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Abstract

Recent Atacama Large Millimeter and Submillimeter Array (ALMA) observations of the protoplanetary disk
around the Herbig Ae star HD 163296 revealed three depleted dust gaps at 60, 100, and 160 au in the 1.3 mm
continuum as well as CO depletion in the middle and outer dust gaps. However, no CO depletion was found in the
inner dust gap. To examine the planet–disk interaction model, we present results of 2D two fluid (gas + dust)
hydrodynamic simulations coupled with 3D radiative transfer simulations. To fit the high gas-to-dust ratio of the
first gap, we find that the Shakura–Sunyaev viscosity parameter α must be very small ( 10 4 - ) in the inner disk. On
the other hand, a relatively large α ( 7.5 10 3~ ´ - ) is required to reproduce the dust surface density in the outer
disk. We interpret the variation of α as an indicator of the transition from an inner dead zone to the outer
magnetorotational instability (MRI) active zone. Within ∼100 au, the HD 163296 disk’s ionization level is low,
and non-ideal magnetohydrodynamic effects could suppress the MRI, so the disk can be largely laminar. The
disk’s ionization level gradually increases toward larger radii, and the outermost disk (r 300> au) becomes
turbulent due to MRI. Under this condition, we find that the observed dust continuum and CO gas line emissions
can be reasonably fit by three half-Jovian-mass planets (0.46, 0.46, and M0.58 J) at 59, 105, and 160 au,
respectively.

Key words: hydrodynamics – planet–disk interactions – planets and satellites: formation – protoplanetary disks –
stars: individual (HD 163296) – turbulence

1. Introduction

Thanks to ALMA’s unprecedented angular resolution, fine
structures of circumstellar disks around nearby young stars
such as HL Tau (Partnership et al. 2015) and TW Hya
(Andrews et al. 2016) are unveiled now. In particular, the
pattern that consists of a series of concentric bright and dark
rings has been discovered in the dust continuum emission in
many systems. However, no consensus has been reached on the
formation mechanism of the observed ringed structures. One
popular explanation attributes the observed dust gaps to planets
embedded in a protoplanetary disk (Dipierro et al. 2015; Dong
et al. 2015; Jin et al. 2016, hereafter J16). Alternatively, zonal
flows (e.g., Johansen et al. 2009; Flock et al. 2015), Rossby
wave instability (Lovelace et al. 1999; Li et al. 2000, 2001, and
rapid pebble growth near the volatile icelines (e.g., Ros &
Johansen 2013; Zhang et al. 2015, 2016) have been suggested
to account for the ringed structures as well. The caveat is that
those ringed features reflect the emission from dust instead
of gas.

Yen et al. (2016) identified two gas gaps at 32 and 69 au in
the HL Tau disk by performing azimuthal averaging on the
HCO+ image cube to enhance the signal-to-noise ratio (S/N)
and measure the radial profile of HCO+ integrated intensity.
The inner gas gap is coincident with the dust continuum gap,
while the outer gap is located at the bright continuum ring. It is
not clear whether the outer HCO+ gap can be related to planet–
disk interaction or other scenarios without involving a planet,
e.g., CO snow line. On the other hand, Dipierro et al. (2016)
suggested that the observed dust gaps of the HL Tau disk may
not reflect the obscured gas gaps. They performed the

smoothed particle hydrodynamics simulations to demonstrate
that embedded low-mass planets ( M0.1 J~ ) could expel
millimeter-sized grains to open dust gaps without perturbing
the gaseous disk significantly. However, their simulations only
last 40 planetary orbits and the disk mass they adopted is far
less massive than that of a typical protoplanetary disk (hence
the Stokes number of the 1 mm dust grains becomes much
larger than unity), which makes their conclusion less plausible.
Isella et al. (2016, hereafter I16) presented the first

conclusive study of the spatial distribution of millimeter-sized
dust particles and molecular gas in a ringed protoplanetary disk
around the Herbig Ae star HD 163296 with ALMA. The
Herbig Ae star HD 163296 is a Class II young stellar object
(YSO) with a stellar mass of 2.3 M and an effective
temperature of 9500 K (Natta et al. 2004). At a distance of
only 122 pc13

17
-
+ from Earth (van den Ancker et al. 1997), the

star has a gaseous disk extended to ∼550 au, which makes it an
ideal object to study the gas and dust coevolution as well as
planet formation in circumstellar disks at the early stage. I16
find three sets of bright and dark rings in the dust continuum
emission, similar to those observed in the HL Tau disk.
Moreover, CO12 , CO13 , and C O18 J=2–1 line emission across
these ringed structures are also acquired by ALMA. By
comparing ALMA observations with parameterized disk
models, I16 show that the continuum rings can be explained
by three dust depleted circular gaps with depletion factors
ranging from a few to 70, while CO depletion shows a
contradictory result in the inner gap and consistent results in the
middle and outer gaps. Therefore, I16 conclude that the middle
and outer gaps support the planet–disk interaction scenario;
however, the inner gap may require additional physical
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processes to explain, such as magnetohydrodynamic (MHD)
instabilities and volatile freeze-out.

Here, we explore the possibility that all three gaps are
formed through planet–disk interaction. In particular, the inner
gap is opened by a low-mass planet such that the gas surface
density is not severely perturbed. In the context of HD 163296
disk, we note that the location of the inner dust gap is roughly
within the magnetorotational instability (MRI; Balbus &
Hawley 1991) dead zone, because the disk ionization level is
predicted to be low due to non-ideal MHD effects such as the
Ohmic dissipation, Hall effects, and ambipolar diffusion (Zhu
& Stone 2014; Bai 2016). Such a weakly turbulent disk can be
parameterized with a low Shakura–Sunyaev α-viscosity
( 10 3a - ), and an embedded massive planet can trigger
Rossby wave instabilities and form visible vortices (Li
et al. 2005; Fu et al. 2014). Since no large-scale asymmetric
feature has been detected down to a scale as small as 25 au
(I16), it is reasonable to exclude the existence of a massive
planet.

In this paper, we perform 2D two fluid (gas and dust)
hydrodynamic simulations to fit the observed ringed structures
by I16, which allows us to explore the general properties of the
protoplanetary disk, such as the α-viscosity. This additional
perspective is a supplement to previous efforts of turbulence
measurement in the HD 163296 disk (e.g., Flaherty et al. 2015,
2017) and may help to understand the underlying physics. Our
numerical model is described in Section 2. We present
quantitative fitting to the ALMA observations of HD 163296
disk in terms of its millimeter continuum and CO emission
lines flux densities in Section 3. We address the question
whether the planet–disk interaction model is consistent with the
observation and interpret our results in terms of the strength of
turbulence in the HD 163296 disk in Section 4.

2. Method

We follow the procedure of the HL Tau disk modeling in J16
by combining the planet–disk interaction simulations with the
LA-COMPASS code (Li et al. 2005, 2009; Fu et al. 2014) and
the radiative transfer calculations with the RADMC-3D code
(Dullemond 2012), except that we adopt the disk temperature
proposed by I16 and we model CO emission lines as well.

2.1. Hydrodynamic Simulation

We adopt an initial disk dust and gas surface density profile
presented in I16 which can be described by
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where r 59 au0 = . The dust surface density is characterized by
0.1g = , r 90 auc = , and 0.40 g cm0

2S = - . Similarly, the gas
surface density is characterized by 0.8g = , r 165 auc = , and

17.5 g cm0
2S = - . The disk extends from 10 to 500 au and is

simulated with a resolution of 1024×768 grids along the
radial and azimuthal direction.

The fixed isothermal temperature profile can be described by
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where h is the disk aspect ratio (disk scale height divided by
radius) and vK is the Keplerian velocity. We note that the
isothermal temperature profile used in hydrodynamic simula-
tions is slightly cooler than the disk mid-plane temperature
assumed in radiative transfer calculation. In Section 3.4, we
discuss the effect of different scale height profiles.
In our 2D hydrodynamic simulations, the dust grains are

assumed to have a uniform size of 0.15 mm. This assumption is
motivated by the fact that the dust opacity at 1 mm wavelength
is dominated by dust grains with sizes between 0.1 and
0.2 mm (J16).

The HD 163296 disk shows a distinctive and complex
spatial distribution between the gas and the dust across
different gaps. As viscosity has a huge impact on the
evolution of a protoplanetary disk, in particular the gas
depletion caused by an embedded planet inside a gap is
related to the viscosity (Kanagawa et al. 2015). Following the
convention, we assume the turbulent viscosity has the form

c hsn a= (Shakura & Sunyaev 1973), in which the Shakura–
Sunyaev α parameter is treated as a free parameter in this
study. Both constant α-viscosity and radial-varying α-
viscosity disks are considered.
A planet embedded in a protoplanetary disk exerts tidal

torques on the nearby disk material, resulting in the angular
momentum transfer between the planet and the disk. Conse-
quently, a planet will migrate inward or outward if it loses or
gains angular momentum from the disk. Such planet–disk tidal
interaction also adjusts the disk surface density creating gaps
and bumps. In this study, however, we focus on the gap
formation instead of migration. We assume that planets do not
migrate for 1000 orbits ( 3 105~ ´ years), so the gaps can be
fully developed. Furthermore, we place three protoplanets at
59, 105, and 160 au, where they are close to the centers of dust
gaps. We run hydrodynamic simulations with different planet
mass to search for a model that can roughly fit the
parameterized disk model proposed by I16. By doing so, we
are able to narrow down the possible sets of planet mass needed
for ray-tracing calculations.

2.2. Radiative Transfer Calculation of Dust Continuum and
CO Emission

We followed the approach described in J16 in which
hydrodynamic and radiative transfer simulations to model the
dust emission of the HL Tau disk. Here, we convert the dust
surface density from a 2D hydrodynamic simulation to a 3D
volume density assuming a dust disk scale height
h r h r0.1dust gas=( ) ( ). Then we generate the dust continuum
emission using the radiative transfer code RADMC-3D (Dulle-
mond 2012) assuming a disk temperature profile (Dartois
et al. 2003) as
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T T T z z

T r z z z
,

cos , .

, , .
3

z

za m a 2

2

q

a q

q


=

+ - <p
d⎧

⎨⎪
⎩⎪

⎡
⎣⎢

⎤
⎦⎥( )( ) ( )

( )
( )

Here, T r r24 K 100 aum
0.5= -( ) ( ) describes the disk temper-

ature at the mid-plane and T r z r z, 45 K 200 aua
2 2 0.6= + -( ) ( )

depicts the disk atmospheric temperature. These two zones are
smoothly connected with r r0.0034 200 au 2.5d = - +( ) ( ) and
z r r63 au 200 au exp 800 auq

1.3 2= -( ) [ ( ) ]. We plot the disk

2

The Astrophysical Journal, 857:87 (12pp), 2018 April 20 Liu et al.



temperature profile in the r–z plane in Figure 1. I16 uses a similar
description to interpret the continuum and line emission.

We adopt a dust opacity at 1.3 mm of 3.95 cm g2 1- , the
same as I16, which is calculated based on a typical dust grain
composition with a grain size distribution extending up to
1 mm (Isella et al. 2009).

We further calculate the CO12 , CO13 , and C O18 emission
using hydrodynamic results assuming the same temperature
profile. I16 suggests that (i) the CO12 / CO13 and CO12 /C O18

density ratios are constant throughout the disk; (ii) the dust-to-
gas ratio changes with the orbital radius; (iii) and the CO/H2
density ratio also varies with the orbital radius (see below). The
CO density along the vertical direction is assumed to have a
Gaussian distribution set by Tm. We reduce the CO density by a
factor of 108 when the temperature is below 19 K (the black
dashed line in Figure 1) to mimic the CO freeze-out. To
account for the photodissociation, the CO density is reduced by
a factor of 108 near the disk surface. The gas rotational velocity
is assumed to have a Keplerian speed around a central star of

M2.3 . The generated disk image is inclined by 42° and
rotated by 132° to match the observation.

The reader interested in the detailed procedure of calculating
dust and CO emission using RADMC-3D is referred to I16
supplementary material.

3. Results

We fix three protoplanets at 59, 105, and 160 au in all
hydrodynamic simulations to investigate the planet–disk
interaction and gap properties. Normally, one can perform a
grid search through the parameter space to look for good fits of
the HD 163296 disk. Because it is a high-dimensional problem,
a regular grid search is not cost effective. The ideal solution
would be implementing a global optimization technique such as
Markov chain Monte Carlo methods to search for models that fit
the data. Practically, such a method is prohibited because it
requires a huge amount of computation. In this work, therefore,
we improve our fitting by comparing our hydrodynamic
simulations to the I16 fiducial model. We have performed more
than one hundred simulations in total with various initial
conditions of planet mass, disk mass, and effective viscosity.

Here, we only show some representative cases to illustrate how
we improve our fitting and identify the nominal model.

3.1. Constant α-viscosity Model

First, we attempt to fit the observation with a constant α-
viscosity disk model, which is commonly adopted in disk
modeling. Here, we present models with three different alpha-
viscosities 7.5 10 3a = ´ - , 1.5 10 3´ - and 1.5 10 4´ - ,
respectively (see Figure 2). We plot their surface densities of
dust and gas after one thousand orbits at 59 au in Figure 3.
Parameters of disk models are listed in Table 1.
High-viscosity disk. For a disk with the effective viscosity

7.5 10 3a = ´ - , we present two sets of simulation with
different planetary mass. In the low-mass planet case HiVis1,
the dust gaps opened by planets are too shallow when
compared with the fiducial model suggested by I16. On the
other hand, the dust surface density at large radii is relatively
flat, which is consistent with the detection of continuum
emission of the HD 163296 disk at a large angular distance. If
we increase the planet mass (HiVis2 case), we do get deeper
dust gaps. However, massive planets severely hinder dust drift
forming a giant bump of the dust surface density outside the
furthest gap. Besides, the second and third gaps are not well
separated in dust and gas surface density in both cases.
Intermediate-viscosity disk. If we lower the effective

viscosity to 1.5 10 3a = ´ - (InVis case), we can get a
satisfactory fit of the middle and the outer dust gap, while
the inner dust gap is slightly narrower than the fiducial model.
The major drawback of this model is the depletion of dust
beyond 200 au (see the second row in Figure 3).
Low-viscosity disk.With a even lower viscosity

1.5 10 4a = ´ - (LoVis case), we can fit the inner gap better
than the intermediate-viscosity case. However, the fitting of the
middle and the outer gap becomes worse. Again, the fast drop-
off of dust surface density is not consistent with the observation
(see the third row of Figure 3).
One interesting trend is that lower α viscosity leads to a

more compact dust disk at the end of our simulation. The
reason behind this phenomenon is the disk viscous evolution.

Figure 1. Contour plot of the disk temperature in the r–z plane. The black
dashed curve corresponds to the boundary below which CO freeze-out occurs.

Figure 2. Effective α-viscosity profiles used in 2D hydrodynamic simulations.
Dashed lines represent three constant viscosity models with a high,
intermediate, and low α, respectively. The solid line depicts a varying α-
viscosity (Equation (4)) used in the nominal hydrodynamic model.
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Figure 3. From top to bottom: disk models with a high viscosity ( 7.5 10 3a = ´ - ), an intermediate viscosity ( 1.5 10 3a = ´ - ), a low viscosity ( 1.5 10 4a = ´ - ), as
well as a varying viscosity. In each case, azimuthally averaged dust and gas surface density are shown in the left and right panels, respectively. We also plot the
fiducial model introduced by I16 in the black dashed line. The gray shaded area indicates the uncertainty of the fiducial model.
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Our initial gas surface density has an exponential cutoff rc at
165 au, which is just inside the outer gap. As the disk evolves,
angular momentum is transported outward, so the disk spreads
out and the characteristic scale rc increases. When the viscosity
is high, the gas disk spreads out so fast such that the dust
inward drift could be balanced. While in the low-viscosity disk,
the angular momentum transport is inefficient, dust grains
quickly get depleted in the outer disk.

To conclude, we find it is difficult to reproduce all the features
suggested by the observation with a constant α-viscosity disk.

3.2. Varying α-viscosity Model

From the observation, we know that the inner dust gap is
much more prominent than the inner gas gap (if there is any
depletion in the gas disk), and a planet with mass as low as

M0.46 J embedded in a low-viscosity disk can effectively stop
0.15 mm sized dust particles from drifting inward in the inner
part of the disk and open a sufficiently deep dust gap. On the
other hand, such a low-mass planet does not deplete the gas
component as much as it does the dust. The different dust-to-
gas ratio across the three gaps found by I16 suggests that
varying planet mass alone cannot account for the whole picture.

Inspired by the fact that each constant α-viscosity disk
model presented in Section 3.1 can explain part of the disk but
fails in reproducing all the features, we come up with a radius-

depended effective viscosity

r
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where ina and outa are dimensionless numbers which denote a
low viscosity ( 10 4a - ) in the inner disk and a large viscosity
(α∼0.01) in the outer disk, respectively. Parameter R sets the
mid-point of the transition and σ controls the slope. The viscosity
profile effectively mimics a MRI dead zone near the mid-plane of
the inner disk (Miranda et al. 2017), while approaches a larger
quantity where MRI can operate. A similar α prescription that
includes a dead zone is also proposed by Pinilla et al. (2016).
In the best-fit nominal model, we choose 10in

5a = - and
7.5 10out

3a = ´ - , which are the asymptotic effective α-
viscosity at the origin and at the infinity, respectively. Other
parameters are σ=1, r 59 au0 = and R=155 au. The
effective α-viscosity as a function of radius is plotted in
Figure 2. Bai (2016) assumed that disk evolution is wind driven
and proposed an effective viscosity model that is qualitatively
similar, but quantitatively different from ours, which has a
larger ina and smaller outa with a less steep slope compared to
our model.
We fix three half-Jovian-mass planets (0.46, 0.46, and 0.58

Jupiter masses) at 59, 105, and 160 au in the simulation.
Figure 4 shows the surface density of gas and 0.15 mm sized
dust obtained after 1000 turns of the inner planet. Such a choice

Figure 4. Gas surface density (left), dust surface density (middle), and dust-to-gas ratio (right) of the nominal model after 1000 orbits at 59 au.

Table 1
Disk Parameters of Hydrodynamic Simulations

Model M Mp1 J( ) M Mp2 J( ) M Mp3 J( ) α ina outa σ R (au) h(r)

Constant α:
HiVis1 0.69 0.69 0.69 7.5 10 3´ - L L L L r r0.05 0

0.25´ ( )
HiVis2 1.84 1.84 2.30 —”— L L L L —”—

InVis 0.92 0.92 0.69 1.5 10 3´ - L L L L —”—

LoVis 0.46 0.46 0.35 1.5 10 4´ - L L L L —”—

Varying α:
Nominal 0.46 0.46 0.58 ra( ) 10−5 7.5 10 3´ - 1 155 r r0.05 0

0.25´ ( )
VaVis1 0.69 0.46 0.69 ra( ) 5 10 5´ - —”— 1 155 —”—

VaVis2 0.23 0.40 0.52 ra( ) 10−6
—”— 1 155 —”—

ShallowT 0.46 0.46 0.80 ra( ) 10−5
—”— 1 155 r r0.05 0

0.35´ ( )
LargeH0 0.69 0.80 1.04 ra( ) 10−5

—”— 1 155 r r0.057 0
0.25´ ( )

Note. See Equation (4) for the definition of ra( ).
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allows gaps created by the planet–disk tidal interaction to be
fully developed. To compare the nominal model with the
parametric model in I16, we plot the 1D surface density of gas
and dust of the two models in Figure 3. Overall, the planet–disk
interaction model can create dust gaps comparable to those in
parametric models in terms of the depth and width, while the
inner gas gap of the nominal model is deeper than that in the
parametric models. Note that the hydrodynamic model is more
realistic than the parametric models on characterizing gaps. In
particular, gaps created by planets have smooth transitions
rather than sharp edges in parametric models.

Furthermore, we run the ray-tracing of our nominal model to
compared with the observation. Because the disk is axisym-
metric (see Figure 4), we plot the azimuthally averaged flux
density normalized to the peak intensities of dust continuum at
1.3 mm and CO J=2–1 emission lines in red dots in Figure 5.
We also compare the synthetic dust continuum and continuum-

subtracted CO J=2–1 emission of the nominal model to the
ALMA images of HD 163296 disk in Figure 6.
Overall, our nominal model reproduces the observation.

Three dust gaps in our nominal model create ringed structures
that matches the observation (see the upper-left panel of
Figure 5 as well as Figure 6). On the other hand, the other three
maps of CO emission lines in Figure 5 do not clearly show any
deficit at the location of the inner dust gap (at about 0.5 arcsec)
and most of the data points produced by the nominal model are
within the error bars.
Albeit the inner gas gap of the nominal model is much deeper

than that of the I16 disk model (see the right panel of Figure 7),
ringed structures are not manifested in the synthetic image of CO
emission. As mentioned above, the inner gas gap of the nominal
model has less steep edges and a narrower bottom compared to the
parametric model. Furthermore, the “shoulders” of the inner gas
gap have a higher surface density than that in the parametric

Figure 5. Comparison between the observation (black dots) and the hydrodynamic nominal model (red dots) for the dust continuum, CO12 , CO,13 and C O18 emission,
respectively.
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model, which offsets the gas depletion within the gap. Besides, the
disk is substantially inclined and such a viewing angle can mitigate
the effects of a deep narrow gap. As a result, the ringed structures

are barely discernible on maps of CO emission, not to mention that
the convolution with a Gaussian beam of observations will average
out the fluctuations of CO emission if there are any.

Figure 6. Comparison between ALMA’s images of the HD 163296 disk emission in 1.3 mm (left column) and the synthetic emission of the nominal model convolved
with the synthesized beam of the observation (center column). The right column shows the residual of each map, i.e., the difference between our nominal model and
the observation. The top row shows the continuum flux density, while the lower three rows are the continuum-subtracted CO12 , CO13 , and C O18

flux density,
respectively.
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3.3. Constraints on α-viscosity and the Mass
of the Inner Planet

Through testing a series of constant viscosity disk models,
we demonstrate that none of those models works. Based on a
varying α-viscosity, we are able to construct disk models that
are similar to the fiducial model. However, fitting three dust

and gas gaps simultaneously requires additional fine tuning. The
nominal model described in the previous subsection is the best fit
among our simulations. To show how sensitive our results depend
on the α-viscosity and planet mass (in particular the inner one),
we plot the dust and gas surface density of another two
hydrodynamic simulations in colored solid lines in the top row of
Figure 7.

Figure 7. From top to bottom: azimuthally averaged dust surface density (left) and gas surface density (right) of disks with slightly different varying α profiles (top)
and modified scale height profiles (middle and bottom). Parameters of all models are listed in Table 1. The nominal model is shown by the blue dashed line for
reference. We also plot the I16 fiducial model in black dashed line as well as its uncertainty represented by the gray shaded area.
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In model VaVis1, we use the same disk as in the nominal
model except that we choose 5 10in

5a = ´ - . Because the α-
viscosity is slightly larger than that of the nominal model in the
inner the disk, even a more massive planet ( M0.69 J) does not
open a gap as deep as the gap opened by a less massive planet
( M0.46 J) in the nominal model. However, both of them are
considered to be good fits compared with the I16 parametric
disk model. The fact that there is a degeneracy between the α-
viscosity and the inner planet mass is because we do not know
exactly the dust depletion in the first gap, as the observation
only constrains the upper limit.

However, the fitting is more sensitively to the mass of the
inner planet than the α-viscosity as long as ina being very low.
For example, in model VaVis2, we adopt 1 10in

6a = ´ - and
a M0.23 J planet. Although we lower the α-viscosity, such a
low-mass planet still cannot open a wide and deep gap in the
dust disk. Besides, we also decrease the mass of the other two
planets. Consequently, the fitting of the other two gaps
becomes worse.

Hence, our parameter space study suggests that the inner gap
can be created by a sub-Jovian mass planet with a mass in the
range of 0.46– M0.69 J in a low-viscosity environment
( 10 4a - ). The mass of the middle and the outer planet is
well constrained given the α-viscosity. Based on our results,
we exclude the possibility of α being greater than 10−2 in the
outer disk (r 300> au).

3.4. Constraints on the Disk Scale Height

Hydrodynamic models presented in previous sections are all
assumed a disk aspect ratio h r r r0.05 0

0.25= ´( ) ( ) , corresp-
onding to a mid-plane temperature T r r r24.1 0

0.5= ´ -( ) ( ) .
The power index is same as I16, while the normalization is
slightly different. Other studies (Rosenfeld et al. 2013; Flaherty
et al. 2017) also suggest temperature profiles with power-law
indices shallower than −0.5. We plot various mid-plane
temperature profiles and corresponding disk aspect ratios in
Figure 8. Here, we explore the impact on the fitting due to
different temperature profiles.

First, we run hydrodynamic simulations with disk aspect
ratio h r r r0.05 0

0.35= ´( ) ( ) corresponding to a disk mid-

plane temperature T r r r24.1 0
0.3= ´ -( ) ( ) . The result of the

hydrodynamic simulation labeled as ShallowT is plotted in the
middle row of Figure 7. We find hat the new scale height
profile has little impact on the inner gap, as the scale height h0
keeps the same. At larger radii, the disk scale height becomes
larger than the nominal model (see the right panel of Figure 8).
We therefore increase the planet mass from 0.58 to M0.80 J to
fit the outer gap, but the gas gap is still much shallower than the
nominal model.
Then, we investigate an overall larger scale height profile by

increasing h0 only, i.e., h r r r0.057 0
0.25= ´( ) ( ) , corresp-

onding to the I16 mid-plane temperature, which is also the
assumed mid-plane temperature in our RADMC-3D calcula-
tions. Because the new scale height is always greater than the
nominal model, we increase the mass of all three planets
accordingly (Table 1). The model LargeH0 is plotted in the
bottom row of Figure 7. The inner gap matches reasonably
well, while the outer gap, particularly the gas gap, is less
prominent than that in the nominal model.
Disk modeling sensitively depends on the temperature,

which is usually poorly constrained. Through the two
additional simulations with different scale height profiles, we
show the planet–disk interaction model still works within the
uncertainty of temperature, but extra fine tuning of planet mass
might be needed. On the other hand, assumed temperature
profiles also affect the estimation of disk turbulence. And we
shall discuss its impact in Section 4.2.

4. Discussion

In this study, we have found that the dust and gas features
observed in the HD 163296 disk can be explained in the
framework of planet–disk interaction models. However, this
requires assuming that the effective viscosity α increases across
the disk radial extent by more than two orders of magnitude,
varying from about 3×10−5 at 10 au to about 10−2 at 300 au.
We first discuss the relationship between the α-viscosity and
mass accretion rate, and then we try to explain what underlying
physics is responsible for such a steep increase in the α-
viscosity.

Figure 8. Comparison of mid-plane temperature profiles (left) and disk aspect ratios (right) of various disk models. The hydro model stands for the isothermal
temperature profile assumed in our hydrodynamic simulations, except two additional hydrodynamic simulations, ShallowT and LargeH0, presented in Section 3.4. We
also plot mid-plane temperature profiles and disk aspect ratios from Rosenfeld et al. (2013) and Flaherty et al. (2017) in dashed lines labeled as R13 and F17,
respectively.
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4.1. Viscosity and Mass Accretion Rate

In a steady thin accretion disk, the mass accretion rate at a
radial distance r can be expressed as

M r v2 , 5rp= - S˙ ( )

where r t,S( ) is the disk surface density and vr is the radial
velocity of the gas. Now, we need to work out vr. We write
down the continuity equation (mass conservation equation) in
the 2D form (see, e.g., Chapter 5 of Frank et al. 2002)

t r r
rv

1
0, 6r

¶S
¶

+
¶
¶

S =( ) ( )

and the angular momentum conservation equation

t
v r

r r
v v r

r r
r

r

1 1
, 7r

2 3n
¶
¶

S +
¶
¶

S =
¶
¶

S
¶W
¶

f f ⎜ ⎟⎛
⎝

⎞
⎠( ) ( ) ( )

where vf is the tangential velocity of the gas, ν is the kinematic
viscosity, and v rW = f is the angular velocity.

Combining Equations (6) and (7), we get

v
r

r
r r

r
r

1
. 8r

2 3nS
¶
¶

W =
¶
¶

S
¶W
¶

⎜ ⎟⎛
⎝

⎞
⎠( ) ( )

Because the real gas velocity is very close to the Keplerian
velocity, we can replace Ω with a Keplerian angular velocity

KW , we can then get

v
r r

r
3

. 9r n= -
S

¶
¶

S( ) ( )

In the inner part of the disk where the exponential term is not
significant, Σ can be approximated to a power-law function

rS ~ g- . We have assumed the sound speed has the form
c r q

s ~ - , so c h c r q
s s

2
K

2 3 2n a a= = W ~ - + . Thus, we get

v q
r

3 2 2 . 10r g
n

= - - -( ) ( )

We can further assume that Σ does not depend on t. The
continuity Equation (6) becomes

r
rv 0. 11r

¶
¶

S =( ) ( )

Then we get the relation between the power indices

q2 3 2. 12g = - + ( )

Hence, the Equation (10) becomes

v
r

3

2
. 13r

n
= ( )

Finally, we plug Equation (13) in for the mass accretion rate
Equation (5), and get

M
c

3 . 14s
2

K
pa=

W
S˙ ( )

Using Equation (14), we estimate a mass accretion rate
M M3 10 yr11 1´ - - ˙ at 0.1 au by extrapolating the para-
meters adopted in our model toward the disk inner edge.

The mass accretion rate of Herbig Ae/Be star HD 163296
was proposed around M10 yr7 1- -

 (see, e.g., Garcia Lopez
et al. 2006; Mendigutía et al. 2011a). Before comparing the
observation with the theory, we need to emphasis the fact that
Herbig Ae/Be stars have a large optical spectroscopic
variability, e.g., the equivalent width of Ha line can change

by a factor of four (Mendigutía et al. 2011b). Such a large
variability certainly confounds any comparisons between
viscosity, surface density and the accretion rate.
Nonetheless, the order-of-magnitude difference in the mass

accretion rate can be understood from two angles. First, the
mass accretion rate of Herbig Ae/Be stars is estimated using
the magnetospheric accretion model (Uchida & Shibata 1985)
that has been applied to T Tauri stars. However, Alecian et al.
(2012) carried out searching for magnetic field among a group
of Herbig Ae/Be stars, and they were able to find only five out
of 70 Herbig Ae/Be stars to be magnetic. It is unclear how
reliable the mass accretion rate of Herbig Ae/Be stars
estimated using the magnetospheric accretion model is.
Furthermore, Reiter et al. (2018) found that emission line
profiles are similar between magnetic and non-magnetic Herbig
Ae/Be stars, suggesting that magnetospheric accretion is not
the source of the line profile shape.
Second, our effective α-viscosity profile is constructed based

on the dust-to-gas ratio across the three gaps. The extrapolation
of α to the inner edge of the disk may not hold, because the
very inner part of the disk, where the disk midplane could be
very hot ( 103> K), may be subject to MRI and become very
turbulent. In that case, the α value could become much larger,
and the mass accretion rate could be orders of magnitude larger
than our estimation. The boundary between the putative inner
MRI-active zone and the MRI dead zone inferred from our disk
modeling is not clear. Future observations with a higher
angular resolution (see next subsection for details) may help to
settle this issue.

4.2. Non-ideal MHD Effects and Disk Turbulence

The radial increase of α is consistent with the conventional
understanding of MRI in protoplanetary disks. In particular,
MRI would not operate in the most dense and neutral inner disk
regions. It is generally assumed that protoplanetary disks are
mostly neutral at column density larger than 10 g cm 2-

(although this number depends on the specifics of disk
ionization processes). Interestingly, in the case of HD
163296, this surface density level is achieved right at the inner
edge of the innermost gap for a large range of models (see right
panel of Figure 3.). Numerical simulations have shown that
MRI could be quenched by non-ideal MHD effects, such as
Ohmic dissipation (Jin 1996), Hall effect (Wardle 1999), and
ambipolar diffusion (Blaes & Balbus 1994).
According to the conventional picture, Ohmic dissipation

dominates the region near the mid-plane of the innermost disk
(say 1–5 au), where the density is high and the magnetic field is
weak. However, due to the large optical depth of the emission
arising from the innermost part of a disk, ALMA is unlikely to
place observational constraints on the turbulence in these
regions given its large angular resolution. One possible way is
by moving to shorter wavelengths. Carr et al. (2004) find
evidence for transonic turbulence within 0.3 au of the disk
around the young star SVS 13 based on the broadening of the
water lines at infrared wavelengths, while Najita & Ádámko-
vics (2017) suggest that mechanical heating from turbulence in
the inner disk may be observable at UV wavelengths. On the
other hand, future radio interferometers such as the Next
Generation Very Large Array (Carilli et al. 2015; Isella et al.
2015) might allow us to study the planet–disk interaction on a
scale as small as 1 au (Ricci et al. 2018), and, through an
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analysis similar to what presented in this paper, information
about the effect of Ohmic dissipation might be inferred.

The ambipolar diffusion, on the other hand, operates under
the condition that the density is low while the magnetic field is
strong. Typically, the ambipolar diffusion plays a crucial role
high above the disk mid-plane (Salmeron & Wardle 2008). Our
effective viscosity α profile is based on 2D hydrodynamic
simulations and an isothermal equation of state. Such a
treatment simplifies the vertical structure of a disk with a disk
scale height profile. Our effective α-viscosity profile should
mainly represent constraints near the disk mid-plane. Thus, it is
not clear whether the decreasing α profile with radius is related
to the variation of the effectiveness of the ambipolar diffusion.
Although it is possible to model the disk ionization driven by
far-ultraviolet photons at different locations of a disk in a semi-
analytical way (see, e.g., Perez-Becker & Chiang 2011). Future
3D MHD simulations are crucial in identifying the ambipolar
diffusion regime in the disk.

The Hall effect might be responsible for the low-α region
near the inner gap found in our effective viscosity profile, as it
dominates the other two non-ideal MHD effects under a wide
range of conditions (see, e.g., Armitage 2011; Turner
et al. 2014). The Hall effect is estimated to produce an
effective viscosity as low as 10 5a ~ - (Turner et al. 2014).
Recent 3D shearing box simulations show that the Hall effect
could reduce the MRI turbulence to 10 3a ~ - (Bai 2015;
Simon et al. 2015).

Our nominal model also suggests that the effective viscosity
climbs steadily until reaching a maximum at the location
between 200 and 300 au. This is because non-ideal MHD
effects become weaker at larger radii since the disk density
decreases and non-thermal ionization level increases. Besides,
due the nature of a flaring disk, the disk surface gets more
directly illuminated by the central star at larger radii, which
results in a deeper MRI-active layer.

Independent constraints on the gas turbulence in the HD 163296
disk were obtained by several studies through analysis of multiple
molecular lines. Boneberg et al. (2016) use CO observations to
constrain the α of the order of 10−3 within 90 au of the disk, which
is in good agreement with our result. Flaherty et al. (2015, 2017)
find that CO isotopes and DCO+ emissions4 are consistent with
gas turbulence velocity less than a few percent of the sound speed,
corresponding to 10 3a - . In particular, Flaherty et al. (2017)
suggest weak turbulence ( 3 10 3a ´ - ) in the outer disk
(r>260 au), which seems to be contrary to our conclusion based
on the planet–disk interaction model.

One might explore other possibilities such as condensation
fronts of different molecules (Qi et al. 2015) to explain the
ringed structures in the HD 163296 disk. Here, however, we try
to understand the discrepancy of α-viscosity in the outer disk
between our result and that in Flaherty et al. (2017). One big
assumption in Flaherty et al. (2015, 2017) is that the turbulent
velocity dispersion is a constant fraction of the local sound
speed throughout the disk, which may not be the case if MRI is
operational. As a result, they are essentially deriving an
intensity-weighted average value of α over the entire disk. We

suspect that a different parameterization of α as a function of
radius can yield a similar result following their procedure.
Second, the temperature profiles are different. Both our method

and that of Flaherty et al. (2015, 2017) are dependent on the mid-
plane temperature: in Flaherty et al. (2015, 2017) it is through the
thermal broadening and its connection with the derived non-
thermal broadening, while in our simulations it is through the
pressure scale height and its influence on the depth of the gap
created by a planet. Flaherty et al. (2017) derive a mid-plane
temperature that is higher than we utilize here, and either reducing
the mid-plane temperature used by Flaherty et al. (2017),5 or
increasing the mid-plane temperature in our simulations, can
bring our constraints on the α-viscosity into closer agreement.
Besides, our simulations also show there is some degeneracy of
acceptable α values, which is not fully characterized in this study.
When taking the uncertainties into account, we think the
seemingly discrepancy of the α in the outer disk between this
work and Flaherty et al. (2017) is NOT significant.
It is also worth pointing out that α-viscosity (i.e., transport of

angular momentum) and turbulence are directly proportional only
in the simplistic case in which turbulence is created by dissipation
of viscosity on small scales. This might not be the case if
dissipation of angular momentum is operated by, for example,
MHD winds like those predicted by non-ideal MHD disk models
(Bai 2016). In this case, the inward radial motion of the gas would
be mostly laminar and the overall turbulence will be low. Simon
et al. (2017) point out that even with a magnetic field strong
enough to create a wind and a laminar flow (e.g., the right side of
their Figure 2), there are still pockets of weaker magnetic field that
generate substantial turbulence. This suggests that having a wind
(and its associated high-alpha) does not necessarily mean that the
turbulent gas motion will be small. While winds may create the
high α and low-turbulence conditions required of the models
presented here, more work is needed to understand if these are the
exact conditions of a magneto-thermal wind. Future observations
of molecular lines of ring-like disks such as HD 163296, HL Tau,
TW Hya, etc., could possibly help clarifying whether the disk
evolution is controlled by laminar or turbulent flows.

5. Conclusion

Scenarios such as the grain growth at condensation fronts,
zonal flows, and Rossby wave instability, are proposed to explain
rings in continuum emission of protoplanetary disks, whereas,
these theories may not necessarily deplete gas at dust gaps. Tidal
interaction between an embedded protoplanet and the gaseous
disk can carve a gas gap (Bryden et al. 1999), and millimeter-
sized grains dust grains naturally concentrate toward a local
pressure maximum (edges of gas gaps) due to gas drags, so dust is
expelled from the gas gap. In the HD 163296 disk, we obtain high
resolution dust continuum and CO emissions, both of which are
depleted in dark rings. The depletion of both gas and dust inside a
gap is the hallmark of the planet–disk interaction model.
In this study, we present 2D global hydrodynamic simula-

tions with dust and gas to model the observed ringed structures
of the HD 163296 disk. Using the parametric model introduced
by I16 as the fiducial model, we conclude that the ringed

4 Different emission lines have different optical depth. To make a fair
comparison with our α-viscosity derived from the 2D simulations, one might
choose emission lines that are emitted near the mid-plane. For instance, DCO
+(3–2) and C O18 (2–1) are better tracers than CO(2–1) and CO(3–2), because
DCO+ and C O18 are less abundant and emissions of DCO+(3–2) and
C O18 (2–1) come from regions closer to the mid-plane.

5 The mid-plane temperature adopted in Flaherty et al. (2017) is higher than
the I16 mid-plane temperature beyond ∼240 au (Figure 8). Given a line width,
if the thermal broadening term (temperature) decreases, the contribution from
the non-thermal part (turbulence) has to increase. That being said, the upper
limit of α would increase, if a colder mid-plane temperature (e.g., I16) was
assumed.
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structures can be explained by the planet–disk interaction
scenario. We further perform 3D radiative transfer calculation
of dust continuum and CO emission. The synthetic emission
results are compared with the observations to scrutinize our
hydrodynamic modeling. Assuming a temperature profile
similar to I16, our hydrodynamic modeling suggests that three
planets with masses of 0.46, 0.46, and M0.58 J located at 59,
105 and 160 au can reproduce most of the observational
features. In particular, a planet with M0.46 J in a low effective
viscosity ( 5 10 5a ~ ´ - ) region opens a gap that can be seen
from the map of dust continuum while does not manifest itself
in CO emission. The effective α viscosity increases with the
radius and levels out at 7.5 10 3´ - beyond 300 au.

We interpret the variation of the effective viscosity profile as
the changes of the disk ionization level. The low-viscosity region
within 50 au indicates either a dead zone or a region where MRI is
possibly quenched by the Hall effect. The α gradually increases
with the radius because non-ideal MHD effects (the Hall effect
and ambipolar diffusion) are phased out with increasing radius.
Recent measurements of disk turbulence through molecular lines
are generally in good agreement with our result in the inner disk
(Boneberg et al. 2016), while Flaherty et al. (2017) claim an upper
limit of α viscosity that is 2.5 times lower than our result in the
outer disk. However, the discrepancy can be explained by their
assumption of the turbulent velocity dispersion being a constant
fraction of the local sound speed throughout the disk and a hotter
disk mid-plane in their models.

The technique of modeling of gas and dust simultaneously
presented here can be applied to other systems with ringed
structures (such as the HD 169142 disk (Fedele et al. 2017)) to
constrain the planet mass as well as the effective viscosity,
which may provide a crucial benchmark to various evolu-
tionary models of protoplanetary disks.
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