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Abstract

We present long baseline Atacama Large Millimeter/submillimeter Array (ALMA) observations of
the 870 um dust continuum emission and CO (3-2) from the protoplanetary disk around the Herbig
Ae/Be star HD 100546, which is one of the few systems claimed to have two young embedded planets.
These observations achieve a resolution of 4au (3.8 mas), an rms noise of 66 uJy beam ™!, and reveal
an asymmetric ring between ~20-40 au with largely optically thin dust continuum emission. This
ring is well fit by two concentric and overlapping Gaussian rings of different widths and a Vortex. In
addition, an unresolved component is detected at a position consistent with the central star, which
may trace the central inner disk (<2 au in radius). We report a lack of compact continuum emission at
the positions of both claimed protoplanets. We use this result to constrain the circumplanetary disk
(CPD) mass and size of 1.44 Mg and 0.44 au in the optically thin and thick regime, respectively, for the
case of the previously directly imaged protoplanet candidate at ~55au (HD100546 b). We compare
these empirical CPD constraints to previous numerical simulations. This suggests that HD100546 b is
inconsistent with several planet accretion models, while gas-starved models are also still compatible.
We estimate the planetary mass as 1.65 M by using the relation between planet, circumstellar, and
circumplanetary masses derived from numerical simulations. Finally, the CO integrated intensity map
shows a possible spiral arm feature that would match the spiral features identified in Near-Infrared
scattered light polarized emission, which suggests a real spiral feature in the disk surface that needs
to be confirmed with further observations.

Keywords: stars: pre-main sequence — stars: formation — protoplanetary disks — planet-disk inter-
actions — stars: individual (HD 100546) — Techniques: interferometric

1. INTRODUCTION lack observational data showing under which physical
and chemical conditions gas giant planet formation takes
place. Radial velocity (RV) exoplanet surveys have
shown that 6-7% of solar type stars host gas giant plan-
ets in the inner few au, and that the occurrence rate
jpineda@mpe.mpg.de of these planets increases with stellar mass (Cumming

Gas and dust rich disks around young stars are the
birthplace of new planetary systems. However, we still
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et al. 2008; Johnson et al. 2010; Wittenmyer et al. 2016).
Combining RV data with high contrast imaging follow-
up, Bryan et al. (2016) suggest that the total occurrence
rate of companions with masses from 1-20 Mjypiter and
separations from 5-20 au could be as high as ~50%.
In contrast, high-contrast direct imaging surveys re-
veal that beyond 50 au massive giant planets are very
rare (e.g., Lafreniere et al. 2007; Chauvin et al. 2010;
Heinze et al. 2010; Rameau et al. 2013a; Biller et al.
2013; Nielsen et al. 2013; Wahhaj et al. 2013; Chauvin
et al. 2015; Meshkat et al. 2015; Reggiani et al. 2016).
However, planets of a few M; have been directly im-
aged around a few stars at orbital separations between
10 and 70 au (e.g., HR8799, § Pictoris, HD95086, 51
Eri, HIP65426; Marois et al. 2008; Lagrange et al. 2010;
Rameau et al. 2013b; Macintosh et al. 2015; Chauvin
et al. 2017).

On the theoretical side, there are two main theories
for gas giant planet formation: the core accretion (CA)
paradigm (e.g., Pollack et al. 1996) and the gravitational
instability (GI) theory (e.g., Boss 2001). The former
one, which is based on the initial growth of solids to
eventually form the cores of gas giant planets, has re-
cently been modified to allow for a more rapid accretion
of cm and dm sized particles (pebble accretion, Lam-
brechts & Johansen 2012). It is unknown which of the
mechanisms is responsible for the observed giant planet
population or whether all of them contributed in differ-
ent amounts (see Helled et al. 2014, for a recent review).

To address these fundamental issues it is crucial to
detect and study young giant planets in their formation
phase, when they are still embedded in their natal en-
vironment. An elegant way to investigate the formation
mechanism is to study the properties of the circumplan-
etary disk (CPD) that surrounds the young planet and
transports material from the circumstellar disk (CSD)
onto the forming object. CPD properties have been
shown to be strongly dependent on the planet formation
mechanism (Szuldgyi et al. 2017). While analytic and
numerical simulations generally agree that, irrespective
of the formation mechanism, the CPD radius should be
a fraction of the planet’s Hill radius (Quillen & Trilling
1998; Ayliffe & Bate 2012; Shabram & Boley 2013), their
masses and temperatures are expected to be significantly
different, with GI leading to more massive but colder
CPDs compared to CA (Szuldgyi et al. 2017). Hence,
the direct detection of emission from CPDs, shedding
light on their size and mass, would be a major step in
understanding how gas giant planets are formed.

Up to now, a few systems show direct evidence, based
in high-contrast imaging observations, of candidate gas
giant planets that are still in their formation phase:

HD100546, which is subject of this paper (see details
on the system below), LkCal5 (Kraus & Ireland 2012;
Sallum et al. 2015), HD169142 (Reggiani et al. 2014;
Biller et al. 2014), MWC 758 (Reggiani et al. 2018)
and PDS70 (Keppler et al. 2018). Isella et al. (2014)
searched for CPD dust continuum emission in LkCalb
with the VLA, but did not succeed. For HD100546 and
HD169142, the very red near-infrared (NIR) colors of the
companion candidates are inconsistent with pure photo-
spheric emission of young gas giant planets, which led to
the suggestion that the observed fluxes are a superposi-
tion of emission from a young planet and an additional
CPD (Quanz et al. 2015; Reggiani et al. 2014). More
recently, for HD100546 b, the emission from the CPD
has been predicted to be 800uJy at 870um (Zhu et al.
2016). Here, we present an analysis of new ALMA Cycle
3 observations of the 870 um dust continuum emission
of HD100546 reaching an rms noise of 66 pJy beam™!
and with high enough angular resolution to separate the
CPD and CSD.

2. THE HD 100546 SYSTEM

HD 100546 is a Herbig Ae/Be star located at a dis-
tance of 110.02+0.62 pc (Gaia Collaboration et al. 2018).
The transition disk around this star has a cavity (in
dust and molecular gas) between ~1-14 au (e.g., Bouw-
man et al. 2003; Grady et al. 2005; Benisty et al. 2010;
Quanz et al. 2011; Mulders et al. 2013; Pani¢ et al. 2014;
Liskowsky et al. 2012; Brittain et al. 2009; van der Plas
et al. 2009; Liu et al. 2003; Sissa et al. 2018). The ma-
jor axis is located at 145.14+0.04 east of north (Pineda
et al. 2014). The presence of a companion (HD100546
c) inside this cavity was suggested by various studies
based on both indirect and direct evidence (e.g., Bouw-
man et al. 2003; Acke & van den Ancker 2006; Tatulli
et al. 2011; Brittain et al. 2013; Mulders et al. 2013).
However, Fedele et al. (2015) put forward an explana-
tion that the spectroastrometric signature seen in the
rovibrational CO emission lines (Brittain et al. 2013)
does not require a planet, and Follette et al. (2017) claim
that the uncertain direct imaging detection from Cur-
rie et al. (2015) is caused by aggressive data processing.
An additional protoplanet candidate (HD100546 b) was
identified further out in the outer disk (~50-60au sep-
aration from the central star) using high-contrast direct
imaging observations (Quanz et al. 2013; Currie et al.
2014; Quanz et al. 2015; Currie et al. 2017). However,
this detection was called into question in particular be-
cause no accretion features were detected (Rameau et al.
2017).

The current best dust continuum data published for
HD 100546 are from ALMA CO0 at 870 pm (Pineda
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et al. 2014; Walsh et al. 2014) with 0.6" resolution, and
from the Australia Telescope Compact Array (ATCA) at
7mm with an angular resolution of 0.15” (Wright et al.
2015). Both analyses of the ALMA CO0 data (Pineda
et al. 2014; Walsh et al. 2014) identified (in the uv-space)
a ring-like structure of the dust emission that is more
compact than the gas, while Walsh et al. (2014) also
identified a second fainter ring further out. However,
the main discrepancy between these two works is the
claim of an asymmetry in the dust continuum emission
based on the residuals from the comparison of the best
fit model with the data by Pineda et al. (2014), while
Walsh et al. (2014) claim that their emission is symmet-
ric based on the analysis of the interferometric visibili-
ties. On the other hand, Wright et al. (2015) claim an
asymmetry at 7 and 3 mm in the images, but in the op-
posite direction as reported by Pineda et al. (2014). The
presence of asymmetries have been revealed in protostel-
lar disks (e.g., van der Marel et al. 2013; Casassus et al.
2015; Kraus et al. 2017; Pérez et al. 2014), which have
implications on the planet formation mechanism at play
and their related timescales (e.g., Lyra & Lin 2013; Mit-
tal & Chiang 2015). Therefore, and in order to search
for direct evidence for CPDs, data with higher angular
resolution and image fidelity were needed to settle this
issue.

2.1. Updated stellar parameters

The most up-to-date and accurate distance estimate
(110.02 pc from GAIA DR2) to the star is larger than the
previously derived (97 pc from Hipparcos), which was
used to estimate the stellar parameters. and therefore
we refine the stellar parameters based on d=110.02 pc.
We adopt a PHOENIX model of the stellar photosphere
(Hauschildt et al. 1999) with Teg = 9,800K (Fairlamb
et al. 2015) and log(g) =-4.0, then it is scaled to the
GAIA DR2 distance and to the de-reddened (Ay =
0.1 mag) V-band photometry. The integrated luminos-
ity L, is calculated from the model, which combined to
the aforementioned T, are compared to the Pre-Main
Sequence (PMS) stellar tracks by Siess et al. (2000).
We employed the tracks with depleted abundance of Z,
because the source is depleted in refractories elements
in its atmosphere (Folsom et al. 2012). This procedure
yields a stellar mass and age of M, = 2.2 £ 0.2Mg and
t = 4.8ﬁ:(1) Myr, respectively. The reported uncertain-
ties are obtained by propagating the uncertainties on the
distance, Ay (£0.1), and Teg (a conservative £400K).

3. DATA

HD 100546 was observed on 2015 December 2nd
with ALMA wusing Band 7 receivers under project
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Figure 1. Synthesized image of the 870 ym continuum emis-
sion from the HD 100546 disk using Briggs robust weight of
0.5, with an rms of 66 uJy beam ™" and a beam of 47 x 31 mas.
Beam size and scale bar are shown in bottom left and right
corners, respectively.. The markers show the positions of the
claimed planets in the system. The dotted lines show the
direction of the disk major and minor axes.

2015.1.00806.S (PI: J.E. Pineda). The array config-
uration included 36 antennas with baselines between
17 and 10800m, but with insufficient short baselines
(<100m) to properly recover emission at scales larger
than ~ 1”. The observations cycled through HD 100546
and quasar J1147—6753 with a cycle time of ~ 1 minute.
The bright quasar J1427—4206 was used as bandpass
calibrator, while J1107—4449 was used to set the flux
amplitude. The standard flagging and calibration was
done using CASA 4.5.1 (McMullin et al. 2007), while
imaging was done using CASA 4.7 and multiscale clean.
Self-calibration was performed with the shortest phase
and amplitude cycle of 10 and 60 seconds, respectively.
The 870 pm continuum was obtained from line free chan-
nels and imaged using natural weighting to achieve an
angular resolution of 0.056”x0.041"” (PA=26.9°), with
an rms noise of 86 uJy beam ™!, as estimated from emis-
sion free regions. Similarly, we imaged the continuum
using a Briggs weight of 0.5, which results in an angular
resolution of 0.047”x0.031” (PA=33.9°), and an rms
noise of 66 uJy beam ™!, as estimated from emission free
regions. Figure 1 shows the map using Briggs weight.

The total integrated flux of the image is 1.27 and
1.29 Jy for the robust and naturally weighted images,
respectively. This flux is consistent with the total flux
measured in the ALMA C0 data.

We use the naturally weighted image when studying
the circumstellar disk structure, while we use the image
with robust weighting when investigating the existence
of CPDs.
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Table 1. Obsevational parameters

Parameter Unit Value

Phase Center

R.A. (hh:mm:ss.sss)

Dec. (dd:mm:ss.sss)

11:33:25.318652
-70:11:41.23173

Continuum (Briggs weighting, Robust=0.5)

Wavelength (pm) 870

Peak Flux (Jybeam ™) 9.27
Total Flux Jy) 1.27
Beam Major axis (arcsec) 0.047
Beam Minor axis (arcsec) 0.031
Beam PA (®) 33.9
rms (uJy beam™) 66

CO (3-2) (natural weighting)

Beam Major axis (arcsec) 0.059
Beam Minor axis (arcsec) 0.044
Beam PA (°) 18.22
channel width (kms™1) 0.209
rms (mJybeam™! channel™) 5.8

The CO (3-2) data cube is obtained from the contin-
uum subtracted visibilities resulting from using the task
uvcontsub, after applying the self-calibration solutions
obtained from the continuum. The imaging is done us-
ing multiscale clean with natural weighting, which pro-
duced a beam size of 0.059”x0.044” (PA=18.22°). Nat-
ural weighting is used, because it provides the highest
sensitivity to spectral line observations. We estimate
the rms in the spectral cube using the line-free channels
as 5.8 mJybeam ™! per channel, with a channel width of
0.209kms~! and a spectral resolution of two channels.
In this case, the clean mask is defined for each channel
around the bright emission, however, still some imaging
artifacts are present due to the missing short spacings.

We use a Keplerian mask to calculate the moment
maps, which is a similar to Friesen et al. (2017); Bergner
et al. (2018); Calcutt et al. (2018) where the region used
in the calculation is limited to voxels (3D pixels) close to
the emission. In order to create the mask, we calculate
the predicted Keplerian velocity at each pixel, where we
assume the stellar parameters derived in Sec. 2.1 and the
disk parameters inclination and position angle derived
from the continuum fit (see Table 2) and a disk radius of

352 au to match the extension of the CO emission as seen
in the Cycle 0 observations. The velocity field is then
convolved with the same beam of the CO observations.
Finally, only voxels that are within 2kms~! (similar to
the linewidth in the inner part of the disk, <150au)
from predicted Keplerian velocity are kept in the final
mask. The resulting integrated intensity map using the
described mask is shown in Fig. 2.

The total flux of the integrated intensity CO cube
is 190 Jy kms~!, which is in excellent agreement with
the total integrated intensity CO reported by Panié¢ &
Hogerheijde (2009) using APEX of 191 Jykms™1.
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Figure 2. Integrated intensity map of high-resolution

CO (3-2) emission for HD 100546 disk calculated using the
Keplerian velocity mask. The field-of-view shown is larger
than continuum image show in Fig. 1. Beam size and scale
bar are shown in bottom left and right corners, respectively.

4. RESULTS
4.1. Maps and brightness profile

The maps shown in Figure 1 reveal a bright ring be-
tween 20 and 40 au with a significant flux asymmetry,
and an additional inner disk coincident with the posi-
tion of the star. The inner disk is unresolved (< 2au
in radius) with a peak flux of 2.60 4 0.85 mJy beam™?!.
Between the inner and outer disk there is a dark an-
nulus with an average brightness of ~ 1mJybeam™!,
which is about 8x fainter than the (faintest section of
the) central annulus of the ring emission.

In Figure 3 we compare the azimuthally averaged
brightness temperature of the disk emission, for which
we have calculated the deprojected radius using the po-
sition angle and disk inclination parameters obtained
by Pineda et al. (2014). The same figure includes the
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parametric disk temperature profile from Panié et al.
(2014) and the temperature profile of the millimeter
sized grains from the radiative transfer model from
Pineda et al. (2014) (similar values of the mid-plane dust
temperature at 50 au (=60 K) were found by Bruderer
et al. (2012)). The figure shows that at every position
in the disk the parametric disk temperature from Pani¢
et al. (2014) is much higher than the observed values.
However, the more detailed radiative transfer model re-
veals lower temperatures for the millimeter sized par-
ticles, with an average temperature of T ean =53 K
between 20 and 50 au. We use this average disk dust
temperature, Ty mean, as a best estimate of the disk
emission in the following sections. Therefore the disk
dust continuum emission is optically thin at the posi-
tions of the young planet candidates, while the central
part of the ring might be optically thick.

—— Panic+(2014)
—— RT Model
data

140 v
120
100
80

60

Brightness temperature (K)

HD100546¢ HD100546b

a0t

20

0 10 20 30 40 50 60
Deprojected radius (au)

Figure 3. Azimuthally averaged brightness temperature
profile (black line). The shaded area shows the local stan-
dard deviation of the measurements. The average is done on
the de-projected disk geometry. The red curve is the tem-
perature profile used by Panié¢ et al. (2014), and the green
curve is the temperature profile of the best radiative transfer
model from Pineda et al. (2014). The vertical arrows mark
the expected position of the two planet candidates at 14 and
53 au.

4.2. Parametric model

We model the emission with a simple parametric
model that includes a 2 Gaussian rings, a central com-
pact source, and a vortex (to account for flux asymme-
tries), as follows:

F(’I"7 T1, 9) = 1:‘7‘16_(7“_7"“)2/20-21
+ Frze_(r_7'7‘2)2/2‘7"2‘2
+Fy e/ /(21 02)
+Fy e (r=m)?/(207) o= (0-0,)/(2%07) (1)

where r and r, are the radii calculated at the center of
the ring and point source, respectively, and taking into
account the inclination angle with respect to the sky
(assumed the same for both coordinate systems). The
first two elements in the model attempts to reproduce
the main disk ring-like emission (which is not well repro-
duced by a single Gaussian profile) and are concentric,
the third one describes the central unresolved source,
while the fourth element describes a possible vortex.

We use GALARIO (Tazzari et al. 2018) to sample the
model image on the same visibilities as the observations.
The x? is then calculated using the sampled visibili-
ties, and then minimized in Python to find the optimal
model. Also, we use the built-in options in GALARIO to
perform 2D translations in the plane of the sky (§ RA,
0 Dec) and rotation (6 PA) of the parametric model.
The best fit model in de-projected coordinates, observed
model, and the residuals are shown in Fig. 4, while the
best parameter values are listed in Table 2. The ob-
served model and residuals are produced by sampling
the same visibilities as the data, and then performing
the imaging in CASA.

The combined vortex and double ring model allows for
a good fit of the image, although the residuals still show
some structure, in particular close to the ring inner edge.
However, none of these two rings or vortex correspond
to an outer ring found by Walsh et al. (2014). We also
note that the best fit confirms what is seen by eye: a
significant offset between the central Gaussian source
and the central position of the ring.

4.3. Radial cuts

We generate two cuts, one through the disk major
axis and one through the vortex maximum emission to
investigate in more detail the ring morphology. Fig-
ure 5 shows the average flux along beam-wide strips
along both directions. The profiles can clearly not be
fitted with a single Gaussian flux distribution and they
show significant asymmetries in the peak flux on both
sides (= 15 —25%). Fitting the profiles with a superpo-
sition of 5 Gaussians provides a good fit, however. The
best fit parameters are summarized in Table 3.

We also attempted to fit the profiles with asymmetric
Gaussians (see, e.g., Pinilla et al. 2017), but the results
are rather poor and therefore not reported here.

Moreover, we decompose the deprojected map into its
polar coordinates (radius and angle) to better under-
stand the radial structure of the emission (see Figure. 6).
The plot confirms the radial asymmetry in the main
ring, with a “slow” flux drop as the radius increases be-
yond the =~30au radius. On the other hand, the ring
emission has a steeper inner edge and clear azimuthal
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Middle and right panel: best fit model and

residual (model — data) images for Briggs weighting of 0.5. Beam and scale bar are shown in the bottom left and right corners,
respectively. The color stretch in the middle panel is the same as used in Fig. 1, and it shows the good level of agreement of
the model with the data. The contours on the right panel correspond to 3-0 contours, where o is the reported noise level on

the observed map.
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Figure 5. The top and bottom panel show radial cuts along
the major axis and the vortex, respectively. The black lines
are the average of the beam-wide strips. The profiles are
clearly asymmetric and well reproduced by a superposition
of 5 Gaussians. The dashed lines show the individual Gaus-
sians (see, Table 3) and the red lines their sum. An inset
showing the orientation of the cuts is presented in the top
right corners of each panel.

asymmetry. However, all these structures are unrelated
to a previous outer ring claimed by Walsh et al. (2014)
at ~ 190 au.
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Figure 6. Deprojected continuum image in polar coor-

dinates. The ring emission is non-Gaussian, as exemplified
in Fig. 5. The azimuthal angle is measured from North due
Fast from the the disk semi-major axis, with 0deg in the
South-East direction.

4.4. Circumplanetary disk emission

Numerical simulations predict the presence of circum-
planetary disks around young forming gas giant planets
(e.g., Szulagyi et al. 2014, 2017; Zhu et al. 2016). The
expected disk sizes are supposed to be much smaller
than the beam size of the observations presented here
(~3au). Therefore, we expect any CPD emission to ap-
pear point-like in our data. However, we do not find any
evidence for point-like emission close to or around the
claimed proto-planet positions and place a strong 3-o
detection limit of 198 uJy for an unresolved source.

4.5. CO emission

The CO (3-2) emission (Fig. 7) extends out to
~2.7"(300 au), which is less extended than the emission
detected with the ALMA Cycle0 data (Pineda et al.
2014; Walsh et al. 2014) because of the missing short
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Table 2. Best fit parameters

Parameter Unit Meaning Value
System Geometry
0RA (1073 arcsec) RA Offset from phase center 20.6
dDec (10™% arcsec) Dec Offset from phase center 12.2
PA (degrees) Paralactic angle of the model’  139.1
incl (degrees) Inclination of the model? 42.46
Ring #1
F. (Jy arcsec™®)  Ring peak surface brightness 1.50
Ty (arcsec) Ring radius 0.186
(au) Ring radius 20.5
o (arcsec) Ring width 0.0303
(au) Ring width 3.33
Ring #2
Fro (Jy arcsec™®)  Ring peak surface brightness 4.38
T2 (arcsec) Ring radius 0.270
(au) Ring radius 29.7
Ov2 (arcsec) Ring width 0.0919
(au) Ring width 10.1
Vortex
F, (Jy arcsec™®)  Vortex peak surface brightness 1.31
Ty (arcsec) Vortex radius 0.198
(au) Vortex radius 21.8
o (arcsec) Vortex width 0.0804
(au) Vortex width 8.85
0. (degree) Vortex position angle® —88.6
Ov,0 (degree) Vortex angular width 44.6
central inner disk
Fy (mJy) Gaussian flux 8.50
og (103 arcsec) Gaussian width 5.59
Axy (1073 arcsec) Offset along de-projected x-axis —23.1
Ayg (1072 arcsec) Offset along de-projected y-axis —7.19

1Measured due East from North.

2 A value of Odeg is face on, and 90deg is edge-on.

3Measured due East from the system position angle.
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Table 3. Multiple Gaussian fit*

Component Center Peak flux o
(au) (mJy beam™) (au)
NW-SE
#0 —-31.1+0.7 9.24+0.4 8.9+0.3
#1 —21.7+£0.2 7.6+£0.8 3.3+04
#2 0.5+0.3 3.3+0.2 45+04
#3 22.14+0.2 5.8+ 0.7 3.24+0.5
#4 31.3£0.6 9.8+ 0.3 8.4+ 0.2
NE-SW
#0 —54.3 £8.7 0.88 +0.09 14.7 £ 18.5
#1 —29.44+0.3 14.11 £ 0.96 8.24+0.3
#2 —-0.2+0.3 4.08 +0.08 3.4+0.3
#3 22.3+0.2 4.85 + 0.67 4.2+0.5
#4 30.3+0.7 8.324+0.39 10.0£0.2

@Each Gaussian is described as:

2 2, 2
f(:]?) = Fpeak 67@7166””}) /2" cam)

baselines in our observations. Clearly the CO emission
is much more extended than the continuum emission,
which was already identified in the Cycle0 analysis.
The first moment (intensity weighted velocity) map
is presented in Figure 7, overlaid with the continuum
emission. The position velocity (PV) diagram along the
disk’s major axis is presented in Figure 8. The Kep-
lerian velocity profile for the HD 100546 system, with
M,=2.2M, and 42° inclination angle, reproduces the
velocities at a distance>2" from the star (red curve in
Figure 8). For separations <2”, the velocities are bet-
ter reproduced with an inclination angle of 32° (orange
curve in Figure 8).

5. DISCUSSION
5.1. Circumplanetary disk upper limits

Given the non-detection of CPD emission towards
HD100546 b, we place upper limits on the mass or size
of the CPD, depending on the assumption of optically
thin or thick emission.

In the case of the CPD emission being optically thin,
we estimate the total CPD mass via

d*F,

Moa = 5 N 7
T B, (Ta) ki fa

(2)

where k, is the dust opacity per dust mass, d is the
distance to the source, F), the observed flux, B, (Ty) the
black body function, and f; is the dust-to-gas ratio. For
the opacity we assume k, = 0.2(7mm A~!)em?g!,
which is consistent with the value used by Isella et al.
(2014). This opacity assumes a dust composition and
grain size distribution as in Isella et al. (2012). We note
that this x, is a factor ~2x lower than that used by
Beckwith et al. (1990); Andrews et al. (2011), and there-
fore our mass upper limits are conservative. Finally, f4
is assumed to be 0.01. Given the emission upper limit
determined in section 4.4, we determine the CPD (dust
and gas) mass upper limit in the optically thin case to
be 1.44 Mg,.

In the case of the CPD emission being optically thick,
the disk radius is calculated from F,, = B, (Ty) 2 , where
Ty is the dust temperature of the CPD and (2 is the area
subtended on the sky (2 = TRZ p/d?). Therefore, the
radius is derived as

RCPD:”TrB,}j(VTd)d' (3)

An upper limit for the CPD radius of 0.44 au is obtained
using a CPD temperature equal to the mean dust tem-
perature for the millimeter sized particles in the radia-
tive transfer model at that radius (Tymean =53 K, see
Sec.4.1), while the radius would be only 0.09 au for a
temperature of 932K, which is the estimated temper-
ature from high-contrast imaging at L- and M-bands
(Quanz et al. 2015). Both numbers are much smaller
than the 2.8 au radius of the Hill sphere expected for
a 1 My planet at 53au (HD100546 b). Several studies
have determined the CPD radius to be between 0.3 and
0.5 of the Hill radius (Quillen & Trilling 1998; Ayliffe &
Bate 2012; Shabram & Boley 2013) A conservative CPD
radius’ upper limit of 0.44 au yields an upper limit for
the planet mass of 47 Mg (0.15 M ).

Both cases, optically thin and thick limits, provide im-
portant constraints for gas giant planet formation pro-
cesses by constraining fundamental properties of CPDs.
In addition, Zhu et al. (2016) provided predictions for
the SEDs of CPDs including fluxes up to the sub-
millimeter regime based on the . The predicted flux at
870 pm is ~800 pJy, which is almost a factor of 10x the
noise level in the image. On the other hand, detailed nu-
merical simulations and synthetic observations of CPDs
carried out by Szuldgyi et al. (2018) show that at large
separations from the central star, a small fraction of the
CPDs (< Rgi/3) are warmer than the CSD. Further-
more, based on the nominal CSD setup used by Szulagyi
et al. (2018) the expected flux for a CPD around a 1 M
planet at 52au is ~ 250 uJy, which is comparable to
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Figure 7. CO (3-2) first moment map (centroid velocity) for the HD 100546 disk using the Keplerian velocity mask is shown
in color. The 870 um continuum emission map, using robust briggs weighting, is overlaid in contours shown at [5, 10, 20, ...,

320] xrms, where rms is 66 uJy beam™".

Left panel shows the full disk emission, while right panels shows the zoom-in into

the region of the continuum emission. Dotted lines show the major and minor axes obtained from fitting the dust continuum
visibilities. Circles show the positions of the two planet candidates for HD 100546. The synthetized beam is shown at the

bottom left corner.

15|  HD 100546 i=42deg -

CO (3-2)
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w

Offset (arcsec)

Figure 8. PV diagram of CO (3-2) along the major axis
shown in Figure 7. Contours are shown at [3, 6, 12]xrms,
where rms is 3.3 mJy beam ™! per channel. Orange and red
curves show the expected Keplerian velocity for a central star
of 2.2 Mg and inclination angle of 32° and 42°, respectively.

the upper limits here reported, and therefore it is still
consistent with the ALMA observations.

According to de Val-Borro et al. (2007) even a
Neptune-mass planet can generate a vortex of Rossby-
Wave Instability, so this is consistent with our planetary
mass limit. How strong is the vortex is depending on

({-13uueyd ;_weaq Afw) xn|4

many factors apart from the planetary mass: dust-to-
gas ratio, viscosity, magnetic field of the disk etc. A
detailed parameter study of various numerical simula-
tions is needed for this system in order to constrain the
planetary mass based on the vortex we observe, such
as been done for TRS48 (Huang et al. 2018), which is
beyond the scope of this work.

5.2. CPD masses and ages

Figure 9 compares the results of a few studies which
have provided upper limits for CPD masses (see also,
Ricci et al. 2017). The CPD mass upper limit obtained
for HD100546 b in Sec. 5.1 is comparable to that re-
ported by Ricci et al. (2017), however, our assumed dust
opacity is smaller and therefore, we re-scale the CPD
mass estimate to the one used by Ricci et al. (2017) and
plotted it using dash line in Fig. 9. This sample includes
systems covering a wide range of stellar (host) mass and
environments. However, it consistently shows that the
CPDs, in case they do exist, carry only a small amount
of mass. This is at odds with several models that gener-
ate substantial CPDs to feed protoplanets (Shabram &
Boley 2013; Stamatellos & Herczeg 2015; Zhu et al. 2016;
Gressel et al. 2013). On the other hand, the current
CPD mass limits are consistent with the “gas-starved”
disk scenario proposed by Canup & Ward (2002, 2006),
as well as the numerical simulations by Szuldgyi (2017)
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that show a correlation between CPD mass and CSD
mass.

We calculate an upper limit for the potential planet’s
mass using Eq. 7 from Szuldgyi (2017),

MCPD X 104 = 3.17MCSD Mp —4.33 MCSD ) (4)

which relates the CPD, planetary (M,,), and CSD mass
(all in units of M y). This assumes that the planet is still
accreting from the surrounding CSD, which is supported
by the previous detection of L’- and M-band thermal
emission. Assuming the optically thin CPD estimate
case from above, we place a planetary mass upper limit
of 1.65 M ;, using our CPD mass upper limit of 1.44 Mg
(0.0045 M 5) and the CSD mass of 50 M; (Pineda et al.
2014). This upper limit on the planetary mass estimate
is clearly less stringent as the one derived using the op-
tically thick approximation in Sec. 5.1, however, the up-
per limit calculated using the relation between CPD and
CSD does have a less strong assumption and might be
more realistic than the one reported in Sec. 5.1.

10°
LkCal5 b
E
&
E 10—1 L
V) e e e o ——————————————————————————
a Jovian Moons
=
o
w
3
a
2M1207 b
1072 F "Moon T TTTTTTTTTTTTR il
0 2 4 6 8 10
Age (Myr)

Figure 9. Adapted from Ricci et al. (2017). CPD mass
upper limits are shown as a function of the central object’s
estimated age. For HD100546 b we show two estimates: (1)
the solid red bar shows the value reported in Section 4.4,
and (2) the CPD mass when using the same dust opacity
as for the other CPD estimates shown. We also show the
mass contained in the Jovian Moons and the Earth Moon
for comparison (dashed lines).

5.3. Central or inner disk

The central emission is compact and represents the
inner-most circumstellar material. We fitted a sin-
gle Gaussian over a 80mas region with a total flux of
13.6+1.0mJy, a deconvolved FWHM of the major and
minor axis of 8048 mas and 56-+6 mas, respectively, and
with a position angle of 177+14 deg.

We use Eq. 2, the same dust properties used in
Sec. 5.1, and a disk temperature of 300 K, to de-
rive an inner disk mass of 15 Mg. The stellar accre-
tion rate of the central star is estimated to be M* =
107704553 Mg yr=t (Fairlamb et al. 2015). Thus, the
central disk depletion lifetime (Mgisi/M) is only 500 yr.
Therefore, the disk must be replenished with material
from the outer ring/disk (e.g., Pinilla et al. 2016).

5.4. Comparison with SPHERE scattered light data

Garufi et al. (2016) presented an unsharp masked ver-
sion of the HD100546 disk based on SPHERE/ZIMPOL
polarimetric differential imaging data. This image shows
the disk inner rim, a spiral to the NE, and an arm-
like structure to the North. In Figure 10 we show the
SPHERE @4 image with our ALMA continuum map
overlaid in contours, while Figure 11 similarly compares
it to the CO integrated intensity. The SPHERE data
are aligned to match the star position with the center of
the compact dust continuum emission.

This comparison confirms that the disk inner rim is
well traced by the SPHERE observations and by the
ALMA observations (continuum and CO). The NE-
spiral feature observed in the SPHERE data coincides
with the central region of the ring in the continuum
emission, which indicate that the spiral-like feature in
scattered light does not have a counterpart in the mid-
plane. However, this feature location and general orien-
tation is coincident with a spiral-like enhancement seen
in the CO integrated intensity. This coincidence might
suggests that the spiral-like feature might be real and
present in the disk surface. This is consistent with the
fact that small dust grains and gas are well coupled in
those disk regions.

5.5. Disk kinematics

Based upon the low-angular resolution CO (3-2)
ALMA Cycle0 observations a warp disk was claimed
by Pineda et al. (2014) by comparing the PV diagram
along the major axis. Since the stellar mass is well con-
strained, then by over-plotting the expected Keplerian
curves it was clear that not a single disk inclination
could reproduce the observations (see Loomis et al.
2017, for a similar claim of a warp in AA Tau). Further
analysis of the same data, but using a more complex
modelling tool, also suggested the presence of a change
in the disk inclination (Walsh et al. 2017). Our results
also show a similar pattern in the centroid velocity map
(Fig. 7), where the inner disk region is slightly twisted.

The possible disk warp has been suggested before to
explain different observations (Quillen 2006; Pani¢ et al.
2010). Fig. 8 shows the PV diagram along the disk
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Figure 10. Unsharp masked version of a

SPHERE/ZIMPOL @Q, image overlaid with our ALMA
continuum data (white contours). Marked are the spiral
features identified from the SPHERE data. The NE-arm
feature matches the central location of the ring-like contin-
uum emission. The N-arm feature is located close to the
low-level brightness emission close to HD100546 b. The
green markers show the position of the claimed planets in
the system.

major axis, which shows the same behaviour seen from
the previous low angular resolution, with the kinematics
of the outer section of the disk (>2") being better de-
scribed by an inclination angle of ~42°, while the inner
section of the disk (<0.5") being better described by an
inclination angle closer to ~32°. This means that the
whole disk is not well described by a single inclination
angle.

Also, it has been proposed that departures from the
Keplerian velocity field in the disk kinematics could pro-
vide an independent way to identify the presence of a
CPD in HD 100546 (Perez et al. 2015). Unfortunately,
the image fidelity and sensitivity of the CO (3-2) data
here presented do not allow us to identify such a feature.

6. SUMMARY

We presented new ALMA high angular resolution ob-
servations of the 870 ym dust continuum and CO (3-2)
of HD100546. Our results can be summarized as follows:

e The ALMA 870 yum dust continuum and CO (3-
2) observations achieve ~50mas resolution, and
they resolve the disk emission with unprecedented
detail.

e The continuum disk emission is resolved as ring-
like (between 20—40 au) and shows a flux asymme-
try of ~15-25%.

e The disk continuum emission is well fit by two con-
centric Gaussian rings plus a Gaussian vortex to
reproduce the flux asymmetry; this morphology is
similar to other disks.

e Radial cuts show that the disk continuum profile
are well fitted using a superposition of multiple
Gaussian profiles exemplifying the need for two
Gaussian rings to match the two broader and nar-
rower components of the main ring.

e We searched for circumplanetary disk (CPD) emis-
sion at the location of the embedded planet can-
didate HD100546 b, but no point-like continuum
emission is detected. This places strong con-
straints on the CPD mass of 1.44 Mg and radius
of 0.44 au in the optically thin and thick case, re-
spectively.

e The CPD mass upper limit is enough to be incom-
patible with several planet accretion models, while
synthetic observations of numerical simulation by
Szuldgyi et al. (2018) provide a CPD flux simi-
lar to the upper limit reported here. Gas-starved
models are also still compatible.

e We derive an upper limit on the planetary mass of
1.65M; based on a numerically calibrated re-
lationship between CSD, CPD, and planetary
masses assuming on-going accretion.

e A central compact emission is also detected, which
arises from the inner central disk. We estimate an
inner disk mass of 15 Mg, and using a previously
estimated accretion rate onto the central star, we
calculate an inner disk lifetime of 500 yr. There-
fore, the inner disk must be replenished with ma-
terial from the outer ring.

e We compare high angular resolution SPHERE po-
larization data with ALMA continuum and CO
emission. This suggest that the NE-arm feature
see in the polarized emission does not have a cor-
responding dust column density feature, however,
it is well matched by a spiral-like feature seen as
enhanced CO integrated emission. This is consis-
tent with the expectation the both CO and small
dust particles trace the disk surface.
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Figure 11. Comparison of CO integrated intensity and unsharp masked version of a SPHERE/ZIMPOL Qg4 image. Left:
Background and contours show the integrated intensity map of CO (zoomed-in version of Fig. 2) using a stretch to highlight
the suggestive spiral-like emission highlighted by the contours. Bottom left and right corner show the beam and scale bar,
respectively. Right: Unsharp masked version of a SPHERE/ZIMPOL Q. image (as in Fig. 10) overlaid with CO integrated
intensity contours shown in left panel. The position and general orientation of the NE-arm feature seen with SPHERE is similar
to the CO enhancement shown in the left panel. This would suggest the presence of a real spiral-like feature in the disk surface.
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