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The solid component of protoplanetary disks display varying types of radial and azimuthal substructure. In many cases, the same disks
with substructures are also observed to launch wide-angle outflows or disk winds. In all protostellar systems, photometric and
spectroscopic variability is an intrinsic property. We aim to describe the connection between these three phenomena－disk substructure,
disk winds, and protostellar variability－by analyzing the results of 3D magnetohydrodynamic (MHD) simulations of circumstellar disks
in which the processes of disk wind launching and substructure formation are inextricably linked. We first simulate the sizes of dust
grains that can be entrained by a gaseous disk wind along magnetic field lines. Next, we use the resulting dust grain distributions as the
input to radiative transfer simulations, from which we construct photometric light curves and near-infrared scattered light images. We
find that grains with Stokes numbers less than or equal to unity in the wind region can have large enough densities in the wind to
obscure the light of the central protostar over a range of wavelengths. The structured nature of the midplane dust density (seeded from
the MHD simulations) results in variability due to the obscuration of the central protostar by varying amounts of dust in the high-
altitude winds. For a fixed wind launching geometry, the obscuration depends on the inclination angle; a dusty disk wind observed at
inclination angles between ~45 and 75 degrees could be responsible for some subset of variability in young stellar objects, e.g., dippers.
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We find the vertical distributions
of dust grains (sizes a = 0.1 - 100
μm) launched by MHD disk
winds from protoplanetary disks
with annular substructure, with
the goal of describing the
observational implications of a
dusty disk wind.

The background dynamical gas
quantities are interpolated from
3D MHD simulations (Suriano et
al. 2019) onto a coordinate system
along the initial magnetic lines
(Zanni et al. 2007). The gas
density and field line coordinates
are shown in the figure to the
right. A grid of 143 by 270 field
lines are used with foot points in
the r-ϕ plane. The innermost flux
tube foot point radius is r = 5 au
and the outermost is r = 50 au .
The field line coordinates
terminate at a maximum
spherical radius of r = 90 au.

We use the Monte-Carlo radiative transfer 
code RADMC-3D (Dullemond et al. 2012) to 
simulate the resulting synthetic images with 
a grain size distribution of 𝑛 𝑎 = 𝐶𝑎!".$ , total 
dust-to-gas mass ratio of 1 percent (for a 
total gas mass of 3 times the MMSN), and a 
central protostar of T* = 4000 K. The figure on 
the right shows the absorption and 
scattering opacity for all grain sizes used in 
the simulations (legend is log(a)). The 
resulting images are shown in the figures 
below. The top row shows images across 
three wavelengths in the optical and IR, and 
the bottom row shows a time sequence of 
H-band images. All the disks are inclined at i
= 45° . Denser regions of the dust wind (as a 
result of the midplane gas structure) are 
seen to obscure the central protostar as a 
function of time.

We use the terminal velocity approach of Miyake et al. (2016) to simulate the 
transport of dust grains along the magnetic field line coordinates, s. The equation 
of motion for the dust grains is:

We simulate the dust grain transport in the MHD background wind and the RADMC-3D 
images over a time period of ~ 50 yr. The resulting light curves are shown in the figure on the 
right at four wavelengths (rows) and four inclination angles (line colors) from i = 30° to 70°.  The 
obscuration of the central protostar is evident at intermediate inclination angles. Obscuring 
dust winds could be a viable candidate for photometric variability in protostellar systems.
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Figure 6. Dust density distributions (�-average) for grains of a = 1, 10, 100 µm in the R � z plane. The density is normalized by
(a/1 µm)1/2 such that all the panels share the same color bar.

Figure 7. Midplane dust density distributions for dust grain sizes of a = 1 and 100 µm. The left panel is the initial midplane dust
density for a = 1 µm grains disk midplane, while the middle panel is the dust density at t/t0 = 10. The right panel shows the dust
density for a = 1 µm grains. The density is normalized by (a/1 µm)1/2, as in Fig. 6. Consider adding gas panel for comparison to align
with new subsection title.

than 20 au. Most of the mass of dust grains is still in the
midplane regions of the disk, but, as we will show, enough
mass is lifted into the wind to obscure the central star for
significant variability in optical and infrared wavelengths.

ADD: The bottom panel of Fig. 8 shows the midplane
density as a function for azimuthal angle �. Note for Fig. 7:
discuss that the dust distributions has a much higher con-
trast than gas! Work on transition to next section.

4 RADIATIVE TRANSFER SIMULATIONS

We use the RADMC-3D radiative transfer code Dullemond
et al. (2012) to make spectra and images from the results of
the dust wind simulations. We interpolate quantities from

the magnetic flux tube coordinates, s, to a spherical grid
for use in the RADMC-3D code. The disk midplane (and
magnetic field line footpoints) range from r = 5�50 au; the
outer radius of the field lines extends up to r = 90 au. The
total gas mass is set as three times the expected MMSN in
such a disk and the dust-to-gas mass ratio is � = 0.01. Just
as in the dust simulations, we use all seven dust grain species
of sizes a = 0.1� 100 µm, with the dust grain number den-
sity distribution as n / a

�3.5. The absorption and scattering
opacities of each grain size are calculated using... (Kobayashi
citation) with solid grain density of ⇢s = 3.0 g cm�3. The to-
tal absorption/scattering opacity and the opacities for each
grain size are shown in Fig. 9. The central protostar is taken
as blackbody spectrum of temperature T⇤ = 4000 K.
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Figure 9. H-band (� = 1.66 µm) radiative transfer results from dust simulations at times of t = 18, 20, 22 yr (left to right columns).
Inclination angles of i = 30�, 45�, 60� are shown from the top to bottom row. The source distance is 150 pc and the light from the
central star is masked.

in the scattered light images is due to obscuration of the
bright central disk region by dark dust wind lanes. In the
far-infrared (100 µm), however, all disk inclination angles
produce nearly indistinguishable variability, as the source of
light is the thermal radiation of dust grains as opposed to
light scattered by dust grains.

The top panel of Fig. 12 (Fig.12 has only one panel)

corroborates the fact that we expect certain inclination an-
gles to result in the most variable light curves. The figure
shows the optical depth at 1.66 µm as a function of position
angle (i.e., the azimuthal coordinate �) for di↵erent inclina-
tion angles. As the disk rotates in time, the optical depth
through a line of sight into the central star can vary signif-
icantly depending on the inclination angle. At i = 45�, the

MNRAS 000, 1–13 (2021)

gas drag   turb. diffusion      gravity                      centrifugal

with velocity difference ∆𝑣! = 𝑣" − 𝑣#, stopping time ts , mass flux 𝐽! = −𝜌#𝜈 𝜕! 𝜌"/𝜌# , 
viscosity 𝜈 , and spherical and cylindrical radii r and R, respectively. The resulting ϕ-
averaged dust densities are shown in the figure below for a = 1, 10, and 100 μm.    
Dust grains smaller than 100 μm are lifted into the MHD disk wind.
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Figure 10. Radiative transfer simulation images at wavelengths of � = 0.55, 1.66, 5.73, 24, 100, 870 µm at an inclination angle of i = 45�.
The plotted intensity for each wavelength is scaled by the corresponding factor labelled in white in the upper right of each panel.

optical depth varies by four orders of magnitude. Again, it
is due to the geometry of the dust wind along magnetic field
lines that allows the optical depth to pass through, or even
along, the magnetic field line wind stream at some position
angles and not others. As the inclination increases towards
an edge-on disk, the optical depth variation is greatly re-
duced. Finally, at i = 30� (not plotted), the line of sight
into the central source or the inner boundary of the simu-
lation does not pass through the wind region at all and the
optical depth is e↵ectively zero.

4.2 Disk spectra

The top panel of Fig. 13 shows the time-averaged spectra for
the disk at varying inclination angles as in Fig. 11. Note that
the spectra include the light from the central protostar di-
rectly, unlike the images where central protostar is masked.
The peak between 1 � 2 µm is due to light scattered o↵
dust grains and the peak near 100 µm is thermal emission
by ⇠ 30 K dust grains. The optical and NIR flux can vary
due to inclination angle by up to a few orders of magnitude.
However, it is important to consider that the inner disk ra-
dius used to produce all RADMC-3D results is r = 5 au.
This leads to the large dip in the NIR at ⇠ 9 µm due to

the lack of thermal emission from dust grains at radii less
than 5 au (and warmer than ⇠ 100 K). The exact shape of a
more realistic disk spectrum would be flatter and brighter for
wavelengths between the two peaks seen in the spectra pre-
sented here. Spectra of two sources, HD 163296 and Elias 27,
are included for comparison. As seen in the HD 163296 spec-
trum, there is no drop in flux near 9 µm and the spectrum
remains mostly flat from the NIR to ⇠ 100 µm. As for Elias
27, the spectrum is also flat near 9 µm but drops towards
optical wavelengths. Despite the chosen inner radius of the
dust/RADMC-3D simulations, the optical and NIR variabil-
ity is still significant. The bottom panel of Fig. 13 shows the
time-variable spectrum over eight years for a disk inclined
at i = 45�. The flux is most variable between ⇠ 0.5�20 µm.
At optical/near-infrared wavelengths the flux can vary by
an order over magnitude over the course of a few years, for
example, from t = 20 yr to t = 22 yr.

4.3 Single-grain comparison

Figure 14 shows the disk/wind spectra for di↵erent dust
grain distributions at two inclination angles, i = 45� (top
panel) and i = 60� (bottom). The fiducial case of n / a

�3.5

for grain sizes from 0.1 to 100 µm is show (solid blue line)
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Figure 10. Radiative transfer simulation images at wavelengths of � = 0.55, 1.66, 5.73, 24, 100, 870 µm at an inclination angle of i = 45�.
The plotted intensity for each wavelength is scaled by the corresponding factor labelled in white in the upper right of each panel.
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�3.5
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Figure 11. Light curve (AB magnitude) over 55 yr for wave-
lengths 0.55, 1.66, 24, 100 µm (from top to bottom). Inclination
angles of i = 30, 45, 60, 75 deg are plotted in blue, orange, green,
and red, respectively (see legend in bottom-right corner).

Figure 12. Optical depth as a function of position angle (�) from
grains of a = 1 µm. The di↵erent color lines are for inclinations
angles of 45, 60, 75, and 90�.

Figure 13. Top: Time-averaged spectra (over entire 55-yr base-
line at half year intervals) from RADMC-3D for inclination angles
of i = 30, 45, 60, 75�. Included are the spectra of HD 163296
(i = 46.7�) and Elias 27 (i = 56.2�) with their flux scaled to
a common distance of d = 150 pc (Andrews et al. 2018; Huang
et al. 2018; ?). Bottom: Time sequence of spectra at an inclination
angle of i = 45�.

in comparison to spectra where the all the dust mass is con-
tained in a single grain sizes (with total dust mass held con-
stant in all cases). The i = 45� plot shows that the single
grain species of 0.1 and 1 µm have spectra similar to the
fiducial grain distribution, except for a diminished flux near
� = 2� 3 µm for the smallest grain size of 0.1 µm. This fea-
ture is likely due to the sharp decline the scattering opacity
of the smallest grains beyond it’s peak near � = 0.2 µm
(see Fig. 8). For the larger grain sizes of 10 and 100 µm,
the optical and NIR fluxes are almost an order of magni-
tude than the fiducial case and instead match the spectrum
of the central protostar. This is due to the fact the largest
grains aren’t lifted as high by the disk wind and, therefore,
aren’t able to obscure the protostar at i = 45�. In the bot-
tom panel of Fig. 14 at the more edge-on inclination angle
of i = 60�, the NIR/optical flux of the 10 µm grains drops
down to the fiducial case, and only the 100 µm grains are
not lifted high enough in the wind above the midplane to
obscure the central protostar in the optical/NIR.
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MagnitudeIn the H-band (second row), the dusty disk 
wind results in the most variable light curve 
when the disk is inclined 45°, with the flux 
varying by 2 magnitudes. Edge-on and 
close to face-on inclinations produce less 
variability, as expected. The obscuration by 
dusty wind depends on the wind opening 
angle and the viewing inclination angle. For 
observational wavelengths in the FIR 
(bottom row), variability across inclination 
angles is indistinguishable, as the emission 
is no longer from light scattered by dust 
grains at the wind surface. 

The optical depth at 𝜆 = 1.6 μm due to grains of size 
a = 1 μm is show in the figure above as a function 
of position angle for inclination angles of 45° – 90°. 
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In the Epstein regime, the drag force is

Fd = �4⇡
3
⇢a

2
vth�v, (5)

and because the drag force is also proportional to the ve-
locity di↵erence, the stopping time can be written inde-
pendently of �v. Assuming the gas thermal velocity, vth =
(8/⇡)1/2cs, is roughly the same as the gas sound speed, and
dust grains are spherical with solid mass density ⇢̄s, the stop-
ping time is

ts =
⇢̄sa

⇢cs
, (6)

and the dimensionless stopping time, or the Stokes number,
is then

St = ts⌦K . (7)

Small particles with St ⌧ 1 are tightly coupled to the gas
flow, while larger particles with St � 1 can move through
the gas relatively unimpeded. Particles with a Stokes num-
ber of order unity are expected to drift radially inward the
fastest. In the MMSN, particles of size a ⇠ 1 m have a
Stokes number of order unity at 1 au and can drift inward
to the central star on timescales as short as 100 yr, leading
to the so-called “meter-sized barrier” (Adachi et al. 1976) .
(example ref:whipple 1972; Adachi+1976; wieden.77

2.3 Dust model

mention Mikaye first... The mass continuity equation for
dust grains along the magnetic field coordinate, s, is

@⇢d

@t
+r · (⇢dvd) = 0. (8)

@⇢d

@t
+

@(⇢dvd,s)
@s

= 0. (9)

The dust momentum equation along the s coordinate is

dvd,s

dt
= ��vs

ts
+

Js

⇢dts
�
✓
GM

r3

◆
(~r · ŝ) + ⌦2(~R · ŝ) (10)

with s-coordinate unit vector ŝ, spherical radius ~r, and cylin-
drical radius ~R. The first term on the right-hand side of the
equation is from the gas drag force, and the second term is
the turbulent di↵usion of dust, where Js is the mass flux of
the dust,

Js = �⇢g⌫
@�

@s
, (11)

with dust-to-gas mass ratio � = ⇢d/⇢g, and kinematic vis-
cosity ⌫. The third and fourth terms are due to the gravita-
tional and centrifugal force, respectively. For the centrifugal
term, we use the local angular velocity, ⌦, because the Ke-
plerian angular velocity of the magnetic field line footpoint
would likely overestimate this term in the more realistic sce-
nario where the magnetic fields become tightly wound from
the di↵erential rotation of the the inner and outer disk.

Using the terminal velocity approach where the time
derivative of the dust velocity goes to zero, we can rewrite
the dust velocity from equation 10 as

vd,s = vg,s + Js/⇢d � St ⌦K(~r · ŝ) + St ⌦2(~R · ŝ) (12)

We separate the mean dust flow and the di↵usive component

of the dust velocity so that the dust mass continuity equation
becomes

@⇢d

@t
+

@

@s
(⇢dVd + Js) = 0, (13)

with Vd,s = vg,s � St ⌦K(~r · ŝ) + St ⌦2(~R · ŝ). In the sim-
ulations, we set a cap on Vd,s to be 40 times the midplane
footpoint disk gas sound speed. In addition, we also cap the
maximum Stokes number to unity, Stokes cap, Stmax = 1.

2.3.1 Turbulent di↵usion

We parameterize the viscosity using the ↵-disk model
(Shakura & Sunyaev 1973), where

⌫ = ↵h
2
0⌦K,0, (14)

and the subscript “0” refers to the magnetic field footpoint
value at the disk midplane.

The ↵ parameter is set as a constant value of ↵ = 10�4

all throughout the simulations. For numerical stability pur-
poses, we add an artificial viscosity with ↵art proportional to
a normalized gas velocity gradient along the magnetic field
coordinate as

↵art = ↵art,0

✓����
dVd,s

ds

����

�����
dVd,s

ds

����
max

◆qart

exp

 
�1
2

✓
z

8h0

◆2
!
,

(15)

with scaling ↵art,0 = 0.1 and exponent qart = 10. The large
exponent ensures that any precipitous changes in the dust
velocity due to the background gas flow from the MHD sim-
ulations is quickly smoothed away. Also, the artificial ↵ is
averaged over 10 neighboring flux tube grid cells. For exam-
ple, the midplane resolution along the s-coordinate is 0.12h0.
(The connection from the previous sentence, ”For
example”, is unclear to me.) The final viscosity is thus
the sum of the artificial and classical ↵-disk viscosity. We
also scale down the artificial viscosity if the time-step from
artificial viscosity is larger than the advective time step, by
the ratio of the time-steps (artificial viscosity-to-advection).

For the boundary conditions at the end of the flux tubes,
we copy the dust density from the final active grid into the
two outermost grid points. We also set a boundary condi-
tion on the dust velocity by setting the velocity gradient
(dVd/ds) constant across the outer boundaries of the flux
tubes and calculate the dust velocity in the outer two grid
points accordingly.

2.3.2 Dust model initialization

We solve the above equations for dust grains of seven sizes
with even logarithmic spacing from amin = 0.1 to amax =
100 µm. The total dust grain density is calculated as

⇢d(a) =

Z amax

amin

n(a)m(a)da, (16)

for spherical dust grains with a number density distribution

n(a) = Ca
�q

, (17)

and mass,

m(a) =
4
3
⇡a

3
⇢̄s, (18)
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