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ABSTRACT
As of today, two competing 
scenarios exist to explain 
recent sub-millimeter ob-
servations of transitional 
disks with azimuthally ex-
tended non-axisymmetric 
brightness distribution. 
Both scenarios assume 
non-axisymmetric dust ac-
cumulation in a large-scale 
vortex, which results in the 
formation of azimuthal 
brightness asymmetry. We 
investigated both scenar-
ios in order to test their vi-
ability. We found that the vortex formed at the gap 
outer edge is short-lived, unless the disk is inviscid, 
while it is long-lived in dead zone bearing disks. The 
density asymmetry is found to be spatially more 
extended in dead zone than in gap models. We 
showed that the formation process of vortices 
can be inferred by analyzing the brightness mor-
phology in high-resolution ALMA images.

INTRODUCTION
One of the striking discoveries of recent sub-
millimeter observations are the continuum images 
of transitional disks revealing azimuthally extended 
non-axisymmetric brightness distribution for sev-
eral cases; e.g., HD-135344B and SR-21 (Brown 
et al. 2009, Pérez et al. 2014}; LkHα-330 (Brown 
et al. 2009); HD-142527 (Fukagawa et al. 2013, 
Casassus et al. 2013); Oph IRS-48 (van der Marel 
et al. 2013). Since these disks are optically thin in 
the sub-millimeter continuum, the brightness 
asymmetry reflects any asymmetries in the sur-
face density of dust.

The accepted explanation for the observed 
asymmetries is the accumulation of dust grains in 
pressure maxima, in the core of vortices. These 
dust traps can be the very places where planets 
and planetary cores can be quickly assembled in 
the core-accretion scenario. 

Such vortices can be developed by the excitation 
of Rossby wave instability (RWI) in the vicinity of 
steep pressure gradients formed at the edges of 
a giant planet carved gap or edges of disk’s dead 
zone (Fig 1.). We investigated whether or not we 
can infer the formation mechanism (gap vs. dead 
zone) of the vortex from the morphology of the 
disk as seen in sub-millimeter ALMA observations.  

VORTEX DEVELOPMENT
We studied both vortex formation mechanisms by 
means of 2D locally isothermal hydrodynamical 
simulations of disks with α-type viscosity using the 
GPU-based FARGO code (Masset 2000). We 

modeled 1) the vortex formation at the edges of a 
giant planet (Rp=10AU, Mp/M✭=5×10−3) carved 
gap (Fig. 2, left panel) in three different viscosity 
regimes (α=10−3, 10−4, 10−5), and 2) the vortex 
formation in a disk that has a sharp dead zone 
edge (Fig. 2, right panel). In the dead zone model 
the value of α was smoothly reduced to 1% of its 
original value at distance of Rdze=12AU within 
ΔRdze=1Hdze and 1.5Hdze dead zone edge width.

VORTEX LIFE-TIME: The vortex vanishes by ∼300, 
3000 orbits of the planet for α=10−3, 10−4, re-
spectively. This transient nature of the vortex is in 
agreement with Ataiee et al. (2013), and Fu et al. 
(2014).  The vortex survives up to the end of the 
simulations (6350 orbits) for α=10−5 GAP and in 
DZE models. The gradient in the azimuthally aver-
aged radial density profile (Fig 3.) is too shallow in 
viscous (α>10−5)  GAP models, while steep 
enough in nearly inviscid (α≤10−5) GAP model and 
in DZE models to excite RWI.

VORTEX MORPHOLOGY: The azimuthal contrast in 
the density profile averaged over the extent of the 
vortex (Fig 4.) is high (∼12) in the inviscid GAP 
models, while low (1.5--3) in DZE models. The den-
sity enhancement is azimuthally as well as radially 
wider in DZE than in GAP models (Figs 3. and 4.). 

OBSERVABILITY WITH ALMA
To create synthetic images first the output of the 
FARGO simulations were fed into the 3D radiative 
transfer code RADMC-3D (Dullemond et al., in 
prep) to calculate the dust temperature structure. 
We assumed a constant gas-to-dust ratio of 100 
and a power-law grain size distribution between 
0.1μm and 1000μm with a power exponent of 
-3.5. Then images were calculated at 880μm at 
inclination angles of 30 and 60 deg. ALMA obser-
vations were simulated using the Common As-
tronomy Software Applications v4.2. The simu-
lated observations contained thermal noise with a 
precipitable water vapor column of 1.3 mm. We 
used three different antenna configurations for 
the full baseline array resulting in spatial resolu-
tions of 0.1", 0.05" and 0.025", respectively. We 

used the full 7.5GHz bandwidth and the duration of 
the observations was set to 4 hours.

EFFECT OF SPATIAL RESOLUTION: Brightness asym-
metries, caused by the vortex are clearly visible in 
the images at all simulated spatial resolutions for 
both the GAP and DZE models (Fig 4.). The azi-
muthal contrast in ALMA images is severely re-
duced at low spatial resolutions (0.1", 0.05") in the 
GAP models, due to beam dilution, compared to 
the contrast derived from the hydrodynamical 
frames. However, in DZE models the azimuthal 
contrast is insensitive to spatial resolution in the 
tested range. The inner edge of the gap appears to 
be eccentric in the GAP models, due to beam con-
volution effects at low spatial resolutions.

EFFECT OF VORTEX POSITION: Due to the low azi-
muthal contrast in DZE models, the vortex splits 
into two separated blobs in low-resolution images, 
if the disk is seen in high inclination angle, e.g. 60 
deg, (Fig 5.). In contrast, the vortex is well defined 
in GAP model due to the high azimuthal contrast.

CONCLUSION
Vortices excited at the gap edge carved by a giant 
planet have a different morphology compared to 
that of vortices excited at the dead zone outer 
edge. Vortices at gap edges are azimuthally more 
compact and have higher azimuthal contrast than 
their counterparts at the edge of a dead zone. 

It is thus possible to infer the excitation mecha-
nism of such vortices by studying the shape and 
the contrast of surface-brightness asymmetries in 
sub-millimeter, especially in ALMA observations. 
One needs, however, a spatial resolution that is 
similar to or higher than the radial extent of the 
vortex to measure the true contrast between the 
vortex and the background disk. At lower spatial 
resolution the observed contrast can be severely 
lowered by beam-dilution.
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2. OBSERVATIONS

Mid-IR spectrophotometry of LkHα 330, SR 21N, and
HD 135344B was acquired as part of the Spitzer “From Cores
to Disks” (c2d) Legacy Science project. Out of a sample of over
100 spectra in the c2d first look program, chosen from known
T Tauri stars, only five disks (LkHα 330, SR 21N, HD 135344
B, T Cha, and CoKu Tau 4) showed SED features characteristic
of an inner hole (Brown et al. 2007). Those disks visible from
the northern hemisphere and with suitably large disk masses—
LkHα 330, SR 21N, and HD 135344B—have been targeted
for high spatial resolution follow-up imaging at submillimeter
wavelengths.

LkHα 330 is a little studied G3 star near the IC 348 region
of Perseus, which is a sparse cluster with stars between a few
to ten million years old (Strom et al. 1974). The distance to
Perseus is an unresolved problem with values ranging from 200
to 350 pc. A distance of 250 pc is assumed here following the
c2d convention.

SR 21N (aka Elias 2-30) is a 3 Myr old pre-main-sequence
binary, with a separation of 6.′′4, in the core of the ρ Ophiucus
cloud at a distance of 160 pc (Prato et al. 2003). The primary
has a spectral type of G2.5, while the companion has spectral-
type M4. A recent VLT/NACO AO survey found no other
companions (Correia et al. 2006). Interestingly, Prato et al.
(2003) found that the two companions were not coeval within
their limits, although large uncertainties remain. The disks of the
two components are closely aligned indicating that the stars are
likely gravitationally bound but the distance between the two is
large enough that we do not expect significant gravitational
perturbations to the SR 21N disk, particularly in the inner
regions (Jensen et al. 2004).

HD 135344B is an 8 Myr old F4 star in Lupus that lies
∼20 arcsec from its A-type companion HD 135344A. The
two stars are likely not physically associated. The dust disk
around HD 135344B has been spatially resolved in UV scattered
light (Grady et al. 2005, 2009) and the mid-IR (Doucet et al.
2006). However, the two observations provide different disk
inclinations of <20◦ (Grady et al. 2009) and 46◦ (Doucet et al.
2006). A close (0.′′32 separation) binary system lies 5.′′8 to
the southwest (Augereau et al. 2001). A distance of 84 pc in
agreement with Dunkin et al. (1997) was used in Brown et al.
(2007). A further distance of 140 pc has been suggested by van
Boekel et al. (2005) and provides a better simultaneous fit of the
Submillimeter Array (SMA) image and SED.

Dust emission measurements were acquired with the SMA
using the very extended configuration with the eight 6 m di-
ameter antennae, which provided baselines ranging in length
from 30 to 590 m. The observations of LkHα 330 in 2006
November were taken with only seven antennae and the min-
imum length baseline was 80 m. Double sideband (DSB) re-
ceivers tuned to 341.165 GHz provided 2 GHz of bandwidth/
sideband, centered at an intermediate frequency (IF) of 5 GHz.
Calibration of the visibility phases was achieved with observa-
tions of a quasar within 10◦ of the source (listed in Table 1),
typically at intervals of 25 minutes. 3C273 was used as the
passband callibrator in all observations. Measurements of one
of Uranus, Titan, and Callisto provided the absolute scale for
the flux density calibration. Uncertainties in the flux scale are
estimated to be 15%. Table 1 lists the observed source posi-
tion, the synthesized beam size with natural weighting, sin-
gle DSB system temperatures, the phase and flux callibra-
tors and the observation dates. Comparison of the millimeter
source positions with the optical stellar positions (marked with

Figure 1. 340 GHz dust continuum images of LkHα 330 (top), SR 21N (middle),
and HD 135344B (bottom). The crosses mark the literature coordinates of the
central star. LkHα 330 clearly shows an inner hole of approximately 40 AU
radius with the synthesized beam of 0.′′28 × 0.′′33 (plotted at bottom right).
SR 21N has the smallest hole of this sample with a radius of 27 AU. HD 135344B
is the most asymmetric of the disks and has a well-defined 37 AU hole. The
0.′′47 × 0.′′25 beam (lower right corner) is elongated due to HD 135344B’s −37◦

declination.
(A color version of this figure is available in the online journal.)

crosses in Figure 1) shows that within the position errors the
millimeter emission is centered on the star. SR 21N has the
least accurate optical position and has the largest difference
between the two positions. HD 135344B and SR 21N have
higher system temperatures and more elongated beams than
LkHα 330. The data were calibrated using the MIR software
package (http://cfa-www.harvard.edu/∼cqi/mircook.html), and
processed with Miriad (Sault et al. 1995).

3. DATA

3.1. Image Plane

The SMA images clearly resolve the size, orientation, and
radial structure in all three disks (see Figure 1). The parameters
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FIGURE 1. -- SR21 observed with SMA (Brown et al. 2009) on the 
left and synthetic image of a disk modeled with a vortex formed at 
the outer edge of a dead zone (Regály et al. 2012) on the right.
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FIGURE 4. -- Synthetic ALMA images in GAP (upper) and DZE 
(lower) models with spatial resolutions of 0.1", 0.05" and 0.025".
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FIGURE 3. -- Azimuth-
ally averaged density 
profiles in GAP and 
DZE models.
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FIGURE 4. -- Radially 
averaged density 
profiles in the GAP 
and DZE models. 
The radial averaging 
was done over the 
extent of the vortex.
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FIGURE 2. -- Surface density distributions in the GAP model (left) 
and DZE model (right). The vortex is spatially more extended, while 
the azimuthal contrast in gas density is significantly lower in DZE 
than in inviscid GAP models.
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FIGURE 5. -- Effect of the vortex position on the synthetic ALMA im-
ages at low-inclination angle and low spatial resolution (0.1”).
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