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ABSTRACT. Forward and inverse Monte Carlo modeling of cometary dust tail and coma
images has provided one of the best approaches to infer the basic physical dust parame-
ters and their time dependence: mass loss rates, ejection velocities, and size distribution
functions. These methods attempt to fit the brightness distribution found in cometary as-
tronomical images at a variety of wavelengths. The trajectories and the light scattered by
the dust particles are functions of the size parameter, shape, and refractive index. In this
paper we describe briefly the Monte Carlo technique, and present some applications.

1. Introduction

Dust grains embedded in the cometary ices are dragged out by the vacuum expansion of
the gases coming from sublimation of the ices. The ice sublimation depends on the nature
of the ice and the heliocentric distance. When comets approach perihelion, the outgassing
is greatest, giving rise to dust comae and tails. The detailed hydrodynamical processes
that take place in the circumnuclear coma region are very complex, and depend, among
other things, on the nucleus surface heterogeneity and topography [2]. For the purposes
of interpretation of the dust tails and comae, a number of boundary conditions must be
assumed. Thus, the dust ejection velocities are assumed to be the terminal velocities of the
grains when they are already decoupled from the gas drag. The size distribution is very
broad, with particles in the submicrometer to the centimeter range.

The Monte Carlo process involves the computation of (i) the orbit and position of the
ejected particles in the so-called sky or photographic plane, and (ii) the contribution of the
light scattered by each particle to the total brightness of the tail or coma.

2. Orbital computations

Once the dust grains are submitted to space, they experience a number of forces. For
small-sized cometary nuclei (most nuclei are of order ∼ 1 km), the nucleus gravity be-
comes negligible, and the most important contributions are the pressure radiation force,
and the solar gravity force. Long-term effects, such as the Poynting-Robertson drag force,
or the Yarkovsky effect, are ignored.
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The radiation pressure force exerted on a particle is proportional to the radiation ef-
ficiency pressure vector

−→
Qpr. For non-spherical particles this quantity is a full three-

dimensional vector. The radial (Sun-to-comet) component of
−→
Qpr as a function of particle

size for astrosilicate material [3] is displayed in Figure 1 for irregular particles (DW1996,
see [5]), oblate spheroids (T-matrix calculations with Mishchenko’s code [14], and spheres.
From this graph, it is seen that the assumption of spherical particles constitutes a fair ap-
proximation for computation of the radial component of

−→
Qpr.

The non-radial over radial radiation pressure efficiency ratio depends on size, shape,
orientation, refractive index, and the state of rotation of the grain. Calculations on ellip-
soids [11] and aggregate particles [12], as well as experimental data [13] show that these
non-radial terms may be as large as 30% or more of the radial component at some size pa-
rameters. However, since the particles are surely rotating with unspecified rotation periods
and axis orientations, these non-radial components would be in practice very difficult to
obtain. Thus, the non-radial components are neglected.

The equation of motion of the dust grain in case the non-radial pressure force is ne-
glected becomes very simple, as it then describes the motion of a particle in a reduced
solar gravity field by the β parameter, defined as the ratio of radiation pressure force to
solar gravity force. Consequently, the particle describes a keplerian orbit. The position of
the ejected grain must be calculated in the photographic plane (N,M ) [6].

3. Light scattering computations

The light we observe from comets is overwhelmingly singly-scattered light from dust
released from the surface of the comet nucleus. The surface itself does not contribute
significantly unless the comet is almost inactive. In these conditions, the contribution of
the scattered light by each individual grain to the total brightness of the tail at the phase
angle of the observations, in a given (N,M) location of the image, is a function of the
phase function p and the scattering cross section Csca, both functions of particle size, shape,
and refractive index. The dependence of phase function on grain size represents a major
problem from the resonant to the geometric optics limit due to the high computational
times and memory requirements with the current light scattering codes. An observational
estimate of this quantity was derived from Giotto spacecraft encounter with comet Halley,
p=0.04. In the same way that the radial component of

−→
Qpr, the assumption of sphericity is

adequate for computations of Qsca (see Figure 1).

4. Previous achievements and future prospects

The procedure described above, with the indicated limitations, has been used by various
authors to extract physical properties of cometary dust. Since the early work of Finson
and Probstein [6], and their application to comet Arend-Roland [7], the most significant
improvement has been made by Fulle [10], who incorporated the Monte Carlo approach
with an inverse method. This method has been used to obtain the dust environment of
a number of comets (e.g. [9] and references therein), and by Moreno (see e.g. [15]).
The direct technique described above has been recently implemented by Fulle et al. [8]
to study the dust environment of comet 67P/Churyumov-Gerasimenko in preparation for
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Figure 1. The radial component of the radiation pressure efficiency vector (left)
and the scattering coefficient (right) as a function of the effective radius, for irreg-
ular particles (DW1996, [5]), averaged over 125 orientations, oblate spheroids of
a/b=1.7, and spheres of astrosilicate refractive index at λ=0.6 µm.

the forthcoming Rosetta mission arrival in 2014. Figure 2 represents a comparison of the
results from three different codes, built by Fulle (e.g. [9]), Agarwal et al. [1] (who used an
analytical approach), and Moreno [15]. This agreement among the results emphasizes the
validity of the different approaches used.

Another field of application of the Monte Carlo code is related to the interpretation of
polarimetric images. Since from the simulations of the dust tail brightness we know the
size distribution in each pixel of the image, we can also retrieve the linear polarization for
incident unpolarized light at that location, providing a polarimetric map. Thus, if there are
available simultaneous images of intensity and linear polarization, we can impose addi-
tional constraints to the tail fit procedure. The problem again is the range of intermediate
size parameters. In this regard, experimental light scattering measurements, such as those
we are currently performing in our Cosmic Dust Laboratory ([16, 17]) will be of most
importance.

Figure 2. Left panel: Image of comet 67P obtained through a red filter at the
3.6-m Telescopio Nazionale Galileo at La Palma on March 27, 2003. Right
panel: Simulations using an isotropic ejection model: Solid lines: Trieste model
[9] Dashed lines: Analytical approach [1]; Dotted lines: Granada model [15].
Isophotes vary in factors of 2 between levels [8]

.
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