
A comprehensive model to describe light

scattering properties of cometary dust

Ingrid Mann a,∗, Hiroshi Kimura a, Ludmilla Kolokolova b

aInstitut für Planetologie, Westfälische Wilhelms-Universität,
Wilhelm-Klemm-Straße 10, D-48149 Münster, Germany

bDepartment of Astronomy, University of Florida,
211 SSRB, Gainesville, FL 32605, USA

Abstract

We present a model of cometary dust that could provide the correct behaviour of
the main observational characteristics in the visual spectral regime. The model re-
produces the right shape in angular dependencies of intensity and polarisation as
well as their spectral gradients (colours) including the change of colour with scat-
tering angle. The dust particles are described as aggregates of a large number of
constituent spheres of radius equal to ∼ 0.1 µm. We use a refractive index that is
characterized by high values of its real and imaginary parts both increasing with
wavelength. This refractive index reproduces the comet-Halley element content of
dust derived from in-situ measurements but the values are typical, in general for
carbonaceous materials. The assumed composition is also in a good agreement with
laboratory studies of interplanetary dust particles as well as with the current un-
derstanding of the material evolution in comets, although further studies of comet
dust properties should include a comparison with thermal observations.
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1 Introduction

1.1 Observations

Studies of cometary dust brightness and polarisation reveal the average prop-
erties of the grains that contribute to the observed scattered light. In spite of
the variety of the possible regions of cometary origin, as well as the variety
of formation and evolution temperatures, and dynamical evolutions, the op-
tical properties of cometary dust have common basic characteristic features
[1]. These lie in the dependencies of the intensity and polarisation of scat-
tered light on phase angle and wavelength. These properties are derived from
astronomical observations where the phase angle is identical to the angle Sun-
comet-Earth, α. This angle in the single particle scattering problem (note
that multiple scattering is negligible) is related to the scattering angle θ as
α = 180◦ − θ.

Some of the average optical properties are similar (but not identical) to those
derived from zodiacal light observations for interplanetary dust (cf. [2,3]). The
main common features of light scattering by cometary dust are:

(1) The geometric albedo A, which is related to the intensity of scattered
light, is low, A < 0.05, at small phase angles.

(2) The intensity I has its maximum at large phase angles, i.e. in the for-
ward scattering regime, flattens at medium phase angles and increases
moderately at small phase angles in the backscattering regime.

(3) The polarisation P is slightly negative for small phase angles, α, rises to
P = 0 at the so-called inversion angle, α0 of the order of 20◦ and then it
rises to a broad maximum peaking near α = 90 to 100◦.

(4) Both intensity and polarisation increase with wavelength λ, i.e., show red
colour dI/dλ > 0 and dP/dλ > 0.

(5) The colour of intensity does not show a clear correlation with phase angle
at α < 70◦, but the polarimetric colour dP/dλ increases with phase angle
at α > 30◦.

1.2 Comparison to light scattering models

Having a low albedo is typical for cosmic dust. For example, interpretation
of the brightness observations of zodiacal light together with the flux rates
derived from space measurements became possible only under the assumption
that interplanetary dust particles are very dark [2]. For a long time such a low
albedo of grains was explained by the fact that they not only contain dark
material but also have a very fluff, porous structure [4,5]. This type of grains
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also could reproduce the general trends in intensity and polarisation confirmed
by laboratory measurements at irregular particles [2,6] and various types of
light scattering calculations of rough-surface particles (see, e.g. [7]). Attempts
to reproduce the trends in intensity and polarisation using other types of
particles could not provide a consistent model of the dust: a low maximum
polarisation can be obtained for non-spherical dark particles [8], while negative
polarisation at backscattering requires transparent material [9]; the variation
of intensity with phase angle can be explained with the scattering of spheroids
of moderate sizes (0.5 to 2 µm) [10] but the shape of the polarisation curve and
positive polarimetric colour are better explained with mixtures of submicron
particles [11].

Models of aggregates of submicron particles reproduce relatively well the ob-
servational data for cometary grains (see Table 1), although not all of the listed
calculations were aimed toward describing the cometary dust properties. They
also agree with common understanding of the formation of cometary dust from
aggregation of interstellar grains (see [26]). We conclude that models where
the size parameter of monomers is close to unity, i.e. the size of monomers is of
the order of 0.1 µm, in general yield acceptable agreement to the observational
data, as long as the aggregate particles are not too small. Aggregates where
the number of monomers is less than 60 fail to reproduce the light scattering
characteristics. Hence, although the particles are described as fluffy aggregates,
a mixture of small single particles does not produce the observed scattering
properties. Neither do models, where the size parameters of monomers are ei-
ther very small or very large compared to unity obtain a good fit to the data.
Simulation of cometary dust using aggregate models can sufficiently reproduce
the angular dependences of brightness and polarisation as well as positive po-
larimetric colour when the aggregates are assumed to consist of submicron
particles. However, these models still have a great difficulty to reproduce the
red colour and the increase of polarimetric colour with phase angle observed
for cometary dust [27]. Among the models with the suitable monomer size,
those with a large refractive index give the best agreement. Recently, our pre-
liminary results have shown that all the general trends in light scattering by
cometary dust can be achieved with an aggregate consisting of optically dark
submicron grains [23]. We follow up this study in detail with more refined
calculations in order to confirm our model.
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2 Model assumptions

2.1 Refractive index

We assume that cometary dust consists of three type of compounds: carbona-
ceous materials, iron-free silicates and metals, and that the compounds are
made of six elements: C, N, O, Mg, Si, and Fe [28]. Once the abundances of
the elements are known, we can assign C, N and O to carbonaceous materials;
Si, Mg and O to iron-free silicates; and Fe to metal. We shall use the average
elemental abundances of C, N, O, Mg, Si and Fe measured in situ for dust
in comet Halley [29]. Table 2 summarises the abundance of the j-th element
in the i-th compound, Xij, derived from the Halley’s data. Also given are
the atomic weight of the j-th element, Aj and the bulk density of the i-th
compound, ρi.

We shall estimate the volume fraction of each compound, fi, as follows: (1)
multiply the j-th atomic number to the elemental abundance to obtain the
relative mass of the j-th element in the i-th compound, (2) sum up the rela-
tive mass for each composition to obtain the mass ratio for the compounds,
(3) divide the mass ratio for each compound by its bulk density to obtain
the volume ratio for the compounds and (4) normalize the volume ratio to
finally obtain the volume fractions of the compounds. These procedures can
be written as

fi = ρ−1
i

6∑
j=1

XijAj/
3∑

i=1

ρ−1
i

6∑
j=1

XijAj. (1)

Inserting the values of ρi, Aj and Xij from Table 2 into Equation (1), we
obtain the volume fraction of carbonaceous material, silicate and metal to be
0.6568, 0.3176 and 0.0256. We further assume that one third of carbonaceous
material is in the form of organic refractory and two third in the form of
amorphous carbon. This is consistent with the nitrogen depletion in cometary
dust compared to interstellar dust, indicating that one third of organics in
cometary dust was transformed into amorphous carbon [33].

We apply the Maxwell-Garnett mixing rule to derive the average refractive in-
dices of cometary dust consisting of carbonaceous material, silicate and metal
from the Halley’s dust composition. Assuming that organic refractory, sili-
cate and metal are inclusions embedded in amorphous carbon, the average
dielectric function, εav, is then calculated by (see [34])

εav = εm
1−∑3

i=1 fi + 3
∑3

i=1 fiεi(εi + 2εm)−1

1−∑3
i=1 fi + 3εm

∑3
i=1 fi(εi + 2εm)−1 , (2)
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where εi and fi denote the dielectric function and volume fraction of the
i-th inclusion, respectively, and εm is the dielectric function of the matrix.
Table 3 gives the volume fractions and the refractive indices of amorphous
carbon, organic refractory, silicate and metal used for the estimate of εav from
Equation 2 [30–32]. Note that the complex refractive index, m, is related
to the dielectric function, ε, as ε = m2. Inserting the values of εm, εi and
fi from Table 3 into Equation (2), we obtain the average refractive indices,
mav = 1.88 + 0.47i at a wavelength of λ = 450 nm and mav = 1.98 + 0.48i at
λ = 600 nm.

2.2 Morphology

We model cometary dust as aggregate particles consisting of identical spheres
(monomers) and consider two types of aggregations that result in different
morphologies. One is ballistic cluster-cluster aggregation (BCCA), in which
particles grow by sticking of identical clusters moving in ballistic trajectories.
The other is ballistic particle-cluster aggregation (BPCA), in which particles
grow by sticking of single monomers moving in ballistic trajectories. We note
that these models are not assumed as the formation process of the cometary
dust but rather applied to describe the irregular structure. We perform 3-D
numerical simulations to model these aggregate particles based on a Monte-
Carlo method to randomize the initial condition of the impactors [39]. We
assume that the radius of monomers is am = 0.1 µm and consider the number
of monomers N = 64, 128, and 256. The assumed monomer size is in agree-
ment with laboratory studies of interplanetary dust [40]. Using different seed
numbers for the random generator, we construct three BCCA particles and
three BPCA particles for each size of aggregate.

3 Light scattering calculations

We present the geometric albedo A and linear polarisation P as a func-
tion of phase angle α and wavelength λ. The geometric albedo is given as
A = (S11λ

2)/(4πG), where S11 denotes the orientation-averaged (1, 1) com-
ponent of the scattering matrix and G the geometric cross section [5]. We
estimate the surface area 4G of aggregates using a Monte-Carlo method [39].
The linear polarisation is given as P = −S12/S11, where S12 denotes the
orientation-averaged (1, 2) component of the scattering matrix [34]. We cal-
culate the values of S11 and S12 using the superposition T matrix method
[13].

Figure 1 shows A and P calculated for BPCA (symbols) and BCCA (lines)

5



particles with number of monomers N = 64, 128, 256 at λ = 450 and 600
nm. The values are averaged over three particles, but the results for the single
aggregates are found to be almost identical.

One can see that all the characteristics listed in the introduction are qualita-
tively satisfied: the intensity has forward scattering and slight backscattering
peaks and is rather flat at medium angles; the polarisation function has a
bell-type shape with the maximum around 90◦ and a shallow negative polari-
sation branch at small phase angles; the colour is red and changes very weakly
with the phase angle; the polarimetric colour is also red and increases with
phase angle within the phase angles of 0◦ to 90◦. We believe that this quali-
tative fit to all observational facts is a better indication of a successful model
than a quantitative fit to some data that contradicts to others. Nevertheless,
this result has to be discussed in the light of experimental results and model
assumptions.

4 Discussion

The presented model achieves qualitative agreement to all the observed optical
characteristics of cometary dust. While for the calculated cases of particle sizes
the obtained maximum polarisation is higher than the observed values we ex-
pect the maximum polarisation to decrease to larger particle sizes while at the
same time the negative polarisation decreases. This trends are expected from
other studies [41] and in Figure 1 can be seen for the negative polarisation.

The importance of the assumed scattering properties lies in the assumption of
the refractive index, namely, not only in the fact that it is absorbing but also
in the increasing slope with λ. Considering its spectral variation, an increase
of both n and k is most suitable for obtaining the optical properties. Our
approach is tempting since it may account for all observational trends within
one particle model and at the same time it accounts for the mineral compo-
sition of cometary dust. Nevertheless some restrictions have to be seen. The
refractive index of the monomer material was determined by the Maxwell-
Garnett mixing rule, describing the material as a matrix with inclusions of
other materials. This is applicable if the size of the inclusions is small com-
pared to the wavelength. The application of the Maxwell-Garnett mixing rule
also implies the different constituent materials to be evenly distributed within
the monomers. The dust measurements at comet Halley indicate the different
dust components to be mixed down to the smallest sizes [42] which may give
this method of estimating the refractive index some justification. The 12C/13C
isotope ratios [29] vary from particle to particle. This indicates that there has
been no process leading to chemical homogeneity in the history of cometary
dust. By applying the Maxwell-Garnett mixing rule for calculating the index
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of refraction we emphasize the contribution of carbonaceous material, since it
is assumed as the matrix material in which the other materials are embedded.
Moreover, this description does not account for possible interactions between
the inclusions and we speculate this may cause some incorrectness for the case
of a high percentage of inclusions. In spite of the above mentioned limitations
of the Maxwell-Garnett mixing rule, we expect that the average refractive
index of cometary dust is close to the one we have derived here.

The measurements at comet Halley [29] show that the detected particles dif-
fer from each other and namely the amount of the light elements CHON, as-
sumed to account for the organic refractories, versus the heavier rock forming
elements is variable. Since the carbonaceous monomers are relatively dark,
we can expect them to determine the scattering properties of an aggregate
even when other types of monomers exist. This needs to be checked with fur-
ther model calculations. We also have to check the common assumption that
cometary dust is best described as agglomerates of core-mantle particles [43].
For the case of the core-mantle model, we can assume that the scattering prop-
erties of the monomers with core-mantle structure are similar to the mantle
material, if the mantle occupies sufficiently large volume compared to the core.
Aside from the possibility of these core-mantle particles, also the influence of
non-sphericity on the scattering properties has to be investigated in future.

The fact that both albedo and polarisation show a smooth slope as function
of the phase angle should not be over-emphasized since this may partly stem
from observational averaging. Observations obtained before the 1990’s have
not been made with imaging detectors [44]. The recent, spatially resolved
observations, however, show radial gradients and localized structures in the
polarisation data [45,46] as well as higher polarisation in the region of coma jets
[46–49]. Hence polarisation differences between comets cannot be distinguished
from effects of different observation geometries.

Dobrovolsky et al. [50] and subsequently Levasseur- Regourd et al. [51] suggest
based on a comparison of the polarimetric properties of cometary dust at large
phase angles that those indicate the existence of two classes of comets for which
the optical, linear polarisation vs. phase angle relations of comets fall into two
distinct groups. Best-distinguished at large phase angles, the high polarisation
comets (including West 1976 VI, P/Halley 1986 III and Levy 1990 XX) have
maximum polarisations Pmax ≈ 30% while the low polarisation comets (e.g.
Kobayashi-Berger-Milon 1975 IX, Austin 1990 V) have Pmax ≈ 20%. The
samples of comets that Levasseur-Regourd et al. [51] suggest show no clear
relationship to the dynamical properties of the comets. It should be noted that
the recent numerous observations of comet Hale-Bopp do not clearly fit within
these two groups [44,52,53]. From our model calculations we expect differences
in the optical properties of dust to stem predominantly from different sizes of
the grains. If this turns out to be the case the distinction of comets into two
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groups requires the presence of two distinct size distributions of dust among
a variety of comets, which we think is unlikely.

Our current model needs improvement by refined model calculations. Calcu-
lations are in progress and we expect obtaining a better, quantitative fit to
the observed data as well as to investigate in detail how the observational
characteristics change with changing the model parameters. It should further
be discussed how it agrees with the models of material evolution. Comparison
to thermal emission models is needed in order to allow for a comparison to
further observational data.
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Fig. 1. Shown are the geometric albedo A and polarisation P calculated for BPCA
(symbols) and BCCA (lines) particles with number of monomers N = 64, 128, 256
at wavelength of 450 and 600 nm. The results were obtained with the T Matrix
method describing the particles as agglomerate of identical homogeneous spheres.
The calculations were made for three BPCA and BCCA particles each and subse-
quently averaged.
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Table 1
Light scattering simulations of aggregate particles and comparison to cometary dust
properties.

Method Monomer’s parametersb Fitsc Fit achieved

useda Nm Xm n k I P Nm Xm Ref.

DDA 170 0.2–0.6 1.7 0.023 − − [14]

DDA 8 0.6–1.8 1.7 0.023 − + 8 1.8 [14]

DDA 256–4096 0.1 1.48 0.000029 − − [15]

DDA 256–4096 0.1 2.54 0.59 − − [15]

DDA 15 1.0–1.5 1.6–2.5 0.1–0.5 − +d 15 1.0 [16]

DDA 30–200 1.2–1.9 1.29 0.008 + + 60 1.9 [17]

DDA 30–200 1.2–1.9 1.57 0.012 + + 200 1.2 [17]

DDA 4–10 2.6–5.2 1.65 0.01 −e −e [18]

DDA 4–10 2.6–5.2 1.88 0.71 −e −e [18]

DDA 512 0.1–0.8 1.4–1.5 0.0001–0.5 + +f 512 0.68 [19]

DDA 8000 0.3 1.7 0.03 + + 8000 0.3 [20]

TMM 1–43 0.7–2.5 1.65 0.002–0.1 −g −h [21]

DDA 128–8192 0.1–0.7 1.68 0.03 + + ≥ 512 0.7 [22]

TMM 64–256 1.6 1.68 0.03 −
⊕

> 64 1.6 [22]

DDA 128–8192 0.1–0.7 1.99 0.23 + + ≥ 512 0.7 [22]

TMM 64–256 1.6 1.99 0.23
⊕

− > 64 1.6 [22]

TMM 64–256 1.0 1.98 0.48
⊕i +i 256 1.0 [23]j

aDDA: discrete dipole approximation [12]; TMM: T-matrix method [13].
bNm: the number of monomers; Xm: the size parameter of monomers; n: the real
part of refractive index; k: the imaginary part of refractive index.
cI: intensity; P : polarisation;

⊕
: a quantitative fit; +: a qualitative fit; −: no fit.

dFor n ≥ 2.0.
eA rough qualitative fit after considering a half of monomers with m = 1.65 + 0.01i
and the other half with m = 1.88 + 0.71i.
fFor k > 0.1 as claimed after their follow-up calculations [24].
gA rough qualitative fit after averaging over different sizes in a power-law dis-
tribution with Xm = 1.3 and k = 0.01. However, the spectral variation for the
size-averaged results yields a blue colour [25].
hA rough quantitative fit after averaging over different sizes in a power-law distri-
bution with Xm = 1.5 and k = 0.01. The spectral variation for the size-averaged
results could yield a red colour in 40 < α < 100◦ [25].
iNot only the angular dependence but also the spectral dependence.
jAlso in this work.
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Table 2
Elemental abundancesa

Atomic Carbonaceous Silicate

Element weight material (SiO2, MgO) Metal Total

C 12.011 814 0 0 814

N 14.007 42 0 0 42

O 15.999 420 470 0 890

Mg 24.305 0 100 0 100

Si 28.086 0 185 0 185

Fe 55.845 0 0 52 52

Bulk density (kg m−3) 1.80× 103 3.30× 103 7.86× 103

Reference [30] [31] [32]

aThe element abundances are normalized to Mg (= 100) [29].
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Table 3
Refractive indices and volume fractions
Material Wavelength Volume

name 450 nm 600 nm fraction Ref.

Amorphous carbon 1.95 + 0.786i 2.14 + 0.805i 0.4379 [35]

Organic refractory 1.69 + 0.150i 1.71 + 0.149i 0.2189 [36]

Silicate 1.69 + 0.0299i 1.68 + 0.0302i 0.3176 [37]

Metal 2.59 + 2.77i 2.90 + 3.02i 0.0256 [38]

Cometary dusta 1.88 + 0.47i 1.98 + 0.48i 1.0000 [23]b

aAmorphous carbon is treated as the matrix.
bAlso in this work.

16


