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When viewed from Earth, most of what we observe of a comet is dust. The influence of
solar radiation pressure on the trajectories of dust particles depends on their cross-section to
mass ratio. Hence solar radiation pressure acts like a mass spectrometer inside a cometary tail.
The appearances of cometary dust tails have long been studied to obtain information on the
dust properties, such as characteristic particle size and initial velocity when entering the tail.
Over the past two decades, several spacecraft missions to comets have enabled us to study the
dust activity of their targets at much greater resolution than is possible with a telescope on
Earth or in near-Earth space, and added detail to the results obtained by the spacecraft visiting
comet 1P/Halley in 1986. We now know that the dynamics of dust in the inner cometary
coma is complex and includes a significant fraction of particles that will eventually fall back
to the surface. The filamented structure of the near-surface coma is thought to result from a
combination of topographic focussing of the gas flow, inhomogeneous distribution of activity
across the surface, and projection effects. It is possible that some larger-than-centimetre debris
contains ice when lifted from the surface, which can affect its motion. Open questions remain
regarding the microphysics of the process that leads to the detachment and lifting of dust from
the surface, the evolution of the dust while travelling away from the nucleus, and the extent
to which information on the nucleus activity can be retrieved from remote observations of the
outer coma and tail.

1. Introduction

Dust released from the surface is the most observation-
ally accessible constituent of a comet. When a comet be-
comes visible to the naked eye, we see primarily sunlight
scattered by dust particles in its coma and tail.

Theories explaining the appearance and formation of
comet tails date many centuries back. Our concepts to con-
strain dust properties like size distribution, ejection times
and velocities from the shape of and brightness distribution
in a comet tail have their origins in the 19th century and pri-
marily exploit the size dependence of solar radiation pres-
sure on dust (Section 2.4). These concepts are described in
detail in the Comets II book chapter by Fulle (2004) and
mainly yield information on the properties of the dust as it
leaves the sphere of influence of the nucleus.

The strongest limit of this approach is set by the fi-
nite resolution of the telescope images available. For a
ground-based telescope, the typical seeing-limited resolu-

tion is of the order of 1′′, which corresponds to 725 km at
a comet-observer distance of 1 au. Under exceptional cir-
cumstances, such as Hubble Space Telescope observations
during a close (0.1 au) Earth flyby, a spatial resolution of a
few kilometers can be achieved (e.g., Li et al. 2017). How-
ever, no contemporary Earth- or near-Earth-based telescope
can resolve the nucleus of a comet and the coma immedi-
ately above its surface.

The images returned by ESA’s Giotto spacecraft from
comet 1P/Halley in 1986 (Keller et al. 1986) were the first
to resolve this innermost part of the coma. They showed the
comet nucleus as a solid object, and the dust as it emerges
from its surface. It became clear that cometary nuclei were
highly irregular bodies, certainly in shape and potentially in
composition, and also that the brightness of the innermost
dust coma was spatially highly variable. It displayed bright
linear features apparently emanating from the surface, em-
bedded in a more diffuse background (Section 3.2.3).

Since the publication of the Comets II book, major
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progress in understanding the motion of dust in the near en-
vironment of cometary nuclei was enabled by several space
missions. Their returned images confirmed the 1P/Halley
results of the detailed fine structure in the coma brightness
distribution. Indications were found that the debris itself
can be outgassing and subject to physical evolution, and
that part of it falls back to the surface. But open questions
remain in particular concerning how activity is distributed
across the surface, why it is spatially and temporally vari-
able, and which microphysical processes lead to the ejec-
tion of dust. The answers to all these questions are neces-
sary to understand the interior structure and composition of
cometary nuclei, and eventually their formation.

ESA’s Rosetta mission provided us with a comprehen-
sive, 2-year body of data obtained with various complemen-
tary techniques, including imaging and spectroscopy of dust
and the surface at various wavelengths, and in situ anal-
ysis of the composition, density and velocity of both gas
and dust. These data represent the best constraints we have
to understand how, where and when dust is released from
a cometary surface and its subsequent journey back to the
surface or to interplanetary space.

In this chapter, we first review the forces considered rel-
evant for this outward journey of a dust particle (Section 2).
We outline the still rudimentary knowledge of how dust ac-
tivity is distributed across the comet surface and what meth-
ods can help to address this question (Section 3.1). We next
describe how the dust particles are accelerated in the gas
flow (Section 3.2), how solar gravity and radiation pressure
take over as the gas dilutes (Section 3.3) and finally address
the motion of dust in the comet’s tail and trail, and its transi-
tion to the zodiacal cloud (Section 3.4). Open questions and
potential means to address them are discussed in Section 4.

2. Forces acting on dust

2.1. Gravity and tidal forces

The gravitational force of a massive body acting on a
particle of mass md is

Fg = mdg, (1)

where g is the gravitational acceleration of that body.
At distance r from the nucleus center of mass, the grav-

itational acceleration by the nucleus mass, M , is defined as

g =
GM

r2
, (2)

where G is the gravitational constant. In the immediate en-
vironment of the nucleus, the gravitational field cannot be
approximated by that of a point mass as in Eq. 1. The spa-
tial extent of the nucleus, in combination with its irregular
shape and potentially inhomogeneous internal mass distri-
bution, will necessitate to consider also higher orders of the
gravitational potential for calculations of the dust motion
(e.g., Werner 1994).

The solar gravitational force on a particle at heliocentric
distance rh is

Fg =
GM⊙

r2h
md, (3)

where M⊙ is the mass of the Sun. The sphere of gravi-
tational influence (Hill sphere) of the comet nucleus is esti-
mated as

RHill = rh

(
1

3

M

M⊙

)1/3

. (4)

Thus, for a typical 2-km radius Jupiter-family comet with a
bulk density ρn = 500 kg m−3, perihelion distance of 1 au,
and aphelion at 6 au, the Hill radius will range from roughly
200 km at perihelion to 1300 km at aphelion.

The radial velocity component required for an object at
distance r from mass M to stop being gravitationally bound
to this mass (escape speed) is given by

vesc =

√
2GM

r
. (5)

Typical escapes speeds from the surfaces of km-sized bod-
ies are of order 1 m s−1.

For the motion of a dust particle in a frame attached to
the nucleus center of mass, the difference in solar gravity
between the locations of the particle and of the nucleus (the
tidal force) is more relevant than the absolute value of solar
gravity. A particle of mass md located on the Sun-nucleus
line and at a distance r from the nucleus in either direction
is subject to a tidal force directed away from the nucleus
given by

Ftr =
2GM⊙

r3h
mdr, (6)

while the tidal force on a particle located above the termi-
nator points towards the nucleus with the magnitude

Ftl =
GM⊙

r3h
mdr. (7)

2.2. Drag by surrounding gas coma

The main force accelerating dust particles away from the
nucleus surface comes from their interaction with the sur-
rounding gas field. As illustrated in Fig. 1, the drag force is
strongest within ∼10 nucleus radii, Rn. By that distance the
gas densities have diluted significantly, making molecule-
dust collisions rare and momentum transfer from the gas
flow to the dust particles inefficient. The gas dynamics are
discussed by Marschall et al. in this book.

Once a dust particle is detached and lofted from the sur-
face, the surrounding gas molecules collide with it and ac-
celerate the particle. The main direction of gas expansion
is away from the nucleus surface and therefore so is the net
force on the dust particles.

When dust densities are low enough that particles do not
exert a back reaction onto the gas flow (e.g. deceleration
and/or heating of the gas flow) they can be considered as
test particles within the gas flow and thus be treated math-
ematically separately (Tenishev et al. 2011). This condition
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Fig. 1.— Sketch of the cometary dust environment which we divide into three main dynamical regions: 1) The coupled
coma region where the dust dynamics is dominated by local forces connected to the nucleus (gas drag and nucleus gravity)
(Section 3.2); 2) the transitional coma region where the dust has decoupled from the gas and small particles transition to
being dominated by solar forces (gravity and radiation pressure) while large particles are bound in the gravitational field
of the nucleus (Section 3.3); 3) the dust tail and trail within which the escaping dust particles are purely governed by solar
forces (Section 3.4). The boundaries between these regions are complex 3D surfaces. The spatial and temporal scales
given are rough estimates for a 67P-like comet at 1 au. Rn is the nucleus radius, and RHill the Hill radius. This figure is a
reproduction of Fig. 4 in Marschall et al. (2020c).
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is given in most cases but there are exceptions. For exam-
ple in the event of a strong outburst, where the dust plume is
optically thick, this condition is certainly not satisfied. For
such cases, a multi-phase simulation needs to be adopted
(e.g., Shou et al. 2017) which also takes into account inter-
particle collisions.

In the following, we assume the more common case
where dust particles do not significantly influence the gas
flow. In addition, in most cases, the mean free path of the
molecules is much larger than the dust particle size, and
therefore free molecular aerodynamics can be applied. In
this scenario (Finson and Probstein 1968; Gombosi et al.
1985; Gombosi et al. 1986; Gombosi 1987; Sengers et al.
2014; Marschall et al. 2016) the drag force, FD, on a spher-
ical particle is

F⃗D =
1

2
CDmgngσd |v⃗g − v⃗d| (v⃗g − v⃗d) , (8)

where σd is the geometric cross-section of the dust particle,
and v⃗d is its velocity. The mass of a gas molecule is mg, and
ng and v⃗g are their number density and macroscopic veloc-
ity, respectively. CD is called the drag coefficient. For an
equilibrium gas flow, and a mean free path of the molecules
much larger than the dust size, the drag coefficient (Bird
1994) is defined as

CD =
2ζ2 + 1√

πζ3
e−ζ2

+
4ζ4 + 4ζ2 − 1

2ζ4
erf(ζ)

+
2 (1− ε)

√
π

3ζ

√
Td

Tg
,

(9)

with the gas temperature Tg, the dust particle temperature
Td, the fraction of specular reflection ε, and the molecular
speed ratio

ζ =
|v⃗g − v⃗d|√

2kbTg

mg

, (10)

where kb is the Boltzmann constant.

Fig. 2.— Drag coefficient CD as a function of the parameter
ζ as given by Eqs. 9 and 10 and assuming Td = Tg and ε=0.

Figure 2 shows the drag coefficient as a function of ζ.
For large particles the dust speed is much smaller than the
gas speed. At the surface, the gas speed is of the same order
as the thermal speed (the denominator in Eq. 10) and there-
fore ζ ∼ 1 and CD ∼ 5 (Fig. 2). On the other hand, for
a typical comet (water dominated emission well within the
snow line) at large cometocentric distances (e.g., at 10Rn),
the temperature of the gas has cooled to a few tens of Kelvin
but the gas speed has reached the order of 1 km/s. In this
case slowly moving particles have ζ ∼ 10 and thus CD ∼ 2
(Fig. 2). Very small, typically sub-micron, particles, may
attain a significant fraction of the gas speed already very
close the surface, such that ζ < 1 and CD > 5 (Fig. 2).
Because the drag coefficient asymptotically approaches 2
for most particle sizes, a size-independent CD = 2 is of-
ten assumed rather than the more complicated Eq. 10. This
choice implies that the acceleration of in particular small
particles is underestimated.

Eq. 9 describes the idealized case of spherical particles
in a gas flow when the mean free path of the gas molecules
is larger than the dust particle size. Real dust particles are
not spherical and, in particular, larger dust grains are porous
and fluffy aggregates (Kolokolova and Kimura 2010; Schulz
et al. 2015; Rotundi et al. 2015; Langevin et al. 2016; Bent-
ley et al. 2016; Mannel et al. 2016; Levasseur-Regourd et al.
2018). This affects the dynamics of the particles as shown
by Skorov et al. (2016a, 2018). They found that porous ag-
gregates are accelerated to significantly higher speeds than
their compact counterparts of the same radius. This behav-
ior can be mimicked in the spherical particle paradigm de-
scribed above by adjusting the masses and geometric cross-
sections to the respective values of the porous particles. In
this sense, the spherical particles can be understood as ef-
fective particles with the given mass and cross-section.

Additionally, particles have been observed to rotate in
the comae of comets 103P and 67P (Hermalyn et al. 2013;
Fulle et al. 2015b), and the effect of oblate or prolate par-
ticle shapes on their dynamics was studied by Ivanovski
et al. (2017a,b). Not only will non-spherical particles be-
gin to rotate in the gas flow but they may also accelerate to
higher speeds than spherical ones. Unless a particle rotates
sufficiently fast, the influence of particle rotation on their
dynamics cannot simply be parameterized into a spherical
particle paradigm (Eq. 8) as described above for porous par-
ticles, because spherical particles only experience a force
along the direction of the gas flow, while non-spherical, ro-
tating particles also experience a force perpendicular to the
flow. This component of the acceleration is not included in
Eq. (8).

2.3. Intrinsic outgassing

Solid particles in the coma can contain volatile ices.
When the grain temperature is sufficiently warm, the ices
will sublimate. This loss of vapour accelerates the parti-
cle. In the ideal case of an isotropically outgassing spheri-
cal particle, the net acceleration is 0. However, coma par-
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ticles are not spheres, and outgassing may not be uniform,
especially from large particles that can sustain a tempera-
ture gradient across their surfaces. Rapid rotation of a par-
ticle does help distribute the absorbed sunlight across the
surface, and smooths out the temperature gradient, but the
spin axis may prevent illumination of some portions of the
grain. As a result, the acceleration will typically have an
anti-solar component. Whether or not a tangential compo-
nent exists, depends on the spin state, shape, porosity, and
thermal characteristics of the materials.

The calculation of the acceleration from outgassing is
analogous to the non-gravitational acceleration of cometary
nuclei (Marsden et al. 1973), except that the microphysics
of the particle, e.g., thermal and radiative properties, are
very different. Setting these complexities aside, the force
from gas sublimation (also called “rocket force”), Fs can be
calculated from:

Fs = σdmgZvthκfice, (11)

where Z is the number sublimation rate of the ice per sur-
face area, κ is the degree of asymmetry of outgassing (0 for
isotropic, 1 for directly toward the Sun), fice is the effective
fractional surface area of the ice (cf. Kelley et al. 2013), and

vth =
π

4

√
8kbTd

πmg
(12)

is the mean thermal expansion speed of the gas.
The details hidden within κ may be complex, but Eq. 11

is still useful for estimating the potential order of magnitude
of acceleration by outgassing.

Since the force is generally opposite the Sun, it works
similarly to acceleration by radiation pressure, in that the
particles are accelerated into the tail direction. For exam-
ple, Reach et al. (2009) examined the acceleration from out-
gassing water ice at 1 au and found that the resultant force,
Fs, can be comparable to or much stronger than that from
solar radiation Fr (Section 2.4), and estimated Fs/Fr ∼ 100
for a 1-mm sized grain with fice = 0.0017. Over small he-
liocentric distance ranges and when the relevant ice is un-
dergoing free sublimation, the force may be approximated
as equivalent to the β-parameter, i.e., a force ∝ r−2

h that is
addressed with a reduced-gravity solution (Section 2.4).

Likely, the outgassing force is observable only for
centimetre-sized and larger particles, because smaller par-
ticles lose their ice content too quickly and hence too close
to the surface for the non-gravitational effect on their tra-
jectories to be measured. This conclusion was reached
by Markkanen and Agarwal (2020) and Davidsson et al.
(2021) from thermophysical modelling, and, complemen-
tary, by Reach et al. (2009) from studying the motion of
particles in the debris trail of comet 73P/Schwassmann-
Wachmann 3.

It is possible that asymmetric outgassing changes the ro-
tation rate of an ice-bearing comet fragment, which can lead
to disintegration by centrifugal force on time scales of less

than a day for a meter-sized fragment (Jewitt et al. 2016).
Steckloff and Jacobson (2016) propose that fragment dis-
integration by sublimation torques can lead to the forma-
tion of striae observed in the tails of some enigmatic, bright
comets. Alternative explanations of striae formation invoke
electromagnetic forces (Section 2.6).

2.4. Solar radiation pressure

The radiation force is proportional to the solar intensity
multiplied by the cross-sectional area of the particle:

Fr =
Qpr

c

(
L⊙

4πr2h

)
σd, (13)

where L⊙ is the solar luminosity, c is the speed of light,
and Qpr is the radiation pressure coefficient averaged over
the solar spectrum (Burns et al. 1979). Dynamical models
commonly use a simplified treatment of comet dust, assum-
ing Qpr = 1. A more detailed treatment dependent on dust
mineralogies and structures (compact or fluffy) is discussed
in Kolokolova et al. in this volume.

Since the solar radiation force opposes the solar gravity
and both forces are proportional to 1/r2h, the net force can
be considered as reduced solar gravity,

Fnet = Fr − Fg = (1− β)Fg, (14)

where the β parameter is the ratio of the radiation force, Fr,
to the solar gravitational force, Fg,

β ≡ Fr

Fg
=

3L⊙Qpr

16πGM⊙cρda
= Cβ

Qpr

ρda
, (15)

with Cβ = 5.77×10−4 kgm−2.
Calculations show that silicate particles tend to have

β <1 regardless of aggregate structure (Silsbee and Draine
2016), while absorbing particles may have β >1 (Kimura
et al. 2016).

2.5. Poynting-Robertson drag

Small particles in orbit about the Sun are influenced also
by radiation pressure tangential to their motion (Robertson
1937; Wyatt and Whipple 1950). The resulting Poynting-
Robertson force is given by

FPR =
a2L⊙

4c2

√
GM⊙

r5h
. (16)

The Poynting-Robertson effect causes mm-sized dust
particles in the zodiacal cloud (Sec. 3.4.6) to spiral into the
Sun on timescales τPR ≳ 6 × 105 yr (Kasuga and Jewitt
2019).

2.6. Electromagnetic forces

A dust particle embedded in the cometary or solar wind
plasma and interacting with solar ultraviolet radiation is
subject to charging by electron and ion collection, and sec-
ondary electron and photoelectron emission. Over time, the
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dust particle will assume the potential at which the involved
currents balance. This equilibrium potential depends on the
properties of the plasma environment and the dust parti-
cle, such as composition and surface roughness (Horanyi
1996). In interplanetary space, the dominant charging pro-
cess is photoelectron emission, and typical dust potentials,
U , range between 0.5V and 14V (Mukai 1981). A canoni-
cal value of U=5V is often used (e.g., Sterken et al. 2012;
Kramer et al. 2014). Solar wind interaction with the plasma
tail is discussed in Götz et al. in this volume.

For a given surface potential and volume, the shape de-
pendence of a grain’s charge can be described by the di-
mensionless parameter κe >1 that is minimal for a sphere
(κe=1) and can reach values up to κe=5 for fractal particles
(Auer et al. 2007). The integrated charge of a grain can thus
be described as

q = 4πε0aκeU, (17)

where a is the radius of a volume-equivalent sphere, and ε0
is the electric permittivity in vacuum.

In the presence of a magnetic field, B⃗, a charged particle
moving with velocity v⃗ relative to the field is subject to the
Lorentz force

F⃗L = q(v⃗ × B⃗). (18)

Outside the immediate environment of the comet, the rele-
vant field is the interplanetary magnetic field (IMF), and the
velocity of the dust particle relative to this field can be ap-
proximated by the velocity of the solar wind (vSW=400-800
km/s radially outward from the Sun) that carries the mag-
netic field and is at least an order of magnitude faster than
typical heliocentric velocities of comets. Splitting the IMF
into a radial (Br), an azimuthal (Bϕ) and a normal compo-
nent (Bθ=0), Eq. 18 reduces to (Kramer et al. 2014)

FL = ±qvSWBϕ = qvSWBϕ,0
r0
rh

cosβhg, (19)

where βhg is the heliographic latitude, r0=1 au, and Bϕ,0=
3 nT is the azimuthal field strength at 1 au. Hence, the
Lorentz force decreases with heliocentric distance as 1/rh,
less steeply than solar gravity and radiation pressure. For a
given type of particle, the relative importance of the Lorentz
force will increase with heliocentric distance (Fig. 5).
Kramer et al. (2014) and Hui et al. (2019) reported that
including the Lorentz force in a model of the dust motion
significantly improved reproducing the orientation of the
dust tails of comets Hale-Bopp and C/2010 U3 (Boattini) at
heliocentric distances between 15 and 30 au.

Price et al. (2019) find that changes in the appearance
of striae in the tail of comet C/2006 P1 (McNaught) coin-
cided with the comet crossing the heliospheric current sheet
and infer that dust in the striae was charged and hence sub-
ject to the Lorentz force. Striae are linear features inside
a comet’s dust tail of unknown origin. They are only seen
in comets with very high production rate, typically dynami-
cally new comets. Alternative models of striae formation
favour processes of instantaneous disintegration of, e.g.,
highly non-spherical grains (Sekanina and Farrell 1980)

or of large boulders fragmenting under outgassing-induced
torques (Steckloff and Jacobson 2016, see also Section 2.3).

Fulle et al. (2015a) find that near the Rosetta space-
craft, fluffy dust particles of extremely low density may get
charged by secondary electrons from the spacecraft and dis-
integrate, leading to the detection of particle swarms by the
on-board dust instrument GIADA. In the vicinity of comet
67P, also charged water clusters smaller than 100 nm were
detected (Gombosi et al. 2015).

2.7. Electrostatic lofting

Charged dust lofting and transport have been proposed to
explain observations of airless bodies in the solar system,
such as the lunar horizon glow (Rennilson and Criswell
1974), the “spokes” in Saturn’s rings (Morfill et al. 1983),
and dust ponds formed on asteroid Eros (Colwell et al.
2005). There is little published work on the relevance of
this effect in the presence of outgassing (such as on an ac-
tive comet), but Nordheim et al. (2015) modeled the elec-
trostatic charging of the nucleus of comet 67P and showed
that charged dust grains with radii <50 nm may be elec-
trostatically ejected from the nucleus in situations of weak
activity. The electrostatic force on a particle is

FES = qE, (20)

where E is the local electric field strength. Details on the
particle charging equations are presented in Zimmerman
et al. (2016) and Wang et al. (2016).

We here summarize some aspects of dust charging on
non-cometary airless bodies: Dust on the lunar surface is
levitated due to electrostatic charge gradients resulting from
uneven solar illumination. Because on km-sized asteroids
gravity is much lower, dust can be electrostatically ejected
from such bodies (Lee 1996).

Recent asteroid missions have observed rocky surfaces
on asteroids Bennu and Ryugu, indicating a lack of regolith
(Jaumann et al. 2019; Lauretta et al. 2019). These obser-
vations and the particle ejection events observed on Bennu
may be partly caused by electrostatic dust lofting and es-
cape (Hartzell et al. 2022; Nichols and Scheeres 2022).

2.8. Inter-particle cohesion

Inter-molecular (e.g., Van der Waals) forces between the
surfaces of neighbouring particles or grains are held respon-
sible for the internal strength of dust aggregates, agglomer-
ates, chunks and surfaces. The precise form and magnitude
of these forces depends on the structure and composition of
the material, which are not well known.

For a lunar-type regolith surface with average grain size
a, Sánchez and Scheeres (2014) derive a strength of

Freg = CregC#ϕ/a, (21)

where Creg = 4.5× 10−3 Nm−1. C# is the number of
neighbouring particles that a given grain touches (the coor-
dination number), and ϕ is the volume filling factor of the

6



dust layer, i.e. the fraction of the volume that is filled by
matter.

For a model surface composed of agglomerates of aggre-
gates of dust grains, and using empirical relationships based
on laboratory measurements, Skorov and Blum (2012) de-
duce the following expression for the tensile strength of a
dust surface:

Fagg = Cagg ϕ

(
a

a0

)−2/3

, (22)

with Cagg = 1.6 Pa, and a0 = 1mm.
Eqs. 21 and 22 render values that differ by two orders of

magnitude at a=100 µm, which illustrates the sensitive de-
pendence on model assumptions and the lack of well con-
strained parameters.

2.9. Relative importance of forces

The relative importance of the various forces discussed
in Sections 2.1 – 2.8 depends mainly on the particle size
and the distances from the Sun and comet, but also on the
dust and gas properties. Figures 3 – 5 illustrate the key
dependencies.

Nucleus gravity is always several orders of magnitude
weaker than solar gravity, but since both the nucleus and the
dust are subject to the solar gravitational acceleration, the
relevant quantity with which to compare the nucleus gravi-
tational force is the tidal force. The nucleus distance where
tidal force and nucleus gravitational force balance is given
by the Hill radius.

The Poynting-Robertson effect and the Lorentz force are
weakest and therefore typically not considered in calcula-
tions of cometary dust dynamics. However, far from the
Sun, the Lorentz force on small particles can become com-
parable to radiation pressure.

If present, outgassing-induced “rocket” force tends to be
stronger than solar radiation pressure.

Inter-particle cohesion is the only force that decreases
with increasing particle size. With the parameters and in the
situations shown here, it surpasses all other forces, includ-
ing gas drag, for particles smaller than 100 µm, which raises
the currently unresolved question how such particles can be
lifted from the comet surface at all (see Section 3.1.3). Once
lifted, the cohesion within a given particle does not directly
affect its dynamics (unless the particle fragments). Hence
the cohesion is indicated by dashed lines in Figure 3, and
not shown in Figures 4 and 5.

Once lifted from the nucleus surface, the initially domi-
nant force on dust particles is gas drag (Eq. 8). It decreases
roughly quadratically with increasing nucleus distance, as
the gas dilutes, and at some distance (that depends on par-
ticle size and gas production rate), becomes weaker than
solar gravity. We refer to this near-surface regime as the
acceleration zone (Section 3.2) and to the dust velocity at
its upper boundary as the terminal velocity. Once the influ-
ences of nucleus gravity and gas drag have diminished, the
motion of the dust in the outer coma, tail and trail is largely

driven by solar gravity and radiation pressure, and by the
terminal velocity the dust acquired from the gas drag. In the
outer coma (Section 3.3), dust that was initially ejected to-
wards the Sun from the sunlit surface where water sublima-
tion is strongest, will reverse its direction of motion under
the influence of solar radiation pressure, such that eventu-
ally almost all dust is driven into the curved tail stretching in
the anti-solar direction and along the negative heliocentric
velocity vector of the comet, hence outside its orbit (Sec-
tion 3.4).

Generally, if particles contain sublimating ice, the forces
on them can implicitely be affected (and become time-
dependent) by their changing mass, cross section, and tem-
perature. The same applies for fragmentation, spin-changes
and changes of temperature.

Often, a maximum liftable grain size is derived from the
balance of gravity (Eq. 1) and gas pressure at the surface
(Eq. 8). We here formulate it more generally as minimum
liftable cross-section-to-mass ratio:[

σd

md

]
max

=
8πG

3CD

ρNRN

mgvgQg
, (23)

where Qg = ngvg is the surface gas production rate in
molecules per unit time and area. Inserting the values from
Table 1 and assuming spherical dust particles, the maximum
radius liftable by water vapour alone at 1 au is about 1 m.
Since gas production rates can be highly variable and hard
to measure on a local scale, the actual maximum liftable
grain size for a given situation is difficult to predict.

3. Dynamical regimes

3.1. Dust emission from the surface

Due to its low optical depth, the surface brightness of
dust in the cometary coma is nearly always lower than that
of the illuminated surface of the nucleus. With remote sens-
ing methods that measure scattered sunlight or thermal ra-
diation, dust can only be detected against the dark back-
grounds of empty space or shadowed surface. It is, there-
fore, not straightforward to identify the source regions of
dust on the surface, even when resolved images of the dust
coma obtained by cameras on spacecraft show a consider-
able fine structure near the limb (cf. Section 3.2.3). Inte-
grated gas production rates indicate that most comets emit
only a small fraction of the gas that would be expected from
a sublimating surface of pure ice. An exception to this
are the so-called hyperactive comets (e.g., 46P/Wirtanen,
103P/Hartley 2, A’Hearn et al. (2011)), in which the global
water production is higher than can be explained from pure
surface sublimation.

In the following, we describe some of the most common
methods used to constrain the distribution of activity across
a cometary surface and subsequently outline their findings.
A review of local manifestations of cometary activity can
be found in Vincent et al. (2019).
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TABLE 1
PARAMETERS AND VALUES USED TO GENERATE FIGURES 3 – 5.

Quantity Symbol Value

Nucleus radius Rn 2 km
Nucleus density ρn 500 kg m−3

Dust bulk density ρd 500 kg m−3

Drag coefficient CD 2
Global water production ratea QH2O(rh < 4au) 3×1028 molecules s−1 (rh/1au)

−4.5

QH2O(rh > 4au) 4×1034 molecules s−1 (rh/1au)
−15

Global CO2 production rateb QCO2(rh) 4×1025 molecules s−1 (rh/1au)
−2

Gas speed in coma vg 700 m s−1

Gas speed (from icy chunks) vth 500 m s−1

Dust speed as a function of radius, a,c vd(a) 300 m s−1
√

a/1µm
Ice fraction in dust fice 0.01
Radiation pressure coefficient Qpr 1
Dust potential U 5V
Solar wind speed vSW 600 km s−1

Azimuthal IMF strength at 1 au Bϕ,0 3 nT
Heliographic latitude βhg 0◦

Volume filling factor ϕ 0.5

aThe helioncentric distance dependence of the water production rate is discussed in Section 3.3.1.
Beyond 4 au we adopt an exponent of -15, which reasonably describes the water production rates
between 5 au and 6 au if calculated from the balance of input solar energy, thermal radiation and
sublimation cooling. At larger heliocentric distances, the water production rate drops even more
steeply, but anyway becomes negligible compared to more volatile species.

bThe CO2 production rate is here assumed to be proportional to the available solar energy which
scales with r−2

h if radiation cooling is neglected. The true behavior of gas production rates is far more
complex (e.g., Combi et al. 2020) and variable between comets.

cThe size dependence of the dust speed is analogous to Eq. 26 and Fig. 8.
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Fig. 3.— Forces acting on dust particles (Equations 1 – 3, 6, 8, 11, 13, 16 – 19, 22) as functions of particle size. The
parameter values used are listed in Table 1. The heliocentric distance is 1 au in both plots. The left panel is for a surface
distance of 1 km and displays the forces well inside the coma. The right panel refers to a surface distance of 998 km, where
dust has essentially decoupled from the nucleus gravity and gas drag. The rocket force is depicted by dashed lines for sizes
<1 cm to indicate that ice lifetimes in small particles are too short to influence the dust dynamics on observable timescales.
Cohesion is also represented by a dashed line to indicate that it has a meaningful effect mainly on the surface.
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Fig. 4.— Same as Fig. 3 for fixed particle sizes (left: 10µm, right: 1mm), 1 au from the Sun, and variable nucleocentric
distance. The Hill radius (where tidal force and nucleus gravitational force balance) is indicated by a vertical line.
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Fig. 5.— Same as Fig. 3 for fixed particle sizes (left: 10µm, right: 1mm), nucleocentric distance of 100 km (hence outside
the zone of acceleration by gas drag) and variable heliocentric distance. The gas drag force drops abruptly near 4 au, where
we assume a steep drop of the water production rate. For the same reason, we assume that rocket force from intrinsic
outgassing of water ice ceases near 4 au. Rocket force is again represented by a dashed line to indicate that both types of
particles are too small to retain ice on dynamically significant timescales if mixed with dust.
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3.1.1. Methods to locate activity sources

a) Inversion/triangulation. – If a bright filament was ob-
served at least twice from different perspectives (ideally
10◦-30◦ of sub-observer latitude/longitude, Vincent et al.
2016b), its three-dimensional orientation and source point
on the surface can be identified by triangulation: for each
image, the projected central line of the filament and the
camera position span a plane in three-dimensional space.
For two images, the intersection line of the two planes de-
scribes the filament axis in three dimensions, and the in-
tersection point of this axis with the nucleus surface (from
a shape model) represents the source location (Fig. 6).
If the filament was observed more than twice, all planes
should intersect in the same line within the accuracy lim-
its. This technique is called “direct inversion” by Vincent
et al. (2016b) and relies on the assumptions (1) that the
same coma structure can be identified in several images,
(2) that at least within a certain distance near the surface,
the filament can be described by a straight line, and (3) that
its three-dimensional orientation does not change during the
time covered by the observations.

Without making the first two assumptions, source loca-
tions can still be identified by “blind inversion” as long as
several images are available. In this approach, the intersec-
tion lines of the jet-observer planes with the nucleus surface
are calculated for each filament in each image. When com-
bining the surface intersection lines from the different im-
ages, lines corresponding to the same filament will intersect
in the same point on the surface within the achievable ac-
curacy. Hence the points having multiple intersections are
interpreted as the source points of filaments (Vincent et al.
2016b). In the presence of many filaments, the results can
also be a source density map rather than a map of individual
sources. At comet 67P, this inversion technique has been
used to trace the origins of both diurnally repeating coma
structures by e.g. Vincent et al. (2016b); Shi et al. (2016);
Lai et al. (2019) and of irregular events (“outbursts’) by Vin-
cent et al. (2016a). This technique has also been applied to
ground-based coma images (e.g., Farnham et al. 2007; Vin-
cent et al. 2010, 2013, see Section 3.2.3).

If the lower part of a filament is brighter than the back-
ground nucleus surface, the source points can also be iden-
tified directly (e.g., Agarwal et al. 2017; Fornasier et al.
2019b).

b) Backtracing of in situ data. – To constrain the dis-
tribution of gas or dust sources across the nucleus surface
from in situ measurements aboard a spacecraft, the mea-
sured dust or gas density is often used as a proxy for the ac-
tivity at the sub-spacecraft longitude and latitude at the time
of observation (e.g., Hoang et al. 2017, 2019; Della Corte
et al. 2015, 2016). The underlying assumption is that the
activity changes on timescales long compared to the trav-
eling time of the material from the surface to the detector,
and that this motion is radial. Since this assumption can-
not a priori be taken as justified, in particular for the more
slowly moving dust, some authors account for the travelling

time by including the near-surface acceleration zone when
linking the detection coordinates to the ejection point on the
surface (Longobardo et al. 2019, 2020). These approaches
help to understand broad regional and diurnal variations of
activity but do not generally provide the spatial resolution
to for example link coma material to specific landmarks on
the surface.

c) Forward modelling of the motion of dust embedded
in the gas flow. – The source regions of coma dust can be
constrained by forward modelling the motion of dust em-
bedded in the gas flow field and iteratively fitting the pre-
dicted dust distribution to measurements. Models of the gas
dynamics typically either follow a fluid dynamics approach
or use the Direct Simulation Monte Carlo (DSMC) method
to describe the motion of individual molecules (Marschall
et al. in this book). The comparison of the modelled dust
distribution to remote sensing observations requires addi-
tional assumptions about the light scattering and/or thermal
emission properties of the dust (Kolokolova et al. in this
book), and the projection of the three-dimensional dust dis-
tribution onto the image plane by line-of-sight integration.
One boundary condition of all coma models is the distri-
bution of gas and dust activity across the cometary surface,
which is why they are discussed in the present context. The
surface activity distribution needs to be defined such that
it enables an optimal reproduction of the data in question.
Generally, the obtained solution will not be unique, espe-
cially if only the local gas density is used to constrain the
models (Marschall et al. 2020a), but fitting the same model
to multiple data sets can reduce the degeneracy.

Forward modelling approaches have been used both to
describe temporally and spatially confined phenomema and
to understand the global distribution of activity. An ex-
ample of the former is the study of the influence of to-
pography, local time and illumination conditions on fila-
ment structures emanating from the terminator region in Shi
et al. (2018). Global models have for example been used
to fit data from the Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis (ROSINA), from the Optical, Spec-
troscopic, and Infrared Remote Imaging System (OSIRIS),
and from the Visible and Infrared Thermal Imaging Spec-
trometer (VIRTIS), and to combinations of such data sets
(for example Marschall et al. 2016, 2017; Fougere et al.
2016a,b; Zakharov et al. 2018a; Combi et al. 2020; Davids-
son et al. 2022).

Kramer et al. (2017) and Läuter et al. (2019, 2020) in-
stead follow an inverse modelling approach, in which the
gas emission from each surface element of the shape model
is a free parameter, the global distribution of gas in the
coma is calculated from the surface production rates, and
is probed by the measurements (as a function of space and
time) of the ROSINA instrument. The vector of the surface
emission rates is connected to the vector of measurements
through a matrix and is optimized in order to minimize the
deviation between model and measurements. The obtained
vector of surface production rates describes the geographi-
cal distribution of activity.
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Fig. 6.— Example of how the source region of a jet can be inferred from images obtained from at least two different
perspectives (left and center panels). Each of these two observations renders a plane that contains the line of sight, the jet
and its source. The right panel shows how the source region is identified as the point where the intersection line of the two
planes crosses the nucleus surface. Image credit: Ian Lai, A&A, 630, A17, p.3, 2019, reproduced with permission © ESO.

d) Torques and non-gravitational forces. – An additional
means of constraining the gas activity distribution across
the surface arises from the reaction force that the sublimat-
ing gas exerts on the nucleus, similar to a rocket engine.
The component of the force crossing the nucleus center of
mass leads to an acceleration of the heliocentric orbit, while
the component perpendicular to the rotation axis creates a
torque that changes the rotation speed and axis orientation.
For 67P, a first rough prediction of the change of spin rate
during the perihelion passage was made by Keller et al.
(2015), assuming the local activity to be driven by the illu-
mination conditions and energy balance only. Models aim-
ing to fit simultaneously the rotation state and heliocentric
orbit of 67P require a more complex distribution of surface
activity (Kramer et al. 2019; Kramer and Läuter 2019; At-
tree et al. 2019, 2023), but a single model to fit both con-
straints has not yet been identified. A highly asymmetric
outgassing has been invoked to explain a rapid decrease in
rotation rate of comet 41P/Tuttle-Giacobini-Kresák (Bode-
wits et al. 2018).

e) Surface changes. – At both comets 9P and 67P,
changes on the surface were seen when the same spot was
observed multiple times. In particular the Rosetta mission
with its two-year coverage of almost the entire surface of-
fered the possibility to study such changes. Surface changes
include cliff collapses, receding scarps, formation and ex-
tension of fractures and cavities, displacement of boulders,
changes in dust mantle thickness and the temporary appear-
ance of bright spots (Pajola et al. and Filacchione et al. in
this book). Some of these events, such as cliff collapses
and the new exposure of bright surfaces, have been asso-
ciated to transient dust emission with reasonable certainty
(Pajola et al. 2017a; Agarwal et al. 2017). For fractures
and cavities, models have been proposed that connect their
formation or deepening to the sudden emission of dust (e.g.,
Vincent et al. 2015; Skorov et al. 2016b), but observational
proof of these models has not yet been found. The connec-

tion of moving boulders and scarps and of changes in the
thickness of a local dust layer to the emission of dust re-
mains likely but also unproven (e.g., Thomas et al. 2013;
El-Maarry et al. 2017; Fornasier et al. 2019a).

3.1.2. “Regular” and “irregular” activity

The appearance of the dust coma and the pattern of fila-
ment structures changes with time during a rotation of the
comet, but quite accurately repeats with the diurnal cycle
(Vincent et al. 2016a). This, together with the observation
that most dust is emitted from the illuminated hemisphere
(Fink et al. 2016; Gerig et al. 2020) and that the dust emis-
sion follows the subsolar latitude on seasonal timescales
(Vincent et al. 2016b; Della Corte et al. 2016; Lai et al.
2019) indicates that direct solar irradiation is the prime
driver of the diurnally repeating (“regular”) activity.

Insolation is, however, not the only factor determining
the strength of local dust and gas activity, because models
assuming that a constant fraction of solar energy input is
consumed by water ice sublimation, and that the dust pro-
duction is proportional to the outgassing rate, fail to repro-
duce the in situ measurements of ROSINA, the brightness
pattern of coma dust (Marschall et al. 2016), and the non-
gravitational forces and torques (Attree et al. 2019; Kramer
et al. 2019). Various patterns of systematic activity en-
hancements have been proposed, such as enhanced activ-
ity from sinkholes (Vincent et al. 2015; Prialnik and Sierks
2017), cliffs (Vincent et al. 2016b; Marschall et al. 2017),
fractures (Höfner et al. 2017), and newly illuminated, frost-
covered surfaces near receding shadows (Prialnik et al.
2008; De Sanctis et al. 2015; Fornasier et al. 2016; Shi et al.
2018). For none of these location types their relative con-
tribution to the global activity has been firmly established.
Vincent et al. (2019) point out that generally, activity from
close-to vertical surfaces (having high gravitational slope,
i.e. a significant angle between the local surface normal and
the negative gravitational acceleration vector), avoids being
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quenched by a dust mantle, which is an unresolved obstacle
to explaining activity from surfaces with low gravitational
slopes.

It is further possible that the activity from “pristine” sur-
faces (cf. Pajola et al. in this book) differs from that origi-
nating from terrains that are covered in debris that fell back
from the coma. This fall-back material did not reach es-
cape speed when accelerated by the gas and re-impacted at
locations where the gas pressure was (at least seasonally)
suffiently low (Thomas et al. 2015; Pajola et al. 2017b).
Under conditions of higher seasonal irradiation, this mate-
rial can again be lifted. This effect has been evoked to ex-
plain the strong activity from the neck region Hapi on comet
67P during autumn 2014 that was reported e.g. by Lin et al.
(2015); Pajola et al. (2019); Combi et al. (2020). At this
time, the comet’s approach to the Sun near 3 au led to in-
creased sublimation of water ice, and Hapi, located at high
northern latitudes, was in local summer. A significant frac-
tion of the dust cover removed from Hapi during this epoch
was later re-supplied, during northern winter in 2015-2016
(Cambianica et al. 2020).

A large-scale trend of enhanced activity from above-
average bright and blueish surfaces has been attributed to
enrichment of these surfaces with water ice (Ciarniello
et al. 2015; Filacchione et al. 2016; Fornasier et al. 2016;
Filacchione et al. 2020). On a smaller scale, a direct link
between bright, water-ice rich spots on the surface (e.g.,
Pommerol et al. 2015; Barucci et al. 2016) and local ac-
tivity has not been established.

In addition to the diurnally repeating activity, many
comets show sudden, short-lived events of increased dust
emission that are often called “outbursts”. Such irregular
activity has been observed on a wide scale of magnitudes,
ranging from small, local-scale dust plumes (e.g., Agarwal
et al. 2017) to global events easily detectable with Earth-
based telescopes (e.g., Lin et al. 2009). The processes trig-
gering such events are not well understood, but a wide range
of models have been proposed, and the Deep Impact and
Rosetta missions have made it possible to study at which
locations small outbursts occur.

Comet 67P has shown irregular activity during the whole
comet-phase of the Rosetta mission, from April 2014
(Tubiana et al. 2015) to September 2016 (Altwegg et al.
2017). The vast majority of these events were not detected
from Earth, with the possible exception of one near peri-
helion (Boehnhardt et al. 2016). It has been suggested that
outbursts occurred mainly near morphological boundaries
and cliffs (Vincent et al. 2016a; Fornasier et al. 2019b), and
some were also observed near pits (Tenishev et al. 2016)
and circular features in the Imhotep region (Knollenberg
et al. 2016; Rinaldi et al. 2018; Agarwal et al. 2017). One
event has been directly linked to the break-off of a cliff face
(Pajola et al. 2017a). Temporal concentrations of outburst
events have been reported for early morning and local af-
ternoon (Vincent et al. 2016a), but outbursts have also been
observed from the deep nightside (Knollenberg et al. 2016;
Pajola et al. 2017a; Rinaldi et al. 2019).

The relative contribution of irregular events to the total
dust production rate is difficult to estimate, because it de-
pends both on a complete knowledge of their frequency and
on the amount of material emitted globally and by outburst
events. Estimates indicate that individual events contribute
no more than a few percent to the global dust production
(Tenishev et al. 2016; Lin et al. 2017), such that the major
part of the dust would be released by the diurnally repeating
activity.

3.1.3. Processes driving the dust lifting

Comets or their precursor planetesimals have resided for
several billion years in the cold outer solar system: the
Jupiter Family Comets in the Transneptunian disc at about
30K, and the Long Period and Dynamically New comets in
the, even colder, Oort Cloud at the limits of the Sun’s grav-
itational influence. When an object from one of these reser-
voirs enters on a trajectory through the region of the plan-
ets, the top layers of the surface get heated and begin to lose
their volatile ices such as initially CO, and N2 (Delsemme
1982; Läuter et al. 2019), then CO2, and, finally, beginning
at roughly 5 au from the Sun, H2O. Inside 3 au, water ice
sublimation likely becomes the dominant driver of activity,
but the more volatile ices like CO2 keep playing an impor-
tant role in activity (e.g., A’Hearn et al. 2011; Combi et al.
2020).

The energy input from solar radiation is partially re-
radiated to space and partially absorbed by the porous sur-
face material. The absorbed energy is conducted and radi-
ated to greater depths, where it can cause phase changes
in the ices and the release of gas. This gas percolates
through porous material, re-condenses on colder surfaces or
escapes eventually through the surface. Typically, there is
a positive radial temperature gradient: the upper layers are
warmer than below. During dusk or in shadowed regions,
the temperature gradient may be locally inverted leading to
re-condensation of water in the dust mantle. This frost can
help to start activity in the morning (De Sanctis et al. 2015;
Fornasier et al. 2016; Shi et al. 2018).

The global water production of most comets is much
lower than expected from freely sublimating ice surfaces.
This observation led Kuehrt and Keller (1994) to conclude
that the refractory component in the nucleus must be suf-
ficiently abundant to allow a refractory mantle, depleted
from volatiles, to form on the surface and quench activity
over wide areas. This model implies that the cohesive Van
der Waals forces stabilising the refractory material exceed
the gas pressure at the surface by many orders of magni-
tude, such that the detachment of dust particles from this
refractory matrix remains unexplained. Kuehrt and Keller
(1994) suggest that a heterogeneous surface composition
might lead to activity of a small fraction of the surface that
would have to be considerably enriched in ice.

Laboratory experiments, too, demonstrated that insola-
tion of a porous ice-dust mixture leads to sublimation of
the ice, and that part of the gas and dust leave the surface
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(Kölzer et al. 1995). The non-lifted part of the freed dust
builds up a porous dust mantle of about 10 Pa failure stress
(Grün et al. 1993) that eventually quenches the gas emis-
sion. This may be similar on a comet.

Recent estimates of the cohesive strength of cometary
material (a few Pa on metre-scales (Attree et al. 2018) to
kPa inside a dust aggregate (Hornung et al. 2016)) and
of laboratory analog materials (4-20 kPa, Gundlach et al.
2018) are indeed larger than the sublimation pressure of wa-
ter ice in the relevant temperature range (1 Pa at 210K and
10 kPa at 310K).

Gundlach et al. (2015) point out that overcoming co-
hesion becomes easier with growing size of the particles
constituting the cometary surface, and predict that the size
of ejected particles should grow with heliocentric distance.
But their given size ranges do not agree well with observed
cometary activity, and the model does not explain the activ-
ity of very distant comets such as C/2017 K2 that is thought
to have onset near the orbit of Neptune (Jewitt et al. 2021).

Recent models have tried to overcome the cohesion
problem by ascribing a hierarchichal structure to the sur-
face, where the material is organized in “pebbles” or aggre-
gates that in turn consist of refractory and optionally H2O
and CO2 ice particles (which in themselves may have a sub-
structure and be composed of “grains”). On the other hand,
the “pebbles” are clumped into “chunks” (Gundlach et al.
2020; Fulle et al. 2020). The ice content of the pebbles
would decrease with time and increase with depth. The
porosity of the architecture would prevent the formation of
an impenetrable dust mantle but increase sub-surface pres-
sure, while the small number of contact points between peb-
bles would facilitate to overcome their cohesion. Alterna-
tive or additional processes to counteract interparticle cohe-
sion could be related to thermal fracturing or electrostatic
charging (Jewitt et al. 2019a).

Reaching a consolidated understanding and consensus
on the processes involved in triggering and maintaining the
emission of dust from cometary surfaces remains one of
the open topics of the field, and is hampered by a lack of
constraining data. Laboratory experiments addressing these
questions are presented in Poch et al., and the interior struc-
ture of comets is discussed in Guilbert-Lepoutre et al., both
in this book.

3.2. Acceleration zone

The dust acceleration region in the general coma extends
from the nucleus surface to roughly ten nucleus radii. At
that distance molecule-dust collisions become rare and the
dust flow decouples from the gas (Fig. 1).

The brightness in the dust coma is often used as a proxy
for the density of dust. Indeed, when we have an optically
thin coma the reflectance, R, of dust in a given pixel at a
certain wavelength, λ, and at a certain scattering angle, Φ,

is

R(λ,Φ) =

∫ amax

amin

ncol(a)σd(a)qeff(a)
p(a, λ,Φ)

4π
da,

(24)
where the smallest and largest sizes are given by amin, and
amax, the dust column density along the line of sight is ncol,
and the geometric dust cross-section is σd. The scattering
efficiency, qeff , and phase function, p, depend on the mate-
rial properties of the dust. Eq. (24) illustrates that the bright-
ness of the dust cannot, in general, be taken as a proxy for
the dust density. There might be a dense part of the coma
with particles that have a very low scattering efficiency and
thus a low reflectance compared to an area with a smaller
number but highly efficiently scattering particles which ap-
pear bright.

To understand the structure of the dust coma in the accel-
eration zone, we will first discuss the radial outflow struc-
ture and then go into more detail about how 3D jet-like
structures become manifest in the acceleration region.

3.2.1. The extent of the acceleration region

To understand the radial structure of the dust coma let
us first consider a simplified coma where the dust is not
accelerated but rather flows out radially from the surface
with a constant speed. In this case, the local dust densities
decrease with the inverse square of the distance, r. This
is due to the fact that mass flux conservation (ndvdA =
const., where A is the surface area) through closed surfaces
around the nucleus is maintained. If one thinks of these
surfaces as spherical shells then their surface areas scale
with A ∼ r2. Because the speed, vd, is constant in this
example, the number density, nd, therefore needs to scale
with 1/r2 for the flux to be constant.

The dust brightness measured by a remote observer is
proportional to the column, not the local number, density.
We can use the above behavior and find that the column
density will scale as ncol ∼ 1/ρ, where ρ is now the pro-
jected distance to the nucleus in the image plane, rather than
r.

In other words, the column density, and by extension the
brightness, R, multiplied by ρ is constant for free radial
outflow of dust. This is also the basis for the commonly
used quantity Afρ (A’Hearn et al. 1984) which – in the case
of free radial outflow – is independent of where in the coma
it is being measured. The quantity Af stands for the product
of albedo and filling factor (optical depth), and is therefore
equivalent to R.

Here, being interested in the acceleration region, we
want to study deviations from a constant value of the prod-
uct Rρ. Deviation from a constant Rρ can be caused by
a multitude of processes. Sublimation and fragmentation
of particles can either in- or decrease Rρ with increasing
ρ depending on whether the resulting particles are more or
less efficient scatterers (Fig. 7). Deviations from a point
source nucleus will decrease Rρ, optical depth effects will
increase Rρ, and gravitationally bound particles can in-
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Fig. 7.— Schematic of how different processes alter the behavior of the product Rρ of dust coma reflectance, R, and
projected distance to nucleus center, ρ, as a function of the distance to the nucleus, r. Deviations from a point source and
non-radial flow (top left) will reduce Rρ on a length scale of ∼ 5Rn, where Rn is the nucleus radius. The sublimation of
particles (top center) will also reduce Rρ but the length scale of this effect will depend on the properties of the icy particles
(their ice content, size), their ejection speed and the heliocentric distance. The acceleration of particles (top right) will
decrease Rρ and converge to a constant on a length scale of ∼ 10Rn. Both fragmentation (bottom left) and optical depth
effects (bottom center) will increase Rρ. The scale on which these effects act depends on the details of the processes (i.e.,
the fragmentation rate). Finally, gravitationally bound particles (bottom right) will increase Rρ if they are on bound orbits
while decreasing it when on ballistic trajectories. The scale for these gravitational effects is the Hill sphere. The figure was
adapted from Gerig et al. (2018).
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crease or decrease Rρ depending on the type of orbit they
are on (Fig. 7). Thomas and Keller (1989) found that the
near-nucleus environment of comet 1P/Halley is dominated
by optical depth effects. They observed a behavior simi-
lar to that shown in the bottom center panel of Fig 7. Fi-
nally, the acceleration of particles will decrease Rρ (top
right panel of Fig. 7) because as the speed of the particles
increases, ndvd decreases more rapidly than with the 1/r2

profile described above for free radial outflow.
We can, therefore, use Rρ to determine at which point

the dust flow transitions from an accelerated to a free radial
outflow, corresponding to the outer edge of the acceleration
region. As this is an asymptotic process there is no hard
boundary. Theoretical calculations (Zakharov et al. 2018b)
showed the dust particles reach 90% of their terminal speed
at around six nucleus radii. We would therefore stipulate
that free radial outflow begins around ten nucleus radii.
This is in very good agreement with observations at and
numerical simulations for 67P, where Gerig et al. (2018)
found the transition to a constant Rρ at around eleven nu-
cleus radii. Finson and Probstein (1968) derived an upper
limit of 20 nucleus radii for the acceleration zone.

3.2.2. Terminal velocity and transition to the outer coma

As discussed in the previous section, the acceleration re-
gion extends to roughly 10 nucleus radii. This is the inter-
face to the part of the coma where the dust motion is con-
trolled by solar radiation pressure and gravity rather than
nucleus gravity and gas drag (Fig. 1).

For numerical simulations, these two force regimes re-
quire different algorithmic approaches, such that, in prac-
tice, the two parts of the coma are most often treated sepa-
rately. Strictly speaking, there is a transition region (Fig. 1)
where nucleus gravity still plays a role (the Hill sphere) and
large particles that do not reach escape speed will return to
the surface.

In any case, it is possible to define a surface – not nec-
essarily spherical – where the dust has reached terminal
speed and decouples from the gas. This surface is the up-
per boundary of the acceleration region and provides the
initial conditions to calculate the dust dynamics thereafter
(Sec. 3.3).

In situations where gas drag is the dominant cause of
acceleration and where vg ≫ vd, a simplified dependency
of the terminal speed, vej, on particle size, a, and global
gas number production rate, Qg, can be derived analytically.
For the given assumptions, Equation 8 simplifies to

v̇d ≈ CDmg

2

σd

md
ngv

2
g , (25)

where md is the dust particle mass. Multiplying with vd,
assuming purely radial motion with nucleus center distance
r, describing gas density as ng(r) = Qg/(4πr

2vg(r)), and
integrating from the surface (r=Rn,vd=0) to the decoupling
distance (r=rmax,vd=vej), yields

v2ej =
σd

md

Qg

4π
mg

∫ rmax

Rn

CDvg(r)

r2
dr. (26)

The quantities in the integral depend on the radial distri-
bution of the gas speed and on gas and dust temperatures
through CD. The terminal speed is proportional to the
square root of the cross-section-to-mass ratio, σd/md, and
equivalently to

√
β or – for size-independent density – to

a−1/2, and to the square root of the gas production rate,
Qg.

The left panel of Figure 8 shows the terminal dust speeds
as a function of dust size and gas production rate as obtained
by numerical simulations. When the dust is much slower
than the gas and the dynamics are dominated by gas drag
only then the dust speed scales with a−1/2 and Q

1/2
g , con-

sistent with Equation 26. Deviations from this behavior are
observed at very small and very large sizes. A small dust
particle accelerates to almost the gas speed and asymptot-
ically approaches it. The dynamics of large dust particles
is significantly influenced by the nucleus gravity and thus
their speeds are lower than predicted by Eq. 26. Above a
certain size, the dust does not reach escape speed and will
fall back to the surface. Even larger dust cannot be lifted.

The right panel of Fig. 8 shows the phase angle de-
pendency of the dust speed. In the numerical simulations
shown there is no night side activity. Nevertheless, the gas
flow and therefore also the dust flow is driven to the night
side. This lateral flow from the day to the night side ensures
that even in the absence of night side activity dust particles
reach significant speeds at large phase angles.

We would like to re-emphasize that speeds in Fig. 8 are
based on spherical dust particles with the same bulk density
as the nucleus of 67P. If particles are significantly fluffier or
rotating, their speeds can increase beyond the values shown
in Fig. 8.

Dust in locally confined gas sources will attain slower
speeds than if accelerated by a global gas field due to lateral
gas expansion in the plume, for similar gas production rates
per unit area (Jewitt et al. 2014).

3.2.3. Jets and other 3D structures in the acceleration re-
gion

Reducing the acceleration region to the radial expan-
sion would be overly simplified. Observations from comet
1P/Halley (e.g. Keller et al. 1987), to comet 103P/Hartley
2 (e.g. A’Hearn et al. 2011), and comet 67P (e.g. Lin et al.
2015) have shown intricate dust filament structures.

Whether or not these filaments, also referred to as ”jets”
(see longer discussion in Vincent et al. 2019), have clear
source regions on the surface is a critical question. Three
plausible mechanisms can result in the observed filaments:

1. jets with a clearly defined and confined gas and/or
dust source on the surface;

2. topographically sculpted filaments that are products
of the local topography shaping the dust emission
through self-shadowing and/or the underlying con-
vergence of the gas flow;

3. optical illusions, originating from a large area on the
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Fig. 8.— The left panel shows the maximum dust speed as a function of dust radius, and gas production rate. The right
panel shows the phase angle dependence of the dust speed. Both results shown have been calculated for comet 67P and
figures adaped from Marschall (2017). Speeds <2 m s−1 for larger-than-centimetre particles have also been reported from
103P/Hartley 2 by A’Hearn et al. (2011).

surface and appearing as narrow structures only from
specific viewing geometries.

The first mechanism encompasses outbursts or exposed
icy surfaces with enhanced activity compared to the back-
ground. Many outbursts have been spatially and temporally
resolved at e.g. 67P (e.g. Vincent et al. 2016a; Rinaldi et al.
2018). They are characterized by a sudden increase of the
dust emission, peaking after a few minutes, followed by a
smooth decrease of the emission to the pre-outburst level.
These events are among the few situations that can with
high certainty be characterized as ”jets” or ”plumes” in the
strictly physical sense (see also Vincent et al. 2019).

The second mechanism is related to the irregular topog-
raphy of the surface. Crifo et al. (2002) and Crifo et al.
(2004) have pointed out that dust structures in the coma do
not require sources on the surface. Non-spherical nucleus
shapes are sufficient to produce such features dynamically.
The uneven surface topography focuses the gas and hence
the dust flows, resulting in higher density regions within the
coma. More complex nucleus shapes can produce more in-
tricate structures in a total absence of localized sources. For
67P, this was illustrated in Marschall et al. (2016, 2017);
Marschall et al. (2019) and Fig. 9. This work would indi-
cate that the dust filaments observed in the coma of comet
67P do not have a source area in the traditional sense.

The third mechanism listed above is essentially a mirage.
A prime example is the big fan-like structure originating
from the northern neck of 67P. Shi et al. (2018) demon-
strated that this feature likely originates from a sublimating
frost front on the morning terminator deep in the neck of
67P. The out-flowing dust particles produce a kind of fan
that, seen from perpendicular to the plane of the fan, is in-
distinguishable from the surrounding coma. But with the
line of sight inside this plane, the dust column densities
in the projected fan are high in contrast to the surround-
ing coma. The resulting fine filament structure, however, is
partly an optical illusion rather than a “jet” in the physical

sense.
It appears that optical illusions and topographic sculpt-

ing are the rule rather than the exception to explain filament
structures in the near-nucleus environment (Shi et al. 2018;
Marschall et al. 2019; Vincent et al. 2019). The current
state-of-the art modeling suggests that no confined sources
of these features are required. Rather the much simpler as-
sumption of a mostly homogeneous surface, the topogra-
phy, and viewing geometry are sufficient to explain the fil-
amentary inner coma environment.

3.3. Outer coma

The outer dust coma begins outside the acceleration zone
and ends at the tail regime. These distances will vary by
grain parameters, but for most active comets with grain radii
≲ 1 mm the outer coma spans from nuclear distances of a
few nucleus radii to of order 104 km. The dominant forces
acting on the outer coma are nucleus gravity, solar gravity,
and radiation pressure. In the absence of grain fragmenta-
tion or outgassing, the fine-grained dust coma is typically
in a radial outflow. Thus, the grain number density varies
with r−2, which produces the canonical ρ−1 coma in tele-
scopic observations, where ρ is the projected distance to the
nucleus (Section 3.2.1). Within the Hill sphere, however,
large particles may be bound to and orbiting the nucleus.

3.3.1. Coma size-β-speed relationship

The size of the dust coma depends on the physical prop-
erties of the grains (size, mass, and optical properties), and
the ejection speeds imparted on the dust by gas pressure in
the inner coma, but also from fragmentation processes or
intrinsic outgassing, if relevant. In the simple case, solar
radiation pressure is the primary non-gravitational force ac-
celerating the dust grains. The acceleration is continuous,
so there is no trivial delineation between the coma and tail
regimes. One commonly adopted parameter is the appar-
ent turn-back distance, X , which is the distance at which a

16



grain ejected directly at the Sun will reach a speed of 0 in
the rest frame of the nucleus. It is derived by integrating
the equation of motion of a grain accounting for radiation
pressure, ejection speed, and projection onto the sky:

X =
v2ej sin θ

2ar
=

r2hv
2
ej sin θ

2GM⊙β
=

8πaρcr2hv
2
ej sin θ

3QprL⊙
, (27)

where vej is the terminal speed of the dust grain after
leaving the gas acceleration zone, ar is the acceleration
from radiation pressure (Fr/md; Eq. 13), θ is the phase
(Sun-comet-observer) angle, and β is defined by Eq. 15.
Equation 27 is relevant for heliocentric distances ≳ 4R⊙
(Lamy 1974). For isotropic expansion, the turn-back dis-
tance traces a paraboloid on the sky (Michel and Nishimura
1976).

Based on Eq. 27, we can estimate an order of magnitude
coma upper-limit size. For vej = 200 m s−1, a = 1 µm,
ρ = 500 kg m−3, and θ = 90◦ (i.e., no foreshortening due
to phase angle), X = 10, 000 km at 2 au from the Sun.

However, vej is a function of gas production rate and
dust properties. In Section 3.2.2, we showed that when the
dynamics are dominated by gas drag, dust terminal speeds
tend to scale with a−1/2 for spherical grains of constant
density. Under these assumptions, X is approximately in-
dependent of a, but scales with the constant that relates v2ej
to a−1, or alternatively with Qg.

The dependence of coma size on heliocentric distance
is mainly given by the factor r2hQg(rh), where there is no
strong consensus regarding the shape of Qg(rh). It is of-
ten approximated by a power law rkh at least in confined
intervals of rh. Calculating Qg from the balance of subli-
mation, thermal radiation and solar irradiation on a perpen-
dicularly illuminated water ice surface gives Qg ∝ r−2

h in-
side 1 au (where radiation cooling is negligible compared to
sublimation cooling). Beyond, the exponent, k, of a locally
fitted power law transitions smoothly to k = −4 at 4 au,
and becomes even steeper beyond. However, beyond 2 au,
the sublimation of more volatile species makes a relevant

Fig. 9.— Left panel: Stretched and cropped OSIRIS-WAC
image of the coma of comet 67P taken on 2015-05-05
06:28:54 UTC. Right panel: Modeled dust brightness from
Marschall et al. (2019) but the nucleus is not overexposed
as in the actual OSIRIS image.

contribution to the total gas production rate, flattening its
heliocentric profile. Observations suggest a much steeper
than r−2

h profile for water inside 3.5 au: for 67P, Hansen
et al. (2016) find k = −5.3 before and k = −7.1 after per-
ihelion, while Marshall et al. (2017) find k = −3.8 before
and k = −4.3 after perihelion. Generally, the exponent k
seems to be smaller than –2 in most situations, and hence,
coma size should rather grow with decreasing heliocentric
distance.

The dependency of X on rh is further – through vej –
affected by the dependency of vg on rh. Various approxi-
mations exist for vg(rh): vg ∼ r−0.5

h (Tseng et al. 2007),
vg ∼ r−0.4

h within rh = 7 au and vg ̸= vg(rh) beyond that
distance (Biver et al. 2002), while hydrodynamic model cal-
culations by Müller (1999) suggest weak dependence of vg
on rh.

Rather than deriving coma-size, Eq. 27 or related con-
siderations are often applied to the measured coma size in
order to estimate coma grain properties from assumptions
on velocity and/or acceleration. A few recent comets can
serve as examples of the variety of conclusions that can be
drawn for this analysis.

Jewitt et al. (2019a) measured a growth in the ρ−1 coma
size of comet C/2017 K2 (PanSTARRS), and use it to esti-
mate a timescale of activity. Combining the magnitude of
radiation pressure acceleration with this timescale, they es-
timate from the absence of a detectable tail that the optically
dominant dust grains must have β > 0.003. The paucity of
small grains in the coma suggested the influence of parti-
cle cohesion, which prevents their release and favours the
production of large particles (Gundlach et al. 2015).

Hsieh et al. (2004) estimated ejection speeds ≪ 45 m s−1,
based on the lack of a resolved coma in images of
133P/Elst-Pizarro and an assumption of small, β = 1 parti-
cles. Mueller et al. (2013) measured the growth of a narrow
dust feature in images of comet 103P/Hartley 2. They found
that the source was most likely active for ≈ 22 hr, longer
than the long-axis precession of the nucleus, which had
consequences on their derived source location for the fea-
ture. Finally, Kelley et al. (2013) studied point-sources in
the coma of comet 103P/Hartley 2, and with Eq. 27 con-
cluded that the dynamics of these ≳ 1-cm sized particles
were not governed by radiation pressure.

3.3.2. Large particles in the coma

Large particles or chunks of nucleus, i.e., centimeter-
sized and larger, may be ejected from the nucleus or in-
ner coma with very low speeds, and potentially placed into
sub-orbital trajectories. Under the influence of an addi-
tional force, the particles can be placed into bound orbits
around the nucleus. The force may arise from gas outflow
anisotropies in the inner coma, or from outgassing of the
large particles themselves.

Evidence for centimeter-sized and larger particles may
be found in cometary dust trails, meteor showers associ-
ated with comets, and in observations of comets at sub-
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millimeter to centimeter wavelengths, including radar. See
Ye et al. in this book for a review of cometary meteor show-
ers, and Harmon et al. (2004) for a review of radar obser-
vations of cometary comae. Dust trails are addressed in
Section 3.4.6.

Observations of individual particles in the coma, includ-
ing those in bound orbits, are a more recent phenomenon.
A’Hearn et al. (2011) presented images from the Deep Im-
pact spacecraft of the inner coma of comet 103P/Hartley 2
containing thousands of point sources within a few kilome-
ters from the nucleus. Such particles were not reported at
9P/Tempel 1. Depending on the light scattering properties
of the particles, they may be as large as meter-sized. The
presence of such large nuclear chunks is a potential solution
to the comet’s hyperactivity. The large chunks provide ad-
ditional sublimating surface area, which enhances the water
production rate of the comet (Kelley et al. 2013, 2015; Bel-
ton 2017).

Point sources were also seen by the Rosetta spacecraft
upon its approach to comet 67P/Churyumov-Gerasimenko.
Rotundi et al. (2015) estimated their sizes, assuming
nucleus-like properties, and found the largest to be meter-
sized. The particles are likely in bound orbits, and remnants
from the comet’s last perihelion passage. Particles seemed
to fill the Hill sphere at the time of the observations (radius
318 km at 3.6 au from the Sun).

Outgassing of the large particles seems to be an impor-
tant dynamical process, at least for those that are freshly
ejected from the nucleus. Kelley et al. (2013) showed
that comet 103P/Hartley 2 had an asymmetry in its near-
nucleus (≲ 10 km) population of large particles, and con-
cluded that acceleration by outgassing best accounted for
their distribution and their speeds as measured by Herma-
lyn et al. (2013). These particles were also likely responsi-
ble for Hartley 2’s OH-tail observed by Knight and Schle-
icher (2013) and the tailward enhanced rotational tempera-
ture seen by Bonev et al. (2013).

Agarwal et al. (2016) observed the acceleration of
decimeter-sized particles in the vicinity of the nucleus of
comet 67P/Churyumov-Gerasimenko. The acceleration
was not strictly in the anti-sunward direction. They con-
cluded that acceleration from outgassing and the ambient
coma were the processes most likely to be responsible for
the observed motions.

On larger spatial scales, particle outgassing may be less
important. Reach et al. (2009) argued that on the ba-
sis of the width of the trail of comet 73P/Schwassmann-
Wachmann 3, trail particles < 10 cm in radius are either
ice-free after ejection from the nucleus, or are quickly de-
volatilized.

A fraction of the particles or chunks in the centimetre-to-
decimetre size class fall back to the surface where they form
smooth layers of fallback material that was observed to
cover wide regions of comet 67P. Marschall et al. (2020b)
estimate that between 11% and 22% of the debris mass ini-
tially lifted off the surface falls back. The fallback ma-
terial likely still contains substantial amounts of water ice

(Davidsson et al. 2021).

3.3.3. Connecting spacecraft and remote observations of
comae

If the regular dust structures in the acceleration region
do not have local sources in the canonical sense (Sec-
tion 3.2.3) the question arises whether structures observed
in the outer coma can be traced back to the surface or not.
Generally, from telescope images of outer coma jet features
alone, the physical processes causing these features cannot
be inferred. But telescopic images have been used to infer
the properties of cometary nuclei, including rotational state
and number and distribution of active areas (Vincent et al.
2019). These results often rely on the presence of distinct
jet-like features in the data.

It has been demonstrated that one can reliably trace large
scale dust coma structures back to a virtual surface that
would be the outer edge of the acceleration zone. It seems
possible to expand this inversion down to the nucleus sur-
face at the cost of increased spatial uncertainty on the source
location, if assuming that the emission is on average per-
pendicular to the surface and that the emission vector mea-
sured at the edge of the acceleration zone is essentially a
weighted average of all contributions. From a purely ge-
ometrical point of view, the angle between the measured
emission vector and the nucleus north pole defines the ef-
fective co-latitude of the source on the surface (accounting
for large scale topography). This technique was success-
fully applied by Vincent et al. (2010, 2013) and Farnham
et al. (2007, 2013) to infer the location of specific sources
on the surfaces of comets 9P, 103P, and 67P from ground-
based observations alone. The inverted source locations
were confirmed by in-situ measurements from Deep Impact
and Rosetta.

Hence, the connection between dust coma morphology
in ground-based observations may be further investigated
when in situ spacecraft observations are available for com-
parisons.

A rich set of dust features was observed in the coma of
comet Halley during its 1986 perihelion passage, including
shells, arcs, and nearly linear features, which were also ob-
served in previous apparitions (Larson et al. 1987). Sekan-
ina and Larson (1986) interpreted the nearly linear fea-
tures in ground-based images as repeated discrete ejection
events, due to their alignment with dust synchrones. Im-
ages of the comet from the Giotto spacecraft (Keller et al.
1987) show regions of strong activity from small, approx-
imately kilometer-sized regions (nucleus dimensions are
7 × 7 × 15 km; Merenyl et al. 1990). The model of Bel-
ton et al. (1991), with 5 localized active areas on a nucleus
with an excited spin state, successfully combined coma fea-
tures seen in ground-based data with the inner-coma jets
observed by the Giotto and Vega spacecraft.

The next inner coma and nucleus to be imaged by space-
craft was comet 19P/Borrelly. The comet has a prominent
asymmetry due to a jet-like feature in ground-based data
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(Farnham and Cochran 2002). This feature is not aligned
with the sunward or expected dust tail directions, indicat-
ing it is produced by directed emission rather than radiation
pressure effects. Deep Space 1 images show that this jet-
like feature is due to topography (Soderblom et al. 2004).
This long bi-lobed nucleus has a rotational axis perpendic-
ular to the long axis of the nucleus, and the telescopically
observed jet is due to dust released from its long flat po-
lar region. A similar effect was seen from the flat southern
polar region of 9P/Tempel 1 Farnham et al. (2007).

The inner coma of 81P/Wild 2, imaged by the Stardust
spacecraft, presented many jet-like features and filaments
(Sekanina et al. 2004). Ground-based images have shown
two prominent dust coma asymmetries: (1) a broad fan di-
rected to the north of the orbital plane, mainly active pre-
perihelion; and, (2) a narrow jet-like feature, directed more
sunward and to the south of the orbital plane, mainly active
post-perihelion (Sekanina 2003). The Stardust flyby was 98
days after perihelion, and source (1) was not active at the
time. Source (2) should have been active, but Farnham and
Schleicher (2005) could not single out any of the Stardust-
observed filaments as candidates for its source. They con-
cluded that source (2) might have been temporarily inactive
due to the diurnal rotation of the nucleus, or is the result of
a combination of several filaments. This highlights one of
the potential issues with remotely-observed dust features.
As compared to gas, dust coma expansion speeds tend to be
low, ≲ 100 m s−1, and a broad range of ejection velocities
may be imparted on the grains (e.g., Fig. 8). Thus material
propagating outward from an active source on a rotating nu-
cleus might trace out an arc or partial spiral for a unimodal
speed distribution, but would be less pronounced, blurred,
or lost altogether for a broad speed distribution (e.g., Sama-
rasinha 2000).

In addition to the broad southern feature discussed
above, enhanced ground-based images of comet 9P/Tempel
1 show other dust coma features (e.g., Lara et al. 2006).
Vasundhara (2009) used a spherical nucleus model and
ground-based and Deep Impact data to derive four effec-
tive dust sources at the nucleus. Vincent et al. (2010) used
a nucleus shape model based on Deep Impact flyby data
to determine source locations for the features, finding six
active regions in total with some compatibility with the
Vasundhara (2009) results.

Deep Impact spacecraft data of comet 103P/Hartley 2
show a strong active area located on the small end of this
bi-lobed nucleus (A’Hearn et al. 2011). Dust coma features
in ground-based data were observed, e.g., by Mueller et al.
(2013) and Lin et al. (2013). However, the nucleus is in an
excited rotation state, which complicates connecting coma
features seen remotely to the inner-coma features and the
nucleus seen by Deep Impact. Regardless, Mueller et al.
(2013) did compare images taken contemporaneously to the
Deep Impact spacecraft’s closest approach to the comet, and
proposed that two secondary features in the coma originated
from active areas found along the long axis of the nucleus
and near the solar terminator at the time of the Deep Impact

flyby.
In contrast with all previous cometary spacecraft mis-

sions, the Rosetta mission enabled a much broader compar-
ison to ground-based data, owing to its long (∼2 yr) res-
idence near the nucleus. Furthermore, the comet’s appar-
ent orbit-to-orbit stability in terms of activity (Snodgrass
et al. 2017) enables comparisons beyond the 2015/2016 ap-
parition. Vincent et al. (2013) studied the morphology of
ground-based images of the dust coma in the 2003 and 2009
apparitions, and derived a pole orientation and the planeto-
centric locations of three active areas. Furthermore, Knight
et al. (2017) found good agreement with their dust coma ob-
servations and the predictions of Vincent et al. (2013). They
indicated one active area was the Hapi region (the “neck”
of the bi-lobed nucleus), but concluded the other two were
less obvious, with one possibly connected to the southern
region, and the other to Imhotep (a flat smooth region on
the largest lobe).

3.3.4. Dust size distributions

The size or mass distribution of dust describes the rel-
ative abundance of particles of different sizes or masses,
and is usually approximated by power-laws for defined size
(mass) intervals, which includes “broken” power-laws that
have different exponents for different size (mass) ranges.
The employed power-laws describe either the differential or
the cumulative distributions. The conversion between their
respective exponents, and between size and mass distribu-
tions is given by the rules of differential calculus. For such
conversions, usually the assumptions of size-independent
bulk density and spherical particle shape are made (e.g.,
Agarwal et al. 2007).

The exponent of the power-law determines whether the
largest or smallest particles in the concerned interval dom-
inate the mass and scattering cross-section of the particle
ensemble. This exponent cannot only change with size, but
also with a comet’s position relative to perihelion (Fulle
et al. 2010, 2016; Merouane et al. 2017). Different mea-
surements, being sensitive to different types of particles,
can yield different exponents as well (e.g., Blum et al.
2017; Rinaldi et al. 2017).

The size distribution of dust observed in the tail or outer
coma will not generally correspond to size distribution of
dust lifted from the surface (due to back-falling or orbiting
particles), and even less to that of material resting on the
surface (e.g., due to particles not liftable, Eq. 23) or inside
the deep interior. The size distribution of escaping dust may
further be affected by fragmentation and sublimation of a
potential volatile component.

The dust size distribution in a comet may carry informa-
tion about its building blocks and formation process, pro-
vided that any post-formation changes to that distribution
are understood and accounted for.

The unknown fraction of fall-back material also com-
plicates attempts to infer the refractory-to-ice ratio in a
cometary interior, even when the masses of the escaping
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dust and gas are known, as – at least integrated over a whole
perihelion passage – is the case for comet 67P (Choukroun
et al. 2020).

It is possible that the dust size distribution, and espe-
cially the particle size containing most of the light scatter-
ing cross-section, varies between comets. For some promi-
nent, bright, long-period comets, the particles dominat-
ing the interaction with light could be micron-sized. As-
sumed indicators of this are the presence of a strong sil-
icate emission feature at wavelengths near 10 µm and a
high maximum degree of linear polarisation of the scattered
light (Kolokolova et al. 2004), although similar characteris-
tics are also expected from aggregates of (sub-)micrometer
grains. Fulle (2004) reports particularly a dominance of
micron-sized particles in the scattering cross-section of
long period comets Hyakutake and Hale-Bopp, but also
in the active Centaur Chiron. Dust instruments flying by
comet 1P/Halley detected micron-sized dust with a size
distribution that makes it the optically dominant compo-
nent of Halley’s dust (McDonnell et al. 1989). Also at
comets 81P/Wild 2 (Green et al. 2004) and 9P/Tempel 1
(Economou et al. 2013) micron-sized dust was detected by
in situ instruments during flybys. Micron-sized particles
were also among those returned from comet Wild 2 to Earth
by the Stardust spacecraft (Brownlee 2014).

In other comets, and measured with other methods, the
main scattering cross-section seems to rather be in (sub-
)millimeter-sized grains. One indicator is the absence of
a prominent radiation-pressure swept tail in distant comets
C/2014 B1 (Jewitt et al. 2019b), C/2017 K2 (Jewitt et al.
2019a) and the interstellar comet 2I/Borisov (Kim et al.
2020). Reach et al. (2007) investigated thermal infrared
emission from the debris trails of some 30, mainly Jupiter-
family comets and found that in most of them, the amount
of millimeter-sized dust required to explain the bright-
ness of the trails was also sufficient to explain the scat-
tering cross-section in the coma, such that not much scat-
tering should have been contributed by potential additional
micron-sized particles in the coma.

3.4. Tail, trail and dispersion into the zodiacal cloud

3.4.1. Key parameters

The tail regime begins outside the Hill sphere (Fig. 1).
The trajectory of a dust particle in the tail region and be-
yond is determined by the particle size (through the radia-
tion pressure parameter β according to Equation 15) and the
ejection terminal velocity vej (Finson and Probstein 1968).

Most dynamical models use a simplified treatment of
comet dust assuming Qpr = 1. A more detailed treatment
dependent on dust mineralogies and structures (compact or
fluffy) is discussed in Kolokolova et al. in this volume.

The generally applicable form for particle ejection by
gas drag is given by (Whipple 1950, see also Section 3.2.2):

vej ∝ β1/2. (28)

After a cometary dust particle has been ejected from

Fig. 10.— Synchrone-syndyne network for Comet C/2011
L4 (PANSTARRS) on 2013 March 21. The short near-
vertical lines are trailed background stars. Image Credit:
L. Comolli - Model Overlay: M. Fulle.
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a nucleus and left the dust-gas coupling region (Fig. 1),
its motion is mainly controlled by solar gravity and radi-
ation pressure. The size distribution of cometary dust has
been inferred from both remote sensing images and in situ
data. In general, it is assumed that the distribution of par-
ticle radii can be approximated by a power law so that the
number of particles with radii ranging from a to a + da is
n(a)da = Γa−αda. Table (2) provides a summary of α
values reported in recent literature. The mean α values in
Table (2) is α = 3.7±0.2 and the median is α ∼ 3.4. Many
comets in the past were characterized by α = 3.5, typical of
particles in collisional equilibrium (Dohnanyi 1969).

3.4.2. General landscape of a dust tail

Assuming that vej = 0, the loci of particles of a given β
and different ejection times are defined as a syndyne curve
(Finson and Probstein 1968), and the loci of particles with
different β but the same ejection time are defined as a syn-
chrone curve. A specific example of a synchrone-syndyne
network is shown in Figure 10. An online tool is avail-
able for generating synchrone-syndyne diagrams (Vincent
2014)1. This two-dimensional model is used for simple
analysis of comet tail morphology and has been employed
to determine the β range and ejection times of dust, includ-
ing by sporadic emission events. In reality, vej is not zero.
This leads to an expansion of the syndynamic tube whose
width is given by the dust ejection velocity. Fulle (2004)
pointed out that syndyne analyses tend to yield misleading
β values, and thus, a three-dimensional dynamical model is
needed to consider non-zero ejection velocities.

Cometary dust tails, especially when dust sizes are
small, can strongly interact with the solar wind, includ-
ing the disruption or disconnection of the tail (e.g., Jones
et al. 2018, and Section 2.6).

3.4.3. Tail dynamical modeling

Tail dynamical modeling is a useful technique to explore
the properties and ejection processes of cometary dust,
which are frequently underconstrained by observations.
Several authors have developed various three-dimensional
dynamical models to match the observed images (e.g., Fulle
1989; Lisse et al. 1998; Reach et al. 2000; Ishiguro et al.
2007; Moreno 2009). The description of the underlying
theory in Fulle (2004) is still valid. We here present a sim-
plified model as a guide. For simplicity, we do not consider
the heliocentric distance dependence on the ejection ve-
locity and the dust production rate. The ejection terminal
velocity of dust particles is given by

vej = V0β
1/2, (29)

where V0 is the mean ejection speed of particles with β = 1.
Particles are assumed to be released from the sunlit hemi-
sphere of the nucleus. Assuming that the particle size fol-

1https://comet-toolbox.com/FP.html

lows a simple power-law with an index α, the dust produc-
tion rate for a given size and time can be expressed as

N(aµm, t) da = N0a
−α
µmda, (30)

in the size range of amin ≤ aµm ≤ amax. The mean dust
production rate of 1 µm particles, N0, can be determined by
comparison with the calibrated images. Model images are
generated using Monte Carlo simulations by either solving
Kepler’s equations or using N-body integrators that include
solar gravity and radiation pressure, substituting the gravi-
tational constant G by G(1 − β) (Chambers 1999; Ye and
Hui 2014). The cross-sectional area of dust particles in the
CCD pixel coordinate system by integrating over time and
particle size is given by

C(x, y) =

∫ t1

t0

∫ amax

amin

Ncal(aµm, t, x, y)πa2µmdaµmdt,

(31)
where Ncal(aµm, t, x, y) is the number of particles pro-
jected within a pixel of the CCD image. The modeled im-
age is convolved with a Gaussian function whose FWHM
equals the FWHM of the seeing disc or pointspread function
of the telescope image as applicable, and the resulting im-
age is compared with the observed image to find a range of
possible parameters and infer the underlying ejection pro-
cess.

3.4.4. Comparison between different types of comets

There has been extensive modeling of dust emissions
from different types of comets, such as Jupiter-family
comets, long-period comets, main-belt comets, and inter-
stellar objects. As in the outer coma regime (Section 3.3),
the main scattering cross-section in the tail regime seems to
be in sub-millimeter and larger particles, which were the re-
sult of continuous emission that occurred several months to
years prior to the observations. Below is a brief summary of
the comparison of size, velocity and dust production rates.

Main-belt Comets: Main-belt comets are objects that
show recurrent mass loss near perihelion yet orbit in the
main asteroid belt and may be tracers of ice in the inner
solar system (see Jewitt & Hsieh in this volume). Their
emission characteristics appear as continuous emission of
(sub-)millimeter-sized grains at <1 m s−1 speeds (similar
to the nuclear escape speed) over weeks to months, with
low dust production rates at <1 kg s−1. Similar model
parameters were found for several main-belt comets, in-
dicating that these objects share similar properties of the
ejected dust (Hsieh et al. 2009; Moreno et al. 2011; Jewitt
et al. 2019c; Kim et al. 2022b,a).

Jupiter-family Comets: Jupiter-family comets typi-
cally emit sub-millimeter or larger particles at speeds ap-
proximately several tens of m s−1 (slightly lower than the
classical Whipple (1950) model but still higher than that
of main-belt comets) and dust production rates higher than

21

https://comet-toolbox.com/FP.html


a few hundred kg s−1 near perihelion, although there are
variations between individual objects (Ishiguro et al. 2007;
Kelley et al. 2008; Moreno 2009; Agarwal et al. 2010).

Long-period Comets: Long-period comets show a
more diverse distribution of dust parameters than short-
period comets. The scattering cross-sectional areas of sev-
eral long-period cometary comae are dominated by micron-
sized particles (Fulle 2004; Lisse et al. 1998). However,
recently observed distant comets show the absence of small
particles, and their coma and tails are composed only of
particles larger than a millimeter (Jewitt et al. 2019a,b).
Dust speed and dust production rates as function of particle
size also show large variance.

Interstellar Comets: An accurate determination of
the orbit of 1I/‘Oumuamua revealed the existence of non-
gravitational acceleration, for which the most straightfor-
ward explanation would be comet-like outgassing (Micheli
et al. 2018). However, the outgassing required to supply the
non-gravitational acceleration was predicted to be accom-
panied by a visible dust or gas coma, while ‘Oumuamua
was always observed as point-like. The morphology of
2I/Borisov is best reproduced by dust dynamical models if
the coma is dominated by sub-millimeter and larger parti-
cles, emitted at ≲9 m s−1 speeds, with total dust production
rates estimated from imaging data ∼35 kg s−1 (Kim et al.
2020; Cremonese et al. 2020).

3.4.5. Neckline

The neckline is a substructure detected in dust tails on
rare occasions and caused by dynamical effects (Kimura
and Liu 1977). A neckline consists of large particles emit-
ted at a true anomaly of 180◦ before the observation (cf.
Fig. 11) that were emitted with a non-zero velocity compo-
nent perpendicular to the parent body’s orbital plane. Their
large sizes imply low β and low ejection speeds. Hence
their orbits will overall be similar to that of the parent
comet, but inclined with respect to it due to the non-zero
perpendicular velocity component. After initially dispers-
ing in the perpendicular direction, particles ejected at a
given time will re-assemble in the orbital plane of the comet
after 180◦ of true anomaly, and be observable as a thin,
bright line of dust. Using neckline photometry and Monte
Carlo models, it is possible to determine if there were sig-
nificant dust emissions at any given time. Fulle et al. (2004)
identified comet 67P/Churyumov-Gerasimenko to have a
neck-line structure and concluded that the comet has sig-
nificant dust production at 3.6 au pre-perihelion. Taking
advantage of the neck-line effect, Ishiguro et al. (2016) suc-
ceeded in detecting the debris cloud ejected from the 2007
outburst of comet 17P/Holmes.

3.4.6. Trails and dispersion into the zodiacal cloud

Comet debris trails consist of large particles that weakly
interact with solar radiation pressure. They were first ob-

served by the Infrared Astronomical Satellite (IRAS) (Sykes
et al. 1986), and subsequently in both visible and infrared
light (Ishiguro et al. 2002; Reach et al. 2007; Sykes et al.
2004; Arendt 2014). Trails that intersect the Earth’s orbit
are observed as meteor showers. As of 2022 January, there
are 44 known comets with remotely observed debris trails
whose details are available at the website2 and 24 known
comets with dust trails implied by meteor showers (Ye et
al., this volume). Recent models of cometary meteoroid
streams show that comet trails can also be observed by in
situ dust detectors (e.g., Krüger et al. 2020).

Comet debris trails contribute a significant input to the
interplanetary dust particle (IDP) cloud complex (Sykes
et al. 2004; Reach et al. 2007). Dikarev et al. (2004)
and Soja et al. (2019) quantified that the interplanetary
dust cloud at 1 au is sustained mainly by Jupiter-family
comets (∼90%), with additional contributions by asteroids
(∼10%), and Halley-type comets (<1%). Nesvorný et al.
(2010) connected the vertical brightness profile of the ob-
served mid-infrared zodiacal light with that of a numer-
ical model, suggesting that ∼90% of the zodiacal cloud
emission came from comets. Yang and Ishiguro (2015)
reached similar conclusions by comparing the observed op-
tical properties of zodiacal light (i.e., albedo and optical
spectral gradients) with those of other types of small bodies
in the solar system. In contrast, a non-negligible fraction
of asteroid particles in the IDP cloud is proposed by Ipatov
et al. (2008) and Kawara et al. (2017).

4. Future perspectives

In this chapter, we have attempted to describe our cur-
rent understanding of how dust is released from a cometary
surface and transported to interplanetary space. The vast
amount of data returned by spacecraft missions and mod-
ern telescopes over the past 20 years, since the publication
of the “Comets II” book, has shed light on the complexity
of this process and left us with a number of open questions
that we outline in the following.

One question relates to how activity works at the surface
level, that is, how dust and ice are mixed in the cometary
nucleus, and which processes lead to the lifting of dust par-
ticles, overcoming cohesive forces (Section 3.1.3). We need
a theoretical description of this process that is not in con-
flict with the observation that activity exists also and in par-
ticular far from the Sun. In our view, current theoretical
efforts are limited by the quality of data that we have to
constrain them. To characterize the surface composition,
texture and structure, highly resolved remote sensing data
would be needed, especially at mid-infrared wavelengths,
where the maximum of thermal emission in the inner solar
system occurs, and in polarized light. In situ analyses of the
surface from a landed laboratory would also greatly help to
understand the physical and chemical properties of the sur-
face, and finally, experiments with analog materials in an

2(https://www.astro.umd.edu/˜msk/science/trails)
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Fig. 11.— Subaru telescope Hyper Suprime-Cam (HSC) image of comet 67P/Churyumov-Gerasimenko (UT 2016 March
8). The trail (parallel to the horizontal axis) and the neckline structure are projected to different sky position angles. Image
courtesy by F. Moreno, original version published as Moreno et al. (2017).

TABLE 2
SIZE DISTRIBUTION INDICESa

Comet Methodb Radii (µm) Index, α Reference

1P/Halley In-Situ >20 3.5±0.2 Fulle et al. (1995)
2P/Encke Optical > 1 3.2 to 3.6 Sarugaku et al. (2015)
22P/Kopff Optical > 1 3.1 Moreno et al. (2012)
26P/Grigg-Skjellerup Optical > 60 3.3 Fulle et al. (1993)
67P/Churyumov-Gerasimenko (coma) In-Situ > 0.01 3.7+0.7

−0.1 Marschall et al. (2020b)
67P/Churyumov-Gerasimenko (trail) Optical > 100 4.1 Agarwal et al. (2010)
81P/Wild Optical > 1 3.45±0.1 Pozuelos et al. (2014)
103P/Hartley In-Situ > 104 4.7 to 6.6 Kelley et al. (2013)
103P/Hartley Optical > 1 3.35±0.1 Pozuelos et al. (2014)
209P/LINEAR Optical > 1 3.25±0.1 Ishiguro et al. (2015)

aDifferential power-law size distribution index, α. Table adapted from Jewitt et al. (2021).

bIn-Situ: direct measurements from spacecraft in the coma. Optical: determination by fitting tail
isophotes in remote sensing data.
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Earth- or space-station based laboratory can provide good
constraints as well (see Poch et al. in this book).

The second question addresses the extent to which re-
sults obtained from spacecraft missions can be generalized
to the wider comet population. On the one hand, this can
be addressed by comparing results from the different mis-
sions we have had until now, searching for similarities, dif-
ferences and repeating patterns. Since space missions are
costly, the major bridge to the comet population in gen-
eral will, however, be achieved through telescope observa-
tions. To link telescope observations and space missions,
we need to understand which properties of the early, near
nucleus dust dynamics are still reflected in the outer coma
and tail and hence accessible to telescopes. Indications are
that much information on the details of the activity distri-
bution is lost in the outer coma (Crifo and Rodionov 1997;
Fulle 2004), but remote telescope observations do reveal
brightness variations in the outer coma that have not yet
been linked to features in the inner coma (Knight et al.
2017). A possibility to establish and investigate this con-
nection would be through dedicated modelling of the in-
terface between inner coma and tail for those comets that
have been visited by spacecraft. Modelling-wise, these two
regions are typically treated separately according to the pre-
vailing forces (gas drag vs. radiation pressure), but see Sec-
tion 3.3.3 for examples of connecting spacecraft and tele-
scope observations of cometary comae.

A third complex of open questions concerns how dust
evolves in its physical properties while it travels away
from the nucleus. Potentially relevant processes include
outgassing of embedded ice (affecting both dynamics and
physical properties) and fragmentation, possibly induced
by outgassing and/or fast rotation, and leading to a change
in the dust size distribution. Data do not yet give clear
evidence for or against any of these processes. High-
resolution ground-based observations using complementary
techniques such as visible light and thermal infrared spec-
troscopy and polarimetry could provide stronger constraints
on the dust evolution at least in the outer coma.
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Läuter M., Kramer T., Rubin M. et al. (2020) The gas production
of 14 species from comet 67P/Churyumov-Gerasimenko based
on DFMS/COPS data from 2014 to 2016, MNRAS, 498, 3995–
4004.

Lee P. (1996) Dust Levitation on Asteroids, Icarus, 124, 181–194.
Levasseur-Regourd A.-C., Agarwal J., Cottin H. et al. (2018)

Cometary Dust, Space Sci. Rev., 214, 64.
Li J.-Y., Kelley M. S. P., Samarasinha N. H. et al. (2017) The

Unusual Apparition of Comet 252P/2000 G1 (LINEAR) and
Comparison with Comet P/2016 BA14 (PanSTARRS), Astron.
J., 154, 136.

Lin Z. Y., Ip W. H., Lai I. L. et al. (2015) Morphology and dynam-
ics of the jets of comet 67P/Churyumov-Gerasimenko: Early-
phase development, A&A, 583, A11.

Lin Z.-Y., Knollenberg J., Vincent J. B. et al. (2017) Investigating
the physical properties of outbursts on comet 67P/Churyumov-
Gerasimenko, MNRAS, 469, S731–S740.

Lin Z. Y., Lara L. M., and Ip W. H. (2013) Long-term Monitoring
of Comet 103P/Hartley 2, Astron. J., 146, 4.

Lin Z.-Y., Lin C.-S., Ip W.-H. et al. (2009) The Outburst of Comet
17p/Holmes, AJ, 138, 625–632.

Lisse C. M., A’Hearn M. F., Hauser M. G. et al. (1998) Infrared

27



Observations of Comets by COBE, ApJ, 496, 971–991.
Longobardo A., Della Corte V., Ivanovski S. et al. (2019)

67P/Churyumov-Gerasimenko active areas before perihelion
identified by GIADA and VIRTIS data fusion, MNRAS, 483,
2165–2176.

Longobardo A., Della Corte V., Rotundi A. et al. (2020)
67P/Churyumov-Gerasimenko’s dust activity from pre- to post-
perihelion as detected by Rosetta/GIADA, MNRAS, 496, 125–
137.

Mannel T., Bentley M. S., Schmied R. et al. (2016) Fractal
cometary dust - a window into the early Solar system, Mon.
Not. R. Astron. Soc., 462, S304–S311.

Markkanen J. and Agarwal J. (2020) Thermophysical model for
icy cometary dust particles, A&A, 643, A16.

Marschall R. (2017) Inner gas and dust comae of comets: Build-
ing a 3D simulation pipeline to understand multi-instrument
results from the Rosetta mission to comet 67P/Churyumov-
Gerasimenko, Ph.D. thesis, Universität Bern, Switzerland.

Marschall R., Liao Y., Thomas N. et al. (2020a) Limitations in
the determination of surface emission distributions on comets
through modelling of observational data - A case study based
on Rosetta observations, Icarus, 346, 113742.

Marschall R., Markkanen J., Gerig S.-B. et al. (2020b) The dust-
to-gas ratio, size distribution, and dust fall-back fraction of
comet 67P/Churyumov-Gerasimenko: Inferences from linking
the optical and dynamical properties of the inner comae., Fron-
tiers in Physics, 8, 227.

Marschall R., Mottola S., Su C. C. et al. (2017) Cliffs versus
plains: Can ROSINA/COPS and OSIRIS data of comet 67P
/Churyumov-Gerasimenko in autumn 2014 constrain inhomo-
geneous outgassing?, A&A, 605, A112.

Marschall R., Rezac L., Kappel D. et al. (2019) A compari-
son of multiple Rosetta data sets and 3D model calculations
of 67P/Churyumov-Gerasimenko coma around equinox (May
2015), Icarus, 328, 104–126.

Marschall R., Skorov Y., Zakharov V. et al. (2020c) Cometary
Comae-Surface Links, SSR, 216, 130.

Marschall R., Su C. C., Liao Y. et al. (2016) Modelling observa-
tions of the inner gas and dust coma of comet 67P/Churyumov-
Gerasimenko using ROSINA/COPS and OSIRIS data: First re-
sults, A&A, 589, A90.

Marsden B. G., Sekanina Z., and Yeomans D. K. (1973) Comets
and nongravitational forces. V, Astron. J., 78, 211–225.

Marshall D. W., Hartogh P., Rezac L. et al. (2017) Spatially re-
solved evolution of the local H2O production rates of comet
67P/Churyumov-Gerasimenko from the MIRO instrument on
Rosetta, A&A, 603, A87.

McDonnell J. A. M., Green S. F., Grun E. et al. (1989) In situ
exploration of the dusty coma of comet P/Halley at Giotto’s
encounter - Flux rates and time profiles from 10 to the -19th
KG to 10 to the -5th KG, Advances in Space Research, 9, 277–
280.

Merenyl E., Foldy L., Szego K. et al. (1990) The landscape of
Comet Halley, Icarus, 86, 9–20.

Merouane S., Stenzel O., Hilchenbach M. et al. (2017) Evolu-
tion of the physical properties of dust and cometary dust ac-
tivity from 67P/Churyumov-Gerasimenko measured in situ by
Rosetta/COSIMA, MNRAS, 469, S459–S474.

Michel K. W. and Nishimura T. (1976) The Dust Coma of Comets,
vol. 48, p. 328.

Micheli M., Farnocchia D., Meech K. J. et al. (2018) Non-
gravitational acceleration in the trajectory of 1I/2017 U1

(’Oumuamua), Nature, 559, 223–226.
Moreno F. (2009) The Dust Environment of Comet

29P/Schwassmann-Wachmann 1 From Dust Tail Model-
ing of 2004 Near-Perihelion Observations, ApJS, 183,
33–45.

Moreno F., Lara L. M., Licandro J. et al. (2011) The Dust Environ-
ment of Main-Belt Comet P/2010 R2 (La Sagra), Astrophys. J.
Lett., 738, L16.
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Pajola M., Höfner S., Vincent J.-B. et al. (2017a) The pristine in-
terior of comet 67P revealed by the combined Aswan outburst
and cliff collapse, Nature Astronomy, 1, 0092.

Pajola M., Lee J. C., Oklay N. et al. (2019) Multidisciplinary
analysis of the Hapi region located on Comet 67P/Churyumov-
Gerasimenko, MNRAS, 485, 2139–2154.

Pajola M., Lucchetti A., Fulle M. et al. (2017b) The peb-
bles/boulders size distributions on Sais: Rosetta’s final land-
ing site on comet 67P/Churyumov-Gerasimenko, MNRAS, 469,
S636–S645.

Pommerol A., Thomas N., El-Maarry M. R. et al. (2015) OSIRIS
observations of meter-sized exposures of H2O ice at the sur-
face of 67P/Churyumov-Gerasimenko and interpretation using
laboratory experiments, A&A, 583, A25.

Pozuelos F. J., Moreno F., Aceituno F. et al. (2014) Dust environ-
ment and dynamical history of a sample of short-period comets
. II. 81P/Wild 2 and 103P/Hartley 2, A&A, 571, A64.

Prialnik D., A’Hearn M. F., and Meech K. J. (2008) A mechanism
for short-lived cometary outbursts at sunrise as observed by
Deep Impact on 9P/Tempel 1, MNRAS, 388, L20–L23.

Prialnik D. and Sierks H. (2017) A mechanism for comet sur-
face collapse as observed by Rosetta on 67P/Churyumov-
Gerasimenko, MNRAS, 469, S217–S221.

Price O., Jones G. H., Morrill J. et al. (2019) Fine-scale structure
in cometary dust tails I: Analysis of striae in Comet C/2006 P1
(McNaught) through temporal mapping, Icarus, 319, 540–557.

28



Reach W. T., Kelley M. S., and Sykes M. V. (2007) A survey of
debris trails from short-period comets, Icarus, 191, 298–322.

Reach W. T., Sykes M. V., Lien D. et al. (2000) The Formation of
Encke Meteoroids and Dust Trail, Icarus, 148, 80–94.

Reach W. T., Vaubaillon J., Kelley M. S. et al. (2009) Distribution
and properties of fragments and debris from the split Comet
73P/Schwassmann-Wachmann 3 as revealed by Spitzer Space
Telescope, Icarus, 203, 571–588.

Rennilson J. J. and Criswell D. R. (1974) Surveyor Observations
of Lunar Horizon-Glow, Moon, 10, 121–142.

Rinaldi G., Bockelée-Morvan D., Ciarniello M. et al. (2018)
Summer outbursts in the coma of comet 67P/Churyumov-
Gerasimenko as observed by Rosetta-VIRTIS, Mon. Not. R. As-
tron. Soc., 481, 1235–1250.

Rinaldi G., Della Corte V., Fulle M. et al. (2017) Cometary coma
dust size distribution from in situ IR spectra, MNRAS, 469,
S598–S605.

Rinaldi G., Formisano M., Kappel D. et al. (2019) Analysis of
night-side dust activity on comet 67P observed by VIRTIS-M:
a new method to constrain the thermal inertia on the surface,
A&A, 630, A21.

Robertson H. P. (1937) Dynamical effects of radiation in the solar
system, Mon. Not. R. Astron. Soc., 97, 423.

Rotundi A., Sierks H., Della Corte V. et al. (2015) Dust measure-
ments in the coma of comet 67P/Churyumov-Gerasimenko in-
bound to the Sun, Science, 347, aaa3905.

Samarasinha N. H. (2000) The Coma Morphology Due to an Ex-
tended Active Region and the Implications for the Spin State of
Comet Hale-Bopp, Astrophys. J. Lett., 529, L107–L110.

Sánchez P. and Scheeres D. J. (2014) The strength of regolith and
rubble pile asteroids, Meteoritics & Planetary Science, 49,
788–811.

Sarugaku Y., Ishiguro M., Ueno M. et al. (2015) Infrared and Op-
tical Imagings of the Comet 2P/Encke Dust Cloud in the 2003
Return, Astrophys. J., 804, 127.

Schulz R., Hilchenbach M., Langevin Y. et al. (2015) Comet
67P/Churyumov-Gerasimenko sheds dust coat accumulated
over the past four years, Nature, 518, 216–218.

Sekanina Z. (2003) A model for comet 81P/Wild 2, Journal of Geo-
physical Research (Planets), 108, 8112.

Sekanina Z., Brownlee D. E., Economou T. E. et al. (2004) Mod-
eling the Nucleus and Jets of Comet 81P/Wild 2 Based on the
Stardust Encounter Data, Science, 304, 1769–1774.

Sekanina Z. and Farrell J. A. (1980) The striated dust tail of Comet
West 1976 VI as a particle fragmentation phenomenon., AJ, 85,
1538–1554.

Sekanina Z. and Larson S. M. (1986) Dust jets in comet Halley
observed by Giotto and from the ground, Nature, 321, 357–
361.

Sengers J. V., Lin Wang Y.-Y., Kamgar-Parsi B. et al. (2014) Ki-
netic theory of drag on objects in nearly free molecular flow,
Physica A Statistical Mechanics and its Applications, 413,
409–425.

Shi X., Hu X., Mottola S. et al. (2018) Coma morphology of comet
67P controlled by insolation over irregular nucleus, Nature As-
tronomy, 2, 562–567.

Shi X., Hu X., Sierks H. et al. (2016) Sunset jets observed on
comet 67P/Churyumov-Gerasimenko sustained by subsurface
thermal lag, A&A, 586, A7.

Shou Y., Combi M., Toth G. et al. (2017) A New 3D Multi-fluid
Dust Model: A Study of the Effects of Activity and Nucleus
Rotation on Dust Grain Behavior at Comet 67P/Churyumov-

Gerasimenko, Astrophys. J., 850, 72.
Silsbee K. and Draine B. T. (2016) Radiation Pressure on Fluffy

Submicron-sized Grains, Astrophys. J., 818, 133.
Skorov Y. and Blum J. (2012) Dust release and tensile strength of

the non-volatile layer of cometary nuclei, Icarus, 221, 1–11.
Skorov Y., Reshetnyk V., Lacerda P. et al. (2016a) Accelera-

tion of cometary dust near the nucleus: application to 67P
/Churyumov-Gerasimenko, Mon. Not. R. Astron. Soc., 461,
3410–3420.

Skorov Y., Reshetnyk V., Rezac L. et al. (2018) Dynamical prop-
erties and acceleration of hierarchical dust in the vicinity
of comet 67P/Churyumov-Gerasimenko, Mon. Not. R. Astron.
Soc., 477, 4896–4907.

Skorov Y. V., Rezac L., Hartogh P. et al. (2016b) A model of short-
lived outbursts on the 67P from fractured terrains, A&A, 593,
A76.

Snodgrass C., A’Hearn M. F., Aceituno F. et al. (2017) The
67P/Churyumov-Gerasimenko observation campaign in sup-
port of the Rosetta mission, Philosophical Transactions of the
Royal Society of London Series A, 375, 20160249.

Soderblom L. A., Boice D. C., Britt D. T. et al. (2004) Imaging
Borrelly, Icarus, 167, 4–15.

Soja R. H., Grün E., Strub P. et al. (2019) IMEM2: a meteoroid en-
vironment model for the inner solar system, A&A, 628, A109.

Steckloff J. K. and Jacobson S. A. (2016) The formation of striae
within cometary dust tails by a sublimation-driven YORP-like
effect, Icarus, 264, 160–171.

Sterken V. J., Altobelli N., Kempf S. et al. (2012) The flow of
interstellar dust into the solar system, A&A, 538, A102.

Sykes M. V., Grün E., Reach W. T. et al. (2004) The interplanetary
dust complex and comets, p. 677.

Sykes M. V., Lebofsky L. A., Hunten D. M. et al. (1986) The Dis-
covery of Dust Trails in the Orbits of Periodic Comets, Science,
232, 1115–1117.

Tenishev V., Combi M. R., and Rubin M. (2011) Numerical Sim-
ulation of Dust in a Cometary Coma: Application to Comet
67P/Churyumov-Gerasimenko, ApJ, 732, 104.

Tenishev V., Fougere N., Borovikov D. et al. (2016) Analysis of
the dust jet imaged by Rosetta VIRTIS-M in the coma of comet
67P/Churyumov-Gerasimenko on 2015 April 12, MNRAS, 462,
S370–S375.

Thomas N., Davidsson B., El-Maarry M. R. et al. (2015)
Redistribution of particles across the nucleus of comet
67P/Churyumov-Gerasimenko, A&A, 583, A17.

Thomas N. and Keller H. U. (1989) The colour of Comet
P/Halley’s nucleus and dust, A&A, 213, 487–494.

Thomas P., A’Hearn M., Belton M. J. S. et al. (2013) The nucleus
of Comet 9P/Tempel 1: Shape and geology from two flybys,
Icarus, 222, 453–466.

Tseng W. L., Bockelée-Morvan D., Crovisier J. et al. (2007)
Cometary water expansion velocity from OH line shapes, As-
tron. Astrophys., 467, 729–735.

Tubiana C., Snodgrass C., Bertini I. et al. (2015) 67P/Churyumov-
Gerasimenko: Activity between March and June 2014 as ob-
served from Rosetta/OSIRIS, A&A, 573, A62.

Vasundhara R. (2009) Investigations of the pre-Deep Impact mor-
phology of the dust coma of Comet Tempel-1, Icarus, 204, 194–
208.

Vincent J. (2014) in Asteroids, Comets, Meteors 2014
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