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ABSTRACT

Context. Mid-infrared (mid-IR) imaging traces the sub-micron and micron-sized dust grains in protoplanetary disks and it offers con-
straints on the geometrical properties of the disks and potential companions, particularly if those companions have circumplanetary
disks.

Aims. We use the VISIR instrument and its upgrade NEAR on the VLT to take new mid-IR images of five (pre-)transition disks and
one circumstellar disk with proposed planets and obtain the deepest resolved mid-IR observations to date in order to put new constraints
on the sizes of the emitting regions of the disks and the presence of possible companions.

Methods. We derotated and stacked the data to find the disk properties. Where available, we compare the data to PRODIMO
(Protoplanetary Disk Model) radiation thermo-chemical models to achieve a deeper understanding of the underlying physical pro-
cesses within the disks. We applied the circularised point spread function subtraction method to find upper limits on the fluxes of
possible companions and model companions with circumplanetary disks.

Results. We resolved three of the six disks and calculated position angles, inclinations, and (upper limits to) sizes of emission regions
in the disks, improving upper limits on two of the unresolved disks. In all cases the majority of the mid-IR emission comes from small
inner disks or the hot inner rims of outer disks. We refined the existing PRODIM 0O HD 100546 model spectral energy distribution (SED)
fit in the mid-IR by increasing the PAH abundance relative to the ISM, adopting coronene as the representative PAH, and increasing
the outer cavity radius to 22.3 AU. We produced flux estimates for putative planetary-mass companions and circumplanetary disks,
ruling out the presence of planetary-mass companions with L > 0.0028 L, for a > 180 AU in the HD 100546 system. Upper limits
of 0.5-30 mJy are obtained at 812 um for potential companions in the different disks. We rule out companions with L > 1072 L, for
a> 60 AU in TW Hydra, a > 110 AU in HD 169142, a > 150 AU in HD 163296, and @ > 160 AU in HD 36112.

Conclusions. The mid-IR emission comes from the central regions and traces the inner areas of the disks, including inner disks and
inner rims of outer disks. Planets with mid-IR luminosities corresponding to a runaway accretion phase can be excluded from the
HD 100546, HD 169142, TW Hydra, and HD 36112 systems at separations >1"". We calculated an upper limit to the occurrence rate of
wide-orbit massive planets with circumplanetary disks of 6.2% (68% confidence). Future observations with METIS on the ELT will
be able to achieve a factor of 10 better sensitivity with a factor of five better spatial resolution. MIRI on JWST will be able to achieve
250 times better sensitivity. Both will possibly detect the known companions to all six targets.

Key words. infrared: planetary systems — methods: data analysis — protoplanetary disks — infrared: stars — methods: observational

1. Introduction

Transition disks are believed to represent an intermediate stage
of planet formation between the protoplanetary disk and a
gasless, fully formed planetary system. Scattered light imaging

* Based on observations collected at the European Southern Obser-
vatory under ESO programmes 0101.C-0580(A), 60.A-9107(G), and
60.A-9107(N).

Article published by EDP Sciences

in the near-infrared (near-IR) and thermal sub-millimetre obser-
vations with ALMA have revealed detailed structures in many
transition disks, including rings, spirals, and warps (e.g. Francis
& van der Marel 2020). These features can be a result of the
accretion of gas and dust onto a planet, although they can also
be explained by other processes in the disk such as shadowing
from the inner rim, snowlines, or hydrodynamic effects (e.g.
Siebenmorgen & Heymann 2012; van der Marel et al. 2018).
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Table 1. Stellar and disk properties of the target stars.

Target Age Myr) M, (My) TX) L,([Ls) d@Ec)@ PAC) i(°) Structures Companions
detected
HD 100546 ® 5 2.5 10600 30 108.1 140 46  Gap, spiral arms 3
HD 163296 6 2.5 9000 34.7 101.0 137 43 Rings 3
HD 169142 @ 4-16 1.8 7800 9.8 114.9 5 13 Rings 3
TW Hydra (€) 3-15 0.8 4000 0.2 60.1 150 7 Rings 1
HD 100453 11 1.5 - 6 103.8 145 35  Gap, spiralarms M dwarf
HD 36112 4 2.0 8200 22 155.9 62 21 Cavity, rings, 2

clumps, spirals

Notes. Stellar masses, luminosities, and temperatures, where possible, have been taken from the DIANA models of the targets, which are fit to

multiple data sets.

References. “Gaia Collaboration (2021). ®Wichittanakom et al. (2020); Miley et al. (2019); Casassus & Pérez (2019); Jamialahmadi et al. (2018);
Mendigutia et al. (2017); Pineda et al. (2014); Avenhaus et al. (2014); Walsh et al. (2014); Leinert et al. (2004). )Garufi et al. (2014); Wichittanakom
et al. (2020). @Pérez et al. (2019); Pani¢ et al. (2008); Raman et al. (2006); van Boekel et al. (2005). ’Nayakshin et al. (2020); Sokal et al. (2018).
'Wichittanakom et al. (2020); Rosotti et al. (2020); Yu et al. (2019); Long et al. (2017); Benisty et al. (2017); Wagner et al. (2015). @Isella et al.

(2010); Meeus et al. (2012).

Studying transition disks is an important step in understanding
planet formation. Mid-infrared (mid-IR) direct imaging traces
dust of ~150K in the disk. Additionally, the disk is expected to
re-emit a large fraction of the stellar flux in the infrared (e.g.
Dullemond & Monnier 2010). Mid-IR imaging can thus fur-
ther constrain disk properties, especially when combined with
observations at other wavelengths. It also allows us to search
for thermal emission from (planetary) companions, especially
if these companions still have circumplanetary disks (CPDs),
which are expected to be bright in the mid-IR.

We used the VLT Imager and Spectrograph for the mid-
InfraRed (VISIR; Lagage et al. 2004) and its upgraded version
Near Earths in the AlphaCen Region (NEAR; Kasper et al.
2017) to obtain the deepest resolved mid-IR images of five
Herbig Ae/Be (pre-)transition disks and one other circumstellar
disk to date. The instruments that we used are more sensitive and
the observation time is longer than in any previous studies (Liu
et al. 2003; van Boekel et al. 2004; Leinert et al. 2004; Verhoeff
2009; Panié et al. 2014; Mariiias et al. 2011; Doucet et al. 20006;
Honda et al. 2012; Okamoto et al. 2017; Maaskant et al. 2013;
Ratzka et al. 2007; Arnold et al. 2012; Khalafinejad et al. 2016).
Additionally, the use of adaptive optics (AO) on NEAR provides
us with better angular resolution and point spread function (PSF)
stability. These new data allowed us to put new constraints on the
disk and the presence of possible companions of each of the six
targets.

To contextualise the observations of our primary target HD
100546 and secondary targets, we used the radiation thermo-
chemical disk modelling code PRODIMO (Protoplanetary Disk
Model; see Sect. 4). Our HD 100546 disk model is the result
of a multi-wavelength spectral energy distribution (SED) fit,
which will allow us to compare the predicted and observed total
flux within the observed bands (Woitke et al. 2019). Our syn-
thetic images of the HD 100546 circumstellar disk enabled us
to search for a non-axisymmetric disk structure. The radiative
transfer results allowed us to determine the mid-IR extinction
along line-of-sights to the midplane and the resulting obscu-
ration of putative embedded companions. The disk modelling
code can be applied further to produce SEDs for planetary com-
panions and circumplanetary disks to compare theoretical fluxes
with detection limits (Rab et al. 2019).

Section 2 describes the targets and in Sect. 3 we show the
observations and the data analysis. The PRODIMO model is
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discussed in Sect. 4 and compared to the data in Sect. 5. Lim-
its on possible companions are discussed in Sect. 6 and for three
of the targets planetary models with circumplanetary disks are
analysed. Finally, our discussion and conclusions are presented
in Sect. 7.

2. Targets

The following targets were observed: HD 100546, HD 163296,
HD 169142, TW Hydra, HD 100453, and HD 36112/MWC 758
(see Table 1). These stars were selected to study the influence
of features such as spiral arms, circular gaps, and inner cavities,
seen in near-IR scattered light images on the mid-IR morphology
of the disk which is dominated by thermal emission.

All six targets are young disks with ages of 3-16 Myr
and, with the exception of HD 163296, are classified as (pre-
)transition disks with a central cavity (or large inner gap). While
HD 163296 does not have the traditional (pre-)transition disk
SED and only some evidence of possible inner clearing, it
nonetheless has other structures in the disk and proposed com-
panions, similar to the remaining targets in the sample and was
therefore included here (Espaillat et al. 2014; Isella et al. 2016).
In addition to central cavities, sub-millimetre dust emission and
near-IR scattered light imaging have revealed features such as
rings, clumps, and spirals in all the disks. At distances of 60—
160 pc, the extended disks of the targets are expected to be large
enough to be resolved with the Very Large Telescope (VLT) at
Paranal in the 8—12 um wavelength range.

Below, we provide an overview of the structure and possi-
ble companions of the targets, specifically those inferred through
direct imaging.

2.1. HD 100546

This disk is divided into an inner disk and an outer disk, sepa-
rated by a single gap from ~1-21 AU (e.g. Bouwman et al. 2003;
Grady et al. 2005; Menu et al. 2015; Jamialahmadi et al. 2018;
Pineda et al. 2019). It is possible that the inner and outer disks
are misaligned (Pineda et al. 2019; Kluska et al. 2020). The outer
disk has spiral structures that have so far only been detected in
the near-IR (Follette et al. 2017; Quillen 2006) and there is a ten-
tative detection of a bar-like structure across the gap which could
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indicate small-scale inflow or be the base of a jet (Mendigutia
et al. 2017; Schneider et al. 2020). There have been some sug-
gestions of warping in the inner and outer disk, but this has so
far remained inconclusive (e.g. Quillen 2006; Pani¢ et al. 2014;
Pineda et al. 2014; Walsh et al. 2017; Sissa et al. 2018; Kluska
et al. 2020).

There has been much discussion about possible companions.
One companion, HD 100546 b, was identified at a separation
of 55 AU at a position angle of 9° (Quanz et al. 2013, 2015;
Currie et al. 2014). However, this has been called into question
by Rameau et al. (2017), who failed to detect any accretion at the
planet location in Ha and posit the L’ band (3.8 um) detection
might be related to the chosen method of data reduction. The
lack of detection in He is supported by Cugno et al. (2019). A
different companion, HD 100546 ¢, may have been detected just
inside the central cavity at ~13 AU (Brittain et al. 2014; Currie
et al. 2015), although this too has been contested (Fedele et al.
2015; Follette et al. 2017; Sissa et al. 2018). ALMA observations
at 1.3 mm have revealed a 60 point source of 92+9 uJy at a
position angle of 37° and a projected separation of 7.8 AU, which
could represent an additional planetary candidate (hereafter HD
100546 d; Pérez et al. 2020). A final planet candidate has also
been suggested by the presence of a Doppler flip observed in the
disk '>CO kinematics. Such a planet would be embedded within
the disk continuum emission region exterior to the gap, corre-
sponding to a projected radial distance of 20.5 =5 AU (Casassus
& Pérez 2019).

2.2. HD 163296

Near-IR and sub-millimeter wavelength observations show that
HD 163296 has four gaps. They are centred on 10, 50, 81, and
142 AU with bright rings in between (e.g. Garufi et al. 2014;
Isella et al. 2016, 2018).

Companions have been suggested based on their possible
role in forming the ring structures in the disk. For example, Liu
et al. (2018) fitted three half-Jovian-mass planets and Teague
et al. (2018) found the radial pressure gradients can be explained
by two Jupiter-mass planet at 83 and 137 AU (see also Teague
et al. 2019). Additionally, Pinte et al. (2018) found a Jupiter-mass
companion at 223 AU based on deviations from Keplerian veloc-
ity in the gas of the disk. So far, observations have not been
able to confirm or rule out such companions due to a lack of
sensitivity. Guidi et al. (2018) claim to have found a 5-6 My,
companion at a separation of 50 AU from the star in the L’ band
with Keck/NIRC2, but neither this object nor the one proposed
by Pinte et al. (2018) was found by Mesa et al. (2019), who set
upper limits of 3—5 My, on possible companions in the gaps of
the disk with SPHERE H band (1.6 um) and K band (2.2 um)
data. Due to extinction from the disk setting, these kinds of mass
limits remain challenging, especially outside the gaps, as only a
fraction of the intrinsic, modelled flux of the companion may be
observable.

2.3. HD 169142

The disk around HD 169142 has been imaged at near-IR and
at sub-millimetre wavelengths. Various teams have imaged two
(Fedele et al. 2017; Quanz et al. 2013; Momose et al. 2015; Pohl
et al. 2017), three (Macias et al. 2017; Osorio et al. 2014), or
four (Macias et al. 2017; Pérez et al. 2019) rings around the star.
The inner ring is located at 20 AU and is more than twice as
bright as the outer rings. As a result, it was found in all the pre-
viously mentioned works. The three outer rings (located between
45 and 80 AU) are faint and close together, leading to blending

in some observations and resulting in the different numbers of
rings found in different studies.

Four disk features that could be associated with forming
planets have been found. The first was found between the 20 and
50 AU dust rings by Osorio et al. (2014) at 7 mm, the second
was found in the L’ band just within the edge of the inner gap
by Reggiani et al. (2014) and Biller et al. (2014). However,
the L’ band source was not recovered by either team in the J
(1.3um), H, or K bands and it is concluded by Biller et al.
(2014) that the feature cannot be due to planet photospheric
emission and must be a disk feature heated by an unknown
source, although Reggiani et al. (2014) argue that the accretion
of material in the gap enhances the L’ band flux, resulting in
a lower mass planet, which is not as easily observed in other
bands. The presence of circumstellar material with entrained
dust grains spreading across the gap or being accreted onto a
planet could also subject the planet to further extinction in the
J band. Biller et al. (2014) detected the third source in the H
band, with no L’ band counterpart, but Ligi et al. (2018) show
that this is actually part of the inner ring. They did find another
H band structure close to the star that is consistent with the
detections by Biller et al. (2014) and Reggiani et al. (2014), but it
appears to be extended and they cannot rule out that it is not part
of a marginally detected ring at the same separation. Finally,
Gratton et al. (2019) combined different SPHERE datasets and
suggest that this source could actually be a combination of
two extended blobs observed in the disk. They find a different,
fourth, feature located between the inner and outer rings that
does not correspond to any of the previous detections and could
indicate the presence of a 2.2 + 1.4 My, planet.

2.4. TW Hydra

TW Hydra is a 3—15Myr old T Tauri star (Vacca & Sandell
2011; Weinberger et al. 2013; Herczeg & Hillenbrand 2014). At
a distance of 60.14 + 0.06 pc (Gaia Collaboration 2021), it is one
of the nearest known hosts of a protoplanetary disk. Studies in
the near-IR and sub-millimetre wavelength regimes have found
between three and six different gaps in eight different locations
between 0.6 and 90 AU (Nomura et al. 2016; Tsukagoshi et al.
2016; Andrews et al. 2016; van Boekel et al. 2017; Huang et al.
2018).

Tsukagoshi et al. (2016) suggest the presence of a <26 My
planet interacting gravitationally with the gap at 22 AU.
Tsukagoshi et al. (2019) found an azimuthally elongated 1.3 mm
continuum source in the south—west of the disk at a radial separa-
tion of 54 AU that could be either dust that has accumulated into
a clump in a vortex or a circumplanetary disk associated with an
accreting Neptune mass planet. Nayakshin et al. (2020) argue the
feature can be explained by a Neptune-mass planet disrupted in
the process of accretion and expelling dust into the circumstellar
disk. Observations with SPHERE suggest from the gap profiles
that if planets are responsible for forming the gaps in the cir-
cumstellar disk, they are at most several 10 Mg (van Boekel et al.
2017).

2.5. HD 100453

HD 100453 has been found to possess a misaligned inner disk, a
gap between 1 and 21 AU, and an outer disk with two shadows,
two spiral arms around 30 AU, and a faint feature in the south-
west of the disk (Benisty et al. 2017; Kluska et al. 2020). It also
has an M dwarf companion at a separation of 125 AU whose orbit
is not aligned with the disk plane (van der Plas et al. 2019).
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Table 2. Overview of the observations used in this paper. HD 100546 was observed as part of different programmes than the other observations,

leading to the difference in filters and observation times.

Target Instrument  Date Filter Ao (um) AA (um) Integration time (s)
HD 100546 VISIR 28-04-2018 J8.9 8.70 0.74 3600

NEAR 11-12-2019 PAHI1 8.58 0.41 540
ARIIT 8.98 0.14 540
PAH2 11.24 0.54 540
12-122019 PAH2_2 11.68 0.37 540
HD 163296 NEAR 14-09-2019 PAHI1 8.58 0.41 600
13-09-2019 NEAR 11.25 2.5 600
HD 169142 NEAR 13-09-2019 PAHI1 8.58 0.41 600
NEAR 11.25 2.5 600
TW Hya NEAR 13-12-2019 PAHI1 8.58 0.41 600
16-12-2019 NEAR 11.25 2.5 600
HD 100453 NEAR 12-12-2019 PAHI1 8.58 0.41 600
NEAR 11.25 2.5 600
HD 36112/MWC 758 NEAR 18-12-2019 NEAR 11.25 2.5 600

Dynamical modelling has shown that tidal interactions with
the M dwarf companion are responsible for at least some of the
disk features, such as the spirals and the truncation of the outer
disk (Wagner et al. 2018; van der Plas et al. 2019; Gonzalez et al.
2020). However, they have also suggested that the presence of
a planet is required to fully explain the origin of the features in
the disk, particularly the misalignment between the inner and the
outer disks (e.g. Nealon et al. 2020). There have been no direct
detections of planet candidates to date.

2.6. HD 36112

HD 36112 (MWC 758) has a large cavity with a radius of 32 AU.
Its broad outer disk has rings, clumps, and spiral arms (e.g. Dong
et al. 2018; Wagner et al. 2019).

For the spiral structures in the disk of HD 36112 to be caused
by a perturber, it is estimated that it must have a mass of ~5—
10 My,p (Grady et al. 2013; Dong et al. 2015). However, upper
limits on companion fluxes obtained in the same works and by
Reggiani et al. (2018) rule out the presence of >5 My, planets
beyond 0.6”, or 94 AU. Reggiani et al. (2018) found an L’ band
(3.5 um) point source at 18 AU that they interpret as a planet
with a circumplanetary disk that is embedded in the disk. Wagner
et al. (2019) did not find this object in the L” and M’ bands, even
though they achieved better sensitivities. Instead, they found a
point source at the outer end of one of the spiral arms that could
be a planet with a CPD and could be responsible for driving the
spirals.

3. Observations and data analysis

Observations of HD 100546 were obtained during April 2018,
with the VLT Imager and Spectrometer for the mid-IR (VISIR,
Lagage et al. 2004), and of all six disks during the science
verification of its upgrade, with NEAR (Kasper et al. 2017) in
September and December of 2019. The benefit of NEAR is its
use of AO, which results in improved angular resolution, PSF
stability, and sensitivities (a factor of ~4) across the N-band. An
overview of the observations used in this paper is presented in
Table 2.
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For all targets, all observations were taken in the pupil track-
ing mode, where the derotator is turned off to allow for field
rotation during the observation sequence. For the NEAR obser-
vations, AO was enabled and the targets themselves were used
as the reference star for wavefront sensing. The chopping and
nodding sequence was enabled to subtract the sky background.
In the VISIR data, the chop throw is 8” in the direction per-
pendicular to the nodding direction; whereas, in the NEAR data,
the chop throw is 4.5” in the parallel direction. Since the throw
determines the useful field of view, the VISIR and NEAR data
have an effective field of view of 16” X 16" and 9" X 9”, respec-
tively. The VISIR data have a chopping frequency of 4 Hz and a
detector integration time (DIT) of 0.012 s. The NEAR data have
a chopping frequency of 8§ Hz and a DIT of 0.006 s. Both NEAR
and VISIR have platescales of 0.0453".

The standard VISIR data reduction pipeline' is not suited to
reduce data taken in the pupil tracking mode, so special purpose
python scripts were employed to reduce and analyse the data.
VISIR and NEAR data are delivered in chop difference images
with integration times of 20-50s each. Data from the different
nod positions are subtracted from each other and the resulting
images are derotated. The beams from the chopping and nodding
from all images are then median combined with 30 sigma clip-
ping into a single master image. Only the VISIR observations of
HD 100546 have a reliable reference star (HD 93813) with which
to calibrate the result, leading to an observed flux of 27 +3Jy.
For HD 100546 observations in other bands and in the cases of
HD 163296, HD 169142, and TW Hya, we used the flux predicted
by the PRODIMO models (described in Sect. 4) to calibrate the
data. Since the model is fitted to SED data from a collection
of previous observations of the targets taken with other instru-
ments, including data around 8-12 pm, it is the most accurate
way available to determine the brightness in the images and this
allowed us to calculate the flux in the specific wavelength ranges
of the different filters (Dionatos et al. 2019; Woitke et al. 2019).
The calibration is done by multiplying the model fluxes with the
filter and sky transmissions and averaging the total flux over the
required wavelength range. This is then set as the total flux of

I https://www.eso.org/sci/software/pipelines/visir/
visir-pipe-recipes.html


https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html
https://www.eso.org/sci/software/pipelines/visir/visir-pipe-recipes.html

D. J. M. Petit dit de la Roche et al.: New mid-IR constraints on PPDs and companions of six young stars

the data. As there are no models available for HD 100453 and
HD 36112, the averages of previous flux measurements in simi-
lar filters had to be used (van Boekel et al. 2005; Carmona et al.
2008; Verhoeff 2009; Marifias et al. 2011; Khalafinejad et al.
2016; Li et al. 2018).

The final master images of the disks are shown in Figs. 1
and 2. The star is not visible in any of the images as it does not
contribute significantly to the flux in the mid-IR (<10% of the
total flux in the PRODIMO models). Most of the central emission
at these wavelengths is from unresolved inner disks or inner rims
of outer disks.

3.1. HD 100546

The master images of HD 100546 in the different filters are
shown in Fig. 1, along with the corresponding model images
after convolution with an appropriate PSF. For the J8.9 filter,
this is the PSF of reference star HD 93813. While there were
no appropriate flux calibration observations for the other fil-
ters, point sources were observed in the PAH1 and ARIII filters,
which were used as PSF references. For the PAH1 filter and
the ARIII filter, we used our own observations of HD 163296
and HD 27639, respectively. As there were no reference PSFs
available in either the PAH2 or PAH2_2 filters, we used scaled
versions of the ARIII reference instead. Since the different fil-
ters on the NEAR instrument result in similar sensitivities over
time, and the observations in the different filters have similar
exposure times, all master images are expected to have similar
sensitivities. The exception are the observations with the J8.9
filter which were taken with VISIR and where the increased
observation time compensates for the lack of AO, meaning the
final sensitivity of the master image is still expected to be simi-
lar to those in the other filters. While the disk is resolved in all
filters, the VISIR data are clearly more extended than the NEAR
data. The J8.9 band contains both the PAH1 and ARIII bands
and so the VISIR image would be expected to have a similar
extent as the NEAR images in these bands. Some of the differ-
ence is because the AO on NEAR means the images are more
compact, but mostly due to the telescope operations during the
VISIR observations. During this night, there was a decrease in
the precision of the altitude axis of the telescope, resulting in
elongation of the image along the paralactic angle (de Wit 2020,
priv. comm.). As this was at an angle of 40° with the semi-major
axis of the disk, the image is smeared along both axes and the
smearing is not immediately obvious without a comparison. This
is accounted for by using a reference PSF of the standard star
HD 93813. Since this data set was taken immediately preced-
ing the science observations in the same filter, it has a similar
smearing effect.

The central bright emission in each image is from the unre-
solved inner disk, as the star is expected to be an order of
magnitude fainter than the disk at mid-IR wavelengths based on
the model data. Beyond that, emission is expected to be domi-
nated by the inner rim of the outer disk, which is irradiated by
the star and puffed up as a result. The rest of the outer disk is not
warm enough to be detected in the image.

Using a Levenberg—Marquardt algorithm and least squares
statistic to fit a simple two dimensional Gaussian to the surface
brightness of the disk in each filter results in an average position
angle of 141 +2°. Since we are fitting a two-dimensional func-
tion to a three-dimensional disk, we are sensitive to projection
effects. This is especially the case because the inner wall of the
outer disk is only visible on the far side of the disk and not on
the close side. This means what we are calculating is actually

the position angle of the two-dimensional projection of the disk,
which we call the projected position angle. We also applied this
method to model images of HD 100546 at the same wavelengths
and found that the projected position angle is ~130°, compared
to the input of 140°, so we expect a difference between the
projected position angle and the real position angle of roughly
10°. This would still be in agreement with previous position
angle values of 135-150° (Miley et al. 2019; Casassus & Pérez
2019; Jamialahmadi et al. 2018; Mendigutia et al. 2017; Pineda
et al. 2014; Avenhaus et al. 2014; Walsh et al. 2014; Leinert
et al. 2004). A more precise determination of the disk orienta-
tion requires extensive modelling and is outside the scope of this
paper.

The deprojected disk has a full-width-half-maximum
(FWHM) of 0.82” in the J8.9 filter and 0.35-0.41" in the other
filters. The larger size of the J8.9 image is due to the above-
mentioned PSF smearing from uncertainty in the altitude axis
of the telescope. The FWHM values for all the disks and filters
are listed in Table 3. From the disk FWHM and the PSF FWHM
(the diffraction limit is 0.22-0.30” depending on the filter), we
can calculate the true size of the emitting region, assuming
that both the data and the PSF are well described by Gaussian
functions (e.g. Marifas et al. 2011; van Boekel et al. 2004), as
follows:

FWHM_ig = \/FWHMdmZ — FWH Mpsg?. (D)

Due to the PSF smearing in the J8.9 image, we used the refer-
ence PSF FWHM rather than the theoretical diffraction limit for
this filter. Since the other data were observed with the NEAR
instrument, which thanks to its adaptive optics is expected to
have a Strehl ratio of close to one (Kasper et al. 2017), the
FWHM of a point source PSF corresponds to the diffraction
limit. This can be seen in the data of HD 163296, TW Hydra, and
HD 36112, as is discussed in Sect. 3.2. The deconvolved FWHM
of all resolved sources and the corresponding 5o~ upper limits
for unresolved sources are also listed in Table 3. While spectro-
scopic data show that the disk is more extended in PAH emission
bands (van Boekel et al. 2004; Verhoeff 2009), the PAH1 and
PAH?2 filter images are no more extended than their continuum
counterparts. This is because the extent of the emission is aver-
aged over the filter wavelength range and the PAH emission is
estimated to be around 22% of the total flux in the PAHI1 fil-
ter and 13% in the PAH2 filter (van Boekel et al. 2004). As
a result, both PAH filter images are dominated by the contin-
uum emission and have similarly sized emission regions as the
images in the continuum filters. The 20 discrepancy between
the J8.9 and the PAH1 and ARIII deconvolved FWHM means
the errorbars on the J8.9 image are probably underestimated,
possibly due to a worsening of the smearing effect as the night
went on.

Removing the PSF component along both axes also gives a
more accurate inclination, since the semi minor axis of the disk
is relatively more extended by the PSF than the semi-major axis.
The calculated inclination is 47 + 3°. The projection effect is not
expected to be as strong here, since even on the model data the
resulting inclination was well within 1o of the input value. The
projected inclination is in agreement with literature inclination
values of 42-50°. (Miley et al. 2019; Casassus & Pérez 2019;
Jamialahmadi et al. 2018; Mendigutia et al. 2017; Pineda et al.
2014; Avenhaus et al. 2014; Walsh et al. 2014). This value is the
combined inclination across all the available filters, except for
J8.9 due to the deformed PSF in this image.
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HD 100546

PAH1 data PAH1 model

ARIll data

PAH2 data PAH2 model

-

PAH2 2 data

PAH2 2 model

-

0.5"

]8.9 data

0.5"

]8.9 model

Fig. 1. Master images (left) and model images (right) of HD 100546 in
various filters. North is up and east is left in all images. The observa-
tions were scaled to have the same flux as the model images. The PAH1,
ARIII, PAH2, and PAH2_2 filter master images were taken with NEAR
and show a resolved, inclined disk. The J8.9 data were taken with VISIR
and are more extended compared to the NEAR data due to image elon-
gation from the telescope resulting in a distorted and enlarged PSF. The
model images provide a good match for the master images in each filter.
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PAH1
HD 163296

NEAR
HD 163296

HD 169142 HD 169142

TW Hydra TW Hydra

HD 100453 HD 100453

HD 36112

Fig. 2. Normalised master images of the disks observed with NEAR.
North is up and east is left in all images and the scale bar in the bottom
left indicates 0.5”. The left column shows the disks in the PAH1 filter
and the right column in the NEAR filter. HD 163296 and TW Hydra are
unresolved in both filters. HD 36112 was not imaged in the PAH1 filter,
but it is unresolved in the NEAR filter. Compared to these images, it
can be seen that HD 169142 and HD 100453 are more extended in both
filters.
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Table 3. FWHM of the disks in each filter is given in arcseconds.

ObjCCt Filter FWHMda[a (N) FWHMdisk (AU)
HD 100546 J8.9 0.82+0.10 61 £ 11
PAH1 0.349 £ 0.003 28.9+0.5
ARIII 0.356 +£0.002 29.0+0.3
PAH2 0.392 +0.002 282+04
PAH2_2 0.414 +£0.002 30.5+0.3
HD 163296 PAHI1 0.216 + 0.002 <7
NEAR 0.282 +0.001 <6
HD 169142 PAHI1 0.336 +£0.003 28.6+0.5
NEAR 0.465 +0.003 41.1+0.5
TW Hydra  PAHI 0.219 £ 0.001 <3
. NEAR 0.297 +£0.029 <49
HD 100453 PAHI1 0.234 +0.002 9.3+0.6
NEAR 0.352+0.035 20.7+6.6
HD 36112 NEAR 0.315 +0.002 <13

Notes. HD 100546 is clearly resolved in all bands. HD 169142 and
HD 100453 are resolved in both the PAH and NEAR bands, while
HD 163296, TW Hydra, and HD 36112 are unresolved point sources.
For resolved images, the FWHM after deconvolution is listed in AU.
For unresolved images, the 5o upper limits are listed instead.

3.2. Other sources

HD 163296 is unresolved in both filters and has FWHMs around
the diffraction limit of the telescope which is 0.22” in the PAHI
filter and 0.30” in the NEAR filter. This results in 5o~ upper lim-
its of 7 and 6 AU, respectively. Previous mid-IR observations
between 8 and 13 um have not resolved the disk, but set an upper
limit on the FWHM of the emission region of 21 AU at 11.7 um
(Jayawardhana et al. 2001; van Boekel et al. 2005; Marifias et al.
2011; Li et al. 2018). Our images of HD 163296 improve on the
emission size upper limits by a factor of three.

HD 169142 is the most resolved disk in the sample after
HD 100546. The measured and deconvolved FWHM are listed
in Table 3. Additionally, the measured projected inclination of
the deconvolved disk is 13 +2°, which is in agreement with pre-
viously measured inclinations of 13 + 1° (Pérez et al. 2019; Panié
et al. 2008; Raman et al. 2006).

TW Hydra is unresolved in our observations with upper lim-
its of 3 AU in the PAH1 band and 49 AU in the NEAR band. The
high limit in the NEAR band is due to the data being taken with
the coronograph. While this allows for increased sensitivity for
finding planets, it also means that the extent has to be calculated
with the off-axis chop and nod beams. Based on the PAH1 data
taken the same night, the beams are expected to be smeared by
~10%. These limits are consistent with previous interferometry
measurements which found the size of the emitting region of the
disk to be 1-2 AU around 8-12 um (Ratzka et al. 2007; Arnold
et al. 2012).

HD 100453 is resolved in both bands. Similar to TW Hydra,
the NEAR band images of HD 100453 were taken with the
coronograph, resulting in a 10% error in the extent of the emis-
sion region. The difference between the deconvolved PAH1 and
NEAR band sizes suggests this might still be an underestimate.
The disk has a calculated projected inclination of 35 +5°, which
is in agreement with literature values of the inclination of 30—
38° (Rosotti et al. 2020; Long et al. 2017; Benisty et al. 2017;
Wagner et al. 2015).

Finally, HD 36112 is unresolved, with a NEAR band upper
limit of the size of the emission region of 13 AU. This is an
improvement by almost a factor of 10 over previous observations
which set an upper limit of 120 AU on the 11.7 pm emission size
(Marinas et al. 2011).

4. Protoplanetary disk modelling with ProDiMo

We used the radiation thermo-chemical disk model PRODIMO?
(Woitke et al. 2009; Kamp et al. 2010; Thi et al. 2011) to
simulate observations of the HD 100546 system. PRODIMO self-
consistently and iteratively determines the physical and chemical
state anywhere within the disk with a frequency dependent
2D dust continuum radiative transfer, including gas-phase and
photo-chemistry, ice formation, and non-LTE heating and cool-
ing mechanisms. PRODIMO performs a 2D continuum radiative
transfer with a ray-based, long-characteristic, accelerated A-
iteration method at every disk grid point to calculate the local
radiation field J,(r,z) (Woitke et al. 2009). The full radia-
tive transfer methodology is described in Woitke et al. (2009).
We adopt the standard DIANA?® dust opacities as described in
Woitke et al. (2016) and Min et al. (2016).

The parameters for the HD 100546 disk model were derived
from the SED fitting work done as part of the European
FP7 project DIANA* (Woitke et al. 2019). Parameters of the
HD 100546 disk and stellar model can be found in Table 4 and
the 2D gas and dust density profiles can be found in Fig. 3 and 4.
The fitting was performed for a pre-Gaia distance of 103 pc
(van den Ancker et al. 1997). Further details regarding the disk
modelling and SED fitting process can be found in Appendix A.

As PRODIMO finds formal solutions to the continuum radia-
tive transfer during the calculation of the SED, the resulting
modelled intensity can be visualised as an image. PRODIMO
includes only the effect of isotropic scattering, and hence the
preferential forward-scattering of light by larger dust grains is
not represented realistically. As a result, the PRODIMO model
appears brighter on the far side than on the near side and
it cannot reproduce the observed asymmetry in brightness of
actual disks. While this effect is cancelled out in the disk
SED model and radial intensity profile, it must be taken into
consideration when comparing the model image to data on a
per-pixel basis. The resulting PRODIMO data cube was atten-
uated by multiplying each synthetic disk image with the VISIR
and NEAR relative filter transmission curves created with the
VISIR imaging detector and VISIR calibration unit, and then
by the sky transmission’ at each wavelength. Subsequently the
data cube was flattened into a single image for each filter. The
images were then convolved with a reference PSF to simu-
late our observations. This was HD 93813 for the J8.9 filter,
HD 27639 for the ARIII filter, and the HD 163296 data for
the PAH1 and NEAR filters. For the PAH2 and PAH2 2 fil-
ters, reference PSFs were not available and the PSF from the
ARIII filter was scaled to the new central wavelength and used
instead.

2 https://www.astro.rug.nl/~prodimo/

3 https://dianaproject.wp.st-andrews.ac.uk/
data-results-downloads/fortran-package/

4 More information about the fitted stellar and disk parameters, the 2D
modelling results, and the predicted observables can be found at http:
//www-star.st-and.ac.uk/~pw31/DIANA/DIANAstandard

5 https://www.eso.org/observing/etc/bin/gen/form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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Table 4. DIANA SED-fit parameters for the HD 100546 system used in
the PRODIMO disk model.

Parameter Symbol  Value
Stellar mass M, 2.5 M,
Stellar luminosity L. 30.46 L,
Effective temperature Tet 10470 K
Interstellar extinction Ay 0.22 mag
Dust composition:
Mg0'7FCO.3SiO3 58.17%
Amorphous carbon 16.83%
Vacuum 25%
Dust size power law p 3.34
Disk inner zone
Mass My 8.81x 1078 M,
Inner radius Rin 0.55 AU
Outer radius Rou 4.00 AU
Col. density power index € 0.35
Minimum dust size Amin 0.042 pm
Maximum dust size Amax 2.9 um
PAH abundance JSean 0.0028
Disk outer zone
Mass My 7.15% 1073 M,
Inner radius R, 19.34 (22.3) AU
Outer radius Rout 600 AU
Tapering radius Riap 100 AU
Col. density power index € 1.12
Minimum dust size Amin 0.042 pm
Maximum dust size Amax 2983 um
PAH abundance Sfean 0.0028 (0.0034)
Inclination i 42°
Dust to gas ratio dlg 0.01

Notes. Parameters that were modified to improve the mid-IR fit are
included in parenthesis.

5. Comparison to ProDiMo disk models
5.1. Spectral energy distribution HD 100546

Figure 5 illustrates the resulting SED for variants of the fidu-
cial PRODIMO HD 100546 model between 7.5 and 10 wm, along
with the averaged flux of the J8.9 band observation. The VISIR
observations are included in black, as are the flux measured by
AKARI and the spectrum from ISO (Malfait et al. 1998; Ishihara
et al. 2010). Near 8.7 um, the observational data to which the
SED was fit includes the ISO-SWS spectrum and a photometric
data point from AKARI with the SOW filter (Malfait et al. 1998;
Ishihara et al. 2010). While our data are in agreement with previ-
ous observational data, the expected flux of the basic PRODIMO
model falls outside the uncertainty interval. We consider both
disk parameter modifications included and not included in the
previously performed SED fitting process that may improve upon
the local fit in the mid-IR without reducing the quality of the
global fit.

In our disk model, the continuum flux at 8.7 um is emit-
ted largely from the surface of the inner disk between 1 and
4 AU, while in the outer disk the 8.7 um flux originates largely
from the gap wall which is directly illuminated by the star and
heated to ~300K (see Fig. 4). Modifying the location of the
cavity’s outer rim (re of the disk outer zone) allowed us to
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Fig. 3. Gas density profile of the PRODIMO HD 10056 disk model.
The dashed contour line traces the surface where the minimum optical
extinction Ay in the combination of the vertical or radial direction is 1.

10° 10! 102
r [au]

Fig. 4. Dust density profile of the PRODIMO HD 100546 disk model.
The light blue contour outlines the region where half of the total 9 um
emission originates. The dashed contour line traces the surface where
the minimum optical extinction Ay in the combination of the vertical or
radial direction is 1.

reduce the temperature of the gap wall and reduce the continuum
emission in the mid-IR. We find the optimal balance between
moving the gap outer wall further outwards and maintaining the
quality of the global fit occurs where the gap wall is moved out-
wards from 19 to 22.3 AU. As demonstrated in Fig. 5 by the line
rin =22.3 AU, this brings the SED within formal agreement to
our observed mid-IR flux. Of the observed excess flux over the
continuum around 10 um, ~60% has been explained by the pres-
ence of amorphous olivine and crystalline forsterite emission
features with the remainder explained by PAHs (Malfait et al.
1998). We thus also consider further refinements to the mid-IR
fit by exploring the properties of the disk PAH population. These
considerations can be found in Appendix B.

Across the wavelength coverage of the ISO-SWS spectrum,
we reduced the sum of the squares of the ratio between the old
fit F9'9 and the new fit F™%, that is Z(F™%/F9')2, from 12.6 to
4.2. Tt should be noted that while dust settling allows for a variety
of average grain sizes across the vertical extent of the disk model,
dust grains are not radially segregated by size in PRODIMO, such
that within our model’s disk zones, every grid column contains
the same underlying dust grain size distribution. Hence, we can
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Fig. 5. Comparison between the fiducial PRODIMO HD 100546 disk
model (Woitke et al. 2019) and multi-parameter variants of the model.
We include the observational VISIR data corrected for sky transmis-
sion and additional observational data (Malfait et al. 1998; van Boekel
et al. 2004; Ishihara et al. 2010). The grey filled area illustrates the J8.9
filter response curve (arbitrary vertical scaling). Residuals between the
various disk models and the ISO-SWS spectrum are shown in the lower
panel as the ratio between the model SED and the observed spectrum.

solve for only one gap outer radius, rather than a radius for each
corresponding grain size.

5.2. Radlal intensity profile

Radial intensity profiles of all the disks in the sample in the dif-
ferent filters were constructed by azimuthally averaging over the
deprojected disks for both the observations and the convolved
models and this is shown in Figs. 6 and 7. In all cases, the
radial profile is dominated by the telescope PSF. The unresolved
sources show clear Airy rings in the images (see Fig. 2). The
Airy rings are less obvious in the resolved sources and the central
disk of the Airy pattern is larger, but they are still visible in the
radial profiles. None of the profiles show signs of spirals, rings,
or other features in the extended disk. Although the models do
not include these previously observed features, this result is still
consistent with the models, which show that the mid-IR emission
is dominated by the central regions and the outer regions where
features have been detected at other wavelengths contribute less
than 5% of the flux at 8.7 pm.

For most models used in this comparison, the distance was
measured before the Gaia data release. With the release of the
Gaia data, it appears that these distances were off by around 10%
in most cases (HD 100546, HD 163296, TW Hydra). For these
disks, it was not necessary to rerun the model, as the differences
between the old and new distances are small. Simply rescaling
the model to the new distance is sufficient to compare the extent
of the disks. However, for HD 169142, the difference between
the distance assumed in the model and the distance measured by
Gaia is more significant: the assumed distance is almost 30%
too large. Because of this, the model was rerun with an adapted
luminosity for the new distance.

5.2.1. HD 100546

The normalised radial flux distribution of both the real, depro-
jected data in each filter and the corresponding simulated data
are shown in Fig. 6. The model and the data are in good
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Fig. 6. Radial profile of the HD 100546 protoplanetary disk in the
PAH1, ARIIL, PAH2, PAH2_2, and J8.9 filters. The profile from the data
is shown in blue with the 1o range in light blue. The profile from syn-
thetic observations based on the PRODIMO model is shown in orange
with the 10 range indicated in lighter orange.
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Fig. 7. Radial flux profile of the HD 100546 protoplanetary disk in the
PAHI1, ARIIL, PAH2, PAH2_2, and J8.9 filters, with the real data pro-
files on the left and the synthetic data profiles on the right. The shaded
areas indicate 1o errors for the data and confidence intervals for the
models. For the model profiles, these intervals come from the PSF con-
volution and the azimuthal averaging and deprojection. In both the data
and the model, it can be seen that the radial extent at 1/10th the max-
imum flux is smaller for the shorter wavelength filters (PAH1, ARIII)
than for the larger wavelength filters (PAH2, PAH2_2). This is expected
as the PSF is larger for larger wavelengths. The J8.9 data, both real and
synthetic, remain far more extended due to the smeared PSF.

agreement out to ~160 AU, where the noise starts to dominate the
signal. The peak in the noise in the data is caused by the source
subtraction in the chopping and nodding. The subtraction shad-
ows are located at ~500 AU (4.5”) in the four NEAR filters and at
~900 AU (8”) in the J8.9 filter. In Fig. 7 we can compare the dif-
ferent filters to each other for the observed and synthetic data. In
both cases the shorter wavelength filters PAH1 and ARIII result
in narrower profiles with a smaller FWHM than the longer wave-
length filters PAH2 and PAH2_2. Due to the smearing of the
PSF, the J8.9 filter profile is much wider in both cases. The resid-
uals from subtracting the model curves from the data are shown
in Fig. 8. The errorbars in the image represent the 1o error. The
residuals show that the synthetic data is a good representation of
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HD 100546 residuals
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Fig. 8. Residuals from subtracting the radial profile of the synthetic
data from that of the observed data in each of the observed filters. The
errorbars indicate 10 uncertainties. The residuals all being within 1o~ of
0 show that the model represents the data well.

the real data. The residuals at larger separations are 0 because the
chopping and nodding process removes the background emission
from the data and the model does not include sky or instrument
background emission.

5.2.2. HD 163296

Previous observations in near-IR and sub-millimetre wave-
lengths show that HD 163296 has multiple bright rings (e.g.
Garufi et al. 2014; Isella et al. 2016, 2018). The PRODIM O model
does not include rings, but instead assumes a flared, optically
thick inner region up to 0.02” and a shadowed outer region
beyond that. As a result, it predicts that 95% of the flux is con-
tained within a radius of 0.01” in the PAHI band and within
0.04”" in the NEAR band. This makes the emitting region much
smaller than in the case of HD 100546, where there is a cavity
and the inner rim of the outer disk also contributes to the flux. It
is also entirely consistent with an unresolved image.

5.2.3. HD 169142

ALMA observations have detected three bright rings between
0.2” and 0.6” (45-80 AU) in the disk around HD 169142 (Pérez
et al. 2019). Again, the model does not include the rings,
but instead divides the disk into an inner and an outer zone
with a gap at 0.1” (22 AU), which is consistent with the inner
gap seen at other wavelengths. Assuming the observed disk is
described by a Gaussian function, the apparent size as defined
by PRODIMO (the radius containing 95% of the flux) corre-
sponds to the 20 radius of the Gaussian, which is larger than
the FWHM, which only contains half the flux. After deconvolu-
tion, the apparent size of HD 169142 is 24 + 1 AU in the PAH1
band and 35 + 1 AU in the NEAR band. This means that the inner
gap is unresolved and part of the flux in both bands is from the
inside of the inner ring, but the outer two rings are too faint to be
observed.

The HD 169142 model has an apparent size of 43 and 45 AU
in the PAH1 and NEAR bands. While this is approximately
consistent with the observed apparent size in the NEAR band,
there is a discrepancy with the smaller PAH band observation.
This is consistent with observations by Okamoto et al. (2017),
who find that the size of the emitting region is much smaller
at 8.6 and 8.8 um than it is at 12.6 um. They conclude that at
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wavelengths smaller than 9 um, the inner disk and halo domi-
nate; whereas, at wavelengths larger than 9 um, the inner wall
of the disk dominates which results in a larger observed size.
Modelling performed by Maaskant et al. (2014) suggests that
gas flowing through disk gaps can contribute significantly to
the observed ionised PAH emission. This could manifest as an
increase in emission at ~8 pm relative to ~12 um, correspond-
ing to the angular size of a gap. If the neutral PAH emission
primarily originates from the gap wall, we would expect a corre-
spondingly smaller emitting region for the predominantly ~8 pm
PAH flux. This difference is not reproduced by the model, lead-
ing to a mismatch with the data in the PAH band. This can be
due to the complete lack of gas and dust in the model gap and
hence lack of associated emission.

The previously derived inclination of 13 +2° is consistent
with the model value of 13°. It is also consistent with previous
literature (Pérez et al. 2019; Pani¢ et al. 2008; Raman et al. 2006).

5.2.4. TW Hydra

Studies in near-IR and sub-millimetre have found six gaps
located between 0.11” and 0.84” (6—44 AU) (Tsukagoshi et al.
2016; Andrews et al. 2016; van Boekel et al. 2017). The model
assumes an optically thin inner region corresponding to the inner
gap and a dense outer region for the rest of the disk. All the
emission in both bands is predicted to be from this thin inner
region and the inner wall of the outer disk. The other gaps are not
expected to be visible as they are further out in the disk, where
there is no more emission. This means that there is an apparent
size of 3—4 AU in both filter bands and this is consistent with the
observations being unresolved. More recent observations also
suggest the central optically thin region may be much smaller
than in the model, which would shrink the expected apparent
size (e.g. van Boekel et al. 2017; Andrews et al. 2016).

5.2.5. HD 100453

Deconvolving the data results in apparent sizes of 7+ 1 and
18 + 1 AU in the PAH1 and NEAR filter bands, respectively. The
contribution of PAHs to the flux in the PAH1 band is expected to
be weak, as Meeus et al. (2001) did not detect any PAH features
at 8.6 um in /SO data. We therefore expect the flux in the PAH1
band to be dominated by the continuum emission. The emission
in both bands is well inside the radius where spiral arms have
been found and this suggests that HD 100453 follows the other
targets in the sample in which the mid-IR emission is dominated
by the central regions. Since the outer disk starts at 17 AU, the
PAH emission seems to come from inside the gap and the NEAR
band emission includes the inner wall of the disk which is heated
by the star, similar to what is seen in HD 169142.

5.2.6. HD 36112

HD 36112 has a large cavity, with an outer disk that has rings,
clumps, and spiral arms (e.g. Dong et al. 2018; Wagner et al.
2019). However, in our observations, the cavity is unresolved.
Since the cavity has a radius of 0.2” and the upper limit for the
95% flux radius is 0.07”, this means that most of the emission
comes from inside the cavity and not from the inner rim of the
outer disk, unlike the NEAR filter emission of the other sources.

6. Companions

The proposed companions of the disks in this sample are poten-
tial hosts to circumplanetary disks, which thus far have only been
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HD 100546 PAH1 flux limit map
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Fig. 9. Left: mapped 50 flux limits of the HD 100546 PAH1 data, where the disk image is the most elliptical. The shape of the emitting region does
not significantly influence the flux limits, especially beyond 1” where the data are background limited. Right: HD 100546 PAH1 data with sources
injected at different separations and position angles at So~. Most of the sources are clearly visible.

tentatively identified in the PDS 70 system (Keppler et al. 2019;
Christiaens et al. 2019; Haffert et al. 2019; Isella et al. 2019).
To search for planetary companions and associated dust concen-
trations in the disk, the circularised PSF subtraction described
in Petit dit de la Roche et al. (2020) was applied to the data.
This method creates an individual reference PSF from the data
for every nod-subtracted image by azimuthally averaging it. The
resulting rotationally symmetric PSF was then subtracted from
the original data to remove the radially dependent stellar flux.
This was decided upon because there is not sufficient rotation
in the images to do angular differential imaging and most of the
data do not have reference stars available for standard PSF sub-
traction. Standard PSF subtraction would also not subtract any
spatially extended disk emission. Subtracting a circularly sym-
metric PSF from an elliptical disk image does leave residuals,
but the bulk of the disk emission (>80%) is subtracted. Addi-
tionally, the sizes of the emitting regions in our data are small
and the flux limits are not influenced by their shapes beyond the
very inner pixels, where the disk is visible. This is the case even
within roughly 1”, beyond which the background dominates and
the shape of the emitting region becomes irrelevant. An example
of this can be seen in the left panel of Fig. 9, where the limits are
mapped for HD 100546 in the PAHI1 filter, which has the most
elliptical image of our entire dataset. While none of the proposed
companions are detected in any of the disks, it is possible to set
5o upper limits on the fluxes of any possible companions, based
on the residual noise at each possible location. A limit of So- was
chosen, since injected 50 sources were clearly recovered in the
reduced data, as can be seen in the right panel of Fig. 9. The only
exception is the source directly to the south of the star, which,
although still present, is less clear due to its proximity to one of
the shadows induced by the nodding. However, the affected areas
around these shadows are small.

Figure 10 and 11 show the resulting flux limits, with Fig. 10
including the flux of a model planet with a circumplanetary disk,
which is discussed in the next section. The obtained limits are of
the order of a few millijanskys between 1" and 3.5” separation
up to a few tens of millijanskys at 0.5”. This is more sensitive
than any previous mid-IR imaging observations by a factor of
10-100. Beyond 3.5”, the limits are dominated by the shadows

induced by the chopping and nodding procedure in the observa-
tions. The differing sensitivities between objects with the same
integration times are the result of different observing conditions
influencing the data quality of the different targets.

6.1. Companion models

The presence of planetary accretion and a CPD or circum-
planetary dust envelope can act to significantly increase the
mid-IR luminosity of a putative companion (e.g. Zhu 2015). To
determine our own mid-IR observational limits for the planet
candidates with accompanying CPDs, we explored a grid of CPD
models using PRODIMO. Our model grid consists of a range of
possible planet CPD masses, CPD dimensions, dust grain size
distributions, and planet luminosities.

6.1.1. Properties of the planet and CPD models

We consider planetary masses of 1-10 Mj, with correspondingly
sized CPDs defined by the planet’s Hill radii. As CPDs could be
tidally truncated to ~1/3 of this radius (Quillen & Trilling 1998;
Martin & Lubow 2011), or even photoevaporatively truncated to
0.1-0.16 Ry (Mitchell & Stewart 2011; Oberg et al. 2020), we
set our CPD surface density tapering radius to the point at which
the surface density begins to decline exponentially at Ry;; /3 and
the outer radius at Rygj.

We considered a range of CPD masses relative to the planet
masses Mcpp =107*=1072M,, and a range of planetary lumi-
nosities corresponding to various stages of accretion such that
L,= 107°-1072 Ly, (Mordasini et al. 2012). Marley et al. (2007)
found that a 10 Mj planet in a ‘hot start’ evolution scenario can
decline monotonically in luminosity from an initial ~4 x 1073 L,
to ~4x 107 Ly, within 5Myr. In the core accretion case, they
found a peak luminosity during runaway accretion of >1072 L,
which lasts ~3 x 10° yr, rapidly declining to ~2x 1079 L, by
3 Myr. Given that the planetary luminosity is expected to peak
only briefly at or above L, ~ 107% Lo, we consider the case of
L,=1072 L, to be the most optimistic detection scenario.

Pressure bumps at gap edges are suspected to act as fil-
ters for dust grain size, preventing the accretion of grains

A92, page 11 of 18


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039261&pdf_id=0

A&A 648, A92 (2021)

104
HD 100546 - PAH1 HD 163296 - PAH1 HD 169142 - PAH1
ARIII NEAR NEAR
PAH2 —— CPD model —— CPD model
10° § PAH2 2 1 .
8.9
3 CPD model -
% 102 4 4 4
=}
w
10! 4 5 A O
\—\h/ T 7 S
10° T T T T T T T T T

0 1 2 3 4 5 00 05 1.0
Separation (")

Separation (")

20 25 3.0 BB 05 1.0 15 2.0 25 3.0 3.5
Separation (")

Fig. 10. 50 flux limits of potential companions to three targets compared to the CPD model described in Table 5 inserted in the circumstellar disk.
Left: limits for the different observations of HD 100546 in PAH1 (blue), ARIII (orange), PAH2 (green), PAH2_2 (red), and J8.9 (purple) filters.
The black line indicates the estimated flux as a function of radial separation for our fiducial CPD model as described in Col. 2 of Table 5. Only one
line is included as the model values are similar across the different filters. The increase at 7” in the J8.9 filter and at 4" in the other filter are the
results of chopping and nodding shadows. Middle: limits for the observations of HD 163296 in the PAH1 (blue) and NEAR (pink) filters, along
with the expected flux of the same CPD in the HD 163296 disk. Right: the same as the middle figure, but for HD 169142.
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Fig. 11. Observational limits on potential companions to TW Hydra
(grey), HD 100453 (yellow—green), and HD 36112 (turquoise) in the
PAHI1 (solid lines) and NEAR (dashed lines) filters. The increase at
4” is the result of shadows from the chopping and nodding in the
observations.

significantly larger than 10 pm onto planets within the gap (Rice
et al. 2006). We thus also considered CPDs where the dust
grain size population is limited to maximum sizes of 100 and
10 pm.

A companion orbiting within an optically thin region of
the circumstellar disk can be exposed to significant UV radia-
tion from its host star (Oberg et al. 2020). Photons of energy
6-13.6eV are known as FUV and can efficiently heat disk
surfaces. The significant FUV luminosity of the host star can
act to heat the surface of the CPD and increase its IR lumi-
nosity. We parameterised the FUV flux with the Draine field
Go=1.6x103ergcm™2s~!, which was integrated from 6 to
13.6 eV (Habing 1968). We extracted the Gy field intensity using
PRODIMO from the results of the 2D radiative transfer within
the DIANA circumstellar disk models and applied this as a UV
background field to our own CPD models. Given that dust is the
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dominant source of opacity in the UV, it should be noted that the
gaps in the DIANA disk models (see Fig. 4 for the HD 100546
dust structure) are free of dust and do not contribute to the UV
opacity.

6.1.2. Companion flux estimates

We extracted the planet and CPD flux from the SEDs produced
by the PRODIMO continuum radiative transfer and weighed
it across the filter response curves. This flux represents the
idealised total flux emitted by the unresolved companion, uncon-
volved with the observational PSF. We find that for high
planetary luminosities (>107*Ly), the mid-IR flux is domi-
nated by the planet itself, whereas the CPD only contributes
3-6% of the combined emission largely independent of CPD
properties.

For our disk models, the size of the CPD as estimated by its
Hill stability and the strength of the background FUV field both
vary in predictable ways. For a given CPD model, our parame-
ter grid exploration thus allowed us to fit for the resulting planet
and CPD flux given an arbitrary radial separation from the star.
As the vertical dust opacity at arbitrary wavelengths was also
calculated as part of our model radiative transfer for various
circumstellar disks, we were able to determine the radial depen-
dence of the extinction to the midplane as well. We solved for
the dust column density as a function of the viewing inclination
for each radial position in the disks, and from this we derived
the resulting 9 um optical depth. The black line in Fig. 10 repre-
sents the resulting expected flux of the planet and CPD model in
the J8.9 filter for a 10 M; planet with a CPD of mass 1072M,, as
described in Table 5. The line was derived from a fit performed to
the J8.9 flux of our model grid of CPDs in which the background
FUV radiation field, the disk size, and extinction to the midplane
were simultaneously varied as a function of radial separation,
although the predicted flux is relatively flat for planets found
outside of the optically thick regions of the circumstellar disks.
For low radial separations, the background FUV field heats the
CPD surface and results in increased mid-IR emission. The CPD
size grows with increasing distance from the star as the com-
panion’s Hill sphere increases correspondingly; however, as the
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Table 5. HD 100546 candidate planets and CPD model parameters for our optimistic detection scenario (parameters listed above the first horizontal
divider) for a variety of radial separations (parameters below the first horizontal divider) and associated J8.9 band predicted fluxes.

Parameter Symbol 18AU 55AU 100AU
Planet mass (Mj) M, 10 10 10
Planet luminosity (L,) L, 1072 1072 1072
CPD mass (M,) Mcpp 1072 1072 1072
CPD inner radius (AU) Rceppin 0.01 0.01 0.01
Minimum dust size (pm) Amin 0.05 0.05 0.05
Col. density power index € 1 1 1
Dust to gas ratio dlg 0.01 0.01 0.01
Reference scale height Hyau 0.01 0.01 0.01
Planet semi-major axis (AU) ap 18 55 100
CPD tapering radius (AU) Ripcpp  0.40 1.99 3.61
CPD outer radius (AU) Rowcep  1.19 5.96 10.84
Maximum dust size (pum) Amax 10 3000 3000
FUV background Go 1097 104" 3500
Optical depth at 8.7 um T ~0 1.27 0.43
Predicted 8.7 um flux (extincted) (mJy) Fp, 11.5 2.1 4.88
Predicted 8.7 um flux (unextincted) (mly)  Fpp 11.5 7.6 7.5

Notes. Dust composition is identical to that listed in Table 4.
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Fig. 12. Model companion (planet and CPD) unextincted flux estimates.
The “fiducial’ case is described by the planet and CPD parameters found
in Col. 2 of Table 5 at 55 AU for the HD 100546 system. We also con-
sider a variety of maximum dust grain sizes dm,x, CPD mass Mcpp, CPD
inner radius r;,, and background FUV radiation field strength Gy.

majority of the CPD mid-IR emission originates from the inner-
most regions of the CPD, this contribution becomes negligible at
large separation. The flux of our CPD models in the other filters
is similar, varying for non-pathological model cases by at most
~10%, and they are thus roughly comparable, as illustrated in
Fig. 12.

6.1.3. Results for HD 100546

While previous estimates of the age of HD 100546 indicate an
older (~10Myr) system (van den Ancker et al. 1997), Fairlamb
et al. (2015) derived an age of 7.02 + 1.49 Myr and an accretion
rate of M ~ 1077 Mg yr~!. The mass of the HD 100546 inner disk
was fit to be 8.72 x 1078 M, (Woitke et al. 2019), thus requiring
continuous replenishment from the outer zone across the gap.
The plausibility of an actively fed circumplanetary accretion disk
is thus supported by the ongoing presence of radially evolving

dust within the circumstellar disk (Marley et al. 2007; Mordasini
et al. 2012).

We considered companions placed in the midplane at mul-
tiple radial separations from the star to study the influence of
the background radiation field and circumstellar dust extinc-
tion on the predicted flux. We considered the properties of
the planet candidate HD 100546b described by Quanz et al.
(2015), which was found at a radial separation of 53 +2 AU.
When the planet was treated as a single-temperature black-
body, Quanz et al. (2015) found the best fit solution to be an
emitting region of R=6.9"27R; with T =932*1% for a lumi-
nosity L=2.3f8:gx 107*Lo. As the addition of a CPD may
produce an emission signature diverging significantly from a
single-temperature blackbody, we loosened the constraints on
the temperature and emitting area. For a 2.5 M, star, a planet
of 1, 5, or 10 M; at 55 AU has a Hill radius of 2.77, 4.73, or
5.96 AU, respectively. We considered three cases in detail: a
planet immediately interior to the outer gap wall at 18 AU, a
planet embedded within the outer gas and dust disk at 55 AU, and
a wide-separation planet in the optically thin region of the PPD
at 100 AU, with correspondingly sized CPD outer radii, maxi-
mum dust grain sizes, FUV backgrounds, and optical depths to
the midplane (see Table 5). While the CPD size, as set by the
Hill radius, only varies by a factor of 100 across the disk surface
from 5 to 500 AU, the background UV radiation field varies more
dramatically by a factor >10°.

At the radial location of the 55 AU planet candidate, we
extracted an FUV flux of Gy =10*% in the midplane from the
results of our circumstellar disk model radiative transfer. At
5 AU in the shadow of the inner disk, we find Gy = 10°* and
at 18 AU G = 10%3. The maximum G, within the gap is found
to be 3 x 10°. The gas component of a CPD experiencing such
irradiation acquires an optically thin heated envelope with a tem-
perature of around 5000K at z/r ~ 0.4. The ~70K optically
thick surface below this envelope gives rise to significant re-
radiated emission peaking at 30-50 um. The short-wavelength
tail of this component contributes non-negligibly to the J8.9 flux
across the entire CPD surface for Gy > 10°.
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From the HD 100546 disk model dust density distribution
and dust opacities, we determined the optical depth to the mid-
plane along the line-of-sight to the observer across the J8.9 band
to determine extinction at arbitrary radii. While emission arising
from planets inside the gap would be largely unextincted, imme-
diately outside of the gap we find a maximum optical depth 7jg9
of 5.6. The disk becomes optically thin at 8.7 um only outside of
82 AU. We find that at the large separations where our sensitivity
is maximal at a > 160 AU, 79 .1 is at most 0.18 and 7 o a4,

The model planet with a mass of 10 My, and a luminosity
of 1072 L, would have been detected in the J8.9 data beyond this
radius and in PAH2 between 2”” and 3. Hence, our new mid-IR
imaging data prove that no such massive, luminous planets exist
in the HD 100546 system at radii larger than 160 AU from the
central star. A companion with a luminosity of 10~ L would be
marginally detectable at angular separations of 4-5" only.

6.1.4. Results for other systems

We used a single best-case representative planet and CPD to
derive detection limits for the other observed systems as a
function of separation. The model CPD mid-IR flux levels are
constant at large radii, because at large separations the UV radi-
ation emitted by the star no longer significantly contributes to
the heating and re-radiation of the CPD. The fact that the CPD
is free to physically increase in size as the planet’s Hill radius
increases also no longer acts to increase the flux, as for the opti-
cally thick CPDs we consider, the planet acts only to heat the
innermost regions of the CPD, from which the majority of the
9 um emission originates.

For HD 163296, we excluded a 10 My, 1072 L, companion
between 1.5 and 3.5, as it would have been observed in both
filters. For HD 169142, TW Hydra, and HD 36112, we excluded
it beyond 1”. HD 100453 is the only system in which it would
remain undetected.

6.2. Reconciling prior observational constraints

In previous work, the planet candidate HD 100546 b at 55 AU
separation is the only companion that has had its putative CPD
constrained in mass to 1.44 Mg (or 2.7 x 1073 M, for a planet
mass 1.65 Mjy,) in the optically thin case, and a size of 0.44 AU
in radius for the optically thick case, although this rests on
assumptions regarding the grain size population of the CPD and
the ratio between planetary and CPD mass (Pineda et al. 2019).
ALMA observations of HD 100546 at 870 um set a 30 limit of
198 ply for any planet candidate (Pineda et al. 2019) with which
we can further constrain any CPD’s longwave emission.

We find that for our fiducial CPD surrounding a 10 My,
planet of 1072 L, we overpredicted the upper limit set by ALMA
observations at 870 um by a factor of 13. When the fiducial CPD
is modified with a maximum grain size of 10 pm, this overpre-
diction is reduced by a factor of ~2. Our planet and CPD models
can be brought into agreement with the ALMA flux limits by
reducing the mass of the CPD relative to the planet or by reduc-
ing the dust-to-gas ratio. We find that while the 9 um flux of
the CPDs is largely insensitive to their mass, the continuum flux
in ALMA band 10 is primarily dependent on our CPD mass,
radius, and dust-to-gas ratio owing to the emission region cor-
responding to cooler dust at larger separation from the planet
(Rab et al. 2019). For a fixed radius, dust-to-gas ratio, maxi-
mum and minimum dust grain size, and grain size power law, the

870 um flux is proportional to the CPD mass as Fg79 um Mg'gll)
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for the range Mcpp = 107°~1072 M,,. We find that the maximum
CPD mass allowed by the constraint is 3.2 X 1077 M. A smaller,
optically thick CPD of a higher mass still satisfies the con-
straint. We find that a modification to our fiducial CPD of a mass
> 9.5x 10~® M, with a tapering radius of 0.2 AU and an outer
radius of 0.6 AU has a 870 um flux of 190 uJy and would thus
satisfy the constraint set with ALMA. This places no additional
constraints on our 9 Wy flux prediction, as the mid-IR flux is
instead primarily dependent on the planet’s luminosity and the
CPD’s inner radius.

7. Discussion and conclusions

We analysed images of HD 100546 in five different mid-IR fil-
ters and a further five young stellar objects in the PAHI and
NEAR infrared filters with the VISIR instrument and its upgrade
NEAR. The resolved disks had their FWHMs and inclinations
determined. HD 100546 has a FWHM of 28-61 AU across five
different filters, a projected inclination of 44 +4°, and a pro-
jected position angle of 130°. HD 169142 has FWHMs of 29 AU
and 41 AU in the PAH1 and NEAR filter bands, respectively, and
a projected inclination of 13 +2°. HD 100453 has a FWHM of
9 AU in the PAHI1 band and 21 AU in the NEAR band and an
inclination of 35 +2°. The observed values are consistent with
the DIANA circumstellar disk models and previous observations
of the sources. We set upper limits of 6 AU and 7 AU on the size
of the emission region of HD 163296 in the PAH1 and NEAR
filter bands, respectively, thus improving previous limits by a fac-
tor of three. We set upper limits of 3 and 7 AU on TW Hydra in
the same filters, which is consistent with previous observations.
Finally, we set an upper limit of 13 AU on the size of the NEAR
filter emission of HD 36112, which is an improvement over pre-
vious values of a factor of 10. The fact that we did not resolve
these targets is also consistent with the DIANA PRODIMO mod-
els (Woitke et al. 2019). Because of the method by which the
variety of observational data were weighted during the original
fitting procedure performed by Woitke et al. (2019), and because
of the non-complete set of disk model parameters for which the
fits were performed, localised improvements to the SED were
still possible. After a minimal adjustment of the HD 100546 disk
model gap geometry, an examination of the disk radial profile
showed that our PRODIMO model was a good match for the data
and that it reproduces the radial profile of the disk to within 1o
without the need to include a companion object. In all cases, the
mid-IR emission originates from the central area of the disk from
the most highly irradiated areas: unresolved inner disks and/or
the inner rims of the outer disks.

Given our new flux estimate for the HD 100546 system, we
have improved upon the global SED fit from 2 to 18 pm by simul-
taneously increasing the gap outer edge from 19.3 to 22.3 AU,
increasing the abundance of PAHs in the outer disk relative to
the ISM from 2.8 x 1073 to 3.4 x 1073, and replacing the rep-
resentative PAH circumcoronene with coronene. The details of
the PAH properties fitting can be found in Appendix B. Given
that the spectral properties of alternative dust compositions have
not been thoroughly explored nor the marginal improvement of
the detailed PAH fit, we tend to favour the simple modifica-
tion of only the disk gap geometry. The y? statistic between
the model SED and the ISO-SWS spectrum for 2—18 pm reduces
from 588 to 278 when the inner radius is increased to 22.3 AU.
It should be noted that increasing the model gap outer radius
would act to increase the tension with the location of the dust
continuum gap edge observed with ALMA at 16-21 AU (Pérez
et al. 2020), although as ALMA traces millimetre-sized grains,
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this may not be inconsistent. Additionally, the model gap outer
radius is the one parameter that we adjusted which was previ-
ously fit by means of a genetic algorithm (Woitke et al. 2016,
2019; Kamp et al. 2017; Dionatos et al. 2019).

We produced planet and CPD flux estimates using the ther-
mochemical disk modelling code PRODIMO for the VISIR
filters with a variety of CPD parameters, finding that in the
absence of extreme external FUV radiation fields, the maximum
unextincted flux in the J8.9 band is expected to be ~15 mly for
a CPD with an inner radius of 0.04 AU and a maximum dust
grain size of 10 um. We find that this flux is largely dependent
on the planet properties and not on those of the circumplanetary
disk. The CPD is found to contribute 3—6%, at most, of the com-
panion flux at 9 um. The CPD contribution at 9 um is greatest
when the maximum grain size is reduced to 10 um and the CPD
is irradiated by a significant FUV field of Gy > 10°.

Such conditions are found within the gap of the HD 100546
disk, where we determined that the Gy field strengths up to
3% 109, despite the presence of the inner disk. A planet and
CPD within the gap at 18 AU, while more gravitationally trun-
cated than our test cases at 55 and 100 AU, is unobscured by
dust and we expect Fyg9 = 11.5 mJy. We note that while the 9 um
emission of the CPD is largely unaffected for Gy < 109, it rises
precipitously above this, and for a Gy = 107 we find Fjg9 =0.6 Jy.
While a CPD within the gap would be found at angular separa-
tions of less than 0.2" and thus be unresolved in our observation,
the contribution to the flux of the star and circumstellar disk
(31 +£3Jy) would thus be non-negligible. It should be noted
however that a significantly FUV irradiated CPD can become
photoeveporatively truncated such that the effective emission
region is greatly reduced (Oberg et al. 2020).

For our a =55 AU HD 100546 companion test case, we find
Fj39=2.1mly owing to significant dust extinction. In the event
that the planet is able to clear obscuring dust from its imme-
diate neighbourhood in a localised cavity, the observed flux may
increase to 7.5 mJy. Even in this "best case’ scenario of high plan-
etary luminosity, it can be seen in Fig. 10 that the flux limiting
sensitivity at 55 AU is 200 mJy. For our a=100 AU compan-
ion case, we find Fj39=4.9mly, 7.9 mJy unobscured, and the
accompanying limiting sensitivity is 30 mJy. Only outside of
180 AU would such a planet and CPD be detectable. Outside of
180 AU, we find a limit on planetary luminosity of 0.0028 L,
above which we would have detected any companion.

In the HD 100546 system, we rule out the presence of plan-
etary mass companions with L > 0.0028L, for a > 180 AU. We
find that the contribution of a planet and CPD would still be
of the order of the uncertainties inherent in the model, as rel-
atively minor modifications to the HD 100546 gap dimensions
(an increase of 2-3 AU in the outer radius) produce changes
in expected continuum flux of 7-10Jy at 9 um. We place no
stringent constraints on the planetary mass, CPD radius, or
CPD grain size distribution. In the HD 169142, TW Hydra,
and HD 100453 systems, we can exclude companions with L >
1072 L, beyond 1”.

We consider whether the lack of detection of wide-separation
(a>50 AU) planetary mass companions (PMCs) of mass <20 M
in the five studied systems is remarkable. While the presence of a
dusty CPD may act to enhance the observability of a companion,
it has been found that rapid dust evolution in CPDs of isolated
wide-separation PMCs could act to suppress the dust-to-gas ratio
of CPDs on short timescales (d/g < 107 after 1 Myr), render-
ing a continuum detection more challenging (Pinilla et al. 2013;
Zhu et al. 2018; Rab et al. 2019). Sub-stellar companions have
been detected in wide orbits around young stars (Neuhduser et al.

2005; Ireland et al. 2011; Bryan et al. 2016; Naud et al. 2017;
Bohn et al. 2019). It has been suggested that such objects may
form in situ by the fragmentation of massive, self-gravitating
disks (Boss 1997, 2011; Vorobyov 2013) by the direct collapse
of molecular cloud material (Boss 2001), or by core- or pebble
accretion (Lambrechts & Johansen 2014) and subsequent out-
wards scattering by an interaction with other massive planets
(Pollack et al. 1996; Carrera et al. 2019). In the latter case, a
detection of a wide-separation PMC may thus directly imply the
presence of additional massive planets in the inner system.

Bowler (2016) suggests that around single, young (5-
300 Myr) stars, 5-13 M; companions at separations of 30—
300 AU occur 0.6701% of the time. With VLT/NaCo, Vigan
et al. (2017) found that 0.5-75 My companions at separations of
20-300 AU are found around 0.75-5.7% of stars, and with the
Gemini Planet Imager Exoplanet Survey, Nielsen et al. (2019)
found that 5-13 Mj companions with separations of 10—-100 AU
occur around 9’:2% of stars. Our sensitivity at the limiting angu-
lar resolution restricted our search to relatively wide separation
companions (a > 160 AU). Given the PMC occurrence rate of
Bowler (2016), we expect an absolute upper bound of ~3.4f§§%
probability of a single detection in our sample, assuming a per-
fect detection efficiency from 30 to 300 AU. In this context, it
is difficult to make new conclusions regarding the prevalence of
wide-separation PMCs in our observed systems given the rel-
atively low a priori likelihood of detection and the relatively
large companion luminosity (1073-1072 Ly) necessitated. We
were able to set an upper limit to the occurrence rate for wide-
separation PMCs with a luminosity >1072 of <6.2% at 68%
confidence.

Future observations with METIS (Brandl et al. 2018) on the
ELT are expected to achieve ten times better sensitivities than
NEAR and 40 times better sensitivities than VISIR at the same
wavelengths, as well as improving the spatial resolution by a fac-
tor of 5, allowing for one to image more close in companions.
MIRI® on JWST is expected to achieve 250 times better sensitiv-
ities than NEAR and 1000 times better sensitivities than VISIR.
Both will be able detect the known companions to all six targets.
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Appendix A: Standard disk models and SED
fitting methodology
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Fig. A.1. Global SED of the HD 100546 disk models and comparison
to the observational data folded into the fit. The fiducial model SED is
the orange curve and our adjusted disk gap geometry model is the blue
curve. The relative residual as defined by dividing the model by the data
is shown at the bottom.

To perform the SED fits, a comprehensive set of publicly avail-
able observational data, consisting of photometric fluxes, inter-
ferometric data, low and high resolution spectra, emission line
fluxes, line velocity profiles, and maps were used from which the
physical and chemical parameters of the disk could be derived
(references for which can be found in Dionatos et al. 2019).
The fits were performed by iteration of parameter sampling in
MCEFOST radiative transfer models by means of a genetic algo-
rithm. HD 100546 was fit with 120 data points, two disk zones,
PAHs, and 16 free parameters total after 632 generations and
7584 models. Further details of the standard disk models, SED
fitting procedures, and the limitations of SED fitting can be
found in Woitke et al. (2016), Kamp et al. (2017), Woitke et al.
(2019), and Dionatos et al. (2019).

A.1. Limitations

The DIANA SED fitting procedure was performed with dust
opacities corresponding to a mixture of amorphous pyroxene sil-
icates and amorphous carbon (see Table 4; Dorschner et al. 1995;
Zubko et al. 1996). Due to the use of standard dust opacities and
a fixed PAH morphology, only the power-law of the dust size
distribution and volume fraction of amorphous carbon was var-
ied for the fit, so detailed matching of the spectral features is
not expected. The 8.6 um PAH complex feature, associated with
in-plane C-H bending modes, is not fit in detail relative to the
ISO-SWS spectrum. The presence of an unidentified broad fea-
ture at 7.9-8 um is not explained by the model, but it has been
suggested by Joblin et al. (2009) to originate from a PAH popu-
lation known as PAH* consisting of compact but large ionised
PAHs with ~100 or more carbon atoms not included in our
radiative transfer modelling.

We opted not to explore the parameter space of possible
dust compositions to perform a detailed opacity fitting across
the mid-IR given that properties such as the amorphous car-
bon volume fraction can have a large impact on the SED at all

wavelengths, such as by changing the millimetre and centime-
tre slopes (Woitke et al. 2016). While the mid-IR traces the disk
surface, any features may not be indicative of the disk global
dust properties and could represent surface effects, for exam-
ple, PAHs confined to the surface which are generated locally. In
this case, altering global dust properties may not be the correct
approach.

We did not re-perform the global SED fitting procedure to
account for the increased Gaia EDR3 distance for HD 100546,
but we did consider the implications of an increased stellar lumi-
nosity to match the observed luminosity and new distance. To
test the sensitivity of the SED to this adjustment, we considered
a modest increase in our stellar effective luminosity to 34.74 L.
If we were then to scale the physical dimensions of the disk
and its gap accordingly, the resulting SED would exhibit a net
decrease in mid-IR emission; across the J8.9 band, we find a
deficit in emission over the fiducial model of 2.9%. As this falls
within our own observational uncertainty, we do not consider the
implications of the new distance estimate further.

Appendix B: HD 100546 disk model PAH
properties exploration

Several PAH features contribute to the disk opacity near 9 um.
The broadband filter used in these observations covers an area
around 8.6 um where PAH C-H in-plane bending modes can
contribute to the continuum emission. PRODIMO uses syn-
thetic PAH opacities for neutral and charged PAHs as calculated
according to Li & Draine (2001). Exploring the properties of
PAHs in the model offers the possibility of modifying the disk
flux across the J8.9 filter without globally modifying the disk
dust properties and breaking the quality of the global SED fit.
The contribution of PAHs was estimated by van Boekel et al.
(2004) to be around 22% of the total flux near 9 um. They
found the PAH emission to be more extended than the contin-
uum along the spatial dimension of their longslit spectra, with
a FWHM of =150 AU. Using the low resolution spectroscopic
mode of VISIR, Verhoeff (2009) found a statistically significant
increase in the spatial extent of the disk emission at 8.6 um over
the resolved continuum emission at a 27 o level. While they
found the ratio between the continuum subtracted peak flux at
the 8.6 um PAH feature over the peak flux was only 2.4%, the
deconvolved FWHM size of the continuum subtracted feature

was 1.647031 . At a distance of 108 pc, this corresponds to a disk

radius of l78+40 AU. Furthermore, the variability of the 8.6 um
features between ISO and TIMMI2 spectra and their respective
slit sizes implies that the PAH emitting region is at least 100 AU
in size (Verhoeff 2009). Additionally, Pani¢ et al. (2014) found
the 8.6 um PAH emission to be emitted primarily from angular
scales corresponding to ~100 AU from the star.

While the HD 100546 disk model PAH abundance and
charge fraction was fit for, these parameters were not varied
between the inner and outer disk zones. We thus considered mod-
ifications to the PAH population in the outer disk, outside of
r =22 AU, specifically. The DIANA models use a single repre-
sentative PAH, circumcoronene (Cs4H;g), and a constant mixture
of charged and neutral opacities throughout the disk (Woitke
et al. 2016). For HD 100546, the abundance of PAH relative to
the ISM fpay (defined such that in the ISM fpapr=1) is 0.0028.
The mean PAH charged fraction is 0.9. We considered both dif-
fering PAH types and abundances in the inner and outer disk
zones to refine our fit.
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We have explored a grid of a PAH abundance and morpholo-
gies in an attempt to minimise the residuals with our mid-IR
observational data. Simultaneously allowing for the outer wall of
the gap, the abundance of the PAHs, and the type of the PAHs to
vary has allowed us to improve upon the standard SED fit without

A92, page 18 of 18

reducing the quality of the fit globally (see Fig. A.1). The result
of this multi-parameter exploration can be seen in the green line
in Fig. 5. We find that a smaller PAH, coronene (C4H;>), and
a 22% increase in fpay outside of the gap wall produce the best
agreement with an observation across the J8.9 filter.
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