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Turbulent motions are believed to regulate angular momentum transport and influence dust evolution in protoplanetary disks.

Measuring the strength of turbulence is challenging through gas line observations because of the requirement for high spatial and

spectral resolution data, and an exquisite determination of the temperature. In this work, taking the well-known HD 163296 disk

as an example, we investigated the contrast of gaps identified in high angular resolution continuum images as a probe for the level

of turbulence. With self-consistent radiative transfer models, we simultaneously analyzed the radial brightness profiles along the

disk major and minor axes, and the azimuthal brightness profiles of the B67 and B100 rings. By fitting all the gap contrasts

measured from these profiles, we constrained the gas-to-dust scale height ratio Λ to be 3.0+0.3
−0.8

, 1.2+0.1
−0.1

and > 6.5 for the D48,

B67 and B100 regions, respectively. The varying gas-to-dust scale height ratios indicate that the degree of dust settling changes

with radius. The inferred values for Λ translate into a turbulence level of αturb < 3 × 10−3 in the D48 and B100 regions, which is

consistent with previous upper limits set by gas line observations. However, turbulent motions in the B67 ring are strong with

αturb ∼1.2× 10−2. Due to the degeneracy between Λ and the depth of dust surface density drops, the turbulence strength in the

D86 gap region is not constrained.
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1 Introduction

Protoplanetary disks, as the birthplace of planetary systems,

always exhibit turbulent motions [1]. There are several mech-

anisms currently discussed as main contributors: hydrody-

namical instabilities as the vertical shear instability [2-4],

convective overstability [5, 6], Zombie vortex stability [7, 8],

and magneto-hydrodynamical instabilities like the magne-

torotational instability [9-11]. Turbulence regulates the an-

gular momentum transport to sustain gas accretion onto the

central star [12, 13], influences the evolution of dust grains

in disks [14], and plays an important role in controlling the

dynamics of embedded planets [15]. Hence, a detailed un-

derstanding of disk evolution and planet formation requires
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knowledge of the strength of turbulent motions.

Placing constraints on the turbulence level is also impor-

tant in interpreting observational data with numerical simu-

lations. In recent years, high-resolution images at infrared

and (sub-)millimeter wavelengths have shown that gaps and

rings are frequently observed in planet-forming disks [16-

18]. These interesting substructures are often thought to

be created by planet-disk interaction [19-21]. The descrip-

tion of the underlying physics relies heavily on (magneto-

)hydrodynamical simulations in which turbulence strongly

affects the resulting depth and number of gaps [22-26]. As a

consequence, the inferred properties (e.g., mass and location)

and number of the “unseen” (proto)planets are dependent on

the input strength of turbulence in the simulation.

However, measuring turbulence with gas line observations

is very challenging because on the one hand it demands for

data at high spatial and spectral resolution, and on the other

hand thermal motion usually dominates the broadening of

lines, leading to substantial difficulties when separating its

contribution from the measured total line width [27]. There-

fore, the measurement of turbulence via gas line data so far

is limited to a small number of disks, revealing low turbulent

velocities typically below 5%∼ 10% of the local sound speed

(cs) [28-32]. An exception is for the DM Tau disk, where the

measured turbulent velocity approaches 0.25∼0.33 cs [32].

Turbulence also affects the motion of the dust, either in

the radial direction or in the vertical one. Dullemond & Pen-

zlin [33] suggested that the dependence of turbulence on the

dust-to-gas mass ratio together with the radial drift of dust

particles could be the origin of the ring structures commonly

found in protoplanetary disks. By comparing the width of the

millimeter continuum emission ring with the pressure scale

height of the disk, Dullemond et al. [34] found strong ev-

idence of dust trapping operating in all the rings analyzed

in their sample, and put constraints on the quantity αturb/St,

where αturb is the turbulence parameter, and St is the Stokes

number of the dust particles. Vertical stirring induced by tur-

bulent motions acts as a counter process against the settling

of dust grains. Theoretically speaking, millimeter continuum

emission is dominated by millimeter-sized dust particles that

are located near the midplane of the disk. However, mate-

rial residing in the adjacent rings, located above the mid-

plane, would hide the gap due to beam smearing. How se-

vere this smoothening effect is depends on the scale height of

millimeter-sized dust grains [35]. In stronger turbulent disks,

dust grains are more vertically distributed, leading to a more

substantial reduction on the gap depth.

Recently, Doi & Kataoka [36] discussed the feasibility of

analyzing the intensity variation as a function of azimuth on

the rings to estimate the degree of dust settling. When the

disk is optically thin and viewed at an oblique inclination, the

optical depth τ along the line of sight on the major and minor

axes differs from each other. Such a difference in τ forms a

peak and dip in the brightness profile at the azimuthal angle

of the major and minor axis, respectively. The ratio between

the brightness peak and dip depends on the millimeter dust

scale height. The authors fit the azimuthal brightness profiles

of two rings in the HD 163296 disk, and constrained the gas-

to-dust scale height ratio and therefore the turbulence level.

In their analysis, the disk is assumed to be vertically isother-

mal with a fixed midplane temperature profile. How such a

simplification affects the result, particularly for rings with a

large millimeter dust scale height (i.e., high turbulence re-

gions) needs to be investigated.

In this work, we take the HD 163296 disk as an example to

investigate in detail the link between millimeter gap contrasts

and the strength of turbulence, and highlight some features

and degeneracies that can be encountered. Sect. 2 gives an

introduction about the HD 163296 disk. The modeling as-

sumptions are presented in Sect. 3, while the process of ded-

icated fitting to the ALMA image is described in Sect. 4. We

discuss our results in Sect. 5. The paper ends up with a sum-

mary in Sect. 6.

2 Circumstellar disk of HD 163296

HD 163296 is a Herbig Ae star (A1 spectral type) located at

a distance of D= 101±2 pc [37]. Its mass (M⋆) and age are

1.9 M⊙ and 10.4 Myr [38]. It has a luminosity of L⋆ = 17 L⊙,

and an effective temperature of Teff = 9250 K [39]. Spatially

resolved observations at both infrared and millimeter regimes

have revealed ring structures in the disk around HD 163296

[40-44]. Analysis of the interferometric data taken with

the Very Large Telescope Interferometer PIONIER and MA-

TISSE yielded brightness asymmetries in the near-infrared

emission, which may originate from a vortex near the inner

rim (R∼ 0.4 AU) of the disk [45, 46].

As one of the 20 targets selected in the Disk Sub-

structures at High Angular Resolution Program (DSHARP),

HD 163296 was observed with the Atacama Large Millime-

ter/submillimeter Array (ALMA) in Band 6 at an unprece-

dented spatial resolution of 4.8×3.8 AU [18]. The rms noise

of the fiducial ALMA image generated by the DSHARP team

is σrms = 23 µJy/beam. The continuum image shows a few

pairs of concentric rings/gaps, see panel (a) in Figure 1. The

D48 and D86 gaps are located at a radial distance of 48 and

86 AU, with a width of 20 and 16 AU, respectively. The B67

and B100 rings are centered at a radial distance of 67 and

100 AU, with a width of 16 and 12 AU, respectively [47].

We extracted the surface brightness along the disk major
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Figure 1 A comparison between models and the DSHARP observation of the HD 163296 disk. Panel (a): fiducial image generated by the DSHARP team.

The beam is shown as the black ellipse in the bottom left corner. The dashed lines indicate the semi-major (to the northwest) and minor axes of the disk. The

values of the azimuth (φ) for the disk major and minor axes are given for a reference of the coordinate. Panel (b): the simulated image of the best-fit model (i.e.,

model I4). Panel (c)-(f): a comparison of brightness profiles between observation and different models. The red dots refer to data points, whereas the green,

brown, black and blue lines represent model I1, I2, I3 and I4, respectively. Model parameters can be found in Table 2, and model gap contrasts are compared

with the observation in Table 1. Note that the four models overlap well with each other in panel (c).

and minor axes, given the position angle (PA) of 133.33◦.

Along a PA of 99◦, there is a crescent-like structure centered

at a radial distance of 55 AU [48], which is probably caused

by a Jupiter mass planet [49]. Such an asymmetry contami-

nates the measurement of the gap contrast. Hence, we only

considered the data on the semi-major axis to the northwest.
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On the minor axis, however, an average of both sides of the

disk was performed to improve the signal-to-noise ratio. To

apply the methodology introduced by Doi & Kataoka [36],

we also extracted the azimuthal brightness profiles on the B67

and B100 rings. The reference for the azimuthal coordinate

(φ) is given in panel (a) of Figure 1. The extracted bright-

nesses are shown with red dots in panels (c)-(f) of Figure 1.

It should be noted that the mechanism responsible for gener-

ating the crescent-like structure also likely causes azimuthal

perturbations to the B67 ring, which may be one of the rea-

sons why the brightness profile shows non-axisymmetric fea-

tures. The width between two adjacent points (i.e., 1.5 AU)

is about one third of the ALMA beam, which means that the

brightness is first averaged over such a bin size and then ex-

tracted. The errors for each of the data points on the major

axis, B67 and B100 rings are all set to 23 µJy/beam, but on

the minor axis they are calculated to be 23√
2
µJy/beam due to

the average of both sides of the disk.

The gap contrast is defined as 1− Imin/Imax, where Imin is

the minimum brightness within the gap, and Imax is the maxi-

mum brightness of its immediately exterior ring. The bright-

ness profile of the B67 ring displays two dips at φ= 90◦ and

270◦, which resemble gaps. For simplicity of description,

we also call them as “gaps” hereafter in this work. The con-

strasts are defined as 1− Iφ=90◦/Iφ=180◦ and 1− Iφ=270◦/Iφ=180◦ .

On the B100 ring, the profile is quite flat in the western side,

and shows only one “gap” at φ= 270◦. In addition to the

chi-square (χ2) metrics, the observed gap contrasts summa-

rized in Table 1 are the key characteristics used to evaluate

the quality of fit of our models. The difference between gap

contrasts measured along the disk major and minor axes is

due to projection effect. Because the disk is geometrically

thick, and it is tilted to an inclination of 46.7◦, the width of

the gap varies with azimuthal angle, and reaches the smallest

along the minor axis, leading to the lowest gap contrast.

3 Full radiative transfer modeling

The key of our work is to constrain the scale height of the

millimeter-sized dust grains by fitting the contrasts of gaps

with self-consistent radiative transfer models, and then link

the scale height to the strength of turbulence. In fact, the

HD 163296 disk has more gaps, i.e., D10 and D145. How-

ever, they are either not fully spatially resolved, or show ev-

idence for being multiple gaps [47]. We will not discuss

them in detail throughout the paper, although our modeling

methodology automatically captures both features.

The radiative transfer models are parameterized in the

framework of the RADMC-3D code1) [50]. We assume that

the disk is passively heated by stellar irradiation. The stellar

spectrum is taken from the Kurucz database [51], assuming

a gravity of log g= 3.5 and solar metallicity. Other model as-

sumptions are for the density distribution and dust opacities,

which are described below.

3.1 Dust density distribution

We consider a disk that extends from an inner to outer radii

of Rin = 0.4 AU and Rout = 169 AU, respectively [47]. The

model has two distinct dust grain populations, i.e., a small

grain population (SGP) and a large grain population (LGP).

The temperature structure of the disk is mainly governed by

the SGP, whereas the LGP dominates the millimeter contin-

uum emission. We fixed the mass fraction of the LGP to

fSGP = 0.85 that has been commonly used in previous mod-

eling works of protoplanetary disks [52, 53]. The SGP is as-

sumed to be well-mixed with the underlying gas distribution.

Therefore, its scale height is set to the gas scale height (Hgas)

that is solved under the condition of vertical hydrostatic equi-

librium. Large dust grains are expected to settle towards the

midplane [54,55]. We characterize the degree of dust settling

with the parameterΛ, and the scale height of the LGP is given

by Hgas/Λ.

The volume density of the dust grains is parameterized as

ρSGP(R, z)=
(1 − fLGP)Σd(R)
√

2πHgas

exp
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where Σd(R) is the dust surface density, and R is the distance

from the central star measured in the disk midplane. Literatu-

ral studies usually took analytic forms for Σd(R), e.g., a power

law or power law with an exponential taper. However, such

simple expressions have been demonstrated to be insufficient

to capture the fine-scaled features revealed by high resolution

ALMA observations [35, 56]. Instead, we build the surface

density by iteratively fitting the surface brightnesses at the

ALMA wavelength where the optical depth is generally low,

see Sect. 3.3.

3.2 Dust properties

For the dust composition, we made use of the recipe by the

DiscAnalysis (DIANA) project [57]. The dust grains consist

of 60% silicate (Mg0.7Fe0.3SiO3) [58], 15% amorphous car-

bon (BE−sample) [59], and 25% porosity. These percentages

are volume fractions of each component, which are used to

derive the effective refractory indices of the dust ensemble by

1) http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/.
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Table 1 Gap contrasts of the HD 163296 disk.

Major axis Minor axis B67 ring B100 ring

D48 D86 D48 D86 φ = 90◦ φ = 270◦ φ = 90◦ φ = 270◦

ALMA data 0.98± 0.03 0.96± 0.05 0.94± 0.02 0.82± 0.04 0.22± 0.03 0.21± 0.03 0.00± 0.07 0.15± 0.07

Model I1 0.97 0.97 0.88 0.34 0.24 0.21 0.42 0.41

Model I2 0.97 0.97 0.94 0.80 0.13 0.11 0.20 0.18

Model I3 0.97 0.97 0.94 0.87 0.11 0.10 0.11 0.11

Model I4 0.97 0.97 0.92 0.81 0.21 0.18 0.10 0.10

applying the Bruggeman mixing rule [60]. We used a dis-

tribution of hollow spheres with a maximum hollow volume

ratio of 0.8 [61]. The mean solid density of the dust ensemble

ρgrain = 2.1 g cm−3 is estimated from an average between the

silicate density (3.01 g cm−3) and carbon density (1.8 g cm−3)

taking the volume fractions as the weighting factors.

The distribution of grain sizes (a) follows a power law

dn(a)∝a−3.5da with a minimum (amin) and maximum size

(amax). For the SGP, amin and amax are fixed to 0.01 µm and

2 µm, respectively. For the LGP, amin is set to 2 µm. Regard-

ing amax, we will set it based on models that can reproduce

the observed millimeter spectral slope, see Sect. 3.4.

3.3 Building the dust surface density

Previous studies have shown that surface density profiles in

simple analytic expressions (e.g., a smooth power law with

density drops at the gap locations) have difficulties to capture

the detailed features revealed by ALMA [42,56]. Using an it-

erative procedure, we built the surface densities by reproduc-

ing the millimeter surface brightnesses along the disk major

axis that features the maximum spatial resolution. This ap-

proach was introduced by Pinte et al. [35], and several works

by other teams demonstrated its success [21, 42]. The itera-

tive process consists of the following steps.

a) We took a starting surface density profile

Σd(R)=Σ0 (R/Rc)
−γ exp

[

−(R/Rc)
2−γ

]

with Rc = 90 AU and

γ= 0.1 [43]. For the starting point, we did not introduce any

gap, and using other forms will not have a significant impact

to the final result.

b) With an initial guess for Hgas, the dust density distri-

bution is given by Eq. 1 and 2. Radiative transfer model-

ing is performed to obtain the dust temperature. Then, the

dust density structure is solved assuming that the disk is in

vertical hydrostatic equilibrium. We run the radiative trans-

fer modeling with the new dust density distribution to get

the new dust temperature. The iteration for the dust tem-

perature and density goes back and forth, and convergence

can be achieved after ∼ 5 iterations. For the initial choice

of Hgas, we assume Hgas =
√

kT (R)R3/GM⋆µmp, where G is

the gravitational constant, k is the Bolzmann’s constant, mp

is the mass of proton, µ= 2.3 is the mean molecular weight,

and T (R) = 18.7(R/400 AU)−0.14 is the midplane temperature

given by Dullemond et al. [62]. The black solid line in Fig-

ure A1 shows the initial Hgas. This step is time consuming

because a smooth temperature structure is required to get the

solution for the corresponding dust density. Thus, we use a

total number of 3× 107 photons in the simulation.

c) From step b), the gas scale height (Hgas) is derived self-

consistently. Then, we simulate a model image at 1.25 mm,

which is convolved with the ALMA beam that has a size and

position angle of 0.048′′ × 0.038′′ and 82◦, respectively.

d) We extracted the model surface brightness along the

disk major axis to the northwest, identical to what we have

done on the ALMA image.

e) A ratio as a function of radius ζ(R) is obtained by divid-

ing the observed brightness profile by the model brightness

profile.

f) The surface densities used as the input for the model is

scaled by the point-by-point ratios ζ(R). The process goes

back to step b.

The iteration for Σd typically converges after about 25

loops, when the change in the model brightness profile is less

than 5% at all radii.
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Table 2 Overview of parameter values for different models.

Parameter Fixed/free Model S1 Model S2 Model I1 Model I2 Model I3 Model I4 Note

Teff [K] Fixed 9250 Effective temperature

L⋆ [L⊙] Fixed 17 Stellar luminosity

D [pc] Fixed 101 Distance

i [◦] Fixed 46.7 Disk inclination

PA [◦] Fixed 133.33 Position angle

Rin [AU] Fixed 0.4 Disk inner radius

Rout [AU] Fixed 169 Disk outer radius

fLGP Fixed 0.85 Mass fraction of the LGP

amin.SGP [µm] Fixed 0.01 Minimum grain size for the SGP

amax.SGP [µm] Fixed 2 Maximum grain size for the SGP

amin.LGP [µm] Fixed 2 Minimum grain size for the LGP

amax.LGP [cm] Free 0.1 1.0 1.0 1.0 1.0 1.0 Maximum grain size for the LGP

Σd [g cm−2] Free Figure A2 Figure A2 Figure 3 Figure 3 Figure 3 Figure 3 Dust surface density

Mdust [10−4 M⊙] (a) − 1.2 2.4 2.3 2.4 2.4 2.5 Total dust mass

Λ Free 5.0 5.0 1.0 2.6 10.6 − Λ for the entire disk, see Sect. 4.1

Λ1 Free − − − − − 3.0+0.3
−0.8

Λ for R< 59 AU, see Sect. 4.2

Λ2 Free − − − − − 1.2+0.1
−0.1

Λ for 596R< 78 AU, see Sect. 4.2

Λ3 Free − − − − − 1.9+15.9
−0.1

Λ for 786R< 94 AU, see Sect. 4.2

Λ4 Free − − − − − 16.3+3.7
−9.8

Λ for R> 94 AU, see Sect. 4.2

χ2
tot − − − 975 460 478 242 Chi-square of the model, see Eq. 3

(a) The total dust mass Mdust is obtained by integrating the surface density Σd that is constructed in the fitting procedure. Hence, Mdust is not a direct fitting

parameter.

Figure 2 SED of the HD 163296 disk. Red dots indicate photometric data

that are taken from literature. The black and blue lines show two models

with the maximum grain size being amax = 1 mm and 1 cm, respectively. The

grey dashed line denotes the photospheric spectrum. The spectral indices

measured at wavelengths λ> 1 mm are given for both the models and obser-

vation.

3.4 Setting amax for the LGP based on SED modeling

Our model has three free parameters/quantities: the dust sur-

face density (Σd), the ratio of gas-to-dust scale height (Λ) and

maximum grain size (amax) for the LGP. Note that the total

dust mass (Mdust) is not a free parameter, because integrating

Σd within the disk naturally gives the result.

A population of large dust grains will shallow the spec-

tral index at millimeter wavelengths [63, 64]. We collected

photometric data from various catalogs and individual studies

[18, 65-74]. The observed spectral energy distribution (SED)

is shown as red dots in Figure 2. The spectral index measured

at wavelengths λ> 1 mm is αmm.obs = 2.7± 0.06. Assuming

that the emission is optically thin and in the Rayleigh-Jeans

tail, this transfers into a millimeter slope of the dust absorp-

tion coefficient β=αmm.obs− 2= 0.7. The β value for the inter-

stellar medium dust is ∼ 1.7 [75]. A lower β in the HD 163296

disk suggests that dust grains have grown up to millimeter

and even centimeter sizes.

To quantify the extent of grain growth in the HD 163296

disk, we build a grid of SED models in which the ratio of

gas-to-dust scale height is fixed to Λ= 5, a typical value used

in literature works [52, 53]. In Sect. 4, we will conduct an

extensive parameter study on Λ through a dedicated fitting to

the ALMA image. However, this parameter is not expected to

have a significant impact to the constraint on amax as long as

the optical depth is not large. We sample 16 different amax(s)

that are logarithmically distributed from 10 µm to 1 cm. The

procedure of iteration for Σd, as laid out in Sect. 3.3, is per-

formed separately for each of the 16 models. As a result,
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16 model SEDs are simulated. The model with amax = 1 cm

(Model S2) best matches with the observation, see Figure 2.

Its converged surface density is shown in Figure A2, and Ta-

ble 2 gives an overview of the model parameters. For the

subsequent fitting to the ALMA data, we fixed amax = 1 cm

for the LGP, leaving Σd and Λ as the only two free parame-

ters.

The discrepancies in the mid- and far-infrared fluxes be-

tween model and observation is due to the presence of a

puffed-up inner rim. This type of rim is a natural outcome

when solving the disk structure in vertical hydrostatic equi-

librium, particularly for Herbig disks [76]. The blue solid

line in Figure A1 shows the gas scale height of Model S2.

The overall geometry of the disk is flared. Disk regions just

behind the inner rim cannot be exposed to the stellar light,

leading to a reduced mid-infrared excess. At a certain radial

distance, the disk will show up from the shadow casted by

the inner rim. The surface layer of these outer regions directly

absorbs stellar photons, and hence produces more far-infrared

emission than the observed level. One can fully parameterize

the scale height with analytic forms, e.g., a power law, and fit

the infrared SED to constrain the geometry [77]. However,

there are some degeneracies between the geometric parame-

ters in SED models. Moreover, modeling the SED is not able

to constrain the scale height of millimeter dust grains that is

the key of this work. Therefore, we do not attempt to conduct

further fine tuning on the SED fitting, and make our assump-

tions (i.e., number of free parameters) as few as possible.

4 Fitting the DSHARP ALMA image

In this section, we will fit the surface brightnesses along the

major and minor axes of the disk, and on the B67 and B100

rings to constrain Λ. Our strategy starts from a simple as-

sumption of a constant Λ in the radial direction, to a more

complex scenario in which Λ varies with R.

The contrasts of gaps, as presented in Table 1, are sen-

sitive to the degree of dust settling. Therefore, to quantify

the quality of fit, we first check whether or not the gap con-

trasts of the model are consistent with the observation. Then,

we calculate the χ2 along the major axis (χ2
major

) and minor

axis (χ2
minor

), and on the B67 (χ2
B67

) and B100 ring (χ2
B100

).

To exclude the effect of the crescent-like substructure along

PA∼ 99◦, data points between φ=−45◦ and 45◦ are not taken

into account when calculating χ2
B67

and χ2
B100

. The goodness

of fit is evaluated according to

χ2
tot = g1 χ

2
major + g2 χ

2
minor + g3 χ

2
B67 + g4 χ

2
B100. (3)

Four factors, i.e., g1, g2, g3 and g4, are introduced to balance

the weightings. First, we calculate the factors as

gi =

∑4
i=1 (Ni)

Ni

, (4)

where Ni is the number of data points taken into account in

the calculation of χ2(s) for the major and minor axes, and the

B67 and B100 rings, respectively. Then, a normalization is

performed to ensure that the sum of gi equals to unity.

4.1 Constant Λ in the radial direction

We first take the simplest assumption in which the ratio of

gas-to-dust scale height does not change with radius (R). We

sample 20 values forΛ, which are logarithmically distributed

within 1 and 20. The case ofΛ= 1 means that millimeter dust

grains are well coupled with the gas. Strongly settled mod-

els feature large values of Λ. The iteration process for Σd is

performed from scratch for each of these 20 models, ensuring

that all the models are fully independent and self-consistent.

None of the 20 models can reproduce all of the gap con-

strasts within the uncertainties simultaneously. Panels (c)-(f)

of Figure 1 shows a comparison of the brightnesses between

observation and three representative models with Λ= 1.0

(model I1), 2.6 (model I2) and 10.6 (model I3), respectively.

Model I2 has the lowest χ2
tot = 460 among the 20 samples.

Figure 3 shows the reconstructed surface densities, whereas

the gap contrasts extracted from the models are given in Ta-

ble 1.

Along the disk major axis, the three models reproduce the

data at a similar quality, see panel (c) of Figure 1, and the

model gap contrasts in Table 1. The ALMA beam can dilute

the ring emission, and contributes to the adjacent gap emis-

sion. In vertically thicker (smaller Λ) disks, dust grains are

located at a higher height above the midplane where the tem-

perature is high. In this case, the ring emission is stronger,

and its contribution to the gap emission is higher, which can

shallow the gap contrast since the intrinsic emission from the

gap is low. In addition to the millimeter dust scale height, the

depth of surface density drops is another quantity influencing

the gap contrast. A comparison between model I1 and model

I3 indicates that deeper surface density drops in more turbu-

lent disks can produce similar gap contrasts measured on the

disk major axis to those generated by shallower surface den-

sity drops in more quiescent disks. This means that fitting the

data on the major axis alone cannot break the degeneracy.
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Figure 3 Dust surface densities (on the left Y axis) reconstructed from the

iterative fitting process, and optical depth at a wavelength of 1.25 mm (on the

right Y axis) for model I1, I2, I3 and I4. The dashed line shows the starting

surface density used in the fitting loop: Σ(R)=Σ0 (R/Rc)−γ exp[−(R/Rc)2−γ]

with Rc = 90 AU and γ= 0.1, see Sect. 3.3.

Along the disk minor axis, the change to the gap contrast

as a function of Λ is observed due to the effect of projection.

Panel (d) of Figure 1 shows that models with a higher degree

of dust settling produce more separate rings and deeper gaps,

and vice versa. This fact is consistent with the findings re-

ported by Pinte et al. [35]. Neither the D48 nor the D86 gap

can be explained by model I1. Though both model I2 and I3

are consistent with the data of the D48 gap, only the former

reproduces the D86 gap within the uncertainty, see Table 1.

The gas-to-dust scale height ratioΛ has a strong impact on

the brightness variation on the B67 and B100 rings. The well-

mixed disk (model I1) shows two pronounced dips at φ= 90◦

and φ= 270◦, due to the difference in the optical depth (τ)

along the line of sight between φ= 0◦ (or 180◦, major axis)

and φ= 90◦ (or 270◦, minor axis) [36]. Such a difference in τ

decreases with increasing Λ. Consequently, the contrasts of

“gaps” on the rings are reduced in more settled disks, see for

instance model I3. Panels (e) and (f) of Figure 1 suggest that

the degree of dust settling is different between B67 and B100.

While B67 is close to a well-mixed situation, B100 favors a

scenario in which large dust grains are well concentrated in

the midplane.

4.2 Varying Λ in the radial direction

Though the experiment under the assumption for a constant

Λ does not return a satisfactory solution, it provides clues to

improve the model. The fitting results imply that the degree

of dust settling changes with R. Therefore, we parameterize

the ratio of gas-to-dust scale height with a piecewise function

Λ =











































Λ1 : R< 59 AU

Λ2 : 59 AU6R< 78 AU

Λ3 : 78 AU6R< 94 AU

Λ4 : R> 94 AU.

(5)

The boundaries of the four radial bins are chosen according

to the locations and widths of the gaps and rings, see Sect. 2.

We did not explore these borders in the fitting process. Using

a piecewise form may have some artifacts in the boundaries.

Nevertheless, how the gas-to-dust scale height ratio smoothly

varies from one radial bin to another is difficult to be inves-

tigated, because it requires observational data at extremely

high spatial resolutions that fully resolve the transition region

between two adjacent bins. In the new model configuration,

the ratios Λ2 and Λ4 are expected to play the dominated role

in controlling the gap contrasts of the B67 and B100 rings,

respectively. The gap contrasts of D48 and D86 are mainly

influenced by a combination of Λ1 and Λ2, and a combina-

tion of Λ3 and Λ4, respectively. This is because the defini-

tion of contrasts of gaps on the major/minor axis is related to

the brightnesses both in the gap and in its exterior ring, see

Sect. 2.

The parameter space becomes {Λ1, Λ2, Λ3, Λ4, Σd}.
To maintain self-consistency and independency, the time-

consuming process for iterating Σd has to be conducted for

each of the sampled sets {Λ1, Λ2, Λ3, Λ4}. Therefore, it is

impractical to perform the parameter study using the Markov

Chain Monte Carlo approach. Instead, the grid search method

is invoked to finish the task. We first search for the opti-

mum combination of Λ1 and Λ2, and then for that of Λ3

and Λ4. We sample 20 values for Λ1, which are logarith-

mically spaced from 1 and 20. Before the parameter study,

we run many simulation tests, and find that models with Λ2

only slightly deviating from∼ 1.2 are not able to generate gap

contrasts of B67 comparable to the observation. Hence, for

the sake of reducing the computational time and meanwhile

being conservative, we consider 10 points for Λ2 from 1 to

4 in the logarithmic manner. At this stage, Λ3 and Λ4 are

fixed to 2.6, i.e., the value of model I2. We run the iteration

procedure for Σd from scratch for each of the 200 different

combinations of Λ1 and Λ2, and obtain 200 models. Then,

we fix Λ1 and Λ2 to the values of the model with the low-

est χ2
tot. The exploration for Λ3 and Λ4 is similar. However,

both parameters have the same grid points to those for Λ1,

and therefore they form 400 different combinations.

The final best-fit model (model I4) features Λ1= 3.0,

Λ2= 1.2, Λ3= 1.9, Λ4= 16.3, and χ2
tot = 245. Its dust sur-

face density and millimeter optical depth are shown with the

blue line in Figure 3. The model image and brightness pro-
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Figure 4 The χ2
tot distribution as a function of the gas-to-dust scale height ratio Λ1, Λ2, Λ3 and Λ4. The dots overlaid with a red cross refer to models that

cannot reproduce all of the observed gap contrasts tabulated Table 1. Note that the χ2
tot −Λ3 profile is flat, and most of the considered values for Λ3 are able to

generate all of the observed gap contrasts. Therefore, Λ3 is basically not constrained.

files are compared with the observation in Figure 1. The gap

contrasts and model parameters are summarized in Table 1

and 2, respectively. The best-fit model is able to explain all

of the gap contrasts. We separately vary the gas-to-dust scale

height ratios in each radial bin from their best-fit values with

a step width of 0.1, and investigate how well the parameters

are constrained. The variations of χ2
tot are shown in Figure 4.

The dots overlaid with a red cross refer to models that cannot

reproduce all of the observed gap contrasts within their er-

rors. Therefore, we exclude them in the estimation of param-

eter uncertainties that are deduced from the models with χ2
tot

less than 1.05 times the minimum χ2
tot. For instance, all the

models with Λ1<∼2.2 produce lower contrasts (i.e., < 0.92)

for the D48 gap measured on the disk minor axis than the ob-

served value (0.94±0.02). Therefore, they are considered to

be invalid although some of them have better χ2
tot than that

of the best-fit model. The profiles of χ2
tot −Λ1, χ2

tot −Λ2 and

χ2
tot −Λ4 show a clear signature of getting the optimum so-

lution, indicating that the gas-to-dust scale height ratios in

the D48, B67 and B100 regions are well constrained. Their

validity ranges are estimated to be [2.2, 3.3], [1.1, 1.3], and

> 6.5, respectively. The distribution of χ2
tot as a function of

Λ3 is quite flat, and all the Λ3 values in the considered range

can reproduce the data well. Hence, Λ3 is basically uncon-

strained.

5 Discussion

Using self-consistent radiative transfer models, we have

placed constraints on the degree of dust settling by fitting the

gap contrasts of the D48, B67, D86 and B100 features. Our

results suggest a radially varying ratio of gas-to-dust scale

height ratio in the HD 163296 disk. In this section, we com-

pare our result with literature studies, and link the derived

gas-to-dust scale height ratio to the turbulence strength in the

HD 163296 disk.

5.1 Comparison of Λ between different works

Ohashi et al. [78] found that the dust scale height is the key

parameter for reproducing the azimuthal variation of the po-

larization pattern in the gaps. By analyzing the ALMA data

of the 0.87 mm dust polarization from the HD 163296 disk,

they constrained the dust scale height to be less than one-

third the gas scale height for the D48 gap, and to be two-

thirds the gas scale height for the D86 gap. Recently, Doi

& Kataoka [36] showed that the azimuthal variation in the

continuum along rings are sentitive to the degree of dust set-

tling. Assuming that the disk is vertically isothermal with a

fixed power-law temperature, they fit the DSHARP contin-

uum data of the B67 and B100 rings, and inferred the ratio

of gas-to-dust scale height to be 1.1 and > 9.5 for the B67

and B100 ring, respectively. Figure 5 (upper panel) shows a

comparison ofΛ between different works. The blue solid line

refers to our best fit, whereas brown dots and green dots mark

the results by Ohashi et al. [78] and Doi & Kataoka [36], re-

spectively. As can be seen, our results are overall consistent

with these literature values. However, as one step further, our

analysis provides constraints on Λ both for the ring and gap

regions in the framework of self-consistent radiative transfer

simulation.

The black dashed line in the upper panel of Figure 5 shows

the dust scale height. In the inner (R< 60 AU) or outermost

(R> 94 AU) regions, the millimeter dust disk is quite thin,

with scale heights less than ∼ 2 AU. Disk regions in the vicin-

ity of B67 have millimeter dust scale height of ∼ 4 AU. Disks,

when viewed at high inclinations, have a specific advantage

that the vertical extent of the emission layers can be directly

constrained by spatially resolved images. Villenave et al.

[79] presented ALMA continuum observations of 12 edge-

on disks, at an angular resolution of ∼ 0.1′′. A comparison

between a set of radiative transfer models and the data indi-

cates that at least three disks in their sample are consistent

with a millimeter dust scale height of a few AU. Our inferred

dust scale height for the HD 163296 disk, tilted to 46.7◦, is

comparable with those of the observed edge-on disks.
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Figure 5 Upper panel: comparison of Λ (on the right Y axis) between

model I4 (blue solid line) and literature studies. The Λ values by Ohashi et

al. [78] and Doi & Kataoka [36] are indicated with brown dots and green

dots, respectively. The black dashed curve shows the millimeter dust scale

height (on the left Y axis) of model I4. Bottom panel: the αturb/St ratio

(blue solid line, on the right Y axis) and αturb (black dashed line, on the left

Y axis) of model I4.

5.2 Comparison of αturb/St and αturb between different

works

Assuming an equilibrium between dust settling and vertical

stirring by turbulent motions, the dust scale height and gas

scale height follow the relation [80, 81]

Hdust = Hgas

(

1 +
St

αturb

1 + 2 St

1 + St

)−1/2

, (6)

where the Stokes number St is given by

St=
ρgrainā

Σg(R)

π

2
. (7)

The gas surface density Σg(R)=Σ0 (R/Rc)
−γ exp[−(R/Rc)

2−γ]

with Σ0 = 8.8 g cm−2, Rc = 165 AU and γ= 0.8, are con-

strained by high resolution multiple CO line observations

[82]. Considering a grain size distribution like the one pre-

scribed for the LGP, ā stands for the representative grain size

of dust that dominates the continuum emission at 1.25 mm.

We check how the mass absorption coefficent κabs at 1.25 mm

changes with a, and find that it peaks at a∼ 0.2 mm. This

value is close to the number given by λ/2π. Therefore, in our

calculation of St, we took ā= 0.2 mm.

Table 3 αturb/St for the B67 and B100 ring from different studies.

Reference B67 ring B100 ring

Dullemond et al. [34] 0.33 0.13∼0.77

Rosotti et al. [83] 0.23 0.04

Doi & Kataoka [36] > 2.4 < 0.011

This work 2.3+2.5
−0.9

0.0038+0.02
−0.0013

The St value varies from ∼ 10−5 in the inner disk to ∼ 10−2

in the outer regions. Because St is much less than unity, Eq. 6

can be simplified as Hdust =Hgas

(

1 + St
αturb

)−1/2
. Therefore, the

constrainedΛ directly translates into a ratio of αturb/St, which

is shown with the blue solid line in the bottom panel of Fig-

ure 5. Based on different methodologies, other groups have

derived the αturb/St values for the B67 and B100 rings. For

instance, Rosotti et al. [83] determined αturb/St by measuring

the deviation from Keplerian rotation of the gas in the prox-

imity of the continuum peaks. Under an assumption that dust

rings are caused by dust trapping in radial pressure bumps,

Dullemond et al. [34] constrained αturb/St by analyzing the

widths of the dust rings. In Doi & Kataoka [36], the αturb/St

value was inferred by investigating the azimuthal intensity

variation along dust rings. Table 3 summarizes the reported

values together with our best-fit result. As can be seen, our

result is well consistent with the values derived by Doi &

Kataoka [36]. This is not surprising because the idea of con-

straning αturb/St is the same. But, our methodology is more

realistic, and data points not only on the rings but also along

the major/minor axes are simultaneously taken into account

in the analysis. We note that the best-fit αturb/St for B67 is

about one order of magnitude larger than those obtained in

Dullemond et al. and Rosotti et al. There are several pos-

sibilities to explain such a difference. First, our methodol-

ogy is sensitive to the strength of turbulent motions in the

vertical direction, while the constraints by Dullemond et al.

are more related to the radial diffusion of dust grains. Sec-

ond, the B67 ring has a neighboring crescent, implying that

the ring itself may not be perfectly axisymmetric, thus under-

mining the assumption of our modeling procedure. Third, if

the gaps are indeed opened by planets [84-86], the B67 ring

can be substantially stirred due to meridional gas flows. Nu-

merical simulations have shown that massive planets can stir

sub-millimeter-sized dust grains up to ∼ 70% of the gas scale

height at the gap edges [87, 88]. For the B100 ring, we ob-

tain a lower αturb/St than that inferred by Dullemond et al.

A lower turbulence in the vertical direction than in the radial

direction can be explained under several physical scenarios,

such as in dust feedback to turbulence [89], disk self-gravity

[90], and radial (pseudo-)diffusion [91].
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The black dashed line in the bottom panel of Figure 5

shows the derived turbulence strength. Except for the B67

ring, the disk has a turbulence level of αturb < 3 × 10−3. The-

oretical works have shown that pure hydrodynamic mecha-

nisms or the magnetorotational instability suppressed by non-

ideal magnetohydrodynamic effects can generate similar tur-

bulence levels in protoplanetary disks [4, 92-95]. In the B67

ring, the turbulence is strong with αturb ∼ 1.2×10−2.

Several studies have tried to measure turbulence in the

HD 163296 disk through detailed analysis of gas line ob-

servations. Boneberg et al. [96] found that models with

αturb = (0.1−6.3)×10−3 match well with the C18O J = 2−1

line profile within 90 AU of the disk. Based on CO iso-

topes and DCO+ line observations, Flaherty et al. [29, 30]

derived the gas turbulence velocity in the disk, which is less

than a few percent of the sound speed, corresponding to

αturb <∼ 3× 10−3. Our inferred value for αturb, except for the

B67 ring, is consistent with the results set by gas observa-

tions. The value of αturb for B67 from our modeling is larger

than the upper limit in either Boneberg et al. or Flaherty et

al. The discrepancy may be explained by two reasons. First,

as demonstrated by our analysis, Λ, and therefore αturb, may

vary in the radial direction. The spatial resolution of gas line

observations in Boneberg et al. and Flaherty et al. is ∼ 0.5′′

that is 10 times worse than that of the DSHARP data. Con-

sequently, their constraints on αturb represent a mean level of

turbulence over a much broader range of radius than ours.

Due to the beam smearing, low turbulence outside B67 re-

sults in a small αturb probed by the gas lines. Second, the

turbulence strength we measure describes the role of dust stir-

ring in the vertical direction. This may be different from the

turbulence of gas motions. Recent numerical simulations of

dust evolution start to use different αturb(s) for gas evolution,

radial diffusion and vertical stirring [97].

Isella et al. [43] presented Band 6 ALMA observa-

tions of HD 163296 with a lower angular resolution than the

DSHARP data, revealing three dust gaps at 60, 100, and

160 AU in the continuum as well as CO depletion in the

middle and outer dust gaps. Liu et al. [98] investigated

these gaps by performing 2D global hydrodynamic simula-

tions of planet-disk interaction, and found that three half-

Jovian-mass planets in a disk with effective viscosity being a

function of radius can explain most of the observational fea-

tures. Within R= 100 AU, their model has a turbulence level

of αturb < 3× 10−4 that is weaker than ours. Such an inconsis-

tency can be explained by the difference in the quality of data

used in the analysis. As shown in the left column of Figure 3

in Liu et al. [98], the best-fit αturb is sensitive to how well the

dust surface densities in the gap region are constrained. In

the ALMA observation used by Liu et al. [98], the beam size

is ∼ 0.2′′ and the widths of the inner two gaps are narrower

than ∼ 0.27′′, indicating that the gaps are not fully resolved.

However, our constraints are placed using the DSHARP data

with four times better spatial resolution and sensitivity.

5.3 The effect of model assumptions on the results

The direct constraint from our radiative transfer analysis is on

the gas-to-dust scale height ratio Λ. The scenario of dust set-

tling that links Λ and αturb is given by Eq. 6, and the relation

is based on numerical simulations performed by Dubrulle et

al. [54] and Youdin & Lithwick [80]. Models with more real-

istic physics on dust growth, sedimentation and radial mixing

may alter the connection between dust and gas scale heights,

therefore change the result.

To calculate the Stokes number characterizing the coupling

between gas and dust, one needs to know the gas surface den-

sity. In our calculation, we take the result from Zhang et

al. [82] who modeled the high resolution ALMA data of CO

and its isotopologue lines. How well the CO molecular lines

probe the underlying total gas surface density remains uncer-

tain. Such a fact will not affect our constaints on Λ from the

continuum radiative transfer modeling, but it will cause un-

certainties when inferring αturb from Λ, see Eq. 6.

6 Summary

Constraining the strength of turbulence plays a key role in

building up our knowledge on disk evolution and planet for-

mation. It is also crucial for running numerical models to

interpret high-resolution ALMA observations. In this work,

we took the HD 163296 disk as an example, and investigated

in detail the millimeter gap contrast as a probe for turbulence

level. With self-consistent radiative transfer modeling, we fit

the gap contrasts measured for the D48, B67, D86 and B100

substructures that are spatially resolved by the DSHARP ob-

servation. We constrained the gas-to-dust scale height ratioΛ

to be 3.0+0.3
−0.8

, 1.2+0.1
−0.1

and > 6.5 for the D48, B67 and B100 re-

gions. Our results show that the degree of dust settling varies

with radius in the HD 163296 disk. The Λ value for the D86

region is unconstrained due to the degeneracy between Λ and

the depth of surface density drops.

Based on the constrained gas-to-dust scale height ratio Λ,

we estimate αturb/St to be 2.3+2.5
−0.9

and 0.0038+0.02
−0.0013

for the

B67 and B100 rings, respectively. These values are well con-

sistent with those reported by Doi & Kataoka [36], but dif-

fer from the numbers inferred by Dullemond et al. [34] and

Rosotti et al. [83]. The discrepancy may be due of the fact

that our modeling is sentitive to the turbulence for vertical

stirring of dust grains, while literature studies more likely re-

flect the turbulence for the radial diffusion of dust grains or
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the turbulent motion of gas species.

We calculate the turbulence level to be αturb < 3 × 10−3 for

the D48 and B100 regions, which agree well with the up-

per limit set by Boneberg et al. [96] and Flarherty et al.

[30] from analyzing the width of gas lines. According to

our analysis, the B67 ring has a strong turbulence strength of

αturb ∼1.2×10−2. Future multi-wavelength continuum obser-

vations with comparable spatial resolution to the DSHARP

data are required to better constrain the degree of dust set-

tling, and therefore the scale height of dust grains with dif-

ferent sizes. Higher resolution observations of multiple gas

lines are pivotal to directly measure the turbulent motions,

and confirm whether the strong turbulence in the local region

of B67 inferred from our analysis is also seen with gas trac-

ers.
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Appendix More information about the SED

models

In Sect. 3.4, we modeled the SED of the HD 163296 disk to

constrain the maximum grain size (amax) for the LGP. Two

models with amax = 1 mm (model S1) and amax = 1 cm (model

S2) are shown in Figure 2. Because the SED analysis is not

the key of this study, we do not present all the information in

the main section.

The blue solid line in Figure A1 shows the gas scale height

of model S2. The black solid line indicates the assump-

tion made by Doi & Kataoka [36], which is also our initial

choice for Hgas in the iteration (see Sect. 3.3). The black

dashed line stands for a typical profile found from model-

ing the SEDs of T Tauri disks. Figure A2 shows the re-

constructed surface densities (Σd) for both models. As can

be seen, they follow a similar pattern. However, the surface

densities of model S2 are systematically larger than those of

model S1. This is because the mass absorption coefficient

at a wavelength of 1.25 mm for a dust grain population with

amax = 1 mm is larger than that for a population of dust grains

with amax = 1 cm. Therefore, higher surface densities are re-

quired to fit the observed millimeter flux when amax = 1 mm.

Figure A1 Gas scale height of the HD 163296 disk. The blue line

refers to the result of model S2 (see Sect. 3.4), which is solved under

the condition of vertical hydrostatic equilibrium. The black line show the

scale height used in Doi & Kataoka [36]. The dashed curve, described as

Hgas = 10 (R/100 AU)1.15, is the typical disk geometry found from model-

ing the SEDs of T Tauri disks.

Figure A2 Dust surface densities of model S1 (black solid line) and model

S2 (blue solid line). The grey dashed line represents the initial density profile

used in the iteration process, see Sect. 3.3.
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