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ABSTRACT

Context. The COmetary Secondary Ion Mass Analyzer (COSIMA) on board Rosetta is dedicated to the collection and compositional
analysis of the dust particles in the coma of 67P/Churyumov-Gerasimenko (67P).

Aims. Investigation of the physical properties of the dust particles collected along the comet trajectory around the Sun starting at a
heliocentric distance of 3.5 AU.

Methods. The flux, size distribution, and morphology of the dust particles collected in the vicinity of the nucleus of comet 67P were
measured with a daily to weekly time resolution.

Results. The particles collected by COSIMA can be classified according to their morphology into two main types: compact particles
and porous aggregates. In low-resolution images, the porous material appears similar to the chondritic-porous interplanetary dust
particles collected in Earth’s stratosphere in terms of texture. We show that this porous material represents 75% in volume and 50%
in number of the large dust particles collected by COSIMA. Compact particles have typical sizes from a few tens of microns to a few
hundreds of microns, while porous aggregates can be as large as a millimeter. The particles are not collected as a continuous flow
but appear in bursts. This could be due to limited time resolution and/or fragmentation either in the collection funnel or few meters
away from the spacecraft. The average collection rate of dust particles as a function of nucleo-centric distance shows that, at high
phase angle, the dust flux follows a 1/d2 .. law, excluding fragmentation of the dust particles along their journey to the spacecraft. At
low phase angle, the dust flux is much more dispersed compared to the 1/d> ., law but cannot be explained by fragmentation of the
particles along their trajectory since their velocity, indirectly deduced from the COSIMA data, does not support such a phenomenon.
The cumulative size distribution of particles larger than 150 um follows a power law close to #~*%#0!  confirming measurements
made by another Rosetta dust instrument Grain Impact Analyser and Dust Accumulator (GIADA). The cumulative size distribution
of particles between 30 ym and 150 gm has a power index of —1.9 +0.3. The excess of dust in the 10-100 ym range in comparison to
the 100 um—1 mm range together with no evidence for fragmentation in the inner coma, implies that these particles could have been
released or fragmented at the nucleus right after lift-off of larger particles. Below 30 um, particles exhibit a flat size distribution. We
interprete this knee in the size distribution at small sizes as the consequence of strong binding forces between the sub-constitutents.
For aggregates smaller than 30 um, forces stronger than Van-der-Waals forces would be needed to break them apart.

Key words. comets: individual: 67P/Churyumov-Gerasimenko

designed to measure the composition of the dust particles, its
high efficiency in dust collection combined with the high reso-
lIution of the COSIMA internal camera (COSISCOPE) enables
the investigation of the morphological properties of the parti-
cles (Schulz et al. 2015; Hilchenbach et al. 2016; Langevin et al.

1. Introduction

The COmetary Secondary Ion Mass Analyzer (COSIMA) is a
mass spectrometer on board Rosetta which allows the collec-
tion, imaging, and compositional analysis of dust particles in

the coma of 67P/Churyumov-Gerasimenko (Kissel et al. 2007).
The insitu collection of dust during the entire mission allows
the study of the dust particle properties and their evolution
along the orbit of the comet. Although COSIMA is mainly

Article published by EDP Sciences

2016; Hornung et al. 2016) and the evolution of the dust flux.

The dust activity and evolution of comet 67P/Churyumov-
Gerasimenko (hereafter 67P) was extensively studied by remote
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observations during its previous apparitions in 2003 and
2008 (Fulle et al. 2004; Schulz et al. 2004; Agarwal et al.
2007; Ishiguro 2008; Kelley etal. 2009; Fulle et al. 2010;
Agarwal et al. 2010; Tozzi et al. 2011; Snodgrass et al. 2013;
Guilbert-Lepoutre et al. 2014 leading to values for dust produc-
tion rates, radial velocity, and size distribution. This information
is crucial to understand how dust particles are ejected from the
comet nucleus and how they evolve in the coma. It contributes
to our derivation of the dust’s original properties as well as our
understanding of the processes leading to dust fragmentation in
the comae of comets (Clark et al. 2004).

COSIMA is one of the three dust instruments on board
Rosetta. The other two are Micro-Imaging Dust Analysis Sys-
tem (MIDAS; Riedler et al. 2007), an atomic force microscope
analyzing sub-micron to micron-sized particles, and Grain Im-
pact Analyser and Dust Accumulator (GIADA; Colangeli et al.
2007; Della Corte et al. 2014), a dust impact analyzer measuring
the dust particles’ momentum, speed, and mass, and, for particles
between ~60 um and 800 um, providing constraints on size and
density. As COSIMA is equipped with a camera, it is not only
an instrument that provides the dust composition, but is comple-
mentary to MIDAS and to GIADA in characterizing the dust’s
physical properties. COSIMA is able to detect dust particles with
sizes larger than 14 ym and has an overlap with GIADA at the
large end (50-500 um) and with MIDAS at the low end (smaller
than 20 um) that allows inter-instrument cross-calibrations.

After a brief description of the dust particle collection and
detection in Sect. 2, the dust particle flux and size distribution in
the coma of 67P as measured by COSIMA is presented in Sect. 3
and discussed in Sect. 4.

2. COSIMA collection and detection of dust

COSIMA is equipped with 24 target holders, each containing
three metallic plates to collect dust from the coma of 67P. Each
target has an area of 1 cm X 1 cm and the majority of the targets
are coated with a highly porous metallic surface layer appro-
priate for the adhesion of cometary particles (Kissel et al. 2007,
Hornung et al. 2014). For dust collection, the targets are placed
within the instrument at the end of a dust funnel with an aper-
ture of 15° % 23° oriented on the spacecraft in the same direction
as GIADA and the camera system Optical Spectroscopic and In-
frared Remote Imaging System (OSIRIS).

Three sets of targets have been exposed between the
11 August 2014 and the 6 April 2015. The first set was used from
the 11 August to the 12 December 2014, the second set was used
from the 12 December 2014 to the 9 February 2015 and the third
was used from the 9 February 2015 to the 6 April 2015. Each set
sampled the comet dust for periods ranging between a few hours
to a week, with multiple exposures in the time periods indicated
above. New sets were used when the particle coverage reached
at least one percent of a target area.

COSIMA is equipped with an internal microscope/camera
(COSISCOPE) which images the targets before and after each
exposure period, allowing the detection of the new particles. The
typical exposure periods, and so imaging cadence, were of one
week between August 2014 and January 2015. From January
2015 to April 2015, the typical exposure periods range from one
week to one day. The spatial resolution of the COSISCOPE is
similar to the pixel size, which is 14 yum X 14 um. Two LEDs
are located on both sides of the target set, illuminating it with a
grazing incidence of about 5°. Two images are taken after each
dust exposure period, one with the LED located on the right, and
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one with the LED located on the left. The combination of the
two images gives a complete picture of the particles collected.
The illumination with a grazing incidence enables the detection
of the particles by two means: they can be detected by contrast
to the dark background as they are generally brighter than the
target material, and they can also be detected by their shadows.
New features on a target are detected by blinking the images
taken before and after the exposure to the cometary particle flux.
A detailed description of the COSISCOPE sub-system can be
found in Kissel et al. (2007) and in Langevin et al. (2016).

The small aperture of the dust funnel prevents the collection
of particles which come toward the spacecraft with a high angle
with respect to the Nadir (direction directly below the spacecraft,
toward the nucleus center). This has a major implication as it in-
troduces a selection bias in the velocity of the particles which
can be collected. The relative velocity of the particles with re-
spect to the spacecraft is the sum of the velocity of the particle
and that of the spacecraft. At high spacecraft tangential velocity
with respect to low radial dust velocity, the angle between the
relative velocity vector of the particles and the normal to the sur-
face of the COSIMA target holder is high. In this case, the par-
ticles cannot be collected on the target. In a very simple model
in which the particles undergo single reflection on the funnel be-
fore hitting the target, and assuming that the incidence angle and
the reflection angle are similar, in the best case, particles would
hit the wall of the funnel, in the worst case, they would not en-
ter the dust funnel. Particles can enter through the dust funnel
for angles up to ~6.5°, and are filtered up to 9.5°. Above this
angle, particles are not collected anymore. This implies that at
high spacecraft velocity (above 1 m/s), only fast particles (above
5 m/s) can be collected by COSIMA. On the other hand, the very
slow particles (less than 0.5 m/s) are never collected given that
the spacecraft speed is always above 0.1 m/s.

3. Properties of the dust in the coma of 67P

Between mid-August 2014 and mid-April 2015, more than
10000 particles were collected on the COSIMA targets. Figure 1
shows the flux of dust as a function of time in the two upper pan-
els (a and b). The dust flux for each collection period is shown
in panel a), the extent of the period is given by the length of
the horizontal bar. The dust flux is represented in kg/s/m”. Since
the projected size of each particle can be measured individually
from the COSICOPE images, we determine a mass flux using
the following method and assumptions:

the area of the collected particle is measured from the COSI-
COPE image;

by assuming a circular shape on the target, the equivalent
radius of the particle is determined;

using this radius, the equivalent volume of the particle is then
determined assuming a half-sphere shape, accounting for the
flattening of the particles upon impact on the target;

the mass is finally calculated assuming a density of
1000 kg/m?. The choice of using a constant density
for all particles and not a size-dependent density as in
Hornung et al. (2016) is made to allow comparisons with
the fluxes measured by other instruments since the use of
a constant density is commonly assumed in the literature
(see for example McDonnell et al. 1987; Green et al. 2004;
Rotundi et al. 2015). Expected variations in density from 100
kg/m? to 2500 kg/m? are taken into account to calculate the
uncertainties in the mass.
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Fig. 1. Dust flux deduced from COSIMA collections (a) and b)) and spacecraft trajectory (c) to h)) plotted versus time from 11 August 2014 to
6 April 2015. a) Total dust flux per collection time period. b) Same as a) except for the time periods: dust flux is averaged on a monthly basis.
¢) Heliocentric distance (ref: JPL). d) Nucleo-centric distance (ref: ESA). e) Phase angle (ref: ESA). f) Off-nadir angle (ref: ESA). g) Latitude
(ref: ESA). h) Spacecraft velocity with respect to the comet center (ref: ESA).

The dust is not collected as a continuous flow in time, but shows
a variability of several orders of magnitude on a very short time
scale. For example, as shown in Fig. 1, between mid and late-
January 2015, the dust flux could vary within four orders of
magnitude from one day to the other. To compare the short-
term variations of the dust flux with the spacecraft trajectory
and pointings, the heliocentric and nucleo-centric distances, the
phase angle (angle Sun-comet-Rosetta), the off-Nadir angle, the
latitude, and the velocity of the spacecraft are plotted in the pan-
els ¢ to h of Fig. 1. No clear relationship can be seen between
the dust flux short-term variability measured by COSIMA and a
specific spacecraft flight configuration. The data analysis reveals
instead that the short-term variability of the dust flux is mainly
due to the collection of very large particles that fragment inside
the instrument and which appear on the COSISCOPE images as
clusters of particles. Evidence of fragmentation inside COSIMA
of big parent particles into smaller daughter particles (we will
call these events “fragmentation events” in the following) can be
identified on the COSISCOPE images. An example is given in
Fig. 2. The left image shows a target set with particles collected
during one week in December 2014 (the particles are mainly lo-
cated on the top target). The image in the middle shows the same
target set after one additional week of exposure. Several new par-
ticles have been collected during the supplementary week, most
of which are located on the mid-target on a 0.5 cm X 0.5 cm area
around the upper-left screw. The distribution of these particles
onto a small area indicates that they resulted from a large par-
ticle fragmentation that occurred upon impact or close enough
to the target to maintain a small spatial dispersion, most likely
on the wall of the dust funnel. Several of these fragmentation
events have been identified by analyzing the spatial distribution
of the particles on the target assembly. We assume that if the
particles collected during one given exposure are not spatially

randomly distributed, they result from the fragmentation of one
large unique parent particle inside the funnel. In order to inves-
tigate whether the spatial distribution of the particles is random
or not, we have divided the substrate into i sub-areas of equal
size. Particles of each sub-area i were counted to obtain a parti-
cle number N;. Here 27 areas were used, as illustrated in the right
image of Fig. 2. In the case of random spatial distribution, the
number of particles of each sub-area should follow the Poisson
distribution:

NN

P;(N;) = Poisson(N;,N) = NI

ey

where N is the mean value of the observed dataset N. Joint prob-
ability distribution of observing the dataset N is then

i L (e NN
P(N) = nPoisson(Ni,N) = 1_[[ J )

N;!
However, we consider here only the cases 6 with the total par-
ticle number equal to the sum of observed particle numbers N;.
The probability of getting such an observation from the sum of
Poisson distributed numbers is:

@

—Sss

P(0) = Poisson(S,S) = S

3

where S is the sum of observed numbers N;. Applying Bayes’
theorem, we obtain:

P(NI9) =

]i[(Poisson(N,-,]\Af)) ﬁ (eN]\AIfV] S
= )

Poisson(S, S) N;! JeS$SS .
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Outline of the grid

20-Dec-2014 27-Dec-2014

Fig. 2. COSISCOPE images of a dust particle fragmentation event. The
images on the /eft show the three targets mounted on one target holder
after one week of exposure (images 20-12-2014). The images in the
middle show a cluster of particles that has been collected and settled
around the screw on the upper left-hand corner of the mid-target after a
further week of exposure (images 27-12-2014). Each target was imaged
separately, the images are combined here respecting their configuration
on the target holder. The images on the right show the grid used to
analyze the spatial distribution of the particles (see text for detail).

This equation was verified by a Monte-Carlo simulation: when a
random number generator adds +1 to the random cell i S times,
we obtain a set of randomly distributed numbers N; with the con-

dition )} N; = S. Looping this process for one million times, we
can estimate the frequency of the particular dataset N occurrence
among all the possible value space 6. Results were in strict agree-
ment with the analytically derived probability P(N|6).

Integrating the probability P(N|6) over 0 is a difficult task, as
the complexity of the problem grows with the size of the sample.
Therefore we used a Monte-Carlo simulation to analyze the cu-
mulative distribution function of P(N|6) and derive the P-value
of the observed dataset V.

Running the Monte-Carlo simulation as described above and
calculating analytically the derived probability P(N’|6) for each
iteration result N, we can estimate the corresponding P-value
from the frequency of occurrence of simulated datasets N’ with
probability P(N’|f) equal or less than the probability of the ob-
served data P(N|6). A low P-value would then indicate an uneven
distribution; for example, the spatial distribution of the collection
shown in Fig. 2 has a P-value lower than 107°.

In the following, for all collections for which the P-value
is lower than 0.05, the particles are assumed to be the result
of a fragmentation event within the instrument dust funnel and
are considered as the daughters of a unique parent particle. One
has to keep in mind that this method to identify fragmentation
inside the funnel can introduce a bias toward both directions.
The number of fragmentation events can be underestimated if
the fragmentation occurs far from the target holder, for example
directly at the entrance of the dust funnel or at a few meters from
the spacecraft upon charging (Fulle et al. 2015), as this could
result in a global random coverage of the target holder instead
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of a clustering. On the other hand, the number of fragmentation
events can be overestimated if a more random distribution of sin-
gle particles overlap with the fragments of a large particle broken
inside the funnel, or if particles enter the dust funnel with a high
angle (larger than 5°) as they would be confined within a small
area on the target set and thus show clustering instead of a ran-
dom spatial distribution. At small incident angles (between 2 and
5°), we estimate that about 60% of the particles do not collide at
all with the funnel and are thus collected directly on the target
assembly.

3.1. Size distribution of the dust particles

The sizes of the particles collected on the COSIMA targets range
from one pixel (about 14 um in diameter) to about 800 um. There
is no evidence for the presence of very small dust under the CO-
SISCOPE resolution collected by COSIMA, that is, nanometer
to micrometer-sized particles. No brightening of the target back-
ground that can be attributed to very small dust has been detected
as the target material is much darker than the cometary particles.
The target material has typically a brightness of a few Digital
Numbers (on a range from 0 to 1023 DN), whereas the particles
can reach 100 to 200 DN Langevin et al. (2016). If the bright-
ness of the target material can slightly vary from one image to
another due to its configuration with respect to the LEDs (the fo-
cus or the tilt can change between two images), the variation of
the background does not exceed a few DNs when comparing the
images taken before and after exposure to the cometary flux. On
the other hand, no evidence for the presence of such nm-size dust
particles in the time-of-flight secondary-ion mass spectra taken
before and after target exposure to the cometary flux have been
seen so far.

The cumulative size distribution of the particles detected by
COSIMA is shown in Fig. 3a. As fragmentation inside the dust
funnel is a major issue for determining the size distribution of
the particles, we represented three different cases: the size dis-
tribution assuming that particles collected during one exposure
are the result of a fragmentation event if the P-value derived by
the method described above is lower than 0.05 or 5% level of
confidence (black dots), if the P-value is lower than 0.03 or 3%
level of confidence (white dots), and if the P-value is lower than
0.01 or 1% level of confidence (gray dots). The size distribution
of the dust particles appears to follow three trends: the particles
smaller than 30 um show a flat distribution. Between 30 um
and 150 pm, the size distribution follows a power law of the
form r~!9*03_ The value of the power index is close to the val-
ues obtained by Fulle et al. (2004, 2010), Kelley et al. (2009),
Ishiguro (2008), from ground-based observations of 67P’s tail
during its previous apparitions, which found indices for a cumu-
lative size distribution of, respectively, —2.0 to —2.5, -2.5, -2.5,
and —2. At larger sizes, the slope of the size distribution is close
to —0.8, this value being consistent with the one of —1 derived by
GIADA for compact particles (Rotundi et al. 2015). We neglect
here dust ejection anisotropy and thus, give a size distribution of
the dust particles at the spacecraft. It is not directly comparable
to the size distribution measured at the surface of the nucleus.
We will only discuss here the differences between the proper-
ties of the particles measured on the surface of the nucleus by
other instruments with their properties when they have reached
the spacecraft measured by COSIMA (see Sect. 4).

The power indices of the cumulative size distribution derived
for single collections are plotted with respect to the heliocentric
distance and to the distance to the nucleus in Figs. 3b and c re-
spectively. There is no clear relation between the power index
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Fig. 3. a) Size distribution of the particles collected by COSIMA. In
this representation, the bins have the same size on a logarithmic scale,
and the power index derived from this curve is similar to the index of
a cumulative size distribution. The fragmentation inside the instrument
was taken into account by assuming that all particles from a fragmen-
tation event are the daughters of a larger parent particle whose equiv-
alent diameter is estimated by summing the volume of all the daugh-
ter particles. The different size distributions shown here by the black,
white, and gray dots are obtained assuming fragmentation events if the
P-values are lower than 0.05, 0.03 and 0.01 respectively. The dotted
line represents the fitted power law for particles larger than 100 um, the
solid and dashed lines are the fitted power laws for the size distributions
of the particles between 30 um and 100 um represented by the black
dots and the gray dots respectively. The error bars are 1o errors, for
values lower than 100 counts. The error bars are derived from Gehrels
(1986). b) Variation of the cumulative power index for particles with
sizes between 30 um and 100 um and using a P-value lower than 0.05
for fragmentation events determination with respect to heliocentric dis-
tance, and ¢) to nucleo-centric distance.

and these two parameters, implying that the increase in activity
from 3.5 AU to 1.9 AU did not lead to a change in the size of
the ejected particles that would be detectable at the spacecraft,

and that the particles collected by COSIMA keep the same size
distribution from at least 10 km to 30 km from the comet center.

3.2. Evolution of the flux of dust

The rate of dust collected by COSIMA shows large variations
on a day to day timescale but if one looks at the dust flux aver-
aged on a monthly basis shown in Fig. 1b, it is appears smoother.
One can see that the dust flux is slowly increasing between
August 2014 and February 2015 from a heliocentric distance
of 3.4. AU to a distance of 2.3. AU. The dust flux observed
by COSIMA decreased after February (below 2.4 AU) due to
the aberration effects induced by the higher spacecraft velocity
(>0.7m/s, in comparison to the usual velocity of 0.1-0.2 m/s).
In mid-February and the end of March 2015, fast fly-bys were
performed with closest approach distances from the comet cen-
ter of about 10 km and 20 km, and a spacecraft velocity of
1.25 m/s and 1.14 m/s respectively. The dust velocity in the coma
of 67P as measured in situ by GIADA was of the order of 0.1 to
10 m/s (Rotundi et al. 2015; Della Corte et al. 2015). Therefore,
it is likely that, due to the aberration angle (the spacecraft was
pointing toward the nucleus), dust could not be collected. The
lack of collection of dust during the February fly-by in com-
parison to the March fly-by could be due to the different regions
above which the spacecraft was flying that could have been more
active in March.

From photometric ground-based observations at previous ap-
paritions of the coma of 67P, it was determined that the dust
flux evolved following a law of the form ry%d.2 ., with @ vary-
ing between 3 (Ishiguro 2008), 5.08 (Agarwal et al. 2007) and
5.8 (Kelley et al. 2009) according to different models used by
these authors. We can compare the insitu dust flux derived by
COSIMA to these models. The evolution of the dust flux with
respect to the heliocentric distance has to be determined at a
fixed distance from the nucleus to avoid bias due to its radial
variations. Rosetta spent a few weeks in terminator orbit at a
distance of about 28 km from the comet nucleus between mid-
December 2014 and the end of January 2015. These data were
therefore used, as well as data obtained in September 2014 at
about 28 km nucleus distance with a phase angle of 80° and
data obtained in March at 30 km with a phase angle of 70°.
The variation of the dust flux with the heliocentric distance is
given by the black dots in Fig. 4, the data are average in each
bin of 0.1 AU and the error bars represent the standard devia-
tion of the fluxes measured in each bin. A very rough estimate
of the power index that best fits the COSIMA data would be
around —4.2 + 0.6. As the dust fluxes vary even at fairly con-
stant distance to the nucleus and similar phase angles (80°-90°),
it is unsatisfying to fit the COSIMA data directly to determine
a power law for the dust flux evolution; we can only compare
them with models. The closest to our value from the literature is
the —5.08 value from Agarwal et al. (2007); for comparison, the
above mentioned power laws are superimposed on the COSIMA
data in Fig. 4.

We normalized all dust fluxes to the solar distance using the
power index of —5.08 and investigated how the dust flux evolves
with distance to the nucleus center, the latitude, the spacecraft
velocity, and the local time. We have separated the fluxes at low
phase angle, that is, a phase angle smaller than 45° (Fig. 5),
and the fluxes close to the terminator, that is, a phase angle
between 75° and 90° (Fig. 6). In each figure, the left column
shows the mass fluxes and the right column shows the par-
ticle fluxes. For the collection periods identified as fragmen-
tation events, the number of particles collected is assumed to
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gray solid line: ;2% from Agarwal et al. (2007), and black dashed line:

sun

r32 from Ishiguro (2008). The large dust flux at ~2.5 AU corresponds
to the collection of a high amount of cometary material within a single

day and originating from one large particle.

be only one, or in other words, all particles collected during a
fragmentation event are assumed to be the daughters of a single
parent particle. For the period with a very low number of parti-
cles collected (lower than 100), the error bars are derived from
Gehrels (1986).

We superimpose in Figs. 6a and b the 1/d2 ., law with a
dashed line. If the global behavior of the dust flux roughly fol-
lows the 1/d2, .. law for the fluxes measured at high phase angle,
the fluxes measured at low phase angle show more dispersion
(Figs. 5a and 5b) and we cannot draw a power law that would
describe the data. In the time-period reported here, that is, Au-
gust 2014 to May 2015, the designed spacecraft pointings are
mostly at high phase angle, thus the statistics are much better at

high phase angle than at low phase angle.

If one compares the mass and particle fluxes at low and high
phase angle, we can see that large parent particles leading to
fragmentation events are mainly collected at low phase angle. If
in both cases (high and low phase angle), about 40% (41% and
47% respectively) of the exposure periods lead to a fragmenta-
tion event, 99.8% of the particles collected at low phase angle are
associated with fragmentation events whereas 81% of the parti-
cles collected at high phase angle are associated with fragmen-
tation events. This implies that the parent particles collected at
low phase angle are either larger than the ones collected at high
phase angle, leading to a larger number of fragments, and/or that
they are faster. This difference can be explained as large particles
can be lifted more easily by gas drag around the sub-solar point
since the illumination, and thus probably the coma gas density,
is higher at this location.

The evolution of the dust flux with the latitude and the local
time is not very obvious from COSIMA data, the variations of
the flux being of several orders of magnitude at a given latitude.
At far distances from the comet nucleus (30 km and beyond),
the origin of the dust particles is not easy to trace back. Given
the long exposure time of COSIMA collections, the uncertainty
in the origin of the particles is very high and explains the large
variations in the fluxes at a given latitude or local time.
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3.3. Dust flux of particles of different morphological types

The particles collected by COSIMA show a wide range of tex-
tures and shapes: compact particles, rubble piles, shattered clus-
ters, and glued clusters (Langevin et al. 2016). Figure 8 shows
a typical example for each morphological type. We can define
two main populations: the compact particles, which correspond
to particles that did not fragment or flatten on the COSIMA tar-
gets, and the porous aggregates which includes the rubble piles,
the shattered clusters, and the glued clusters. To find clues to
the physical structure of the comet nucleus, it is important to
know whether these populations are intimately mixed or if they
behave like distinct populations that come from distinct regions
of the nucleus. We compared the evolution of the dust flux of
the two different populations of particles to analyze their behav-
ior in more detail. As particles smaller than 100 ym are difficult
to classify, this analysis addresses particles larger than 100 ym
only.

The flux of dust particles can also be plotted for each mass
bin if one assumes a value for the density as shown in Fig. 7.
In this figure, the black dots are the fluxes derived assuming
a density of 1000 kg/m? that can be compared to other instru-
ments and/or missions around other comets. The open circles
are obtained by using a size-dependant density as described in
Hornung et al. (2016, in revision). The dust flux is normalized
to 10 km distance of the nucleus and to 3 AU distance of the
Sun assming a 1/r% law for the dust flux dependence on nucleus
distance and a r):%® variation (Agarwal et al. 2007).

The fluxes of compact particles and porous aggregates are
depicted in Fig. 9 by the gray squares and black diamonds re-
spectively. In this plot, the density is assumed to be 1000 kg/m?
in both cases; therefore, the plot is more representative of the
evolution of the collected volume of each type of particle rather
than of the mass. The large particles (i.e. larger than 100 pm) col-
lected by COSIMA at heliocentric distances greater than 3.1 AU
are only porous aggregates; the first large compact particles are
collected at 3.1 AU. The ratio between the compact particles’
and the porous aggregates’ fluxes remains almost stable until
January 2015, that is, between 3.1 AU to 2.6 AU from the Sun.
Below 2.6 AU from the Sun, the COSIMA dust collection is
dominated again by porous aggregates, in particular, by very
large (larger than 500 pum) porous aggregates that fragmented
inside the instrument. These large aggregates do not contain a
significant fraction of large compact particles.

The dust flux is dominated by the porous aggregates as they
tend to be much larger (sizes up to almost a millimeter) com-
pared to the compact particles (the biggest compact particle col-
lected being about 250 microns in size). If we compare the
number of particles of the two morphological types (Fig. 10),
the compact particles represent about half of the collection. In
September 2014, no compact particles were collected but we
cannot exclude the possibility that this is due to the small statis-
tics on large particles during that time.

4. Discussion

The dust particles collected by COSIMA are not collected as
a continuous flow but appear bunched in time. It is impor-
tant to note that 99% in number of the dust particles collected
from mid-February 2015 to April 2015 appeared in “bursts”
of large particles while less than 1% in number of particles of
the COSIMA collection is composed of small dust (i.e. smaller
than 100 um) in this same time period. At the same time,
COSIMA did not observe a background of steady dust flux. In
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(a)

Fig. 8. COSISCOPE images of particles from the four morphological
types defined in the text: a) compact particle, b) rubble pile, ¢) shattered
cluster, d) glued cluster.

(d)

particular, an improvement of the collection time-resolution af-
ter January from one week to one day allowed for the identi-
fication of the zero collection for periods of time extending up
to a few days. Clusters of coma dust particles were observed
in previous space missions to comets: in the coma of comet
1P/Halley (Simpson et al. 1987), 8 1P/Wild (Green et al. 2004),
and 9P/Tempel (Economou et al. 2013). Large variations in the
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Fig. 9. Dust flux of porous aggregates (black diamonds) and compact
particles (gray squares) larger than 100 um a), as well as their monthly
average b), from mid August 2014 to April 2015.

dust flux of 67P are reported by GIADA, which detected sev-
eral “dust showers”, that is, from tens to hundreds of particles
arriving in a few seconds (Fulle et al. 2015; Della Corte et al.
2015). It is important to note that the large collections detected
by COSIMA and the GIADA dust showers are not correlated in
time. As GIADA and COSIMA are located on the same side of
the spacecraft, at a distance of about a meter, it is very unlikely
that the sudden large fluxes of dust correspond to the crossing
of a major structure such as a jet: they are more likely to be
the result of the splitting of a few large particles very close to
the instruments. In the case of COSIMA, disintegration likely
occurs by impact on the walls of the dust funnel. Furthermore,
disruption due to electrical charging might occur when the parti-
cles approach the spacecraft (Fulle et al. 2015). The observation
of “bursts” of particles raises a major issue if one wants to ana-
lyze the behavior of the dust in cometary comae, in particular for
COSIMA which has a time-resolution of at least a day. The gen-
eral evolution of the particle fluxes can only be described after
being averaged over long periods of time.

From the flux of dust collected by COSIMA from 10 km up
to 250 km from the nucleus, there is a trend toward a 1/d2 .,
law for particles collected when the spacecraft was pointing at
high phase angle implying that the particles collected in this
configuration do not show a fragmentation pattern along their
way out from the nucleus. At low phase angle, the fluxes are
more dispersed. One way to address this issue is to look at the
size distribution of these collected particles. If they fragment,
we should be able to detect a transfer of mass from large parti-
cles into smaller ones. We can thus compare the data obtained
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Fig. 10. Number of porous aggregates (dark gray) and compact parti-
cles (light gray) on each targt set. The number of porous aggregates is
determined by assuming that all aggregates collected during a fragmen-
tation event originate from a single aggregate. The compact particles on
the other hand are counted as independent particles. The error bars are
derived from Tables 1 and 2 of Gehrels (1986) and represent the upper
and lower limit of the Poisson single sided distribution for a 10~ confi-
dence level. The images on the left show the target holders after the end
of the whole period in which they were exposed.

at the spacecraft with the measurements of the size distribution
obtained at the surface of the comet by the ROLIS instrument on
board of Philae lander. The size distribution at the first touch-
down at the comet measured by ROLIS (Mottola et al. 2015)
follows a law with a cumulative power index of —2.2 + 0.1 in
the rough areas and —2.8 + 0.2 in the smooth areas, for parti-
cles larger than 1 cm in size. The size distribution of particles
with sizes ranging from 1 mm to 1 cm ejected from the nucleus
is deduced by OSIRIS, which obtains a cumulative power index
of —3 (Rotundi et al. 2015), close to the ROLIS values for the
smooth terrains. At sizes smaller than a millimeter, GIADA ob-
tains a shallower size distribution with a cumulative power index
of —1 (Rotundi et al. 2015). The size distribution measured by
COSIMA at the spacecraft for particles from 150 ym to almost
a millimeter follows a similar behavior as the GIADA distribu-
tion since the power index is —0.8 + 0.1. This knee in the size
distribution can be explained in two ways: either the size distri-
bution at the surface of the comet changes for particles smaller
than a millimeter and if particles are ejected with the same ef-
ficiency by gas drag no matter their size, or the knee can be
a consequence of the threshold of the size of liftable particles
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by gas drag as described by Gundlach et al. (2015). Fulle et al.
(2016) propose that the knee is created during the fallback of the
dust particles. The particles under 1 mm are more efficiently re-
pulsed by the low gas drag on the night side of the nucleus than
the larger ones.

For smaller sizes, down to 30 um, the cumulative size dis-
tribution measured at the spacecraft by COSIMA is slightly
steeper, with a power index of —1.9 + (0.3, very similar to the
size distribution of the very large (>1 mm) particles on the sur-
face of the nucleus on the rough terrains. If these small particles
collected by COSIMA were produced by fragmentation of the
larger ones along their way from the comet to the spacecraft,
one would expect that their velocity would be similar to the ve-
locity of the large particles, or at least, small particles would
show more variation in their velocity distribution since the col-
lection should gather fast, small dust particles lifted from the
comet and the particles produced from the disruption of larger
ones. COSIMA does not measure the velocity of the particles
directly but a lower limit on the velocity of the collected parti-
cles can be estimated from the aberration due to the spacecraft
velocity when pointing towards the nucleus. We can use this phe-
nomenon to check if a filtering of particles according to their size
occurs and thus, deduce a velocity dependence with the size of
the particles. Figure 11a shows the typical sizes of the collected
particles with respect to the spacecraft velocity. The particles ar-
riving with a very high angle, that is, the particles fragmented on
the wall of the funnel, are not represented. The particles shown
are thus the ones which are not associated with a fragmentation
event. We assume that they have been able to make their way to
the COSIMA target without fragmenting in the funnel. One can
see a strong cut-off on the larger size that COSIMA detects, more
large particles being collected at low spacecraft velocity. This
implies that the larger particles are slower than the small ones.
This behavior still holds when adding particles fragmented in the
funnel (the parent particles of the fragmentation events). The cut-
off velocity dependence according to the size of the particle that
we can deduce from COSIMA data follows a power law of index
—0.8 = 0.3. If we also include the particles that collided with the
dust funnel, then the power index reaches —0.5 + 0.1 which is
close to the ejection velocity dependence on the size stated by
Agarwal et al. (2007), shown by the dashed line in Fig. 11a.

The ratio between large and small particles is shown in
Fig. 11b by gray and white dots. One can see that the large parti-
cles are filtered at large spacecraft velocities. Above 0.5 m/s, no
particle larger than 50 um is collected (represented by the arrows
in Fig. 11b), indicating that most of these particles were slower
than 3 m/s at the time of the collections. If we focus on the small
particles (smaller than 50 um), no filtering can be observed; the
ratio of particles in the range 30-50 um compared to the number
of particles in the range 10 to 30 um (black squares in Fig. 11b)
is very stable at spacecraft velocities from 0.15 to 1.1 m/s. We
can deduce from this analysis that the small particles are faster
than the large ones, and are not produced by fragmentation of
large particles along their way to the spacecraft but are released
directly at the comet surface, at the footprint of the accelera-
tion region. The models of dust ejection by gas drag (Blum et al.
2015; Gundlach et al. 2015) show that aggregates smaller than
a certain threshold (a centimeter in these models) are not easily
ejected from the surface of a cometary nucleus as the binding
forces between these aggregates are too high. To explain the
presence of small dust, we propose the following scenario: when
a cm- or mm-sized particle is lifted off the nucleus surface by gas
drag, it breaks out from its neighboring particles. Both large and
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Fig. 11. a) Scatter plot showing the typical size of the collected particles
collected at different spacecraft velocities. The arrows represent the col-
lection periods for which no particles have been detected and thus corre-
spond to an upper limit of the size of eventually collected particles (the
limit being given by the resolution of the COSISCOPE). In this plot,
the particles fragmented on the walls of the funnel are not included. The
dashed line represent the v ~ size™*> dependence. b) Gray dots: ratio of
the number of particles larger than 100 ym/number of particles smaller
than 100 um. White dots: ratio of the number of particles larger than
50 um/number of particles smaller than 50 um. The arrows represent
null ratios obtained in these two cases for spacecraft velocities larger
than 0.5 m/s for which no particles above 50 um have been collected.
Black squares: ratio of the number of particles with sizes comprised be-
tween 30 ym and 50 um/number of particles between 10 ym and 30 pm.
In all cases, the error bars represent a 1o error.

small particles are released in the breaking process and are then
accelerated by the gas drag according to their size and density.
The dust flux dependence on particle size is rather flat be-
low 30 um (Figs. 3a and 7). One has to be careful with the in-
terpretation of the data since this size (1-2 COSISCOPE pix-
els) approaches the detection limit of COSIMA. This turn-off
point is an important parameter to determine as it illustrates
the typical size to which an aggregate can be separated into its
smaller sub-constituents. As the aggregate gets smaller, the ten-
sile strength increases and it becomes more difficult to overcome

the binding forces holding together these constituents, indicating
that a stronger force than Van der Waals is needed to separate
the sub-constituents from each other. The turn around point at
about 30 um is also observed with the COSISCOPE in the size
distribution of individual particles that fragment upon impact at
low velocity on the COSIMA targets (Hornung et al. 2016, in
revision).

When comparing to comet samples brought back by the Star-
dust mission, the two morphological families of particles (com-
pact and porous aggregates) collected by COSIMA might be
linked to the different types of tracks observed in the Stardust
aerogel that collected dust particles in the coma of 81P/Wild
(Joswiak et al. 2012). The compact particles could be similar to
the refractory particles that produced the carrot-shaped tracks
observed on the Stardust aerogel collector; the COSIMA porous
aggregate particles could be related to the loosely bonded par-
ticles that produced the bulbous-shape tracks observed in the
Stardust aerogel collector. The compact particles might be re-
fractory material, likely formed in hotter parts of the protoplan-
etary disk, incorporated into the comet nucleus during its forma-
tion and mixed with a more abundant porous material similar to
chondritic-porous Interplanteary Dust Particles that are thought
to originate from comets (Brownlee et al. 1995; Bradley 2003).
The relative number of the compact and porous aggregate parti-
cles in the COSIMA collection varies with time. Porous aggre-
gates dominate the COSIMA collection from mid-August 2014
to October 2014. Compact particles appeared for the first time
by the end of September 2014. From October 2014 (3.4 AU from
the Sun) to mid of January 2015 (2.5 AU), the variation of the
ratio in volume of porous aggregate to compact particles stays al-
most constant (approx. one to four) and then increases by about
a factor of ten. In number of particles, the porous aggregates are
less abundant than compact particles in the later phase, however,
these aggregates are much larger than the ones collected up to
December, beyond 2.8 AU from the Sun.

If we compare the COSIMA data with the GIADA data,
Della Corte et al. (2015) also report a number of detections of
aggregates higher than compact particles. Like COSIMA, GI-
ADA also collects showers of particles. Once these showers are
put back together, the number of compact particles dominates
the GIADA collection by a factor comprised between 2.6 and 14,
which is a factor of two to seven higher than the COSIMA obser-
vations. The classes defined as compact and porous aggregates
can be slightly different for the two instruments and one cannot
exclude that the COSIMA compact or aggregates are different
from the GIADA compact and fluffy classifications, since both
instruments measure different physical parameters (Kissel et al.
2007; Colangeli et al. 2007). On one hand, the COSIMA parti-
cles are classified from the morphology derived from optical im-
ages. Two biases can be introduced: first, if very slow aggregates
are collected without fragmenting on the target, they would show
a morphology close to the compact particles and could be mis-
classified. Second, if a slow compact particle impacts the target
and does not stick to it, then it will not be detected. GIADA,
on the other hand, classifies particles based on the type of sig-
nal detected. This classification can also introduce a bias since
one cannot completely exclude the possibility that less porous
aggregates could also be detected by the impact sensor and thus
be mis-classified.

The COSIMA data are clearly dominated in volume by
porous material. The compact particles seem to appear as indi-
vidual particles with sizes not larger than a few hundreds of mi-
crons. All large clusters have been carefully checked to search
for mixed particles, that is, cluster-type particles with compact
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components. No mixed particle was found so far in the COSIMA
collection (see also the discussion in Langevin et al. 2016). The
same observation can be made with larger aggregates. The com-
pact particles collected during fragmentation events are not lo-
cated on the same target as the majority of the porous dust parti-
cles, as can be seen in the images shown in Fig. 10. In the target
set shown on the top of the figure, most of the compact parti-
cles are located on the bottom target of the holder, whereas ag-
gregates are spread on all three targets. Similarly, the target set
shown on the bottom of the figure contains a lot of aggregate
material on the top-target of the holder, while the compact par-
ticles are located on the bottom-target. If the compact particles
were embedded inside the aggregates, one could expect the com-
pact particles to be located close to the impact point, or at least
on the same target, or be surrounded by porous material. Here,
the compact particles can be as far as two centimeters from the
impact point on the target. This indicates that the compact com-
ponent may have been already separated from the porous ma-
terial before entering into the instrument. This implies that the
large compact particles could be separated from each other in the
comet by distances up to, at least, a millimeter, since millimeter-
sized aggregates with no large compact particle inclusions are
collected by COSIMA.

5. Conclusion

The COSIMA instrument on board Rosetta has provided data on
the dust environment in the coma of 67P along its pre-perihelion
orbit between 3.5 AU to 1.9 AU. The study of the dust proper-
ties with sizes ranging from 14 ym to about 800 um was possible
as the instrument can collect dust at very low speed, preventing
particles from being completely destroyed upon impact. The ab-
sence of carters on the targets and the collection of large frag-
ments of particles is in agreement with velocities of cm/s to a
few m/s, the large particles being slower than small particles.

We have analyzed the flux of dust particles around the nu-
cleus at various nucleo-centric distances. Insitu collected dust
does not arrive in a continuous flow but in bursts, at all distances
from the nucleus covered by the spacecraft in the time period
reported in this paper, that is, from 8 km to 386 km. The depen-
dence of the collection rate with the distance from the nucleus
is different at low and high phase angles. Only the flux of par-
ticles collected at low phase angle shows a behavior different
from the classical 1/d% . law. There is no evidence of frag-
mentation of large dust particles along their trajectory from the
acceleration region to the spacecraft. The larger particles are cut-
off at higher spacecraft veloctiy and therefore are slower than the
smaller ones. For fragmented particles, one would expect a sim-
ilar group velocity independent of particle size.

Large particles, with sizes close to a millimeter, are mainly
collected at low phase angle and at about 30° to 50° of lati-
tude, where the illumination of the Sun is high, and thus the gas
density is higher. This size is still smaller than the threshold of
liftable particles (Gundlach et al. 2015). The small dust particles,
that is, smaller than 50 um, are not produced by fragmentation
of larger particles on their way from the nucleus to the spacecraft
beyond the acceleration region, but are potentially released from
the comet surface during the lift-off of larger particles and accel-
erated by the gas drag.

The collection rates of the two morphological types of par-
ticles observed, compact particles and porous aggregates, do
not follow the same trend: the ratio between these two popu-
lations varies with time. The particles larger than 100 um in size
collected by COSIMA beyond 3.1 AU are porous aggregates,
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whereas compact particles appear later on. The ratio in volume
of compact to porous aggregates measured during a stable pe-
riod over three months is 25%, implying that the dust of 67P is
mainly composed of porous material, very similar to the porous
Interplanetary Dust Particles believed to originate from comets,
and also contains compact particles with sizes up to a few hun-
dreds of microns that could be represented in dust collected on
Earth as compact chondritic particles.
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