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Different monomer radius (0.1, 0.2, 0.3, 0.4 µm) Two compositions

Light scattering simulations: 
• T-matrix method  

 with MSTM code v3.0 
 Mackowski & Mishchenko 2011 

• DDA with ADDA  
Yurkin & Hoekstra 2011

Dust composition: 
• High albedo model 

carbon form: refractory organics 
i.e. DSHARP like; Birnstiel et al. 2018 

• Low albedo model 
carbon form: amorphous carbon 
i.e. DIANA like; Woitke et al. 2016

360 sets of dust models

Random Orientation

Tazaki et al. (2023)
Tazaki and Dominik (2022)



Radiative transfer simulations of the disk
Dust scattering database

Radiative transfer 
(RADMC-3D; Dullemond+12)

VLT/SPHERE 
(Avenhaus+18)

Disk model: 
- Disk geometry (Avenhaus+18) 
- Dust mass (fiducial: Zhang+2021) 

(another parameter) 
B.2. Generation of Dust Particle Models

We generated FA1.9 by means of Ballistic Cluster–Cluster
Aggregation (BCCA; e.g., Mukai et al. 1992), which resulted
in forming aggregates with a fractal dimension of 1.9. To
generate aggregates with lower fractal dimensions, we adopt
the sequential cluster–cluster aggregation algorithm developed
in Filippov et al. (2000). In this algorithm, aggregates are
generated so that the resultant aggregate satisfies the fractal
scaling law N k a a D

f g m f( )� , where N is the number of
monomers, am is the radius of the monomer, ag is the radius of
gyration, Df is the fractal dimension, and kf is the fractal
prefactor. Although Filippov et al. (2000) also proposed
another algorithm called the sequential particle-cluster aggre-
gation, we avoid using this one because it leads to systematic
errors in the two-point correlation function (Filippov et al.
2000; Skorupski et al. 2014), and the errors in the correlation
function directly lead to systematic errors in the light-scattering
properties. For this reason, we prefer the sequential cluster–
cluster aggregation algorithm for producing aggregates with
Df< 2. We assumed a fractal prefactor of 1.7, 1.5, 1.4 for
Df= 1.1, 1.3, and 1.5, respectively (Tazaki 2021). To generate
sequential CCA, we used a publicly available code aggre-
gate_gen (Moteki 2019). CA-HP, CA-MP, and CA-LP are
generated by the BPCA (Ballistic Particle-Cluster Aggrega-
tion), BAM1, and BAM2 algorithms (Shen et al. 2008).7 For all
dust aggregates, we considered four realizations. Lastly, solid
irregular grains are generated by using the Gaussian random
sphere (GRS) technique (Muinonen et al. 1996; Nousiainen
et al. 2003). We assumed a power-law autocorrelation function
with the index of ν= 3.4 and the relative standard deviation of
radius σ= 0.2 (see Nousiainen et al. 2003, for the definition).
For irregular grains, we considered ten realizations. In DDA,
we need to discretize each irregular grain into an array of
dipoles. The total number of dipoles used in our DDA
calculations is determined so as to satisfy |m|kd 0.5, where
d is the interdipole distance, k is the wavenumber in a vacuum,
and m is the complex refractive index. For example, the
average number of dipoles for irregular grains with

aV= 1.6 μm is 945186, which gives |m|kd; 0.49 at
λ= 0.554 μm (the shortest wavelength we studied) and |m|
kd; 0.20 at λ= 1.630 μm (H band) for the amc composition.

Appendix C
Scattering Phase Function of an Optically Thick Disk:
Effect of Multiple Scattering and Limb Brightening

It is important to know if the phase function extracted from a
scattered-light image of the disk is compatible with the
scattering matrix element of each dust particle (the intrinsic
phase function). For an optically thin and nonflat debris disk,
Olofsson et al. (2020) pointed out that the extracted phase
function deviates from the intrinsic one because of the
difference in the column density at each scattering angle. Here
we study how the extracted phase function deviates from the
intrinsic phase function for optically thick disks.

C.1. Multiple Scattering

Figure 8 compares the extracted polarized phase functions
and their intrinsic phase functions (correspond to −S12 in
Bohren & Huffman 1983). The assumed dust model is FA1.9
with N 512max � and either org or amc. These plots
demonstrate that the extracted phase functions do not
necessarily coincide with the intrinsic phase function. One of
the reasons is the occurrence of multiple scattering. To study
the impact of multiple scattering, we performed radiative
transfer simulations by turning off multiple scattering and then
extracted the phase functions (dotted–dashed lines in Figure 8).
Figure 9 shows the ratio of the polarization phase function with
and without multiple scattering. We found that multiple
scattering affects the curves, particularly when each dust
particle is made of weakly absorbing materials (the org
composition). The effect of multiple scattering mainly appears
at a smaller scattering angle and does not vary much among
different disk radii (see Figure 9). Although multiple scattering
plays a role to some extent, the extracted phase functions
without multiple scattering still deviate from the intrinsic phase
functions. Therefore, multiple scattering is not the only
mechanism that causes a deviation from the intrinsic phase
function.

Figure 7. Comparison of the observed disk image taken by VLT/SPHERE (left) and model images at the H band without/with the phase function extraction regions
(middle and right). The color scale shows the azimuthal polarization component Qf after correcting the drop-off of stellar light with distance. The assumed dust model
is FA1.5 with N 256max � with the monomer model of amc200, which is the best particle model derived in this study (Section 4.2).

7 The particle position data is taken from B. T. Draine’s Web site https://
www.astro.princeton.edu/~draine/agglom.html.
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Figure 8. Extracted polarized scattered phase functions and extraction regions for the J-band data of the HD 34282 system.
Panels are analog to figure 2.

Figure 9. Extracted polarized scattered phase functions and extraction regions for the H-band data of the MY Lup system.
Panels are analog to figure 2.

Figure 10. Extracted polarized scattered phase functions and extraction regions for the H-band data of the IMLup system.
Panels are analog to figure 2. We note that this figure is identical to figure 1 in Tazaki et al. (submitted).

・Disk polarized flux 

・Scattering angle dependence of polarized intensity 

   at 90 au, 150 au (‘polarization phase function’)



Low albedo vs. high albedo composition

Low albedo model

High albedo model

Type: Fractal aggregates (Df=1.9; BCCA) 
Size: amin=2amon, amax=6.5 µm, p=−3.5 
Monomer radius: 0.2 µm

Polarization phase function (normalized to 90°)
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Fstar

Bright disk

Faint disk



Low albedo vs. high albedo composition
Type: Fractal aggregates (Df=1.9; BCCA) 
Size: amin=2amon, amax=6.5 µm, p=−3.5 
Monomer radius: 0.2 µm

0.2 µm

Fpol,disk

Fstar

Bright disk

Faint disk

Forward scattering Backward scattering

Low albedo model

High albedo model

Polarization phase function (normalized to 90°)

Low-albedo model is favored!
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How large are the monomers?
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Size: amin=2amon, amax=6.5 µm, p=−3.5 
Composition: Low albedo

How large are the monomers?

0.2
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Fpol,disk

Fstar

Bright disk
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Forward scattering Backward scatteringMonomer radius of ~0.2 µm is favored!



Fractal dust aggregation in IM Lup
H-band Polarization phase function at 90 au (normalized to 90°) 
(Fitting was performed simultaneously at the H- and J-bands data)

Compact aggregates (Df~3.0) Fractal aggregates (Df<2.0)Non-porous grains

The best solution is fractal aggregates with fractal dim. Df=1.5 and >2 µm.

Df=1.5
amax>2 µm

Porosity~87%
amax~ 3 µm

amax~ 0.5 µm



Are we observing primordial coagulation?

•Brownian motion produces low-dimension  
fractal aggregates!  
Blum et al. 2000, Krause & Blum 2004, Paszun & Dominik 2006 

 
 

•The earliest phase of dust coagulation is  
likely driven by Brownian motion.

We speculate that we witness  
the earliest phase of dust coagulation  
in the IM Lup surface !?

Microgravity experiments

Df=1.5 

Df ∼ 1.1 − 1.46VOLUME 85, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 18 SEPTEMBER 2000

Aggregation due to Brownian motion in a cloud of
micron-sized particles in rarefied gases has never been
investigated experimentally, and there is no empirical
evidence indicating how planetary formation begins and
evolves. These agglomeration studies require an environ-
ment free from the overwhelming effect of sedimentation
in Earth’s gravitational field. For the first experimental
investigation of the initial preplanetary growth stage
and for a test of the present models, we designed and
built the Cosmic Dust Aggregation Experiment CODAG
[14,15], which flew onboard STS-95 in October 1998.
A sample of monodisperse, spherical SiO2 (glass) dust
grains (particle radii s0 ! 0.95 mm; monomer masses
m0 ! 7.2 3 10215 kg) was dispersed into a rarefied gas
of pressure p ! 0.75 mbar and temperature T ! 300 K.
Because of the low gas pressure, a molecular gas flow
around the dust grains was present, and the particle motion
close to the contact of two dust grains was ballistic (as
opposed to the diffusive overall motion of the dust), so
that the experimental conditions matched those in young
solar systems very well.

The dust particle motion and the structure of the grown
dust aggregates were analyzed with a stereo long-distance
microscope with attached high-speed digital CCD cam-
eras. The field of view of each of the two microscopes
was 0.25 3 0.25 mm2, with a spatial resolution of 1 mm,
a depth of field of !80 mm, and a temporal resolution
of 5 ms.

In the experiment, the dust was not perfectly homo-
geneously distributed throughout the experiment cham-
ber, but the dust particles were preferably found within
two cloudlets, which were surrounded by basically dust-
free zones. The cloudlets slowly drifted through the ex-
periment chamber with a velocity of 0.4 mm s21 and
crossed the field of view of the microscopes approxi-
mately t ! 55 s and t ! 100 s after the dust injection.
Figure 1a shows microscope raw images of typical dust
particles (top row) and the result of the image analysis
(bottom row) by which we reduced each picture to its
substantial information. For the experimental run of in-
terest, we detected twelve well-focused dust aggregates,
five of which were simultaneously imaged by both mi-
croscopes (see Fig. 1b for two-dimensional and Fig. 1c
for three-dimensional representations of one of these ag-
gregates). The two-dimensional images were used to
derive the radius of gyration and the geometrical cross
section of each of the aggregates. It turned out that the
aggregates have an unexpectedly high average ratio of
maximum to minimum radius of gyration of r " 3.5,
which means that they are highly elongated. Published
values for dust aggregates grown in a turbulent gas flow
fall in the range r " 2 3 [16]. An analysis of the spatial
orientation of the maximum radius of gyration showed
that our dust aggregates were randomly oriented, i.e., un-
aligned. This means that the elongated structures are
not the result of a preferential orientation of the dust
grains.

FIG. 1. Preplanetary dust analogs. (a) Raw images taken by
the long-distance microscopes in the CODAG experiment (top
row). Image analysis leads to the corresponding pictures in the
bottom row from which the geometrical cross section, the radius
of gyration, and the internal mass distribution were determined.
Image sizes are 60 3 60 mm2. (b) Same as (a) but for two
mutually perpendicular projections of the same aggregate, si-
multaneously observed by two long-distance microscopes. (c)
Three-dimensional reconstruction of the aggregate in (b). The
radius of each of the constituent spheres is 0.95 mm. (d) Simu-
lated ballistic cluster-cluster aggregates, each consisting of 32
monodisperse spheres and grown with a restricted normalized
impact parameter of c . 0.65. The images are to scale with
the images in (a) and (b) and were reduced to the spatial resolu-
tion of the CODAG optical instrument. Detailed analysis of the
internal mass distribution shows an excellent agreement between
these simulated aggregates and those measured with CODAG.

For each of the detected particles, we also obtained
positions of their respective centers of mass for five
consecutive images with a time resolution of 5 ms. From
these image sequences we derived for each particle,
after the subtraction of the general cloudlet motion, one-
dimensional displacement data Dx with time bases of
Dt ! 5, 10, 15, 20 ms. The diffusion coefficient D and the
gas-grain response time tf are related by D ! #kTtf$%m,
where k denotes the Boltzmann constant. Classical
diffusion theory yields

&Dx2' ! 2DDt
µ
1 2

tf

Dt
1

tf

Dt
exp#2Dt%tf$

∂
(2)

[17]. For Dt ¿ tf , this reduces to the well-known dif-
fusion equation &Dx2' ! 2DDt [18]. Using Eq. (2), we
converted the measured displacement data for the different
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two cloudlets, which were surrounded by basically dust-
free zones. The cloudlets slowly drifted through the ex-
periment chamber with a velocity of 0.4 mm s21 and
crossed the field of view of the microscopes approxi-
mately t ! 55 s and t ! 100 s after the dust injection.
Figure 1a shows microscope raw images of typical dust
particles (top row) and the result of the image analysis
(bottom row) by which we reduced each picture to its
substantial information. For the experimental run of in-
terest, we detected twelve well-focused dust aggregates,
five of which were simultaneously imaged by both mi-
croscopes (see Fig. 1b for two-dimensional and Fig. 1c
for three-dimensional representations of one of these ag-
gregates). The two-dimensional images were used to
derive the radius of gyration and the geometrical cross
section of each of the aggregates. It turned out that the
aggregates have an unexpectedly high average ratio of
maximum to minimum radius of gyration of r " 3.5,
which means that they are highly elongated. Published
values for dust aggregates grown in a turbulent gas flow
fall in the range r " 2 3 [16]. An analysis of the spatial
orientation of the maximum radius of gyration showed
that our dust aggregates were randomly oriented, i.e., un-
aligned. This means that the elongated structures are
not the result of a preferential orientation of the dust
grains.

FIG. 1. Preplanetary dust analogs. (a) Raw images taken by
the long-distance microscopes in the CODAG experiment (top
row). Image analysis leads to the corresponding pictures in the
bottom row from which the geometrical cross section, the radius
of gyration, and the internal mass distribution were determined.
Image sizes are 60 3 60 mm2. (b) Same as (a) but for two
mutually perpendicular projections of the same aggregate, si-
multaneously observed by two long-distance microscopes. (c)
Three-dimensional reconstruction of the aggregate in (b). The
radius of each of the constituent spheres is 0.95 mm. (d) Simu-
lated ballistic cluster-cluster aggregates, each consisting of 32
monodisperse spheres and grown with a restricted normalized
impact parameter of c . 0.65. The images are to scale with
the images in (a) and (b) and were reduced to the spatial resolu-
tion of the CODAG optical instrument. Detailed analysis of the
internal mass distribution shows an excellent agreement between
these simulated aggregates and those measured with CODAG.

For each of the detected particles, we also obtained
positions of their respective centers of mass for five
consecutive images with a time resolution of 5 ms. From
these image sequences we derived for each particle,
after the subtraction of the general cloudlet motion, one-
dimensional displacement data Dx with time bases of
Dt ! 5, 10, 15, 20 ms. The diffusion coefficient D and the
gas-grain response time tf are related by D ! #kTtf$%m,
where k denotes the Boltzmann constant. Classical
diffusion theory yields

&Dx2' ! 2DDt
µ
1 2

tf

Dt
1

tf

Dt
exp#2Dt%tf$

∂
(2)

[17]. For Dt ¿ tf , this reduces to the well-known dif-
fusion equation &Dx2' ! 2DDt [18]. Using Eq. (2), we
converted the measured displacement data for the different
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Summary
We have studied the polarization phase function  
of the IM Lup disk. Our results suggest that dust 
particles are 
• fractal aggregates with Df~1.5 and >2 µm,
• with a monomer radius of ~0.2 µm,
• made of the low-albedo material. 

Are we observing the very first moment of  
planet formation?!

Tazaki, Ginski, and Dominik (2023, ApJL, 944, L43)


