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ABSTRACT
The processes that led to the formation of the planetary bodies in the Solar Sys-
tem are still not fully understood. Using the results obtained with the comprehen-
sive suite of instruments on-board ESA’s Rosetta mission, we present evidence that
comet 67P/Churyumov-Gerasimenko likely formed through the gentle gravitational
collapse of a bound clump of mm-sized dust aggregates (“pebbles”), intermixed with
microscopic ice particles. This formation scenario leads to a cometary make-up that
is simultaneously compatible with the global porosity, homogeneity, tensile strength,
thermal inertia, vertical temperature profiles, sizes and porosities of emitted dust, and
the steep increase in water-vapour production rate with decreasing heliocentric dis-
tance, measured by the instruments on-board the Rosetta spacecraft and the Philae
lander. Our findings suggest that the pebbles observed to be abundant in protoplan-
etary discs around young stars provide the building material for comets and other
minor bodies.

Key words: comets: individual: 67P/Churyumov-Gerasimenko – planets and satel-
lites: formation – protoplanetary discs

1 INTRODUCTION

Comets are thought to be primitive, because, owing to their
small size, the amount of lithostatic compression and ther-
mal metamorphism they experienced before they entered the
inner Solar System is smaller than for larger bodies. For most

? E-mail: j.blum@tu-bs.de

of their life since formation they orbited the Sun at such
large distances that they have remained almost unaffected
by solar irradiation. Thus, comets are the perfect witnesses
to the processes that led to the formation of the planetesi-
mals, the building blocks of the planets.

Due to the extended period of investigation of
comet 67P/Churyumov-Gerasimenko (hereafter 67P) by the
Rosetta spacecraft, which encompassed heliocentric dis-
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tances between 3.6 au and 1.2 au pre- and post-perihelion,
and its comprehensive suite of experiments, our knowledge of
67P, and generally about comets, has increased enormously.
For brevity, we refer to the Rosetta orbiter and Philae lan-
der simply as Rosetta. The set of data delivered by Rosetta
allows us to decipher the formation processes from ∼ µm-
sized dust and ice particles to bodies with sizes of a few
kilometres across. Simultaneously, the formation model will
be used to derive measurable properties of active comets.
These observables encompass structural parameters, such as
size, porosity and homogeneity of the comet nucleus, as well
as properties related to the activity of 67P, like outgassing
rate and dust activity. Davidsson et al. (2016) have recently
derived a comprehensive model for the formation of the bod-
ies in the Kuiper Belt, which is based on the calculations
of Weidenschilling (1997) who predicted that cometesimals
grow smoothly from microscopic particles all the way to kilo-
metre sizes through accretion of bodies that are typically a
factor of a few smaller in size than themselves. Thus, in this
model there is no single characteristic size scale between the
monomer grains and the cometesimal itself. In the following,
we will show that the specific properties of 67P imply that
it formed by the gentle gravitational collapse of a bound
clump of mm-sized dust aggregates (“pebbles”), which sur-
vived to the present day, in contrast to the growth model by
Weidenschilling (1997).

2 PLANETESIMAL FORMATION MODEL

The current understanding of how planetesimals form in
a protoplanetary disc (PPD) is that initially all collisions
among the solid dust or ice particles lead to sticking. This
is because the van der Waals force (Heim et al. 1999) is
strong enough to bind the grains together when they ini-
tially collide at very low speeds (� 1 m s−1, Weidenschilling
(1977b)). This hit-and-stick process leads to the formation of
fractal aggregates (Blum et al. 2000; Krause & Blum 2004;
Fulle & Blum 2017). If the solid particles are either non-
icy or larger than 0.1 µm in size (Kataoka et al. 2013; Lorek
et al. 2017), fractal growth comes to a halt, when the impact
energy exceeds the restructuring limit (Dominik & Tielens
1997; Blum & Wurm 2000). However, mutual collisions still
lead to the growth of the aggregates until the bouncing bar-
rier is reached for aggregate sizes of ∼ 1 cm (Zsom et al.
2010) in an assumed minimum-mass solar nebula (MMSN)
model (Weidenschilling 1977a) at 1 au, and ∼ 1 mm in the
comet-formation regions, respectively (Lorek et al. 2017),
and perhaps larger for somewhat “stickier” organic materi-
als if the temperatures are ∼ 250 K (Kudo et al. 2002). The
growth times to the bouncing barrier are consistently ∼ 1000
orbital time-scales (Lorek et al. 2017). This is within the life-
time of the solar nebula of a few million years (Ribas et al.
2015). Continued bouncing then leads to the rounding and
compaction of the aggregates whose filling factor increases
from φpebble ≈ 0.05 to φpebble ≈ 0.40 (Weidling et al. 2009).
The filling factor of the aggregates describes the fraction of
the pebble volume actually occupied by matter. The collision
processes described here have been extensively investigated
in the laboratory and can be considered robust (Blum &
Wurm 2008; Güttler et al. 2010). The behaviour described
above is valid for refractory materials but may change sig-

nificantly for water ice with its tenfold increased sticking
threshold (Kataoka et al. 2013; Gundlach & Blum 2015b).
However, observations imply that the composition of 67P
is dominated by non-volatile materials (Fulle et al. 2016a;
Capaccioni et al. 2015; Quirico et al. 2016).

The next step in planetesimal formation is more con-
troversial. We argue that planetesimal formation proceeded
through spatial concentration of the mm-sized dust pebbles
by the streaming instability (Youdin & Goodman 2005) that
ultimately led to the formation of a gravitationally bound
cloud of pebbles, which gently (. 1 m s−1) collapsed to form
a planetesimal (Johansen et al. (2007); see Figure 1). The
streaming instability is a collective effect of dust particles.
An individual dust particle with Stokes number St � 1 is
suspended in the gas, which forces it to travel with sub-
keplerian velocity. This, in turn, leads to a rapid radial drift
inward (Weidenschilling 1977b). In contrast, a group of such
grains is less affected and, thus, moves with a higher orbital
velocity, which suppresses the radial drift. Here, the Stokes
number is defined by St = tfΩk , with tf and Ωk being the par-
ticle stopping time in the gas and the Kepler frequency of
the particle’s orbit, respectively. If the concentration of the
particles is sufficiently large, their feedback to the gas even
strengthens the effect. Thus, such an instability region at-
tracts all particles that cross its orbit, which leads to a rapid
growth in mass concentration. If this concentration is high
enough, the bound pebble cloud can gravitationally collapse
to form a granular body (Johansen et al. 2007). It was shown
that the dust-to-gas ratio1 of the PPD plays an important
role for the onset of the streaming instability. A slightly in-
creased dust-to-gas ratio is required, while the streaming in-
stability does not occur for solar metallicity (Carrera et al.
2015; Yang et al. 2016). This means that planetesimal for-
mation through the streaming instability must be delayed
until part of the gaseous PPD has been dissipated. The disc
lifetime is a few million years (Ribas et al. 2015) so that such
a delayed planetesimal formation would also help to prevent
the planetesimals from melting by short-lifetime radioactive
decay (Davidsson et al. 2016).

The detection of extremely fluffy dust particles with
filling factors . 0.001 (comprising ∼1% of the total mass,
but consequently a much larger share of the volume of the
comet nucleus) by the Rosetta/GIADA instrument (Fulle
et al. 2015) and the discovery of a fractal particle by the
Rosetta/MIDAS instrument (Mannel et al. 2016) unambigu-
ously show that the comet never experienced any global com-
pression, because otherwise, the maximum yield strength
of the fluffy aggregates would have been overcome and the
aggregates compacted to filling factors φpebble ≈ 0.4. The
maximum dynamic yield strength can be estimated follow-
ing the numerical model by Dominik & Tielens (1997) and
the experimental results by Blum & Wurm (2000) and is
Y = ρv2

mc/2 ≈ 1 Pa, with vmc ≈ 1 m s−1 and ρ ≈ 1 kg m−3

being the impact velocity leading to maximum compaction

1 If we assume that in the comet-forming regions the tempera-
tures were so low that basically all elements heavier than Helium
were condensed, this value equals the “metallicity”. In this con-

text, “dust” also encompasses the condensed volatiles, i.e., the
ices, while “gas” consists of H2 and He, with only minor contribu-
tions of other species.

MNRAS 000, 1–20 (2015)
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Figure 1. Schematic of the structure of comet nuclei. If comet

nuclei formed by gentle gravitational collapse of a bound clump
of dust aggregates, their packing morphology should be close to

what is depicted in the figure. The dust pebbles are here shown as

spheres and have a packing fraction of φ ≈ 0.6. At formation, the
pebbles contain refractory materials and ices (light grey spheres).

When approaching the Sun, pebbles close to the surface of the
comet nucleus lose their icy constituents (dark grey spheres).

Here, we assume that all pebbles whose centres are within two

pebble radii above the ice line become desiccated. The evapora-
tion of water molecules can either happen directly into vacuum

(dashed arrow indexed 1), through a scattering process (2), or

into the interior, where re-condensation occurs (3). The major
energy flows are also indicated: absorption of solar radiation at

the surface, re-radiation of heat from the surface, energy trans-

port through the solid contacts between pebbles, and thermal
radiation in the interior of the comet nucleus, respectively.

(Dominik & Tielens 1997; Blum & Wurm 2000) and the mass
density of the fractal aggregates, respectively.

A statistical analysis of the occurrence of showers of
fluffy particles in the GIADA instrument shows that the
fluffy parent aggregates must have had sizes on the order of a
few mm (Fulle & Blum 2017). To fit these aggregates into the
void spaces between the pebbles, the latter must have (av-
erage) radii of a = 8.5 mm (Fulle & Blum 2017). It should be
mentioned that the porous dust aggregates detected by MI-
DAS and GIADA possess a fractal structure with consistent
fractal dimensions, which establishes the co-existence of a
fluffy/fractal and a pebble population (Fulle & Blum 2017).
These fluffy aggregates must be intact remnants of the initial
fractal dust agglomeration before impact compaction (Fulle
& Blum 2017), as suggested by Mannel et al. (2016). Due to
their slow relative velocities in the solar nebula, on the order
of a few cm s−1 (Weidenschilling 1977b), collisions between
the low-mass fluffy aggregates and the cm-sized pebbles re-
sult in sticking, without any significant compaction of the
fluffy particles (Güttler et al. 2010; Blum & Wurm 2008;
Weidling et al. 2009). The survival of fluffy dust aggregates
until today is only possible if they were encased in the void
space between the pebbles and if the pebbles survived the
formation process of the nucleus of 67P intact. The pres-
ence of fractal aggregates rules out all formation processes
other than a gentle gravitational collapse of a bound clump
of pebbles (Fulle & Blum 2017). In the alternative option,
collisional coagulation, favoured by Davidsson et al. (2016),
high-porosity or fractal dust aggregates would have experi-

enced destructive high-speed (up to ∼ 50 m s−1) collisions
(Weidenschilling 1977b). In the following, we will show that
the pebbles forming comet 67P have radii between ∼ 1 mm
and ∼ 6 mm, thus confirming that the presence of fractal
dust in 67P requires a real change of paradigm regarding
the collisional history of the outer Solar System (Farinella
& Davis 1996; Morbidelli & Rickman 2015; Fulle & Blum
2017).

The question remains whether 67P was formed as we
observe it today or through re-accretion of fragments from a
catastrophic collision of an initially larger body (Morbidelli
& Rickman 2015; Rickman et al. 2015). The fact that the
pebbles stayed intact shows that the planetesimal that later
became comet 67P had a radius of < 50 km, because other-
wise the collapse would have destroyed the pebbles (Bukhari
Syed et al. 2017; Wahlberg Jansson et al. 2017). Recent nu-
merical simulations indicate that a catastrophic collision be-
tween two pebble-pile objects can lead to the gravitational
re-accretion of a km-sized body, preferentially from uncom-
pressed and unheated material from the target body (Michel
et al. 2016). Once the spatial resolution in such simulations
is fine enough to follow the fate of individual pebbles, it may
be decided whether or not such a secondary formation sce-
nario of comet nuclei is in agreement with the presence of
fractal dust aggregates.

3 THE SIZE OF THE PEBBLES FORMING
COMET 67P

Below, we list arguments consistent with the pebble hypoth-
esis of planetesimal formation. We will start with empirical,
astronomical and theoretical aspects (criteria 1 and 2 be-
low), followed by Rosetta observations of comet 67P (criteria
3-7), and finally will come back to the streaming instability
criterion (criterion 8). In Figure 2, we show ranges for the
radii of the dust pebbles, either observed or theoretically
predicted, for each of the eight items.

3.1 Protoplanetary-disc models and observations

1. Pebble-size constraint from laboratory experiments and
protoplanetary-disc models. From the standpoint of numer-
ical disc simulations and laboratory data for the collisional
behaviour of dust and ice aggregates, there are two obsta-
cles that cannot be overcome. The first is the fragmentation
barrier (dark blue in Figure 2). When two dust aggregates
collide above a certain impact velocity, disintegration of the
dusty bodies is so strong that the largest surviving frag-
ment has less mass than the original target (Bukhari Syed
et al. 2017). In typical PPDs and outside dust-dominated
sub-discs (where the velocities are not caused by dust-gas
interactions and are, thus, very different), this means that
collisions among bodies with size ratios ≤ 5 lead to the frag-
mentation of both bodies (Bukhari Syed et al. 2017) if they
exceed ∼ 1 cm in diameter for dust- and ∼ 10 cm for ice-
dominated materials, based upon velocities given by Weiden-
schilling (1997). The second obstacle is the erosion barrier
(light blue in Figure 2). Even if some “lucky survivors” could
escape catastrophic fragmentation, they cannot avoid being
hit by small particles and agglomerates at relatively high ve-
locities (exceptions are, again, dust-dominated sub-discs in

MNRAS 000, 1–20 (2015)
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Figure 2. Size ranges of dust aggregates. From left to right:

protoplanetary-disc models and observations (blue, criteria 1-2),
Rosetta observations (red, criteria 3-7), and streaming instability

criterion (yellow, criterion 8). The hatched region is the minimum

width for pebble radii consistent with all Rosetta observations.

turbulence-free dead zones). Experiments show that impacts
by individual dust grains or small aggregates lead to mass
loss of the target aggregate (Schräpler & Blum 2011; Krijt
et al. 2015; Schräpler et al. 2017), which limits the radii to
. 30 cm for dust agglomerates in the region of 10-100 au. As
the impact process liberates more fragments in the relevant
size range than it consumes, erosion is inevitable.

Monte Carlo simulations using realistic collision physics
show that the maximum aggregate size that can be achieved
by direct coagulation depends on the heliocentric distance
and monomer-grain size. Lorek et al. (2017) derived maxi-
mum aggregates masses between ∼ 0.1 g at 5 au (only slightly
dependent on monomer size) and ∼ 10−5−10−3 g at 50 au for
1-0.1 µm monomer size. With the fragmentation and erosion
barriers (see above) in mind, we conclude that the maximum
dust-aggregate diameter cannot exceed ∼ 1 cm. Schräpler
et al. (2017) showed that the interplay between coagulation
and erosion leads to a non-negligible mass fraction in very
small grains and agglomerates so that we set the minimum
dust size in Figure 2 to 1 µm.

2. Pebble-size constraint from observations of protoplan-
etary discs.

Over the past decades, observations of PPDs have been
performed over a wide range of wavelengths (see, e.g., the
reviews by Williams & Cieza 2011; Testi et al. 2014). Visi-
ble and near-infrared observations of mostly scattered stel-
lar light are sensitive to µm-sized dust and show the pres-
ence of these particles in PPDs of all ages (see, e.g., the
discussion in Dullemond & Dominik 2005). At longer wave-
lengths, thermal emission of large dust aggregates from close
to the midplane dominates over scattering in the disc’s at-
mosphere. Very-long-wavelength observations show the pres-

ence of mm-sized and larger grains in PPDs (see, e.g., van
Boekel et al. 2004; D’Alessio et al. 2006; Natta et al. 2007;
Birnstiel et al. 2010; Ricci et al. 2010; Pérez et al. 2012).

At the current stage, it is unclear which aggregate sizes
dominate the dust-mass spectrum of PPDS. However, there
seems to be a size cut-off above which the abundance of
larger grains considerably drops. Recently, spatially resolved
observations of PPDs could determine this cut-off size for a
range of distances to the central star. Testi et al. (2014)
report that typically the size of the dust-emission region be-
comes smaller with increasing observation wavelength, which
indicates that grain growth in the inner disc leads to larger
grains than further out, in qualitative agreement with the
model by Lorek et al. (2017). Testi et al. (2014) show two
examples where mm-sized aggregates prevail at distances of
50-100 au, whereas around 20 au centimetre particles can
be found. Recently, Tazzari et al. (2016) performed interfer-
ometric observations of three protoplanetary discs (including
one source from the Testi et al. 2014, study) at wavelengths
of 0.88 to 9.83 mm and derived the dust size cut-off of other-
wise continuous size distributions at high spatial resolution.
Similar to the two PPDs reported by Testi et al. (2014), Taz-
zari et al. (2016) found that the maximum dust-aggregate
radii decreased with increasing distance to the central star:
at 10 au, the pebble sizes are around 25 mm, whereas at
50 au, the maximum dust radii reach only 1-5 mm. Taz-
zari et al. (2016) analysed that the maximum size falls off
with distance to the central star following a power law with
exponent ∼ -1.5, whereas the Monte-Carlo simulations by
Lorek et al. (2017) find exponents & −1. Dust properties at
various distances to the central star have also been deter-
mined by Trotta et al. (2013); Pérez et al. (2015); Liu et al.
(2017), which confirm grain growth with a maximum grain
size decreasing with increasing distance.

These recent findings clearly prove the existence of
pebble-sized dust aggregates at comet-formation distances.
The maximum pebble size found by Tazzari et al. (2016) is
shown in Figure 2 as the maximum of the dust-size distri-
bution and as a proxy for the many other measurements.
Here, the full range of observed dust sizes in PPDs from
micrometres to centimetres is displayed.

3.2 Observations of comet 67P by
Rosetta/Philae instruments

3. Pebble-size constraint from measurements of the sub-
surface temperatures by MIRO. The MIRO instrument was
the only sensor on-board the Rosetta orbiter to measure the
subsurface temperature of the cometary nucleus. MIRO is
a microwave radiometer in two narrow sub-millimetre and
millimetre wavelength bands at λsub−mm = 0.533 mm and
λmm = 1.594 mm, respectively, with a relative bandwidth of
∆λ/λ = 2 × 10−3 (Schloerb et al. 2015; Gulkis et al. 2015).
Thus, MIRO measures the thermal fluxes emitted by the
cometary material in the Rayleigh-Jeans wavelength regime.
Typical penetration depths are up to a few centimetres, de-
pending on the absorption efficiency of the cometary ma-
terial at the two MIRO wavelengths. We applied a ther-
mophysical model (see Appendix A) to a synthetic comet
consisting of pebbles and determined the diurnal tempera-
ture evolution at depths of up to 50 cm for a wide range of

MNRAS 000, 1–20 (2015)
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pebble radii and absorption coefficients for a position of 25◦

northern latitude and a heliocentric distance of 3.27 au.
The basic ingredients of our thermophysical model are:

(1) Insolation. Depending on the position of the comet on
its orbit, the location of the point considered on the nu-
cleus surface, the local time at this location, and the Bond
albedo, we determine the absorbed total solar flux (see left-
hand side of Eq. A1 in Appendix A). This incoming heat is
balanced by direct re-emission from the comet surface (first
term on the right-hand side of Eq. A1) and the amount of
energy transported into the nucleus (second term on the
right-hand side of Eq. A1). As the depth to which the di-
urnal and orbital heat waves penetrate into the comet in-
terior is much smaller than the horizontal resolution of the
MIRO instrument, we consider the heat transport a one-
dimensional problem. (2) Heat transport mechanisms. The
physical processes that we consider as most important to the
(vertical) heat transport are conduction through the matrix
of dust grains in contact (second term on the right-hand
side of Eq. A2) and radiative heat exchange between the
(assumed) dust pebbles (first term on the right-hand side of
Eq. A2), respectively. We neglect heat flow by mass trans-
port of gas and dust. Both terms that contribute to the heat
conductivity (Eq. A2) are heavily dependent on the dust-
aggregate size, which we assume to be monodisperse. Figure
A1 shows this for three dust temperatures. For small aggre-
gates, the heat conductivity decreases with increasing ag-
gregate size, due to the decrease of the total inter-aggregate
contact area per unit comet area (see dashed line in Figure
A1). For large dust aggregates, radiative heat exchange dom-
inates over conduction, because it linearly depends on the
size of the void spaces between aggregates, which naturally
scale with aggregate size. However, radiative heat transport
is temperature dependent as shown by the three curves in
Figure A1. The minimum heat conductivity is on the order
of 10−4 W m−1 K−1 and is reached for aggregate radii of 0.1
mm and a temperature of 100 K. If no pebbles were present
and the comet consisted of a homogeneous dust matrix, the
heat conductivity would be ∼ 2× 10−3 W m−1 K−1 (horizon-
tal solid line in Figure A1). All material parameters that we
used to derive these heat conductivities are shown in Table
A1. (3) Solving the heat-transport equation. Knowing the
energy input and the basic heat-transport mechanisms, the
heat-transport equation (Eq. A8) is solved using the Crank-
Nicolson method (see Appendix A for details). This results
in a vertical temperature stratification as a function of time
for each dust-aggregate size (see Figure 3). (4) Producing
synthetic MIRO data. To compare the derived temperature
profiles with the data acquired by the MIRO instrument
(Gulkis et al. 2015), the blackbody radiation emitted from
different depths (and at different temperatures) inside the
nucleus is integrated using the following emission-absorption
algorithm,

Fλ(T) =
∫ ∞

0
αλ Bλ (T) e−αλ x dx, (1)

where x is the depth measured from the surface of the
nucleus, αλ is the length-absorption coefficient and Bλ (T)
is the Planck function for blackbody radiation. The in-
tegration is performed for the two different wavelengths
used by the MIRO instrument, λsub−mm = 0.533 mm and
λmm = 1.594 mm, respectively.

The integration of Eq. 1 is stopped at a finite depth
when Fλ(T) for the respective aggregate size saturates and,
thus, no further flux contributions from deeper layers are
expected.

We derived diurnal brightness temperatures by running
the model until the diurnal heating and cooling cycle reached
a steady state, with two initial temperatures of 50 K and
133 K. As we could not realistically model the long-term
evolution of the internal temperature of the comet, we chose
these two extreme cases, which represent a cold (50 K) and
warm (133 K) storage of the nucleus of 67P in recent his-
tory. In Figure 3 we display two snapshots of the internal
temperature distribution for each of the initial temperature
conditions. The left two graphs show the time of minimum
MIRO flux during a comet day at 3.27 au distance from the
Sun, whereas the right two plots characterize the tempera-
ture stratification for the diurnal maximum MIRO flux. The
coloured curves represent internal temperatures for different
dust-aggregate sizes, as indicated in the legend of Figure 3.

It turned out that the results presented below are rather
insensitive to the actual choice of the internal starting tem-
perature. As can be seen in Figure 3, the temperature vari-
ation with depth at night (left two graphs in Figure 3) is
entirely the same for both initial conditions down to depths
where the maximum temperature is achieved, which depends
on the aggregate size, due to the size-dependent radiative
term in the heat-transport equation (see Eqs. A2 and A3).
Beneath the temperature maximum, the temperature drops
quickly with increasing depth to the initial value. In full
sunlight (right two graphs in Figure 3), temperatures sys-
tematically decrease from the surface downwards until they
reach a plateau, which indicates the depth of the previous-
day heat wave. Also here, there is no difference in temper-
ature stratification between the two initial cases upward of
this plateau. For deeper layers, the sudden drop to the ini-
tial temperature is similar to the night-time case. As most
of the MIRO flux stems from the topmost few centimetres
and increases with incrasing temperature, the actual choice
of the initial condition makes only a small difference in the
synthetic MIRO data (see Figure 5 below).

We then compared for both initial temperatures the ex-
pected monochromatic emission temperature of the comet
for the two MIRO wavelengths, calculated following Eq. 1,
with the subsurface temperature measurements by MIRO
(see Figure 5 in Gulkis et al. (2015)). We used a maximum
illumination intensity of cosϑ = 0.96 in Eq. A1, represent-
ing the MIRO measurements (Gulkis et al. 2015) at north-
ern latitude of 25◦. As the criterion of match between the
MIRO observations and model calculations, we chose the
minimum and maximum diurnal temperatures measured by
MIRO. These are for the sub-mm channel2, respectively. We
systematically varied the absorption coefficient for the ma-
terial in the range αsub−mm = 0.25 cm−1 to 50 cm−1 (in steps
of 0.25 cm−1) for the sub-mm channel and αmm = 0.10 cm−1

to 50 cm−1 (in steps of 0.10 cm−1 for αmm ≤ 1.0 cm−1 and in

2 The temperature values in the sub-mm channel were increased

by 6% relative to Gulkis et al. (2015), due to a 94% beam

efficiency, see Schloerb et al. (2015). Tmin = (122 ± 3) K and
Tmax = (184 ± 3) K and for the mm-channel Tmin = (140 ± 3) K
and Tmax = (162 ± 3) K
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Figure 3. Snapshots of diurnal subsurface temperature profiles of a cometary nucleus that consists of dust aggregates of different sizes
(marked by different colours, see legend) for minimum (left) and maximum (right) diurnal MIRO fluxes. The upper and lower plots show

results for an initial temperature of 50 K and 133 K, respectively.

steps of 1.0 cm−1 for αmm > 1.0 cm−1) in the mm channel.
Pebble radii were varied between a = 50 µm and a = 1.58 cm
in logarithmically equidistant steps of

√
10.

Figure 4 shows a mosaic of derived minimum and
maximum temperatures for the two MIRO wavelengths in
the aggregate-size and absorption-coefficient range described
above and for an initial temperature of 50 K. For both MIRO
channels, an anti-correlation between the required absorp-
tion coefficient and the aggregate size can be discerned. This
degeneracy is evident when Figure 3 is examined. Due the
dominance of radiative heat transport and the correspond-
ing linear dependency of the heat conductivity on the peb-
ble size (see Appendix A), the diurnal penetration depth
of the heat wave scales with the square root of the pebble
radius. To achieve the same synthetic MIRO temperature,
the absorption coefficient therefore has to decrease with in-
creasing dust-aggregate size. The two contours in each of the
four panels of Figure 4 denote the boundaries of the mea-
sured MIRO temperature ranges as defined above. A formal
agreement between the synthetic and measured MIRO data
can be achieved in both MIRO channels for dust-aggregate
sizes of a few millimetres. However, while the range of max-
imum synthetic MIRO temperatures is quite large for the

various aggregate sizes and absorption lengths, the mini-
mum temperatures are relatively insensitive to changes in
these parameters (see Figure 4). Thus, the MIRO minimum-
temperature measurements do not efficiently constrain the
aggregate sizes so that we need additional aggregate-size re-
strictions, which will be discussed hereafter.

A comparison of the two MIRO channels for the max-
imum MIRO temperatures is shown in Figure 5, where the
red (sub-mm channel) and orange (mm channel) bands in
the plot denote the aggregate-size and absorption-coefficient
ranges for which an agreement between the MIRO mea-
surements and the simulations could be achieved for both
starting temperatures. As noted above, we cannot derive
the aggregate sizes on comet 67P with this data alone, due
to the degeneracy between aggregate size and absorption
length. However, we can use additional information on the
absorption coefficient to exclude very large and very small
aggregate sizes, respectively. Assuming a dust-aggregate ra-
dius a and optically thick aggregates, the maximum ab-
sorption coefficient is given by geometrical optics and reads
αmax = n π a2, with n being the number density of the ag-
gregates. We assume a packing density of φ = 0.6, which is
close to the random close packing limit (see Sect. 4.1), and
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Figure 4. Simulation results for minimum and maximum diurnal MIRO temperatures for an initial temperature of 50 K. Minimum (left

two panels) and maximum diurnal temperatures (right two panels) are indicated by colours (see colour bar) as a function of pebble radius
(x axis) and absorption coefficient (y axis) for the sub-mm channel (upper two panels) and the mm-channel of MIRO (lower two panels).

The contours mark the two extreme temperatures that are in agreement with the MIRO data, i.e., a good match between synthetic and

measured data can be found between the contours.

get αmax =
3 φ
4 a =

0.45
a . This relation between the absorption

coefficient and aggregate size is shown as a solid black line
in Figure 5. It is evident that for aggregate sizes larger than
about a ≈ 6 mm (independent of the initial temperature),
the calculated absorption coefficient exceeds the geometric
value for perfectly absorbing particles so that we can ex-
clude aggregates with these sizes. In the above analysis, we
neglected surface reflection, which in principle can enlarge
the distance travelled by the heat wave before it escapes
the surface over the geometrical depth. However, this effect
should be small for mm-sized aggregates and geometrical
depths of ∼ 10 cm, because of the rather low permittivity
of the nucleus material. For ε = 1.27, as measured by CON-
SERT (Kofman et al. 2015), and under the assumption that
this value does not change too much from metre to millime-
tre wavelengths, we get a surface reflectivity of only 0.4%,
which leads to a total reflection loss over 10 cm depths of
∼ 8% for aggregates with a = 5 mm.

The ratio between the calculated values of the absorp-
tion coefficient for the two MIRO wavelengths, αsub−mm/αmm

can be estimated from Figure 5. The blue, turquoise and
green curves denote 2.2×, 3.2× and 4.2 × αmm (50 K initial
temperature, upper plot) and 2.9×, 4.3× and 5.8×αmm (133 K
initial temperature, lower plot) the mm-curve, respectively.
We can derive from Figure 5 that αsub−mm/αmm ≈ 2.2 . . . 4.2
(T = 50 K) and αsub−mm/αmm ≈ 2.9 . . . 5.8 (T = 133 K), re-
spectively. As the ratio of the MIRO frequencies ν is exactly

3, we get a spectral index of β′ = d logα
d logν = 0.7 . . . 1.3 (T = 50

K) and β′ = d logα
d logν = 1.0 . . . 1.6 (T = 133 K), with the lower

β′ values for the smaller dust aggregates.

Draine (2006), Natta et al. (2007) and Testi et al. (2014)
showed that a value of β′ ≈ 1 for wavelengths around 1 mm
is characteristic for MRN-type size distributions with size
cut-off of amax & 1 mm. For size distributions with smaller
maximum sizes, β′ typically reaches values of β′ ≈ 2 for mm
wavelengths. Menu et al. (2014) showed that the resulting
dust opacities (see below) are in agreement with models of
mixtures of amorphous silicates and carbonaceous material
if the contributions from sub-mm-sized dust aggregates are

MNRAS 000, 1–20 (2015)



8 J. Blum et al.

negligible. From this analysis, we conclude that the most
likely aggregate sizes to explain the MIRO measurements
fall into the range a ≈ 1 mm to a ≈ 6 mm. We should like to
point out that in the above analysis, we ignored electromag-
netic interference between neighbouring dust aggregates. Al-
though this might be a crude approximation, near-field ef-
fects are probably of small importance for materials with
small index of refraction, as suggested by the low opacities
at mm wavelength and low permittivity of ε = 1.27 measured
by CONSERT at 3.3 m wavelength (Kofman et al. 2015).

It should also be mentioned that for this analysis, we
ignored the heat sink due to ice sublimation because of the
low outgassing rate at 3.27 au. Details about the influence of
outgassing rate on the internal temperatures can be found
in Appendix A. However, future investigations will have to
take the latent heat of water ice and the ice-dust boundary
as a free parameter into account.

With a mass density of comet 67P of 0.53 g cm−3 (Jorda
et al. 2016), we convert the derived absorption coefficients
αsub−mm ≈ 0.8 − 1.2 cm−1 and αmm ≈ 0.2 − 0.4 cm−1 for
a dust-aggregate size range of a = 1 − 6 mm (see Figure
5) into mass-absorption coefficients (opacities) of κsub−mm ≈
1.5 − 2.3 cm2 g−1 and κmm = 0.4 − 0.8 cm2 g−1, respectively.
These values are slightly higher than those calculated by
Draine (2006) for astrosilicate, but seem to be typical for
carbonaceous material, and provide for the first time direct
estimates of these important properties (albeit for a complex
hierarchical arrangement of aggregates), which will be help-
ful in future modelling of dust processes in protoplanetary
and debris discs. As mentioned above, the opacities derived
by Menu et al. (2014) for a mixture of silicates and carbona-
ceous material are in broad agreement with our estimates
when the aggregates are typically millimetre-sized.

4. Pebble-size constraint from the surface heating curve
measured by Philae. The infrared radiometer MUPUS-TM
recorded the surface temperature of the landing site of Phi-
lae (Spohn et al. 2015) over a total period of 40 h. Although
the observed surface was most of the time in shadow, for
short (∼40 min) periods of insolation, the temperature rose
from ∼ 117 K to ∼ 129 K and then dropped off again. As
MUPUS-TM recorded thermal-infrared radiation, we mod-
elled by the finite element method (FEM) the temperature
of a surface layer of equal-sized spherical pebbles when the
insolation is momentarily switched on (see Appendix B).

Figure 6 shows the values of the mean squared tem-
perature deviation between the measurement and the FEM
model as a function of pebble radius for the case of full il-
lumination of the area observed by MUPUS-TM ( fs = 1 in
Eq. B6). The best-fitting value of a = 0.44 mm is clearly
the global minimum within four decades of realistic radii.
However, a wide range of pebble radii from a = 0.22 mm to
a = 55 mm solve the equations with

〈
∆T2〉 . 1 K2, which

is about the noise level in the MUPUS-TM data. Outside
this radius range, the mean squared temperature deviation
increases drastically (see Figure 6). Smaller dust aggregates
heat too fast to fit the measurements, whereas for larger peb-
bles the heat wave does not penetrate deep enough, which
also leads to a mismatch between the measured and mod-
elled temperatures.

The goodness of fit can also be seen in Figure 6, where
the MUPUS-TM data from Spohn et al. (2015) are shown
as crosses together with the results of the FEM model (solid
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Figure 5. Comparison between measured and modelled maxi-
mum diurnal MIRO temperatures. As broad coloured bands, peb-

ble radii (x axis) and absorption coefficients (y axis) are shown
for which the synthetic and measured maximum temperatures
overlap for the sub-mm channel (upper red band) and the mm-

channel (lower orange band) of MIRO. The blue, turquoise and

green curves denote 2.2×, 3.2× and 4.2 × αmm (50 K initial tem-
perature, upper plot) and 2.9×, 4.3× and 5.8 × αmm (133 K initial

temperature, lower plot) the mm-curve, respectively. The black

curve denotes the maximum possible absorption length (see text
for details).

curves) for the best-fitting radius of a = 0.44 mm and an
illumination factor of fI�= 0.16 (see Appendix B) as well as
for a pebble with a radius of a = 10 mm and an illumina-
tion factor of fI�=0.24. The same values were achieved for
both limiting cases of the ambient temperature used for the
heat exchange of the bottom sphere surface discussed in item
(iii) of the model assumptions (see Appendix B). Deviations
from the illumination of the whole observation area of the
MUPUS-TM sensor, as described by Eq. B6, with either a
constant or a time-dependent fractional illuminated area do
not influence the result for the size distribution of pebbles.

If we assume that the comet-nucleus surface does not
consist of spherical pebbles, but is made of a layer of µm-
sized dust particles with a filling factor of φ = 0.4, we can
use the model shown in Appendix B and derive the opti-
mal thickness of this dust layer to match the temperatures
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Figure 6. Comparison between MUPUS-TM data and the model.
Top: Mean squared temperature deviation between the measure-

ments and the FEM model of the comet surface for different peb-
ble radii. Bottom: Surface temperature of comet 67P measured by

MUPUS-TM (crosses, Spohn et al. (2015)) and best-fitting model

(solid curves) with a pebble radius of a = 0.44 mm (bottom left)
and a = 10 mm (bottom right).

observed by MUPUS-TM. We get a reasonable fit (with a〈
∆T2〉 very similar to that shown in Figure 6) when the

half-thickness of the dust layer is between 100 µm and 10
cm. For a thickness outside this range,

〈
∆T2〉 increases simi-

larly rapidly as in the case with pebbles. Thus, the measure-
ments by MUPUS-TM indicate a characteristic length scale
as shown in Figure 2.

5. Pebble-size constraint from the size distribution of
dust observed by Rosetta. The various dust-sensitive instru-
ments on-board Rosetta and Philae (COSIMA, GIADA,
OSIRIS, ROLIS) have detected individual size-frequency
distributions of the dust over many orders of magnitude in
diameter (see Appendix C). Taking these individual data
sets and fitting piecewise power laws of the form n (a) da ∝
aβda, with n(a)da being the number of detected dust parti-
cles in the radius range between a and a + da, shows that
the exponent of the size-frequency distribution, β, systemat-
ically varies with the dust size (see discussion in Appendix
C). A power-law size-frequency distribution translates into a
total mass per logarithmic size bin of M(a) ∝ n (a) a4 ∝ a4+β .
For β < −4, the logarithmic mass distribution function is
dominated by the small-mass end, whereas for β > −4, the
large particles dominate. The mass-dominating grains with
β ≈ −4 are present in the size range between millimetres
and a few metres (see Figure 7). Although one has to be
careful with the assumption of a single continuous mass-
distribution function throughout the observable size range,
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Figure 7. Particle size distribution for comet 67P. (a) Exponent

of the size-frequency distribution function, β, of the dust emitted
from the nucleus of comet 67P. Data (horizontal lines) stem from

measurements by various instruments on board Rosetta and from

Earth-based observations. The three lines represent a linear fit
to the data and two extreme approximations, one very steep and

one very shallow. (b) Derived normalized mass-frequency distri-
butions per logarithmic size interval for the three linear approxi-

mations shown in panel (a). For a flat line at β = 4 in panel (a),

all size bins would contribute equally to the mass.

it is clear that pebble-sized dust aggregates are very abun-
dant in comet 67P.

6. Pebble-size constraint from measurements of the ten-
sile strength of comet 67P. For small bodies, it is not only
gravity that keeps the objects in shape, but the internal co-
hesion plays an important role (Gundlach & Blum 2015a),
which is caused by the mutual van der Waals attraction be-
tween dust grains in contact. A measure of the cohesion is
the tensile strength of the material, i.e., the detachment force
per effective particle cross section. The various Rosetta in-
struments derived tensile strengths of 3−15 Pa and 10−20 Pa
for the 67P surface material on length scales of 10s of metres
(Groussin et al. 2015; Thomas et al. 2015) and 10 − 200 Pa
for the bulk comet (Hirabayashi et al. 2016).

In general, the tensile strength of a particulate material
is determined by the number of grain-grain contacts per unit
cross section. For a homogeneous material with no pebbles,
only the packing density of the grains can alter the bulk co-
hesion. As the typical cohesion force between µm-sized silica
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grains is on the order of 10−7 N (Heim et al. 1999), a network
of these grains with a filling factor of φ = 0.20 − 0.54 pos-
sesses a tensile strength of 1000−3700 Pa (Blum & Schräpler
2004). This was also recently confirmed to be the case for the
sub-mm-sized dust aggregates entering the COSIMA instru-
ment of Rosetta (Hornung et al. 2016). Organic material may
slightly lower these values, whereas for water ice in hexag-
onal form and for temperatures . 200 K, relevant for the
sub-surface activity regions of comet 67P, tensile strengths
will be a factor ∼10 higher (Gundlach et al. 2011b; Gund-
lach & Blum 2015b). Monomer-grain sizes smaller than ∼1
µm will also increase the tensile strength.

However, if the comet nucleus consists of a hierarchical
arrangement of pebble-sized dust aggregates, it is the cohe-
sion between these aggregates that determines the overall
tensile strength of the comet, although the pebbles them-
selves possess much higher internal strengths (Blum et al.
2014, 2015). For low compression (as is the case for cometary
nuclei, see Sect. 4.2), the contact area between two touch-
ing aggregates is much smaller than their cross section so
that the bulk tensile strength is reduced in comparison to
a homogeneous dusty body. For spherical dust aggregates
of radius a consisting of µm-sized silica particles, the bulk
tensile strength of a cluster of pebbles with φpebble = 0.4 and
packed with φ = 0.6 is

Σ = 0.21 Pa ×
( a
1 cm

)−2/3
(2)

(Skorov & Blum 2012; Blum et al. 2014).
Thus, the derived tensile-strength values for comet 67P

(see above) cannot be reconciled with a homogeneous dusty
composition of the nucleus. This rules out any collisional-
growth-only models for planetesimals (see, e.g., Windmark
et al. 2012), which rely on mass accretion in high-velocity
impacts, because they compress the material to its densest
state of φ ≈ 0.4 (Güttler et al. 2010) and lead to too high
tensile strengths and bulk porosities much lower than the
measured values for comet 67P (Fulle et al. 2016b; Kofman
et al. 2015; Pätzold et al. 2016).

Taking into account that the derived bulk value for the
tensile strength of comet 67P (see Hirabayashi et al. 2016) is
also influenced by gravity – the central lithostatic compres-
sion of the large lobe of comet 67P is ∼86 Pa (see below) –
and that on a length scale of 10s of metres or larger water
ice is present, which may increase the tensile strength by a
factor 10, we argue that the desiccated (water-ice-free) dust
should have a tensile strength between Σ = 0.3 Pa (water ice
dominates the tensile strength in the measurements) and
Σ = 20 Pa (water ice is unimportant for the measured tensile
strength). Thus, we get with Eq. 2 a range of pebble radii
between amin = 0.0011 cm and amax = 0.59 cm.

If the gas pressure at the bottom of the ice-free dust
layer close to the surface of a comet nucleus exceeds the
tensile strength, the whole layer is locally torn off and accel-
erated away from the comet. As long as the incoming solar
heat flux is sufficiently large, the process of build-up and de-
struction of an ice-free pebble crust is repetitive and defines
the dust activity of the comet. As the model cannot pre-
dict the lateral extent of the emitted dust layer, we can only
speculate that the observation of free-flying dust with sizes
of a few decimetres (see point 5 in this Section) is due to
the “folding” of initially flat clusters of pebbles. The folding

process is physically plausible, because the pattern of the
gas flow around the cluster causes stresses within the clus-
ter that can easily overcome the rolling resistance so that
the cluster collapses to a spheroidal shape. Tensile-strength
values of ∼ 1 Pa at the surface of 67P are not in contradic-
tion to measured bulk values of 10-200 Pa (Hirabayashi et al.
2016), because the increased lithostatic pressure towards the
centre leads to an enduring increased tensile strength (Blum
et al. 2014, 2015; Gundlach & Blum 2016). Given the size
of the lobes of 67P and the increased stickiness of water ice
(Gundlach & Blum 2015b) over the desiccated surface ma-
terial, a range of 10-100 Pa is expected. On top of that, the
gravitational strength towards the centre of 67P should be
on the order of 100 Pa (Gundlach & Blum 2016).

Finally, it should be noted that the tensile-strength val-
ues measured on the surface of comet 67P (3-15 Pa; Groussin
et al. (2015)) are possibly an upper limit, because cliffs with
lower tensile strengths would have collapsed at smaller sizes
and to smaller fragments and, thus, may have escaped ob-
servations by OSIRIS.

7. Pebble-size constraint from direct observations by the
CIVA camera on Philae. Direct observation of resolved pos-
itive relief features with sub-cm spatial resolution was pos-
sible with the CIVA instrument on Philae. The 695 peb-
bles found on CIVA images #3 and #4 possess diameters
between 3.7 mm and 16.25 mm (Poulet et al. 2016). Their
cumulative size distribution cannot be fitted with a single
power law and is very steep at the large end and very flat at
the small end. The size range within one standard deviation
from the median of the 412 pebbles of the CIVA image #4 is
6.0−10.6 mm. Thus the pebble radii are between a = 3.0 mm
and a = 5.3 mm.

3.3 Streaming instability criterion

8. Pebble-size constraint from the streaming instability. The
streaming instability is capable of concentrating dust par-
ticles with Stokes numbers around St ≈ 0.1 (Carrera et al.
2015; Yang et al. 2016). Larger particles possess larger stop-
ping times so that the Stokes number is also a measure for
the dust size. However, not all particle sizes are equally well
concentrated. While concentration of pebbles with St ≈ 0.1 is
feasible for dust-to-gas ratios of Z = Σs/Σg ≈ 0.015 (where Σs
and Σg are the surface densities of the solid and gaseous com-
ponents of the protoplanetary disc), smaller and larger peb-
bles require higher metallicities, e.g., Z ≈ 0.02 for St ≈ 0.006
and St ≈ 0.6 (Yang et al. 2016). Assuming a MMSN model
Weidenschilling (1977a), the mid-plane gas density of the
solar PPD at 30 au was 3×10−13 g cm−3, the mid-plane tem-
perature was 50 K, and the metallicity was Z ≈ 0.01. Using
published gas-drag equations (Weidenschilling 1977b) and
scaling the required higher dust-to-gas ratios of Z = 0.02 by
respective lower gas densities, caused, e.g., by partial dis-
sipation of the solar nebula, we get pebble radii between
amin = 3×10−4 m and amax = 0.03 m for which the streaming
instability should work.

3.4 How large are the pebbles forming comet
67P?

It must be emphasized that different observations are
sensitive to different pebble “size” definitions. While the

MNRAS 000, 1–20 (2015)



Comet 67P formed through SI/GI 11

temperature-sensitive devices (MUPUS-TM, MIRO) mostly
react on the volume-to-surface ratio of the pebbles, i.e., lin-
early with pebble size, the tensile strength scales with peb-
ble radius to the power of −2/3, the detection of dust by
imaging is sensitive to the cross section of the particles, i.e.
scales with radius squared, and the dust size distributions
shown in Figure 7 use a variety of analyses and can mostly
not distinguish between homogeneous dust aggregates and
clusters thereof. We do not necessarily expect a straightfor-
ward agreement of all derived pebble radii if the true peb-
ble sizes are non-monodisperse. No single observation should
be over-emphasized (and over-interpreted) to constrain the
formation process of comet 67P. However, a comparison be-
tween the different criteria (see Figure 2) shows that a rea-
sonable consensus can be reached among all measurements
shown above for pebble radii in the range from a ≈ 3 mm
to a ≈ 6 mm, denoted by the hatched area in Figure 2. It
is interesting to note that this size range falls right into the
minimum of the metallicity-Stokes number curve derived by
Yang et al. (2016) for the transition between non-SI and
SI regimes of the PPD, assuming gas densities as in the
minimum-mass solar nebula model. Thus, a metallicity of
Z & 0.015, only slightly raised above the solar value, is re-
quired.

4 DISCUSSION

Using the above result that comet 67P likely formed by a
gentle gravitational collapse of a bound clump of mm-sized
dust pebbles, we will now make predictions about its prop-
erties and will show that these are in agreement with obser-
vations.

4.1 Porosity

If we consider the structure of a planetesimal formed by the
gentle gravitational collapse of a bound clump of pebbles,
we can derive its volume filling factor (Skorov & Blum 2012)
and compare it to that of the nucleus of comet 67P. It must
be noted that for a total mass of collapsing pebbles corre-
sponding to a final planetesimal radius of 50 km or smaller,
the mutual collisions of the pebble-sized dust aggregates are
so gentle that they neither get further compacted nor frag-
mented (Wahlberg Jansson et al. 2017; Wahlberg Jansson
& Johansen 2014). Thus, the volume filling factor of the
pebble-sized dust aggregates is determined by the bounc-
ing phase before transport to the outer solar nebula, which
yields φpebble ≈ 0.4 (Zsom et al. 2010; Weidling et al. 2009).
In addition, the pebbles will be randomly packed throughout
the volume of the planetesimal. There is insufficient gravi-
tational stress to considerably deform or break individual
aggregates inside the planetesimal (Groussin et al. (2015),
but see also below). Hence, the volume filling factor of the
pebbles has to fall between random loose packing (RLP)
and random close packing (RCP) values (Onoda & Liniger
1990). RLP is the loosest possible configuration under which
low-cohesion spheres can pack and has a volume filling fac-
tor for low-gravity objects of φRLP = 0.56 (Onoda & Liniger
1990). As the gravitational stress inside comet 67P is on
the order of ∼ 100 Pa and, thus, higher than cohesive and

shear strengths, the pebbles will always arrange in the dens-
est possible configuration. Any external perturbations, such
as vibrations or lithostatic stresses, will cause a further den-
sification up to the RCP limit, which has been determined
for equal-size spheres to be φRCP = 0.64 (Onoda & Liniger
1990). For polydisperse spheres, the RCP can reach some-
what higher limits, e.g. φRCP = 0.68 for a log-normal size
distribution with a standard deviation of 0.3 (Baranau &
Tallarek 2014). Thus, we expect a total volume filling factor
for the planetesimal between φtot = φpebble × φRLP = 0.22
and φtot = φpebble × φRCP = 0.26 . . . 0.27 (or slightly higher
for higher degrees of polydispersity among the pebbles). If
the volume filling factor of the pebbles is φpebble = 0.46,
as recently inferred from Rosetta GIADA measurements
(Fulle et al. 2016b), we get φtot = φpebble × φRLP = 0.26
and φtot = φpebble × φRCP = 0.29 . . . 0.31, respectively. Due
to the high porosity contrast between pebbles and fractal
aggregates, we here disregard that the void spaces among
the pebbles are not empty but filled with fluffy dust clusters
(Fulle & Blum 2017).

The derivation of the total volume filling factor for
comet 67P naturally depends on the assumed dust-to-ice ra-
tio and material parameters (mass density, gas permittivity).
In the literature, the inferred values are φtot = 0.25 . . . 0.30
(derived through gravity field measured by RSI; Pätzold
et al. (2016)), φtot = 0.21 . . . 0.37 (derived through direct
density measurements of the pebbles by GIADA; Fulle et al.
(2016b)), and φtot = 0.15 . . . 0.25 (derived through the per-
mittivity measured by CONSERT; Kofman et al. (2015)),
respectively. Taking into account the individual uncertain-
ties and underlying assumptions, we can state that the most
likely values for the volume filling factor are in the range
φtot = 0.25 . . . 0.31. This is in excellent agreement with our
prediction.

Thus, we can already conclude at this point that the
bulk of the pebbles have never seen impacts with speeds
greater than ∼ 10 m s−1, because pebbles are being com-
pacted to φpebble ≈ 0.55 to φpebble ≈ 0.90 (and structurally

destroyed) for impact velocities of 50 m s−1 and 1000 m s−1,
respectively (Beitz et al. 2016). Even for the loosest possible
pebble packing, RLP, this would result in φtot = 0.31 . . . 0.50,
which exceeds the published values.

4.2 Homogeneity

A gentle gravitational collapse of a bound clump of mm-sized
pebbles leads to a homogeneous body on all size scales down
to the pebble size. This is consistent with findings by CON-
SERT (Kofman et al. 2015) and RSI (Pätzold et al. 2016),
whose resolution limits are, however, much larger than the
pebble size. The absence of scattering in the CONSERT data
indicates the absence of large contrast in the dielectric con-
stant within the investigated depth, suggesting that cavities
or density enhancements larger or comparable to the wave-
length (3.3 metres) do not exist within the volume examined.
However, measurements by CONSERT and RSI cannot ex-
clude voids in the ∼ 10 − 100 m size range in the bulk of the
comet nucleus, due to a lack of observational volume (CON-
SERT) and sensitivity (RSI). CONSERT data are compati-
ble with a slow variation of the dielectric constant over the
top ∼100 metres from the surface of 67P (Ciarletti et al.
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2015), which cannot be explained by our formation model
and could well be an evolutionary process. At the current
stage, the gravitational collapse of a bound cloud of pebbles
can also not account for the observed layering of the two
lobes of comet 67P (Massironi et al. 2015), which speaks for
an individual formation (or evolution) of the two lobes.

Measurements based on observations by the OSIRIS
instrument indicate a difference in mass density between
the two lobes of 5-15%, with the large lobe being denser
(Jorda et al. 2016). This could be the result of lithostatic
compression inside the larger lobe of 67P. The lithostatic
pressure inside a homogeneous object with radius r and a
mean mass density ρ due to its own gravity at a depth

x is given by p (x, r) = 2
3πρ

2G
[
r2 − (r − x)2

]
. Here, G is

the gravitational constant. The volume-averaged pressure is
p (r) = 4

15πρ
2Gr2, the peak pressure at the centre of the

body is pc(r) = 2
3πρ

2Gr2. For the radii of the two lobes of
comet 67P, r1 = 1.43 km and r2 = 0.89 km, and densities
ρ1 ≈ 550 kg m−3 and ρ2 ≈ 500 kg m−3 (Jorda et al. 2016),
we get p1 = 35 Pa, p2 = 11 Pa, pc,1 = 86 Pa and pc,2 = 28 Pa,
respectively. Taking into account that the two lobes are in
contact and that the centre of mass is inside the larger of
the two lobes, the compressive stress inside the larger lobe
is further increased. Its volume-averaged upper limit can be
calculated by assuming that the whole body is spherical with
a radius of r = 1.65 km and a mass density of ρ = 530 kg m−3

and yields p . 100 Pa.
Low-velocity impact experiments of glass spheres of

5 mm radius and 1.37 g mass (and, thus, a density of
ρ = 2600 kg m−3), dropped from h = 2 mm above the flat
surface, consisting of ∼20 layers of dust aggregates with ∼1
mm diameter, yielded intrusions of 1-2 mm (Isensee 2016).
As the impact pressure pimp = ρgh ≈ 25 − 50 Pa is constant
on a scale length of the impactor radius and then decays
inversely proportional to the distance squared (Beitz et al.
2016), the resulting density increase was ∼10-30%. As the
lithostatic pressure contrast between the two lobes is on the
same order as the impact pressure in the impact experi-
ments, we expect a similar density contrast between the two
lobes, which matches the findings by Jorda et al. (2016).
Although impacts are dynamical processes, in this example
the impact velocity of 0.14−0.20 m s−1 is much smaller than
the sound speed so that the impacts were quasi-static.

The compressive strength of overhangs on the 10 m scale
on the surface of comet 67P were estimated to be 30-150 Pa
(Groussin et al. 2015). These strength values are reached
within the large lobe, but not in the small lobe of comet
67P. Thus, we expect material failure only in the inside of
the large lobe that leads to a densification, which is in quali-
tative agreement with the observation of the density contrast
between the two lobes.

4.3 Thermal inertia

Our planetesimal-formation model can be readily used to
derive the thermal inertia of the near-surface material of the
nucleus of comet 67P. The thermal inertia is a measure of
the ability of the material to resist changes in temperature
due to energy fluxes, and is defined by I =

√
kρcp, with

k, ρ and cp being the heat conductivity, the mass density
and the heat capacity, respectively. Using similar values as

those in Schloerb et al. (2015), ρ = 500 kg m−3 and cp =

500 J kg−1 K−1, and the model of the heat conductivity by
Gundlach & Blum (2012) (see also Appendix A and Figure
A1) for a = 5 mm, i.e. k = 10−2 W m−1K−1 for T = 200 K
and k = 10−3 W m−1K−1 for T = 100 K, we get thermal
inertia between I = 16 J K−1m−2s−1/2 (T = 100 K) and I =
50 J K−1m−2s−1/2 (T = 200 K). This agrees very well with
MIRO results of I = 10 − 30 J K−1m−2s−1/2 and I = 10 −
50 J K−1m−2s−1/2 (Schloerb et al. 2015; Gulkis et al. 2015).

4.4 Outgassing of water vapour as a function of
heliocentric distance and water-ice abundance
on comet 67P

Using the thermophysical model described in detail in Ap-
pendix A, we calculated the expected outgassing rates for
water vapour as a function of heliocentric distance and com-
pared it to values inferred from ROSINA measurements
(Fougere et al. 2016). The free model parameters are the
pebble radius, the thickness of the desiccated dust layer and
the sub-surface areal coverage by water ice. For not too small
dust pebbles (see Figure A1), however, the heat conductiv-
ity per pebble radius is constant for a given temperature so
that the former two parameters degenerate to a single pa-
rameter, i.e. the depth of the desiccated dust layer in units
of the pebble radius.

We determined vertical steady-state temperature pro-
files (as proxies for the diurnal and seasonal sub-surface pro-
files) for insolations ranging from the sub-solar point at per-
ihelion to 10−4 that value (in 10000 steps) along the orbit
of 67P and set the ice-dust boundary as a free parameter,
ranging from the surface to 30 pebble radii deep. For each
temperature profile, the temperature of the water ice at the
ice-dust boundary and the corresponding sublimation rate
were calculated (see Table 1 by Gundlach et al. (2011a) for
details). Due to the gas permeability of the covering dust-
aggregate layers, only a fraction of the sublimating molecules
can escape into space. The number of escaping molecules as
a function of the thickness of the desiccated dust-aggregate
layer is calculated using the ex mental results obtained by
Gundlach et al. (2011a) (see Appendix A, Eqs. A9-A12 and
Table A1 for details) for a volume filling factor of the pebble
packing of φpacking = 0.59 ≈ φRCP.

The outgassing rate of each surface segment is calcu-
lated by either choosing a thickness of two pebble radii, i.e.
x = 2a in Eqs. A9-A12, (nominal model) or such a thick-
ness x that the pressure build-up at the ice-dust interface
is maximal, i.e. Z(T(x)) in Eq. A10 is maximal, which then
leads to a corresponding outgassing rate (i.e., the amount of
molecules able to penetrate through the covering material
and able to escape into space). It turned out that both as-
sumptions agree relatively well (the difference between the
two methods in the outgassing rate per segment is less than
20%, but the overall behaviour of the outgassing rate ver-
sus heliocentric distance follows the exact same trend) so
that we here only follow the nominal model. To arrive at
the total outgassing rate, the respective values of the indi-
vidual surface segments are summed, taking the area of each
surface segment and its time-dependent insolation into ac-
count. We assume pebbles with radii a = 5 mm (see Figure 2)
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and, hence, a thickness of the desiccated dust-pebble layer
of 1 cm.

We approximated the shape and orientation of 67P by
a digital terrain model with 5000 facets (Jorda et al. 2016)
and its real obliquity (Acton 1996) as well as by a 1000-facet
sphere with an effective radius of 1.65 km and a rotation
axis perpendicular to the orbital plane. Figure 8 shows the
resulting outgassing rates at different heliocentric distances
derived for comet 67P. For comparison, the outgassing rates
deduced from ROSINA data are shown by the blue triangles
(Fougere et al. 2016). The black curves present the results of
the two models under the assumption that the entire surface
is active and the ice-dust interface is completely covered in
water ice.

A comparison with the measured outgassing rates pro-
vides the possibility to estimate the fraction of active sur-
face area or the areal coverage by water ice. We find that
both models (a comet with the shape and obliquity of 67P
and a spherical comet, respectively) provide excellent fits
to the measured data if we assume that 5% of the dust-ice
interface area is covered in water ice (4% for the spherical
comet; see blue curves in Figure 8). Thus, a homogeneous
cometary sub-surface can explain the observed outgassing
rate of comet 67P (see Figure 8) and large areas of inac-
tivity or hotspots of activity on the sunlit hemisphere are
not required. This is in agreement with direct findings from
Rosetta (Fulle et al. 2016a; Kramer & Noack 2016). From
Figure 8, it can be assumed that an even better match to the
ROSINA data, particularly at the highest and lowest helio-
centric distances, can be achieved if the water-ice coverage at
large heliocentric distances is slightly smaller than average,
whereas for small heliocentric distances a somewhat larger
areal water-ice coverage could be present. This dichotomy
seems plausible, because regions active during the northern
summer (at large heliocentric distances) are covered in fall-
back material from the southern summer. The southern lat-
itudes are active at small heliocentric distances and produce
more material than they receive during the southern winter.
As the fall-back material deposited in northern latitudes has
been exposed to direct sunlight, we expect it to contain a
somewhat smaller abundance of water ice (see Fulle et al.
(2017)).

Some caution is required in interpreting the derived 5%
areal water-ice coverage or fraction of surface mass that is
evaporating water ice. Assuming a thicker (thinner) desic-
cated dust cover leads to a diminished (increased) vertical
heat transport that can formally be compensated by higher
(lower) water-ice abundance. Thus, our model does not allow
the prediction of the sub-surface water-ice coverage. How-
ever, if the water-ice abundance is known, we can use the
model to estimate the thickness of the ice-free upper dust
layer in units of the pebble radius.

With the assumption of an average dust-to-ice mass ra-
tio of δ = 8.5 (Fulle et al. 2016b), we get a global water-ice
mass fraction of Y = 1

δ+1 = 0.105 for the pristine comet nu-
cleus. On the southern hemisphere, part of the water ice
evaporates before the dust is ejected, leaving behind emit-
ted dust with a water-ice mass fraction Z and a mass frac-
tion X of the water vapour. Thus, we get Y = X + Z for
the southern hemisphere. For the northern hemisphere, we
assume that 20% of its surface is primitive (Keller et al.
2015), with a water-ice content of Y , and 80% of the sur-

face is covered in deposit from the south, with a remaining
water-ice abundance of Z. Therefore, we get for the northern
hemisphere 0.2Y + 0.8Z = X, because the sublimating water
content is about the same in the north and the south (Fulle
et al. 2016a; Fougere et al. 2016). Solving the two equations
with Y = 0.105, we get X = 0.05, in agreement with the
needed mass surface fraction fitting ROSINA COPS data,
and Z = 0.05, in agreement with the ice mass content in
dust derived by Fulle et al. (2016a). This consensus with
the observations means that our assumption of a thickness
of the desiccated dust layer of two pebble radii is consistent.
These values are in accord with the ice abundances of other
Kuiper-belt objects (Fulle 2017).

It should also be mentioned that our outgassing model
is not unique and that other models also predict a similar
increase in water-production rate with decreasing heliocen-
tric distance (Keller et al. 2015). Thus, the evaporation rate
of water ice is neither diagnostic for the pebble radii nor for
the build-up of the desiccated dust crust. However, a cor-
rect prediction of the outgassing rate of water is a necessary
condition for a comet-formation model.

4.5 Size range for active comets

Laboratory data indicate that the tensile strength of the
interior of a body formed by pebble collapse increases to-
wards the centre (Gundlach & Blum 2016). This is due to
a memory effect of lithostatic pressure experienced at any
time since formation. As the lithostatic pressure increases
with increasing size of the body, large active comets should
be scarce, because dust activity can only be present if the
gas pressure exceeds the tensile strength. A comparison be-
tween (active) Jupiter-family comets (JFCs) and (inactive)
asteroids in cometary orbits shows that the latter are on
average larger than the former, although their perihelia dis-
tances are even smaller than those of the JFCs (Gundlach
& Blum 2016). The size limit for activity was predicted to
be between 2.7 and 4.5 km initial radius (Gundlach & Blum
2016). Both of the lobes of comet 67P are well below this
limit so that they can sustain their activity until they vanish.

5 CONCLUSION

In conclusion, the analysis presented in this paper favours
the formation of comet 67P through gravitational collapse of
a bound clump of mm-sized dust pebbles and excludes any
significant rearrangement (e.g. by catastrophic collisions) of
the bulk of the pebbles since the gravitational accretion,
which would have destroyed a significant fraction of the
pristine fractals among the voids, rendering the observed
rate of the GIADA showers of mm-sized fractal parent par-
ticles impossible (Fulle & Blum 2017). However, even sub-
catastrophic collisions as suggested by Jutzi et al. (2017)
and Jutzi & Benz (2017) cannot have acted on comet 67P.
For an impact velocity of v = 20m s−1 and near-equal-sized
collision partners (as, e.g., in the case of the two lobes of
comet 67P), we get a global compression of ∼ ρ v2/2 = 105

Pa, with ρ = 500 kg m−3. This by far exceeds the tensile
strength of the dust pebbles (∼ 1 − 10 kPa) as well as the
compressive strength of the fractals, which get maximally
compressed when colliding at v = 0.7 m s−1 (Blum & Wurm
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Figure 8. Water-vapour outgassing rates for comet 67P. Predictions of our thermophysical model (calculated for pebble radii of 5 mm)
and an assumed dust-ice interface at 2 pebble radii (i.e. 1 cm) depth for the 67P outgassing rates of water ice (black dotted curves)

and the measurements by Rosetta/ROSINA (Fougere et al. 2016) (triangles) are shown as a function of heliocentric distance. The solid
and dashed blue curves denote models with different areal water-ice coverages at the dust-ice interface. Left: for a shape model of 67P

consisting of 5000 facets and the obliquity of 67P and water-ice coverages of (from bottom to top) 2.5%, 5% and 10%. Right: for a

spherical comet consisting of 1000 facets with no obliquity and water-ice coverages of (from bottom to top) 2%, 4% and 8%.

2000). Thus, any collision above ∼ 1 m s−1 can be excluded
for both lobes of comet 67P, which may have accreted from
two cometesimals at collision speeds < 1m s−1 (Jutzi & As-
phaug 2015).

The fact that each of the two lobes of comet 67P is
a pebble pile correctly predicts the comet’s porosity, ho-
mogeneity and thermal inertia. With some additional as-
sumptions of the water-ice abundance and the sub-surface
depth of the dust-ice interface, the outgassing rate of 67P
can also be reconstructed. On top of that, the dominance
of the comet’s total mass by dust pebbles predicts tensile
strengths with which the dust activity can also be explained
(Skorov & Blum 2012; Blum et al. 2014). The presence of a
distinct size scale on comet 67P, as shown in Figure 2, to-
gether with the fragility of the cometary material, excludes
a formation of 67P by mutual collisions among larger and
larger building blocks in the solar nebula, as proposed by
Weidenschilling (1997) and Davidsson et al. (2016).
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Schräpler R., Blum J., Krijt S., Raabe J.-H., 2017, submitted to
ApJ

Skorov Y., Blum J., 2012, Icarus, 221, 1

Skorov Y. V., Lieshout R. v., Blum J., Keller H. U., 2011, Icarus,
212, 867

Spohn T., et al., 2015, Science, 349, aab0464

Tazzari M., et al., 2016, A&A, 588, A53

Testi L., et al., 2014, Protostars and Planets VI, pp 339–361

Thomas N., et al., 2015, Science, 347, aaa0440

Trotta F., Testi L., Natta A., Isella A., Ricci L., 2013, A&A, 558,

A64

Wahlberg Jansson K., Johansen A., 2014, A&A, 570, A47

Wahlberg Jansson K., Johansen A., Bukhari Syed M., Blum J.,

2017, ApJ, 835, 109

Weidenschilling S. J., 1977a, Ap&SS, 51, 153

Weidenschilling S. J., 1977b, MNRAS, 180, 57

Weidenschilling S. J., 1997, Icarus, 127, 290
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APPENDIX A: THERMOPHYSICAL MODEL
OF THE COMETARY NUCLEUS

Owing to the low albedo of comet 67P/Churyumov-
Gerasimenko, incoming solar irradiation is absorbed almost
perfectly. Based upon OSIRIS images, a Bond albedo of only
1.2% at 480 nm wavelength was derived (see Table 3 in For-
nasier et al. (2015)) so that 98.8% of the energy delivered
by the Sun is being converted into heat in the upper few mi-
crometres of the surface. From here, heat is transported to
the deeper layers by conduction through the network of dust
particles and by (infrared) radiation from pebble to peb-
ble (Gundlach & Blum 2012). Once the heat wave reaches
the deeper ice-bearing layers, we assume that the heat flux
is partially used to evaporate the ice. Details about the
energy-transport mechanisms follow below. The emerging
water molecules can either directly escape into the vacuum
of space or hit one or more dust aggregates on their way
out (see Figure 1). Inter-molecular collisions are relatively
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unimportant and are here neglected, as is the heat transport
by water vapour. Gas-dust collisions lead to an outward-
directed momentum transfer from the gas molecules to the
dust aggregates. We treat this exchange of momentum by
calculating the steady-state gas pressure at the ice-dust in-
terface. The gas permeability of the dust layer is a function
of its thickness (Gundlach & Blum 2012) and leads to the
build-up of relatively higher pressures at the dust-ice inter-
face for a higher number of dust-aggregate layers.

In order to derive the outgassing rate of comet 67P, we
developed a one-dimensional thermophysical model, which
solves the heat transfer equation at different positions be-
low the surface of 67P (see Table A1 for an overview of the
model parameters). For the surface material, we assume that
the gravitational collapse of the bound pebble cloud has gen-
tly formed a surface layer composed of dust aggregates (see
Figure 1) composed of water ice and dust (Blum et al. 2014).
The water ice has retreated from the first surface layers due
to the solar heat and is located below the ice-dust boundary
(i.e., at these depths, the dust aggregates may also contain
water ice, or aggregates composed of water-ice particles, are
found in between the dust aggregates). Energy absorption
occurs at the first pebble layer (surface layer) of the nucleus
and is derived by the steady-state energy balance equation,

I�
( rH
1 au

)−2
(1 − A) cosϑ = ε σ T4

S + λ (T)
∂T
∂x

����
Surface

. (A1)

Here, I� is the solar constant, rH is the heliocentric distance,
A is the bond albedo, ϑ is the angle between the surface nor-
mal and the incident solar radiation, ε is the emissivity, σ
is the Stefan-Boltzmann constant, TS is the surface temper-
ature, λ(T) is the temperature dependent heat conductivity
of the porous surface material and x is the depth beneath
the surface (Gundlach et al. 2011a).

The heat conductivity is given by (Gundlach & Blum
2012)

λ (T) = 16
3

σ T3 l (a) + H (a) λpebble (T, a) . (A2)

The first term on the right hand side of Eq. A2 describes the
heat conductivity through radiation inside the pores of the
granular material with l(a) being the mean free path of the
photons in the void space, which is a function of the pebble
radius a through (Skorov et al. 2011)

l (a) = emfp
1 − φRCP

φRCP
a, (A3)

with φRCP and emfp being the volume filling factor of the
pebble packing and a scaling factor, respectively. The second
term on the right hand side of Eq. A2 is the heat conductiv-
ity through the network of aggregates, with H(a) being the
Hertzian dilution factor for a granular material, which can
be expressed by

H (a) =

9 π

4

1 − µ2
pebble

Ypebble

γpebble
a


1/3

f1 e f2φRCP , (A4)

where µpebble and Ypebble are the Poisson ratio and Young’s
modulus of the pebbles, f1 and f2 are coefficients required
to derive the influence of the packing structure on the heat
conductivity and γpebble is the specific surface energy of the

pebbles that can be formulated as

γ = φpebble γ
5/3
grain


9 π (1 − µ2

pebble)
r0 Ygrain


2/3

, (A5)

with γgrain, r0 and Ygrain being the specific surface energy,
the radius and Young’s modulus of the monomer particles
(Gundlach & Blum 2012).

Finally, λpebble (T, r) is the internal heat conductivity of
the pebbles, given by

λpebble (T, r) = λsolid (T)
[
9 π

4

1 − µ2
grain

Ygrain

γgrain
r0

]1/3

f1 e f2φpebble ,

(A6)

with µgrain and φpebble being Poisson’s ratio and the inter-
nal packing structure of the monomers inside the pebbles
(Gundlach & Blum 2012). For the heat conductivity of the
solid refractory grains, we used

λsolid = 0.5 W m−1 K−1, (A7)

to account for the high abundance of organic material.
In Figure A1, we compare the resulting heat conduc-

tivity according to Eq. A2 for dust-aggregate radii between
a = 0.01 and 100 mm. It turns out that radiative heat trans-
port is the dominant effect for pebble radii above ∼0.1 mm.
Thus, specific material properties, such as λsolid, are rela-
tively unimportant for the heat transport through a network
of pebbles and only the pebble radius determines the heat
conductivity. It is interesting to note that the resulting heat
conductivity for pebble radii of ∼ 1−10 mm and homogeneous
dust layers consisting of µm-sized monomer grains (horizon-
tal black line in Figure A1) is very similar. Thus, the heat
conductivity (or thermal inertia) alone is not diagnostic for
the absence or presence of pebbles.

At the start of each simulation, the initial temperature
is set for all simulated depths x to either T = 50 K or T =
133 K, the latter being the orbital equilibrium temperature.
The increase of the temperature below the surface due to
the absorption of the solar radiation at the surface (Eq. A1)
is derived by using the heat-transfer equation for porous
materials,

ρc
∂T
∂t
=

∂

∂x

[
λ (T) ∂T

∂x

]
+ S(T), (A8)

where ρ is the density of the porous material, c is its heat
capacity, T is the temperature and S(T) is an additional term,
which takes the energy loss due to the sublimation process
into account (Davidsson & Skorov 2002), and is given by

S (T) = q Z (T) Λ ζ (x) . (A9)

Here, q and Λ are the surface-to-volume ratio and the latent
heat of sublimation of water ice. Z(T) is the sublimation rate,
described by the Hertz-Knudsen equation

Z (T) = a1 e−a2/T
√

m
2 π kB T

− Z0, (A10)

where a1 and a2 are empirical constants describing the
sublimation pressure of water ice, m is the mass of a wa-
ter molecule and kB is Boltzmann’s constant. Z0 describes
the backflow of molecules onto the ice surface leading to
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Table A1. Physical properties used in the thermophysical model.

Properties Symbol Value

Monomer dust grains

Radius r0 1.0 × 10−6 m -

Young’s modulus Ygrain 5.5 × 1010 Pa Chan & Tien (1973)

Poisson ratio µgrain 0.17 Chan & Tien (1973)

Heat capacity C 1.0 × 103 J kg−1 K−1

Specific surface energy γgrain 0.01 J m−2 Heim et al. (1999)

Dust aggregates (“pebbles”)

Radius a 1.58 × 10−4 m
5.00 × 10−4 m
1.58 × 10−3 m
5.00 × 10−3 m
1.58 × 10−2 m

-

Volume filling factor φpebble 0.4 Weidling et al. (2009); Güttler

et al. (2010); Zsom et al. (2010)

Young’s modulus Ypebble 8.1 × 103 Pa Weidling et al. (2012)

Poisson ratio µpebble 0.17 Weidling et al. (2012)

Water-ice properties

Latent heat of sublimation Λ 2.86 × 106 J kg−1 Orosei et al. (1995)

Sublimation pressure (Eq. A10) a1
a2

3.23 × 1012 Pa
6134.6 K

Gundlach et al. (2011a)

Global properties

Thermal emissivity ε 1.0 (assumed)

Bond Albedo A 0.012 Fornasier et al. (2015)

Volume filling factor of the dust-
aggregate packing

φRCP 0.6 -

Scaling parameter for mean free path
(Eq. A3)

emfp 1.34 Skorov et al. (2011)

Structure Parameter (Eq. A6) f1
f2

5.18 × 10−2

5.26
Gundlach & Blum (2012)

Heat conductivity of refractory grains
(Eq. A7)

λsolid 0.5 W m−1 K−1 (assumed)

Permeability parameter (Eq. A12) b 13.85 × a Gundlach et al. (2011a)

Surface-to-volume ratio (Eq. A9) q 1.2 × 106 m−1 -

recondensation. Normally, this term is known by Z0 =

pgas
√

m
2 π kB Tgas

, where pgas and Tgas are the pressure and

temperature of the gas phase above the ice surface. However,
under cometary-like conditions, where molecules escape into
space, pgas is practically zero so that this classical descrip-
tion of the backflow of molecules is not important for the
energy budget of the system. However, the covering dust
layer leads to backscattering of molecules onto the ice sur-
face. The efficiency of this backscattering has been measured
in laboratory experiments (Gundlach et al. 2011a). Thus, we
can formulate a new Z0 describing this backscattering of wa-
ter molecules by the covering dust layer onto the ice surface,

which reads

Z0 = Z(T)(1 − ζ (x)). (A11)

Here, ζ (x) is the fraction of escaping molecules as a function
of the dust layer thickness x and is given by

ζ (x) = (1 + x/b)−1, (A12)

with b being an empirical permeability parameter that de-
pends on porosity (see Table A1). With no dust cover
(x = 0), all molecules can freely escape into space and
ζ (x = 0) = 1, i.e., Z0(x = 0) = 0. For a pebble-layer with a
thickness x � b, all molecules are effectively prevented from
escaping from the comet nucleus and Z0(x →∞) → Z(T).
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Figure A1. Heat conductivity as a function of dust-aggregate

size. Shown is the heat conductivity of a network of spherical
dust aggregates according to Eq. A2 for temperatures of T =

100 K, T = 150 K, and T = 200 K, respectively. Due to the low
solid-state heat conductivity through the pebble-pebble contacts

(second term on the rhs of Eq. A2) of 10−5 − 10−4 W m−1 K−1,

radiative heat transfer (first term on the rhs of Eq. A2) dominates
for aggregate radii above ∼0.1 mm and all relevant temperatures.

The horizontal black line at 2.2 × 10−3 W m−1 K−1 denotes the

heat conductivity through a homogeneous network of µm-sized
dust grains with individual heat conductivities of λsolid = 0.5 W
m−1 K−1.

The heat transport of the porous dust-aggregate layers
strongly depends on the temperature of the material (see
Figure A1), because radiation inside the void space between
the pebbles plays the dominant role in the energy transfer
process (Gundlach & Blum 2012) (see Eq. A2 for details).
We assume that the aggregates are primarily composed of
dust (Fulle et al. 2016b; Lorek et al. 2016). This means that
the dust determines the physical properties of the surface
material (e.g., the network heat conductivity and the heat
capacity). Water ice is incorporated into the model by al-
lowing the material to sublimate at the ice-dust boundary
(taken into account by the additional term S(T) in the heat
transfer Eq. A8). The position of the water-ice boundary
beneath the surface is treated as a free parameter and is
varied between 1 and 30 pebble radii to investigate how the
positions of the ice-dust interface influence the resulting tem-
perature profile.

Eq. A8 is solved via the Crank-Nicolson method, where
S(T) on the right-hand side is treated as a superficial source
term, if applicable (Hu et al. 2017). The subsurface of the
nucleus is discretized in depth into a number of numerical
layers. The thickness of the layer, ∆x, is always smaller than
the pebble size in our simulation in order to resolve the fine
variations of temperatures, especially near and at the sur-
face. The upper boundary condition expresses the energy
balance at the surface as given by Eq. A1. The isothermal
condition is adopted for the lower boundary, such as

∂T
∂x

����
x=X
= 0 , (A13)

with X being the isothermal depth.

Because the energy input on the left-hand side of Eq. A1
is periodic, it is mandatory to solve Eq. A8 for the periodic
variations of temperatures. At the starting epoch (which can
be arbitrarily chosen for a certain heliocentric distance), say
t0, the solution is initialised, assuming that the nucleus sub-
surface is isothermal with a constant profile (either T = 50
K or T = 133 K throughout). The temperature profile is
propagated in response to the varying energy input at each
time step separated by ∆t. To ensure numerical stability, the
following criterion must be fulfilled

∆t ≤ cρ
λ

∆x2

2
. (A14)

We perform the solution over precisely one comet rota-
tion, for t0 ≤ t ≤ t0 + tP, where tP denotes the rotation period
of 67P. The solution is iterated until the temperature pro-
files one rotation apart coincide, that is, T(t0) ≈ T(t0 + tP),
which indicates convergence of the solution.

We note that the surface temperature is not provided
directly by the Crank-Nicolson scheme. Instead, it can be
solved from Eq. A8 for the energy balance via the Newton-
Raphson method at each time step.

APPENDIX B: MODELLING THE MUPUS-TM
DATA

The above heat-conductivity model was additionally used
to reconstruct the measured temperature data recorded by
the thermal mapper MUPUS-TM on-board the Rosetta lan-
der Philae during its stay on the landing site Abydos of
comet 67P (Spohn et al. 2015). From the housekeeping data
of the solar cells on Philae, it can be seen that the solar
cells received direct sunlight for about 40 minutes soon af-
ter the final touch-down. This duration is consistent with
that of a temperature increase, recorded by MUPUS-TM,
followed by a temperature decrease. We modelled the ∼28-
minute temperature rise under the assumption that it was
caused by insolation of the field of view of the thermal map-
per. The modelling is based on the finite element method
(FEM) algorithms served by the Partial Differential Equa-
tion ToolboxTM of MATLAB (Release 2016b). For com-
parison of the measured temperature data with the results
achieved by the numerical model, we used temperature val-
ues provided to us by the MUPUS team.

For the FEM modelling, the following simplifications
were applied. The scenario to be modelled is a planar sec-
tion of the comet surface heated from top by the Sun. As the
pebble structure is assumed to be symmetric in the direc-
tion parallel to the comet surface, isothermal conditions hold
and, thus, no heat exchange is present in this direction. The
heat transfer by conduction from one pebble to another in
the vertical direction is neglected in the model, because the
contact regions are very small and few in comparison to the
dominating amount of heat exchange by radiation between
the pebble surfaces.

Owing to these assumptions, the heat transport prob-
lem can be reduced to a single sphere representing a dust
aggregate on the cometary surface, which is being irradiated
at its top half by the Sun (see Figure B1). Due to the ro-
tational symmetry of the heat transfer inside the spherical
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Figure B1. Sketch of the model setup for reproducing the

MUPUS-TM temperature data. Left: section of the comet surface

consisting of spherical pebbles irradiated from top by sunlight.
Right: reduction of the heat transfer problem to a single surface

pebble due to the constant temperature gradient in vertical direc-

tion and isothermal conditions in horizontal direction. The FEM
model of the single pebble is calculated in cylindrical coordinates

for a 2d semi-circle with the vertical centre line of the pebble as

symmetry axis and appropriate boundary conditions (BC) for the
top and bottom surface.

pebble, the calculations could be reduced to a 2d model of
a semi-circle with the symmetry axis at the centre line im-
plemented in cylindrical coordinates. In the corresponding
FEM model, following heat transport equation is solved

ρφpebblec
∂T
∂t
=

1
r
∂

∂r

[
λ(T) r ∂T

∂r

]
+

∂

∂z

[
λ(T) ∂T

∂z

]
, (B1)

with the density ρφpebble of the porous pebble and its heat
capacity c. The radial distance and height in the cylindrical
coordinate system are given by r and z, respectively. The
effective heat conductivity is defined by

λ (T) = 16
3
σT3l(r) + λsolid

[
9π
4

1 − µ2
grain

Ygrain

γgrain
r

]1/3

f1e f2φpebble,

(B2)

as the sum of heat radiation through the void spaces be-
tween the monomers (first summand) and heat conduction
by the contact areas of the monomers (second summand).
The radiative part of the effective thermal conductivity fol-
lows from Eq. A2 adapted to a single pebble and the con-
ductive part equals Eq. A6. For the chosen values in Eq. B2,
refer to Table A1. The initial condition T0 for solving Eq.
B1 was extracted from the temperature data provided by
the MUPUS team.

The heat exchange of the pebble with the surround-
ings, i.e. the irradiation of sunlight, heat re-radiation and
radiational heat exchange with neighbouring pebbles, is im-
plemented as specific boundary conditions at the top and
bottom surface of the model sphere. The heat exchange by
radiation with underlying pebbles at the bottom half of the
sphere is incorporated in the model as a radiation boundary
with an ambient temperature representing the surrounding
pebbles. To consider the local temperature evolution during
the heating period at the bottom surface of the pebble, in-
fluenced by the temperature evolution of the interior of the

comet, two limiting cases were calculated: (1) The ambient
temperature at the bottom half of the sphere remains con-
stant and equal to the initial temperature Tambient = T0. (2)
The ambient temperature at the bottom half of the sphere
evolves like the temperature at the comet surface measured
with MUPUS-TM. Both approaches correspond to the two
extreme cases in which (1) no heat reaches the bottom of
the pebble during the time of illumination, which is more
likely for large pebbles, and (2) the heat is transferred from
the top to the bottom of the pebble so efficiently that an
isothermal condition is reached during the timescale of the
insolation, which is the case for small pebbles.

At the centre axis of the model sphere, a zero Neumann
boundary condition was applied. The boundary condition at
the surface of the top hemisphere is defined according to Eq.
A1 by the balance of the absorption of energy from the Sun,
the heat transport in the pebble interior and the re-radiation
of heat from the surface. To account for a lateral distribu-
tion of pebbles with isothermal properties in the horizontal
direction, the heat exchange by radiation with the environ-
ment (assumed at an ambient temperature of Tambient = 0 K)
was restricted to the vertical direction by the factor cos ϑ,
i.e.

λ (T) ∇T |top surface =

[
εσ

(
T4

ambient − T4
)
+ I�

( rH
1 au

)−2
(1 − A)

]
cos ϑ,

(B3)

with ϑ being the angle between the local normal to the sur-
face and the vertical direction. The heliocentric distance rH
was chosen to be 2.99 au, corresponding to the distance be-
tween the Sun and comet 67P during the landing of Philae.

For the bottom half-sphere, the boundary condition at
the sphere surface is determined by the energy balance be-
tween the heat conduction of the pebble interior and the
heat exchange by radiation at the surface with the ambient
temperature representing the surrounding pebbles, i.e.

λ (T) ∇T |bottom surface = εσ
(
T4

ambient − T4
)
. (B4)

As the illumination angle is unknown, the solar constant I�
is multiplied in the model by a factor fI�between 0 and 1,
which is treated together with the radius of the pebble, a, as
a free parameter. For comparison of the measured temper-
ature at a given time of illumination with a single temper-
ature value of the modelled sphere surface (see Figure B2),
the (radiative) average temperature of the sphere surface
was calculated by

Tsphere surface =

(∑
d2
i T4

i∑
d2
i

)1/4

. (B5)

With this equation, the temperatures at the sphere surface
at distances di from the centre axis of the 2d model are
weighted by their squared distance to account for their cor-
responding surface ratio in 3d and are averaged by the fourth
power to adopt the temperature measuring technique of the
MUPUS-TM.

Finally, we also allow for partial direct illumination of
the area observed by MUPUS-TM by applying the following
mixing rule to the temperature:

Tmodel =
(

fsT4
sphere surface + (1 − fs)T4

0

)1/4
. (B6)
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Figure B2. Temperature distribution inside the pebble sphere

after ∼ 28 min solar illumination as a result of the FEM model.

The corresponding parameters for optimally fitting the measure-
ments are a = 0.44 mm for the pebble radius and fI�= 0.16 for

the illumination factor.

The fraction of surface under direct illumination fs was im-
plemented in the model on the one hand as a constant free
parameter and on the other hand as a time-dependent linear
function fs = fs,0 + fs,1t.

With the Fminsearch function in Matlab (Release
2016b), a function to find the minimum of a scalar func-
tion of several variables by the Nelder-Mead simplex search
method, the optimal set of the pebble radius and the illu-
mination factor can be found. The value to be minimised in
this case is the mean squared difference of the MUPUS-TM
temperature curve and the appropriate FEM model result〈
∆T2

〉
=

∑N
i=1 (Tmodel,i − Tmeasurement,i)2

N
(B7)

for the N data points available in the heating curve from
Spohn et al. (2015).

APPENDIX C: DUST SIZE DISTRIBUTIONS
MEASURED WITH ROSETTA AND FROM THE
GROUND

An overview of the exponents β of the size distributions
(see Section 3.2) measured by various Rosetta instruments
is given in Figure 7a. COSIMA measured the size distri-
bution from the material observed with the COSISCOPE
camera on the collecting targets. The major unknown in this
method is the degree of fragmentation the particles experi-
ence when hitting the target. The measurement near β = −3
is derived from pre-landing data and counts each particle
individually (Hilchenbach et al. 2016), while the remaining
COSIMA results shown are based on measurements obtained
up to April 2015 and take into account a medium degree of
fragmentation (Merouane et al. 2016). The COSIMA data
shown here were averaged over several months. GIADA data
are derived from combined measurements by the GDS+IS
sensors during time spans of typically a few days. The value
of β = −2 was measured at heliocentric distances beyond 2
AU, while β = −3.7 stems from perihelion (Rotundi et al.

2015; Fulle et al. 2016c). The OSIRIS coma data were de-
rived from images of individual grains near the limb on four
selected dates between August 2014 and August 2015 (Ro-
tundi et al. 2015; Fulle et al. 2016c). OSIRIS surface data
refer to boulder statistics in different terrains on the sur-
face (Pajola et al. 2015). The ROLIS data were obtained
during Philae’s approach to the Agilkia landing site and
refer to “rough” (broken power-law) and “smooth” (single
power-law) terrains, respectively (Mottola et al. 2015). No
indication that the size distribution measured in the cen-
timetre to metre range continues down to millimetre and
sub-millimetre sizes was found, as this would lead to a satu-
ration of the surface with unresolved small particles, which
is inconsistent with the observed granular texture. There-
fore, the material must be depleted in small grains, consis-
tent with a more shallow power-law at sub-centimetre-sizes.
Ground-based measurements of the size distribution were
obtained from numerical simulations of the morphology and
brightness of dust tail and trail (Agarwal et al. 2010; Fulle
et al. 2010).

It must be mentioned that the data presented in
Figure 7a does not distinguish between “compact” aggre-
gates (which we interpret as pebbles or fragments/clusters
thereof) and “fluffy” ones (which could be surviving solar-
nebula aggregates, as suggested by Mannel et al. (2016), that
formed contemporary to the formation of the planetesimals
through gravitational collapse of a bound clump of pebbles;
see Fulle & Blum (2017)). Only GIADA is capable of de-
riving the mass density of the grains (Fulle et al. 2016c) by
measuring cross section, momentum, and velocity of individ-
ual particles simultaneously. If we want to derive a joint size
distribution function for all compact aggregates, one has to
be careful not to mix in data for the fluffy particles. This
is not a problem for the aggregates & 1 cm in size, because
too large fluffy or fractal aggregates cannot survive between
the (smaller) pebbles. However, those fluffy/fractal particles
that fit into the void space between the ∼ 1-cm-sized pebbles,
must not be mixed with the pebbles themselves or fragments
thereof. Thus, data from COSIMA has to be treated with
caution, because they may contain contributions of both ag-
gregate types.

The diagonal long dashed line in Figure 7a is a fit to
the data of the form β = −0.48 log10 a − 4.22, with a be-
ing the particle radius in metres, while the two other func-
tions represent possible other, albeit extreme, linear approx-
imations of the data to convey an impression of the uncer-
tainty of the curves shown in Figure 7b. Here, the normal-
ized mass-frequency distributions per logarithmic size inter-
val for the three linear approximations shown in Figure 7a
are shown. We can see that most of the mass is emitted in
the form of decimetre particles. The strong decline in the
mass-frequency distributions for sizes below ∼cm (or ∼mm
for the curve labelled “Extreme B” in Figure 7b) may indi-
cate that this is the size of the primary building blocks (the
“pebbles”) of the comet nucleus. We interpret dust particles
smaller than ∼ 1 mm as pebble fragments due to the ejection
process, and larger dust “boulders” (� 1 cm) as clusters of
pebble-sized aggregates.
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