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Figure 2. Polarized intensity (top), total intensity (middle), and polarization fraction (bottom). From left to right, each panel

indicates the results for the single monomer model (0.1 µm-sized spherical particles), the BCCA and BPCA models (N = 1024,

R0 = 0.1 µm, astronomical silicate), and the compact dust aggregate model with the radius of 1.0 µm. The wavelength is

λ = 1.6 µm and the inclination angle is i = 60◦. Optical properties of BCCAs and BPCAs are calculated by a rigorous method,

TMM. No star is included in images (perfect coronagraph). For the porous dust aggregate models, the disk shows front-back

intensity asymmetry (in total intensity) due to forward scattering as well as high polarization fraction.

by Min et al., who used EMT, and by Kirchschlager
& Wolf, who adopted less porous particle models. As
shown in Section A, EMT gives rise to the significant
underestimation of scattered-light intensity.
Third, we discuss polarized intensity (top panels of

Figure 2). It can be seen from Figure 2 that all mod-
els do not show the brightness asymmetry in polarized
intensity. This is because polarization fraction becomes
small along the minor axis. Thus, polarized intensity
tends to elongate along the major axis.
The compact dust aggregate model show some slits in

the image of polarized intensity. In our compact dust
aggregate model, oscillatory behaviors appears in the
angular profile of the degree of polarization due to reso-
nances arising from smooth spherical surfaces. However,
realistic compact dust aggregates are thought to have

wavelength scale surface roughness, and hence these res-
onances would be smeared out. Therefore, these slits in
the image thought to be unrealistic.

3.1.2. Scattered-light colors

Scattered-light color is an another way to characterize
dust properties in disks. Figure 5 shows scattered-light
color both in total intensity and in polarized intensity
at inclination angle i = 60◦, where the normalization of
the disk scattered-light luminosity is the stellar flux at
each wavelength (not total flux of star + disk system).
For the single monomer model, both total intensity

and polarized intensity are very blue due to Rayleigh
scattering. Scattered-light colors of the porous dust ag-
gregates (the BCCA and BPCA models) are gray or
slightly blue. Since the degree of linear polarization for
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Figure 1. Morphology of porous dust aggregates. Left and right panels correspond to the BCCA and BPCA models, respec-

tively. The number of monomers is 1024 and the monomer radius is set as R0 = 0.1 µm, and hence the characteristic radius of

the BCCA and BPCA models are Rc = 4.8 µm and 1.9 µm, respectively.

We compare porous dust aggregates (the BCCA and
BPCA modes) and the compact dust aggregate with
1.0 µm. Since the volume-equivalent radii of the BCCA
and BPCA models are 1.0 µm, all of three models
(porous and compact dust aggregate models) have the
same number of dust particles in the disk.
We also perform radiative transfer simulations where

optical properties of fluffy dust aggregates are obtained
by using commonly used approximate methods. The
results are summarized in Appendix A.

3.1.1. H-band Images

Figure 2 shows scattered-light images at the observing
wavelength λ = 1.6 µm for the four dust models; the
single monomer model, the porous dust aggregate model
(the BCCA and BPCA models), and the compact dust
aggregate model.
In order to compare these models in more detail, we

perform a scattered-light mapping using a method de-
scribed in Stolker et al. (2016b). We assume the scatter-
ing surface is 3 times higher than the dust scale height
Hd at every radius. An example of disk surface mesh is
shown in Figure 3. By using a single scattering assump-
tion, we can calculate scattering angle at each location
of the disk surface, and the result is also shown in Figure
3. By applying the scattered-light mapping to the im-
ages in Figure 2, we can derive scattered light properties
as a function of scattering angle. Figure 4 shows scat-
tered light intensity and polarization fraction at R = 50
au as a function of scattering angle.
First of all, we discuss total intensity images (middle

panels of Figure 2 or left panel of Figure 4). For the
porous and compact aggregate models, the front-back
asymmetry can be seen, that is, the near side of the disk
is brighter than the backward side. This is because the
aggregate radii assumed are larger than the wavelength
(radius ! λ/2π), and hence strong forward scattering

occurs. For the single monomer model, in contrast, the
brightness asymmetry is weak because the monomer is
a Rayleigh scatterer.
Second, we discuss polarization fraction (bottom pan-

els of Figure 2 or right panel of Figure 4). For all models,
polarization fraction at the near side is lower than that
of the backward side. This is because the disk is flared
(see Figure 3). For the single monomer model, polar-
ization fraction can be as large as about 95% because
of Rayleigh scattering. Figure 2 and Figure 4 demon-
strate that the porous dust aggregates show higher po-
larization fraction compared to the compact aggregate.
In other words, even if the radius of a dust aggregate
is larger than the wavelength, polarization fraction re-
mains to be high when the dust aggregates are porous.
The main reason is that multiple scattering inside the
dust aggregates is suppressed due to its porous structure
(Paper I). In the case of the BCCA and BPCA models,
polarization fraction is more than 60%. By contrast, po-
larization fraction of the compact dust aggregate model
can be much smaller than that of porous dust aggregate
models. This is because once the aggregate radius be-
comes larger than λ/2π 6, the multiple scattering easily
occurs for more compact structure of dust aggregates.
As a result, compact dust aggregates show lower po-
larization fraction compared to the porous dust aggre-
gates. Therefore, we conclude that polarization fraction
provides us important clues for structure of dust aggre-
gates.
The tendency that porous aggregates show high po-

larization fraction is compatible with the previous work

6 When the particle has refractive index close to unity, polar-
ization fraction remains high even if the size parameter exceeds
unity (see e.g., chapter 6 of Bohren & Huffman 1983). This is due
to multiple scattering inside the sphere becomes sub-dominant for
transparent materials.
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Figure 1. Morphology of porous dust aggregates. Left and right panels correspond to the BCCA and BPCA models, respec-

tively. The number of monomers is 1024 and the monomer radius is set as R0 = 0.1 µm, and hence the characteristic radius of

the BCCA and BPCA models are Rc = 4.8 µm and 1.9 µm, respectively.

We compare porous dust aggregates (the BCCA and
BPCA modes) and the compact dust aggregate with
1.0 µm. Since the volume-equivalent radii of the BCCA
and BPCA models are 1.0 µm, all of three models
(porous and compact dust aggregate models) have the
same number of dust particles in the disk.
We also perform radiative transfer simulations where

optical properties of fluffy dust aggregates are obtained
by using commonly used approximate methods. The
results are summarized in Appendix A.

3.1.1. H-band Images

Figure 2 shows scattered-light images at the observing
wavelength λ = 1.6 µm for the four dust models; the
single monomer model, the porous dust aggregate model
(the BCCA and BPCA models), and the compact dust
aggregate model.
In order to compare these models in more detail, we

perform a scattered-light mapping using a method de-
scribed in Stolker et al. (2016b). We assume the scatter-
ing surface is 3 times higher than the dust scale height
Hd at every radius. An example of disk surface mesh is
shown in Figure 3. By using a single scattering assump-
tion, we can calculate scattering angle at each location
of the disk surface, and the result is also shown in Figure
3. By applying the scattered-light mapping to the im-
ages in Figure 2, we can derive scattered light properties
as a function of scattering angle. Figure 4 shows scat-
tered light intensity and polarization fraction at R = 50
au as a function of scattering angle.
First of all, we discuss total intensity images (middle

panels of Figure 2 or left panel of Figure 4). For the
porous and compact aggregate models, the front-back
asymmetry can be seen, that is, the near side of the disk
is brighter than the backward side. This is because the
aggregate radii assumed are larger than the wavelength
(radius ! λ/2π), and hence strong forward scattering

occurs. For the single monomer model, in contrast, the
brightness asymmetry is weak because the monomer is
a Rayleigh scatterer.
Second, we discuss polarization fraction (bottom pan-

els of Figure 2 or right panel of Figure 4). For all models,
polarization fraction at the near side is lower than that
of the backward side. This is because the disk is flared
(see Figure 3). For the single monomer model, polar-
ization fraction can be as large as about 95% because
of Rayleigh scattering. Figure 2 and Figure 4 demon-
strate that the porous dust aggregates show higher po-
larization fraction compared to the compact aggregate.
In other words, even if the radius of a dust aggregate
is larger than the wavelength, polarization fraction re-
mains to be high when the dust aggregates are porous.
The main reason is that multiple scattering inside the
dust aggregates is suppressed due to its porous structure
(Paper I). In the case of the BCCA and BPCA models,
polarization fraction is more than 60%. By contrast, po-
larization fraction of the compact dust aggregate model
can be much smaller than that of porous dust aggregate
models. This is because once the aggregate radius be-
comes larger than λ/2π 6, the multiple scattering easily
occurs for more compact structure of dust aggregates.
As a result, compact dust aggregates show lower po-
larization fraction compared to the porous dust aggre-
gates. Therefore, we conclude that polarization fraction
provides us important clues for structure of dust aggre-
gates.
The tendency that porous aggregates show high po-

larization fraction is compatible with the previous work

6 When the particle has refractive index close to unity, polar-
ization fraction remains high even if the size parameter exceeds
unity (see e.g., chapter 6 of Bohren & Huffman 1983). This is due
to multiple scattering inside the sphere becomes sub-dominant for
transparent materials.

✔ Radiative transfer simulations  
of protoplanetary disks are 
performed. 

✔ Optical properties of fluffy dust 
aggregates are properly 
taken into account. 

✔ In the poster, we discuss  
(i)  near-infrared scattered light 
     properties of the disk, and  
(ii) millimeter-wave polarization  
     due to self-scattering.


