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Abstract  
 
Context: Some local properties of the dust particles that build the interplanetary dust cloud 
may  
be deduced from the light they scatter (with emphasize on their linear polarization). The ratio 
of organics (absorbing particles) to silicates (more transparent particles) was suggested 
through numerical simulations to reproduce the shape of the polarimetric phase curve and the 
decrease in polarization with decreasing solar distance. 
Aims: Reproducing these properties, through measurements on real dust particles lifted in 
microgravity conditions, in the PROGRA2 light scattering experiment. Using dust analogues 
with parameters similar to those derived from numerical simulations. 
Methods: Analogue particles, previously tested for the two main sources of dust in the inner 
interplanetary cloud (comets and asteroids) were used in the experiment. The ratio between 
fluffy aggregates and compact particles was kept constant. Five samples were studied, 
corresponding to mixtures with the organics / silicates ratio as defined in the numerical 
simulation 
Results: We show that we can reproduce by experimental simulations the polarimetric 
properties of particles present in the inner interplanetary dust cloud, i.e. their polarimetric 
phase curve in the symmetry plane at 1.5 au from the Sun and variations of polarization at a 
90° phase angle as a function of the solar distance between 0.5 au and 1.5 au. The effect of 
the different parameters suggests a size distribution of the particles following a power law 
with coefficients of (-3 ± 0.5) for a size-range of 10-100 µm and (-4.4 ± 0.6) for a size range 
of 100-200 µm, with a steep cutoff at about 10 microns, a constant ratio of (35 ± 10) % in 
mass of fluffy aggregates versus compact particles and a decreasing ratio of organics with 
decreasing solar distance. Such results are discussed in the context of recent evidence on 
cometary dust particles from the Rosetta mission to a Jupiter family comet. 
 
Keywords  
Interplanetary dust; cometary dust; Rosetta; light scattering; polarization; experimental 
simulation 
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1. Context of the study 
 
In this section, we summarize properties of the interplanetary dust cloud, including the origin 
of its particles, their sizes distributions and their evolution. With a major contribution in the 
inner interplanetary cloud originating from comets, Rosetta’s rendezvous mission now 
provides evidence on an heterogeneous population of dust particles with large (10 to 100 µm 
and above) particles constituting of more or less fluffy aggregates, (the wording ‘compact‘ 
will be used for the denser particles), allowing us to better compare the properties of 
interplanetary and cometary dust particles. Before space missions to comets and asteroids, and 
the in-situ capture of particles, the physical properties of the interplanetary particles and their 
composition were mainly known when collected in the Earth vicinity. Comets and asteroids 
were also intensively studied by remote observations. The results (e.g. the polarization of the 
scattered light) were interpreted using numerical and experimental simulations. Space 
missions gave a ground-truth to the properties of the dust particles. These results will finally 
be used in the next sections to the study of the interplanetary particles and the zodiacal light. 
 
 

1.1 General properties of the interplanetary dust medium  
 

The existence of the interplanetary dust cloud was first suspected from observations of the 
solar light it scatters, called zodiacal light. Its glow can be observed from Earth in a plane 
close to the ecliptic. Around and close to the Sun, the F-corona is mainly observable from the 
Earth during solar eclipses or during solar occultation from spacecraft. Detailed descriptions 
of the zodiacal light and the properties of interplanetary dust can be found in Levasseur-
Regourd and Hasegawa (1991), Leinert et al. (1998), and in Grün, et al. (2001), and 
references therein. Closer to the Sun than the Kuiper belt and the giant planets region, dust 
particles are mainly released from asteroids and from comets (Mann et al., 2006). A review of 
the measurements and discussion on the cometary and other contributions can be found in 
Sykes et al. (2004).  
 
The dust cloud is optically thin. Some heterogeneities like dust bands from asteroidal 
collisions in the main asteroids families and cometary dust trails are observed (Reach et al., 
2007). The particles in the dust trails are ejected by Jupiter–family comets. They were first 
discovered by IRAS but can also be observed in the visible (e.g. Sykes and Walker, 1992; 
Ishiguro et al. 2003; Agarwal et al., 2010). The trail’s trajectories are close to their parent 
comet’s orbits as the particles are usually ejected from the nucleus during previous orbits. 
They are dark and probably of high porosities and their sizes seem to be in a few centimeters 
size range (Ishiguro et al., 2002). 
 
Complementary data were obtained for solar distances smaller than about 3 au by in situ 
impact measurements from space probes (Grün et al., 1985; 2001) but the number of impacts 
was always small and restricted to narrow size ranges. Power-law size distributions of the 
particles in the range from 0.1 µm to 1 cm were defined from micro-crater studies on returned 
lunar samples (Hörz et al., 1975; Grün et al., 2011). The flux as a function of the radius of the 
particles may be described by power law distributions R-a, which are different for submicron-
sized particles and particles larger than 20 µm. Differential size distributions for the different 
size ranges may be deduced from the fits on Grün’s et al., (1985) figure; the differential 
distribution being the derivative of the cumulative distribution. In average the differential size 
distribution for different size ranges is found to be R-3.8±0.3 between about 0.01 µm and 1 µm, 
R-2.6±0.3 between about 1 µm and 10 µm, and R-4.6±0.2 between about 10 µm and 1 cm. In the 
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Earth’s stratosphere, interplanetary dust particles, so-called IDPs may be collected (Flynn 
1994; Brownlee, 2016); their size ranges from 5 to 100 µm, some of them are aggregates of 
micrometer-sized (or smaller) grains.  
 

1.2 Origin of dust particles in the interplanetary cloud and their evolution 

Different forces are applied to interplanetary dust particles, which induce variations in the 
cloud properties (Burns et al., 1979). The main forces acting on the particles are the gravity 
and the solar radiation pressure. The magnetic fields may also influence the distribution of 
dust. The dust particles spiral towards the Sun under the Poynting-Robertson drag depending 
on the radiation-pressure momentum. The dust particles may also fragment under mutual 
collisions, or evolve by sputtering and/or thermal heating with sublimation of some more 
volatile components or degradation of the materials close to the Sun (Mukai et al., 2001; 
Mann et al., 2004). Yang and Ishiguro (2018) consider that the mutual collision within the 
interplanetary dust cloud is ignorable, taking into account the presence of fluffy aggregates 
ejected by comets and also found in the Earth’s stratosphere. Small particles e.g. ejected by 
comets or coming from the interstellar medium, are deflected out of the solar system by 
radiation pressure force. The expected lifetime of a typical interplanetary dust particle located 
at 2 au is several 104 years (Leinert and Grün, 1990). The usual large eccentricities of Jupiter 
Family Comets (JFCs) indicate dynamical lifetimes up to an order of magnitude shorter than 
the Pointing-Robertson drag (Yang and Ishiguro, 2018). Lasue et al. (2007) have modelled 
the light scattered by a cloud of particles and their equilibrium temperature, for a mixture of 
fluffy (supposed of cometary origin) and compact particles (supposed of asteroidal origin) 
made of silicates and dark organics; they suggested more than 20 % particles in mass from 
cometary origin. They found a size distribution between 0.2 µm and 200 µm (see section 2 for 
the numerical simulation results). From infrared observations and orbital considerations, a 
major contribution to the dust located around 1-2 au corresponds to the JFCs for 85 %, the 
long period comets for less than 10 %, the dust from asteroids representing less than 10 % 
(Nesvorny et al., 2010). These ratios may be slightly different due to differences in 
composition (infra-red emissions by high albedo materials being smaller than materials 
containing organics). A 70 % ratio of dust from cometary origin was deduced by modelling 
the infrared emission observed by IRAS and COBE satellites (Rowan-Robinson and May, 
2013). Based on the amount of fluffy particles in Lasue et al., 2007, and considering the 
respective fraction of those particles to the total ejected types of particles (fluffy and 
compact), the contribution of comets to the interplanetary medium would be about 50 % 
based on 81P/Wild2 Stardust results (Hörz et al., 2006) and more than 80 % with the Rosetta 
results (Fulle et al., 2016). 

 

1.3 Properties of dust particles collected by space missions and in the Earth 
environment 

As measured from collected particles by the Stardust mission at comet 81P/Wild 2, comets 
eject fluffy and quite compact particles (Hörz et al., 2006) confirming deduction from remote 
observations and simulations (Hadamcik et al., 2006; 2009b; Lasue and Levasseur-Regourd, 
2006; Lasue et al., 2009). Images of both types of particles were obtained by the COSIMA 
instrument on board Rosetta (e.g. Schulz et al., 2015; Langevin et al., 2016; 2017) in the 
coma of comet 67P/Churyumov-Gerasimenko (thereafter 67P). Similarly, MIDAS, Rosetta’s 
atomic force microscope, measured the shape, size and texture of the collected particles 
demonstrating a hierarchical building of the dust aggregates (Bentley et al., 2006). Ultra-
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carbonaceous-meteorites collected in the ices of Antarctic, are rich in organics and porous. 
They are supposed to be of cometary origin based on their composition and structure 
(Engrand and Maurette, 1998; Dobrica et al., 2012). In addition to particles from comets, the 
surface of asteroids covered by regolith may also produce very fluffy debris. Figure 1 presents 
example illustrations of IDPs and cometary particles. 
 

 
 
Figure 1. SEM images (NASA) of three IDPs particles (a,b,c) collected in the upper Earth 
atmosphere, one dust particle from comet Wild 2 (Zolensky et al., 2006) (d). 
 
Very large particles (more than 1 mm) were observed before perihelion by OSIRIS and 
GIADA experiments on board Rosetta in the inner coma of 67P. The size distribution 
changed with perihelion distance with an increase of small particles close to perihelion. The 
particles were dark, numerous particles were fluffy aggregates and others were denser, as the 
particles collected by COSIMA with a resolution of 14 µm (Langevin et al., 2016, 2017) and 
the analysis of the impacts from GIADA and the scattered light by OSIRIS (Rotundi et al., 
2015; Fulle et al., 2016; Fulle and Blum, 2017). MIDAS analyzed particles in the (1-10) µm 
range with a resolution down to nanometers and found aggregates with different structures at 
different scales; one of them was very porous, with a fractal dimension of about 1.7 (Bentley 
et al., 2016; Mannel et al., 2016). These results represent a ground truth for cometary particles 
even if particles ejected by other comets could be different (e.g. comet C/1995 O1 Hale-Bopp 
or 81P/Wild 2, Wooden et al., 2017).  
 
 

1.4 Composition of interplanetary dust particles 
 

The two main components of the dust particles collected in the stratosphere are minerals 
(mainly silicates) and complex refractory organics. Their precise composition (relative ratio 
of different elements, structure of the grains in the particles) can give some insight on their 
origin in the early solar system. The main technique to access their composition is remote or 
in-situ infrared spectroscopy compared to laboratory studies of collected particles (Hanner 
and Bradley, 2004 and references therein; Wooden et al., 2017). Cometary dust represents an 
un-equilibrated, heterogeneous mixture of crystalline and glassy or amorphous silicate 
minerals, organic refractory materials, and other constituents such as iron sulphide and 
possibly minor amount of iron oxides. The composition of the particles on the surface of 
asteroids is mainly obtained by telescopic reflectance spectra from Earth or from space 
probes, and infrared spectra obtained in the laboratory showing that some IDPs are coming 
from very primitive asteroids (types P and D) and present characteristics reminiscent of 
cometary dust particles (Vernazza et al., 2015). Mineralogical studies of IDPs have also 
shown some possible links with some meteorites and C-types asteroids for a minor portion of 
the collection (Keller et al., 1992; Thomas et al., 1995). In IDPs, organic mantles were found 
on grains (Flynn et al., 2013), confirming the suggestion made by Greenberg and Hage (1990) 
of organics coating of interstellar grains before the planetary accretion but in the numerous 
IDPs they are probably uncommon. Amorphous minerals (silicates, sulphides, metals) may be 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 5 

embedded in the organics, or just mixed to them making their relationship difficult to 
disentangle. 
 
 

1.5 Observations of the solar light scattered by dust particles 
 

Observations of the light scattered by the particles at different wavelengths and its linear 
polarization allow to infer some of their properties (size and size distribution, morphology 
and structure, refractive indices and thus composition and albedos). In remote observations, 
asteroids are quasi-stellar objects and cometary comae are relatively small objects. The dust 
particles are therefore seen under a given phase angle. On the opposite, the interplanetary dust 
producing the zodiacal light is an extended source and the observed scattered light changes 
along the line of sight (see e.g. Fig. 24.2 in Lasue et al., 2015). To retrieve the local dust 
properties, inversion of the data is necessary, whenever possible. Local intensities, albedo, 
color and linear polarization have been obtained, through the node of lesser uncertainty 
method, in specific locations: as a function of the phase angle in the symmetry plane (close to 
the ecliptic) at a solar distance of about 1.5 au and at a phase angle of 90° as a function of the 
solar distance (Dumont and Levasseur-Regourd, 1988; Renard et al., 1995; Levasseur-
Regourd et al., 2001; Lasue et al., 2015 and references therein). From the ultraviolet domain 
(λ> 0.2 µm) to the near-infrared domain (λ< 2 µm), the spectral properties of the light are 
dominated by the solar scattered light (Leinert, 1975 and references therein; Kawara et al., 
2017). The polarization phase curve (polarization as a function of the phase angle) for 
atmosphere-less objects (i.e. asteroids) and clouds (cometary comae and interplanetary dust 
cloud) have similar shapes indicating the presence of irregular particles, with a positive 
branch and a maximum polarization Pmax close to a phase angle of 90°, a shallow negative 
branch with a so-called minimum polarization Pmin and an inversion angle α0 (e.g. Fig. 1 in 
Hadamcik et al., 2006). The other parameters are the slope “h” at inversion (transition zone 
from negative to positive polarization) and the phase angles at minimum and maximum 
polarization.  
 
The polarization properties of the light scattered by dust in the interplanetary dust cloud are 
summarized and reviewed in Lasue et al., 2015. The inversion of data for light scattering 
observations has been, up to now, mostly possible in the symmetry plane (close to the ecliptic 
plane) between 0.3 and 1.5 au from the Sun. In the whole region, the inversion gives access to 
the local polarization at a phase angle of 90° as a function of the solar distance R and at a 
heliocentric distance of 1.5 au as a function of the phase (Fig. 6).  Intensity, albedo and 
temperature of the grains were also retrieved (Dumont and Levasseur-Regourd, 1988; Renard 
et al., 1995; Dumont et al., 1998; Levasseur-Regourd et al., 2001). The local albedo of the 
dust cloud increases, approximately following a power law distribution: A= (0.07 ± 0.03) R-
0.34±0.05 in the near ecliptic symmetry plane as a function of the solar distance, R, between 1.5 
au and 0.5 au as deduced from the brightness derived local properties. The local polarization 
phase curve, at 1.5 au from the Sun in the symmetry plane presents a well-developed positive 
branch, and a maximum polarization of about 30 % ± 3 % at 90° phase angle and a shallow 
negative branch in the back scattering region (Pmin = -1 % ± 0.05 % at αmin�= 7.5° ± 1°), with 
an inversion angle α0 = (15 ± 2)°. At 90° phase angle, the local polarization was derived at 
different solar distances (Levasseur-Regourd et al., 1999). A decrease in polarization P can be 
noticed between 1.5 au and 0.5 au at α = 90° (Lumme 2000; Levasseur-Regourd et al. 2001) 
with P90°(%)= (30 ± 3) R0.5±0.1. For solar distances between 0.4 au and 0.2 au, P is practically 
constant and decreases drastically for solar distances smaller than 0.2 au in the solar F-corona, 
suggesting drastic changes of the dust properties in terms of composition and/or size 
distribution in this region (Mann et al., 2004). The spectral gradient in polarization if any, is 
small but may be negative in the near infrared (Leinert et al., 1998). The local temperature of 
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the grains increases when the solar distance decreases. Between about 1.5 au and 0.5 au it 
approximately follows a power law (less steep than that of a black body): T= (250 K ± 10 K) 
R-0.36 ±0.03 (Dumont and Levasseur-Regourd, 1988; Reach, 1991; Renard et al., 1995; 
Levasseur-Regourd et al., 2001). This temperature increase may play a role in the change in 
the properties of the organics as it facilitates the sublimation or transformation of some of 
them. 
 
A comparison of phase curves between comets, asteroids and the interplanetary dust cloud 
can be found in Hadamcik et al. (2009a) showing two classes of comets and different asteroid 
types. Some results are given below. Remote observations of dust, with fluxes integrated on a 
relatively large aperture allowed to reveal different classes of comets by their polarimetric 
properties (Levasseur-Regourd et al.,1996; Levasseur-Regourd & Hadamcik, 2003a; Kiselev 
et al., 2015). The main differences between these classes is the maximum polarization value 
at about 90° phase angle. The phase functions (intensity and polarization) depend on the 
wavelength of observations; usually cometary dust is redder than the solar light and its 
polarization presents a positive spectral gradient. The dust albedo is low, the absorption being 
mainly the results of carbon-bearing materials. The two classes of comets are confirmed by 
the thermal properties, with a correlation between higher polarization, stronger infrared 
silicate emission and higher infrared color temperatures (Hanner, 2003; Kolokolova et al., 
2007). The comets are generally observed in the inner solar system region, where the solar 
heating may induce a high activity. Imaging polarimetry had also allowed characterizing 
different regions in the coma indicating different physical properties for the particles (Renard 
et al., 1996; Hadamcik and Levasseur-Regourd, 2003a; 2003b; 2016). For the same comet, an 
evolution of the particles properties is also observed as a function of the solar distance 
(difference before and after perihelion as observed in the coma of 67P, Hadamcik et al., 2017) 
and confirmed by the ejection of smaller particles at perihelion in the Rosetta observations 
(Della Corte et al., 2016; Fulle et al., 2016).  
 
Before the choice of cometary analogues, systematic studies of the variations of polarization 
with the physical properties of the dust, such as size, porosity, or albedo for the different 
kinds of particles (fluffy or more compact), transparent or absorbing were studied with the 
PROGRA2 experiment (Section 3) to interpret remote-sensing observations of comets; they 
also allowed to study the influence of interconnection between sizes (aggregates and grains) 
and absorption on the amplitude of the positive branch (Hadamcik et al., 2009; Hadamcik et 
al., 2011a; Levasseur-Regourd et al., 2015). Cometary analogues made of a well-
homogenized mixture of Mg-Fe-silicates (average constituent grain 50 nm) with carbon-black 
(constituent grain 14 nm) were suggested. The amplitude of the positive branch (Pmax) was too 
large for whole coma polarization, it was adapted to the coma of comet Hale-Bopp or to the 
jets of ordinary comets. Some denser with coarser grains silicate particles were necessary to 
obtain a good analogue for other cometary phase curves  
 
Different taxonomic classes of asteroids have been defined by studying their reflectance 
spectra (Tholen et al., 1989; Bus and Binzel, 2002; DeMeo et al., 2009). The porosity of the 
surface allows to observe emission features in the mid-infrared domain (Vernazza et al., 
2012). Linear polarization observations have confirmed a correlation between the taxonomic 
classes and the polarimetric phase curves (Goidet-Devel et al., 1995; Penttila et al., 2005; 
Cellino et al. review, 2015). This correlation is related to the composition and surface 
structure.  Meteorites are collected on Earth or spacecraft and studied in laboratory, for many 
of them their parent body is an asteroid (only its class is known). Some asteroids have been 
observed to disrupt on impact and others to disintegrate probably due to rotationally induced 
break up (Jewitt et al., 2010; 2014). These are relatively rare events, but the ejected dust and 
related trails may be observed. A review of the so-called active asteroids can be found in 
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Jewitt et al. (2015) and references therein. The polarimetric phase curves of pulverized 
meteorites deposited on a layer were studied and compared to asteroidal phase curves 
(Hadamcik et al., 2011b). Some meteorite classes seemed to be linked to M- and C-types 
asteroids. Pulverized meteorites are used as asteroidal analogues with the cometary analogues 
to build the interplanetary dust cloud analogues. Nevertheless, some cometary analogues can 
be also considered as asteroidal analogues (i.e. compact silicates, basalt, lignite coal). On the 
other hand, it is sometimes difficult to disentangle the two populations of objects; asteroids 
were also observed on comet-like orbits, 80 % of them have low-albedo consistent with the 
properties of comet nuclei (Kim et al., 2014). Similarly DeMeo and Binzel showed that (16 ± 
5) % of the population of near-Earth objects have comet-like dynamical and physical 
properties. 

 
Local polarimetric results are derived from the observations and a numerical simulation of the 
scattered light and its linear polarization are presented in section 2. In section 3, using these 
results, experimental simulations were performed with the Propriétés Optiques des Grains 
Astronomiques et Atmosphériques (PROGRA2) experiment, with particles lifted in 
microgravity conditions (Worms et al., 1999; Renard et al., 2002; Levasseur-Regourd et al., 
2015). To choose analogues for the simulations, it was necessary to derive the average 
composition of the dust, the size distribution of the particles and their structure. Some 
analogues were previously suggested for different sources (comets, asteroids) and their light 
scattering results compared to remote and in situ observations (e.g. Hadamcik et al., 2007a; 
2011). The structure and the size range of the samples used in the experiment are presented in 
section 3 for different mixtures; the experimental results obtained for the polarimetric phase 
curves are compared to observations and numerical simulation of local polarization at 1.5 au 
in the symmetry plane together with the variation of maximum polarization at 90° phase angle 
as a function of the solar distance. In section 4, the choice of the dust particles is discussed. 
Some examples taken from cometary results and experimental simulations are proposed for 
disintegration of organics with their temperature increasing when closer to the Sun. The study 
of an olivine sample proposed as possible cosmic dust or cometary dust analogue by 
polarization studies is also discussed. In section 5, the main conclusions of the present study 
are summarized. 
 
 
2. Numerical simulations for the inner interplanetary dust polarimetric observations 
(LLFCmodel2007) 
 
The results obtained in Lasue et al. (2007) numerical model (hereafter noted 
LLFCmodel2007) were used to tentatively interpret the local properties deduced by inversion 
of the observations. To fit the data, the relation giving the polarization at 90° phase angle as a 
function of the heliocentric distance was used (section1.5). The model is shortly described 
here to help explain the choices made for the experimental studies. The model particles were 
first used for simulations of cometary coma particles (Lasue & Levasseur-Regourd, 2006; 
Lasue et al., 2009). They were either compact and/or fluffy aggregates. To avoid resonances 
due to spherical particles (Mie scattering), compact particles and grains were described as 
spheroids in different orientations. Aggregates of grains were fractal. The equivalent size of 
the particles was the radius of a sphere of equivalent volume of material. If the density was 
the same for all the grains of one kind of materials, their volume fraction was proportional to 
the mass of the particles. To decrease the number of parameters, the silicates were described 
by one complex refractive index corresponding to Mg-rich pyroxenes (m= 1.62+i0.03) and 
the organics were described by a refractive index 1.88+i0.1 close to those of amorphous 
carbon (or soot) particles. Some grains were only made of silicates. The organics were 
deposited on silicates in thick mantles. The width of the mantle was sufficiently large (at least 
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for the largest grains) to avoid any effect of the core silicates i.e. the light scattered by such 
particles was similar to light scattered by organics only, producing an uncertainty on the 
organics over silicates ratio. The size distributions, for different size ranges, were taken from 
Grün et al. (1985; 2001). Similar measurements on Grün’s et al. (1985) fits were adapted to 
model the experiment size ranges to build the analogue cloud for light scattering studies.  
For the LLFCmodel2007, a power-law coefficient of -3 for particles smaller than 10 µm and -
4.4 for particles in the 10-100 µm range were adopted (approximately consistent with Grün et 
al., 1985). The largest particles had a small influence on the scattered light. To calculate the 
polarimetric phase curve at 1.5 au, the derived local properties data were averaged for each 
phase angle. Taking into account thermal considerations, model values were deduced from the 
derived local properties data set at 90° phase angle as a function of the solar distance between 
0.4 and 1.5 au. To fit the data, the ratio between aggregates and compact particles was kept 
constant and the ratio of organics over silicates decreased. Because one cannot differentiate 
between particles with a thick organics coating and pure organics particles, the results are 
given by two different organics to silicates ratios (the smaller one when considering a silicate 
core covered in organics and the larger limit when the dark particles are considered to be 
made of pure organics). The best fit was obtained with 20 % to 60 % organics for a size 
distribution between 0.22 and 20 microns. Fractal aggregates were estimated to contribute at 
least 20 % in mass of the dust cloud at 1.5 au. A different approach, relying on modelling of 
both the light scattering and thermal properties of aggregates of larger grains, has also been 
leading to the presence of compact and fluffy particles, with composition ranging from 
silicates and more absorbing materials (Levasseur-Regourd et al., 2007). 
 
 
 3. Experimental simulations 
 
To help to interpret the polarimetric observations in terms of physical properties of the 
particles, different analogues including very large fluffy and more compact particles are 
suggested for dust particles in the interplanetary dust cloud. Such particles which corresponds 
to analogues for cometary comae dust were studied with the PROGRA2 experiment either in 
microgravity conditions or with particles lifted by an air draught (when the particles are of 
high porosities and/or smaller than 20 µm); the results were compared to remote polarimetric 
observations for specific comets: e.g. comet C/1995 O1 Hale-Bopp, comet 103P/Hartley 2, 
comet 67P/Churyumov-Gerasimenko (Hadamcik & Levasseur-Regourd, 2003b; Hadamcik et 
al., 2013; 2017).  
 
 

3.1 Experiment 
 
The studied samples for the present experimental simulations are mixtures of compact and 
fluffy particles with large size distributions. To avoid segregation by weight, the levitation of 
the sample was obtained during parabolic flights onboard the A300 ZeroG aircraft, which 
provide microgravity conditions. The aircraft was operated by the Novespace company during 
campaigns funded by the French space agency CNES and the European space agency ESA. 
The measurements of the light scattered by the samples are obtained by the imaging 
polarimeter PROGRA2-vis (vis is for visible domain); the principle of measurements is 
presented in Figure 2; the technical details can be found in Renard et al. (2002) and Hadamcik 
et al. (2009a). The optical fiber is fixed on the vial which rotate with its stand, allowing to 
change the phase angle. The random polarization is verified at each microgravity campaign. 
The error bars produced by the system of lasers and receptors are typically between 1 and 2 % 
depending on the scattered flux by the particles, they are calculated from the dispersion of the 
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flux on the individual images. The spatial resolution of the polarized images taken by 
PROGRA2 is of 20 µm.  
 

 
Figure 2. a:  Schematic view of the PROGRA2-vis instrument (α is the phase angle). 
b: example of image recorded for a phase angle of 90°; on the polarization maps: left, aubrite 
meteorite particles are compact; right, silica particles are fluffy. On the images the light 
source is on the left; the yellow color is for bright regions, the blue ones for dark regions. The 
color on the images gives some idea on the shape of the particles. Adapted from Hadamcik et 
al., 2011a. 
 
The reference camera performs measurements at a constant phase angle of 90° whatever the 
observed phase angle by the cameras; in the present study, it allows to control the particles 
number and size in the beam. In the vial, the dust mass for these experiments was about 0.3 g 
for each sample. The particles in the field of view are compact large particles or agglomerates 
of the materials mainly with small grains and aggregates.  
 
 

3.2 Samples 
 

We work with real particles and try to make the mixtures of particles to correlate with the 
remote-sensing derived local properties of the zodiacal cloud and the numerical simulations 
results, using our cometary analogues samples and pulverized meteorites as asteroidal 
analogues. On Figures 3, 4, 5 SEM and TEM images of samples are presented, some of them 
in two scales showing aggregated structures.  

 
3.2.1 Minerals 
 

Materials are fluffy aggregates of un-equilibrated Mg-silicates and Fe-silicates composed of 
submicron-sized constituent grains (Hadamcik et al. 2007a), aggregates composed of micron- 
to 10 micron-sized constituent grains: amorphous enstatite and forsterite, some were heated to 
obtain crystalline grains, fluffy silica with 40 nm constituent grains (fractal type) and low-
density silica produced by random ballistic deposition (Blum and Schräpler, 2004; Hadamcik 
et al., 2007b), pulverized basalt from the seabeds, meteorites (aubrite and CO3-chondrite), the 
CO3 sample with less than 1 % carbon in mass (Pearson et al., 2006). Figure 3 shows three 
rock forming samples. Figure 4 shows two crushed meteorites dust at different scales; they 
seem to be compact but their fine structure is often porous. The meteorites are more 
specifically chosen as asteroidal components but other minerals may also be analogues for 
different asteroid types. In the captions of Table 1, the corresponding ’materials’ were added 
as (T1.x). 
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Figure 3. SEM images of some silicate samples. a. Mg-Silicate with in average 50 nm 
constituent grains in fluffy aggregates (T1.a). b. Enstatite (Mg-silicate), compact particles 
with some crystals and aggregates with constituent grains in a 100 nm-10 µm range (T1.b). c. 
Fe-silicates, fluffy aggregates with grains coated by organics (T1.c). d. Same as c, but 
showing the constituent grains in the 50 nm size-range. 
 

 
Figure 4. SEM images of pulverized meteorites used to compare their polarimetric phase 
curves to asteroidal and to cometary ones. a & b: aubrite (T1e), c & d: CO3-chondrite type 
(T1f). For each sample, two scales are presented, a & c: with an apparent compact structure 
with different porosities, b & d: aggregated grains in the particles. 
 

3.2.2 Organics 
 

The main materials are carbon-black aggregates with 14 nm and 95 nm constituent grains, 
coal of low maturity (pulverized lignite with micron to 100 micron-sized relatively porous 
material) and some fluffy CxHyNz (in average 100 nm grains) of different composition (poly-
HCN and various tholins produced in a CH4-N2 gas phase of radio frequency plasmas). In 
these last samples, the ratio N/C is comparable to the results obtained for 1P/Halley and by 
COSIMA/Rosetta in solid organics (hereafter CC for organics or carbonaceous-compounds), 
it is higher than in carbonaceous chondrites (Fray et al., 2017). Figure 5 presents two carbon 
samples: the carbon-blacks are fluffy, with fractal-type arrangements and lignite is a coal, it is 
compact but porous. 
 

 
Figure 5. Carbon samples. a. SEM image of fluffy aggregates of carbon-black (T1.h); b. 
TEM image of the carbon-black showing the chains with grains (fractal type) (T1.h). c & d 
SEM images of lignite at two different magnifications (T1.l).  
 
Five samples were prepared by mixing the different materials. Table 1 gives the main 
components and their structures. 
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Materials 
 

Fluffy Aggregates  
size range of their grains 

Compact particles Figures 
number 

Analogues 
           

 

 (a) un-equilibrated 
Mg-silicates 
(b) enstatite and forsterite 
with crystals or not 
(c) basalt 

- average size 50 nm  
 
size range (50-300) µm 
and crystals in a 1 µm range 
- size range (5-75)  µm 

3a           
 
3b 
- 
-             
 

Comets 
 
Comets  
 
Comets  
  or asteroids 

 

(d) Fe-silicates 
 (coated by CC) 

- average size 40 nm  3c-3d Comets  

(e) Saharian aubrite  
meteorite 
(f) CO3 meteorite 

  4a- 4b  
 
4c-4d       

Asteroids    
   
Asteroids        

 

(g) Silica -(g1) average size 14 nm 
-(g2) average size 40 nm 
-(g3) size range (1-5) µm 

 - 
- 
- 

Comets 
Comets 
Comets 

 

Organics (CC) 
(h) Carbon black  
(i) Carbon black  
(j) poly-HCN 
(k) tholins (CxHyNz) 
(l) coal (lignite) 

   
- average size 14 nm 
- average size 95 nm 
- (j1) size range (0.1-1 µm) 
- average size 200 nm 

 
 
 
(j2) size range (10-100) µm 
 
size range(20-100) µm 

 
5a-5b 
5a-5b 
- 
- 
5c-5d 

 
Comets 
Comets 
Comets 
Comets 
Comets 

 

Table 1.  Structure and size range of the materials. In the last column, the Figure number is 
indicated for the samples when presented in the paper. Cometary or asteroidal analogues 
when previously used with the experiment are specified. 
 
 

3.3 Size distribution 
 

The size distribution of the compact grains was measured on SEM images. For large compact 
particles, the size can be measured on the polarization maps built from the PROGRA2 
cameras images. The size of the large agglomerates, which are made of small compact grains 
and/or of small aggregates, is also measured on the polarization images.  
To adapt the size distribution measured in the experiment (equivalent diameter of the 
projected surface) to the size distribution in mass in LLFCmodel2007, the effective size of the 
particles has been calculated. A rough porosity of the agglomerates made of the fluffy 
particles of silica and carbon-black was estimated from volume and mass measurements made 
in a box of 15 x 6 x 5 cm3, where the fluffy particles were just sprinkled, without any 
compression. An analysis of the intensity by pixel in the PROGRA2 image of the particles 
gives indication on the structure of the particles, whether they are aggregated or compact. The 
edge of each particle in the image seems to be blurred for aggregates, while compact particles 
have sharper edges (Fig.2, right). In a first approximation, the agglomerates in each size range 
were supposed to have 80-90 % porosity (which is a very rough average value, the 
agglomerates made by agglomeration from smaller aggregates and grains are not 
homogeneous). In these conditions, the effective diameter of the agglomerates was about half 
of the one measured in the PROGRA2 images. This first correction was applied to determine 
the effective size distribution in mass of real particles floating in micro-gravity. 
 
The ratio between dark particles and transparent ones also needs to be estimated. The dark 
particles are not always detected by the PROGRA2 cameras. When they are small, their 
projected surface area could be smaller than the actual one. Therefore, the size distribution of 
the detected particles is underestimated with respect to the actual size distribution of the 
particles in the vial. A corrective coefficient needs to be applied on the number of particles in 
the size ranges of 20 and 30 µm when transparent and absorbing particles are mixed. Their 
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values were evaluated with the experiment for the different materials. Aggregates with 
constituent grains larger than 5 µm, were considered as compact particles. In the first four 
mixtures, with a relatively high ratio of carbonaceous particles which are absorbing, a 
corrective coefficient is applied for small particles at the limit of the instrument resolution (20 
µm), after tests on calibrated samples. The corrections are described below. A sample is 
defined by its silicates over carbon ratio, its size distribution and ratio of aggregates over 
compact structures (Table 2).  
 
A mixture of minerals (materials ‘T1.a-d-g’ for the aggregates and ‘T1.b-e-f-g’ for compact 
particles from Table 1) is first realized, representing (35 ± 10) % aggregates and (65 ± 10) % 
compact. The ratios of each mineral are the same for all the final mixtures. CO3 meteorite 
material (T1.f) contains less than 1 % CC (taken into account in the calculations). No reason 
was found to change the materials and their ratios in the present work, except between 
mixture 1 and 2 for which ‘T1.g1’ is taken for mixture 1 (smaller grains in aggregates) and 
‘T1.g2’ for mixture 2. The same quantities are taken to finalize the mixtures. The total mass 
for the CC are calculated from the silicate total mass to represent 60 %, 40 % and 30 % of the 
mixtures. The ratios between compact and aggregates are calculated to provide the needed 
mass for each compound. The materials chosen in the two categories are the same for all the 
mixtures (aggregates ‘T1.h-i-j1-g’, compact ‘j2 and jl’), except for carbon-black ‘T1.h’ in 
mixture 1 and ‘T1.I’ in mixture 2 (smaller grains in aggregates).  
 
Mixtures 1 and 2 are composed of about 60 % CC (including amorphous carbon) containing 
fluffy aggregates: - smaller constituent grains in aggregates (14 nm-40 nm) in mixture 1, and 
larger ones (40 nm -95 nm) in mixture 2. The number of particles counted by the system with 
a diameter of 20 µm has to be increased by 40 % and the 30 µm particles has to be increased 
by 30 %. For largest particles, a correction is not necessary, the change of the albedo is 
detectable in the intensity by pixel for each sufficiently large particle. 
Mixture 3: about 40 % CC, and the constituent grains size in aggregates are about the same 
than in mixture 2. The number of particles of 20 µm has to be increased by 30 % and by about 
20 % for 30 µm particles. 
Mixture 4 is composed of about 30 % CC but with less carbon-black material that is mainly 
coating the large compact silicate grains, and more coal (lignite). The number of particles of 
20 µm has to be increased by 20 % and by about 10 % for those of 30 µm.  
Mixture 5 is composed of less than 0.1 % CC (related to the total mass, it is less than 1 % in 
CO3 meteorite). The differences in albedo between the particles being relatively small, size 
distribution correction were not applied. 
For each mixture, the size distribution of the constituent grains in aggregates and of the 
compact particles size was measured from the SEM. The ratio between 10 µm-sized particles 
and 100 µm particles have then been estimated, giving values between 200 and 300. The 
number of 10 µm particles (not detected on the experiment images) was estimated to a factor 
of 300 higher than the 100 µm. Between the 10 µm and 20 µm particles, a ratio of 2 was 
found on the SEM images. One can notice that numerous small grains and aggregates stick on 
the large compact particles, but it is impossible to correct this effect (seen on SEM images). 
Some particles agglomerate during the levitation (produced during parabolic flights) and may 
de-agglomerate when hitting the vial walls. Finally, a total number of 10000 particles detected 
by PROGRA2 was considered. The size ranges for each mixture are given in Table 2. 
 
On average for all the mixtures, the power law index is of -3.1 ± 0.5 for a size range in the 
(10-100) µm, and is -4.4 ± 0.6 for a size range in the (100-200) µm. For sizes larger than 500 
µm, the slope is very large, between -6 and -9, creating a cut-off for large particles 
(PROGRA2 was not designed to observe particles greater than several hundred of µm).  
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Samples Size range (µµµµm) Power law index 
Mixture 1 
60% CC 

10 -120 
100-240 

-3.6 ± 0.2 
-5.3 ± 0.4 

Mixture 2 
60% CC 

10-100 
100-190 

-3.0 ± 0.25 
-4.2 ± 0.2 

Mixture 3 
40% CC 

20-70 
70-240 
>250 

-3.1 ± 0.1 
-4.7 ± 0.3 
>-6 

Mixture 4 
30% CC 

10-100 
100-300 

-2.5 ± 0.1 
-3.8 ± 0.3 

Mixture 5 (only minerals) 
<O.1 % CC 

10-20 
20-100 
100-320 

-2.8 ± 0.3 
-3.3 ± 0.2 
-4.1 ± 0.4 

Table 2. Average size distributions from the experimental measurements, after corrections. 
The error bars are the average standard deviations for each size ranges in the different 
mixtures.  
 
 

3.4 Results 
 
For each sample, measurements were obtained for red and green wavelengths, during three 
parabolic flight sessions representing fourteen phase curves. Between the green and red 
wavelength domains, the difference was smaller than the error bars. In consequence, at each 
phase angle the data were averaged.  
 
The experimental results are compared with the observations, the local properties inversions 
and the numerical simulations. Numerical simulations were obtained for solar distances 
between 0.5 and 1.5 au, with a phase curve in the symmetry plane at 1.5 au and the variation 
of polarization at 90° phase angle as a function of the solar distance (derived local properties 
data from: Levasseur-Regourd 1996, based on observations from Dumont and Sanchez 1975; 
Fechtig et al., 1981; Levasseur-Regourd et al., 1991).  
 

3.4.1 Phase curves at 1.5 au in the symmetry plane 
 

The experimental phase curves obtained for the five samples are superimposed to the data 
resulting from local inversion of polarimetric observations of interplanetary dust (Levasseur-
Regourd, 1996) and to the phase curve obtained by LLFCmodel2007 (Fig. 6a). The best 
agreement between derived local properties from observations at 1.5 au in the symmetry plane 
and experimental simulations was realized for mixture 3 with (40 ± 5) % CC and (60 ± 5) % 
minerals, mainly silicates. The ratio of organics over silicates in LLFCmodel2007 was also 
close to 40 % which is in excellent agreement with the experimental simulation. Figure 6b is a 
zoom of the small phase angles region, with mixture 3 data compared to observations and 
presenting here also a very good agreement. 
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Figure 6a. Comparison of the phase curves obtained with the five different mixtures to 
numerical simulations and local properties derived by inversion of the observations. Best fit 
corresponds to 40 % of organics. 
 

 
Figure 6b. Zoom of the small phase angles region, to compare observational and 
experimental data for 40 % CC (Mix 3). 
 
Table 3 compares the main parameters of the three fits (local derived observational data, 
numerical and experimental simulations). As far as the phase curves parameters are 
concerned, an excellent agreement is obtained at maximum polarization between the three 
curves. At inversion, the agreement is good between experiment and local derived 
observational data despite the large error bars at small phase angles in the experimental data. 
The slopes at inversion and the minimum polarization value also agree, taking into account 
the experimental data dispersion. In fact, the uncertainties at small angles are usually higher 
than at other angles, because the measurements are more difficult to conduct due to the 
geometry of observations. Thus, the data could be more scattered. Moreover, an error bar of 1 
% in polarization at phase angles larger than 30° allows usually to fit the data correctly; the 
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same error bar at small phase angles where the polarization is of -1 or -2 % would need 
numerous measurements to retrieve correct value by statistics (this is not possible in 
microgravity flights).  Fig. 6b shows the scatter of the experimental data at such phase angles 
range with a relatively good agreement with the data derived from observations (in the limit 
of the respective error bars). 
 
Parameters ααααmax 

(°) 
Pmax 

(%) 
αααα0 

(°) 
h 
(%/°) 

ααααmin 

(°) 
Pmin 

(%) 
Derived 
local 
properties 

90 ± 3 30 ± 0.5 15 ± 2 0.24 ± 0.15 7.5 ± 1 -1.0 ± 
0.05 

Numerical 
model 

92 ± 3 30.5 ± 0.5 20 0.15 7.5 -1 

Experimental 
simulations 

94 ± 3 30.5 ± 1.0 16 ± 5 0.45 ± 0.25 8 ± 2 -2.5 ± 1 

Table 3.  Parameters of the phase curves fitting the local properties deduced from 
observations, the numerical model and the experimental simulations. 
 
 

3.4.2 Polarization at α=90° at different solar distances 

Figure 7 represents the polarization at about 90° phase angle (maximum on the polarimetric 
phase curves) as a function of the heliocentric distance. The trends for the mixtures prepared 
with different ratios of CC are in perfect agreement with the local properties deduced from 
observations and with the numerical simulations down to 0.5 au. For solar distances smaller 
than 0.2 au, the polarization decreases considerably, probably indicating significant changes 
in the particles composition but also fragmentation with eventually sublimation of silicates 
(Mann et al., 2004). Mixture 1 maximum polarization as compared to data at 1.5 au with a 60 
% CC is slightly too large. The reason seems to be due to the too small size of the constituent 
grains in the aggregates. Mixture 2 maximum polarization corresponds to the results obtained 
by the numerical simulations at 1.5 au with a 60 % CC. Mixture 3 which contained 40 % CC, 
represents the best agreement with the observations if the phase curves at 1.5 au are 
considered. It is also in excellent agreement with data and numerical simulations at about 1 
au. Mixture 4 (30 % CC) and mixture 5 (less than 1 % CC) are respectively in agreement with 
data at 0.8 and 0.5 au derived local properties and model.  
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Figure 7. Experimental results (red discs and red circle) for the 5 samples as a function of the 
organics ratios at different solar distances between 0.5 au and 1.5 au, where numbers 
correspond to the mixtures as defined in Table 2; the Pmax values are from Fig. 6 (mix 3 ‘red 
symbol’ is comparable to Pmax at 1 au with 40 % organics, but is also comparable to local P at 
1.5 au ‘clear red symbol’. Local polarization inferred from inversion of observations in the 
symmetry plane (green triangles), together with a fit of data between 0.5 au and 1.5 au (doted 
green line). Error bars on the local polarization and the experimental results may be smaller 
than the symbols. At 1.5 au the error bars for the local polarization values are of ± 3%. 
Numerical simulations: black squares and dashed line. 
 
 
4. Discussion  
 
 

4.1 Interplanetary, cometary and asteroidal dust particles analogues 
 
Cometary dust particles are a major component of the interplanetary dust, for which 
interpretations of remote observations have progressively been proposed with the help of 
numerical and experimental simulations. Asteroidal dust particles can present some 
similarities with them, at least when primitive asteroids are considered; C-type asteroids 
typically present a low albedo, probably a high porosity (Housen et al., 1999; Kuroda et al., 
2017) and a phase curve similar to comets (Hadamcik et al., 2009a). The composition of the 
samples in the experimental simulations with mixture of silicates, carbon-black and coal for 
the CC, low albedo of the particles (Hadamcik et al., 2007a) is consistent with the Rosetta 
findings for cometary dust properties revealing the presence of numerous complex organics 
(Fray et al., 2016), in very large particles made of sub-micron sized grains in aggregates either 
compact or with very high porosities (Langevin et al., 2016; Mannel et al., 2016). Taking into 
account the large variety of CC found by Rosetta, some materials such as poly-HCN, or 
CxHyNz compounds and Fe-silicate coated by organics were added to the mixtures. These 
compounds were the same in the five samples, the amorphous carbon (C-black and lignite 
ratios are used for the adjustments of CC ratios) Different ‘compact’ particles used in the 
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cometary analogues can eventually be also used as asteroidal ones in complement of 
pulverized meteorites (one of them being a stony achondrite (aubrite) and the other one a 
carbonaceous chondrite (CO3 meteorite).  
 
 
 4.2 Differences and similitudes between the numerical (LLFCmodel2007) and 
experimental simulations 
 
In this section, the main parameters for each model numerical or experimental are compared 
(respectively same subsection letter a-a, b-b..). 
 

4.2.1 Numerical ‘LLFCmodel2007’ 
a) All the ‘grains’ have the same ellipsoidal shape. They can be considered as single particles 
or included in fractal aggregates. 
b) Each particle is rotated to obtain the average light scattering values from an optically thin 
cloud of particles.  
c) The materials are astronomical silicate coated or not by an absorbing material (like carbon-
black or darker). The two materials are defined by their complex refractive indices.  
d) The effective size of the particles is computed precisely. The size distribution follows that 
of Grün et al. 1985) for particles with sizes smaller than 10 µm (smaller 0.2 µm) and particles 
between 10 and 200 µm. 
 

4.2.2 Experimental simulation 
a) Usually the grains and particles are irregular and of different sizes.  
b) Microgravity flights have been used to lift the cloud and avoid segregation by gravity. The 
real small particles and small aggregates stick together when lifted and make agglomerates 
which are the particles of the cloud. Their size distribution is measured on the screen of the 
instrument. The total mass in the vial is sufficiently small to allow having an optically thin 
cloud (the small number of particles is controlled on the screen of the instrument). 
c) Various materials which are supposed to compose cometary particles and asteroids 
(silicates, CC). The CC mass is mainly composed of carbon-black and amorphous coal. They 
allow to change the CC ratios in the different samples (mixtures).  
d) The effective size of the particles has to be estimated and adapted to have a similar size 
distribution than in LLFCmodel2007. Particles with smaller diameter than 10 µm cannot be 
measured. They are probably present in the mixtures; the smaller ones often stick on the 
largest particles. They have an influence on the scattered light. The aggregates have different 
porosities. If the constituent grain of an aggregate is larger than 5 µm, the particle is 
considered as a compact one. 
 
As a function of the solar distance, the local polarization results with both simulations are 
very similar. Nevertheless, at 1.5 au, a difference is noticed. The polarization at 90° phase 
angle from LLFCmodel2007 calculated from the relation P90°(%)= (30 ± 3) R0.5±0.1 is (36.7 ± 
1.5) % at 1.5 au (Fig. 7). The polarization obtained for mixture 2 (36 ± 2) % is similar to this 
value. Mixture 3 with a polarization of (29 ± 2) % seems to be closer to the local polarization 
as found in Fig. 6 (best fit for the phase curve). If the local polarization values are considered, 
a mixture intermediate between 2 and 3 would probably better fit the observations. 
Note that none of the models can interpret the very important decrease in polarization at solar 
distances smaller than 0.5 au, which is probably due to changes in other parameters of the 
distribution of particles than their organics ratio (fragmentation of the particles, sublimation 
of various components, including minerals). 
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4.3 Influence of different physical parameters on the phase curves 
 

The phase curves for the interplanetary dust particles are typical of irregular particles in 
clouds. As for cometary particles, the maximum in polarization decreases when the sub-
micron size of the constituent grains in aggregates increases (mix 1 and mix 2). The 
maximum in polarization decreases progressively when the ratio of absorbing carbon over 
transparent materials decreases as the albedo increases (particles closer to the Sun), as 
suggested by the LLFCmodel2007. Following it, we have not considered other parameters 
such as the eventual decrease of the size of large, hundreds of micrometers, fluffy or compact 
particles (fragmentation during impacts or sublimation) and/or smaller ratio of aggregates of 
sub-micron sized grains (Hadamcik et al., 2009b) which can affect the polarization for solar 
distances smaller than about 0.4 au. The decrease of the average size of the absorbing carbon 
particles (compact or aggregates) from about 100 µm to 0.1 µm was previously studied with 
PROGRA2 (Hadamcik et al., 2009b, Fig. 10). The decrease in polarization is also noticed for 
transparent materials but the lower limit is about 10 µm; for smaller sizes the polarization 
increases slightly. On the opposite, if the grain sub-micron size in the aggregates decreases 
(sublimation or thermal degradation), the polarization would increase (Hadamcik et al., 2009, 
Fig 9b). At solar distances smaller than 0.3 au, the fragmentation of the particles may be one 
reason of the observed drastic decrease of polarization but it is probably not sufficient. The 
destruction of the minerals must be also considered (Mann et al., 2004). 
 
 

4.4.  Presence and evolution of organics in the particles; effect on the polarization 

The decrease in Pmax from 1.5 to 0.5 au (Fig 7) can be linked to the increase of the local 
albedo (Levasseur-Regourd et al., 2001), which may be due to a decrease of absorbing 
materials when the solar distance decreases (Dumont and Levasseur-Regourd, 1988). Mann et 
al. (1994) and Mukai (1996) suggest a degradation of CC with decreasing heliocentric 
distance for solar distances smaller than 1.8 au. Silicates emission features in mid-infrared 
also increases when approaching the Sun, suggesting a decrease of the amorphous carbon 
(Reach et al., 2003). This is also coherent with the temperature variations calculated in 
LLFCmodel2007 between 1.5 au and 0.5 au from the Sun for particles with effective radius 
smaller than 2 µm. They found a temperature-distance factor of -0.33 for organics and -0.35 
for amorphous carbon; it is very close to the -0.36 found for the local temperature retrieved 
from observations. The maximum temperature at 0.5 au, for organics or amorphous carbon 
compact particles of effective diameter of 1.5 µm would be 500-600 K and more than 850 K 
for fluffy fractal particles of organics with the same effective diameter and a size of the grains 
of 0.19 µm radius. 

The thermal degradations of organics (or CC) are consistent with the degradation of cometary 
particles ejected by the nucleus when the temperature of the grains rises, in a first time when 
ejected in the coma, and later in the interplanetary medium when approaching the Sun. In fact, 
some gaseous species which were not directly ejected by the nucleus were speculated to 
originate from the destruction of materials present in the refractory components of the 
particles e.g. H2CO, HCN, CO (Cottin and Fray, 2008). Some materials have been proposed 
as possible refractory organics in cometary particles, such as e.g. HCN polymers (Rettig et al., 
1992); they begin to change at temperatures higher than 470 K, their products by thermal 
degradation seem to be mainly HCN and NH3 (Fray et al., 2004). Tholins (polymeric 
hydrogenated carbon nitrides), which can be used as analogues of N-rich cometary organics, 
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are also thermally degraded at similar temperatures than HCN polymers with a mass loss up 
to 90 % of the initial mass and residues reorganized with a progressive increase of 
polyaromatic units (Bonnet et al., 2015; He et al., 2015). The N-rich aromatics are also found 
in Insoluble Organic Matter (IOM) in carbonaceous chondrites and have probably a cometary 
origin (Aleon et al., 2003). This material may also be the final residue of thermal degradation 
of poly-HCN or of tholins (Bonnet et al., 2015). When these components are thermal 
degraded, their carbon ratio increases in the residues and they become darker. But with the 
large mass loss the final albedo should not change a lot in the mixture with silicates. Carbon-
black seems to be also thermal degraded in similar temperatures range i.e. between 740 K and 
1000 K, the mass loss may be 40 % of the initial mass (Bredin et al., 2011). 

With the Rosetta space mission experiments, numerous semi volatiles and refractory CC were 
found on the surface of 67P (Quirico et al., 2016) and in the ejected particles high molecular 
weight organics were also detected (Fray et al., 2016). The decrease of Pmax could probably be 
interpreted by the degradation of mixtures of refractory CC, for which degradation is possible 
at different temperatures depending on the grain particles size, their structure and their 
heliocentric distance.  

Organics were found in IDPs and Mann et al. (1994) suggest a very important degradation of 
them mainly for fractal particles, for smaller distances than 100 solar-radii. The about 0 value 
of residual organics obtained by the simulation (LLFCmodel2007) at 0.5 au is a first 
approximation; it just presents the consistency of the observations with an important decrease 
of the organic ratio at the surface of the particles. This result may be restricted due e.g. to the 
unique refractive indices for the organics (laboratory measurements have shown that organics 
may be partially transparent depending of their composition and the fact that they darken 
when the temperature increases). The decrease of albedo may be due to the decrease of 
absorbing organics but a change of size distribution and a change of structure of the particles 
may also play a role. 
 
 

4.5 Similar polarimetric phase curves and reliability of a sample  
 
Phase curves similar to cometary ones may be obtained by other materials than carbonaceous 
ones and for different size distributions. Some mineral irregular particles can provide 
polarization phase curves close to cometary phase curves. In particular, Munoz & Hovenier, 
(2015) used a crushed Mg-rich olivine (forsterite) sample in sizes smaller than 20 µm and a 
sample with a size range smaller than 2 µm. Volten et al. (2006) estimated the refractive 
indices of the forsterite sample; they suggested imaginary values of 10-5, i.e. a transparent 
sample and not a material of low-albedo. Their polarimetric phase curves are comparable to 
those of comets 1P/Halley and C/1975 N1 Kobayashi-Berger-Milon. For the very high 
polarization comet C/1995 O1 Hale-Bopp, in the same work, another sample, with aggregates 
of Mg-silicates with sub-micron-sized grains, seems to be a best analogue but as for the 
olivine (or forsterite), the material is transparent. The difference between these polarimetric 
phase curves is mainly the result of a difference in the grain size not of the materials. The 
spectral gradient in polarization of the olivine sample presents a positive spectral gradient as 
the majority of comets (Kolokolova et al., 2004). This kind of materials were found in 
cometary comae particles together with CC, as shown by remote or in-situ observations (see 
e.g. Wooden et al., 2017). Our past and present laboratory measurements with PROGRA2 
(Hadamcik et al., 2007a; 2009b) have shown the importance of the presence of carbonaceous 
particles when trying to simulate cometary particles (with a global low-albedo). The precise 
numerical modelling of the irregular Sahara sand particles as possible cosmic dust, by 
Escobar et al. (2017), has shown the importance of irregularities on the surface for 
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polarization measurements, and can produce very excellent correlation with the experimental 
phase curves. Nevertheless, such modelling effort for mixtures of particles of different 
materials and structures seems to be out of reach for the time being. A polarimetric phase 
curve and other light scattering properties give indications on the properties of the object, but 
only if the used materials and sizes of the particles represent reliably the objects. 
 
 
6. Conclusion 
 
We try to simulate the light scattered by materials with composition and physical properties 
consistent with what is suspected for comets and for the interplanetary cloud. Cometary 
particles are made by mixtures of transparent and absorbing materials. We have demonstrated 
by experimental studies that the mixtures of silicates and organics into fluffy and compact 
particles following a constant power-law size distribution (coefficients -3.1 ± 0.5 for particles 
in the 10-100 µm range and -4.4 ± 0.6 for particles in the 100-200 µm) can reproduce the 
zodiacal light deduced local properties from observations. The parameters for the mixtures are 
consistent with the ones obtained previously from numerical simulations and consist of (35 ± 
10) % in mass aggregates and (40 ± 5) % organics at 1.5 au decreasing to less than 0.1 % 
organics at 0.5 au. While, the composition of the interplanetary dust could be more complex, 
the present work identifies a reasonable set of parameters for the nature of the particles and 
their scattering properties. The presence of numerous organics, in very large particles and of 
sub-micron sized grains in aggregates either compact or with very high porosities, were 
proved by the Rosetta measurements. Such particles are ejected in the interplanetary medium 
and are suggested to constitute its major fraction, at least for solar distances below 1.5 au. 
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Highlights 

 

 

� Confirmation of observational polarization results by an experimental approach 

 

� Analogues of inner interplanetary dust at different solar distances 

 

� Confirmation of the decrease of organics ratio closer to the Sun 

 

� Aggregated particles with power law size distributions between 10µm and 200µm 

 

� Particles structure and sizes compatible with Rosetta’s findings on comet 67P 


