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Abstract22

We use our newly developed Dust Monte-Carlo (DMC) simulation technique (Crifo et23

al., 2005a) to study the dynamics of dust grains in the vicinity of some of the benchmark24

aspherical, homogeneous cometary nuclei and of the benchmark spherical, inhomogeneous25

nuclei studied by us precedingly. We use the interim unrealistic simplifying assumptions of26

grain sphericity, negligible nucleus rotation rate, and negligible tidal force, but take accu-27

rately into account the nucleus gravitational force, gas coma aerodynamic force, and solar28

radiation pressure force, and consider the full mass range of ejectable spherical grains. The29

resulting complicated grain motions are described in detail, as well as the resulting com-30

plicated and often counter-intuitive dust coma structure. The results are used to answer31

several important questions: (1) When computing coma dust distributions, (a) is it accept-32

able to take into consideration only one or two of the above mentioned forces (as currently33

done)? (b) to which accuracy must these forces be known, in particular is it acceptable34

to represent the gravity of an aspherical nucleus by a spherically symmetric gravity? (c)35

how do the more efficient but less general Dust Multi-Fluid (DMF) computations compare36

with the DMC results? (2) Are there simple structural relationships between the dust coma37

of a nucleus at small heliocentric distance rh, and that of the same nucleus at large rh?38

(3) Are there similarities between the gas coma structures and the associated dust coma39

structures? (4) Are there dust coma signatures revealing non-ambiguously a spherical nu-40

cleus inhomogeneity or an homogeneous nucleus asphericity? (5) What are the implications41

of the apparently quite general process of grain fall-backs for the evolution of the nucleus42

surface, and for the survival of a landed probe?43

1 Introduction44

This paper is the second of a series of advanced theoretical studies of the dust dynamics and45

distribution in the immediate vicinity of an active cometary nucleus. By “advanced” mod-46

elling, we mean modellling capable of taking into account all observed quirks of cometary47

nuclei and grains, as revealed for the first time by the 1986 flyby observations of comet48
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Halley, and, more recently, by the remarkable flybys of comets P/Borrelly, P/Tempel I, and49

P/Wild 2, and expected from the forthcoming rendez-vous mission Rosetta. Such an ob-50

jective can only be met by a carefully planned effort involving successive steps of increased51

sophistication. This is because the results from a sophisticated code involving numerous52

input parameters can only be understood if the effect of each parameter is already known.53

The optimization of the code, also, requires omission of those of these quirks which have54

been demonstrated to be negligible. Thus, our effort is somewhat similar to a succession55

of simulated laboratory experiments in which the samples studied are designed in such a56

way that different effects are studied separately. Such a method is also ideally suitable for57

comparing various mathematical methods of modelling of the dust coma, hence we also give58

a large importance to this objective.59

Our first work (Crifo et al., 2005a, hereafter referred to as “paper D-I”, Lukyanov et al.,60

2006) described our general objectives and our approach. The simplest possible benchmark61

nuclei were postulated: several non-rotating spheres assumed to be a homogeneous mixture62

of water ice and spherical, homogeneous mineralic grains. The gas comae formed by solar-63

driven ice sublimation from these nuclei had been previously computed in Crifo et al. (2002)64

(hereafter paper G-I). The grains were assumed to be isothermal – so that they are not65

set in rotation – and free from volatile material (i.e. non-sublimating and non-condensing).66

The solar tidal force was not taken into account, nor mutual dust collisions. On the other67

hand, it was the first time that three of the many forces acting on the grains were taken68

into account simultaneously: the aerodynamic drag, the radiation pressure, and the nuclear69

gravity. For the first time also, we used two independent and complementary methods – the70

so-called “ dust multifluid” (DMF) method (see Rodionov et al., 2002 and references therein)71

– and the so-called Dust Monte-Carlo method (DMC) to treat the same problems. This72

Monte-Carlo approach bears more similarities to the Monte-Carlo modelling of planetary73

atmospheres (e.g., Hodges, 1994) than to the so called “Direct Monte Carlo Simulation”74

(DSMC) of rarefied gas flows, because of the dominant role of the external force(s). For75

that reason we prefer, from now on, to call it “DMC” instead of “DSMC” used in paper76
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D-I.77

The present paper still retains the preceding simplistic assumptions, except the follow-78

ing: we consider here the nucleus to be either one of the “homogeneous, aspherical” nuclei79

described in Crifo et al. (2003) (hereafter paper G-II), or one of the “spherical, inhomoge-80

neous” nuclei described in Zakharov et al. (2008) (hereafter paper G-III). These nuclei are81

axially symmetric, and the sun is assumed placed on their symmetry axis, illuminating the82

“interesting side” of the nucleus, i.e. where the inhomogeneous or aspherical part lies.83

It is important to remind here very precisely what we mean by “inhomogeneity”. As84

indicated in G-III, all nuclei we consider, being ice-dust mixtures, are inhomogeneous on85

a microscopic scale (comparable to the dust grain radii and intergrain spacing ). To this86

miscroscopic inhomogeneity is associated the so-called icy area fraction f , which is the87

fraction of a small surface element consisting of exposed ice, the rest being non-icy dust88

(see Crifo, 1997 and Rodionov et al., 2002). It is related to the total dust-to-gas mass ratio89

� in the ice at this point by the relation (Crifo, 1997):90

f = 1/[1 + (ρI/ρd)�] (1)

where ρI and ρd are, respectively, the ice and the dust specific mass. Equation 1 holds91

because we assume that all dust grains have the same ρd, irrespective of their size. We will92

furthermore assume (for simplicity) that ρd = ρI = 1000 kg m−3 everywhere, whereby the93

nucleus specific mass is ρn = 1000 kg m−3. If f is the same everywhere on the nucleus94

surface, we call the nucleus “homogeneous” (on a macroscopic scale much greater than the95

microscopic one), whereas, if f varies from point to point on such a macroscopic scale, we96

call the nucleus “inhomogeneous” (i.e., on a macroscopic scale).97

The gas comae around the nuclei considered here have been extensively described in98

papers G-II and G-III. They are characterized by a wealth of structures. One of the goals99

of the present work is to compute the corresponding near-nucleus dust coma structures.100

To keep the size of this paper reasonable, and also in view of the interim nature of the101

assumptions on which it is based, we neither describe, nor even show the night side part102
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of the present solutions. This is not to suggest that the night side grain dynamics is of no103

interest. Even though the night side surface of our model nuclei is practically hemispherical104

and homogeneous, as in paper D-I, it is true that the aerodynamic force field experienced105

there by particles arriving from the dayside may differ significantly from what they would106

experience if the nucleus was strictly spherical. This is because, as shown in paper D-I,107

section 7.4, many grain trajectories present in the night side coma are extremely sensitive108

to even very small changes in the initial conditions and/or applied forces experienced by109

the grains in the day side. Strong differences in applied forces experienced on the day110

side exist, resulting from (1) differences in the dayside gas flow, and (2) differences in the111

gravitational field (as we will show). However, the results of paper I show that grains112

arriving on the dayside from the nightside coma do not influence dramatically the dayside113

grain distribution hence it is permitted to treat the dayside separately, and to study the114

night side in a future work.115

2 Physical model116

We consider the four axially symmetric dusty ice nuclei shown on Figure 1, selected among117

those described in papers G-II and G-III: two aspherical, homogeneous surfaces (labelled118

with the prefix “top” and “app” as in paper G-II), and two spherical, inhomogeneous119

surfaces (labelled with the suffix z1 and z2 as in paper G-III). For each of these nuclei, we120

assume two very different levels of gas production: a very high one, labelled #207D as in121

paper G-III, and a rather low one, labelled #205 as in papers G-I, G-II, G-III. In passing,122

let us give here a precision that was not given in our previous papers: we call Q the net123

upward flux at the top of the sublimation boundary layer. It implies that we do not subtract124

from it any downward flux that could exist near to condensing parts of the nucleus surface.125

Thus, strictly speaking, our Q may be slightly in excess of what is usually called Q, i.e.,126

the total flux of vapor escaping to infinity.127

Table 1 summarizes the parameters of the resulting eight different cases considered; the128

definition of these parameters is given in the following. Let us remember that the sun129
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X

Y

Z

Figure 1: Model benchmark nuclei used in this study. Top panels: Homogeneous nuclei. Top

Left: apple-shaped nucleus with shape parameter value P = 0.6. Top Right: top-shaped nucleus

with shape parameter value P = −0.21. Bottom panels: Spherical, inhomogeneous nuclei. The

region of low icy area fraction f is in dark. Bottom Left: nuclei of kind z1, which have a weakly

active cap; Bottom Right nuclei of kind z2, which have a weakly active ring. For the present

computations, the sun is always assumed to be in the +X direction.
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direction is the axis of symmetry OX.130

2.1 Aspherical, homogeneous nuclei131

We consider here the two aspherical, homogeneous nuclei called “apple” and “top”, shown132

in Figure 1, and defined by Eqs (1) and (2) of paper G-II, where the characteristic dimension133

R, which defines the size, and the dimensionless parameter P , which defines the shape, are134

given in Table 1. The “apple” nuclei have a large funnel-like subsolar cavity, and the “top”135

nuclei have a mid-latitude valley encircling the symmetry axis. These nuclei are assumed136

to be homogeneous, i.e., to have a uniform icy area fraction f ≤ 1.137

The volumes Vn of the “top” and “apple” defined by the same R value differ from138

one another, and from that of a sphere with radius R (see Table 1). Hence their masses139

Mn = ρnVn differ from one another, and from the reference mass M�
n = (4π/3)ρnR3. Let140

us also note that the center-of-mass (c.o.m.) of these nuclei does not coincide with the141

origin of the coordinates: the c.o.m. abscissa XCOM is given in Table 1. Most importantly,142

the “top” and “apple” nuclei give birth to two genuine non-radial and position-dependent143

gravity fields. This point was immaterial when discussing the gas coma, which is insensitive144

to the nucleus gravity, but is consequential when discussing the dust coma, since dust is145

sensitive, in general, to the gravity field. As we will see, the gravitational field asphericity146

has an effect, not only on the grains trajectories, but, as well, on the value of the maximum147

liftable mass at each point.148

In all previous works where dust ejected from an aspherical nucleus was considered149

(DMF computations reviewed in Crifo et al.,1999, Crifo et al., 2005b, and Crifo, 2006) an150

origin-centered spherically symmetric gravity field with mass M�
n was used1. This raises151

some concern, since the best-fit 1/r2 approximation to the gravitational field of an aspherical152

object must (1) be centered at the c.o.m. – different from the origin – and (2) correspond to153

the mass Mn – not M�
n. Furthermore, the best-fit Mn/r2 approximation holds only outside154

1It is of course possible to use the true gravity in DMF computations, but this has not been done up to now,

because the importance of using the true gravity has been overlooked.
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ACRONYM app207D top207D 207D z1 207D z2 app205 top205 205 z1 205 z2

rh(AU) 1.0 1.0 1.0 1.0 5.79 5.79 5.79 5.79

R(km) 5.0 5.0 5.0 5.0 6.95 6.95 6.95 6.95

P 0.6 -0.21 0 0 0.6 -0.21 0 0

κ 0.01 0.01 0.01 0.01 0.6 0.6 0.6 0.6

zmax(0) - - 30 65 - - 30 30

zmin(0) - - - 50 - - - 15

fmax 0.3 0.3 0.3 0.3 1 1 1 1

fmin 0.3 0.3 0.03 0.03 1 1 0.1 0.1

rmax(km) 50 50 25 25 70 70 70 70

Vn (km3) 497 442 523 523 1336 1186 1406 1406

XCOM (km) -0.21 -0.35 0 0 -0.29 -0.48 0 0

Mn (kg) 5.0+14 4.4+14 5.2+14 5.2+14 1.3+15 1.2+15 1.4+15 1.4+15

M�
n (kg) 5.2+14 5.2+14 5.2+14 5.2+14 1.4+15 1.4+15 1.4+15 1.4+15

Q(molec/s) 3.3+29 3.3+29 2.5+29 2.6+29 3.3+26 3.3+26 1.1+26 1.85+26†

aM
d (0) (m) 1.0-1 7.6-2 6.9-3 6.9-2 1.1-4 9.3-5 8.3-6 8.4-5

aMM
d (m) ” ” 5.8-2 ” ” ” 2.2-5 ”

Table 1: Parameters of the nuclei discussed in this study (above the horizontal line) and

a few computed properties (below the line). The acronym prefix “top” refers to top-shaped

homogeneous nuclei (P < 0), “app” to apple-shaped homogeneous nuclei (P > 0); the acronyms

suffixes “z1” and “z2” refer to the spherical (P = 0) inhomogeneous nuclei with, respectively, a

low-activity cap and a low-activity ring. The expression a±b is used for a×10±b. The distance

rmax is that of the outer boundary of the computational domain. The value marked with a †

was misprinted in paper G-III.
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the circumscribed sphere to the central object (Garmier and Barriot, 2001); hence, inside155

cavities, there might not exist any good 1/r2 approximation to the field.156

Figure 2 shows the true gravity isocontours and the true gravitational field lines of the157

“top” and “apple” nuclei, as well as those of origin-centered M�
n/r2 field used in the past.158

The direction of the gravity at the surface is indicated by lines drawn inside the nucleus.159

One sees that neither the “top” surface field lines, nor the “apple” surface field lines converge160

to a point: this evidences the non-existence of an accurate spherical approximation (for the161

surface and near-surface field). Of interest also is the fact that the gravity magnitude has162

a local maximum inside the “apple” cavity, but no such local maximum inside the “top”163

cavity. Finally, one sees that the gravity has a substantial component parallel to the flanks164

of the cavities, suggesting the possibility of “downslope” grain rolling.165

2.2 Inhomogeneous, spherical nuclei166

The two spherical, inhomogeneous nuclei are the “weakly active cap” and “weakly active167

ring” spherical nuclei (with radius R) described in paper G-III and represented on Fig. 1.168

The “weakly active cap” nuclei, labelled by the acronym “z1”, have a surface icy fraction169

f = fmax, save within a spherical cap of opening zmax centered onto the solar direction,170

where f assumes a reduced value fmin.171

As indicated in paper G-III, this problem bears similarities with the problem treated172

by Knollenberg (1994), and Keller et al. (1994) – that is, a circular inactive disk of 0.3173

km radius inside a concentric active area of about 1 km radius. It has also a relationship174

to the presently discussed “apple” nucleus, which also has a reduced surface gas flux in its175

subsolar cavity due to the cavity wall inclination to the solar direction.176

The “weakly active circular ring” nuclei, labelled by the acronym “z2”, have a surface177

icy fraction f = fmax, save within a ring defined by zmin ≤ z� ≤ zmax (z� being the solar178

zenith angle) where f assumes a reduced value fmin. Notice that the position of the ring is179

not the same for all nuclei (see Table 1). For axial illumination, these nuclei bear similarities180

with the ”top” shaped nuclei: in both cases, there is a ring of reduced gas production, due181

10
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Figure 2: Gravitational field models for the aspherical nuclei #205. Top: true (aspherical) field

(in m/s2). Bottom: origin-centered spherical field for the mass M�
n. The radial lines outside of

the nucleus are the gravitational field lines; inside the nucleus, they indicate the direction of

the surface field (not the internal field lines!).
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to a low f or to a shadowed valley. Paper G-III revealed indeed some similarity in the gas182

flow patterns; we will see what happens for the dust coma.183

2.3 Dust model184

As in paper D-I, (1) spherical grains with radius as
d and mass ms

d are considered to be sub-185

mitted to the aerodynamic force, to the nucleus gravity, and to the solar radiation pressure;186

(2) the aerodynamic force is computed assuming a constant (size and heliocentric distance187

dependent) grain temperature Td given in Table 2, equal to the free-space temperature of188

impure amorphous olivine grains (i.e., having their optical absorption increased at visible189

wavelengths, see Crifo, 1988); (3) the radiation pressure efficiency Qpr, also given in table190

2, is computed with the same assumption.191

One important difference with paper D-I appears when dealing with the gravity. While192

the gravity of the spherical nuclei #z1 and #z2 is trivially evident, for the “apple” and193

“top” nuclei, the gravitational field is not spherically symmetric.194

Another important difference with paper D-I appears when dealing with the inhomoge-195

neous nuclei #z1 and #z2. In this case, since f varies with position, we must also postulate196

a variation of � with position, hence a variation of the dust mass spectrum. This is done197

as follows. We consider that, everywhere are present inside the ice seven different kinds of198

grains with the possible radii as
d (1 ≤ s ≤ 7) and with the relative dust-to-ice mass ratios199

χs. The values of as
d and χs are given in Table 2. As in our previous works, (see Crifo and200

Rodionov 1997a) the latter are adopted from the in-situ measured P/Halley non-power-law201

dust spectrum of McDonnell et al. (1991). For 1 ≤ s ≤ 6, the values of as
d are the same in202

all nuclei considered, but for s = 7 a7
d depends upon the kind of nucleus considered.203

For the weakly active nuclei #205, unable to eject cm-size grains, we assume a7
d = 91μm204

(the so-called size #24 defined in Crifo and Rodionov, 1997a). The resulting total dust-to-205

ice mass ratio is � =
∑7

s=1 χs = 0.028. Eq. 1 shows that this corresponds to f = 0.98206

which we take as adequate at points where our model postulates f = 1. At points where207

our model assumes f = 0.1, we assume that, to the grains of Table 2, are added other208

12
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s 1 2 3 4 5 6 7

size index 05 12 18 19 20 23 24 35 40 41 42

as
d(m) 6.2-8 9.1-7 9.1-6 1.34-5 1.96-5 6.2-5 9.1-5 6.-3 4.2-2 6.2-2 9.1-2

ms
d(kg) 1.-18 3.2-15 3.2-12 1.0-11 3.2-11 1.0-10 3.2-9 1.-3 3.2-1 1.0 3.2

Qpr 0.13 1.25 1.05 1.02 1.00 0.98 1.0 1.0 1.0 1.0 1.0

T 205
d 166. 162. 109. 109. 112. 114. - - - - -

T 207D
d 334. 326. 250. - - - 271. 271. 271. 271. 271.

χs 2.62-5 6.11-3 5.0-3 3.47-3 3.47-3 3.39-3 6.2-3 3.0-1 5.3-1 6.0-1 6.6-1

Table 2: Spherical impure amorphous olivine grains considered in this study. The “size index”

refers to the position of the grain size within the Halley-like spectrum defined in Crifo and

Rodionov (1997a). The meaning of the symbols is given in the text. The expression a ± b is

used for a × 10±b.

grains with mass much greater than the maximum ejectable mass, and in abundance such209

that they provide the desired value of f . Since these grains are not ejected, they need not210

be better specified.211

For the highly active nuclei #207D, we choose in alternance a7
d = 0.6, 4.2, 6.2 or 9.1 cm,212

in order to explore the dynamics of grains in this size range (these grains are the so-called213

#35, #40, #41 and #42 grains defined in Crifo and Rodionov, 1997a). The resulting total214

dust-to-ice mass ratio � =
∑7

s=1 χs varies from � 0.3 to � 0.7. Eq. 1 shows that this215

corresponds to f values from � 0.77 to � 0.59. Thus, for these nuclei, to obtain the values216

0.3 and 0.03 postulated for f , we must assume the presence (in adhoc amounts) of large217

non ejectable pebbles, not only in the low activity areas but, as well, in the (relatively) high218

activity areas.219

It would surely be permitted to make differing assumptions, for instance, that the size220

distribution differs completely between the highly active and the weakly active areas, or221

that the specific mass differs. We will not play with such possibilities here, for the sake222

13
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of brevity. However, the reader concerned about the interpretation of dust coma images223

should be careful not to forget that the word “inhomogeneity” may designate quite different224

physical structures.225

If the dust size distribution extends to masses large enough that they cannot be ejected,226

then it is evident that the nucleus surface composition becomes time-dependent (by selective227

depletion of the ejectable grains). This is also the case if dust detached from the surface228

fall-backs onto it, as in the “volcanoes” described for the first time in paper D-I, and further229

described below. We do not try to model such a time-dependence: it must be understood230

that our solutions hold for “some time” during which the composition of the surface has231

not been changed significantly.232

2.4 Gas and dust production233

The net H2O flux (molecule/cm2 s) at each point with solar zenith angle z� is set equal234

to fZ[TI(z�), M0(z�)], where Z(TI , M0) is the pure ice net sublimation flux at ice tem-235

perature TI and initial flow Mach number M0; these initial flow parameters are computed236

by coupling the classical surface energy budget equation at each point to the gas flow237

governing equations, and solving the whole set simultaneously. For the chosen on-axis so-238

lar illumination, the resulting total H2O production rate Q depends upon the parameters239

defining the nucleus size, shape, and inhomogeneity, and upon its heliocentric distance rh.240

We consider the two typical combinations indicated in Table 1, selected among the cases241

previously considered in papers G-I, G-II and G-III: (1) a large size, highly active nucleus242

(label #207D); (2) a large size, weakly active nucleus (label #205). The set #207D is243

more or less suitable for a comet like comet Halley at the Earth’s orbit. The set #205 has244

cannot have any observed counterpart, since its production rate is too low for detection245

near Jupiter’s orbit. It represents an intermediate size, modestly active icy body at that246

distance. Most likely, the gas production of comets at that distance is dominated by CO247

or other volatile molecules, but for the present study changing the molecular species would248

be an unnecessary complication.249

14



AC
CEP

TE
D M

AN
USC

RIP
T

ACCEPTED MANUSCRIPT

The parameter κ is introduced to simulate a heat flux from the nucleus interior at250

points in shadow (to prevent the surface temperature from dropping to zero), so that, at251

such points, a finite (and small) sublimating gas flux exists, which depends upon f , κ, and252

rh.253

The inhomogeneous nuclei #207D were precedingly discussed in paper G-III. As to254

the aspherical nuclei #207D, they were not dicussed. Instead, identical aspherical nuclei255

having a ten times smaller f value were considered in paper G-II (nuclei #207d). These256

two families of nuclei differ only by their f value, hence by their total gas production rates,257

which are nearly exactly proportional to f . Their dayside near-nucleus gas comae are in258

strict inviscid flow regime, thus are “similar” in the gasdynamical sense: at any point, the259

gas temperature and velocity are the same, and the gas density scales according to the260

ratio of the f values. The reader can therefore easily picture the dayside gas comae of the261

aspherical nuclei #207D by referring to the Figures of paper G-II for #207d, and scaling-up262

the gas density by a factor 10.263

The surface flux Zs
d(z�) (grain/cm2 s) of grains of size s at any point z� of the surface264

is by definition of χs equal to:265

Zs
d(z�) = (mg/ms

d)χ
sfZ[(TI(z�), M0(z�)]) (2)

provided that the normal component of the sum of the applied forces is outwards at the266

considered point, and this flux is zero otherwise. This defines a local maximum ejectable267

grain radius aM
d (z�), from which an absolute maximum ejectable grain radius aMM

d can be268

computed. Table 1 indicates aMM
d for all studied cases. This maximum is reached at the269

subsolar point, save for the two nuclei of kind “z1” where it occurs at about z� = 30o. In270

these two cases, Table 1 also gives aM
d (0).271

3 Coma modelling methods272
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As in paper D-I, we use Boltzman/Navier-Stokes solutions (“BE-NSE”) to describe the gas273

coma. As stated in paper G-III, this is expected to be satisfactory for deriving a correct274

near-nucleus dayside dust coma, and this was indeed verified in paper D-I (see Figure 14 of275

D-I).276

The gas distributions of the family #205, plus # 207D z1 and # 207D z2 were described277

in papers G-II and G-III. The gas comae top207D and app207D are similar to the gas comae278

top207d and app207d of paper G-II, from which they differ only by having a ten times larger279

gas number density.280

The DMC and DMF methods used to compute the dust distribution were described in281

paper D-I. The computational grids used here in both cases are those used for computing282

the gas flow, described in papers G-II and G-III.283

Let us remind the reader that, in the DMF, one subdivides the emitted dust grains284

of each size into several subsets, or “fluids”, in such a way that the trajectories of the285

dust grains of any given “fluid” do not mutually intersect (intersections between grains of286

differing fluids are permitted). The reason of it is that, if the trajectories of two grains of287

the same fluid intersect one another, at the intersection point the code sums vectorially the288

dust mass fluxes arriving along the two trajectories, creating a spurious “daughter” dust289

flux direction with an enhanced density in the direction of the center of mass of the arriving290

dust. However, if one dust flux is much greater than the second one, the effect is negligible,291

as the direction of the center of mass will coincide with that of the dominant dust flux292

which will thus be represented correctly, and the motion of the minority flux will be lost,293

without inconvenience. In most solutions presented in paper D-I, mutual dust crossings294

with comparable fluxes were almost always present on the antisolar axis. As a result, that295

axis appeared as a pencil of enhanced dust density, both in the DMC and in the single-fluid296

DMF solutions. This is because when there is axial symmetry the spurious “daughter”297

direction of enhanced density coincides with the line of mutual dust crossings, and provides298

the correct position of the resulting dust “pseudo-jet”. The density fall-off on both sides of299

the axis is not represented accurately by the DMF, but this is probably a minor point.300
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In the present problems, mutual dust crossings with comparable fluxes may be expected301

at the shocks present in the gas solution, because, due their large mass, the grains cannot302

turn sharply as do the gas flow lines. Owing to the simple geometry of the present nuclei,303

the shock patterns are relatively simple, and it is not too difficult to conjecture how to divide304

the emitted dust into spatially distinct subsets, in such a way that no mutual dust trajectory305

crossing occurs between grains of a given subset. The correctness of these subdivisions can306

be checked by tracing dust grain trajectories.307

4 Results308

In this section, we describe the computed dust comae, using only the DMC results, which are309

by definition considered correct in all cases (e.g., including the volcano-like distributions).310

However, one section will be devoted to a comparison of the results thus obtained with311

those obtained by the DMF method.312

We will always describe the coma in a meridional plane: the reader must remember to313

rotate the distribution around the direction of the sun (the horizontal axis) to generate the314

3-D coma.315

As announced, we did not include most of the night side coma in the computational316

domain; therefore, no circumnuclear trajectory similar to those found in paper D-I can be317

identified in the solutions, which does not mean that such trajectories are absent.318

4.1 High production rate nuclei #207D319

As was shown in Figure 2 of paper G-II and Figure 3 of paper G-III, the gas flow on the320

day-side of these four nuclei has a complex structure with multiple shocks caused by their321

inhomogeneity or by their asphericity. Due to the fact that the near-nucleus flow regime at322

such a production rate is inviscid, these gas structures are rather sharp. These gas flows can323

eject a rather broad range of spherical grains, extending to dm-size radii (kg masses!). We324

will only discuss here the smallest size j = 1 made of submicron grains (0.062 μm radius),325

and the largest size j = 7 , for which we adopted in alternance the four different grain radii326
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91 μm, 4.2 cm, 6.2 cm and 9.1 cm. Figures 3, 4 and 5 present the computed dust mass327

density of these grains, with superimposed individual grain trajectories.328

4.1.1 Submicron to millimeter size grains329

A mere overview of Figs. 3, 4 and 5 reveals dust coma structures associated either with the330

surface topography features, or with the surface inhomogeneity, as were the gas structures.331

Before discussing them, however, let us mention the existence of a “ministructure”332

located in the vicinity of the z� � 900 terminator, in all #207D nuclei, but not visible on333

the present Figures, because of its small size. It was found in the previous papers G-II334

and G-III that, when negligible night side gas production is assumed (as here for the nuclei335

#207D due to their small κ), gas emitted just before the terminator recondenses just beyond336

it, carrying with it submicron size dust grains. The effect is well visible on Fig.2 of paper337

D-I (trajectory emanating from z� = 88.150). Here, we find that, indeed, the submicron338

grains #05 emitted from within a few degrees before the terminator fall-back within a few339

degrees beyond it, forming a minuscule fountain not visible on the Figures because of its340

too small apex (not more than 20 m. !) This effect deserves mention because it results in a341

non-negligible surface bombardment, as we will discuss later. This effect is absent from the342

low-activity #205 nuclei, because in these nuclei a significant gas production on the night343

side is postulated, which prevents gas condensation.344

Let us now discuss the large coma structures.345

The cavity of the “apple” nucleus produces, at all sizes, an axis-centered pencil of dust346

plus, at the submicron size #05, a “crease” in the isocontours (extending from z� � 200 at347

the surface to z� � 600 on the graduated circle). The latter is simply due to the fact that348

submicron dust follows closely the gas, assuming a similar distribution (compare with Fig. 2349

of paper G-II); at larger sizes, grains “slip” with respect to the gas due to their larger inertia,350

following straight lines above z� � 300, which erases the density “crease”. This slippage is351

also responsible for the build-up of the paraxial density peak in the coma of this nucleus, by352

the overlapping of grains “moving towards the axis” before crossing it, with grains moving353
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Figure 3: Highly active nuclei #207D: trajectories (white lines) and isocontours of log10(mass

density, kg/m3) (black lines) of submicron grains #05 (0.062 μm radius, left panels), and of

micron size grains #24 (91 μm radius, right panels), obtained by DMC. From top to bottom:

apple-shaped nucleus, top-shaped nucleus, nucleus with a weakly active cap, and nucleus with

a weakly active ring. On this, and all subsequent Figures: (1) the sun is on the +X axis, and

(2) The trajectories are labelled at their outer edge by the z� of their origin at the surface.
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Figure 4: Highly active nuclei #207D: isocontours (black lines) of log10(mass density, kg/m3),

and trajectories (solid, dashed or dash-dotted white lines) of cm-size grains #40 (4.2 cm radius,

left panels) and grains #41 (6.2 cm radius, right panels), obtained by DMC. From top to

bottom: apple-shaped nucleus, top-shaped nucleus, nucleus with a weakly active cap #z1, and

nucleus with a weakly active ring #z2. The missing panel corresponds to a case where no dust

ejection is possible. The sun is on the +X axis.
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“away from the axis” after having crossed it (see trajectories on Figs. 3 and 4). The region354

of overlapping increases with dust inertia, hence with dust size. This structure is similar to355

that appearing under axial illumination of the “bean-shaped” nucleus studied by Crifo and356

Rodionov (1997b). However, the cavity of the latter was an extended saddle-like feature,357

producing a fan-like dust distribution transverse to it. On the contrary, here, we find a358

narrow beam of grains because the cavity is cylindrically symmetric (pit-like). This beam359

is in appearance and formation process quite similar to that obtained by Knollenberg (1994)360

and Keller et al. (1994) from a small circular inactive region – illustrating once more the361

impossibility of guessing from visual inspection the origin of observed structures in dust362

coma images.363

The cavity of the top-shaped nucleus creates at all sizes a large conical structure. At364

submicron size (#05), Fig. 5 shows that it is due to a crowding of non-intersecting tra-365

jectories. At submillimeter size (#24, Figs. 3 and 5), the density enhancement is due to366

the overlapping of two dust populations: the grains emitted “below” the cavity, and those367

emitted “above” the cavity. This can be recognized easily by inspecting the plotted grain368

trajectories. It resembles the effect found in the symmetry plane of the “bean shaped”369

nucleus, for oblique solar illumination (see Fig. 8 of Crifo and Rodionov 1997b, top left370

panel). In fact, the two effects (trajectory crowding, and trajectory crossings) exists at371

most grain sizes, but in various proportions: as the size decreases, the grain inertia also372

decreases and the grains follow more and more closely the gas flowlines. On the other hand,373

at the large size end (discussed below), due to the increasing attraction of the gravity, the374

region of overlapping is bent towards the symmetry axis (Fig. 4).375

Coming to the inhomogeneous, spherical nuclei, we see that the weakly active ring of376

the nucleus #z2 produces a narrow conical sheet of enhanced dust density, formed by the377

overlapping of grain trajectories from both sides of the ring. This effect is similar to that378

found in Crifo et al. (1995) for a related inhomogeneity. The low-activity cap of nucleus379

#z1 produces a broad cone of increased density (evolving with distance towards a hollow380

cone), resembling that found in the mentioned problem by Knollenberg (1994) and Keller et381
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al. (1994). However, here the dust density increase is not produced by trajectory overlaps,382

as in these references, but by a “lack of divergence” of the dust trajectories! The reason383

why Keller et al. (1994) obtained dust crossings, while none is found here, is that they384

assumed a strictly inactive circular region whereby the grain trajectories are efficiently bent385

towards the axis. In the present case, the circular region has a reduced, but non negligible386

gas production: accordingly, the grain trajectories are only confined to the vicinity of the387

symmetry axis, without crossing it.388

To sum-up, we see that there are three basic processes leading to sharp dust density389

enhancements. (1) Dust trajectories piling-up: the trajectories do not intersect one another,390

but get closely parallel to one another. The best example is given by the “top” nucleus at391

size #05, creating the narrow density peak in the direction z� � 47o. (2) Dust trajectory392

crossings (abundantly documented in the cited literature): the simplest examples being393

“apple” at size #24, along the horizontal axis, and “low-activity ring” #z2 at size #24, near394

z� � 68o. (3) Both processes can be combined, as with “top” at size #24, where a broad395

region of crossing is bounded by two narrow regions of piling-ups, creating a spectacular396

V-shaped structure.397

The paraxial conical beam in #z1 is, at sizes #05 and #24, surrounded by a conical398

region of reduced dust density (z� � 20o). Its origin can only be understood by inspecting399

Fig. 4 of paper G-III: at the circular edge of the reduced activity cap, the gas flow lines400

diverge fast, thus so do the trajectories of the dust.401

As found in all previous simulations of inhomogeneous nuclei (see Crifo et al., 2005b402

and Crifo, 2006), the coma structures produced by the present inhomogeneous nuclei are403

in complete contradistinction with the “intuitive” opinions often expressed in the cometary404

literature. Let us remind here that Whipple (1982) already pointed out (on the basis of405

physical probability) that dense dust pencils should best be expected to be formed by gas406

convergence, i.e. at the vertical of (small) inactive areas, contrary to the opposite unphysical407

assumption of many authors that they trace “more active” regions.408
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4.1.2 Respective appearance of the gas and dust structures409

An important question is whether the observable dust structures resemble the gas struc-410

tures? Since the preceding size range is believed to dominate in the visible and IR emissions,411

it is well fitted for answering the question. For the aspherical nuclei, it is necessary to com-412

pare the four upper panels of Fig. 3 with the two top panels of Fig. 2 of paper G-II.413

It appears that the submicron dust #05 density pattern looks similar to the gas density414

pattern of the “apple” and “top” nuclei. At the intermediate size dust #24 the gas and415

dust density patterns of the “top” nucleus are similar, but not at all those of the “apple”416

nucleus. For the spherical, inhomogeneous nuclei, comparison between the four lower panels417

of Fig. 3 with Fig. 3 of paper G-III shows that, for the “weakly active cap” #z1 nucleus,418

both size #05 and #24 paraxial density enhancement cones correspond to a similar cone419

of increased gas density. For the “weakly active ring” nucleus #z2, the thin dust density420

maximum approximately coincides with the central depression in the broad enhanced gas421

structure created by the ring. Thus we see that there is no general rule. In all these cases,422

however, density increases are created by relative surface activity decreases. But it is clear423

that discrete surface activity increases (not considered here) can also produce coma den-424

sity increases. These results cast a deep shadow on the possibility of guessing the pattern425

of gas production from visual inspection of dust coma images, even discarding the addi-426

tional complications that they unavoidably involve a broad dust spectrum, and line-of-sight427

integration.428

4.1.3 Centimeter size grains429

Figure 4 presents the dust mass density distributions and individual grain trajectories for430

the grain sizes #40 (4.2 cm) and #41 (6.2 cm) around the four nuclei of the kind #207D. It431

is immediately evident that the density patterns differ totally from those of the previous size432

range. In most cases, a large part of the computational domain is deprived from grains. All433

the computed distributions extend to infinity at small z�, save that of the “weakly active434

cap” nucleus #z1, which only produces a volcanic-like structure of surprising butterfly-like435
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appearance. The “apple” nucleus (and this nucleus only) can also eject dust of size #42436

(9.1 cm radius). This ejection occurs from a very small area centered on the cavity bottom,437

forming a very narrow sunward cone of 3 degree half-angle (not shown on the Figures).438

The unique characteristics of the very large grains distributions is mainly due to the439

fact that these grains are submitted to a gravitational force of the same order of magnitude440

(in the vicinity of the nucleus) as the aerodynamic force. This has the following two441

consequences. (1) The area of the nucleus over which the latter exceeds the former, allowing442

dust ejection, is reduced. For instance, the emission from the “weakly active cap” nucleus443

#z1, at size #40, occurs only from a small ring encircling the cap, whereas that from the444

“weakly active ring” #z2, at the same size, is restricted to an axis-centered cap well inside445

the “weakly active ring” (where from such grains cannot be ejected). Thus, the effect of446

solar illumination on delineating the surface activity pattern is as strong as the effect of447

an heterogeneity. (2) The fraction of what we called in the paper D-I “finite trajectories”448

(i.e. ending by an impact into the nucleus) becomes large, up to possibly 100%, in which449

case a closed volcano-like structure is formed as in paper D-I Figs. 5 and 12. Here, we450

have a volcano of this type in the case ”z1” at size #40 (Fig. 4). Notice that, even451

though in this case dust is emitted from the narrow ring (300 � z� � 500), the occurence of452

many trajectory crossings complicates the “volcano” appearance, creating, in particular, an453

ogive-like structure inside the butterfly-like distribution, and a paraxial density maximum454

not unlike that described in the paper D-I (which appeared in a homogeneous nucleus).455

In the other cases of the present study where finite trajectories appear, only part of the456

dust grains return back to the surface: aspherical nuclei, and weakly active ring nucleus457

#z2. The falling-back grains sometimes build-up a substantial part of the near-nucleus dust458

coma, merging smoothly with the escaping grains. For instance, Figure 4 shows that, in459

the vicinity of the “apple” and “weakly active ring” nuclei, the size #40 grains coma is due460

to falling-back grains for 500 ≤ z� ≤ 1200; this could even be the case for part or all of the461

region z� ≤ 500, we cannot be sure as long as grain turning-backs may occur outside of our462

computational domain. Strictly speaking, this calls for a better definition of “falling-back463
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grains”, to the extent that some of the grains mirrored by the radiation pressure at very464

large cometocentric distances (e.g., 104 km) perhaps re-impact the nucleus. We do not465

attempt it here, however.466

4.1.4 Grain distributions inside surface cavities467

This paper is the first one in the cometary literature where the distribution of dust grains468

inside surface concavities is considered. Figure 5 shows details of the grains trajectories469

inside the cavities of the aspherical nuclei.470

One sees that the whole shadowed cavity surface of the “top” nucleus is impacted by471

grains. At submicron size, the grains originate from a very small region centered on the472

left terminator. With increasing dust size, the impacting grains originate from a larger473

region beyond this left terminator. The velocity of impact increases with decreasing grain474

mass, reaching, for submicron grains, very high values (300 - 500 m/s). We return to the475

properties of re-impacting grains in section 8.476

A surprising feature is the existence of trajectories grazing at very small distance the left477

shadowed flank of the “top” cavity before impacting its bottom. Another amazing feature478

associated with the presence of the “top” cavity is the existence of trajectories of grains479

“jumping over” the cavity and then grazing over the sunlit surface at a very small distance,480

before being turned outwards by the gas flow from the subsolar region.481

The dust flow inside the fully sunlit apple cavity is quite different. At the submicron size482

#05, the grains nearly follow the gas flow lines. Only in a narrow paraxial region does the483

grain inertia cause some slippage of the grains with respect to the gas, resulting in mutual484

trajectory crossings. As their size increases, so does their inertia slippage – and the gravity485

force they experience; as a result, grains from higher and higher z� cross the symmetry axis486

under increasing angles, creating a broader and broader conical beam. At the largest size487

#41 (6.2cm) the grains crossing the axis near the bottom of the cavity move towards the488

opposite side of the cavity, and graze it before being turned back towards the axis which489

they cross again, thus tracing a zigzag trajectory inside the cavity.490
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Figure 5: Highly active aspherical nuclei #207D: isocontours (black lines) of log10(mass density,

kg/m3) and individual trajectories (solid, dashed or dash-dotted white lines) inside the surface

cavities. (From top to bottom: sizes #05, #24, #40 and #41) near the nuclei “apple” (left)

and “top” (right), on a small geometrical scale. The trajectories are labelled by the solar zenith

angle of their origin on the surface. The number within parenthesis indicate the grain impact

velocity
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As already mentioned, dust of the largest size (#42) (not shown) is emitted from the491

very bottom of the apple cavity where the aerodynamic force has a maximum and gravity492

a minimum. Its flow is similar to the near-axis part of the #41 grain distribution: after493

grazing one cavity flank, the grains forms a very narrow beam.494

4.2 Low production rate nuclei #205495

The question can be raised how the morphology of the near-nucleus dust coma of a given nu-496

cleus changes (at a given orientation with respect to the sun) when its heliocentric distance497

rh changes. To be sure, the coma dust mass spectrum must change, since the maximum498

liftable mass (at any surface point) changes considerably, and the distribution of grains of499

a given mass must also change, since the aerodynamic force FA surely undergoes changes.500

Could there exist some scaling law whereby the distribution of grains with radius ai
d at a501

distance ri
h where the total gas production is Qi would be similar to those of grains with502

radius aj
d at rj

h where the total gas production is Qj?503

If aerodynamic similarity holds between the gas comae at the distances ri
h and rj

h, the504

aerodynamic force FA will be ∝ a2
dQ, hence the aerodynamic acceleration will be ∝ Q/ad.505

The gravitational acceleration being constant, we see that the grain trajectories will be506

identical if Qi/ai
d = Qj/aj

d (assuming that we can neglect the radiation pressure force507

acceleration). Actually, Table 1 shows that the on-axis maximum ejectable masses are508

roughly proportional to the total production rates of nuclei #205 and #207D.509

But does aerodynamic similarity really hold in the whole (dayside) coma? The answer510

would be “yes” if at both distances ri
h and rj

h (1) the whole near-nucleus gas coma was in511

inviscid regime, (2) on the whole nucleus surface the gas flux was strictly proportional to Q,512

and (3) the surface temperature distribution was the same. None of these three conditions513

is met in general, and none is met presently. On one hand, a large part of the #205 comae514

is in viscous regime; it was noted, especially in paper G-II, that the gas structures become515

much fainter and less numerous as the production rate decreases. In particular, the shocks516

become smooth, because of the increase in viscosity with increasing rarefaction. On the517
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other hand, sublimation is highly non-linear with respect to incident illumination, in the518

region of reduced illumination: hence, the gas flux at surface points with highly oblique519

illumination is not proportional to the total gas flux. Finally, the surface temperature520

changes with rh (however, this change is modest on the dayside if the dayside surface is521

icy).522

When comparing the following results with the previously described high production523

rate ones, it will also be necessary to keep in mind that there are differences between nuclei524

#205 and nuclei #207D other than their heliocentric distance (i.e., other than their total gas525

production rate). (1) There is a 40% difference in nucleus size, hence in gravitational force.526

(2) The background gas production parameter κ is chosen higher for the low production527

rate nuclei #205. This simulates an expected relatively greater night side and shadowed528

area production of diffusing volatile molecules, compared to sublimating water (see papers529

G-II and G-III). Because the night side and shaded areas of the nuclei are relatively more530

active than in the case #207D, terminator gas shocks are in general formed. (3) The weakly531

active ring of nucleus #205z2 is placed at a lower z� than in nucleus #207Dz2 (for reasons532

given in paper G-III).533

We should therefore expect that the above Q/ad scaling concept is only crudely appli-534

cable here, or maybe not at all (given also that the radiation pressure is in general not535

negligible).536

Figures 6, 7 and 8 present the dust distributions and representative grain trajectories537

for the low production rate nuclei of the kind #205.538

It is evident from these Figures that the dust structures are neither fainter, nor less539

numerous than in the high activity nuclei, contrary to what was observed for the gas. This540

difference between gas and dust comae is clearly due to the absence of the smoothing effect541

of viscosity for the collisionless dust .542

4.2.1 Grains sizes 0.062μm (#05) and 0.91μm (#12)543
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Figure 6: Low-activity nuclei #205: isocontours of log10(mass density, kg/m3) (black lines)

and individual grains trajectories (solid or dashed white lines) of grains #05 (0.062 μm radius,

left panels) and #12 (0.91 μm radius, right panels), obtained by DMC. From top to bottom:

apple-shaped nucleus, top-shaped nucleus, nucleus with a weakly active cap #z1, and nucleus

with a weakly active ring #z2. The sun is on the +X axis.
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Figure 7: Low-activity nuclei #205: isocontours of log10(mass density, kg/m3) (black lines)

and individual trajectories (solid, dashed or dash-dotted white or red lines) of grains #18 (9.1

μm radius, left panels) and #19 (13.4 μm radius, right panels), obtained by DMC. From top

to bottom: apple-shaped nucleus, top-shaped nucleus, nucleus with a weakly active cap #z1,

and nucleus with a weakly active ring #z2. The sun is on the +X axis.
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Figure 8: Low-activity nuclei #205: isocontours of log10(mass density, kg/m3) (black lines) and

individual trajectories (solid, dashed or dash-dotted white or red lines) of grains of size #23

(62 μm radius), obtained by DMC. Top, left: apple-shaped nucleus. Top, right: top-shaped

nucleus, Bottom: nucleus #z2 having a weakly active ring. No grain of these sizes can be lifted

off the nucleus #205 z1 (weakly active cap). The sun is on the +X axis.

31



AC
CEP

TE
D M

AN
USC

RIP
T

ACCEPTED MANUSCRIPT

On most of the day side (z� < 70) the dust density distributions #05 and #12 resemble544

one another. Given that the total gas production rate ratio between the sets #205 and545

#207D is about 1000, the preceding crude scaling suggests that this grain size range in the546

#205 comae might be the equivalent, in the #207D comae, of the range 62 – 910μm which547

includes the computed size #24 (91μm) thus best suited for a comparison. Indeed, the548

present distributions do resemble those of #24 in #207D as tentatively expected from the549

scaling criterion (keeping in mind the mentioned difference in position of the weakly active550

ring). However, there also appear differences. Firstly, the #05 distribution in #205 has a551

high latitude “crease” associated with the gas terminator shock (at ∼ 70 degrees) created552

by the mentioned postulated relatively higher shadow gas emission. Secondly, the emission553

at size #05 persists at high zenith angle and in the night side, for the same reason.554

4.2.2 Grain sizes 9.1μm (#18) and 13.4μm (#19)555

These grains (and the next ones discussed below) are too large to be lifted by the present556

background gas emission. The crude scaling indicates that this range corresponds, in the557

#207D comae, to the range 0.91 cm – 1.3 cm which contains none of the sizes treated here,558

hence no test of this scaling is possible. However, the #18 coma (Fig. 7) clearly resembles559

the #40 (4.2 cm radius) coma in the #207D series (Fig. 4). We will see later that the apple560

cavity flow is nonetheless different.561

With size #19, an amazingly new structure appears near to the “top” nucleus, due to562

the presence of two populations: the grains ejected from a narrow region near z� = 300
563

form a fountain splashing the night side, while those emitted from beyond the cavity graze564

the surface to merge with the paraxial flow of grains emitted near to the axis of symmetry.565

It follows the formation of a large torus free of grains!566

4.2.3 Grain sizes 62μm (#23) and 91μm (#24)567

The crude scaling indicates that this range corresponds, in the #207D comae, to the range568

6.2cm – 9.1cm in #207D which are the sizes #41 and #42,569
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The only spherical homogeneous nucleus capable of emitting dust in this size range is570

that with a low active ring #205z2, and it can emit only grains of size #23, which form a571

mini volcano completely identical to the one described in paper D-I, as expected since it is572

confined to the vicinity of a homogeneous, spherical part of the nucleus.573

The “top” and “apple” nuclei, which have a reduced mass (“top”) or a reduced surface574

gravity (“apple” at the bottom of its cavity) both eject dust of sizes #23 and #24. Figure575

8 shows that the “top” nucleus forms a large volcano (incompletely shown on the Figure)576

whose internal part differs markedly from the volcano-like flows from spherical nuclei. In577

particular, a dust-free region is present which can be shown to be due to the asphericity578

of the gravity. At size #24, a very small size (apex at 11km) axially summetric volcano is579

formed, similar to that of a spherical nucleus.580

The structure of the coma of these sizes near to the “app” nucleus is quite complicated,581

and is intimately linked to the presence of the large subsolar cavity, hence is discussed582

below.583

4.2.4 Grain distribution inside the surface cavities584

As stated precedingly, the flows inside the “top” cavity – when existing – resemble those585

found in the high activity nuclei. Such is not the case for the flows inside the “apple”586

cavity. By referring to paper G-II (Figure 4) one will note that in the case #app205 the587

gas does not exit from the cavity, but forms a complex cellular flow inside it. Figure 9588

shows enlarged isodensities and grains trajectories in this cavity. One sees that, at any589

size, grains are emitted only from a very small region centered on the bottom of the cavity,590

and from the boundary of the upper edge of the cavity. The former ones fall back onto the591

bottom of the cavity, forming a very small volcano with apex much smaller than the depth592

of the cavity. As to the grains emitted from the edge of the cavity, they divide themselves593

in two fractions. One fraction splashes the two flanks of the cavity (sometimes after having594

overflown it at a very small distance). The other fraction, escapes from the cavity after595

crossing the axis of symmetry. At size #23, these escaping grains form a large-size volcano596
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(only partially visible in Figure 8), while at size #24 this fraction disappears completely.597

5 Relative influence of the applied forces598

In paper D-I, we pointed-out the need to distinguish between local and global criteria for599

estimating the relative role of the applied forces. In the local analysis, we declare that one600

of the three forces �F j
i (M) exerted at some point M on a grain with size j is negligible if:601

|�F j
i | ≤

ε

2
|
∑

m �=i

�F j
m| (3)

where ε � 1 denotes some smallness parameter2. This concept is useful to understand the602

origin of the computed grain motion. But it should by no means be used as a justification603

to omit consideration of such a force, for the following reasons. (1) That relation 3 holds604

for one dust mass does not imply that it holds for all other masses of interest; (2) that605

it holds at one point of a trajectory does not implies that it holds at all other points; (3)606

to check relation 3, one must compute the whole dust coma taking into account all three607

forces. What would be gained, after it, by re-doing the computation with a smaller number608

of forces?609

Systematic investigation of Eq. 3 for all cases treated here, using the arbitrary value610

ε = 0.1 shows that, in the high activity cases #207D, the solar radiation force is negligible611

at all sizes in the present computational domain, whereas the gravity is negligible in the612

whole dayside coma at grain radii smaller than 0.42 mm; above it, as size increases, the613

region where the gravity is non-negligible increases from the terminator and inactive cap614

vicinity (ad � 0.42 mm) to the whole dayside coma (ad ≥ 2.9mm). Two examples are given615

in the lower-left panels of Figure 10.616

As with the low-activity cases #205, the results are in agreement with what was found617

in Fig. 9 of paper D-I: at any size, (1) there exists a large region where none of the forces618

is negligible, and (2) there exists a region where the solar force is negligible but the extent619

2Quite unfortunately, we forgot to indicate in paper D-I that we used (in our text and Figures) this criterion

with: ε = 0.1.
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Figure 9: Low activity “apple” nucleus #205: individual grain trajectories (solid, dashed or

dash-dotted coloured lines) and isocontours of log10(mass density, kg/m3) (thin black lines)

inside the cavity, on two different scales. From top to bottom, grains of size #05, #12, #23

and #24. At impact points, the solar zenith angle of grain ejection, and their impact velocity

are given.
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of this region is in general small. One example is given in the upper-left panel of Figure620

10. One sees that one is dealing with a case where none of the three forces is negligible in621

most of the domain accessible to the grains.622

In a global analysis, one simply varies by some amount, one by one, the forces, and looks623

at the effect on the computed densities and velocities. Let us apply this method to the two624

preceding examples. The upper right panel of Fig. 10 compares the distribution of 9.18625

μm grains from the low-activity inhomogeneous nucleus #205z1, computed with all forces626

taken into account (top half-space), and computed with the radiation pressure force ignored627

(lower half-space). One sees how severe is the effect of this force on the motion of micron-628

size grains in the case of a small activity nucleus. This fact was overlooked precedingly by629

all authors (including us). On the other hand, the fact that this volcanic-like distribution630

still exists in the absence of solar force demonstrates that one is not at all dealing with a631

classical fountain model distribution with very small apex.632

The middle-right panel compares the distribution of 6 mm radius grains (one gram in633

mass) near to the high-activity inhomogeneous nucleus # 207Dz1, computed with the nom-634

inal gravity (upper half-space), to that computed without any gravity (lower half-space).635

One observes that the pattern of coma density structures has changed quite significantly in636

the paraxial region as well as near the terminator, due to the difference in grain trajectories.637

If we remove completely the gravity from consideration at larger sizes, for the same638

nucleus, the change in coma structure will be greater and greater, because at such sizes639

large regions where from the gravity prevents emission (see Figure 4) will become active.640

Thus it is more instructive to study the effect of small changes in the gravity magnitude.641

The lower-right panel compares the distribution of 4.2 cm grains near nucleus # 207Dz1,642

computed with the nominal gravity (upper half-space), to that computed with a density643

increased by 5% only (lower half-space). One sees how sensitive the heavy grain motion of644

such grains is to the nucleus gravity (that is, to the nucleus mass). The physical reason645

for it is that we are approaching the upper limit of grain ejection: the aerodynamic force646

cancels most of the gravity, so that the resulting force is in order of magnitude comparable647
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Figure 10: Sensitivity of the dust distribution to the applied forces. Left panels: Diagnostic of

how many forces are negligible using the local criterion Eq. 3. Upper Right panel: computed

dust density with allowance for the solar force (upper half space of the panel) and with omission

of the solar force (lower half space of the panel). Middle right panel: computed dust density

using the nominal gravity (upper half space of the panel) and with gravity omitted (lower

half space of the panel). Lower right panel: computed dust density using the nominal gravity

(upper half space of the panel) and with a gravity increased by 5 % (lower half space of the

panel). The two top panels refer to a micron-size grains volcano in a weakly active nucleus, the

two middle panels refer to mm-size and the two bottom panels to cm-size grains, in a highly

active nucleus. The sun is on the +X axis.
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to a small fraction of the gravity.648

We return on the influence of the gravity below.649

6 Validity of the DMF method650

One of the goals of this study was to compare coma structures computed by the DMC and651

DMF techniques, in the cases where both techniques are usable (this excludes for instance652

re-impacting grains). In order to maximize the meaning of the comparison, the same gravity653

fields must be used in the two techniques. For the sake of simplicity, the origin-centered654

M�
n/r2 field was used.655

For apple shaped nuclei, or weakly-active-cap nuclei, one fluid was made of the grains656

emitted from the apple cavity (resp. from the weakly active cap), and the second fluid657

included all other grains. For top-shaped nuclei, or nuclei with a weakly active ring, one658

fluid included the grains emitted from the subsolar cap limited by the edge of the cavity659

(resp. from the subsolar cap limited by the inner side of the ring), a second fluid included660

the grains emitted from the cavity (resp. ring) and a third included the rest of the dust661

(i.e., grains emitted at high z�). We will designate the solutions based on these subdivisions662

as “two-fluid” and “three-fluids” solutions (acronyms 2F and 3F). For reference, we also663

computed solutions with no subdivision into subsets: the so-called “single-fluid” solutions664

(acronym 1F).665

Figure 11 compares the 1F-DMF, 2F-DMF or 3-F DMF, and DMC solutions for the666

top207D and app205 nuclei. These solutions are characterized by trajectory crossings (see667

Figs. 3 and 6). One sees, first, that, as expected on general grounds, there is a large668

difference between the 1F and 2F or 3F solutions, in the region where trajectory crossings669

occur. More exactly, this happens because, not only crossings are present, but, also, the670

grain fluxes along these trajectories are comparable. In paper D-I, we showed solutions671

where trajectory crossings occurred, but with considerably differing grain fluxes, so that the672

1F solution was correct (only one trajectory providing a significant contribution to the total673

density). A second observation from the Figure is that the narrow 1F density maximum in674
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the crossing region (“top” nucleus) is right in the middle of the 3F broad density maximum:675

this also expected, since the 1F method yields the center-of-mass density distribution (see676

Rodionov et al., 2002). Finally, one sees that the DMC solution is in perfect agreement677

with the 2-F or 3F method – again, as expected. Similar conclusions could be drawn for678

the spherical, inhomogeneous nuclei.679

7 Influence of the gravitational field model680

The question we address here is to which accuracy must the gravity field be represented681

if one wants to obtain correct dust grain densities. We have not thoroughly investigated682

the question, but we present illustrative results to convince the reader that the question is683

serious, even though it is clear that there exists cases where even the omission of the gravity684

may be acceptable.685

In the (unrealistic) case of spherical, homogeneous nuclei, this question is equivalent to686

asking to which accuracy the nucleus mass (or specific mass) must be known. Figure 10687

has given a (possibly extreme) answer to the question – from which, by a crude scaling, we688

may expect that an inaccuracy of a few % will also have consequences on grains with radii689

of tens of μm, in the low production #205 cases.690

When dealing with aspherical nuclei, the preceding question raises itself, but, in addition,691

that of whether any spherical approximation to the gravity is acceptable?692

In first place, let us observe from Figure 2 that the difference in surface gravity between693

the two models may be large. Let us remind the reader that the best-fit spherical gravity694

is only a best-fit outside of the smallest sphere enclosing the object (Garmier and Barriot,695

2001). As a consequence, the difference in maximum ejectable mass (between real value696

and approximating value) may be large. For instance, Table 1 shows that there is a factor697

3 difference between the on-axis ejectable mass of app207D and #207D z2 whose masses698

differ by only 4% (and whose on-axis gas-fluxes are identical).699

The next question is what is the effect on the coma structure of replacing the true gravity700

field by its spherical approximation? Figure 12 compares the trajectories and number701
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Figure 11: Comparison between the DMF and DMC modelling methods. Left: Size #24 (0.091

mm radius) grains are considered around the high activity “top”nucleus # top207D; Right:

Size #05 (0.062μm radius grains) are considered around the low-activity nucleus #app205.

From top to bottom: log10(mass density, kg/m3) computed from DMC, using the spherical

gravity field used in the DMF method; idem, computed from a single-fluid DMF method;

idem, computed from a two-fluids or three-fluids DMF method. The sun is on the +X axis. On

these panels, labels with file number and date appear, for reference purposes: the reader should

discard them.
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DMC with BEST-FIT Spherical Gravity DMC with EXACT (aspherical) Gravity
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Figure 12: Influence of the gravity field model on the computed coma structure. Size #18 (9.1

μm radius) grains around nucleus #top205. The left panel shows the grain number density

computed from DMC, using the approximate spherical gravity field used in the DMF computa-

tions. The right panel shows the grain number density computed from DMC, using the correct,

aspherical gravity field. The solid or dashed white or blue lines are grain trajectories. The sun

is on the +X axis.

densities of 9.1 μm radius grains around the nucleus #top205 when (1) the exact gravity702

field is used, (2) the spherically symmetric field Mn/r2 is used. One will notice that the703

difference is largest in the “pseudo-jet” region that attracts so much attention from the704

cometary observers. This indicates that, to correctly infer the origin of dust grains in such705

a case, it is mandatory to use, not the spherical approximation of the gravity, but the real706

gravity. This is surely a problem for a cometary rendez-vous mission, because in such a707

mission the gravity field is usually derived by a multipolar expansion fit to orbital data. As708

reminded in Garmier and Barriot (2001), such an expansion does not necessarily converge709

in the immediate vicinity of the surface of the nucleus. Hence how to infer the real gravity710

field in, e.g., cavities, is an open question.711
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8 Properties and implications of the falling-back grains712

713

It should be clear, in first place, that the present study does not predict the emission from714

any given point of any given nucleus of grains with any given mass. Therefore, it cannot715

predict the existence of falling-back grains. However, as soon as coma or tail observations716

guarantee the ejection of some kind of grains, then the present model will enable one717

to figure-out whether grains of this kind will re-impact the surface. This assessment is718

important in two respects: (1) it helps figuring-out whether the overall shape, and the719

composition of the surface layer of the nucleus, are genuine or are the result of impact720

reprocessings; (2) it will allow estimates of the dust flux to be expected on a landed probe721

(in first place, on the Rosetta mission lander).722

Figures 13 and 14 show, respectively, the flux and velocity of the falling-back grains723

identified in the present study. A mere glance on the former one indicates that: (1) on724

highly active nuclei, fall-backs on sunlit surfaces are only due to very large grains – near725

to the threshold of ejection – while areas in shadow (including the night side) receive much726

higher fluxes, and from grains of many sizes; (2) on weakly active nuclei, a dominant part of727

the surface is susceptible to be bombarded, and by grains of many sizes; this bombardment728

is especially intense in surface cavities, where all grain sizes take part in the bombardment.729

To allow a better evaluation of the significance of the re-impacting fluxes F−, Table 3730

compares the peak values [F−]max of these fluxes (over the surface, and taking all sizes731

into account) to the upward fluxes F+ at the point and grain size for which [F−]max is732

obtained. One sees that, for high activity nuclei, [F−]max is due to submicron grains, and733

occurs at the terminator due to the effect we mentioned at the beginning of subsection734

4.1.1; at these points, the upward flux is negligible. For low-activity nuclei, F− peaks735

inside the cavities of the aspherical nuclei, where it is high and due to submicron grains, or736

peaks inside the reduced activity areas of the inhomogeneous, spherical nuclei, where it is737

small and due to micron-size grains. The upward flux is negligible with respect [F−]max,738
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Figure 13: Flux of falling-back particles Z− as a function of position on the surface. From top

to bottom: nuclei of kinds ”app”, ”top”, ”z1”, ”z2”. Left column High activity case #207D;

Right column Low activity case #205. The different curves correspond to different grain sizes,

as indicated. Notice their differing vertical scales. The “spiky” appearance of some parts of

the #12 curve is statistical noise. The symbol zsun designates the solar zenith angle z�.

43



AC
CEP

TE
D M

AN
USC

RIP
T

ACCEPTED MANUSCRIPT

excepting the case of the “apple” cavity, where it is of the same order of magnitude. Thus739

we see that, in all cases, there is significant short-term reprocessing of parts of the surface740

due to grain fallbacks. When the nucleus rotates, the reprocessed area will in general move741

on the surface, so that the effect likely becomes global. The reprocessing is not necessarily742

maximal where the falling-back flux is maximal, as shown by Table 3 which indicates the743

peak rate of area coverage by falling-back grains [πa2
dF

−]max (in fraction per second). We744

see, for instance, that the region z� � 510 of the surface of the highly active spherical745

nucleus 207D z1 can be covered in one day with a layer of size #42 grains (i.e., a layer746

of 8 cm thickness!). The cavities of the highly active nuclei app207D and top207D can,747

similarly, be covered with a layer of submicron dust in a few days. Of course, the rotation748

will probably increase the times for complete coverage, but will as well increase the extent749

of the covered areas. Also, one must add to the above rates, smaller but still significant750

rates from grains of other sizes.751

One can ask whether the energy flux due to the above impacts is significant for the752

nucleus (e.g., by increasing its gas production locally). We found that this flux is always753

less than 10−4 of the postulated energy flux assumed to arrive at the surface (solar plus754

thermal conduction). It is therefore unlikely that with any conceivable dust spectrum this755

energy flux will be significant.756

The importance of the falling-back effect raises the question of its consequences for a757

landed probe.758

Since, owing to the nucleus rotation, the probe will sample a large range of solar zenith759

angles, it will probably pass through areas of significant bombardment, and its space-facing760

surfaces will, accordingly accumulate dust of many different sizes (there is little possibility of761

clean-up for dust deposited on a probe). As the comet moves towards perihelion (conditions762

presumably comparable to #207D), the absolute value of the bombarding flux will not763

increase dramatically, but the rate of coverage will increase, because the size of the falling-764

back grains will increase. These existence of these effects is independent from our arbitrarily765

(although reasonably) selected dust spectrum, since to avoid dust deposition one has to766
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Nucleus Size ad z� V − F+ [F−]max [πa2
dF

−]max

index (m) (deg.) (m/s) (m−2s−1) (m−2s−1) (m2/m2)s−1

app207D #05 6.2e-8 90 11. 0. 1.06e+5 1.26e-9

#42 9.1e-2 0 0.21 2.62e-5 1.35e-4 3.58e-6

top207D #05 6.2e-8 48.5 500. 0. 9.37e+7 1.13e-6

#41 6.2e-2 52.3 1.7 0. 4.77e-4 5.76e-6

207D z1 #05 6.2e-8 90 8.7 0. 1.07e+5 1.29e-9

#40 4.2e-2 51.3 2.1 0. 2.57e-3 1.42e-5

207D z2 #05 6.2e-8 90 8.7 0. 1.07e+5 1.29e-9

#40 4.2e-2 51.0 1.11 0. 6.15e-5 3.41e-7

app205 #05 6.2e-8 0 37 5.12e+6 5.70e+6 6.88e-8

#12 9.1e-7 0 11. 3.78e+5 4.93e+5 1.28e-6

top205 #05 6.2e-8 48.2 25. 0. 3.25e+4 3.92e-10

#24 9.1e-5 18.6 1.2 0. 7.50e-2 1.95e-9

205 z1 #12 9.1e-7 52.8 0.22 0. 740. 1.93e-9

#18 9.1e-6 0 1.5 0. 66.4 1.73e-8

205 z2 #12 9.1e-7 52.8 0.22 0. 741. 1.93e-9

#19 1.3e-5 57.4 2.8 0. 21. 1.18e-8

Table 3: Properties of the falling-back dust fluxes. For each nucleus, the first line indicates the

dust size and solar zenith angle z� where the largest downward flux [F−]max is found, and the

second line indicates the dust size and z� where the largest rate of surface coverage [πa2
dF

−]max

is found. The format ue±v is used for u × 10±v .
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Figure 14: Impact velocity of falling-back particles as a function of position on the surface.

From top to bottom: nuclei of kinds ”app”, ”top”, ”z1”, ”z2”. Left column high activity nuclei

#207D; right column: low activity nuclei #205. The different curves correspond to different

grain sizes, as indicated. The values relative to size #05 (when present) should be read on the

left vertical scales, those relative to greater sizes must be read on the right vertical scales. The

“sawtooth” appearance of some #12 curves is satistical noise. The symbol zsun designates the

solar zenith angle z�.
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make the impossible assumption χs ≡ 0. But, of course, the numerical values characterizing767

these effects (e.g. mass deposition rates) are linked to our postulated dust size spectrum,768

i.e., our adopted values of χs. They can be increased or decreased by other assumptions769

concerning this spectrum. The reader can do his own estimate by choosing his own χs
770

values, and scaling our numbers in proportion to χs.771

The impact velocities, which control the impact damage to the probe, are, for the #205772

case, reasonably low at all sizes (at most a few m/s) excepting the cavities, where they can773

reach tens of m/s. As the comet moves towards perihelion, Figure 14 indicates a general774

increase of the impact velocities, but with varying magnitudes. For instance, in the “apple”775

nucleus, there is at most a 10% increase, whereas in the cavity of the “top” nucleus, there776

is a factor 20 increase. If any conclusion can be drawn as of now, it is to avoid landing in777

cavities. We already arrived at it in our studies of the gas flow, for other reasons (avoidance778

of frost deposition).779

Coming back to the future Rosetta landing, let us observe that the target nucleus will780

be � 3 times smaller than our #205 nucleus, and is expected to have a gas production rate781

dominated by CO and in the range 1 to 3 times that of the #205 nucleus. If a scaling782

of the kind advocated above could be used, it would locate the bombardments (outside783

of cavities) in a dust size range increased by a factor 45 to 120, as compared with case784

#205, i.e., for the low production case, the range of radii 45 μm to 4.5 mm, and, for the785

high production case, the range of radii 0.12 mm to 12 mm. We do not venture to make786

additional speculations here since, on one hand, an approximate shape of the target comet787

nucleus (of course different from those used here) has been derived by Lamy et al. (2007);788

on the other hand, it is expected that the analysis of images of the comet dust trail and789

tail will yield precise informations on the dust size spectrum. A dedicated detailed model790

of the near-nucleus dust coma of this comet should therefore become possible in the near791

future.792

9 Limits of the steady-state approximation793
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In the present model, the applied forces are assumed time-independent (in a nucleus-794

attached frame), and no inertia force is considered. But real nuclei rotate, where from,795

in a nucleus-attached frame, one must add a rotational inertia force, and the sun direc-796

tion changes, which renders the aerodynamic force and solar radiation pressure force time-797

dependent. These effects will significantly affect the properties of the re-impacting grains798

if their transit time from emission to impact is a sizable fraction of the nucleus rotation799

period. To have a feeling of when this occurs, Table 4 indicates the range of transit times800

Δt for the re-impacting trajectories found in the present study. These times range from801

1 to 10 hours, whatever the activity and dust size are, even though for the low-activity802

case they are more frequently of a few hours, while in the high activity case they are more803

frequently in the 10 hour range. Thus, in nuclei rotating with periods of a few days or804

faster, the rotation should be expected to have a strong effect. This will be investigated805

in the future, at least in a few cases – because one should expect that the transit times806

also depend upon the nucleus mass, i.e., upon its characteristic size and its specific mass,807

making a thorough study very cumbersome, and perhaps not very useful.808

It is worth recalling also here that our assumption of the presence of large non-ejectable809

stones in the weakly active areas implies a long-term evolution of these areas towards total810

inactivity.811

10 Conclusion812

Before recalling the conclusions of the present study, let us make a general remark con-813

cerning their relevance. They are based (as those of paper D-I) on deliberately simplified814

benchmark representations of cometary nuclei and dust. Thus they are applicable to any815

real observation, but in a carefully thought manner. That is, the physical processes identi-816

fied here hold in any real comet, but other processes deliberately omitted here, for instance,817

the inertia and tidal forces, or the non-sphericity of grains, or the presence of volatile frac-818

tions inside them, should as well be taken into consideration when interpreting observations819

of real dust comae. Such effects – who knows? – could counter-act or alter the presently820

48



AC
CEP

TE
D M

AN
USC

RIP
T

ACCEPTED MANUSCRIPT

Nucleus Size Range of Δt

index (s)

app207D #40 1.0 - 6.0 ×104

tri207D z1 #40 0.3 - 7.5 ×104

tri207D z2 #40 0.7 - 4.0 ×104

app205 #18 0.4 - 0.7 ×104

#23 0.3 - 5.0 ×104

top205 #19 3.6 ×104

#23 2.1 - 16. ×104

tri205 z1 #18 0.5 - 8.0 ×104

#19 0.5 - 0.9 ×104

tri205 z2 #18 2.0 ×104

#23 0.5 - 2.0 ×104

Table 4: Range of transit times Δt between emission and re-impact found in the present study.
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considered processes; this is precisely why we omitted them from this study! These effects,821

will be considered in the following papers of our study. Until then, we consider that no822

adequate tool for reliably interpreting near-nucleus dust comae is at hand. As often occurs,823

the observations are in a sense in advance ahead of data analysis methods. This is in itself824

an important result, we believe, from our work.825

Let us now summarize the present results. Most conclusions of paper D-I, where the826

nuclei were assumed spherical and homogeneous are confirmed by the present results where827

spherical-inhomogeneous and aspherical-homogeneous nuclei were considered. For instance,828

(1) re-impacting trajectories (forming volcanoes) are found again, and (2) the incorrectness829

of a-priori neglecting any one of the three forces considered when computing the near-830

nucleus dust coma is confirmed. This is a confirmation of the correctness of our method of831

“gradual sophistication” of the benchmark models: one sees clearly if and when new effects832

counter-act or not the previously considered ones. In addition to these earlier findings, the833

following new conclusions are brought forwards. (1) The areas of the nucleus with a reduced834

activity are susceptible to a volcanic-like bombardment by grains from more active areas.835

(2) The effect is more pronounced at small nucleus gas production, and might be particularly836

strong on the shadowed flanks of surface concavities which receive dust from other (sunlit)837

parts of the cavity; this cavity bombardment is associated with gas recondensation, and838

involves a large dust mass spectrum. (3) The non-sphericity of the gravitational field of839

aspherical nuclei plays an important role in the near-nucleus grain trajectories and grain840

number density. (4) The DMF method is confirmed to yield a highly accurate dust coma841

structure, as long as a suitable number of “dust fluids” are defined. (5) Even in the simple842

cases treated here, there is no evident way to decide whether a coma dust structure is due843

to nucleus asphericity or to nucleus inhomogeneity; and even the comparison between the844

gas and the dust structures does not allow to distinguish between these two processes.845
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