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ABSTRACT

The formation of planetesimals requires that primordial dust grains grow from micron- to kilometer-sized bodies.
Dust traps caused by gas pressure maxima have been proposed as regions where grains can concentrate and grow
fast enough to form planetesimals, before radially migrating onto the star. We report new VLA Ka and Ku
observations of the protoplanetary disk around the Herbig Ae/Be star MWC 758. The Ka image shows a compact
emission region in the outer disk, indicating a strong concentration of big dust grains. Tracing smaller grains,
archival ALMA data in band 7 continuum shows extended disk emission with an intensity maximum to the
northwest of the central star, which matches the VLA clump position. The compactness of the Ka emission is
expected in the context of dust trapping, as big grains are trapped more easily than smaller grains in gas pressure
maxima. We develop a nonaxisymmetric parametric model inspired by a steady-state vortex solution with
parameters adequately selected to reproduce the observations, including the spectral energy distribution. Finally,
we compare the radio continuum with SPHERE scattered light data. The ALMA continuum spatially coincides
with a spiral-like feature seen in scattered light, while the VLA clump is offset from the scattered light maximum.
Moreover, the ALMA map shows a decrement that matches a region devoid of scattered polarized emission.
Continuum observations at a different wavelength are necessary to conclude whether the VLA-ALMA difference
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is an opacity or a real dust segregation.
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1. INTRODUCTION

The formation of terrestial planets or of giant planets by core
accretion requires the buildup of a population of planetesimals.
To form these bodies, dust grains need to grow from micron to
kilometer sizes, i.e., grains need to increase in size by at least
nine orders of magnitude in size scale, until the influence of
gravity enhances the protoplanet growth (Safronov & Zvjagina
1969; Pollack et al. 1996). This process is a race against the
disk dispersal process (Hollenbach et al. 1994; Clarke et al.
2001) and accretion onto the central star (Hartmann
et al. 1998).

As dust grains grow, they start to decouple from the gas and
drift radially toward the central star (Weidenschilling 1977).
Therefore, planetesimal formation has to happen in timescales
shorter than radial drift. One way to halt the inward drift is by
developing a local maximum in the radial surface density of the
gas. Dust grains can easily get trapped in density maxima
(Whipple 1972; Barge & Sommeria 1995; Haghighipour &
Boss 2003; Chiang & Youdin 2010), especially big grains
(Brauer et al. 2008; Pinilla et al. 2012). Dust traps can be found
in the inner edges of disks with evidence of gaps and cavities,
commonly called transitional disks (Espaillat et al. 2014).
These gaps and cavities are also detected as infrared dips in the
spectral energy distribution (SED). In these dust traps, and
depending on the level of gas turbulence, grains can accumulate
for periods comparable to the disk lifetime, thereby benefiting
grain growth and producing an enhancement in the population
of larger dust grains (Brauer et al. 2008; Pinilla et al. 2012).

Azimuthal asymmetries, such as vortices, can also produce
dust trapping (Barge & Sommeria 1995; Tanga et al. 1996;

Johansen et al. 2004; Inaba & Barge 2006; Lyra et al. 2008,
2009; Regdly et al. 2012; Lyra & Lin 2013). Large-scale
asymmetries are observed in submillimeter observations of the
transition disks around SAO 206426, SR 21 (Pérez et al. 2014),
LkHa 330 (Isella et al. 2013), and particularly in HD 142527
(Casassus et al. 2013; Fukagawa et al. 2013) and IRS 48 (van
der Marel et al. 2013), where a stronger than usual azimuthal
contrast is observed. These observations suggest dust trapping
by large-scale vortices. In this scenario it is expected that the
dust spatial distribution will depend strongly on the grain size,
as aerodynamic drag depends on the grain cross section. Big
grains will concentrate in more compact regions than small
grains (Barge & Sommeria 1995; Klahr & Henning 1997;
Dubrulle et al. 2005; Inaba & Barge 2006; Meheut et al. 2012;
Lyra & Lin 2013; Raettig et al. 2015). This has strong
observable implications: at long wavelengths, dust continuum
emission should be more compact than at shorter wavelengths,
as it traces the mass distribution of grains with sizes
comparable to the observed wavelength (Beckwith
et al. 1990; Testi et al. 2003; Birnstiel et al. 2013). On the
other hand, Mittal & Chiang (2015) show that large and similar
structures to the observed asymmetries in protoplanetary disks
can be formed by gravitational global modes, which are
currently difficult to discriminate from vortices. Thus, in the
absence of tracers of the gas mass, it is crucial to use
multiwavelength observations to diagnose whether dust trap-
ping around a pressure maximum is present.

In this paper we study the transition disk around the Herbig
Ae star MWC 758 (HD 36112). The main parameters for this
system are given in Table 1. The central star is 3.7 & 2.0 Myr
old (Meeus et al. 2012), and optical spectroscopy reveals
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Table 1
Main Parameters of MWC 758
Parameter Value References
R.A. (J2000) 05" 30™ 273530 1)
decl. (J2000) +25° 19/ 57”082 1)
Age 3.7 +£ 2.0 Myr 2)
Stellar mass 20+ 02 M, A3)
Vv 8.27 “)
B-V 0.3 4)
H 6.56 5)
Distance 2792 pc (1)
Disk inclination 21°42° 3)
Disk PA 65° +7° 3)

References. (1) van Leeuwen (2007); (2) Meeus et al. (2012); (3) Isella et al.
(2010); (4) Hgg et al. (2000); (5) Cutri et al. (2003).

variable profiles suggesting jet-like inhomogeneities at differ-
ent distances from the star (Beskrovnaya et al. 1999). The
revised Hipparcos parallax data put the star at a distance of
27972% pc (van Leeuwen 2007), although most previous studies
use the old Hipparcos estimated distance of 200750 pc (van den
Ancker et al. 1998). Studying the '*CO(3-2) kinematics, Isella
et al. (2010) determined a stellar mass of 2.0 £ 0.2 M, and a
disk orientation with an inclination (i) of 21°42° and a
position angle (PA) of 65° 4 7°, all consistent with Keplerian
rotation. Despite its bright infrared excess, a cavity of 0737 (73
astronomical units (AU) at 200 pc) has been inferred from dust
millimeter emission, suggesting a depletion of millimeter
grains in the inner regions of the disk possibly due to the
presence of a low-mass companion within a radius of 42 AU
(using the revised distance; Isella et al. 2010; Andrews
et al. 2011). In addition, the SED shows a 10 pm dip consistent
with a pre-transitional disk (Grady et al. 2013), but with a
strong near-infrared emission coming from sub-AU scales
observed with VLTI (Isella et al. 2008).

The disk structure shows deviations from an axisymmetric
disk. Spiral arms are detected from near-IR scattered light and
thermal emission images extending from the submillimeter
cavity to the outer disk (Grady et al. 2013; Benisty et al. 2015),
possibly produced by a massive planet at ~160 AU (Dong
et al. 2015). The drop in the polarized intensity beyond the
spiral arms can be interpreted as a shadowing effect by the
arms, as the disk extends farther out in the millimeter. In
addition, at millimeter wavelengths a peak intensity in the dust
continuum has been detected to the northwest of the central star
after subtraction of a best-fit axisymmetric model, suggesting
an asymmetry in the millimeter dust grain distribution in the
outer parts of the disk (Isella et al. 2010). Moreover, in the
same study, asymmetries in CO emission were observed that
could be due to a warped optically thick inner disk (Isella et al.
2010), similar to the case of HD 142527 (Marino et al. 2015). If
the southern spiral arm is trailing, the disk is rotating with a
clockwise direction in the plane of the sky, where the north side
of the disk is the nearest.

We analyze new VLA Ka and Ku observations and compare
with ALMA archival data to study the distribution of dust
grains and search for evidence of grain size segregation due to
dust trapping. In Section 2 we describe the data and imaging. In
Section 3 we investigate the origin of the VLA Ka and Ku
asymmetric emission, comparing with archival ALMA and
SPHERE data. In Section 3.4 we describe a parametric
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asymmetric disk model inspired by a modified vortex solution,
which can reproduce the basic morphology seen in the VLA
and ALMA images and the SED, to try to interpret the
observed asymmetries. In Section 4 we discuss the origin of the
asymmetries: a large-scale pressure maximum, e.g., a vortex
formed at the outer edge of the cavity producing dust trapping,
or an embedded massive forming planet accreting material
while heating its surroundings. Finally, in Section 5 we
summarize the main conclusions of this work.

2. OBSERVATIONS AND IMAGING

In this section we describe the observations and imaging of
the VLA Ka (~33 GHz) and Ku (~15 GHz) and ALMA Band
7 (~337 GHz) data. The image synthesis was carried out using
a nonparametric least-squares modeling technique with a
regularization term called entropy from the family of maximum
entropy methods (MEMs). We call the whole algorithm and
code uvmem, and the resulting deconvolved model images are
labeled as the “MEM model.” Examples of MEM in astronomy
can be found in Pantin & Starck (1996), Casassus et al. (20006),
Levanda & Leshem (2010), Casassus et al. (2013), Warmuth &
Mann (2013), and Coughlan & Gabuzda (2013). It is possible
to characterize the resolution level with a synthetic beam
derived from the response of the algorithm to a point source
with the same noise level as the observations. The MEM
synthetic beam is usually finer than the standard Clean beam
with natural or briggs weighting.

The deconvolved model images are “restored” by adding the
dirty map of the residuals of uvmem and convolving with a
Clean beam characteristic of natural or briggs weighting. These
images can be compared with Clean images and are labeled as
“restored images.”

2.1. VLA

The VLA observations form part of the project VLA
13B-273. The MWC 758 observations were acquired on six
runs: three nights in 2013 October and November in Ka band
and another three nights in 2014 January in Ku band. In Ka
band the target was observed in B O configuration with
minimum and maximum projected baselines of 190 m and 10.5
km, while in Ku band it was observed in BnA 0 configuration
with minimum and maximum projected baselines of 80 m and
23 km. The array included 27 antennas of 25 m diameter, and
the total integration time on source was 1 hr, 21 minutes in
each band.

For the Ka band, the VLA correlator was configured to
produce 64 spectral windows from 28.976 to 37.024 GHz, with
a spectral window bandwidth of 128 MHz, each divided into 64
channels to study the continuum emission with a resolution of
2 MHz. In the Ku band, the correlator was configured similarly
with 64 spectral windows covering from 11.976 to
18.224 GHz, each divided into 64 channels of 2 MHz width.

In all the observations, 3c 138 was used as the primary flux
calibrator, while J0547+2721 was used as the phase calibrator
with four observations of 1minute, 30s between the target
observations of 9 minutes. After looking at the resulting images
from each run to check the quality of the data, we excluded one
of the three observing runs with Ka band.
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Figure 1. Restored VLA Ka (~33 GHz) images. Left panel: restored image. Right panel: restored image after subtracting the stellar emission with a point-source fit to
the visibilities. The beam size in the Ka images is 0”23 x 0”22 and is represented by a white ellipse in both images. The x- and y-axes indicate the offset from the
stellar position in R.A. and decl. in arcsec, i.e., north is up and west is right. The stellar position is marked with a red star.

2.1.1. VLA Images

In Figure 1 we present the restored VLA Ka image and
restored image after subtracting the central component with a
point-source fit to the visibilities. The Ka image presents a
noise level (0) of 6.6 uJy beam ', and the beam size is
0”23 x 0722 with natural weights. Two bright compact
regions separated by 07”5 stand out from some extended
emission, which is not very well resolved owing to low signal-
to-noise ratio. The southern compact emission has a peak
intensity of 63.0 uJy beam ' and is located at the position
where the star is expected according to the stellar coordinates
and proper motion (Perryman et al. 1997). The other compact
emission is 44.0 ;Jy beam ™' and is located to the northwest of
the star, where Isella et al. (2010) found an intensity maximum
at millimeter wavelengths. To the south of the star there is also
disk emission with a peak intensity of 30.0 ;Jy beam ',
slightly higher than 40. This probably corresponds to dust
thermal emission from the disk and puts an upper limit to the
disk emission at this frequency. However, the morphology of
this emission is hard to elucidate given the noise levels and
resolution. The northern clump is separated from the star by
0”5, which at a distance of ~280 pc translates to a deprojected
radius of ~150 AU in the disk plane. The total flux at 33 GHz
inside a circumference of 170 radius is 366 449 pJy and
289 + 33 ply after subtracting the stellar emission.

The Ku data only show compact emission coming from the
star location with a total flux of 67.1 £ 7.7 uJy and an image
noise level of 4.1 uJy beam '. The synthetic beam of this
observation corresponding to natural weights has a size of
0”56 x 0”18. We are not showing the Ku image because it is
featureless and only shows a point source at the stellar position.

2.1.2. Flux Loss

We neglect flux loss in the VLA data. To study this
possibility in the VLA Ka observations due to missing baseline
spacing and limited u—v coverage, we simulate observations
using the VLA Ka u—v coverage and a model image of the disk

at 337 GHz (the model is described in Section 3.4). At this
frequency the disk emission is more extended than at 33 GHz,
and thus flux loss is more likely. We scaled the intensity levels
of the model image at 337 GHz to have a simulated peak
intensity equal to the Ka peak intensity. Gaussian noise was
added to the model visibilities to reproduce the same noise
level as the restored VLA Ka image. The final simulated image
has a total flux of 620 + 27 pJy inside a circumference of 170
radius, centered at the stellar position. This is consistent with
the scaled model flux of 609 pJy within the estimated errors.
Therefore, we conclude that there is no flux loss due to missing
uv sampling in the case of the VLA data.

2.2. ALMA

To study the disk continuum emission at millimeter
wavelengths, we made use of ALMA archival data in Band 7
of MWC 758 from the project 2011.0.00320.S (E. Chapillon
et al. 2015, in preparation). The observations were conducted
over two nights in 2012 August and October. The ALMA
correlator was set in Frequency Division Mode (FDM) to
provide four spectral windows divided into 384 channels,
centered at 337.773GHz with a total bandwidth of
234363 MHz, 344.469 GHz with a total bandwidth of
234363 MHz, 332.488 GHZ with a total bandwidth of
233.143 MHz, and 330.565 GHz with a total bandwidth of
233.143 MHz. The observations were carried out with 29
antennas of 12m diameter. The minimum and maximum
projected baselines were 15 and 375 m, respectively, and the
total time on source was 12 minutes. We flagged the lines CO
J =3-2(337.79599 GHz) and '*CO J = 3-2 (330.58797 GHz)
to study the dust continuum emission.

In Figure 2 we present the ALMA MEM image using
uvmem and a restored image that can be compared to a Clean
image. The model image has an approximate resolution of
0”31 x 0718, derived from the response to a point source. The
restored image was produced by convolving with a Clean beam
of size 0”64 x 0740 characteristic of briggs weighting to
achieve a better resolution. In the restored image, the total flux
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Figure 2. ALMA maps at 337 GHz (Band 7). Left panel: MEM nonparametric model (regularized with the maximum entropy method) with an approximate angular
resolution of 0”31 x 0”18. Right panel: restored image adding residuals and convolving with a Clean beam corresponding to briggs weighting (0”64 x 0740). The
respective beams are represented by blue ellipses. The x- and y-axes indicate the offset from the stellar position in R.A. and decl. in arcsec, i.e., north is up and west is

right. The stellar position is marked with a red star.

is 210 + 5 mJy, with a peak intensity of 55.0 mJy beam ' and a
noise level of 1.3 mJy beam '

In Table 2 we summarize the new flux values of MWC 758
added by this work along with global spectral trends.

3. ANALYSIS

The VLA Ka and ALMA maps show that the disk of MWC
758 is far from an axisymmetric disk. The disk shows a peak of
intensity to the northwest side of the disk, centered at a distance
of 0”5 from the star, consistent with previous millimeter
observations (Isella et al. 2010). In both ALMA maps and more
evident in the MEM model, a local intensity minimum appears
at the center of the disk, confirming the presence of a cavity of
millimeter grains. Unlike the case of HD 142527 and IRS 48,
the maximum and minimum of intensity are not opposite in
azimuth (azimuthal wavenumber m = 1; Casassus et al. 2013;
Fukagawa et al. 2013; van der Marel et al. 2013). Moreover, a
second maximum in azimuth appears in the ALMA MEM
model to the southwest of the star, which translates to an
azimuthal extension to the south of the northern intensity
maximum in the restored image.

3.1. Spectral Trends

To investigate the origin of the emission in the VLA maps, it
is useful to compute the intra-band and inter-band spectral
indexes, defined as o;? = log(h/I)/log(v2/vy). The Ka—Ku

inter-band spectral index (a;2) of the emission coming from the
stellar location is 0.36 & 0.20, while the Ku intra-band spectral
index is a5 = 0.8 & 0.6, computed from a point-source fit to
the Ku data at the different channels. Both values are consistent
with free—free emission from the central star associated with
a stellar wind or stellar accretion. Assuming a spectral
index between 0.5 and 1.0 from free—free emission and the
VLA flux level at 33 GHz, we expect emission levels of
0.2-0.7 mJy beam™! at 337 GHz, well below the disk emission
and the noise level reached in the ALMA data. Similar

Table 2

VLA and ALMA Fluxes
Measurement Value
ALMA Band 7 flux (337 GHz) (mly) 205+ 5
VLA Ka (33 GHz) flux (uJy) 366 + 49
VLA Ka disk flux® (uJy) 289 +33
230°-337 GHz spectral index 34+£0.1
337-33 GHz spectral index 2.8+0.1
Notes.
? Flux inside a circumference of 170 radius after subtracting the central
component.

® Data from Chapillon et al. (2008).

unresolved emission has been detected with ATCA observation
at the location of the central star in HD 142527 with a slightly
higher spectral index of 1.0 0.2 (Casassus et al. 2015).

On the other hand, the northern compact emission has an
inter-band spectral index of of! =3.1 £0.1 when we
compare with the intensity maximum of the restored ALMA
image. Using o/, the predicted flux of the northern clump at
15GHz is ~6.0 ply, slightly above the noise level of the
Ku data.

Given the unknown temperatures, the uncertainties in the
clump flux, the nondetection at 15 GHz, and the lack of spatial
resolution in the ALMA data, it is not possible to conclude on
the spectral index (3 for an optical depth power law 7(v) VP,
preventing us from studying a direct relation between the
observations and a dust size distribution in the northern clump.
Additional observations with similar resolution levels are
necessary to derive a 3 index to directly study the dust size
distribution in the clump. However, in Section 3.4 we
implement a simple parametric vortex model for the disk that
reproduces the SED and morphology of the VLA and ALMA
maps. We use this model to interpret the VLA clump in
Section 3.4.
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Figure 3. ALMA-VLA overlay. In blue is the ALMA Band 7 MEM model in
an arbitrary color scale, while in red is the restored VLA Ka image contours set
at arbitrary levels to highlight the morphology (the lowest contour level is
4.20). The beam size of the restored VLA Ka image and ALMA MEM model
is represented by a red and blue ellipse, respectively. The x- and y-axes indicate
the offset from the stellar position in R.A. and decl. in arcsec, i.e., north is up
and west is right.

3.2. Comparison between ALMA and VLA Ka Maps

In Figure 3 we present an overlay between the restored VLA
Ka image and the ALMA Band 7 MEM model. The VLA Ka
northern peak intensity matches the location of the ALMA
Band 7 maximum. At 337 GHz we expect that most of the
emission comes from ~millimeter-sized grains. If this intensity
maximum is tracing a maximum in the dust density distribution
of millimeter-sized grains, the VLA and ALMA maximum
could be due to dust grains being trapped in a pressure
maximum of the gas. In the dust trap scenario, we would expect
to observe at centimeter wavelengths a higher contrast between
the intensity maximum and the rest of the disk and a more
compact emission, probing the distribution of centimeter-sized
grains that are more easily trapped in gas pressure maxima.
However, the ALMA maps are not as well spatially resolved as
the VLA Ka image owing to differences in the u—v coverage. In
Section 3.3 we compare both data sets at the same resolution
level.

Figure 3 also shows disk emission to the south of the stellar
position in the VLA Ka map that matches a second peak
intensity in the ALMA MEM model. This peak is closer in than
the northern clump, at an angular distance of ~0”3. However,
this local maximum disappears in the restored ALMA image
owing to the larger beam.

3.3. ALMA and VLA Ka Map at the Same Resolution Level

To bring both data sets to comparable resolutions, we
convolved the restored VLA Ka image with the ALMA Clean
synthetic beam of size 0”64 x 0740 after subtracting the stellar
emission. We call this map the degraded VLA image. In
Figure 4 we show the contour levels 0.6, 0.75, 0.85, and 0.92
times the peak intensity of the degraded VLA and restored
ALMA images. The degraded VLA image presents a
morphology similar to the ALMA MEM model with two peak
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Figure 4. ALMA-VLA map contour overlay. Blue contours: ALMA Band 7
restored image. Red contours: degraded VLA image (restored image after
subtracting the star and convolving with the ALMA beam). The contour levels
are 0.6, 0.75, 0.85, and 0.92 times the peak intensity of each map. The lowest
contour level of the VLA map represents ~3¢ at this resolution. The dashed
red and blue lines represent the 0.85 peak intensity level. The beam size of both
maps is represented by a black ellipse. The x- and y-axes indicate the offset
from the stellar position in R.A. and decl. in arcsec, i.e., north is up and west is
right.

intensities: to the northwest and south of the star (see Figure 2).
The northern clump in the degraded VLA image is still more
compact than in the restored ALMA image, with a larger
contrast. The solid angle inside the 0.85 intensity maximum
contour in the degraded VLA image is 0.09 arcsec”, while it is
0.23 arcsec” in the ALMA map. This result supports the dust
trap interpretation, finding that the 33 GHz dust emission is
more compact than at 337 GHz.

The peak intensity to the south of the star in the restored
VLA Ka image remains after star subtraction and convolution
with the ALMA beam, with a morphology similar to that
observed in the ALMA MEM model. The nature of this
compact emission is not clear as it is just ~4 times the noise
level in the restored VLA Ka image. At the ALMA resolution
the cavity is hard to distinguish, although the peak intensity is
offset from the stellar position in both maps, suggesting a
cavity depleted of big grains.

To confirm the dust trap interpretation, ALMA observations
in extended configuration are required to resolve the disk with a
similar or finer resolution than the VLA Ka observations.
Deeper VLA observations are also necessary to detect the rest
of the disk.

3.4. Parametric Nonaxisymmetric Model

We develop a parametric nonaxisymmetric disk model,
inspired by the steady-state vortex solution to the gas and dust
distribution described in Lyra & Lin (2013, hereafter LL13).
The aim is to reproduce part of the morphology seen in the
ALMA and VLA maps and the global SED. The model
consists of a central star surrounded by a disk of gas and dust.
We model the star using a Kurucz template spectrum (Castelli
1993) with a temperature of 8250 K and a stellar radius of
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Table 3
Disk Parameters

Parameter Inner Disk Outer Disk
Tmin (AU) 0.2 20.0
Tmax (AU) 80.0 300.0
() s (r 03 Equation (6)

c r(‘
H() (AU) 02 19.0( s )

1.0 AU 100.0 AU
M (M) 50x 108 7.1 x 10*
Mass fraction in Silicates 0.9 0.48
Amin (/l’) 0.1 1.0
Amax (1) 1.0 4% 10°
Note.

? The dust size distribution is n(a) & a>-. The dust internal density for silicate
and amorphous carbon grains is 4.0 and 2.0 g cm ™, respectively.

2.6 R, to fit the SED in the optical with a visual extinction of
0.22 (van den Ancker et al. 1998). We define two distinct disk
zones (see Table 3).

1. A dusty inner disk with small grain sizes ranging from
0.1 to 1 pum, composed of amorphous carbon and silicate
grains to reproduce the NIR excess.

2. A nonaxisymmetric outer disk composed of amorphous
carbon and silicate grains to reproduce part of the disk
morphology seen in the VLA and ALMA images, and the
photometry from the SED in the FIR and radio.

The total gas mass in the disk is 0.1 M,. The outer disk
incorporates an analytic prescription for a steady-state vortex
defined for both gas and dust distribution, based on the work of
LL13. We first define an axisymmetric gas background inspired
by the surface density distribution used in Isella et al. (2010),
and following the solution for the surface density of a viscous
Keplerian disk (Lynden-Bell & Pringle 1974)

rY’ 1 r Y7
-5 () p[m[(‘) 1” v

2
py(r, 2, S) = E”(”)&_— V:H“ exp[—#(s n 1)], @)

where H is the scale height of the disk and § is defined as the
ratio between the the Stokes number (St) and §,, a turbulent
diffusion parameter that measures the strength of the turbulence
in the disk. We assume a global ¢, in the disk for simplicity,
although the turbulence in the core of the vortex can be driven
by different mechanisms than in the rest of the disk. We set
r. = 120.0 AU and v = —2.0 to form an outer disk that matches
the peak intensity and cavity in the ALMA observations and
the SED at long wavelengths, similar to the profile derived in
Isella et al. (2010). However, these parameters are not well
constrained owing to the lack of spatial resolution in the
ALMA data and SED degeneracies.

We add the vortex steady-state solution described by
Equation (64) in LL13 with a slight modification to include a
global disk gas density field. We impose that the gas density
described by the vortex solution has to match the gas
background at the vortex boundary where the vortex flow
becomes supersonic with respect to the disk. This happens
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when a (defined in LL13 as the axial elliptical coordinate
corresponding to the vortex’s semiminor axis) is equal to %,

AWy
where x is the vortex aspect ratio and wy = Qy/Q is the
dimensionless vortex frequency. The same applies to the dust,
and a general equation for both gas and dust can be written as

p(r, ¢,2) = p,(r, 2y max {1, ¢ py (r, 9)}, 3)
(r—r)? | rg¢?
py = expl( 2H30 + 2£IE>< H “)
c = exp [ /200 S+ 1)], 5)
2xwy

where c is the contrast between the density maximum inside the
vortex and the background density field p, at the same radius
(see Appendix A for more details). Here c is defined to have a
global density field that matches the background density field at
the vortex boundary. H, = H/(f (x)/S + 1) is the vortex
scale length, where f(x) is a scale function defined in LL13 and
is a function of x. A smooth solution for the density field,
considering a smooth shock perimeter, can be written as

p(r, 6.2, 8) = py(r, D[1 + (¢ — Dpy(r, 6,2, 5] (6)

We set x = 5 (which is not well constrained, but between the
range of accepted values to remove the elliptical instability at
the vortex center; Lesur & Papaloizou 2009) and
8 =3 x 1073, To compute wy, we use the Goodman—
Narayan—Goldreich solution (Goodman et al. 1987).

Using Equation (3) and reasonable values for
8, = 1072-1073, it is impossible to produce a vortex with the
contrast required to reproduce the asymmetry seen in the
ALMA maps. To increase the contrast with the disk back-
ground, we artificially extend the vortex steady-state solution
beyond its original boundary to obtain a better match with the
observations (see Section 4 for a discussion on this). This

translates into changing c to exp [rS2 Zif) S+ l)], where ry is
the ratio between the increased vortex size and the vortex
original boundary (see Appendix A for a detailed description).
We set r; = 3 to have a good match between the restored
ALMA image and the model image convolved with the
synthetic ALMA beam (see Figures 2 and 5(d)).

We implement the model using nine dust species in total:
two dust species for the inner disk, representing silicates and
amorphous carbon grains, and seven dust species for the outer
disk, one accounting for small amorphous carbon grains (from
1 to 10 pm), while the rest represent silicate grains from 1 ym
to 4 mm with different spatial distributions set by Equation (6).
The opacities for each dust species in the model are computed
using the “Mie Theory” code written by Bohren & Huffman
(1983) considering a dust size distribution with a power-law
index of —3.5 and optical constants for amorphous carbon (Li
& Greenberg 1997) and “Astronomical silicate” (Draine 2003).
The emergent intensities from our model at different frequen-
cies were computed using RADMC-3D version’ 0.39 (Dulle-
mond et al. 2015), using the Henyey & Greenstein (1941)
parameterization of the phase function of scattering.

In Figure 5 we present the model images at 33 and 337 GHz
at the top. The middle panels show the simulated observations

7 hutp:/ /www.ita.uni-heidelberg.de / ~dullemond /software /radmc-3d/
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Figure 5. Parametric model predictions. (a) 33 GHz model image. (b) 337 GHz
model image. (c) Simulated VLA Ka observation using the model image. (d)
Simulated ALMA Band 7 observation using the model image. (e) Dereddened
SED of MWC 758 (blue dots) compared with the model (red line). Photometric
data points were taken from Hgg et al. (2000), Cutri et al. (2003), Elia et al.
(2005), Chapillon et al. (2008), Isella et al. (2010), and the new VLA Ka and
archival ALMA Band 7 data presented in this work. We deredden the
observations assuming a visual extinction Ay = 0.22 (van den Ancker et al.
1998) and a total-to-selective extinction ratio of Ry = 3.1. The error bars
represent 20 errors. In (a)—(d) the x- and y-axes indicate the offset from the
stellar position in R.A. and decl. in arcsec, i.e., north is up and west is right.

of the model images with the same u—v coverage and noise
levels of the VLA Ka and ALMA observations. In addition, we
present the model SED that matches roughly the observations.
As expected from the vortex model, at long wavelengths the
disk emission is concentrated in the pressure maximum as it
traces the distributions of bigger grains that are highly trapped
inside the vortex.

The simulated ALMA image shows a peak of intensity
similar to the restored ALMA image, although the morphology
is not exactly the same. An interesting difference is the second
intensity maximum seen in the ALMA MEM image, which
appears as an extension to the south of the maximum in the
restored image. This cannot be reproduced by a single and
unresolved density maximum, as our model shows. A second
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vortex would be needed to account for this emission. In
Figure 6 we present the model predictions and simulated
observations of a model with two vortices located at the
position of the VLA northern and southern clumps. The
southern extension of the ALMA peak intensity is naturally
reproduced, and also a decrement appears at the northeast side
of the disk owing to the elongated beam (see figure in
Appendix B). The VLA simulated observations show two
unresolved clumps at the location of the VLA northern and
southern clumps. The disk parameters are the same as the ones
described above. The second vortex is located at a radius of
90 AU, and it has a size ratio r, of 3.12.

If the northern clump emission seen in MWC 758 in Band 7
and Ka data is produced by a dust trap, it is a possible location
for planetesimal and planetary core formation, as grains can
grow faster and avoid the inward drift. From our model the dust
temperature at the clump position is ~30K, but in the
observations the brightness temperature of the clump at
33 GHz is 1.0 K. Thus, it is highly unresolved or it is optically
thin at this frequency. From our synthetic model, the inferred
dust mass inside the vortex boundary is ~45 Mg, enough mass
to form several planetesimals that could lead to the formation
of a planetary core of a gas giant. However, grain porosity is
not included in our model; thus, this inferred mass is probably
higher than the real value.

3.5. Comparison with SPHERE PDI Data

We also compare the VLA and ALMA observations with
publicly available VLT SPHERE/IRDIS PDI (polarimetric
differential imaging) data (Benisty et al. 2015). The data were
taken on 2014 December 5 during the science verification time
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of SPHERE. MWC 758 was observed in DPI (dual polarimetric
imaging) mode in Y band (1.04 um) with the IRDIS sub-
instrument of SPHERE, with a 185 mas diameter corona-
graphic mask and a Lyot apodizer. Seventy exposures of 64 s
each were taken, of which 48 (total integration time 51.2
minutes) were used for the reduction presented in this paper.
PDI has proven to be a powerful technique to suppress the
stellar light, and to first order it approximates the reflected light
off the disk surface by only measuring the polarized fraction of
the light (Avenhaus et al. 2014). The frames were dark-
subtracted and flat-fielded, and bad pixels were removed
and then centered. The polarized flux was calculated and
instrumental effects accounted for in a way similar to that
described in the Appendix of Avenhaus et al. (2014). In
Figure 7, the resulting SPHERE image reveals the disk outside
of the inner working angle set by the coronagraph, including a
strong, two-armed spiral.

Unlike the case of HD 142527, where a large cavity of
~130 AU is seen in scattered light (Avenhaus et al. 2014) and
in the submillimeter (Casassus et al. 2013; Fukagawa et al.
2013), exposing the inner rim of the outer disk to stellar
radiation, the SPHERE PDI Y -band image of MWC 758 shows
that, down to the inner working angle (26 AU), the cavity is not
depleted of micron-sized dust grains traced at this wavelength.
Moreover, the polarized surface brightness drops abruptly
behind the spiral arms, as if the arms shadowed the outer disk
(Grady et al. 2013). The presence of micron-sized dust grains
could be linked to flaring of the gas disk, the mass of a possible
gap-opening planet (Fouchet et al. 2010), or we might be
looking at different stages of similar systems.

In the same figure, contours from the ALMA Band 7 MEM
and restored VLA Ka image are overplotted in blue and red,
respectively. No evident correlation appears between the most
southern spiral arm and the dust emission at 337 and 33 GHz,
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although we lack spatial resolution in the ALMA data to trace
fine structures. On the other hand, the disk emission to the
south of the star in the ALMA and VLA maps matches part of
the western arm, while the VLA northern clump maximum is
slightly offset (~0”2) from the SPHERE PDI maximum at the
same PA. Such a radial displacement could be explained if
there were a large wall of dust with a higher scale height
shadowing the disk at the clump radius. This is probably related
to a moderate or low flaring in the outer disk.

The SPHERE image also shows a region devoid of scattered
light emission to the northeast between two bright arms,
matching also a decrement in the ALMA MEM model that
extends from the outer disk to the stellar position. The origin of
this decrement could be related to a shadowing effect rather
than a lack of material.

4. DISCUSSION

MWC 758 shows spiral arms, nonaxisymmetric dust thermal
emission, and asymmetries in the CO emission. The origin of
all the disk asymmetries is hard to elucidate. A possible
explanation for the nonaxisymmetric disk seen at millimeter
wavelength is a dust trap caused by a pressure maximum. A
steady-state vortex as the one proposed in LLI3 cannot
produce such a high contrast between the dust density in the
vortex core and the disk background. A solution could be
linked to the vortex tail, which also causes dust trapping and
can extend farther out from the vortex core (Lesur &
Papaloizou 2009, 2010; Railton & Papaloizou 2014). Recently,
Surville & Barge (2015) showed that vortices larger than the
scale height might exist. Moreover, numerical MHD simula-
tions have shown that high contrasts in the gas density field can
be reached when large vortices form at the edge of planet-
induced gaps, surviving for ~1000 orbits (Zhu & Stone 2014).

On the other hand, the azimuthal dust density structure in the
outer disk is probably more complex than an azimuthal
wavenumber m = 1. The second intensity maximum in the
ALMA MEM model could be related to a second vortex at the
inner edge of the outer disk. MHD simulations predict multiple
vortices to form by the Rossby Wave Instability at the inner
edges of “dead zones” (Lyra & Mac Low 2012). Moreover, the
decrement to the northeast in the ALMA and SPHERE images
cannot be easily explained by a decrement in the dust density
and a single density maximum.

An alternative explanation to the asymmetry in the dust
continuum emission at 337 GHz is that there is a strong
asymmetry in the dust temperature field in the outer disk,
similar to HD 142527, where a large crescent shows two peak
intensities separated by a decrement in temperature caused by
shadows cast by a tilted inner disk (Casassus et al. 2015;
Marino et al. 2015). If the possible decrement in MWC 758 is
produced by a tilted or warped inner disk, we would expect to
see clear decrements almost opposite in azimuth, similar to the
decrements in HD 142527 seen in polarized light (Avenhaus
et al. 2014). Another possibility is that the spiral arms seen in
scattered light (Grady et al. 2013; Benisty et al. 2015) cast
shadows in the outer disk at different azimuth and radii.
Moreover, a combination of both scenarios could be present.
This could explain the asymmetric CO emission (Isella et al.
2010) as a temperature effect, the formation of spiral arms due
to tidal forces from an inclined inner disk, or produced as a
dynamic consequence of a perturbation of the gas temperature
field (M. Montesinos et al. 2015, in preparation). However, the
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compact emission to the northwest of the star at centimeter
wavelengths seen in the VLA maps suggests that the dust
concentration is real, although azimuthal structure in the dust
temperature field is expected as the disk is not axisymmetric.

The compact emission in the VLA Ka data could also be
explained by a companion object, e.g., a forming planet
accreting material. This planet could also be responsible for the
observed spiral arms in scattered light, as it is close to the
planet proposed by Dong et al. (2015). Such a forming planet
would have higher temperatures than a passive disk as it is
accreting, also heating the disk around it. ALMA multiband
continuum and gas line observations would be ideal to
disentangle whether the VLA and ALMA Band 7 asymmetries
are density or temperature effects and whether the VLA clump
is accreting or not. Additional Ha high-contrast imaging could
reveal the presence of an accreting companion.

5. CONCLUSIONS

We report new VLA observations at 33 and 15GHz
observations of the disk around the star MWC 758. The disk
emission at these wavelengths traces the distribution of
centimeter-sized dust grains. We found a compact disk
emission at the same location where previous SMA and
CARMA observations found deviations from an axisymmetric
model at shorter wavelengths (Isella et al. 2010). This compact
emission is at 075 (~150 AU) from the central star.

The VLA data also show a strong compact emission coming
from the star position, characterized by a spectral index of
~0.5. This is likely due to free—free emission from the central
star associated with a stellar wind or stellar accretion.

We compare these data with ALMA archival data, producing
ALMA Band 7 continuum deconvolved and restored images
with a finer resolution than previous SMA and CARMA
observations. Both maps show nonaxisymmetric disk emission,
with a peak intensity at the same location as the VLA clump,
but more extended. These multiwavelength observations fit in
the context of dust trapping, as the bigger grains traced at lower
frequencies are more concentrated around pressure maxima
than the ALMA emission around the maximum. However, in
the ALMA maps the disk is not as resolved as in the VLA data.
New ALMA long-baseline observations are needed to resolve
better the disk morphology at millimeter wavelengths and to
confirm the dust trapping effect.

In addition, we compare these observations with a new
reduction of archival VLT SPHERE PDI images. There is an
offset of ~0”2 between the VLA clump and the northwestern
spiral feature. The same arm matches a second intensity
maximum in the dust continuum seen in the VLA and ALMA
maps. More interestingly, the decrement to the northeast in the
ALMA MEM model matches a decrement in the polarized
intensity, suggesting a shadowing effect rather than lack of
material.

We develop a parametric nonaxisymmetric model for the
disk, incorporating a steady-state vortex solution based on
LL13. Such a vortex model cannot explain the decrement seen
to the northeast of the star and a second maximum seen in the
VLA and ALMA data. To reproduce the peak intensity of the
ALMA image, we are required to extend the vortex solution
artificially beyond the shock perimeter. We also find that a
second vortex could explain the extension to the south of the
ALMA peak intensity and the decrement to the northeast as an
image reconstruction artifact.
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MWC 758 is a very complex protoplanetary disk, and there
are still details to be addressed: what is the link between the
possible vortex or vortices and the spiral arms and apparent
decrements? The missing piece of the puzzle might be found
with a detailed study of the disk kinematics.
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APPENDIX A
VORTEX MODEL

Following the procedure of LL13, to match the the vortex
steady-state solution from LL13 with a gas density background,
we impose both density profiles to match at the vortex
boundary where the vortex flow becomes supersonic. This
happens when a (defined in LL13 as the axial elliptical
coordinate corresponding to the vortex’s semiminor axis) is
equal to xHTv where Y is the vortex aspect ratio and wy = €,/

is the dimensionless vortex frequency. Assuming that the
vertical dependence is the same inside and outside the vortex,
we can focus only on the midplane. The density field inside the
vortex can be written as

a’f* (0
a, S) = cp, exp| — S+ 1)1, 7
pla, ) = cp, p[ Y78 ( ) (M
where c is a constant that has to be determined imposing the
following condition:

m=p&= H,ﬂ, ®)
Xwy
2
P = CpPy exp[—fzog) S+ 1)], ©)
X Wy

N 200
finally obtaining ¢ = exp ) (S + 1)|. Thus, the global
X Wy

solution is

a*f* ()
p(r, ¢, 2) = p,(r, z)max {1, c exp[ B (S + 1)]}_

(10)
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Figure 8. MEM nonparametric models (regularized with the maximum entropy
method) obtained from simulated observations at 337 GHz using the disk
model described in Section 3.4. The left panel shows the deconvolved image of
a disk model with a single vortex, while the right panel shows the deconvolved
image of a disk model with two vortices. The resolution of these observations is
approximated by a beam of 0”31 x 0718. The x- and y-axes indicate the offset
from the stellar position in R.A. and decl. in arcsec, i.e., north is up and west is
right. The stellar position is marked with a red star.

A more realistic or smoother solution can be written as

p(r, ¢, 2)
af* (x)
= py(r, Z)(l + (c—1 CXP[—W(S + 1)]]- (11)

rH

If we extend the vortex from its original boundary to c

)
Xwy

has to be redefined as ¢ = exp [% S + 1)], and the final

v

density field is described by Equation (11).

APPENDIX B
MEM VORTEX MODEL

Figure 8 shows the MEM models of the ALMA-simulated
observations with a single and two vortices.
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