COMETARY SCIENCE

Dust measurements in the coma of
comet 67P/Churyumov-Gerasimenko
inbound to the Sun
Alessandra Rotundi,1,2* Holger Sierks,3 Vincenzo Della Corte,1 Marco Fulle,4
Pedro J. Gutierrez,5 Luisa Lara,5 Cesare Barbieri,6 Philippe L. Lamy,7 Rafael Rodrigo,8,9
Detlef Koschny,10 Hans Rickman,11,12 Horst Uwe Keller,13 José J. López-Moreno,5
Mario Accolla,1,2 Jessica Agarwal,3 Michael F. A’Hearn,14 Nicolas Altobelli,15
Francesco Angrilli,16 M. Antonietta Barucci,17 Jean-Loup Bertaux,18 Ivano Bertini,19
Dennis Bodewits,14 Ezio Bussoletti,2 Luigi Colangeli,20 Massimo Cosi,21
Gabriele Cremonese,22 Jean-Francois Crifo,18 Vania Da Deppo,23 Björn Davidsson,11
Stefano Debei,16 Mariolino De Cecco,24 Francesca Esposito,25 Marco Ferrari,1,2
Sonia Fornasier,17 Frank Giovane,26 Bo Gustafson,27 Simon F. Green,28 Olivier Groussin,7
Eberhard Grün,29 Carsten Güttler,3 Miguel L. Herranz,5 Stubbe F. Hviid,30 Wing Ip,31
Stavro Ivanovski,1 José M. Jerónimo,5 Laurent Jorda,7 Joerg Knollenberg,30
Rainer Kramm,3 Ekkehard Kührt,30 Michael Küppers,15 Monica Lazzarin,6
Mark R. Leese,28 Antonio C. López-Jiménez,5 Francesca Lucarelli,2 Stephen C. Lowry,32
Francesco Marzari,33 Elena Mazzotta Epifani,25 J. Anthony M. McDonnell,28,32,34
Vito Mennella,25 Harald Michalik,35 Antonio Molina,36 Rafael Morales,5
Fernando Moreno,5 Stefano Mottola,30 Giampiero Naletto,37 Nilda Oklay,3 José L. Ortiz,5
Ernesto Palomba,1 Pasquale Palumbo,1,2 Jean-Marie Perrin,18,38 Julio Rodríguez,5
Lola Sabau,39 Colin Snodgrass,3,28 Roberto Sordini,1 Nicolas Thomas,40
Cecilia Tubiana,3 Jean-Baptiste Vincent,3 Paul Weissman,41 Klaus-Peter Wenzel,10
Vladimir Zakharov,17 John C. Zarnecki9,28
Critical measurements for understanding accretion and the dust/gas ratio in the solar
nebula, where planets were forming 4.5 billion years ago, are being obtained by the
GIADA (Grain Impact Analyser and Dust Accumulator) experiment on the European Space
Agency’s Rosetta spacecraft orbiting comet 67P/Churyumov-Gerasimenko. Between
3.6 and 3.4 astronomical units inbound, GIADA and OSIRIS (Optical, Spectroscopic, and
Infrared Remote Imaging System) detected 35 outflowing grains of mass 10−10 to 10−7
kilograms, and 48 grains of mass 10−5 to 10−2 kilograms, respectively. Combined with
gas data from the MIRO (Microwave Instrument for the Rosetta Orbiter) and ROSINA
(Rosetta Orbiter Spectrometer for Ion and Neutral Analysis) instruments, we find a dust/
gas mass ratio of 4 −
+ 2 averaged over the sunlit nucleus surface. A cloud of larger grains
also encircles the nucleus in bound orbits from the previous perihelion. The largest orbiting
clumps are meter-sized, confirming the dust/gas ratio of 3 inferred at perihelion from
models of dust comae and trails.

A

lthough accurate measurements of the gas
loss rate from comets are possible under
favorable conditions even from Earth, estimates of the dust loss rate have been more
uncertain thus far. Multiparametric models are needed to extract global dust parameters
from the dust features of comets (coma, tail,
and trail) observed from the ground and Earthorbiting telescopes, and it is often difficult to
establish the uniqueness of these model results.
Past space missions had onboard instruments
devoted to the measurement of the dust flux.
Because all of these missions were fast flybys, it
was impossible to disentangle the dust grains
coming directly from the nucleus from those
reflected back by solar radiation pressure (1, 2).
The latter component could explain part of the
excess of millimeter-sized particles, showing as
a bulge of the size distribution above the fitting
power law derived by the observations performed
during flybys at 1P/Halley (3) and at short-period
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comets 26P/Grigg-Skjellerup, 81P/Wild 2, and
9P/Tempel 1 (4–6).
An even more severe bias could affect all estimates of dust/gas ratio obtained so far in comets.
The dust/gas ratio measured in 1P/Halley was
close to 2 (5), but this number is valid up to the
largest mass of ~1 g observed by the DIDSY
(Dust Impact Detection System) detector (actually,
this largest-mass grain was invoked to explain
the spacecraft precession-inducing impact that
occurred just before closest approach). Theoretical models predict that 1P/Halley was then ejecting larger masses, and the dust/gas ratio strongly
depends on the actual largest grain ejected in the
coma. Because it was impossible to fix the size
distribution between 1 g and the unknown largest ejected mass, we cannot exclude dust/gas
values a factor of 10 higher. In this paper, we
show that for comet 67P/Churyumov-Gerasimenko
(67P hereafter), we can disentangle the two families of ejected grains (direct and reflected) and

extract the dust size distribution up to the largest
ejected grain, obtaining for the first time an accurate estimate of the dust/gas ratio.
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tures and/or isotropic emission from the nucleus
surface.
GIADA (Grain Impact Analyzer and Dust Accumulator) consists of three subsystems: (i) the graindetection system (GDS) to detect dust grains as
they pass through a laser curtain; (ii) the impact
sensor (IS) to measure grain momentum derived
from the impact on a plate connected to five
piezoelectric sensors; and (iii) the microbalances
system (MBS), five quartz crystal microbalances
in roughly orthogonal directions providing the
cumulative dust flux of grains smaller than 10 mm.
GDS provides data on grain speed and its optical
cross section. The IS momentum measurement,
when combined with the GDS detection time, provides a direct measurement of grain speed and mass
(10, 11). Using these combined measurements, we
are able to characterize the dynamics of single grains.
GIADA began operating in continuous mode
on 18 July 2014 when the comet was at a he-

OSIRIS (Optical, Spectroscopic, and Infrared
Remote Imaging System) (7) has detected a dust
coma since an outburst that occurred between
27 and 30 April 2014, and possibly since the first
images taken on 23 March (8). We started to
detect coma features in long wide-angle camera
(WAC) exposures at the end of July 2014 at 3.7
astronomical units (AU) from the Sun. Most of
the activity was coming out of the transition region between the small and large lobes of the
nucleus, the Hapi region (9). This major coma
feature showed a diurnal variation of intensity,
and its brightness contribution was measured
in WAC images taken on 10 August 2014 at
110 km from the nucleus. This single jet-like
feature contributed roughly 10% of the total
dust brightness: Such a dominance is rare among
active comets closer to the Sun but may be true
for activity as it first turns on. The background
dust brightness may come from smaller fea-

liocentric distance of 3.7 AU. The first grain detection occurred when the spacecraft was 814 km
from the nucleus on 1 August 2014. Three additional grains were detected at distances of 603,
286, and 179 km from the nucleus during the
spacecraft approach. Once in orbit about the
nucleus, 19 impacts were recorded by the IS at
distances ranging from 90 to 30 km, while during
the same period GDS detected seven particles. A
total of nine combined GDS+IS events (i.e., measured by both the GDS and IS detectors) allow us
to extract the complete set of dust grain parameters: mass, speed, velocity vector, and optical
cross section. From these GDS+IS detections,
we combined the measured optical cross sections
(GDS) with the momenta (IS) to constrain the
bulk density range to (1.9 T 1.1) × 103 kg m−3,
assuming spherical grains (i.e., the lowest cross
section/mass ratio). Grain cross sections (Table 1)
are retrieved by means of two GIADA calibration

Table 1. GIADA GDS+IS detections made at heliocentric distances between 3.6 and 3.4 AU. The grain momentum and speed (v) are direct GIADA measurements from which the mass (m) is calculated. Grain geometrical cross sections are derived by the GDS calibration curves obtained with amorphous carbon and with a mixture of alkali-feldspar, melilite, and anorthite grains. R is the detection distance from the nucleus. The IS-sensitive area* is 10−2 m2. Qm is
the dust mass loss rate per grain. The error of the velocity measurements is 6%.

Event
no.

Date
[dd/mm/yyyy]

Momentum
[kg m s−1]

v
[m s−1]

m
[kg]

Cross section
[m2]

R
[km]

Qm
[kg s−1]

11/08/2014
23/08/2014
29/08/2014
30/08/2014
01/09/2014
01/09/2014
12/09/2014
12/09/2014
13/09/2014

3.1 T 1.3 × 10−8
2.1 T 0.8 × 10−7
2.3 T 0.9 × 10−8
2.0 T 0.8 × 10−7
2.0 T 0.8 × 10−8
3.9 T 1.6 × 10−8
1.6 T 1.0 × 10−9
1.3 T 0.5 × 10−7
8.3 T 3.7 × 10−9

3.2
2.6
4.7
2.6
2.9
2.8
3.0
2.8
3.6

9.8 T 4.0 × 10−9
8.0 T 3.2 × 10−8
4.9 T 2.0 × 10−9
7.8 T 3.2 × 10−8
6.9 T 2.9 × 10−9
1.4 T 0.5 × 10−8
5.3 T 3.3 × 10−10
4.6 T 1.9 × 10−8
2.3 T 1.0 × 10−9

5.6 T 1.9 × 10−8
1.4 T 0.4 × 10−7
2.3 T 1.2 × 10−8
9.2 T 3.0 × 10−8
2.7 T 1.9 × 10−8
7.4 T 2.3 × 10−8
3.1 T 0.3 × 10−8
7.4 T 0.6 × 10−8
3.1 T 1.6 × 10−8

92.9
61.7
54.0
57.4
53.2
51.8
29.7
29.7
30.1

1.9 × 10−2
6.8 × 10−2
3.2 × 10−3
5.8 × 10−2
4.4 × 10−3
8.4 × 10−3
2.1 × 10–3*
9.1 × 10−3
4.7 × 10−4

5
16
21
23
26
27
33
34
35

*For momentum values close to the IS detection limit (6.5 × 10−10 kg m s−1), a correction factor to the IS-sensitive area has to be taken into account; e.g., only 30%
of the total IS-sensitive area has a sufficient sensitivity to detect values of momentum as small as 2.5 × 10−9 kg m s−1. For the grain density estimate, this detection
was not taken into account because the derived density was far off the density of all the materials used to retrieve the calibration curves.

Table 2. Impacts on GIADA, detected by IS only, from 3.6 to 3.4 AU. Dust speed is assumed from (18) for a dust bulk density of 1 × 103 (grain a) and 3 ×
103 kg m−3 (grain b). The IS-sensitive area* is 10−2 m2.

Event
no.
9
10
11
12
13
14
17
18
19
20
22
24
28
30
31

Date
[dd/mm/yyyy]

Momentum
[kg m s−1]

A
[m2]

v (a)
[m s−1]

v (b)
[m s−1]

m (a)
[kg]

m (b)
[kg]

R
[km]

Qm (a)
[kg s−1]

Qm (b)
[kg s−1]

11/08/2014
11/08/2014
12/08/2014
15/08/2014
19/08/2014
22/08/2014
26/08/2014
26/08/2014
29/08/2014
29/08/2014
30/08/2014
30/08/2014
02/09/2014
09/09/2014
09/09/2014

1.8 T 1.6 × 10−9
1.2 T 0.5 × 10−8
2.2 T 1.7 × 10−9
5.3 T 2.1 × 10−8
2.8 T 1.1 × 10−8
1.4 T 0.6 × 10−8
2.5 T 1.9 × 10−9
6.6 T 3.1 × 10−9
1.8 T 0.8 × 10−8
6.2 T 3.0 × 10−9
9.4 T 4.1 × 10−9
1.2 T 0.5 × 10−8
2.0 T 0.8 × 10−8
1.1 T 0.4 × 10−7
9.6 T 4.2 × 10−9

8.0 × 10−4
1.0 × 10−2
2.0 × 10−3
1.0 × 10−2
1.0 × 10−2
1.0 × 10−2
3.0 × 10−3
9.8 × 10−3
1.0 × 10−2
9.7 × 10−3
1.0 × 10−2
1.0 × 10−2
1.0 × 10−2
1.0 × 10−2
1.0 × 10−2

10.0
6.6
10.0
4.7
6.6
6.6
10.0
6.6
6.6
6.6
6.6
6.6
6.6
4.7
6.6

6.6
4.7
6.6
3.2
4.7
4.7
6.6
4.7
4.7
4.7
4.7
4.7
4.7
3.2
4.7

1.8 × 10−10
1.8 × 10−9
2.2 × 10−10
1.1 × 10−8
4.2 × 10−9
2.2 × 10−9
2.5 × 10−10
1.0 × 10−9
2.7 × 10−9
9.4 × 10−10
1.4 × 10−9
1.8 × 10−9
3.0 × 10−9
2.3 × 10−8
1.5 × 10−9

2.7 × 10−10
2.6 × 10−9
3.3 × 10−10
1.7 × 10−8
6.0 × 10−9
3.0 × 10−9
3.8 × 10−10
1.4 × 10−9
3.8 × 10−9
1.3 × 10−9
2.0 × 10−9
2.6 × 10−9
4.3 × 10−9
3.4 × 10−8
2.0 × 10−9

92.9
91.1
93.9
92.3
78.9
63.4
55.0
61.9
53.7
53.8
56.0
58.6
54.2
29.3
29.2

4.4 × 10−3
3.4 × 10−3
2.2 × 10−3
2.1 × 10−2
5.9 × 10−3
2.0 × 10−3
5.7 × 10−4
8.8 × 10−4
1.7 × 10−3
6.3 × 10−4
9.8 × 10−4
1.4 × 10−3
2.0 × 10−3
4.4 × 10−3
2.9 × 10−4

6.5 × 10−3
4.8 × 10−3
3.3 × 10−3
3.2 × 10−2
8.4 × 10−3
2.7 × 10−3
8.6 × 10−4
1.2 × 10−3
2.5 × 10−3
8.7 × 10−4
1.4 × 10−3
2.0 × 10−3
2.8 × 10−3
6.5 × 10−3
3.8 × 10−4

*For momentum values close to the IS detection limit (6.5 × 10−10 kg m s−1), a correction factor to the IS-sensitive area has to be taken into account; e.g., only 30%
of the total IS-sensitive area has a sufficient sensitivity to detect values of momentum as small as 2.5 × 10−9 kg m s−1, and only 8% has a sufficient sensitivity to
detect values of momentum as small as 1.8 × 10−9 kg m s−1.
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curves, GDS signal versus the grain measured
geometrical cross section, obtained using grains
of amorphous carbon and grains of a mixture of
alkali-feldspar, melilite, and anorthite to get the
extreme cases of dark and bright materials. The
GIADA estimates of grain bulk densities fit the

range of the measured bulk densities of interplanetary dust particles, some of which have cometary origins and sizes comparable to the grains
detected by GIADA (12). They are also compatible
with those inferred for the collected comet 81P/
Wild 2 particles (13). The Stardust mission caused

a dramatic paradigm shift in our understanding
of the transport of debris from the evolving asteroid belt to the heliocentric distances of the
present-day Kuiper belt (14). It was found that
the minerals, chondrule fragments, and calciumaluminum–rich inclusions in comet 81P/Wild 2
dust have their counterparts in chondritic meteorites (15), which is confirmed by the still ongoing laboratory analyses of Wild 2 samples (16).
To extract the dust/gas mass ratio from our
data, we compare our estimated dust mass loss
rates to the water production rate measured by
the MIRO (Microwave Instrument for the Rosetta
Orbiter) instrument on board Rosetta [1.2 kg s−1
at 3.5 AU with diurnal variations of 50% (17)].
MIRO adopted a hemispherical gas ejection
model from the nucleus surface. To retrieve a
meaningful dust/gas ratio, we assume the same
hemispherical dust ejection. If both gases and
dust are ejected within a smaller solid angle, we
will overestimate both the gas and the dust mass
loss rates, but we will still obtain the correct dust/
gas mass ratio. We discuss the dust size distribution between 3.6 and 3.4 AU. Table 1 lists the
nine GDS+IS events with measured momentum
and speed from which we can calculate the grain
mass (m) directly. We compute the derived mass
loss rate per grain at the nucleus
Qm = 2pmR2(ADt)−1

(1)

where Dt = 2.8 × 106 s is the collection time, R is
the distance of the spacecraft from the nucleus
center of mass, and A is the effective IS collecting
area. Because the spacecraft radial velocity (always lower than 0.1 m s−1) is much smaller than
the dust velocity, the conversion from observed
impacts to dust loss rate at the nucleus does not
depend on the dust velocity. Table 2 completes
the list of IS detections. The grain momentum is
measured but not the speed. The grain speed (v)
is therefore derived from a model applied to
ground-based observations of 67P at 3.2 AU (18),
for two assumed bulk densities of 1 × 103 kg m−3
(for grain a) and 3 × 103 kg m−3 (for grain b). The
nine dust velocities measured by the GDS+IS
match the predictions by Fulle et al. (18) at
3.2 AU very well for a dust bulk density of 3 ×
103 kg m−3. We cannot exclude higher dust velocities

Table 3. Radial velocity distribution in the comet
reference frame of the 48 outflowing grains
detected by OSIRIS.

Velocity bin (m s−1)

Fig. 1. Detections of single grains by OSIRIS. (Top) Bound grains detected in the first set of NAC
images (each labeled by a number from 001 to 353) and the brightest three tracks of the 48 outflowing
grains (each labeled by letters a, b, and c). The 67P nucleus is visible at the top of the panel. (Bottom)
Zoom centered on track c.The images were shifted to align stars on the same pixels.The spacecraft motion
is to the right, with an angle of 6° counterclockwise from the +x image axis. Grain c shows all of the
expected four white and black tracks; grains a and b have two tracks outside the image. The detections of
bound grains (white-black-white-black dots) show a uniform space distribution. Further details and
explanations are available in the supplementary materials.
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at lower dust masses and bulk densities, as
predicted by all models of dust drag by gas.
To complement the GIADA data and to estimate the largest dust mass ejected from 67P,
we consider the detections of single grains by
the OSIRIS narrow-angle camera (NAC) (7) on
4 August 2014 at a distance of 3.6 AU from the
Sun and 275 km from the nucleus (Fig. 1). These
observations allowed us to detect ~350 grains in
bound orbits around the comet nucleus and 48
fast and outflowing grains that were ejected
about a day before the observations and had
diameters up to 17 mm (see details in the supplementary materials). We compute the velocity
of the outflowing grains assuming that the grain
motion is strictly radial from the nucleus. The
velocity distribution in the nucleus reference frame
is shown in Table 3. The wide distribution is also
due to a nonperfectly radial velocity of the grains,
because a grain proper transverse speed of
0.18 m s−1 changes the extracted radial velocity
by a factor 2. Because proper transverse speeds
are expected to be random, averages of the extracted radial velocities cancel out the effects of
individual transverse speeds. We conclude that,
on average, the median of the radial velocity is
3.5 m s−1, in agreement with measurements of
other grains by GIADA. The observed velocities
do not show any evident trend with respect to
the grain size.
Regarding bound grains, the radius of 67P’s
Hill sphere (318 km) corresponds to a coma
volume of 1014 m3 in NAC images, providing
the observed space density of 3.5 × 10−12 m−3.
This value fits the space density predicted by
models of bound dust clouds around comet 46P/
Wirtanen (19), assuming a nucleus with the same
mass as 67P (9, 19). The predicted cloud density
ranges from 5 × 10−13 m−3 to 2 × 10−11 m−3, taking
into account the difference between the dust mass
loss of 46P and 67P (18, 19) and a possible range
of the dust bulk density from 4 × 102 kg m−3 (9) to
3 × 103 kg m−3 (this paper). Photometry of the
bound grains provides diameters ranging from
4 cm, in agreement with dynamical constraints
(20), to ~2 m. Models of bound grain orbits
(19, 21) show that an isotropic bound cloud
needs years to be built up. The observed bound
grains could not be ejected during the outburst
observed at the end of April 2014 (8). They were
probably put in bound orbits just after the previous perihelion, when the gas loss rate was decreasing and no longer perturbing the bound
orbits (19). The same gas perturbations, during the current increase of the gas production
rate, may dissipate the bound cloud in a few
months.
The two families of detected grains (outflowing and bound) do not overlap in space. Outflowing grains are not detected farther than
20 km from the spacecraft, whereas bound grains
are not detected closer than 130 km from the
spacecraft. The space density of bound grains is
at least 100 times lower than that of outflowing
grains: Detections closer than 130 km are improbable (at most, three bound grains in a coma
volume 100 times lower than up to 600 km).
aaa3905-4
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Taking into account the different pixel areas covered by the faintest bound (dots) and outflowing
grains (tracks), the ratio of sizes between farthest
outflowing and closest bound grains becomes
consistent with the ratio of respective detection
distances (20 versus 130 km). The track of the
farthest outflowing grain is 16 NAC pixels long.
This proves that, if larger and more distant young
grains were outflowing in 67P’s coma, they would
have been easily detected. The size distribution
of outflowing grains bigger than 2 cm has a large
drop, probably due to the low gas density at the
nucleus surface, still lifting very few larger
grains at 3.6 AU. This conclusion is not affected
by the possibility that some of the grains identified as bound are, in fact, outflowing. Their number and space density would be so low as to not
change the cut-off of the size distribution above a
diameter of 2 cm. This largest size is therefore
well constrained and allows us to combine results from GIADA and OSIRIS to reach a precise
measurement of the dust/gas ratio.
Tables 4 and 5 and Fig. 2 summarize our results for both OSIRIS (the three upper mass bins)
and GIADA (the three lower-mass bins) and for
dust bulk densities of 1 × 103 and 3 × 103 kg m−3.
For the GIADA detections, the dust mass loss
rate per mass bin (Qm) is the sum of all Qm values
in Tables 1 and 2. In addition, we performed a
similar sum for three different subsets of Tables
1 and 2, namely dividing the total 24 samples
into three sets of 8 samples each, one following
the other in time. All the results were consistent

(within 20%) with those shown in Tables 4 and 5.
This shows that (i) the 24 samples provide a
sufficient sampling for the 67P dust size distribution, and (ii) the dust mass loss rate remained
approximately constant from 3.6 to 3.4 AU.
Diurnal variations of the water loss rate mask
any gas loss rate trend versus the heliocentric
distance. For the OSIRIS detections, the dust loss
rate was extracted from the dust space density
r at the spacecraft, which was computed on
coma volumes defined by the distance D from
the spacecraft to the faintest (just above the detection limit) grain in each mass bin (i.e., the coma
volume surveyed by the OSIRIS-NAC). N is the
number of detections (for the OSIRIS data, N
was divided by the number of images providing
independent detections), v is the mean dust radial velocity (thus canceling out transverse speed
effects), and Qn is the number loss rate for hemispherical dust ejection
Qn = 2prvR2

(2)

Tables 4 and 5 and Fig. 2 show the quantity
Afr = 2ApQns/v

(3)

for each mass bin, where s is the mean dust cross
section in each mass bin, and the geometric
albedo Ap = 5% (18, 22). Afr provides the dust
mass dominating the dust coma optical flux
and shows a clear maximum at half-millimeter
sizes. The total Afr reaches 8 T 4 cm after we fill

Table 4. GIADA and OSIRIS data on the 67P dust environment, assuming a dust bulk density of
1 × 103 kg m−3. D is the distance of the grains observed (just above the detection limit) by OSIRISNAC to the spacecraft; N is the number of detections (for the OSIRIS data, N was divided by the
number of images providing independent detections); r is the dust space density derived from N; n
is the mean dust radial velocity (for the 48 OSIRIS detections, n has been computed assuming that
the motion is radial from the nucleus); Qn is the number loss rate for hemispherical dust ejection;
Qm is the dust mass loss rate per mass bin; and Afr provides the dust brightness per mass bin. N/A,
not applicable.

Mass bin
[kg]

N

D
[km]

r
[m−3]

v
[m s−1]

Qn
[s−1]

Qm
[kg s−1]

Afr
[m]

10−3–10−2
10−4–10−3
10−5–10−4
10−8–10−7
10−9–10−8
10−10–10−9

0.4
2.2
7
6
13
5

20
16
10
N/A
N/A
N/A

1.0 × 10−10
1.1 × 10−9
1.4 × 10−8
N/A
N/A
N/A

7.2
5.7
4.4
2.4
4.7
6.9

3.9 × 102
3.9 × 103
3.6 × 104
4.2 × 106
1.4 × 107
2.4 × 107

0.9
1.2
1.5
0.17
4.6 × 10−2
9.9 × 10−3

1.8 × 10−3
5.0 × 10–3
1.3 × 10−2
2.8 × 10−2
1.0 × 10−2
2.6 × 10−3

Table 5. GIADA and OSIRIS data of the 67P dust environment, assuming a dust bulk density
of 3 × 103 kg m−3. See Table 4 for a description of parameters. N/A, not applicable.

Mass bin
[kg]

N

D
[km]

r
[m−3]

v
[m s−1]

Qn
[s−1]

Qm
[kg s−1]

Afr
[m]

10−3–10−2
10−4–10−3
10−5–10−4
10−8–10−7
10−9–10−8
10−10–10−9

1.2
5.2
3.2
6
14
4

20
16
10
N/A
N/A
N/A

3.0 × 10−10
2.6 × 10−9
6.4 × 10−9
N/A
N/A
N/A

5.1
4.4
5.5
1.9
3.4
4.7

8.7 × 102
6.7 × 103
2.0 × 104
4.2 × 106
1.4 × 107
3.4 × 107

3.0
1.7
1.4
0.18
5.4 × 10−2
1.3 × 10−2

2.8 × 10−3
5.4 × 10−3
2.8 × 10−3
1.7 × 10−2
6.8 × 10−3
2.6 × 10−3
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the gap from 10−7 to 10−5 kg with the observed
lowest and largest Afr values, respectively. Groundbased observations provided Afr = 7 cm when
the comet was at 5 AU, and Afr = 20 cm at 3.4 AU
inbound (22). Qm is approximately constant at
larger-than-millimeter sizes, suggesting a differential size distribution power law index = –4,
in agreement with (18, 23). At smaller-thanmillimeter sizes, Qm drops faster than predicted
by (18), suggesting a shallower differential size
distribution, with a power law index close to –2.
The same model (18) predicts a MBS response 10
times higher than the MBS sensitivity. However,
the MBS signal at these 67P heliocentric distances did not reach the minimum sensitivity
level, suggesting no measurable accumulation of
dust grains smaller than 10−11 kg and confirming
that the power law index of the differential size
distribution is close to –2 over the entire size
spectrum, from submicrometer grains up to
10−7 kg. Assuming this size distribution (power
index close to –2), the MBS flux becomes lower
than the sensitivity limit, and Afr has a sharp
maximum at the upper mass; i.e., at 10−7 kg, as
shown in Fig. 2. The number of micrometer-sized
grains in 67P is too low to provide any substantial optical scattering with respect to that coming
from millimeter-sized grains, a fact never confirmed
before in any comet. The Afr value observed at
3.4 AU (22), which is larger than our value of 8 T

4 cm, may be explained by (i) larger Afr values
from 10−7 to 10−5 kg, (ii) a larger s due to nonspherical dust shape, and (iii) Ap > 5%. Comet
67P’s dust loss rate from 3.6 to 3.4 AU of 7 T 1 kg s−1,
derived by interpolation between the GIADA
and OSIRIS data to fill the gap from 10−7 to 10−5 kg,
is consistent with an average of predicted dust
loss rates at 3.2 AU [column for 3.2 AU in tables 3
and 4 of (18)].
Taking into account the MIRO measurements
of the water production rate and the results obtained by the Rodionov-Zakharov-Crifo (RZC) coma
model (24), applied to 67P to forecast the lander
descent environment, the derived dust/gas mass
ratio is 6 T 2 for water only. The RZC model fits
ROSINA-COPS (Rosetta Orbiter Spectrometer
for Ion and Neutral Analysis–Comet Pressure
Sensor) data, assuming the out-flow of water
and of other gases in proportion to the local
illumination. The obtained water loss rate fits
that directly provided by MIRO data within the
diurnal oscillations. Computations are ongoing
to further constrain the whole three-dimensional
and time-dependent coma by means of other
Rosetta data. The dust/gas mass ratio decreases
to 4 T 2 if we use a total gas loss rate that includes
CO and CO2 [~50% in mass with respect to water
according to ROSINA data (25)]. An estimated
dust/gas ratio of 3 for 67P at perihelion was predicted assuming that meter-sized clumps are

ejected at perihelion (15). This assumption is
supported by the observations of the bound
cloud of grains observed by OSIRIS-NAC. The
dust number loss rate (Qn) shows a systematic
increase from the largest to the smallest measured dust masses, as is expected in a power law
distribution. This is true also at the lowest mass
bin measured by GIADA, showing that the effective IS collecting area (A) in Tables 1 and 2 compensates the bias of the low number of grain
detections (N), due to the momentum sensitivity
limit, in this mass bin. Therefore, the Qm and Afr
values in the lowest mass bin (Table 3 and Fig. 2),
should be considered a good estimate of the real
values. The very good match of the two size distributions obtained by two independent instruments and techniques (in situ dust collection by
GIADA versus remote optical detection by OSIRIS)
suggests that the same dust bulk density range
estimated from the GIADA data is a good assumption also for the single grains detected by
OSIRIS.
In conclusion, at heliocentric distances between
3.7 and 3.4 AU: (i) GIADA on Rosetta is working
well in characterizing the dust flux and, in particular, for carrying out measurements including
dust grain speed, momentum, mass, and optical
cross section and furthermore constraining derived values of the grain bulk densities. (ii) The
dust/gas mass ratio, averaged over the sunlit nucleus surface, is 4 T 2 but may change as the
comet approaches closer to the Sun. The estimate of the diameter of the largest clumps in a
bound cloud (probably built-up just after the
previous perihelion passage) confirms the dust/
gas ratio of 3 inferred at perihelion (18). (iii) The
dust optical scattering is dominated by 100-mm
to millimeter-sized grains, not by micrometersized grains [this is expected to change approaching to perihelion (18)]. (iv) The GIADA dust model
predictions at 3.2 AU (18) are consistent with the
measured data. (v) The detection by OSIRIS-NAC
of a cloud of grains in bound orbits confirms
predictions of its density (19) and sizes of the
orbiting grains (20).
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Fig. 2. 67P grain mass distribution. (Left) Mass distribution of 67P dust grains as measured by GIADA
and OSIRIS. Dot-dashed line: dust loss rate by GIADA (three lower-mass bins) and OSIRIS (three highermass bins) at bulk density 1 × 103 kg m−3. Dashed line: dust loss rate by GIADA (three lower-mass bins) and
OSIRIS (three higher-mass bins) at bulk density 3 × 103 kg m−3. Both the mass distributions have
differential size distribution power law indices close to –2 in the three lower-mass bins. Solid line: average
dust loss rate predicted by (18) at 3.2 AU. Differential size distribution power index = –4 in the three highermass bins and –3 elsewhere. (Right) Solid line: dust coma brightness-equivalent size Afr derived from
GIADA (three lower-mass bins) and OSIRIS (three higher-mass bins) data with bulk density 1 × 103 kg m−3.
Dot-dashed line: Afr derived from GIADA (three lower-mass bins) and OSIRIS (three higher-mass bins)
data with bulk density 3 × 103 kg m−3. Both of these distributions have a clear maximum in the 10−8- to
10−7-kg mass bin, corresponding to a size of hundreds of micrometers.
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