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Abstract

Recent Atacama Large Millimeter/submillimeter Array (ALMA) observations of protoplanetary disks in the millimeter
continuum have shown a variety of radial gaps, cavities, and spiral features. These substructures may be signposts for
ongoing planet formation, and therefore these systems are promising targets for direct imaging planet searches in the near-
infrared. To this end, we present results from a deep imaging survey in the L’ band (3.8 im) with the Keck /NIRC2 vortex
coronagraph to search for young planets in 43 disks with resolved features in the millimeter continuum or evidence for
gaps/central cavities from their spectral energy distributions. Although we do not detect any new point sources, using the
vortex coronagraph allows for high sensitivity to faint sources at small angular separations (down to ~0” 1), allowing us to
place strong upper limits on the masses of potential gas giant planets. We compare our mass sensitivities to the masses of
planets derived using ALMA observations, and while we are sensitive to ~1 M, planets in the gaps in some of our
systems, we are generally not sensitive to planets of the masses expected from the ALMA observations. In addition to
placing upper limits on the masses of gas giant planets that could be interacting with the dust in the disks to form the
observed millimeter substructures, we are also able to map the micron-sized dust as seen in scattered light for 8 of these
systems. Our large sample of systems also allows us to investigate limits on planetary accretion rates and disk viscosities.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Coronagraphic imaging (313); Planetary
system formation (1257)

Supporting material: data behind figure, machine-readable table
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radii (Weidenschilling 1977). However, when imaged by
facilities such as the Atacama Large Millimeter/submillimeter
Array (ALMA), structures in the large dust grains are evident
out to hundreds of astronomical units in many protoplanetary
disks (e.g., Andrews et al. 2018; Long et al. 2018). In order to
keep these dust grains at such large orbital separations, there
must be mechanisms in effect that trap dust grains at large
distances and produce the spiral, concentric ring, and gap
substructures that seem to be prevalent among protoplanetary
disks imaged with ALMA. A number of different mechanisms
have been suggested to explain the protoplanetary disk dust
distributions, including magnetorotational instabilities, dead
zones, and condensation fronts (e.g., Isella et al. 2016; Liu et al.
2018; Ohashi & Kataoka 2019). However, one of the most
favored explanations for the substructures in the observed
millimeter dust in these disks is that they are caused by forming
planets interacting with the natal disk structure. Forming giant
planets can cause pressure bumps outside of their orbits and
trap large dust grains into rings while less massive planets
generally open gaps in the dust in the disks with no significant
changes to the local gas (Paardekooper & Mellema 2006; Zhu
et al. 2014). The presence of protoplanets associated with disk
substructures has also been inferred by measuring deviations
from the Keplerian velocity in the gas velocity field (Teague
et al. 2018; Pinte et al. 2019).

Determining the masses of the planets that are carving out
the gaps in the gas and dust of the disk is complicated by
uncertainties in the bulk disk parameters, which can lead to
large degeneracies in the masses derived from the geometries
of millimeter dust cavities and gaps. For example, assuming
different values for the disk viscosity, which is a largely
observationally unconstrained parameter, can lead to differ-
ences in the calculated masses of planets on the order of a
factor of >4 (Zhang et al. 2018). One way to more directly
estimate the masses of planets carving these gaps is to directly
detect the young planets’ thermal emission.

Direct imaging is uniquely able among planet detection and
characterization methods to probe the locations of the proposed
wide-separation planets carving out the gaps in these young
systems. Thus, direct imaging is capable of detecting planets in
the act of forming, allowing us to place observational
constraints on the masses required to carve out millimeter
gaps and also on formation locations and accretion timescales.
Leveraging the fact that both the blackbody expectation and
predictions from more rigorous atmospheric models (Skemer
et al. 2014) of a cool planet would dictate more advantageous
contrast in the L’ band (3.8 um) over other wavelengths, there
have been multiple direct imaging surveys of protoplanetary
disks at L' (e.g., Stone et al. 2018; Launhardt et al. 2020;
Cugno et al. 2023) and more broadly in the infrared (Asensio-
Torres et al. 2021). Moreover, observing in the L’ band allows
for a compromise between more favorable planet-to-star
contrast expectations and increased background noise at longer
infrared wavelengths such as the M band.

Conducting a survey at L’ also allows for more advantageous
planet-to-star flux ratios over millimeter wavelengths making
these infrared surveys the most sensitive to directly detecting
the planets inferred by the millimeter data. Additionally,
infrared wavelength observations also provide information on
the micron-sized dust distribution as inferred from scattered
light. This means that this technique allows for both possible
direct detection of planets while also providing a better
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understanding of the distribution of small dust grains, allowing
for direct observations of planets interacting with their natal
disks and actively accreting their atmospheres (e.g., the PDS 70
system; Benisty et al. 2018; Keppler et al. 2018).

To this end, we present a survey using the Keck/NIRC2
vortex coronagraph (Mawet et al. 2017; Serabyn et al. 2017) of
protoplanetary disks previously observed at other wavelengths
that show substructures and/or cavities. Utilizing the vortex
coronagraph allows for high sensitivity to faint sources at small
angular separations (down to 0”1), ideal for probing the
cavities shown in the millimeter /submillimeter dust close to the
host stars.

However, owing to our sample of systems being comprised
of those with known disk structure, an important caveat to our
sensitivity to planets is that the effects of extinction from the
circumstellar disks can also lead to uncertainties in the derived
planet masses. Using hydrodynamic simulations, Sanchis et al.
(2020) found extinction coefficients, A;, for a 2 M, planet at
100 au to be 1.31 and for a 5 M, planet at the same location
to be 0.02. Moreover, determining the exact level of the
extinction caused by the circumstellar disk in these systems is
nontrivial, and indeed the values of the extinction are
dependent on the surface densities of the gas and dust (Cugno
et al. 2023). Therefore, the masses derived from direct imaging
in the infrared, while more directly estimated than using the
geometries of the dust and gas at millimeter wavelengths, come
with the large caveat that extinction, and the uncertainties on
extinction, may alter the derived values.

In Section 2 we discuss the strategy for our observations. In
Section 3, we present the detection limits of all our targets
using our derived contrast curves, and in Section 4 we put these
contrast curves into the broader context of the detection
possibility of long-period giant planets.

2. Observations
2.1. Target Selection

All targets were selected using the criteria that (1) there are
published images in the millimeter/submillimeter or a
published spectral energy distribution (SED); (2) they show
evidence in the ALMA data or SED for a gap and/or cavity
that could have been formed due to interactions between the
millimeter-sized dust and a forming protoplanet; (3) they are
nearby (preferably within ~300 pc); (4) they are bright enough
for a high-quality adaptive optics (AO) correction; and (5) they
are estimated to be young (<30Myr). Our targets were
originally taken from papers on individual disks observed with
ALMA and disks that showed evidence of gaps from their
SEDs. However, following the publication of the ALMA
survey of the Taurus molecular cloud (Long et al. 2018), and
the DSHARP survey (Andrews et al. 2018), we mostly selected
targets that were from one of these two surveys because their
high-resolution observations allowed for more precise esti-
mates of gap locations in the disks and expected masses of
planets that could be opening those gaps (see Table Al for
more information).

2.2. Observing Strategy

Observations started in observing semester 2015B and
continued over the next 10 observing semesters (see Table
A2 for more details). We observed a total of 43 protoplanetary
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disk targets, with some observed multiple times for follow-up
observations or to account for nonideal observing conditions.

Observations were done using two different wavefront
sensors (WESs). The observations done prior to 2019B (2019
August 1) were done primarily with the visible Shack-—
Hartmann WFS on the KeckII telescope. The AO correction
for this WFS is operated in the R band, meaning that early in
our survey we were limited to targets with bright R-band
magnitudes. For the post-2019B targets in our survey, we used
the Keck II infrared pyramid WFS, which performs wavefront
sensing in the H band, meaning that we could observe redder
targets with a better AO correction (Bond et al. 2020). We
observed targets down to H=11.9 and R=14.39. Some
targets were first observed using the Shack-Hartmann WFS
and subsequently observed with the infrared pyramid WES in
order to achieve a better AO correction.

Our targets were observed with the Keck/NIRC2 vortex
coronagraph using QACITS, a real-time point-spread function
(PSF) centering algorithm that keeps the target star well
centered on the vortex mask and stabilized during the entirety
of the observing sequence (Huby et al. 2017). The vortex
coronagraph allows for high-contrast imaging at small angular
separations (down to ~100 mas) in the K, L', and M bands (see
Xuan et al. 2018 for a performance characterization of the
vortex coronagraph).

A combination of using the vortex coronagraph and multiple
observing techniques (angular differential imaging (ADI) and
reference star differential imaging (RDI)) allows for the most
advantageous scenario for the detection of exoplanets close to
their host stars. ADI and RDI are largely complementary
observing strategies enabling the detection of point sources
close to the central star and the characterization of any
extended structure in the image.

The ADI strategy (Liu 2004; Marois et al. 2006) takes
advantage of the field rotation of the sky as seen by alt-azimuth
telescopes, causing any circumstellar sources (planet or disk) to
rotate with time on the detector and any nonastrophysical
signals due to optical effects (such as diffraction and high-order
wavefront errors) to stay mostly static in time. After subtracting
most quasi-static speckles using the sequence of frames, the
astrophysical sources should remain, allowing for possible
detection of disk structures or point sources that would
otherwise be embedded in the diffracted starlight from the
host star. ADI is most sensitive to point sources at regions a
few diffracted beam widths (A\/D, where X is the wavelength
and D is the telescope diameter) from the star.

The RDI observing strategy uses the PSF of similar stars (in
terms of stellar type and airmass at the time of observation) to
characterize and remove any remaining stellar contribution
(which was not suppressed by the coronagraph). See Ruane
et al. (2019) for a full discussion of the benefits of utilizing RDI
in the context of observing with the vortex coronagraph on
Keck/NIRC2. RDI is most sensitive to areas at smaller angular
separations (<0”3) in the frame, making it beneficial to use
both observing strategies (Ruane et al. 2017). We utilize two
methods of RDI, targeted RDI and single-night RDI. While we
observed all of our targets in the L’ band at least using ADI, for
a subset of the targets we also obtained specifically targeted
reference stars for RDI. These targeted RDI observations
consisted of observing our science target symmetrically around
transit (minimum airmass) and then observing a specifically
chosen reference star (to be as similar in magnitude and airmass

Wallack et al.

as possible) for the same amount of time also centered at its
transit. We chose reference stars to best represent the PSFs of
our science targets but without known planets, stellar
companions, or disk material. When possible, we observed
each reference star centered on its time of transit for enough
time so that the total number of frames and integration time
were similar to those of the science target. Our reference stars
were selected to match the AO performance between the
reference and science targets. Therefore, we matched the
H-band magnitudes when using the infrared pyramid WFS and
R-band magnitudes when using the Shack—Hartmann WFS.

In addition to the use of specifically targeted reference stars,
we also utilized RDI within an observing night when multiple
targets were observed at L’ within a night. Despite the stellar
PSFs not being manually matched to those of the science
targets, in the absence of specifically selected reference stars,
this form of single-night RDI gives us a preliminary analysis
that often achieves better contrast at smaller separations (<0”3)
than ADI. A more refined RDI analysis with optimized
reference frames taken from the library of L’ vortex
observations might allow for deeper achieved contrasts.

Regardless of the observing strategy, we corrected the
frames for bad pixels, flat-fielded them, subtracted the sky
background, registered them, and applied principal component
analysis (PCA). PCA was utilized in order to estimate the
stellar contribution in the images via the Vortex Image
Processing (VIP) package32 (Gomez Gonzalez et al. 2017)
and the pyKLIP package33 (Wang et al. 2015).

3. Results
3.1. Survey Sensitivity Estimates

We first compute the 5o contrast curves for each of our
targets using VIP (Figure 1). These contrast curves are
computed in the same manner as described in Xuan et al.
(2018). In brief, for each observation, we determine the optimal
contrast curve among our different combinations of inner and
outer mask sizes, reduction method (ADI and RDI), and
numbers of principal components by determining the optimal
contrast in any of the different combinations of those
parameters in steps of 1 pixel. We do this by first generating
a 5o contrast curve for each combination of mask and frame
size, number of principal components, and reduction method
using VIP (Gomez Gonzalez et al. 2017) and accounting for
the effects of small sample statistics as described in Mawet
et al. (2014). When accounting for the small sample statistics,
we fix the false-positive fraction to 2.867 x 107, which is
equivalent to using 50 in the Gaussian case. We call the
contrast curve generated using this assumption our So contrast.
VIP utilizes the fake companion method of determining the
throughput (Gomez Gonzalez et al. 2017). This method
involves the injection and recovery of a series of fake
companions into the images in order to determine the contrast
limits. We generate a 5o contrast curve for each combination of
inner and outer mask size, reduction method, and number of
principal components and then compare the contrast at each
1 pixel step obtained for all versions of the contrast and take the
minimum contrast achieved. We repeat this process for each

32 Available under open-source license at https://github.com/vortex-
exoplanet/VIP.

33 Available under open-source license at https://bitbucket.org/pyKLIP/
pyklip.
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Figure 1. Optimal contrast curves for our sample of protoplanetary disks
colored by the L’ magnitude. Each line is the most optimal 50 contrast for a
different disk. The contrast curves at select separations are shown in Table B1
in the Appendix.

(The data used to create this figure are available.)

1 pixel step until we have an optimal contrast curve across all
radial separations, which in reality represents multiple post-
processing frame configurations. In the case that we have
multiple data sets of the same object, we only consider the
contrast curve corresponding to the more sensitive contrast in
subsequent analyses (and present the optimal contrast curve for
each system in Figure 1 and the corresponding contrast curves
at select separations in Table B1).

For our study, we focus primarily on our VIP reductions, but
we also compute the corresponding contrast curves using the
pyKLIP package. After image preprocessing and registration,
each image is high-pass filtered using a Gaussian kernel with a
width equal to twice the FWHM of the off-axis (when the star
is not on the vortex coronagraph) PSF. We then run pyKLIP in
ADI mode with the following parameters: an exclusion
parameter of half the FWHM, a maximum of 30 Karhunen—
Loéve modes, an inner working angle equal to twice the
FWHM, an annuli width equal to about half the FWHM, and a
number of reference frames limited to a maximum of the 200
most correlated images for each science frame (see Ruffio et al.
2017, for a more detailed description of the algorithm). After
speckle subtraction, the images of a data set are coadded, and a
Gaussian-matched filter is used as described in Ruffio et al.
(2017). The width of the Gaussian kernel is equal to the PSF
FWHM. The algorithm throughput is calculated from the
injection and recovery of 160 simulated planets. Contrast
curves are computed by taking the standard deviation of
concentric annuli of the throughput-corrected match filtered
images taking into account small sample statistics. Despite
high-pass filtering the pyKLIP reductions and not high-pass
filtering the VIP reductions, the contrasts that are achieved by
the two reductions are comparable (Figure 2). We utilize both
sets of reductions in order to thoroughly vet detected point
sources. For pyKLIP, we primarily focus on the aforemen-
tioned ADI reductions. However, with VIP, we utilize a
combination of ADI and RDI, because RDI outperformed the
ADI at small separations using VIP, which likely helps to
account for the better contrast limits for the VIP reductions at
small separations. Additionally, the use of observation-specific
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optimizations using VIP could also explain the improved
performance of the VIP reductions.

3.2. Point-source Detection

In order to determine if we detect any significant point
sources in our images, we generate a signal-to-noise ratio
(S/N) map for each different combination of frame sizes,
number of principal components, and reduction methods that
were determined to be the optimal combination at each 1 pixel
step in separation utilizing the VIP package and doing a
correction to account for the effects of small sample statistics
according to Mawet et al. (2014). We then create an optimal
S/N map representative of our composite optimal contrast
curve by taking the S/N map corresponding to the frame size,
number of principal components, and reduction method that
best optimizes the contrast in each 1 pixel step and making a
composite S/N map consisting of each of the respective 1 pixel
annuli. Since we are interested in the region of the disks where
structure is seen in the millimeter, we focus on the region
between 0”15 and 176.

Direct imaging data are plagued by stellar residuals due to
imperfect removal of the stellar PSFs. Some of these residual
speckles can mimic the appearance of point sources in our data.
Without the use of multiwavelength data of these speckles in
order to ascertain whether they have spectra similar to that of
the host star, these speckles can be mistaken for astrophysical
point sources. However, many of these speckles are post-
processing specific, and different reduction pipelines can
generate artifacts in different locations and at different S/Ns.

We determine if there are any physical point sources
detected in any of our observations by first generating a list
of all point sources outside of our central 0”15 mask and inside
176 with S/N > 5, utilizing the S/N maps generated from
the VIP reductions (the locations of which are shown in
Figure C1). We achieve slightly better contrast limits using the
VIP reductions (Figure 2), so we search for point sources in
that set of reductions. We exclude the known binary of AS 205
from our list of detected point sources in order to search for
previously unknown companions. While we also do clearly
detect PDS 70b in our observations, we do not discuss the
planet nor its disk (other than showing the accompanying
scattered light disk in the context of its millimeter continuum in
Section 3.3), as we have thoroughly characterized the planet
and its disk using the data presented herein in Wang
et al. (2020).

In order to determine whether the detected point sources are
real astrophysical signals instead of residual diffracted starlight,
we compare the contrasts of the point sources detected with the
VIP reductions to those of the contrasts at the same locations in
the observations analyzed using pyKLIP (Figure 3). If these
point sources were real, the fluxes measured between the two
reductions should be consistent. The S/N maps using pyKLIP
are derived from computing the standard deviation in 2 pixel
wide concentric annuli. For each of the 30 point sources with
S/N>5 in the VIP S/N maps, we determine the flux and
uncertainty of that point source using the maximum likelihood
estimation method of the negative fake companion technique
implemented in VIP for both our VIP and pyKLIP
reductions.

The majority (24) of the 30 point sources detected in the VIP
reductions do not have consistent (at the 20 level or better)
fluxes detected in the pyKLIP reductions and are therefore
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Figure 2. Comparison of the contrasts achieved using the pyKLIP and VIP
reductions. The solid lines are the median contrasts of all of the contrast curves
and the shaded regions represent the range of contrasts. We use ADI for the
pyKLIP reductions and a combination of ADI and RDI for the VIP
reductions. The improved performance of the VIP reductions as compared to
the pyKLIP reductions is likely due to the additional observation-specific
optimizations that were done using VIP. However, the contrasts are still
comparable, showing the robustness of our calculated contrasts.

likely not physical. The other six point sources represent a
combination of real disk detections that are consistent between
the different reductions and observations where there are many
residual speckles in the data sets due to imperfect speckle
subtraction by both reduction algorithms. Of these six point
sources, one (in HD 179218) is due to residual effects in the
VIP RDI reductions due to poor reference star PSFs and a
particularly noisy corresponding pyKLIP ADI reduction, two
(one in CQTau and one in LkCa 15) are due to real disk
structures that appear to be point-like but are consistent with an
extended structure, two (in HL Tau) do not have the typical
PSFs of point sources and instead have extended appearances
likely due to diffraction from the telescope support structures,
and one appears in the AS 209 data set with the poorer contrast
and not in the observation with a better detection limit,
indicating that it is not real. An additional way of assessing the
validity of possible point sources is whether the planet-to-star
contrast of a point source, as determined from the S/N maps,
would have been detected given our contrast curves. While we
are vetting the point sources with S/N > 5, this does not
necessarily mean that we would be sensitive to a source of that
contrast as determined from our contrast curves. Only points
with contrasts above our sensitivity would have been able to be
detected. Indeed, only 14 of our point sources even would have
been properly detected (i.e., having contrasts above our
detection sensitivity), and of these 14, none of them have
consistent fluxes (at the 2o level or better) between the two
reductions.

The appearance of disk features being post-processed into
apparent point sources is a well-known phenomenon (Currie
et al. 2019), and indeed the presence of protoplanet(s) in LkCa
15 has been debated (e.g., Kraus & Ireland 2011; Currie et al.
2019; Follette et al. 2023). Without detailed disk modeling, it is
nontrivial to disentangle disk material from a point source;
therefore to err on the side of caution in the absence of such
modeling (and because the flux levels of our two reductions did
not agree for these points likely due to differences in post-
processing), we elect to say that we do not convincingly detect
planets that are coincident with the disk material in CQ Tau and
LkCa 15. Therefore, by a combination of automatic and manual
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Figure C1 determined from the VIP reductions vs. the planet-to-star flux ratio
in the same location in the pyKLIP reductions. A perfectly consistent flux ratio
is designated by the dotted line.

vetting, we do not convincingly detect any new point sources in
our observations in the area between 0”15 and 176.

While we utilized both pyKLIP and VIP in order to vet
potential point sources in our data, our VIP reductions generally
achieved better contrasts than our pyKLIP reductions (Figure 2).
Therefore, in all subsequent analyses presented herein, we
present results utilizing our VIP reductions.

3.3. Scattered Light Disks

The direct detection of substructures in large grain dust as
detected by ALMA and/or evidence of a gap or cavity in the
stellar SED was a requirement of our target selection.
Therefore, we might expect to see evidence of disk structure
in all of our observations. However, in the case of the ALMA
observed disks, the thermal emission of the millimeter/
submillimeter-sized dust grains is what is being detected,
whereas in the case of near-IR observations, we are sensitive to
the scattered light of the micron-sized dust. Owing to viewing
geometries, the scattering properties of dust grains at different
wavelengths, the luminosity of the host star, data reduction
techniques, and the sensitivity of our study, we would not
expect to see evidence of scattered light disks in all of our
targets. We do, however, see disk structures in a subset of our
observations, which are consistent with the ALMA observa-
tions for these systems (Figure 4). We optimize the images
shown in Figure 4 by selecting the number of principal
components in our full-frame images that best show the
extended structure. We reserve the direct modeling of these
disks and the discussion related to the small grain dust
distribution in a forthcoming study.

For purposes of our initial survey, we limit our RDI analyses
to single nights (where to first order, we expect the most similar
AO correction) where the stellar PSFs of any other objects
observed on the same night with the vortex coronagraph at L’
act as our reference library. In this initial census of detected
scattered light disks, we do not optimize this reference library
herein, therefore we are not detecting every disk that would be
evident from a library where stellar properties are more closely
matched to the science target (such as the SR 21 disk that we
present in Uyama et al. 2020, where the reference PSFs are
selected across different observing nights). We also do not
combine multiple observing nights that might allow for the
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Figure 4. Disks in our survey showing evidence of structure, which is indicative of scattered light disks. We show the 1o , 20 , and 30 ALMA contours (from
references in Table A1) overlaid on our 3.8 m images for reference. North is up and east is left in all of the images. We show the reduction method that optimizes the

appearance of the extended structure.

increase in S/N needed to make the scattered light disk more
evident (such as in the case of the HD 163296 disk presented in
Guidi et al. 2018, where the disk was more visible when data
over two consecutive nights were combined).

3.4. Stellar Parameters

Planet mass limits derived from observational contrast limits
are a strong function of age. Therefore it is of the utmost
importance that we determine accurate and self-consistently
derived ages for our host stars (and therefore planetary
systems). However, the ages of young stars are notoriously
difficult to determine, so in order to allow for direct,
population-level analyses of planet mass upper limits, we
derive uniform ages for our sample of systems.

In order to estimate the stellar ages for these protoplanetary
disk-hosting stars, we first attempt to compile the stellar
parameters (L., Te) required to calculate the ages of these
systems as consistently as possible. Since many of the stellar
parameters are sourced from references that predate updated
Gaia distances (Gaia Collaboration et al. 2021), when
applicable, we first rescale the stellar luminosities from the
sources in Table Al to account for the updated distances from
Gaia. In the cases where uncertainties on the stellar luminosity
and effective temperature are not published, we assume a 10%
uncertainty in log(L,) and 2% uncertainty in 7. (Pascucci
et al. 2016).

We then estimate the stellar ages and masses using isochrones
from Choi et al. (2016) in the range of 0.5-50Myr. We
interpolate the tracks to probe the mass range from
0.05-1.4 MSun, in steps of 0.01 MSun. We adopt the method
described in Andrews et al. (2013) to determine stellar masses
and ages. We first evaluate a likelihood function for each set of
luminosities and effective temperatures (Equation (1) in
Andrews et al. 2013). We then marginalize the likelihood
distribution and take the median of the marginalized distribution

to estimate the age and mass of the star. We estimate the
uncertainties as the 16% and 84% percentiles of these
marginalized distributions (which takes into account the
uncertainties on the stellar luminosity and effective temperature).

Our calculated ages are generally consistent at the 1o level with
those presented in the references in Table Al, with variations in
the ages mostly due to updates to the distances to these stars as
determined from updated parallaxes from Gaia (Gaia Collabora-
tion et al. 2021). Therefore, we adopt our calculated ages in
subsequent analyses. We modify our procedure for the close
binary V4046 Sgr. While our derived age for this system is in
agreement with a portion of the published literature, it is not in
agreement with the age of the 3 Pictoris moving group for which
it is a member. Our calculated age from our isochrone fit is
5.6275338 Myr and the age of the 3 Pictoris moving group is
23 £3Myr (Mamajek & Bell 2014). Notably, our calculated
mass of 0.907093 Mg is in good agreement with the dynamical
mass of 0.90 £0.05 My from Rosenfeld et al. (2012). Older
system ages result in higher mass estimates; therefore, to be most
conservative, we adopt the older age of the moving group in case
the luminosity measurement was contaminated from the binary
component, which was noted as a possibility in McCarthy &
White (2012). Moreover, owing to the fact that all methods of
estimating the ages of young stars (both the method that we
employ and the methods employed in the literature for these
systems) are rife with assumptions that bias the resulting ages, we
also present the analysis in Sections 3.6 and 4.1 independent of
system age in Appendix D to show the effect of age estimation on
our mass limits.

3.5. Determining Stellar L' Magnitudes

In the absence of detecting any previously unknown point
sources, we seek to place constraints on the upper limits of the
masses of planets that could be creating the substructures seen
at other wavelengths in these disks. We can utilize our contrast
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Figure 5. We show a comparison of the mass estimates from the ALMA data and our observational mass limits for the subset of our systems observed as part of the
DSHARP survey (Andrews et al. 2018) or the survey of the Taurus molecular cloud (Long et al. 2018). We show the ALMA-derived planet masses (in My,,) as the
points and the mass estimates derived using the AMES-Cond models from our 50 contrast limits as the orange bars for each observed gap from the ALMA data
(specified in astronomical units as the numbers above each system designation). The bars therefore represent the range of masses that we would have been sensitive to
given our observations. The ages of Elias 2-20 and Elias 2—-24 are lower than the youngest age in the AMES-Cond grid (1 Myr). Therefore, we show the masses
assuming 1 Myr as upper limits to the ages, as younger systems would result in smaller masses. We also show the associated masses assuming the AMES-Dusty

models when the masses were within the grid in purple.

limits in each of the gaps and cavities indicated by longer
wavelength observations. Owing to our observing wavelength,
we are more sensitive than millimeter observations to directly
detecting the thermal emission of these proposed planets, and
therefore our observations, despite being nondetections, can be
useful in constraining the properties of these planets.

Our contrast curves can be used to estimate our mass sensitivity
when paired with a host star magnitude and an evolutionary
model that predicts the expected planet mass from its magnitude.
In order to estimate the stellar magnitude, we utilize the WISE
(for systems with W1 < 4.5) and CATWISE (for systems with
W1 >4.5) W1 and W2 measurements for each of our systems
(3.4 and 4.6 ym; Marocco et al. 2021), and determine a predicted
L’ magnitude in order to determine the sensitivity of our
observations. This is necessary as the WISE W1 and W2
bandpasses only cover a portion of the L’ bandpass. Following
Keppler et al. (2018), we estimate the corresponding L'
magnitude by interpolating logarithmically between the W1 and
W?2 bands. This is necessary because these protoplanetary disk-
hosting stars show strong infrared excesses and therefore are often
redder than would be expected for a bare stellar photosphere.

3.6. Planetary Mass Upper Limits

In order to determine the planetary masses corresponding to
our contrast constraints, we use the AMES-Cond and AMES-
Dusty models (Baraffe et al. 2003; Allard et al. 2012). The
AMES-Cond and AMES-Dusty models provide the expected
magnitude of a planet given its mass and age. We use these grids
(interpolating between the grid points), the absolute magnitude
limits from our 50 contrast curves, and the estimated stellar ages
to calculate the upper limits on the planet masses. An additional
important caveat to our derived mass limits is that they are
estimated given the model assumptions inherent in the AMES-
Cond and AMES-Dusty models (Cugno et al. 2023). We show

results using both sets of models to indicate a range of possible
masses given two different model assumptions, and therefore a
first-order indication of the sensitivity of our mass estimates on
the chosen model.

Another important caveat for our derived masses is that we
are not accounting for the effects of extinction from the
circumstellar disk material. The circumstellar disk can extinct
the light from a companion, meaning that our mass sensitivities
may be overestimated. Indeed, when Cugno et al. (2023)
accounted for the effects of 1.0mag of extinction, the
sensitivity of their survey did decrease. However, the effects
of that level of extinction decreased their sensitivity by less
than a factor of 2, and the uncertainties on system ages and
evolutionary models can affect the derived mass estimates by
an even larger factor. Determining the magnitude of the
extinction for each system is also a nontrivial task and comes
with additional inherent uncertainties. Therefore, while an
important caveat to consider in our derived masses, we do not
take extinction into account when presenting our mass limits.

High-resolution submillimeter observations of disks with
substructures allow us to constrain the locations of possible
gap-carving planets and can provide information about the
masses of those possible planets. Zhang et al. (2018) carried
out a series of 2D hydrodynamical simulations to infer the
relationship between gaps in disks imaged with ALMA as part
of the DSHARP survey (Andrews et al. 2018) and planet mass.
This leads to direct predictions of planet masses for the objects
that could be clearing out the gaps in the millimeter
observations of these systems. Wang et al. (2021) utilized
ALMA disk morphology and estimated the masses of planetary
substructure drivers using the pebble isolation mass for a
sample of systems that included the DSHARP (Andrews et al.
2018) sample and the systems imaged in Long et al. (2018).
Lodato et al. (2019) also estimated the masses of planets in
systems imaged as part of the DSHARP survey (Andrews et al.
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Figure 6. We show the mass estimates derived from our 50 contrast limits (in My,,) in each gap/cavity (specified in astronomical units above each system
designation) as the bars colored by radial distance from the host star. The bars therefore represent the range of masses that we would have been sensitive to given our
observations. The ages for HL Tau, ISO-Oph 2, and SR 21 are lower than the youngest age in the AMES-Cond grid (1 Myr), therefore we show the masses assuming
an age of 1 Myr as an upper limit to the ages, as a younger system would correspond to smaller mass. We also show the associated masses assuming the AMES-Dusty
models when the masses were within the grid in purple. There is a subset of systems that have estimates of planetary masses not ascertained via the Lodato et al.

(2019), Wang et al. (2021), and Zhang et al. (2018) methods. The putative comp.

anion in CQ Tau is detailed in Wolfer et al. (2021), the putative companion in GM Aur

is detailed in Huang et al. (2020), and the putative companion in HD 141569 is detailed in Konishi et al. (2016). The putative companion in each of the two gaps in
HD 169142 have mass estimates of between 0.1 and 1 My, for the inner planet and 1-10Mj,, for the outer planet, so we show the lower limits for these masses
(Fedele et al. 2017). The putative companion in SR 21 is detailed in Muro-Arena et al. (2020). The putative companions in TW Hya and LkCa 15 are detailed in Dong

& Fung (2017). Additional details on NIRC2 observations of TW Hya with the
masses as points. For the locations of the central cavities, we generally use th

2018) and systems in Long et al. (2018) using empirical scaling
relationships. These different methods of estimating gap-
opening planet masses result in differences in the masses of
these objects, which can all be compared against our
companion mass upper limits.

For systems from Long et al. (2018) or Andrews et al.
(2018), Figure 5 compares our mass limits, as computed from
our observed 50 contrast limits at the radial location of the
planet estimated from the ALMA radial profiles, to the masses
predicted in Lodato et al. (2019); Wang et al. (2021), and
Zhang et al. (2018). We account for projection effects using
published inclinations in each of the references cited in Table
Al and account for the new parallaxes from Gaia (Gaia
Collaboration et al. 2021) to adjust the radial separations when
necessary. When systems are inclined, planetary orbits trace
out ellipses, resulting in changing angular separations from the
host star with inclination. In order to be the most conservative
in our mass limits, we take the smallest angular separation
consistent with the inclination. Overall, our current mass limits
are not sensitive enough to probe down to the expected masses
of the planets derived from the ALMA data, consistent with the
lack of new point-source detections herein.

Many of our other observed systems have detected gaps in the
millimeter continuum images but are not of high enough quality
to be able to use the aforementioned methods from Lodato et al.
(2019), Wang et al. (2021), and Zhang et al. (2018) to ascertain
the planet mass. Some of these systems also show a large inner
cavity devoid of dust at longer wavelengths. Mass estimation
methods from the ALMA data require a gap surrounded by dust,
meaning that we cannot simply estimate the mass of a planet that
could be carving out an inner cavity. This inner cavity could also

vortex coronagraph can be found in Ruane et al. (2017). We show the expected planet
e inner edges of the dust rings.
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Figure 7. Companion mass upper limits (computed using the AMES-Cond
model grid) as a function of the separation for the systems studied herein which
did not have clear locations where a planet would be present or the locations of
a gap or cavity were outside of our separation range. When the age of the
system is lower than the youngest age in the AMES-Cond grid, we assume an
upper limit of 1 Myr.

be due to the accretion of disk material onto the host star,
making decoupling the influence of the possible planet on the
disk in that inner region difficult. What is more, it is possible that
the planets could visually (but not physically) co-locate with the
scattered light from small dust grains outside of large cavities in
our observations, making disk modeling a likely necessity to
disentangle the two physical signals (e.g., PDS 70c in Wang
et al. 2020; also see Quiroz et al. 2022 for more details about the
benefits of utilizing disk modeling for increased sensitivity to
planets). Additionally, bright disk signals at similar radii to
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Figure 8. A map of the average sensitivity of our survey in planet mass (calculated using the AMES-Cond and AMES-Dusty models) vs. separation in astronomical

units calculated using Exo-DMC (Bonavita 2020).

planets may bias both contrast curve and S/N estimates of point-
like sources, and due to the filtering of extended signals into
point-like sources, the use of dedicated techniques (e.g.,
MAYONNAISE Pairet et al. 2021, REXPACO Flasseur et al.
2021) may be necessary to reliably image both point sources and
extended signals. However, there are a number of other methods
to estimate the masses of planets that could be creating the
cavities and gaps seen in the millimeter. We show the estimated
masses of the putative companions, where available in the
published literature, in Figure 6.

The other systems in our survey do not have high enough
resolution ALMA data (DoAr 28 and DO Tau), did not have clear
evidence for a gap in millimeter images or exact gap locations
were not determined but were taken as part of the DSHARP
survey (Andrews et al. 2018; WSB 52 and AS 205), are spiral
systems without a consistent radial distance for which a gap is
cleared (WaOph 6 and MWC 758), or have gaps/cavities outside
of the distances probed by our observations (HD 142666 and HD
179218). Therefore, instead of comparing our mass detection
limits to locations of interest in each disk, we calculate our mass
limits over all radial separations from the host star (Figure 7).
Additionally, we show our average survey sensitivity over all
separations in Figure 8 determined using Exo-DMC (Bonavita
2020). In brief, Exo-DMC uses a Monte Carlo approach to
determine the fraction of planets on Keplerian orbits that would
have been recovered given an observational mass limit with
separation. We account for the published inclinations for each of
our disk systems when calculating the separations and use the
default underlying eccentricity distribution from Exo-DMC.

4. Discussion
4.1. Investigating Disk Viscosity Constraints

Determining the mass of a planet carving out a gap at
submillimeter wavelengths requires assumptions about the
natal disk’s viscosity, a (Zhang et al. 2018; Wang et al. 2021).
Therefore, if we compare the calculated masses of planets using
different values for the disk viscosity, and find that our
sensitivity at L’ predicts a mass that is below one or more of the
masses calculated using different disk viscosities, we may be

able to place observational constraints on this parameter with
the caveat that we are assuming the AMES-Cond and AMES-
Dusty models. In order to compare our mass limits with those
of masses determined with different values for a, we again
utilize the subset of our observations with ALMA data taken as
part of the DSHARP survey (Andrews et al. 2018) or the
survey of systems in the Taurus molecular cloud (Long et al.
2018). The DSHARP survey is one of the highest angular
resolution surveys at millimeter wavelengths, which allows for
robust planetary mass predictions. Moreover, Zhang et al.
(2018) directly computed the predicted masses of substructure
drivers for different values of a. Wang et al. (2021) also
directly computed the predicted masses of substructure-driving
planets at different values of « for systems in Long et al. (2018)
and Andrews et al. (2018).

As shown in Figure 9, our L' mass sensitivities do overlap
with the masses predicted by the method in Zhang et al. (2018)
for a number of targets when assuming a =102 These
overlapping values within their errors means that we cannot
conclusively exclude this v = 102 value observationally, but
it does indicate that we would possibly be sensitive to massive
planets in AS 209, Elias 2-24 (the actual limit on the mass is
smaller than the limit indicated by the arrow since the age of
the system is younger than the lowest age in the model grids),
and HD 143006. As with the mass estimations, uncertainties in
the ages estimated for the host stars also add uncertainty to
conclusions that can be made about the disk viscosity (see
Figure D3 for a comparison of the masses derived from our 50
contrast limits at different system ages with the masses
estimated using different disk viscosities). The fact that we
do not detect planets in any of these systems, might be tentative
evidence that the disk viscosity for these systems (and indeed
protoplanetary disks in general), might be less than this 10>
value. This is consistent with « constraints from millimeter CO
measurements (for example, Flaherty et al. 2018 constrained
the disk viscosity to o < 0.007 within a narrow region around
the midplane of TW Hya and Villenave et al. 2022 found that
as107° at 100 au in Oph 163131). However, an important
caveat to this is that we are generally not sensitive enough to
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Figure 9. Expected planet masses from Wang et al. (2021; diamonds with no associated errors as none were reported) and Zhang et al. (2018; circles with their
associated errors), using different values for the disk viscosity, «, are shown as black and gray points. We show our planet mass detection limits for comparison using
the AMES-Cond models and AMES-Dusty models (when the masses were within the AMES-Dusty grid) for the subset of our systems observed as part of the
DSHARP survey (Andrews et al. 2018) or the survey of the Taurus molecular cloud (Long et al. 2018). The bars therefore represent the range of masses that we would
have been sensitive to given our observations. The ages of Elias 2-20 and Elias 2-24 are lower than the youngest age in the grids (1 Myr). Therefore, we show the
masses assuming 1 Myr as upper limits to the ages, as younger systems would result in smaller masses.
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Figure 10. Upper limits on the mass accretion rates as a function of circumplanetary disk radius, R;,, for the subset of our systems observed as part of the DSHARP
survey (Andrews et al. 2018) or the survey of the Taurus molecular cloud (Long et al. 2018), derived from Zhu (2015) and determined from our contrast limits and
masses from Wang et al. (2021; diamonds) and Zhang et al. (2018; circles) assuming a disk viscosity of o = 107>,

detect planets regardless of the disk viscosity assumed using
the mass estimates from Wang et al. (2021).

4.2. Limits on Planetary Accretion Rates

Although we do not detect any new planets, and indeed do
not seem to be able to achieve the sensitivity needed to directly
detect the thermal emission of the planets thought to be creating
the substructures seen at millimeter wavelengths (Figure 5), we
can still place observational constraints on the nature of these
planets. As forming protoplanets accrete their envelopes from
their natal disks, the brightness associated with this accretion
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can surpass the intrinsic luminosity of the planet’s residual heat
of formation (Zhu 2015; Szuldgyi et al. 2019). Therefore,
assuming that we are not sensitive enough to detect the planet’s
thermal emission, we can utilize our contrast limits to place
constraints on the accretion, assuming all of the luminosity that
would be visible would be due to accretion. Zhu (2015) related
the expected magnitude to the circumplanetary accretion rate
MpM . Generally, the mass of the planet cannot be disentangled
from the mass accretion rate using infrared photometry, but
utilizing the mass constraints from ALMA observations, and
our contrast limits, we can break this degeneracy. We show the
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mass accretion rates for the planets studied herein with masses
derived in Wang et al. (2021) and Zhang et al. (2018) as a
function of circumplanetary disk radius, R;,, in Figure 10. The
upper limits to the mass accretion rates that we derive are larger
than those from Ha measurements of the actively accreting
protoplanet PDS 70c (10~ %0+ Myyp yr~'; Haffert et al. 2019;
Benisty et al. 2021) but are consistent with those derived from
infrared observational limits (Ruane et al. 2017).

5. Conclusions

We present new deep L’ observations of 43 protoplanetary
disks using the NIRC2 vortex coronagraph at Keck. We
primarily selected systems that had evidence of substructures in
their millimeter/submillimeter continuum images in order to
ascertain if we could directly detect planets that could be
forming these substructures. While we do not detect any novel
point sources, we are able to utilize our detection limits to place
robust upper limits on the masses of planets in these disks. We
present contrast curves for these systems and utilizing newly
derived stellar ages, stellar L’ magnitudes, and the AMES-
Cond and AMES-Dusty models (Baraffe et al. 2003; Allard
et al. 2012) are able to place upper limits on the masses of
planets in these systems. While we are not sensitive enough to
observe planets of the masses predicted for submillimeter
observations, we do probe down to ~1 Mj,, for a number of
systems that we have observed. This means that if planets are
the primary driver for the observed substructures in the
submillimeter observations of these disks, then they must be
under our observational sensitivity for each system and sub-
Jovian for a number of our observed systems, given the caveat
that we are not accounting for extinction and given the
underlying assumptions of the AMES-Cond and AMES-Dusty
models. Utilizing our mass upper limits, we also investigate
constraints that we can place on the viscosity of the disk,
possibly allowing us to exclude «>10"2 From our
observational sensitivities and the masses derived from ALMA
observations, we are able to place limits on the mass accretion
rates for a subset of systems studied herein.

We also detect scattered light disks in a number of our
observations, which would allow for a detailed study of the
properties of the dust in protoplanetary disks when observed at
multiple wavelengths. By virtue of the fact that we purposely
selected targets that have been observed at other wavelengths,
many of our disks that show evidence of structure have been
observed in the near-infrared by facilities such as GPI or
SPHERE. However, our additional observations in a different
wavelength and/or utilizing the vortex coronagraph to probe
smaller separations allow for a unique perspective into these
systems. Multiwavelength studies of protoplanetary disks will
provide insight into the radial distributions of different-sized
dust in these disks, ultimately allowing for a better under-
standing of the natal disk environment and the availability of
planetary building blocks. We reserve extensive modeling and
discussion of these disks in a forthcoming paper.

Future observations of these systems with the next
generation of larger primary mirror ground-based telescopes
will likely be needed in order to reach down to the sensitivities
required to detect these planets directly. Achieving the
sensitivity needed to observe planets of the masses predicted
by millimeter observations will be needed to definitively
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ascertain the nature of the disk substructures revealed
by ALMA.
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Appendix A
System Parameters and Observing Details

We show the system parameters in Table Al and the
observation details in Table A2.
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Table Al
System Parameters
System Distance® Tosp r’ M. Age® L References®
(pe) X) Lo) Mo) (Myr) (mag)
2MJ 1604 14531 + 0.57 4898 + 180 0.58 +0.19 1.01 £ 0.11 15.8514%38 7.58 +0.02 1,2
AA Tau 134.67 + 1.57 3763 + 1738 0.41 £ 0.10 0.56+0:18 2.511230 7.19 + 0.02 3,4
AS 205 132.06 + 1.25 4266 + 295 228 +0.75 0.88793¢ 0797544 4.19 +0.34 5,6
AS 209 121.25 4+ 0.43 4266 + 295 1.42 + 0.67 0.8740% 1.5873:43 6.53 £ 0.03 5.5
CIDA 9 175.08 + 2.69 3585 + 1652 0.21 £ 0.05 0457918 447738 8.91 + 0.01 3,7
CI Tau 160.32 + 0.53 4277 + 1972 0.83 +0.19 0.92+0:14 2.821219 6.79 + 0.02 3,7
CQ Tau 149.37 + 1.34 6900 + 318 8.93 +2.07 1.574348 11.221417 6.63 + 0.06 8,9
DL Tau 159.94 =+ 0.50 4277 + 1978 0.65 £ 0.15 0.92+0:12 3.98+719 6.78 + 0.02 3,7
DoAr 25 138.16 + 0.82 4266 + 295 0.96 + 0.46 0.86793} 2.514437 7.24 +£0.02 55
DoAr 28 135.60 + 0.49 4350 + 200 1.28 + 0.30 0.95 +0.18 1785038 8.13 + 0.02 10, 11
DoAr 44 146.32 + 0.49 4730 £ 218 1.92 £ 045 1265013 2.0054033 6.68 +0.03 12,13
DO Tau 138.52 + 0.68 3806 + 1758 0.22 + 0.05 0617913 70848338 5.98 +0.05 3,14
DS Tau 158.35 + 0.53 3792 4 1752 0.24 4 0.06 0.61+3:12 6311471 7.26 £ 0.02 3,7
Elias 2-20 137.53 £ 3.96 3890 & 269 222 £ 1.07 0.5870% 0.63733% 5.95 £ 0.05 55
Elias 2-24 139.26 + 1.24 4266 + 295 6.32 + 2.87 0927939 0354323 6.42 + 0.03 5.5
Elias 2-27 110.07 £ 10.30 3890 + 269 0.82 + 0.51 0.61+332 2.5118%0 7.22 +0.02 55
GM Aur 158.11 & 1.22 4115 + 1908 0.62 +0.15 0.81+1¢ 3164348 8.17 + 0.01 3,15
GO Tau 142.38 4+ 0.41 3516 + 1622 0.21 +0.05 0.40913 3.1643%3 8.84 + 0.02 3,7
HD 34282 308.61 +2.20 9250 + 125 14.66 + 0.67 195409 199571533 7.04 £ 0.02 16, 17
HD 141569 111.61 + 0.36 9750 + 125 25.34 +0.58 2.20 + 0.01 17.78+4%10 6.70 + 0.02 16, 18
HD 142666 146.25 + 0.46 7586 + 350 8.91 + 4.58 1624388 19.9574%33 5.32 £ 0.08 5.5
HD 143006 167.34 + 0.51 5623 + 259 391+ 1.34 1.68793¢ 4477483 6.28 + 0.04 5,5
HD 163296 100.97 + 0.42 9333 + 645 16.97 + 12.69 205419 15.85443%51 343 + 0.44 5.5
HD 169142 114.87 £ 0.35 7500 + 346 5.90 + 5.60 1.5810:48 19.9548533 6.30 + 0.04 19, 20
HD 179218 260.09 + 2.23 9640 + 444 104.85 + 30.00 252793 3.55H14% 4.48 +0.25 21,22
HL Tau 147.3 + 0.5 4400 + 203 9.25 + 5.50 1.031938 0327448 5.07 +0.08 23,24
IP Tau 129.38 4+ 0.29 3763 + 1732 0.33 4 0.08 0.58+0:14 3.551733 7.62 £ 0.01 3,7
IQ Tau 131.51 + 0.62 3690 + 1702 0.22 +0.05 0537913 5.62155) 7.13 £ 0.02 3,7
ISO-Oph 2 134.25 + 7.56 3467 + 160 0.71 £ 0.17 0.3140:93 0.407939 8.44 + 0.02 25, 26
LkCa 15 157.19 4+ 0.65 4277 £ 197¢ 0.77 £0.18 0927914 3164348 7.67 £ 0.02 3,27
LkHa 330 31822 + 3.49 6220 + 2878 16.55 + 3.84 2244032 316414 6.40 + 0.04 3,12
MWC 480 156.22 + 1.26 8250 + 380 17.81 £ 5.50 1.857513 14.13H7%30 4.73 £ 0.09 19,7
MWC 758 155.87 + 0.76 8130 + 375 16.30 £ 3.79 1847048 12,5911 5.18 +0.10 28, 29
PDS 70 112.39 + 0.24 3972 + 36 0.34 4 0.09 0.754953 5.62133% 8.01 £ 0.02 30, 31
RY Tau 138.22 4+ 3.88 5930 + 273¢ 11.93 +2.77 2287931 2514953 3.82+0.11 3,7
SAO 206462 135.00 + 0.44 6250 + 125 5.17 £ 0.12 1455901 10.00%1:22 5.26 + 0.09 16, 32
SR 21 136.43 + 0.56 4571 + 211 3.77 £ 0.88 1.2019%2 0715979 6.04 +0.03 25,33
TW Hya 60.14 + 0.05 3776 + 1748 0.24 + 0.05 0.59 +0.13 6314471 7.20 +0.02 3,34
UX Tau A 142.23 4+ 0.67 4870 + 224¢ 1.64 + 0.38 127439 316738 6.87 + 0.02 3,12
V1247 Ori 401.30 + 3.16 7250 + 334 14.59 + 1.50 1.8079%8 7084088 6.42 + 0.03 35, 36
V4046 Sgr 71.48 £ 0.11 4260 + 196 0.49 +0.11 0.909% 5627338, 23 + 3 7.27 +0.02 37, 38
WaOph 6 122.53 + 0.35 4169 + 288 2.86 + 1.38 0.78+028 071428 6.36 + 0.03 55
WSB 52 13527 + 0.92 3715 + 257 0.70 + 0.34 0517919 1787713 7.32 +0.02 55
Notes.

4 We use parallax values from Gaia EDR3 (Gaia Collaboration et al. 2021).

® We scale the luminosities in the cited references to the new distances from Gaia EDR3 (Gaia Collaboration et al. 2021).

€ Our ages and stellar masses, computed using fits to isochrones (as described in Section 3.4).

4 We calculate L/ magnitudes by logarithmically interpolating the WISE W1 and W2 magnitudes. See Section 3.5 for more information.

¢ Reference for the source of the initial stellar parameters (that were rescaled when necessary to account for new distances from Gaia EDR3; Gaia Collaboration et al.
2021) and a reference for a different wavelength observation of the disk.

T Full name: 2MASS 116042165-2130284.

€ The T for this system is determined using Table 5 in Herczeg & Hillenbrand (2014), where we interpolate between stellar types when necessary.

B parallax measurement from Galli et al. (2018).

! While the mass that we derive from our isochrone fit is consistent with the published dynamical mass (Rosenfeld et al. 2012) and our derived age (5.62133 Myr) is
consistent with a portion of the published ages for this system, the age is at odds with that of the (3 Pictoris moving group (23 4 3 Myr) for which it is a member
(Mamajek & Bell 2014). V4046 Sgr is a tight binary, so despite the agreement of our masses, we elect to use 23 & 3 Myr as the age of this system to mitigate any
possible contamination of the stellar luminosity from the binary component.

References. (1) Carpenter et al. (2014), (2) Zhang et al. (2014), (3) Herczeg & Hillenbrand (2014), (4) Loomis et al. (2017), (5) Andrews et al. (2018), (6) Kurtovic
et al. (2018), (7) Long et al. (2018), (8) Testi et al. (2003), (9) Ubeira Gabellini et al. (2019), (10) Kim et al. (2013), (11) Rich et al. (2015), (12) Andrews et al. (2011),
(13) Cieza et al. (2021), (14) Kwon et al. (2015), (15) Huang et al. (2020), (16) Guzmén-Diaz et al. (2021), (17) van der Plas et al. (2017), (18) Konishi et al. (2016),
(19) Meeus et al. (2012), (20) Fedele et al. (2017), (21) Menu et al. (2015), (22) Kluska et al. (2018), (23) van der Marel et al. (2019), (24) Carrasco-Gonzélez et al.
(2019), (25) Manara et al. (2015), (26) Gonzdlez-Ruilova et al. (2020), (27) Isella et al. (2012), (28)Boehler et al. (2018), (29) Dong et al. (2018), (30) Keppler et al.
(2018), (31) Keppler et al. (2019), (32) van der Marel et al. (2016), (33) Pinilla et al. (2015), (34) Nomura et al. (2016), (35) Kraus et al. (2013), (36) Kraus et al.
(2017), (37) McCarthy & White (2012), (38) Rosenfeld et al. (2013).

(This table is available in machine-readable form.)
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Table A2
Observation Log

Wallack et al.

System UT Date Total Number of Frames Total Integration Time Parallactic Angular Rotation
(s ©)
2MJ1604* 2017-05-10 73 3285.0 36.2
AA Tau 2020-10-25 153 4590.0 161.3
AS 205 2019-06-18 43 1290.0 1394
AS 209 2018-05-26 60 2700.0 33.0
2018-05-28 145 4350.0 54.0
2018-07-23 90 2700.0 27.1
2018-07-30 120 3600.0 44.5
CIDA 9 2020-10-25 83 2490.0 18.5
CI Tau 2018-10-21 132 3960.0 161.2
2018-12-23 87 2610.0 182.0
CQ Tau 2018-12-24 60 1800.0 111.0
DL Tau 2019-01-09 160 4800.0 220.3
DoAr 25 2019-06-08 64 1920.0 30.9
DoAr 28 2017-07-01 90 4050.0 41.7
DoAr 44 2017-06-13 54 1620.0 214
2017-06-30 100 3750.0 42.1
DO Tau 2020-10-09 44 1188.0 19.0
DS Tau 2020-10-09 65 1950.0 78.9
Elias 2-20 2020-05-29 143 7150.0 72.4
Elias 2-24 2019-02-17 20 600.0 8.2
2020-06-01 161 4830.0 56.9
Elias 2-27 2019-05-22 30 900.0 16.9
2020-05-30 131 3930.0 54.7
GM Aur 2017-01-14 120 5400.0 126.7
GO Tau 2020-11-27 90 2700.0 11.5
HD 34282 2017-02-07 73 3285.0 61.3
2017-10-12 49 1470.0 24.6
2017-10-13 139 4170.0 60.7
HD 141569 2015-06-11 39 780.0 49.3
HD 142666 2019-06-18 75 2250.0 38.7
HD 143006 2019-05-21 76 2280.0 42.5
2019-06-08 60 1800.0 29.2
HD 163296 2017-05-31 80 2400.0 40.4
HD 169142 2020-05-31 78 2340.0 28.9
HD 179218 2016-08-14 45 2025.0 130.1
2016-09-11 25 1200.0 0.4
2016-10-17 30 1440.0 0.8
2017-06-01 80 2400.0 131
HL Tau 2015-10-22 10 250.0 0.1
2017-12-26 105 2100.0 161.3
IP Tau 2017-10-03 130 5460.0 211.6
1Q Tau 2020-11-27 84 2520.0 16.5
ISO-Oph 2 2021-05-19 237 7110.0 68.4
LkCa 15 2015-10-22 81 2025.0 156.9
2015-10-24 22 550.0 8.5
2015-12-27 50 1500.0 129.6
2017-01-12 101 2272.5 160.8
2020-10-10 101 3030.0 43.7
LkHo 330 2015-10-22 44 1100.0 41.1
2018-12-25 93 2790.0 38.3
MWC 480 2018-12-23 80 2400.0 132.2
2018-12-24 140 4200.0 87.9
MWC 758 2015-10-24 81 2025.0 128.8
2016-10-24 80 3200.0 173.2
PDS 70 2019-06-08 42 1260.0 27.8
RY Tau 2015-10-22 33 825.0 12.0
2015-10-24 83 2075.0 105.3
SAO 206462 2016-05-27 80 2400.0 23.0
SR 21 2020-05-31 137 4110.0 56.3
TW Hya 2016-04- 13 70 2100.0 21.6
2017-01-09 120 5400.0 44.4
2017-01-13 117 5265.0 44.7
2019-02-17 64 1920.0 332
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Table A2
(Continued)
System UT Date Total Number of Frames Total Integration Time Parallactic Angular Rotation
(s) ©

UX Tau A 2016-10-16 116 2320.0 199.5

2017-02-11 50 1200.0 156.3

2017-10-04 128 5376.0 164.2
V1247 Ori 2017-12-27 51 1530.0 4.0
V4046 Sgr 2017-05-11 70 3150.0 28.3
WaOph 6 2020-05-30 41 1230.0 13.3
WSB 52 2020-06-02 168 5040.0 68.3
Note.
# Full name: 2MASS J16042165-2130284.

Appendix B
Contrast Curves
We show the most optimal 5o contrast curves for each target
interpolated to selected separations in Table B1.
Table B1
5o Optimal Contrasts at Select Locations

0”15 072 0”4 0”6 0”8 170 172 174 176
2M J16042165-213 3.60E-03 1.91E-03 3.01E-04 1.85E-04 1.09E-04 1.05E-04 9.29E-05 1.01E-04 8.29E-05
AA Tau 2.52E-03 1.03E-03 1.93E-04 1.40E-04 1.16E-04 1.05E-04 1.04E-04 1.03E-04 9.38E-05
AS 205 1.86E-02 1.35E-02 9.33E-04 9.07E-04 2.46E-04 1.11E-04 1.26E-04 9.62E-05 5.69E-05
AS 209 1.28E-03 6.35E-04 7.82E-05 4.84E-05 3.44E-05 2.86E-05 2.56E-05 2.49E-05 2.47E-05
CIDA 9 2.35E-02 9.21E-03 2.98E-03 2.23E-03 1.88E-03 2.54E-03 1.86E-03 1.70E-03 1.42E-03
CI Tau 2.44E-03 1.08E-03 2.15E-04 1.44E-04 1.16E-04 1.03E-04 9.51E-05 9.00E-05 8.72E-05
CQ Tau 1.36E-03 4.79E-04 6.93E-05 2.07E-05 1.23E-05 1.22E-05 1.06E-05 9.89E-06 8.90E-06
DL Tau 8.32E-04 3.27E-04 7.97E-05 4.69E-05 3.18E-05 3.74E-05 3.41E-05 3.07E-05 2.80E-05
DoAr 25 4.04E-03 1.46E-03 2.62E-04 1.74E-04 1.41E-04 1.21E-04 1.07E-04 1.00E-04 8.73E-05
DoAr 28 3.89E-03 2.37E-03 4.37E-04 3.49E-04 2.56E-04 2.36E-04 2.28E-04 2.20E-04 2.05E-04
DoAr 44 3.23E-03 1.26E-03 1.51E-04 9.14E-05 5.95E-05 6.69E-05 4.91E-05 5.96E-05 4.55E-05
DO Tau 1.47E-02 6.16E-03 7.80E-04 4.02E-04 2.37E-04 1.51E-04 1.00E-04 9.09E-05 9.48E-05
DS Tau 6.42E-03 2.70E-03 4.75E-04 2.76E-04 2.19E-04 1.65E-04 1.71E-04 1.62E-04 1.50E-04
Elias 2-20 3.03E-03 6.77E-04 1.55E-04 9.55E-05 5.77E-05 5.17E-05 4.84E-05 4.73E-05 4.61E-05
Elias 2-24 3.63E-03 1.38E-03 2.75E-04 1.80E-04 8.96E-05 6.14E-05 5.77E-05 4.97E-05 4.64E-05
Elias 2-27 6.11E-03 2.22E-03 6.80E-04 2.76E-04 1.90E-04 1.58E-04 1.38E-04 1.41E-04 1.28E-04
GM Aur 3.03E-03 1.52E-03 3.43E-04 2.96E-04 2.34E-04 2.11E-04 2.21E-04 2.01E-04 1.83E-04
GO Tau 8.00E-04 4.97E-04 3.74E-04 4.12E-04 3.67E-04 3.51E-04 3.81E-04 3.75E-04 4.18E-04
HD 34282 3.63E-03 1.70E-03 3.21E-04 1.75E-04 9.72E-05 1.04E-04 8.10E-05 8.57E-05 6.86E-05
HD 141569 7.87E-03 3.38E-03 9.09E-04 3.06E-04 2.10E-04 1.77E-04 1.60E-04 1.60E-04 1.59E-04
HD 142666 4.96E-03 1.50E-03 1.30E-04 9.24E-05 4.32E-05 2.77E-05 2.44E-05 1.97E-05 1.84E-05
HD 143006 2.46E-03 9.53E-04 1.40E-04 8.01E-05 6.29E-05 4.39E-05 3.78E-05 3.52E-05 3.56E-05
HD 163296 6.07E-03 2.38E-03 2.38E-04 7.09E-05 3.49E-05 1.94E-05 1.23E-05 7.34E-06 6.06E-06
HD 169142 3.81E-03 1.20E-03 1.41E-04 9.24E-05 6.99E-05 6.28E-05 5.97E-05 5.85E-05 5.09E-05
HD 179218 1.67E-03 7.08E-04 7.35E-05 2.32E-05 1.50E-05 1.23E-05 8.20E-06 8.35E-06 7.17E-06
HL Tau 1.41E-02 4.68E-03 4.77E-04 1.61E-04 9.99E-05 7.17E-05 4.37E-05 3.20E-05 2.77E-05
IP Tau 2.25E-03 9.30E-04 2.10E-04 1.38E-04 1.15E-04 1.00E-04 1.06E-04 1.10E- 04 8.56E-05
1IQ Tau 2.65E-02 6.73E-03 6.95E-04 4.21E-04 1.95E-04 1.51E-04 1.33E-04 1.37E-04 1.39E-04
ISO-Oph 2 6.43E-03 3.73E-03 6.62E-04 4.43E-04 3.23E-04 3.25E-04 3.75E-04 3.58E-04 5.34E-04
LkCa 15 3.04E-03 1.49E-03 4.07E-04 1.97E-04 1.63E-04 1.46E-04 1.28E-04 1.30E-04 1.20E-04
LkHa 330 2.66E-03 1.01E-03 1.18E-04 4.97E-05 3.22E-05 2.72E-05 2.40E-05 2.71E-05 2.50E-05
MWC 480 1.04E-03 4.40E-04 4.79E-05 1.71E-05 8.85E-06 8.39E-06 7.13E-06 6.85E-06 6.66E-06
MWC 758 1.15E-03 5.76E-04 6.41E-05 2.55E-05 1.91E-05 1.47E-05 1.13E-05 1.15E-05 1.10E-05
PDS 70 6.67E-03 3.68E-03 7.36E-04 4.67E-04 3.78E-04 3.20E-04 3.07E-04 2.82E-04 2.80E-04
RY Tau 1.30E-03 3.25E-04 7.29E-05 2.04E-05 1.35E-05 8.88E-06 6.59E-06 6.13E-06 5.52E-06
SAO 206462 8.51E-03 3.80E-03 1.95E-04 1.26E-04 6.15E-05 3.20E-05 2.14E-05 2.36E-05 1.96E-05
SR 21 1.51E-03 5.02E-04 6.45E-05 5.80E-05 3.96E-05 2.52E-05 2.34E-05 2.31E-05 2.02E-05
TW Hya 2.01E-03 1.07E-03 2.50E-04 1.44E-04 7.59E-05 6.27E-05 4.96E-05 5.16E-05 4.61E-05
UX Tau A 2.44E-03 1.76E-03 2.25E-04 1.16E-04 8.59E-05 8.66E-05 8.29E-05 7.20E-05 6.35E-05
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Table B1
(Continued)
0”15 072 0”4 0”6 0”8 170 172 174 176
V1247 Ori 1.23E-03 6.96E-04 7.18E-05 2.87E-05 1.82E-05 1.75E-05 1.55E-05 1.41E-05 1.43E-05
V4046 Sgr 2.99E-03 1.46E-03 2.12E-04 1.93E-04 1.05E-04 9.95E-05 7.37E-05 8.99E-05 7.40E-05
WaOph 6 1.43E-02 3.62E-03 4.40E-04 2.48E-04 1.61E-04 1.32E-04 1.02E-04 1.01E-04 9.83E-05
WSB 52 2.14E-03 6.33E-04 1.56E-04 9.66E-05 7.97E-05 7.20E-05 6.49E-05 6.20E-05 6.42E-05
Appendix C present convincing evidence that they represent astrophysical

Locations of Point-source Detections

We show the locations of the point sources that had S/N > 5
between 0715 and 176 in our VIP reductions. We vet these
point sources in Section 3.2 and conclude that none of them

1.5

1.0

0.5+

0.0 ® . P

Separation (arcseconds)
[ ]

—1.0

—1.51

-15 -1.0 -0.5 0.0 0.5 1.0 15

Separation (arcseconds)

point sources. As evident by the weighted histogram in
Figure C1, we have more false positives at smaller separations
due to imperfect starlight suppression, and because of the
higher false-positive rate for fixed S/N at smaller separations.

Radially Weighted Number of Detected Blobs

0.2 0.4

0.6 0.8 1.0 1.2 1.4 1.6
Separation (arcseconds)

Figure C1. Left: Locations of all point sources detected in our observations with S/N > 5. The central 0”15 and separations >1”6 are hatched and represent the
regions where we do not search for point sources. The clustering of points in radial lines is likely due to diffraction from the telescope support structure. Right: A

histogram, weighted by area, of the separations of the detected point sources.
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Appendix D
Age-independent Mass Estimates

The ages of young stars are notoriously difficult to ascertain.
In Figures 5-10, we utilize our best isochrone-determined ages
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Here, in

Figures D1-D3, we show our gap and cavity mass plots for a

variety of system ages.
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Figure D1. Similar to Figure 5, but showing the mass estimates derived from our 5¢ contrast curves for a number of different system ages for systems observed as part
of the DSHARP survey (Andrews et al. 2018) or the survey of the Taurus molecular cloud (Long et al. 2018). We show the ALMA-derived planet masses (in Mj,;,) as
the points with our mass estimates using the AMES-Cond model shown as bars colored by system age. We specify the radial locations of the gaps that we are probing
as numbers (in au) above each system name.
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Figure D2. Similar to Figure 6, but showing the mass estimates derived from our 5o contrast curves for a number of different system ages. We show our mass
estimates using the AMES-Cond model as bars colored by system age. We specify the radial locations of the gaps that we are probing as numbers (in au) above each
system name. When ages produce mass limits outside of the AMES-Cond model grid, we do not show those limits.
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Figure D3. Similar to Figure 9, expected planet masses from Wang et al. (2021; diamonds with no associated errors as none were reported) and Zhang et al. (2018;
circles with their associated errors) for the subset of our systems observed as part of the DSHARP survey (Andrews et al. 2018) or the survey of the Taurus molecular
cloud (Long et al. 2018) calculated using different values for the disk viscosity, «, are shown as black and gray points. We show the planet mass estimates derived
from our 5¢ contrast limits for comparison using the AMES-Cond models (Baraffe et al. 2003).
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