E 151 ? [)xis ) <:’ INGET 0 o 7<> E
& N A O SHE, o3

! g A I . o 7
E E O x & 1l 0 X 7
—~ 152F & i H [ RS S
=) SRl A & 0 <% B &l 7
) - ot I 7 e N [?[?‘f%] E
= 1530 &) < Y& nf | -
S 3t Juji X 4 ¥ ]
I g Ay O KN Fom g
T E A 4 E
15.4 & AL E

8 i ]

155 g i E
1566 1 . ]

0.0 0.2 0.4 0.6 0.8 1.0

rotational phase

Figure 4.10: Rotational phase profiles for the solution assuming the IAU-adopted phase
law as approximation of the phase function (7" = 12.7049 + 0.0013 h, G = -0.084 + 0.019).

suggests that solution 2 is very robust, being insensitive to the mathematical form of the
phase function used.

4.2.4 Results using May 2006 + August 2006 + July 2007 datasets

We restricted the ranges of variability of the parameters (frequency, linear phase coeffi-
cient and slope parameter) to the ones where the solutions were found with the previous
analysis employing the May 2006 and August 2006 datasets. Thus, we scrutinized the
frequency f in the range Af = 0.077 — 0.08 h™!, the linear phase coefficient 3 in the
range A = 0.04 — 0.1 mag/’ and the slope parameter G in the range AG = -0.15 — 0.45.
Both the PDM and the y? minimization methods returned a number of possible solutions
for the rotational period and phase coefficient of 67P/C-G, as shown in Fig. 4.11, where
adaptive cross-cuts through the ® periodogram for the range of frequencies scrutinized
are displayed.

While for the May 2006 + August 2006 datasets we extract cross-cuts through the ® pe-
riodogram for fixed values of phase coeflicient, in this case for each frequency value we
select the phase coefficient (8 or G) value for which ® is minimum.

The quality of the periodogram, indicated by the ® parameter, obtained using the linear
approximation of the phase function is systematically better than the one obtained from
the TAU-adopted phase law. Comparing Fig. 4.7 and 4.8 with Fig. 4.11, it is obvious
that the difference in the quality of the periodograms obtained using the two different
phase function approximations, is much more pronounced when employing also the July
2007 dataset in the analysis. We conclude that, considering the aforementioned dataset,
obtained when 67P/C-G was at phase angle of about 6°, the linear approximation best rep-
resents the phase function of 67P/C-G. Thus, from now on, we focus our attention only
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4.2 Rotational period and phase function of the nucleus
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Figure 4.11: Adaptive cross-cuts through the periodograms for the PDM and the y? meth-
ods using the linear approximation for the phase function (left panel) and the IAU-adopted
one (right panel).

on the results obtained assuming a linear phase function approximation. Table 4.2 sum-
marizes the best solutions for rotational period and linear phase coefficient of 67P/C-G.
Since the PDM and the y? minimization methods returned, per each solution, very close
values of rotational period and linear phase coeflicient, for each solution we determined
their mean values. The corresponding rotational phase profiles are displayed in Fig. 4.12
and 4.13. Based on the values of the linear phase coeflicient, the solutions displayed in
Table 4.2 can be divided in two groups. Group 1 (solutions 5,6,8,9,12,13) represents a
steeper dependence of brightness with phase angle, while in group 2 (solutions 7,10,11)
the dependance is shallower. The linear phase coefficients in group 1 coincide, within
the uncertainties, with the S value determined employing the May 2006 + August 2006
datasets only.
The overall shape of the rotational phased light curve is the same for all the rotational
periods and linear phase coefficients used. 67P/C-G shows an asymmetric double peak
profile. The main peak is wider and brighter than the secondary one and it presents a
modulation which is not seen in the secondary peak. The minima in the light curve are
narrow.
The July 2007 dataset is phased differently depending if the rotational period used belongs
to group 1 or to group 2. In fact, in the former case the main peak of the July 2007 partial
light curve is located at rotational phase of about 0.5, while in the latter case at rotational
phase of about 0.9. Also the August 2006 dataset is phased in slightly different ways
according to the rotational period and linear phase coefficient considered. If we assume
that the light curve did not change over the orbital motion of the comet, the three solutions
belonging to group 2 display the August 2006 dataset systematically offset with respect
to the May 2006 and July 2007 datasets. Thus, under this hypothesis, the aforementioned
solutions look less realistic than the others, and they might be rejected. Ignoring the
hypothesis of no light curve changes over the orbital motion, a discrimination among
solutions is not uniquely possible.

The minima in the periodogram (Fig. 4.11) are equally wide, which indicates that
the uncertainties in the rotational period and linear phase coefficient are comparable for
all solutions. Thus, we calculate the errors only for one solution (solution 9) and we
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4 Results on 67P/C-G

Trot [h] ﬁ [mag/()] methOd Trot,mean [h] ﬁmean [mag/()]

solution 5 | 12.6805 0.075 X’ 12.6803 + 0.0002 | 0.074 + 0.002
12.6801 0.073 PDM

solution 6 | 12.6968 0.074 X’ 12.6966 + 0.0002 | 0.073 + 0.002
12.6964 | 0.072 PDM

solution 7 | 12.7546 0.063 X’ 12.7546 + 0.0002 | 0.063 + 0.002
12.7546 0.063 PDM

solution 8 | 12.7621 0.075 X’ 12.7619 + 0.0002 | 0.075 + 0.002
12.7617 0.075 PDM

solution9 | 12.7786 0.075 X’ 12.7786 + 0.0002 | 0.074 + 0.002
12.7785 0.073 PDM

solution 10 | 12.7874 | 0.064 X’ 12.7875 + 0.0002 | 0.064 + 0.002
12.7875 0.064 PDM

solution 11 | 12.8370 |  0.062 X’ 12.8369 + 0.0002 | 0.062 + 0.002
12.8368 0.061 PDM

solution 12 | 12.8446 0.073 X’ 12.8446 + 0.0002 | 0.073 + 0.002
12.8446 0.073 PDM

solution 13 | 12.8612 0.074 X’ 12.8612 + 0.0002 | 0.075 + 0.002
12.8611 0.075 PDM

Table 4.2: Best solutions for rotational period and linear phase function coefficient 5 for
67P/C-G using the May 2006, August 2006 and July 2007 photometry of the nucleus.
Trotmean a0d Bieqn are the mean values of the rotational periods (7,,,) and linear phase
coefficients (B), respectively, determined with the PDM and the x> minimization methods.

adopt them for all the other solutions. Moreover, since the PDM and the y? minimization
methods returned, per each solution, very close values of rotational period and linear
phase coeflicient, for the determination of the uncertainties we consider their mean values.
Also in this case, the uncertainties were estimated using 1000 realization of Gaussian
noise superimposed on smooth representations of the phase profile. The smooth fit was
calculated with Ny = 8. The effective error in the the rotational period is 0.0002 h and the
one in the linear phase coefficient is 0.002 mag/°.

4.2.5 Discussion

The quality of the periodogram, indicated by the ® parameter, is systematically better
when we employ in the analysis the linear approximation of the phase function rather
than the IAU-adopted one. Thus, we consider the linear approximation the more realistic
representative of the phase function of 67P/C-G. This could be interpreted that for 67/C-G,
the opposition effect is rather not very pronounced. This conclusion is also supported by
the behaviour of the reduced magnitude m(1, 1, @) versus phase angle for all our datasets,
as shown in Fig. 4.14, where the mid-point R filter magnitude is plotted versus phase
angle. The mid-point magnitude is defined as the mean value between the maximum
and the minimum magnitude of the light curve. Since in August 2006 the phase angle
is almost constant during the nights of observation, one single value has been calculated
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Figure 4.12: Rotational phase profiles for the solutions (7o mean> Bmean) SUmmarized in
Table 4.2 (solutions 5 to 8).

for the whole observing run. The data show a very steep increase of brightness with
decreasing phase angle and they support the hypothesis of a constant linear increase. The
slopes corresponding to a linear phase coeflicient § = 0.076 mag/°, representative for
solutions of group 1, and 8 = 0.063 mag/°, representative, instead, of solutions belonging
to group 2, are overplotted to the data. The steeper brightness dependance on phase angle
(B = 0.076 mag/’) seems to be in a better agreement with the data.

We determined the absolute magnitude of the April 2004 and June 2004 runs using 5 =
0.076 mag/° and § = 0.063 mag/’. The partial light curves from the April 2004 and June
2004 observations are overplotted to the phase profiles of 67P/C-G previously determined,
after being arbitrarily shifted in rotational phase to match best (estimated by eye) the
rotational light curve (Fig. 4.15).

The difference between the two phased profiles is given by the June 2004 and August
2006 datasets, mainly. Since they have been observed at phase angle of about 10°, they
are most sensitive to changes of the linear phase coefficient.

Under the hypothesis of no light curve changes over the orbital motion of the comet, we
can conclude that the brightness dependence on phase angle is very steep and it is not
well reproduced by linear phase coefficient of 8 = 0.063 mag/’. This is supported by the
fact that the June 2004 and August 2006 datasets are systematically offset with respect to
the other datasets. Ignoring this hypothesis, we can just conclude that light curve changes
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Figure 4.13: Rotational phase profiles for the solutions (7o means Bmean) SUmmarized in

Table 4.2 (solutions 9 to 13).

took place over the orbital motion of 67P/C-G.

Considering also the July 2007 dataset in the determination of the rotational period
and linear phase coeflicient of 67P/C-G, the intrinsic accuracy of the period estimation is
improved. Unfortunately, a discrimination among solutions is not uniquely possible. This
is due to the large time gap between the different datasets used for the analysis. Thus, we
can only conclude that the rotational period and linear phase coefficient of 67P/C-G are
in the range 7,,, = 12.6801 — 12.8612 h and 8 = 0.061 — 0.076 mag/°, respectively, which
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Figure 4.14: Reduced magnitude vs. phase angle. The values correspond to the mid-
point magnitude in R filter. The different symbols correspond to the different datasets.
The black solid line indicates the slope of g = 0.076 mag/°, while the red dotted one
represents the slope of 5 = 0.063 mag/°.

contains also the solution obtained employing the May 2006 + August 2006 datasets only.

4.3 Shape and size of the nucleus

For the determination of shape and size of the nucleus of 67P/C-G we are interested in the
amplitude of the light curve and on its mean brightness, as discussed in Sec. 1.1.1. These
two parameters (amplitude and mean brightness) are independent from the rotational pe-
riod and linear phase coefficient employed, since the overall shape of the light curve is
not changing. The light curve has an asymmetric, double-peak profile with a maximum
amplitude Am = 0.40 £ 0.07 mag and mean absolute R filter magnitude H = 15.35 +0.04
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:

g > 107044 = 145 + 0.09. (4.1)

Assuming an albedo of 0.04 (Lamy et al. 2004), the effective radius of the nucleus of
67P/C-G is:
100-4Mo—HIq1/2
Repr = [T] =238 +0.04 km, 4.2)

where M, is the absolute magnitude of the Sun in the R filter, H the mean absolute R filter
magnitude of the comet and A its albedo.
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Figure 4.15: Phased light curves of 67P/C-G representative of group 1 (top panel) and
group 2 (bottom panel), overplotted with the observations of April 2004 and June 2004
phase corrected using 8 = 0.076 mag/° (top panel) and 8 = 0.063 mag/° (bottom panel)
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and arbitrarily located in rotational phase.

4.4 Surface colors and reflectance spectra of the nucleus

The color indices V-R and R-I were obtained from the April 2004, June 2004, May 2006
and July 2007 observations. In the last epoch, thanks to observations also in the B Bessell
filter, we determined also the B-R color index (see Table 4.3). The August 2006 obser-
vations have been performed in R filter only, thus the determination of color indices is
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4.4 Surface colors and reflectance spectra of the nucleus

not possible. The color indices show that the nucleus of 67P/C-G is slightly redder than
the Sun ((V-R), = 0.36 mag, (R-I); = 0.33 mag, (B-R), = 1.03 mag), as expected for
cometary nuclei (Lamy et al. 2004). V, I and B filter images of the comet were obtained at
different rotational phases, thus the resulting color indices sample different regions of the
nucleus surface (Table 4.3). Since the July 2007 dataset is phased differently depending
if the rotational period used belongs to group 1 or to group 2 (Sec. 4.2.4), the rotational
phase of the color indices relative to this dataset has the same dependence. Thus, we
determined the rotational phase for both cases.

V-R [mag] R-I [mag] B-R [mag] 0]
April 2004 | 0.50 £ 0.04 | 0.51 £ 0.04 - 0.2
0.55 +0.05 | 0.47 +£0.05 - 0.3
0.53+0.03 | 047 +£0.03 - 0.5
0.53 +£0.04 - - 0.7
June 2004 0.38 £0.04 | 0.44 = 0.06 - 0.6
25 May 2006 | 0.49 + 0.06 - - 0.1
0.65+0.07 | 045 +£0.04 - 0.3
0.66 = 0.08 | 0.47 +£0.05 - 0.5
30 May 2006 - 0.40 + 0.09 - 0.6
0.55+0.08 | 0.39 +0.07 - 0.9
31 May 2006 | 0.44 + 0.08 - - 0.4
0.46 = 0.07 | 0.54 = 0.06 - 0.8
0.50 £ 0.06 | 0.57 £ 0.06 - 0.9
July 2007 0.54 £0.05|045+0.04 | 1.37+£0.06 | 0.7%,0.1°
- 0.47 + 0.06 - 0.7, 0.1°

Table 4.3: Color indices of 67P/C-G as determined from the photometric observations
in April 2004, June 2004, May 2006 and July 2007. ¢ is the rotational phase at which
V, I and B filter images, used to determine the corresponding color indices, were taken.
July 2007 dataset: the rotational phase relative to rotational periods belonging to group
1 is marked by a star, while the one relative to rotational periods belonging to group 2 is
marked by a diamond.

The values for R-I index are rather uniform. The V-R indices, in particular on May
25, show a larger scatter, in parts due to the too small number of 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 colors (0.65 + 0.07 mag and
0.66 = 0.08 mag) are still consistent with the measured spectra of the cometary nucleus
(see Fig. 4.16). For each couple of V-R and R-I colors in Table 4.3, we determined the
mean spectral reddening (Delsanti et al. 2001) and found it to be rather constant within the
error bars, except for the June 2004 dataset. Thus, we conclude that color variations with
the rotational phase are small, if present at all. The average color indices of the nucleus
of 67P/C-G are summarized in Table 4.4, together with the corresponding mean spectral
reddening. Note that in July 2007, since observations in B Bessell filter are also available,
the mean spectral reddening has been determined in the wavelength range 4360 — 7970
A in addition to the one in the wavelength range 5450 — 7970 A. The mean spectral

83



4 Results on 67P/C-G

reddening is the same for both wavelength ranges.

V-R [mag] R-I[mag] | B-R [mag] | reddening [%/1000 A]

April 2004 | 0.53 +£0.02 | 0.49 = 0.02 - 12+2
June 2004 | 0.38 £ 0.04 | 0.44 £ 0.06 - 5+£3
May 2006 | 0.54 +£0.03 | 0.47 £ 0.03 - 11+2

July 2007 | 0.54 £ 0.05 | 0.46 £ 0.04 | 1.37 £ 0.06 10 £2°, 11 £ 2*

Table 4.4: Average color indices of 67P/C-G as determined from the photometric obser-
vations in April 2004, June 2004, May 2006 and July 2007. The corresponding mean
spectral reddening is shown. For April 2004, June 2004 and May 2006 it has been calcu-
lated in the wavelength range 5450 — 7970 A. In July 2007, in addition to the one relative
to the wavelength range 5450 — 7970 A (marked by °), thanks to observations also in B
filter we determined the mean spectral reddening also in the wavelength range 4360 —
7970 A (marked by *).

Visible spectra of the comet were observed on May 25 and May 31, 2006 and July 16,
2007. Let us consider, first, the spectra obtained in May 2006. Two spectra have been dis-
carded because of unreasonable spectral shapes possibly caused by a background object
passing close to the comet slit position while integrating the spectrum. Each spectrum is
binned to 70 A/pix. Figure 4.16 shows the binned spectra (dotted line) of 67P/C-G with
the smoothed ones (solid line) superimposed.

Spectra (a) and (b) have been observed at rotational phase between 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 errors in the individual binned spectra are summarized in Table 4.5. The spectra
do not show any absorption or emission features. In the wavelength range 5000 — 8500
A the binned spectra display a reddening of rather constant slope of (11 + 2) %/1000 A
(a), (10 = 1) %/1000 A (b), (13 + 1) %/1000 A (c) and (10 + 2) %/1000 A (d). The
reddening obtained from the spectra agrees within the errors with the one calculated from
the photometric color indices of the nucleus (see Fig. 4.16 and Table 4.4).

One spectrum of 67P/C-G was observed in July 2007; it is displayed in Fig. 4.17 (upper
panel) with the binned spectrum superimposed (binning to 70 A/pix). The S/N ratios and
the corresponding relative errors in the binned spectrum at the different wavelengths are
summarized in Table 4.6. The spectrum observed in July 2007 has a signal-to-noise ratio
of about 3 times higher than the ones of May 2006.

Again the spectrum does not show any absorption or emission features and it displays a
reddening of rather constant slope of (12 + 1) %/1000 A in the wavelength range 4300 —
8500 A. In the wavelength range 5000 — 8500 A (the same used for the May 2006 spectra)
the spectral reddening is (11 + 1) %/1000 A, in agreement with the result obtained for the
May 2006 photometry and spectroscopy.

Color indices and the reflectance spectrum were obtained at different rotational phases,
thus they sample different regions of the nuclear surface. A good agreement exists be-
tween them (see Fig. 4.17, bottom panel) which suggests that no color variations took
place with rotational phase.

In conclusion, all the spectra we observed do not show any absorption or emission
feature. They display a constant spectral reddening with rotational phase which is also in
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Figure 4.16: Spectra of 67P/C-G obtained in May 2006. To each binned spectrum (dotted
line) the corresponding smoothed one (solid line) is superimposed. Spectrum (a) has been
observed on May 25, while (b), (c) and (d) have been taken on May 31, 2006. The spectra
are normalized to unity at 6380 A and shifted for clarity. The diamonds superimposed to
the spectra correspond to the spectral reflectivities obtained from the photometric color
indices of the nucleus, closest in rotational phase. The dashed bars aside the diamonds
show the uncertainties in the binned reflectance spectra in each wavelength region, as
summarized in Table 4.5.

spectrum A [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

Table 4.5: Signal-to-noise ratio (S/N) and corresponding relative error in the binned spec-
tra shown in Fig. 4.16. A (A) is the wavelength range used for the determination of S/N
ratio and the error.

agreement with the previous conclusion of no (or only small) photometric color variation
of the nucleus with rotational phase. Thus, we conclude that the nucleus color and/or
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Figure 4.17: Spectrum of 67P/C-G obtained in July 2007. The spectrum is normalized
to unity at 6380 A. Upper panel: original spectrum (black line) with superimposed the
binned one (red line). Lower panel: comparison between the binned spectrum and the
spectral reflectivities obtained from the photometric color indices of the nucleus (dia-
monds). The dashed bars aside the diamonds show the uncertainties in the binned re-
flectance spectrum in each wavelength region, as summarized in Table 4.6.

reflectance does not vary much over rotational phase.
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4.5 Tail-like structure

A [10\] S/N | error
4300 — 4440 | 36 | 0.03
5000 — 5140 | 48 | 0.02
6500 — 6640 | 32 | 0.03
7800 — 7940 | 16 | 0.06
8000 — 8140 | 20 | 0.05

Table 4.6: Signal-to-noise ratio (S/N) and corresponding relative error in the binned spec-
trum shown in Fig. 4.17. 4 (A) is the wavelength range used for the determination of S/N
ratio and the error.

4.5 Tail-like structure

We tried to detect and characterize the tail-like structure associated with 67P/C-G in the
visible wavelength range in all our observing epochs. Due to its low S/N ratio, this struc-
ture usually cannot be detected in a single exposure of the comet field. Thus, it is neces-
sary to median-combine images centered in the comet. This procedure not only increases
the S/N ratio of faint structures, such as the tail-like structure, but also removes stars and
other objects from the background allowing an easier detection of low surface brightness
features.

We could detect the tail-like structure associated with comet 67P/C-G in April 2004 (Fig.
4.18 (a)), June 2004 (Fig. 4.19) and May 2006 (Fig. 4.18 (c)). In June 2004 the tail-like
structure was clearly detected in V, R and I filter images. Figure 4.19 shows the result
of the median combination in I, R and V filter and the composite image, obtained as the
average of the three filter exposures. In the other two epochs (April 2004 and May 2006),
due to the too small number of images in V and I filter, we limited the search and char-
acterization of the tail-like structure to R filter images. In May 2006 the field of view
was very crowded with bright objects from the galactic disc. Even though the quality
of the median combined image is not very good (Fig. 4.18 (c)), the tail-like structure is
detectable.

In August 2006 only three exposures of the comet were performed per observing night.
The median combination of the three images does not remove efficiently background ob-
jects, thus we do not consider this epoch for detection and characterization of the tail-like
structure.

Figure 4.18 (b) shows the median combination of R filter images obtained in July 2007.
The tail-like structure is not detected, while the linear structures present in the image are
produced by stars.

At all epochs the tail-like phenomenon appears as a faint and linear structure extending
from the nucleus in the direction of the heliocentric velocity vector of the comet projected
in the sky. A shorter structure is visible also in the opposite direction. We determined
the exact orientation of this structure measuring its position angle (PA,,cqsureq (°)) counter-
clockwise North over East (Table 4.7). The anti-solar direction for the observing nights
when the tail-like structure has been detected is given in Table 4.7. In June 2004 the
tail-like structure is projected in sunward direction.

To determine the surface brightness of the tail-like structure, we extracted from the me-
dian combined image a rectangular window with the longer side perpendicular to the
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Figure 4.18: Median combination of R filter images taken in April 2004 (a), July 2007
(b) and May 2006 (c) and (d). The orientation of the image is shown and the position
of the comet is marked. (a): April 2004. The tail-like structure is clearly detected and it
has an extension of more than 143.7" and a width of about 25", corresponding to ~ 3.9 X
10° km and ~ 6.7 x 10* km at the projected comet distance, respectively. (b): July 2007.
The tail-like structure is not detected. The linear structures seen in the frame close to the
comet position are produced by stars. (c) and (d): May 2006. The image quality is very
poor. Due to the crowdiness of the field, the median combination technique did not work
well in removing background objects and their “remanences” produce artificial linear
structures in the median-combined image. Moreover, interstellar clouds of the galaxy
could contribute to the large-scale dark structures present in the background. However,
a faint structure is detectable and to better enhance its direction an orange dashed line is
superimposed to it in (d). The tail-like structure has an extension of more than 151.5" and
a width of about 7.5", which correspond to ~ 5.1 x 10° km and ~ 2.5 x 10* km at the
projected comet distance, respectively.

tail-like structure axis. The window was then collapsed along the direction parallel to the
tail-like structure axis, giving rise to the cross-cut profile. The cross-cut profile had to be
extracted in a region as free as possible from background object contaminations. Thus,
the location of extraction was different for each epoch. In June 2004, the cross-cuts have
been extracted in the same location for all three filters. Figure 4.20 displays the tail-like
structure R filter cross-cut profiles from April 2004 (black line), June 2004 (red line) and
May 2006 (blue line).

The April 2004 cross-cut profile was extracted at a distance of ~ 24.25" (~ 6.5x 10* km at
the projected distance of the comet) from the nucleus of the comet. It has a mean surface
brightness of (27.5 + 0.1) mag/"? in R filter and a width of about 20". The mean surface
brightness has been determined in the following way. We selected the region of the cross-
cut profile which corresponds to the tail-like structure. After subtracting the background,
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4.5 Tail-like structure

Figure 4.19: Tail-like structure of 67P/C-G in I filter (a), R filter (b), V filter (c), composite
VRIimage (d) as detected in June 2004. All subpanels have the same orientation, which is
shown in (d). The position of the comet is marked. The tail-like structure has an extension
of more than 153.25" and a width of about 8", respectively ~ 4.8 x 103 km and ~ 2.5 x 10*
km at the projected comet distance.

date PA easured [°] | PA, [°] | tior [s] | filter | SB [mag/"*] | d [10° km] | T[]

April 2004 | 295.7+0.2 | 296.8 | 7800 R 27.5+0.1 ~ 0.65 272.6
June 2004 | 298.1 £0.2 | 297.2 | 3000 R 28.1 £0.1 ~1.5 112.3
298.1+£0.2 | 297.2 | 3000 | V 29.0 £0.1 ~1.5 112.3
298.1+£0.2 | 297.2 | 2700 I 27.7+£0.1 ~1.5 112.3
May 2006 | 285.6+0.2 | 2854 | 6600 R 28.5+0.2 ~3.8 11.8

Table 4.7: Summary of the details about the tail-like structure as determined from our
images. PA,, qureq 1S 1ts position angle measured counterclockwise North over East. The
filter in which the structure has been detected as well as the total integration time (t,)
of the median combined images used for the detection are indicated. The mean surface
brightness (SB) of the tail-like structure is reported together with the distance (in km at the
projected distance of the comet) from the nucleus where the cross-cut to determine it has
been extracted. PA, is the direction of heliocentric velocity vector of the comet projected
in the sky (from http://ssd.jpl.nasa.gov/horizons.cgi). The last column (') indicates the
anti-sunward direction.

we average the flux in the aforementioned region. The so determined mean flux is then
converted in surface brightness, giving rise to the mean surface brightness. The profile is
rather symmetrical with respect to the tail-like structure axis.
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Figure 4.20: R filter cross-cut profile of the tail-like structure from April 2004 images
(black line), June 2004 (red line) and May 2006 (blue line). y-axis: surface brightness in
mag/"?. x-axis: direction perpendicular to the tail-like structure in arcsec. The nucleus of
the comet is located at x = 0".

In June 2004 we extracted the cross-cut profiles of the tail-like structure with the same
window size and at the same distance from the nucleus in all three filters. We chose a
region at ~ 47" (~ 1.5 x 10° km at the projected distance of the comet) from the nucleus
which is free as much as possible from background object contaminations in all three fil-
ters. The cross-cut profiles have a width of about 8". The R filter profile is displayed in
Fig. 4.20 (red line). We measured a mean surface brightness of the tail-like 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. We determined for the first time the visible colors of the tail-like structure: V-R =
0.95+0.14 mag/"? and R-I = 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 (Fig. 4.21). Over the whole wavelength range (5500 — 8000 A) we
obtained a mean spectral slope of ~ 17 %/1000 A. Thus, on the average, the tail-like
structure looks redder than the nucleus of 67P/C-G (see Sec. 4.4).

We extracted the May 2006 cross-cut profile at a distance of ~ 114" (~ 3.8 x 10° km
at the projected distance of the comet) from the nucleus of 67P/C-G. The S/N ratio of
the tail-like structure is low. Peaks relative to background objects are almost comparable
with that of the tail-like structure. We determine a mean surface brightness of the tail-like
structure in R filter of (28.5 + 0.2) mag/"? and a width of about 8".

For an extended object of constant brightness the intensity of the reflected light per
sarcsec should be proportional to 1/7? in first approximation, where r is the heliocentric
distance of the comet at the time of the observation. Hence, the surface brightness per
sarcsec is expected to be a linear function of log(r). Figure 4.22 shows the mean R filter
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Figure 4.21: Normalized reflectance versus wavelength for the tail-like structure of
67P/C-G as measured in June 2004. It displays a steep increase between 5500 A and
6400 A, while it becomes much shallower between 6400 A and 8000 A.

surface brightness of the tail-like structure versus log(r) for April 2004, June 2004 and
May 2006 observations.
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Figure 4.22: Mean R filter surface brightness of the tail-like structure versus log(r), where
r is the heliocentric distance of 67P/C-G at the time of the observations.

The surface brightness of the tail-like structure, as measured in our images in April
2004, June 2004 and May 2006, is not a linear function of log (r). The decrease in the tail-
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like surface brightness is very steep between April 2004 and June 2004 and it becomes
shallower between June 2004 and May 2006. Based on the surface brightness of the tail-
like structure in June 2004 and May 2006 we estimated that, if present and of similar
surface brightness, the tail-like structure in July 2007 would have a surface brightness in
R filter of ~ 28 mag/"?. Since this value is above the detection limit of the median com-
bined image displayed in Fig. 4.18 (b), we conclude that the aforementioned structure is
not present or has faded significantly from May 2006 to July 2007.

As last step in the characterization of the tail-like structure associated with comet
67P/C-G, we determined its brightness profile as function of the distance from the nu-
cleus, for the April 2004 observation. The median combined image, where the tail-like
structure is detectable, has been rotated to place the tail-like structure parallel to the x-
axis. The brightness profile is displayed in Fig. 4.23.
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Figure 4.23: Brightness profile of the tail-like structure as function of the distance from
the nucleus. The peak located at x = 0" is the nucleus of the comet and the systematic
shift in the profile for x > 0" is due to the presence of the tail-like structure.

The peak located at x = 0" is the comet nucleus. On the right-hand side of the nucleus,
the brightness profile is systematically shifted with respect to the zero level (dashed red
line). This shift is due to the presence of the tail-like structure. We determined that the
3-0 detection limit of the surface brightness for an extended structure of about 100 pix is
27.8 mag/".
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In this chapter we discuss the results obtained from our observations of 67P/C-G (de-
scribed in Chapter 4) and we compare them with what is already known about this comet
and about JFCs in general. In the last section we compare 67P/C-G especially with comets
1P/Halley, 9P/Tempel 1, 19P/Borrelly and 81P/Wild 2, the targets of spacecraft fly-bys in
the past.

5.1 Activity at large heliocentric distance

Our observations of 67P/C-G were carried out between April 2004 and July 2007, when
the comet was moving in its aphelion arc between 4.6 AU pre-aphelion and 4.6 AU post-
aphelion. 67P/C-G appeared point-like at all observing epochs (see Fig. 4.5 and Fig. 4.6),
indicating that no coma was present around the nucleus.

Weiler et al. (2004) compared the annual light curve of 67P/C-G relative to the 1982/83,
1995/96 and 2002/03 apparitions (Fig. 2.1). Since a similar dependence of activity from
heliocentric distance is observed during the last apparitions, a possible conclusion is that
no significant changes of activity of 67P/C-G took place in the last orbital passages. More-
over, images of 67P/C-G taken at the beginning of June 2008, when the comet was at
heliocentric distance of ~ 3 AU, show that 67P/C-G was active (Tozzi, private communi-
cation). This is in agreement with the comet’s behaviour observed in the previous orbital
passages.

We, therefore, draw the following conclusions: 1) since 67P/C-G displayed the same be-
haviour during the last at least three orbital passages, we could expect that this behaviour
will not change during the current and next orbit. Thus one can expect that 67P/C-G will
not be active at large heliocentric distance, where ROSETTA will make its first approach
to the comet. A first hint of a repetitive comet’s behaviour in the current orbit is the detec-
tion of activity at 3 AU pre-perihelion. 2) 67P/C-G behaves as a rather typical JFC, based
on the fact that it does not show activity at large heliocentric distance. Moreover, we can
infer that supervolatiles like CO do not play a role for distant activity and may be either
absent in the top surface layers or covered by a temporary crust or confined to regions not
exposed to sunlight during aphelion.

5.2 Rotational period

The multiple solutions for the rotational period of 67P/C-G, as determined from our ob-
servations, fall in the range 7',,, = 12.6801 — 12.8612 h and are in general agreement with
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the one published by Lowry et al. (2006), who found 12.72 + 0.05 h. Although a final
conclusion on the accurate T,, cannot be drawn from our solutions, due to insufficient
sampling of the long time interval of the observation (1 year), our rotational period esti-
mates have a much higher intrinsic accuracy. The rotational period 7', = 12.41 + 0.41 h,
published by Lamy et al. (2006), is consistent with our results within its error, although
by more than two orders or magnitude less accurate. By applying our procedures to the
HST nucleus photometry of 67P/C-G by Lamy et al. (2006), we find plausible solutions
for rotational periods of 6.1 h, 12.7 h, 16.1 h, and 18.4 h. The solution 7, = 12.7 £ 0.2
h, which corresponds to the one they published (7,,, = 12.41 + 0.41 h), is now well in
agreement with our results.

The bulk of the nuclei of ecliptic comets have rotational period between 5 and 18 h (Lamy
et al. 2004), although the ensemble of JFCs measured may be biased towards the short
period range. The possible rotational period we determined for the nucleus of 67P/C-G is
in the aforementioned range. Thus, concerning the rotational period, 67P/C-G is a typical
JFC.

5.3 Phase function of the nucleus

The mid-point reduced magnitude from our datasets is shown in Fig. 5.1 together with
the mid-point reduced magnitude from Lowry et al. (2006) and Lamy et al. (2006). While
the value from Lowry et al. (2006) is in good agreement with ours, the mid-point reduced
magnitude from Lamy et al. (2006) is much lower. Most likely this discrepancy is due
to changes of the observing geometry due to orbital motion of the comet. In fact, while
at the time of our and Lowry et al. (2006) observations 67P/C-G was at large heliocen-
tric distance (at true anomaly between 151¢ and 209?), Lamy et al. (2006) observed the
comet in March 2003, a few months after its perihelion passage when 67P/C-G was at
true anomaly of ~ 106°.

With our observations we sampled the phase angle range between 0.5° and 10°. We
conclude that the linear phase function approximation is the one which better represents
the measurements, compared to the IAU-adopted phase function, as shown in Fig. 5.1.
In fact, the measurements obtained in April 2004 and July 2007, when 67P/C-G was at
phase angle of about ~ 2° and ~ 6°, respectively, show that the brightness dependence on
phase angle is linear in the range between 0.5 and 10°. This is an indication that 67P/C-G
does not show a significant opposition effect.

We determined that the magnitude dependence on phase angle is very steep, with the lin-
ear phase coefficient in the range 8 = 0.061 — 0.076 mag/°.

The phase function determination requires observations at different phase angle, but with
constant aspect angle. This strict requirement makes its determination a difficult task and
it is not really fulfilled by the available measurements, including ours. Nowadays, the
phase function has been determined for about 10 comets (Lamy et al. 2004). Usually,
for JFCs a linear phase function approximation with 8 = 0.04 + 0.02 mag/° (Lamy et al.
2004) is assumed. However, a steep phase function is measured for instance for comet
2P/Encke with 8 = 0.06 mag/’ (Fernandez et al. 2000) and g = 0.05 mag/’ (Boéhnhardt
et al. 2008). Moreover, the phase function determined for comet 9P/Tempel 1 by Belton
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Figure 5.1: Reduced magnitude vs. phase angle. In addition to our results (displayed also
in Fig. 4.14), the mid-point reduced magnitude from Lowry et al. (2006) and Lamy et
al. (2006) are shown. The black solid line indicates the slope of g = 0.076 mag/°, while
the red dotted one represents the slope of 8 = 0.063 mag/°. The blue dashed-dotted line
represents the IAU-adopted phase law with G = -0.45, while the green dashed line the
[AU-adopted phase law with G = -0.084.

et al. (2005), using many ground-based observations, displays a non-linear increase of
brightness at small phase angles although a large scatter in the data is present.

The possible linear phase coefficient we obtain for 67P/C-G is steeper than the one usu-
ally assumed for JFCs while it is close to the one determined, for instance, for 2P/Encke,
which seems to display also unusual polarimetric light scattering properties compared to
other small bodies in the solar system (Bohnhardt et al. 2008).

We cannot exclude that our S-factor of 67P/C-G is affected by changes in the nucleus as-
pect angle, although the light curve profile of the comet did not change noticeably during
the aphelion arc, when the phase function of the nucleus was sampled.

A previous attempt in the determination of the phase function of 67P/C-G has been
done by Lamy et al. (2007). They performed it combining HST (Lamy et al. 2006) and
NTT (Lowry et al. 2006) observations, even though they stated that, due to the orbital
motion of the comet, changes of observing geometry might have occurred. Assuming the
IAU-adopted phase law as approximation of the phase function, they determined a slope
parameter G = -0.45. Their result implies: 1) a very steep brightness dependence on phase
angle, much steeper than the one we obtained; 2) a possible strong opposition effect. Our
observations of 67P/C-G do not confirm neither of these results. We therefore believe that
indeed aspect angle changes of the nucleus may be responsible for their measurements and
that their phase function relation is not representing properly the light scattering behaviour
of the nucleus of 67P/C-G.
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The slope parameter G is indicative of the gradient of the phase curve. G = 0 indicates a
shallow phase curve, while G = 1 a steep one (Bowell et al. 1989). The opposition effect
is observed in asteroids and typical slope parameters are in the range 0 < G < 0.5 (Bowell
et al. 1989, Tedesco 1989). The slope parameter determined by Lamy et al. (2007) implies
a very strong opposition effect, never observed even for asteroids.

In conclusion, 67P/C-G does not show opposition effect at small phase angles; it only
displays a steep and linear brightness dependence on phase angle in the range between
0.5 and 10°. In this respect 67P/C-G behaves differently from the expectations which
are based on the fact that for instance asteroids display opposition effect at small phase
angles.

5.4 Light curve of the nucleus

The overall shape of the light curve of 67P/C-G is rather the same independently from
the adopted rotational period and linear phase coefficient. 67P/C-G shows an asymmetric
double peak profile. The main peak is wider and brighter than the secondary one and it
presents a modulation which is not seen in the secondary peak. The minima are narrow.
A comparison between our light curve and the ones obtained by Lowry et al. (2006) and
Lamy et al. (2006) is shown in Fig. 5.2. All datasets are phased using the rotational period
T,,s = 12.7047 h and phase angle corrected using 8 = 0.076 mag/’. Lowry et al. (2006)
and Lamy et al. (2006) phase profiles are arbitrarily shift in rotational phase to match our
light curve the best.

As previously mentioned, at the time of our and Lowry et al. (2006) observations the
comet was in its aphelion arc. Instead, Lamy et al. (2006) observed 67P/C-G just after
perihelion. The agreement between our light curve and the one obtained by Lowry et al.
(2006) is very good in shape, amplitude and mean magnitude. The latter does not present
the modulation in the main peak which is instead observed in our phase profile. The light
curve of Lamy et al. (2006), instead, looks different both in shape and in mean magnitude.
Also in this case, we iterate the conclusion that changes of observing geometry between
Lamy et al. (2006) and the other observations might have taken place. Lamy et al. (2007)
reconstructed a possible 3D-shape of 67P/C-G from the inversion of the HST and NTT
light curves; the possible nuclear shape looks highly structured. However, only the global
shape of the nucleus is constrained by the light curves and not the small scale variations
which can be artifacts of the inversion. Since our light curve is very similar to the one of
Lowry et al. (2006), it may also be compatible with the shape of the nucleus modelled by
Lamy et al. (2007).

5.5 Size and shape of the nucleus

Table 5.1 summarizes the amplitude of the light curve of 67P/C-G, its mean absolute
magnitude, effective radius and lower limit for the axis ratio as determined from our
observations and from Lowry et al. (2006) and Lamy et al. (2006).

Note that both Lowry et al. (2006) and Lamy et al. (2006) assume a linear phase coefficient
B = 0.04 mag/’ to determine the absolute magnitude of 67P/C-G used to estimate the
effective radius of the comet, while we use a steeper one (8 = 0.076 + 0.003 mag/°).
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Figure 5.2: Comparison between the light curve of 67P/C-G obtained from our May 2006
+ August 2006 data (black triangles) with the ones from Lowry et al. (2006) (red dia-
monds) and Lamy et al. (2006) (blue crosses). All datasets are phased using the rotational
period T,,, = 12.7047 h and the datasets are phase angle corrected using 8 = 0.076 mag/°.
Lowry et al. (2006) and Lamy et al. (2006) profiles are arbitrarily shifted in rotational
phase to match our light curve the best.

Hmean [mag] Reff [km] Am [mag] a/b
our datasets 1535 £0.04 | 238 £0.04 | 0.40 £ 0.07 | > 1.45 +£0.09
Lowry et al. (2006) | 15.34 = 0.03 | 2.26 = 0.03 | 0.38 £ 0.04 | > 1.42 + 0.05
Lamy et al. (2006) 15.80 1.98 + 0.02 0.44 >1.5

Table 5.1: Mean absolute magnitude, effective radius, amplitude of the lightcurve and
lower limit for the axis ratio for 67P/C-G as determined from our observations, from
Lowry et al. (2006) and Lamy et al. (2006). Note that both Lowry et al. (2006) and Lamy
et al. (2006) assume a linear phase coefficient 8 = 0.04 mag/° to determine the absolute
magnitude used to estimate the effective radius of the comet.

Moreover, as solar apparent R-filter magnitude we used My = -27.14 mag (Lang 1974),
while Lamy et al. (2006) adopted M = -27.09 mag (Hardorp 1980) and Lowry et al.
(2006) used M, = -27.26 mag. To perform a proper comparison, we determined the mean
absolute magnitude of 67P/C-G for Lamy et al. (2006) and Lowry et al. (2006) datasets
using B = 0.076 mag/°. With the determined mean absolute magnitude we calculated the
effective radius of the nucleus of 67P/C-G using Mg = -27.14 mag. We obtained:

1. Lowry et al. (2006) dataset: Ho 976 = 15.34 £ 0.03 mag, R ¢t 1wy = 2.39 £ 0.03 km.
2. Lamy et al. (2006) dataset: Ho 76 = 15.63 mag, R.¢¢1amy = 2.09 + 0.02 km.

Since the Lowry et al. (2006) dataset has been observed at very small phase angle, changes
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in the linear phase coeflicient do not produce changes in the absolute magnitude. The new
determination of the effective radius (R, rowry) 18 in very good agreement with our result.
The discrepancy in the effective radius between our and their published result, as shown in
Table 5.1, is due to the value adopted for the solar apparent R filter magnitude. The mean
absolute magnitude of Lamy et al. (2006) dataset changes when a steeper linear phase
coeflicient is employed. The new determined effective radius R, 1umy 18 still smaller than
our result and it is still not in agreement with our estimation within the uncertainties. This
disagreement is most likely again an effect of changes in the viewing geometry of the
comet between our observations and Lamy et al. (2006) one.

All light curves show similar amplitude and thus similar lower limit for the axis ratio.
Ecliptic comets have usually radius in the range 0.2 — 15 km, with a peak in the distri-
bution for R.ss < 3 km. Regarding the axis-ratio, although there are examples of high
elongated JFCs with a/b > 2, as i.e. comet 19P/Borrelly, most of the cometary nuclei
seem to differ from a spherical body by about 50% (Lamy et al. 2004). Both effective
radius and lower limit of the axis-ratio of 67P/C-G are in the range of values determined
for ecliptic comets. Moreover, they are close to the mean values of both distributions, as
determined by Lamy et al. (2004). Thus, also in this aspect, 67P/C-G is a rather typical
JEC.

5.6 Nucleus colors and reflectance

The average color indices and the corresponding mean spectral reddening of 67P/C-G, as
determined from the photometric observations we performed, are summarized in Table
4.4 and Table 5.2, where they are also additionally compared with the reddening slope
determined from our spectra of 67P/C-G.

V-R [mag] | R-I[mag] | B-R[mag] | Sp[%/1000A] | Sg [%/1000 A]
April 2004 | 0.53 = 0.02 | 0.49 + 0.02 - 12+2 -
June 2004 | 0.38 +0.04 | 0.44 + 0.06 - 5+3 -
May 2006 | 0.54 +0.03 | 0.47 + 0.03 - 11+2 ~11£2
July 2007 | 0.54 +0.05 | 046 +0.04 | 1.37 £0.06 | 10£2°, 11 £2* | 11 £1°, 12+ 1*

Table 5.2: Average color indices of 67P/C-G and the corresponding mean spectral red-
dening (Sp) as determined from the photometric observations in April 2004, June 2004,
May 2006 and July 2007. Sg is the mean reddening slope determined from the spectra
of 67P/C-G observed in May 2006 and July 2007. In April 2004, June 2004 and May
2006 Sp has been determined in the wavelength range 5450 — 7970 A. In July 2007 it has
been determined in the wavelength range 5450 — 7970 A (marked by °) and 4360 — 7970
A (marked by *). In May 2006 Sy has been determined in the wavelength range 5000
— 8500 A, while in July 2007 in addition to the one determined in the aforementioned
wavelength region (marked by °), we determined is also in the wavelength region 4300 —
8500 A (marked by *).

The average color indices show that the comet nucleus is slightly redder than the Sun, as
expected for cometary nuclei (Lamy et al. 2004). Lowry et al. (2006) determined a color
index V-R = 0.41 + 0.04 mag, slightly lower than the ones we obtained. It corresponds
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to a mean spectral reddening of ~ 6 %/1000 A, in the wavelength range 5500 — 6500 A.
Lamy et al. (2006) claim a variation of the nucleus color across the surface of the nucleus,
a result which is not confirmed by our photometry and spectroscopy. Their averaged V-R
color index (0.52 + 0.05 mag) is in agreement with our results, and it corresponds to a
photometric reflectivity gradient of 17% /1000 Ain the wavelength range 5500 — 6500 A,
slightly higher than the reflectivity slope we obtained from our spectra and photometry
(Table 5.2). Since reflectance spectra provide a more detailed picture of the reddening
behaviour, we favour our conclusion of rather uniform surface reflectance and colors of
the nucleus of comet 67P/C-G. The absence of gas emission features in the spectra is not
surprising, since the comet is found without coma as described in Sec. 4.1.

The nuclear colors we determined are slightly redder than the mean colors determined for
ecliptic comets: <V-R> = 0.42 mag, <R-I> = 0.38 mag (Lamy et al. 2004). The absence
of absorption or emission features in our spectra and a rather constant spectral slope is in
agreement with the results of Luu (1993), who obtained visible spectra of inactive comets.
We iterate the conclusion that 67P/C-G is a rather typical Jupiter family comet concerning
its spectral behaviour in the visible wavelength range.

5.7 Tail-like structure

We detected a tail-like structure in our images in April 2004, June 2004 and May 2006.
The aforementioned structure was not present in July 2007. We did not consider the Au-
gust 2006 images for the detection of the tail-like structure due to the too small number
of frames available.

We tried to interpret the tail-like structure in terms of “old” dust trail or neck-line based on
1) geometric considerations (= position angle) and 2) surface brightness variations with
heliocentric distance.

The “old” trail is composed of large dust particles emitted during the previous orbits of
67P/C-G, i.e. 1995/96 and earlier, while the neck-line is made of large dust particles emit-
ted during the last orbit (2002/03 apparition).

1. Geometric considerations
We compare the position angle of the tail-like structure as measured in our images
(PAmeasured) with:

1. The expected position angle of the “old” dust trail, as indicated by the direction of
the heliocentric velocity vector projected in the sky (PA,).

2. The expected position angle of the neck-line, as predicted by dust tail simulations
by J. Agarwal (PAy. ) and by M. Fulle (PAy, ) for the dates of our observations
(private communications).

All the aforementioned position angles are measured counterclockwise North over East
and they are summarized in Table 5.3.

The main difference between the model of J. Agarwal (Agarwal 2007) and the one of M.
Fulle (Fulle at al. 2004) is that the former one allows comet activity only around peri-
helion (from 300 days before to 300 days after perihelion), while the latter one does not
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date PAmeasured [0] PAv [0] PIA‘NL,A [0] PIANL,F [0]
April 2004 295.7+0.2 | 296.8 | 2959 +£0.2 296.1
June 2004 298.1 £0.2 | 297.2 | 2984 £ 0.2 298.7
May 2006 285.6 £0.2 | 2854 | 285.7+0.2 285.5
August 2006 - 288.9 | 289.6+04

July 2007 - 279.1 | 279.8 +0.3 279.2

Table 5.3: Geometry of the tail-like structure in 67P/C-G. PA ,.q5ureq: pOsition angle of the
tail-like structure as measured in our image. PA,: direction of the heliocentric velocity
vector projected in the sky, which indicates the orientation of the “old” dust trail. PAy; 4
and PAy, r: position angle of the neck-line as predicted by Agarwal (private communica-
tion) and Fulle (private communication), respectively. For the August 2006 run, we chose
one of the nights (August 18) as representative of the observing run.

restrict the activity to a certain heliocentric range, but allows 67P/C-G to be active also at
larger heliocentric distance.

The measured position angle of the tail-like structure is in better agreement with the ones
predicted by J. Agarwal and M. Fulle rather than with the direction of heliocentric veloc-
ity vector projected in the sky. Thus, based on geometrical considerations, we conclude
that the tail-like structure is more compatible with a neck-line activity of the comet during
the recent perihelion passage rather with an “old” dust trail.

2. Surface brightness versus heliocentric distance

For an extended object of constant brightness the intensity of the reflected light per sarcsec
should be proportional to 1/r?, where r is the heliocentric distance of the comet at the
time of the observation. Hence, the surface brightness per sarcsec is expected to be a
linear function of log(r). The measured surface brightness is independent of the geocentric
distance A, because the amount of particles per unit solid angle is proportional to A%, while
the radiation received from a single particle is proportional to A~2. The surface brightness
of the “old” dust trail should be a linear function of log(r), since the “old” dust trail is
a more constant phenomenon over time. This assumes that the “old” dust trail is indeed
not subject to major secular brightness variations due to for instance highly variable dust
production profiles over the lifetime of the comet or major changes in the size distribution
of the grains. The neck-line, instead, depends on activity within true anomaly of about
1807 before the observation, thus its surface brightness can vary strongly and in shorter
time scales, as consequence of activity variations along the respective orbit arc.

The surface brightness of the tail-like structure, as measured in our images in April 2004,
June 2004 and May 2006, is not a linear function of log (r) (Fig. 4.22). The decrease in the
tail-like structure surface brightness is very steep between April 2004 and June 2004 and
it becomes shallower between June 2004 and May 2006. This strengthens our conclusion
that the tail-like structure is better compatible with a neck-line phenomenon rather than
with a “old” dust trail.

As a follow-up to this conclusion, we determined the true anomaly within which the large
dust grains which compose the neck-line were emitted (true anomaly of 180 before the
observation). The true anomalies are summarized in Table 5.4. All observing epochs
correspond to earliest emission dates around perihelion, between ~ 1.4 AU pre-perihelion
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and ~ 1.4 AU post-perihelion.

Quhs [O] Qemissiun [0] AQ [0]
April 2004 151 331 -29
June 2004 155 335 -25
May 2006 187 7 +7
August 2006 | 191 11 +11
July 2007 209 29 +29

Table 5.4: True anomaly relative to each observing epoch (£2,,,) and the one correspond-
ing to 1807 before the observation (Q,,issi0n)- AL is the difference between Q,,;s5i0n and
perihelion. Negative values indicate starting emission pre-perihelion, while positive val-
ues starting emission post-perihelion.

How can we explain the changes that we measured in the neck-line surface brightness
(Fig. 4.22) and the non-detection of the neck-line in July 2007?

A possible explanation is that the dust production and size distribution of the dust parti-
cles of 67P/C-G are rather symmetrical and that the total amount of dust in the vicinity of
the comet has changed due to the action of the radiation pressure on the dust grains. In
fact, the neck-line observed in April 2004 is formed by dust grains emitted from approx-
imately the beginning of July 2002, thus almost 2 years before the observation. The dust
grains which would give rise to a neck-line observable in July 2007 would have had to be
emitted at about 1.4 AU post-perihelion or later, i.e. from approximately the beginning of
October 2002. Therefore, the time between the beginning of their emission and their pos-
sible observation is slightly less than 5 years. In the latter case the time passed between
the emission start and the observation is 3 years longer than in the former one. The drift of
the dust grains from the vicinity of the comet by radiation pressure in the aforementioned
three years can be significant and it can be a plausible explanation for the non-detection
of the neck-line in July 2007 and also for the fading of the surface brightness between
April 2004 and May 2006. However, this scenario has difficulties to explain the decrease
of the neck-line surface brightness between April 2004 and June 2004, since they cover
essentially the same period of dust emission.

Another possible explanation could be very rapid changes in the dust production and/or in
the size distribution of the dust particles of 67P/C-G. However, these changes have to take
place within a few days to explain the steep fading of the neck-line between April 2004
and June 2004. Moreover, these scenarios require that the dust production and/or size dis-
tribution display a strong asymmetry pre-to-post perihelion to explain the non-detection
of the neck-line in July 2007.

In conclusion, we could not find a satisfactory - and simple - explanation for rapid changes
in the neck-line surface brightness measured and the non-detection of the structure in July
2007. Refinements of numerical models are needed to find the best explanation of the
observations.

On April 19-21 2004, observations of 67P/C-G in visible wavelength were performed
by Agarwal (2007) with the Wide Field Imager (WFI) at the ESO-MPG 2.2m telescope
on La Silla (Chile). The tail-like structure was clearly detected (Fig. 2.4). Since the
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aforementioned observations were performed very close in time with our April 2004 run,
we compared the cross-cut profile of the tail-like structure we obtained from our images
with the one from Agarwal (2007). The comparison is shown is Fig. 5.3, where the
black solid line corresponds to our cross-cut profile in R filter (displayed in Fig. 4.20),
while the other four curves correspond to cross-cuts profiles obtained by Agarwal (2007)
at about 25" and 47" from the nucleus and using two windows (of 9" and 36") to extract
the cross-cut profile.
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Figure 5.3: Comparison of a cross-cut profile of the tail-like structure obtained from our
observations in April 2004 (black solid curve) and by Agarwal (2007). The four cross-
cuts profiles from Agarwal (2007) have been extracted at 25" and 47" from the nucleus
and employing a 9" and 36" window for the extraction. The profile which was extracted
in the same location as our and with the same window is shown by the red dash dotted
line (distance 25", window 9").

The profile which was extracted in the same location as our and with the same window is
shown by the red dash dotted line (distance 25", window 9"). There is a good agreement
between our cross-cut profile and the one from Agarwal (2007), in particular on the right-
hand side of the image. Moreover, the cross-cut profile by Agarwal (2007) confirms the
excess of brightness measured from our images in April 2004.

5.8 Dust and gas production

We complement our study of 67P/C-G, which focused on the comet behaviour at large
heliocentric distance from the Sun, by a brief analysis of its near-perihelion activity using
published results.

Production rates of different species (gas and dust) in comet 67P/C-G were determined by
several authors (i.e. Hanner et al. 1985, A’Hearn et al. 1995, Osip et al. 1992, Schleicher
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2006, Schulz et al. 2004, Weiler et al. 2004) for the 1982/83, 1995/96 and 2002/03
apparitions. A general conclusion is that all species present a perihelion asymmetry in the
production rates, with a peak about one month after perihelion (see i.e. Fig. 2.2). This
asymmetry might be typical for Jupiter family comets (A’Hearn et al. 1995). Observations
obtained during the comet’s apparition in 1982/83 showed that the coma of 67P/C-G was
depleted in C, with respect to CN (C,/CN =~ 0.49) at a heliocentric distance of 1.4 AU
(A’Hearn et al. 1995). The same depletion was also measured by Schulz et al. (2004)
during the 2002/03 apparition at 2.9 AU post-perihelion (C,/CN < 0.62). A depletion
of the carbon-chain species C, and C; has been observed in many comets, most of them
members of the Jupiter family (A’Hearn et al. 1995). Based on water production rate
of 67P/C-G at 1.41 AU, A’Hearn et al. (1995) estimated an active area on the nucleus
of 1.3 km?, yielding an active fraction of 2.6%. In an similar way, Schleicher (2006)
measured a peak water production of ~ 8 x 10?7 mol/s at ~ 1.35 AU post-perihelion
and determined an active area on the nuclear surface of 1.5 — 2.2 km?. Assuming that
the radius of the nucleus of 67P/C-G is 1.98 + 0.02 km (Lamy et al. 2006) the effective
active area corresponds to an active fraction of about 3 — 4%. Since according to our
results, the effective radius of 67P/C-G is larger than the one determined by Lamy et al.
(2006), the fraction of the nucleus which is active is smaller than the one determined by
Schleicher (2006). The general conclusion is that a small fraction of the nuclear surface
is active, as expected for JFCs (A’Hearn et al. 1995). Gas and dust production rates
of 67P/C-G show similar behaviour during the last three apparitions, indicating that the
comet’s activity did not change significantly during the last orbital passages (Schleicher
2006, Weiler et al. 2004). This behaviour was also observed for most short-period comets
studied by A’Hearn et al. (1995). A dust production rate of Afp ~450 cm at 1.35 AU post-
perihelion was determined by Schleicher (2006). At similar heliocentric distance Weiler
et al. (2004) determined Afp = 428.2 + 59.8 cm. Lamy et al. (2006), with observations
of 67P/C-G performed at 2.5 AU post-perihelion in the 2002/03 apparition, determined
Afp = 40.2 + 0.3 cm. The coma of 67P/C-G looks red with a reddening slope of 32 +
6 %/1000 A (Lamy et al. 2006), of 24 + 1 %/1000 A (Storrs et al. 1992) and 30 + 42
%/1000 A (Schleicher 2006) (although the latter reddening slope, due to the very large
error bar, is not a very constraining result). Weiler et al. (2004), instead, obtained -0.7 +
5.1 %/1000 A, which would imply a gray color of the coma dust of 67P/C-G. According to
the reddening slopes determined by Lamy et al. (2006) and Storrs et al. (1992), the coma
of 67P/C-G looks much redder than the nucleus of the comet, for which we determined a
reddening slope slightly higher than 10 %/1000 A based on photometry and spectroscopy
(Table 5.2).

5.9 Comparisons with other “spaceflight” comets

Thanks to the observations we performed when 67P/C-G was at large heliocentric dis-
tance, a good characterization of the nucleus of the ROSETTA target comet and its dust
environment far away from the Sun has been drawn. Based on the results summarized in
Chapter 4 and discussed in the previous sections, 67P/C-G looks a rather typical Jupiter
family comet.

We can compare the characteristics of 67P/C-G with those of well-studied cometary nu-
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clei, i.e. 1P/Halley, 19P/Borrelly, 9P/Tempel 1 and 81P/Wild 2, fly-by targets of space
missions. While 1P/Halley is a long-period comet, the other three are classified as Jupiter
family comets.

Resolved images display irregular shaped and topologically diverse cometary nuclei (Fig
1.6). While comet 1P/Halley, 19P/Borrelly and 9P/Tempel 1 are well described by a pro-
late ellipsoid, the nucleus of comet 81P/Wild 2 is more rounded and has an oblate shape.
Based on the lower limit for the axis ratio we determined from our light curve, the nu-
cleus of 67P/C-G could be comparable to the one of 9P/Tempel 1, which display a ratio
between the longest and the shortest dimension of ~ 1.55. 1P/Halley and 19P/Borrelly
nuclei are more elongated, with an axis ratio of 2.1 and 2.5, respectively. Moreover, the
two aforementioned cometary nuclei have a larger size than comet 67P/C-G (Keller et al.
2004). The effective diameter of comet 1P/Halley is 9.8 + 0.9 km (Ferrin 2005). A’Hearn
et al. (2005) determined a mean radius of comet 9P/Tempel 1 of 3.0 + 0.1 km, of the same
order of magnitude of the nuclear radius of 67P/C-G. The nucleus of comet 81P/Wild 2
is best approximated by a tri-axial ellipsoid with radii of 1.65 x 2.00 x 2.75 + 0.05 km
(Brownlee et al. 2005). Thus, the effective diameter is 3.93 + 0.10 km (Ferrin 2005),
slightly smaller than the value we determined for the nucleus of 67P/C-G.

Ferrin (2005) and Ferrin (2007) present, among others, the annual light curves of comet
1P/Halley, 19P/Borrelly, 9P/Tempel 1, 81P/Wild 2 and 67P/C-G. For each comet they de-
termined at which heliocentric distance before perihelion the activity stars and when after
perihelion the comet becomes inactive. The turn-on distance of comet 1P/Halley is 6.15
+ 0.19 AU and its turn-off distance is 12.56 + 0.02 AU. However, West et al. (1991) de-
tected an outburst when 1P/Halley was at heliocentric distance of 14.31 AU. The activity
of 19P/Borrelly started at 2.9 + 0.1 AU pre-perihelion and the comet was still active at
r > 5 AU post-perihelion. Comet 9P/Tempel 1 was detected active between 3.47 + 0.05
AU pre-perihelion and 4.20 + 0.05 AU post-perihelion. Observations of comet 81P/Wild
2 show that its activity starts at 4.4 + 0.1 AU pre-perihelion and the turn-off point is 5.8
+ 0.8 AU (Ferrin 2005). It has to be noticed that, since the aphelion distance of 81P/Wild
2 is 5.3 AU, the aforementioned statement can be interpreted as the comet is always ac-
tive, even at aphelion. Moreover, Pittichova and Meech (2001) found the comet is indeed
active at heliocentric distance of 4.9 AU post-perihelion, which supports the hypothesis
of activity in the aphelion arc. Finally, the turn-on point for comet 67P/C-G should be
at 2.8 + 0.1 AU pre-perihelion and the off-set of the activity might be around 4.0 + 0.1
AU post-perihelion. Images of 67P/C-G, obtained at the beginning of June 2008 when
the comet was at heliocentric distance of ~ 3 AU, show that the comet was active (Tozzi,
private communication).

Comets 1P/Halley, 19P/Borrelly and 81P/Wild 2 are found active at large heliocentric
distances. Thus, most likely this activity is driven by ices which sublimate at lower tem-
perature with respect to water ice (i.e. CO, CO;). Thanks to our observations, we can
exclude that 67P/C-G shows significant activity in the aphelion arc. Also concerning ac-
tivity, 67P/C-G looks similar to comet 9P/Tempel 1, which does not show activity at large
heliocentric distance.

Osip et al. (1992) compared the Afp of 67P/C-G with the one of comet 1P/Halley, ob-
taining that the one of 67P/C-G is about a factor of 40 below that of 1P/Halley. Resolved
images of comets 1P/Halley, 19P/Borrelly, 81P/Wild 2 and 9P/Tempel 1 show that the
activity is concentrated in localized regions of the nuclear surface. The water production
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rate measured by different authors (i.e. A'Hearn et al. 1995, Schleicher 2006) implies that
only a small fraction (few percents) of the nuclear surface of 67P/C-G is active. Even
though more precise information will come only thanks to resolved images of the nucleus
of 67P/C-G by cameras onboard the ROSETTA spacecraft, the aforementioned result in-
dicates similarities between the nucleus of 67P/C-G and the ones of the other well-studied
comets. Moreover, resolved images of the nucleus of 67P/C-G will allow to determine the
exact shape of this cometary nucleus and compare the nuclear surface of 67P/C-G with
the one of the other well-studied comets.

A common characteristic of 1P/Halley, 19P/Borrelly, 9P/Tempel 1 and 81P/Wild 2 nuclei
is that their albedo is very low, locating cometary nuclei among the darkest objects in the
Solar System. Combining visible and IR observations of 67P/C-G Lamy et al. (2004b)
determined an albedo of 0.044 (in R filter). This value is close to the albedo measured for
comet 1P/Halley and in agreement with the value usually assumed for comets.
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6 Conclusions

The results we present in this thesis help to complete the portrait of the nucleus of 67P/C-
G and its dust environment at large heliocentric distance. Based on its rotational period,
size and shape, nuclear colors and visible reflectance spectra, activity at large heliocentric
distance, 67P/C-G is a rather typical Jupiter family comet. The determination of its phase
function emphasizes that the behaviour of some cometary nuclei at small phase angle
might be different from that of asteroids, which display opposition effect. Moreover, it
also underlines that the linear phase coefficient 8 = 0.04 mag/’, usually assumed for JFCs,
might not be always a good representative for the dependence of brightness versus phase
angle. For instance, already in two cases (67P/C-G and 2P/Encke) a steeper linear phase
coefficient has been determined. In conclusion, this could indicate that comets display
different light scattering properties compared to other small bodies in the solar system
(i.e. asteroids).

No observations of 67P/C-G from previous aphelion passages are available which can

be compared with our results to evaluate whether changes in the comet’s behaviour at
large heliocentric distance took place during the last apparitions. Since the activity of
67P/C-G in the perihelion arc did not change significantly during the last orbital passages
(Schleicher 2006, Weiler et al. 2004), this might suggest that also the comet’s behaviour
at large heliocentric distance did not change from one orbital revolution to the other. Thus,
we could expect that during its approach to 67P/C-G, ROSETTA will find the same con-
ditions we detected during our observations.
In the current orbit, 67P/C-G was not active in the aphelion arc, between 4.6 AU pre-
aphelion and 4.6 AU post-aphelion. The latter one is the location at which the first ap-
proach of the ROSETTA spacecraft to 67P/C-G will take place. Thus, the knowledge
that we acquired about the dust environment of 67P/C-G at large heliocentric distance is
relevant for a good planning of the ROSETTA spacecraft rendezvous with the comet.
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A FORS?2 filters and grism used in the
observing runs

Photometric observations with FORS?2 at the ESO VLT Observatory have been performed
using Bessell B, V, R and I filters. Their transmission curves are plot in Figure A.1,
while the central wavelength and the Full Width Half Maximum (FWHM) of each filter
is summarized in Table A.1.

Filter | Aconrar [A] | FWHM [A]
B 4290 880
\Y% 5540 1115
R special 6550 1650
I 7680 1380

Table A.1: Central wavelengths (A;..;e;) and Full Width Half Maximum (FWHM) of the
Bessell filter used for imaging of 67P/C-G.
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Figure A.1: Transmission curves of the Bessell filters used for the photometric observa-
tions of 67P/C-G. Figure adapted from FORS2 manual: http://www.eso.org/sci/facilities/
paranal/instruments/fors/doc/VLT-MAN-ESO-13100-1543_v82.pdf.
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A FORS?2 filters and grism used in the observing runs

Note that the transmission curve of the R special filter is more edge-shape compared to
the normal Bessell R filter in order to exclude regions of bright sky lines.

Spectra of the 67P/C-G were obtained with the low resolution grism 1501+27. Its
wavelength range is A4 = 3500 — 11000 A andithasa dispersion of 3.45 A/pix. Its cental
wavelength is Agppa = 7200 A and the grism resolution for a 1" slit at Aeeye 18 A/AL =
260. The efficiency curve of the grism 1501+27 is plotted in Figure A.2.

100 w i | | | |
80 - -

60 | \“\“\“\.\ —

response [%]

O_Lllillllwlwl||1

400 500 600 700 800 900 1000 1100
wavelength [nm]

Figure A.2: Efficiency curve of the low resolution grism 1501+27. Figure adapted from
FORS2 manual: http://www.eso.org/sci/facilities/ paranal/instruments/fors/doc/VLT-
MAN-ESO-13100-1543_v82.pdf.
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B Flux calibration of photometric
images

B.1 Aperture photometry

Aperture photometry is a simple approach to determine the measured magnitude of a point
source, i.e. a star or a not-active comet. For our application using the MIDAS software
package, three concentric circles are employed (Fig. B.1). The inner circle is used to
measure the relative flux (or magnitude) of the object, while the external anulus is used to
determine the sky background. The middle anulus is not employed in the measurement
itself, but allows to change the location for the background determination.

Figure B.1: Example of aperture photometry.

The inner circle has to be large enough to contain all the object flux, but at the same
time small enough to avoid high background, which increases the noise compared to the
object signal, i.e. decreasing the S/N ratio. This second requirement is of high importance
in case of photometric measurements of faint objects. A good criterion is to choose a inner
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B Flux calibration of photometric images

circle diameter of > 3XFWHM of the object. The sky background has to be determined
in a region free from background object contaminations. Varying the amplitude of the
middle anulus, the best location for the sky background determination can be selected.
Since sky background variations can take place across the CCD, the closer to the object
the sky background measurement is performed, the better it is.

A good rule is to use the same aperture (i.e. diameter of the inner circle) during the
measurement of the object magnitude in images belonging to the same dataset. Unfor-
tunately this is not always possible. For instance, when the seeing increases, the point
spread function of the object is modified: its FWHM increases. Thus, to avoid to under-
estimate the object flux a larger aperture has to be employed.

B.2 Atmospheric extinction

Earth’s atmosphere is not completely transparent. Dust particles, droplets of water and
molecules scatter and absorb light as it passes through the air; the longer the path in the
atmosphere, the greater this effect is. Absorption and scattering are wavelength depen-
dent: the shorter wavelengths are affected more than the longer ones. Thus, the longer the
path that the object light has to make in the Earth’s atmosphere is, the dimmer and redder
the object gets. This effect is called atmospheric extinction. Correcting for atmospheric
extinction results in the object’s magnitude and color as they would appear to an observer
above the Earth’s atmosphere.

The effect of extinction depends upon the altitude of the object above the horizon. The
minimum path length is for an object in zenith; this thickness of the atmosphere is called,
by definition, one air mass (AM). The air mass increases as the zenith angle (angle be-
tween the zenith, the observer and the object) increases (see Fig. B.2).

. COMET

ZENITH

h + dh

ATMOSPHERE

TELESCOPE
Figure B.2: I is the incoming light beam and z the zenith angle.

The expression to calculate the air mass is:

N i p(h) seclz(h)] dh
fh’: o(h) dh

(B.1)

where z is the zenith angle and p(h) is the specific mass of air. Assuming an homogeneous
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B.2 Atmospheric extinction

(no refraction), plane-parallel (Earth’s curvature neglected) atmosphere, the air mass can
be approximated as:

AM = sec(z), (B.2)

where 7 is the zenith angle. Let’s consider observations of a star as it approaches and
passes through the zenith. Plotting the measured magnitude against the air mass, it is
immediate to see that the measured magnitude decreases approximately linearly as the
air mass increases (for AM < 2.5). The slope of the curve is the extinction coefficient.
The measured magnitude (m,,.,;) of a star can now be corrected (in the first order) for
extinction:

my = Myeqs — k - AM, (B.3)

where my is the magnitude that the star would have if it would be seen from above the
Earth’s atmosphere and & is the extinction coefficient (Bouguer’s law).

Before we mentioned that extinction depends upon the wavelength and it is usually higher
for blue light than for red one. Thus, making observations through different filters, we ob-
tain different extinction coefficients.

When we perform an observation, we have to deal with three aspects: the spectral sen-
sitivity (or response) of the detector in use, the transmission curve of the optical system
which is usually determined by the filter transmission curve and the spectral energy dis-
tribution of the observed object. All of them are wavelength dependent, as shown in Fig.
B.3.

The combined spectral sensitivity of the detector and the transmission curve of the filter
(optical system) defines a wavelength range that in turn sets the color system which can
be used for the observations.

The combination of the transmission curve of a filter with the spectral energy distribution
of an object determines the distribution of energy in the transmitted beam. Thus the trans-
missivity of a filter depends upon the color of the incident light.

The color index is defined as the difference between magnitudes determined at two
specific wavelengths (for example blue and red). Therefore, the true color index (outside
the atmosphere) is given by:

Co=By—Ry=B—-kp-AM)—(R—kg-AM) =C — k¢ - AM, (B.4)

where k¢ = kg — kg is the color coefficient of the instrumentation used and C = B - R is
the measured color index.

Since the extinction coeflicient of a blue star is different from the one of a red star, the
color coeflicient for a blue star is different from the color coeflicient for a red star. A way
to take into account of this effect is to introduce a second-order extinction correction. This
correction is quite small in the visible and longer wavelengths and it can often be ignored,
as we do for our observations.
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B Flux calibration of photometric images
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Figure B.3: (a): transmission curve of R special filter with transmissivity on the y-axis
and wavelength (in nm) on the x-axis. Figure from FORS2 user manual. (b): quantum
efficiency of the detector. Figure adapted from FORS?2 spectral sensitivity image from
FORS2 user manual. (c): blackbody radiation for different temperatures.

B.3 Color transformation

When observations of one object are performed, measurements depend upon the tele-
scope, filter, detector and altitude of the observatory. All these characteristics define a
photometric system. Once the data are extinction corrected, they have to be compared
with data obtained at other sites, with other filters and detectors. Even working in well-
established systems the instrumental responses of various equipment (i.e. CCD camera,
filters) are rarely identical. For instance, the transmission curves and the central wave-
lengths of the original Bessell filters are different from the ones of the Bessell filters used
for the observations. A color transformation is needed to transform data obtained with a
particular photometric system to a standard system.

Many stellar sources have a spectral energy distribution that resembles the one of
a blackbody. Thus we evaluate the color transformation for a blackbody. The energy
distribution of a blackbody at temperature 7 is given by the Planck equation
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B.3 Color transformation

L) = %f[exp(;]i—;) - 1]_1, (B.5)

where / and k are the Planck and Boltzmann constants, respectively. Examples of black-
body energy distribution for different temperatures are shown in Fig. B.3 (c).
The monochromatic magnitude of a blackbody at temperature 7 is:

m() = 12.5 log() + 2.5 log[exp(%) - 1] L CQ). (B.6)

where m(A) is the object magnitude already corrected for extinction. The first term on
the right side of the equation does not depend on characteristics of the energy source
or of the atmosphere, but only on wavelength. It is a zero-point contribution and it can
be incorporated in C(A1), together with the sensitivity of the equipment which is also a
function of wavelength. In the conditions of the Wien approximation (hc/AkT > 1), Eq.
B.6 becomes:

h
m(A) = 2.5 log(e) [M—CT] + ), (B.7)

where the magnitude is a linear function of 1/4 with a proportionality factor depending
on the temperature 7 of the blackbody.
Similarly, a color index defined between wavelengths 4; and A, includes a linear term in

1 _ 1|
Lo Al

heyl 1
mdy) — m(Ay) = 2.5 log(e) [k—;](ﬁ—z - 1_1) + C(Ay) — C(y). (B.8)

We can assume now that a standard system is established with wavelengths A3 and A4
and the wavelengths of our instrumental photometric system (with which we measure
blackbodies) are 4; and A,, with 4; =~ A3 and A, ~ A4, expressing that with our equipment
we are trying to reproduce the standard photometric system.

Combining Eq. B.7 and B.8 we obtain the expression for m(A3):

1 1

A3 A
1 1

e A

m(A3) —m(d;) =

- [m(A) —m(A)] + C, (B.9)

where all zero-point terms have been grouped in C which is function of 4;, A, and A3. The
color transformation necessary to bring the magnitude m(4,) of a blackbody in the instru-
mental photometric system to the magnitude m(A3) in the standard photometric system
is:

m(A3) —m(d;) = Az - [m(A) —m(4,)] + C3, (B.10)

where A; can be calculated from the values of wavelengths A, A, and A3, while the zero-
point constant C3 depends only on the characteristics of the observing equipment. Aj is
called color coefficient; it is an instrumental parameter and it should not vary with time.
[m(4;) — m(A4;)] is the color of the blackbody. For the Sun the Wien approximation is not
valid; a generalized first order approximation is used.
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B Flux calibration of photometric images

In summary, in order to compare observations performed in different locations and
with different instruments, data have to be corrected for the presence of the atmosphere
between the observer and the object and for the color sensitivity of the optical system.
The flux calibrated measured magnitude of the object is called apparent magnitude and it
is determined using:

Myapparent = Mimeas + Mgero point — k-AM + A - COZOF, (Bll)

where m,qqs 1 the measured magnitude, M., ,oin: the zero point, k and A the extinction
and color coeflicients, respectively, and “color” is the color of the object.

The color of the object is often not known. In first approximation the color of the Sun
can be used instead of the color of the object and with an iterative process the color of
the object can be determined. The error introduced using the color of the Sun as object
“color” is usually smaller than the uncertainties on the other parameters in Eq. B.11 since
the color coeflicient A is small. Thus, often the iterative procedure is not applied and the
Sun color is used instead by default.

B.4 Determination of flux calibration coefficients

Flux calibration coefficients (zero point, extinction coefficient and color coefficient) are
determined using photometric standard star fields observed with the same instrument con-
figuration (optic filter, detector and operation mode) as for the science frames. For those
stars the visual magnitude together with their colors B-V, U-B, V-R and R-I, obtained
using a standard photometric system (for instance the original Bessell filters), is tabulated
(Landolt 1992). An example of photometric standard star field (PG1047+003) is shown
in Fig. B.4.

After the photometric standard star fields have been fully reduced (Sec. 3.4), with
the technique of aperture photometry we measured the magnitude of the reference stars.
Using Eq. B.11, where the apparent magnitude corresponds to the tabulated one, for
each reference star we obtain a linear equation in which the flux calibration coeflicients
(Mgero poinss K and A) are unknown:

y=a+b-x+c-z (B.12)

where y = Myupuaed - Mpeas 1S the difference between the tabulated and the measured
magnitude of the star, a = M., poin: 18 the zero point, b = - k the extinction coefficient and
x = AM the airmass at which the star has been observed, ¢ = A the color coeflicient and z
is the color of the star.

The flux calibration coeflicients, together with their errors, can be determined with the
least square method, which minimizes the sum of the squares of the residuals:

n

Z [a + bx; + cz; — yil*. (B.13)

i=1
This procedure can be applied if several standard star fields are observed and they cover

a wide airmass range.
In case only one photometric standard star field is observed, it is not possible to determine
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B.4 Determination of flux calibration coefficients

: 5

jE i "« .PG1047+003

Figure B.4: Photometric standard star field PG1047+003. The position of the four refer-
ence stars is marked. Figure from Landolt (1992).

all three flux calibration coefficients in the way described. Thus, the zero point is deter-
mined from Eq. B.11, assuming extinction and color coefficients as provided by ESO for
the night of the observation or as determined from previous observations. It is possible to
adopt the flux calibration coefficients determined from a previous observation if: 1) the
observations are close in time; 2) no changes in the configuration of the equipment took
place (i.e. cleaning of the mirror, change of filter); 3) the atmosphere is stable.
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C Table of measured brightness of
67P/C-G

Reduced magnitude m(1,1,e) in R filter from April 2004, June 2004, May 2006, August
2006 and July 2007 observations. o is the error in the reduced magnitude and “Day” is
the day of the observation.

time (h) m(1,1,@) [mag] o [mag] Day

0.465 15.44 0.05 1
0.560 15.46 0.05 1
0.657 15.47 0.05 1
0.751 15.57 0.05 1
0.854 15.59 0.05 1
1.143 15.60 0.05 1
1.237 15.61 0.05 1
2.850 15.38 0.05 |
2.944 15.35 0.05 1
3.040 15.36 0.05 1
3.421 15.33 0.05 1
4.179 15.37 0.05 1
4.274 15.37 0.05 1
5.918 15.26 0.05 1
6.013 15.30 0.05 1
6.201 15.28 0.05 1
6.295 15.33 0.05 1
6.488 15.31 0.05 1
6.980 15.33 0.05 1
8.126 15.51 0.05 1
8.408 15.56 0.05 1
8.503 15.58 0.05 1
8.602 15.64 0.05 1
8.695 15.58 0.05 1
8.884 15.50 0.05 1
119.979 15.37 0.05 2
120.305 15.38 0.05 2

continued on next page...
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C Table of measured brightness of 67P/C-G

...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

120.405 15.20 0.05 2
120.502 15.36 0.05 2
120.595 15.18 0.05 2
120.689 15.17 0.05 2
120.782 15.20 0.05 2
120.915 15.23 0.05 2
121.009 15.22 0.05 2
121.102 15.23 0.05 2
121.289 15.23 0.05 2
121.387 15.28 0.05 2
121.481 15.29 0.05 2
121.575 15.27 0.05 2
121.669 15.31 0.05 2
122.338 15.41 0.05 2
123.094 15.39 0.05 2
123.188 15.51 0.05 2
123.304 15.62 0.05 2
123.398 15.61 0.05 2
123.491 15.62 0.05 2
123.586 15.26 0.05 2
123.680 15.56 0.05 2
124.496 15.49 0.05 2
124.590 15.43 0.05 2
124.683 15.41 0.05 2
124.777 15.35 0.05 2
124.875 15.35 0.05 2
124.969 15.30 0.05 2
125.063 15.35 0.05 2
125.156 15.31 0.05 2
125.250 15.31 0.05 2
125.809 15.35 0.05 2
125.902 15.35 0.05 2
125.996 15.39 0.05 2
126.089 15.41 0.05 2
126.184 15.32 0.05 2
126.282 15.24 0.05 2
126.376 15.34 0.05 2
126.470 15.37 0.05 2
126.563 15.27 0.05 2
126.657 15.29 0.05 2
127.994 15.49 0.05 2

continued on next page...
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C Table of measured brightness of 67P/C-G

...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

128.088 15.44 0.05 2
128.562 15.47 0.05 2
128.656 15.52 0.05 2
128.750 15.49 0.05 2
143.737 15.44 0.05 3
143.831 15.40 0.05 3
143.925 15.35 0.05 3
144.019 15.30 0.05 3
144.398 15.24 0.05 3
144.492 15.26 0.05 3
146.089 15.27 0.05 3
147.472 15.35 0.05 3
147.566 15.41 0.05 3
147.660 15.36 0.05 3
149.157 15.48 0.05 3
149.251 15.51 0.05 3
149.344 15.54 0.05 3
149.550 15.49 0.05 3
151.751 15.37 0.05 3
152.172 15.35 0.05 3
152.270 15.23 0.05 3
152.365 15.33 0.05 3
152.459 15.33 0.05 3
152.570 15.29 0.05 3
152.669 15.39 0.05 3
152.763 15.39 0.05 3
152.857 15.34 0.05 3
2016.982 16.23 0.05 4
2017.112 16.26 0.05 4
2017.220 16.20 0.05 4
2040.754 16.21 0.05 4
2040.863 16.20 0.05 4
2040.971 16.24 0.05 4
2137.801 15.99 0.05 4
2137918 15.98 0.05 4
2138.027 16.06 0.05 4
2158.769 16.05 0.05 4
2158.937 16.07 0.05 4
2159.046 16.11 0.05 4
10007.328 15.83 0.06 7
10007.369 15.75 0.06 7

continued on next page...
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...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

10007.410 15.86 0.06 7
10007.450 15.83 0.06 7
10007.490 15.82 0.06 7
10007.535 15.77 0.06 7
10007.575 15.80 0.06 7
10007.615 15.84 0.06 7
10007.655 15.78 0.06 7
10007.696 15.82 0.06 7
10007.740 15.78 0.06 7
10007.780 15.84 0.06 7
10007.821 15.83 0.06 7
10007.862 15.84 0.06 7
10007.902 15.78 0.06 7
10007.947 15.87 0.06 7
10007.987 15.82 0.06 7
10008.027 15.83 0.06 7
10008.068 15.78 0.06 7
10008.109 15.90 0.06 7
10008.155 15.85 0.06 7
10008.195 15.89 0.06 7
10008.235 15.85 0.06 7
10008.276 15.80 0.06 7
10008.316 15.87 0.06 7
10008.360 15.84 0.06 7
10008.400 15.80 0.06 7
10008.441 15.79 0.06 7
10008.481 15.79 0.06 7
10008.522 15.82 0.06 7
10008.567 15.80 0.06 7
10008.607 15.77 0.06 7
10008.655 15.71 0.06 7
10008.705 15.71 0.06 7
10008.745 15.73 0.06 7
10008.790 15.68 0.06 7
10008.830 15.73 0.06 7
10008.871 15.79 0.06 7
10008.912 15.71 0.06 7
10008.953 15.81 0.06 7
10010.020 15.77 0.06 7
10010.061 15.76 0.06 7
10010.104 15.66 0.06 7

continued on next page...
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...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

10010.145 15.67 0.06 7
10010.185 15.70 0.06 7
10010.231 15.80 0.06 7
10010.663 15.60 0.06 7
10010.704 15.61 0.06 7
10010.746 15.61 0.07 7
10010.787 15.60 0.06 7
10010.829 15.62 0.06 7
10010.910 15.62 0.06 7
10010.951 15.63 0.06 7
10010.993 15.56 0.06 7
10011.034 15.67 0.06 7
10011.078 15.63 0.06 7
10011.168 15.61 0.06 7
10011.210 15.61 0.06 7
10011.251 15.61 0.06 7
10011.293 15.64 0.06 7
10011.335 15.62 0.06 7
10011.380 15.65 0.06 7
10011.422 15.71 0.06 7
10011.463 15.62 0.06 7
10011.504 15.64 0.06 7
10011.546 15.66 0.06 7
10011.590 15.63 0.06 7
10011.632 15.65 0.06 7
10011.674 15.68 0.06 7
10011.715 15.70 0.06 7
10011.758 15.56 0.06 7
10011.816 15.64 0.06 7
10011.858 15.65 0.06 7
10011.899 15.65 0.06 7
10011.942 15.66 0.06 7
10011.983 15.63 0.06 7
10012.029 15.68 0.06 7
10012.070 15.63 0.06 7
10012.113 15.74 0.06 7
10012.157 15.77 0.06 7
10012.200 15.69 0.06 7
10012.246 15.69 0.06 7
10012.288 15.64 0.06 7
10012.330 15.68 0.06 7

continued on next page...
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...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

10012.372 15.71 0.06 7
10012.413 15.70 0.06 7
10012.459 15.67 0.06 7
10012.501 15.72 0.06 7
10012.543 15.72 0.06 7
10012.584 15.71 0.06 7
10012.733 15.72 0.06 7
10012.775 15.71 0.06 7
10012.816 15.80 0.06 7
10012.858 15.78 0.06 7
10013.379 15.86 0.06 7
10013.418 15.82 0.06 7
10013.457 15.84 0.06 7
10014.038 15.88 0.06 7
10014.079 15.88 0.06 7
10014.212 15.93 0.06 7
10014.254 15.87 0.06 7
10014.296 15.93 0.06 7
10014.380 15.95 0.06 7
10014.427 15.92 0.06 7
10014.470 15.94 0.06 7
10014.514 15.89 0.06 7
10014.556 15.91 0.06 7
10014.597 15.90 0.06 7
10014.647 15.87 0.06 7
10014.689 15.86 0.06 7
10014.731 15.85 0.07 7
10014.815 15.84 0.06 7
10014.861 15.89 0.06 7
10014.906 15.87 0.06 7
10014.947 15.82 0.07 7
10014.989 15.79 0.07 7
10015.032 15.88 0.07 7
10015.077 15.79 0.07 7
10015.120 15.74 0.07 7
10015.205 15.66 0.07 7
10015.246 15.72 0.07 7
10015.292 15.69 0.07 7
10015.335 15.62 0.07 7
10015.377 15.66 0.07 7
10015.420 15.64 0.07 7

continued on next page...
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...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

10015.462 15.65 0.07 7
-0.340 15.97 0.10 5
-0.252 16.04 0.08 5
-0.168 15.97 0.09 5
-0.117 16.06 0.08 5
-0.065 16.06 0.08 5
-0.016 16.18 0.09 5
0.033 16.10 0.09 5
0.082 16.06 0.08 5
0.132 16.08 0.08 5
0.182 16.02 0.08 5
0.231 16.19 0.08 5
0.280 16.12 0.09 5
0.329 16.13 0.08 5
0.476 16.11 0.06 5
0.566 16.18 0.06 5
0.655 16.15 0.06 5
0.746 16.23 0.06 5
0.835 16.16 0.06 5
0.925 16.19 0.06 5
1.015 16.15 0.06 5
1.105 16.15 0.06 5
1.285 16.15 0.06 5
1.453 16.10 0.04 5
1.543 16.17 0.05 5
1.633 16.18 0.04 5
1.722 16.20 0.04 5
1.813 16.20 0.05 5
1.903 16.33 0.04 5
1.993 16.25 0.04 5
2.083 16.20 0.04 5
2.172 16.26 0.04 5
2.263 16.29 0.05 5
0.464 15.58 0.04 6
0.558 15.52 0.04 6
0.886 15.57 0.04 6
0.980 15.58 0.04 6
1.321 15.48 0.04 6
1.416 15.49 0.04 6
1.513 15.48 0.04 6
1.607 15.44 0.05 6

continued on next page...
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C Table of measured brightness of 67P/C-G

...continued from previous page

time (h) m(l,1,@) [mag] o [mag] Day

1.715 15.49 0.04 6
1.810 15.48 0.04 6
1.906 15.51 0.04 6
2.000 15.46 0.05 6
2.294 15.46 0.04 6
2.388 15.47 0.04 6
3.902 15.37 0.04 6
4.018 15.37 0.04 6
4.117 15.27 0.04 6
4.212 15.28 0.04 6
4.530 15.30 0.04 6
4.624 15.29 0.04 6
5.068 15.24 0.04 6
5.162 15.29 0.04 6
5.261 15.29 0.04 6
5.358 15.29 0.04 6
6.488 15.52 0.04 6
6.582 15.55 0.04 6
6.679 15.62 0.04 6
6.773 15.57 0.04 6
7.365 15.67 0.05 6
7.459 15.42 0.11 6

Table C.1: Results of R filter photometry of 67P/C-G for all observing runs. m(1,1,@) 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 2006; 5 = June 2004; 6 = April
2004; 7 = July 2007. The time relative to May 2006, August 2006 and July 2007 runs is
normalized to May 26, 2006 00:00 UT. The time series of April 2004 and June 2004 are
normalized to April 15, 2004 00:00 UT and June 16, 2004 23:20 UT, respectively. The
times are light-time corrected.
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D Rotational period and phase
function determination

For the determination of the rotational period and phase function of 67P/C-G we used
two methods: the Phase Dispersion Minimization with weighting (hereafter PDM) and
the y? minimization using a sum of harmonics fitted to the observations (hereafter y*
minimization). Both methods measure the quality of the rotational phase profile for a
number of trial rotational periods simultaneously with, in this implementation, the phase
function coefficient.

D.1 Phase Dispersion Minimization method

In the PDM method (Stellingwerf 1978, Drahus & Waniak 2006) the dataset is divided
in bins (of equal width) and inside each bin the mean value of the data points is deter-
mined. What has to be minimized is the dispersion of the data points with respect to the
mean value inside each bin. The best rotational period is the one producing the least ob-
servational scatter in such a grid of bins. Mathematically, PDM is a least-square fitting
technique where the fit is relative to the mean curve as defined by the means of each bin.
The PDM algorithm returns, for each value of the trial rotational frequency f, and phase
coefficient, the quantity ® whose minima indicate possible periodicities present in the
light curve. This parameter is defined as:

O-bin
0= (D.1)

where the numerator is the variance in the phased binned data and the denominator is the
total variance of the measured points. The expression of the former term is (Drahus &
Waniak 2006):

A= () )|

W jk)_l (D.2)

where M is the number of computational windows, equal to the product of the number of
bins times the number of covers (M = N,N.), M; is the number of non-empty windows,
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D Rotational period and phase function determination

n; the number of points in the j-th window, S are the data points and w j their weights.
S ; is the mean signal in the j-th window:

nj

The total variance of the measured point is (Drahus & Waniak 2006):

Ty = %( Z‘ wi(S; — Szm)z)( Z‘ wi)_l, (D.4)

i=

where N is the number of data point, S; are the measured data points and w; their weight.
S 1o is the mean value, given by:

The working parameters of the PDM algorithm are the number of bins N, and the number
of covers N.. The optimum number of bins in which the phase window has to be divided
depends upon the number of data points to analyse and on their accuracy. If too few bins
are used, real variabilities in the light curve can be interpret as noise and thus solutions
can be missed. This is shown in Fig. D.1 (left panel) where N, = 3 is used. The dispersion
of the data with respect to the mean value inside each bin is very high, due to the too large
bin width employed.

If, instead, a too large number of bins is employed (Fig. D.1, right panel) artificial struc-
tures can be introduced and the method is unstable due to the poor data statistics in the
computational windows. A good approach is to choose the number of bins in order to
have in average at least 3 data points per bin and that the standard deviation in each bin is
comparable with the accuracy of the measurements.
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Figure D.1: Phased light curve of 67P/C-G. The red vertical lines show the bins used.
Left panel: N, = 3. Right panel: N, = 100. In order to resolve the individual bins, a zoom
of a part of the whole phase range is displayed.
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D.2  y? minimization method

D.2 )’ minimization method

The y? minimization method consists in minimizing the dispersion of the data with respect
to a synthetic profile which, in our case, is a sum of K harmonics:

K
mag(t) = magy + Z a, - sin2rnfy t + ¢,)

n=1

K
magy + ZA” -sin(2nnfy t) + B, - cos2nrnfy 1), (D.6)

n=1

where mag is the mean magnitude and f, the rotational frequency. For each value of f;
we obtain a different synthetic profile.

As for the PDM method, also the y?> minimization method returns, for each value of the
trial rotational frequency f, and phase coefficient, the quantity ® whose minima indicate
possible periodicities present in the light curve. This parameter is defined in a similar way
as for the PDM:

o=-1" (D.7)

where the numerator is the variance with respect to the synthetic profile and the denomi-
nator is the total variance of the measured points (Equation D.4).

The single parameter of the x> minimization method is the number of frequencies Ny, i.e.
the number of harmonics including the base frequency that are used for fitting. The num-
ber of frequencies to employ depends on the light curve which has to be reproduced and
thus caution has to be taken in its choice. When too low order synthetic profiles are used,
the real variations in the light curve are interpreted as noise, while too high order profiles
might led to fitting of structures which are not real. Figure D.3 shows the light curve of
67P/C-G with superimposed synthetic profiles from Equation D.6 for a fixed value of the
rotational frequency and number of frequencies from Ny = 1 to Ny = 9. The larger Ny is,
the more structured the synthetic profile is.

The role played by the number of bins in the PDM method is played by the number of
frequencies in the x> minimization method. In fact in both cases, if these two aforemen-
tioned parameters are chosen too small, real variations present in the light curve can be
interpret as noise and thus solutions can be missed. If, instead, N, and N are chosen too
big, artificial (i.e. noise-induced) small-scale variations can be detected.

For our analysis, as working parameters, we chose: N, = 25, N. = 5 and N; = 5.
The phased light curve of 67P/C-G with overplotted bins used for the rotational period
and phase function determination employing the PDM algorithm and the synthetic profile
used for analysis employing the y* minimization method are displayed in Fig. D.2.
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D Rotational period and phase function determination
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Figure D.2: Phased light curve of 67P/C-G with superimposed: left panel: the bins used
for the rotational period and phase determination employing the PDM algorithm (left
panel); right panel: a synthetic profile obtained from Equation D.6, with Ty = 1/f) =
12.7047 h and N; = 5.
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