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ABSTRACT

Dust and gas in protoplanetary disks are the building blocks of planets. In this
thesis, we study the dynamics of the gas and dust, which are crucial for the planet
formation theory, using observational and numerical approaches. The observational
part contains the case study of a rare circumtriple disk around the GW Ori hierarchical
triple system. We present Atacama Large Millimeter/submillimeter Array (ALMA)
observations of 1.3 mm dust continuum and 12CO J = 2− 1 molecular gas emission
of the disk. For the first time, we identify three dust rings in the GW Ori disk at
∼ 46, 188, and 338 au, with the outermost ring being the largest dust ring ever
found in protoplanetary disks. We use visibility modeling of the dust continuum and
kinematics modeling of CO lines to show that the disk has misaligned parts, and
the innermost dust ring is eccentric. We interpret these substructures as evidence
of ongoing dynamical interactions between the triple stars and the circumtriple disk.
In the numerical part, we study whether or not dust around gas gaps opened by
planets can remain settled by performing three-dimensional, dust-plus-gas simulations
of protoplanetary disks with an embedded planet. We find planets that open gas
gaps ‘puff up’ small, sub-mm-sized grains at the gap edges, where the dust scale-
height can reach 80% of the gas scale-height. We attribute this dust ‘puff-up’ to
the planet-induced meridional gas flows previously identified by Fung and Chiang.
We thus emphasize the importance of explicit 3D simulations to obtain the vertical
distribution of sub-mm-sized grains around planet gaps. We caution that the gas-
gap-opening planet interpretation of well-defined dust rings is only self-consistent
with large grains exceeding mm in size.
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Chapter 1

Introduction

One of the most exciting developments in the field of planet formation is the direct
observation of detailed sub-structures in protoplanetary disks (PPDs). The Atacama
Large Millimeter/submillimeter Array (ALMA) has shown that many of the largest
PPDs contain dust gaps and rings (Andrews et al. 2018; Long et al. 2018; van der
Marel et al. 2019), while a smaller, but non-negligible fraction contain asymmetries
such as lopsided dust clumps and spiral arms (e.g., van der Marel et al. 2013; Dong
et al. 2018b).

The origin of these sub-structures is debated. For example, dust rings may be
related to snow lines (Zhang et al. 2015; Pinilla et al. 2017; Hu et al. 2019), which
can be sites of preferential planetesimal formation (Drążkowska and Alibert 2017).
The rings may also result from pressure gradients. Solids in PPDs are subject to gas
drag (Weidenschilling 1977), which causes their radial drift towards pressure maxima
and expulsion by pressure minima (Whipple 1972). Axisymmetric pressure bumps
can therefore act as dust traps to produce dust rings.

The planet interpretation of dust rings has become an attractive scenario as pres-
sure bumps naturally arise from gap-opening by massive planets (Lin and Papaloizou
1993). Solids can then be trapped at the two gap edges on either side of the planet
(Paardekooper and Mellema 2004, 2006; Rosotti et al. 2016; Dipierro and Laibe 2017;
Weber et al. 2019; Meru et al. 2019; Yang and Zhu 2019). It is also possible for a
single planet to open additional gaps away from its orbital radius (Bae et al. 2017)
and thus produce more than two dust rings (Dong et al. 2017, 2018a). An accurate
model of planet-induced dust rings can provide an indirect method to detect and
characterize planets (as well as disk properties) during their formation (Lodato et al.
2019).

How are substructures like in PPDs around a multiple system, and how can they
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help to understand planet formation in multiple systems? In Chapter 2 we present
high resolution ALMA observations in the disk around the GW Ori triple system at
1.3 mm dust continuum emission and 12CO J = 2− 1 emission, where we find three
dust rings at ∼ 46, 188, and 338 au, with the outermost ring being the largest dust ring
ever found in protoplanetary disks. We also show that the disk has misaligned parts,
and the innermost dust ring is eccentric. Finally we suggest that the substructures
hint at a companion at ∼120 AU, which opens a deep gap and effectively breaks the
gas disk at that radius.

Are sharp, flattened dust rings in sub-mm-sized grains observed in PPDs com-
patible with gas gaps opened by planets? To address this issue, we perform direct,
grid-based simulations of 3D, dusty PPDs with embedded planets in Chapter 3. We
find gas-gap-opening planets efficiently ‘puff-up’ sub-mm-sized dust grains around its
gap edges, i.e., small grains do not settle. We attribute this to the planet-induced
meridional gas flows identified by Fung and Chiang (2016). Our results suggest that
3D models of dusty gaps can be used to constrain the minimum grain size in well-
defined, planet-induced dust rings in PPDs.
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Chapter 2

GW Ori: Interactions Between a Triple-star
System and its Circumtriple Disk in Action

GW Ori is a hierarchical triple system (Berger et al. 2011) at a distance of 402 ± 10
parsec (Gaia Collaboration et al. 2018). Two of the stars (GW Ori AB) compose a
spectroscopic binary with a separation of ∼ 1 AU (Mathieu et al. 1991). A tertiary
component (GW Ori C) was detected by near-infrared interferometry at a projected
distance of ∼ 8 AU (Berger et al. 2011). The stellar masses have been constrained to
be ∼ 2.7, 1.7, and 0.9 M�, respectively (Czekala et al. 2017). The system harbours
a rare circumtriple disk, with dust extending to ∼ 400 AU, and gas extending to ∼
1300 AU (Fang et al. 2017). Spectral energy distribution (SED) modelling indicates
a gap in the disk at 25− 55 AU (Fang et al. 2014).

We arrange the chapter as follows: In Section 2.1, we describe the setups of the
ALMA observations and data reduction. In Section 2.2, we present the imaged results
of dust continuum and 12CO J = 2−1 observations. In Section 2.3, we present results
of dust continuum visibility modelling. In Section 2.4, we discuss the possible origins
of the observed substructures. In Section 2.5, we summarize our findings and raise
some open questions.

2.1 Observation and Data Reduction

The observations were taken on December 10, 2017 (ID: 2017.1.00286.S). The disk
was observed in Band 6 (1.3 mm) by 46 antennas, with baseline lengths ranging from
15 to 3321 meters. The total on source integration time was 1.6 hours. There were
two 1.875-GHz-wide basebands centered at 217 and 233 GHz for continuum emission,
and three basebands with 117 MHz bandwidths and 112 kHz resolution, centered at
230.518, 219.541 and 220.380 GHz to cover the 12CO, 13CO and C18O J = 2−1 lines.
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The data were calibrated by the pipeline calibration script provided by ALMA. We
used the Common Astronomy Software Applications package (casa; version 5.1.1-5;
McMullin et al. 2007) to process the data. We adopted casa task clean to image
the continuum map (Figure 2.1a), with the uniform weighting scheme and a 0”.098
circular restoring beam. We performed phase self-calibration onto the image with
a solution interval of 20 seconds. This resulted in an RMS noise level of ∼ 40 µJy
beam-1 and an enhanced peak signal-to-noise ratio (SNR) of ∼ 157, compared with
∼ 63 µJy beam-1 and ∼ 90 before self-calibration, respectively. The integrated flux
density of the disk (195 ± 20 mJy) is consistent with the result from previous ALMA
observations (202 ± 20 mJy; Czekala et al. 2017).

The 12CO J = 2 − 1 line data were obtained (after subtracting the continuum
on the self-calibrated data) in the briggs weighting scheme with robust = 0.5, and
velocity resolution 0.5 km s-1. The resulting line cube has a beam size of 0”.122 ×
0”.159 at the position angle -32.3◦. The noise level is ∼ 1.4 mJy beam-1 per channel
and the peak signal-to-noise ratio is ∼ 83. Line emission was detected between 7.0 and
20.0 km s-1 with a central velocity of 13.5 km s-1. The integrated flux is 60.6 Jy km s-1,
assuming a 2” radius. The intensity-weighted velocity map (a.k.a., the first-moment
map) was constructed by calculating the intensity-weighted velocity with a threshold
of three times the noise level. The averaged uncertainty of the twisted pattern in
the first-moment map (i.e., the inset in Figure 2.1b) is ∼ 0.2 km s-1, derived from
error propagation theory, assuming the uncertainty of velocity due to the channel
resolution is 0.25 km s-1. The observations of the CO isotopologues C18O and 13CO
J = 2− 1 emission will be presented in future work.
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Figure 2.1: ALMA Observations and Models of the GW Ori disk. All panels are centered on the stellar
position provided by GAIA DR2 (ICRS R.A. = 5h29m08s.390 and Dec. = 11◦52’12”.661). (a): The ALMA self-
calibrated dust continuum map performed with a 0”.098 circular beam (bottom left corner; RMS noise level σ ∼ 40
µJy beam-1). (b): The ALMA 12CO J=2-1 first-moment map performed with a 0”.122 × 0”.159 beam with a position
angle of -32.3◦ (bottom left corner). The inset shows an 1” by 0”.5 wide (40 by 20 AU) zoom, and the dot-dashed
line highlights the shape of the twist. The averaged uncertainty in the inset region is ∼ 0.2 km s-1. (c): Simulated
ALMA continuum emission map of Model 3, produced in the same way as panel (a). (d): The synthetic first-moment
map of the misaligned disk model, applying the model parameters listed in Table 2.2. The color scheme is the same
as panel (b). (e): The residual map of Model 3. Dashed ellipses mark the fitted location of the three dust rings. The
colorbar shows the residual magnitude in units of RMS noise level (1σ = ∼ 40 µJy beam-1 = ∼ 0.6% of peak surface
density). (f): The synthetic first-moment map of the coplanar disk model, with an inclination of 37.9◦ and a position
angle of -5◦ throughout the disk. The color scheme is the same as panel (b).
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2.2 Observational Results

2.2.1 Dust Continuum Emission

Figure 2.1a shows the continuum map with spatial resolution of 0”.098 (∼ 39 AU).
We identify three dust rings with different apparent shapes in the disk at ∼ 46, 188,
and 338 AU (hereafter the inner, middle, and outer ring). The location of the inner
ring coincides with the predicted cavity size from SED modelling (Fang et al. 2017).
The continuum flux densities of the inner, middle, and outer ring are 42 ± 4, 95 ±
10 and 58 ± 6 mJy, respectively. To our knowledge, the outer ring is the largest ever
found in protoplanetary disks.

The three rings harbor an enormous amount of solid material. We estimate the
dust (solid) mass Mdust of the rings with the equation provided in Hildebrand (1983)

Mdust =
Fνd

2

Bν(Tdust)κν
, (2.1)

where Fν is the continuum surface brightness at a sub-mm frequency ν, d is the
distance from the observer to the source, Bν(Tdust) is the Planck function at the dust
temperature Tdust, and κν is the dust opacity. The dust temperature is estimated
using a fitting function provided by Dong et al. (2018c)

Tdust = 30

(
L?

38L�

)1/4 ( r

100AU

)−1/2

, (2.2)

where L? is the total stellar luminosity, and r is the location of the ring. The stellar
luminosity modified by the distance provided by GAIA DR2 is 49.3 ± 7.4 L� (Calvet
et al. 2004; Gaia Collaboration et al. 2018). We assume a dust grain opacity of 10
cm2 g-1 at 1000 GHz with a power-law index of 1 (Beckwith et al. 1990). We estimate
the dust masses of the rings to be 74 ± 8, 168 ± 19, and 245 ± 28 M⊕, respectively,
with the uncertainties incorporating the uncertainties in the surface brightness of the
rings, source distance, stellar luminosity, and radial location of the rings.

2.2.2 12CO J=2-1 Emission

Figure 2.1b shows the first-moment map of 12CO J = 2−1 emission (with the zeroth-
moment map provided in Appendix A.1). For regular Keplerian rotating disks, we
expect a well-defined butterfly-like pattern in the first-moment map. However, we
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find a twisted pattern inside ∼ 0”.2, which may result from a misalignment between
the inner and outer parts of the disk (i.e., having different inclinations and orienta-
tions; Rosenfeld et al. 2014), as has been found in the disks around, e.g., HD 142527
(Casassus et al. 2015; Marino et al. 2015) and HD 143006 (Pérez et al. 2018; Benisty
et al. 2018).

2.3 Modelling of Dust and Gas Emission

The different apparent shapes of the rings could result from a few scenarios, such as
coplanar rings with different eccentricities, circular rings with different inclinations, or
rings with both different eccentricities and inclinations. Here we present evidence for
disk misalignment and disk eccentricity found in modelling the dust and gas emission.

2.3.1 Visibility Modelling of the Dust Continuum Emission

We fit the dust continuum map assuming that there are three dust rings in the disk
with Gaussian radial profiles of surface brightness

Fi(r) = F0,i exp
−(r − ri)

2

2σ2
i

, (2.3)

where Fi is the surface brightness as a function of the distance to the center r, with i
= 1, 2, 3 denoting parameters for the inner, middle, and outer ring, respectively. F0,i

is the peak surface brightness, ri is the radius of the ring (i.e., where the ring has the
highest surface brightness), and σi is the standard deviation.

Initially, we assume all three rings are intrinsically circular when viewed face-on,
and their different apparent shapes entirely originate from different inclinations. For
each ring, we assume an independent set of peak surface brightness, center location,
radius, width, inclination, and position angle as the model parameters. We call this
combination of assumptions Model 1.

After projecting the rings according to their position angles and inclinations, we
calculate the synthetic visibility of the models using galario (Tazzari et al. 2018),
and launch MCMC parameter surveys to derive posterior distribution of model pa-
rameters using emcee (Foreman-Mackey et al. 2013). In the MCMC parameter
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surveys, the likelihood function L is defined as

lnL = −1

2

N∑
j=1

mj × [(ReVobs,j −ReVmod,j)
2 + (ImVobs,j − ImVmod,j)

2] (2.4)

where Vobs is the visibility data from ALMA observations, Vmod is the synthetic model
visibility, N is the total number of visibility data points in Vobs, and mj is the weight
of each visibility data point in Vobs. The prior function is set to guarantee the surface
brightness, ring radius, and ring width do not go below zero, the position angle
does not go beyond (-90, 90) degrees, and the inclination does not go beyond (0, 90)
degrees. For each model, there are 144 chains spread in the hyperspace of parameters.
Each chain has 15000 iterations including 10000 burn-in iterations. The results of the
parameter surveys are listed in Table 2.1.

The fitting result of Model 1, listed in Table 2.1a, suggests that the three rings
have statistically different centers. Particularly, the center of the inner ring differs
from the centers of the outer two by ∼ 20% of the inner ring’s radius. This non-
concentricity indicates non-zero intrinsic eccentricities in the rings, particularly the
inner ring (see Section 2.4.1).

We explore the non-zero intrinsic eccentricity in the inner ring with two models.
In both models, the outer two rings are intrinsically circular and concentric. Their
center coincides with one of the two foci of the inner ring. In Model 2, that center is
set free, while in Model 3 it is assumed to coincide with the stellar position provided
by GAIA DR2 (Gaia Collaboration et al. 2018). In those two models, we introduce
two more parameters for the intrinsic eccentricity and apoapsis angle of the inner
ring. The position angle only indicates the direction to the ascending node on the
axis along which the ring is inclined. The fitting results are listed in Table 2.1b and
2.1c, and the following calculations are based on the result of Model 3.

Figure 2.1c and 2.1e show the model image and the residual map of Model 3,
respectively. The residual map is produced by subtracting model from data in the
visibility plane, and then imaging the results in the same way used for the observa-
tions. We interpret the residuals as additional substructures on top of the ideal model
(e.g., a warp within the ring; Huang et al. 2020).

All three models yield roughly consistent inclinations and position angles of each
ring. However, we cannot determine the mutual inclinations between them (i.e., the
angles between their angular momentum vectors) from dust emission modelling alone,
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Table 2.2: The Parameters Used in the Gas Kinematics Modelling

Inner Ring Outer Ring Longitude of the InclinationAscending Node
[AU ] [AU ] [degree] [degree]

0 32 No Emission
32 48 -60 22.3
48 153 -10 17.3
153 1000 -5 37.9

note — The annuli are concentric with the center located at the stellar position provided
by GAIA DR2 (ICRS R.A. = 5h29m08s.390 and Dec. = 11◦52’12”.661). The longitude of
the ascending node is measured East of North, and the inclination is defined in the range
from 0◦ to 90◦ with 0◦ meaning face-on. The disk model is composed of an empty inner
cavity and three annuli, inside out. The inner annulus (from 32 to 48 AU) is for the inner
dust ring. The outer annulus (from 153 to 1000 AU) is for the middle and outer dust rings.
The middle annulus (from 48 to 153 AU) is for the gap in between.

due to the unknown direction of orbital motion.

2.3.2 Kinematics Modelling of the 12CO J=2-1 Emission

Following the prescription and parameter values used to fit low resolution CO iso-
topologue data of GW Ori (Fang et al. 2017), we set up a gas surface density model
using a power-law profile with an exponential tail

Σ(r) = Σc

(
r

rc

)−γ

exp
[
−(r − rc)

2−γ], (2.5)

and the aspect ratio h/r parametrized as

h

r
=

(
h

r

)
c

(
r

rc

)ψ

, (2.6)

where Σc and (h/r)c are corresponding values at the characteristic scaling radius rc.
The disk mass is taken as 0.12 M�, corresponding to Σc = 3 g cm−2 for rc = 320
AU, with γ = 1.0, (h/r)c = 0.18 and ψ = 0.1. The dust surface density profile is set
by assuming a gas-to-dust ratio of 100, and decreasing the dust surface density by a
factor of 1000 inside the derived gap radii: inside 37 AU, from 56 to 153 AU, and from
221 to 269 AU. The 12CO channel maps are then computed and ray-traced by the
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physical-chemical modeling code dali (Bruderer 2013), which simultaneously solves
the heating-cooling balance of the gas and chemistry to determine the gas tempera-
ture, molecular abundances and molecular excitation for a given density structure.

Similar to Walsh et al. (2017), we model the misaligned disk with an inner cavity
and three annuli each with its own inclination and position angle1, as listed in Table
2.2. The channel map is run through the ALMA simulator using the settings of the
ALMA observations. The resulting first-moment map is shown in Figure 2.1d. In
Figure 2.1f we show the simulated first-moment map for another model as a compar-
ison, in which the disk is coplanar with an inclination of 37.9◦ and a position angle
of -5◦.

The models show that the 12CO J = 2−1 first-moment map in the ALMA obser-
vation cannot be reproduced by a coplanar disk. Instead, the misaligned disk model
described in Table 2.2 matches the observed first-moment map better, indicating the
presence of misalignment in the GW Ori disk.

2.4 Discussions

Several disks have been observed to have non-zero eccentricity and/or misalignment
(e.g., MWC 758, Dong et al. 2018b; HD 142527, Casassus et al. 2015, Marino et al.
2015; and HD 143006, Pérez et al. 2018, Benisty et al. 2018). Unlike most of them,
in which the origin is uncertain, the GW Ori system provides strong and direct link
between substructures and star-disk gravitational interactions. Therefore it offers
a unique laboratory to probe three-dimensional star-disk interactions. In this sec-
tion, we discuss the possible origins of the observed substructures due to star-disk
interactions.

2.4.1 Disk Eccentricity

The A-B binary and the C component can be dynamically viewed as an AB-C binary.
The eccentricity of the circumbinary disk may increase through resonant interactions
with the binary (Papaloizou et al. 2001). In the case of no binary-disk misalignment,
the binary’s perturbing gravitational potential on the midplane of the disk is given by
Lubow (1991). The coupling of this perturbing potential with the imposed eccentricity

1dali is unable to vary inclination as a function of radius. The final channel map is constructed
by concatenating three channel maps, each for one component, ray-traced at its inclination and
position angle and cut out at the specified radius range listed in Table 2.2.
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of the disk excites density waves at the 1:3 outer eccentric Lindblad Resonance, which
lead to angular momentum removal in the inner parts of the disk. As no energy is
removed along with the angular momentum in this process, the disk orbit cannot
remain circular (Papaloizou et al. 2001). In the case of GW Ori, the inner dust ring
is the most susceptible to this effect, which could explain why its center in Model 1
is more deviated from those of the other two rings.

2.4.2 Binary-disk Misalignment

Our dust and gas observations alone cannot break the degeneracy in the mutual
inclination between different parts in the disk due to the unknown on-sky projected
orbital direction of the disk. Previous studies indicate that the on-sky projected gas
motion is likely to be clockwise (Czekala et al. 2017), same as the orbital motion
of GW Ori C given by astrometric observations (Berger et al. 2011). Given the
inclination and longitude of ascending node of the AB-C binary orbit being 150 ± 7
and 282 ± 9 degrees (Czekala et al. 2017), we assume that the entire disk has the
same clockwise on-sky projected orbital direction. Following Fekel (1981), we find
out that the binary-disk misalignments at 46 AU (the inner ring), 100 AU (a gap),
188 AU (the middle ring), and 338 AU (outer ring) are 11 ± 6, ∼282, 35 ± 5, and
40 ± 5 degrees, respectively. A schematic diagram of our disk model is displayed in
Figure 2.2. Therefore, the inner ring and the AB-C binary plane are close to being
coplanar, and there is a monotonic trend of binary-disk misalignment from ∼ 10◦ at
∼ 50 AU to ∼ 40◦ at ∼ 340 AU, consistent with the expected outcome of the disk
misalignment (see Section 2.4.3).

Several mechanisms could produce an initial binary-disk misalignment, such as
turbulence in the star-forming gas clouds (Bate 2012), binary formation in the gas
cloud whose physical axes are misaligned to the rotation axis (Bonnell and Bastien
1992), and accretion of cloud materials with misaligned angular momentum with
respect to the binary after the binary formation (Bate 2018).

2.4.3 Misalignment Within the Disk

A test particle orbiting a binary on a misaligned orbit undergoes nodal precession
due to gravitational perturbations from the binary (Nixon et al. 2011; Facchini et al.

2the manual fitting of gas model cannot provide any uncertainties for the gap between the inner
and middle ring
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Figure 2.2: A schematic diagram showing the proposed geometry of the GW
Ori disk. Orbital planes of the AB-C binary (red), the inner dust ring (orange), the gap
between the inner and middle dust rings (white dots), the middle dust ring (green), and the
outer dust ring (blue) are marked inside out. The left panel is a sky-projected view, and
in the right panel the binary is edge-on. The size of the disk components are not to-scale.
The orientation axes are shown at the bottom left corner of each panel, with x-axis being
antiparallel to the R.A. direction, y-axis being parallel to the Dec. direction, and z-axis
pointing at the observer.

2018). For a protoplanetary disk in the bending-wave regime (i.e., where the aspect
ratio is higher than the α-prescription of viscosity; Shakura and Sunyaev 1973), disk
parts at different radii shall undergo global precession like a rigid body with possibly a
small warp (Smallwood et al. 2019). Therefore the timescale of radial communication
of disk materials (i.e., for pressure-induced bending waves propagating at half of the
sound speed) and the timescale of global precession determine whether the disk can
develop a misalignment inside.

Assuming an inner radius at 32 AU (3−4 times the AB-C binary semi-major axis;
Czekala et al. 2017; Kraus et al. 2020) and an outer radius at 1300 AU (size of the
gas disk, Fang et al. 2017), the global precession time-scale of the entire disk is ∼ 0.83
Myr, and the radial communication time-scale is ∼ 0.06 Myr (see Appendix A.3.1
and A.3.2 for detailed calculations). The radial communication is able to prevent the
disk from breaking or developing a significant warp, and we would not expect the
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observed large deviations in the inclination and position angle between the inner and
middle ring. Therefore, we propose that the gap between the inner and middle ring
is deep enough to break the disk into two parts (hereafter the inner and outer disk),
undergoing nodal precession independently, due to another mechanism.

Due to the viscous dissipation, the precessing disk is torqued toward either polar
alignment (i.e., the binary-disk misalignment becomes 90◦; Martin and Lubow 2017;
Zanazzi and Lai 2018), or coplanar alignment/counter-alignment. The minimum crit-
ical initial binary-disk misalignment for which a disc moves towards polar alignment is
∼ 63◦ in the limit of zero disk mass. Since a higher disk mass will lead to a larger crit-
ical angle (Martin and Lubow 2019), the GW Ori disk is most likely moving towards
coplanar alignment. As we propose that the disk breaks into two parts undergoing
global precession independently, they are also aligning to the binary independently
on different time-scales.

Assuming the radial communication is blocked at 60 AU, we estimate the align-
ment time-scales to be ∼ 1 Myr for the inner disk and above 100 Myr for the outer
disk (see Appendix A.3.3). This is consistent with the observed significantly smaller
inclination of the inner ring with respect to the binary than those of the outer rings.
The latter are likely inherited from birth and have not evolved much given the system
age.

If the radial communication is also blocked at the gap between the middle and
outer ring (e.g., ∼ 250 AU), the nodal precession time-scales for the middle and outer
ring would be ∼ 0.6 Myr and ∼ 120 Myr, respectively, and the two rings are likely to
develop significantly different position angles. Thus we propose that the gap between
the middle and outer ring does not cut off the radial communication, and the two
rings precess roughly as a rigid body with only a small warp between them.

2.4.4 Hydrodynamic Simulations

The analytical results suggest that the radial communication is able to prevent the
binary from breaking the disk (e.g. Nixon et al. 2013). As a result, we propose a
break at ∼ 60 AU that is due to other mechanisms in order to explain the observed
structures. We carry out a demonstrative smoothed particle hydrodynamic (SPH)
simulation with the phantom code (Lodato and Price 2010; Price and Federrath
2010; Price et al. 2018) to test the non-breaking hypothesis in the non-linear regime.
The results are shown in Figure 2.3.
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Figure 2.3: The result of the SPH simulation modeling the GW Ori disk. Upper
panel: Radial profile of the surface density of the disk. M and a are the total mass and
separation of the AB-C binary in code units, respectively. Middle panel: Radial profile of
the binary-disk misalignment. Lower panel: Radial profile of the longitude of the ascending
node of the disk, measured from the binary’s orbital plane.

We model the triple star system as the outer binary in order to speed up the
simulation. The simulation consists of 106 equal mass Lagrangian SPH particles
initially distributed from rin = 40 AU to rout = 400 AU. The initial truncation radius of
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the disk does not affect the simulation significantly, since the material moves inwards
quickly due to the short local viscous timescale. A smaller initial outer truncation
radius rout than what is observed is chosen in order to better resolve the disk. The
binary begins at apastron with eb = 0.22 and ab = 9.2 AU (Czekala et al. 2017). The
accretion radius of each binary component is 4 AU. Particles within this radius are
accreted, and their mass and angular momentum are added to the star. We ignore
the effect of self-gravity since it has no effect on the nodal precession rate of flat
circumbinary disks.

The initial surface density profile is taken by

Σ(r) = Σ0 (r/r0)
−3/2, (2.7)

where Σ0 is the density normalization at r0 = 40 AU, corresponding to a total disk
mass of 0.1 M�. We take a locally isothermal disk with a constant aspect ratio
h/r = 0.05, where h is the scale-height. The Shakura and Sunyaev (1973) α parameter
varies in the range 0.008−0.013 over the disk. The SPH artificial viscosity αAV = 0.31

mimics a disk with
α ≈ αav

10

〈H〉
h

(2.8)

Lodato and Price (2010), where 〈H〉 is the mean smoothing length on particles in a
cylindrical ring at a given radius and we take βAV = 2. The disk is resolved with
average smoothing length per scale height of 0.32.

The evolution of surface density, binary-disk misalignment, and longitude of the
ascending node at different radii suggest that the disk does not show any sign of
breaking in 3000 binary’s orbital periods (∼ 0.04 Myr), which is sufficiently long to
tell if the disk would break or not since the radial communication time-scale in the
simulation is ∼ 0.01 Myr. Instead, the disk presents a global warp. The warp is
not taken into account in the analytic estimates. The small outer truncation radius
in the simulation leads to a faster precession time-scale than that predicted by the
analytic model, comparable to the radial communication time-scale. The simulations
suggests that unless the disk is very cool (i.e., low aspect ratio) and in the viscous
regime, some other mechanism, e.g., a companion, is needed to break the disk at the
gap between the inner and middle ring. This mechanism may also be responsible for
producing the observed misalignment in the disk.

A disk with a lower aspect ratio or a higher α value, such that it falls into the
viscous regime (h/r < α), may break due to the binary’s torque (Nixon et al. 2013).



18

However, observations have suggested lower α values than our adaption here (e.g., α .

10−3, Flaherty et al. 2017). A lower viscosity leads to a larger binary truncation radius
(Artymowicz and Lubow 1994), and a longer global precession time-scale (Equation
A.4). Therefore we expect even less warping (and no break) in the GW Ori disk than
in our simulation.

2.5 Conclusions

We present ALMA 1.3 mm dust continuum observation and 12CO J = 2− 1 emission
of the circumtriple disk around GW Ori. Our main conclusions are the following:

1. For the first time, we identify three dust rings in the GW Ori disk at ∼ 46,
188, and 338 AU, with their estimated dust mass being ∼ 74, 168, and 245 M⊕,
respectively. The three dust rings have enough solids to make many cores of
giant planets (∼ 10 M⊕; Pollack et al. 1996).

2. We built three models under various assumptions to fit the dust continuum
observations using MCMC fitting. Our results (Table 2.1) suggest that the
inner ring has an eccentricity of ∼ 0.2, and the three rings have statistically
different on-sky projected inclinations. The inner, middle, and outer ring are
likely misaligned by ∼ 11, 35, and 40 degrees to the orbital plane of the GW
Ori AB-C binary system, respectively.

3. A twisted pattern is identified in the first-moment map, suggesting the presence
of a warp in the disk, consistent with what we have found in the dust continuum
emission.

4. Using analytical analysis and hydrodynamic simulations, we find that the torque
from the GW Ori triple stars alone cannot explain the observed large misalign-
ment between the inner and middle dust rings. The disk would not break due
to the torque, and a continuous disk is unlikely to show the observed large
misalignment. Therefore this hints at some other mechanism that breaks the
disk and prevents radial communication of bending waves between the inner
and middle ring.

There are still open questions associated with the system. For example, are there
any companions in the disk? Dust rings and gaps have been shown to be com-
mon in protoplanetary disks (Long et al. 2018; Andrews et al. 2018; Huang et al.
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2018; van der Marel et al. 2019), and one of the most exciting hypotheses is that
they are produced by embedded companions ranging from stellar-mass all the way
to super-Earths (Artymowicz and Lubow 1994; Dong et al. 2015; Zhang et al. 2018).
Specifically, a companion may be opening the gap between the inner and middle ring
and break the disk there. Companions at hundreds of AU from their host stars have
been found before (e.g., HD 106906 b; Bailey et al. 2013). But how they form, i.e.,
forming in situ or at closer distances, or followed by scattering or migration to the
outer regions, is unclear. If GW Ori’s dust rings are in the process of forming com-
panions, there will be circumtriple companions, which have not been found before
(excluding quadruple systems; Busetti et al. 2018). The system will offer direct clues
on the formation of distant companions.
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Chapter 3

Planet-induced Meridional Flows of Sub-mm-sized
Dust Grains in Protoplanetary Disks

Dust rings associated with planet gaps are often modeled assuming a two-dimensional
(2D), razor-thin PPD. Such models either represent a vertically-integrated system, or
focus on conditions close to the disk midplane. This is useful, and often necessary,
for reducing the computational cost to cover the large parameter space intrinsic to
disk-planet interaction (e.g., Zhang and Zhu 2020) and/or to perform high resolution
simulations (e.g., Hsieh and Lin 2020; McNally et al. 2019). Indeed, this approxima-
tion allows one to construct empirical models of planet gaps based on large sets of
simulation data (Kanagawa et al. 2016; Auddy and Lin 2020).

However, real PPDs are three-dimensional (3D). An important effect in 3D is the
settling of solids to the disk midplane due to the gravity from the central star in the
vertical direction (Dubrulle et al. 1995; Youdin and Lithwick 2007; Laibe et al. 2020).
Traditionally, dust settling is assumed to be balanced by turbulent diffusion, resulting
in a finite dust layer thickness. This, in turn, directly affects the appearance of dust
rings. For example, the sharp, well-defined dust rings observed in the disk around
HL Tau suggest that dust grains are well-settled (Pinte et al. 2016).

On the other hand, it is not clear if flattened dust layers are consistent with
the interpretation of observed dust rings being produced by giant planets. This
is because such planets can induce complex, 3D gas flows (Morbidelli et al. 2014;
Szulágyi et al. 2014; Fung and Chiang 2016; Bae et al. 2016; Dong et al. 2019; Teague
et al. 2019). Specifically, Fung and Chiang (2016) showed that gap-opening planets
induce large-scale meridional circulations around the gap edges, which originate from
the differential vertical dependence of planet and viscous torques. If dust grains
cannot settle against these meridional circulations, then planet gaps may not explain
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sharp, well-defined dust rings observed in real PPDs.
In fact, already in a pioneering (pre-ALMA) study, Fouchet et al. (2007) carried

out 3D Smoothed Particle Hydrodynamic simulations of planets embedded in dusty
disks. Although they did not focus on the issue of meridional flows and dust settling,
their simulations indicate that while large meter-sized bodies settle, smaller, cm-sized
grains have significantly larger scale-heights. This is an alarming result because grain
sizes in the ALMA-observed disks may be even smaller, perhaps only up to 100 µm
to 1 mm (Kataoka et al. 2016, 2017; Liu 2019; Zhu et al. 2019), and are thus more
easily stirred by gas motions.

The Chapter 3 is organized as follows: We first describe the disk-planet system
of interest and its numerical modeling in Section 3.1. We present results in Section
3.2, starting with a fiducial case, followed by a brief parameter survey. Here, we
demonstrate that the ‘puff-up’ of small grains primarily depends on grain size and, to
a lesser degree, the planet mass; and is robust against other physical and numerical
parameters. We discuss the implications of our results in Section 3.3 and conclude in
Section 3.4.

3.1 Disk-planet Model

We consider a 3D protoplanetary disk composed of gas and dust with an embedded
planet of mass Mp around a central star of mass M?. We neglect disk self-gravity,
magnetic fields, and planet accretion. We use both spherical {r, φ, θ} and cylindrical
{R, φ, Z} coordinates centered on the star. Hereafter we use the subscript ‘0’ to
represent evaluations at (R,Z) = (R0, 0), where R0 is a reference radius.

The volume density, pressure, and velocity of the gas are denoted by (ρg, P,V ).
We assume a time-independent, vertically isothermal gas temperature profile

T (R) = T0

(
R

R0

)−q

, (3.1)

where q is a constant power-law index. The corresponding sound speed is

cs(R) = cs0

(
R

R0

)−q/2

, (3.2)

and the gas pressure is
P = ρgc

2
s (R). (3.3)
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The pressure scale-height of gas is defined as

Hg ≡ cs

ΩK
, (3.4)

where ΩK(R) =
√
GM?/R3 is the Keplerian angular velocity and G is the gravita-

tional constant. Then hg ≡ Hg/R is the gas disk aspect ratio. We assume a nonflared
gas disk with a constant hg = 0.05, corresponding to q = 1.

We consider a single species of dust modeled as a pressureless fluid with density
and velocity (ρd,W ). Dust-gas coupling is parameterized by the Stokes number

St ≡ τsΩK, (3.5)

where τs is the particle stopping time characterizing the frictional drag force between
gas and dust. We consider dust tightly (but imperfectly) coupled to the gas with
St � 1 (Jacquet et al. 2011).

We assume dust grains are in the Epstein regime with fixed grain size s and
internal density ρ•. Then the particle stopping time is τs = ρ•s/ρgcs (Weidenschilling
1977). In practice, we adopt the prescription

τs =
ρg0cs0

ρgcs

St0
ΩK0

, (3.6)

and choose a reference Stokes number St0 = 10−3 to represent 100-µm-sized grains
with ρ• = 1.5 g cm-3 at ∼ 45 astronomical units (au) in young PPDs, such as the HL
Tau disk1.

1Assuming a total disk mass of 0.2 M� (Booth and Ilee 2020), an outer disk radius of 150 au,
and a surface density power-law index of -1.5.
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3.1.1 Basic equations

The PPD described above is governed by the usual hydrodynamic equations for gas
and dust,

∂ρg

∂t
+∇ · (ρgV ) = 0, (3.7)

∂V
∂t

+ V · ∇V = − 1

ρg
∇P −∇Φ +

ε

τs
(W − V) +

1

ρg
∇ · T , (3.8)

∂ρd

∂t
+∇ · (ρdW ) = 0, (3.9)

∂W
∂t

+ W · ∇W = −∇Φ− 1

τs
(W − V). (3.10)

Φ = Φ? + Φp + Φind is the net gravitational potential composed of terms from the
star, the planet, and the indirect planet-star gravitational interactions. Here Φ? =

−GM?/r, Φp and Φind are defined in the section below. ε ≡ ρd/ρg is the local dust-
to-gas ratio. T is the viscous stress tensor given by

T = ρgν

[
∇V + (∇V )† − 2

3
I∇ · V

]
, (3.11)

where ν is the gas kinematic viscosity, and I is the identity tensor.
We include a constant gas kinematic viscosity ν = 10−5R2

0 ΩK0, equivalent to
α = 4×10−3 at R0 in the conventional α-viscosity prescription (Shakura and Sunyaev
1973). This is to suppress vertical shear instability (VSI; Nelson et al. 2013), which
would otherwise stir up dust grains (Flock et al. 2017, 2020; Lin 2019). Similarly, we
intentionally omit dust diffusion, which is typically used to represent particle stirring
by gas turbulence (e.g., Weber et al. 2019). The chosen viscosity value also suppresses
vortex formation (Koller et al. 2003; Li et al. 2005, 2009; Lin and Papaloizou 2010) at
the gap edges, which would introduce non-axisymmetry and may also interfere with
dust settling (Zhu et al. 2014).

Our disk models are thus designed to minimize known mechanisms that hinder
dust settling, so that we can focus on the influence of planet-induced gas flows on
axisymmetric dust rings.
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3.1.2 Planet

We consider a planet on a fixed, circular orbit at R0 on the disk midplane. Our
fiducial planet mass is Mp = 3 × 10−4M?, corresponding to a Saturn-mass planet
around a solar-mass star. The planet-related potential terms are

Φp + Φind = − Gmp(t)√
r′2 + r2s

+
Gmp(t)

R2
0

R cos (φ− φp), (3.12)

where φp is the azimuth of the planet, rs = 0.1Hg0 is a smoothing length,

r′ =
√
R2 +R2

0 − 2RR0 cos (φ− φp) + Z2 (3.13)

is the distance to the planet, and mp(t) is a time-dependent planet mass to allow the
disk to first reach a quasi-steady state and to avoid transient effects associated with
suddenly introducing a massive planet. We insert the planet at a time ti and switch
on its potential over a timescale tg by prescribing

mp(t) =


0 t ≤ ti,
1
2

[
1− cos

(
t−ti
tg
π
)]
Mp ti < t ≤ ti + tg,

Mp t > ti + tg.

(3.14)

Unless otherwise stated, we adopt ti = 2000P0 and tg = 500P0, where P0 = 2πΩ−1
K0 is

the planet’s orbital period. The planet masses we consider are expected to open dust
gaps (Rosotti et al. 2016).

3.1.3 Gas and Dust Initialization

The gas density is initialized to

ρg = ρg0

(
R

R0

)−p

× exp

[
GM?

c2s

(
1

r
− 1

R

)]
, (3.15)

with p = 1.5. The reference gas density ρg0 is arbitrary for a non-self-gravitating disk.
For a thin disk (|z/R| � 1) the vertical gas profile is Gaussian (∝ exp [−z2/2Hg]).
The dust is initialized to ρd = ερg with a uniform local dust-to-gas ratio ε = 0.05,
except towards the radial boundaries where it is tapered to zero.

We follow Kanagawa et al. (2017) and initialize the gas and dust azimuthal ve-
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locities to

Vφ = RΩK(R)

(√
1− 2η +

εη

ε+ 1

1

St′2 + 1

)
(3.16)

Wφ = rΩK(r)−RΩK(R)

(
η

ε+ 1

1

St′2 + 1

)
, (3.17)

where
η =

1

2

[
(p+ q)h2g + q

(
1− R

r

)]
(3.18)

is a dimensionless measure of the global radial pressure gradient and and St′ = St/(1+
ε). The radial velocities are initialized to

VR =
2εη

ε+ 1

St′

St′2 + 1
RΩK(R) (3.19)

WR =− 2η

ε+ 1

St′

St′2 + 1
RΩK(R). (3.20)

These correspond to the inward drift of dust due to the radial pressure gradient and
a compensating outward drift of gas due to angular momentum conservation. The
vertical velocities VZ,WZ are set to zero initially.

Note that we neglect the viscous accretion (Lynden-Bell and Pringle 1974) in the
initial gas velocity field. In a 2D disk, this viscous radial gas flow is given by

V 2D
vis = −3ν

R

d ln (νΣgR
1/2)

d lnR
, (3.21)

where Σg =
∫∞
−∞ ρgdz is the gas surface density. For our chosen mid-plane gas density

profile (Equation 3.15) we have Σg ∝ R−1/2. Then for a constant ν, as considered
throughout this work, V 2D

vis = 0. Thus our disk models have, in an averaged sense, no
net viscous accretion.

In any case, the precise initial conditions are unimportant because we allow the
disk to first relax to a quasi-steady state before inserting the planet.

3.1.4 Numerical method

We evolve the above dusty disk using the fargo3d code (Benítez-Llambay and Mas-
set 2016). fargo3d is a general-purpose finite-difference code, and is particularly
suited for simulating protoplanetary disks as it includes the FARGO algorithm (Mas-
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set 2000) that alleviates time-step constraints imposed by the fast rotation at the
inner disk boundary.

We adopt a spherical domain centered on the star with r ∈ [0.4, 2.0]R0, φ ∈ [0, 2π],
and polar angle such that tan(1

2
π − θ) ∈ [0, 3]hg, i.e. three gas scale-heights above

the midplane. Note that we only consider the half-disk with Z ≥ 0 to further reduce
computation time. The resolutions we choose are Nr × Nθ × Nφ = 250 × 60 × 720,
with logarithmic spacing in r and uniform spacing in θ and φ. We thus resolve Hg

by approximately 20 cells vertically, 8 cells radially, and 6 cells azimuthally. The
simulations are run in the co-rotating frame with the planet.

At the radial boundaries, the gas density is fixed to its initial value, while the dust
density is symmetric. At the disk surface we assume the gas is in vertical hydrostatic
equilibrium. We set the dust and gas meridional velocities to zero at the radial and
upper disk boundaries, and azimuthal velocities are taken to be Keplerian with a
pressure offset for the gas. Reflective boundaries are imposed at the disk midplane.
Periodic boundaries are imposed in φ direction. We do not apply damping zones (cf.,
De Val-Borro et al. 2006). The total mass of gas and dust is conserved with these
boundary conditions.

3.1.5 Diagnostics

To analyze our results, we first convert simulation outputs from spherical to cylindrical
coordinates using cubic interpolation. Motivated by observations of rings and gaps,
we mostly examine azimuthally averaged profiles, which is representative since non-
axisymmetric features are weak and only appear close to the planet. Nevertheless,
we mask the planet by only considering values in the region φ − φp ∈ [ψ, 2π − ψ]

when calculating azimuthal averages, where ψ = arcsin (3RH/R0) denotes the angular
distance of three Hill radii, which is defined as RH = R0

3
√
Mp/(3M?).

We are primarily interested in the thickness of the dust layer. We define and
obtain the dust scale-height Hd(R) by fitting

ρd(R,Z) = ρd(R, 0)× exp

(
− Z2

2H2
d

)
. (3.22)

However, for well-settled dust we find the dust profile cannot be accurately fitted by
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a Gaussian2. In such cases we obtain the dust scale-height by searching where

ρd(R, 2Hd) = ρd(R, 0)× exp(−2) (3.23)

is satisfied. This definition of the dust layer thickness is more robust, and coincides
with Equation 3.22 when the distribution is close to Gaussian.

3.2 Results

In this section, we first compare our fiducial result with previous 2D studies. Secondly,
we describe the dust kinematics in our fiducial simulation. Thirdly, we discuss the
origin of dust behavior. Finally, we briefly explore the effect of disk parameters.

3.2.1 Disk Morphology in the Ecliptic Plane

Figure 3.1 shows the gas and dust surface density distributions at 5000P0, which were
obtained by integrating the volume densities through the disk column. The planet
opens a gap of 5–6 RH wide in the gas disk, which is consistent with the empirical
result in Kanagawa et al. (2016) based on 2D simulations. Dust is more cleared
compared with gas, but there are still some remaining in the horseshoe orbits. We note
the axisymmetric, dust rings at the outer gap edge, indicative of dust trapping. Other
than the planet-induced spiral arms within ∼ 3RH of the planet, non-axisymmetric
features are weak in the disk.

While the dust is migrating inwards due to the radial pressure gradient, the gas
gains angular momentum from dust back-reaction and migrates outwards. Besides,
the gas in the outer disk gains angular momentum from the interactions with the
planet. These two mechanisms lead to the gas surface density decreasing in the inner
part of the disk and increasing in the outer part.

Although our models are 3D, these surface density maps are qualitatively sim-
ilar to early 2D simulations (Paardekooper and Mellema 2006). More importantly,
the dust gap of sub-mm-sized grains induced by our Saturn-mass planet, which is
equivalent to 100M⊕ or 0.3MJ, is expected to be observable by ALMA (Rosotti et al.
2016).

The similarity between 2D and 3D simulations in the gas surface densities has
2The least-squares fitting function returns the input parameters of initial guess instead of solutions

corresponding to a local minimum of the cost function.
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Figure 3.1: Distributions gas (left) and dust (right) surface densities. The snap-
shots are taken from the fiducial simulation with a Saturn-mass planet and dust grains with
St0 = 10−3. Upper panels: Ecliptic plots at the end of the the simulation (5000P0). Lower
panels: Azimuthally averaged (excluding azimuth within arcsin(3RH/R0) to the planet)
radial profiles at 0, 2000, 2500, and 5000P0. All panels are normalized to the initial value
at R0.

already been pointed out by Fung and Chiang (2016), which indicates that 2D simu-
lations are sufficient to obtain a representative gas morphology. On the other hand,
we find below that the vertical distribution of dust can be significantly affected by
the planet, which requires 3D modeling.

3.2.2 Dust Lofted above the Disk Midplane

Figure 3.2 shows the meridional snapshots of the local dust-to-gas ratio at ages 0,
2000, 2500, and 5000P0, respectively. Figure 3.3 shows the time evolution of the
normalized dust scale-height Hd/Hg, and the particle stopping time at different disk
heights at 5000P0.

We recognize that dust grains first settle to a thin layer due to stellar gravity. The
timescale of settling is on the order of 103Ω−1

K0, which is consistent with the results in
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Figure 3.2: Meridional distributions of the dust-to-gas ratio. The values are
azimuthally averaged (excluding azimuth within arcsin(3RH/R0) to the planet) and taken
at 0, 2000, 2500, and 5000P0 from the fiducial simulation (with a Saturn-mass planet and
dust grains with St0 = 10−3). Colors are mapped in the logarithmic scale.

Nakagawa et al. (1981) and Takeuchi and Lin (2002). The timescale of radial drift
is comparable to that of settling, leading to a considerable amount of dust having
migrated to the inner disk during settling.

Once the planet is inserted (at 2000P0) and its mass starts to increase, we find
dust is efficiently lofted above the disk midplane up to 2–3 Hg at the gap edges, with
a characteristic dust scale-height ∼ 0.8Hg.

3.2.3 Origin of the ‘Puff-up’

Figure 3.4 shows the streamlines of dust and gas plotted over the local dust-to-gas
ratio at the end of the fiducial simulation. The flow pattern of gas qualitatively agrees
with the results in Fung and Chiang (2016). It also shows that in the ‘puff-up’ regions
(R ∼ 0.9R0 and 1.1R0, Z ≤ 2Hg0), the dust and gas velocity streamlines are similar,
indicating that the dust kinematics there is closely related to the gas kinematics.

This result is expected for the small grains we consider. In this limit, the gas and
dust kinematics can be related by the terminal velocity approximation (Youdin and
Goodman 2005; Jacquet et al. 2011; Price and Laibe 2015; Lovascio and Paardekooper
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Figure 3.3: Radial Profiles of the dust scale-height and the particle stopping
time. Upper: Radial profiles of the normalized dust scale-height at 0, 2000, 2500, and
5000P0. Lower: Radial profiles of the particle stopping time at Z = 1, 2, and 3 Hg at
5000P0. Both panels are azimuthally averaged (excluding azimuth within arcsin(3RH/R0)
to the planet) and taken from the fiducial simulation with a Saturn-mass planet and dust
grains with St0 = 10−3.

2019):
W = V +

∇P
ρ
τs, (3.24)

where ρ ≡ ρg + ρd is the total density.
This approximation (validated in Appendix B.1) shows that, for tightly coupled

grains, its velocity is almost equal to the gas velocity, with a correction due to local
pressure gradients. In PPDs, the vertical pressure gradient approximately balances
the vertical gravity from the star, which causes dust to settle (Dubrulle et al. 1995;
Takeuchi and Lin 2002). Thus, for dust to be lofted upwards, the gas vertical velocity
must be upward and overwhelm the downward stellar gravity.

Figure 3.5 shows the absolute ratio between the two terms on the right-hand-
side of Equation 3.24. A smaller ratio indicates a larger contribution to the dust
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Figure 3.4: Streamlines of dust and gas flows. The snapshots are taken at the end of
the fiducial simulation (with a Saturn-mass planet and dust grains with St0 = 10−3). Both
panels are azimuthally averaged (excluding azimuth within arcsin(3RH/R0) to the planet)
and plotted over the dust-to-gas ratio (part of Figure 3.2d). Both the vertical flows towards
the planet and the flows repelled from the planet are masked out. The gap-crossing flux
indicates that the gap is not deep enough to prohibit material transport.

velocities from the gas flow. We find that inside the gap, the vertical dust velocities
are dominated by the pressure gradient throughout vertical extent. Outside the gap,
the same is true at high altitudes (Z & Hg0), leading to settling, while it is the other
way around close to the midplane.

Figure 3.5 also shows the Mach number in the vertical direction Ma ≡ Vz/cs.
At the ‘puff-up’ radii (∼ 0.9 and 1.1 R0), the upward velocity of gas reaches 0.01cs,
roughly consistent with Fung and Chiang (2016). Given the dust settling speed
Wsed ∼ O(csSt) (Takeuchi and Lin 2002), we can expect the settling of grains to be
disrupted by gas meridional flows when |Ma| & St, which is easily satisfied in our
fiducial case with St ∼ 10−3.
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Figure 3.5: Meridional distributions of the terminal velocity approximation
and the vertical Mach number. Upper : The absolute ratio between the two terms on
the right hand side of the terminal velocity approximation (Equation 3.24) in the vertical
direction. Red (blue) indicates dust velocities are dominated by the local pressure gradient
(gas flow). Lower : Vertical Mach number of gas. Red (blue) denotes upward (downward)
velocities. Both panels are azimuthally averaged (excluding azimuth within arcsin(3RH/R0)
to the planet) and taken at the end of the fiducial simulation (with a Saturn-mass planet
and dust grains with St0 = 10−3).

The mechanism of planet-induced meridional gas flows has been analyzed in detail
by Fung and Chiang (2016). The planet’s Lindblad torques drive gap-opening gas
flows away from the planet, which encounter gap-closing gas flows toward the planet
driven by viscous torques. The magnitude of these opposing torques depend on height,
and the net effect is the meridional circulation: an upward combined flow near the
gap edges and a downward flow close to the planet’s orbit. Our simulations show that
dust particles are then swept up by these circulations.

Therefore, we conclude that the ‘puff-up’ of dust on the gap edges is due to
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Figure 3.6: Meridional distributions of the dust-to-gas ratio from the parameter
study (1). The values are azimuthally averaged (excluding azimuth within arcsin(3RH/R0)
to the planet). (a): From the fiducial run (St0 = 0.001). (b): From the St0 = 0.01 run.
(c)–(d): From the St0 = 0.1 run. Panel (a), (b) and (d) are taken at 3000P0 after the planet
is introduced in the simulations.

planet-induced meridional gas flows.

3.2.4 Parameter study

We now carry out a brief parameter study to examine the effect of disk-planet prop-
erties on the dust ‘puff-up’ observed in the fiducial case above. Specifically, since the
dust is lofted by meridional gas flows induced by the planet, we expect that larger
grains would lessen this effect. On the other hand, larger planet masses should lead to
larger ‘puff-ups’. Figure 3.6 and 3.7 show the dust-to-gas ratios in these simulations.
We also check that the metallicity (or dust loading) and numerical parameters have
insignificant effects.

Effect of Stokes Number

A larger grain size or Stokes number leads to weaker coupling between gas and dust.
That is, the magnitude of the second term in the terminal velocity approximation
increases with St0 (Equation 3.24), which favors dust settling. As discussed above, for
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Figure 3.7: Meridional distributions of the dust-to-gas ratio from the parameter
study (2). The values are azimuthally averaged (excluding azimuth within arcsin(3RH/R0)
to the planet) dust-to-gas ratio at the end of each simulation. (a): From the Jupiter-mass
planet run. (b): From the fiducial run (Saturn-mass/0.3 Jupiter-mass planet). (c): From
the 0.1 Jupiter-mass planet run. All panels are taken at 3000P0 after the planet is introduced
in the simulations (i.e., disk age of 5000P0).
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Saturn-mass planets that induce vertical flows with |Ma| ∼ 0.01, we expect particles
with St & 0.01 to be much more resilient to being puffed up.

We thus consider two simulations with St0 = 0.01 and St0 = 0.1, respectively.
We insert the planet at 500P0 in the St0 = 0.01 case and at the beginning (ti = 0)
in the St0 = 0.1 case, since these larger grains have much shorter settling timescales
(< 500P0) compared with the fiducial case. These simulations are shown in Figure
3.6b–d, which can be compared to the fiducial run in Figure 3.6a.

We find that after 3000P0 since the planet is introduced in the St = 0.01 case
(Figure 3.6b), the ‘puff-up’ is much weaker than the fiducial run, with Hd/Hg . 0.3

(cf., 0.8 in the fiducial case). Due to the larger Stokes number, particles also drift
inwards more rapidly (Equation 3.24) and pile up at the inner disk due to the closed
boundary conditions. We find a wide (∼ 8Hg0) dust ring forming exterior to the planet
(R & 1.2R0) due to a local pressure maximum, but it remains flat with Hd/Hg . 0.05,
since planet-induced vertical flows of gas mostly lie closer in.

For St0 = 0.1, we find that planet-disk interactions can still trigger the dust ‘puff-
up’ (Figure 3.6c), but this effect is transient as it disappears by 3000P0 after the
planet is introduced (Figure 3.6d). In this case, dust is rapidly lost through radial
drift, leaving only dust trapped at the local pressure maximum exterior to the planet.
The end result is a single, narrow, and well-settled dust ring with width ∼ 2Hg and
thickness Hd/Hg . 0.05 at R ∼ 1.2R0.

Effect of Planet Mass

We here repeat the fiducial run with a Jupiter-mass planet (Mp = 10−3M?). A more
massive planet is expected not only to create a deeper and wider gap (Kanagawa
et al. 2016), but also to drive stronger meridional gas flows around the gap edges
(Fung and Chiang 2016).

Figure 3.7a shows the distribution of the local dust-to-gas ratio at the end of the
simulation. We find that a higher planet mass leads to stronger and more complicated
meridional gas flows around the outer gap edge, with radial extent & 8Hg0 and |Ma| ∼
0.04. Those for the gas flows at the inner gap edge remain similar to the fiducial case,
with radial extent . 2Hg0 and |Ma| . 0.02. As a result, we find a more significant dust
‘puff-up’ at the outer gap edge, especially in its radial extent, 1.2R0 . R . 1.6R0.
Dust beyond the outer gap edge is also puffed-up more significantly than the fiducial
case, with Hd/Hg & 0.15. However, we notice that the ‘puff-up’ at the inner gap
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edge is actually weaker than the fiducial case, with only Hd/Hg . 0.4. We attribute
this effect to a larger particle stopping time at the inner gap edge due to stronger
gap-opening effect by the Jupiter-mass planet. This produces a lower gas density,
lessens the dust-gas coupling (since τs ∝ ρ−1

g , see Equation 3.6) and leads to more
efficient dust settling.

To test if sub-mm-sized grains can settle against a less massive, but still gap-
opening planet, we also present a simulation with Mp = 10−4M?, which corresponds
to 0.1MJ or 30M⊕. For comparison, Rosotti et al. (2016) find Mp & 20M⊕ is needed
to induce dust rings (see also Lambrechts et al. 2014). The result is shown in Figure
3.7c, where we find that the dust ‘puff-up’ still exists, with Hd/Hg at the inner and
outer gap edges being ∼ 0.6 and 0.5, respectively.

Additional simulations

We ran additional simulations to confirm that the dust ‘puff-up’ by planet-disk inter-
action is a robust phenomenon.

Metallicity Our simulations include full back-reaction from dust onto gas. In this
case, the global dust-to-gas ratio, or metallicity, can be important when considering
vertical flows. This is because metallicity introduces a stabilizing effective buoyancy
force (Lin and Youdin 2017), which can favor dust settling (Lin 2019).

In our standard approach of allowing dust to first settle, considerable radial drift
of dust also occurs. Thus when the planet is introduced, the midplane dust-to-
gas ratio around the planet is only O(10−2), so that dust feedback does not take
effect. This was confirmed with an additional run initialized to ε = 0.1. Thus to
evaluate the importance of dust feedback, we simulated a disk where ε is initialized
to ε0 exp (−Z2/2H2

ε ), with H−2
ε ≡ H−2

d − H−2
g and Hd = 0.1Hg. We set ε0 = 1 (so

the overall metallicity is ∼ 0.1) and insert the planet at ti = 0 so that it immediately
interacts with a dust-rich environment. However, we found that the dust ‘puff-up’
in this case, where dust back-reaction is expected to be non-negligible, was in fact
quite similar to that in the fiducial case. Thus the dust back-reaction is unimportant
to the ‘puff-up’. This is likely due to the small Stokes numbers considered herein, so
that the dust-gas system behaves close to a single fluid and both are stirred up by
the planet.
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Radial Domain Extent We examine whether the radial domain extent could affect
the dust ‘puff-up’ at the outer gap edge (R ∼ 1.1R0) by rerunning the fiducial case
with an extended radial domain of 0.4 – 4.0 R0, but with the same amount of radial
grid cells. Thus we resolve Hg with ∼ 5.5 cells. We again find that the ‘puff-up’
pattern show no differences from the fiducial case. However, a more prominent dust
ring forms at the local pressure maximum exterior to the planet, due to the fact that
more dust is contained in the domain, which have migrated from the outer disk.

This experiment shows that the dust ‘puff-up’ is a radially localized phenomenon
and is thus insensitive to boundary conditions. We expect the same result at the
inner gap edge with a reduced inner boundary, but this is difficult to test explicitly
as it adds substantial computation cost.

Resolution We also rerun the fiducial simulation with a doubled vertical resolution
(i.e., 40 cells per Hg0) to examine whether resolution could affect the dust ‘puff-up’.
We found that the ‘puff-up’ in this high-resolution run was identical to the fiducial
case. This confirms the origin of the ‘puff-up’ from vertically-global gas meridional
flows, which can be resolved with the fiducial resolution (see also Fung and Chiang
2016).

3.3 Discussion

Here we briefly discuss a few inspirations that the planet-induced dust ‘puff-up’ effect
has brought, and introduce a few aspects that can be fulfilled in the future studies.

3.3.1 Dust settling against planet-stirring

The finite thickness of dust layers is usually attributed to particle stirring by gas
turbulence (Fromang and Papaloizou 2006; Zhu et al. 2015; Flock et al. 2017, 2020),
which can be modeled as a diffusion process with the particle scale-height given by

Hd =

√
δ

St + δ
Hg (3.25)

(Dubrulle et al. 1995; Youdin and Lithwick 2007), where δ is a dimensionless mea-
surement of particle diffusion by gas turbulence. Our simulations are laminar, and
particles are stirred by planet-induced, vertically-global meridional flows (Fung and
Chiang 2016) instead of turbulence. Nevertheless, we could apply Equation 3.25 to
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our fiducial simulation to obtain an effective δ, which was found to be ∼ O(10−3) at
the gap edges, to place our results in the wider context of dust settling in protoplan-
etary disks.

3.3.2 Inspirations to Observations

Recent disk surveys have shown that dust gaps and rings are common in PPDs (An-
drews et al. 2018; Huang et al. 2018; Long et al. 2018; van der Marel et al. 2019).
The origin of these rings are still being debated, although disk-planet interaction is
frequently invoked (Dipierro et al. 2015; Jin et al. 2016; Toci et al. 2020; Pinte et al.
2020). Here, a common approach is to first perform 2D disk-planet simulations, then
construct a 3D dust distribution assuming a turbulent diffusion model (e.g., Equation
3.25; Dubrulle et al. 1995), before producing a synthetic image via radiative transfer
and comparing it with observations (e.g., Dong et al. 2015; Jin et al. 2016; Facchini
et al. 2020).

However, our simulations show that while gap-opening planets naturally produce
dust rings, they also easily stir up sub-mm-sized grains to high elevations. The merid-
ional dust distribution is non-trivial. It must therefore either be obtained from explicit
3D disk-planet simulations, or otherwise accounted for using knowledge synthesized
from 3D simulations. Dust structures with realistic vertical extent should be used as
input for radiative transfer calculations to produce synthetic images, especially when
the sharpness of the rings and gaps are concerned.

Observations, on the other hand, indicate that at least some observed dust rings
are well-settled due to their sharp appearance (Pinte et al. 2016). We thus suggest
that the observed or inferred dust layer thickness may be used to distinguish dust rings
formed by gas-gap-opening planets from those formed by other mechanisms that do
not simultaneously stir up dust (e.g., snowlines, Zhang et al. 2015). That is, the former
should produce thicker dust rings. Conversely, within the planet interpretation, the
sharpness of dust rings can be used to place an lower limit on the grain size.

For example, Jin et al. (2016) find that three planets of around Saturn mass can
account for the three well-defined dust gaps observed around HL Tau, assuming mm-
sized grains. In their disk models such grains have Stokes numbers around 10−3 to
10−2 around the gaps. These parameter values are comparable to our fiducial case.
We thus expect dust rings (or gap edges) to be puffed-up, making the gaps and rings
less prominent. This suggests grains should in fact be larger than mm-sized.
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A more direct measurement of dust ‘puff-up’ is the inclination of dust rings. Here,
we highlight the recent result from Huang et al. (2020), who reported that a dust ring
at ∼ 84 au in the disk around GM Aur is found to have different shapes between its
inner and outer edge. One of the possible explanations to the observation is that the
ring has a finite thickness. Considering dust grains of 100 µm size at that location,
we find a Stokes number of ∼ 5 × 10−3, assuming a total disk mass of 0.18 M�, an
outer disk radius of 450 au, a surface density power-law index of -1.5, and a grain
density of 1.5 g cm−3 (McClure et al. 2016; Huang et al. 2020). Our simulations then
suggest that the observed ring morphology might result from the dust ‘puff-up’ by a
young, Saturnian planet in the disk, which is within the planet mass range estimated
by Huang et al. to carve the dust gap just interior to the dust ring.

Finally, although planets are one of the most popular explanations for rings and
gaps, only a few planets have been directly detected in PPDs (e.g., PDS 70b/c;
Keppler et al. 2018; Haffert et al. 2019). Given that many of the disks are not face-
on, we suggest that there could be planets obscured by the walls of the dust ‘puff-up’,
causing extinction of planets in observations of near infrared and optical wavelengths.

3.3.3 Caveats and outlooks

The cost of full 3D simulations only allowed us to conduct a brief parameter study
to qualitatively show that the dust ‘puff-up’ by gap-opening planets is a robust phe-
nomenon. A larger number of simulations is needed in more comprehensive studies to
work out an empirical formula for the dust ‘puff-up’ as a function of grain size and the
planet mass. For example, one can fit dust scale-heights according to Equation 3.25
and quantify the effective particle diffusion caused by planet-stirring as a function of
planet mass and dust size.

We have considered planet masses larger than the thermal mass Mth = h3gM? (∼
10−4M?), for which planets are expected to open gas gaps (Korycansky and Papaloizou
1996; Goodman and Rafikov 2001). However, lower planet masses can open gaps in
dust with little perturbation to the gas (Rosotti et al. 2016; Dipierro and Laibe 2017;
Dong et al. 2017; Chen and Lin 2018). Such planets may not induce strong 3D
meridional flows to loft dust grains. Thus, low-mass planets may be consistent with
well-defined and settled dust rings. Explicit simulations will be required to test this
hypothesis.

In this work we adopt a high kinematic viscosity ν = 10−5R2
0ΩK0. This value
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of viscosity, and the neglect of a corresponding dust diffusion (Youdin and Lithwick
2007), were purposely chosen to eliminate dust-lofting mechanisms other than the
planet-induced meridional gas flows.

In real PPDs, the effective viscosity can be attributed to hydrodynamic turbu-
lence, which provides additional particle stirring. For example, VSI can lead to weak
turbulence (α ∼ 10−4 for hg = 0.05; Manger et al. 2020), but is sufficient to carry
small dust to the atmosphere (Stoll and Kley 2016), which may lead to even more
significant dust ‘puff-ups’ if combined with planet stirring.

On the other hand, dust settling against VSI is sensitive to metallicity (e.g., Lin
2019), which is expected to increase around the outer gap edge as dust accumulates
there. In order to study the combined effect of multiple mechanisms (e.g., VSI plus
planet stirring), low viscosity (or inviscid) simulations are needed in future work,
which also require much higher resolutions to resolve small-scale turbulent motions
(Picogna et al. 2018; Manger et al. 2020).

3.4 Conclusions

In this chapter, we use 3D hydrodynamic simulations to study the dust kinematics
in protoplanetary disks where a planet is present. Our main findings are:

1. Small, sub-mm-sized dust grains relatively well-coupled to the gas can be carried
to higher disk elevations by the meridional flows around the gap edges caused
by a gap-opening planet. In the case of a Saturn-mass planet, 100-µm-sized
grains can be carried up to 1–2 gas scale-heights.

2. Grain size is the primary factor that affect the dust ‘puff-up’. Larger (& mm-
sized) grains can settle against the stirring by a Saturn-mass planet. While large
planet masses produce stronger ‘puff-ups’, even weakly gap-opening planets can
puff-up sub-mm-sized dust grains.

We conclude that dust grain sizes should exceed mm when attributing well-settled
dust rings to gas-gap-opening planets. We thus caution that explicit 3D simulations
cannot be replaced by 2D ones followed by a vertical expansion without taking into
account the ‘puff-up’ by planet-induced meridional flows when studying the sharpness
of the mm emission associated with gas gaps opened by planets. However, our results
do not rule out the possibility that low-mass planets (e.g., super-Earths) may open
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dust gaps without perturbing the gas significantly, thereby allowing dust rings to
settle.
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Appendix A

GW Ori: Interactions Between a Triple-star
System and its Circumtriple Disk in Action

A.1 ALMA 12CO J=2-1 Zeroth-moment Map

Figure A.1 shows the ALMA zeroth-moment map of 12CO J = 2 − 1 emission. The
spiral-like structure at ∼ 0.75′′ to the northwest is likely due to cloud contamination,
as reported by previous studies (Czekala et al. 2017; Fang et al. 2017).

Figure A.1: The ALMA zeroth-moment map of 12CO J = 2− 1 emission.



43

A.2 the uv-plot and posterior distribution of dust modelling

Figure A.2 shows the uv-plot and posterior distribution of Model 3.

A.3 Equations for the Time-scale Analysis

A.3.1 Radial Communication Time-scale

For a disk around a binary system of separation ab, its radial communication time-
scale tc can be estimated by Lubow and Martin (2018)

tc ≈
8

5Ωb(h/r)out

(
rout

ab

)3/2

(A.1)

where rout is the outer radius within which the disk is in good radial communication,
and (h/r)out is the aspect ratio at rout, calculated based on the estimated temperature
in the disk (Equation 2.2). The radial communication time-scale of the entire disk
(i.e., rout = 1300 AU) is estimated to be ∼ 0.06 Myr.

A.3.2 Nodal Precession Time-scale

If there is no radial communication in the disk, each part of the disk shall undergo
differential precession with its local precession angular frequency ωn,local given by
Smallwood et al. (2019)

ωn,local = k
(ab

r

)7/2

Ωb, (A.2)

where
k =

3

4

√
1 + 3e2b − 4e4b

M1M2

(M1 +M2)2
(A.3)

is a constant depending on the eccentricity of binary’s orbit eb, and the primary and
secondary mass of the binary M1 and M2. However, for a protoplanetary disk in
the bending-wave regime, where radial communication is active and prompt, the disk
parts at different radii shall undergo global precession with the angular frequency
ωn,global given by Smallwood et al. (2019)

ωn,global = k

〈(ab

r

)7/2
〉
Ωb, (A.4)
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and 〈(ab

r

)7/2
〉

=

∫ rout
rin

Σr3Ω(ab/r)
7/2dr∫ rout

rin
Σr3Ωdr

(A.5)

is the angular momentum weighted averaging term, in which Ω(r) is the angular
frequency at a given radius r, Σ(r) is the disk surface density with a radial dependence
of r−3/2, and rin and rout are inner and outer radius of the disk. Assuming rin = 32
AU and rout = 1300 AU, we take tn,global = 2π / ωn,global and estimate the global
precession time-scale of the entire GW Ori disk to be ∼ 0.83 Myr.

A.3.3 Alignment Time-scale

The alignment time-scale ta is given by Lubow and Martin (2018) and Bate et al.
(2000)

ta =
(h/r)2Ωb

αω2
n

, (A.6)

where α = 0.01, h/r is defined in Equation 2.6, and the angular frequency of global
precession (Equation A.4) is used for ωn.
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Appendix B

Planet-induced Meridional Flows of Sub-mm-sized
Dust Grains in Protoplanetary Disks

B.1 Verification of the Terminal Velocity Approximation

To validate the terminal velocity approximation used to interpret our simulations,
we here compare τs derived from Equation 3.24 in the vertical direction, namely
τs = ρ(WZ −VZ)/(∂P/∂Z), with its prescribed definition in Equation 3.6. Results for
the fiducial simulation derived from the two approaches are shown in Figure B.1 after
taking a vertical and azimuthal average. The largest relative difference between the
two results is ∼ 10%, therefore we conclude that the dust kinematics in our study is
well-described by the terminal velocity approximation as stated in Eq. 3.24.

Figure B.1: Radial profiles of the particle stopping time. The values are az-
imuthally and vertically averaged (excluding azimuth within arcsin(3RH/R0) to the planet)
and derived from Equation 3.6 (as prescribed in the simulations) and that inferred from the
terminal velocity approximation (Equation 3.24) in the vertical direction, respectively. The
fiducial simulation with a Saturn-mass planet and dust grains with St0 = 10−3 is shown.
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