
• Detection of a substructure related to a forming planet is a promising way to investigate 
the planet formation process 
• A localized small-scale substructure in PPDs, i.e., Circumplanetary disk (CPD) 

• AU-scale substructures, which are expected to be the signatures of CPDs, have not yet 
been reported at mm/submm wavelengths 
• Recent reports for PDS70[1] and HD100546[2] 

• Target: TWHya: 
• Nearest T Tauri star (d=59.5pc; GAIA DR2) 
• K6 star, t*=10Myr, Face-on (i=7º) 
• Multiple gaps in NIR and submm. [3,4,5] 
• Small-scale substructure has never been reported
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      We report the detection of an au-scale excess in dust continuum emission at 233 GHz (1.3 mm in wavelength) in the 
protoplanetary disk (PPD) around TW Hya, the closest T Tauri star to Earth, revealed through deep 3 au resolution observations with 
the Atacama Large Millimeter/submillimeter Array (ALMA). Our observations were conducted in 2016 and 2017. With ~200min 
integration time, the sensitivity was improved by a factor of 3 than that of our previous cycle 3 observations. 
      The overall structure is axisymmetric, and there are apparent gaps at 25 and 41 au as previously reported. The most remarkable 
new finding is a few au scale excess emission at the south-west part of the PPD. The excess emission is located at 52 au from the 
center and is 1.5 times brighter than the surrounding PPD. The extracted emission after subtracting the axisymmetric PPD emission 
has a size of 4.4x1.0 au and a total flux density of 250 µJy, corresponding to a dust mass of 0.03 earth masses. The identification of the 
counterpart in the Band7 image implies that the excess emission is situated in the PPD. 
       Comparing with theoretical predictions, we conclude that the excess emission can be explained by a dust clump accumulated in a 
small elongated vortex or a massive circumplanetary disk around a Neptune mass forming-planet.

Introduction

Discussion: CPD or dust grains trapped in a gas vortex?
CPD scenario
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Observations

• May - November 2017 
• Array configuration: C40-5 and C43-8 

• Band:  Continuum emission at Band6 (1.3mm) 
• Resolution: ~45mas (~2.7pc) 
• On source integ. time: ~200min. 
• Sensitivity: 9.1 uJy/beam 

• 3times better than TT+2016

• 52 au from the center 
• x1.5 brighter than surrounding PPD 
• No gap at the orbital radius

• Subtraction of symmetric emission in the UV plane 
• Gaussian fitting to the extracted emission

Result: High-sensitivity & high-resolution continuum map at Band6
Extraction of the excess emission

Excess emission is situated in the PPD
• Band7 image using 8 available archive data taken until 2015 

• Longest baseline configuration [4] is included 

• Positional offset is less than the TWHya’s proper motion for 2yrs

proper motion 
vector (2yrs)

Shape: 4.4x1.0au, -38.3º 
Fv: 250µJy 
Mdust: 0.03M⨁

New finding of an au-scale substructure in the PPD

• Expected planet mass;  Mpl ∼ MNpetune
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• Lower-mass planet agrees with 
• Non-detection at L’-band [6] 
• 1~2MJ at 52au 

• Absence of gap at 52au 
•  is less than gap opening criterion in 

gas and dust [7] 
• Emission is too bright and elongated 

• If a simple viscous CPD model is adopted [8], the observed 250µJy is 
difficult to reproduce only with a CPD around a Neptune-mass planet

Mpl /M* ∼ 10−5

Small-scale gas vortex scenario
• Aspect ratio of the observed excess emission; ~4

Band6 cont. [5]

• Small scale vortex can survive for a long time? 
• Large-scale vortices have long life time, but it is not yet clear for small-

scale vortices 
• Theoretical vortices must have size comparable to or less than the local 

scale height (~5au) and survive for a long time enough to be observed

=> Consistent with theoretical prediction of the shape of stable vortices [e.g., 9]

Lesur+2009

Band6 peak

of θ, then this means the non-tangential component of the
astrophysical polarized signal must be very close to zero.

We selected the 18 cycles with the best signal-to-noise ratio
(S/N) in the H-band observations to be combined into a final
image, and used the entire data set of 16 cycles for the J-band
image. For each polarimetric cycle i we determined the
appropriate value for θ by minimization of the GU signal. After
each Ri was determined, GQ i, and GU i, were computed for each
polarimetric cycle. The final GQ and GU images were obtained
by median combination of all cycles.

2.3. Data Quality and PSF

The Strehl ratio of the polarimetric observations, defined as
the fraction of the total flux that is concentrated in the central
Airy disk, relative to the corresponding fraction in a perfect
diffraction-limited PSF (≈80% for a VLT pupil), is approxi-
mately 13% in the Ra-band and approximately 69% in the
H-band in our data. The PSF core in the Ra-band is
substantially less “sharp” than that of a perfect Airy pattern
due to the combination of moderate conditions and the
relatively low flux of TWHya in the R-band, where the
wavefront sensor operates. The central PSF core is slightly
elongated with a FWHM of 56×48 mas with the major axis
oriented ≈127° E of N, and contains ≈30% of the total flux. In
comparison, a perfect Airy disk would have a FWHM of
16 mas. The H-Band data have a nearly diffraction-limited PSF
shape with FWHM≈48.5 mas, compared to 41.4 mas for a
perfect Airy disk.

2.4. H-band ADI

The cosmetic reduction of the coronagraphic images
included subtraction of the sky background, flat field, and
bad pixel correction. One image out of 64 had to be discarded
due to an open AO loop. Image registration was performed
based on “star center” frames which were recorded before and

after the coronagraphic observations. These frames display four
crosswise replicas of the star, which is hidden behind the
coronagraphic mask, with which the exact position of the star
can be determined. The modeling and subtraction of the PSF is
performed using a principal component analysis (PCA) after
Absil et al. (2013), which is in turn based on Soummer et al.
(2012). We apply the following basis steps: (1) Gaussian
smoothing with half of the estimated FWHM; (2) intensity
scaling of the images based on the measured peak flux of the
PSF images; (3) PCA and subtraction of the modeled noise; (4)
derotation and averaging of the images.

3. Results

3.1. A First Look at the Images

In the left panel of Figure 1 we show the H-band GQ image of
the TWHya disk, with an effective wavelength of 1.62 μm. In
the right panel we show an annotated version of the same
image to graphically illustrate the adopted nomenclature and
identification of various structural features in the TWHya
disk. The GQ image contains only positive signal and the
corresponding GU image (shown in Figure 2) contains approxi-
mately zero signal. Thus our data show the expected signature
of an approximately face-on disk dominated by single
scattering, and the GQ image of the TWHya disk closely
approximates the total linearly polarized intensity image (see
also Section 2.2.2). The intensity in each image has been
multiplied by R2, where R denotes the projected distance to the
central star, in order to correct for the radial dependence of the
stellar radiation field. Thus, the displayed image shows how
effectively stellar light is scattered into our direction, i.e.,
approximately directly “upward,” at each location in the disk.
The intensity distribution is azimuthally very symmetric. The

most striking structural features are radial intensity variations in
the form of three bright and three dark rings, which we will
refer to as “rings”#1 to#3 and “gaps”#1 to#3 in this paper.

Figure 1. Left panel: the TWHya disk in polarized intensity at 1.62 μm, scaled by R2. The position of the star is denoted by the + sign. A distance of 54 pc has been
adopted. The dark and bright patch near [−1, −2] arcsec are artefacts. Right panel: the same image with annotations. The adopted nomenclature of bright “rings” and
radial “gaps” has been indicated. The region under the coronagraphic mask of 93 mas radius has been grayed out. The “dark spiral” is indicated with a dashed line.
The×symbol denotes the position of the compact HCO+ source found by Cleeves et al. (2015).
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H-band Q𝞍 [3]


