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Fig. 2. Initial and final snapshots of a head-on collision (b = 0) between a projectile of Nproj = 2000 and a target of Ntarget = 128000 at
ucol = 52m s−1. Right panels show cross sectional views with particles that are painted dependent on the amount of energy dissipation as indicated
in the scale bar.

4.2. Dust growth in protoplanetary disks

We found that aggregate collisions with high mass ratios
Ntarget/Nproj lead to high growth efficiency f̄ averaged over b.
The reason of this increase in f̄ would be explained by the effect
of head-on collisions. Head-on collisions allow for aggregates to
stick with each other more effectively than offset collisions (see
Fig. 4). Experimental studies also report that head-on collisions
of porous aggregates onto large (flat) targets result in high ucol,crit
(Wurm et al. 2005; Teiser & Wurm 2009; Paraskov et al. 2007).
For high Ntarget/Nproj, offset collisions even at relatively high im-
pact parameter b closely resemble head-on collisions, therefore
producing high f . This effect promotes dust growth and plan-
etesimal formation.

In contrast, averaging over the impact parameter, the criti-
cal collision velocity for dust growth is unchanged even for col-
lisions with a high Ntarget/Nproj = 64 (the critical velocity for
ice aggregates is less than 100 m s−1). One reason for this sup-
pression is that offset collisions, at which ejected mass becomes
high, partly contribute to suppress the increase in ucol,crit. An-
other and probably main reason is that only the kinetic energy
or the velocity of the projectile is important for the growth effi-
ciency when the target size is sufficiently large. This is suggested

by the fact that the impact energy is not distributed over a whole
region of a target, limited to a region comparable to the projectile
size (Figs. 2 and 3). The collision outcomes would be similar to
cratering when the target size is sufficiently large.

As shown above, icy aggregates have sufficiently high ucol,crit
and the growth efficiency is significantly enhanced at v ∼
50m s−1 for collisions with high mass ratios. These strongly sup-
port the formation model of icy planetesimals via direct dust
growth (e.g., Okuzumi et al. 2012; Kataoka et al. 2013b). For
silicate dust aggregates, on the other hand, the critical velocity
for growth is estimated to be 8 (r/0.1µm)−5/6m s−1 from the scal-
ing relation (Eq. 7). Since the collision velocity in protoplanetary
disks could reach at least 25 m s−1, ucol,crit # 8 m s−1 means that
silicate aggregates cannot grow through collisions. In contrast,
the optimistic growth possibility with ucol,crit > 20 m s−1 is in-
ferred from experimental studies (Wurm et al. 2005; Teiser &
Wurm 2009; Teiser et al. 2011; Paraskov et al. 2007). In these
experiments, however, aggregate accretion is argued based on
(nearly) head-on collisions. Head-on collisions tend to increase
the growth efficiency and we can see the trend in Figure 4, fo-
cusing on f values at b = 0. For example, in panel (f), f around
b = 0 is still positive at ucol = 174m s−1 and ucol,crit reaches
more than twice compared to that in equation (8). In addition,
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Figure 1. aa

following Isella et al. (2016). We discussed the e↵ect of
the temperature assuming other model in appendix A.
Table 1 shows the fixed values for the fitting. We as-

sume the disk inclination i = 46.7� ± 0.1� and position
angle P.A. = 146.6� ± 0.1� from the fitting by Huang
et al. (2018b). We estimate the noise level of each ob-
servations to be 0.26 K for Band 6 and 0.19 K for Band 4
from the standard deviation of the emission free region.
We search the best fit value by computing the resid-

ual of the observations and models. We calculate �2

between the observations and models in circular region
around the FWHM of the ring width as listed in table 1.
We exclude the 3rd quartile of the image for compari-
son since there are asymmertic crescent like structure as
pointed out by (Isella et al. 2018). We discuss the e↵ect
and choice of exclude region in Appendix B. The free pa-
rameters are the ring radius r0, the optical depth of the
ring center ⌧0, the ring width w0, the dust scale height
h0, and the ring center from the phase center xcen, ycen.
We also derive 3� error range where �2 < min��2+32.

4. RESULT

We show the derived parameters in table 1 and radial
profiles of the observations and the best fit models in
figure 2 and 3. The radial profiles of the observations
and simulations are in good agreement, at least in the
comparison region, which is almost the FWHM of the
ring.
The di↵erence between the observations and models

is large, especially on the outside of the outer ring. This
indicates that the dust distribution deviates from the
Gaussian in that region. It may be due to the that
there are no planets just outside of the outer ring, and

Table 1. fixed values

quantity value

disk parameter

inclination 46.�7

position angle 133�.3

fitting region

inner ring 62-73 au

outer ring 96-105 au

noise

Band 4 0.19 K

Band 6 0.26 K

Note—The observational pa-
rameters of the images used in
this study.

the gas pressure gradient is shallower than in the other
regions.

We found a di↵erent trend of wavelength dependency
for the ring width between the inner and outer rings.
The ring width is narrower in Band 4 than in Band 6 for
the outer ring, while the ring width is identical within
the error for the inner ring. In the pressure trapping
scenario, larger dust accumulates to the pressure bumps
more strongly and therefore forms narrower rings. If the
maximum dust size of the dust size distribution lasts
larger than the observed wavelength, we trace larger
dust with a longer wavelength since observations are the
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Recent Observations
Key Findings 

- Millimeter: spatial distribution of dust grains

   (rings, asymmetries, spirals, …)

- Infrared: detection of planets (in PDS 70 and WISPIT2)


Challenges 
- characterization of dust properties 

- dust size

- dust surface density

- dust temperature

3

Introduction

Figure 3. Gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au scalebars are shown in the lower left
and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce the dynamic range (accentuate fainter details without over-
saturating the bright emission peaks). For more quantitative details regarding the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al.
(2018).

9

The Astrophysical Journal Letters, 869:L41 (15pp), 2018 December 20 Andrews et al.

ALMA millimeter continuum images

(Andrews et al. 2018)

(thermal emission from dust grains)
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Intensity

 - 

Free parameters:

 - dust temperature  
 - dust surface density 

 - dust opacity, depending on dust size (distribution): 


I = B(T) × (1 − exp(−τ)) = B(T) × (1 − exp(κabs(adust)Σdust)) + (scattering)

T
Σdust

κ(a)

Multi-frequency observations (e.g., Sierra et al. 2021, 2024, Zagaria et al. 2025)

Method
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The wavelength dependence of dust opacity 
reflects dust properties (size, composition).

→ We can constrain the dust properties

      from multi-wavelength observations.

Multi-frequency observations
A&A 568, A42 (2014)
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Fig. 2. Absorption mass opacities for each dust radius and filling factor. a) Parameter space in volume filling factor f against dust radius a to
investigate mass opacity. The dotted lines correspond to b)−d). b) Absorption mass opacity when dust radius a changes while f = 1. c) When
the dust filling factor changes while a = 1 mm. d) When both a and f change while a f keeps constant. The constant a f corresponds to the same
mass-to-area ratio of the dust aggregates.

effects on the dust opacity. Figure 2c shows the mass opacity of
different filling factors while the dust radius is fixed at a = 1 mm.
The mass opacity strongly depends on the filling factor but can-
not be characterized by one parameter. Figure 2d shows that the
mass opacity when both a and f change but a f remains con-
stant. The mass opacity is almost the same in this case. This re-
sult suggests that the optical properties of fluffy dust aggregates
are characterized by a f .

Here, we introduce a new parameter a f , where a is the
dust radius and f is the filling factor. Keeping a f constant cor-
responds to the constant mass-to-area ratio of the dust aggre-
gates because (mass-to-area ratio)∼(a3 f )/(a2) ∼ a f . We already
find that the mass opacity is characterized by a f in the case of
a f = 0.1 µm in Fig. 2d. Next, we investigate whether the mass
opacity is characterized by one parameter a f in the wide range
of a f .

Figure 3 shows the mass opacity where a f is fixed for each
panel: a f has values of 1 µm, 10 µm, 100 µm, 1 mm, and 1 cm.
This figure clearly shows that the absorption mass opacity is al-
most the same in the cases of the same a f . For example, dust
aggregates that have a size of 10 m and a filling factor of 10−4

are optically equivalent to 1 mm compact grains except for the
interference structure. We will show the reason why the absorp-
tion mass opacity is characterized by a f in Sect. 4.

That the absorption mass opacity is characterized by a f is
a very naive result for observations: the filling factor cannot

be measured because it is degenerated with the dust radius.
Therefore, to derive both the filling factor and the dust radius
separately, we should find another clue rather than the general
behavior of the absorption mass opacity. We find two differences
which might be ways to distinguish between a and f : the inter-
ference structure of the absorption mass opacity and the scatter-
ing mass opacity at long wavelengths. We discuss the interfer-
ence first and will discuss the scattering mass opacity later in
this section.

The only difference in the absorption mass opacity between
the compact and fluffy cases if a f is the same is the interfer-
ence structure, which appears when the size parameter x is close
to unity. In the case of a f = 1 mm, for example, the absorp-
tion mass opacity in the compact case is one order of magnitude
higher than the fluffy cases. This is a way to distinguish between
compact grains and fluffy aggregates in protoplanetary disks. We
will discuss the reason why the interference structure is unique
only in the compact case in Sect. 4, and also discuss the feature
as a way to distinguish between compact and fluffy aggregates
by using the dust opacity index β in Sect. 5.

3.2. Scattering mass opacity

We also calculate the scattering mass opacity by using Mie cal-
culations. Figure 4 shows the scattering mass opacities in the
case of a f = 0.1 µm, 1 µm, 100 µm, and 1 mm. This figure

A42, page 4 of 15

dust opacity

(Kataoka et al. 2014)

Method
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The need for high-frequency observations

2022). The dust size has been estimated from these observations (see next section). Despite this
object has been observed extensively, high-frequency observations in Band 9 or 10 have not yet been
performed.
We propose high-frequency observations of this object. Thanks to its large disk size and high

luminosity, we can make spatially resolved observations of the disk structure at multiple wavelengths.
In addition, archival observations are available at multiple wavelengths. We can make a reliable
constraint on the dust size of this well-studied benchmark disk by adding the currently
missing high-frequency observations (see next section).

3 Scientific Rationale
Main Goal: Disk Temperature, Dust Size, and Surface Density

Figure 2: Top: Planck function and Rayleigh-
Jeans approximation. The deviation from
the Rayleigh-Jeans approximation becomes
larger at shorter wavelengths. Bottom: Ex-
pected spectrum of HD 163296 at 100 au with
di↵erent temperature models from Sierra et
al. 2021 (High Temperature model) and
Guidi et al. 2022 (Low Temperature model).

Estimating dust sizes from multi-wavelength obser-
vations is challenging. There are three parameters
that determine the intensity: dust temperature, dust
surface density, and dust size. In principle, we can
constrain these three parameters from observations
at three or more wavelengths. However, there is also
an intrinsic degeneracy between dust size and optical
depth, as the following cases show a similar wave-
length dependence: 1. high temperature, low surface
density, and large dust size 2. low temperature, high
surface density, and small dust size. In addition, the
flux calibration error and thermal noise introduce un-
certainties in the estimation of these parameters.
So far, two representative studies have estimated

the dust size of HD 163296 from multi-wavelength
observations: Sierra et al. 2021 and Guidi et al.
2022, but these results show significantly di↵erent
dust sizes. Sierra et al. 2021 estimated the dust
size from ALMA Band 6 (1.3 mm) and Band 3 (3.0
mm) observations using a temperature model derived
from the CO isotopologue observations of Zhang et
al. 2021. They estimated that the dust size in the
outer ring is larger than in other regions and that the
dust size in the rings is a few cm. However, the dust
temperature has a model dependence on the vertical
temperature structure since the CO emission traces
the disk surface, which is not the same as the dust
temperature. On the other hand, Guidi et al. 2022
estimated the dust size, surface density, and temper-
ature from ALMA Band 7 (0.9 mm), 6 (1.3 mm), 4
(2.1 mm), 3 (3.0 mm), and VLA Ka-band (9.0 mm)
observations. They concluded that the dust size is
around 100 µm in the whole disk. These two studies
used di↵erent temperature models, and Guidi et al.
2022 derived 13 K at the 100 au ring, while Sierra et al. 2021 assumed 18 K at the same radius.
Thus, previous studies derived di↵erent dust sizes from di↵erent temperature models.

2

R-J approx

Free parameters:

- dust temperature  

- dust surface density 


- dust size (distribution) 


T
Σdust

κ(a)

Method

I = B(T) × (1 − exp(−τ))
FUNCTION ↑She is not Max Planck.

Planck func.

Band 9 (0.45 mm) observations are sensitive to the dust temperature.
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Band 3 (3.0 mm) Band 4 (2.1 mm) Band 6 (1.3 mm) Band 7 (0.87 mm) Band 9 (0.45 mm)

7

Proposed observations

?
2023.1.00578.S 

PI: K. Doi

High-frequency observations: to break the degeneracy between temperature and optical depth

High-resolution observations: to resolve the disk structure 
                     (not to average the emission from different dust properties)

Observations

resolution ~ 0.06 arcsec (=6 au)
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High-resolution images

resolution ~ 0.06 arcsec (=6 au)

Results

Band 3 (3.0 mm) Band 4 (2.1 mm) Band 6 (1.3 mm) Band 7 (0.87 mm) Band 9 (0.45 mm)

2023.1.00578.S 
PI: K. Doi

Central disk + double rings are clearly seen in all wavelengths.



/19Kiyoaki Doi, Perspectives of Planet and Star Formation, June. 2026 9

Low-resolution images

resolution ~ 0.1 arcsec (=10 au)

Results

2023.1.00578.S 
PI: K. Doi

Kiyoaki Doi et al.: Dust characterization of the HD 163296 disk with high-resolution multi-wavelength ALMA observations

Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100

Article number, page 19
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.
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Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100

Article number, page 19

Kiyoaki Doi et al.: Dust characterization of the HD 163296 disk with high-resolution multi-wavelength ALMA observations

Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100
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Fig. D.1: The same as Fig. 1, but for the low-resolution images. The imaging settings, rms noise, and image intensities are summa-
rized in Table D.1. The white ellipses at the bottom left of each panel indicate the beam size.

Appendix F: Fitting with/without Band 9

To demonstrate the importance of the Band 9 observations,
we also performed SED fitting using only the four longer-
wavelength bands, Bands 3, 4, 6, and 7, excluding Band 9. Fig-
ure F.1 presents the SED fitting results for the DSHARP de-
fault compact dust model for both the high-resolution and low-1060

resolution images for the case without Band 9.
For the high-resolution image at the inner ring at r = 0→→.67,

the temperature is constrained to T = 26.30+4.60
↑2.86 when Band 9

is included, whereas it is constrained to T = 54.95+49.76
↑24.75 without

Band 9. Thus, the inclusion of Band 9 provides an order of mag-
nitude tighter constraint on the temperature, which in turn leads
to substantially tighter constraints on the dust surface density
and grain size. A similar trend is seen in the low-resolution SED
fitting. In the extended outer region, only a lower limit on the
temperature is obtained without Band 9, whereas both a lower1070

limit and an upper limit are obtained when Band 9 is included.

Appendix G: Profile Likelihoods and Marginal
Distributions

Fig. G.1 shows the profile likelihoods and marginalized distribu-
tions for the DSHARP Zubko (compact) model. In marginaliza-
tion, flat priors are assumed for each parameter. Among the two
solutions seen in the profile likelihood, with a < 100 µm and

a > 100 µm, the a < 100 µm solution becomes less pronounced
in the marginalized distribution. This is because the small-grain
solution occupies only a narrow region of parameter space and 1080

is therefore assigned less posterior weight by marginalization.
Thus, marginalization tends to emphasize solutions that are sup-
ported over a broader volume of parameter space, but it can also
reduce the weight of solutions confined to a narrow region of
parameter space.

Appendix H: Optical Depth Profiles

Figures H.1 and H.2 show the radial profiles of the absorption
optical depth and the effective scattering optical depth for each
dust model, respectively. At the ring locations, the absorption
optical depth at Band 9 is larger than 1 for all dust models, in- 1090

dicating that the Band 9 observations are suitable as a tracer of
temperature. On the other hand, at Band 3, the absorption optical
depth is less than 1 for all dust models, which shows that the ob-
servations over this wide wavelength range enable the simultane-
ous estimation of temperature, surface density, and dust size. On
the other hand, at the central disk, the absorption optical depth
is marginally optically thick even at Band 3, suggesting the need
for observations at longer wavelengths. The effective scattering
optical depth varies significantly depending on the model, and
especially for the compact small grain solutions, the scattering is 1100

Article number, page 19

Band 3 (3.0 mm) Band 4 (2.1 mm) Band 6 (1.3 mm) Band 7 (0.87 mm) Band 9 (0.45 mm)

The outer extended emission is brighter at shorter wavelengths.
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Fig. 3: Radial profiles and spectral index along the major axis
on the northwest side, averaged over a range of ω ± 22.5→.
The top panel shows the radial profiles in brightness tempera-
ture using the Rayleigh-Jeans approximation, while the middle
panel shows those in brightness temperature computed using the
Planck function. The bottom panel shows the spectral index. The
shaded areas indicate the ±1ε range of rms noise. The bar at
the top left of the bottom panel indicates the ±1ε range of the
ALMA flux calibration uncertainty. The vertical gray dashed and
dotted lines indicate the ring and gap radii, respectively, reported
by Huang et al. (2018).

after, DSHARP default) (Birnstiel et al. 2018), and the other is a330

dust model that uses the same mass fraction as the DSHARP
default model but replaces the carbonaceous material of the
refractory organics (Henning & Stognienko 1996) with amor-
phous carbon (sample BE) from (Zubko et al. 1996) (hereafter,
DSHARP Zubko). The BE sample from Zubko et al. (1996) has
a larger imaginary part of the complex refractive index than the
refractory organics from Henning & Stognienko (1996), result-
ing in a larger absorption coefficient and a lower albedo. We also
consider both compact dust (p = 0) and porous dust (p = 0.9),
where p is the porosity. The optical properties of these dust mod-340

els are summarized in Appendix C.

We assume a power-law dust size distribution and consider
the power-law index q and the maximum dust size amax as pa-
rameters. Here, the power-law index q is defined such that the
dust size distribution follows n(a) ↑ a↓q. The minimum dust
size is fixed at 1 µm. For porous dust, we express the dust size

Fig. 4: Normalized azimuthal profiles of HD 163296 at r = 0↔↔.55
along the crescent. The crosses at the bottom left of each panel
indicate the beam size in the azimuthal direction and the ±1ε
noise level. The solid lines are the azimuthal profiles from im-
ages with circular beams in the deprojected plane, as in Fig. 2.

as an effective size aeff = a ↗ (1 ↓ p), which allows comparison
between compact and porous dust (Kataoka et al. 2014).

We computed the size-dependent dust opacities using Mie
theory (Mie 1908) with the dsharp_opac code (Birnstiel et al. 350

2018). When the dust size becomes comparable to or larger
than the wavelength, forward scattering dominates the scat-
tering. Therefore, we calculated the effective scattering opac-
ity ϑsca,eff

ϖ = (1 ↓ gϖ)ϑsca
ϖ using the asymmetry parameter gϖ

(Henyey & Greenstein 1941; Tazaki et al. 2019). Then, we inte-
grated over the size distribution to calculate the dust absorption
opacity ϑabs

ϖ , the effective scattering opacity ϑsca,eff
ϖ , and the ex-

tinction opacity ϑext,eff
ϖ = ϑabs

ϖ + ϑ
sca,eff
ϖ . By calculating the model

intensity using these opacities and comparing it with the ob-
served intensity, we can estimate the dust properties. 360

From Eq. (1), we calculate the model intensity for a given set
of the dust temperature, surface density, maximum dust size, and
power-law index. The probability of a given set of parameters is
then calculated from the difference between the observed and
model intensities at each radius as

P(T,Σdust, amax, q) ↑ exp
(
↓ϱ2/2

)
, (3)

where

ϱ2 =
∑

i

(
Iobs,i ↓ Imodel,i

)2

ε2
tot,i

. (4)

Here, Iobs,i is the observed intensity, Imodel,i is the model intensity
calculated from Eq. (1), and εtot,i is the total uncertainty of the
observed intensity. The total uncertainty εtot is given by

ε2
tot,i = ε

2
thermal,i + (ςiIobs,i)2, (5)

where ςi is the absolute flux calibration uncertainty of the ob- 370

served intensity. Here, we adopt the nominal ALMA flux cal-
ibration uncertainty of 20% for Band 9, 10% for Band 7 and
Band 6, and 5% for Band 4 and Band 3 (Cortes et al. 2025).

We created a grid of the four parameters: temperature, sur-
face density, maximum dust size, and power-law index, and cal-
culated the model intensity at each grid point to compare with
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Fig. 3: Radial profiles and spectral index along the major axis
on the northwest side, averaged over a range of ω ± 22.5→.
The top panel shows the radial profiles in brightness tempera-
ture using the Rayleigh-Jeans approximation, while the middle
panel shows those in brightness temperature computed using the
Planck function. The bottom panel shows the spectral index. The
shaded areas indicate the ±1ε range of rms noise. The bar at
the top left of the bottom panel indicates the ±1ε range of the
ALMA flux calibration uncertainty. The vertical gray dashed and
dotted lines indicate the ring and gap radii, respectively, reported
by Huang et al. (2018).

after, DSHARP default) (Birnstiel et al. 2018), and the other is a330

dust model that uses the same mass fraction as the DSHARP
default model but replaces the carbonaceous material of the
refractory organics (Henning & Stognienko 1996) with amor-
phous carbon (sample BE) from (Zubko et al. 1996) (hereafter,
DSHARP Zubko). The BE sample from Zubko et al. (1996) has
a larger imaginary part of the complex refractive index than the
refractory organics from Henning & Stognienko (1996), result-
ing in a larger absorption coefficient and a lower albedo. We also
consider both compact dust (p = 0) and porous dust (p = 0.9),
where p is the porosity. The optical properties of these dust mod-340

els are summarized in Appendix C.

We assume a power-law dust size distribution and consider
the power-law index q and the maximum dust size amax as pa-
rameters. Here, the power-law index q is defined such that the
dust size distribution follows n(a) ↑ a↓q. The minimum dust
size is fixed at 1 µm. For porous dust, we express the dust size

Fig. 4: Normalized azimuthal profiles of HD 163296 at r = 0↔↔.55
along the crescent. The crosses at the bottom left of each panel
indicate the beam size in the azimuthal direction and the ±1ε
noise level. The solid lines are the azimuthal profiles from im-
ages with circular beams in the deprojected plane, as in Fig. 2.

as an effective size aeff = a ↗ (1 ↓ p), which allows comparison
between compact and porous dust (Kataoka et al. 2014).

We computed the size-dependent dust opacities using Mie
theory (Mie 1908) with the dsharp_opac code (Birnstiel et al. 350

2018). When the dust size becomes comparable to or larger
than the wavelength, forward scattering dominates the scat-
tering. Therefore, we calculated the effective scattering opac-
ity ϑsca,eff

ϖ = (1 ↓ gϖ)ϑsca
ϖ using the asymmetry parameter gϖ

(Henyey & Greenstein 1941; Tazaki et al. 2019). Then, we inte-
grated over the size distribution to calculate the dust absorption
opacity ϑabs

ϖ , the effective scattering opacity ϑsca,eff
ϖ , and the ex-

tinction opacity ϑext,eff
ϖ = ϑabs

ϖ + ϑ
sca,eff
ϖ . By calculating the model

intensity using these opacities and comparing it with the ob-
served intensity, we can estimate the dust properties. 360

From Eq. (1), we calculate the model intensity for a given set
of the dust temperature, surface density, maximum dust size, and
power-law index. The probability of a given set of parameters is
then calculated from the difference between the observed and
model intensities at each radius as

P(T,Σdust, amax, q) ↑ exp
(
↓ϱ2/2

)
, (3)

where

ϱ2 =
∑

i

(
Iobs,i ↓ Imodel,i

)2

ε2
tot,i

. (4)

Here, Iobs,i is the observed intensity, Imodel,i is the model intensity
calculated from Eq. (1), and εtot,i is the total uncertainty of the
observed intensity. The total uncertainty εtot is given by

ε2
tot,i = ε

2
thermal,i + (ςiIobs,i)2, (5)

where ςi is the absolute flux calibration uncertainty of the ob- 370

served intensity. Here, we adopt the nominal ALMA flux cal-
ibration uncertainty of 20% for Band 9, 10% for Band 7 and
Band 6, and 5% for Band 4 and Band 3 (Cortes et al. 2025).

We created a grid of the four parameters: temperature, sur-
face density, maximum dust size, and power-law index, and cal-
culated the model intensity at each grid point to compare with

Article number, page 7
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Radial Profiles
Results

Radius [arcsec]

- The rings appear wider and the gap appears shallower at shorter wavelength. 
- The outer ring (r=1.0”) is dark in B9.
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Rayleigh–Jeans Conversion Full Planck Conversion
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Spectral Fitting
A&A 568, A42 (2014)
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(d) constant mass-to-area ratio : af = 0.1 µm

a=0.1 µm, f=100

a=1 µm, f=10-1

a=10 µm, f=10-2

a=100 µm, f=10-3

a=1 mm, f=10-4

Fig. 2. Absorption mass opacities for each dust radius and filling factor. a) Parameter space in volume filling factor f against dust radius a to
investigate mass opacity. The dotted lines correspond to b)−d). b) Absorption mass opacity when dust radius a changes while f = 1. c) When
the dust filling factor changes while a = 1 mm. d) When both a and f change while a f keeps constant. The constant a f corresponds to the same
mass-to-area ratio of the dust aggregates.

effects on the dust opacity. Figure 2c shows the mass opacity of
different filling factors while the dust radius is fixed at a = 1 mm.
The mass opacity strongly depends on the filling factor but can-
not be characterized by one parameter. Figure 2d shows that the
mass opacity when both a and f change but a f remains con-
stant. The mass opacity is almost the same in this case. This re-
sult suggests that the optical properties of fluffy dust aggregates
are characterized by a f .

Here, we introduce a new parameter a f , where a is the
dust radius and f is the filling factor. Keeping a f constant cor-
responds to the constant mass-to-area ratio of the dust aggre-
gates because (mass-to-area ratio)∼(a3 f )/(a2) ∼ a f . We already
find that the mass opacity is characterized by a f in the case of
a f = 0.1 µm in Fig. 2d. Next, we investigate whether the mass
opacity is characterized by one parameter a f in the wide range
of a f .

Figure 3 shows the mass opacity where a f is fixed for each
panel: a f has values of 1 µm, 10 µm, 100 µm, 1 mm, and 1 cm.
This figure clearly shows that the absorption mass opacity is al-
most the same in the cases of the same a f . For example, dust
aggregates that have a size of 10 m and a filling factor of 10−4

are optically equivalent to 1 mm compact grains except for the
interference structure. We will show the reason why the absorp-
tion mass opacity is characterized by a f in Sect. 4.

That the absorption mass opacity is characterized by a f is
a very naive result for observations: the filling factor cannot

be measured because it is degenerated with the dust radius.
Therefore, to derive both the filling factor and the dust radius
separately, we should find another clue rather than the general
behavior of the absorption mass opacity. We find two differences
which might be ways to distinguish between a and f : the inter-
ference structure of the absorption mass opacity and the scatter-
ing mass opacity at long wavelengths. We discuss the interfer-
ence first and will discuss the scattering mass opacity later in
this section.

The only difference in the absorption mass opacity between
the compact and fluffy cases if a f is the same is the interfer-
ence structure, which appears when the size parameter x is close
to unity. In the case of a f = 1 mm, for example, the absorp-
tion mass opacity in the compact case is one order of magnitude
higher than the fluffy cases. This is a way to distinguish between
compact grains and fluffy aggregates in protoplanetary disks. We
will discuss the reason why the interference structure is unique
only in the compact case in Sect. 4, and also discuss the feature
as a way to distinguish between compact and fluffy aggregates
by using the dust opacity index β in Sect. 5.

3.2. Scattering mass opacity

We also calculate the scattering mass opacity by using Mie cal-
culations. Figure 4 shows the scattering mass opacities in the
case of a f = 0.1 µm, 1 µm, 100 µm, and 1 mm. This figure
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dust opacity

(Kataoka et al. 2014)

Method

Free parameters:

- dust temperature  

- dust surface density 


- dust size (distribution) 


T
Σdust

κ(a)

I = B(T) × (1 − exp(−τ))
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Dust model: composition and porosity
Results

Dust composition: Dust porosity:
- compact (p=0.0)

- porous (p=0.9)

Cartoon illustrating the dust particle models used in this paper. Dust models are characterized by the volume

(water + silicates + troilite + carbonaceous material)

- containing amorphous carbon  
             for carbonaceous material

- containing refractory organics  
                  for carbonaceous material

higher albedo, smaller opacity

lower albedo, larger opacity

We compare 4 models (2 compositions x 2 porosities).
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Dust composition and porosity
Results

composition (carbonaceous material)

refractory organics 
(Pollack et al. 1994, Henning and Stognienko 1996)

amorphous carbon 
(Zubko et al. 1996)

porosity

compact high dust mass:

dust-to-gas mass ratio is too high

very small dust size:

 inconsistent with dust settling


(Doi & Kataoka 2021)

porous high dust mass:

gravitationally unstable prefered

The fitting results, together with some physical requirements, favor 

porous grains containing amorphous carbon.
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Dust surface density, size, and temperature
Results

Incl. amorphous carbon & porous model (preferred model)

- The outer ring (r=1.0”) is cold (~13 K)

- The ring gap structures corresponds to  
              the density peaks and gaps.

- The dust size is loosely constrained.
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Disk model: thermal structure
Discussion

inner ring
15

heating & scattering shadowing & no scattering

G. A. Muro-Arena et al.: Dust modeling of the combined ALMA and SPHERE datasets of HD 163296

Fig. 12. Comparison between the H-band Q�

SPHERE image (left) and model M2 (right).
A second ring was artificially added to the
image of the model with a semimajor axis of
125 AU, a thickness of 24 AU, and a surface
brightness 46 times lower than that of the first
ring.

Since the outer disk is growth-limited, we observe no large
amount of large grains beyond 100–200 AU. This is qualitatively
consistent with the ALMA observations, which show a sharp
decrease in optical depth around ⇠125 AU between the second
and third rings. The remaining intermediate size grains beyond
⇠125 AU could also provide the low optical depth responsible
for the faint thermal emission seen from the third ring in the
ALMA image. The low abundance of small grains remaining
in the outer disk in this model might be enough to explain the
emission seen in the HST scattered light images, while at the
same time this abundance is low enough to explain the absence
of the second and third ALMA rings in the polarized scattered
light images.

To determine if this depletion of small grains in the outer
regions of the disk is enough to explain the nondetection of the
second ring in the polarized scattered light images, we estimate
the radial optical depth contrast between the location of the first
ring, at 77 AU, and the second ring at 125 AU. The optical depth
per unit length in the radial direction at a distance r from the star
in the J and H bands is given by the sum of the optical depths
contributed by each grain size population,

�⌧(r)J,H

�l
=
X

ai

(ai)J,H⇢(r, ai), (9)

where (ai)H,J is the opacity of dust grains of size ai at the J or
H band, obtained from MCMax3D, ⇢(r, ai) the density of grains
of size ai on the surface of the disk at a distance r from the
star, and �l a radial distance. Since both rings are unresolved
(or barely resolved) in the ALMA image, which has a resolu-
tion of 0.2 arcsec or ⇠24 AU, we cannot estimate their thickness.
However, the FWHM for the first ring was measured from the
H-band Q� image and found to be approximately 24 AU. We
shall assume for simplicity this is the thickness of both rings,
although it is more likely an upper limit for the width of the sec-
ond ring. This assumption allows us to compare the optical depth
contrast, and therefore the surface brightness contrast, between
the two rings. We approximate ⇢(r, ai) by

⇢(r, a) ⇠ ⌃(r, a)
H(r)

, (10)

where ⌃(r, a) is the surface density of particles of size ai at
a distance r from the center of the star obtained from the
grain size reconstruction of our dust evolution model, and H(r)
the MCMax3D pressure scale height at a distance r from the

center of the disk. The optical depth contrast between the first
and second ring can then be expressed as

�⌧(R1)J,H

�⌧(R2)J,H
⇠ H(R2)

H(R1)

P
ai
(ai)J,H⌃(R1, a)

P
ai
(ai)J,H⌃(R2, a)

, (11)

where R1 and R2 are the radii of the first and second rings,
respectively. We integrated the product of (ai)⌃(r, ai) over all
grain sizes at both radii, at a wavelength of 1.6 µm, and found
this value to drop by a factor 14 from the first to the second ring.
Accounting also for the spread of dust grains over a larger verti-
cal extent (first term on the right-hand-side of Eq. (11) using the
scale height of our MCMax3D model (see Table 1), we find the
optical depth at 125 AU to drop by an additional 1.8 factor rela-
tive to the optical depth of the first ring, yielding a total optical
depth contrast of about 25.

Assuming the radial optical depth at the location of the first
ring is ⌧ ⇠ 1, this amounts to a relative intensity about 16 times
lower for the second ring as a consequence of the drop in sur-
face density and the increasing scale height. Taking into account
the r

�2 dependence of the stellar radiation field as well, the total
intensity of scattered light we could expect for the second ring in
this model can be as low as 46 times fainter than the intensity of
the first ring.

To test whether this contrast in intensity is high enough to
account for the absence of the second ring in the scattered light
images, we manually added a second ring to the H-band image
of our model M2. This was carried out by measuring the average
flux of the first ring at each position angle, scaling it down by
a factor 46, and adding it to the image at a distance of 125 AU
from the center of the first ring to recreate a similar offset. The
flux was measured at each position angle in circular apertures
of radius r = 8 pixels, and then added in circles of the same
radius at the expected location of the second ring, and at the cor-
responding position angle. This allowed us to simulate a second
ring with a similar width to that of the first ring and a similar
asymmetry. The resulting image is shown in the right side of
Fig. 12. We see that, at ⇠2% of the intensity of the first ring,
the artificially added second ring is almost completely invisible
at the noise level of our polarized scattered light H-band image.
Only the brightest side of the ring shows up, at a very low S/N,
at the northwest side of the image.

Even though this scenario can successfully explain the non-
detection of the outer rings in the scattered light images, a
depletion of the smallest grains in the outer disk to this degree
is not strictly necessary to produce this effect. As discussed in
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the radius r, the inclination i at which they are observed, and
the position angle (PA) of their projected major axis. The fit is
performed as discussed in Huang et al. (2018). In brief, we
locate the points (x, y) corresponding to the radial maxima (or
minima) of each ring (or gap), and use the python emcee
package to calculate the ellipses that best reproduce this set of
points. The best-fit parameters are listed in Table 1. Bright
rings and dark gaps are labeled with the suffixes B and D,
respectively, while the number appearing in the feature name
corresponds to their radius in au. The uncertainties on the best-
fit values correspond to the 16th and 84th percentile of the
marginalized posterior probability distribution.

The outermost features B67, D86, B100, D145, and B155,
are well described by concentric circles with an average
inclination of (46.7± 0.1)° and average PA of (133.3± 0.1)°.

Taken at face value, the circular model fitting indicates that
D10 and D45 have lower inclinations. We believe that the
lower inclination of D45 is due to the presence of the dust
crescent centered at 55 au, which partially fills the gap making
it appear more circular (i.e., less inclined), while the lower
inclination of D10 is compatible with the effect of beam
smearing, which is discussed in more details below.
Figure 2 shows the deprojected map and the azimuthally

averaged radial profile of the continuum emission obtained
using the values for the disk inclination and PA derived from
the outermost rings. In the deprojected map, the outer rings
appear as vertical stripes, confirming that these structures do
indeed have a similar inclination and PA, and that they are
intrinsically circular in shape. The intensity ratio between B14
and D10 varies with the azimuthal angle reaching a maximum

Figure 1. Map of the HD163296 disk recorded in the 1.25 mm continuum. The angular resolution of the observations is 0 038×0 048 and is indicated by the
white ellipse in the bottom-left corner of the left panel. At the source distance of 101 pc, the spatial resolution is 3.8 au×4.8 au. Inset (a) and (b) show a zoom-in
view of two asymmetric features revealed by the observations. The rms noise is 0.023 mJy beam−1. The horizontal segments indicate a spatial scale of 10 au.

Table 1
Results of Elliptical Fitting to the Bright and Dark Rings Observed in the 1.25 mm Continuum Map

Feature Δx0 (mas) Δy0 (mas) r (″) r (au) i (°) PA (°)
(1) (2) (3) (4) (5) (6) (7)

D10 −6.2±0.8 10.5±0.7 0.0987±0.0009 9.96±0.07 37.9±1.2 127.90±1.9
B14 −4.8±0.7 11.4±0.7 0.1430±0.0010 14.44±0.07 47.24±0.64 131.10±0.88
D45 −5.4±2.0 5.2±1.9 0.4433±0.0026 44.77±0.19 42.22±0.67 133.67±0.95
B67 −5.3±1.0 7.3±1.1 0.6633±0.0014 66.99±0.11 46.78±0.21 133.13±0.29
D86 6.7±2.3 −0.3±2.3 0.8575±0.0028 86.61±0.22 47.34±0.32 132.78±0.45
B100 −2.3±0.9 8.6±0.9 0.9870±0.0011 99.69±0.08 46.59±0.11 133.46±0.15
D141 −0.2±9.9 6.4±9.5 1.3923±0.0126 140.62±0.96 47.2±0.9 131.3±1.2
B159 −16.2±12.0 1.1±12.0 1.572±0.016 158.7±1.2 45.7±1.0 132.0±1.4

meana −3.5±0.5 9.1±0.5 L L 46.7±0.1 133.3±0.1

Note.
a The parameters of D10 and D45 gaps were not used to calculate the mean values.
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corresponds to their radius in au. The uncertainties on the best-
fit values correspond to the 16th and 84th percentile of the
marginalized posterior probability distribution.

The outermost features B67, D86, B100, D145, and B155,
are well described by concentric circles with an average
inclination of (46.7± 0.1)° and average PA of (133.3± 0.1)°.

Taken at face value, the circular model fitting indicates that
D10 and D45 have lower inclinations. We believe that the
lower inclination of D45 is due to the presence of the dust
crescent centered at 55 au, which partially fills the gap making
it appear more circular (i.e., less inclined), while the lower
inclination of D10 is compatible with the effect of beam
smearing, which is discussed in more details below.
Figure 2 shows the deprojected map and the azimuthally

averaged radial profile of the continuum emission obtained
using the values for the disk inclination and PA derived from
the outermost rings. In the deprojected map, the outer rings
appear as vertical stripes, confirming that these structures do
indeed have a similar inclination and PA, and that they are
intrinsically circular in shape. The intensity ratio between B14
and D10 varies with the azimuthal angle reaching a maximum

Figure 1. Map of the HD163296 disk recorded in the 1.25 mm continuum. The angular resolution of the observations is 0 038×0 048 and is indicated by the
white ellipse in the bottom-left corner of the left panel. At the source distance of 101 pc, the spatial resolution is 3.8 au×4.8 au. Inset (a) and (b) show a zoom-in
view of two asymmetric features revealed by the observations. The rms noise is 0.023 mJy beam−1. The horizontal segments indicate a spatial scale of 10 au.
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VLT (1.65 μm)  
scattered light

inner ring outer ring extended emission
temperature hot cold not well constrained

dust vertical structure puffed-up settled not well constrained
infrared image bright ring not visible not visible

These features are consistent with shadowing by the inner ring.
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Disk model: dust mass
Discussion

16

heating & scattering shadowing & no scattering

inner ring outer ring extended emission
temperature hot cold not well constrained

dust vertical structure puffed up settled not well constrained
infrared image bright ring not visible not visible

dust mass

All structures have sufficient mass to form Earth-mass planets.

67 au
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Low-frequency high-resolution observations
Future Plan 1

The dust size is not well constrained.

 → Longer wavelength observations are needed.

Future observations: 

Combined imaging of ALMA Band 1 + VLA Q Band 
 - ALMA can achieve higher sensitivity & better image fidelity

 - VLA can achieve higher resolution (up to 36 km baseline)

ALMA 2022.A.00035.S, Observatory Proj. 
ALMA 2024.1.00351.S, PI: K. Doi 

VLA 26A-466, PI: K. Doi

This is a simulated image,  
not real observations.



/19Kiyoaki Doi, Perspectives of Planet and Star Formation, June. 2026 18

High-resolution B9 survey
Future Plan 2

- High-resolution observations for 14 disks with archival high-resolution B3 and B6 observations

- Need for high-resolution observations: High spatial resolution observations that resolve disk
substructures are also essential for characterizing dust properties through spectral analysis. Spectral
analysis estimates physical parameters by fitting the observed intensity, which is the intrinsic
emission convolved with the observational beam. If the beam size is large compared to the
spatial scale of the disk structures, the observed intensity becomes a combination of emissions from
regions with di!erent dust properties, leading to inaccurate estimates. For example, if an optically
thick ring is observed with a beam larger than its width, the measured intensity is reduced, and
the ring may be misinterpreted as optically thin. As a result, the inferred dust properties can dif-
fer entirely from the true values. Therefore, accurate estimation of dust properties requires
high-resolution, multi-wavelength observations that spatially resolve the disk structures.
- Pilot study: HD 163296:

Figure 2: Multi-wavelength images of HD 163296 including Band 9.

We performed a pilot study using high-resolution Band 9 observations of HD 163296 (private com-
munication). This disk has two clear dust rings located at 67 au and 100 au. The spectral fitting
revealed a large temperature di!erence between the two rings: approximately 27.8+4.6

→3.8 K for the
inner ring and 13.8+1.0

→1.1 K for the outer ring, which is characterized by the large intensity contrast
observed in Band 9. Infrared observations indicate that the inner ring casts a shadow on the outer
ring (Muro-Arena et al. 2018), and such localized structure can a!ect to large deviations
from simple power-law temperature profiles. These results demonstrate that simple power-
law temperature models can be inappropriate, and highlight the necessity of simultaneously fitting
temperature, surface density, and dust size.
This proposal: high-resolution Band 9 survey

We propose a high-resolution ALMA Band 9 survey to characterize dust properties
in 14 protoplanetary disks at 0.06↑↑. We will combine the new Band 9 data with archival data
in Bands 3 and 6 and perform a spectral analysis to estimate the dust properties without assuming
a temperature profile.

2 Observations
Target selection: 14 disks with archival high-resolution Band 3 and 6 data

Figure 3: The targets in Band 6. The right bottom bars indicate the scale of 0.2↑↑.

2

Accepted in Cycle 12
2025.1.00115.S, PI: K. Doi



/19Kiyoaki Doi, Perspectives of Planet and Star Formation, June. 2026 19

Summary
Background & Aim
 - The dust size and surface density distributions in disks are key quantities for understanding dust growth, accumulation, and 
planetesimal formation.
Method
 - Multi-wavelength SED fitting is key to constraining these parameters.

 - Including high-frequency ALMA Band 9/10 observations is essential to constrain dust properties together with the 
dust temperature.

Results & discussions
 - Combining our new Band 9 observations with archival Band 3, 4, 6, and 7 data for the HD 163296 disk, we find:

 - The inferred dust temperature shows a local dip in the outer ring, suggesting shadowing by the inner ring.
 - The central disk, the two major rings, and the outer extended emission each contain enough dust mass to form Earth-

mass planets.
 - The preferred dust model is porous grains containing amorphous carbon.

High-resolution, multi-wavelength observations can reveal dust properties in detail, 
revealing the planet formation process.


