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ABSTRACT

The size of dust grains plays a fundamental role in determining the physical and chemical processes in circumstellar disks, but
observational constraints of grain size, a, remain challenging. (Sub)millimeter continuum observations often show a percent-
level polarization parallel to the disk minor axis, which is generally interpreted as coming from scattering by ~ 100um-sized
spherical grains (with a size parameter x = 27a/A < 1, where A is the wavelength). Larger spherical grains (with x greater than
unity) would produce polarization parallel to the disk major axis, in contradiction to the observed pattern. The inferred grain size
of ~ 100um is in tension with the opacity index § that point to larger mm/cm-sized grains. However, grains are expected to be
non-spherical and irregular under realistic conditions. Here we investigate the scattering-produced polarization by large irregular
grains with x much larger than unity with optical properties obtained from laboratory experiments. Using the radiation transfer
code, RADMC-3D, we simulate polarization images and find that large irregular grains still produce polarization parallel to the
disk minor axis. Our results suggest that scattering grains at (sub)millimeter wavelengths in disks are not limited to ~ 100um, but
can easily have millimeter sizes or even larger, thus alleviating the long-standing tension between the grain sizes inferred from
scattering and other means. Additionally, if large irregular grains are not settled to the midplane, their strong forward scattering
can produce asymmetries between the near and far side of an inclined disk, which can be used to infer their presence.
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at UV which affects photodissociation (e.g. Cleeves et al. 2011), and
also because surface chemistry relies on the grain surface area (e.g
Harada et al. 2017). The dynamics and evolution of disks depend
on the grain sizes which govern how coupled the grains are to the
gas and also the level of ionization (e.g. Hu et al. 2021). Despite
the importance of dust grain size, it has been difficult to directly
constrain their sizes from observations.

1 INTRODUCTION

Dust in circumstellar disks only holds about 1% of the total disk
mass, yet it plays a key role in shaping disk properties and serves as
the fundamental building blocks of planets. One of the most relevant
properties of dust is its size. The growth to planets directly requires
the aggregation of grains from submicron sizes inherited from the
interstellar medium to kilometer-sized planetesimals and eventually

to planets (e.g. Bitsch et al. 2015; Drazkowska & Dullemond 2018). One way to measure the grain size of disks is through

The grains dominate the opacity, which is sensitive to grain size
(e.g., Draine 2006; Birnstiel et al. 2018). As a result, grains and
how the various sizes distribute in the disk affect the temperature
structure (e.g. D’Alessio et al. 2001; Inoue et al. 2009; Williams &
Cieza 2011) and the multiwavelength observational appearance of
disks (e.g. Dong et al. 2018; Huang et al. 2020; Sierra et al. 2021).
The grain sizes directly impact the chemistry of disks because of its
dependence on temperature (e.g. Gavino et al. 2021) and dust opacity
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(sub)millimeter continuum polarization. With the tremendous sen-
sitivity of the Atacama Large Millimeter/submillimeter Array
(ALMA), (sub)millimeter polarized images have been resolved for
many disks. Grains scatter radiation, and the scattered radiation be-
comes polarized. Since the grains scatter its own thermal radiation
at the (sub)millimeter wavelengths, it is often called self-scattering
(Kataoka et al. 2015). A characteristic feature of polarization due to
self-scattering is the unidirectional polarization that is parallel to the
minor axis of inclined disks (Yang et al. 2016; Kataoka et al. 2016).
The majority of the observed polarization images are ~ 1% polarized
and show the unidirectional polarization feature, especially at relative
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short wavelength ALMA Bands, like Bands 6 and 7 (e.g. Stephens
etal. 2017; Bacciottietal. 2018; Hull et al. 2018; Lee et al. 2018; Dent
etal. 2019; Sadavoy et al. 2019; Stephens et al. 2020; Aso et al. 2021;
Harrison et al. 2021). To efficiently produce polarization, the grain
size, a, must not be much smaller than the observing wavelength, A,
(Kataoka et al. 2015), but grains much larger than the wavelength
can cause the polarization to become parallel to the disk major axis
(Yang et al. 2016). In other words, the size parameter, x = 27a/A,
should be of order unity. As a result, polarization is deemed sensitive
to grain size and the majority of detected polarization images have
been taken as evidence for grains of ~ 100um.

Another way to estimate grain sizes is through the wavelength
dependence of opacity. For grains with absorption opacity that goes
as Kahs o VP, the opacity index 8 depends on the grain size (Draine
2006). For the interstellar medium, the small grains (~ 0.1xm) have
B ~ 1.7 (Weingartner & Draine 2001). The typically inferred S of
disks at millimeter wavelengths is ~ 1 or lower (e.g. Beckwith et al.
1990; Ubach et al. 2012; Sheehan & Eisner 2018; Tobin et al. 2020;
Lin et al. 2021). At face value, the low g suggests mm/cm-sized
grains (e.g. Draine 2006; Testi et al. 2014) which directly contradicts
the size inferred from polarization.

The orders of magnitude discrepancy between 100 um versus the
mm/cm regime can heavily affect the interpretation of the physical
and chemical properties of the disk given the importance of the grain
size. In this paper, we demonstrate that the perceived accuracy of
polarization measurements in constraining the grain size is due to
the strict assumption of spherical grains. Since grains coagulate to
form larger grains, the shape of grains is expected to be irregular
(e.g. Krause & Blum 2004; Ormel et al. 2007; Blum & Wurm 2008).
Though the assumption of spherical grains is largely based on its nu-
merical simplicity (calculated from Mie theory), the scattering prop-
erties of spherical grains becomes drastically different from those of
irregular grains once the size becomes comparable to the size of the
observing wavelength, as predicted from more sophisticated numer-
ical techniques (e.g. Shen et al. 2008, 2009; Kirchschlager & Wolf
2013, 2014; Tazaki et al. 2016; Tazaki & Tanaka 2018; Tazaki et al.
2019; Kirchschlager & Bertrang 2020) and shown from experimental
measurements (e.g. Muifloz et al. 2011, 2021).

In this paper, we use scattering matrices measured from the In-
stituto de Astrofisica de Andalucfa (IAA) Cosmic Dust Laboratory
(CoDuLab; Mufioz et al. 2011, 2012, 2021) as illustrative samples of
the scattering matrix when the size parameter x is much larger than
unity to simulate the (sub)millimeter disk polarization. By using
the experimentally measured scattering matrices, we can consider
grains with size parameters up to 575 in this paper, which is larger
than what current numerical techniques can readily achieve. In Sec-
tion 2, we briefly describe the properties of the experimental dust
samples and disk model setup. We use the Monte Carlo radiative
transfer code RADMC-3D! to simulate the polarization images at
millimeter wavelengths (Dullemond et al. 2012). Section 3 presents
the simulated polarization images comparing the use of laboratory
measured scattering matrix and the Mie calculations. We show that
irregular grains with large size parameters can still produce polariza-
tion parallel to the disk minor axis. Since large grains exhibit strong
forward scattering, we also show how forward scattering affects the
polarization image. Section 4 offers a discussion of the implications
and the results are summarized in Section 5.

I RADMC-3D is available at https://www.ita.uni-heidelberg.de/
~dullemond/software/radmc-3d/
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2 SIMULATION SETUP
2.1 Dust Model

We use the experimental scattering matrix for a set of forsterite (in
the form of (Mg, Fe); SiO4 and Mg3Si;O5(OH),4) samples presented
by Mufloz et al. (2021). The elements of the scattering matrix Fj;
depend on the physical properties of the grain, such as shape, size
and composition, and the direction of scattering (e.g., the angle form
by the directions of the incident and scattered beams). In the case of
randomly oriented particles as is the case in the CoDuLab experi-
ment, all scattering planes are equivalent and the scattering direction
is fully described by the scattering angle 6. The 4 X 4 scattering
matrix F becomes a block diagonal and is defined by

Is Fiy Fo 0 0\/[1Ii
Os| |f12 F2 O 0 ||Qi
Us 0 0 F33 Fxuf|U
Vs 0 0 =-F Fyu)\V;

(€3]

where (I;,Q;,U;,V;) and (I, Qg, Us, Vi) are the Stokes parame-
ters of the incoming and scattered light respectively. For unpolarized
incident light (1;,0;,U;,V;)=(1,0,0,0)), the F(0) function is pro-
portional to the flux of the scattered light and is called the phase func-
tion. Also, for unpolarized incident light, the ratio —F1,(6)/F11(6) is
called the degree of linear polarization of the scattered light, hereafter
DLP

Due to the limited amount of grain samples, the measurements
are limited to the Fy1(6), Fi2(0), and F»(6) scattering matrix
elements and F33(0), F34(0), and Fy44(0) are not measured. We
supplement the missing scattering elements by the following. Mo-
tivated by laboratory measured F33 elements of irregular grains
of olivine from Muifioz et al. (2000) (see their Fig. 5), we set
F33(60) = (—0.456 + 1)Fy1(0) with 6 in radians. We do not con-
sider circular polarization and set F34 and Fy4 to zero. Given that
the ratio F34/F;; of irregular grains from Muifioz et al. (2000) is
~ 10% at most, circular polarization is at least an order of magni-
tude less than linear polarization which makes the impact marginal.
Since there is a lack of confident detection in Stokes V in disks (e.g.
Stephens et al. 2017), it is beyond the scope of this paper.

The bulk forsterite sample was processed for producing various
size distributions namely XS, S, L and XL. Table 1 lists the effective
size parameter (x.g) of each sample at the experimental wavelength
(A = 514 nm) which was used to measure the scattering properties
in the laboratory. The corresponding equivalent effective radii a.g at
1 mm wavelength, which is the wavelength we use for the simulations,
are also presented by fixing the effective size parameter through
aeff = Xeff X Imm/(27). Note that at | mm wavelength, the samples
XS and S are representative of mm-sized grains, while the samples
L and XL are in the centimeter and decimeter size regime.

Since the experimental scattering matrices do not cover the full
angular extent (3° to 177°), we use the synthetic scattering matrix
whose scattering angle 6 is defined from 0° to 180° to adequately
apply the results from experimental scattering matrix to radiation
transfer. The extrapolation of the scattering matrix elements is based
on the technique described by Escobar-Cerezo et al. (2017) and fur-
ther improved by Gomez Martin et al. (2021).

To compare the disk images produced from experimental scatter-
ing matrix and from Mie calculations, we need the absorption opacity
Kabs and the scattering matrix. However, the experimental data does
not have kg and its scattering matrix is a relative quantity which
means the absolute values of each element are unknown. Thus, for
each experimental sample, we assign the same k,pg and scattering
opacity kscq from Mie calculations using the respective grain size
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distribution?. To produce smooth profiles from Mie calculations, we
refine the grain size bins by linearly interpolating the experimental
size distributions; otherwise, the coarse grain size bins measured
from the laboratory produces severe oscillations when implementing
Mie calculations. We scale Fj1 of the experimental data based on

Kgca = 27r/ F11sin6do. 2)

such that «sca is equal to its Mie counterpart. For convenience, the
extinction opacity kex¢ is defined as kext = Kahs + Ksca and the albedo
iSW = Kksca/ (Kabs+Ksca)- Note that in Section 2.2 below, we define the
surface density in terms of the optical depth and as such kext cancels
out. This means the absolute difference in opacity across the different
samples would not matter since it is the optical depth (surface density
multiplied by kext) that determines the radiation transfer results.

Mie calculations also require a refractive index m = n + ik where
n and k are the real and imaginary parts respectively. We use
1.65 + 1073} for the forsterite material at the experiment wavelength
(Huffman & Stapp 1973) to directly compare with the experimental
scattering matrix. However, we note that the experimental & can be a
few orders of magnitude lower than the & at millimeter wavelengths
from commonly adopted material for disks, such as water-ice, sili-
cates, or organics (e.g. Pollack et al. 1994; Draine 2003a; Birnstiel
et al. 2018), which we discuss in Section 4.2.

While conducting the Monte Carlo simulation, most photons are
scattered in the forward direction given the large forward scattering
peak of the large grains for the experimental samples (and also the
Mie calculations described below). However, this leads to difficulty in
obtaining smooth images since most of the radiation is directed in the
forward direction which is not polarized and only the small portion
of photons that are side-scattered contribute polarization. Given that
large forward scattering is effectively no scattering at all, we truncate
the forward scattering peak at 1° by setting F;;(6 < 1°) = 0 to
obtain smooth images with achievable computational time (see e.g.
Nakajima & Tanaka 1988; Iwabuchi 2006). The scattering opacity
is calculated from Fj after truncation. We have experimented with
different choices of the truncation angles and found quantitatively
similar results (see Appendix A).

Fig. 1a shows the experimental phase function F as a function of
the scattering angle 6 for each of the samples. The element represents
the angular distribution of scattered photons. For comparison, we also
show F for Rayleigh scattering which goes as F o« cosZ §+1. The
experimental F; for each sample shows a strong forward scattering
which is different from the Rayleigh limit that has equal forward and
backward scattering.

Fig. 1b shows the experimental —F|,/Fy; (i.e., the DLP). Positive
values of DLP mean the polarization is perpendicular to the scattering
plane. Across all four samples, the DLP curves are roughly bell-
shaped with peaks of ~ 0.1 — 0.2. The samples XS and S have
small but negative polarization for large 6 (in the vicinity of back-
scattering). The DLP for all four samples are similar to the bell-
shaped curve for particles in the Rayleigh limit, except the peak in
the Rayleigh limit is 100% polarized.

Fig. 2 compares the laboratory DLP with its respective Mie cal-
culation (see Fig. 9 in Muioz et al. 2021 for a similar plot). Across
all four samples, the Mie calculations are drastically different from
the laboratory measurements. Most notably, the Mie calculations do

2 The Python code for Mie scattering is written by C. Dullemond which
is included in the RADMC-3D package. The code is based on the FOR-
TRAN code available athttps: //www.astro.princeton.edu/~draine/
scattering.html which originates from Bohren & Huffman (1983).
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Figure 1. Top: The phase function F; as a function of scattering angle 6 for
the different samples. The Rayleigh scattering Fy; o cos? € + 1 is also shown
as a comparison. For better comparison, each are normalized at 8 = 30° to an
arbitrary value of 1. Bottom: The degree of linear polarization (DLP) which
is defined as —F,/F); for the different samples. The Rayleigh scattering
DLP at 8 = 90° should be 100%, but we scaled it down to 20% for better
comparison with the experimental data.

not follow a simple bell shaped curve with the peak at 6 ~ 90°.
Furthermore, the sign of the Mie DLP are mostly negative, which
is the well-known polarization reversal (Kataoka et al. 2015; Yang
et al. 2016). In other words, the scattered light will be polarized in
the scattering plane as opposed to being polarized perpendicular to
the scattering plane for the Rayleigh regime or, evidently, the exper-
imental DLP. The consequences of the differences between the Mie
and experimental DLP’s will be seen in the disk polarization images
in Section 3.1 below.

2.2 Disk Model Setup

We consider a fiducial disk model with a dust surface density follow-
ing a simple prescription (Lynden-Bell & Pringle 1974):

2-y
&)
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2(R) =2, (RLL)_Y exp
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Figure 2. The degree of linear polarization (DLP) defined by —F,/F; curves of the different laboratory samples (solid lines) compared to their corresponding

Mie calculations (dashed lines).

Sample  Xeg  def [mm]
XS 4.4 0.70

S 17 2.7

L 43 6.8
XL 575 91.6

Table 1. The measured effective size parameter x.g for each sample and the
corresponding effective size aeg scaled to an observing wavelength of 1 mm.

where R is the cylindrical radius, R is the characteristic radius, and y
is the exponent that determines the radial power-law and exponential
taper. The characteristic surface density is . = 7y/kext Where we
define 7() as the characteristic optical depth in the vertical direction of
the disk. The prescription allows us to scale the optical depth through
79 directly since the kext is canceled out with opacity. We fix R = 50
au as a representative size scale of dust disks (e.g. Andrews 2020;
Sheehan et al. 2022). We set y = —0.2 motivated by modeling of
HL Tau (Kwon et al. 2011, 2015) and to connect to previous studies
(Yang et al. 2017). The temperature is vertically isothermal and the
radial profile goes as R~0-3 with 30 K at 50 au to represent a passively
heated disk (e.g. Chiang & Goldreich 1997; Dullemond et al. 2001).

Motivated by vertical hydrostatic equilibrium and dust settling
(e.g. Dubrulle et al. 1995), the vertical dust density follows a Gaussian
distribution

w1l
— expl|-=[=
2nH 2\H
where H is the dust scale height as a function of radius. For simplicity,
we adopt a power-law for the dust scale height

p(R,z) = )

R 1.25

H(R) = HO(R—) s)
C

where Hj is the dust scale height at R.. The prescription allows the
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freedom to study the effects of the geometrical thickness of the disk
by changing Hj.

‘We use the three-dimensional Monte Carlo radiative transfer code,
RADMC-3D to simulate the full Stokes (I, Q, U, V) images. The
disk is set at a 45° inclination and each image used 10° photons.

3 RESULTS
3.1 Fiducial Model

In this section, we compare the polarization images calculated from
the laboratory samples and those from Mie theory. The linear po-
larized intensity P is defined as P = Q2 + U2, while the linear
polarization fraction is p s = P/I. We first choose Hy = 0.5 au and
79 = 1 which represents a geometrically thin and optically thin disk.
The chosen dust scale height is small since the millimeter emission
of disks are generally observed to be thin, roughly 1% of the radius
(e.g. Pinte et al. 2016; Villenave et al. 2020). The value of 79 = 1
makes the interpretation simple for this section. We consider a larger
optical depth in Section 3.2.

The left column of Fig. 3 shows the polarization fraction and po-
larization direction images of the disk using the various samples of
experimental dust grains. The relative levels of p ¢ roughly corre-
spond to the relative levels of their maximum DLP in Fig. 1b which
is expected given that the albedos for these large grains are nearly
equivalent at ~ 0.99. The images show polarization that is parallel to
the disk minor axis at the central regions (roughly within the region
where the total optical depth is ~ 0.1 traced by the dashed white
contour), while the outer regions of the disk show polarization that
is more azimuthal. The two features are qualitatively similar to the
pattern from Rayleigh scattering where the polarization parallel to
the disk minor axis is simply due to inclination and the outer region
is expected from radiation anisotropy (e.g. Kataoka et al. 2015; Yang



et al. 2016). This resemblance is expected because the DLP curves
of Fig. 1b exhibit similar positive bell-shaped curves (scattered light
is polarized perpendicular to the scattering plane) as the Rayleigh
scattering approximation.

As a comparison, we show the polarization fraction images using
the corresponding Mie theory calculations in the right column of
Fig. 3. The most striking result is the 90° offset in the polarization
direction at the center of the disk between the lab scattering matrix
and Mie calculations. This is true for all the samples considered here.
The Mie calculations produce negative DLP (Fig. 1) for these large
grains which causes the polarization to become parallel to the disk
major axis. Between the Lab and Mie model images for samples XS,
S, and L, the outer regions of the disk are perpendicular to each other
also because of the opposite sign in the DLP. The outer regions of
the Lab and Mie XL sample models are not entirely perpendicular
to each other because the DLP of the Mie calculation (Fig. 1d) is
mostly opposite when 6 is less than ~ 90° (the forward scattering
half) while it has the same sign when 6 is greater than ~ 90° (the back
scattering half). Since radiation mostly travels outward for the outer
region, the polarization direction is mostly perpendicular to the Lab
counterpart at the near side (bottom half of the image) where most
photons are forward scattered, while polarization is mostly parallel
to the Lab counterpart at the far side (upper half of the image) where
most photons are back scattered.

The level of polarization fraction from Mie calculations also do
not resemble the corresponding laboratory samples. The level of
polarization of images from laboratory matrices are generally lower
than its Mie counterpart. The XS and XL samples have ~ 0.5% peak
polarization, while the S and L samples have ~ 0.3%. The images
from Mie calculation have peak levels of polarization at ~ 0.8% with
the XS sample and at ~ 0.4% with the XL sample. The largest grain
sizes have the lowest level of polarization, which is different from
the images using laboratory matrices.

3.2 Effects of Strong Forward Scattering

The most striking feature from Section 3.1 is the difference in the
polarization angle between the calculations using lab measurements
and Mie results since the DLP for the large irregular grains in consid-
eration is more similar to the Rayleigh scattering behavior. However,
if grains are indeed large, we would expect large forward scattering
which is drastically different from the Rayleigh limit (Fig. 1).

In the limit where photons travel radially in the midplane of the
disk, we would expect photons at the near side of the inclined disk to
be forward scattered to reach the observer as opposed to the far side
where photons will be more back scattered. Given that the forward
scattering peak of the phase function F; is a few orders of magnitude
larger than side-scattering or back-scattering, one may expect scatter-
ing by large irregular grains to potentially cause a significant near-far
side asymmetry. In this section, we show that the near-far side asym-
metry can be significant if the scattering dust disk is geometrically
thick, but the asymmetry almost disappears for a geometrically thin
disk. As we explain below, this is an extension from the near-far side
asymmetry when the disk is geometrically thick and optically thick
as demonstrated in Yang et al. (2017) when grains do not have large
forward scattering peaks.

Since the phase function and DLP are similar for all the dust
samples, we only use the XS sample for illustration. We set 7y = 10
to increase the optical depth of the disk which allows us to compare
the optically thick region near the center versus the optically thin part
at larger radius. Fig. 4 shows the Stokes /, polarized intensity P, and
polarization fraction p s for three different cases described below.
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Name Hy Scattering matrix
Model A 0.5 au XS
Model B Sau XS

Model C S au Rayleigh

Table 2. Column (1): The names of the models used in Section 3.2. Column
(2): the value for the dust scale height Hy. Column (3): The scattering matrix
sample.

We also plot the optical depth along the line of sight as contours in
the top row of Fig. 4 to help diagnose the images. The names of each
model and the corresponding parameters are listed in Table 2.

The left column of Fig. 4 is a model with Hy = 0.5 au which
corresponds to a geometrically thin disk with Hy/R. = 0.01 (Model
A). The p ¢ of the geometrically thin disk in Fig. 4g is the optically
thick counterpart of Fig. 3a. A notable difference between Fig. 4g
and Fig. 3a is the peak of p ¢ forms a ring for the optically thick case
(Fig. 4g), but p ¢ peaks in the center of the image for the optically
thin case (Fig. 3a). This is because p ¢ peaks where the optical depth
along the line of sight is of order unity (Yang et al. 2017) which is
seen in Fig. 4a. Evidently, the Stokes /, polarized intensity, and p ¢
do not have obvious near-far side asymmetry. The lack of obvious
asymmetry is perhaps not surprising because the radiation is roughly
isotropic in the midplane for this geometrically thin disk. In other
words, there are a comparable number of photons that scatter at all
angles to the observer for grains either in the near side or the far side.

Increasing the dust scale height can increase the radiation
anisotropy (Ohashi & Kataoka 2019). Thus, in the middle column
of Fig. 4, we consider Hy = 5 au which is an increase of dust scale
height by a factor of 10 (Model B). One can easily identify differ-
ences between the near side and far side for at least P and p ¢ . The
near side of P (Fig. 4e) just below the center is brighter than the far
side. The brightest part of P resembles a “kidney” which also appears
in Yang et al. (2017). For p ¢ in Fig. 4h, there is a horizontal bar of
~ 0.5% (with vertical polarization) at the near side just outside the
center. Additionally, the p ¢ at the edge of the disk for the near side
(with horizontal polarization) is clearly larger than p ¢ (which is also
horizontally polarized) at the far side.

As a comparison, we consider the same geometrically thick disk,
but we use the scattering matrix in the Rayleigh limit (Model C) while
adopting the same albedo and kex; as the previous cases. Similar to the
Model B, the Rayleigh limit counterpart shown in the right column of
Fig. 4 also shows clear near-far side asymmetry. The central regions
of P in Fig. 4f also looks like a “kidney” overall with the near side
being brighter than the far side. In Fig. 41, the p ¢ also has a horizontal
bar of vertical polarization immediately outside of the center region
at the near side. However, the near and far sides of the outer region
with horizontal polarization appear symmetric, which is in contrast
to those in Fig. 4h. The larger levels of P and py (up to ~ 12%)
across the image is because the peak DLP in the Rayleigh limit is
larger than the peak DLP of sample XS (Fig. 1b). The peak DLP in
the Rayleigh limit is ~ 5 times the peak DLP of sample XS which
explains the difference between the p  images.

The polarization of the outer region of Model B is in fact due
to what we expect from strong forward scattering from radiation
anisotropy: the radiation from the central regions of the disk propa-
gates to the edge and is scattered to the observer (Kataoka et al. 2015).
With strong forward scattering, the near side of the disk scatters more
of the polarized photons to the observer. Fig. 5 is a schematic dia-
gram of a meridional cross section of the disk (which is an extension
of Fig. 6 from Yang et al. 2017). In the optically thin regime (large
radiation anisotropy), the angle between the radial direction along

MNRAS 000, 1-12 (2015)
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Figure 3. The images of linear polarization fraction, p ¢, in percent (color maps) for different samples of experimental dust grains and their corresponding Mie
calculations. The left column are produced from the experimental scattering matrix, while the right column are produced from Mie calculations. The top to the
bottom row correspond to the XS, S, L, and XL samples. The polarization direction are denoted by the line segments. The dashed white contours are where the
total optical depth is 0.1. The color scales are the same across images.
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Figure 4. The polarization images for Models A, B, and C (left to right). The color map of the top row is the Stokes 7, while the dashed and solid grey contours
mark where the optical depth is 0.1 and 1. The second row is P. Stokes I and P are both in erg s~! sr™! cm™ Hz™!. The third row is py in percent with the

polarization direction denoted as vectors.

the midplane to the observer is 90° — i for the near side. On the other
hand, the far side scatters by 90° + i. Given that F|; in the Rayleigh
limit does not have a forward scattering peak and is, in fact, sym-
metric from 90°, the near-far-side asymmetry disappears in the outer
optically thin region.

Both Model B and C exhibit larger P and p ¢ at the near side at least
near the center. This is due to the disk surface effects demonstrated
in Yang et al. (2017). The polarization increases with increasing
inclination of the surface if the line of sight is optically thick (Yang

et al. 2017). Since the local surface of the near side is more inclined
than the local surface of the far side as illustrated in Fig. 5, the p ¢
of the near side is higher.

To examine the near-far side asymmetry in more detail, we make
cuts along the minor axis and compare the near-far side profiles as a
function of distance from the center. Since Stokes / is fairly similar
across the near and far side, we plot the relative difference of Stokes
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Optically thin I Optically thick

| Optically thin

Figure 5. A schematic diagram of a cross section of the disk and its relation to
the line of sight. The observer is viewing the disk from the top of the diagram.
The arrows represent the direction to the observer. The disk midplane is the
dashed line and the plane is inclined by i with respect to the plane of sky. The
near side and far side are labeled. In the optically thin region, the scattering
angle for the near side is 90° — i, while that for the far side is 90° + i. In
the optically thick region, the surface of the disk forms an effective local
inclination to the observer. The local inclination of the near side i’ is larger
than the that of the far side i”.

I between the near side and far side defined as

Inear — Ifar
Al = ————— (6)
0.5(Inear + Itar)

where Inear and I, are the Stokes / for the near side and far side
respectively in the top row of Fig. 6. The second row of Fig. 6 shows
the linear polarized intensity. The third row shows the polarization
fraction, but we use ¢ = Q/I because Stokes U = 0 along the disk
minor axis due to the symmetry and g completely describes the
polarization fraction. Using ¢ is convenient because the sign gives
the polarization direction: positive ¢ means vertical polarization or
polarization parallel to the disk minor axis for our setup and negative
q means polarization perpendicular to the disk minor axis. The last
row of Fig. 6 shows the total optical depth along the line of sight 7.
Note that there is only one curve because 7 is symmetric across the
major axis for an axisymmetric disk. For clarity, we use 7/ to denote
the optical depth from a particular location along the line of sight to
the observer.

For the geometrically thin Model A, the images in the left column
of Fig. 4 show little near-far side asymmetry, and indeed the left
column of Fig. 6 shows little difference between the near-far side.
The more noticeable asymmetry is its P and ¢ at the edge of the disk
when 7 < 1. The asymmetry is similar to the geometrically thick
case (Model B) which can be easily identified and understood first.

In Fig. 6b, the positive Al at larger radius means the near side is
brighter than the far side which is less visible in the image (Fig. 4b).
The positive Al is expected because, in the regime where radiation
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anisotropy is in the radial direction, photons from the near side are
more forward scattered than the those from the far side. In contrast,
Al of Model C (Fig. 6¢) is near 0 at larger radius because there is no
strong forward scattering.

The negative A at smaller radius in Fig. 6b means the far side
is brighter than the near side for Model B. As discussed in Yang
et al. (2017), this is because for the same projected distance from the
center, the line of sight of the far side has its 7/ = 1 surface is at a
smaller radius with higher temperature than the line of sight of the
near side (also depicted in Fig. 5). The behavior is similar to Model
C (Fig. 6¢) even though F; is completely different. This is expected
since the radiation field is more isotropic and thereby weakens the
effects of differences in F;. Interestingly, for Model B, the far side
is brighter than the near side only by ~ 10%, whereas for Model C,
the far side is brighter by ~ 20%. It appears that although the local
surface effect dominates, forward scattering still provides some extra
boost in the near side and counteracts the near-far side asymmetry
from local surface effects alone.

The linear polarized intensity of Model B in Fig. 6e also has a
slightly brighter near side at large radius when 7 < 1 (~ 1.5 times
brighter that the far side). At the same time, in Fig. 6h, g of the
near side is more negative than g of the far side. Both are due to
forward scattering: the strong forward scattering peak consistently
provides an extra amount of scattered photons that are horizontally
polarized and results in an increased linear polarized intensity and
extra negative g for the near side. In contrast, for the Rayleigh limit
case (Model C), the linear polarized intensity in Fig. 6f and ¢ in
Fig. 6i are equal across the near side and far side as expected for
large radius. At smaller radius when 7 > 1, both Models B and
C show similar behaviors in P and ¢ also due to a more isotropic
radiation field. The larger P and ¢ in the near side for both models
are simply due to the location surface effect mentioned above and
illustrated in Fig. 5.

Returning to Model A, we can identify similar features like those in
Model B, but with reduced levels of asymmetry. At larger radius (7 <
1), Al is positive which indicates a brighter near side due to forward
scattering (Fig. 6a), but it is only at ~ 5% because the radiation
anisotropy is much smaller than Model B. Likewise, the polarization
of the near side is stronger (Fig. 6d) and horizontal (Fig. 6g). At
smaller radius (v >~ 1), Al is essentially zero and polarization is
equal across the near and far side because the geometrically thin disk
suppresses local surface effects like those shown in Model B. In other
words, the disk is essentially what we would expect from an infinitely
flat disk.

4 DISCUSSION
4.1 Tensions of grain size compared to the opacity index

Many sources have continuum linear polarization level that is ~ 1%
at Band 7 (870um) of ALMA and polarization is parallel to the
disk minor axis (e.g. Stephens et al. 2017; Bacciotti et al. 2018; Cox
et al. 2018; Hull et al. 2018; Dent et al. 2019; Mori et al. 2019).
The pattern is best explained by scattering of spherical grains with
size parameters smaller than but not far from unity (e.g. Kataoka
et al. 2016). Thus, it appears that several disks are fine tuned to have
~ 100um size grains.

Our results demonstrate that irregular grains alleviate the need for
the ~ 100um grains. The narrow range of grain size inferred from
polarization is due to the assumption of perfectly spherical grains. As
shown in Fig. 2, irregular grains with size parameters beyond 1 and
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Figure 6. Cuts along the minor axis comparing the near side and the far side as a function of the deprojected radius »’ in au. The columns from the left to right

are Models A, B, and C respectively. The rows from the top to bottom are Al in percent, P in erg s~ st~

U'em™2 Hz™!, g in percent, and the total optical depth.

Since the optical depth is symmetric across the disk major axis, only one line is plotted. For P and g, the near side is plotted in orange and the far side is plotted

in blue.

even up to 525 as for sample XL can still maintain a well-behaving
polarization curve which is bell-shaped and with little to no polar-
ization reversal. The resulting images in Fig. 3 show that these large
grains can produce polarization that is parallel to the disk minor
axis as compared to the Mie calculations. Thus, irregular grains pre-
vent the strict need for ~ 100um grains. Larger mm/cm grains, which
have size parameters significantly larger than unity at (sub)millimeter

wavelengths, can also produce the polarization observed by ALMA,
especially for a settled dust layer that is geometrically thin.

A similar conclusion was demonstrated numerically by Tazaki
et al. (2019) who calculated the scattering matrix of dust aggregates
instead of solid spheres (Tazaki et al. 2016; Tazaki & Tanaka 2018;
see also Kirchschlager & Wolf 2014). The resulting DLP at 6 = 90° at
A = 1mm does not become negative even if the maximum grain size
is 100 cm (or a maximum size parameter of ~ 6000) approximated by
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the effective medium theory (Kataoka et al. 2014). A simulated disk
image from Tazaki et al. (2019) also showed near-far side asymmetry
in the polarized intensity and polarization fraction similar to Fig. 6.
The similarity of the resulting images from both the experimental
and the simulated scattering matrices for irregular grains strengthens
the possibility that the observed disk polarization can be explained
by scattering of large mm/cm grains, whose existence is also implied
by the low values of the opacity index £.

However, it is unclear if the S index itself provides reliable mea-
surements for grain size. The conventional relation between low
and mm/cm grains is also based on the assumption of spherical grains
(e.g. Draine 2006; Birnstiel et al. 2018). 8 depends on other grain
properties like size distribution, shape, and composition. For exam-
ple, Tazaki et al. (2019) demonstrated that while the purely spherical
amax = 1 cm grains have 8 ~ 0.7, compact dust aggregates of
amax = 1 cm with a volume filling factor f = 0.1 still have 8 ~ 1.5.
The f index is more related to product amax f and not necessarily
the size itself (see also Kataoka et al. 2014). Other uncertainties in
deriving S include optical depth effects, alterations due to scattering,
or unresolved optically thick components (e.g. Beckwith et al. 1990;
Birnstiel et al. 2018; Lin et al. 2020).

Even though polarization may not pinpoint the grain size, the fact
remains that polarization is caused by scattering which means that
grains are at least large enough to scatter the (sub)millimeter pho-
tons efficiently which is already different from the 0.1um interstellar
grains. The level of polarization can still constrain the grain size,
but not as precisely as suggested by using the polarization reversal
of spherical grains (Tazaki et al. 2019). Nevertheless, the existence
of scattering opens the possibility of using other attributes, such as
forward scattering as demonstrated in Section 3.2, to identify grains
with large size parameters. In particular, any detection of near-far side
asymmetry at large radius where radiation anisotropy is prominent
will indicate large grains as opposed to small grains (Section 3.2),
which we leave for a future study.

From Fig. 3, we have demonstrated that adopting perfectly
spherical grains can lead to drastically incorrect predictions to
(sub)millimeter polarization images of disks. Given the increasing
number of polarization images from ALMA and fundamental im-
portance of grain size, there is a strong need to improve upon the
polarization predictions to make the most out of the hard-fought
data. An obvious method, as demonstrated in this paper, is to in-
crease laboratory measurements. In particular, the field will benefit
from measuring scattering matrices at (sub)millimeter wavelengths
with materials that match the grains in protoplanetary disks as closely
as possible.

4.2 Effects of the refractive index

The refractive index of 1.65 + 107 in Section 3 was for forsterite
at the experiment wavelength of 514 nm. Although the composition
of grains in protoplanetary disks is unclear, the commonly adopted
material for disks, such as astronomical silicates, are usually more
absorptive at (sub)millimeter wavelengths (e.g. Draine 2003a; Birn-
stiel et al. 2018). Nevertheless, simulations done by Shen et al. (2009)
used absorptive (e.g., silicates; Draine 2003b) and compact aggre-
gates with size parameters greater than unity and are able to reproduce
bell-shaped DLP’s similar to the experimentally derived scattering
matrix from forsterite (see also Zubko et al. 2009 and Tazaki et al.
2019). Laboratory results also show that large irregular grains of
more absorptive material maintains the bell-shaped DLP and, in ad-
dition, the peak of the DLP increases (see e.g., Muiioz et al. 2007,
Frattin et al. 2019). Thus, we can expect that irregular dust with
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refractive index closer to that of silicates at (sub)millimeter wave-
lengths would give the same qualitative results as shown in Section 3
and perhaps further increase the level of polarization for disks. That
increase would make it easier to match the observations of ~ 1%
polarization. The DLP’s dependence on the refractive index gives a
potential to constrain the composition of dust grains with polarization
observations of disks. Future laboratory measurements of absorptive
material with narrow grain size distributions will be extremely valu-
able for the study.

5 CONCLUSIONS

ALMA has consistently detected (sub)millimeter polarization that
is ~ 1% and parallel to the disk minor axis for many sources. This
common polarization pattern has been interpreted as evidence for
scattering by ~ 100um-sized grains (e.g. Yang et al. 2016; Kataoka
et al. 2016), yet the opacity index S suggests mm/cm grain sizes (e.g.
Draine 2006). In this paper, we demonstrate that the ~ 100um sized
grains inferred based on polarization is due to the strict assumption
of spherical grains. We use realistic scattering matrices measured
from the laboratory for irregular grains with size parameters ranging
from 4 to 575 (corresponding to mm/cm-sized and even decimeter-
sized grains for an observing wavelength of 1 mm) to simulate disk
polarization images. Our results are as follows:

1) The degree of linear polarization (DLP) for large irregular grains

(much larger than the wavelength) derived from laboratory measure-
ments remain mostly positive, i.e., the polarization of scattered light
is perpendicular to the scattering plane for incoming non-polarized
light. This is similar to Rayleigh scattering except with a maximum
DLP that is 10 ~ 20% for all the size parameters considered. In
contrast, Mie calculations using matching large spherical grains pro-
duce DLP that is negative. As a result, the experimental scattering
matrices produce disk polarization that is parallel to the disk minor
axis, whereas the Mie scattering matrices produce disk polarization
that is parallel to the disk major axis. The inferred ~ 100um size for
spherical grains comes from the DLP becoming negative once the
size parameter is larger than or order unity. By using the experimen-
tal data, we find that large irregular grains can produce polarization
consistent with observations.

2) Since large grains produce a strong forward scattering peak, we find

that forward scattering can create near-far side asymmetry in the disk
image if the dust layer is not too geometrically thin and the disk is in-
clined to the line of sight. In the optically thin regions where most of
the radiation travels radially outwards, the photons are more forward
scattered at the near side of the disk and more backward scattered
at the far side. As a result, the near side has boosted scattering with
polarization that is parallel to the disk major axis. The polarization
cancels with the polarization induced by inclination which is parallel
to the disk minor axis. In the optically thick regions where the ra-
diation is mostly isotropic, the role of forward scattering is minimal
and the polarization fraction is larger at the near side because the
local disk surface is more inclined at the near side. The degree of this
near-far side asymmetry depends on forward scattering, which is a
hallmark of scattering by large grains and can be used to infer their
presence.
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APPENDIX A: COMPARING TRUNCATION ANGLES

As described in Section 2.1, we adopted a truncation angle in the
scattering matrix when producing the results from Monte Carlo ra-
diative transfer. To understand the effects of truncating the forward
scattering peak, we use the disk model from Section 3.1 and the phase
function of the XL sample which has the strongest forward scatter-
ing. The goal is to ensure that truncating the peak allows smoother
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polarization images with achievable number of photons without al-
tering the quantitative results much. We consider three models with
truncation angles 6, at 1°, 2°, and 4° and one model without any
truncation 6, = 0°.

Since truncation of forward scattering peak means considering the
forward scattered photons as not interacting with the medium, the
scattering opacity after truncation should be less than the scattering
opacity without truncation as the forward scattering peak dominates
the opacity. Note that «,ps remains the same after truncation. As a
reference, kqca for the different 6. are 840, 46.7, 43.9, and 42.7 cm?
g_1 respectively, and k,ps = 1.03 cm? g_l.

To facilitate direct comparisons between the different models, we
use . = 70/kahs Which fixes the absorption optical depth instead of
the total optical depth as was done in previous sections. The benefit
is that the total energy of emitted photons is kept the same and in
the optically thin limit, the intensity should be the same regardless
of Kkgca. We use 10° photons for all the models. We show results for
709 = 0.01 below, but we find similar differences using 7y = 0.1.

In Fig. Al, we compare the models with different 6. for two
different cuts in the image. The first cut is along y = 10 au, while the
other is along x = 15 au. For both cuts, the Stokes /, Q, U and p f
are smooth and quantitatively the same for . = 1°, 2°, and 4°. The
model without truncation has not converged yet and the noise level
for Stokes Q and U are ~ 1 — 2% of Stokes /. Nevertheless, Fig. Ala
and b show that the Stokes / result without truncation is at the level
of those with truncation.

Fig. A2 shows the images of the polarization fraction and direction
for each model. Fig. A2a clearly shows a highly noisy polarization
image in contrast to Fig. A2b-d. The polarization directions in the
center of Fig. A2a are also messy due to the noise. The noisy region
is mainly in the center where the disk is more optically thick and
requires more scattering to converge.

The results are not too surprising, since the model without trunca-
tion scatters most of the photons in the forward direction which does
not contribute much polarization, while the side-scattered photons
that are responsible for providing polarization are rare. The necessity
to truncate the forward scattering peak can be seen by comparing the
total scattering opacity against the scattering opacity within the cone
inside the truncation angle. The probability of photons scattered in
0 €[0,0.]is

I Fii(6)singae

PO<O<6)="r — .
“ JTFi1(6) sin6de

(AD

As an example, the probability of photons that scatter within 1° of
forward scattering is P(0° < 6 < 1°) ~ 95% for the XL sample.
Thus, the vast majority of photons are forward scattered and only
~ 5% of the photons can contribute to polarization.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure A1. Comparisons of cuts along the images with different truncation
angles 6. The panels from top to bottom are Stokes 7 in erg s™! sr™! cm™2
Hz™!, Q/I, U/I, and ps in percent. The left column are cuts at constant
y = 10 au, while the right column are cuts at constant x = 5 au. The profiles
with 6. = 1°,2°, and 4° overlap each other given the quantitative similarities.
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Figure A2. Comparisons of the p s images (color maps) and its polarization
angles (line segments) for different truncation angles 6. in 0°, 1°, 2°, and 4°
from top to bottom.
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