
Imaging polarimetry of protoplanetary disks: 
feasibility and usability

Imaging polarimetry is one of the most promising tools to map 
the structure of faint protoplanetary disks. In order to assess the 
feasibility of imaging polarimetry of protoplanetary disks and the 
usability to answer the scientific questions in the field we perform 
numerical simulations of disks of various geometries and dust 
properties. We model the expected signal and detailed predic-
tions for current and upcoming imaging polarimeters. This way 
we can address the question what the diagnostic value of pola-
rimetry is for the structure of the disk and the characteristics of 
the grains in it. 
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Fluffy versus compact grains

We compare extremely fluffy aggregated grains and compact 
homogeneous grains and show that their expected signal is 
significantly different. In combination with infrared/mm ob-
servations this allows us to obtain grain properties in addition 
to mapping of the disk geometry.

The angle dependence of the intensity (left) and degree of polarization (right) of 
the scattered light for compact and aggregate grains. For fluffy aggregates  the 
intensity of scattered light traces  the total size of the particle while the degree 
of polarization traces the size of the constituents.

Disk structure: flaring, settled, 
warped, gaps?

The density structure of protoplanetary disks is a tracer of impor-
tant processes taking place. Planets can open up gaps in disks 
or cause a warp of the disk surface. Also grain growth alters the 
surface brightness of the disk in two ways:
- A decrease in surface brightness as the scattering cross sec-

tion per unit mass decreases.
- A decrease of the height of the disk surface as the large grains 

settle towards the midplane of the disk.
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Fig. 2. Pictures of the fractal aggregates we used in our calculations. Indicated by the bar below the aggregates is the diameter of the corre-
sponding volume equivalent sphere.

increased, the feature weakens and flattens, i.e. it becomes
more flat-topped. For the Gaussian random spheres the feature
also weakens when the grain size is increased, however, the
shape of the feature still shows a more rounded top.

By considering the spectra of different realizations of the
Gaussian random spheres with the same shape parameters σ
and Γ but different seeds for the random number generator we
find that the differences in the absorption spectra are small and
that all trends are conserved (not shown in the figure).

Plotted by the solid curves in Fig. 4 is the mass absorp-
tion coefficient as a function of wavelength for the fractal ag-
gregates with different fractal dimensions and aggregate sizes
as shown in Fig. 2. It is clear from this figure that the 10 µm
feature of fractal aggregates with a low value of the fractal
dimension in general has a much weaker dependence on the
particle size than that of aggregates with a higher value of
the fractal dimension. For a fractal aggregate with Df = 1.2
the feature strength is only very slightly decreased even if the
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Fig. 1. Pictures of the Gaussian random spheres employed in our calculations. The diameters of the corresponding volume equivalent spheres
are indicated by bars below the particles.

2.2. Porous spheres

Another method that is frequently employed to obtain the ab-
sorption and emission spectra of aggregated particles is that
of approximating the particles by porous spheres (Hage &
Greenberg 1990; Min et al. 2005a; Voshchinnikov et al. 2005).
The parameter γ can be easily transformed to the so-called
porosity factor, P, which is defined as the vacuum fraction of
the volume inside the circumscribing sphere and is given by

P = 1 −
r3

V

r3
c
= 1 − 1

γ3 · (4)

Hage & Greenberg (1990) use the porosity factor to describe
the optical properties of fluffy aggregates. In their approach
they take a solid sphere with radius rc and an effective re-
fractive index depending on the porosity factor. In this way a
porous sphere is created with the same volume equivalent ra-
dius as well as the same circumscribing sphere radius as the
original particle. We will refer to these particles as equivalent
porous spheres. To compute the effective refractive index Hage
& Greenberg (1990) apply the Garnett mixing rule (Maxwell
Garnett 1904, also known as the Maxwell-Garnett mixing rule),
taking the material as inclusions in a vacuum matrix. Then
the effective complex refractive index, meff , of a particle with
porosity factor P is given by (Hage & Greenberg 1990)

m2
eff = 1 +

3(1 − P)(m2 − 1)/(m2 + 2)
1 − (1 − P)(m2 − 1)/(m2 + 2)

, (5)

with m the complex refractive index of the material.
The combination of Garnett effective medium approxima-

tion with exact Mie calculations for volume equivalent spheres
will be referred to as the porous sphere approximation through-
out this paper. The validity of this approximation was tested by
Hage & Greenberg (1990) for particles where the volume ele-
ments are much smaller than the wavelength of incident radia-
tion and in addition are randomly distributed over the circum-
scribing sphere volume. They found that in this case, the porous
sphere approximation yields rather accurate results. However,
in realistic aggregates the constituents are not randomly dis-
tributed in space. In contrast, the constituents have to be touch-
ing to form, for example, fractal like structures. We will test the
validity of the porous sphere approximation for computations
of emission spectra of fractal aggregates and complex shaped

compact particles by comparing the spectra resulting from this
approximation with those obtained from DDA computations.

3. Particle shapes

The shape of a dust grain is an important parameter determin-
ing its spectroscopic characteristics. In this paper we distin-
guish between two classes of shapes, aggregates and compact
particles. For the compact particles we use Gaussian random
spheres, while for the aggregates we use fractal aggregates with
varying fractal dimensions.

3.1. Gaussian random spheres

A Gaussian random sphere (Muinonen et al. 1996) is a homo-
geneous sphere the surface of which is distorted according to
a Gaussian random distribution. The distortion of the surface
is parameterized by two shape variables, the standard deviation
of the distance to the center, σ, and the average correlation an-
gle, Γ. Using various values for these two parameters allows us
to construct particles with varying degrees of irregularity. The
number of “hills and valleys” on the surface in a solid angle is
determined by the value of Γ, while σ determines the height of
these hills and valleys. For details see Muinonen et al. (1996).

In Fig. 1 we show pictures of the Gaussian random spheres
used in our computations. We vary the value of σ from 0.1
to 0.7 and fix the value of Γ to 10◦.

3.2. Fractal aggregates

In astronomical environments large grains form by aggregation
of small particles (see e.g. Kempf et al. 1999). Studies on inter-
planetary dust particles from likely cometary origin show that
cometary dust grains are likely to be aggregates. A special class
of aggregates are the so-called fractal aggregates.

A fractal aggregate composed of homogeneous spheres
obeys the scaling law (Filippov et al. 2000)

N = kf

(
Rg

a

)Df

· (6)

Here N is the number of constituents each with radius a; kf is
the fractal prefactor; Df is the fractal dimension, and Rg is the

Instrument simulations: SPHERE/ZIMPOL at the VLT

There are basically two parameters that set the polarized flux from a disk: the intensity of the scattered light and the degree of polari-
zation. If we simply compare fluffy aggregates and compact grains with each other, the aggregates have a much higher degree of po-
larization, while the sharp forward peak of the aggregate phase function causes the scattered intensity to be low. These two parame-
ters work together to make the total polarized intensity very similar. Fortunately, the direction of scattering is very different and different 
parts of the disk are bright in polarized intensity. To study what a disk looks like in polarization it is of crucial importance that also the 
polluting unpolarized intensity from the stellar psf is properly computed as well as proper estimates of the noise level. This was done 
for SPHERE/ZIMPOL at the VLT using CAOS. The simulations shown are for a simple settled disk model with no substructure in the 
density distribution. Even the faint settled outer surface of the disk can be clearly imaged when integrating on the disk for an hour.


