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ABSTRACT

We develop an activity model based on ice sublimation and gas diffusion inside cm-sized
pebbles making-up a cometary nucleus. Our model explains cometary activity assuming no
free parameters and fixing the nucleus surface temperature 7y, its gradient below the nucleus
surface at thermal equilibrium, the pressure inside the porous pebbles, and the gas flux from
them. We find that (i) the nucleus erosion rate and water vapour flux are independent of the
nucleus refractory-to-ice ratio, which affects the dehydration rate only; (ii) water-driven dust
ejection occurs in thermal quasi-equilibrium at 7, > 205 K; (iii) the smallest and largest
ejected dust sizes depend on the nucleus surface temperature and its gradient at depths of
few cm; and (iv) the water-driven nucleus erosion rate is independent of the water vapour
flux. Regarding comet 67P/Churyumov—Gerasimenko, we find that (i) during the northern
and southern polar summers, the nucleus active areas are ~5 km?; (ii) >95 per cent of the
southern pristine nucleus has a refractory-to-water-ice mass ratio >5; and (iii) the different
temperature dependences of the dehydration and erosion rates explain the seasonal cycle: at
perihelion, dm-sized chunks ejected by the sublimation of CO; ices are rapidly enveloped by
an insulating crust, preserving most water ice up to their fallout on the northern dust deposits;
the inbound water-driven activity at low temperatures triggers a complete erosion of the fallout
if its water-ice mass fraction is >0.1 per cent.

Key words: comets: general —comets: individual: 67P/Churyumov—Gerasimenko.

1 INTRODUCTION

Many data provided by the Rosefta mission at comet 67P/
Churyumov—Gerasimenko (67P hereafter) are challenging the avail-
able thermophysical models of cometary activity (Keller et al. 2015;
Blum et al. 2017; Hu et al. 2017). The observed 67P seasonal cycle
(Kelleretal. 2017; Fulle et al. 2019a) includes the ejection of chunks
larger than the water-ice sublimation front (Fulle et al. 2016; Ott
et al. 2017; Pajola et al. 2017; Gundlach, Fulle & Blum 2020). The
negligible disintegration of chunks at perihelion during their flight
towards the fallout into the northern deposits (Biver et al. 2019)
seems inconsistent with the inbound activity observed in Hapi, a
fallout deposit most active in 2014 August (Keller et al. 2017).
Hapi’s erosion has been measured (Cambianica et al. 2020) at rates
about two orders of magnitude faster than predicted (Keller et al.
2015). An activity model consistent with the available 67P data is
needed to combine the high refractory-to-ice mass ratio of cometary
nuclei (Fulle et al. 2017; Cambianica et al. 2020) with their activity
lasting many orbits.

* E-mail: fulle@oats.inaf.it
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These challenges are probably connected with two activity para-
doxes affecting all the available thermophysical models: (i) How is
it possible that water-ice sublimation from the nucleus surface does
not lead to an insulating crust, inhibiting gas and dust ejection (Kiihrt
and Keller 1994; Blum et al. 2014)? (ii) How is it possible that the
gas, flowing through the nucleus surface with a pressure <1 Pa at
perihelion (Pajola et al. 2017), ejects dust particles whose tensile
strengths are > 10 Pa (Skorov and Blum 2012; Gundlach et al. 2015;
Giittler et al. 2019)? Fulle, Blum & Rotundi (2019b) have shown
that possible answers to these questions are provided by water-ice
sublimation and gas diffusion inside the cm-sized pebbles making-
up cometary nuclei (Blum et al. 2017). In this paper, we improve
such a gas diffusion model fixing in a self-consistent approach both
the gas pressure inside the pebbles and the gas flux driving its
diffusion inside the porous pebbles. This model allows us to define
a nucleus erosion independent of its dehydration, and overcomes
all the challenges listed above.

2 GAS DIFFUSION INSIDE THE PEBBLES

We assume that the pebbles making-up cometary nuclei are non-
homogeneous aggregates of ice and dust particles characterized
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by the size distribution measured by Rosetta at 67P, namely
a power law with the differential index —3 £ 1 (Blum et al.
2017). Gas diffusion is driven by the pores among the particles
making-up the pebbles (Figs 1 and 2), rather than by the pores
among the grains (named also monomers in Giittler et al. 2019)
making-up each particle (Fulle et al. 2019b). A homogeneous
agglomerate of monomers all of the same size has the average
pore radius equal to the 20 per cent of the monomer diameter
(Fulle et al. 2019b). In order to compute the pore size distri-
bution in realistic pebbles composed of dust particles of sizes
ranging from the grain one to the pebble one, we performed
many random packing simulations both in 3D and in 2D, which
has the big advantage to be easily plotted (Figs 1 and 2). A
dust size distribution with power index —3 in the 3D space
corresponds to a size distribution with power index —2 in the
2D space: the largest particles dominate both the volume in the
former and the area in the latter. In both 3D and 2D simula-
tions, the pore distribution is steeper than that of the particles
making-up the pebble (Figs 1 and 2). Moreover, the higher the
number of small particles filling the voids among big particles,
the steeper the pore size distribution, i.e. the pebble porosity
tends towards the individual particle porosity. The pore radius

distribution is

_ (a — l)af;fl w
p(a)da = Wd da, (1)
/"M playda =1, 2

where ap, and ay are the minimum and maximum pore radii,
respectively, and —« is the power index of the pore size distribution,
with ¢ > 3 according to the performed 2D and 3D computations
(see Figs 1 and 2). Since a;, < ay, the gas diffusivity, Dg, becomes

D _4 2kT /uM ()d N4(0l—1)am 2kT (3)
ST3Voam J, P B —2) Vo

i.e. at most a factor of 2 larger than in the homogeneous case
(Fulle et al. 2019b). Here, T is the pebble temperature, k the
Boltzmann constant, m the water molecule mass, and a,, = 20 nm
is the average radius of the pores among the smallest possible dust
particles, i.e. the monomers.

Along the radial coordinate r inside the pebble of radius R ~
5 mm (Blum et al. 2017), the gas pressure inside the pebbles due to
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Figure 1. Subset of a non-homogeneous 2D loose-packed pebble composed of dust particles (black circles, left-hand panel) characterized by the differential
size distribution with power index —2 (black histogram, right-hand panel). The largest possible circles filling the voids among dust particles define the pores
(grey circles, left-hand panel) characterized by a steeper size distribution (grey histogram, right-hand panel) with power index ~—4. Pores smaller than the
smallest dust particles are not shown in this case. 3D models of close-packed spheres with a power index of —3 of the differential size distribution provide a

steeper pore size distribution (power index ~—6).
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Figure 2. Subset of a non-homogeneous 2D close-packed pebble composed of dust particles (black circles, left-hand panel) characterized by the differential
size distribution with power index —2 (black histogram, right-hand panel). In this case, the pore size distribution (grey circles and histogram) has a power index
~—5. Also in these close packings, the number of contact points bonding the superficial dust particles to the pebble is lower than in the homogeneous case.
For instance, the largest particle at the lower surface (left-hand panel, centre-bottom) is connected to the pebble through a single contact with the particle to its
lower left, and then to the pebble centre through a continuous sequence of contact points among neighbours. The other contacting particles to the lower right
are disconnected from the pebble and will be ejected together with the superficial particle if their sizes are s < sp,. Few contacts among particles characterize
also 3D close packing of spheres with a power index of the differential size distribution of —3, where small spheres are too few to fill all available voids.

the gas diffusion is (Fulle et al. 2019b)

P(T7r):Poul+

WerDOMRT, (1)) [T

16 (o — 1) ap, R 2m

where Q(7) is the gas flux from the pebbles on the nucleus surface
and Py, is the gas pressure among the pebbles.
The average pressure P(T) inside the pebble is

47

30(T)R [mkT
%T[R3

P(T) = ,
1) 35ay, 2m

R

/ P(T,r)r*dr = Poy + 5)
0

with a = 6 provided by the performed 3D computation of random
close packing of spheres with a power index of their differential size
distribution of —3. Here we consider only pressures P(T) — Poy >
0.1 Pa. According to the model of a pebble-made nucleus (Blum
et al. 2017), Poy < 0.1 Pa, so that P, can be neglected hereafter
(see the actual values of P, at the end of this section).

The water-ice sublimates inside the pebble, so that

O(T) = [Py ™" — P(T)] . (6)

m
2ntkT

with Py = 3.23 x 10'2 Paand T, = 6134.6 K (Gundlach, Skorov &
Blum 2011). The pressure P(7) in equations (5) and (6) is the same,
because the pressure dumping the sublimation of water ice is exactly
the ambient pressure inside the pebble provided by the gas diffusion
inside it. Equations (5) and (6) can then be coupled to provide both
P(T) and Q(T), namely

{ R, 1] o) = Pye ™7, | " %)
70am 0 kT

Within a relative error 72‘;“ ~ 0.01 per cent, P(T) becomes
Ty
P(T) =~ Pyexp -7 | )

P(T) strongly increases as the temperature 7 slightly increases.
Equilibrium thermal conditions are reached in <2 h of constant
insolation (Fulle et al. 2019b), occurring e.g. in the northern and
southern polar summers, and provide the highest possible T values,
allowing us to neglect pressures far from equilibrium. Every thermal
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profile at depths of a few cm has an average thermal gradient, so
that the temperature 7" can be approximated to

T=T,—sVT, ©)

where T is the temperature of the nucleus surface, s is the depth
below the nucleus surface, and VT is the average gradient of the
temperature at the equilibrium for P(7) > 0.1 Pa, i.e. T > 195 K
according to equation (8). The temperature 7 is either provided by
observations (Tosi et al. 2019), or computed by means of the energy
balance equation

(1 —A)Igcosb ry? = eo T+ A(T)VT + A O(T), (10)

where A = 1.2 per cent is the nucleus Bond albedo (Fornasier
et al. 2015), I, is the solar flux at the Earth heliocentric distance,
6 is the solar zenithal angle, ry, is the nucleus heliocentric distance
in astronomical units, € & 0.9 is the emissivity, o is the Stefan—
Boltzmann constant, A¢(7) is the heat conductivity inside the
nucleus, and A = 2.86 x 10° J kg~ is the latent heat of sublimation
of water ice (Orosei et al. 1995). At thermal equilibrium, VT is
provided by (Blum et al. 2017)

4, vt = vy D)
P S(DOVT =(VT) aTr
where ¢ is the surface-to-volume ratio at sublimation, occurring
in a uniform layer of thickness 2R of randomly packed pebbles,
so that g is best approximated by the surface-to-volume ratio of a
cube of edge 2R, i.e. ¢ = (2R)~'. In a pebble-made nucleus, the
heat conductivity is dominated by the radiation among the pebbles
(Blum et al. 2017),

=q A Q). (11)

32
Ae(T) ~ ?URTS, (12)

assuming a pebble porosity of 60 per cent. Equations (11) and (12)
give

vy YAOL =RV
8(T,— RVT)R

so that equations (7) and (8) become

_ 35am P(s) 2m
e ="k \m @ —svr) (19

T
P(s) ~ Py f(s)exp [—ﬁ} : (15)

, 13)

where f(s)=1—(1 — %)4 for s < R given by equation (4). For s
> R, f(s) = 1 because pebble centres are located at every depth s,
due to the random packing of pebbles. Equations (10), (12), (13),
and (14) must be solved altogether, fixing T, VT, A, and Q(R) =
Q. Equation (15) is plotted in Fig. 3 for the obtained solutions at
perihelion (7y, =300K, VI'=50K em™,Q0=7x107? kg m2s7 !,
e =6x 1072Wm~! K=") and in 2014 August (T; = 220K, VT =
4Kcem™!, 0=23x10"" kg m2s A, =3x102Wm~' K1),
with 7y = 220 K measured in Hapi by the Visible and InfraRed
Thermal Imaging Spectrometer (VIRTIS) instrument (Tosi et al.
2019). Since Q(s) depends linearly on P(s) and in equation (5) is
approximated to the average Q in each superficial pebble, |P(s)
— P(R)|/P(R) for 1 < s < 10 mm provides the error affecting Q,
which is 20 per cent in 2014 August, and 90 per cent at perihelion.
The errors affecting VT are always <40 per cent, and <10 K for 7.
Within these uncertainties, the obtained values of 7 and VT fit those
computed by other thermal models (Schloerb et al. 2015; Blum et al.
2017) and, at perihelion, those of time-dependent thermal models
(Gundlach et al. 2020).

MNRAS 00, 1 (2020)
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Figure 3. Pressure P inside the pebbles versus the depth s. Continuous line:
tensile strength S bonding a homogeneous aggregate of dust grains (Skorov
and Blum 2012; Giittler et al. 2019). Dashed—dotted line: P at Ty = 300 K
and VT = 50 K cm ™! crosses S at s, = 10 pum and sy = 2 cm. Dashed
line: P at Ty =220 Kand VI =4 K cm™! crosses S at sm = 1 mm and
sm = 6 cm. Dotted line: P at T, = 205 K, VT = 2 K cm~ !, and 0 =
4 %1078 kg m2s!is tangent to S at s, = sm = 2 cm. For every T, the
nucleus at the depth sy maintains a temperature 7s — VT sy =~ 200 K.

Equation (15) provides the gas pressure inside the pebbles only.
Outside, the pressure P, is much lower than inside, because the
gas leaves the nucleus through the macropores among the pebbles,
so that equation (15) does not imply any inward gas flux. Py is
given by (Blum et al. 2017)

Py = [1 _ (1 n L)q} 0(s) 21k (T, —s VT)/m,  (16)

14R

providing P,y < 5 x 1073 Pa at perihelion, and Py, < 107> Pa in
2014 August.

3 EROSION VERSUS DEHYDRATION

The observed 67P dust volume distribution has a peak at 0.2 m
(Fulle et al. 2016, 2019a; Ott et al. 2017; Pajola et al. 2017),
so that in each pebble smaller particles are too few to fill all the
voids among larger particles (Fig. 2). Many performed 3D random
packing computations of particles with a power index of their size
distribution equal to —3 show that the number of contact points
bonding a superficial particle of a size s to the pebble is lower
than in homogeneous agglomerates composed of particles all of
that size s, with the tensile strength, S, bonding the superficial dust
particles to the pebble S = 1357*3 mPa (Skorov and Blum 2012,
with s in metres, Fig. 3). Since dust is ejected always from the
nucleus surface, we can identify the dust size with the depth s.
Dust is ejected when 7y > 205 K (P curve tangent to S line in
Fig. 3), consistent with 67P activity onset in 2014 April (Moreno
et al. 2017) and with Hapi’s 215 < 7Ty < 225 K measured by
VIRTIS in 2014 August (Tosi et al. 2019). P > S defines the
minimum, sp,, and maximum, sy, ejected dust sizes. When s <
2R, dust particles leave the surface of the superficial pebbles. When
s > 2R, clusters of pebbles and particles are detached from the
pebbles underneath. When the cluster has a size s > sy, it is named
chunk.

The 67P dust volume distribution implies that the erosion depends
on the frequency at which the largest particles, of size s; < 0.2 m,
are ejected. During the nucleus erosion, the pebbles underneath,



suddenly exposed to sunlight, have a temperature 7y — VT sy =
200 K (Fig. 3) for all values of 7. The nucleus at the depth sy
maintains the same temperature regardless of the strong increase
of T. All available Microwave Instrument for the Rosetta Orbiter
(MIRO) and VIRTIS thermal data (Gulkis et al. 2015; Schloerb
et al. 2015; Tosi et al. 2019), as well as all nucleus thermal
models (De Sanctis et al. 2015; Schloerb et al. 2015; Blum et al.
2017; Hu et al. 2017; Tosi et al. 2019; Gundlach et al. 2020),
confirm such an increasing dumping of e.g. diurnal thermal waves
as the depth increases. Hence, dust ejection occurs in quasi-
equilibrium thermal conditions, and the nucleus erosion rate, E,
is given by the size sy divided by the heat conduction time-scale
,OdeSI%/I/)\s(SM),

E— )"S(SM) i (17)

Pd Cp SM
where pg ~ 800 kg m™ is the average bulk density of the
dust particles (Fulle et al. 2017), ¢, ~ 10° J kg=' K™' is the
heat capacity of the pebbles (Blum et al. 2017), and Ay(sp) =
2.4 x 1072 W m~! K7! is the heat conductivity of the nucleus at
the depth sy, i.e. at 7~ 200 K.
The nucleus dehydration rate, D, is given by

_(+90
on

where § is the average refractory-to-water-ice mass ratio in the
nucleus and p, = 538 kg m~3 is the nucleus average bulk density
(Pitzold et al. 2019). When D < E, the water-driven activity does
never stop, because the vapour diffusion erodes the surface pebbles
before they become dry, exposing the underlying ice-rich ones.
On the contrary, when D > E, the water-driven activity stops,
because the dehydration builds-up an insulating crust of dried
pebbles before being eroded by the dust ejection, driven by the heat
conduction.

D (18)

4 DISCUSSION

In 2014 August 7y = 220 K (Tosi et al. 2019) and sy = 6 cm
(Fig. 3), which in equation (17) gives E = 4.3 cm d~!. This dust was
probably ejected from Hapi, so that equation (17) predicts Hapi’s
observed erosion rate of 6 4+ 2 cm d~' (Cambianica et al. 2020).
Q =23 x 1077 kg m~2 s~! in equation (18) gives D < 4 cm d~!
for § < 103, so that D < E. The water-driven activity is not stopped
by Hapi’s very low ice mass fraction: it stops either when all Hapi’s
fallout from the previous perihelion has been completely eroded
(Cambianica et al. 2020) or when a dry crust of thickness >sy
inhibits the dust ejection. The water-vapour-loss rate measured in
2014 Augustof 1.2 kg s~! (Gulkis et al. 2015) constrains the nucleus
area involved in the water-driven erosion to ~5 km?, about twice
Hapi’s surface (Thomas et al. 2018), and provides a maximum
liftable size <sy,, &~ 1 mm (Fig. 3) from a spherical nucleus of 67P
mass (Zakharov et al. 2018). If all the thermal energy of the gas at
the pressure P in the volume enveloping the dust particle (<1/6 of
the particle volume) is transferred to the dust kinetic energy, then
dust is ejected with a velocity <+/(P — 5)/pq. Therefore, all the
eroded dust will reach a height <5 m before falling back on the
nucleus. The maximum escaping dust size depends on the local
gas density above the nucleus surface, which decreases as the gas
expands (e.g. above a spherical nucleus as assumed by Zakharov
etal. 2018), but on the opposite increases above nucleus concavities.
Therefore, a negligible fraction of the eroded particles may escape
the nucleus from Hapi, above which the nucleus has the hugest
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concavity, thus making the observed erosion £ = 6 + 2 cm d™!
(Cambianica et al. 2020) consistent with the observed dust-loss
rate Qg ~ 7 kg s~! (Rotundi et al. 2015). This fact also explains
why the computed value of sy is a factor of 3 larger than the
largest size observed in 67P coma in 2014 August (Rotundi et al.
2015): the bigger the particles, the more probable that all fall back
on the nucleus. Also the computed value of s, is a factor of 5
larger than the smallest particles observed in 67P coma in 2014
August (Rotundi et al. 2015; Fulle et al. 2019b). The values of S
and s, may be overestimated, because the performed 3D random
packing computations provide a number of contact points between
a particle and the pebble between 2 and 4, whereas they are >4 in
homogeneous aggregates.

At perihelion 7y = 300 K provides s, = 10 um (Fig. 3),
consistent with perihelion dust data (Fulle et al. 2019b; Giittler
etal. 2019), and sy = 2 cm. Equation (17) provides £ = 13 cm d-1,
which fits the dust-loss rate Q4 ~ 260 kg s~! measured in the
size range s, < s < sy (Fulle et al. 2016) if the eroded nucleus
surface is Qqcpsm/As(sm) ~ 0.2 km?. This area is much smaller
than the nucleus area of ~5 km’ making the computed Q =
7 x 1073 kg m~2 s~! consistent with the perihelion water-loss
rate of ~350 kg s~! (Shinnaka et al. 2017; Biver et al. 2019; Fulle
et al. 2019a). Also the area ejecting chunks of size s > sy by
CO,, which cannot eject dust because its sublimation front is at a
depth s > sy, is ~5 km? (Gundlach et al. 2020). The computed
value of Q provides a maximum liftable size of ~0.1 m (Zakharov
et al. 2018), so that most ejected dm-sized chunks fall back on
the Northern hemisphere (Fulle et al. 2019a), whereas all the dust
with s, < s < sy is surely lost in space. Equation (18) gives
D < 13 cm d! for § < 5, taking into account the uncertainty
affecting Q. It follows that dust and chunks may be ejected from
different nucleus areas. In the ~0.2 km? where § < 5, we have D
< E, so that the nucleus erosion into dust exposes ice-rich pebbles
sustaining the water-ice sublimation. On the contrary, the ~5 km?
ejecting dm-sized chunks by CO, activity (Gundlach et al. 2020)
cannot eject dust, otherwise Q4 would be a factor of 20 larger than
observed: this area must then have § > 5, so that D > E and the
nucleus erosion into dust stops. However, the ejection of dm-sized
chunks exposes pebbles with some ice inside (according to the
actual value of § > 5), so that water-ice sublimation is sustained
by the nucleus erosion into chunks, rather than into dust. Since
some dust is ejected by chunk-erosion-driven water-ice sublimation
(occurring during the making of a crust because D > E), the
area of 8§ < 5 may be «0.2 km?, because the area of § > 5 is
a factor of >20 larger. It follows that the ejected chunks must
have 5 < § < 103, so that the same dm-sized chunks behave in
an opposite way at perihelion and in 2014 August (Fulle et al.
2019a). For the high temperatures at perihelion, the dehydration is
so fast that the flying and rotating chunks are soon (i.e. within sy/D
< 4 h) enveloped by an insulating crust of dried pebbles, which
prevents any significant water distributed source in the perihelion
coma (Biver et al. 2019), and preserves the chunk ice content into
Hapi’s fallout. As the chunks land in Hapi’s cold polar winter, water
vapour sublimating from the chunk interior condenses in its colder
crust (De Sanctis et al. 2015). If this frost makes the ice mass
fraction in the chunk crust >1073, then inbound to the following
perihelion passage the crust becomes active (D < E) even if it
was inactive at perihelion (D > E). In other words the chunks,
having the same ice content they had when ejected at the previous
perihelion, i.e. 5 < 8§ < 10%, in 2014 August start again a water-
driven erosion, which at low temperatures is not stopped by chunks
dehydration.

MNRAS 00, 1 (2020)
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5 CONCLUSIONS

The proposed activity model, based on gas diffusion inside the
cm-sized pebbles making-up a cometary nucleus, explains the 67P
activity. Our findings are as follows.

(i) The nucleus erosion rate and the water vapour flux are
independent of the refractory-to-water-ice mass ratio, which affects
the dehydration rate only.

(i1) The gas pressure inside the pebbles depends on the tempera-
ture only, and is >1 kPa at 67P perihelion.

(iii) The water vapour flux depends on the temperature and on the
ratio between the monomer and pebble sizes, fitting the 67P water-
loss rate data during the northern and southern polar summers if the
active 67P surface is &5 km?.

(iv) The smallest and largest ejected dust sizes depend on the
nucleus surface temperature and its gradient at depths of a few cm
inside the nucleus. Their computed values are consistent with the
67P dust ejection data.

(v) The water-driven nucleus erosion rate depends on the pebble
heat conductivity, the average dust bulk density, the pebble heat
capacity, and the largest ejected dust size. It is independent of the
water vapour flux, implies no nucleus crust and fits the available
67P nucleus erosion data.

(vi) The nucleus dehydration is independent of the erosion rate
and depends on the water vapour flux and the nucleus bulk density
and refractory-to-water-ice mass ratio.

(vii) The different temperature dependences of the dehydration
and erosion rates imply that 67P dm-sized chunks with a constant
ice mass fraction behave in opposite ways at ejection and inbound
to the following perihelion. At ejection, they are soon enveloped by
an insulating crust, preserving most ice up to their fallout in Hapi.
Inbound, the water-driven activity at low temperatures triggers a
complete erosion of the fallout composed of chunks if their ice
mass fraction is >0.1 per cent, explaining the 67P seasonal cycle.

(viii) >95 per cent of the southern pristine 67P nucleus, eroded
to depths of 10 m (Fulle et al. 2019a; Gundlach et al. 2020), has
a refractory-to-water-ice mass ratio >5, confirming independent
results (Cambianica et al. 2020).

(ix) In 67P, the southern pristine nucleus is heterogeneous, with
most water ice concentrated in <5 per cent of its volume, consistent
with observations (Fornasier et al. 2019).
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