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Abstract One of the key goals of the Rosetta mission was to understand how, where and
when comets formed in our solar system. There are two major hypotheses for the origin of
comets, both pre-Rosetta: (1) hierarchical accretion of dust and ice grains in the Solar Neb-
ula and (2) the growth of pebbles, which are then brought together by streaming instabilities
in the Solar Nebula to form larger bodies. Rosetta provided a wealth of new information on
comet nuclei and confirmed many past ideas on comets, e.g., high volatile content, lack of
aqueous alteration of grains, and the low bulk density of the nucleus. Rosetta also provided
new data on the nature of cometary activity, the active geology on the nucleus surface and
the interior structure and bulk density of the nucleus. Supporters of the above-mentioned
origin hypotheses each find confirmation of their ideas in the Rosetta results. But the ques-
tion of which hypothesis is preferred, or if there are other, better hypotheses that could be
invoked, could not be answered. Theoretical studies suggest that comet nuclei were colli-
sionally processed in the Primordial Disk though it is not clear that the nuclei we see today
display the effects of that process. Both theoretical and observational studies suggest that
the major end-states for cometary nuclei are dynamical ejection, random disruption and
disintegration, and/or evolution of nuclei to inactive, asteroidal-appearing objects. Rosetta
has provided us with many new insights that will help to guide future cometary missions,
observations, experiments and theoretical investigations that will lead to answers to the fun-
damental questions with regard to cometary origin.
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1 Introduction

Comets are among the most primitive bodies in the solar system. They likely formed at
large solar distances where volatile ices could condense and remain stable, and they retain
a cosmo-chemical record of the composition of, and the processes in, the Solar Nebula
when the planets were forming. Comets have been stored in cold, distant orbits, either in the
Kuiper belt region (Kuiper 1951) at ~35-100 AU, where the mean temperature is ~40 K, or
in the Oort cloud at ~3-150 x 10* AU (Oort 1950) where the mean temperature is ~10 K.
Note that the Kuiper belt region contains two distinct dynamical populations. The first is the
Classical Kuiper belt at ~35-100 AU, with objects in low eccentricity, low inclination orbits
beyond Neptune (Duncan et al. 1988). The second is the Scattered disk at ~30-~103 AU
(Duncan and Levison 1997; Levison and Duncan 1997) consisting of objects with perihelia
close to Neptune’s orbit but with larger orbital eccentricities, inclinations and aphelia than
the Classical Kuiper belt. The Scattered disk is the source of most of the Jupiter-family
comets (JFCs).

The primitive and cold nature of cometary nuclei is confirmed by the highly volatile
ices that are released when the nuclei come close to the Sun. These include: CO ice with a
sublimation point, 7 = 25 K; CH;3OH ice, T = 99 K; and CO; ice, T = 72 K (corresponding
to a saturation density of 10'* cm™3; Yamamoto 1985).

Unlike earlier flyby missions, ESA’s Rosetta mission (Glassmeier et al. 2007) was de-
signed to be the first truly intensive space mission to a comet, following it from ~3.6 AU
pre-perihelion through perihelion at 1.24 AU and out to ~4 AU post-perihelion—over a
period of more than two years. The target comet, 67P/Churyumov-Gerasimenko (hereafter,
67P), is a typical Jupiter-family comet, though it proved far more interesting than anyone
had expected. The mission yielded a wealth of data that is only now beginning to be fully
digested and analyzed.

One of the key questions that Rosetta wanted to answer is how, where and when did
comets form? The known presence of substantial volatile ices in cometary nuclei showed
that the formation zone(s) had to be, at a minimum, moderately far from the Sun, beyond
the so-called “snowline” where ices would be stable. In the present solar system that distance
is taken to be 3—5 AU but in the dusty Solar Nebula it may have been closer to (or farther
from) the Sun (Sasselov and Lecar 2000; Min et al. 2011).

For a long time the generally accepted hypothesis for comet (and asteroid and planet)
formation was hierarchical accretion (Weidenschilling 1977, 1997). Grains of micron-sized
dust and ice were expected to collide in the Solar Nebula and stick, leading to larger and
larger particles. This led Donn and Hughes (1986) to propose the fractal aggregate model
in which hierarchical accretion continued to occur at all size scales, leading to an irregular
nucleus perhaps kilometers in diameter. A similar model was proposed by Weissman (1986),
based more on phenomenological observations of comets, such as outbursts and splitting
events, the primordial rubble pile. In Weissman’s model the final stages of accretion led
to kilometer-sized nuclei but there was no energy sources to mold this primitive material
into a single coherent body. However, studies of hierarchical accretion had problems in
growing particles larger than ~1 meter (Weidenschilling 1977, 1997). Particles might begin
to bounce off one another, or to be collisionally eroded and disrupted. How could proto-
nuclei grow beyond this size range?

In 2005 Youdin and Goodman proposed a different scenario. They argued that hierarchi-
cal accretion would lead to dust aggregates on the order of 1 cm in size; these particles have
come to be known as “pebbles.” Streaming (hydrodynamic) instabilities in the Solar Nebula
would bring the pebbles together until they gravitationally coalesced into larger bodies on
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the order of 100 km in diameter. However, this result was also problematic because such
large bodies would be warmed internally by short-lived radio-nuclides such as 2°Al, leading
to temperatures that would have driven off many of the more volatile ices seen in comets
(Prialnik et al. 1987; Merk and Prialnik 2003). Also, internal pressures in 100-km nuclei
would lead to compaction and possible destruction of the micron-sized agglomerates col-
lected by Rosetta (Merouane et al. 2016) and seen in Interplanetary Dust Particles (IDPs,
Brownlee 1985), which are believed to have a cometary origin.

In this paper we will review the arguments for and against the two leading formation
mechanisms and discuss what new information the Rosetta results have brought to this issue.
In Sect. 2 we review hierarchical accretion while in Sect. 3 we cover accretion of pebbles in
streaming instabilities. Section 4 presents a discussion of collisional processes in the Solar
Nebula and the early solar system. Sections 5 and 6 are brief discussions of the evolution of
cometary nuclei and the likely end-states for cometary nuclei, respectively. Finally, in Sect. 7
we discuss all these issues and suggest ways that they can be addressed by future space
missions to comets, as well as by ground-based observations and laboratory and theoretical
studies.

2 Comet Nucleus Formation Through Hierarchical Agglomeration

In this section we describe the dynamical aspects of hierarchical agglomeration (Sect. 2.1),
the internal structure expected for bodies formed by hierarchical agglomeration (Sect. 2.2),
and how these expectations compare with observations of 67P and other comets (Sect. 2.3).

2.1 Dynamics of Hierarchical Agglomeration

Hierarchical agglomeration is the gradual merging of smaller bodies (cometesimals) through
gentle hit-and-stick collisions where gravity has little to no influence on the formation of
bodies smaller than ~10 km (Weidenschilling 1997). At larger sizes gravity-assisted ac-
cretion becomes increasingly important. In order for collisions to occur, bodies of different
sizes need non-zero relative velocities with respect to each other. In the Solar Nebula this is
caused by gas drag which promotes mergers between bodies that differ greatly in size (e.g.,
Adachi et al. 1976; Weidenschilling 1977). In the Primordial Disk, the collection of planetes-
imals left behind when the gas in the Solar Nebula is dissipated after ~3 Myr (Zuckerman
et al. 1995; Haisch et al. 2001; Sicilia-Aguilar et al. 2006), this is caused by viscous stirring
(excitation of low-mass body orbits by more massive bodies), which allows for mergers be-
tween bodies of any size ratio. This means that hierarchical growth changes character as the
Solar Nebula evolves into the Primordial Disk.

Detailed accounts for the dynamics of hierarchical agglomeration are found in, e.g., Wei-
denschillling (1977, 1997), Kenyon and Luu (1998), and Windmark et al. (2012a, 2012b).
Davidsson et al. (2016) proposed a two-step hybrid scenario where streaming instabilities
first create pebble swarms that collapse gravitationally to form D > 50 km bodies (see
Sect. 3). Since this population would later grow into Pluto-sized objects they were referred
to as “TNOs”. When the number density of remaining pebbles falls below ~15% of the
initial value the pebble swarms can no longer reach the Roche density needed for gravi-
tational collapse. This growth phase lasts ~10° yr (Johansen et al. 2007). At that point a
second growth mode sets in where small comet nuclei are built slowly through hierarchical
agglomeration. The slow growth means that heat produced by 2°Al is dissipated from these
small bodies without modifying the composition or the physical structure of the forming
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Table 1 Growth time scales,

. —1
target/projectile diameters, and Time 7 (Myr) D (m) d (m) Urel (Ms™)
relative velocities in hierarchical
growth 0.1 0.1 4x107° 10
0.3-0.6 1 0.01-0.1 30
0.35-0.7 7 2-3 2
0.4-0.8 70 20 0.8
1.2-2.4 500 200 0.2
1.7-3.6 6,000 1,000 2

cometesimals. Because the bodies quickly grow larger than the ~1 cm diurnal thermal skin
depth, into 10—100 m bodies, most of the ice is kept at substantially lower temperature than
experienced by pebbles, facilitating the preservation of volatiles. Growth to the final size
would have to proceed at a much slower rate to avoid radiogenic heating.

Davidsson et al. (2016) proposed the time scale of growth shown in Table 1, where D is
the diameter of bodies being formed, d is the diameter of the smaller bodies being primarily
consumed, and v, is the relative velocity during collisions, taken from Weidenschilling
(1997). Here t = 0 is the formation time of CAls (calcium-aluminum inclusions), taken to
coincide with the transition from a Class 0 to Class I protostar; the protosun would reach
its final mass and the Solar Nebula (last remains of the accretion disk) would be born at
t ~ 10° yr (Andre and Montmerle 1994; Montmerle et al. 2006). The ranges in ¢ reflect
differences in growth rates at 15 AU (faster) and 30 AU (slower).

An important feature of Table 1 is the peak in the relative velocity, v, = 30 ms~!,
reached when growing bodies are a few meters in diameter. This is because meter-sized
bodies, which have very slow radial drift velocity at 15-30 AU, primarily consume cm-dm
sized bodies that have the highest radial drift velocities at these heliocentric distances (Wei-
denschilling 1997). It is therefore expected that the highest level of compaction (porosity
~60%) and therefore the strongest and most resilient structures in these nuclei have diame-
ters of a few meters. Also, note that d << D which means that these are single-lobe objects.
The expected bulk density is in the range 200400 kg m~3, while the meter-sized compact
building blocks have densities of 300-700 kg m—> (Davidsson et al. 2016).

At the end of the Solar Nebula lifetime the vast majority of hierarchically grown objects
are small with D = 0.1-1 km. However, growth continues in the Primordial Disk under new
conditions. Davidsson et al. (2016) estimate that the average v, increases from 2 ms™!
to 40 ms~! in the first 25 Myr because of viscous stirring, and it is not uncommon that
similarly sized nuclei collide. This is therefore an era of adding a more compact outer shell
to each body, pushing the bulk densities towards ~500 kgm~>, and merging objects into
bilobate nuclei. After 25 Myr have passed the largest hierarchically grown nuclei have D ~
50 km and because of mergers and accretion onto the population of large previously formed
TNOs the number density of comet nuclei is small enough to avoid substantial collisional
processing even when v becomes destructive. However, if the disk mass was higher than
assumed by Davidsson et al. (2016) the initiation of collisional grinding may be unavoidable.

2.2 The Internal Structure of Hierarchically Grown Bodies
What does a body grown through hierarchical agglomeration look like? The low v, in Ta-
ble 1 led some researchers to suggest that they would be highly porous structures with large

internal voids, such as the fractal aggregate model of cometary nuclei proposed by Donn
and Hughes (1986). The primordial rubble pile model of Weissman (1986) emphasized
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local melting and weak bonds at contact surfaces between the building blocks and was illus-
trated as a non-fractal yet porous and irregular object. See Weissman (1990) for graphical
representations (also reproduced in Donn (1991)).

The images of Comet 19P/Borrelly obtained with Deep Space 1 seemed to confirm the
primordial rubble-pile concept: “the shape of and structures in the nucleus are proof of
its formation by coalescence of multiple bodies,” (Soderblom et al. 2002). The discovery
of steep walls on 81P/Wild 2 imaged by Stardust, which requires some nucleus cohesion,
led Weaver (2004) to question a rubble-pile structure that he (incorrectly) thought of as
completely cohesionless. The discovery of pervasive layering on Comet 9P/Tempel 1 in
Deep Impact images (Thomas et al. 2007) inspired new concepts and ideas.

Lasue et al. (2009, 2011) performed numerical simulations where 5 x 10* hard spheres
(monodisperse or with a size distribution) were allowed to collide, aggregate through stick-
ing, form even stronger bonds over time through sintering, and break apart during collisions
or compaction that leads to restructuring. In their view, layering occurs since the cohe-
sive strength distribution becomes organized over time, forming a strong core and gradually
weaker shells at larger distance from the center. However, Lasue et al.’s results largely re-
flect the input assumptions of their model, and the results of their simulations may not be
useful. Belton et al. (2007) proposed an alternative view, where layers represent flattened
cometesimals that became strongly deformed at impact—this is the layered pile model or
the “talps” model (the word “splat” spelled backwards).

Davidsson et al. (2016) speculated that the rather high v, during final accretion in their
scenario would break the projectiles and release their most cohesive meter-sized building
blocks, which would stand some chance of remaining intact. These small constituents could
spread out locally and form a layer of finite size, analogous to the talps model. However, if
bouncing takes place (illustrated by the jumping Philae lander) one can imagine that a global
“particle atmosphere” forms during a few hours after the impact, before settling to form a
global layer.

If so, the interior of comets could be dominated by heterogeneity on the meter-scale. The
final merger of the lobes would not result in such disintegration because the impact energy
would be dissipated in the deformation zone at the contact area that is small compared to
the size of the lobes. de Niem et al. (2018) find that equal-sized planetesimals at kilometer
size-scales can hit and stick at velocities as high as 30 ms~'. This would not be the case
when a small projectile impacts a much larger body. Note that meter-sized heterogeneities
in the interior of 67P could not have been detected by the CONSERT radar experiment on
Rosetta/Philae because the radar wavelength was 3 meters.

The biggest challenge lying ahead is to model the bodies formed by hierarchical agglom-
eration realistically in order to produce qualitative predictions that can be compared with
observations. The Smoothed Particle Hydrodynamics code applied by Jutzi and Asphaug
(2015) and the Backward Euler hydrocode used by de Niem et al. (2018), that can consider
low-velocity collisions between highly porous bodies with realistic material parameters, are
steps in the right direction. However, such codes need to consider multiple consecutive col-
lisions between objects resolved down to the meter-scale at relevant velocities in order to
produce model nuclei that better represent hierarchically grown objects.

2.3 Is Hierarchical Agglomeration Consistent with Observed Properties of
Comet Nuclei?

Hierarchical agglomeration predicts continuous comet nucleus growth during ~25 Myr
(Davidsson et al. 2016). Such long time scales could be consistent with the substantial frac-
tion of crystalline silicates in comets (Kelley and Wooden 2009) originating from the inner
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Solar System and gradually mixed out to the comet-forming region during the Solar Nebula
lifetime. The presence of chondrule fragments in Stardust samples from 81P/Wild 2 (Naka-
mura et al. 2008), of which some have an age of at least 3 Myr (Ogliore et al. 2012), is
consistent with slow growth. Furthermore, the lack of phyllosilicates in 8 1P/Wild 2 samples
(e.g., Brownlee et al. 2012), the lack of the phyllosilicate 0.7 pm absorption in 67P (except
possibly in a handful of small boulders (Oklay et al. 2016), and the absence of amino acids
other than glycine in 67P (Altwegg et al. 2016) suggest that these comets did not contain
liquid water. If 26 Al, with a half life of 7 x 10° years (Norris et al. 1983), was present at large
heliocentric distances this means that these comets formed sufficiently late not to become
aqueously altered.

The bilobate shapes of 8P/Tuttle (Harmon et al. 2010), 19P/Borrelly (Oberst et al. 2004),
103P/Hartley 2 (A’Hearn et al. 2011), 67P/Churyumov-Gerasimenko (Sierks et al. 2015),
and possibly 1P/Halley (Merenyi et al. 1990; Keller et al. 2004) show that low-velocity
mergers between similarly-sized cometesimals are common. Although such mergers would
not be common in the drag-dominated Solar Nebula (Weidenschilling 1997), they would
be common in the gently viscously stirred Primordial Disk (Davidsson et al. 2016). Such
nucleus shapes are therefore consistent with hierarchical agglomeration.

The scenario proposed by Davidsson et al. (2016) suggests a higher core porosity (low-
velocity growth in the Solar Nebula) and a lower shell porosity (growth in the Primordial
Disk at higher velocities) for each lobe. This is consistent with CONSERT observations
indicating a 15% decrease of porosity over the top 150 meters in the small lobe (Ciar-
letti et al. 2015). The low bulk density of 67P, p = 533 £+ 6 kg m~>, (Jorda et al. 2016;
Pitzold et al. 2016) is consistent with the low comet bulk densities obtained primar-
ily from nongravitational force modeling (e.g., Rickman 1986; Rickman et al. 1987;
Weissman et al. 2004; Davidsson and Gutiérrez 2004, 2005, 2006; Davidsson et al. 2007;
Richardson et al. 2007; Sosa and Fernandez 2009), and the high level of porosity this implies
is consistent with low-velocity mergers.

Cometesimals with D =2 and 3 km (similar to the small and large lobes of 67P) are
expected to be built by objects with diameters in the 0.3-0.6 km and 0.5-1 km ranges, re-
spectively (Weidenschilling 1997). Structures in the Bastet region on the small lobe shaped
as spherical caps with 320—480 m diameter called Positive Relief Features are possible ex-
amples of such cometesimals (Davidsson et al. 2016). According to CONSERT observations
reported by Kofman et al. (2015): “Two or three well-defined propagation paths could in-
deed be potentially due to the presence of a large structure inside the nucleus.” In addition,
the 500-m size “accumulation basins” in Imhotep on the large lobe (particularly F, see Fig. 2
of Auger et al. 2015) with flat floors and raised rims are not high-velocity impact craters.
They could be the scars of low-velocity impacts of objects roughly the size of the features.
Simulations #18 and #19 by de Niem et al. (2018), where highly porous 1 km objects im-
pact 3 km targets at low velocity (5-13 ms™!) appear to show similar morphologies. Or
they could be sublimation basins where the walls are active and slowly grow outward as a
non-volatile residue is left to form the smooth flat floors of these features.

The widespread layering on 67P (Massironi et al. 2015; Penasa et al. 2017), revealed
by intricate systems of terraces carved by sublimation, suggest that the lobes were formed
separately and that some sort of accretion process that acted over time was active during
their formation. The discovery that the reflectance of the layers decreases systematically
with increasing distance from the lobe center (Ferrari et al. 2018) could be the result of
gradual accretion of material that changed compositional and/or textural properties over
time. These properties are at least conceptually consistent with hierarchical agglomeration
(Lasue et al. 2009, 2011; Belton et al. 2007; Davidsson et al. 2016), though we emphasize
again that this process needs to be modeled in detail to be fully understood.
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Finally, the consolidated terrains on the nucleus of 67P, including walls of pits that ex-
tend ~100 m into the nucleus, are rich in small spheroidal structures called “goose-bumps”
(Sierks et al. 2015). Having a typical diameter of 2.5+ 1 m, they were interpreted by Davids-
son et al. (2016) as the most cohesive structures formed during hierarchical agglomeration.
However, this interpretation is controversial and it has been suggested (El-Maarry et al.
2015; Auger et al. 2018) that they are thermal contraction crack polygons further evolved by
sublimation. The two views may coexist in case fractures follow pre-existing weak planes in
the nucleus being the result of a primordial, meter-scale nucleus heterogeneity. A crucially
important question is if these goose-bumps exist at depth or exclusively as a surface phe-
nomenon. CONSERT measurements of signal broadening because of volume scattering are
consistent with structures with diameters up to 9 meters as long as the dielectric constant
contrast between boulders and matrix is at most Ae < 0.25 (Ciarletti et al. 2017a). This is
consistent with a boulder porosity of 60%, as predicted by Davidsson et al. (2016), as long
as the surrounding material has a porosity of 95% (Ciarletti et al. 2017a).

Taken together, the properties of hierarchically grown comet nuclei (as predicted by di-
rect numerical modeling of the process with codes accounting realistically for material be-
havior in the limits of high porosity and low collision velocity), as well as measured key
properties of comet nuclei (such as the internal structure) are yet not known well enough to
allow for a direct comparison. At this point it is not possible to prove or refute the hypothesis
that comet nuclei grew through hierarchical agglomeration—however, the things we think
we know about this process at least appear consistent with the things we think we know
about comet nuclei.

3 Formation and Accretion of ‘“Pebbles”

In this section we describe a formation model of planetesimals in which the protoplanetary
dust grains first form mm- to cm-sized aggregates (“pebbles”), followed by pebble con-
centration and finally the gravitational collapse of the pebble cloud. Rosetta has delivered
a wealth of new information about comet 67P, and we will utilize this information to test
whether the gravitational-collapse model can describe its properties.

3.1 The Formation of Dust Aggregates

The physical processes that lead to the growth of aggregates from the initial (sub-) um-sized
dust and ice grains have been extensively described in the literature (Weidenschilling 1977;
Dominik and Tielens 1997; Blum et al. 2000; Blum and Wurm 2008; Wada et al. 2008, 2009;
Giittler et al. 2010; Schripler et al. 2018). When dispersed in the gas of the protoplanetary
disk, dust grains experience a variety of relative motions to the gas, e.g. Brownian motion,
radial, azimuthal and vertical drift motions, or decoupling from turbulent eddies. Thus, the
dust particles collide frequently.

If the binding energies of the dust particles experiencing a collision are strong enough,
the kinetic collision energy can be dissipated and the particles stick together (Dominik and
Tielens 1997; Wada et al. 2008, 2009; Giittler et al. 2010), thus forming loose aggregates. It
has been shown numerically as well as experimentally that the initial stage of dust-aggregate
growth is dominated by the formation of fractal aggregates (see Blum 2006 for details).

Due to the increasing collision energy with increasing dust-aggregate mass, collisional
compaction occurs when the rolling threshold is overcome and results in the formation of
non-fractal, but porous aggregates. For non-fractal dust aggregates collision speeds typically
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increase with increasing dust-aggregate mass, due to a size-dependent decoupling from the
gas motion (Weidenschilling 1977). Numerical studies suggest that growth stops when the
sticking threshold of the dust aggregates is reached, whereupon the particles are compacted
in bouncing collisions (Weidling et al. 2009; Zsom et al. 2010; Lorek et al. 2018).

The growth timescale, 7,, until the bouncing barrier is hit, is on the order of a few hundred
to a few thousand orbital periods (Zsom et al. 2010; Lorek et al. 2018). The final aggregate
size depends on the nebula model (Zsom et al. 2010) as well as on the monomer-grain
properties (size, material), the heliocentric distance, the strength of turbulence and details
of the collision physics, and typically falls into the 1 mm to 1 cm range (Lorek et al. 2018).
These dust aggregates have been termed “pebbles”.

Growth to larger sizes might be possible at the iceline or beyond as suggested by Ros
and Johansen (2013). However, laboratory experiments suggest that any further growth well
beyond pebble sizes is impeded by a variety of processes, among which the most prominent
are bouncing, fragmentation and erosion. A recent study by Schripler et al. (2018) has re-
vealed that erosion alone limits the maximum achievable pebble size to ~10 cm, even under
the most favorable growth conditions.

Growth to pebble sizes has been observed in protoplanetary disks, with a tendency to-
ward decreasing maximum pebble size with increasing distance from the central star. How-
ever, this result may be observationally incomplete for meter-sized bodies or larger, i.e.,
larger objects could not be detected by the observational techniques employed (see, e.g.,
van Boekel et al. 2004; D’Alessio et al. 2006; Natta et al. 2007; Birnstiel et al. 2010;
Ricci et al. 2010; Pérez et al. 2012; Trotta et al. 2013; Testi et al. 2014; Pérez et al. 2015;
Tazzari et al. 2016; Liu et al. 2017).

To describe the motion of dust particles (or pebbles) in the Solar Nebula, the Stokes num-
ber is the relevant property to consider. It describes, in dimensionless units, the efficiency
of the frictional coupling of the dust particles to the gas motion. If the Stokes number is
much smaller than unity, the dust almost perfectly follows the gas motion, whereas for very
large Stokes numbers, the dust is decoupled from the gas and moves on Keplerian orbits.
Formally, the Stokes number is given by: St = 7452, where 77 and §2 are the gas-grain
friction time and the orbital frequency, respectively. While the former depends on the dust-
aggregate size and porosity as well as on the nebula-gas density, the latter is only a function
of the heliocentric distance.

The Stokes number determines the drift motion of particles with respect to the gas. In
particular, the radial drift motion limits the lifetime of the pebbles before they spiral into
their central star. Typical drift timescales for St < 1 are t; = a/vy & a/(28tvm.x), Where a,
vy and vy, are the heliocentric distance, the drift velocity, and the maximum deviation of the
orbital gas velocity from the Keplerian speed (typically 50 ms~!, see Weidenschilling 1977;
Weissman 1990), respectively. The ratio of growth timescale to drift timescale becomes
To/Ta~2...208t fora =1 AU and 7,/7; ~ 20...200S? for a = 100 AU. Thus, drift be-
comes important when the dust aggregates reach pebble sizes; see Lorek et al. 2018 for a
detailed discussion on timescales. It is interesting to note that the pebble sizes at the transi-
tion from sticking to bouncing, as discussed above, are equivalent to Stokes numbers in the
range: St =0.001...1.

3.2 Concentration of Dust Aggregates and the Gravitational Collapse of a Pebble
Cloud

Once dust aggregates have reached pebble sizes, they partly decouple from the nebula gas,

which can lead to their spatial concentration by, e.g., sedimentation to the disk midplane, in-
side or between turbulent eddies or in pressure bumps (see Johansen et al. 2014 for a detailed
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review of concentration mechanisms). If any one of these concentration mechanisms leads
to a local dust-to-gas mass ratio greater than unity, the so-called streaming instability can
further enhance the pebble concentration considerably on a few orbital timescales (Youdin
and Goodman 2005).

The streaming instability works the following way: with increasing dust concentration,
the pebble cloud is slowed down less and less by gas drag due to the decreasing surface-to-
mass ratio of the collectively acting pebble ensemble. Once the dust concentration locally
exceeds that of the gas, the pebble cloud moves with Keplerian velocity and not at the sub-
Keplerian speed valid for isolated pebbles, which also greatly reduces its radial drift. In
turn, the nebula gas inside and around the pebble cloud is dragged along with the pebbles
and forced to move at Keplerian velocity. Thus, single pebbles or smaller pebble assemblies
on the same orbit as the pebble cloud are overtaken and incorporated into the pebble cloud,
increasing its mass. In addition, pebbles or pebble assemblies drifting radially inwards are
also captured, adding their mass to the pebble cloud.

By this process, the pebble concentration is strongly enhanced until it reaches the
gravitational-collapse limit. Johansen et al. (2007) showed that gravitationally bound plan-
etesimals can form by this process. However, besides the required pre-concentration of peb-
bles, the streaming instability only reaches sufficiently high concentrations for a gravita-
tional collapse if the metallicity is high enough and the Stokes numbers fall into the range
St ~ 1073 ...5 (Yang et al. 2017). The minimum required metallicity is Z ~ 0.015 for
St~ 0.1 and Z > 0.015 for smaller or larger Stokes numbers. Thus, the “optimal” Stokes
number occurs for Z =~ (0.015, which refers to pebble sizes on the order of ~10 cm at 1 AU
and ~1 mm at 100 AU. Also, note that the solar metallicity is Z ~ 0.0134 (Asplund et al.
2009) and, thus, slightly smaller than the required minimum metallicity. To achieve a higher
metallicity and thus to trigger the streaming instability, partial dissipation of the nebula gas
might be required (see Davidsson et al. 2016 for a discussion).

The outcomes of a gravitational collapse triggered by the streaming instability have been
extensively discussed in recent years. Wahlberg Jansson and Johansen (2014, 2017) and
Wahlberg Jansson et al. (2017) describe the fate of the dust aggregates during the collapse.
Following the fragmentation model of Bukhari Syed et al. (2017), Wahlberg Jansson et al.
(2017) find that pebbles only survive the collapse intact for final planetesimal radii smaller
than about 50 km. Thus, only smaller planetesimals consist of primordial dust aggregates.
In a follow-up work, Wahlberg Jansson and Johansen (2017) found some size sorting during
the collapse, which leads to an internal pebble-size stratification of the planetesimals.

With numerical resolution of the hydrodynamic models increasing over time, it has be-
come evident that the planetesimals follow a differential power law mass-frequency distri-
bution dN /dM, M;X, with N and M, being the number of planetesimals with mass M,
and a maximum planetesimal mass, M), .., corresponding to radii of ~10% km. The expo-
nent is approximately x = 1.6 (Simon et al. 2016; Schifer et al. 2017; Abod et al. 2018),
which corresponds to a cumulative power-law size distribution exponent of —2.8. An even
better fit to the data can be achieved for an exponentially truncated mass power law with an
exponent, x = 1.3 (Abod et al. 2018), which corresponds to a cumulative size distribution
exponent, = —1.9. As the current spatial resolution of the numerical models does not allow
the formation of planetesimals with diameters <60 km, it is not known whether planetesi-
mals of sizes comparable to cometary nuclei can form by the gentle gravitational collapse
of pebble clouds.

The physical properties of planetesimals formed by the streaming instability with a final
gravitational collapse have been analyzed by Skorov and Blum (2012), Blum et al. (2014),
Blum et al. (2017) and Blum (2018). For planetesimal radii below ~50 km, for which the
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pebbles should survive the collapse intact, the central lithostatic pressure is also not strong
enough to structurally destroy the pebbles. Thus, we expect relatively homogeneous bodies
(apart from the above-mentioned size-sorting effect) with two porosity size scales, i.e., on
the length scale of the monomer grains (~um) and on the length scale of the pebbles (~cm).

From experimental work, the packing fraction within the pebbles should be ~0.4
(Weidling et al. 2009), following a period of bouncing collisions before their accretion
into planetesimals. On the other hand, pebbles pack inside the planetesimal with a pack-
ing fraction of ~0.6 (see Blum et al. 2017 for details) so that an overall porosity of
p~1—(0.4x0.6) =0.76 should result. For larger planetesimals, for which the pebbles
get destroyed during the collapse or by lithostatic compression, the inter-pebble void space
should be absent, resulting in a porosity: p ~ 1 — 0.4 = 0.60. In terms of internal cohesion,
the difference between small and large planetesimals is even more pronounced. While small
planetesimals should have tensile strengths on the order of ~1 Pa (Skorov and Blum 2012;
Blum et al. 2014), large planetesimals should possess tensile strengths on the order of
~103 Pa (Blum 2018; Gundlach et al. 2018).

3.3 Comets as Test Cases for Planetesimal Formation Models

With extensive observational data, several cometary flybys and the vast quantity of Rosetta
observations of comet 67P/Churyumov-Gerasimenko, we can now start to perform empirical
tests of the above formation scenario. The most model-independent Rosetta measurements
of 67P are those of the mass, ~10'3 kg, the volume, ~2 x 10'9 m3, and the bulk density,
533 kg m~3, (Pitzold et al. 2016; Preusker et al. 2015). For the determination of the packing
fraction or porosity, one needs to know the composition of the cometary matter (Levasseur-
Regourd et al. 2018), which is controversially debated, in particular the dust-to-ice mass
ratio (Fulle et al. 2019). Due to its large sampled volume, the best material constraint at
this time comes from the Rosetta CONSERT instrument, which arrived at a dust-to-ice mass
ratio of 3-5 and a porosity, p > 0.65, most likely around p ~ 0.75 (Herique et al. 2016), in
good agreement with a pebble-collapse model and a small planetesimal size (see above).
Blum et al. (2017) performed an analysis of whether comet 67P consists of pebbles,
based on five different sets of Rosetta instrument data: (1) They modeled the thermo-
physical behavior of the near-surface layers with a pebble model, determined the sub-
surface temperature stratification and the resulting thermal radiation fluxes at the two
Rosetta MIRO wavelengths, 0.5 and 1.6 mm. For reasonable optical properties of the
cometary matter in the mm wavelength regime, Blum et al. (2017) could reproduce the
Rosetta MIRO fluxes for pebble radii between 1 and 7 mm. (2) Similarly, the surface tem-
peratures measured by Philae MUPUS-TM could be modeled with pebble radii between
0.2 and 55 mm. (3) From an analysis of the size-frequency distributions measured by
various Rosetta instruments and from the ground, Blum et al. (2017) derived that most
of the ejected dust mass was in particles with radii between 1 and 10° mm. (4) With
the published tensile strength data for 67P (Groussin et al. 2015; Thomas et al. 2015;
Hirabayashi et al. 2016), Blum et al. (2017) arrived at pebble radii of up to 6 mm using
the model of Skorov and Blum (2012) and measurements by Blum et al. (2014) and Bris-
set et al. (2016). However, newer results from Attree et al. (2018) suggest tensile strengths
of <1 Pa on the pebble size scale, which can be achieved with pebble radii larger than
~1 mm. Low strength values close to the surface of a comet nucleus are supported by
impact-crater modeling by Housen and Holsapple (2007) who predicted the observed crater
size (150 m diameter) of the Deep Impact mission on comet Tempel 1 for a tensile-strengths
of ~1 Pa. (5) Finally, images taken with the Philae/CIVA camera at the final Philae landing

@ Springer



Origin and Evolution of Cometary Nuclei Page 11 0f40 6

site with a spatial resolution better than 1 mm, showed a rugged terrain in which Poulet et al.
(2016) identified 695 pebbles. The cumulative size-frequency distribution of these pebbles,
as seen in Fig. 6 of Poulet et al. (2016), shows a clear mass peak at pebble radii between
3.5 and 6 mm. Interestingly, this corresponds to Stokes numbers, St & 0.1 at 30 AU with
a minimum-mass solar-nebula model, which is the minimum required metallicity for the
streaming instability to occur (see above).

A comet nucleus made of pebbles can also explain the sublimation-driven dust activity,
particularly if the pebbles have sizes on the order of ~1 cm. Only then is the sublimation
pressure below the desiccated dust-aggregate layer strong enough to lift the pebbles off the
surface (Skorov and Blum 2012; Blum et al. 2014, 2015; Gundlach et al. 2015; Bischoff et al.
2019). Also, the steeply increasing sublimation rate of water ice with decreasing heliocentric
distance can be explained by the pebble model of comet 67P (Blum et al. 2017; Hu et al.
2019).

Moreover, the inactivity of asteroids in comet-like orbits (ACOs) can be explained by the
pebble model, as Gundlach and Blum (2016) have shown. Although the orbital parameters
of ACOs are almost indistinguishable from JFCs (Kim et al. 2014), ACOs do not generally
show dust activity. Gundlach and Blum (2016) explain this by the larger sizes of the ACOs
compared to the JFCs. While JFCs and ACOs possess a very similar size-frequency distri-
bution for radii between 1 and 2 km, there is an excess of ACOs at larger sizes. Due to the
larger size and the correspondingly larger lithostatic pressure inside the ACOs and a mem-
ory effect described by Blum et al. (2014) and Gundlach and Blum (2016), the sub-surface
tensile strength of ACOs is higher than that of JFCs. Bodies become inactive whenever the
tensile strength can no longer be overcome by the internal gas pressure of the sublimating
volatiles. As a result, the depth at which inactivity happens is shallower for larger bodies
(i.e., for ACOs) than for the smaller JFCs. Thus, assuming a constant depth of erosion per
orbit (as suggested by the similar orbital parameters), JFCs can turn into ACOs after a finite
number of orbits, which is smaller for large bodies than for small ones.

Also observation of very large dust particles with masses up to 100 kg in the coma of
comet 67P (Ott et al. 2017) can be explained by the pebble model. Blum et al. (2017) specu-
lated that most of the dust mass loss in the southern hemisphere of 67P is emitted in particles
between 1 and 10° mm in size, and that these particles are either single pebbles or clusters
of pebbles. In a recent study, Bischoff et al. (2019) showed that the lateral size of an emitted
dust patch slightly exceeds its depth so that one can expect that the chunks are clusters of
pebbles with similar dimensions in all directions. Gundlach et al. (personal communication)
showed that chunks with sizes exceeding 10 cm in depth can be emitted during the southern
hemisphere summer owing to the sublimation of CO; ice.

The reported measurement of extremely fluffy dust particles by Rosetta GIADA (Fulle
et al. 2015) with porosities p = 0.99 and the discovery of a fractal dust aggregate by Rosetta
MIDAS (Mannel et al. 2016) were explained by Fulle and Blum (2017). In their model,
these high-porosity or fractal particles are primordial aggregates from the early stages of
dust growth, which coexisted with the pebbles and were stored safely away inside the inter-
pebble pores as the nucleus of comet 67P formed by the gentle gravitational collapse of a
pebble cloud.

To summarize, there is strong evidence for an abundance of mm- to cm-sized particles
in 67P, which might be identified as the pebbles grown in the Solar Nebula. The observed
bulk density and tensile strength of 67P appear consistent with a gentle collapse of a pebble
cloud. However, further modeling is needed to demonstrate that kilometer-sized bodies do
form by this mechanism, that the properties of comets are unique to this mode of formation,
and that they are not ruined by high-velocity collisional evolution, should that have taken
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place. Also the existence of extremely fluffy grains is not in line with the hierarchical growth
model. However, the dominance of pebbles in cometary observations is far from being the
final proof for the formation of planetesimals by the streaming instability. For instance, there
exists the possibility that follow-up collisional processes (see Sect. 4) might have turned the
planetesimals into rubble-pile bodies with typical size scales of mm to cm. This needs to
be investigated in the future before the uniqueness of one or the other formation model for
cometary nuclei can be confirmed.

4 Collisional Evolution of Comets

The comets that we see today as ecliptic or nearly-isotropic comets (see Levison and Dun-
can 1997 for definitions) come from the Scattered disk and the Oort cloud, respectively. But,
before joining these low-density reservoirs, the comets remained for some time in their orig-
inal orbits, i.e., the massive trans-Neptunian planetesimal disk, earlier referred to as the Pri-
mordial Disk. According to the most accurate models of solar system dynamical evolution
(Nesvorny and Morbidelli 2012; Nesvorny 2015a, 2015b; Nesvorny and Vokrouhlicky 2016;
Nesvorny et al. 2017) this planetesimal disk was located between an inner edge at ~15-20
AU and an outer edge at ~30-40 AU and comprised 20 to 30 Earth masses of material.
The dispersal of this disk during a phase of instability of the giant planets generated the
hot population of the Kuiper belt (Nesvorny 2015a), the Scattered disk and the Oort cloud
(Brasser and Morbidelli 2013; Nesvorny et al. 2017), the Trojan populations of Jupiter and
Neptune (Nesvorny et al. 2013; Nesvorny and Vokrouhlicky 2009) and the clouds of irreg-
ular satellites of the giant planets (Nesvorny et al. 2007). The size distribution of the disk
at the time it was dispersed, deduced by combining a series of observational constraints
from these daughter populations, was presented in Nesvorny and Vokrouhlicky (2016) and
is depicted in Fig. 1.

This size distribution is similar to that of the current Kuiper belt deduced in Robbins
et al. (2017) in the 200 m—10 km range from the crater size-frequency distributions on
Pluto and Charon, if one assumes that a crater on these bodies is roughly 10x the size of the
projectile that caused it, as estimated from crater impact models (Melosh 1989). In particular
the turnover of the cumulative impactor size distribution from one steeper than ¢ = —2 for
D > 1.5 km to one shallower than g = —2 for D < 1.5 km seems to be a recurrent feature
on most imaged terrains.

A question arises because the cumulative slope of —3 found for KBOs with 1 < D <
10 km in Fig. 1 (left) is steeper than any slope derived from direct observations of JFCs,
whose cumulative slopes range from —1.9 to —2.7 (Snodgrass et al. 2011; Belton 2014; Tan-
credi et al. 2006; Meech et al. 2004). This issue was recognized by Nesvorny and Vokrouh-
licky (2016). They suggested that it may be due to the surface mass loss of JFCs after they
leave the Kuiper belt. Still, it is an open question that needs to be resolved.

At diameters, D < 100 km, the distribution in Nesvorny and Vokrouhlicky (2016) is
similar to that measured in the asteroid belt, which is the result of a collisional evolution
that has reached equilibrium (Bottke et al. 2005). Unless coincidental, this suggests that the
trans-Neptunian planetesimal disk had time to evolve to collisional equilibrium before being
dispersed. If this is the case, comet-size objects (typically a few km in diameter) should have
experienced many collisions. Presumably, most of those we see today should be fragments
of originally larger objects.

Reasoning by the absurd, Morbidelli and Rickman (2015) assumed that the size-
frequency distribution in the planetesimal disk is primordial (i.e., was determined by the
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Fig. 1 Left panel: The cumulative size distribution in the trans-Neptunian disk at the time it was dispersed,
according to Nesvorny and Vokrouhlicky (2016). The numbers indicate the local slopes of the distribution.
Note that the numbers for the local slope values should be negative numbers, the number of objects decreasing
with increasing size. The main constraints used for this reconstruction are also indicated. Right panel: The
cumulative size distribution in the main asteroid belt, from Bottke et al. (2005). Numbers again indicate local
slopes and should be taken as negative numbers

accretion process, not by collisional evolution) and computed the probability that a cometes-
imal with D = 4 km is collisionally disrupted. If the resulting probability is high, clearly the
assumption is invalid. The size-frequency distribution assumed by Morbidelli and Rickman
was very similar to that found in Nesvorny and Vokrouhlicky (2016), comprising 2 x 10"!
bodies with D > 2.3 km, with a slope of —2 in the cumulative size distribution at less than
2.3 km. Morbidelli and Rickman found that, if the planetesimal disk remained massive for
~50 Myr or more before being dispersed by the giant planets instability, the probability that
a D =4 km body is disrupted by a catastrophic collision exceeds 1. That is, all the origi-
nal planetesimals at this size should have been disrupted and therefore those existing today
would be fragments of larger bodies. Only in the case where the disk was dispersed im-
mediately after planetesimal formation would comet-size planetesimals have had a chance
(nevertheless smaller than 50%; Jutzi et al. 2017) to avoid catastrophic disruptions.

Focusing on this last possibility, Jutzi et al. (2017) computed the probability that a comet
nucleus like 67P preserved its shape. Preserving the bilobate shape is less probable than
avoiding all catastrophic collisions, because the collisional energy sufficient at smashing one
of the lobes is about two orders of magnitude less than the catastrophic disruption energy for
the comet nucleus as a whole (Jutzi et al., Fig. 7). Assuming a size distribution like that in
Morbidelli and Rickman (2015), Jutzi et al. concluded that during disk dispersal a 67P-like
object would have suffered 10-50 reshaping collisions, concluding that the morphology of
the comet that we observe today cannot be primordial.

These results raise a number of interesting questions: First, if the bilobate shape of 67P is
not primordial, how was it acquired? Notice also that bilobate shapes are common for JFC
nuclei, so one cannot invoke any “singular” argument to explain the shape of 67P. Jutzi and
Benz (2017) showed that the shape could have been acquired in a sub-catastrophic collision
of a somewhat larger progenitor. A collection of bilobate shapes obtained in Jutzi and Benz
sub-catastrophic collisions is shown in Fig. 2.

Schwartz et al. (2018) showed that the bilobate structure can be obtained also in catas-
trophic collisions, although the bilobate shapes they could generate are less pronounced than
in Jutzi and Benz (2017). This is not necessarily a problem because the lower is the colli-
sional energy the higher is the probability for it to happen (because a smaller projectile is
required) so the last relevant collision that 67P suffered was most likely a sub-catastrophic
one.
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Fig. 2 Examples of bilobate shapes obtained in the SPH sub-catastrophic collision experiments of Jutzi and
Benz (2017)

A second important question is whether catastrophic fragmentation would lead to com-
paction and heating. If this were the case, the high porosity and low-temperature chemistry
observed for 67P and other comets would become strong constraints against comets being
fragments of significantly larger objects. Schwartz et al. (2018) showed that only a tiny
fraction of a comet would have been heated by more than few degrees by the catastrophic
collision that generated it. A larger fraction of the parent body might have been substantially
heated, but the heated material is typically not incorporated in macroscopic fragments; see
Fig. 3.

An analogous result was found for the porosity. It should be noted, however, that the col-
lisions in Schwartz et al. (2018) are just above the catastrophic limit and the parent bodies
considered are quite small: about 7 km in diameter. The streaming instability simulations
show that the most typical planetesimal produced in the accretion process should have had
D = 50-100 km. Catastrophic collisions of parent bodies of these sizes have not yet been
simulated, so we don’t know whether the same results concerning heating and compaction
apply. Simulations of this kind can provide constraints on how large the progenitors of the
collisional cascade leading to comet-sized objects could be. The specific energy in catas-
trophic collisions for bodies with D = 16, 32, and 64 km are 3, 7.2, and 17 kJ kg’l, re-
spectively. If distributed uniformly these energies would correspond to global temperature
enhancements of 12, 29 and 69 K. At 69 K, CO, would sublimate throughout the warm
interior and recondense at the rapidly cooling surface, releasing the CO trapped in the cages
of the original CO, ice (Gasc et al. 2017). CO would therefore escape into space, leading to
CO-depleted fragments. However, 67P/CG and most comets are rich in CO. Therefore this
argument suggests that they cannot be fragments of progenitors with D =20 km or larger.
Thus, it is essential to quantify how uniform the temperature increase would be in the pro-
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Fig. 3 Solid curves show the fraction of the mass of the resulting comet that has been heated above a given
temperature in a catastrophic collision of a larger parent body. Different colors relate to different impact
speeds, the projectile being smaller at higher speed. The dashed curves show the same fraction for the parent
body material. At high speed (1 km/s), 20% of the parent body can be heated by more than 10 degrees, but
none of the over-heated material is incorporated in the largest remnant. From Schwartz et al. (2018)

genitor and the peak temperatures in the main fragments in simulations like that of Schwartz
et al. (2018) applied to larger-scale collisions.

A third relevant question is whether the original pebbles, potentially detected in 67P (see
Sect. 3), would be preserved in a catastrophic collision, or if re-accumulated collisional frag-
ments have sizes less than a few meters as constrained by CONSERT. The SPH simulations
of Schwartz et al. do not have the resolution to address these questions and there is still a
long way to go before this can be done.

5 Comet Nucleus Evolution

As noted in the Introduction, comet nuclei are among the most primitive bodies in the solar
system. Because of their small size and storage in two cold, distant reservoirs they have
likely experienced the least physical processing of any known solar system bodies. Yet it
has long been recognized that nuclei do evolve and change with time. The Rosetta mission
provided absolute proof that 67P was a body undergoing “active” geological processes, in
particular mass-wasting and fracturing, that have modified the nucleus surface and possibly
the interior (Thomas et al. 2015).

“Primitive” is a relative term and it is important to define what we mean by that. Precursor
elements and molecules that were incorporated in comets were processed in the interstellar
medium and before that in the cores of massive stars, possibly multiple times. Volatile ices
are deposited onto interstellar grains where UV radiation and cosmic rays provide chemical
evolution. Further processing occurs as the natal interstellar cloud collapses and material is
brought together in denser and warmer environments.

For the purposes of this paper we will define “primitive” as the chemical state of cometary
materials as they began to agglomerate/accrete into macroscopic bodies. As the surfaces of
these bodies are modified by the physical processes described below they lose their prim-
itive nature, but the nucleus interior likely remains primitive. Given the earlier processes
mentioned above, it would be wrong to ever refer to these bodies as “pristine” as some
researchers mistakenly do.
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As noted in Sect. 4, the initial processing of comet nuclei was accomplished by colli-
sional evolution in the planetesimal disk and subsequently as the giant planets cleared their
zones of remaining planetesimals. The current Nice Model (named for the Observatoire de
Nice where the initial work was done; Tsiganis et al. 2005; Gomes et al. 2005) for the so-
lar system’s early evolution suggests that this could have occurred very violently if Jupiter
and Saturn passed through a mean-motion resonance. According to the Nice Model a rel-
atively compact giant planets region was pushed outward due to planetary migration and
huge swarms of icy planetesimals were dispersed to orbits in the Kuiper belt region or to
the distant Oort cloud. Simulations of these processes by Stern and Weissman (2001) and
Charnoz and Morbidelli (2003, 2007) suggested that under some starting conditions, comet
nuclei might have ground themselves to dust during this dispersal, though this result is very
dependent on what was assumed for the typical size of a comet nucleus as well as the number
of comets in the Disk.

5.1 Processing in the Kuiper Belt and Oort Cloud

Although we think of the Kuiper belt and Oort cloud as very benign environments, there are
processes that would have modified the comet nuclei there. These include: (1) internal heat-
ing by short-lived radio-nuclides, (2) irradiation by galactic cosmic rays and solar protons,
(3) heating by stars passing through the Oort cloud and by nearby supernovae, (4) accretion
of interstellar molecules and dust grains, (5) erosion by hyper-velocity interstellar dust grain
impacts.

(1) Even as they are first accreting in the Primordial Disk, comet nuclei are warmed by
short-lived radio-nuclides, in particular ®Al. Prialnik et al. (1987) showed that the central
temperature of cometary nuclei with radii of 1, 5, and 10 km would be heated to 15, 60 and
90 K respectively in 10° to 107 years. This was for nuclei composed solely of amorphous
water ice, contaminated with several of the expected short-lived radioactive isotopes in their
solar system abundances. None of these temperature values are high enough to convert the
amorphous water ice into crystalline water ice. These central temperatures would be even
lower if we consider the nuclei to be an even (1:1) mixture of amorphous water ice and
meteoritic non-volatiles since the non-volatiles would absorb some of the heat from the
radio-nuclides. Some of the most volatile ices would sublimate at the temperatures above
and then would diffuse through the porous nucleus until they reached colder layers where
they could recondense. Note that these modeling results are sensitive to the size of the nuclei,
their porosity, and the initial 2 Al content (Prialnik and Podolak 1995, 1999). The Prialnik
and Podolak models use an 2°Al initial mass fraction of 5 x 10~# of the non-volatile mass,
which is somewhat lower than the value found from studies of primitive meteorites.

Giotto measurements (McDonnell et al. 1989) suggested that the dust-to-ice mass ratio
in the 1P/Halley coma was ~2:1. Rosetta measurements (Rotundi et al. 2015; Herique et al.
2016) were even higher, with the mass of non-volatile dust in 67P being 3—5 times the mass
of the sublimating ices, even when such ices as CO and CO, were included. This creates a
new problem because the mass fraction of 2°Al and other short-lived radio-nuclides would
provide a larger internal heat source. Future modeling of the internal temperatures of comet
nuclei will need to take this into account.

(2) Irradiation of volatile ices and ice-dust mixtures by high-energy particles has been
studied in the laboratory (Johnson 1991; Cooper et al. 1998; Strazzulla 1999). The interac-
tion breaks chemical bonds producing volatile free radicals, some of which recombine to
form a dense, dark polymer which is far less volatile than the original material. Polymer-
ization occurs particularly if hydrocarbons are present, which we know to be the case for
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cometary nuclei. At the nucleus surface, the high energy particle bombardment results in
a net erosion by sputtering (observed at 67P by the ROSINA instrument on Rosetta; Wurz
et al. 2015) and probable escape of the more volatile species, leaving behind a low-volatility
residue.

The depth to which the particles penetrate the nucleus surface depends strongly on the
energy of the particles and the bulk density of the surface layers. Low-energy solar protons
of a few to a few hundred keV penetrate only the top millimeter; cosmic ray protons with
typical energies of 2 MeV penetrate 1-2 meters. This raises the interesting possibility that
comets from the Kuiper belt and Oort cloud may have already developed thick non-volatile
crusts before they are perturbed to smaller and warmer perihelion distances.

(3) Random passing stars occasionally penetrate the Oort cloud, heating the comets along
their path and ejecting them to interstellar space. For solar mass stars, comets out to about
500 AU from the star’s path will be dynamically ejected. This is much greater than the
distances at which significant heating occurs, so all the heated comets will be lost. But for
very massive and luminous OB giants, the heating radius is larger than the ejection radius.
Stern (1987) estimated that all comets in the Oort cloud have been heated to 27 K and that
20% to 40% had at least one episode of heating to 50 K. These warming events occur over
periods of several thousand years and thus should be sufficient to warm most of each nucleus
to these temperatures. As a result the more volatile ices will have been mobilized within the
nucleus and some fraction can be expected to be lost from near-surface layers.

Such heating events in the Kuiper belt will be far less frequent because of its smaller
cross-section relative to random passing stars. Whereas the Oort cloud has a radius of
~10°> AU or more, the (known) Kuiper belt extends only about 50-100 AU. The Scattered
disk, the source of the JFCs, extends ~10° AU so it too is relatively unlikely to have expe-
rienced significant external heating.

(4) and (5) The competing processes of erosion by hypervelocity interstellar dust impacts
and accretion of interstellar gas and dust grains only affect a very thin layer at the nucleus
surface. Stern (1986) estimated that micro-cratering by grain impacts will remove a layer
only 5-80 mm in thickness over a comet’s lifetime in the Oort cloud. O’Dell (1971) esti-
mated that accretion of interstellar gas and dust would add a layer only 10-100 microns in
thickness to a nucleus surface. Although dust gains can be captured in impacts with very
low density media such as the aerogel used on the Stardust mission (Tsou et al. 1984) the
much higher bulk density of 67P would result in grain impacts being erosional rather than
accretionary.

5.2 Solar Heating

The major processing of comet nuclei occurs when they are perturbed back into the planetary
region and are subject to the heat of the Sun. Weissman (1979) and Ferndndez (1981) showed
that the typical long-period comet (LPC) from the Oort cloud makes only 5-11 returns
before it is dynamically ejected or randomly disrupted (though some comets may survive
for tens or even hundreds of returns). Thus the physical evolution of these LPCs is probably
not very significant during their relatively short dynamical and disruption lifetimes in the
planetary region.

For Jupiter-family comets like 67P, also known as “ecliptic comets,” their history can
be much more complex. Comets in the Kuiper belt and the Scattered disk can make close
approaches to Neptune and be perturbed to orbits with smaller perihelia. Neptune can grav-
itationally scatter these comets to Uranus which will then pass them on to Saturn, and even-
tually Jupiter.
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Levison and Duncan (1997) studied this dynamical process using Monte Carlo codes.
They found that a typical Kuiper belt or Scattered disk comet took 4.5 x 107 years to reach
one of two possible end-states: dynamical ejection from the solar system or striking a planet.
Thirty percent of these comets became Jupiter-crossing with perihelia < 2.5 AU, where
Levison and Duncan defined them to be “visible comets.” By comparing the predicted orbital
element distributions from their simulations to that of known JFCs, they estimated that the
typical JFC spent 1.2 x 10* years as a visible comet. If we take a typical JFC orbital period
of 6 years, this suggests the lifetime of ecliptic comets in the active region (¢ < 2.5 AU) is
~2 x 107 returns.

These planet-crossing orbits are not very stable and can change on time scales of a few to
tens of orbits. As the most massive planet, Jupiter dominates the motion of the JFCs. Close
approaches to Jupiter will random walk perihelion distances closer to and farther from the
Sun, as well as changing the orbital periods and inclinations.

For example, 67P itself was discovered in 1969. Integration of its orbit backward in time
indicated that the comet made a close approach to Jupiter, d = 0.052 AU, in February 1959.
That encounter reduced its perihelion distance from 2.74 AU to 1.28 AU (Kronk 1984;
Krolikéwska 2003). Around the year 2200 67P will make another close approach to Jupiter
that will likely raise the perihelion distance back to ~2.6 AU. Because of nongravitational
forces caused by jetting of volatiles from the nucleus surface, no JFC can have its past or
future orbit reliably predicted past one or two of these close Jupiter approaches.

The activity of 67P during the Rosetta mission is documented in detail in many of the
other papers in this volume and will only be summarized herein. One of the main results
from Rosetta is the variety of geological processes that were observed on the nucleus. These
included airfall, thermal fracturing, surface dust transport, mass wasting, insolation weather-
ing, orbiting debris and mass loss through the ejection of large chunks of material (Thomas
et al. 2015). Much of the activity of the nucleus appears to come from vertical cliffs that
were observed to crumble over time (Vincent et al. 2016a), exposing the volatile rich in-
terior. This result was also suggested to explain the mesa-like structures observed on the
nucleus of comet 19P/Borrelly during the Deep Space 1 flyby (Soderblom et al. 2002), and
possibly on comet 9P/Tempel 1 (Veverka et al. 2013).

Another major result from Rosetta is that seasonal effects on 67P were particularly strong
with important consequences (Keller et al. 2015). Because of the eccentricity of 67P’s orbit,
e = 0.64, and the obliquity and orientation of its rotation pole, most of its orbital period
is spent with the Sun over the northern hemisphere. However, close to perihelion the Sun
moves quickly to southern latitudes that have not seen any sunlight for the previous ~6
years. This leads to a sharp rise in activity that lasts only ~6—9 months before the Sun once
again moves to northern latitudes.

This extreme seasonal behavior was proposed by Weissman (1987) who was trying to
explain the post-perihelion brightening of Halley’s Comet. The southern “nuclear summer”
that 67P experienced in mid- to late-2015 led to significant differences between the two
hemispheres. The southern hemisphere outgassing close to perihelion produced huge quan-
tities of dust, much of which fell back onto the relatively inactive northern hemisphere,
while preventing significant dust deposition on the southern hemisphere. It is noted that,
like 1P/Halley, 67P reaches maximum activity and brightness post-perihelion. When the
Sun is over the northern hemisphere, 67P is farther from the Sun and thus the activity is
not high enough to remove the dust coatings obtained during southern hemisphere summer.
This situation has likely repeated itself every perihelion passage since 67P was perturbed to
its current orbit circa 1960.

A very important Rosetta result for our purposes comes from the Radio Science Inves-
tigation, which measured the mass of the 67P nucleus before and after perihelion (Pétzold
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et al. 2016, 2017). It was found that the comet lost ~0.1% = 0.03% of its mass during the
perihelion passage. First-order thermal models suggest that the average decrease in radius
of a JFC on each orbit is a constant, i.e., the thickness of the removed layer is the same
from orbit to orbit. This in turn suggests that 67P has a remaining physical lifetime of ~103
returns, if the current orbit and activity level were to remain unchanged. As noted above, the
orbit will vary considerably. Interestingly, this is, to first order, similar to the 2 x 10° returns
found by Levison and Duncan (1997) for the JFC population as a whole.

If we assume that the mass loss from the nucleus is uniform over the measured sur-
face area of 51.7 km? (Preusker et al. 2017) and we assume the nucleus bulk density =
533 kgm™3 (Pitzold et al. 2016, 2017) then the mean thickness of the removed layer is
~3.3 m (£30%). Note that more material is lofted off the nucleus surface but some fraction
of it falls back, in particular onto the northern hemisphere, which is not illuminated around
perihelion.

Another interesting Rosetta result is that the rotation period of the nucleus changed from
one orbit to the next. Lowry et al. (2012) determined a rotation period of 12.76 hours for 67P
from ground-based observations during the 2006 aphelion passage. However, at spacecraft
rendezvous in 2014, the Rosetta OSIRIS (Imaging) Team found a period of only 12.41 hours
(Sierks et al. 2015), a difference of approximately 21 minutes. Following 67P’s perihelion
passage and return to larger solar distances in 2015-2016, the rotation period decreased
further to 12.07 hours, another change of ~20 minutes (Gaskell et al. 2016).

This behavior was seen previously for comet 9P/Tempel 1 (Chesley et al. 2013). It is
caused by outgassing torques from the irregularly shaped nucleus, as well as the differences
in seasonal outgassing rates. It is essentially the same nongravitational forces that change
the comet’s orbital parameters, in particular the orbital period.

Comet 67P also exhibited outbursts close to the time of perihelion on an almost daily
basis (Vincent et al. 2016b). These outbursts tended to be located close to the sub-solar
latitude at the time. The cause of the outbursts is still under investigation. One possibility is
the sudden escape of volatile gases from a sealed sub-surface cavity. Another is the transition
of amorphous water ice to crystalline water ice at depth, which is an exothermic reaction that
occurs at temperatures between 110 and 150 K. A third possibility is that dust and gas are
suddenly released when a vertical cliff collapses and exposes fresh cometary volatiles.

5.3 Sub-Surface Heating

Sunlight falling on the surface of a cometary nucleus is divided between three uses. Because
of the low albedos of nucleus surfaces, ~3—-7% (Lamy et al. 2004) only a small fraction is
reflected back into space. The rest of the energy flows into the nucleus surface where it is
divided between heating the cometary materials and the sublimation of cometary ices. As
stated above, a result of this heating is that amorphous water ice will convert to crystalline
water ice, which is an irreversible process.

Sublimation rates are highly dependent on the local temperature; they are a direct func-
tion of the vapor pressure of gas molecules over their respective ices, which vary exponen-
tially with temperature (e.g., Lide 2004). The conversion rate of amorphous ice to crystalline
ice is also highly temperature dependent.

The “thermal skin depth” is a measure of how far surface heat will penetrate below the
surface (Rickman 1991). It is defined as:

d = (KP/mpC)"/? (5.1
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where K is the thermal conductivity, P is the period (rotation period for diurnal skin depth,
orbital period for orbital skin depth), p is the density, and C is the specific heat. The thermal
skin depth is the distance over which a temperature perturbation at the surface will decrease
by a factor of 1/e. For conductivities typical of solid water ice, d = 20 cm for a rotation
period of 24 hours or 9.2 meters for an orbital period of 6 years. However, for the low
conductivities actually measured for nucleus surfaces, the diurnal skin depth is ~1 cm while
the orbital skin depth is about 1 meter.

As the thermal wave penetrates beneath the nucleus surface it will sublimate and mobilize
ices. For ices more volatile than water ice, this occurs at substantially lower temperatures
and greater depths than for water ice. The result is that volatile ices will be mobilized at
depths where water ice is still relatively stable. Because of the low bulk density and high
porosity of the nuclei the evolved gases can diffuse both upward toward the surface and
inward to greater (cooler) depths where they will recondense (Espinasse et al. 1991). This
will make for a complex composition in the near-surface layers of the nucleus.

Rosetta showed that the actual effects of sunlight on the nucleus surface were far more
complex than can be described herein. As noted above, we leave those discussions of active
geology to the other papers in this volume that specifically address them.

6 Nucleus End-States

There are a variety of possible end-states for cometary nuclei, several which have actually
been observed. The end-states we identify are:

1. Random disintegration/disruption.

2. Tidal disruption.

3. Loss/burial of all volatiles leading to an asteroidal-appearing object.
4. Collision with the Sun, a planet or a satellite.

6.1 Random Disintegration/Disruption

Comet nuclei are often seen to spontaneously disrupt (Weissman 1980; Boehnhardt 2004).
For example, comet C/1999 S4 LINEAR was seen to break into at least 16 pieces as it ap-
proached perihelion in July 2000 at a heliocentric distance of ~0.76 AU (Weaver et al. 2001;
Fig. 4). All trace of the comet disappeared within about three weeks.

The reasons for random disruption are not known but a leading candidate is rotational
spin-up due to asymmetric outgassing torques from the irregular nucleus. Weissman and
Lowry (2008) showed that no comet nucleus with a measured rotation period spins faster
than about 5.5 hours. If comet nuclei are strengthless rubble piles held together only by
self-gravity, this sets an upper limit on the nucleus bulk density of ~600 kg m~>. The Radio
Science Investigation and the OSIRIS imaging team on Rosetta determined a bulk density
for the 67P nucleus of 533 & 6 kg m~ (Preusker et al. 2015; Pitzold et al. 2016).

Random disruption does not appear to be correlated with any known orbital parameters
such as perihelion distance, orbital inclination, pre-/post-perihelion time, etc., suggesting
that it is some internal property(s) of the nucleus that leads to this loss state. Another sug-
gested mechanism for random disruption is thermal stresses due to the strong thermal gra-
dients as cometary surface materials rotate in and out of sunlight. Rosetta images of the 67P
nucleus show considerable evidence of thermal stressing and cracking (Auger et al. 2018).
This included cracking on the walls of the cylindrical pits that extend 100 m or more below
the 67P nucleus surface (Vincent et al. 2015).
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Comet LINEAR
Fragments

August 5, 2000

University of Hawaii

Hubble Space Telescope
WFPC2

NASA and H. Weaver (Johns Hopkins University)
STScl-PRC00-27

Fig. 4 Images of the disintegrating comet C/1999 S4 from a ground-based telescope (upper left) and from
the Hubble Space Telescope (lower right). The approximate field of view of the HST image is shown by the
small white box on the upper left image. Many individual fragments of the comet are seen in the HST image

Lastly, the development of sealed pockets of volatile gases below the nucleus surface
may have some effect on splitting. Rosetta observed many outbursts around perihelion and
the outbursts clustered along the sub-solar latitudes (Lin et al. 2017). A problem with this
scenario is how do sealed pockets form in such a porous medium as the cometary nucleus?

Random disruption may not always lead to complete destruction of the nucleus. Comet
73P/Schwassmann-Wachmann 3 was observed to break into four separate nuclei at its peri-
helion passage in 1995 (Boehnhardt et al. 1996). For identification purposes these fragments
were labeled A, B, C and D. All four fragments returned in 2006. Observations with HST
showed that the fragments were individually shedding many smaller pieces on the order of
50 m or less in diameter (Weaver et al. 2006, see Fig. 5).

Another interesting case is periodic comet 3D/Biela which was first discovered in 1772
and observed on several returns (Kronk 1984). During the 1846 return it was found to be a
double, comet with two independent nuclei that slowly moved apart. The double-comet was
observed again in 1852. Observing conditions were unfavorable in 1859 but were good in
1865. However neither comet was recovered. The comets were not found at their predicted
return in 1872 but an unexpected and intense meteor shower, ~3,000 meteors per hour, was
observed that year consistent with particles in the comets’ orbits. Additional intense meteor
showers were observed at the comets’ predicted returns in 1885 (15,000 meteors per hour)
and 1892 (6,000 meteors per hour), and a smaller shower in 1899 (150 meteors per hour).
Neither the comets nor the meteor showers were found on subsequent returns.

Yet another possible example of a surviving split comet pair may be periodic comets
42P/Neujmin 3 and 53P/Van Biesbroeck. Integration of the comets’ orbits backward in time
show them to be remarkably similar prior to a close Jupiter encounter in 1850 (Carusi et al.
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April 18, 2006

April 19, 2006 April 20, 2006

Comet Schwassmann-Wachmann 3, Fragment B

Fig. 5 HST images of the disintegrating B-fragment of comet Schwassmann-Wachmann 3 in 2006. The
numerous small fragments breaking off of the B-fragment are readily seen and can even be traced from day
to day. An upper limit of 50 m each was determined for the size of the fragments. (Weaver et al. 2006)

1985). They may have once been a single comet that broke apart and then experienced
slightly different orbital evolutions. Matonti et al. (2019) noted evidence of fractures near
the “neck” of 67P that may indicate enhanced erosion and the possibility that 67P will break
into two comets in the future.

Weissman (1980) found that dynamically new long-period comets split ~10% of the time
during their discovery apparitions, with older, returning LPCs splitting ~4% per perihelion
passage, and JECs splitting ~1% per perihelion passage. A review of the split comets listed
in Boehnhardt (2004) suggests that these numbers are ~4.5% and ~3.5% per perihelion
passage for the dynamically new and returning LPCs, respectively.

Weissman (1979) modeled the physical and dynamical evolution of LPCs from the Oort
cloud and showed that random disruption accounted for the loss of ~ 27% of LPCs entering
the planetary system, the second most common loss mechanism after dynamical ejection.

6.2 Tidal Disruption

Cometary nuclei can be gravitationally disrupted if they pass within the Roche limits of
large bodies such as the Sun or the giant planets. Since such close approaches are typically
rare, this is not a commonly observed phenomenon. However, the Kreutz group of sun-
grazing comets was recognized by Kreutz (1888) and eight naked-eye Kreutz comets were
discovered between 1843 and 1970 (Marsden 1967, 1989). Kreutz group members typically
have perihelia within one solar radius of the solar photosphere, well within the solar Roche
radius. They are likely the result of tidal splitting events on previous perihelion distances.
Their high orbital inclinations, ~139-144°, do not allow them to pass close to any of the
planets.

Comet Ikeya-Seki (C/1965 S1) was a bright Kreutz group comet discovered in 1965. It
passed perihelion at a distance of 0.007786 AU, or 1.67 solar radii (Kronk 1984). Just before
perihelion it appeared to split into at least three pieces. One fragment faded rapidly but the
second fragment persisted until both it and the main nucleus faded from view.

In 1979 the orbiting SOLWIND coronagraph discovered six Kreutz group comets
(Michels et al. 1982; Sheeley et al. 1982) that were too faint to be observed from the ground.
None of those comets were seen to survive perihelion passage. This was followed by the So-
lar Maximum and SOHO (Solar and Heliospheric Observatory) missions, launched in 1980
and 1995, respectively. SOHO has discovered over 3,000 comets, mostly in Kreutz-type or-
bits (Biesecker et al. 2002; Knight et al. 2010). Most of the small comets discovered by
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SOHO did not survive perihelion passage. Other comets discovered in sun-grazing orbits
were the Marsden and Kracht groups but these are far less numerous than the Kreutz group.

Although the Kreutz group progenitor nucleus was almost certainly disrupted by tidal
forces, one must also realize that the sun-grazing comets suffer intense heating during their
very close approaches to the Sun. This heating is great enough to vaporize iron and mineral
grains. Weissman (1983) showed that a typical comet would lose at least ~15 m in radius
during a close passage with the Sun. Since many of the sun-grazing comets appear to be
smaller than that (Biesecker et al. 2002; Knight et al. 2010), their total destruction can be
achieved through thermal effects alone, not even considering gravitational tides.

Extreme nucleus heating could be ruled out in the case of two comets that tidally dis-
rupted due to close passages to Jupiter. Comet 16P/Brooks 2 (1889 N1) was discovered in
1889 and multiple nuclei were observed near the main comet. An integration of its orbit
backward in time showed that it had passed within 0.001 AU of Jupiter in 1886, or ~2.1
Jupiter radii, well inside the orbit of Io (Kronk 1984). This strongly suggested that the nu-
cleus was tidally disrupted during its close passage with Jupiter.

Comet Shoemaker-Levy 9 was discovered in 1993 and was found to be at least 9 separate
nuclei (later increased to 21) in a straight line (Shoemaker et al. 1993). Orbit determinations
showed that the multiple nuclei were in orbit around Jupiter and had most likely been cap-
tured as a single parent nucleus around 1929 + 9 years (Chodas and Yeomans 1996). More-
over, the orbit reconstruction showed that the comet had passed within Jupiter’s Roche limit
at 1.6 Jupiter radii in 1992, and that the multiple nuclei would impact Jupiter on their next
perijove passage. Asphaug and Benz (1994, 1996) showed that the multiple nuclei could
be explained if the nucleus was a weakly-bonded rubble pile that disrupted at perijove and
then gravitationally reassembled into multiple nuclei. Interestingly, the final number of re-
assembled nuclei depended on the bulk density of the progenitor nucleus and 21 fragments
suggested an original bulk density of ~600 kg m~> (other densities were possible depending
on the nucleus rotation state). This was again pre-Rosetta evidence of the low bulk density
of cometary nuclei. Subsequent reconstruction of the impact events on Jupiter suggested that
the progenitor nucleus was ~1.5 km in diameter (Asphaug and Benz 1996).

6.3 Loss/Burial of All Volatiles

The pre-Rosetta view of comets was that they were conglomerates of ice, silicate dust, and
organic dust grains brought together in the Solar Nebula into small bodies several kilometers
in diameter (Whipple 1950). These objects slowly lost their ices and dust until they dwindled
down to nothing, or they left deposits of large non-volatile grains on their surfaces that
eventually choked off all activity, not allowing insolation to penetrate to depths where ices
might still be present. Thermal models showed that such deposits needed to be only tens of
meters thick to turn active comets into asteroidal-appearing objects (Brin and Mendis 1979;
Fanale and Salvail 1984).

In the case of active comets with known nucleus radii, one could define the “ac-
tive fraction,” the percentage of the nucleus surface that needed to be active in or-
der to provide the observed water production rate for that comet (A’Hearn et al. 1995;
Gutiérrez et al. 2003). Active comets like 1P/Halley had an active fraction of ~30% of
the sunlit hemisphere, whereas typical JFCs had active fractions on the order of only ~1%.
Spacecraft flyby images of comet nuclei showed that this dichotomy of apparently active
and inactive regions was seen on several nuclei. This was taken as proof that comets could
eventually evolve to completely inactive objects.

Studies of the possible evolution of comets into asteroids (Weissman et al. 2002) showed
that there were many objects in the near-Earth asteroid (NEA) population that might be
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dormant cometary nuclei, and that these objects usually had primitive-type taxonomic iden-
tifications, i.e., C, D, F, or low albedos. Weissman et al. (2002) estimated that 6% of the NEA
population could be dormant comets. Dynamical simulations of the possible sources of the
NEO population (Bottke et al. 2002) showed that NEOs with a high probability of a JFC
origin tended to be primitive taxonomic types. Similarly, Ferndndez et al. (2001) compared
measured albedos for 14 comet nuclei and 10 NEOs with Tisserand parameters,' T < 3, and
34 NEOs with T > 3. They showed that all of the comets and 9 out of 10 of the NEOs with
T < 3 had albedos <0.07, while most of the NEOs with T > 3 had albedos >0.15.

DeMeo and Binzel (2006) obtained spectra of 32 NEOs with T < 3 and found that 17 of
32 objects had primitive taxonomic types. They estimated that ~16% of the NEO population
had taxonomic types and Tisserand parameters consistent with a cometary origin.

It appears likely that cometary nuclei can slowly evolve to an asteroidal state. But the
fraction of comets that do so, versus the fraction that disintegrates completely cannot yet be
determined. Nonetheless, this is likely to be one of the major end states for cometary nuclei.

6.4 Collision with a Planet or the Sun

The probability of a comet striking a planet in a circular orbit is given by Opik (1951) by
p=sU/(nsini|U,|) 6.1)

where s is the capture radius of the target planet (including gravitational focusing), U is the
encounter velocity of the comet with the planet (also known as V-infinity), i is the inclination
of the comet’s orbit relative to the planet’s orbit and U, is the component of the encounter
velocity in the radial direction.

Kessler (1981) provided similar equations for estimating the impact probability for plan-
ets in elliptical orbits. Weissman (1982) used these equations to estimate a mean impact
probability of 2.2 x 10~ for Earth-crossing LPCs (per perihelion passage). Similar calcu-
lations find that Jupiter, the largest planet, also has the largest impact probability for LPCs,
p =9.5 x 1078, approximately four times that for the other seven planets combined.

Impact probabilities for JFCs are more difficult to assess, in particular for the giant plan-
ets, because we do not know the orbital distributions of planet-crossing objects in that region
of the planetary system. Based on calculations for the known JFCs and the terrestrial plan-
ets, typical JFC impact probabilities are about three times greater than for LPCs (Weissman
1982; Shoemaker et al. 1995; Levison et al. 2000).

Given these very low impact probabilities, collisions with planets is an unlikely end-state
for cometary nuclei. Given the small size of the targets, collisions with satellites, asteroids
and comets will be even less probable than for the planets.

Cometary orbits that impact the Sun are rare and are dominated by the Kreutz group
comets (see Sect. 6.2). Technically, most of the Kreutz group members have perihelia greater
than the Sun’s photospheric radius and are destroyed by tidal disruption and intense heating.
There do exist dynamical paths for sending comets onto sun-impacting trajectories (Jones
et al. 2018) but few have been observed to do so. Solar impact is an unlikely end-state for
comets.

I The Tisserand parameter, 7', is a pseudo-constant of the motion in the restricted 3-body problem (Sun-
Jupiter-comet) that is used to identify returning JFCs even though their orbits may have been changed by a
close approach to Jupiter. Typically, comets have T values < 3, while asteroids have 7 > 3.
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7 Discussion

ESA’s Rosetta/Philae mission to comet 67P/Churyumov-Gerasimenko has yielded a bo-
nanza of new information on comet nuclei, comet comae, and their interaction with the
solar wind. Rosetta/Philae has provided detailed information on the composition of dust and
ice in the coma, the bulk density, porosity, rotational properties and mass of the nucleus, the
morphology of the nucleus surface and the active processes acting on it, and much more.
But has Rosetta provided us new insights into how comet nuclei formed? Yes, we know far
more about a typical comet nucleus, information that constrains models of nucleus forma-
tion. But, no, we do not yet know enough to discriminate between the currently competing
hypotheses.

Pre-Rosetta models for cometary nuclei (Weissman 1986; Donn and Hughes 1986) pre-
dicted that the nuclei would be irregular objects with substantial internal voids. The first
prediction has been confirmed by several nucleus flyby missions and by Rosetta. But the
CONSERT radar instrument on Rosetta/Philae detected no large voids, at least none larger
than ~9 meters in size (Ciarletti et al. 2017a). That was a very unexpected result. Note that
CONSERT only obtained two relatively shallow radar scans through the “head” (small lobe)
of comet 67P. The spatial resolution limits of CONSERT cannot tell us about internal struc-
ture at scales < 9 meters. So if there is macro-porosity in the nucleus, the only evidence we
have is that it does not appear to be present on size scales > 9 meters.

Yet the high porosity numbers determined for the bulk nucleus, 70% to 85% (Pitzold
et al. 2016), suggests that there must be substantial micro-porosity. We see that micro-
porosity in the COSIMA images of dust aggregates (Merouane et al. 2016), the MI-
DAS high resolution examination of dust grains (Bentley et al. 2016; Mannel et al. 2016;
Mannel et al. 2019), and the possible existence of extremely porous dust aggregates in the
67P coma (Fulle et al. 2015). Can these examples of micro-porosity account completely
for the bulk porosity of the 67P nucleus or must there also be some macro-porosity on size
scales of 1 mm to 9 meters? The answer is, we don’t know.

An important fact to consider is that both the hierarchical accretion and pebble growth
hypotheses describe hierarchical accretion as the first step in producing particles up to 1 mm
to 10 cm in size. For our purposes they are the same up to that size range. The question is
what happens afterwards that leads to comet nuclei several kilometers in radius. In Sects. 2
and 3 we described these two competing hypotheses. Advocates for each hypothesis point
to Rosetta/Philae results that they regard as supporting their ideas. But there are also critics
of each process and we begin here by describing those criticisms.

7.1 Issues with the Hierarchical Growth of Planetesimals

Although the hierarchical growth of planetesimals described in Sect. 2 can explain a variety
of observables among comets and Kuiper belt objects, it faces at least four serious issues:

Fragmentation Empirical evidence from laboratory experiments primarily performed for
aggregates consisting of um-sized silica monomers shows that fragmentation, i.e., a net mass
loss and not mass gain (see Blum and Wurm 2008 and Giittler et al. 2010) is the dominant
outcome in the majority of the collisions in the Davidsson et al. (2016) model. Bukhari
Syed et al. (2017) derived a dust-aggregate collision model for macroscopic aggregates and
collision velocities in the ms™' regime. If we compare the impact energy per unit target
mass, Ejnyp/m, from the Davidsson et al. (2016) model (see Table 1) with the dust-aggregate
strength Q* extrapolated from the Bukhari Syed et al. (2017) model (see their Eq. (10)), we
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see that Ejynp/m, > Q* for all bodies with D 2 1 m. Thus, if no consolidation (e.g., by
sintering or melting) occurs, which would considerably increase Q* above the values given
by Bukhari et al. (2017), collisions will result in fragmentation. As Blum (2018) showed,
the parameter space for mass gain of the target body is very limited.

Erosion The situation is even worse if one considers another physical process that only
recently has been identified as a growth limiter. Schripler et al. (2018) experimentally in-
vestigated the effect of impacts of very small dust particles and aggregates into large target
aggregates. They showed that erosion, i.e., mass loss from the target, is the main result for
impact speeds above a few ms~!. Based on their empirical laboratory data, Schriipler et al.
(2018) showed in a numerical simulation that even under the assumptions that all other
(non-eroding) collisions would result in perfect sticking, the maximum achievable aggre-
gate size is on the order of 10 cm. This is because any erosional impact releases more small
particles than it consumes so that an avalanche effect sets in. In an earlier work, Gundlach
and Blum (2015) showed that erosion can also occur for um-sized water-ice particles at low
temperatures. However, see the discussion on “Ices” in Sect. 7.2 concerning the possibility
that the stickiness of ice in general, and amorphous water ice in particular, may remove the
fragmentation and erosion barriers.

Timescale The two most important timescale limitations with respect to mass growth in
the pre-planetesimal phase are the radial drift, caused by friction with the sub-Keplerian
gas disk, and the dissipation of the nebula gas. While the former is already important for
aggregates in the mm- to cm-size range (see Lorek et al. 2018), the latter limits the formation
of planetesimals by hierarchical growth. With realistic growth physics, Garaud et al. (2013)
showed that bodies with sizes of ~100 m can form at 1 AU, but farther out, at ~30 AU in the
disk, no growth beyond ~10 m size was possible within ~10° years. Similarly, Windmark
et al. (2012a, 2012b) calculated that ~100 m-sized bodies can form within ~10° years at
3 AU, but nothing bigger than that. Note however that the Primordial Disk likely survived
much longer than the 10° years used in these simulations so there was time to grow larger
bodies, though accretion of pebbles is eventually limited by pebble drift into the Sun.

Strength If bodies formed by hierarchical growth, impact pressures are always high
enough to compact the material to porosities of ~60% (Weidling et al. 2009) and turn the
growing planetesimals into homogeneous bodies. It was shown experimentally that the ten-
sile strength (inner cohesion) of such bodies is on the order of 1-10 kPa (Gundlach et al.
2018). Such high strength values are a severe problem for the activity of comets.

7.2 Issues with the Growth of Planetesimals from Pebbles
Here we identify some serious issues with the growth of planetesimals from pebbles.

Numerical Simulations of the gravitational collapse of pebble swarms show that this
process typically produces two bodies of similar size that orbit about their common center
of mass at distances that are very large compared to the body diameters (Nesvorny et al.
2010). The high fraction of ultrawide binaries (diameter D = 100 km class bodies separated
by 103-10° km) among the dynamically cold Kuiper belt objects (Stephens and Noll 2006)
suggests that this mechanism indeed was active in the early Solar System. The collapse
time of a D = 100 km body is ~25 yr but the collapse time of a comet-sized D = 1 km
body is several times 10° yr (Wahlberg Jansson and Johansen 2014). The time needed to
form comet-sized objects through pebble swarm collapse is so long that these swarms may
disperse or merge into much larger swarms, before they have the time to form small objects.
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Computational Limits Magnetohydrodynamical computer models of Solar Nebula gas
and plasma interacting with pebbles do not yet have the resolution to demonstrate that small
pebble swarms actually form and that they survive long enough against dissipation or growth
to much larger size before collapsing to D = 1 km objects. The smallest swarms forming
in the highest-resolution simulations published thus far can create D = 60 km objects (Jo-
hansen et al. 2015). Such bodies would likely not preserve the low bulk densities and high
porosities we see for cometary nuclei, as shown in Sect. 3.2. Therefore, it is not yet known
whether pebble swarm collapse is a viable mechanism for forming bodies the size of known
comet nuclei.

Heating Because the pebble swarm collapse mechanism allows bodies to reach their final
size on short time scales, heating from decaying short-lived radio-nuclides like 2°Al may
be strong. The high bulk density of some small, dynamically-cold Kuiper belt objects, like
(66652) Borasisi with primary diameter D; = 12613, km and p = 210077500 kgm™ (Vile-
nius et al. 2014) suggest that loss of porosity due to radiogenic heating and ice melting
probably occurred. Comet nuclei could not have experienced such heating without losing
their observed rich inventory of supervolatiles (e.g., Prialnik et al. 1987; Merk and Prialnik
2003, 2006; Podolak and Prialnik 2006). This suggests that comets may have grown slowly
and reached their final sizes late.

Johansen and Mac Low (2009) show that pebble swarm formation and collapse may
require high disk metallicities, only achieved at the end of the ~3 Myr Solar Nebula lifetime
(Zuckerman et al. 1995; Haisch et al. 2001; Sicilia-Aguilar et al. 2006). This would solve the
26 Al problem but introduces new difficulties because the pebbles have rapid radial drift that
cannot proceed for millions of years without emptying the outer planets region. Furthermore,
direct exposure to protosolar radiation during excursions to high disk scale heights, likely
to happen at some point during millions of years of evolution, leads to supervolatile loss
in hours. Icy materials need to be protected inside a body much larger than the diurnal and
orbital thermal skin depths of pebbles.

Ices Ros and Johansen (2013) showed that the role of ices could be very important in in-
creasing the growth rate and the eventual sizes of pebbles. In their model, water ice vapor
condenses onto particles beyond the snowline (see Introduction). Decimeter refractory par-
ticles can grow to meter sizes or larger in only a few times 10° years. This model can thus
help hierarchically grown particles jump the 1 meter barrier and continue to grow to larger
sizes. That would make streaming instabilities inefficient in creating pebble swarms because
of the difficulty of concentrating such larger bodies. Bridges et al. (1996) showed that par-
ticles covered with an ice frost could have increased stickiness as compared with refractory
particles. Wettlaufer (2010) proposed that amorphous ice particles, warmed by collisions,
could also increase stickiness.

7.3 Issues with Collisional Evolution

As described in Sect. 4, the best current models for the collisional environment of comets
in the Primordial Disk and during their dispersal to the Kuiper belt, Scattered disk and
Oort cloud (Morbidelli and Rickman 2015; Stern and Weissman 2001; Charnoz and Mor-
bidelli 2003, 2007) suggest that comets suffered serious collisional evolution during that
time. However, those estimates are based on some poorly known values, such as the to-
tal number of comet nuclei in the Primordial Disk, their orbital distributions and their size
distributions.
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The best estimates for the slope of the cumulative size distribution for the JFCs give val-
ues near —2 (Snodgrass et al. 2011; Meech et al. 2004) and are in good agreement with slope
estimates for the size distributions found in theoretical predictions of the collisional evolu-
tion of planetesimals in the strength regime by O’Brien and Greenberg (2005). However, the
agreement is not good for the predictions in Fig. 1 (left), which find a cumulative slope of
—3 for the JFCs. Note that the JFC size distribution is only well known for radii between
~1.2 and ~10 km. Both observational and theoretical investigations need to continue in this
area to further improve our understanding of its effects on comet nuclei.

7.4 Future Missions and Investigations

Rosetta has clearly told us more about comets than any previous space mission. It has
demonstrated the importance of long-duration rendezvous missions with the capability to
study cometary nuclei and cometary phenomena over extended periods of time. Below we
discuss what future missions may be able to accomplish.

The next logical mission to a comet is Comet Surface Sample Return (CSSR). Such a
mission, CAESAR (Comet Astrobiology Exploration Sample Return) was under considera-
tion by NASA for its New Frontiers Program but it was not selected for development.. The
goal of CSSR is to return a comet surface sample of 80-800 grams to Earth for study in
terrestrial laboratories. The current capabilities of those laboratories far surpass that of any
instruments that could be flown on a comet rendezvous mission. Those capabilities would
have an additional 15-20 years to continue to improve while the mission is formulated,
assembled, launched and flown. Returned cometary samples have the potential to tell us
far more about the composition of cometary nuclei, the physical process of accretion and
the formation of the low-volatility nucleus surface crusts. The samples might even contain
“pebbles” if they exist.

The next most discussed comet mission after CSSR is Comet Cryogenic Sample Return
(CCSR), like the Triple-F mission proposed to ESA several years ago (Kiippers et al. 2009).
This mission would dig below the nucleus surface to obtain samples that contain cometary
ices. The collection depth would need to be at least several orbital thermal skin depths, 23
meters. The sample would need to be maintained at its cryogenic temperature, <80 K (or
colder) for the duration of the return flight to Earth, including atmospheric entry and capsule
retrieval. Both the cryogenic sample collection below the nucleus surface and maintaining
the sample at its collected temperature are major technological challenges that require sub-
stantial investments by national space agencies in the coming decade. Also, because of its
complexity the CCSR mission would need to be a flagship mission with a multi-billion dol-
lar/euro budget. A CCSR mission would tell us far more about the complete composition of
cometary nuclei and the accretion process.

Both CSSR and CCSR will greatly improve our knowledge of comet nucleus composi-
tion and possibly its chemical evolution over time. It is unlikely that either mission could ad-
dress nucleus stratigraphy. CSSR concepts usually collect samples with semi-violent meth-
ods, i.e., nitrogen bursts into the surface or a mechanical brush-wheel sampler. The collec-
tion method for CCSR is not yet determined. However, the deceleration forces of re-entry
of the sample return capsule into the Earth’s atmosphere would likely destroy any existing
structures within the low-strength comet materials. This problem could be partially over-
come if samples could be separately obtained from different depths below the nucleus sur-
face and stored isolated from one another. Smaller structures may survive re-entry and so
the returned samples may provide important clues to the accretion process at microscopic
scales.
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CCSR might also be valuable in answering one of the major questions concerning the
origin of icy planetesimals: whether water ice existed in amorphous or crystalline form in the
Solar Nebula, or whether the water-ice grains were formed in the precursor molecular cloud
or by condensation in the Solar Nebula. Another question of great interest for planetesimal-
formation studies is the composition of the organic component and its stickiness in grain-
grain collisions. If the organic particles were stickier than the silicate or water-ice particles,
a direct collisional growth path from dust to planetesimals seems feasible with no need for
pebbles and gravitational collapse. However, a stickier material than silicates and water ice
would possibly increase internal cohesion within the comet nucleus so that dust activity
might be impossible. The same issue may also be addressed regarding the stickiness of
amorphous water-ice grains.

Like CSSR, CCSR may need to be so focused on sample collection and preservation that
it will be unable to carry other scientific instruments that could address comet origin and
evolution. So what can we do to address the issues discussed herein? It may require a sep-
arate rendezvous mission, like Rosetta, but carrying specific instruments to address origin
and evolution. One choice would be a powerful radar instrument such as the Shallow Radar
(SHARAD, Seu et al. 2007) on the Mars Reconnaissance Orbiter spacecraft. SHARAD
could probe the interior structure of a cometary nucleus at all locations and not just the lim-
ited ray paths possible for CONSERT. SHARAD has a vertical resolution of 15 meters and
a penetration depth of ~1 km in the Martian soil; the latter number should be significantly
greater in the ice-hydrocarbon-silicate mix of a comet nucleus. Thus, SHARAD may be able
to map the interior structure of the entire nucleus for a typical 2—4 km diameter body.

In its current configuration SHARAD does not have the spatial resolution necessary to
detect pebbles. Thus, another instrument worth considering is the WISDOM (Water Ice and
Subsurface Deposit On Mars) radar on the ExoMars Rover, planned for launch in 2020.
WISDOM (Ciarletti et al. 2017b) operates at several wavelengths, the shortest of which is
0.1 m (30 times finer than CONSERT) and can penetrate 3 m into the rocky soil of Mars. As
noted above, it should be able to penetrate significantly deeper into the ice- and carbon-rich
interior of a comet nucleus. Note that WISDOM requires a landed package or preferably a
surface rover to accomplish its investigation. Also, the spatial resolution of WISDOM is not
sufficient to resolve individual pebbles if the pebbles are less than tens of cm in diameter.
Thus even higher resolution radars may be needed.

A landed instrument package could also address many of the Philae objectives that could
not be addressed because of Philaes’s final landed orientation. With the knowledge gained
from study of Philae’s bouncing, a lander package could be designed that would more likely
remain at its targeted landing site. Again, the capabilities of the landed package would be
greatly enhanced if it could be a rover rather than a fixed lander. Updated versions of all of
the instruments on Philae would be highly desirable. This would include thermal probes
to measure the temperature versus depth, penetrator instruments that could measure the
strength of the surface materials, a drill, and compositional instruments to measure the com-
position of the near-surface materials. Finally, a high resolution camera system might be
able to resolve individual pebbles on the surface.

Current thinking for CSSR is to return to 67P because of Rosetta’s extensive mapping
and the nucleus’ known qualities. However, we propose that any future rendezvous mission
as described above should visit a different comet nucleus to address questions of nucleus
diversity as well as to provide a second target choice for the future CCSR mission. Having
seen one cometary nucleus in great detail, 67P, it is too tempting to apply the Rosetta and
Philae results in general to all comet nuclei. The several flyby missions to comets so far have
shown them to be a very diverse population with different degrees of activity and surface
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evolution, and highly different topographies. A priority scientific objective is to visit as many
nuclei as possible and to observe each with the intensity of Rosetta/Philae. As of this date
there have already been six asteroid orbiters: NEAR, Hayabusa, Dawn at Vesta, Dawn at
Ceres, Haybusa 2, and Osiris-REX. We need many more orbiter missions to comets.

In addition to new comet missions, future theoretical and laboratory investigations as
well as computer simulations and telescopic programs will continue to improve our under-
standing of comet nuclei and how they formed. It will be valuable to see if pebble accretion
scenarios can be extended down to actual comet nucleus sizes, i.e., radii < 10 km, while
maintaining reasonable formation times. It will be interesting to understand better the role
of amorphous water (and other) ices in possibly achieving more rapid accretion times as
well as improving the ability of hierarchical accretion to cross the ~1 meter barrier that has
stymied researchers for decades. Increasingly deep small body surveys of the solar system
will improve our understanding of the size distributions of comets in the two major reser-
voirs as well as their orbital and spatial distributions. We are not foolish enough to try and
predict all or even some of the future discoveries about comets and their origin but we do
look eagerly toward them.
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