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　　　　　　　　　 Object: HD 163296 
Distance: 101.5 pc (Gaia collaboration 2018) 
Observation wavelength: ALMA Band 6 
(1.25 mm) 
Spatial resolution (FWHM)  
　：  =  au 
Inclination: 46.7° 
The ring parameters 

0.038′ ′ × 0.048′ ′ 3.8 × 4.8

2. Data

width (FWHM) distance
inner 9.4 au 67.9 au
outer 9.2 au 100.5 au

　　　　　　　　　 

5. Discussion
5.1 α/St 
・The relation of the dust scale height and α/St 

              (Youdin & Lithwick 2007) 
　　̶ inner ring: α/St > 0.48 
　　̶ outer ring: α/St < 0.19 
5.2 The gas turbulence α, and the Stokes number 
(St∝the dust size) 
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2019). The dead zone exists in the inner part of the pro-
toplanetary disk because the low ionization ratio in the
inner part of the disk suppresses the magneto-rotational
instability. The dust is settled in the dead zone due to
weak gas turbulence. Therefore, the dust scale height
is smaller in the dead zone and larger outside the dead
zone. As shown in Figure 11, however, the dust scale
height of HD 163296 varies complexly in the radial di-
rection and cannot be explained by a simple disk model
with a dead zone. This suggests that there are other
factors that cause the change of the dust scale height,
e.g., the radial change of the dust size or the turbulence.

dust scale height

gas scale height

central disk ring ring

dust 
scale height (unknown) thin thick thin

gapgap

Figure 11. Schematic view of the dust scale height for
the entire region. The scale height in the gaps is taken from
Ohashi & Kataoka (2019), and the scale height in the rings
is from our study. The dust scale height of the inner disk
remains unknown.

We compare our dust scale height model with an
infrared polarization observation. Muro-Arena et al.
(2018) made a 3D disk model of HD 163296 using mil-
limeter dust continuum observation using ALMA and
infrared polarized scattered light using SPHERE. They
reported that the polarized infrared light is observed
only in the inner ring at 68 au and is not observed in the
outer ring at 100 au. This result can be interpreted that
the outer ring is in the shadow of the inner ring, which
is consistent with our results about the scale height.

4.2. ↵/St

We estimate ↵/St from the dust scale height. By as-
suming a balance between vertical settling and turbu-
lent di↵usion, the dust scale height is written as (e.g.,
Dubrulle et al. 1995; Youdin & Lithwick 2007)

hd =

✓
1 +
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↵

1 + 2St

1 + St

◆�1/2

hg, (15)

where h is scale height, and the subscript g and d in-
dicate gas and dust, respectively. This equation can be
approximated as

hd =

✓
1 +

St

↵

◆�1/2

hg, (16)

if St ⌧ 1. Using the fset constrained in section 3.3, the
↵/St is derived to be ↵/St > 0.48 for the inner ring and
↵/St < 0.19 for the outer ring.
We discuss the consistency with measurements in

other studies. Dullemond et al. (2018) and Rosotti et al.
(2020) estimated ↵/St by the radial di↵usion of dust due
to the gas turbulence. Dullemond et al. (2018) assumed
ring formation by dust traps at gas bumps and derived
the following relationship between dust ring width wd

and gas ring width wg.

wd =

r
↵

St
wg, (17)

where ↵ is the dimensionless gas turbulence parame-
ter, and St is the Stokes number. Dullemond et al.
(2018) estimated the dust ring width from dust contin-
uum emission, and Rosotti et al. (2020) estimated the
gas ring width from the deviation of gas rotation veloc-
ity. Their results are ↵/St = 0.23 for the inner ring and
↵/St = 0.04 for the outer ring. For the outer ring, their
result is consistent with our result, but for the inner
ring, their result is inconsistent with our result. There
are two possible reasons of this disagreement. One is
that the turbulence is not isotropic, i.e., the turbulence
is di↵erent between radial and vertical directions. The
other is that the ring formation mechanism is di↵erent
from that assumed by Rosotti et al. (2020). Rosotti et al.
(2020) assume that ring formation is due to gas bumps.
In other scenarios, however, the dust ring width and gas
ring width do not necessarily satisfy the relationship of
equation (17). We discuss other ring formation mecha-
nisms in section 4.5.

4.3. dust size

In this section, we constrain the dust size based on the
↵/St. In the above section, we obtained ↵/St based on
fset. The Stokes number is expressed as

St =
⇡⇢matadust

2⌃gas
, (18)

where ⇢mat is the dust material density, adust is the dust
radius, and ⌃gas is the gas surface density. Therefore,
we can constrain the dust size from ↵/St obtained in the
above section and ↵, ⌃gas, and ⇢mat. We assume that
the dust is compact and icy (⇢mat = 1.0 g/cm3), and
the gas surface density ⌃gas = 21.1 g/cm2 for the inner
ring and ⌃gas = 10.0 g/cm2 for the outer ring derived
by Rab et al. (2020) based on the molecular emission
line observations. Flaherty et al. (2017) put an upper
limit that ↵ < 3⇥ 10�3, so we calculate the dust radius
for the typical three turbulence that ↵ = 3⇥ 10�3, 1⇥
10�3, 1 ⇥ 10�4. We show the results in Table 2. If we

　　　　　　　　　 

3. Method
・We estimate the dust scale height by comparing the observation 
with radiative transfer simulation using RADMC-3D(Dullemond et al. 2012). 
3.1 The setup of radiative transfer simulation 
・The fixed parameters 
　̶ The dust surface density: estimated from the intensity along the 
major axis 
　̶ The dust opacity: from the DSHARP dust model(Birnstiel et al. 2018) 
　̶ The dust temperature: from CO line observation(Dullemond et al. 2020) 

・The parameter we aim to estimate 
　̶ The dust scale height 
　　：fset= the gas scale height/the dust scale height 
We run multiple simulation changing only fset and compare with the 
observation. 

　　　　　　　　　 

1. Principle
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the dust and the gas. However, direct observation of
the gas turbulence from line broadening has not been
not detected because of the degeneracy of the thermal
motion of molecules and the turbulence (Flaherty et al.
2015, 2017; Teague et al. 2016, 2018) except for one ten-
tative detection on DM Tau (Flaherty et al. 2020).
We focus on the dust scale height at the dust ring

to constrain the physical state of protoplanetary disks.
Pinte et al. (2016) estimate the dust scale height of HL
Tau from the emission di↵used from rings inside gaps
along the minor axis. The dust scale height is usu-
ally modeled with the ratio of dimensionless parame-
ter of gas turbulence ↵ (Shakura & Sunyaev 1973) to
dust-to-gas-coupling parameter called the Stokes num-
ber St = ⇡⇢matadust/2⌃gas, where ⇢mat is dust material
density, adust is dust radius, and ⌃gas is gas surface den-
sity (Epstein 1924; Adachi et al. 1976; Nakagawa et al.
1981, 1986; Garaud et al. 2004; Dullemond & Dominik
2005; Fromang & Papaloizou 2006). Therefore, we can
estimate the ↵/St by estimating dust scale height.
In this paper, we estimate the dust scale height of

HD 163296 from ALMA dust continuum observation.
The distance to this object is 101.5 pc (Gaia Collab-
oration et al. 2018). This object has two clear rings
at 68 au and 100 au (Isella et al. 2016; Andrews et al.
2018). There are indirect evidence of a planet at 260
au by kinematic signature (Pinte et al. 2018) and at 78,
140, and 237 au by meridional flow (Teague et al. 2019).
Flaherty et al. (2015, 2017) put an upper limit of the
gas turbulence that ↵  3 ⇥ 10�3. Guidi et al. (2016)
found a trend that the dust size decreases toward the
outer region based on the spectrum at millimeter wave-
length of the disk. Dullemond et al. (2018) constrained
↵/St based on the dust ring width and the upper limit
of the gas ring width. Rosotti et al. (2020) developed
Dullemond et al. (2018) and estimated ↵/St by devia-
tion of gas rotating velocity from the Keplerian rotation
instead of the upper limit of the gas ring width. Ohashi
& Kataoka (2019) estimated the dust scale height, the
dust size, and the turbulence at the gaps by millimeter-
wave polarization. In this paper, we estimate the dust
scale height, which becomes possible owing to the high
spatial resolution by DSHARP (Disk Substructures at
High Angular Resolution Project) campaign (Andrews
et al. 2018).
The structure of this paper is as follows. In section 2,

we consider a simple dust ring model to derive the gen-
eral expression of the intensity as a function of the scale
height. We develop a method to constrain the dust scale
height and consider the conditions under which the dust
scale height can be determined from observations. In
Section 3, we determine the dust scale height by apply-

ing the method to the image of HD 163296. In Section
4, we discuss physical quantities such as the turbulence
and the dust size, and the ring formation mechanism
based on the dust scale height.

2. ANALYTICAL MODEL

In this paper, we aim at determining the dust scale
height of dust rings in an inclined protoplanetary disk
from observed radio continuum image. In this section,
we assume a protoplanetary disk hosting an axisymmet-
ric ring and analytically calculate the intensity of the
disk. We represent the dependence of the intensity on
the dust scale height when the line of sight is inclined to
the disk. In section 2.1, we describe the optical depth
of the disk. In section 2.2, we calculate the intensity
at the peak positions in the major and minor axes. In
section 2.3, we summarize the conditions that allow us
to determine the dust scale height.

2.1. Optical depth of an inclined disk

We consider the disk hosting an axisymmetric ring
whose radial distribution of the dust surface density and
the vertical distribution of the dust spatial density are
described as Gaussian functions. We take a cylindrical
coordinate system as r = 0 at the central star, � = 0
along the major axis, and z = 0 at the midplane. The
surface density of the ring at the peak (r = r0) is ⌃0,
width is �r, and scale height is �z. The dust spatial
density of this object is expressed as

⇢(r, z) =
⌃0p
2⇡�z

exp

✓
� (r � r0)2

2�2
r

� z2

2�2
z

◆
. (1)
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Figure 1. This figure illustrates the principle that an
optical depth is di↵erent on the major and minor axes when
we observed at an oblique angle.

We assume the disk inclination angle to be i, and cal-
culate the optical depth of this object along the line of
sight. Figure 1 illustrates the disk geometry. We as-
sume that the ring is isothermal in both vertical and ra-
dial directions. In the calculation of the optical depth,
we ignore the curvature of the ring. This approxima-
tion is appropriate when the ring radius is su�ciently

1.1 Model 
・Inclination angle (i)  
・Optically thin 
・Ring like structure 
　・The temperature is isothermal in the rings. 
　・The distribution of the dust is Gaussian. 

　　　  
1.2 The Azimuthal variation of the intensity 
       （along the peak of the ring） 

　  
1.3 Summary 
・The intensity along the major axis does not depend on the dust 
scale height. 
・The intensity along the ring (except on the major axis) depends on 
the dust scale height. 
　→We can constrain the dust scale height from the azimuthal  
      variation of the intensity.

Fig. 3. Position of the disk 
 and the observer.

Fig 4. The possible range of turbulence (α) and Stokes number (St). The blue 
and orange areas represent the possible range of α and St for the inner and 
outer rings, respectively. The red dashed line represents the fragmentation 
limit, and the blue and orange lines represent the limit of α/St. The brown 
dashed line represents the upper limit of α from the observation of line 
broadening (Flaherty et al. 2017). The green dashed line represents the St when 
the dust size is 1 mm. 

　　　　　　　　　 

4.1 Rough estimation 
・The comparison with the intensity along the peak of the ring of the 
observation and the simulation（fset =1, 2, 8） 
 　　　　　　　inner ring　　　　　　　　　　outer ring 

　inner ring: the dust is flared up　outer ring: the dust is settled 
4.2 Estimation using χ2 
・In 2σ error range 
　̶ inner ring：fset = 1.1+0.7-0.1 
　̶ outer ring：fset < 2.4 

4. Result
Dust scale height 5

From equation (10), the intensity along the major axis
is independent of the dust scale height. Therefore, we
can construct a disk model that is independent of the
dust scale height from the observed intensity along the
major axis. On the other hand, from equation (11) and
(12), the intensity along the ridge except for the major
axis or along the minor axis depends on the dust scale
height of the ring. Therefore, we can constrain the dust
scale height by the consistency of the observed intensity
along the ridge or the minor axis.
We discuss the conditions for constraining the dust

scale height from the observed images. The dust scale
height contributes to the intensity as the term �2

z tan
2 i

in the denominator of equations (11) and (12). If
�2
z tan

2 i is not too small compared to the other terms
(�2

r , �
2
beam), the e↵ect of the dust scale height appears

in the observed intensity. Then, we can constrain the
dust scale height from observations.
To summarize the discussion above, we can constrain

the dust scale height in the following steps. First, we
construct a disk surface density model from the observed
intensity along the major axis. Then, we search for the
dust scale height that reproduces the observed intensity
along the ridge or the minor axis. We require the fol-
lowing four conditions to constrain dust scale heights:
1. dust ring is optically thin, 2. the dust ring width is
not much wider than the dust scale height, 3. the incli-
nation is not too small, and 4. the dust ring is spatially
resolved.

3. APPLICATION TO HD 163296

We apply the method above to the protoplanetary disk
around HD 163296 to constrain the dust scale height by
comparing the observation and radiative transfer sim-
ulations. In section 3.1, we describe the observational
data used in this work. In section 3.2, we describe the
disk model for the radiative transfer simulation. In sec-
tion 3.3, we compare the azimuthal dependence of the
intensity along the ridge as the first comparison method.
In section 3.4, we compare the radial profile of the in-
tensity along the major and minor axes as the second
comparison method.

3.1. Observations

In this study, we use the fits data of the image of
the HD 163296 disk taken in the DSHARP campaign
(2016.1.00484.L), which is one of the ALMA large pro-
grams (Andrews et al. 2018). We select this target be-
cause the spatial resolution is high enough to apply our
method as discussed in Section 2.3. This image was
taken with ALMA Band 6, which corresponds to the
wavelengths of � = 1.25 mm. This image was made by

combining the data of project 2013.1.00366.S13 (Fla-
herty et al. 2015) and project 2013.1.00601.S4 (Isella
et al. 2016) to improve sensitivity and uv-coverage on
shorter baselines. The details of this image are shown
in Andrews et al. (2018) and Isella et al. (2018). We
assume that the distance to this object is 101.5 pc from
Gaia DR2 parallax measurements (Gaia Collaboration
et al. 2018). We assume that the central star mass
Mstar = 2.02Msun as a dynamical mass by line obser-
vation from Teague et al. (2019).

Figure 4. Image of dust continuum of HD 163296 with
ALMA Band 6 (� = 1.25 mm). We use the brightness tem-
perature, assuming Rayleigh-Jeans’ law as a representation
of intensity to preserve its linearity with the observed inten-
sity.

3.2. Setup of the simulation

Here, we describe our simulation setup to compare
with the observation. We perform radiative transfer
simulations with RADMC-3D (Dullemond et al. 2012).
In our simulation, we use spherical coordinates (r, ✓,�),
and we assume axial symmetry in � direction and plane
symmetry with respect to the midplane. The radial grid
is linearly spaced between rin = 10 au and rout = 200 au
with 512 grids. The ✓ grid is linearly spaced with 512
grids in the range 0  ✓  0.2, where ✓ = 0 is the
midplane, and ✓ = ⇡/2 is the north pole.
We adopt the following temperature profile with a

smooth power-law distribution derived by Dullemond
et al. (2020),

T (r) = 18.7 [K]

✓
r

400 [au]

◆�0.14

. (13)
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From equation (10), the intensity along the major axis
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with the observation. We perform radiative transfer
simulations with RADMC-3D (Dullemond et al. 2012).
In our simulation, we use spherical coordinates (r, ✓,�),
and we assume axial symmetry in � direction and plane
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inner ring and fset > 2.5 for the outer ring. We conclude
that the dust is flared in the inner ring, and the dust is
settled in the outer ring.

Figure 6. Azimuthal variation of the intensity along the
ridge. The red dots mean observation, and the solid lines
mean simulations. The black, blue, and cyan line mean
fset = 1 (no settling), 2 and 8, respectively. The shaded
regions represent the area which have non-axisymmetric fea-
tures like a crescent. We plot the data at every FWHM of
the beam (Huang et al. 2018).

3.4. Consistency with the radial profiles

We discuss whether the derived dust scale height from
the azimuthal intensity variation is consistent with the
observed radial intensity profile along the minor axis.
From equations (10) and (11), the intensity along the
major axis does not depend on the dust scale height,
while that along the minor axis depends on the scale
height. Along the minor axis, the higher the dust scale
height is, the wider the observed dust ring width is, and
the lower the observed intensity at the peak is. We plot
the intensity of both simulations and the observation

Figure 7. Reduced �2 of the intensity between observa-
tions and simulations along the ridge for each fset. We use
data at every FWHM. We exclude data for the area which
has a crescent structure (shaded area in Figure 6). The hor-
izontal lines represent locations where the minimum reduced
�2 + 12, 22, 32.

along the major and minor axes to check the consistency
of fset, which we estimate in section 3.3.
Figure 8 shows the radial profiles of the observations

along the major and minor axes. Around the inner ring
at 68 au, the intensity along the major axis is larger than
that along the minor axis. On the other hand, around
the outer ring at 100 au, the intensity along the major
and minor axes is almost the same.
Figure 9 shows the radial intensity profiles along the

major (top) and minor (bottom) axes of the observation
and simulations in case of fset = 1 and 8. From the top
of Figure 9, we can see that the simulations reproduces
the observations well on the major axis. The bottom of
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2019). The dead zone exists in the inner part of the pro-
toplanetary disk because the low ionization ratio in the
inner part of the disk suppresses the magneto-rotational
instability. The dust is settled in the dead zone due to
weak gas turbulence. Therefore, the dust scale height
is smaller in the dead zone and larger outside the dead
zone. As shown in Figure 11, however, the dust scale
height of HD 163296 varies complexly in the radial di-
rection and cannot be explained by a simple disk model
with a dead zone. This suggests that there are other
factors that cause the change of the dust scale height,
e.g., the radial change of the dust size or the turbulence.

dust scale height

gas scale height

central disk ring ring

dust 
scale height (unknown) thin thick thin

gapgap

Figure 11. Schematic view of the dust scale height for
the entire region. The scale height in the gaps is taken from
Ohashi & Kataoka (2019), and the scale height in the rings
is from our study. The dust scale height of the inner disk
remains unknown.

We compare our dust scale height model with an
infrared polarization observation. Muro-Arena et al.
(2018) made a 3D disk model of HD 163296 using mil-
limeter dust continuum observation using ALMA and
infrared polarized scattered light using SPHERE. They
reported that the polarized infrared light is observed
only in the inner ring at 68 au and is not observed in the
outer ring at 100 au. This result can be interpreted that
the outer ring is in the shadow of the inner ring, which
is consistent with our results about the scale height.

4.2. ↵/St

We estimate ↵/St from the dust scale height. By as-
suming a balance between vertical settling and turbu-
lent di↵usion, the dust scale height is written as (e.g.,
Dubrulle et al. 1995; Youdin & Lithwick 2007)

hd =

✓
1 +

St

↵

1 + 2St

1 + St

◆�1/2

hg, (15)

where h is scale height, and the subscript g and d in-
dicate gas and dust, respectively. This equation can be
approximated as

hd =

✓
1 +

St

↵

◆�1/2

hg, (16)

if St ⌧ 1. Using the fset constrained in section 3.3, the
↵/St is derived to be ↵/St > 0.48 for the inner ring and
↵/St < 0.19 for the outer ring.
We discuss the consistency with measurements in

other studies. Dullemond et al. (2018) and Rosotti et al.
(2020) estimated ↵/St by the radial di↵usion of dust due
to the gas turbulence. Dullemond et al. (2018) assumed
ring formation by dust traps at gas bumps and derived
the following relationship between dust ring width wd

and gas ring width wg.

wd =

r
↵

St
wg, (17)

where ↵ is the dimensionless gas turbulence parame-
ter, and St is the Stokes number. Dullemond et al.
(2018) estimated the dust ring width from dust contin-
uum emission, and Rosotti et al. (2020) estimated the
gas ring width from the deviation of gas rotation veloc-
ity. Their results are ↵/St = 0.23 for the inner ring and
↵/St = 0.04 for the outer ring. For the outer ring, their
result is consistent with our result, but for the inner
ring, their result is inconsistent with our result. There
are two possible reasons of this disagreement. One is
that the turbulence is not isotropic, i.e., the turbulence
is di↵erent between radial and vertical directions. The
other is that the ring formation mechanism is di↵erent
from that assumed by Rosotti et al. (2020). Rosotti et al.
(2020) assume that ring formation is due to gas bumps.
In other scenarios, however, the dust ring width and gas
ring width do not necessarily satisfy the relationship of
equation (17). We discuss other ring formation mecha-
nisms in section 4.5.

4.3. dust size

In this section, we constrain the dust size based on the
↵/St. In the above section, we obtained ↵/St based on
fset. The Stokes number is expressed as

St =
⇡⇢matadust

2⌃gas
, (18)

where ⇢mat is the dust material density, adust is the dust
radius, and ⌃gas is the gas surface density. Therefore,
we can constrain the dust size from ↵/St obtained in the
above section and ↵, ⌃gas, and ⇢mat. We assume that
the dust is compact and icy (⇢mat = 1.0 g/cm3), and
the gas surface density ⌃gas = 21.1 g/cm2 for the inner
ring and ⌃gas = 10.0 g/cm2 for the outer ring derived
by Rab et al. (2020) based on the molecular emission
line observations. Flaherty et al. (2017) put an upper
limit that ↵ < 3⇥ 10�3, so we calculate the dust radius
for the typical three turbulence that ↵ = 3⇥ 10�3, 1⇥
10�3, 1 ⇥ 10�4. We show the results in Table 2. If we

    The growth of dust in protoplanetary disks is 
the first step of planet formation. Therefore, 
revealing the distribution and physical state of 
the dust in protoplanetary disks is a key to 
reveal the planet formation process. 
    We constrain the dust scale height of HD 
163296. This object is known to have two 
distinct ring structures at distances of 68 and 
100 au from the central star (Isella et al. 2016), 
and in this study, we constrain the dust scale 
heights of these two rings. The results show 
that hd/hg> 0.55 in the inner ring and hd/hg < 
0.44 in the outer ring, where hg is the gas 
scale height and, hd is the dust scale height. In 

other words, the dust is flared in the inner 
ring, while it is settled in the outer ring.  When 
we take it together with the estimates of scale 
height at the dust gap based on polarization 
observations (Ohashi & Kataoka 2019), the 
picture of the dust scale height over the whole 
disk is represented as shown in Figure 2. 
    The dust scale height is modeled with the ratio 
of the gas turbulence α and the Stokes number 
St. Therefore, based on the dust scale height we 
constrain, we constrain the α/St. 
We find α/St > 0.48 for the inner ring and α/
St < 0.19 for the outer ring with 2σ error range.
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From equation (10), the intensity along the major axis
is independent of the dust scale height. Therefore, we
can construct a disk model that is independent of the
dust scale height from the observed intensity along the
major axis. On the other hand, from equation (11) and
(12), the intensity along the ridge except for the major
axis or along the minor axis depends on the dust scale
height of the ring. Therefore, we can constrain the dust
scale height by the consistency of the observed intensity
along the ridge or the minor axis.
We discuss the conditions for constraining the dust

scale height from the observed images. The dust scale
height contributes to the intensity as the term �2

z tan
2 i

in the denominator of equations (11) and (12). If
�2
z tan

2 i is not too small compared to the other terms
(�2

r , �
2
beam), the e↵ect of the dust scale height appears

in the observed intensity. Then, we can constrain the
dust scale height from observations.
To summarize the discussion above, we can constrain

the dust scale height in the following steps. First, we
construct a disk surface density model from the observed
intensity along the major axis. Then, we search for the
dust scale height that reproduces the observed intensity
along the ridge or the minor axis. We require the fol-
lowing four conditions to constrain dust scale heights:
1. dust ring is optically thin, 2. the dust ring width is
not much wider than the dust scale height, 3. the incli-
nation is not too small, and 4. the dust ring is spatially
resolved.

3. APPLICATION TO HD 163296

We apply the method above to the protoplanetary disk
around HD 163296 to constrain the dust scale height by
comparing the observation and radiative transfer sim-
ulations. In section 3.1, we describe the observational
data used in this work. In section 3.2, we describe the
disk model for the radiative transfer simulation. In sec-
tion 3.3, we compare the azimuthal dependence of the
intensity along the ridge as the first comparison method.
In section 3.4, we compare the radial profile of the in-
tensity along the major and minor axes as the second
comparison method.

3.1. Observations

In this study, we use the fits data of the image of
the HD 163296 disk taken in the DSHARP campaign
(2016.1.00484.L), which is one of the ALMA large pro-
grams (Andrews et al. 2018). We select this target be-
cause the spatial resolution is high enough to apply our
method as discussed in Section 2.3. This image was
taken with ALMA Band 6, which corresponds to the
wavelengths of � = 1.25 mm. This image was made by

combining the data of project 2013.1.00366.S13 (Fla-
herty et al. 2015) and project 2013.1.00601.S4 (Isella
et al. 2016) to improve sensitivity and uv-coverage on
shorter baselines. The details of this image are shown
in Andrews et al. (2018) and Isella et al. (2018). We
assume that the distance to this object is 101.5 pc from
Gaia DR2 parallax measurements (Gaia Collaboration
et al. 2018). We assume that the central star mass
Mstar = 2.02Msun as a dynamical mass by line obser-
vation from Teague et al. (2019).

Figure 4. Image of dust continuum of HD 163296 with
ALMA Band 6 (� = 1.25 mm). We use the brightness tem-
perature, assuming Rayleigh-Jeans’ law as a representation
of intensity to preserve its linearity with the observed inten-
sity.

3.2. Setup of the simulation

Here, we describe our simulation setup to compare
with the observation. We perform radiative transfer
simulations with RADMC-3D (Dullemond et al. 2012).
In our simulation, we use spherical coordinates (r, ✓,�),
and we assume axial symmetry in � direction and plane
symmetry with respect to the midplane. The radial grid
is linearly spaced between rin = 10 au and rout = 200 au
with 512 grids. The ✓ grid is linearly spaced with 512
grids in the range 0  ✓  0.2, where ✓ = 0 is the
midplane, and ✓ = ⇡/2 is the north pole.
We adopt the following temperature profile with a

smooth power-law distribution derived by Dullemond
et al. (2020),

T (r) = 18.7 [K]

✓
r

400 [au]
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. (13)

Fig. 1. Observation (left) and simulation 
of the best model (right) 

Fig. 2. Schematic view of the dust scale height. 
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inner ring is larger than the upper limit of ↵ from the line
broadening that ↵ < 3⇥10�3 (Flaherty et al. 2017). We
need other mechanisms to keep the dust remain small for
the consistency of our result and Flaherty et al. (2017).

Table 3. turbulence ↵ under certain assumptions

Ring ↵/St ↵frag ↵1 mm

(1) (2) (3) (4)

inner ring > 0.48 > 1.4⇥ 10�2 > 3.6⇥ 10�3

outer ring < 0.19 < 8.9⇥ 10�3 < 3.0⇥ 10�3

Note—(3) Turbulence ↵ where the dust size is deter-
mined by the fragmentation limit. (4) Turbulence ↵
when the dust size is 1 mm.

Figure 12. The possible range of ↵ and St. The blue and
orange areas represent the possible range of ↵ and St for
the inner and outer rings, respectively. The red dashed line
represents the fragmentation limit, and the blue and orange
lines represent the limit of ↵/St. The brown dashed line
represents the upper limit of ↵ from the observation of line
broadening (Flaherty et al. 2017).

4.5. ring formation mechanism

In this section, we discuss the ring formation process
based on the dust scale height, which we estimate in this

study. Previously, several mechanisms have been pro-
posed for the formation of rings in protoplanetary disks,
and we consider the following four mechanisms; 1. accu-
mulation by gas gaps induced by planets, 2. enhanced
fragmentation of dust grains by sintering at snowlines,
3. dust accumulation of the outeredge of the dead zone,
and 4. secular gravitational instability (SGI). This study
shows that the settling conditions of the two rings are
di↵erent. Therefore, we consider ring formation mecha-
nisms of each ring independently.
A possible mechanism is dust accumulation by the

pressure gaps induced by planets (Lin & Papaloizou
1979; Goldreich & Tremaine 1980; Du↵ell & MacFadyen
2013; Fung et al. 2014; Kanagawa et al. 2015). Zhu et al.
(2012) show that large dust accumulates on the outside
of the pressure gap, and small dust couples with gas and
flows into the inside of the pressure gap. This process
is called dust filtration. Since the rings formed by this
process consist of large dust, the dust is settled to the
midplane. Compared to the results of our study, the
outer ring is consistent with this process because the
dust is settled, while the inner ring is inconsistent with
this process because the dust is flared.
Another possible mechanism is the sintering of the

dust (Okuzumi et al. 2016; Zhang et al. 2015). The
sintering theory predicts the rings are consist of small
dust fragments. The inner ring may be explained by the
dust sintering because the dust is flared, but the outer
ring cannot be explained because the dust is settled,
which suggests large dust grains.
Another possible mechanism is the dust accumulation

at the outer edge of the dead zone (Flock et al. 2015;
Pinilla et al. 2016; Mori & Okuzumi 2016; Ueda et al.
2019). The dead zone is the inner region of the disk
where the MRI is stabilized, and the gas turbulence is
weak. However, since the dust in the inner ring is not
settled, the turbulence is not weak, and the dead zone
is not the formation mechanism of the ring. The outer
ring is far from the central star when we consider the
dead zone. We do not rule out the possibility that the
central disk is due to the dead zone.
The last possible mechanism we consider is secular

gravitational instability (SGI; Ward 2000; Youdin 2011;
Michikoshi et al. 2012; Takahashi & Inutsuka 2014; Tom-
inaga et al. 2019). The SGI is stabilized by the turbu-
lence, so the turbulence must be weak for instability to
develop. Therefore, the dust is settled in the dust ring
formed by the SGI. From the perspective of the dust
scale height, the outer ring is consistent, and the inner
ring is inconsistent.
To summarize the above, from the perspective of dust

scale height, the formation mechanism of the inner ring
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From equation (10), the intensity along the major axis
is independent of the dust scale height. Therefore, we
can construct a disk model that is independent of the
dust scale height from the observed intensity along the
major axis. On the other hand, from equation (11) and
(12), the intensity along the ridge except for the major
axis or along the minor axis depends on the dust scale
height of the ring. Therefore, we can constrain the dust
scale height by the consistency of the observed intensity
along the ridge or the minor axis.
We discuss the conditions for constraining the dust

scale height from the observed images. The dust scale
height contributes to the intensity as the term �2

z tan
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in the denominator of equations (11) and (12). If
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2 i is not too small compared to the other terms
(�2

r , �
2
beam), the e↵ect of the dust scale height appears

in the observed intensity. Then, we can constrain the
dust scale height from observations.
To summarize the discussion above, we can constrain

the dust scale height in the following steps. First, we
construct a disk surface density model from the observed
intensity along the major axis. Then, we search for the
dust scale height that reproduces the observed intensity
along the ridge or the minor axis. We require the fol-
lowing four conditions to constrain dust scale heights:
1. dust ring is optically thin, 2. the dust ring width is
not much wider than the dust scale height, 3. the incli-
nation is not too small, and 4. the dust ring is spatially
resolved.

3. APPLICATION TO HD 163296

We apply the method above to the protoplanetary disk
around HD 163296 to constrain the dust scale height by
comparing the observation and radiative transfer sim-
ulations. In section 3.1, we describe the observational
data used in this work. In section 3.2, we describe the
disk model for the radiative transfer simulation. In sec-
tion 3.3, we compare the azimuthal dependence of the
intensity along the ridge as the first comparison method.
In section 3.4, we compare the radial profile of the in-
tensity along the major and minor axes as the second
comparison method.

3.1. Observations

In this study, we use the fits data of the image of
the HD 163296 disk taken in the DSHARP campaign
(2016.1.00484.L), which is one of the ALMA large pro-
grams (Andrews et al. 2018). We select this target be-
cause the spatial resolution is high enough to apply our
method as discussed in Section 2.3. This image was
taken with ALMA Band 6, which corresponds to the
wavelengths of � = 1.25 mm. This image was made by

combining the data of project 2013.1.00366.S13 (Fla-
herty et al. 2015) and project 2013.1.00601.S4 (Isella
et al. 2016) to improve sensitivity and uv-coverage on
shorter baselines. The details of this image are shown
in Andrews et al. (2018) and Isella et al. (2018). We
assume that the distance to this object is 101.5 pc from
Gaia DR2 parallax measurements (Gaia Collaboration
et al. 2018). We assume that the central star mass
Mstar = 2.02Msun as a dynamical mass by line obser-
vation from Teague et al. (2019).

Figure 4. Image of dust continuum of HD 163296 with
ALMA Band 6 (� = 1.25 mm). We use the brightness tem-
perature, assuming Rayleigh-Jeans’ law as a representation
of intensity to preserve its linearity with the observed inten-
sity.

3.2. Setup of the simulation

Here, we describe our simulation setup to compare
with the observation. We perform radiative transfer
simulations with RADMC-3D (Dullemond et al. 2012).
In our simulation, we use spherical coordinates (r, ✓,�),
and we assume axial symmetry in � direction and plane
symmetry with respect to the midplane. The radial grid
is linearly spaced between rin = 10 au and rout = 200 au
with 512 grids. The ✓ grid is linearly spaced with 512
grids in the range 0  ✓  0.2, where ✓ = 0 is the
midplane, and ✓ = ⇡/2 is the north pole.
We adopt the following temperature profile with a

smooth power-law distribution derived by Dullemond
et al. (2020),
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