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Disk Substructure Formation Mechanisms

7. Magnetic disk winds (Suriano+ 2017, 2018, 2019; Takahashi & Muto 
2018; Hu+ 2019; see Riols & Lesur 2019 for treatment of linear wind 
instability; see also “clump/stripe” instability of Moll 2012)



Observational evidence for disk winds:
Resolved images of extended disk wind

LETTER RESEARCH
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the case of a disk wind and in the case of an X-wind, the outflow and 
rotational velocity components must be closely linked. Consequently, 
the footpoint radius can be determined for each position of the map 
(see Methods). The analysis shows the same trend as the first method, 
revealing footpoint radii between about 2 au and about 19 au  
(Fig. 3). Thus, the observed emission is consistent with a scenario where 
a magnetic wind ejects ions from a radially extended region of the disk 
(which is observed to be in Keplerian rotation around a central mass of 
0.4Msun; see Methods and Extended Data Fig. 2), that drags molecular 
gas along. Indeed, the inferred range of footpoint radii is consistent 
with a disk wind outflow mechanism, whereas, for an X-wind or stellar 
wind, the footpoints should be located well inside 1 au.

In the dust continuum data, the flux density distribution reveals 
an excess in emission relative to the underlying Gaussian profile. 
The strength of this feature varies slightly with azimuthal angle 
(most  prominent on the southern side of the disk) but is located at a 
 relatively constant radius of around 20 au (see Extended Data Fig. 3). 
It is at present unclear whether this feature is related to the launching 
 mechanism, but we note that the radius, interestingly, is very similar 

to the estimated maximum footpoint radius of the flow (Fig. 2). We 
interpret the observed dust emission excess as the result of a density 
enhancement (and perhaps an elevated dust temperature) at the edge 
of the outflow launching region.

We measure the specific angular momentum from the velocity field 
(deprojected from the line-of-sight velocity with respect to the systemic 
velocity) to be less than 200 au km s−1 in the outflow and it appears 
to increase with distance from the protostar (Extended Data Fig. 4). 
This demonstrates that a substantial amount of angular momentum is 
removed from an extended region throughout the disk. The specific 
angular momentum of the outflowing gas is comparable to what has 
previously been reported18 for the large-scale disk of TMC1A, that is, 
250 au km s−1. Compared to other sources where large-scale emission 
is observed13,23, the value is relatively low, however. Using the values of 
the specific angular momentum and the outflow velocity  (deprojected 
from the line-of-sight velocity with respect to the systemic  velocity), 
we can define a locus in the parameter space shown in figure 2 of  
ref. 13. That figure provides theoretical predictions for the  relationship 
between these quantities, for different launching scenarios. The 
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Figure 1 | 12CO channel map of the region. Contours are from 3σ in 
steps of 1.5σ (σ =  0.8 mJy per beam). Blue and red contours represent 
the emission that is blueshifted and redshifted, respectively, with respect 
to the systemic velocity (6.4 km s−1). The central channel velocities, the 
synthesized beam and the radii for the corresponding Keplerian velocities 

(plus symbols) are indicated in each panel (a–k). Dashed lines indicate 
the directions of the disk and the perpendicular outflow axis. The dust 
continuum emission is shown in greyscale. l, The velocity field of the  
12CO emission (moment 1 map).

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTERRESEARCH

Extended Data Figure 5 | Inferred launching region of the disk wind. 
This illustrative figure is overlaid on a three-colour background image, 
showing the blueshifted (blue) and redshifted (red) 12CO emission 
together with the continuum emission (green). The outflow emission is 
integrated from ± (2.5–10) km s−1 with respect to the systemic velocity 
6.4 km s−1. The outlines of the disk and the outflow and the axes of the disk 
and the outflow are indicated with white lines. Dashed blue lines are the 
same as in Fig. 3.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Observational evidence for disk winds:
SiO outflow from massive Orion Source I

Matthews+10
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Figure 1: Moment maps of the observed lines and continuum emissions. (a) The 490 GHz continuum
map (white contour) and moment 0 (integrated intensity; color) map of the 484 GHz Si18O line. (b)
The 490 GHz continuum map (white contour), moment 0 (black contour) and moment 1 (peak
velocity; color) maps of the 484 GHz Si18O line. (c) The 490 GHz continuum map (white contour),
moment 0 (black contour) and moment 1 (color) maps of the 463 GHz H2O line. Contour levels are
3,6,12,24, ... times root-mean square (rms) noise levels, and the rms noise levels are 5 mJy beam−1,
481 mJy beam−1 km s−1, and 56 mJy beam−1 km s−1, respectively, for the continuum, moment 0
maps of Si18O, and H2O lines. Synthesized beam sizes are indicated at the bottom-left corner of each
panel. In the panel (a), solid magenta lines indicate slices of the position-velocity (PV) diagram at
0, ±60, ±120, ±180, ±240, ±300, ±360, ±420, and ±480 mas from the disk midplane. The width
of each slice is 60 mas. The interval of the slices parallel to the northwest-southeast direction is 60
mas corresponding to ∆z=25 au at the distance of Orion KL. The NE-SW outflow axis is defined as
z in Supplementary Figure 4. Position angle of the slice is determined from the Gaussian fitting of
the continuum emission.
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Observational evidence for disk winds:
optical forbidden line emission

epochs in Figure 11. In 2006 the profile is asymmetric,
requiring two Gaussians to describe it, but in 2012 it is
symmetric and fit by one component. Using our definition of
HVC and LVC, the single component seen in 2012 is classified
as HVC emission, and it is identical in velocity centroid and
FWHM to one of the two components describing the 2006
profile. In contrast, the second component in 2006 meets the
criteria of LVC emission. Throughout this work we will use the
2006 spectrum for IP Tau so its LVC profile can be compared
with the other stars. We note that the issue of variability of the
LVC will be addressed further in Section 5.1, where we find
that the LVC is typically constant when compared to profiles
found in the literature. Thus cases like IP Tau would be
interesting to monitor for further variability.

4.2. The LVC

In this section we subdivide the LVC into two components,
one BC and one NC, based on examination of residual LVC
profiles generated by subtracting the HVC fits from the
observed profile. The motivation for this further subdivision
is that although [OI] LVC residual profiles from 17 stars are
described by one Gaussian component, 13 have LVC profiles
that require a composite of two Gaussians, with one component
significantly broader than the other. The residual LVC [OI]

6300 Å profiles, with component fits superposed, are presented
in Figure 12 for the 17 single-component fits and in Figure 13
for the 13 two-component fits.
The combination of a BC and NC in the 13 composite LVC

profiles is shown quantitatively by the distribution of their
FWHMs, presented in the upper panel of Figure 14. In the figure,
the LVC with two-component fits are highlighted with a darker
shading than those with one-component fits. Among the
components with the composite profiles, the narrower comp-
onent, with FWHM from 12 to 39 km s−1, a median of
27 km s−1 and a standard deviation 9 km s−1, can be contrasted
with the broader component, with FWHM from 49 to 140
km s−1, a median of 97 km s−1 and a standard deviation of
29 km s−1. Based on this FWHM separation between the two
components, we designate NC LVC as those with FWHM�40
km s−1, and BC LVC as those with FWHM>40 km s−1, and
color-code them in the figure with red for BC and blue for NC.
With this subdivision, we can further classify the single-
component LVC fits (lighter shading in Figure 14), into 12 BC
LVC and 5 NC LVC. In sum, of the 30 TTS with [OI] 6300 Å
LVC emission, 18 have NC and 25 have BC, with 13 stars
showing both components.
The lower panel of Figure 14 presents the distribution of

centroid velocities (all by definition less than 30 km s−1) of the
NC and BC LVC. Their centroid velocities overlap, together

Figure 7. Gaussian component fits for half the stars with a detected [OI] 6300 Å line. Areas shaded in green meet the criterion for HVC emission. The LVC fits may
be comprised of one or both narrow (blue) or broad (red) components. The sum of all fits is a purple dashed line.
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The magnetocentrifugal wind (MCW)
The Astrophysical Journal, 757:65 (23pp), 2012 September 20 Sheikhnezami et al.

Figure 1. Schematic display of the outflow launching process from accretion
disks. Matter (dashed lines) is accreted along the disk surrounding a central
object and is loaded on to the magnetic field lines (solid lines). The emerging
disk wind is further accelerated and collimated into a high-velocity beam (jet
formation).

2.1. MHD Equations

For our numerical simulations, we apply the MHD code
PLUTO 3.01 (Mignone et al. 2007), solving the conservative,
time-dependent, resistive, inviscous MHD equations, namely,
for the conservation of mass, momentum, and energy,

∂ρ

∂t
+ ∇ · (ρv) = 0, (1)

∂(ρv)
∂t

+ ∇ ·
[
vρv − B B

4π

]
+ ∇

[
P +

B2

8π

]
+ ρ∇Φ = 0, (2)

∂e

∂t
+ ∇ ·

[(
e + P +

B2

8π

)
v − (v · B)

B
4π

+ ( ¯̄η : j ) × B
4π

]

= −Λcool. (3)

Here, ρ is the mass density, v is the velocity, P is the thermal
gas pressure, B is the magnetic field, and Φ = −GM/R is the
gravitational potential of the central object of mass M, with
the spherical radius R =

√
r2 + z2. In general, the magnetic

diffusivity is defined as a tensor ¯̄η (see Section 2.5). The
evolution of the magnetic field is described by the induction
equation,

∂ B
∂t

− ∇ × (v × B − ¯̄η : j ) = 0 (4)

with the electric current density j given by Ampère’s law
j = (∇ × B)/4π . The cooling term Λ can be expressed in
terms of Ohmic heating Λ = gΓ, with Γ = ( ¯̄η : j ) · j , and with
g measuring the fraction of the magnetic energy that is radiated
away instead of being dissipated locally. For simplicity, here
we adopt g = 1. The gas pressure follows an equation of state
P = (γ − 1)u with the polytropic index γ and the internal
energy density u. The total energy density is

e = P

γ − 1
+

ρv2

2
+

B2

8π
+ ρΦ. (5)

Our simulations are performed in axisymmetry applying
cylindrical coordinates. The CENO3 algorithm as third-order
interpolation scheme is used for spatial integration (Del Zanna
& Bucciantini 2002) together with a third-order Runge–Kutta
scheme for time evolution and an HLL Riemann solver. For
the magnetic field evolution, we apply the constrained transport
method (FCT) ensuring solenodality ∇ · B = 0.

2.2. Units and Normalization

Throughout the paper distances are expressed in units of the
inner disk radius ri, while pd,i and ρd,i denote the disk pressure
and density at this radius, respectively. The index “i” refers to a
number value at the inner disk radius at z = 0 and time t = 0.

In Appendix A, we show for comparison the astrophysical
scaling for YSO jets and AGN jets. Typically, ri < 0.1 AU
for YSO and ri < 10 Schwarzschild radii for AGNs. Naturally,
we cannot treat any relativistic effects of AGN jets with our
non-relativistic setup. Velocities are measured in units of the
Keplerian speed vK,i at the inner disk radius. Time is measured in
units of ti = ri/vK,i, which can be related to the Keplerian orbital
period τK,i = 2π ti. Pressure is given in units of pd,i = ϵ2ρd,iv

2
K,i.

The magnetic field is measured in units of Bi = Bz,i. As usual we
define the aspect ratio of the disk ϵ as the ratio of the isothermal
sound speed to the Keplerian speed, both evaluated at disk mid-
plane, ϵ ≡ cs/vK.5 For a more details see Appendix A.

2.3. Initial Setup—Disk and Corona

We define initial conditions following a setup applied by other
authors previously—a magnetically diffusive accretion disk is
prescribed in sub-Keplerian rotation, above which a hydrostatic
corona in pressure balance with the disk is located (Zanni et al.
2007; Murphy et al. 2010). The coronal density is chosen several
orders of magnitude below the disk density, thus implying an
entropy and a density jump from disk to corona. However,
contrary to previous authors (Zanni et al. 2007; Tzeferacos et al.
2009; Murphy et al. 2010), we do not apply an initial vertical
velocity profile in the disk and only prescribe a radial velocity
profile. We have seen that for our long-term simulations the
whole disk system adjusts to a new dynamical equilibrium which
does not depend on the vertical profile of the initial velocity
distribution.

2.3.1. Initial Disk Structure

We prescribe an initially geometrically thin disk with ϵ =
H/r = 0.1 which is itself in vertical equilibrium between
thermal pressure and gravity.

We follow the standard setup employed in a number of
previous papers (Zanni et al. 2007; Murphy et al. 2010).

As initial disk density distribution we prescribe

ρd = ρd,i

(
2

5ϵ2

ri

r

[
r

R
−

(
1 − 5ϵ2

2

)])3/2

(6)

(Murphy et al. 2010), while the initial disk pressure distribution
follows:

Pd = Pd,i

(
ρd,i

ρd

)5/3

. (7)

5 In PLUTO the magnetic field is normalized considering 4π = 1.
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Ω Magnetic coupling regimes

Ohmic Resistivity:
Even electrons are 

uncoupled from B field

Hall Effect:
Electrons are coupled 
but ions are uncoupled

to B field

Ambipolar Diffusion:
Both ions and electrons

are coupled to B field

Ideal MHD:
B field perfectly coupled 

to gas for large 𝜒#
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Simulation setup
• ZeusTW grid based code in spherical polar 

coordinates
• Axisymmetric (includes phi vector 

components)
• Non-rotating, hydrostatic corona above 

disk with pressure balanced at disk surface
• Ambipolar diffusion where 𝜌ion∝ 𝜌1/2 with 

transition to ideal MHD above disk surface
1240 S. S. Suriano et al.

(MRI; Balbus & Hawley 1991) over a wide range of radii, which
leaves MHD disc winds as the primary driver of disc accretion in
these regions (Fleming, Stone & Hawley 2000; Fleming & Stone
2003; Bai & Stone 2011, 2013; Kunz & Lesur 2013; Gressel et al.
2015).

In this follow-up work, we focus on the intermediate radii of
young star discs (a few to tens of au) where ambipolar diffusion
(AD) starts to become the most important non-ideal MHD effect,
especially in the upper layers of the disc (Wardle 2007; Turner et al.
2014). We find that rings and gaps are naturally produced in the
presence of a significant poloidal magnetic field, just as in the re-
sistive case studied in Paper I. We show that a relatively laminar
disc-wind system develops in the presence of relatively strong AD,
which makes it easier to analyse the simulation results and iden-
tify a new mechanism for ring and gap formation. The mechanism
is driven by reconnection of the highly pinched poloidal magnetic
field in a mid-plane current sheet steepened by AD (Brandenburg
& Zweibel 1994), in a manner that is reminiscent of the tearing
mode (Furth, Killeen & Rosenbluth 1963) or the pinch-tearing mode
(Latter, Lesaffre & Balbus 2009). We show that the reconnection
leads to weakening of the poloidal field in some regions, which ac-
crete more slowly and form rings, and field concentration in others,
where accretion is more efficient, creating gaps.

The rest of the paper is organized as follows. In Section 2, we
describe the simulation setup, including the equations solved, the
initial disc model, and the boundary conditions. Section 3 analyses
the results of a reference simulation in detail and explains how rings
and gaps are formed in the coupled disc-wind system in the pres-
ence of relatively strong AD. In Section 4, we explore how changes
in the magnetic field and AD strength modify the picture of the ref-
erence run. In Section 5, we compare to other similar works in the
field and discuss the implications of our work on dust settling,
growth, and trapping that are important to the formation of plan-
etesimals and planets. Finally, Section 6 concludes with the main
results of this study.

2 PRO BLEM SETUP

2.1 MHD equations

We use the ZEUSTW code (Krasnopolsky, Li & Shang 2010) to solve
the time-dependent MHD equations in axisymmetric spherical co-
ordinates (r, θ , φ). The ZEUSTW code is based on the ideal MHD
code, ZEUS-3D (version 3.4; Clarke 1996, 2010), which is itself de-
veloped from ZEUS-2D (Stone & Norman 1992a,b). In the ZEUSTW

code, Ohmic resistivity is treated using the algorithm described in
Fleming et al. (2000) and AD is implemented using the fully ex-
plicit method of Mac Low et al. (1995, see also Li, Krasnopolsky
& Shang 2011). The equations solved are

∂ρ

∂t
+ ∇ · (ρv) = 0, (1)

ρ
∂v

∂t
+ ρ (v · ∇) v = −∇P + J × B/c − ρ∇$g, (2)

∂B
∂t

= ∇ × (v × B) − 4π

c
∇ × (ηO J + ηA J⊥), (3)

∂e

∂t
+ ∇ · (ev) = −P∇ · v, (4)

where the internal energy is e = P/(& − 1) and & is the
adiabatic index. The current density is J = (c/4π)∇ × B
and the current density perpendicular to the magnetic field is

J⊥ = −J × B × B/B2. The Ohmic resistivity is ηO and the
effective ambipolar diffusivity ηA is defined as

ηA = B2

4πγρρi
, (5)

where ρ i is the ion density and γ = ⟨σv⟩i/(m + mi) is the frictional
drag coefficient with units of cm3 g−1 s−1. The remaining param-
eters have their usual definitions. When referring to cylindrical
coordinates, we will use the notation (R, φ, z) such that R = r sin θ

and z = r cos θ .

2.2 Initial conditions

The initial conditions are similar to those in Paper I. We describe
them here in detail for completeness. Specifically, the simulation
domain is separated into two regions: a thin, cold, rotating disc
orbiting a 1 M⊙ central source at the grid origin and an initially
non-rotating, hot corona above the disc that is quickly replaced by
a magnetic wind driven from the disc. We choose the adiabatic
index to be & = 1.01 so that the material in the simulation domain
is locally isothermal in the sense that any parcel of disc material
nearly retains its initial temperature no matter where it moves. The
initial temperature distribution is assumed to decrease with radius
as a power law T ∝ r−1, so that the sound speed is proportional to
the local Keplerian speed.

2.2.1 Disc

The geometrically thin disc is characterized by the dimensionless
parameter ϵ = h/r = cs/vK ≪ 1, where h is the disc scale height,
cs is the isothermal sound speed, and vK is the Keplerian speed.
The initial value of ϵ is set to 0.05 for all simulations in this work.
The disc is limited to the equatorial region where the polar angle
θ ∈ [π/2 − θ0, π/2 + θ0], with disc (half) opening angle set to θ0 =
arctan(2ϵ), i.e. the initial disc half-thickness is set to twice the scale
height. This choice is somewhat arbitrary, but a more elaborate
treatment of the initial disc surface is not warranted because the
structure of the disc surface is quickly modified by a magnetic wind.
The disc density takes the form of a radial power law multiplied by
a Gaussian function of z/r = cos θ ,

ρd(r, θ ) = ρ0

(
r

r0

)−α

exp
(

− cos2 θ

2ϵ2

)
, (6)

as determined by hydrostatic balance. The subscript ‘0’ refers to
values on the disc mid-plane at the inner radial boundary. For all
simulations shown in this paper, we use α = 3/2. The disc pressure
is set as

Pd(r, θ ) = ρdc
2
s , (7)

with cs = ϵvK. The radial pressure gradient causes the equilibrium
rotational velocity vφ to be slightly sub-Keplerian,

vφ = vK

√
1 − (1 + α)ϵ2. (8)

2.2.2 Corona

We require that the hydrostatic corona is initially in pressure bal-
ance with the disc surface. This constraint sets the density drop
from the disc surface to the corona by 1/[(1 + α)ϵ2] = 160, and
a corresponding increase in temperature from the disc surface to

MNRAS 477, 1239–1257 (2018)
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grains through disks by trapping grains in the pressure max-
ima they create, possibly even early on in the disk lifetime.

So far, the formation of radial substructures via MHD
disk winds have only been explored in two dimensions (2D),
which necessitates that the structures are axisymmetric
(Suriano et al. 2017, 2018, herein Paper I; Paper II, respec-
tively). In 2D, the formation of rings and gaps on observable
scales (r ⇠ 10 au) proceeds due to the e↵ects of ambipolar
di↵usion (AD; Paper II), where AD is the most important
non-ideal MHD e↵ect. Paper II finds that rings and gaps are
naturally produced in the presence of a significant poloidal
magnetic field and a relatively strong ambipolar di↵usion,
from which a relatively laminar disk-wind system develops
(see also earlier work by Wardle & Koenigl 1993; Ferreira
& Pelletier 1995; Li 1996). The mechanism is driven by re-
connection of the highly pinched poloidal magnetic field in
a thin midplane current sheet where the reconnection leads
to the weakening of the poloidal field in some regions, which
accrete more slowly and form rings, and field concentration
in others, which accrete e�ciently and open gaps.

This work explores the formation of rings and gaps in
circumstellar disks by magnetic disk winds in the presence
of ambipolar di↵usion in three dimensions (3D), the logical
next step to determine whether and if so, how substructures
develop in magnetically coupled disk-wind systems. We find
that prominent rings and gaps are still formed in 3D, ap-
parently through the same mechanism of a thin midplane
current sheet leading to reconnection and, therefore, the re-
distribution of the poloidal magnetic flux relative to disk
matter. However, the reconnection of the field need not be
restricted to the meridian (r✓-) plane. Unlike the 2D (ax-
isymmetric) case, the reconnection of the toroidal (�) com-
ponent of the magnetic field is allowed, and can in principle
lead to interesting non-axisymmetric structures.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the simulation setup, including the initial
and boundary conditions. The results of the simulations are
presented in Sections 3 and 4. Section 3 focuses on a high-
resolution reference simulation where the AD Elsasser num-
ber at the inner edge of the disk is ⇤0 = 0.25 (see Section 2.3
for a description of this quantity). Other lower resolution
simulations with di↵erent AD Elsasser numbers and mag-
netic field strengths are discussed in Section 4. We discuss
the implications of this work in Section 5 and summarize
the main results in Section 6.

2 SIMULATION SETUP

2.1 MHD equations

We use the ZeusTW code (Krasnopolsky et al. 2010) to solve
the time-dependent magnetohydrodynamic (MHD) equa-
tions in spherical polar coordinates (r, ✓,�) including am-
bipolar di↵usion:

@⇢
@t

+r · (⇢v) = 0, (1)

⇢
@v
@t

+ ⇢ (v ·r)v = �rP + J ⇥B/c� ⇢r�g, (2)

@B
@t

= r⇥ (v ⇥B)� 4⇡
c
r⇥ (⌘AJ?) , (3)

@e
@t

+r · (ev) = �Pr · v, (4)

where the internal energy is P = (� � 1)e and � is the
adiabatic index. The current density is J = (c/4⇡)r ⇥ B
and the current density perpendicular to the magnetic field
is J? = �J ⇥ B ⇥ B/B2. The ambipolar di↵usivity ⌘A is
defined as

⌘A =
B2

4⇡�i⇢⇢i
, (5)

where ⇢i is the ion density and �i = h�vii/(m +mi) is the
frictional drag coe�cient with units of cm3 g�1 s�1. The
remaining parameters have their usual definitions. When re-
ferring to cylindrical coordinates, we will use the notation
(R,�, z) such that R = r sin ✓ and z = r cos ✓.

2.2 Initial conditions

The initial conditions are similar to those in Paper II. We
describe them here in detail for completeness. Specifically,
the simulation domain is separated into two regions: a thin,
cold, rotating disk orbiting a 1 M� central source at the grid
origin and an initially non-rotating, hot corona above the
disk that is quickly replaced by a magnetic wind driven from
the disk. We choose the adiabatic index to be � = 1.01 so
that each parcel of material remains nearly isothermal as it
moves around the computation domain. All simulations are
initialized to be axisymmetric, although non-axisymmetric
structures develop naturally at later times.

2.2.1 Disk

The geometrically thin disk is characterized by the dimen-
sionless parameter ✏ = h/r = cs/vK ⌧ 1, where h is the
disk scale height, cs is the isothermal sound speed, and vK
is the Keplerian speed, which is fixed by the mass of the
central star (i.e., 1 M�). The disk is limited to the equa-
torial region where the polar angle ✓ 2 [⇡/2� ✓0,⇡/2 + ✓0],
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grains through disks by trapping grains in the pressure max-
ima they create, possibly even early on in the disk lifetime.

So far, the formation of radial substructures via MHD
disk winds have only been explored in two dimensions (2D),
which necessitates that the structures are axisymmetric
(Suriano et al. 2017, 2018, herein Paper I; Paper II, respec-
tively). In 2D, the formation of rings and gaps on observable
scales (r ⇠ 10 au) proceeds due to the e↵ects of ambipolar
di↵usion (AD; Paper II), where AD is the most important
non-ideal MHD e↵ect. Paper II finds that rings and gaps are
naturally produced in the presence of a significant poloidal
magnetic field and a relatively strong ambipolar di↵usion,
from which a relatively laminar disk-wind system develops
(see also earlier work by Wardle & Koenigl 1993; Ferreira
& Pelletier 1995; Li 1996). The mechanism is driven by re-
connection of the highly pinched poloidal magnetic field in
a thin midplane current sheet where the reconnection leads
to the weakening of the poloidal field in some regions, which
accrete more slowly and form rings, and field concentration
in others, which accrete e�ciently and open gaps.

This work explores the formation of rings and gaps in
circumstellar disks by magnetic disk winds in the presence
of ambipolar di↵usion in three dimensions (3D), the logical
next step to determine whether and if so, how substructures
develop in magnetically coupled disk-wind systems. We find
that prominent rings and gaps are still formed in 3D, ap-
parently through the same mechanism of a thin midplane
current sheet leading to reconnection and, therefore, the re-
distribution of the poloidal magnetic flux relative to disk
matter. However, the reconnection of the field need not be
restricted to the meridian (r✓-) plane. Unlike the 2D (ax-
isymmetric) case, the reconnection of the toroidal (�) com-
ponent of the magnetic field is allowed, and can in principle
lead to interesting non-axisymmetric structures.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the simulation setup, including the initial
and boundary conditions. The results of the simulations are
presented in Sections 3 and 4. Section 3 focuses on a high-
resolution reference simulation where the AD Elsasser num-
ber at the inner edge of the disk is ⇤0 = 0.25 (see Section 2.3
for a description of this quantity). Other lower resolution
simulations with di↵erent AD Elsasser numbers and mag-
netic field strengths are discussed in Section 4. We discuss
the implications of this work in Section 5 and summarize
the main results in Section 6.

2 SIMULATION SETUP

2.1 MHD equations

We use the ZeusTW code (Krasnopolsky et al. 2010) to solve
the time-dependent magnetohydrodynamic (MHD) equa-
tions in spherical polar coordinates (r, ✓,�) including am-
bipolar di↵usion:
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origin and an initially non-rotating, hot corona above the
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the disk. We choose the adiabatic index to be � = 1.01 so
that each parcel of material remains nearly isothermal as it
moves around the computation domain. All simulations are
initialized to be axisymmetric, although non-axisymmetric
structures develop naturally at later times.
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grains through disks by trapping grains in the pressure max-
ima they create, possibly even early on in the disk lifetime.

So far, the formation of radial substructures via MHD
disk winds have only been explored in two dimensions (2D),
which necessitates that the structures are axisymmetric
(Suriano et al. 2017, 2018, herein Paper I; Paper II, respec-
tively). In 2D, the formation of rings and gaps on observable
scales (r ⇠ 10 au) proceeds due to the e↵ects of ambipolar
di↵usion (AD; Paper II), where AD is the most important
non-ideal MHD e↵ect. Paper II finds that rings and gaps are
naturally produced in the presence of a significant poloidal
magnetic field and a relatively strong ambipolar di↵usion,
from which a relatively laminar disk-wind system develops
(see also earlier work by Wardle & Koenigl 1993; Ferreira
& Pelletier 1995; Li 1996). The mechanism is driven by re-
connection of the highly pinched poloidal magnetic field in
a thin midplane current sheet where the reconnection leads
to the weakening of the poloidal field in some regions, which
accrete more slowly and form rings, and field concentration
in others, which accrete e�ciently and open gaps.

This work explores the formation of rings and gaps in
circumstellar disks by magnetic disk winds in the presence
of ambipolar di↵usion in three dimensions (3D), the logical
next step to determine whether and if so, how substructures
develop in magnetically coupled disk-wind systems. We find
that prominent rings and gaps are still formed in 3D, ap-
parently through the same mechanism of a thin midplane
current sheet leading to reconnection and, therefore, the re-
distribution of the poloidal magnetic flux relative to disk
matter. However, the reconnection of the field need not be
restricted to the meridian (r✓-) plane. Unlike the 2D (ax-
isymmetric) case, the reconnection of the toroidal (�) com-
ponent of the magnetic field is allowed, and can in principle
lead to interesting non-axisymmetric structures.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the simulation setup, including the initial
and boundary conditions. The results of the simulations are
presented in Sections 3 and 4. Section 3 focuses on a high-
resolution reference simulation where the AD Elsasser num-
ber at the inner edge of the disk is ⇤0 = 0.25 (see Section 2.3
for a description of this quantity). Other lower resolution
simulations with di↵erent AD Elsasser numbers and mag-
netic field strengths are discussed in Section 4. We discuss
the implications of this work in Section 5 and summarize
the main results in Section 6.

2 SIMULATION SETUP
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We use the ZeusTW code (Krasnopolsky et al. 2010) to solve
the time-dependent magnetohydrodynamic (MHD) equa-
tions in spherical polar coordinates (r, ✓,�) including am-
bipolar di↵usion:
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where ⇢i is the ion density and �i = h�vii/(m +mi) is the
frictional drag coe�cient with units of cm3 g�1 s�1. The
remaining parameters have their usual definitions. When re-
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(R,�, z) such that R = r sin ✓ and z = r cos ✓.

2.2 Initial conditions

The initial conditions are similar to those in Paper II. We
describe them here in detail for completeness. Specifically,
the simulation domain is separated into two regions: a thin,
cold, rotating disk orbiting a 1 M� central source at the grid
origin and an initially non-rotating, hot corona above the
disk that is quickly replaced by a magnetic wind driven from
the disk. We choose the adiabatic index to be � = 1.01 so
that each parcel of material remains nearly isothermal as it
moves around the computation domain. All simulations are
initialized to be axisymmetric, although non-axisymmetric
structures develop naturally at later times.

2.2.1 Disk

The geometrically thin disk is characterized by the dimen-
sionless parameter ✏ = h/r = cs/vK ⌧ 1, where h is the
disk scale height, cs is the isothermal sound speed, and vK
is the Keplerian speed, which is fixed by the mass of the
central star (i.e., 1 M�). The disk is limited to the equa-
torial region where the polar angle ✓ 2 [⇡/2� ✓0,⇡/2 + ✓0],
with disk (half) opening angle set to ✓0 = arctan(2✏). We set
✏ = 0.05 for all simulations, corresponding to ✓0 = 5.7�. The
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grains through disks by trapping grains in the pressure max-
ima they create, possibly even early on in the disk lifetime.

So far, the formation of radial substructures via MHD
disk winds have only been explored in two dimensions (2D),
which necessitates that the structures are axisymmetric
(Suriano et al. 2017, 2018, herein Paper I; Paper II, respec-
tively). In 2D, the formation of rings and gaps on observable
scales (r ⇠ 10 au) proceeds due to the e↵ects of ambipolar
di↵usion (AD; Paper II), where AD is the most important
non-ideal MHD e↵ect. Paper II finds that rings and gaps are
naturally produced in the presence of a significant poloidal
magnetic field and a relatively strong ambipolar di↵usion,
from which a relatively laminar disk-wind system develops
(see also earlier work by Wardle & Koenigl 1993; Ferreira
& Pelletier 1995; Li 1996). The mechanism is driven by re-
connection of the highly pinched poloidal magnetic field in
a thin midplane current sheet where the reconnection leads
to the weakening of the poloidal field in some regions, which
accrete more slowly and form rings, and field concentration
in others, which accrete e�ciently and open gaps.

This work explores the formation of rings and gaps in
circumstellar disks by magnetic disk winds in the presence
of ambipolar di↵usion in three dimensions (3D), the logical
next step to determine whether and if so, how substructures
develop in magnetically coupled disk-wind systems. We find
that prominent rings and gaps are still formed in 3D, ap-
parently through the same mechanism of a thin midplane
current sheet leading to reconnection and, therefore, the re-
distribution of the poloidal magnetic flux relative to disk
matter. However, the reconnection of the field need not be
restricted to the meridian (r✓-) plane. Unlike the 2D (ax-
isymmetric) case, the reconnection of the toroidal (�) com-
ponent of the magnetic field is allowed, and can in principle
lead to interesting non-axisymmetric structures.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the simulation setup, including the initial
and boundary conditions. The results of the simulations are
presented in Sections 3 and 4. Section 3 focuses on a high-
resolution reference simulation where the AD Elsasser num-
ber at the inner edge of the disk is ⇤0 = 0.25 (see Section 2.3
for a description of this quantity). Other lower resolution
simulations with di↵erent AD Elsasser numbers and mag-
netic field strengths are discussed in Section 4. We discuss
the implications of this work in Section 5 and summarize
the main results in Section 6.

2 SIMULATION SETUP

2.1 MHD equations

We use the ZeusTW code (Krasnopolsky et al. 2010) to solve
the time-dependent magnetohydrodynamic (MHD) equa-
tions in spherical polar coordinates (r, ✓,�) including am-
bipolar di↵usion:
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where ⇢i is the ion density and �i = h�vii/(m +mi) is the
frictional drag coe�cient with units of cm3 g�1 s�1. The
remaining parameters have their usual definitions. When re-
ferring to cylindrical coordinates, we will use the notation
(R,�, z) such that R = r sin ✓ and z = r cos ✓.

2.2 Initial conditions

The initial conditions are similar to those in Paper II. We
describe them here in detail for completeness. Specifically,
the simulation domain is separated into two regions: a thin,
cold, rotating disk orbiting a 1 M� central source at the grid
origin and an initially non-rotating, hot corona above the
disk that is quickly replaced by a magnetic wind driven from
the disk. We choose the adiabatic index to be � = 1.01 so
that each parcel of material remains nearly isothermal as it
moves around the computation domain. All simulations are
initialized to be axisymmetric, although non-axisymmetric
structures develop naturally at later times.

2.2.1 Disk

The geometrically thin disk is characterized by the dimen-
sionless parameter ✏ = h/r = cs/vK ⌧ 1, where h is the
disk scale height, cs is the isothermal sound speed, and vK
is the Keplerian speed, which is fixed by the mass of the
central star (i.e., 1 M�). The disk is limited to the equa-
torial region where the polar angle ✓ 2 [⇡/2� ✓0,⇡/2 + ✓0],
with disk (half) opening angle set to ✓0 = arctan(2✏). We set
✏ = 0.05 for all simulations, corresponding to ✓0 = 5.7�. The
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by a Gaussian function of z/r = cos ✓,
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grains through disks by trapping grains in the pressure max-
ima they create, possibly even early on in the disk lifetime.

So far, the formation of radial substructures via MHD
disk winds have only been explored in two dimensions (2D),
which necessitates that the structures are axisymmetric
(Suriano et al. 2017, 2018, herein Paper I; Paper II, respec-
tively). In 2D, the formation of rings and gaps on observable
scales (r ⇠ 10 au) proceeds due to the e↵ects of ambipolar
di↵usion (AD; Paper II), where AD is the most important
non-ideal MHD e↵ect. Paper II finds that rings and gaps are
naturally produced in the presence of a significant poloidal
magnetic field and a relatively strong ambipolar di↵usion,
from which a relatively laminar disk-wind system develops
(see also earlier work by Wardle & Koenigl 1993; Ferreira
& Pelletier 1995; Li 1996). The mechanism is driven by re-
connection of the highly pinched poloidal magnetic field in
a thin midplane current sheet where the reconnection leads
to the weakening of the poloidal field in some regions, which
accrete more slowly and form rings, and field concentration
in others, which accrete e�ciently and open gaps.

This work explores the formation of rings and gaps in
circumstellar disks by magnetic disk winds in the presence
of ambipolar di↵usion in three dimensions (3D), the logical
next step to determine whether and if so, how substructures
develop in magnetically coupled disk-wind systems. We find
that prominent rings and gaps are still formed in 3D, ap-
parently through the same mechanism of a thin midplane
current sheet leading to reconnection and, therefore, the re-
distribution of the poloidal magnetic flux relative to disk
matter. However, the reconnection of the field need not be
restricted to the meridian (r✓-) plane. Unlike the 2D (ax-
isymmetric) case, the reconnection of the toroidal (�) com-
ponent of the magnetic field is allowed, and can in principle
lead to interesting non-axisymmetric structures.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the simulation setup, including the initial
and boundary conditions. The results of the simulations are
presented in Sections 3 and 4. Section 3 focuses on a high-
resolution reference simulation where the AD Elsasser num-
ber at the inner edge of the disk is ⇤0 = 0.25 (see Section 2.3
for a description of this quantity). Other lower resolution
simulations with di↵erent AD Elsasser numbers and mag-
netic field strengths are discussed in Section 4. We discuss
the implications of this work in Section 5 and summarize
the main results in Section 6.

2 SIMULATION SETUP

2.1 MHD equations

We use the ZeusTW code (Krasnopolsky et al. 2010) to solve
the time-dependent magnetohydrodynamic (MHD) equa-
tions in spherical polar coordinates (r, ✓,�) including am-
bipolar di↵usion:
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where ⇢i is the ion density and �i = h�vii/(m +mi) is the
frictional drag coe�cient with units of cm3 g�1 s�1. The
remaining parameters have their usual definitions. When re-
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(R,�, z) such that R = r sin ✓ and z = r cos ✓.

2.2 Initial conditions

The initial conditions are similar to those in Paper II. We
describe them here in detail for completeness. Specifically,
the simulation domain is separated into two regions: a thin,
cold, rotating disk orbiting a 1 M� central source at the grid
origin and an initially non-rotating, hot corona above the
disk that is quickly replaced by a magnetic wind driven from
the disk. We choose the adiabatic index to be � = 1.01 so
that each parcel of material remains nearly isothermal as it
moves around the computation domain. All simulations are
initialized to be axisymmetric, although non-axisymmetric
structures develop naturally at later times.

2.2.1 Disk

The geometrically thin disk is characterized by the dimen-
sionless parameter ✏ = h/r = cs/vK ⌧ 1, where h is the
disk scale height, cs is the isothermal sound speed, and vK
is the Keplerian speed, which is fixed by the mass of the
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with disk (half) opening angle set to ✓0 = arctan(2✏). We set
✏ = 0.05 for all simulations, corresponding to ✓0 = 5.7�. The
disk density takes the form of a radial power law multiplied
by a Gaussian function of z/r = cos ✓,

⇢d(r, ✓,�) = ⇢0

✓
r
r0

◆�↵

exp

✓
�cos2 ✓

2✏2

◆
, (6)

MNRAS 000, 1–20 (2018)



Simulation results



Ω 𝐵'

𝐵( = 0

𝐵( = 0

𝐵( = 0

𝑡 = 0



Ω 𝐵'

𝐵( < 0

𝐵( = 0

𝐵( > 0

𝑡 > 0



Ω 𝐵'

𝐵( < 0

𝐵( = 0

𝐵( > 0

𝐹⃗0 ∝
𝜕𝐵(2

𝜕𝜃



Ω 𝐵'

𝐵( < 0

𝐵( = 0

𝐵( > 0

𝐹⃗0 ∝
𝜕𝐵(2

𝜕𝜃



Ω 𝐵'

𝐵( < 0

𝐵( = 0

𝐵( > 0

𝐹⃗0 ∝
𝜕𝐵(2

𝜕𝜃



Ω 𝐵'

𝐵( < 0
𝐵( = 0

𝐵( > 0

--> Ambipolar diffusion tends to steepen the magnetic gradient at the magnetic null 
Brandenburg & Zweibel 1994

𝐹⃗0 ∝
𝜕𝐵(2

𝜕𝜃



Ω 𝐵'

𝐵( < 0
𝐵( = 0

𝐵( > 0

𝐽5 ≈
𝑐
4𝜋

𝑑𝐵(
𝑟𝑑𝜃



Ω 𝐵'

𝐵( < 0
𝐵( = 0

𝐵( > 0

𝐽5



Ω 𝐵'

𝐵( < 0
𝐵( = 0

𝐵( > 0

𝐽5

𝐹⃗0 ∝ 𝐽5𝐵<



Ω 𝐵'

𝐵( < 0
𝐵( = 0

𝐵( > 0𝐹⃗0 ∝ 𝐽5𝐵<

𝑀̇?@@



Ω 𝐵'

𝑀̇?@@



Ω 𝐵'

𝑀̇?@@



Ω 𝐵'



Ω 𝐵'



Ω 𝐵'

Reconnection



Ω 𝐵'

Reconnection



Ω 𝐵'

𝐵( > 𝐵'

𝐵( < 𝐵'

àTo open gap, angular 
momentum removal rate (or 
mass accretion rate) must vary 
as a function of disk radius!

24 Suriano et al.

The angular momentum loss rate through the upper surface due to the magnetic tension can be approximated as:

�L̇t ⇡
1
2
r2 sin2(✓)B�B✓�r (A2)

The change in specific angular momentum, ` =
p
GMr, from r2 to r1 will be:

�` =
1
2

r
GM
r

�r (A3)

Equation A1 now becomes:

�L̇t ⇡ Ṁ1�`
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Ṁ ⇡
✓
R2B�B✓

vK

◆
(A4)

where R = r sin ✓ is the cylindrical radius.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–24 (2016)



Ω

24 Suriano et al.

The angular momentum loss rate through the upper surface due to the magnetic tension can be approximated as:

�L̇t ⇡
1
2
r2 sin2(✓)B�B✓�r (A2)

The change in specific angular momentum, ` =
p
GMr, from r2 to r1 will be:

�` =
1
2

r
GM
r

�r (A3)

Equation A1 now becomes:

�L̇t ⇡ Ṁ1�`

1
2
r2 sin2(✓)B�B✓�r ⇡ Ṁ1
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3D Simulation setup
• Axisymmetric (includes phi vector components)
• Non-rotating, hydrostatic corona above disk with 

pressure balanced at disk surface
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• Ambipolar diffusion with 𝜌ion∝𝜌1/2 with transition 

to ideal MHD above initial disk surface

• Three dimensions
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Table 1 Table of frequently used quantities, including formulae and values in cgs units. Definitions
are standard;τ e is taken from Braginskii (1965). The quantity λ is the Coulomb logarithm, given by
Braginskii as 23.4 + 1.15 log (T3

e/ne for Te < 5.7 × 105 K and 25.3 + 1.15 log T2
e/ne for Te < 5.7 ×

105 K

Symbol Quantity Formula Value

τ e Electron collision time 3√
32π

m1/2
e (kTe )3/2

λe4ni
2.9×10−2

λ/10 T 3/2
e n−1

e s

ωce Electron gyrofrequency e B
me c 1.8 × 107 B s−1

ωcp Proton gyrofrequency e B
mp c 9.6 × 103 B s−1

ωpe Electron plasma frequency
(

4πne e2

me

)1/2
5.6 × 104 n1/2

e s

ωpp Proton plasma frequency
(

4πn p e2

mp

) 1/2
1.3 × 103 n1/2

p s

δe Electron skin depth c
ωpe

5.4 × 105 n−1/2
e cm

δp Proton skin depth c
ωpp

2.3 × 107 n−1/2
p cm

σ Electrical conductivity
ωpe2 τe

4π 7.3 × 106 T 3/2
e (10/λ) s

η Magnetic diffusivity c 2

4πσ = δ2
e

τe
9.9 × 1012

T 3/2
e

(λ/10) cm2 s−1

vA Alfvén speed B√
4πmp n p

= ωc i δi 2.2 × 1011 Bn−1/2
p cm s−1

S Lundquist number LvA
η = L

δi
(ωc e τe ) 2.3 × 10−2 LBT 3/2

e n−1/2
e (λ/10)−1

reconnection initiated by an instability called the tearing mode. The fourth applies to plasmas
that are collisionless and so cannot be described by MHD. For more extensive discussions of these
theories, and open research issues surrounding them, see Section 5. Some important physical
quantities used throughout this review are given in Table 1.

2.1. Steady State Reconnection
Parker (1957) and Sweet (1958) were the first to formulate magnetic reconnection as a local
problem in which the inflow of plasma was connected with an outflow from the diffusion region.
Figure 1 depicts their model.

2L

2δ

Figure 1
Sketch of magnetic field geometry in Sweet-Parker reconnection. Oppositely directed magnetic fields are
brought together over a length 2L and reconnect in a diffusion layer of width 2δ.
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Ring spacing from magnetic reconnection
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8 Suriano et al.

Figure 4. The mass accretion and outflow rates (M� yr�1) as a
function of time in the 3D reference simulation through a sphere
of radius r = 20 au. The mass accretion rate through the disk
(|⇡/2 � ✓| < 2✏) is shown in black and that for the corresponding
2D simulation is shown in red for comparison. The total mass
outflow rate both above and below the disk (|⇡/2 � ✓| > 2✏) is
shown in blue.

the surface density is strongly anti-correlated with the ver-
tical field strength, especially in the region around 10 au,
where the contrast between the dense, weakly magnetized
rings and the more di↵use but more strongly magnetized
gaps is the largest. This anti-correlation starts at early times
when the rings and gaps are still nearly axisymmetric, so it is
likely created by the same mechanism as in the 2D (axisym-
metric) simulations, namely, the redistribution of poloidal
magnetic flux relative to disk material through reconnec-
tion. The anti-correlation persists to later times (such as that
shown in Fig. 5) when the rings and gaps become more non-
axisymmetric (see the next subsection). As the resolution of
this 3D simulation is ⇠ 30% lower than that of the similar
2D simulations in Paper II and the e↵ective poloidal mag-
netic field lines are drawn by integrating over the azimuthal
angle, it is more di�cult to observe the field lines in the act
of reconnecting (as in figure 7 of Paper II). Nonetheless, the
close similarity between the 2D and 3D simulations, espe-
cially in the severe radial pinching of the poloidal magnetic
field in a thin fast-accreting layer and the anti-correlation
between the disk surface density and poloidal field strength,
leaves little doubt that the same mechanism is at work in
both 2D and 3D. It strengthens the case that the mechanism,
first identified in more restrictive but conceptually simpler
axisymmetric 2D systems, is robust in three dimensions.

3.3 Ring spacing from magnetic reconnection

The rings and gaps formed from the reconnection of oppo-
sitely directed radial magnetic field lines should have their
spacing set by the radial length scale, Lrec, over which the
magnetic field reconnects. The actual process of magnetic
field lines reconnecting will take place on a much smaller ver-
tical scale, �z, in a thin di↵usive layer across the magnetic
null (Br = 0 at ✓ = ⇡/2). According to the steady-state
theory of slow reconnection, which assumes that the post-

Figure 5. The reference simulation at a representative time
t/t0 = 1500. The top panel plots the logarithm of the density
(colour map) and the � integrated magnetic flux contours (or ef-
fective poloidal field lines, black lines). The bottom panel shows
the � averaged surface density (black) and vertical magnetic field
at the disk midplane (red) normalized respectively by their ini-
tial distribution. (See the supplementary material in the online
journal for an animated version of panel (a) of this figure.)

reconnection flow out of the thin di↵usive layer and along
the initial magnetic null axis cannot exceed the Alfvén ve-
locity, the scaling relation for the ratio of the aforementioned
lengths is (Parker 1957; Sweet 1958; see also the review by
Zweibel & Yamada 2009)

�z
Lrec

⇠ S�1/2, (18)

where the Lundquist number in the disk is S = LvA/⌘,
with some relevant length scale L. Similarly, for the tearing
mode instability, the scaling is modified to �z/Ltear ⇠ S�2/5

(Furth et al. 1963). The scaling for the reconnection rate,
or the rate at which the oppositely directed magnetic field
lines are moved perpendicular to the magnetic null into the
di↵usive layer, has the same exponential dependence on the
Lundquist number.

To estimate the radial reconnecting length in the refer-
ence simulation, we calculate the size of the vertical recon-
nection region as some factor times the grid cell height at
the disk midplane,

�z = ⇠r�✓mid. (19)

Numerically, the modifying factor is strictly ⇠ � 1 and we
choose ⇠ = 2.0. For the Lundquist number, we take the

MNRAS 000, 1–20 (2018)

�z

Lrec
= S�1/2; S =

hvA
⌘A
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Which grains are launched in the wind?

continue the simulation further up to 200 rotations to study the
quasi-steady-state behavior, which we discuss in the subse-
quent sections.

3.2. Dependence on Grain Size

We examine the dependence of the vertical dust distribution
on grain size, a, or stopping time, s,midt . Figure 3 presents the
time-averaged steady-state vertical profile of the dust-to-gas
ratio (top panels) and the mean flow velocity of the dust, Vd,
(Equation (11); bottom panels) for different stopping times.
The left panels show the cases with 1.8 10s,mid

8t = ´ - ,
1.8×10−7, 1.8×10−6, and 1.8×10−5, which respectively
correspond to grain sizes of a = 0.1, 1, 10, and 100 μm at
r=1 au of the MMSN.

In the region around the midplane, z H2 0∣ ∣ 1 , the dust-to-gas
ratio is consistent with the volumetric average value,

0.01d gr r = , which is independent from s,midt , because the
dust is strongly coupled with the gas. However, the value of

d gr r depends largely on s,midt in the high-latitude regions,
since the coupling is weakened (the local τs increases) due
to the decrease of the gas density with elevating height. The
dust with small grain sizes, 10s,mid

6t < - , is well-coupled to
the gas in the entire simulation domain, and is blown upward
with the vertical outflows of the gas. On the other hand,
the dust with large grain sizes, 10s,mid

5t > - , remains in the
disk. The velocity of the mean dust flow, Vd, in the wind region
is faster for smaller grain sizes (smaller τss) due to the
coupling to the gas. In the case with the largest grain sizes,

1.8 10s,mid
5t = ´ - , Vd is directed to the midplane, which

is compensated for by the diffusion, J dr in Equation (7).
Small grains escape from the simulation domain, which leads
to the loss of the total mass of the dust. However, the
mass loss is almost negligible during the simulation time,

t 200- rotations, and then, it is reasonable to treat the system
as if it is in the quasi-steady-state even for the well-coupled
small grains.
Among the four cases, the dust-to-gas ratio of the case

with 1.8 10s,mid
6t = ´ - shows peculiar behavior; d gr r

increases with an altitude in the high-altitude layers,
H z H2.5 4.50 0∣ ∣1 1 . On the other hand, the dust remains

in the disk and 0dr = in the high-altitude layers of the case
with 1.8 10s,mid

5t = ´ - . In the right panels of Figure 3, we
focus on grain sizes with 4.5 10 , 7.2 10 ,s,mid

6 6t = ´ ´- -

8.1 10 6´ - , which lie between these two cases. One can see the
peaks of d gr r near z H4 0» o in these cases (right top panel),
which indicates that the dust grains float up to the location
around the peaks and stagnate there. The emergence of the
peaks can be explained for dust grains of τs=7.2×10−6 as
follows.
The inset of the bottom right panel of Figure 3 zooms in on

the dust velocity, Vd, near the location of the peak on the
positive z side. Vd slightly decreases from z≈3.7H0 to ≈4H0,
and shows a local minimum at z≈4H0, which almost
coincides with the sonic point at z=4.2H0 of the gaseous
disk wind. A quasi-steady-state is achieved in the simulation,
and thus, Vd dr » const. Therefore, the local minimum of Vd

leads to a local maximum of ρd; dust grains stagnate around
this location.
The non-monotonic behavior of Vd can be explained by the

variation of the upward drag force against the downward
gravity. Below the location of the d gr r peak at z H4 0∣ ∣ » , the
velocity of the gaseous disk wind is still subsonic, v cg s< . The
relative velocity, Δv, of the dust to the gas is also <cs, and the
drag force is in the small Δv regime in Equation (2). Therefore,
fd≈1 (Equation (4)), and τs increases with height because of

Figure 3. Time-averaged vertical structure of the dust distribution with various s,midt during t=100–200 rotations. The top panels show the dust-to-gas ratio, and the
bottom panels show the mean velocity (Equation (10)). The inset in the bottom panels zooms in on the region near Vd=0. The left panels present the results with

1.8 10s,mid
8t = ´ - (red), 1.8×10−7 (blue), 1.8×10−6 (green), and 1.8×10−5 (pink), which correspond to a = 0.1, 1, 10, and 100 μm at 1 au of the MMSN. The

right panels present the cases with 4.5 10 , 7.2 10 , 8.1 10s,mid
6 6 6t = ´ ´ ´- - - , which correspond to a=25, 40, 45 μm and show the d gr r peaks in z H4 0∣ ∣ ~ .
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Obscuration by disk winds

L. E. Ellerbroek et al.: Relating jet structure with photometric variability: HD 163296

Fig. 5. Top: lightcurve of HD 163296 in V (0.55 µm) and L (3.76 µm). The dotted line and the gray shaded areas correspond to the mean value
and 1� spread. The time intervals denoted above the V-band lightcurve are expanded in the bottom panel. Horizontal bars indicate the jet launch
epochs estimated from radial velocities (Sect. 3.1). Bottom: V-band lightcurve for selected intervals, exhibiting the shape, duration, and frequency
of the fading events. The calendar date corresponding to the minimum value on the x-axis is displayed in the bottom left corner of each graph.
References for plot symbols: (1) de Winter et al. (2001); (2) Manfroid et al. (1991); (3) Maidanak Observatory (Grankin et al., in prep.); (4) Swiss
(this work); (5) Perryman et al. (1997); (6) Hillenbrand et al. (1992); (7) Eiroa et al. (2001); (8) Pojmanski & Maciejewski (2004); (9) AAVSO
(this work); (10) Tannirkulam et al. (2008b); (11) Mendigutía et al. (2013); (12) Sitko et al. (2008); (13) de Winter et al. (2001); (14) Berrilli et al.
(1992); (15) BASS; (16) SpeX (Sitko et al. 2008, this work). See Table A.1 for more details.
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Fig. 9. Cartoon drawing of the geometry of the HD 163296 disk-jet sys-
tem and a scenario that may explain the optical fading and NIR bright-
ening, as discussed in Sect. 5.5.

error of ⇠0.6 dex on the individual measurements. Far-UV spec-
tra were taken in 1986–1987 (with IUE) and 1998�2004 (with
HST/FUSE and STIS, see also Tilling et al. 2012). The con-
tinuum level varies considerably between these measurements.
However, the sampling is too sparse to put firm constraints on
the accretion rate variability. Within the uncertainties, no signif-
icant variation of the accretion rate before 2001 is detected.

The measurements of L(Br�) in the period 2001�2012 agree
well within 2.3 ± 0.3 ⇥ 10�3 L�. The subsequently derived es-
timates of Ṁacc are log Ṁacc = �6.2 ± 0.8 M� yr�1. It appears
that Ṁacc has substantially increased after 2001. The high values
measured in 2011�12 agree between the two methods. However,
the line luminosity tracer probably su↵ers from large systemati-
cal uncertainties, see Sect. 5.3.

5. Discussion

In this section, we summarize the constraints that our observa-
tions of HH 409 put on the jet launching mechanism. We discuss
the periodicity and asymmetry of the jet, and the mass loss and
accretion rates. Also, we consider the origin of the optical fad-
ing events and their possible connection with the accretion and
jet launching process. A sketch of the system’s proposed geom-
etry is depicted in Fig. 9.

5.1. Periodicity

The excellent agreement between radial velocity and proper mo-
tion measurements of the individual knots (Sect. 3.1) confirms
that each lobe of the jet is perpendicular to the disk within 4.5�.
This is consistent with, but more accurate than previous mea-
surements (Grady et al. 2000, W06).

Over the last decades, bright shock fronts in the high-
velocity jet have appeared simultaneously and periodically (pe-
riod =16.0 ± 0.7 yr) on both sides of the disk. The periodicity

of the knot spacings was also noted by W06. The typical er-
ror on the launch epochs is a few years; within this uncertainty,
they are created simultaneously. Since the sound speed crossing
time of the inner disk region (⇠0.5 au) is also a few years (Raga
et al. 2011), the knots are probably causally connected: a single
variation in the outflow mechanism in the inner region may have
produced a velocity pulse on both sides of the disk. In Sect. 5.5.1
we comment on various explanations for these periodic “launch
epochs”.

5.2. Asymmetry

The HH 409 lobes are highly asymmetric in velocity and phys-
ical conditions. The average velocity in the blue lobe is a factor
1.5 higher than in the red lobe. This asymmetry is reflected in
the physical conditions (Sect. 3.2): in the blue lobe, the material
has higher shock velocities and, hence a higher ionization frac-
tion. The mass-loss rate in the blue lobe is a factor 2 lower than
in the red lobe. Consequently, the energy input in the jet (Ṁjetv2)
is roughly equal in both lobes.

The dispersion in the jet velocity �3J (defined as the depro-
jected FWHM of the spectral profile across the slit) is higher in
the blue lobe, but the relative dispersion �3J/3J ⇠ 0.2 is simi-
lar in both lobes. Interestingly, the same property is observed in
other asymmetric jets (RW Aur, Hartigan & Hillenbrand 2009;
DG Tau B, Podio et al. 2011). For all three objects, the rela-
tive velocity dispersion is higher than what is expected by pro-
jection e↵ects given the jet opening angle (see also Hartigan &
Hillenbrand 2009). The latter authors suggest that the dispersion
may be caused by magnetic waves. This would imply that de-
spite the asymmetry in velocity, the Alfvénic Mach number
MA = 3J/3A is the same in both lobes (and equals ⇠5 for
HD 163296).

Asymmetry in velocity and ionization conditions is a com-
monly observed (Hirth et al. 1994; Ray et al. 2007) and intrigu-
ing property of jets. Various explanations have been proposed,
including an asymmetric disk structure or magnetic field config-
uration, or propagation in an asymmetric environment (Ferreira
et al. 2006; Matsakos et al. 2012; Fendt & Sheikhnezami 2013).
In some cases, the mass-loss rate is found to be similar in both
lobes despite the velocity asymmetry, suggesting external con-
ditions cause their di↵erent appearance (Melnikov et al. 2009;
Podio et al. 2011). In other systems, like HH 1042 (Ellerbroek
et al. 2013), the mean velocity and mass-loss rate are similar on
both sides, but velocity modulations are di↵erent, indicating a
non-synchronized launching mechanism.

In the case of HD 163296 the similar energy input and simul-
taneous launching epochs suggest that a single driving mech-
anism controls jet launching on both sides of the disk. The
lobes are asymmetric already close to the source (G13), and no
strong density gradients are observed in the surrounding medium
(Finkenzeller & Mundt 1984). The asymmetry may then be the
e↵ect of di↵ering conditions in the launching or acceleration re-
gions of each jet lobe.

5.3. Mass loss and accretion rate

We have measured mass outflow rates of Ṁjet = 0.2�1 ⇥
10�9 M� yr�1 in the di↵erent knots. This is one order of mag-
nitude lower than some of the estimates of W06 and G13.
However, the uncertainties in these earlier measurements are
quite large because of the low S/N of the spectra used. The ab-
solute value of Ṁjet is up to two orders of magnitude lower than
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