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微惑星形成過程
・ダスト (µm) から 微惑星 (~ 1…10 km)の成長過程は未解明
　 - ダストの落下問題
 　- 衝突破壊問題
　 - 跳ね返りの問題　などなど

・微惑星への成長モードは？
　・直接合体成長? (porous growth?)
　・不安定性?

観測的に円盤中のダスト成長に対して制約を与える
ことは、微惑星形成過程を理解する上で重要



Observation of protoplanetary disks
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Fig. 1.— Illustration of the structure, grain evolution processes and observational constraints for protoplanetary disks. On
the left side we show the main grain transport and collision mechanism properties. The different lengths of the arrows
illustrate the different velocities of the different grains. On the right hand side, we show the areas of the disk that can be
probed by the various techniques. The axis shows the logarithmic radial distance from the central star. The horizontal
bars show the highest angular resolutions (left edge of the bars) that can be achieved with a set of upcoming facilities and
instruments for at the typical distance of the nearest star forming regions.

with respect to the gas. The force exerted on them depends
not only on the relative motion between gas and dust, but
also on the particle size: small particles that are observable
at up to cm wavelength can quite safely be assumed to be
smaller than the mean free path of the gas molecules and are
thus in the Epstein regime. If the particles are larger than
about the mean free path of the gas molecules, a flow struc-
ture develops around the dust particle and the drag force is
said to be in the Stokes drag regime (Whipple, 1972; Wei-
denschilling, 1977). Large particles in the inner few AU of
the disk could be in this regime, and the transition into the
Stokes drag regime might be important for trapping of dust
particles and the formation of planetesimals (e.g. Birnstiel
et al., 2010a; Laibe et al., 2012; Okuzumi et al., 2012). An
often used quantity is the stopping time, or friction time,
which is the characteristic time scale for the acceleration or
deceleration of the dust particles ⌧

s

= mv/F , where m
and v are the particle mass and velocity, and F is the drag
force. Even more useful is the concept of the Stokes num-
ber, which in this context is defined as

St = ⌦

K

⌧
s

, (1)

a dimensionless number, which relates the stopping time to
the orbital period ⌦

K

. The concept of the Stokes number is
useful because particles of different shapes, sizes, or com-
position, or in a different environment have identical aero-
dynamical behavior if they have the same Stokes number.

2.1.2. Radial drift

The simple concept of drag force leads to important
implications, the first of which, radial drift, was realized
by Whipple (1972), Adachi et al. (1976), and by Weiden-
schilling (1977): an orbiting parcel of gas is in a force bal-
ance between gravitational, centrifugal, and pressure forces.
The pressure gradient is generally pointing outward because
densities and temperatures are higher in the inner disk.
This additional pressure support results is a slightly sub-
Keplerian orbital velocity for the gas. In contrast, a freely
orbiting dust particle feels only centrifugal forces and grav-
ity, and should therefore be in a Keplerian orbit. This slight
velocity difference between gas and a free floating dust par-
ticle thus causes an efficient deceleration of the dust par-
ticle, once embedded in the gaseous disk. Consequently,
the particle looses angular momentum and spirals towards
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可視光/近赤外線観測

ミリ・サブミリ波

・星からの光をダスト(~µm)が散乱 
・円盤表層をトレース

・ダスト(~mm)からの熱放射 
・円盤赤道面をトレース

with previous measurements for the entire disk (Menu et al.
2014; Pinilla et al. 2014).

4. DISCUSSION

4.1. Radial Profiles of Dust Optical Depth and Opacity b

The intensity nI R( ) and the spectral index a R( ) are related to
the dust temperature T Rd ( ), the optical depth tn R( ), and the
dust opacity index b R( ) by

t= - -n n nI R B T R 1 exp 1d( ) ( ( ))( [ ]) ( )

and
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Here, nB T( ) is the Planck function, h is Planckʼs constant, c is
the speed of light, and kB is Boltzmannʼs constant. The optical
depth is assumed to have the form
t t n=n

bR R 190 GHz190 GHz( ) ( )( ) . There are three unknown
variables in Equations (1) and (2), which are T Rd ( ), t R190 GHz ( ),

Figure 1. (a) and (b) ALMA continuum images at 145 GHz (Band 4) and 233 GHz (Band 6), respectively. The ellipse at the bottom left corner in each panel shows the
synthesized beam. (c) Combined image of Bands 4 and 6 with the MFS method. The inset indicates a close-up view ( ´ ´ ´0. 3 0. 3) for emphasis of the central structure.
The contour indicates 130, 140, and 150σ. (d) Spectral index map derived from the MFS method.
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T. Stolker et al.: Shadows cast on the transition disk of HD 135344B
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Fig. 2. The same as figure 1, but now for IRDIS Y-band (top two rows) and IRDIS J-band (bottom two rows).
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Figure 1. Near-infrared (H band) PI and I images of AB Aur. Left: the HiCIAO PI image with a coronagraphic occulting mask of 0.′′3 diameter. The multiple spiral
structures we refer to as S1 to S8 are identified in the top right inset, of which S7 and S8 are newly found. Right: the CIAO reference PSF-subtracted I image with
a software mask of 1.′′7 diameter (Fukagawa et al. 2004). In contrast to the original image, this image shown here is not divided by the square of the radial distance
from the star. The field of view in both images is 7.′′5 × 7.′′5. The solid circles in the left bottom inset in both images represent the spatial resolution of 0.′′06 and 0.′′1,
respectively.
(A color version of this figure is available in the online journal.)

Table 1
Results of an Ellipse Fita of the Disk Around AB Aurigae

Parameter Outer Ring Ring Gap Inner Ring

Diameter of the major axis (AU) 210.8 ± 2.5 170.2 ± 2.0 92.0 ± 6.8
Diameter of the minor axis (AU) 188.1 ± 2.2 149.1 ± 1.7 67.2 ± 4.2
Position angle of the major axis (◦) 36.6 ± 6.6 36.2 ± 5.2 64.6 ± 8.9
Inclinationb (◦) 26.8 ± 1.9 28.8 ± 1.7 43.1 ± 6.8
Geometric centerc (mas:mas) (121 ± 7:127 ± 8) (92 ± 4:40 ± 7) (54 ± 17:4 ± 13)
Widthd (AU) 29.8 ± 1.3 16.1 ± 1.6 32.1 ± 2.5

Notes.
a In the ellipse fitting for the two rings and ring gap, the peak and bottom positions were first directly determined
by the averaged radial profile at position angles every 5◦ and 15◦ (corresponding to our spatial resolution) for the
two rings and the ring gap, respectively. We then conducted an ellipse fit using an implementation of the nonlinear
least-squares Marquardt–Levenberg algorithm with five free parameters of lengths for the major and minor axes,
position angle, and central positions.
b Derived from the ratio of the major and minor axes.
c Central position (0, 0) is corresponding to the stellar position.
d Assuming circular structures with given inclinations. The values of the full width at half-maximum are derived
from Gaussian fitting of the radial profile at the given position angle of the major axis in the northeast part.

ellipse fitting results are also shown in Table 1. This ring
gap is barely seen in previous PI images (Oppenheimer
et al. 2008; Perrin et al. 2009). The far-side wall of the
ring gap probably corresponds to the wall-like structure at
88 AU inferred by mid-infrared observations (Honda et al.
2010). Another example of a gap is HD 100546 (Bouwman
et al. 2003), in which they inferred that this Herbig Be star
has a disk gap around 10 AU based on the infrared SED.
Interestingly, they also argued that AB Aur has a prototype
disk without a gap in the inner region.

3. We found in total seven small dips in the PI within the
two rings, which we refer to as Dip A to G as shown in
Figure 2. The typical size of the dips is ∼45 AU or less. The
most prominent, Dip A at ∼100 AU, is consistent with those
reported in the PI images of previous studies (Oppenheimer
et al. 2008; Perrin et al. 2009). Dip A is confirmed at the 3σ

confidence level in our I image whose averaged azimuthal
profile is shown in Figure 2. The detection of Dip A in our
I image shows that the PI traces the I pattern, and therefore,
it is not solely a geometrical polarization effect as claimed
(Perrin et al. 2009). This detection also suggests that the
PI image can be used to discuss even in the inner regions
where the I image is affected by speckle noise. This is
especially true when discussing the “local” structures rather
than the “global” structures that can be affected by the
inclination of the disk. In addition, we found three PI peaks
in close vicinity to the occulting mask, which we refer to
as P1 to P3 in Figure 2. The peaks in the outer rings seen
in our PI image are not labeled here for simplicity. All the
peak structures are extended and thus not point sources.

4. No point-like sources are detected in Dip A in either the
PI or I images, as opposed to Oppenheimer et al. (2008).
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extinction opacity

輻射輸送とダスト光学特性

n’からnへの散乱 減光 (吸収+散乱)熱放射
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輻射輸送方程式

観測量(Intensity)からダスト光学特性：逆問題



アウトライン

第１部：赤外線の散乱と偏光 
第２部：ミリ波の吸収と散乱 
第３部：ミリ波偏光



第１部：赤外線の散乱と偏光



Dust opacity (single size): Mie理論
☑ Mie理論: 一様球の光学特性を与える厳密解
☑ パラメータは2つ：サイズ・パラメーター

幾何光学極限 Rayleigh極限x=1

複素屈折率
☑ ダストのopacity (cm2 per gram of dust) (屈折率の波長依存性を無視)



Dust opacity (single size): Mie理論
☑ Mie理論: 一様球の光学特性を与える厳密解
☑ パラメータは2つ：サイズ・パラメーター

幾何光学極限 Rayleigh極限x=1

複素屈折率
☑ ダストのopacity (cm2 per gram of dust) (屈折率の波長依存性を無視)

可視/近赤外
　　↓
散乱が卓越



円盤散乱光の明るさは？
☑ 円盤のアルベド ~ βω (e.g., Inoue et al. 2008)

Grazing angle β
albedo ω

diskstar

τ=1

ωdisk~βω ~ 0.1 × 0.5 ~ 0.05 (at r=100 au, flare up)

grazing angle

(典型的には, Hτ=1/Hp ~ a few程度)

非常に単純には、円盤由来の散乱光の明るさは、
中心星の光の数% - 10%程度と見積もられる

ダスト半径が波長より大きい時 (x>>1), 

single scattering albedo



A&A 549, A112 (2013)

Fig. 6. Geometric albedo ωdisk of HD 100546 in the different filters.
The geometric albedo is a measure of the fraction of light scattered
by the disk (see Eq. (3)) and text for definition). Displayed are both
observations (diamonds with systematic and measurement errors) and
the same models as Fig. 5: A large, intermediate and small grain (red,
gray, and blue solid line respectively). A model with intermediate-sized
grains with an albedo close to one is also displayed (gray dotted line).

faintness and the red colors; however, as mentioned before, the
geometric albedo is a product of both dust properties and disk
geometry. This makes a geometric model of the disk necessary
to isolate the effect of the dust albedo.

3.3. Disk model

To interpret the scattered light images of HD 100546, we use
the 2D radiative transfer code4 MCMax (Min et al. 2009)
with anisotropic scattering for the dust as described in Sect. 2.
This code has been successfully applied for modeling several
observables of protoplanetary disks (e.g. Verhoeff et al. 2011)
and includes anisotropic scattering (Min et al. 2012).

We do not have to start from scratch when constructing the
disk model, as the disk geometry for HD 100546 is already well
constrained by previous observations and models. We use the
SED fit presented by Mulders et al. (2011) as a starting point
for our model. The model features a depleted inner disk start-
ing at 0.25 AU (Benisty et al. 2010; Tatulli et al. 2011) which
is fairly small (<1 AU, Panić et al. 2012), has a large empty
gap (Bouwman et al. 2003) and a massive outer disk starting
from 13 AU to 400 AU (Grady et al. 2007; Panić et al. 2010).

The vertical density structure of the disk is described by
a Gaussian (ρ ∝ e−z2/2H2

p ), where the fitted scale height is
parametrized as Hp = 0.04 AU (r/AU)1.3, consistent with
Mulders et al. (2011). We did not solve for the vertical hydro-
static structure because we want to study the effect of the dust
properties in a fixed geometry, whereas in a hydrostatic disk the
geometry changes with dust properties through the temperature.
For this purpose it is therefore easier to use the prescribed verti-
cal structure based on the hydrostatic model, which provides an
equally good fit to the SED (Fig. 8).

The inner disk (<∼1 AU) is not directly probed by our images,
but its thermal emission is a few times brighter than the star in
the near-infrared. Light scattered off the outer disk surface in
the longest filters is therefore dominated by scattered inner disk
light, rather than scattered starlight (Pinte et al. 2008a). We take
the dust composition from Mulders et al. (2011) for the inner

4 Since both scattering and absorption take place in 3D, this model can
also be referred to as an axisymmetric 3D radiative transfer code.

Table 2. Disk parameters for the geometrical model.

Parameter Value
Mdisk 0.0001 M⊙
p 1.0
Inclination [◦] 46
Rin [AU] 0.25
Rgap,in [AU] 0.3
Rgap,out [AU] 13
Rout [AU] 350
finner 0.05
H1 AU 0.04
β 1.3

Notes. The surface density profile is defined as Σ(r) ∝ r−p and scaled to
the total disk mass. The scale height is defined as Hp(r) = H1 AUrβ. The
gap ranges from Rgap,in to Rgap,out.

Table 3. Dust properties of our best-fit model.

Grain Size [µm] Composition

Large 2.5 Solar†

Intermediate 0.25 Solar†

Small 0.08 Solar†

Inner disk and wall (<20 AU) 0.4 ISM†

Notes. Opacities are calculated assuming a grain size distribution
f (a) ∝ a−3.5 with typical size a with a width of 0.25 dex. (†) Composition
of ISM: 13.8% MgFeSiO4, 42.9% MgSiO3, 38.3% Mg2SiO4, 1.8%
NaAlSi2O6, 5% C, Solar: 12% MgFeSiO4, 12% MgFeSi2O6, 12%
Mg2SiO4, 12% MgSi2O6, 15% FeS, 40% C.
References. Optical constants are from: Silicates (Dorschner et al.
1995; Henning & Stognienko 1996; Mutschke et al. 1998), Carbon
(Preibisch et al. 1993), Troilite (Begemann et al. 1994).

disk (Table 3), and keep this composition fixed if we vary the
composition of the outer disk, such that the light illuminating
the outer disk remains constant. A first comparison with the ob-
served scattered light images shows that using the same compo-
sition for the outer disk does not work well. It overpredicts the
scattered light flux by a factor of 10 to 30 (see Fig. 6 gray dotted
line).

However, the albedo of this dust is very high, close to one.
We first explore the effects of lowering the albedo through the
dust composition to reach a lower surface brightness. We switch
to a different composition which has a particularly low albedo of
∼0.5. This is also the theoretical limit in the geometrical optics
regime (see Sect. 2) and in practice, a lower real albedo can only
be achieved by changing particle size (see Fig. 2), which we do
in the next section. For an albedo of 0.5 we use a dust composi-
tion derived from a condensation sequence, as described in Min
et al. (2011). This lower albedo reduces the amount of scattered
light significantly, but still overpredicts the observations by an
order of magnitude (Fig. 6, dotted line). The final parameter we
have to tune to obtain the low observed surface brightness is the
grain size, which we discuss in the next two sections.

3.4. Brightness asymmetry

To constrain the characteristic grain size in HD 100546 we look
first at the observed brightness asymmetry of the disk. As al-
ready explained in Sect. 2, particles smaller than the wavelength
of light (2πav < λ) scatter isotropically, whereas large particles
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Red & Faint disk problemG. D. Mulders et al.: Why circumstellar disks are so faint in scattered light: the case of HD 100546

Fig. 2. Real versus effective albedo of particles of different sizes. The effective albedo (solid line) is defined here as the fraction of light scattered
outside the forward ten degrees times the real albedo, see text (dotted line). The green area denotes the range of wavelengths covered by the HST
scattered light images. The small, medium, and large panels correspond to a particle size of 0.08 µm, 0.25 µm, and 2.5 µm.

For particles larger than the wavelength, the scattering becomes
anisotropic and heavily peaked towards the forward direction
when the particle size increases.

Light which is scattered in the forward direction by a parti-
cle in the surface layer of the disk is scattered into the disk, and
will not be detected in scattered light images (see Fig. 1, large
particle). Therefore, it is clear that for particles that scatter pre-
dominantly in the forward direction the effective scattering cross
section, i.e., the amount of light that is actually scattered into our
line of sight, is much smaller than would be expected from the
angle integrated single scattering albedo. We define an effective
albedo which only considers the part of the phase function that
can actually be observed between angles θ1 and θ2

ωeff =
2ω
∫ θ2
θ1

F11(θ) sin θdθ

(cos θ1 − cos θ2)
∫ π

0 F11(θ) sin θdθ
· (2)

For large particles this effective albedo can be less than 0.5 when
the phase function is sufficiently peaked towards the forward
scattering direction.

In Fig. 2 we plot the effective and total albedo for three dif-
ferent grain sizes and for arbitrarily1 θ1 = 10◦, θ2 = 180◦. For the
small grains, the phase function is close to isotropic (see Fig. 3)
and the effective and total albedo are almost the same. The color
of scattered light for these grains is always gray to slightly blue.

The phase function of larger particles is more anisotropic,
making the effective albedo quite low, even below the limit for
the single scattering albedo (Eq. (1)). When going to longer
wavelengths the phase function becomes more isotropic and the
effective albedo increases. This increase of effective albedo with
wavelength is reflected in the observed color of the scattered
light images, producing reddish colors.

1 Cutting out the forward ten degrees is sufficient to illustrate the main
effect of not observing the forward scattering peak.

Fig. 3. Phase function of a large dust grain (2.5 µm, red line), an inter-
mediate dust grain (0.25 µm, gray line), and a small dust grain (0.08 µm,
blue line) at 0.6 µm. The green area marks the range of observed angles
for HD 100546, between 34◦ and 126◦. θ = 0◦ refers to forward scatter-
ing, and θ = 180◦ to backward scattering.

3. Application to HD 100546

To test if extreme forward scattering can explain the observed
faintness of protoplanetary disks relative to their host stars
(Fukagawa et al. 2010), and also explain their color indices
and observed brightness asymmetries, we have compared our
dust model to scattered light images of a well-studied Herbig
star, HD 100546. Its disk has been imaged by the HST in scat-
tered light over a broad wavelength range of 0.4 µm to 1.6 µm
(Augereau et al. 2001; Ardila et al. 2007). We extend this wave-
length range using a new NICMOS image at 2.2 µm. This wide
range of wavelengths allows us to compare both brightness and
colors. We describe these observations in the next section.

A112, page 3 of 9

☑ 暗く, 赤い散乱光はx>1のダストで説明可
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Fig. 4. PSF subtracted NICMOS images at 1.6 and 2.22 µm. The black region in the F160W image is masked out owing to a strong diffraction
spike.

3.1. Observations

We took HST/NICMOS coronagraphic images (0.3′′ radius im-
age plane obscuration, camera 2 image scale 75.8 mas/pixel)
of HD 100546 and the point spread function (PSF) reference
star, HD 109200 with the F222M filters (central λ = 2.22 µm,
λ/∆λ ∼ 10) on 16 March 2005 as part of Program GO 10167
(PI:Weinberger). The observations included long exposures with
the stars underneath the coronagraphic spot for high contrast
imaging at two different spacecraft orientations and direct im-
ages of both stars outside the coronagraphic hole with short ex-
posures for point source photometry. The instrumentally cali-
brated and reduced images discussed in this paper were created
from the raw NICMOS multiaccum exposures following the pro-
cessing methodology described by Sect. 3 of Schneider et al.
(2005) and the references therein.

For photometric analysis, each calibrated direct image was
used to independently determine the total photometry of the star
and empirically determine the uncertainties in each filter band.
The three images for each star and in each filter were located at
different positions on the detector.

We used a median combination of the three dither points to
create a final image of each star to derive a ratio for scaling and
for photometry of HD 100546. We used a 20 pixel radius circu-
lar aperture to determine the photometry. The background in the
images is zero, so no background annulus was used. The indi-
vidual dither points were used to get a rough estimate of the un-
certainty in the ratios and photometry. At F222M we measured
a total Fν = 5.4 ± 0.1 Jy, and a scaling with the PSF reference
of 0.89± 0.04.

To determine the best subtraction we minimized a chi-
squared metric on a region of the target image dominated by
the star’s diffraction spikes. We assumed that good subtraction
of the diffraction spikes in a region uncontaminated by the disk
corresponded to the best subtraction of the PSF within the region
of interest (Schneider et al. 2001). We iteratively created sub-
tractions for combinations of scaling and pixel offsets until we
found an image that produced the lowest chi-squared measure.
We searched within ±1 pixel to find the best x and y pixel offsets.

To quantify the systematic effects on the photometry, we
repeated the subtractions varying the PSF scalings and offsets
by ±1σ from the minimum chi-square solution found above.
Using an elliptical photometric aperture matched to the es-
timated inclination of the disk and that extended from be-
tween 0.′′5 to 4′′, we found the standard deviation in the disk
flux densities from this suite of subtractions. In F160W and
F222M, the total measured flux of the disk at both spacecraft
orientations matched to within the uncertainties. We then prop-
agated this systematic uncertainty into the total uncertainty in
the flux density of the disk per pixel. Subtracted images were
then geometrically corrected for the slight optical distortion of
the NICMOS camera 2 at the coronagraphic focus. We used the
x-direction pixel scale of 0.′′07595/pixel and the y-direction pixel
scale of 0.′′07542/pixel to create an image with pixels that have
the y-direction plate scale in both directions. The geometrically
corrected images were rotated about the position of the occulted
star to a common celestial orientation using the rotation centers
given by the flight software in the raw data file headers. The final
result is show in Fig. 4.

Additional observations of HD 100546 with NICMOS were
performed as a part of the GO program 9295 (Augereau et al.
2001). Observations with NICMOS in the F160W filter were
recovered from the archive, reduced in the same manner as
the medium bandwidth images, and median combined. Archival
PSF reference stars for the images were subtracted from the tar-
get observations. The F160W reference was HD 106797 as used
in Augereau et al. (2001), but we followed the above procedure
for subtraction as with the F222M filter. Figure 4 shows the re-
sulting PSF subtracted NICMOS images of the HD 100546 disk
used in this work.

HD 100546 was also observed with the HRC coronagraph on
ACS in the F435W and F814W filters (Ardila et al. 2007). The fi-
nal reduced images were kindly provided to us by D. Ardila. For
the ACS observations, no independent estimate on the uncertain-
ties in flux scaling for the disks was performed. We assumed that
for both instruments this effect was ∼5%, comparable to what we
calculated for our medium bandwidth filter observations.
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☑ HD 100546からの散乱光は暗く(アルベド<~ 0.01), 赤い！
Mulders et al. 2013

前方散乱込み
で定義される

前方散乱は正味の散乱にはならない

散乱を考える際は, phase functionも重要！



HD 100546表層のダスト
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Fig. 3. Left: Observed polarized intensity phase functions (dashed lines) and reconstructed total intensity phase functions (solid lines) which are
calculated by assuming a bell-shaped degree of polarization (dotted line). The polarized intensity phase functions have been obtained from the
Q� scattered light images in R0-, H-, and Ks-band. Each phase function has been normalized to its peak value. The error bars show three standard
errors of the mean obtained from the corresponding U� images. Right: Total intensity phase functions of the VLT/SPHERE R0-band observations
for di↵erent geometries of the radial ⌧ = 1 disk surface (see Eq. 2). Throughout this work, we use h0 = 0.14 and � = 1.17 (purple data points)
which is obtained from the radiative transfer model of Mulders et al. (2013). The purple shaded region shows the e↵ect of the inclination (40�– 45�)
on the derived phase function for the ⌧ = 1 geometry with h0 = 0.14 and � = 1.17.

in the disk surface and enhances faint structures at large disk
radii.

The r2-scaled image is usually obtained by calculating the
deprojected distance from each pixel to the star in a geometri-
cally flat disk, for a given inclination and position angle, while
the vertical extent of the disk is neglected (e.g., Avenhaus et al.
2014; Garufi et al. 2016). In that case, the distance calcula-
tion is symmetric with respect to the major axis and pixels that
are on opposite sides of the major axis are being scaled by the
same amount. This introduces large errors for inclined and flar-
ing disks because the distances on the near side will be under-
estimated while the distances on the far side will be overesti-
mated. The left image in Fig. 2 shows the r2-scaled R0-band Q�
image with only a correction applied for the inclination of the
HD 100546 disk. In that case, the far side appears brighter in the
r2-scaled image compared to the near side of the disk (Avenhaus
et al. 2014; Garufi et al. 2016).

For a more realistic r2-scaling, we use the MCMax (Min
et al. 2009) radiative transfer model from Mulders et al. (2013)
to estimate the height of the ⌧ = 1 surface of the HD 100546
disk. The radiative transfer model was constructed to fit Hubble
Space Telescope (HST) scattered light images in the optical and
near-infrared, as well as the spectral energy distribution (SED).
We retrieved the radial ⌧ = 1 height from the model in R0-, H-
, and Ks-band and performed a least squares fit of Eq. 2 from
which we obtained h0 = 0.14 and � = 1.17 for the three filters.
The ⌧ = 1 height is very similar in R0-, H-, and Ks-band, with
di↵erences in h0 and � only after the second decimal. We note
that the flaring of the ⌧ = 1 surface (� = 1.17) is smaller than
the flaring of the pressure scale height, Hp = 0.04 au (r/au)1.3

(Mulders et al. 2013), because the height of the ⌧ = 1 surface is
determined by the combined e↵ect of the parametrized pressure
scale height and surface density.

The center image in Fig. 2 shows the Q� image with a
r2-scaling that is calculated with the power law profile that was
obtained from the radiative transfer model. Each pixel of the

original Q� image has been multiplied with the squared distance
from the star to the point of scattering in the disk surface as
given by Eq. 5. The resulting r2-scaled image appears signifi-
cantly di↵erent from the one constructed with the geometrically
flat assumption with the near side (southwest) of the disk clearly
being brighter than the far side (northeast). The reason for this
is apparent from the scattering radius contours on the left and
center image of Fig. 2. The contours are symmetric with respect
to the disk major axis for the geometrically flat case. In reality,
the scattering distance is projected asymmetrically with respect
to the disk major axis because of the flaring geometry of the disk
surface.

3.2. Dust phase functions

The scattering phase function of dust grains depends on their
size, shape, composition, and internal structure among others
(e.g., Bohren & Hu↵man 1983; Muñoz et al. 2006; Min et al.
2012, 2016). To gain insight into the scattering properties of the
dust grains residing in the HD 100546 disk surface, we obtained
the phase function from the unscaled Q� polarized intensity im-
ages. In Sect. 3.1, we used the scattered light mapping method
to determine the scattering radius and scattering angle associated
with each image pixel (see contours on the center and right im-
age of Fig. 2, respectively). This allows us to construct a phase
function from all pixel values within a certain distance range
from the star.

Figure 3 shows the derived phase functions for the R0-, H-,
and Ks-band PDI observations. We have used all the pixels that
correspond to disk radii between 80 and 100 au, corrected each
pixel value for the e↵ect of stellar irradiation, and determined
the scattering angle for each pixel with Eq. 6. The pixel values
are binned in 36 linearly spaced scattering angle bins between 0�
and 180�. The polarized intensity phase functions (dashed lines
in Fig. 3) are constructed from the mean scattering angle and
the mean r2-scaled Q� flux in each bin. The uncertainties are
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Fig. 1. SPHERE/ZIMPOL polarized light imagery of HD100546. (a): Q� images in coronagraphic SlowPol mode. (b): Q� images in FastPol
mode. (c): same as (a) with labels, where the white dashed line indicates the disk major axis and the inner grey spot the coronagraph size. (d): U�

images in SlowPol mode, with color stretch twice as hard as in (a). (e): Unsharp masking of the Q� image (see Sect. 3.1.3). The predicted locations
of b (Quanz et al. 2015) and of c in May 2015 with relative azimuthal uncertainty (Brittain S., private comm.) are shown in purple and green. All
images except (e) are scaled by the squared distance from the star and are shown with linear stretch. North is up, East is left.

(FWHM) of our observations and changed the disk inner edge
over a discrete range of values to qualitatively reproduce the
signal distribution observed along the major axis.2 Both tech-
niques led to a inner radius of 0.1100 ± 0.0100. For consistency,
we applied the same techniques to the NACO datasets and found
0.1300 ± 0.0200 for both H and KS bands. Even though the error
bars from these estimates overlap, the small o↵set from the ra-
dial profiles derived from the two datasets might be real rather
than due to the di↵erent angular resolution of the observations.

We also extracted the brightness distribution along the in-
ner rim (Fig. 2c) by averaging the contribution from a 5 pixel-
wide ellipse at 0.1500, obtained by projecting a circular ring by
i = 42�. We centered the ellipse slightly outside of the intensity
peak (0.1300) to include only regions with detectable signal. The
location of the main peak well matches the major axis. On the
contrary, the peak to the NW is ⇠ 30� o↵set toward North (con-
sistently with the NACO dataset, Avenhaus et al. 2014a). The
same amount of o↵set is found between the intensity peak on
the near side and the location of the minor axis.

3.1.2. Outer disk

The azimuthal brightness distribution at large radii is highly
asymmetric. The NE half of the image (the far side) is signifi-
cantly brighter than the SW half (the near side). The distribution
on the far side seems to be also discontinuous. As highlighted in
Fig. 1c, a dark wedge to East separates two wide bright regions

2 The elliptic annuli technique may yield di↵erent results by changing
the adopted inclination and position angle. However, we did not find
any relevant di↵erence over a reasonable range of values. The results
from the toy model are valid under the assumption that the disk inner
edge is sharp, which is not necessarily true (see Mulders et al. 2013b;
Panić et al. 2014). However, for the purpose of comparison of the two
datasets this uncertainty is not an issue.

(centered at 10� and 120�). On the near side, a bright wedge
(spanning 220�-280�) stands out. A sharp bright blob is also visi-
ble to West (marked as AO artifact in Fig. 1c). This is most prob-
ably an instrument artifact as it does not appear in di↵erently
sky-oriented frames while it is seen in the total intensity images
at the radial location of the main AO ring (corresponding to the
AO correction radius at ⇡ 20 �/D, inside of which the AO system
provides almost perfect corrections).

In Fig. 2d we show the normalized azimuthal profile from
both NACO and SPHERE images, obtained at r = 0.4700 (i.e.
the predicted radial location of b, Quanz et al. 2015) similar
to Fig. 2c. Interestingly, the intensity peak from the three wave-
bands lie at the same azimuthal position, which is ⇠ 15� farther
East of North of HD100546b. The normalized distributions from
the three wavebands are consistent within the error bars almost
everywhere. The only exception is the SW bright wedge from the
SPHERE image, which is roughly 40% brighter than the same
structures from the NACO datasets. The azimuthal width of this
wedge is similar to what we found along the rim (Fig. 2c) but it
is ⇠ 20� displaced.

3.1.3. Disk structures

No significant sub-structures can easily be spotted from the outer
disk. Only a spiral arm to the NW at r ⇠ 0.200 can be seen from
Fig. 1a and Fig. 2a. To reveal any additional elusive features in
the disk, we applied an unsharp masking technique to our im-
ages. This technique consists in adding a blurred, negative ver-
sion of the original image to sharpen its details. It has been ap-
plied to protoplanetary disks images by e.g., Ardila et al. (2007)
and Quanz et al. (2011). The resulting image must be interpreted
with caution as, although sharper, it is most certainly not a more
accurate representation of the real disk structure.
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moved with a di↵erential linear polarization measurement which
allows for high-contrast observations of disks that are multi-
ple orders of magnitude fainter in scattered light compared to
the stellar light. The scattered light surface brightness distribu-
tion of a disk depends on disk properties such as the pressure
scale height and surface density, as well as the single scattering
albedo, phase function, and single scattering polarization of the
dust grains.

Interpretation of scattered light images of inclined protoplan-
etary disks can be non-trivial for several reasons. Firstly, the sur-
face layer of a protoplanetary disks has usually a flaring shape
which results in complex projection e↵ects. Secondly, the sur-
face brightness is partially scattering angle dependent because of
the phase function and single scattering polarization of the dust
grains. Thirdly, the stellar irradiation of the disk surface scales
with the reciprocal of the squared distance. All these e↵ects have
to be taken into account for a correct interpretation of scattered
light images and phase functions.

In this work, we will investigate the e↵ect of the scatter-
ing surface geometry of a protoplanetary disk on the calcula-
tion of r2-scaled images and phase functions. In Sect. 2, we
construct a numerical method which corrects scattered light im-
ages of inclined and flaring disks for the dilution of the stellar
radiation field and retrieves the phase function of the dust. In
Sect. 3, we apply the method on polarized intensity images of
the HD 100546 protoplanetary disk. In Sect. 4, we discuss the
importance of the method for the interpretation of polarized scat-
tered light observations of HD 100546 and the dust grain prop-
erties in the disk surface in particular. In Sect. 5, we summarize
the main conclusions.

2. Mapping of scattered light images

2.1. Photon scattering

The orientation of a protoplanetary disk surface with respect to
the observer determines the local scattering angle of the stellar
photons that irradiate the dust grains. The scattering geometry
depends on the inclination of the disk and the vertical extent of
the disk surface which both have to be considered for a correct
interpretation of scattered light images. The optically thick part
of the disk surface that is probed in scattered light is equal to the
disk height where the scattering optical depth in radial direction
from the star reaches unity (⌧ = 1). In general, this will be several
times the local pressure scale height and will often be determined
by the height of the inner edge of the disk which can be pu↵ed
up by stellar heating (Dullemond et al. 2001).

Changes in surface brightness of an inclined disk are often
related to the scattering angle at which incoming photons scatter
from dust grains towards the observer. The scattering angle,  ,
for a disk surface with constant opening angle, �, is given by
(Quanz et al. 2011)

 = 90� + (i � �) cos � (�90�  �  90�),
 = 90� + (i + �) cos � (90� > � < 270�),

(1)

where i is the disk inclination, � the disk opening angle, and �
the azimuthal coordinate in the image plane measured in coun-
terclockwise direction away from the far side minor axis of the
disk. The phase function of the disk can be obtained by calcu-
lating the mean flux as function of scattering angle for all pixels
within a certain distance range from the star in order to exclude
any irradiation e↵ect. Therefore, it is important to know the scat-
tering radius and scattering angle associated with each image

ɸɸ=
0

rmid hτ=1(rmid)

i Z

Fig. 1. Schematic of the scattered light mapping method. A power law
shaped disk surface is projected onto an image plane which has an in-
clination, i, and is located along the negative y-axis. The height of the
radial ⌧ = 1 surface, h⌧=1(rmid), at a midplane radius, rmid, is given by
Eq. 2. The figure shows a disk projection with i = 42�, PA = 90�,
h0 = 0.14, � = 1.17, and a disk inner radius of 15 au at a distance of
100 pc.

pixel. The scattering radius is the distance between the star and
the scattering location in the disk surface and the scattering an-
gle is the angle between the photon direction before and after
scattering.

To first order, the radial distance from each pixel to the star
can be obtained by correcting for the inclination of the disk only,
which would correspond to the true distance in case the disk
would be geometrically flat. For a more precise analysis, the flar-
ing shape of the radial ⌧ = 1 surface has to be considered which
can have a significant e↵ect on the radial distance. More specifi-
cally, the observer’s view on the near and far side of an inclined
and flaring disk will be grazing and frontal, respectively, which
will increase and decrease, respectively, the calculated distance
compared to the value which only takes into account the disk
inclination.

2.2. Flaring disk projection

Here, we will lay out a numerical method to retrieve r2-scaled
images and phase functions, taking into account how a flar-
ing disk surface projects onto the image plane. We approximate
the height of the scattering surface of the protoplanetary disk,
h⌧=1(rmid), with a power law function:

h⌧=1(rmid) = h0r�mid, (2)

where h0 is a normalization constant for the disk height, rmid the
disk radius in the midplane, and � the power law exponent that
determines if the ⌧ = 1 surface has a flat (� = 1) or flaring (� >
1) shape. We assume that the disk is axisymmetric and rotate the
radial ⌧ = 1 profile around the z-axis from which we obtain a
grid of coordinates in the disk surface that is visible in scattered
light. Next, we project the disk surface onto the image plane for
a given disk inclination, i. The image plane, (xim, yim), is placed
along the negative y-axis such that a point on the disk surface at
midplane radius rmid, azimuthal angle �, and disk height h⌧=1(r)
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Flaring geometry mapping
(Stolker et al. 2016) Total intensity phase function

assuming Rayleigh’s polarization

λ=0.63 µm
(VLT/SPHERE)

λ=2.18 µm
λ=1.66 µm
(VLT/NACO)

☑ Hτ=1 ~ 1.9 Hp (at 100 au) に数µmサイズのダストが存在 (Stolker+16)
☑ コンパクトダストが巻き上がると思うと, 乱流強度α>0.2 (Mulders+13) 
→ Aerodynamic supportで表層まで巻き上がったfluffy aggregate？

☑ VLT/SPHEREの観測を元にphase function

Further constraints?　→　Polarization!



Scattering polarization (single size): Mie理論
散乱角, サイズパラメータ(x), 複素屈折率(m)によって変化 
・x<<1 : Rayleigh散乱 (散乱角90度で完全偏光) 
・x ~ 1  : 多重散乱&干渉による複雑な偏光パターン 
・x>>1 : Brewster角で完全偏光 (幾何光学極限)

m=1.5+0.1i
Brewster angle

x=1

x=5

x=30



☑ 一様球サイズ分布で平均 
☑ x|m-1| > 1で多重散乱が効き始め, 急速に偏光度は下がる (not x > 1 !) 
　 注) 幾何光学域(x>1)でも粒子が透明(|m-1|<<1)であれば,  
　　　一回散乱が良い近似 → 一回散乱の場合は, 高い偏光度！

一回散乱 多重散乱

Scattering polarization: Distribution of Spheres

x=0.1

x=2

x=1

x=3



Light Scattering by fractal dust aggregates 15

–0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60  80  100  120  14 0  16 0  180
–0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60  80  100  120  14 0  16 0  180

Figure 15. Degree of linear polarization P and S 22/S 11 for (a) BCCA and (b) BPCA models with N = 1024. The red, green, and blue lines represent λ = 2.6,
1.6 and 1.0 µm. The solid lines indicate the linear degree of polarizability P = −S 12/S 11, and the dashed lines represent the ratio S 22/S 11 obtained using the
TMM.

depolarization by aggregates using the formula of an anisotropic Rayleigh sphere:

P =
1 − cos2 θ
y + cos2 θ

, (C1)

where y is the anisotropy parameter, and it varies from 1 to 13 (see Equations (5.53) and (5.54) of BH83). In the case of an
isotropic sphere, y = 1 so that the polarizability in θ = 90◦ is 100%. Note that the anisotropic sphere shows a symmetric profile
with respect to θ = 90◦, whereas aggregates show slightly asymmetric profiles. Our results for BCCA and BPCA models with
λ = 1 µm are y ≃ 1.1 and y ≃ 1.2, respectively. To model the depolarization of the fractal aggregates, it is important to investigate
how y varies as a function of the number N of monomers, the monomer radius R0, the aggregate composition, and the fractal
dimension d f . This remains as an objective for a future study.
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Figure 7. Degree of linear polarization as a function of scattering angle (upper left panel). The other panels show the scattering-
angle-averaged degree of polarization as a function of wavelength for the di↵erent particle models (see Eq. 3). Shown are the curves
for r

V

= 0.2, 2.0, and 4.0 µm.

particles and what distinguishes them from compact or smooth
particles.

We conclude the following:

• The cross sections and the overall shape of the scattering
phase function of aggregate particles are well represented us-
ing a combination of e↵ective medium theory, porosity, and
the DHS shape distribution. In this way the internal complex-
ity of the aggregate (through the e↵ective medium theory),
the flu↵y structure (through the porosity), and the irregular
shape of the constituents and the aggregate (through the DHS
shape distribution) are captured.
• For an aggregate with a relatively open structure we can dis-

tinguish between two di↵erent sizes: the size of the aggregate
as a whole and the size of the constituents. Di↵erent scatter-
ing properties couple preferentially to one of these two sizes:
– The asymmetry of the scattering phase function is almost

solely influenced by the size of the aggregate as a whole
and is therefore a good indicator of aggregate size.

– The degree of polarization is not significantly influenced
by the size of the aggregate and is expected to be deter-
mined by the size of the constituent particles.

The particles in our simulation are still relatively compact
for computational e�ciency. It is expected that the di↵er-
ences between the two di↵erent sizes present in the aggre-
gate are more pronounced when the aggregate structure is
more flu↵y.
• Large aggregate particles display a phase function with

a strong forward-scattering peak and mildly backward-
scattering part of the phase function. This backward-
scattering part of the phase function is not found for smooth
particles. In geometries where the forward-scattering peak is
not visible (for example in mildly inclined disks), the phase
function can appear to be purely backward scattering. This
e↵ect cannot be modeled using smooth particles.
• The polarization properties of aggregates are, as already

mentioned, dominated by the polarization properties of the
aggregate constituents. Therefore, when modeling aggregate
polarization properties, the shape of the constituents is an es-
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Figure 1. Images of the particles used in the DDA computations. The left image shows a single monomer, containing approximately
100 dipoles, the middle image is an aggregate containing 216 of these monomers, and at the far right we show the largest aggregate
we consider, containing 8000 monomers. The horizontal line indicates the scale in each image.

100 realizations of these GRF particles, all with di↵erent ran-
domly determined shapes. The aggregates were then constructed
as follows.

1. We started with a single monomer, randomly chosen from
the 100 realizations of GRF particles.

2. We placed another monomer (also randomly chosen) at the
center of the first so that their volumes overlapped.

3. The second monomer was moved by random brownian mo-
tion until the volume no longer overlapped. The monomers
were allowed to have several contacting dipoles, but no over-
lap.

4. Steps 2 and 3 were repeated for each monomer that was to
be added to the aggregate.

This procedure creates relatively compact aggregates (see
also Fig. 1), allowing e�cient use of DDA. The interactions be-
tween the monomers in the aggregate are also stronger for more
compact aggregates, making the e↵ects of aggregation more vis-
ible in the optical properties.

Each monomer in the aggregate is made of a single mate-
rial. We randomly assigned a material to each monomer using
the overall composition of 75% silicate, 15% carbon, and 10%
iron sulfide (by volume). This composition is roughly consistent
with the solar system composition proposed by Min et al. (2011).
We used the refractive index data from Dorschner et al. (1995),
Preibisch et al. (1993), and Begemann et al. (1994) for the sili-
cate (MgSiO3), carbon, and iron sulfide particles, respectively.

Since both amorphous carbon and iron sulfide have very
large refractive indices, we switched to the filtered coupled
dipole mode of ADDA to increase the e�ciency and accuracy
(Yurkin et al. 2010). The largest particle we considered was an
aggregate with a volume-equivalent radius of r

V

= 4 µm com-
posed of 8000 monomers with r

V

= 0.2 µm. As each monomer
is built from 100 dipoles, we have 800.000 occupied dipoles in
the DDA grid.

We assumed the aggregates in protoplanetary disks to be ori-
ented randomly, therefore we computed for each aggregate real-
ization the orientation-averaged optical properties.

2.2. Approximate methods

The exact DDA computations of aggregates provide detailed
properties of aggregate particles. However, for day-to-day use
in radiative transfer modeling, for instance, these computations
are too slow. Therefore, approximate methods that capture the
essence of the exact computations are usually relied upon. For
the approximate methods in this paper we considered two pos-
sibilities for the external shape and two for the internal structure

and material mixing. This gave us four di↵erent methods of dif-
ferent complexity. All these methods are computationally much
less demanding than the DDA method described above; the mul-
tiwavelength optical properties of a single particle can always be
computed within a minute.

2.2.1. Particle shape

For the shape of the particles we used two representations: 1)
homogeneous spheres, and 2) very irregularly shaped particles.
For the homogeneous spheres we used the Mie theory to com-
pute the optical properties (Mie 1908). The optical properties of
an irregular particle were approximated by averaging over a dis-
tribution of hollow spheres (DHS; Min et al. 2005). While the
DHS method considers hollow spherical particles, it has been
shown to be very e↵ective in reproducing the properties of nat-
ural samples of complex particle shapes, including the correct
positions of features related to solid-state resonances (see, e.g.,
Fabian et al. 2001; Min et al. 2003; Mutschke et al. 2009). For
the DHS particles we used an irregularity parameter, fmax = 0.8.
Computationally, fmax represents the maximum volume fraction
occupied by the central void in the hollow sphere. In practice,
this is a parameter representing the more general amount of de-
viation from a perfect homogeneous sphere.

2.2.2. Internal structure and material mixing

In a realistic aggregate each monomer is composed of roughly
one material, and these components together make up the ag-
gregate. This mixture can be considered in two extreme ways:
either the homogeneous monomers dominate, or the mixed-
composition aggregate dominates. These two extremes can be
captured with two di↵erent approaches that are commonly used
for multi-composition mixtures: 1) adding the opacities of ho-
mogeneous grains, and 2) e↵ective medium computations of
mixtures at the smallest scale. Method 1 is often used in anal-
yses of the mineralogy of disks, where the composition of the
monomers is considered that make up the aggregates. In this
method a mix of materials for each component is assumed,
sometimes with di↵erent size distributions. Here, for simplicity,
we assumed that the size distribution of the di↵erent materials
is the same. Method 2, on the other hand, is often used in ra-
diative transfer modeling where the overall, average absorption
and reemission e�ciencies of the aggregates as a whole are to be
considered. Here we compare the two methods using the optical
properties computed with DDA. In e↵ective medium computa-
tions the refractive index of the particle is replaced with an ef-

3

Porous aggregates (X>>1)の偏光特性
・密度一様球よりも高い偏光度
・空隙が大きいほど、高い偏光度
・Bell-shaped profile

fluffy aggregate (df=1.9)
 X ~ 23, P(θ=90°) ~ 80%

compact aggregate (df~3)
X ~ 45, P(θ=90°) ~ 40%

Scattering polarization: Porous dust aggregate

Min et al. 2016RT et al. 2016



低密度アグリゲイト 
(Rg=0.4µm, R0=0.01µm)

コンパクトダスト 
(amax=1.5µm, p=3.5, 
silicate)

1442 Y. Itoh et al.

Fig. 1 (left) An H-band image of polarization intensity for the GG Tau Aa/Ab binary system.
Polarization vectors are overplotted. Degrees and angles of the polarization in an 11 £ 11 pixel
box are averaged, if the intensity of polarization is detected to more than 6æ above the sky back-
ground and if the degree of each pixel is less than 100%. The field of view is 6.500£6.500. North is
up and east is toward the left. (right) Structures discussed below are indicated on the intensity of
polarization. G: the gap structure, D: the circumstellar disks and B: the bridges. The black circle
indicates the position of the coronagraphic mask.

in 2001 and 160 AU in 2011. Those of the outer reference point were 240 AU in 2001 and 260 AU
in 2011. We consider that these discrepancies are due to ambiguous boundaries of the gap region.
The position angle (PA) of the inner reference point was –91.5± in 2001 and –85.6± in 2011. That
of the outer reference point was –101.4± in 2001 and –96.5± in 2011. Changes in the PAs are +5.9±
for the inner reference point and +4.9± for the outer reference point. These changes correspond to
orbital periods of 650 yr and 780 yr, respectively, assuming a constant angular velocity. However,
the expected orbital periods are 1700 yr for a point at 160 AU from the centroid and 3500 yr for
a point at 260 AU. The change in the PA during two observational epochs should be 2.2± and 1.1±
for the inner and outer reference points, respectively. Thus, the change in the PAs of the gap is not
consistent with the angular velocity predicted from the Kepler motion of the circumbinary disk.

Moreover, the motion of the gap structure is in a direction opposite to that of the disk mate-
rial. Kawabe et al. (1993) resolved the circumbinary disk in millimeter wavelengths. The redshifted
component of the 12CO emission is located to the west of the dust continuum and the blueshifted
component to the east. Roddier et al. (1996) observed the GG Tau binary in near-infrared wave-
lengths with an AO system. They revealed the orbital motions of the binary components are in the
clockwise direction. Assuming that the orbital angular momenta of the stars and the circumbinary
disks are roughly in the same direction, Guilloteau et al. (1999) indicated that the material in the cir-
cumbinary disk orbits in the clockwise direction and the disk is inclined such that its northern edge
is nearest to us. On the other hand, comparison of the optical and near-infrared images of GG Tau
reveals that the gap structure moves in the opposite direction. In the HST optical image taken in
1997, the PA of the gap is °92± (Krist et al. 2002). In the near-infrared image taken in 1998 with
HST (Silber et al. 2000) and in that taken in 2001 with the Gemini telescope (Potter et al. 2001), the
PAs of the gap structure seem to be around °90±. In the near-infrared image taken in 2001, the PA
of the gap structure is °91.5± at the inner reference point and °101.4± at the outer reference point

Subaru/HiCIAO

Observation 
(Itoh et al. 2014)

P=50%

GG Tau Circumbinary disk:

☑ 前方散乱と高い偏光度が共存
☑ 低密度アグリゲイトで再現可能！

Radiative transfer with porous dust aggregates

RT et al. in prep.



Radiative transfer with porous dust aggregates
☑ Negative Polarization Branch (NPB)による偏光ベクトルの反転

F. Kirchschlager and S. Wolf: Effect of dust grain porosity on the appearance of protoplanetary disks
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Fig. 10. Maps of the linear polarization Ip for disks with Mdust = 10−4 M⊙. The wavelengths λ and disk inclinations i are chosen to illustrate
the reversal of the polarization vector in selected disk regions with increasing inclination and/or wavelength. The particles are compact spheres
made of astronomical silicate. In the bottom right of each panel a sketch of the polarization pattern is plotted to distinguish whether a polarization
reversal exists or not. The green box in the two single panels exemplarily indicates these cases.

the so-called direction parameter

∆ = −
∫ π

0 S 12(θ) sin θ d θ
∫ π

0 S 11(θ) sin θ d θ
, (5)

which is a function of the optical properties of the grains. The
polarization reversal occurs for wavelengths at which ∆ changes
its sign. We calculated the wavelength dependence of ∆ for the
grains considered in our study (Eq. (4)) and found that ∆ is
positive in the entire wavelength range. In contradiction to the
simulated polarization maps, no polarization reversal would be
expected.

The problem is the difference in the applied grain sizes. Dyck
et al. (1971) proposed that the switching of the integrated polar-
ization direction arises from the existence of different particle
sizes. While Daniel (1980) considered only grains of a single
size and found a dependence of the reversal on the grain size pa-
rameter x, this simple relation cannot be adopted to our model.
A weighted mean of the optical properties of a grain size dis-
tribution is used and proportions of small and larger particles
contribute to the scattering properties. Moreover, if a polariza-
tion reversal existed caused only by the particle properties, the
polarization vectors would be radially aligned in the entire disk
and not only in parts of it. However, the results of Daniel (1980)
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Fig. 10. Maps of the linear polarization Ip for disks with Mdust = 10−4 M⊙. The wavelengths λ and disk inclinations i are chosen to illustrate
the reversal of the polarization vector in selected disk regions with increasing inclination and/or wavelength. The particles are compact spheres
made of astronomical silicate. In the bottom right of each panel a sketch of the polarization pattern is plotted to distinguish whether a polarization
reversal exists or not. The green box in the two single panels exemplarily indicates these cases.

the so-called direction parameter

∆ = −
∫ π

0 S 12(θ) sin θ d θ
∫ π

0 S 11(θ) sin θ d θ
, (5)

which is a function of the optical properties of the grains. The
polarization reversal occurs for wavelengths at which ∆ changes
its sign. We calculated the wavelength dependence of ∆ for the
grains considered in our study (Eq. (4)) and found that ∆ is
positive in the entire wavelength range. In contradiction to the
simulated polarization maps, no polarization reversal would be
expected.

The problem is the difference in the applied grain sizes. Dyck
et al. (1971) proposed that the switching of the integrated polar-
ization direction arises from the existence of different particle
sizes. While Daniel (1980) considered only grains of a single
size and found a dependence of the reversal on the grain size pa-
rameter x, this simple relation cannot be adopted to our model.
A weighted mean of the optical properties of a grain size dis-
tribution is used and proportions of small and larger particles
contribute to the scattering properties. Moreover, if a polariza-
tion reversal existed caused only by the particle properties, the
polarization vectors would be radially aligned in the entire disk
and not only in parts of it. However, the results of Daniel (1980)
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・Compact aggregatesはしばしば後方散乱域で偏光度が負になる 
　←　後方散乱の際, P<0のモードが選択的に干渉して強められる  
　　　(Weak localization effect; Mishchenko et al. 2009)

円盤でのNPB → 円盤ダストのサイズ・構造・組成に制約

Kirchschlager 

& Wolf 2014

・NPBは彗星や小惑星表面のダストで実際に観測されている



第２部：ミリ波の吸収と散乱



Dust opacity (single size): Mie理論
☑ Mie理論: 一様球の光学特性を与える厳密解
☑ パラメータは2つ：サイズ・パラメーター

幾何光学極限 Rayleigh極限x=1

複素屈折率
☑ ダストのopacity (cm2 per gram of dust) (屈折率の波長依存性を無視)



Dust opacity (single size): Mie理論
☑ Mie理論: 一様球の光学特性を与える厳密解
☑ パラメータは2つ：サイズ・パラメーター

幾何光学極限 Rayleigh極限x=1

複素屈折率

Opacity index

☑ ダストのopacity (cm2 per gram of dust) (屈折率の波長依存性を無視)



(a)結晶質の絶縁体 (結晶質silicate/H2O iceなど) 
赤外線の振動共鳴のdamping wingによる吸収 (Lorentz model) 

(b)導体/半導体 (graphiteなど) 
自由電子によるエネルギー散逸 (Drude model)

(c)非晶質の絶縁体 (非晶質silicate/H2O iceなど)  
モデル化は発展途上, 主に室内実験で調べられている (e.g., Coupeaud+12’) 

性質) ・結晶質よりも大きな吸収係数
　   ・温度依存性がある

ダストによるミリ波吸収の物理
☑ βs := β in Rayleigh limit (x<<1)

No unique β

☑ 星間ダスト (amax~0.1µm << mm波)
- 分子ガスが卓越するline of sightでβ=1.66  

 (Planck Collaboration Int. XIV , 2014, A&A, 564, A45)

非晶質ダストによる吸収モデル: see e.g., Meny et al. 2007



円盤でのOpacity index β
α=2+β

Testi et al. 2014



ダストの成長とopacity進化  (compact grain)
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L. Ricci et al.: Protoplanetary disks in Taurus-Auriga

Fig. 3. Millimeter dust opacity for the adopted dust model. Left top panel: dust opacity at 1 mm as a function of amax for a grain size distribution
n(a) ∝ a−q between amin = 0.1 µm and amax. Different curves are for different values of q, as labelled. The dust grains adopted here are porous
composite spheres made of astronomical silicates (≈10% in volume), carbonaceous materials (≈20%) and water ice (≈30%; see text for the
references to the optical constants). Left bottom panel: β between 1 and 3 mm as a function of amax for the same grain distributions. Right panel:
dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.

in the midplane in a protoplanetary disk is much higher than in
the surface. At millimeter wavelengths, where the disk is mostly
optically thin to its own radiation, the midplane total emission
dominates over that of the surface (although the surface dust
plays a crucial role for the heating of the disk). As a conse-
quence, we can extract information from our analysis only on
the dust opacity of the midplane, and so when we consider the
dust opacity we will refer only to the midplane component for
the rest of the paper.

For the dust grains in the disk surface we assumed the same
chemical composition and shape as for the midplane grains,
while we assumed for their size distribution for amin and amax
values around 0.1 µm (the sub-mm SED is insensitive to these
values as long as amax in the surface is much lower than amax in
the midplane, as expected if dust settling is important).

Once the chemical composition and shape of the dust grains
in the midplane are set, the dust opacity law depends on amin,
amax and q. Considering a value of 0.1 µm for amin (the depen-
dence of the millimeter dust opacity from this parameter turns
out to be very weak), the model parameters for our analysis are
the stellar parameters (L⋆, Teff , M⋆), which have been set and
listed in Table 2, plus those of the disk (Σdust,1, p, Rout, q, amax),
or equivalently (Mdust, p, q, amax, Rout) where Mdust is the mass
of dust in the disk.

For reasons described in Sect. 4 it is convenient to approx-
imate the millimeter dust opacity law discussed so far in terms
of a power-law at millimeter wavelengths κ = κ1mm(λ/1 mm)−β,
with κ1 mm in units of cm2 per gram of dust. At a fixed value
of q the relations between κ1 mm, β and amax can be determined.
These are shown in Fig. 3 for q = 2.5, 3, 3.5, 4.

4. Results

The sub-mm/mm SED fits for all the objects in our sample
are reported in Fig. 46. As discussed in Testi et al. (2003) and

6 We did not include existing NIR and mid-IR data in our analysis be-
cause at these shorter wavelengths the disk emission is optically thick

Natta et al. (2004), the only quantities that can be constrained
by the sub-mm/mm SED are the millimeter dust opacity spec-
tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
very flat (p = 0.5) or very steep (p = 2) surface density pro-
files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
2009).

The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
tially resolved and unmapped disks respectively. These uncer-
tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
are reported in Table 5.

4.1. Spectral slopes and dust opacity index

Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large

and thus depends on the properties of the dust grains located in the sur-
face layers of the inner disk regions. The aim of our analysis is instead
to probe the optically thin disk emission to investigate the dust proper-
ties in the disk midplane.
7 Note that according to the adopted disk model the midplane tempera-
ture is well constrained after fixing the stellar parameters and these two
quantities from the observed SED.
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幾何光学極限Rayleigh極限

ダスト成長
Draine (2006): amax >> 3mm, n(a)da ∝ a-qda (3 < q < 4) 
　β(λ=1mm)~(q-3)βs (βs: Rayleigh極限でのopacity index)
βs ~ 1.7 (ISM-value), q=3.5の時, β(λ=1mm) ~ 0.9



A. Kataoka et al.: Opacity of fluffy dust aggregates
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(d) af = 100 µm
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(e) af = 1 mm
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Fig. 3. Absorption mass opacity in cases of different a f . a) Parameter space of f and a in the cases of b) to f). The mass opacities are shown in the
cases of b) a f = 1 µm, c) a f = 10 µm, d) a f = 100 µm, e) a f = 1 mm, and f) a f = 10 mm.

suggests that the scattering mass opacity is not characterized by
a f at the longer wavelengths. At the shorter wavelengths, the
mass opacity corresponds to the geometric cross section. In the
compact case, the mass opacity scales as λ−4 at the longer wave-
lengths. On the other hand, in the fluffy case, the mass opacity
scales as λ−2 at the inter mediate wavelengths, then scales as λ−4

at the longer wavelengths. We will come back to this point with
a physical explanation in Sect. 4.

As shown in Fig. 4, the scattering mass opacity of the fluffy
aggregates is expected to be higher than the compact case at
the longer wavelengths even when the absorption mass opac-
ity is almost the same. Thus, we investigate the ratio of κsca
against κabs. Figure 5 shows the ratio in each case correspond-
ing to Fig. 4. In the case of compact and a f = 0.1 µm, the
scattering mass opacity is less than absorption. On the other

hand, the scattering mass opacity dominates the absorption mass
opacity in fluffy cases when a f = 0.1 µm. This greatly affects the
infrared observations of dust grains. For example, Pagani et al.
(2010) reported that dust grains in dense interstellar medium is
composed of micron-sized grains (and not 0.1 µm) because of
the high scattering efficiency observed by the Spitzer space tele-
scope. Thus, they infer that the monomer size must be micron.
However, Fig. 5 suggests that even if the monomers are 0.1 µm
in size, the aggregates of 0.1 µm sized monomers represent the
high albedo and thus might account for the observed high effi-
ciency of scattering.

Figure 5c and d shows the scattering mass opacity in the case
of a f = 100 µm and 1 mm. The scattering mass opacity at the
millimeter wavelengths is ten times larger than the absorption
mass opacity in the compact case, and it is tens of times larger
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- mass-to-area ratioが一定 (fractal dim.=2) 
→　a*f=constで吸収opacityは縮退 
　　 (f : volume filling factor) 
例) af=1mmの場合 
　  f=1 (compact), a = 1 mm 
　  f=10-4 (fluffy),  a = 10 m

熱放射の性質では区別できない！

- 散乱は縮退しない！ (RT et al. 2017) 
散乱の場合, 集合したモノマー同士が干渉 
　→　af=constの縮退は発生しない

β~1の粒子の正体：compact vs porous

縮退を解く鍵は散乱にあり?

各線上で熱放射が
縮退する

RGD理論 (RT+16)



ミリ波散乱を用いたダストサイズ測定

サイズがわかる

・x > 1 (ダスト半径 > 波長/2π)でアルベドωが上がる
・x >~1 偏光度Pが急速に下がる (コンパクトダストの性質)

2.5. Anisotropic Radiation Field

The second condition for producing the polarization due to
scattering is the asymmetry in the distribution of the light
source. In the case of sub-millimeter emission from proto-
planetary disks, the light source is the thermal emission of dust
particles. Therefore, its spatial distribution should be aniso-
tropic to produce polarized scattered light. For example, if the
incident radiation from one direction is stronger than that from
the direction different by 90n, the final scattering is partially
polarized. Such asymmetry or anisotropy may occur in
protoplanetary disks showing ring-like or lopsided surface
brightness (e.g., Casassus et al. 2013; Fukagawa et al. 2013;
Isella et al. 2013; van der Marel et al. 2013; Pérez et al. 2014).
In this section, we demonstrate that polarization due to self-
scattering occurs in such anisotropic radiation fields by using a
simple toy model. Note that the polarization due to scattering of
the anisotropic radiation field has been discussed in the context
of E-mode polarization of the cosmic microwave background
radiation (e.g., Rees 1968; Kamionkowski et al. 1997;
Seljak 1997).
Hereafter, we fix the maximum grain size and wavelengths

to be a 100 mmax m= and 870 ml m= , which is one of the
best combinations of the efficient polarization, in order to
investigate possibilities of detecting millimeter-wave polariza-
tion from protoplanetary disks. Note that the calculated
absorption and scattering opacities are 0.51absk = and

1.22 cm gsca
2 1k = - . We stress here that we consider the same

Figure 2. Degree of polarization Z Z12 11- of dust grains against scattering angles. The left panel is for the case of 3.1l = mm and the right panel for 870 ml m= .
The size distribution is assumed to have power law of n a a 3.5( ) µ - . The maximum grain sizes are 10 μm, 100 μm, 1 mm, and 1 cm.

Figure 3. Polarization P at the scattering angle of 90° and the albedo sca abs sca( )w k k k= + as a function of maximum grain size. The size distribution is assumed to
have a power law of n a a 3.5( ) µ - . The wavelengths are assumed to be 3.1 mm for the left panel and 870 mm for the right panel. The arrows indicate the maximum
grain size that has the most efficient polarization by 90° scattering.

Figure 4. Polarization degree times the albedo Pw against the maximum grain
size. This figure represents a grain size that contributes most to the polarized
intensity. Each line corresponds to the wavelengths of 0.34, 0.87, 3.1, and
7 mm. The band numbers correspond to the ALMA band numbers for each
wavelength.

Table 1
The Detectable Grain Size for Observed Wavelengths

Wavelengths λ The Detectable Grain Size amax

7 mm 1 mm
3.1 mm 500 mm
870 mm 150 mm
340 mm 70 mm
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Pω (~偏光強度) は x~1でpeakを持つ関数

観測波長λobsで偏波が受かれば, amax ~ λobs/2π 
(Porous aggregateの場合, サイズの下限値がわかる: amax > λobs/2π )



第３部：ミリ波偏光



ミリ波偏光の起源

Axis of grain alignment

Oblate grains

(A), (B) Grain alignment (C) Scattering

dust (scatterer)

unpolarized light unpolarized light

Magnetic field
or radiative flux

ダスト整列 ダスト散乱
整列した扁平ダストからの
偏光した熱放射

非等方な輻射場を散乱したこと
による偏光 (ダストは球でも良い)

e.g., RT, Lazarian & Nomura 2017 e.g., Kataoka et al. 2015

or/and



Bertrang et al. 2016
(トロイダル磁場整列を仮定)

RT,Lazarian & Nomura 2017
(整列理論と整合的に計算)

RT, Lazarian & Nomura 2017の主な主張
従来は磁場整列を仮定した結果、動経方向の偏光ベクトル
(サブ)ミリ波の偏光ベクトルは輻射fluxの向きに垂直に出る 
　→ 方位角方向の偏光ベクトル
 ALMAで観測される偏光ベクトルは磁場とは無関係
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Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate paramagnetic inclusion model
( fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusion model ( fp = 0.1, φsp = 0.03, Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are
assumed.

the first scattering event produces linearly polarized light, and
this light is incident on other grains. The linearly polarized
light (Q ! 0,U = 0) for the first scattering coordinate can
be an obliquely polarized light (Q ! 0,U ! 0) for the sec-
ond scattering coordinate. As a result, S 43 can produce the
circular polarization by multiple scattering. Therefore, cir-
cular polarization can be produced by either single scattering
by aligned grains through non-zero S 41, or multiple scatter-
ing by randomly orientated grains through S 43. Since, at mil-
limeter wavelength, protoplanetary disks are often optically
thin, multiple scattering may not be important for many cases.
Hence, we focus on the circular polarization due to scattering
by aligned grains.

In the Rayleigh limit (dipole approximation), the
scattering matrix of an ellipsoid can be written as
(e.g., Bandermann & Kemp 1973; Dolginov et al. 1978;

Gledhill & McCall 2000)

S 41 =
1

2
ik6(α1α

∗
3 − α

∗
1α3)([(e⃗0 × e⃗1] · â1))(e⃗0 · â1) (74)

where e⃗0 and e⃗1 are the incident light and scattered light di-
rections; hence these two vectors define the scattering plane.
α is the polarizability of an ellipsoid with respect to each axis,
given by Equation (54). We can see from Equation (74) that
we do not expect circular polarization for (i) non-absorbing
particles (Im(α) ! 0), (ii) forward scattering and backward
scattering, (iii) grains’ minor axis being in the scattering plane
([(e⃗0× e⃗1] · â1) = 0), and (iv) grains’ minor axis being perpen-
dicular to the incident radiation.

Imaging observations of protoplanetary disks at
visible/near-infrared wavelengths is dominated by the
scattered light from disks. Since dust grains at the surface

B
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Figure 1. The ring state: Self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at
1.3mm (top row), and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5h integration time;
minimal displayed polarization degree is 1%, i.e., the 3� level of ALMA) at three di↵erent disk orientations (left: face-on, center: 45�,
right edge-on). The color map shows the total (unpolarized) intensity which is overplotted by polarization vectors.The vectors are plotted
with the spatial resolution indicated by the beam size given as white ellipses. The toroidal magnetic field topology is traced by its
characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

Figure 2. The vortex state: As in Fig. 1. The toroidal magnetic field topology is traced by its characteristic polarization structure in
both orientations in the simulated ALMA observation, while the vortex is clearly detected in the simulated ALMA observation of a
face-on disk.

MNRAS 000, 1–5 (2016)

ダスト整列による円盤ミリ波偏光



HD 142527からの偏波 (Kataoka+2016)
4

100 AU

Figure 2. The four maps display the intensity of Stokes I, polarized intensity, Stokes Q, and Stokes U maps in
a linear scale. Levels of contours are (3, 10, 30, 100, 300, 600, 900, 1200, 1500, 1800) ⇥ �I(= 185 µJy beam�1) for Stokes I,
(3, 10, 30, 50, 100) ⇥ �PI(= 42.8 µJy beam�1) for the polarized intensity, and (�50,�30,�10,�3, 3, 10, 30) ⇥ �PI for Stokes
Q and (�50,�30,�10,�3, 3, 10, 30, 50) ⇥ �PI for Stokes U. The solid contours in the Stokes Q and U maps represent plus
components and the dashed contours represent minus components.

cal depth in the next section. Another possibility is the
di↵erence in the grain size and its e↵ects on the align-
ment e�ciency; the radiative torque e�ciency decreases
with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of
Stokes I is mainly coming from grains smaller than the
wavelengths, it would decrease the alignment e�ciency
and thus the polarization fraction (e.g., Cho & Lazarian
2007; Lazarian & Hoang 2007).
The azimuthal direction of the polarization vectors as

shown in the outer regions indicates the poloidal mag-
netic field configuration while the radial direction on the
inner ring indicates the toroidal magnetic field. There
has been no mechanism locally to rotate the direction of
the magnetic field by 90�. Therefore, at least at that po-
sition, the mechanism should be di↵erent from the grain
alignment.
The polarization fraction in the south region is as high

as 13.9±0.7 %, which is higher than the predicted value
(e.g., Cho & Lazarian 2007). The high fraction of po-
larization means that the alignment e�ciency maybe
higher than expected or the long-to-short axis ratio of
elongated dust grains is larger than the assumed value
(Cho & Lazarian 2007). Alternatively, the high polariza-
tion fraction observed in the southwest region could be
due to interferometric filtering e↵ects, where the Stokes
I and the Stokes Q,U maps are resolved out di↵erently.
Here we also note that the high polarization fraction

observed in the southwest region could be due to inter-
ferometric e↵ects where the Stokes I and the Stokes Q,U
maps are resolved out.

4.2. Self-scattering

4.2.1. Model Prediction

Another possible explanation for the mm-wave polar-
ization is the self-scattering of the thermal dust emis-
sion at the observed wavelengths (Kataoka et al. 2015).

Polarized intensity

3

100 AU

Figure 1. In the left panel, the color scale represents the polarized intensity in units of mJy beam�1 with a log scale,
the gray contours the continuum emission, and the white vectors show the polarization vectors. Note that the lengths of the
polarization vectors are set to be the same. The levels of the contours are (3, 10, 30, 100, 300, 600, 900, 1200, 1500, 1800) ⇥
�I(= 185 µJy beam�1) for Stokes I. Polarization vectors are plotted where the polarized intensity is larger than 3�PI =
0.128 mJy beam�1. In the right panel, the color scale displays the polarization fraction overlaid with the polarization vec-
tors. The gray contours display the continuum emission with the same levels of the left panel. The color scale is only shown
with the same threshold of the polarization vectors in the left panel.

distribution with azimuthal asymmetry, for which the
substructure is di↵erent from the continuum and also
shows two regions with azimuthal polarization. Al-
though the continuum emission has a peak at the north-
east region, the polarized intensity has a peak on the
east side. The peak emission of the polarized emission
is 5.22 mJy beam�1. The ring of the polarized intensity
is located slightly inside of the ring center of the contin-
uum. The maps of each Stokes component is shown in
Fig. 2.
The polarization vectors on the main ring of the polar-

ized emission have a radial direction everywhere. How-
ever, the polarization vectors are rotated by 90� in two
regions. The northeast region is ⇠ 1.300 from the star
toward the position angle of ⇠ 42� while the northwest
one is ⇠ 1.400 from the star toward the position angle of
⇠ �60�. The two regions are clearly seen in Fig. 2 as a
flip of the sign of Stokes Q or U from inside to outside.
Furthermore, the polarized intensity is relatively

bright in the southwest direction, where Stokes I is the
faintest. This causes high polarization fraction in the
south region. The right panel of Fig. 1 shows the po-
larization fraction overlaid with the polarization vectors
with the continuum as solid contours. The polarization
fraction is 3.26 ± 0.02 % at the peak of the polarized
intensity and as low as 0.220 ± 0.010 % at the peak of
the continuum. The polarization fraction has a peak at
the south-west region with a fraction of 13.9 ± 0.6 %,
which corresponds to around the local minimum of the
intensity of the main ring.
Here we note that the polarization maps at low signal-

to-noise ratio regions could be a↵ected by the positive
polarization bias (Vaillancourt 2006). The discussion in

this paper is concerning at the regions where the detec-
tion is larger than 5 �

PI

and thus the positive polariza-
tion bias does not a↵ect the results.

4. DISCUSSIONS

We have detected spatially resolved polarized contin-
uum emission from the disk around HD 142527. There
are three distinct observational signatures - (1) di↵er-
ence of the locations of the brightest emission between
Stokes I and PI, (2) 90� flip of the polarization vec-
tors in the northeast and northwest region, and (3) the
high fraction of polarization (13.9± 0.6%) in the south-
west region. Two possible mechanisms to produce po-
larized emission in protoplanetary disks are suggested
to date: grain alignment by the magnetic field or dust
self-scattering. In this section, we qualitatively discuss
which mechanism is more likely to take place in the disk
around HD 142527.

4.1. Grain alignment

Here we discuss the possibility that the polarization
is due to the grain alignment with magnetic fields. The
magnetic field direction is rotated by 90� from the polar-
ization vectors in the thermal emission regime. There-
fore, the morphology of the main polarization ring indi-
cates the presence of toroidal magnetic fields, which is
consistent with the common understanding of the mag-
netic field in disks (e.g., Brandenburg et al. 1995; Stone
et al. 1996).
The di↵erence between the peak position of the po-

larized intensity and the peak of the continuum could
be explained with the depolarization due to the high
optical depth at the peak of the continuum (e.g., Alves
et al. 2014). We will also discuss the e↵ects of the opti-

偏光ベクトルが北側で90度flipしている　→　磁場整列では困難か
偏光ベクトルの向きは散乱偏光と整合的 
(方位角方向にflux gradientがあれば, 輻射整列でも説明可能か)
偏波が散乱由来であるすると、ダスト半径は140 µm



HL Tauからの偏波 (Kataoka+2017)

AASTEX wavelength-dependent polarization 5

100 AU 100 AU

Figure 2. Comparison of the polarization images between � = 1.3 mm (CARMA Stephens et al. 2014) and � = 3.1 mm

(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA, where the beam size is

0.6500 ⇥ 0.5600 with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent

the continuum emission. The levels of the grey contours are (10, 20, 40, 80, 160, 320, 640, 1280) ⇥ �
I

where �
I

= 2.1 mJy/beam

for the CARMA data and �
I

= 0.017 mJy/beam ALMA data.

Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is in the horizontal direction. Note that each panel represents E-vectors. (a) Grain alignment with

the toroidal magnetic fields. (b) Grain alignment with the radiation fields. (c) Self-scattering of the thermal dust emission

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction across HL Tau.
If we integrate the polarization all over the disk, the
axisymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz

2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.
We have already discussed that the upper limit of

the total polarization fraction is 0.1 % at 3.1 mm with
our ALMA observations. The polarization fraction with
SMA is reported to be 0.86±0.4% at 0.87 mm (Stephens
et al. 2014). Note that the detection was 2 sigma signifi-
cance, which might be an upper limit of the polarization
fraction while we use the reported value in Stephens
et al. 2014 in this paper. We calculate the total de-
gree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. 2014, which is
0.52± 0.1%.

散乱偏光と整合的
(Inclination effectで偏光ベクトル
は円盤短軸と並行になる see, e.g., Yang et al. 2016)

輻射整列理論と整合的



円盤赤道面でのダスト半径：β vs. 散乱偏光

a few mm
(βから予測されるサイズ)

粒径 ~a few 102 µm
(散乱偏光から予測されるサイズ)

HD 142527
λ=870 µmの偏光の起源は? 
整列偏光？Porousダストに

よる散乱？
β~1の理由は?

HL Tau

λ=1.3mmと3.1mmの偏光の
波長依存性をどう説明する
か？(Porousダストの散乱で
説明するのは難しい)

β~1の理由は? 
薄い円盤の起源は？ 

Low alpha-value?



中間赤外線の偏光なら、磁場に対する整列が見える？
Larmor歳差のtimescale:

粒径

整列可能なダスト半径　～　輻射場の波長/2π

8 Tazaki et al.

Figure 4. The radiation field in the disk. (a) Energy density of the radiation urad [erg cm3] (b) the spectrum averaged wavelength λ [µm], and (c) the spectrum
averaged anisotropy parameter γ are shown.

parameter in the disk. Above the disk photosphere, the en-
ergy density of radiation is dominated by the stellar radia-
tion. Hence, at the surface layer, urad ≈ AT 4∆Ω∗, where
A = 7.57 × 10−15 erg cm−3 K−4 is the radiation constant,
and then

urad ≃ 5.2 × 10−6 erg cm−3
( R
10 AU

)−2
(51)

for T∗ = 4000 K and R∗ = 2R⊙. The anisotropy parameter
of the radiation field is almost unity, and k⃗ is pointing radially
outward.

At the disk midplane, the energy density of radiation is 2−3
orders of magnitude lower than that of the surface layer be-
cause the disk is optically thick in visible/NIR wavelength.
The energy density of the radiation field at the midplane is
dominated by the thermal emission from cold grains at the
midplane (λ̄ ≃ 140 µm). Even in the midplane, the radiation
energy density is still very large compared to the interstellar
radiation field, uISRF = 8.64 × 10−13 erg cm−3 (Mathis et al.
1983). As shown in Figure 4(c), the anisotropy parame-
ter become around 0.1 at the midplane at R ! 30 AU be-
cause the disk becomes optically thick for the radiation with
λ ≈ 140µm. Therefore, in this region, only 10 % of the en-
ergy density can contribute the radiative torque because only
anisotropic radiation field is important for RAT alignment. At
outer region, the disk becomes optically thin, and the radiation
anisotropy is almost 100 % and it coincides with the radial di-
rection. It is worth noting that when we consider a dust ring
structure with an inner hole around the central star, the radia-
tion anisotropy can be an azimuthal direction (Kataoka et al.
2015). In this paper, we assume the smooth disk density dis-
tribution from the region near the central star to the outer disk;
thereby, the anisotropic radiation directs radially outward.

4.2. RAT alignment timescale in the disk
Based on the radiation field calculated in Section 4.1, we

calculate the characteristic timescales relevant to grain align-
ment in the disk. Figure 5 shows the timescales relevant to
RAT alignment at two different locations (midplane and sur-
face at R = 50 AU) in the disk.

The alignment timescale shown in the top panels in Figure
5 indicates the minimum size of dust grains to be aligned. In
general, smaller grains experience stronger gas drag and also
the radiative torque becomes less efficient; therefore, only
large grains can be aligned. A critical grain size is given by
the balance between the RAT alignment timescale (trad, align)

and the gaseous damping timescale (tgas). At the midplane of
r = 50 AU, the radiative torques is determined by the radiation
field emitted from ambient thermal grains with λ ≈ 140µm,
and then for smaller grains, a ≤ 140 µm/1.8 ≈ 80µm, the ra-
diative torques becomes less efficient (see Equation 17). Fig-
ure 5 shows that at the midplane of r = 50 AU, the critical
grain size is ≈ 27 µm. As a result, external alignment for
a millimeter sized grain is possible even at the dense mid-
plane, although these grains may not show internal alignment
(see Figure 2). At the surface layer, the gas density is much
lower than the that of the midplane, and the radiation field
has a shorter wavelength than the midplane; hence, external
alignment of smaller grains are possible. Figure 5 shows the
critical grain size at the disk surface is ≈ 0.2µm.

Bottom panels in Figure 5 shows the precession timescales
of dust grains, and this defines the alignment axis. As we
mentioned in Section 2, alignment axis is determined by
the dominant precession motion of grains. Figure 5 shows
that at the midplane, a dust grain, which is larger than the
critical size, precesses around the radiative flux; therefore,
these grains get aligned with radiation direction. Even if we
consider superparamagnetic inclusions, Larmor precession is
still slow compared to radiative precession. Therefore, these
grains get aligned with respect to the radiation direction, not
to the magnetic field. Note that the direction of radiation
at the midplane of R = 50 AU is radially outward; hence,
aligned grains are expected to produce azimuthally polarized
emission. In addition to the fast radiative precession, it is
also found that Larmor precession is often suppressed by the
gaseous damping. The presence of superparamagnetic inclu-
sions enhances the magnetic susceptibility significantly; nev-
ertheless, only grains smaller than ≈ 10 µm can overcome
the gaseous damping. This result also claims the difficulty of
grain alignment with respect to the magnetic field in the disk
midplane. Critical grain size for which the Larmor precession
timescale equals to the gaseous damping can be obtained from
Equations (3) and (7), then

acrit ≃ 0.1 µm Γ−1
|| ρ̂s ŝ4/3ρ̂g

−1T̂g
−1/2
χ̂
( B
1 mG

)
. (52)

If a grain size is larger than this critical size, Larmor pre-
cession is suppressed by the gaseous damping. In summary,
(sub)mm sized dust grains at the midplane are difficult to align
with the magnetic field due to the efficient gaseous damping
as well as fast radiative precession; however, these grains may
align with the radiation direction.

中心星からの放射 
(~µm)が卓越

ダスト再放射 
(~100µm)が卓越

円盤表層は磁場整列に有利！ 
(表層はさらに低ガス密度)

Radiative grain alignment in protoplanetary disks 17

Figure 9. Same as Figure 7, but for different magnetic properties of dust. Top and bottom panels correspond to (i) moderate
paramagnetic inclusions model (fp = 0.1, φsp = 0), and (ii) superparamagnetic inclusions model (fp = 0.1, φsp = 0.03,
Ncl = 2000), respectively. amax = 103 µm, fhigh−J = 0.5, and α = 10−3 are assumed.

than the typical value of magnetic field strength in ISM,
≈ µG. Hence, in ISM, dust grains get aligned with mag-
netic field. At disk surface, energy density of radiation
is dominated by the stellar radiation, hence, substitute
Equation (51) into Equation (72), we obtain

B ≤ 35.5 mG a
3
2
−5χ̂

(
λ̄

1.2 µm

)(
R

10 AU

)−2
(
γ|QΓ|
0.01

)

(73)
We comment on the possibility of grain alignment with

respect to the magnetic field at the disk midplane. At

the midplane, the wavelength of the radiation field and
the grain size become much larger than the surface layer,
it is more difficult for grains to be aligned with the mag-
netic field. For example, when we consider the midplane
at R = 50 AU of the disk, characteristic quantities of the
radiation field of our disk model is urad ≃ 1.55 × 10−10

erg cm−3, λ̄ ≃ 137 µm, and γ = 1 (see Figure 4). Sup-
pose dust grains have large amount of superparamag-
netic inclusions (φsp = 3 % and Ncl = 105), millimeter
sized grains, hence we can set QΓ = 0.4, can be aligned
with the magnetic field when B > Bcrit = 13 mG at

円盤表層部の磁場線の構造は、
中間赤外線(λ~10µm)の偏光撮像
で観測される可能性がある

B
・円盤表層をトレースするMIRでの円盤偏光 
・ダストが磁場に対して整列する可能性あり 
　(但し、磁場強度やダストの磁気感受率に依る)

λ[µm]



Summary
円盤の赤外線撮像観測 
- ダストのサイズは散乱光の色やアルベドに現れる 
  → 強い前方散乱(大きなダスト)は円盤をより暗く・赤くする 
- ダストの内部構造(porosity)の情報は偏光度・偏光ベクトルに現れる

円盤ミリ波撮像観測 
- opacity slope β~1はダスト半径がmmサイズと考えられてきた  
  → 散乱opacityは無視できない可能性が高い 
  → Intensityには, ダストのアルベドの情報が含まれている可能性あり

円盤ミリ波偏光撮像観測 
- ミリ波偏光の起源は、散乱と輻射整列  
- 散乱偏光とopacity slopeのそれぞれで求まるダスト半径の整合性 
  については今後, 詳細に調べていく必要がある


