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ABSTRACT

Context. During September and October 2014, the OSIRIS cameras onboard the ESA Rosetta mission detected millions of single
particles. Many of these dust particles appear as long tracks (due to both the dust proper motion and the spacecraft motion during the
exposure time) with a clear brightness periodicity.

Aims. We interpret the observed periodic features as a rotational and translational motion of aspherical dust grains.

Methods. By counting the peaks of each track, we obtained statistics of a rotation frequency. We compared these results with the
rotational frequency predicted by a model of aspherical dust grain dynamics in a model gas flow. By testing many possible sets of
physical conditions and grain characteristics, we constrained the rotational properties of dust grains.

Results. We analyzed on the motion of rotating aspherical dust grains with different cross sections in flow conditions corresponding
to the coma of 67P/Churyumov-Gerasimenko qualitatively and quantitatively. Based on the OSIRIS observations, we constrain the
possible physical parameters of the grains.

Key words. comets: general — comets: individual: 67P/Churyumov-Gerasimenko — methods: numerical — space vehicles
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1. Introduction

A few months after its arrival at the comet 67P/Churyumov-
Gerasimenko (67P), the Rosetta probe is already accumulating
novel scientific data from the closest vicinity of the comet. In
October 2014, at 3.0 AU heliocentric distance and in bound or-
bit around the comet of about 10 km, the Optical, Spectroscopic,
and Infrared Remote Imaging System camera (OSIRIS; Keller
et al. 2007) onboard Rosetta also gained images of the cometary
dust coma, which showed traces of moving dust particles that ex-
hibited brightness periodicity. These data can best be interpreted
by means of theoretical coma models.

Cometary dust production by modeling tail and/or trail ob-
servational data images has been reviewed in Agarwal et al.
(2007, 2010) and Fulle et al. (2010). Based on analyses of
images of 67P, the computed velocities were in the range of
5-50 m s~! at 1.3 AU, assuming spherical grains with a den-
sity of 10° kg m™ in a radius-sized range of about 10 um to
I mm. Taking into account the grain asphericity and poros-
ity would lead to larger grain sizes. Many ab initio physical
models have been prepared to interpret observations of dust
in cometary atmospheres (see Crifo et al. 2005; Combi et al.
2004, 2012; and Tenishev et al. 2011). All these models assume
that the dust grains are spherical. However, the stratospheric
interplanetary dust particles (IDPs; Rotundi et al. 2007, 2014)
or the samples brought by the Stardust mission from comet
81P/Wild (Brownlee et al. 2006; Zolensky et al. 2006; Rotundi &
Rietmeijer 2008) imply strongly irregular dust shapes by origin.

The complex motion of aspherical particles cannot be de-
scribed sufficiently precisely by the dynamics of spherical par-
ticles. Even the motion of particles with shapes very close to a
sphere (e.g., axially symmetric ellipsoids) exhibit variations in
the grain velocity that are due to active forces and the torque.
Aspherical dust dynamics with test grains of ellipsoidal shape in
a spherically expanding flow has been studied in Ivanovski et al.
(2013). In this paper, we studied the dynamics of test grains of
ellipsoidal shape as a first attempt to interpret the dust tracks of
67P with brightness periodicity. The model adopts the follow-
ing assumptions: (i) spherically symmetric vacuum outflow of
gas; (ii) a homogeneous, non-rotating spherical nucleus; (iii) ax-
ially symmetric grains of a constant mass, shape and tempera-
ture; and (iv) a grain motion governed by the nucleus gravity,
aerodynamic forces and torque.

During the terminator orbits at 10 km from the nucleus center
performed during October 2014, the OSIRIS Narrow (NAC) and
Wide Angle (WAC) Cameras (Keller et al. 2007) collected many
images showing a coma that was completely resolved in single
particles of subpixel apparent sizes. The vectorial sum of the
dust proper motion and spacecraft motion produced long recti-
linear tracks in the images (Fig. 1). Many of these tracks showed
regular brightness variations, probably due to the rotation of as-
pherical particles during the exposure. In this paper we focus on
the frequency of the observed brightness variations, which is in-
dependent of all other particle parameters. A few tracks, charac-
terized by the best signal-to-noise ratio (S/N), allowed us to ex-
tract the ratio of brightness between maxima and minima, which
is almost constant along all the tracks. This suggests a simple
aspherical shape, like the ellipsoids assumed in this paper.

Single large particles were previously detected by a space
probe. The Deep Impact spacecraft, on its extended EPOXI mis-
sion to flyby the short-period comet 103P/Hartley 2 (hereafter
103P) around its perihelion, collected many images showing a
cloud of discrete particles surrounding that nucleus (A’Hearn
etal. 2011). The particles of 103P had upper limits of the radius
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between 0.2 and 2 m, depending on the assumed albedo (Kelley
et al. 2013). The particles were displaced anti-sunward, suggest-
ing that either they were icy and pushed into that direction by
sublimation (rocket force), or that they were fluffy aggregates,
moved by solar radiation. Several particles could be tracked in
subsequent images (Hermalin et al. 2013), and mostly moved
slowly (less than a few meters per second). Yet most of their ve-
locities exceeded the nucleus escape velocity (0.3 m s™!). Both
103P and 67P have a radar cross section lower than 0.7 km?
(Kamoun et al. 2014).

2. OSIRIS data

We selected tracks showing a regular brightness periodicity, and
at least three brightness maxima, to avoid possible contamina-
tions by two independent short dust tracks owing to two differ-
ent particles (in most images, the track density reaches 50% of
some image areas). When the track was many pixels long, so
that the above contamination was improbable, then two bright-
ness maxima were also taken into account. We conclude that the
brightness frequencies are well sampled above three times the
inverse of the exposure time. If the shape of the grain is sim-
ple like the assumed ellipsoids, the grain rotation frequency is
half of this value. The exposure time of the images is the only
parameter affecting our measurements. The method of comput-
ing the statistics of these frequencies is independent of the size,
distance and shape of the analyzed particle. All these param-
eters determine the actual brightness and length of the tracks
and could not be separated in most cases. Some of the analyzed
tracks are out of focus. A more detailed analysis is ongoing to
determine the grain distance from the spacecraft from the optical
characteristics of the cameras. Figure 2 shows two examples of
the light curves associated with rotating particles (the track a is
out of focus, so that the particle distance from the spacecraft can
be estimated). These examples show that we were able to detect
all tracks showing brightness variations larger than half of the
brightness peak. This corresponds to particles with a ratio be-
tween the largest and smallest cross sections higher than a factor
two (assuming particles of uniform albedo).

Figures 3 and 4 show our analysis of NAC images of the se-
quence LIMBO on 21-22 October for different exposure times:
5.7 s and 18.45 s, respectively. The left panels show the number
of samples as a function of the track length and number of bright-
ness maxima (or minima). An obvious bias is clearly shown by
this distribution: the longer the track, the higher the number of
observed maxima. To extract the correct statistics of brightness
frequency, we corrected this bias by weighting each sample by
the track length. The corrected statistics of frequencies is shown
in the right panels. The adopted exposure times are too short to
determine the most probable rotation or oscillation frequency. In
addition, for the WAC set, which is characterized by the longest
exposure, we can only conclude that the most probable bright-
ness frequency is below 0.3 Hz, meaning that the most probable
rotation frequency of the grains is below 0.15 Hz. The lowest
probability value to the left of the maximum is due to the bias
described above for the tracks with only two brightness maxima.

3. Aspherical dust model
3.1. General considerations

We considered the dynamics of homogeneous, isothermal con-
vex bodies (ellipsoids of revolution with different axis aspect ra-
tios). The active forces are the nucleus gravity, the aerodynamic
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Fig. 1. OSIRIS NAC image taken on 22 October 2014, 01h17m12s UT. The dust coma is resolved in single particles of subpixel apparent sizes,
visible as tracks due to proper and spacecraft motion during the exposure time of 5.7 s. Some tracks show a periodic brightness variation during
the exposure. The light curves of tracks marked by labels a and b are shown in Fig. 2.

force and the torque. We assumed that dust grains do not affect
the gas flow. In cometary atmospheres, even for the most active
comets, the minimal mean free path of the molecules is on the
order of meters. We study dust grains smaller than one meter
and therefore we may consider the flow over the grains as free
molecular. Hence, we estimated the aerodynamic force from ex-
pressions for free molecular interaction. The rotational motion
of the dust grains is described by Euler kinematic and dynamic
equations for rigid body. From the nucleus surface, we traced a
number of grains with different initial conditions. We followed
the dynamics of the grains along each trajectory to determine its
terminal velocity and rotation frequency.

3.2. Model setup

To compute the dust motion we need to know the gas distribu-
tion, the gravity field and the initial conditions of the grains. The
gas distribution (density, velocity, and temperature) in the coma
was assumed to be given by the Euler solution for the ideal per-
fect gas expansion from a spherical sonic source with radius Ry.
This gas flow is defined by the gas specific heat ratio y, the mass

of the molecule m, the surface temperature T and the gas pro-
duction rate Q. The radial distributions of density, velocity and
temperature are given by classical dimensionless analytical func-
tions of the Mach number (see Gombosi 1994). We assumed a
spherical gravity field of a nucleus of mass My. The departure
of the real gravity field from spherical has a negligible influ-
ence on the rotational frequency. We represent grains by ellip-
soid of revolution with dimensions a along the axis of revolution
and b transverse to it. We used a fixed cometocentric frame x, y, z
(CCF), where x axis of the CCF extends from the center of the
comet through the point of the ejection of the grain (on the nu-
cleus surface); the y axis is perpendicular to the plane defined
by the symmetry axis of the grain (a) and the x axis; the z axis
completes this to the right-hand frame. The grain is initially at
rest and is placed at the nucleus surface. In the assumed gas flow
and gravity field, the rotation of axially symmetric particles is
possible around the axis parallel to the CCF y axis. Thus the
orientation of one grain can be given by the angle @ between
the axis —x and axis a of the grain in the (x, z) plane. Figure 5
shows the dynamical pressure profile, that is pU?/2 (where p is
the gas density and U the flow velocity). This profile reveals one
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Fig. 2. Light curves of tracks a (dashed line) and b (solid line) in Fig. 1,
both showing five maxima. The sharp peak between the third and fourth
maxima is caused by to another track crossing track a. The amplitude
between maxima and minima is larger than half of the brightness peak.
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Fig.3. Analysis of 20 NAC images of the sequence LIMBY9 on
21-22 October, 1039 useful tracks, exposure time = 5.7 s. The fre-
quency is the brightness frequency. The probability has been computed
by weighting each track by its length. The isolevels are the number of
detections in steps of powers of 2.

important characteristic of the dust dynamics in a spherically ex-
panding gas flow: since spherical grains move radially straight,
the grain will never fall back if it leaves the surface. This is be-
cause both the dynamical pressure in a spherically expanding
gas and the spherical gravity decrease as r~> (r is cometocentric
distance). Since a sphere has a constant cross section, the aero-
dynamic force will always remain higher than gravity.

3.3. Equations of dust motion

The motion of the center of mass of dust grain is given by:

d?r do,

— =my— =R
dr? dr
where r and v, are the radius vector and the velocity of the center
of mass in the fixed cometocentic frame x, y, z; mq is the grain
mass and R is a resulting vector of external forces. The variation
of the angular momentum is given by

dK.
a7
Al4, page 4 of 8
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Fig.4. Analysis of 20 WAC images of the sequence DUSTO7 and
DUSTO8 on 12—13 and 19-20 October, 337 useful tracks, exposure
time = 18.45 s. The frequency is the brightness frequency. The prob-
ability has been computed by weighting each track by its length. The
isolevels are the number of detections in steps of powers of 2.

Normalized dynamic pressure

Fig. 5. Dynamic pressure normalized to the parameters on the surface
for spherical expansion of sonic source.

where M. is a resulting momentum of external forces.
Equation (2) can be represented as a set of dynamic and kine-
matic Euler equations (see Landau & Lifshitz 1969, Eq. (35.1))
in the moving frame, that is the frame attached to the the grain
with an origin in its center of inertia. Equation (1), together with
the dynamic and kinematic Euler equations, forms a close sys-
tem of differential equations that describes the motion of a grain.
If we assume the motion of the dust under aerodynamic and
gravitational forces, for the resulting vector and the torque of
external forces acting on the nonsublimating grain we obtain

R = F,+F,
Mde
= —-G——5—r— | (pn+7[(@: X n)xn]/lvl)ds, (3)
P
M. = M,+M,

—-GMy p(ffl:f—;dv —fl X (pn+71 [(v: X ) X n]/|v;]) ds (4)

where F, and M, are the gravitational force and torque, F, and
M, are the aerodynamic force and torque, G is the gravitational
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Fig. 6. Motion of prolate and oblate ellipsoids in a radially expanding flow (the flow direction is from the bottom left to the top right, first two
snapshots in the two sequences show the oblate (a/b = 0.5) and prolate (a/b = 2) shapes.

constant, mq is the mass of the dust particle, r is the nucleocentric
distance, dv is the elementary volume of the body, p and 7 are the
gas pressure and the shear stress of the elementary surface ele-
ment with area ds, [ is the radius-vector of ds or dv, n is the unit
vector of outward normal to the element, and v, is the gas-grain
relative velocity. We note that the gravitational torque is negligi-
ble compared to the aerodynamic torque under our assumptions.
To compute the gas pressure and the shear stress of the elemen-
tary surface element, we used the classical free molecular ex-
pressions (see Shen 2005)

P/Ps = [(2—0’)5005,8/\/7_2'+%,/%}exp(—fcofﬁ)
+(2 - o-)( + 52 cos ,8)+— ﬂscos,B,/ ]
x [1 + erf(scosB)]

T/peo = —0ssinB/Vn

X [exp(—s2 cos’ B) + VrscosB{1 + erf(s cosﬁ)}] . (6)

Here, po, and T, are the gas density and temperature at the po-
sition of the grain, pe = pwt?/(25%), s = v; Vm/(2kT) is the
gas-dust speed ratio, k is the Bolztmann constant, v, = |vg — vgl
is the gas-dust relative velocity (v} is the velocity of the surface
element accounting for the rotation of the grain), o is the frac-
tion of the molecules reflected diffusely from the grain surface,
and S is the angle between v, and the inward normal direction of
the element. The pressure p is codirectional to the inward nor-
mal of the element, the shear stress 7 is codirectional with the
projection of v, on the element plane.

4. Results
4.1. Aspherical dust simulations

The grain shape and cross section play an important role in the
analysis of NAC images, because the camera tracks the surface
area variation exposed to illumination. Here we consider shapes
close to spheres, meaning that we consider axial symmetric el-
lipsoids with one radius of length a and two of length b (see
Fig. 6). The motion of the axial symmetric ellipsoids in spheri-
cally expanding flow could occur in a plane, that is determined
by the gas outflow vector and the axis a of the grain. The rota-
tion is only possible around the axis perpendicular to this plane.
Figure 6 illustrates the possible motion of oblate and prolate el-
lipsoids simulating the tracks seen in the NAC images (Fig. 1).

4.2. Rotating axially symmetric grains in spherically
symmetric vacuum outflow of gas

The grain has the initial velocity vy = 0, placed on the nu-
cleus surface at Ry with initial orientation defined by an an-
gle ay, temperature T4 and zero angular velocity. We integrated
Eq. (1) and the dynamic and kinematic Euler equations until the
grain reached its terminal velocity v., at some instant 7., and
we checked the obtained rotation frequency v.,. We studied dust
grains with b ranging from one millimeter to a few tens of cen-
timeters and several aspect ratios a/b (prolate and oblate ellip-
soidal shapes). The input parameters of all computations were
the radius of the nucleus, Ry = 2.0 x 10? m, the mass of the
nucleus, My = 1.0 x 10'3 kg (Sierks et al. 2015), the surface
temperature, 7 = 200 K, the specific heat ratio of gas, y = 1.33,
and the mass of the molecule, m = 3.0 x 1072° kg. The fraction
of gas molecules reflected diffusively from the grain surface is
o = 1.0. The parameters related to each case are listed in Table 1.
The gas production rate (source of H0) is Qy = 5% 10% 57! in
agreement with gas data results of the ROSINA instrument on-
board Rosetta (Hassig et al. 2015).

The shape and cross section of a grain are among the key pa-
rameters that influence the aerodynamic behavior of aspherical
grains. The summary of the relevant cases is reported in Table 1.
The parameters are: the grain bulk density pq4, the nucleocen-
tric distance L., at which the terminal velocity v. is reached,
the corresponding flight time 7., and the rotational frequency
Voo = w/(2m) (Where w is the angular velocity), the distance Lo
at which 90% of the terminal velocity has been reached, the cor-
responding flight time #99, and the time 7, when the dust particle
has started to make a full rotation. Ay.x and Ap, are the max-
imum and minimum amplitudes of the oscillation of the grain,
that is a coupled backward-forward movement of the grain with
an increasing duration, respectively. In case of a rotating grain,
the minimum amplitude of the oscillation is reported at the very
last instant before the grain starts to rotate.

In the simulations we assumed that grains do not contain
any volatile material, that is, neither grain mass-loss, nor shape
changes during their motion. Since the aerodynamics and the
torque depend upon the re-emission of the impacting molecules,
we here assumed that the grains were isothermal at all times and
have a constant temperature. Grain temperature changes are ex-
pected to induce modest changes in the aerodynamic force (e.g.,
a temperature variation of a factor two changes the aerodynamic
force by less than 30%).

The main effort in this paper is to understand the NAC obser-
vations by studying the differences in the motion of dust grains
with the same size but different in shape and initial orientation.
The first two group cases in Table 1 show the dynamical param-
eters of oblate (cases #omd, a/b = 0.5) and prolate (cases #pmd,
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Table 1. Parameters of the simulations are the gas production rate Q,, the grain bulk density pq and the initial grain orientation a.

Case Oy [s7'1 b [m] pa (kg m™] a [deg] Le [m] 1o [5] veo [Ms™'] veo [Hz] Loo [m] tog [s] tis [s] Amax [Hz] Apin [Hz]
#omdlal 5x 10% 1073 100 225 26211 8000 3.5 0.06 8149 2700 1050 0.11 0.09
#omd2al 5x 10% 1073 700 225 8574 9000 1.0 0.02 6614 7000 3300 0.04 0.03
#omd3al 5x 10% 1073 1000 22,5 6273 9000 0.7 0.02 4934 7000 4450 0.03 0.03
#pmdlal 5x 10% 1073 100 22.5 20277 8000 2.74 - 7602 3200 - 0.02 0.01
#pmd2al 5x 10% 1073 700 225 5713 9000 0.6 - 4272 6600 - 0.008 0.004
#pmd3al 5x 10% 1073 1000 225 3550 9000 0.3 - 3311 8200 - 0.006 0.006
#omdla2 5x 10% 1073 100 45.0 27856 8000 3.7 0.03 7775 2400 2100  0.06 0.05
#omd2a2 5 x 10% 1073 700 45.0 9519 9000 1.1 0.01 5222 4950 6600  0.03 0.02
#omd3a2 5 x 10% 1073 1000 45.0 7152 9000 0.8 0.01 4531 5600 8600 0.03 0.02
#pmdla2 5x 10% 1073 100 45.0 18858 8000 2.5 0.01 6746 3000 3200 0.04 0.02
#pmd2a2 5x 10% 1073 700 45.0 5451 9500 0.55 - 4088 6900 — 0.02 0.01
#pmd3a2 5 x 10% 1073 1000 45.0 3163 9500 0.23 - 2844 8000 - 0.01 0.01
#ocdla2 5x10% 1072 700 45.0 42016 10000 4.5 0.01 8979 2320 1850 0.03 0.02
#ocd2a2 5x10% 1072 1000 45.0 34922 10000 3.7 0.01 7953 2456 2100  0.03 0.02
#ocd3a2 5x 102 102 3000 45.0 18497 10000 2.0 0.006 7056 3960 3800  0.02 0.01
#ocdla3 5x10% 1072 700 67.5 45447 10000 4.8 0.003 8449 2064 5800 0.015 0.005
#ocd2a3 5x 10% 1072 1000 67.5 37811 10000 4.0 0.003 8038 2343 7000 0.015 0.005
#ocd3a3 5x10% 1072 3000 67.5 20201 10000 22 - 7373 3890 - 0.008 0.002
#pcdla3 5x10% 1072 700 67.5 27495 10000 2.9 0.01 7558 2975 1300 0.02 0.015
#pcd2a3 5 x 10% 1072 1000 67.5 22385 10000 24 0.008 8085 3846 1550 0.016 0.013
#pcd3a3 5 x 1028 102 3000 67.5 10960 10 000 1.2 0.005 6112 5670 3000 0.008 0.008

Notes. The output parameters are: the distance from the nucleus center L,

at which the terminal velocity v, has been achieved, the corresponding

flight time 7., and rotational frequency v., = w/(2n), the distance Loy at which 90% of the terminal velocity has been reached and its corresponding
time fo9. 75 is the time at which the grain has started to rotate. Ay« and A, are the maximum and minimum amplitudes of an oscillating grain.
#omd and #ocd label oblate ellipsoidal shapes (a/b = 0.5); #pmd and #pcd label prolate shapes (a/b = 2.0).

a/b = 2) grains of millimeter radius. Grains of the lowest as-
sumed bulk density (og = 100 kg m~3) reach the highest veloc-
ity of all considered cases. Since we evaluated the dust motion
of grains of the same size (and same cross section) in each group
simulations, the low bulk density leads to the lower mass, which
allows faster acceleration of these grains when compared to their
analogs of higher bulk density. For dust bulk density of 700 and
1000 kg m~, we obtained velocities in a range of 0.5—1 m s~
for both shapes. The differences coming from the different grain
shapes appear in the rotation frequencies. The grains show about
one to six rotations per 100 s, but the oblate grains of the group
of cases #al do rotate whereas their prolate analogs at the same
initial orientations do not. It is worth noting that compact grains
(pa = 700 kg m™3) start to rotate before these grains reach their
terminal velocities, while for porous grains the opposite occurs.
When the initial orientation of the grains is varied, the velocities
remain similar, showing an increase for the oblate and a decrease
for the prolate grains because a larger or smaller cross section is
exposed to the flow. If @y = 45°, the rotation is triggered after a
time about twice as long.

For cm-sized grains we discuss only cases of higher gas pro-
duction rate. The gas production rate of 5 x 10%° s~! is too low
in a spherically expanding flow to trigger any rotation for such
grains. Since the gas is not homogeneous in the coma of 67P,
we can consider higher production rates (see cases #oc — #pc)
and obtain a few rotations per 1000 s. The variation of the di-
mensionless torque coefficient Cyy = M./(1/2pU*S A) (where
S is the characteristic cross section, A is the characteristic size
of the grain and U is the flow velocity) in Fig. 7 shows that such
grains have an equilibrium position at @ = 0° (stable equilibrium
for an oblate grain) and @ = 90° (stable equilibrium for a pro-
late grain). For their equilibrium positions, the grains keep their
initial orientation and do not rotate. If a grain is not oriented in
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its equilibrium position, it experiences a torque and thus starts to
oscillate and finally to rotate, see Fig. 8. In this figure, each oscil-
lation of the grain produces some backward-forward rotational
movements of the grain along the axis of rotation which is per-
pendicular to the plane of motion discussed above. The transition
in the rotational frequency at about 3300 s in Fig. 8 occurs when
the grain starts to experience a full rotation and the angular ve-
locity does not change its direction anymore, or in other words,
when an oscillating grain passes over its unstable equilibrium
position. Hence the rotational frequency only attains positive or
negative values in dependence on which direction (clockwise or
counterclockwise) the grain passes over its unstable equilibrium
position. The oscillation of the grain can be followed by seeing
the change of the torque coefficients in Fig. 7.

Our aspherical dust simulations provide rotation frequencies
consistent with the observed ones (Figs. 3 and 4) for porous
grains and about ten times lower for higher bulk densities. The
assumptions adopted in the current aspherical model and the bias
of the observed brightness frequencies due to the NAC exposure
times prevent further quantitative conclusions. The grain shapes
that are more likely to be detected under the discussed physical
conditions are oblate rather than prolate.

5. Conclusions

The OSIRIS NAC images taken on 21-22 October 2014 show
that the most probable brightness frequency is below 0.3 Hz,
which means that the most probable rotation frequency of the
grains is below 0.15 Hz. These low rotation frequencies suggest
that rocket effects due to sublimating icy particles are negligi-
ble. In general, less than 1% of the observed particles do rotate.
The systematic decay of the probability of the observed rota-
tion frequencies (Figs. 3 and 4) excludes that tracks of uniform
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Fig. 7. Torque (Cy,) coefficients for an ellipsoid a/b = 2 (left) and a/b = 0.5 (right) for complete diffuse reflection of the molecules (o = 1)
and T4/T = 2. The range of the speed ratio s is chosen to cover a range of possible flow conditions. The speed ratio represents the ratio of the
relative velocity of the gas-dust flow with respect to the thermal velocity of the gas molecules. The value s = 0.815 corresponds to the gas outflow
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Fig. 8. Rotation frequency of oblate aspherical grain of case #omd2al
(see Table 1). In the beginning, the grain experiences oscillating (de-
crease in the amplitude and change in the direction) which turns into a
full rotation at t = 3300 s.

brightness are associated with particles rotating so fast to ap-
pear of constant brightness during the image exposures. We es-
timate that our sample of rotating particles is complete for all
light curves with a brightness ratio between maxima and min-
ima higher than 2 (corresponding to the same axis ratio of the
ellipsoidal grains assumed in this paper). Although ellipsoids
are a rough approximation of the real dust shape and the coma
of 67P is far from a spherically expanding flow, our model pro-
vides frequencies consistent with those derived by the OSIRIS
NAC images. Our results show that oblate ellipsoidal particles
with radii of a few millimeters are a good model of the rotating
particles detected by OSIRIS.

Gundlach et al. (2015) have proposed that all the dust ob-
served in the coma of 67P is the product of fragmentation
of much larger particles that break up due to the fast rota-
tion of these parents. Our results show that this hypothesis is

inconsistent with available data on the rotation spin of the ob-
served dust. Rotundi et al. (2015) have shown that most of the
particles observed in the coma of 67P are compact, with bulk
densities above 800 kg m~3. This fact, coupled to the very slow
spin rate, excludes significant dust fragmentation in the coma of
67P. The good agreement between the dust size distribution ob-
served in situ by Rosetta, and that determined by ground-based
observations (Rotundi et al. 2015), furthermore implies that no
significant fragmentation is occurring in the coma of 67P from
the nucleus distance of the Rosetta orbits (a few tens of km) up
to the outermost coma boundary. Sublimation and fragmentation
processes in the dust of 67P seem to be negligible, and affects
less than 10% of the ejected dust mass. Most dust observed in
the coma has not changed its size since its release from the nu-
cleus surface.
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