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ABSTRACT

Context. The complex shape of comet 67P and its oblique rotation axis cause pronounced seasonal effects. Irradiation and hence activity vary
strongly.

Aims. We investigate the insolation of the cometary surface in order to predict the sublimation of water ice. The strongly varying erosion levels
are correlated with the topography and morphology of the present cometary surface and its evolution.

Methods. The insolation as a function of heliocentric distance and diurnal (spin dependent) variation is calculated using >10° facets of a detailed
digital terrain model. Shading, but also illumination and thermal radiation by facets in the field of view of a specific facet are iteratively taken into
account. We use a two-layer model of a thin porous dust cover above an icy surface to calculate the water sublimation, presuming steady state and
a uniform surface. Our second model, which includes the history of warming and cooling due to thermal inertia, is restricted to a much simpler
shape model but allows us to test various distributions of active areas.

Results. Sublimation from a dirty ice surface yields maximum erosion. A thin dust cover of 50 um yields similar rates at perihelion. Only about 6%
of the surface needs to be active to match the observed water production rates at perihelion. A dust layer of 1 mm thickness suppresses the activity
by a factor of 4 to 5. Erosion on the south side can reach more than 10 m per orbit at active spots. The energy input to the concave neck area (Hapi)
during northern summer is enhanced by about 50% owing to self-illumination. Here surface temperatures reach maximum values along the foot of
the Hathor wall. Integrated over the whole orbit this area receives the least energy input. Based on the detailed shape model, the simulations identify
“hot spots” in depressions and larger pits in good correlation with observed dust activity. Three-quarters of the total sublimation is produced while
the sub-solar latitude is south, resulting in a distinct dichotomy in activity and morphology.

Conclusions. The northern areas display a much rougher morphology than what is seen on Imhotep, an area at the equator that will be fully
illuminated when 67P is closer to the Sun. Self-illumination in concave regions enhance the energy input and hence erosion. This explains the
early activity observed at Hapi. Cliffs are more prone to erosion than horizontal, often dust covered, areas, which leads to surface planation. Local
activity can only persist if the forming cliff walls are eroding. Comet 67P has two lobes and also two distinct sides. Transport of material from the
south to the north is probable. The morphology of the Imhotep plain should be typical for the terrains of the yet unseen southern hemisphere.

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

1. Introduction

The Jupiter family comet 67P/Churyumov-Gerasimenko (here-
after 67P) was discovered in 1969. Its current orbit is character-
ized by an eccentricity e = 0.64102, an inclination i = 7.0405°,
a perihelion distance ¢ = 1.2432 AU, and a semi-major axis of
3.4630 AU resulting in a period P = 6.44 years. In 1959 67P had
a close encounter with Jupiter which changed its perihelion dis-
tance from 2.74 AU to its present value (see Krolikowska 2003).
Triggered by a launch delay of the European Space Agency
Rosetta mission comet 67P was chosen as a suitable replacement
for its original target comet 46P/Wirtanen.

Launched in 2004 the ESA Rosetta spacecraft arrived at
comet 67P in August 2014 entering the rendezvous phase. The
scientific optical camera system OSIRIS comprises the Narrow
Angle Camera (NAC) and the Wide Angle Camera (WAC;

Article published by EDP Sciences

Keller et al. 2007). Analysis of ground-based and OSIRIS pho-
tometric observations revealed that the spin period of 67P had
decreased by 0.36 h to 12.4043 + 0.0007 compared to the value
derived during its last apparition (Mottola et al. 2014). Once the
cometary nucleus was resolved in July 2014, its spin axis orien-
tation could be determined as RA = 69° and Dec = 64°, result-
ing in an obliquity of 52°. When Rosetta arrived at the comet
only the northern hemisphere and a near-equatorial part of the
southern hemisphere were illuminated. A digital terrain model
based on almost 1000 OSIRIS/NAC images has a resolution be-
tween 5 and 10 m on the visible surface (Preusker et al. 2015;
Sierks et al. 2015). The nucleus of 67P is characterized by a dis-
tinct bi-lobate appearance where the bigger lobe is connected to
the smaller by a relatively small neck resulting in a huge cavity
(Fig. 1). The lobes do not contact near their long axes as earlier
surmised for comets 1P/Halley (Keller et al. 1986), 19P/Borelly
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Fig. 1. Shape and surface of comet 67P as seen from the Sun at three rotational longitudes (30°, 150°, 270°) at northern solstice when the sub-solar
latitude is +52°, at the equinoxes, and at southern solstice. The smooth parts of the surface indicate yet unobserved territory on the south side of

the shape.

(Oberst et al. 2004; Britt et al. 2004), 103P/Hartley 2 (Thomas
et al. 2013), and 8P/Tuttle (Harmon et al. 2010). The north pole
is located on the bigger lobe near the neck.

The volume of the body and its surface are not yet known
to high accuracy because the southern hemisphere is not yet ob-
servable. The volume derived from the current shape model is
21.4 km? and combined with the mass 1.0 x 10'® kg yields a
density of 470 [kg m~3] (Sierks et al. 2015). This low density re-
quires a high porosity of 70 to 80% considering that the density
of an ice-dust mixture should be around 2000 [kg m~3]. This sug-
gests a highly porous interior of agglomerates confirming ear-
lier indirect determinations (A’Hearn et al. 2005; Davidsson &
Gutiérrez 2005). About 70% of the surface was accessible when
constructing the shape model. Its total extent can only be esti-
mated at this time to be 4.82 x 107 m?.

The surface of the neck area (called Hapi, see Thomas et al.
2015b; and El-Maarry et al. 2015, for region designations) is
rather smooth and is slightly blue compared to the reddish over-
all spectrum (Capaccioni et al. 2015; Fornasier et al. 2015).
Here, dust features were observed by OSIRIS (Vincent et al.
2015) when 67P was still at a heliocentric distance of 3.7 AU.
Other, more strongly illuminated areas did not yet show signs
of activity at the time. However, the mm/submm wavelength
instrument MIRO observed water (Gulkis et al. 2015).
Somewhat later H,O, CO,, and CO were detected in situ by the
ROSINA mass spectrometer (Altwegg et al. 2015; Hissig et al.
2015). In spite of the ubiquitous water molecules in the coma,
water ice has not been observed on the cometary nucleus surface.
The VIRTIS spectrometer sets an upper limit of 1% for exposed
water ice surface coverage (Capaccioni et al. 2015). However,
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De Sanctis et al. (2015) found water ice near light/shadow
boundaries in VIRTIS spectra and interpret this as a re-
condensation of water molecules. It was suggested that the over-
all energy input of Hapi is strongly enhanced by IR radia-
tion emitted from illuminated surface elements of the Seth and
Hathor regions of the big and small lobes (Sierks et al. 2015).
Indeed the view factors of many surface facets are strongly re-
stricted, as expected within such a concavity. The overall inso-
lation of the neck (area between the lobes) is, however, low be-
cause this area is shadowed by one or the other lobe for most of
the spin period when the comet approaches perihelion. The com-
plex shape of the northern hemisphere requires careful modeling
based on a high resolution shape model to assess the energy in-
put and sublimation.

The large obliquity (52°) and orientation of the spin axis
causes strong seasonal effects. The orientation of the spin axis
of 67P is such that southern solstice occurs only 34 days af-
ter perihelion at a heliocentric distance of r, = 1.24 AU.
Consequently the northern solstice is reached after aphelion, at
m = 5.68 AU, last time in August 2013. The equinoxes are
passed at r, = 1.7 AU, 82 days before perihelion (May 2015),
and at r, = 2.6 AU, 7.5 months after perihelion (Fig. 2). This
geometry leads to a dichotomy: the northern hemisphere is rela-
tively weakly illuminated for a long time, when the comet is far
from the Sun, whereas the southern hemisphere is strongly inso-
lated during the short perihelion passage. During the respective
winter seasons the poles are completely dark.

The high resolution shape model of the nucleus makes it pos-
sible to describe the diurnal insolation conditions in detail for
areas such as the neck, crater-like formations, pits, and cliffs.
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Fig.2. Observational parameters during the present orbit of 67P. The left figure shows heliocentric distance of the comet and solar latitude vs.
time. The right figure demonstrates the asymmetry of the insolation as a function of heliocentric distance.

Sublimation of volatiles requires insolation and essentially de-
pends on the surface temperature. The measured thermal inertia
of cometary surfaces is small (Groussin et al. 2007). In the case
of 67P it was found by the MIRO team to be between 10 and
50 [J m™2 K~ s7'/2] (Gulkis et al. 2015). This low value re-
quires a very low thermal conductivity in the range of 10™ to
1073 [W m~' K~']. Then the skin depth of the diurnal heat wave
is only a few millimeters. Under these circumstances the char-
acteristic time scale of heat diffusion is short. The sublimation
rate then depends on the instantaneously available energy that
reaches the water ice.

In Sect. 2 we describe the model calculations of the inso-
lation in detail, followed in Sect. 3 by the water sublimation
models, water ice on the surface or under a thin layer of porous
dust. These conditions justify steady state and do not require
taking thermal memory effects into account. The effects of the
insolation and erosion models are discussed in Sect. 4. We com-
pare the model results with the Rosetta observations in Sect. 5.
The asymmetry of the seasonal insolation influences the shape
and morphology of the nucleus (Sect. 6). Finally we discuss the
validity of the simple steady state sublimation models and the
assumption of a uniform surface by applying a model that in-
cludes thermal memory effects but can only be calculated for
much worse spatial resolution (Sect. 7) and we summarize our
results in Sect. 8.

2. Insolation model

The shape of 67P is approximated by a polyhedron made of tri-
angular facets. This model consists of about 108 000 facets de-
rived by decimating a high resolution model based on images ac-
quired during the SHAP4 orbital phase of Rosetta. This SHAP4
model has been derived by means of stereo-photogrammetric
techniques (Preusker et al. 2015). The insolation of a facet is
derived based on its orientation with respect to the Sun. For this
purpose, the orbit around the Sun is discretized in steps of ap-
proximately 2.5° in true anomaly. The spin is discretized in steps
of 2% in rotational phase to follow the rate of change of illu-
mination. For each time step we check mutual occlusion of the
facets — because the body is concave. In addition to the direct
solar insolation, the energy balance on the comet is affected by
sunlight reflected by mutually facing facets and by their ther-
mal IR radiation, which result in a local flux enhancement in
the presence of concavities (Davidsson & Rickman 2014). Our

model includes these effects.They are modeled by computing
the mutual view factors F;; (the fraction of power radiated by
facet i illuminating the surface of facet j) for all facets of the
shape model (Fig. 3). Efficient computation of the view fac-
tors is achieved by implementing a hierarchical algorithm that
significantly reduces the number of necessary checks, and is
based on horizon-based occlusion detection, coupled with a
variant of the painter’s algorithm (Hearn & Baker 1994). As
the view factors depend only on the shape model, and not on
the illumination/viewing geometry, they are pre-computed and
stored, and accessed at each time step. The thermal emission
of a facet depends on its surface temperature and hence on the
amount of direct insolation and irradiation from neighboring
facets. The surface temperature can be solved iteratively. As a
first step the equilibrium temperature is computed by ignoring
self-illumination. In the following steps this effect is added based
on the temperature derived from the previous iteration. This al-
gorithm converges very rapidly, such that only three iterations
are needed to keep the convergence error below a few percent-
age points.

3. Sublimation models

The energy absorbed by the cometary surface calculated in the
previous section can be partly used to sublime volatiles on or un-
der the surface. The amount of absorbed energy is only a rough
indication of the sublimation capability of a facet because other
processes also consume energy. The temperature of the surface
can be calculated by taking into account

— the balance of irradiation, and

— losses due to re-radiation, sublimation, and by conduction
either vertically or laterally. We concentrate on water ice
sublimation to provide examples of surface erosion due to
activity.

Water ice on surface. The simplest assumption is that exposed
water ice sublimates directly from the surface. The ice must be
mixed with dust, considering the low albedo of cometary nuclei.
An estimate of exposed ice detectable in the IR was determined
for comet Tempel 1 (Sunshine et al. 2006) and an upper limit of
1% for 67P is provided by VIRTIS (Capaccioni et al. 2015).
For a flat surface, if heat conduction is neglected (justified by
the low heat conduction coefficient observed; Gulkis et al. 2015)

A34, page 3 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201525964&pdf_id=2

A&A 583, A34 (2015)

Visibility

B

Fig. 3. Viewing factors of the model facets. A view factor of 0 (black)
implies that a facet is not exposed to irradiation from other facets. A
view factor of 1 implies that the field of view of a facet is completely
filled by other facets of the body.

energy conservation leads to
(1-AYI() = eoT* + Z(T) Lice, M

where [ is the solar irradiation, A, = 0.01 the bolometric Bond
albedo, & = 0.9 is the emissivity, o the Stefan-Boltzmann con-
stant, T the surface temperature in K, Z the sublimation rate
in [kg m~2 s7'], and L the latent sublimation heat in [J kg™ '.
We assume L constant, neglecting the slight temperature de-
pendence. The sublimation rate is given by the Hertz-Knudsen
formula Z(T) = 2P(T)/(mvy), where the water vapor pressure
is P = 3.56 x 10?2 exp(~6141.667/T) [kg m~' s72] (Fanale
& Salvail 1984) and the thermal velocity v (T) = +/8RT/mu
[m s~!] with R the gas constant and u the molar mass of water.

Facets of a nonconvex nucleus shape can be shaded but also
receive energy from (nearby) facets that limit their unobstructed
(2n) field of view (see Sect. 2) and hence the left-hand side
of Eq. (1) needs to be rewritten. The total absorbed power in
[Tm=2s]is

J(@®) = (1 = ADU@) + Ryis()] + e[Rir(D) + E(1)] =
e0T* + Z(T) Lice. 2)

The additional terms R.i(f) and Rr(¢) are the reflected visi-
ble and IR contributions, respectively, and E(f) is the emitted
temperature-dependent IR input from the facets within the field
of view of the reference facet (Rozitis & Green 2011). Nonlinear
Eq. (2) has to be solved for the temperature 7. The IR emit-
ted and reflected components of the mutual facet illumination
(self-illumination) are computed iteratively. Then the sublima-
tion rate Z can be calculated and integrated over the time step.
So far, only small bright spots have been found to be widespread
(Sierks et al. 2015) on the surface of 67P, but they have not been
clearly identified as water ice or rich in water ice. Hence all the
water ice is covered by a dust layer. This layer has to be thin
enough to still pass the solar irradiation to the water ice and also
fragile enough to be removed by the vapor pressure of sublimat-
ing water ice so that activity is not quenched by a growing dust
layer.
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Two-layer dust-ice model. Recent models of cometary nu-
cleus formation due to gravitational collapse (Johansen & Klahr
2011; Skorov & Blum 2012) but also the hierarchical agglomer-
ation model (Weidenschilling 1997) lead to an extremely porous
mixture of large ice and dust agglomerates of distinct sizes. An
extremely low tensile strength of the cometary nucleus material
is achieved by a hierarchical distribution of agglomerates (ag-
glomerates of agglomerates). The surface is covered by a dark
thin ice-free layer which forms when the ice starts to sublimate.
After losing its ice content, the silicate dust layer slightly col-
lapses, but its morphology stays similar to the initial morphology
of the ice-dust mixture. Below this refractory layer the pristine
ice-dust medium exists. The inert layer is removed by the in-
creasing gas pressure of the subliming ice. By applying models
for the heat transfer and permeability the activity of comets can
be simulated (Blum et al. 2014).

The ice-dust mixture is characterized by the filling factor
(1 — porosity) and by the permeability of the refractory dust
layer. The individual agglomerates have a volume filling factor
of ¢,. The volume filling factor of the ice-free dust agglomerate
packing structure is ¢, and the volume filling factor of the entire
dust layer is then given by ¢,¢,. We assume (following Zsom
et al. 2010) that ¢, = ¢, = 0.4. Thus we get a volume filling
factor of the ice free surface layer of ~0.16 (which is between
the values corresponding to the two extreme scenarios consid-
ered by Skorov & Blum (2012). The thickness of the ice-free
dust-agglomerate layer and the agglomerate size are free pa-
rameters. The limited permeability of a porous refractive layer
greatly reduces the flow of gas for all regimes of gas diffusion
(from Knudsen diffusion to a continuous flow). This is compen-
sated by an increase in pressure according to the energy avail-
able. A collisionless gas flow (Knudsen regime) can be assumed
for the mass transport through the porous dust layer, and we use
a modified Clausing formula (Skorov et al. 2011) and an empir-
ical experimental formula given by Gundlach et al. (2011). Thus
the effective gas production under a porous refractive layer can
be evaluated for a given layer thickness, grain size, and resulting
surface temperature of the ice.

The amount of energy available for sublimation is deter-
mined by the heat conductivity through the dust layer. Generally
the conductivity through the solid medium, the conductivity via
thermal emission inside the pores, and conductivity via gas dif-
fusion are considered. The last component is neglected based on
the low gas density for the considered conditions. A detailed de-
scription of the first two mechanisms is presented by Gundlach
& Blum (2012). We simulate the effective conductivity consid-
ering the hierarchic structure of the medium (porous layer con-
sisting of porous aggregates).

A stationary approach to the energy balance neglecting ther-
mal history effects can be applied if the characteristic time scales
for gas diffusion and heat conduction are smaller than the char-
acteristic time of irradiation changes and the integration step. In
this case one has only to consider energy balances on the top and
on the bottom of the refractive porous layer in order to evaluate
the resulting gas flow and the resulting gas pressure above the
sublimating layer and one can neglect the history. Thus Eq. (2)
can be generalized to the following nonlinear algebraic equation
with the unknown temperatures T and 7; determined by energy
conservation at the surface and at the sublimation front below
the dust layer,

dust

J(t) = 80T + I [KS0 (TOT, = K5 (TOT3] 3)
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where
K (TOT = K (TOTi| = Wperm(ras DZ(T) Lice(T})
K (T)T; - Kz(f)fre(Tcore)Tcore] .

core

+I!

core

“

Here Wpern is the permeability as a function of the agglomerate
radius ra and thickness of the dust layer /, &% is the effective

dust
heat conductivity of the dust layer, and «¢ _ controls the flux into
the core of the nucleus. The equilibrium orbital temperature 7o
and orbital skin depth /... are evaluated following McKay et al.
(1986). This system of equations can be solved for the most gen-
eral case when the effective conductivity is a nonlinear function
of temperature (due to radiation inside the pores; Gundlach &
Blum 2012) and the sublimation energy of ice is a function of its
temperature 7; (Cowan & A’Hearn 1979).

The stationary case is only valid as long as the characteristic
time of heat diffusion 114 through the dust layer is short com-
pared to the time step (15 min) used to calculate the received
energy input onto a facet (see Sect. 2). The effective heat con-

ductivity of the dust layer, Ksifst, for the parameters ra and / used

in our calculations does not exceed 2x 107 [W m~! K~!] even at
perihelion for 67P. This is in good agreement with the observed
low thermal inertia between 10 and 50 [J m~2 K~ s71/2]. The
characteristic time 7pq is then 5 min or less when / < 1 mm,
smaller than the integration time step. The heat conductivity of
the bulk dust-ice mixture k. is about 50% higher than 5T .

Model parameters. In addition to the case of water ice on the
surface (model A) we calculate the effects of a refractive porous
dust layer. We use (model B) a thin layer of small aggregates
with a radius ro = 5 um and a thickness of / = 50 um (5 ag-
gregate layers) and (model C) a thick layer (limited by pq to be
short) with agglomerates of 50 ym and / = 1 mm (10 aggregate
layers). The temperatures 7 and T; and the water production rate
are tabulated as a function of the absorbed energy over the range
of heliocentric distances of comet 67P. This range is extended
for values to cover additional energy input from neighboring il-
luminated facets and on the lower end to cover weak absorption
due to large inclination angles.

Model A with dark water ice on the surface sets the upper
limit for the sublimation rate but is unrealistic because water ice
on the surface of 67P (and of other comets) has not been de-
tected or only in minor (<1%) amounts (Capaccioni et al. 2015).
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& 1000F
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© r
D -
3
5 105-
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o [
1 1 1 1 1 1
2012 2013 2014 2015 2016 2017 2018
Time (year)

Fig. 5. Water production rates vs. time for models A to C with (black
lines) and without (red lines) self-illumination (SI).

Model B uses a very thin layer of dust above the ice/dust mix-
ture of the nucleus, about the minimum to make the ice invisible
to spectroscopy. Near perihelion the influence of this dust layer
on the sublimation rate is minimal. The dust layer of model C
comes close to the diurnal thermal skin depth of about 5 mm
for Kgfst = 2x 1073 [W m~" K~']. The upper limit of the sur-
face temperature of a gray body is reduced by the heat needed
to sublime volatiles (water ice) near the surface. A lower limit is
given by model A with ice directly on the dirty surface (Fig. 4).
For model B the surface temperature is slightly higher than that
of model A. Model C approaches the gray case representing a
relatively inert dust surface as observed during the beginning of
the Rosetta rendezvous phase with comet 67P. It could be used
to evaluate the maximum effect of self-illumination and to simu-
late inert surfaces. Near perihelion the thin dust layer of model B
hardly restricts the sublimation, which almost matches the pro-
duction rate of model A. The peak production rate of model C is
about a factor of 4 to 5 lower than that of dirty ice. The water pro-
duction integrated over the whole nucleus is slightly enhanced
at larger heliocentric distances if self-illumination is taken into
account (Fig. 5). The enhancement coincides with northern sum-
mer. The small increase in surface temperature enhances the al-
beit minute sublimation rate at large heliocentric distances. The
dirty ice is most sensitive to the additional power input by self-
illumination during the aphelion passage.

Erosion rate. The local erosion rates of cometary mate-
rial at a specific surface element (facet) can be estimated by
Ax/At = Z(T)/p where Z(T) is measured in [kg m~2 s7!'] and
p is the density of water ice in the nucleus. Az is the time step
of integration over which Z(T') stays constant. p can be found by
correcting the density of the nucleus (o) by the dust to ice ratio,

(y)asp = pn/(1 +7).

4. Discussion of insolation, sublimation,
and erosion

The southern hemisphere is strongly heated during and near
the perihelion passage of 67P over 10 months from May 2015
to March 2016 when the sub-solar latitude is negative be-
cause southern solstice occurs 34 days after perihelion (Fig. 2).
However, this relatively short intense insolation is counterbal-
anced by the long time when the comet is outside 2.6 AU.
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Fig. 6. Erosion and insolation integrated over one orbit. The left figure shows the erosion (model A). The maximum water erosion on the (unseen)
south side is 4.8 [m]. The right figure shows the insolation on the same color scale with the maximum of 7.54 x 10° [J m~2].
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Fig.7. Production rate for model A. Dashed lines indicate the times of
perihelion and maximum production.

Sublimation depends not only on the amount (integral over time)
of insolation, but particularly at large heliocentric distances also
on the intensity of the insolation. Figure 6 compares the total ero-
sion and insolation of the northern hemisphere, both integrated
over the whole orbit. Both representations use the same color
scale. The maxima are of course not visible because they lie
on the southern hemisphere. The comparison shows that only
about 25% of the maximum erosion is reached on the north-
ern hemisphere while the total insolation reaches 80%. This
clearly demonstrates the nonlinearity of the sublimation with
temperature.

Therefore it is not surprising that about 75% of the total wa-
ter production, integrated over a whole orbit, is produced during
southern summer from equinox pre to equinox post perihelion
(Table 1). This value varies only very slightly from model to
model. The asymmetry of the sub-solar latitude variation with
respect to perihelion leads to an asymmetry of the water produc-
tion rate. Its maximum is reached 6 days after perihelion (Fig. 7).
As a consequence the water production is slightly higher post
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perihelion at the same heliocentric distance. This trend reverses
around 2 AU and at large heliocentric distances the production
after aphelion is slightly higher than before. This trend is in-
dependent of the sublimation model. The asymmetry is weak
considering the complex shape of 67P and the strong oblig-
uity of its rotation axis. Overall regional variations of the in-
solation, accumulated over one orbit, do not exceed a factor of
two. As expected, model A with water ice on the surface results
in the strongest production rate over the whole heliocentric dis-
tance range. Even at aphelion the water production is still about
2 [kg s~!] (Fig. 8), which may mainly derive from neglecting the
heat conduction (see also Sect. 7). The more realistic model B
with a thin layer of dust on top and heat conduction shows an
increasing reduction if compared to model A at heliocentric dis-
tances beyond 2.5 to 3 AU. Near perihelion the water production
of model B almost reaches the rates of model A. The “resis-
tance” of the thin dust layer to the heat penetration is so small
that all energy is used for sublimation as in model A. At large
heliocentric distances the thin dust layer quenches the produc-
tion almost as strongly as in model C where a thicker dust layer
is considered. In the case of model C the production rate of water
is subdued by about a factor of 4 to 5 at heliocentric distances
below about 2.5 AU and runs essentially parallel to model A.
There is no upturn visible as for model B. It is interesting to note
that the enhancement of the sublimation due to self-illumination
for model C is in the same range as for models A and B although
the considerably higher surface temperature (Fig. 4) leads to en-
hanced heating by the IR radiation of the neighboring facets.
The total sublimation over the whole orbit increases by 3% for
models A and B and 5% for model C. Overall, self-illumination
smoothens the contrast between highly and less illuminated mor-
phologies (Fig. 9) and hence leads to more uniform sublimation.
The spatial resolution of our model calculations using the under-
lying SHAP4 model is good enough to describe the illumination
within the big pits found in the Seth region (Fig. 3). Here one
finds of course the strongest self-illumination but on an overall
low insolation level. Inside such a pit with a diameter of 220 m
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Table 1. Water production and erosion for all models.

Model A Model B Model C
Total H,O production for one orbit [kg] 6.5x10' 4.9 x 10" 1.5x 10"
Production per unit surface [kg m™2] 1.3x10° 1.0 x 10° 3.1 x 10?
Erosion [m] 2.9 2.2 0.67
Maximum erosion [m] 4.8 4.0 1.1
Production during southern summer® [kg] 4.7 x 10" (73%)* 3.9 x 109 (79%) 1.1 x 10'° (73%)

Notes. Production and erosion are averaged over the surface. Erosion is calculated as P/(pA) where P is the total H,O production, p = 470 [kg m™]
is the density of the nucleus, and A = 4.82 x 107 [m?] is the total surface area. Here we assume that the nucleus is 100% H,O ice. Erosion rates
for a dust-to-ice ratio of 4 (Rotundi et al. 2015) would be 5 times larger. ¥ Defined from equinox to equinox when the sub-solar latitude is south

(about 10 months). ¥’ Percentage of production for the whole orbit.
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Fig. 8. Water production rates of models A to C versus heliocentric
distance.

and a depth of 185 m (Vincent et al. 2015) all facets have high
mutual view factors. If higher resolution shape models will be-
come available the computational requirements to proceed with
the present approach will be too high to be useful. Focus will be
given to spatially restricted but detailed comparisons of observa-
tions and models. Our method can easily be applied to cutouts of
the surface as long as the total number of facets is on the order
of 10°. We will provide an example in Sect. 5 (Fig. 14). Usually
we integrate the absorbed insolation of each facet over the whole
orbit, over part of the orbit, or over one spin of the comet. If the
results of each integration step are saved we provide the diur-
nal variation of the insolation or the temperature of the surface
element. Here again the assumption is that the temperature cor-
responds to the instantaneous insolation and does not depend on
any temperature history.

The total production of water calculated by integrating over
one orbit and the 4.82x 107 m? cometary surface is 6.5x 10'° kg,
4.9 x10'% kg, and 1.5 x 10'° kg for models A, B, and C, respec-
tively (see Table 1). We assume the surface to be uniform and
have to keep in mind that the southern side of 67P is not yet
illuminated and hence we do not know its morphology or even
topography. During the early activity phase of 67P in July to
September 2014 a dust to gas mass ratio y = 4 was derived from
observations in the coma (Rotundi et al. 2015). Then the mean
erosion of surface material per orbit, averaged over the whole
surface, reaches values of 14.5, 11.0, and 3.4 m for the three
models, respectively. The corresponding mass loss is a fraction
3.3 %1072, 2.5 x 1072, and 7.5 x 10~ of the nucleus mass of
1.0 x 10" kg (Sierks et al. 2015), respectively, on the order
of 1% per orbit. These numbers refer to a fully active surface.

Comparison with observations suggests that the water produc-
tion reaches only about 6% (see Sect. 5).

Usually we refer to the pure ice erosion rate and leave it up
to the reader to apply the appropriate, possibly local dust to ice
ratio. One should keep in mind that our models provide erosion
rates under specific model assumptions. These will not be ful-
filled on many localities due to the morphology of the surface
such as coverage by thick dust (refractory) layers. In particular
model A provides an overestimated upper limit of the erosion,
better the potential for erosion based on the actual insolation.
The average and maximum erosion rates are listed in Table 1.
They vary between maxima of 5 to 1 m. The comet could lose
up to about 20 m per orbit at specific locations (for y = 4). The
peak water erosion of the comet (model A) in August 2014 was
about 1 mm per spin (Fig. 10). Until the end of 2014 the comet
should have lost up to 1.5 m (for 300 spins and y = 4) on well in-
solated spots, comprising a small percent of the northern areas.
Changes of the morphology should become detectable for the
science cameras OSIRIS. An admixture of super volatiles such
as CO, or CO will increase the erosion.

The dichotomy of erosion between the northern and southern
side of 67P is very distinctive. The results for model B are shown
in Fig. 11. The south side is eroded nearly uniformly by close to
4 m per orbit (possibly because of the lack of known topography)
whereas the north facing regions erode much less rapidly but
with variations by a factor of 2 due to the rough topography.
The equatorial areas that are inclined towards the south are well
eroded and display a smoother topography than the north.

The water production rate in August 2014 was 1.2 [kg s7!]
(Gulkis et al. 2015), when the heliocentric distance of 67P was
3.6 AU. This is 2% of the 61 [kg s~'] that our calculation yields
for model B. During the last apparition of comet 67P a few days
after perihelion the maximum water production was determined
by the SWAN instrument onboard SOHO (Bertaux et al. 2014)
to 1.73 x 10% [kg s71]. This is 6% of 2.7 x 10° [kg s71], the
maximum of model B. In other words only 6% of the southern
hemisphere will show the activity predicted by model B. The in-
crease in the water production from 3.6 AU to perihelion in our
models is less steep (even for model B, see Fig. 8) than indi-
cated by the observations. A perfect match cannot be expected
because the topography of the southern hemisphere is not yet
known. The surface activity is not necessarily homogeneously
distributed (we discuss this in Sect. 7). Within the validity of
model B one could conclude that the active percentage on the
northern hemisphere is only a third of the value on the south.
On the northern hemisphere most horizontally-oriented areas are
covered by what looks like dust (Thomas et al. 2015b). Here the
activity is quenched due to the very low thermal conductivity.
Model A and C provide even higher production rates at 3.6 AU

A34, page 7 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201525964&pdf_id=8

A&A 583, A34 (2015)

Insolation
[G) m™?
8

Fig. 9. Effect of self-illumination. The left image shows the energy absorbed from direct sunlight integrated over the whole orbit. For the right
image the energy reflected and radiated (thermal) from other facets in the field of view of each facet is included.
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Fig. 10. Water erosion (model A) integrated over one cometary spin on
9 August 2014. The northern hemisphere with the neck area is shown.
The erosion is enhanced along the transition from the valley bottom
(Hapi) to the cliff wall (Hathor).

relative to their perihelion activity, than Model B — their slopes
with heliocentric distance are less steep. This is to be matched by
an even smaller percentage of active area on the northern relative
to the southern hemisphere. The more intense insolation during
perihelion passage can maintain activity on larger parts of the
surface.

The in situ instruments on board Rosetta may be interested
in the modeled diurnal variation of the water sublimation rates.
We calculated samples for dates in 2014 and 2015. The diur-
nal water production rate (Fig. 12) varies slightly at the begin-
ning of activity when the Sun is still at high northern latitudes
and shines continuously on the north polar region. With time
the Sun’s latitude decreases and the insolated parts of 67P vary
more and more with the cross section of its elongated shape (see
Fig. 11). The variation of the water density observed by ROSINA
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(Hissig et al. 2015) in August 2014 reflects the visibility of illu-
minated portions of the nucleus as seen from the spacecraft.

5. Comparison with observations

The neck (Hapi, Hathor, Seth). The overall shape of 67P devi-
ates strongly from an essentially convex ellipsoid, being dom-
inated by the large concavity, the neck, where the two lobes
join. This shape is somewhat reminiscent of comet 1P/Halley
that appears bi-lobate in heavily processed images taken during
the Vega flyby missions (Sagdeev et al. 1986). The neck valley
sets itself morphologically apart from the rest of the northern
hemisphere by being flat and smooth, seemingly dust covered.
It covers a gravitational low area that makes accumulation of re-
fractory material (dust) probable (Pajola et al. 2015). It girds half
of the comet on a length of more than 2 km separating the small
from the big lobe. Its width varies around 500 m. On the side of
the small lobe it is flanked by an almost perpendicular (relative
to the local gravity field) wall, Hathor, of almost 1 km height. On
the other side, the Seth region of the big lobe rises steeply with
terraces. It is obvious that direct insolation of the shielded valley
is less than on the convex tops of the lobes. Why then was dust
activity of 67P detected here by OSIRIS in early August 2014
(around a heliocentric distance of 3.7 AU)?

The north pole of 67P lies close to the Hapi (neck) region
(see Fig. 16). Therefore Hapi and the whole north facing sur-
face are only illuminated during northern summer when the
comet is at heliocentric distances >1.6 AU pre-perihelion and
>2.6 AU post-perihelion (see Fig. 2).Our calculations show that
the total energy input in the neck area is strongly enhanced
by self-illumination (reflected light and IR radiation) from the
walls of the valley (Fig. 3). In August and September 2014
(rn < 3.6 AU) the erosion is relatively strong where Hapi and
the high wall of Hathor join. Only a few minor, isolated places
show higher erosion rates (see Fig. 10). Figure 14 shows a de-
tailed comparison of the model output and an image taken by the
OSIRIS NAC camera. The erosion is about 30% higher at the
yellow band along the Hathor wall than in the center of the val-
ley. The surface temperature along this band of strong sublima-
tion is locally enhanced. A detailed comparison of the modeled
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Fig. 11. Three different views of the shape showing total (integrated over one orbit) water erosion (model B). Left: northern areas and neck, middle:

equatorial view, right: southern, yet unobserved side.
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Fig. 12. Daily variation of water production (model A) vs. rotational
phase. The dates are 9 August 2014, when jets started to be observed at
the neck area, 14 November 2014 (landing of Philae), 31 January 2015,
2 April 2015, 9 May 2015 (equinox), and 9 August 2015 (perihelion).

surface temperatures and the VIRTIS observations is currently
in progress based on model C which comes closest to the tem-
perature variation of an inert surface (see Fig. 4). This relative
enhancement seems sensitive to the specific insolation geome-
try and weakens and may disappear when the sub-solar latitude
decreases.

When the comet approaches equinox pre-perihelion and the
insolation increases, then Hapi is mainly illuminated with low
incident angles while the Sun shines parallel to the valley. Over
most of the rotation the area is shadowed either by the small or
the big lobe. Integrated over the whole orbit Hapi is one of the
least insolated areas of 67P’s surface (see Fig. 9). It helps lit-
tle that self-illumination within the cavity is strong (see Fig. 3).
The comparison of the total insolation with and without self-
illumination shows the strongest relative effect on the large cliff
of the Hathor area. The self-illumination including IR radia-
tion roughly increases the energy input by about 50% (com-
pare Fig. 9), but even then the received energy reaches only
about 70% of the peak energy on the north facing areas. Earlier
calculations based on a less detailed shape model produced qual-
itatively similar results but overestimated the energy input in the
Hathor and Hapi regions (Sierks et al. 2015).

Dust activity. At the beginning of the Rosetta rendezvous
dust features were first detected by the OSIRIS cameras when
the line of sight was integrating along the neck valley. This
does not mean that sublimation or even particularly strong

sublimation occurred only there. MIRO (Gulkis et al. 2015) and
the in situ mass spectrometer ROSINA (Hissig et al. 2015) de-
tected water long before the first dust activity was seen. Analysis
of the measured water densities shows that the water produc-
tion originates from the insolated surfaces (Bieler et al. 2015)
and that the rates are roughly proportional to the strength of the
insolation. This suggests that the activity of the observed nu-
cleus surface is rather homogeneous at least on a large scale.
This conclusion is also suggested by the observed dust activity
in December 2014 and January 2015. All illuminated parts of
the (northern) areas are active and produce dust features. The
structures within the near surface dust probably reflect the mor-
phological variation of the surface with crater-like features and
cliffs. The comparison of the small images of Fig. 13 demon-
strates the effect of integration along the neck valley where the
dust features resemble a fan.

Local activity spots. The resolution of the SHAP4 model is
good enough to single out “hot spots” with locally strongly en-
hanced erosion. One striking activity spot is located in the Ma’at
area on the small lobe clearly showing up on the diurnal ero-
sion calculations for 9 August and 12 September 2014 (Figs. 11
and 15). Vincent et al. (2015) discussed dust activity in connec-
tion with pits and investigated some specific locations on the sur-
face of 67P. Small jets seemingly arise from the Ma’at area. We
calculated the erosion for the date (12 September 2014) of their
image applying an enhanced (less aggressively decimated) shape
model. We find a spot of strong activity on a cliff in front of their
Ma’at pit 1 (Fig. 15). One should keep in mind that the model
calculations show erosion where insolation is ample assuming
a homogeneous surface. Our model calculations combined with
a high resolution shape provide a robust tool to localize active
spots, even tiny ones within craters or pits. This combination
will indicate where to look for changes of morphological details
caused by the erosion of surface features.

6. Erosion and morphology

The intense southern summer around perihelion leads to the
strong dichotomy that 34 of all eroded material is lost during this
season. The least erosion is found at the directly north facing
parts of Ma’at on the small lobe and Ash on the big lobe. The
erosion by water sublimation (model B) is here typically 10%
(and at Hapi even less) of the maximum reached on the south
side of the nucleus (Fig. 11). Erosion increases for the areas of
Ash and Ma’at that slope towards the south. A gradient is visi-
ble on Seth where the part close to the pole is least illuminated
because it is shaded by the small and big lobes during the diur-
nal spin. Seen from the north, almost all of the visible surface
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Fig. 13. Dust activity of 67P. The left image is a combination of two WAC images taken on 10 January 2015. The dominating fan-like dust feature
above the neck region is strongly enhanced by integration along the line of sight, parallel to the fan plane from the active neck valley. This effect
is demonstrated by the small images on the right. The lower image was taken with a similar line of sight as the left image, whereas the nucleus is
slightly rotated in the upper view taken half an hour earlier. The enhancement by the integration effect does not appear.

. X , e .-: 4

Erasion [mm] Temperature [K]
0.0 0.2 04 0.6 08 1.0 1.2 80 120 160 200

Fig. 14. A comparison of the neck area (Hapi with Hathor and Seth). The model shows erosion (model A) integrated over one spin on 12 September
2014. The strongest erosion is on a cliff in the Ma’at area (see Fig. 15) The erosion along Hapi is concentrated at the foot of the Hathor wall. The
enhancement is visible as a yellow band. The surface temperature (based on model C) is as expected also high in that region, depending on the

local time of day.

experiences little erosion by water sublimation (blue and deep
blue color in Fig. 11). Only the periphery on the small lobe
receives somewhat more insolation. Generally the edge of this
area is so steep that surface areas illuminated when the Sun ap-
proaches the equator are not visible from the north. In particular
for the big lobe one has the impression of looking down on a
slightly overhanging “roof”. The transition from the “roof” to
the well eroding equatorial areas is abrupt and forms a distinct
ridge particularly at the transition from Seth to Babi/Aten but
also to the other side to Anubis (Fig. 16). Here the “roof” of Seth
even juts out as demonstrated by the increased erosion along the
underside of the overhang, a phenomenon that has been inter-
preted as an indication of multiple layers (Massironi et al. 2015).
The view from the south is similar. The preliminary shape model
indicates that the south facing part of the nucleus shape is rather
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flat. Equatorial terrains bulge only slightly out. The exception is
the big relatively flat Imhotep plain.

Ring-like or horseshoe-like indentations with diameters on
the order of several 100 m with steep cliff-like walls cover the
Seth surface. The indentations are flat (not bowl-shaped) and
horizontal relative to local gravity whereas the cliffs are verti-
cal. They are arranged like steps leading upslope in the Seth re-
gion. Here, essentially all horizontal areas are covered by what
seems to be air fallen dust. Most probably the dust is liberated
during the perihelion passages on the south and settles on the
then completely dark and inert northern regions. The present
dust layer seems thick enough (on the order of meters; Thomas
etal. 2015a) to quench any activity from the original nucleus sur-
faces. On the side of Seth that slopes southward towards Anubis
the indentations open quite often towards the southeast direction,
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Fig. 15. Activity in the Ma’at area. In the left figure (Vincent et al. 2015) the pits 1 and 2 were identified as exhibiting dust activity. Indeed, our
model for 12 September 2014 (right figure) reveals small areas of strong erosion in both pits. Below Ma’at 1 there is a cliff that shows the strongest

erosion of the entire illuminated surface (compare with Fig. 10).

towards the direction from which the strongest insolation comes.
The cliffs facing in this direction show by far the strongest ero-
sion potential (Fig. 16) of the Seth area, reaching about 60%
of the maximum in the south. Deep pit-like holes are frequent
(Thomas et al. 2015b; Vincent et al. 2015). The morphology of
the north facing parts of Ma’at resembles that of Seth. The pre-
dominant sublimation (erosion) of the cliffs will lead to surface
flattening due to sublimation-driven slope retreat and this flatten-
ing could potentially be the process responsible for planation of
the equatorial and southern surfaces, for example, Imhotep (see
below).

The Seth area is reminiscent of the extremely rough sur-
face of comet 81P/Wild 2 (Brownlee et al. 2004). 81P’s perihe-
lion distance recently changed from 4.9 to 1.5 AU by a close
Jupiter encounter in 1974 (Sekanina & Yeomans 1985). The
surface of comet 81P is covered with flat-floored craters very
similar to those found on Seth (see Fig. 7 in Brownlee et al.
2004). This comet’s morphology was discussed by Basilevsky
& Keller (2006). The slope distributions of Seth and of 81P’s
surface seem both quite extreme, dominated by slopes near zero
and near vertical. This similarity could suggest that both surfaces
are relatively pristine if compared to stronger eroded surfaces
and comets such as 9P/Tempel 1 (A’Hearn et al. 2005). This,
however, would imply that the orientation of the nucleus of 67P
has been unfavorable to good insolation of the (now) northern
areas for many orbits. It would take at least 10 perihelion pas-
sages with inverted south-north insolation to smooth the present
surface of Seth. Several cliffs are higher than 100 m.

Imhotep. We do not yet know the morphology of the south
side of the nucleus because it is still unilluminated. The large
flat surface almost at the end of the large lobe, Imhotep, extends
across the equator and is therefore illuminated during most of the
orbit of 67P. The angle between the rotation axis and the plain
of Imhotep is about 50° similar to the sub-solar latitude at north-
ern solstice. During that season Imhotep sees barely any light.
Nevertheless, the erosion potential of this 10 km? large area
reaches about 70 to 80% of the maximum found on the south-
ern regions. Again the cliffs in the north of Imhotep undergo

stronger erosion, reaching up to 90%. This is a good example of
how the current insolation tends to flatten the surface. Figure 17
shows the daily (integrated over one cometary spin) erosion at
Imhotep at three different seasons. On the left Imhotep awak-
ens from polar night when the Sun starts to touch the highest
mountains. The center model depicts the strong erosion around
summer solstice right after perihelion. Watch the scales of the
color bars. The maximum here is 180 times larger than on the
left side. The large cliff at the north (indicated by arrows) shows
the strongest erosion. This is not anymore the case when the Sun
stays above the equator and illuminates the surface uniformly al-
beit with much lower intensity because the distance to the Sun is
already 2.6 AU. Then the steep slope of the cliff is hit by the rays
with a large incident angle at local noon, leading to less absorbed
energy per surface area. This interplay of the varying insolation
drives the cliffs across the Imhotep plain from the south to the
north and finally leads to planation of the surface.

On the opposite side of the nucleus is Hatmehit, also a flat
surface on the equator, though rather circular with a diameter of
about 800 m. Its orientation to the rotation axis and hence the
irradiation situation are very similar to that of the Imhotep plain.
At the present stage where we mostly see the cometary surfaces
facing north, the Imhotep region is interesting and peculiar for
several reasons. This region, studied in detail by Auger et al.
(2015), is located on the equator and will soon be strongly illu-
minated, i.e. one can expect that it is similar to strongly insolated
southern regions that are still in polar night. It comprises a large
(3000 m x 3500 m) flat horizontal plain that is slightly inclined
towards the south. Its northern rim is limited by a low mountain
range. The region shows a large diversity of terrains (smooth or
rocky), specific areas (accumulation basins and bright spots) and
remarkable morphological features (linear features, roundish
features, and boulders (Pajola et al. 2015). The relatively strong
insolation (compared to the presently visible surfaces) integrated
over the orbit and the corresponding erosion potential lead to
morphological diversification. This makes Imhotep a role model
for the unknown southern territories. Imhotep is a good candi-
date for being a region that has been shaped by a combination of
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several processes driven by relatively strong insolation including
collapse, air falls, degradation, thermal stress and most important
activity (Auger et al. 2015). The most striking evidence of recent
activity processes is likely the presence of roundish features, lo-
cated in the gravitational low of the region, depleted in boulders
and in fine material deposits contrary to the rest of the visible nu-
cleus. Although their origin is uncertain, these roundish features
are likely the remnants of recent strong activity. Another evi-
dence of recent activity is the presence of fields of bright boul-
ders, bluer than the surrounding terrains and composed of dust
and water ice according to Pommerol et al. (2015). Although
probably not important in terms of water production rate, these
bright boulders formed recently, most likely at the previous per-
ihelion passage, suggesting that activity indeed occurs today on
Imhotep.

Constrained activity of a homogeneous nucleus. Constrained
areas of notably high activity cannot be maintained over many
orbital revolutions of the comet. After 10 orbits the active spots
will lie in depressions of 150 to 200 m depth (model A). Sunlight
would reach the active bottoms of the pits only during shorter
and shorter intervals and hence activity would become marginal.
Constrained activity is digging its own grave. A way out of this
conundrum is for the depressions (pits) to expand laterally by
activity of their cliff walls. Activity of the cliffs can be more eas-
ily maintained because there it is not quenched by remnant or
“air fallen” dust. In this way, activity can erode areas that can-
not maintain activity on horizontal plains. Consequently, activity
will be found predominantly at cliffs of evolved cometary nuclei.
This is in good agreement with prior observations of cometary
nuclei such as 19P/Borrelly (Britt et al. 2004), 81P/Wild 2
(Sekanina 2004), and 9P/Tempel 1 (Farnham et al. 2007, 2013),
for which a correlation of activity with steep slopes was ob-
served. OSIRIS observations of dust features above the northern
surfaces strongly suggest a correlation with the ubiquitous cliffs
(Vincent et al. 2015). The total surface represented by cliffs and
their irradiation are sufficient to support the currently observed
activity as we discussed earlier.

Consequently, this scenario, where only a small part of the
surface is active, does not mean that most of the comet is inert
and cannot support activity due to lack of volatiles. A thin, accu-
mulated, surface layer of refractory material is enough to prevent
direct activity. Activity on an evolved surface requires that the
active spots can wander over most of the surface. The nucleus
has to be homogeneous (supporting activity) otherwise activity
will decay very fast. The surface is eroded, layer by layer, when
the cliffs wander across the plains. An example of an early phase
of this erosion process is Seth, a later stage can be observed on
Imhotep.

7. Global versus localized activity

So far we have assumed that the cometary surface is homoge-
neous with respect to activity and erosion. This seems to be rea-
sonable — at least at large scale — as suggested by the overall dust
activity and the water molecule distribution in the inner coma.
This does not imply that activity is based on water sublimation
only. The ROSINA in situ observations show that the densities
of super volatiles (CO, CO,) relative to the dominating water
vary by factors with time and/or position of the Rosetta space-
craft (Hissig et al. 2015). Compositional variability was also ob-
served during the flybys of comets 9P/Tempel 2 (Feaga et al.
2007) and 103P/Hartley 2 (Protopapa et al. 2014). However,
even at the present low activity phase the water sublimation
models show an overall activity that is about 16 (model A) to
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Fig. 16. Upper image: the nucleus as seen in the equatorial plane. Lower
image: the nucleus as seen from the north almost parallel to the rotation
axis pointing out of the plane towards the observer (near the red bullet).
This view shows also the neck, which is very little eroded by water
sublimation.

4 (model C) times higher than observed. There are three pos-
sibilities for reducing the overall sublimation: a) the surface is
uniformly covered by an even thicker dust layer than assumed
for model C, so the activity is further quenched; b) only parts
of the surface are active, varying on a relatively small scale like
the fields on a chessboard. The portion of the currently insolated
surface parts covered by cliffs is about 10 to 15%. Hence the ob-
served activity could come from the cliffs only; and c) surface
activity may vary (to some degree) on a large scale. An indica-
tion of this situation could be derived from the fact that models A
to C predict a shift of the maximum production by only 6 days
after perihelion rather than the observed about 20 days. In addi-
tion, the observed maximum is more peaked than predicted. We
therefore briefly discuss a model developed earlier that assumes
dirty water (like model A) distributed in spots on the surface.
We consider three alternative models, called the homoge-
neous (D) and spotted (E and F) models. These models are less
realistic than models A—C in the sense that a much coarser shape
model is used (SHAP4 reduced to 5000 facets), self-illumination
is ignored, and shadowing is included in an approximate man-
ner. However, they are more realistic than models A to C in the
sense that the effect of thermal inertia is considered explicitly
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Fig. 17. Erosion per spin (model B) on the large Imhotep plain when the sub-solar latitude is 48° (left image, May 2014), at southern solstice
(center image, September 2015), and at equinox (right image, March 2016). The view is in the equatorial plane. The rotation axis is inclined by
about 50° relative to the Imhotep plain. At southern solstice the cliff (indicated) is insolated and eroded much stronger than at equinox, when the

Sun is high but farther away.

(models D, E, and F), and allow for a heterogeneous distribution
of ice (activity) on the nucleus (models E and F).

In models D and E the one-dimensional heat conduction
equation is solved,

or T
C'OE = KW’ (5)

with upper and lower boundary conditions

So(1 —A)max(cosi, 0)

dT
eoT* — Z(T)Lice — k—
h dx
(6)
AT

=0.
0X Dximax

Since the specific heat capacity ¢, mass density o, and heat
conductivity « here are considered temperature-independent, the
surface temperature and sublimation rate do not depend on the
individual values of ¢, o, and « but only on the thermal inertia
' = y/cpk. We here apply I' = 30 and 100 [J m™ K~! s71/2] for
models E and F, respectively. The upper boundary condition bal-
ances direct solar radiation (solar constant S = 1367Jm~2s!,
Bond albedo A = 0.032!, incidence angle i, and heliocentric dis-
tance ry,), thermal emission (emissivity € = 1), sublimation rate
of ice (sublimation rate Z, latent heat of sublimation L), and
heat conduction (depth x, temperature 7'). The vanishing tem-
perature gradient used as lower boundary condition is applied at
a depth of ~10 skin depths.

The water production rate is calculated for each nucleus facet
as a function of time #, accounting for i — variation during day-
time and gradual cooling during nighttime, but ignoring transient
shadowing. Values are stored at every 10° of nucleus rotation.
For these specific nucleus rotational phases, the shadowing con-
ditions are calculated for each facet using ray casting. In case
a facet is formally on the day side, but is experiencing tran-
sient shadowing, its gas production rate for that specific rota-
tional phase is set to zero. A rotationally averaged production
rate is then calculated for each facet, and this is done for the in-
terval 150 days pre-perihelion to 150 days post-perihelion, with
a 10 day temporal resolution. We note that models D-F (like
model A) formally are valid only if there is exposed water ice on
the surface, while all comet nuclei observed so far are covered

! Note that for models A to C, slightly different values for A and & are

used than for models D to F.

by dust. However, according to model B, the addition of a dust
layer just thick enough to suppress spectral absorption features
of the ice, does not have a strong influence on the water pro-
duction rate near perihelion. Thus, the lack of water absorption
features on 67P does not necessarily invalidate Egs. (1) and (2).

Figure 18 shows the measured water production rate of
67P according to Hanner et al. (1985), Crovisier et al. (2002),
Feldman et al. (2004), Schleicher (2006), Ootsubo et al. (2012),
Bertaux et al. (2014). It also shows model D as a dashed curve,
obtained by allowing all facets of the shape model to be active,
but reducing the production rate to 6.9% of its actual calculated
value to minimize the residual with respect to observations. For
model A the reduction is 6.5% (see Sect. 4), hence both models
are well in agreement. Consideration of the thermal history due
to the inertia (models D—F) and a somewhat higher albedo value
reduce sublimation slightly farther away from the Sun. The addi-
tional increase from 30 (E) to 100 [J m~2 K~! s7!/2] (F) applying
the same model leads to a reduction within the overall uncer-
tainties of the model(s) (see Fig. 18). Model D can be seen as
a nucleus where 7% of each facet is covered by water ice while
93% is covered by inert dust, and the nucleus is homogeneous in
the sense that all facets have the same ice coverage. As can be
seen in Fig. 18, the homogeneous models D and A reproduce the
near-perihelion rates, but yield pre- and post-perihelion rates that
are too high and with too shallow slopes. From this comparison,
it is clear that the comet nucleus does not produce water vapor in
constant proportion to its daily averaged geometric cross section,
as seen from the Sun.

A possible way to change the pre- and post-perihelion slopes
is to de-activate some facets completely, while increasing the
availability of ice elsewhere. Model E is an attempt to construct
such a heterogeneous or “spotted” nucleus. This is done by con-
sidering surface activity maps (Davidsson & Gutiérrez 2004).
Here, an active spot is constructed by placing the tip of a cone at
the nucleus center, selecting its symmetry axis orientation by us-
ing randomly generated azimuth and elevation angles, and allow
all surface facets located within the cone to be active, while those
being outside are considered inactive. For each surface activity
map, a random number of spots are created (at most ten), with
randomly selected opening angles (at most 15°). For each map,
the corresponding water production rate is calculated. In the cur-
rent simulation, a total of 10° surface activity maps were consid-
ered, of which 29 maps were selected based on their small resid-
uals with respect to observations. The average production rates
of these 29 maps are shown in Fig. 18 as red squares, where error
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Water production rate of 67P/Churyumov-Gerasimenko
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Fig. 18. Water production rates of comet 67P measured during earlier apparitions near perihelion. Models A and D for a homogeneous nucleus
are scaled to the observed maximum. Model E is a best fit for spotted activity. Model F is calculated for the same distribution but with a thermal

inertia of 100 [J m~2 K~! s71/2].

bars denote the standard deviation among the different maps. As
can be seen, such spotted model nuclei are capable of repro-
ducing the observations, i.e. an activity that starts off lower but
increases more steeply pre-perihelion than for model D, peaks
about 10 days after perihelion, then falls off more rapidly than
model D post-perihelion.

In order to investigate what the 29 successful surface activity
maps have in common, the probability of activation was calcu-
lated for each facet. This probability is shown as a color coding
on the shape model in Fig. 19 for four different nucleus rota-
tional phases separated by 90°, as seen from the Sun at perihe-
lion. The region of activity is remarkably confined. One center
of activity is found at the interface between the small lobe and
the large lobe, on the opposite side of the Hapi region. The large
lobe is essentially inactive, except for an extended region that is
attached to the first one. Therefore, the success of these maps
relies on the large active area being poorly illuminated, except
for a ~100 day window centered on the perihelion passage. The
low level of activity on the sides and bottom of the large lobe
(defining the top of the large lobe as the side containing the Seth
and Ash regions) are necessary in order not to provide too much
water vapor before and after perihelion.

We note that the region of activity coincides with the parts
of the nucleus for which the Sun is permanently high in the sky
during perihelion. It cannot be excluded that the nucleus is het-
erogeneous, and that the amount of water ice simply is higher
in the active region than elsewhere. However, there may also
be an alternative explanation. If the removal of quenching dust
is an inefficient process, the surface layers may clog up easily
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when illumination conditions are relatively weak. This may be
the reason why most of the nucleus appears to be relatively in-
active, but in areas where the solar insolation is continuously
strong throughout the perihelion passage, insolating dust layers
may not have time to grow but are constantly being removed
or thinned out. Such efficient removal of dust may keep a con-
stant supply of water ice available at or near the surface within
arestricted area, and cause a relatively peaked water production
curve around perihelion.

Our prediction for the August 2015 perihelion passage is
therefore that the gas production curve of 67P depends less
on cross section variation, and more on nucleus inhomogeneity
and/or the efficiency of dust removal. Fortunately, the chemically
and physically complex process of strong comet activity will be
studied in detail by Rosetta.

8. Summary and conclusions

We approximate the complex shape of 67P by a high resolu-
tion polyhedron (shape model) and model the insolation of each
facet taking into account the self-illumination by other facets in
its field of view. In a first step the reciprocal viewing factors of
the facets are calculated and stored. Then the surface temper-
atures of the facets are calculated so that the thermal radiation
next to the reflected visible and IR radiation can be iteratively
considered. The calculations are fast enough to consider more
than 10° facets. The surface temperatures depend on the physi-
cal properties of the surface such as bolometric albedo, emissiv-
ity, and sublimation activity. We can neglect the thermal history
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Fig. 19. Comet 67P represented by a low resolution shape model, as seen from the Sun at perihelion at four different rotational phases separated

by 90°. The color indicates the probability that a facet is active.

as long as the characteristic time scales for heat conduction are
smaller than the time steps. A comparison with a model that in-
cludes the effects of thermal history shows that our simplification
is reasonable at least near perihelion when activity is observed.
We consider three models for the sublimation of water ice, on
the surface (dirty ice), under a thin layer of dust, and a thicker
layer that quenches the water sublimation rates by a factor of 4
to 5 if compared to the dirty ice model.

During the ten months near perihelion, when the sub-solar
latitude is south the models predict that the amount of water
sublimation is three times higher than what is produced during
the rest of the orbit. The assumption of a homogeneously active
surface leads to production rates that are 4 to 16 times higher
than what was observed during earlier perihelion passages of the
comet. Consequently only a small part of the nucleus surface
is active. We tested various distributions of active spots on the
south side of the nucleus and could match the variation of the ob-
served water production rates. If the model production rates are
normalized at perihelion, the activity predicted for August 2014
is more than three times what was observed. This suggests that
the fraction of active surface on the north side has to be further
reduced. The low insolation level restrains activity and cannot
activate as much surface as on the strongly insolated side. The
gradient of the water production rate is steeper than expected
from the models. Nevertheless, activity seems to be globally
distributed. In December 2014/January 2015 dust features are

observed above all well illuminated regions. The in situ mea-
surements of water also show that the production rates follow
the insolated surface. Therefore we conclude that active and in-
active areas are distributed on small scales like on a chessboard
and most of the currently observed area is inactive. Active spots
make for only about 5 to 10% of the surface. This is roughly in
agreement with the amount of surface that is occupied by cliffs
that are distributed over the whole northern side. Our calcula-
tions show that the cliffs are more strongly insolated than the
horizontal surfaces, which are mostly covered by refractory ma-
terial. This activity pattern leads to planation of the surfaces. A
good example for this effect is Imhotep, a flat plain bordered in
the north by a mountain range that is driven north by the strong
sunshine from the south during perihelion.

Just taking water sublimation into account the maximum ero-
sion on the south side could reach one to five times (y+ 1) meters,
with y being the dust to ice ratio (around 4). Thus the activity
from the south side will have quite a different quality. During
the perihelion passage dust jets are produced that can be ob-
served with telescopes from earth. The northern regions are in
polar night during this season. They form a cold trap for water
molecules and icy (dust) particles and blocks that do not escape
from the nucleus. In addition the region around the pole and the
neck between the lobes are in a gravitational low where particles
can easily be collected. This suggests that the northern terrains
that are less steep (relative to local gravity) than the angle of
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repose are covered by global “airfall” from the high activity in
the south. This agrees with the current observations.

We expect the topography on the south side to be smoother
than what is observed on the north. Imhotep could be a role
model. Our test calculations also show that the activity is con-
centrated near the center of the south side. The variation of the
water production rate near perihelion is not proportional to the
illuminated cross section of the nucleus.

Acknowledgements. OSIRIS was built by a consortium of the Max-Planck-
Institut fiir Sonnensystemforschung, in Gottingen, Germany, CISAS-University
of Padova, Italy, the Laboratoire d’Astrophysique de Marseille, France, the
Instituto de Astrofisica de Andalucia, CSIC, Granada, Spain, the Research and
Scientific Support Department of the European Space Agency, Noordwijk, The
Netherlands, the Instituto Nacional de Técnica Aeroespacial, Madrid, Spain,
the Universidad Politechnica de Madrid, Spain, the Department of Physics and
Astronomy of Uppsala University, Sweden, and the Institut fiir Datentechnik und
Kommunikationsnetze der Technischen Universitit Braunschweig, Germany.
The support of the national funding agencies of Germany (DLR), France
(CNES), Italy (ASI), Spain (MEC), Sweden (SNSB; Grant No. 74/10:2), and the
ESA Technical Directorate is gratefully acknowledged. H. Rickman was also
supported by Grant No. 2011/01/B/ST9/05442 of the Polish National Science
Center. We thank the ESA teams at ESAC, ESOC and ESTEC for their work in
support of the Rosetta mission.

References

A’Hearn, M. E., Belton, M. J. S., Delamere, W. A., et al. 2005, Science, 310, 258

Altwegg, K., Balsiger, H., Bar-Nun, A., et al. 2015, Science, 347, A387

Auger, A.-T., Groussin, O., Jorda, L., et al. 2015, A&A, 583, A35

Basilevsky, A. T., & Keller, H. U. 2006, Planet. Space Sci., 54, 808

Bertaux, J.-L., Combi, M. R., Quémerais, E., & Schmidt, W. 2014, Planet. Space
Sci., 91, 14

Bieler, A., Altwegg, K., Balsiger, H.., et al. 2015, A&A, 583, A7

Blum, J., Gundlach, B., Miihle, S., & Trigo-Rodriguez, J. M. 2014, Icarus, 235,
156

Britt, D. T., Boice, D. C., Buratti, B. J., et al. 2004, Icarus, 167, 45

Brownlee, D. E., Horz, F., Newburn, R. L., et al. 2004, Science, 304, 1764

Capaccioni, F., Coradini, A., Filacchione, G., et al. 2015, Science, 347, 0628

Cowan, J. J., & A’Hearn, M. F. 1979, Moon and Planets, 21, 155

Crovisier, J., Colom, P., Gérard, E., Bockelée-Morvan, D., & Bourgois, G. 2002,
A&A, 393, 1053

Davidsson, B. J. R., & Gutiérrez, P. J. 2004, Icarus, 168, 392

Davidsson, B. J. R., & Gutiérrez, P. J. 2005, Icarus, 176, 453

Davidsson, B. J. R., & Rickman, H. 2014, Icarus, 243, 58

De Sanctis, M. C., Capaccioni, F., Ciarniello, M., et al. 2015, Nature, in press

El-Maarry, M. R., Thomas, N., Giacomini, L., et al. 2015, A&A, 583, A26

Fanale, F. P., & Salvail, J. R. 1984, Icarus, 60, 476

Farnham, T., Wellnitz, D., Hampton, D., et al. 2007, Icarus, 187, 26

Farnham, T., Bodewits, D., Li, J.-Y,, et al. 2013, Icarus, 222, 540

Feaga, L., A’Hearn, M., Sunshine, J., Groussin, O., & Farnham, T. 2007, Icarus,
191, 134

Feldman, P., A’'Hearn, M., & Festou, M. 2004, in The New Rosetta Targets.
Observations, Simulations and Instrument Performances, eds. L. Colangeli,
E. Mazzotta Epifani, & P. Palumbo, Astrophys. Space Sci. Lib., 311, 47

Fornasier, S., Hasselmann, P. H., Barucci, M. A., et al. 2015, A&A, 583, A30

Groussin, O., A’'Hearn, M. E,, Li, J.-Y., et al. 2007, Icarus, 191, 63

Gulkis, S., Allen, M., von Allmen, P., et al. 2015, Science, 347, 0709

Gundlach, B., & Blum, J. 2012, Icarus, 219, 618

Gundlach, B., Skorov, Y. V., & Blum, J. 2011, Icarus, 213, 710

Hanner, M. S., Tedesco, E., Tokunaga, A. T., et al. 1985, Icarus, 64, 11

Harmon, J. K., Nolan, M. C., Giorgini, J. D., & Howell, E. S. 2010, Icarus, 207,
499

Hissig, M., Altwegg, K., Balsiger, H., et al. 2015, Science, 347, 276

Hearn, D., & Baker, M. P. 1994, Computer Graphics (Prentice Hall International
Editions)

Johansen, A., & Klahr, H. 2011, Earth Moon and Planets, 108, 39

Keller, H. U., Arpigny, C., Barbieri, C., et al. 1986, Nature, 321, 320

Keller, H. U., Barbieri, C., Lamy, P,, et al. 2007, Space Sci. Rev., 128, 433

Krolikowska, M. 2003, Acta Astron., 53, 195

Massironi, M., Simioni, E., Marzari, F., et al. 2015, Nature, submitted

McKay, C. P, Squyres, S. W., & Reynolds, R. T. 1986, Icarus, 66, 625

Mottola, S., Lowry, S., Snodgrass, C., et al. 2014, A&A, 569, L2

Oberst, J., Giese, B., Howington-Kraus, E., et al. 2004, Icarus, 167, 70

A34, page 16 of 16

Ootsubo, T., Kawakita, H., Kobayashi, H., Usui, F., & AKARI SOSOS Team
2012, Publ. Korean Astron. Soc., 27, 161

Pajola, M., Vincent, J.-B., Giittler, C., et al. 2015, A&A, 583, A37

Pommerol, A., Thomas, N., El-Maarry, M. R., et al. 2015, A&A, 583, A25

Preusker, F., Scholten, F., Matz, K.-D., et al. 2015, A&A, 583, A33

Protopapa, S., Sunshine, J. M., Feaga, L. M., et al. 2014, Icarus, 238, 191

Rotundi, A., Sierks, H., Corte, V. D., et al. 2015, Science, 347, 3905

Rozitis, B., & Green, S. F. 2011, MNRAS, 415, 2042

Sagdeev, R. Z., Szabo, F., Avanesov, G. A, et al. 1986, Nature, 321, 262

Schleicher, D. G. 2006, Icarus, 181, 442

Sekanina, Z. 2004, Science, 304, 1769

Sekanina, Z., & Yeomans, D. K. 1985, AJ, 90, 2335

Sierks, H., Barbieri, C., Lamy, P. L., et al. 2015, Science, 347, 1044

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

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

Sunshine, J. M., A’Hearn, M. F., Groussin, O., et al. 2006, Science, 311, 1453

Thomas, P. C., A’'Hearn, M. F., Veverka, J., et al. 2013, Icarus, 222, 550

Thomas, N., Davidsson, B., El-Maarry, M. R., et al. 2015a, A&A, 583, A17

Thomas, N., Sierks, H., Barbieri, C., et al. 2015b, Science, 347, 0440

Vincent, J.-B., Bodewits, D., Besse, S., et al. 2015, Nature, 523, 63

Weidenschilling, S. 1997, Icarus, 127, 290

Zsom, A., Ormel, C. W., Giittler, C., Blum, J., & Dullemond, C. P. 2010, A&A,
513, A57

Institute of Planetary Research, DLR, Rutherfordstrasse 2,

12489 Berlin, Germany

e-mail: keller@mps.mpg.de

Institute for Geophysics and Extraterrestrial

Braunschweig, 38106 Braunschweig, Germany

Department of Physics and Astronomy, Uppsala University,

75120 Uppsala, Sweden

4 Max-Planck-Institut ~ fiir ~Sonnensystemforschung,
Liebig-Weg 3, 37077 Gottingen, Germany

5 Aix Marseille Université, CNRS, LAM (Laboratoire d’Astro-
physique de Marseille) UMR 7326, 13388 Marseille, France

6 Center of Studies and Activities for Space (CISAS) “Colombo”,

University of Padova, via Venezia 15, 35131 Padova, Italy

Department for Astronomy, University of Maryland, College Park,

MD 20742-2421, USA

Department of Mechanical Engineering — University of Padova, via

Venezia 1, 35131 Padova, Italy

University of Padova, Department of Physics and Astronomy, vicolo

dell’Osservatorio 3, 35122 Padova, Italy

10T ESIA, Obs. de Paris, CNRS, Univ. Paris 06, Univ. Paris-Diderot,
5 place J. Janssen, 92195 Meudon, France

' LATMOS, CNRS/UVSQ/IPSL, 11
78280 Guyancourt, France

12. CNR-IFN UOS Padova LUXOR, via Trasea 7, 35131 Padova, Italy

13 UNITN, Université di Trento, via Mesiano, 77, 38100 Trento, Italy

INAF—-Osservatorio Astronomico di Trieste, via Tiepolo 11,

34143 Trieste, Italy

15 Instituto de Astrofisica de Andalucia — CSIC, 18080 Granada, Spain

Institute for Space Science, National Central University, 32054

Chung-Li, Taiwan

Research and Scientific Support Department, European Space

Agency, 2201 Noordwijk, The Netherlands

18 ESA/ESAC, PO Box 78, 28691 Villanueva de la Cafiada, Spain

Institut fiir Datentechnik und Kommunikationsnetze, 38106

Braunschweig, Germany

Department of Information Engineering — University of Padova, via

Gradenigo 6, 35131 Padova, Italy

2l PAS Space Research Center, Bartycka 18A, 00716 Warszawa,

Poland

International Space Science Institute, Hallerstrale 6, 3012 Bern,

Switzerland

2 Centro de Astrobiologia, CSIC-INTA, 28850 Torrején de Ardoz,

Madrid, Spain

Instituto Nacional de Técnica Aeroespacial, 28850 Torrején de

Ardoz, Spain

Physikalisches Institut,

3012 Bern, Switzerland

Physics, TU

Justus-von-

boulevard d’Alembert,

20

22

24

» Sidlerstrasse 5, University of Bern,


http://linker.aanda.org/10.1051/0004-6361/201525964/1
http://linker.aanda.org/10.1051/0004-6361/201525964/2
http://linker.aanda.org/10.1051/0004-6361/201525964/3
http://linker.aanda.org/10.1051/0004-6361/201525964/4
http://linker.aanda.org/10.1051/0004-6361/201525964/5
http://linker.aanda.org/10.1051/0004-6361/201525964/5
http://linker.aanda.org/10.1051/0004-6361/201525964/6
http://linker.aanda.org/10.1051/0004-6361/201525964/7
http://linker.aanda.org/10.1051/0004-6361/201525964/7
http://linker.aanda.org/10.1051/0004-6361/201525964/8
http://linker.aanda.org/10.1051/0004-6361/201525964/9
http://linker.aanda.org/10.1051/0004-6361/201525964/10
http://linker.aanda.org/10.1051/0004-6361/201525964/11
http://linker.aanda.org/10.1051/0004-6361/201525964/12
http://linker.aanda.org/10.1051/0004-6361/201525964/13
http://linker.aanda.org/10.1051/0004-6361/201525964/14
http://linker.aanda.org/10.1051/0004-6361/201525964/15
http://linker.aanda.org/10.1051/0004-6361/201525964/17
http://linker.aanda.org/10.1051/0004-6361/201525964/18
http://linker.aanda.org/10.1051/0004-6361/201525964/19
http://linker.aanda.org/10.1051/0004-6361/201525964/20
http://linker.aanda.org/10.1051/0004-6361/201525964/21
http://linker.aanda.org/10.1051/0004-6361/201525964/21
http://linker.aanda.org/10.1051/0004-6361/201525964/22
http://linker.aanda.org/10.1051/0004-6361/201525964/23
http://linker.aanda.org/10.1051/0004-6361/201525964/24
http://linker.aanda.org/10.1051/0004-6361/201525964/25
http://linker.aanda.org/10.1051/0004-6361/201525964/26
http://linker.aanda.org/10.1051/0004-6361/201525964/27
http://linker.aanda.org/10.1051/0004-6361/201525964/28
http://linker.aanda.org/10.1051/0004-6361/201525964/29
http://linker.aanda.org/10.1051/0004-6361/201525964/29
http://linker.aanda.org/10.1051/0004-6361/201525964/30
http://linker.aanda.org/10.1051/0004-6361/201525964/32
http://linker.aanda.org/10.1051/0004-6361/201525964/33
http://linker.aanda.org/10.1051/0004-6361/201525964/34
http://linker.aanda.org/10.1051/0004-6361/201525964/35
http://linker.aanda.org/10.1051/0004-6361/201525964/37
http://linker.aanda.org/10.1051/0004-6361/201525964/38
http://linker.aanda.org/10.1051/0004-6361/201525964/39
http://linker.aanda.org/10.1051/0004-6361/201525964/40
http://linker.aanda.org/10.1051/0004-6361/201525964/41
http://linker.aanda.org/10.1051/0004-6361/201525964/42
http://linker.aanda.org/10.1051/0004-6361/201525964/43
http://linker.aanda.org/10.1051/0004-6361/201525964/44
http://linker.aanda.org/10.1051/0004-6361/201525964/45
http://linker.aanda.org/10.1051/0004-6361/201525964/46
http://linker.aanda.org/10.1051/0004-6361/201525964/47
http://linker.aanda.org/10.1051/0004-6361/201525964/48
http://linker.aanda.org/10.1051/0004-6361/201525964/49
http://linker.aanda.org/10.1051/0004-6361/201525964/50
http://linker.aanda.org/10.1051/0004-6361/201525964/51
http://linker.aanda.org/10.1051/0004-6361/201525964/52
http://linker.aanda.org/10.1051/0004-6361/201525964/53
http://linker.aanda.org/10.1051/0004-6361/201525964/54
http://linker.aanda.org/10.1051/0004-6361/201525964/55
http://linker.aanda.org/10.1051/0004-6361/201525964/56
http://linker.aanda.org/10.1051/0004-6361/201525964/57
http://linker.aanda.org/10.1051/0004-6361/201525964/58
http://linker.aanda.org/10.1051/0004-6361/201525964/59
http://linker.aanda.org/10.1051/0004-6361/201525964/60
http://linker.aanda.org/10.1051/0004-6361/201525964/60

