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Abstract

Despite rapidly growing disk observations, it remains a mystery what primordial dust aggregates look like and
what the physical and chemical properties of their constituent grains (monomers) are in young planet-forming
disks. Confrontation of models with observations to answer this mystery has been a notorious task because we
have to abandon a commonly used assumption, perfectly spherical grains, and take into account particles with
complex morphology. In this Letter, we present the first thorough comparison between near-infrared scattered light
of the young planet-forming disk around IM Lup and the light-scattering properties of complex-shaped dust
particles. The availability of scattering observations at multiple wavelengths and over a significant range of
scattering angles allows for the first determination of the monomer size, fractal dimension, and size of dust
aggregates in a planet-forming disk. We show that the observations are best explained by fractal aggregates with a
fractal dimension of 1.5 and a characteristic radius larger than ~2 um. We also determined the radius of the
monomer to be ~200 nm, and monomers much smaller than this size can be ruled out on the premise that the
fractal dimension is less than 2. Furthermore, dust composition comprising amorphous carbon is found to be
favorable to simultaneously account for the faint scattered light and the flared disk morphology. Our results support
that planet formation begins with fractal coagulation of submicron-sized grains. All the optical properties of
complex dust particles computed in this study are publicly available.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Near infrared astronomy (1093); Planet
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formation (1241)

1. Introduction

Collisional growth of dust aggregates by Brownian motion is
the very first step in planet formation. Dust coagulation in this
step results in the formation of an aggregate whose fractal
dimension is less than 2 (Kempf et al. 1999; Blum et al. 2000;
Krause & Blum 2004; Paszun & Dominik 2006), where the
fractal dimension Dy is defined by m o ar; m and a. being the
mass and the characteristic radius of an aggregate, respectively.
Fractal aggregates have been found in the comet 67P/
Churyumov-Gerasimenko (Bentley et al. 2016; Mannel et al.
2016). However, despite the anticipation that they form in
young planet-forming disks, there has been no observational
evidence that convincingly shows their presence in such disks.

Another key issue that needs observational clarification is the
size of constituent grains of an aggregate, called monomers.
Since the radius of the monomer affects the impact strength of
aggregates (Dominik & Tielens 1997; Wada et al. 2009), it is
an important quantity directly affecting the collisional growth
of aggregates. Tazaki & Dominik (2022) recently estimated the
monomer radius based on the degree of polarization of optical/
near-infrared (IR) scattered light of planet-forming disks and
placed the upper limit at 0.4 yum. However, a firm determina-
tion of the monomer radius requires a detailed comparison of
models with disk observations for each object, which is still an
untapped task.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

IM Lup is a K5 Class II T Tauri star (Alcal4 et al. 2017) with
the age of ~1 Myr (Mawet et al. 2012; Avenhaus et al. 2018).
The large planet-forming disk surrounding the star has been
extensively studied at optical/near-IR and millimeter wave-
lengths (Pinte et al. 2008; Pani¢ et al. 2009; Cleeves et al. 2016;
Andrews et al. 2018; Avenhaus et al. 2018; Oberg et al. 2021).
Based on optical /near-IR disk-scattered light, Pinte et al.
(2008) suggested the presence of fluffy aggregates and/or ice-
mantled grains. However, the detailed dust properties remain
largely unknown.

Our aim in this Letter is therefore to unveil the detailed dust
properties in the surface region of the IM Lup disk through
near-IR polarimetric observations (Figure 1). To this end, we
perform radiative transfer simulations of the disk based on a
detailed numerical study of the optical properties of complex-
shaped dust particles (Figure 2). The state-of-the-art approach
enables us for the first time to show that dust particles in the IM
Lup disk surface have already grown beyond a few microns in
size, and they have a fractal structure with monomers of a
radius of ~200 nm. Our results support that planet formation
begins with fractal coagulation of submicron-sized grains.

We also developed the AggScatVIR database,” where all
the optical properties calculated in this study and Tazaki &
Dominik (2022) are publicly available. The database will be
useful for retrieving the detailed dust properties in other planet-
forming disks.

5 AggScatVIR repository on GitHub: https://github.com/rtazakil205/

AggScatVIR and v1.0.0 has been deposited to Zenodo (Tazaki 2023).
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Figure 1. Observed polarized scattered-light image for the IM Lup disk at the H band (scaled with the square of the distance from the central star) overlaid with the
extraction regions of the polarization phase function (left), the computed scattering angles at the disk surface (middle), and the extracted polarization phase functions
(right). The phase functions were extracted at deprojected radii centered at 90 au, 150 au, and 237 au with the 40 au width for each.

Figure 2. Dust particle models used to model disk-scattered light around IM Lup: FAL1.1 (N=128, a, =100 nm), FALl.3 (N =256, a, =100 nm),
FA1.5(N =512, a, = 100 nm), FA1.9 (N = 4096, a,, = 100 nm), CA-HP (N = 4096, a,, = 100 nm), CA-MP (N = 4096, a,, = 100 nm), CA-LP (N = 4096,

a, = 100 nm) and an irregular grain with ay = 1.6 ym.

2. Disk-scattered Light around IM Lup

Figure 1 shows the observed near-IR polarized scattered-
light image of the IM Lup disk taken by the Very Large
Telescope (VLT)/Spectro-Polarimetric High-contrast Exopla-
net REsearch (SPHERE; Avenhaus et al. 2018). The disk is
visible in reflected light by dust particles on the disk surface.
Each dust particle scatters the incoming unpolarized stellar
light and produces linearly polarized light with an efficiency
dependent on dust size, structure, and composition. Therefore,
a detailed analysis of the polarized scattered light allows us to
diagnose the properties of dust particles.

We focus on two observational quantities. The first quantity
is the disk polarization flux and its color. Avenhaus et al.
(2018) measured the ratio of polarized disk flux to total
flux (stellar and disk flux) to be 0.53% +0.06% and
0.66% + 0.05% in the J and H bands, respectively. Their ratio
gives J/H=0.81+0.12; thus, the disk polarization color is

reddish (J/H < 1). This result already suggests that dust
particles are micron sized or even larger because the color
would become bluish (J/H > 1) otherwise due to Rayleigh
scattering (Bohren & Huffman 1983; Mulders et al. 2013).
The second quantity is the polarization phase function,
which describes the amount of polarized disk-scattered light at
each scattering angle. This quantity is another key to narrowing
down the properties of dust particles (Ginski et al. 2016;
Stolker et al. 2016; Milli et al. 2019; Engler et al. 2022;
Olofsson et al. 2022; Ginski et al. 2023). Ginski et al. (2023)
extracted the polarization phase functions of the IM Lup disk
based on the VLT/SPHERE images at the J and H bands taken
by Avenhaus et al. (2018). The phase functions were extracted
at three different disk radii centered at 90 au, 150 au, and
237 au, as shown in Figure 1 (see Ginski et al. (2023) and
Appendix A for more detailed extraction procedures). The
polarization phase functions for 90 au and 150 au are similar to
each other, whereas the one for 237 au deviates from the other
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Table 1
Volume-equivalent and Characteristic Radii (Normalized to Monomer Radius) and Porosities of Dust Aggregates

Characteristic Radius a./am,

Porosity P = 1 — N(am/ac)® (%)

N ay/ay

/ FAI.1 FAl1.3 FAl5 FA19 CA-HP CA-MP CA-LP FAl.l FAl3 FAl5 FA19 CA-HP CA-MP CA-LP
8 2.00 5.12 4.50 3.92 3.59 3.25 2.57 2.23 94.03 91.21 86.71 82.74 76.73 52.91 27.78
16 2.52 9.83 7.87 6.42 5.54 4.45 342 2.97 98.31 96.72 93.96 90.57 81.82 60.12 38.68
32 3.17 18.6 13.5 10.3 7.68 6.00 4.68 3.92 99.50 98.71 97.09 92.94 85.17 68.87 46.73
64 4.00 349 23.1 16.5 10.5 7.79 6.17 5.21 99.85 99.48 98.56 94.55 86.47 72.78 54.86
128 5.04 65.6 39.5 26.2 15.7 9.87 7.95 6.75 99.95 99.79 99.29 96.68 86.68 74.57 58.37
256 6.35 123.2 67.3 41.6 21.8 12.4 10.2 8.72 99.99 99.92 99.64 97.53 86.55 75.93 61.41
512 8.00 114.7 66.0 324 15.6 12.9 11.2 99.97 99.82 98.49 86.41 76.23 63.74
1024 10.1 104.8 49.5 19.6 16.5 14.3 99.91 99.16 86.43 77.12 65.11
2048 12.7 67.2 24.8 20.9 18.3 99.33 86.58 77.63 66.51
4096 16.0 100.4 31.4 26.4 23.4 99.60 86.82 77.81 68.05

Table 2
Number of Monomers Considered in This Study

A 100 nm 150 nm 200 nm 300 nm 400 nm
FAl.1 8,16,32,64,128,256 8,16,32,64 8,16,32,64 8,16,32 8,16
FA1.3 8,16,32,64,128,256,512 8,16,32,64,128 8,16,32,64,128 8,16,32,64 8,16,32
FALl.5 8,16,32,64,128,256,512,1024 8,16,32,64,128,256 8,16,32,64,128,256 8,16,32,64,128 8,16,32,64
FA1.9 8,16,32,64,128,256,512,1024,2048,4096 8,16,32,64,128,256,512 8,16,32,64,128,256,512 8,16,32,64,128,256 8,16,32,64,128
CA-HP 8,16,32,64,128,256,512,1024,2048,4096 8,16,32,64,128,256,512 8,16,32,64
CA-MP 8,16,32,64,128,256,512,1024,2048,4096 8,16,32,64,128,256,512 8,16,32,64
CA-LP 8,16,32,64,128,256,512,1024,2048,4096 8,16,32,64,128,256,512 8,16,32,64

two at a scattering angle below 80°. However, the one for
237 au has large error bars, and it is unclear if this deviation is
real. Because of its larger errors, we do not focus on the phase
function for 237 au. Also, given the similarity between the two,
it is reasonable to assume that the 90 au and 150 au phase
functions probe similar dust particles (see Appendix C.3 for
more details). We will therefore focus on the polarization phase
function at 90 au as representative of this disk.

It is worth bearing in mind that the polarization phase
function extracted from a disk image does not necessarily
coincide with the scattering matrix element of each dust particle
(e.g., —S2 in Bohren & Huffman 1983). This is because the
disk is optically thick, and the emergent intensity could be
affected by multiple scattering and limb brightening (see
Appendix C for details). To fully account for these effects, we
first create a model image using a radiative transfer calculation,
then extract the phase function from the model image using the
same technique as we did for the observed image, and compare
it to the observation.

3. Models and Methods

To model the two observational quantities of the IM Lup
disk, we perform 3D Monte Carlo radiative transfer simulations
by using RADMC-3D v2.0 (Dullemond et al. 2012). We
constructed a disk model for IM Lup so as to reproduce the
observed disk geometry reported in Avenhaus et al. (2018).
The disk model and the data reduction, including the phase
function extraction from each model image, are described in
Appendix B.1.

In the radiative transfer simulations, we consider a diverse
set of dust particle morphology, as shown in Figure 2. In what
follows, the term particle is used to loosely refer to either grain
(a monolith-like solid) or aggregate (a cluster of grains). We

consider three types of dust particles, and the methods to
generate them are described in Appendix B.2. The first type is
solid irregular grains, which correspond to the case where no
coagulation has been taking place on the disk surface.

The second type is fractal aggregates; they are labeled by
FAl.1, FA1.3, FALl.5, FA1.9 in Figure 2. We consider
four different fractal dimensions ranging from 1.1 to 1.9, which
is indicated by the number that follows FA. These fractal
aggregates are expected to be formed by primordial dust
coagulation, such as the one driven by Brownian motion
(Kempf et al. 1999; Blum et al. 2000; Krause & Blum 2004;
Paszun & Dominik 2006).

The third type is compact aggregates®; they are labeled by
CA-HP, CA-MP, CA-LP in Figure 2. The letters following CA
represent the amount of porosity: high porosity (HP), moderate
porosity (MP), and low porosity (LP). The detection of (sub)
millimeter-wave scattering polarization for the IM Lup disk
(Hull et al. 2018; Stephens et al. 2020) suggests that dust
particles are likely compact aggregates at least in the midplane
(Tazaki et al. 2019a; Brunngriaber & Wolf 2021), although dust
particles on the disk surface may not necessarily be.

We assume monodisperse and spherical monomer grains
with a radius of a, =100, 200, and 400 nm for compact
aggregates and a,,, = 100, 150, 200, 300, and 400 nm for fractal
aggregates. The summary of the monomer and aggregate radii
is given in Tables 1 and 2. Irregular grains and monomers are
made of a mixture of water ice (Warren & Brandt 2008),
pyroxene silicate (Mgg7Feq3Si03; Dorschner et al. 1995),
carbonaceous material, and troilite (Henning & Stognienko
1996) with the mass ratios proposed by Birnstiel et al. (2018).

® Such compact aggregates are sometimes referred to as fractal aggregates

with a fractal dimension close to three. In this Letter, the term fractal
aggregates is only used for those having a fractal dimension less than two.
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Table 3

Real (n) and Imaginary (k) Parts of the Refractive Index of the Two Mixtures
Composition Model °rg ame

A (um) n k n k
3.78 1.53 0.0219 2.13 0.393
2.18 1.47 0.0134 1.98 0.385
1.63 1.48 0.0138 1.92 0.404
1.25 1.49 0.0104 1.86 0.420
1.04 1.49 0.0108 1.81 0.434
0.735 1.50 0.0119 1.70 0.468
0.554 1.51 0.0138 1.59 0.472

Note. The material densities of the mixtures are 1.6487 g em~? (org) and
1.7779 g cm ™2 (amc).

Since the actual form of carbonaceous material is highly
uncertain, we consider two possibilities: organics (Henning &
Stognienko 1996) or amorphous carbon (Zubko et al. 1996).
The refractive indices of the mixtures are calculated by using
the Bruggeman mixing rule, and the results are summarized in
Table 3. To represent the monomer model, we will use the
following format: COMPXXX, where COMP and XXX specify the
monomer composition and the monomer radius in units of
nanometers, respectively. COMP has either org or amc, where
the former and the latter correspond to the mixture containing
organics and amorphous carbon, respectively. For example,
amc200 represents a monomer grain of a radius of 200 nm and
is made of a mixture containing amorphous carbon.

We compute the optical properties of dust particles by using
the 7-Matrix method (Mackowski & Mishchenko 1996, and
references therein) for aggregates and discrete dipole approx-
imation (DDA) for irregular grains (Purcell & Pennypacker
1973; Draine & Goodman 1993). Both techniques are known
as exact numerical techniques to calculate the optical properties
of nonspherical particles. For the 7-Matrix calculations, we use
MSTM-v3.0 with analytical orientation averaging and four-
realization averaging for each model (Mackowski & Mis-
hchenko 2011). For the DDA calculations, we use ADDA
(Yurkin & Hoekstra 2011) with averaging of 58 orientations
and 10 realizations.

The obtained optical properties are then averaged by
considering a particle-size distribution obeying

n(ay)day < ay>’day (@™ < ay < ay™), (1)

where n(ay)day is the number density of particles within a
radius range [ay, av + day], ay = (3V/47r)1/ 3 is the volume-
equivalent radius; V being its material volume, and a{"" and
ay™ are the minimum and maximum volume-equivalent radii,
respectively. The discrete sampling of avy is shown in Table 1.
The minimum size of the distribution is set as a"'" = 2a,, for
aggregates and av"™ = 0.2 um for irregular grains. The
maximum particle radius ay™* is a parameter of this study.
Since the volume-equivalent radius is not a good indicator of
the apparent size of an aggregate, we also use the characteristic
radius a. (Mukai et al. 1992), and let Ny, and a."** denote the
number of monomers and the characteristic radius of the

maximum aggregate in the size distribution, respectively.

Tazaki, Ginski, & Dominik

We investigated 360 sets of dust particle models: 20 irregular
grain models (10 maximum grain radii; two compositions), 126
compact aggregate models (three porosity models; two
compositions; three monomer radii; on average seven max-
imum aggregate radii), and 214 fractal aggregate models (four
fractal dimensions, two compositions, five monomer radii; on
average 5.35 maximum aggregate radii).

4. Results
4.1. Disk Polarization Flux and Color

Figure 3 compares the disk-scattered light properties for
fractal aggregates having a similar structure and radius,
but different monomer models (FA1.9 with o™ =
6.5 + 0.22 um; see top panels in Figure 3). We found that
the properties of monomers strongly affect the polarized
scattered-light flux, from which we can constrain the monomer
properties.

The composition of monomers has a significant impact on
the absolute level of disk flux. The org models produce higher
polarized fluxes than the amc models because the former
composition has a higher scattering albedo at optical/near-IR
wavelengths. If we reduce the disk mass, the disk flux could be
reduced as well, as shown in Figure 4. However, such a
reduction results in lowering the scattering surface, and these
models fail to explain the aspect ratio of the disk regardless of
aggregate size and fractal dimension. Moreover, we arrived at
the same conclusion even considering compact aggregates. All
compact aggregate models with the org composition fail to
reconcile the disk flaring and polarized flux. Therefore, given
the relatively faint scattered light and its flared disk geometry
of the IM Lup disk, a highly absorbing monomer composition
(e.g., the amc composition) is favorable.

The observed reddish disk color favors a not-too-small
monomer size. Figure 3 (bottom left) shows that models with
am =100 nm produce bluish dependencies (J/H > 1) regard-
less of composition and are inconsistent with the observation.
On the premise that Dy <2, which we think is likely (see
Sections 4.2), the presence of even smaller monomers can be
ruled out by the following argument. A total-intensity disk
color turned out to be nearly gray for all models shown in
Figure 3. This tendency remains unchanged no matter how
large the aggregate is unless we consider compact aggregates
(Tazaki et al. 2019b). The observed reddish-polarization color
thereby needs to be explained by a decrease in the degree of
polarization for shorter wavelengths. The degree of polarization
of an aggregate is predominantly determined by the properties
of each monomer (Tazaki et al. 2016; Tazaki & Dominik 2022).
Therefore, the degree of polarization of each monomer has to
decrease for shorter wavelengths. Since such a property is
never achieved by Rayleigh-scattering monomers such that
Xm =2man /A< 1, we can rule out a, < \/2w~ 200 nm,
where we substituted A = 1.25 ym (the J band).

Contrary to the case of polarized flux, the impact of the
monomer model on the polarization phase function is minor
(Figure 3 bottom right). Nevertheless, we can exclude some of
the monomer models from it. For example, the amc4 00 model
gives rise to a too-steep phase function. Also, the curves for the
aggregates with the org composition show a turnaround at a
scattering angle of ~40°, while it is absent for the cases of
amc. This turnaround is caused by multiple scattering in the
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optically thick disk surface (see Figure 9 in Appendix C). The
absence of the turnaround in the observed data also favors the
amc composition.

4.2. Polarization Phase Function

Figure 5 shows the polarization phase functions of various
particle models, from which we can constrain the aggregation
models. In the plots, we excluded models that have an
inconsistent disk color, which basically resulted in rejecting
large fractal aggregates with small monomers and small
particles obeying Rayleigh scattering. For fractal and compact
aggregates, we also excluded the org composition and
amc400, as these parameters are already shown to be
inconsistent with the observation (Section 4.1). As a result,
the number of models plotted is 9, 27, and 36 for irregular
grains, compact aggregates, and fractal aggregates, respec-
tively. For each model, we assess the quality of fit by
calculating a reduced x* including both data points of the J-
and H-band phase functions.

The best-fit model among irregular grains is
ay™ = 0.504 um with amc, which yields a reduced
X = 6.8. This model shows a rapid drop in polarized intensity
at a scattering angle below ~50° at the H band and is
inconsistent with the observation. The drop stems from two
competing functions overlapping in the polarization phase
function: one is the total-intensity phase function, which peaks
at smaller scattering angles, and the other one is the degree of
polarization, which decreases at these angles. For all irregular
grain models, the latter function is dominant.

Polarized forward scattering by compact aggregates is much
stronger than that of irregular grains. This is because the
aggregates exhibit stronger forward scattering in total intensity,
as they have larger sizes than irregular grains with the same
mass. We also found that there is a large variation in
polarization phase functions (see gray lines), and most of them
overestimate the observed polarized forward scattering ampl-
itude. The best-fit model among compact aggregates is CA-
HP with Npax = 512 and amc200 (ay™ = 1.6 um and

a™>* = 3.1 ym), which yields a reduced x*=35.0. However,
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of each monomer.

this model underestimates the polarized flux. Although it could
be enhanced by increasing the disk mass and then scattering the
surface, the geometrically thicker disk would make the phase
function even steeper (see Appendix C).

Finally, we found that fractal models outperform the other two
types of particle models. The best-fit model is FA1.5 with
Niax = 32, 64, 128, 256 and amc200. All of them yield a
reduced y* = 3.6 and are therefore the best fits among all particle
models. These aggregates have sizes of ay™* = 0.63-1.3 ym and
a™ = 2.1-8.3 um. The upper bound of the aggregate size is ill-
constrained as it corresponds to the larger end of the parameter
range we studied. We think a!"™* > 8.3 um is also a possible
solution because the aggregate radius is insensitive to the results.
These models can successfully reproduce the observed disk-
polarized flux, its color, disk aspect ratio, and polarization phase
functions at the two bands simultaneously (see also the dashed line
in Figure 4). In what follows, we select the largest one
(FAL. 5 with Npax = 256 and amc200) as representative of the
best fractal models.

The polarization phase functions of the fractal models tend to
be shallower than those of the compact aggregates, despite the
fact that the fractal aggregates are much larger than the compact
ones. This is due to a different number density of monomers. In
a compact aggregate, the monomers are packed quite closely,
and hence, scattered waves from the monomers are efficiently
amplified by constructive interference. In a fractal aggregate,
each monomer is relatively isolated so that fewer monomer
pairs will be involved with constructive interference. As a
result, forward scattering is less prominent in fractal models.

We also found, more importantly, that once fractal
aggregates become micron sized, the quality of fit is insensitive
to the aggregate radius and weakly dependent on the fractal
dimension. As long as the monomer model is amc200, there
are a number of models that fit the observations almost equally
well: FAL .1 with afma" > 3.7 um (x> =3.9-4.1), FA1. 3 with
al™ > 2.7 um (x"=4.1-4.5), FAl.5with a™ > 2.1 um
(x*=3.6), and FALl.9with a™ > 1.1 um (x> =4.0-5.0).
This explains why there is less variation in gray lines compared

to compact aggregate models. This property is a direct
consequence of the suppression of multiple scattering, that is,
monomer—monomer electromagnetic interaction, due to its
highly fluffy structure (Tazaki et al. 2016). Without multiple
scattering, two scattered waves emanating from a monomer
pair that is separated by much more than the wavelength are
independent (incoherent) of each other. Scattered waves from
monomers in a close neighborhood can still provide coherent
scattering, and it is this component that dominantly contributes
to scattered-light intensity. As a result, except for a scattering
angle very close to 0°, the properties of scattered light will only
be determined by what a local structure within an aggregate
looks like and not by how large the aggregate is (Berry &
Percival 1986; Tazaki et al. 2019b).

There are some outliers in the J-band phase functions of
fractal models. They correspond to aggregates with amc300.
Thus, the monomer radius of 300 nm is unfavorable as well.

Although the difference in the reduced x* values between
the best compact and fractal aggregate models is not
significant, the fractal model is favorable because of its robust
fitting behavior. Since the phase functions of compact
aggregate models are sensitive to aggregate parameters, any
fit requires significant fine-tuning. In contrast, those of fractal
aggregates are very similar to each other, and most models that
have a consistent disk color come close to the observed phase
functions. Such properties allow us to model the observed
scattered light without performing fine-tuning.

5. Discussion
5.1. Are We Observing Primordial Dust Coagulation?

Our best-fit model suggests the presence of fractal aggregates
with Dy=1.5. These low-D; aggregates naturally form via dust
coagulation driven by Brownian motion (Kempf et al. 1999; Blum
et al. 2000; Krause & Blum 2004; Paszun & Dominik 2006),
which is supposed to occur at the earliest step in planet formation.
For example, Paszun & Dominik (2006) obtained D= 1.46 for
the Brownian coagulation in the ballistic collision limit. Here we
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Figure 5. Best dust models for the polarization phase function of the IM Lup disk. The top, middle, and bottom panels represent the results for irregular grains,
compact aggregates, and fractal aggregates, respectively. From left to right panels, the disk-polarized flux and the polarization phase functions (normalized to a
scattering angle of 90°) at the J and H bands are shown. The thick lines represent the best fit among each particle type: the best irregular grain model
(ay'™ = 0.504 pm with amc: a reduced x> = 6.8), the best compact aggregate model (CA-HP with Ny, = 512 and amc200: a reduced x? = 5.0), the best fractal
model (FAL .5 with N = 256 and amc200: a reduced y* = 3.6). Thin gray lines in each panel are models that are consistent with the disk polarization color (J /

H=0.81+0.12).

discuss to what extent such aggregates can grow and survive on
the disk surface after the disk age of ~1 Myr.

Growth of aggregates by Brownian motion as a function of
time ¢t can be approximated by (Blum 2004; Krause &
Blum 2004)

/(=)
N() = [(1 = 7)(ai + c)] : ®)

70

where ) = (ngopvg)~'; np is the number density of the monomers,
oy = 47ranz1 is the collision cross section, and vy = 4+/kT /7m, is
the relative velocity between them, m, is the mass of each
monomer, k is the Boltzmann constant, and 7 is the gas temperature.
We adopt a =128, ¢=2.05, 1/(1 —~) =171, as suggested by
microgravity experiments (Krause & Blum 2004).

To estimate the size of aggregates using Equation (2), we
assume the amc200 model, which is the best monomer model
found in Section 4.1. The number density of monomers ng is

estimated by using the gas density model of the IM Lup disk in
Zhang et al. (2021) with a dust-to-gas ratio of 0.01 (after
scaling the new GAIA distance). We also assume a temperature
of 25 K. By substituting these values into Equation (2), we
found N(t =1 Myr) ~ 10° and 6 x 10 at the 90 au and 150 au
disk surface (z ~ 2H,). These sizes are larger than the smallest
aggregate we need to explain the scattered light (Np.x = 32).
Therefore, coagulation driven by Brownian motion is a viable
mechanism for forming the inferred fractal aggregates.

Suppose the vertical mixing of dust particles is active. In that
case, particles on the disk surface region could be a mixture of
those formed in situ and those stirred up from the midplane; the
latter may have a nonfractal structure. To estimate whether this
is the case or not, we calculate the vertical stirring timescale
(Dullemond & Dominik 2004)

1 22

- 3
af? ng ©)

Lstir =
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where z is the disk height, H, is the gas pressure scale height, {2
is the Kepler angular frequency, and « is a nondimensional
parameter for the vertical diffusion coefficient. With the gas
scale height model of Zhang et al. (2021), the scattering surface
derived in Avenhaus et al. (2018) corresponds to z ~ 2H,. Since
a typical disk model has a scattering surface at 3—4H,, the dust
disk around IM Lup is relatively flat, as also argued in Rich et al.
(2021). At r=150 au, we have 012300 yr. In order to have
mixing during the age of the disk, we need f; < f,0, leading to
a > (z2/Hy)?/(tage?) ~ 1073 (1,4 /1 Myr)~!.  However, there
has been no evidence suggesting such a level of turbulence by
molecular line observations toward the IM Lup disk.

There are some indirect measurements of the turbulent level
in the IM Lup disk. Powell et al. (2022) suggested
a=1.5x10"? to explain the observed CO depletion within
a timescale of f,,c =1 Myr. However, a fast CO depletion
within ~1 Myr is feasible without invoking strong turbulence if
the cosmic-ray ionization rate is as high as 10~'® with the help
of other sequestration mechanisms (Krijt et al. 2020). This rate
is still a reasonable value at the outer surface region (Indriolo
et al. 2015; Fujii & Kimura 2022). Franceschi et al. (2022)
estimated the o parameter to be 3 x 1077 to explain the near-IR
disk thickness. Since they assumed compact spherical grains,
the inferred o value could even be reduced by a factor of a few
for fractal aggregates. Therefore, these indirect measurements
do I%Ot necessarily require a turbulent level much larger than
107,

In a weakly turbulent disk (o < 107?), vertical settling must
be slow enough to explain the observed disk thickness in IR
scattered light. We then calculate the settling timescale defined
by (Dullemond & Dominik 2004)

4 A Zg Zz
fe = ——— 222 | -2, 4
T3 2 m Q pl 2H? @

where A/m is the area-to-mass ratio of a fractal aggregate, and
Y, is the gas surface density. At around the second ring
(r =150 au), the gas surface density is X, ~4 g cm 2 (Zhang
et al. 2021). A fractal aggregate of FA1 .5 has an area-to-mass
ratio of A/m >~ 0.7(A/mM)meno at N =256, where (A/m)mono 18
the area-to-mass ratio of each monomer grain (Tazaki 2021).
Thus, we have

1 _1
4 A P a

o ~ 8 x 10* o ( a ) . 5
SmZg (1.78gcm3) 200 nm ©)

By substituting Equation (5) into (4), we obtain #,, ~ 1 Myr at
z=2H,. The settling timescale at the scattering surface is
thereby comparable to the age of the disk. The above estimate
is also consistent with the findings of Verrios et al. (2022).
Based on their hydrodynamic calculations without turbulence,
the authors found that the model can reproduce the scattered-
light morphology when the area-to-mass ratio of the smallest
grains is A/m=25x10" cm’g !, but not when
A/m=25x 10> cm?g ' because settling occurs rapidly.
Our best fractal aggregates have an area-to-mass ratio of
A/m~15x10* cm*g~', which agrees with their estimate
within a factor of two.

In summary, Brownian motion can form fractal aggregates
with Dy = 1.5 large enough to explain the disk-scattered light.

Tazaki, Ginski, & Dominik

In the outer surface region of the disk, contamination of dust
particles stirred up from the midplane would be limited unless
the turbulent strength is a > 10>. Meanwhile, supported by
the tight dynamical coupling of the fractal aggregates to gas,
they settle down rather slowly to the disk midplane, which
reasonably explains the observed disk thickness.

5.2. The Monomer Radius for Other Planet-forming Disks

Tazaki & Dominik (2022) argued that the degree of
polarization is another key quantity for diagnosing the
properties of the monomers. Figure 6 summarizes the
maximum degree of polarization extracted from our radiative
transfer simulations. Each colored region represents a range of
the maximum degree of polarization that fractal or compact
aggregates with a specific monomer radius can produce. In
other words, it corresponds to the uncertainty range for various
aggregate radii, composition, and porosity (fractal dimension).

As a general trend, a larger monomer radius leads to a lower
degree of polarization. A wider colored region in compact
models is due to the degree of polarization being dependent on
not only the monomer properties but also the aggregate
parameters (porosity, aggregate size), whereas, in fractal
models, it is predominantly determined by the monomer
properties. The composition of monomers is another important
factor for the degree of polarization. There is a tendency for an
aggregate with amc to exhibit a higher degree of polarization
than org because a higher scattering albedo of the latter
composition facilitates multiple scattering at the disk atmos-
phere, which in turn reduces the degree of polarization (e.g.,
Ma & Schmid 2022). The upper and lower bounds of the
colored region, therefore, tend to be set by aggregates with the
amc and org models, respectively. The amount of amorphous
carbon in each monomer also has a strong impact on optical
polarization when a;,, =300 and 400 nm, leading to a wider
colored range for those models at optical wavelengths (Tazaki
& Dominik 2022).

The great advantage of using the maximum polarization as a
diagnostic is that it is less sensitive to the disk structure and the
inclination angle so that we can use it to infer the monomer
properties in other disks. In Figure 6, we also plotted the
maximum polarization fractions of several planet-forming
disks, noting that the polarization fraction for the IM Lup disk
has not yet been measured. It turns out that the observed
maximum polarization for the disks lies in the range of
a, = 100400 nm. Fractal models seem to favor a monomer
radius of 200400 nm, whereas compact models favor 100-200
nm. For HL Tau (nebula region), HD 163296, and HD 142527,
the monomer radius of 100 nm appears to be unfavorable as
none of the aggregate models can reproduce their relatively low
degree of polarization. For HD 142527, the observed maximum
polarization fraction is relatively low, and its wavelength
dependence is shallow (Hunziker et al. 2021). Such a tendency
seems to be better explained by compact aggregates, supporting
an earlier implication that aggregates are likely compact in HD
142527 (Tazaki et al. 2021; Tazaki & Dominik 2022).

To summarize, the monomer radius of other disks seems not
to be too different from 200 nm, i.e., within by a factor of ~2.
We speculate that a monomer radius derived for the IM Lup
disk, 200 nm, might be common among planet-forming disks at
least for the outer surface regions.
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Figure 6. Maximum degree of polarization of disk-scattered light for fractal aggregates (left) and compact aggregates (right). Each color represents the maximum
polarization of aggregates with a specific monomer radius. For the left panel, the colored region shows the values of the maximum polarization for various aggregate
radii, four fractal dimensions (FAl.1, FAL.3, FA1.5, FA1.9), and two monomer compositions (org and amc). For the right panel, the colored region shows the
values for various aggregate radii, three porosity models (CA-HP, CA-MP, CA-LP), and two monomer compositions (org and amc). For comparison, we overlaid the
observed maximum polarization of various planet-forming disks. References: HD 142527 (Hunziker et al. 2021), HD 169142 (Tschudi & Schmid 2021), HD 34700 A
(Monnier et al. 2019), GG Tau (Silber et al. 2000), AB Aur (Perrin et al. 2009), UX Tau A (Tanii et al. 2012), TW Hya (Poteet et al. 2018), and HL Tau nebula region

(Murakawa et al. 2008).

6. Conclusions

We have shown that the near-IR polarized scattered-light
observations of the IM Lup disk can be explained by fractal
aggregates with a characteristic radius larger than ~2 ym and a
fractal dimension of 1.5. The monomer radius of ~200 nm is
favorable to explain the observed polarized scattered-light flux,
and the monomer radius much smaller than 200 nm can be
ruled out as long as the aggregates have a fractal dimension less
than 2. Also, the faint polarized scattered light and its flared
disk geometry suggest that each monomer is made of a highly
absorbing composition (the amc model). These low-Dy fractal
aggregates of submicron-sized monomers are shown to form by
Brownian motion with a reasonable timescale in the IM Lup
disk surface without suffering rapid settling. Our results
support the idea that planet formation begins with fractal
coagulation of submicron-sized grains via Brownian motion, as
anticipated from laboratory experiments and numerical studies
(Kempf et al. 1999; Blum et al. 2000; Krause & Blum 2004;
Paszun & Dominik 2006).

For the IM Lup disk, millimeter-wave scattering polarization
has been detected (Hull et al. 2018; Stephens et al. 2020),
which indicates the presence of less porous (sub)millimeter-
sized aggregates (Tazaki et al. 2019a). This result does not
conflict with our conclusion because near-IR and millimeter
wavelength observations probe different regions in the disk,
and thereby different evolutionary stages of dust coagulation at
least if perfect vertical mixing is not present. Combining these
results, we speculate that dust coagulation initially proceeds in
a fractal manner, but before reaching (sub)millimeter size,
aggregates are compacted. In this way, multiwavelength disk-
scattered light observations will shed light on the porosity
evolution of dust aggregates in disks.
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Appendix A
Phase Function Extraction

The detailed extraction procedures are described in Ginski
et al. (2023). Here we briefly summarize its procedure. For the
extraction of the scattering phase functions in the H and J
bands we fixed the inclination and position angle of the disk to
the values given by Avenhaus et al. (2018), i.e., an inclination
of 55° and a position angle of 325°. We then used the power-
law surface profile derived in the same study for the nominal
extraction using the diskmap tool by Stolker et al. (2016).


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium

THE ASTROPHYSICAL JOURNAL LETTERS, 944:1.43 (14pp), 2023 February 20

They find a power-law (flaring) exponent of 1.271 + 0.197. We
selected three extraction regions: 90 au, 150 au, 237 au,
corresponding to the surface ring locations seen in the
scattered-light image. Each extraction region has a width of
40 au. For the scaling factor of the power-law profile, we
picked the direct measurement of the disk aspect ratio by
Avenhaus et al. (2018) at an angular separation of 0796
corresponding to 149.6 au (note that we rescaled the values
given in Avenhaus et al. (2018) with the new Gaia DR3
distance). Thus the nominal power-law profile for the surface is
described by

(AL)

FO\L27
hs(r) = 0.046 au(—) .
1 au

To estimate the uncertainty of the extracted phase functions
due to the uncertainties of the surface profile we then repeated
the extraction for two extreme cases, i.e., a flat and a strongly
flared disk. For the flat disk we used a flaring exponent of 1.07
(i.e., the lower bound given by the uncertainty interval), we
moved the reference point outward to 154.3 au and increased
the scaling factor accordingly to 0.095 au (in accordance with
the uncertainty interval given by Avenhaus et al. 2018).
Conversely, for the flared disk we used a flaring exponent of
1.47, a reference point at 144.9 au, and a resulting scaling
factor of 0.022 au. The uncertainties that we give for the final
extracted phase function are then a (quadratic) combination of
the range of the phase function given by the three different
extractions for each angular bin and the statistical standard
error of the pixel values in each angular bin for the nominal
extraction (which captures the inherent noise in the image).
This uncertainty is strongly dominated by the first term, i.e.,
how well we can constrain the surface profile determines to a
large extent the precision with which we can extract the phase
function.

Appendix B
Simulation Methods

B.1. Radiative Transfer Calculations and Data Reduction

We summarize the star and disk models used in our radiative
transfer simulations. The stellar effective temperature and
luminosity are set as 4266 K and 2.57 L, respectively (Oberg
et al. 2021; Zhang et al. 2021). The central star is surrounded
by an axisymmetric dust disk with a power-law surface density
profile >4(r) r~ !, where >4(r) is the dust surface density at a
radial distance of r. The inner and outer disk radii are 1 and
385 au, respectively. The inner radius is chosen well inside the
coronagraphic mask and the outer radius coincides with the
observed disk size (Figure 7). The total mass of the dust disk is
set to 2 x 10 °M, in a fiducial case, which corresponds to the
total mass of the small-grain population suggested by Zhang
et al. (2021). We ignored the large-grain (pebble) population,
which dominates the total dust mass in the disk (Zhang et al.
2021; Franceschi et al. 2022), because these large grains reside
close to the midplane and do not affect scattered-light images.

The vertical dust density profile is assumed to obey the
Gaussian distribution g, (r, z) = Sa(r)/27hd expl—z2/2h],
where 7 is the vertical height, and A is the dust scale height. We
determine the scale height so as to reproduce the observational
constraints by Avenhaus et al. (2018). First, we first set a base
height profile by ho(r) = 5.1 au(r/ro)®, where ry= 100 au,
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and 8=1.271 and 1.6 for r < ry and r > ry, respectively. The
latter high (8 value was introduced to better reproduce the large
aspect ratios at the outer region (Avenhaus et al. 2018). We then
added four axisymmetric rings by modifying the base scale
height:

hqa = ho(r)(l + > Aiexp[—(r — ri)z/wiz]), (BD)

where r;, A;, and w; are the radius, amplitude, and width of the
i-th ring. In this study, we adopt r; =90 au, r, =150 au,
7'3:2373.1.1, r4:327au, A] :Ol, A2:OOS, A3:O.1,
A4=0.15, and w; =0.15r;. The assumed radial distances of
the rings are taken from Avenhaus et al. (2018) after correcting
for an updated distance of 155.8 pc. The observed image shows
a relatively faint region inside 90 au (Avenhaus et al. 2018).
The faint region is presumably due to a shadow rather than a
cavity because in the latter case, we would see a bright inner
wall of the outer disk directly illuminated by the star. We are
agnostic on the origin of this shadow-causing feature, as it is
likely hidden inside the coronagraphic mask. Here we simply
model it as a puffed-up ring with the parameters of ro =7 au,
wo=0.5au, and Ag = 1.2 in Equation (B1).

Given star and disk models, we perform scattering Monte
Carlo simulations with a full scattering polarization treatment
using RADMC-3D v2.0 (Dullemond et al. 2012). We use the
spherical coordinate system. The zenith and azimuthal angles
are linearly spaced within the range of [7/3, 27/3], and [0, 2]
with 512 and 256 grids. The radial grids are logarithmically
equispaced with 512 grids within the range of [0.1 au, 420 au].
Since we are interested in the outer disk region, where thermal
emission hardly contributes to the observed intensity, we
neglected the thermal emission of dust particles. We use 10°
photon packages for each scattering Monte Carlo simulation.
We also assumed that dust particles of different sizes are well
mixed throughout the disk. The obtained images are then
convolved with a two-dimensional Gaussian function with an
FWHM of 0705, which agrees with the size of the point-spread
function of the observational data. Finally, we set all intensities
to zero inside 0”1 around the star to mimic the corona-
graphic mask.

Our model can reproduce the overall properties of the
observed disk (Figure 7). To see if our disk model reproduces
the observed disk thickness, we calculated the disk surface
height at which the optical depth measured from the star
becomes unity for FAL .5 with Ny.x = 256 and the monomer
model of amc200. We obtained the aspect ratios of 0.17, 0.18,
0.21, 0.24 at 90 au, 150 au, 237 au, 327 au, respectively. These
values are in agreement with the observations: 0.18 4 0.03,
0.18 2 0.04, 0.23 £0.04, 0.25 +0.05 at the same radii (see
Figure 4). Once we obtained a model image, we integrated all
polarized intensity of disk-scattered light outside the
coronagraph to measure the disk-polarized flux. We then
extracted the polarization phase functions using a model Q,
image (after correcting the drop-off of stellar light with
distance) at 90 £ 20 au, 150 +20au, and 237 £ 20 au using
the same method (Appendix A), but with the correct disk
heights calculated directly in each dust disk model and each
observing wavelength.
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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 Q,; after correcting the drop-off of stellar light with distance. The assumed dust model
is FA1.5 with Np,x = 256 with the monomer model of amc200, which is the best particle model derived in this study (Section 4.2).

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 = kf(ag/am)Df, where N is the number of
mMONOmers, ap, is the radius of the monomer, a, is the radius of
gyration, Dy is the fractal dimension, and k¢ 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
Dy < 2. We assumed a fractal prefactor of 1.7, 1.5, 1.4 for
D¢=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 A7ggrega-
tion), BAM1, and BAM?2 algorithms (Shen et al. 2008)." 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 v = 3.4 and the relative standard deviation of
radius o = 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

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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ay=16pum is 945186, which gives |mlkd>~0.49 at
A=0.554 pm (the shortest wavelength we studied) and |m|
kd ~0.20 at A= 1.630 um (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 —S;, in
Bohren & Huffman 1983). The assumed dust model is FA1 . 9
with Np.x = 512 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.
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Figure 8. Comparison of intrinsic and measured polarization phase functions, illustrating the effects of multiple scattering and limb-brightening, for two different disk
locations (top row with » = 90 au and bottom row with » = 150 au) and two different material compositions (left column with highly absorbing amorphous carbon and
right column with less absorbing organic carbon). In each panel, the thick dotted green line shows the intrinsic polarization phase function of FAL . 9 with Ny = 512
with amc200 (left panels) and org200 (right panels) used in the radiative transfer model. That radiative transfer model was then used to produce an image. The solid
orange line shows the apparent phase function measured from the image, which differs from the intrinsic function due to multiple scattering and limb brightening. The
dotted-dashed lines represent the phase functions obtained by measuring the images from a radiative transfer computation with multiple scattering switched off. The
thin solid lines show the analytical estimate for Q, computed from the intrinsic phase function, ignoring multiple scattering and correcting for limb brightening using
Equations (C2) and (C8).

C.2. Limb Brightening

£¢(full scat)/Q,(single sca) normalized to 90° The reason why the polarization phase function still deviates
1. T from the intrinsic one, even in the absence of multiple
scattering, is that the observer will see a slightly different disk
height at each scattering angle (Figure 10). What we can
observe is scattered light integrated along the line of sight of
the observer. The line of sight for the near-side scattered light is
exposed to a high stellar flux for a longer distance than that for
the far side. Because of the greater contribution of the stellar
- radiation to the emergent intensity, the near side becomes
brighter than the far side, even if each dust particle obeys
isotropic scattering. We will refer to this effect as the limb

1.0

0.8

4 — 90au, amc — 90au, org brightening, as this effect may be regarded as the opposite
0.6 == 150 au, amc == 150 au, org | . . .
. 237 au, amc -+ 237 au, org effect to the limb darkening seen in the Sun.
| ] e To better illustrate the limb-brightening effect on the phase
20 40 60 80 100 120 140 function, we consider a small patch of the disk surface so that

we can apply a formula of diffuse reflection by a semi-infinite
plane-parallel atmosphere (see Figure 11 left). Let us suppose a
Figure 9. The ratio of the polarization phase function extracted from model situation where the unpolarized stellar radiation is incident on a

images with and without multiple scattering. The curves are normalized to a lane-parallel atmosphere. makine an anele 6. with respect to
scattering angle of 90 degrees. The black and gray lines represent the results for p p P > g g * p

the amc and org compositions, respectively. The solid, dashed, and dotted the surface normal (0 < 6, < 7/2). The incident light will be
lines represent the results at 90 au, 150 au, and 237 au, respectively. scattered by dust particles in the atmosphere and then escape

Scattering angle (degrees)
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Figure 10. A cartoon of a small patch of the disk surface illustrating the effect of limb brightening on the emergent intensity. The two solid arrows escaping from the
disk surface represent scattered light for the near and far sides of the disk. The background color gradient represents the attenuation of stellar radiation from the top of
the surface toward the midplane. The green dashed lines represent the location where the optical depth measured from the disk surface is unity. The line of sight for the
near-side scattered light is exposed to a high stellar flux for a longer distance than that of the far side, and therefore the emergent intensity is enhanced.
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Figure 11. A simple model to account for the effect of limb brightening on the phase function. The left cartoon summarizes the geometry of the plane-parallel
atmosphere. The right panel shows the limb-brightening factor pi,. /(. + p) for various disk aspect ratios (hs/r) and flaring indices (x) at a disk inclination angle of
55°. The limb-brightening effect amplifies the near- and far-side brightness asymmetry of disk-scattered light.

from it with an angle 6 to the surface normal (0 < 0 < 7/2). If P — Ar S (C4)
the incident light has been scattered only once, the emergent 12 Kca koM
total and polarized intensity can be expressed as (e.g., Section
47.1 in Chandrasekhar 1960) where g, is the scattering opacity, k is the wavenumber, m is
the mass of a dust particle, and Sj; is scattering matrix elements
I(p, fiy) = i P WoP11(tts i), (C1) following the definition of Bohren & Huffman (1983). The
AT p+ g total-intensity phase function (P;;) is normalized such that
F oo ﬁ yf Py1d) = 1. To calculate i and pi4, we need to specify the
Qs fg) = ————woPia(lhs fis)s (C2) disk flaring geometry. Suppose that the scattering surface obeys
AT 1t hs o< rX, we obtain
where F is the incident flux density, ;1 = cos 0, i, = cos Oy, wo g = sin(y’ — ), (C5)
is the single scatte.rlng albedo of a dust particle, and Py, .and {1 = cosicosy — cosd siny sini, (C6)
Py, are the scattering phase functions for total and polarized
intensity, respectively, and they are given by where y=h/r,v" = dhs/dr = xhs/r, iis the disk inclination
angle, and ¢ is the disk azimuthal angle; ¢ =0 and 180°
P = 4m ﬁ, (C3) correspond to the near and far sides of the disk, respectively.
Fsea k*m Similarly, we can express the scattering angle 0., as (e.g.,
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Stolker et al. 2016)

€08 By, = sinicosy cos ¢ + cosisiny. (C7)

The angle range we can probe for the disk surface is
i~ 1 <O<i+7 and 1/2— (i +7) <byea <T/2+i— 7.
Using Equations (C5), (C6), (C7) and assuming i=0, we
obtain

M

My +

_ cosysin(y' — %)

B cosy sin(y’ — ) 4 cosicos(y — ) — siny’ cos Oyea
(C8)

Equation (C8) is a mildly decreasing function with scattering
angle (Figure 11 right). The larger the disk aspect ratio becomes,
the steeper this factor becomes, although the effect of the flaring
index x is minor. Thus the disk aspect ratio is a key factor that
makes the observed phase function steeper than the intrinsic phase
function. Figure 8 shows the analytical estimate for O computed
from the intrinsic phase function, ignoring multiple scattering and
correcting for limb brightening using Equations (C2) and (CS).
The disk geometry parameters (v, 7') are determined from the
7=1 surface calculated for each model. It turns out that the
simple model well reproduces the steep phase functions observed
in the simulations without multiple scattering.

C.3. The Origin of 90 au and 150 au Polarization Phase
Functions

Figure 1 shows that the 90 au and 150 au phase functions are
similar to each other. Combining the results presented in
Appendices C.1 and C.2, we conclude that the similarity of the
polarization phase functions is likely attributable to the similar
dust properties because (i) the degree of multiple scattering
does not vary at different disk radii and (ii) these two surfaces
have the similar aspect ratio (hs/r ~ 0.18).
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