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Abstract

Constraining the distribution of gas and dust in the inner 20 au of protoplanetary disks is difficult. At the same time,
this region is thought to be responsible for most planet formation, especially around the water ice line at 3—10 au.
Under the assumption that the gas is in a Keplerian disk, we use the exquisite sensitivity of the Molecules with
ALMA at Planet-forming Scales (MAPS) ALMA large program to construct radial surface brightness profiles with a
~3 au effective resolutlon for the CO isotopologue J = 2-1 lines using the line velocity profile. IM Lup reveals a
central depression in '*CO and C'®0 that is ascribed to a pileup of ~500 M_;, of dust in the inner 20 au, leadlng toa
gas-to-dust ratio of around <10. This pileup is consistent with an efficient drift of grains (=100 M, Myr ') and a
local gas-to-dust ratio that suggests that the streaming instability could be active. The CO isotopologue emission in
the GM Aur disk is consistent with a small (~15 au), strongly depleted gas cavity within the ~40 au dust cavity The
rad1a1 surface bnghtness profiles for both the AS 209 and HD 163296 disks show a local minimum and maximum in
the C'®0 emission at the location of a known dust ring (~14 au) and gap (~10 au), respectively. This indicates that
the dust ring has a low gas-to-dust ratio (>10) and that the dust gap is gas-rich enough to have optically thick C'®O.
This paper is part of the MAPS special issue of the Astrophysical Journal Supplement.

Unified Astronomy Thesaurus concepts: Millimeter astronomy (1061); Protoplanetary disks (1300); Planet
formation (1241)

1. Introduction Ciesla & Cuzzi 2006; Lyra et al. 2010; Cridland et al. 2019;
Fernandes et al. 2019). This primary zone of planet formation is
difficult to probe, as the physical scales are small, <10 au in
radius, corresponding to angular sizes of <0”1 in the closest
star-forming regions (140-200 pc).

The inner 20 au is also critical in terms of disk physics. It is the
region where the magnetorotational instability is thought to be
strongly suppressed and accretion toward the star is assumed to be
powered by magnetohydrodynamic winds (Armitage 2011).
Internal photoevaporative winds are also thought to be launched
24 NASA Hubble Fellowship Program Sagan Fellow. from the inner 20au as well (for a review, see Ercolano &
25 NASA Hubble Fellow. Pascucci 2017). Changes in transport speed of the gas, as well as

Exoplanet statistical studies imply that the majority of solar-
type stars have a planet within 1 au of the star, with observed
close-in planets spanning a wide mass range, from sub-Earth-
to multi-Jupiter-mass planets (e.g., Johnson et al. 2010;
Mulders 2018). It is hypothesized that a large portion of these
planets form relatively close to the star, with the water ice line
posited as a favored location to facilitate planet formation (e.g.,
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the launching of a wind, are thought to have profound effects on
the structure of the gas disk, which then impacts the dust disk as
well. Observing structure in the inner 20 au could thus reveal
information on a host of processes.

Studies of this primary planet-forming zone have focused on
either the composition of the molecular gas within the water ice
line or the structure of the gas and dust disk near the dust
sublimation radius. Compositional studies of the disk inside the
water ice line are driven by near- and mid-infrared observations
with, for example, VLT-CRIRES, Keck-NIRSPEC, VLT-VISIR,
and Spitzer-IRS. The observations generally lack the resolution
to spatially resolve the inner disk, but it is only the inner disk that
has the physical conditions necessary to produce emission of the
2-35 pm rotational and rovibrational lines that these instruments
target (e.g., Carr & Najita 2008; Pontoppidan et al. 2010; Salyk
et al. 2011). These observations have taught us that the surface
layers of the inner disk are hot (500-1000 K; e.g., Salyk et al.
2011), dust poor (e.g., Meijerink et al. 2009), and strongly UV
irradiated (Pontoppidan & Blevins 2014; Bosman et al. 2018).

Directly imaging structure in the inner tens of astronomical
units is difficult, as high-resolution optical and infrared imagers
either obscure this region behind a coronagraph or have the
stellar point-spread function overwhelm the disk emission (e.g.,
Avenhaus et al. 2017). Submillimeter interferometry can now
reach 30 mas (~5 au) resolution in the dust, barely resolving this
region (e.g., ALMA Partnership et al. 2015; Andrews et al.
2018). However, gas emission-line studies in protoplanetary
disks are generally limited to 100 mas in light of sensitivity and
integration time considerations (e.g., Oberg et al. 2021). Infrared
interferometry can reach a resolution down to 1 mas in both the
gas and dust, which would easily resolve the planet formation
regions; however, these instruments generally are not able to
probe scales larger than ~5 au and are most sensitive to emission
on scales smaller than 1 au (Dullemond & Monnier 2010; Menu
et al. 2015; Gravity Collaboration et al. 2017; Lazareff et al.
2017). There is thus a gap in our knowledge of gas structure at
few au scales in the inner ~20 au from imaging studies.

Exploiting the spatial information in high resolving power
spectra (A%\ = R > 25,000), it is possible to close this gap in
our knowledge for gas emission lines. This has mostly been
applied to the strong infrared CO rovibrational lines around
4.7 um (e.g., Pontoppidan et al. 2008; van der Plas et al. 2015;
Banzatti & Pontoppidan 2015; Bosman et al. 2019). In
particular, these observations have been used to map the CO
column density profile in the dust cavity of transition disk HD
139614 (Carmona et al. 2017).

The high resolving power of submillimeter interferometers
(R>10% also allows the use of kinematic information
to extract spatial information. Notable results include the
inference of significant molecular gas within the millimeter
dust hole in TW Hya at radii <4 au (Rosenfeld et al. 2012), a
gap in the molecular gas in GM Aur (Dutrey et al. 2008) that
has just recently been resolved (Huang et al. 2020; Law et al.
2021). It has further been used to constrain the gas distribution
in debris disks (Hales et al. 2019) and the CO gas mass within
an unresolved CO snowline in a handful of Class I and II
sources (Zhang et al. 2020a, 2020b).

In this paper, we use the high sensitivity and spectral
resolving power of the Molecules with ALMA at Planet-forming
Scales (MAPS)*® data (Czekala et al. 2021; Law et al. 2021;

26 hitp: //www.alma-maps.info
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Oberg et al. 2021) to zoom in on the CO emission in the inner
few astronomical units of the targeted disks (AS 209, IM Lup,
GM Aur, HD 163296, and MWC 480). Law et al. (2021)
presents central flux depressions in the CO line emission in
four out of five (all except MWC 480) of the MAPS sources
in some or all of the isotopologue lines. The goals of this
paper are to look for and, where possible, characterize and
explain unresolved structure in the CO emission. We are thus
tracing gas structure down to the primary planet-form-
ing zone.

2. Observations

This study uses CO line data taken as part of the MAPS
ALMA Large Program (2018.1.01055.L), specifically the
"2CO, "*CO and, C'*0 J=2-1 and the '>CO and C'*0
J = 1-0 isotopologue lines.

The reduction and imaging procedure of these data is
outlined in Oberg et al. (2021) and Czekala et al. (2021). From
the standard data products we used the circularized, 0”3 beam
images for all isotopologue lines. For the J = 2-1 lines, we also
use images with minor differences in the imaging procedure,
namely, velocity range imaged for these lines is 4x as large as
detailed in Czekala et al. (2021) to get a proper baseline of line-
free channels (See Table 1 for the velocity ranges). With this
velocity range, image cubes with a 0”15 and 073 circularized
beam are created for all three isotopologues. Furthermore, we
use line+continuum CLEAN masks, which combine the
Keplerian mask with an elliptical mask that encompasses
the millimeter disk, even though we are imaging the con-
tinuum-subtracted visibilities. The line4continuum CLEAN
masks make sure that all on-source flux in the high-velocity
channels is included. Unless otherwise noted, we use these
wider CO images for our analysis.

For these wider velocity range images, as for the fiducial CO
images ('*CO and C'®0, J=1-0; "*CO, '3CO, and C'®0,
J=2-1), spectra are extracted from the image cubes by
summing the pixels either in a circular aperture or in the
CLEAN mask.

3. Methods

Figure 1 shows the spectral line profiles extracted for the
'2CO J = 2-1 line toward all five of the MAPS sources using a
series of circular apertures with a radius, ranging between 0”2
and 0”8. The smallest aperture (0”2) has the advantage that it
includes the fewest pixels, and that at large velocities (and thus
small emitting radii) it is the most precise measurement.
Comparison to larger apertures shows that around the velocities
corresponding to 10-20 au (around 0”15) the spectrum from
the smallest aperture starts to deviate, as it no longer
encompasses all the flux in the image.

The symmetry of the line profiles has been studied in
Appendix A.1, where we only find nonsymmetric emission in
AS 209 and HD 163296, which will be masked in the rest of
the analysis (see Figure 1). A comparison of the J=2-1 and
J=1-0 line profiles is presented in Appendix A.2. No clear
evidence of the lower-frequency line probing deeper into the
disk, or significantly less impact of the continuum subtraction,
is seen in the comparison of the line profiles.

The spectrum used for the radial profile fitting is a combination
of the spectra extracted with the different apertures. The spectra
are extracted from the wide velocity range J = 2—1 isotopologue
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Table 1
Source Properties
Source M, Incl. Veys Vrange Reference
Mo) (deg) (kms™") (kms™")
IM Lup 1.1 47.5 4.5 —19.5, 28.5 (Pinte et al. 2018; Huang et al. 2018; Czekala et al. 2021)
GM Aur 1.1 53.2 5.6 —22.4,33.6 (Macias et al. 2018; Huang et al. 2020)
AS 209 1.2 35.0 4.6 —29.4, 38.6 (Huang et al. 2017, 2018; Czekala et al. 2021)
HD 163296 2.0 46.7 5.8 —33.0, 44.8 (Andrews et al. 2018; Huang et al. 2018; Teague et al. 2019)
MWC 480 2.1 37.0 5.1 -26.9, 37.1* (Piétu et al. 2007; Simon et al. 2019; Liu et al. 2019)
Note.

# Available velocity range for '*CO and C'®0 is only —6.9 and 17.1 km s~ !, respectively.

images. For channels that have emission that should only originate
within 0”05, a 0”4 aperture is used, and for emission originating
between 0705 and 0”25, a 0”6 aperture is used. For these images
a baseline 0715 circularized beam is used. For emission
originating between 0”25 and 075, the spectrum is extracted
with a 0.8” aperture from the images that have a 0”3 circularized
beam. As 0”35 translates to 50-80 au, this spectrum contains all
the flux necessary for our purposes. This has been checked against
the flux extracted from within the CLEAN mask. For any of our
further analysis, we will not consider emission from radii >40 au.
The velocity range in the spectra that corresponds to these radii is
never taken into account in the fitting.

Flux errors are estimated by taking the rms of the complete
ALMA data cube outside the CLEAN mask and multiplying
that by the square root of the number of beams that fit within
the spectral extraction aperture.

The reconstruction of the radial intensity profiles (I(R)) is
based on the assumption that all the disk emission is coming
from gas in Keplerian rotation. For gas in Keplerian rotation,
the maximal projected velocity that is achieved at a given
radius is given by

Vi (R) = Q/Gf* sin(i), (1)

where G is Newton’s gravitational constant, M, the stellar
mass, R the radius, and i the inclination of the disk. Stellar mass
and inclinations used in this paper are listed in Table. 1. This
implies that emission at velocity offsets larger than a given
value must be generated within the radius as given by
Equation (1). For each of the disks these relations are given in
Figure 12. This implies a relation between % and /(R). While
it is in principle possible to use this relation directly to derive
I(R) from the extracted spectra, we do not do this, but will
instead use a very simple forward model to fit the spectra (F(v))
with a radial intensity profile. Fitting a forward model makes it
easier to directly account for the finite velocity resolution and
estimate the effect of noise in the spectra on the inferred
brightness profiles. Full details of the fitting procedure are
given in Appendix B.

4. Radial Intensity Profiles

Figure 2 shows the radial surface brightness profiles
extracted from the CO isotopologue line profiles for the five
MAPS sources. These surface brightness profiles show features
on scales that are not distinguishable in the CLEANED images
with 0”15 resolution.

The surface brightnesses of the '*CO and C'®0O isotopolo-
gues are low in the inner regions of the IM Lup disk. The C'*0
surface brightness is below our detection threshold within
30au, and the '>CO surface brightness drops below the
detection threshold around 20 au. The '*CO surface brightness
profiles show some structure between 5 and 15 au, with a local
minimum that is a factor of two lower than the surrounding
surface brightness at ~8au. Given the large errors at these
radii, it is assumed that these are driven by the noise in the data.

The radial profiles of the GM Aur disk all show a strong
drop in emission in the inner region. 'CO drops inside 15 au,
while *CO and C'®0 drop inside of 20 au. This leads to very
similar C'®0 and '*CO profiles, with the '*CO profile being
slightly brighter. Comparing to the radial profiles derived from
the CLEANED images by Law et al. (2021) (see Appendix C),
the surface brightness derived from the line profiles shows a
steeper drop in all isotopologues.

The radial surface brightness profiles of the AS 209 disk are
rich in substructures. The '2CO profile appears centrally peaked
and has a local minimum at ~3au followed by a local
maximum at ~8au with a monotonically decreasing flux
toward larger radii. The '*CO seems to follow the '*CO radial
profile relatively well, showing the same peak at 8au and
dropping inward from this radius, after which the emission
becomes indistinguishable from the noise. The C'®0 shows a
strong decrease in surface brightness inward of 20 au that is not
seen in the '2CO and '>CO lines. At low significance, the c®o
also shows a maximum at 8au, together with the other
isotopologues.

The surface brightness profiles of the HD 163296 disk only
probe down to 5 au, as the velocity channels corresponding to
smaller radii are contaminated on both the blue- and redshifted
side. The '*CO and '*CO surface brightness profiles show low-
amplitude (less than a factor 2) variations over the entire
5-30 au range. These amplitude variations do not seem to be
consistent between the lines, however. The C"30 shows strong
(more than a factor 2) oscillations between 7 and 15 au. At
around 9au there is a peak in the surface brightness
distribution, leading to comparable C'®0 and '*CO fluxes.
Within 9 au there is a sharp drop in surface brightness to below
our detection threshold. Outside of 9 au the flux drops to a local
minimum at 12 au.

The radial surface brightness profiles of '*CO and '*CO
around MWC 480 show similar low-amplitude deviations to
HD 163296, with '>CO additionally showing a strong peak
around 10au. The C'®O surface brightness profile shows a
strong dip at the same location. The 'CO peaks strongly
toward the inner disk.
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Figure 1. CO J = 2-1 spectrum of all our sources as extracted with different circular apertures. The apertures have a radius between 0”2 and 0”8. The vertical bars
under the disk names show the error bars for the extracted spectra. The gray dotted vertical line shows the systemic velocity; red vertical lines show the velocity that
corresponds to the maximal projected velocity for 2, 5, 10, and 20 au; and the gray shaded areas show the regions that have been masked in the radial profile

determination (these regions are discussed in Appendix A.1).

5. The Effect of Dust on Line Emission

The inner regions of these five protoplanetary disks show a
large variety of structures that are not well traced by imaging
with the high (0”15) resolution of the MAPS data. Four of the
disks, AS 209, IM Lup, HD 163296, and MWC 480, have

strong dust emission in the inner 30au. AS 209 and HD
163296 also have previously resolved structure in the dust disk
in this region (Andrews et al. 2018; Huang et al. 2018). Before
interpreting these structures, it is necessary to discuss the
effects of dust on the line emission.
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Figure 2. Radial profiles of the five MAPS sources as constrained from the
2CO (blue), *CO (orange), and c®o (green) J = 2—1 spectra. The fit to the
data is shown with a thick line. Thin lines show 30 fits of the data after flux
offsets had been applied to each velocity bin according to the observational
uncertainties. These lines give an estimate on the uncertainty in the strength,
depth, and location of the features. The black dashed line shows the lower limit
to the flux that can be measured at each radius for the C'®0 spectra. When a
radial surface brightness profile drops below its detection limit, it is not plotted.
Due to slightly different rms values for the IZCO, 13 CO, and C'80 data cubes,
this does not happen exactly at the dashed line for the 12CO and "*CO radial
profiles. The inner radius for HD 163296 is ~5 au, as the highest velocities had
to be masked out. For MWC 480 a wider velocity range was available for the
'2CO than the '*CO and C'®0; in this case the '*CO sensitivity is given with a
black dotted line.

Given the limited velocity coverage of the CO spectral
windows (100-200 km sfl), which is on par with the infrared,
rovibrational CO line widths (e.g., Brown et al. 2013; Banzatti
et al. 2017), a single spectral window cannot be used to
conclusively distinguish high-velocity (small radii) CO emission

Bosman et al.

from continuum emission. All the spectra used here are thus
continuum subtracted, using the dust emission information in all
spectral windows combined for an accurate continuum
determination.

The role of the dust optical depth on the CO emission
profiles is not lessened in this way, and standard checks, such
as comparing with continuum or line4-continuum images,
are not possible. It is thus worth discussing the effects of
(unresolved) continuum emission on the line radial profiles. As
the dust emission of all the MAPS disks has been modeled
(Sierra et al. 2021; Zhang et al. 2021), there is a good estimate
of the average millimeter dust optical depth in the inner few
tens of au. The millimeter emission of GM Aur drops within
40 au, with multiband observations implying that this emission
is optically thin. AS 209 and HD 163296 appear to be optically
thin around 220 GHz in dust emission down to 20 au assuming
a nonscattering dust model (Sierra et al. 2021; Zhang et al.
2021); however, the dust model including scattering and the
evidence of dust substructure within 20 au imply that dust is
optically thick in some regions within 40 au (Andrews et al.
2018; Huang et al. 2018; Guzman et al. 2018; Sierra et al.
2021). IM Lup and MWC 480are consistent with fully
optically thick emission within ~40 au even without assuming
strong scattering at millimeter wavelengths (Liu et al. 2019;
Sierra et al. 2021; Zhang et al. 2021).

Optically thick dust has several effects on the observed line
emission. Aside from obscuring gas under the millimeter dust
photosphere, it also produces a background flux for the line
emission originating above the dust emission surface. When
gas and dust temperatures differ, there will still be a line
visible, either in emission or in absorption, and gas properties
can still be extracted (see, e.g., Weaver et al. 2018). There is a
relevant edge case, however, when gas temperature (or
excitation temperature) and dust temperature are the same over
the line of sight. This can happen in a vertically isothermal
layer in the inner disk.

The surface brightness profiles of the IM Lup, AS 209, HD
163296, and MWC 480 disks show drops of factors of 3 or
more. It is necessary to consider these surface brightness
declines as the result of optically thick dust in an isothermal
layer and investigate the exact conditions necessary to cause
these strong surface brightness drops.

5.1. Line Emission with Dust Scattering

To investigate this, we consider two very simplified physical
configurations as shown in Figure 3. We consider an isothermal
layer of temperature Tis, = Tex = Tquse that has the line- and
dust-emitting region either completely overlapping or vertically
completely separated. For each of these configurations we
derive an expression for the continuum-subtracted line flux and
discuss the conditions under which the continuum-subtracted
line emission is most efficiently diminished.

When looking at millimeter wavelengths, scattering by dust
is not negligible. The scattering opacity at a wavelength of
I mm from grains with a size distribution n(a)oca”, with
p = — 3.5, between 0.005 ym and 1 mm is a factor of 10 more
than the absorption opacity (Birnstiel et al. 2018; Zhang et al.
2021). This reduces the continuum flux up to a factor of 4 (see
Zhu et al. 2019, for a full discussion). Following Zhu et al.
(2019), we write the optically thick dust intensity as
Iawst = XxB,(Tiso); x is the intensity reduction coefficient and



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:15 (18pp), 2021 November

layered emitting

@ uniform emitting

=5 region region
A
line
5 5 emlt‘tlng
als region
=
o|o continuum
emitting
region
Tiso(-I _e*T)(‘l -X d)
AN

S

—

X dTiso

@
Ff
line shows up due to lower dust emits as if not
albedo in gas +dust optically thick due to
scattering allowing
line to shine brighter

emitted intensity

Figure 3. Schematic representation of the expected line strengths from an
isothermal layer that has an optically thick dust layer and an optically thin gas
contribution. The scenario in orange (left, Equation (4)) shows an emission
layer where gas and dust are well mixed. The scenario on the right
(Equation (5)) depicts a molecular line-emitting region (blue) on top of a
dust (continuum) emitting region (red). In all cases the observer is assumed to
look upon the layers from above as noted by the telescope dish. In the bottom
panels the expected emission of this layer around a gas spectral line is shown;
the observed spectrum is shown in black in the right panel, and the continuum
and gas contribution to the spectrum is shown in red and blue, respectively. yq4
refers to the dust intensity reduction coefficient (Equation (2), Zhu et al. 2019),
and x;.q refers to the line and dust intensity reduction coefficient
(Equation (3)).

is approximately given as (see Zhu et al. 2019, Equation (13))

X ~ \/1 —-—w = \/1 - H/scat/(liabs + Kgeat) » 2)

where kK¢, and Ky, are the scattering and absorption opacity,
respectively, and w is the dust albedo. If line and dust are
emitting from the same medium, the line + continuum intensity
reduction coefficient has to be used. This is given by

X line+dust

~ 1 — Rscat, dust . 3)
("iabs, dust T Kabs, line + Fscat, dust)

Note that the absorption of photons by molecules does not
have a scattering component associated with it, as such
Xline-tdust > Xdust always holds. Assuming that the dust optical
depth 74,5 > 1, the continuum-subtracted line intensity /; _c is
given by

Lc= XlineeruslB'/(];SO) — XaustBr (Taust)
- Bu(’Eso)(Xline+duSt - Xdusl)’ (4)
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with B,(T) the blackbody radiation. In this case (Figure 3, left),
the continuum-subtracted line emission only disappears if the
opacity of the line is negligible compared to the dust opacity, as
that would result in Xjinesqust & Xdust (€€ Section 5.2, for the
necessary conditions for CO).

In a protoplanetary disk, the line emission is generated
over a larger vertical extent than the millimeter continuum
owing to the larger millimeter-sized dust grains being settled
toward the midplane (e.g., Dutrey et al. 2017; Zhang et al.
2017). Equation (4) can be modified to assume that the line-
and continuum-generating layers are separated, with the line-
generating layer closer to the observer (Figure 3, right). This
could be the case for disk surface gas that is lofted by
hydrostatic equilibrium to greater heights than the settled
dust-rich midplane. When considering the effects of scatter-
ing, the line emission will appear to be stronger than in the
fully mixed case. In this two-layer case, using Xjn,.=1, and
again using Tq.s > 1, we can write

I—c = XiineBu(Tex) (1 — €77)
+ Xaust By (Taust) €~ i
- XdustBV(T('iust)
= B, (Tiso) (1 — ¢ Tine)
- XdustBl/(T('iust)(l — e*ﬂinc)
:By(Tiso)(l — e_Tline)(‘l _ XdUS[)- (5)

In this case, there thus will always be line emission visible
above an optically thick dust continuum unless the dust does
not scatter its own radiation, that is, Y qus = 1 (Which reduces to
the case discussed in Rosotti et al. 2021).

5.2. Fully Suppressing Line Emission with Optically Thick Dust

What is left to understand is under which physical conditions
it is possible to suppress the line flux significantly. In both
Equations (4)and (5) the line flux drops significantly when
Xdust approaches 1, which implies negligible scattering. For
particles of astronomically relevant composition and assuming
p=—3.5, this happens when the maximum grain size is
smaller than 0.1 mm, or larger than 10 cm (Zhu et al. 2019).
Grains of these sizes, however, have at least an order of
magnitude lower total (absorption+-scattering) opacity com-
pared to millimeter-sized grains, implying that 10x more mass
is needed to make the midplane optically thick at 1-3 mm
wavelengths (Sierra et al. 2021). This would imply large
pileups of dust in the regions that are optically thick.

Line flux could also be significantly reduced if the line-
emitting layer and continuum-emitting layer are mixed. Here
dust scattering and absorption modify the line flux. This would
entail the lofting of millimeter-sized grains to the layer from
which the molecule of interest is emitting. In this case, dust
scattering and absorption dominate the total opacity, even at
line center. Taking the CO J =2-1 line as an example, we can
estimate the local gas-to-dust ratios necessary. For simplicity a
temperature of 50 K, a CO line width of 1km s7! and an
abundance with respect to H, of 10~* are assumed. Under these
conditions, CO gas has a gas mass opacity of ~1000 cm?g~!
(Schoier et al. 2005; Endres et al. 2016), compared to the
0.3 cm? g~ for millimeter-sized dust at a gas-to-dust ratio of
100 (Birnstiel et al. 2018). '*CO J=2-1 should thus only be
affected by dust opacity when the gas-to-dust ratio drops to
values around 0.03, which is unlikely. However, for 13CO and
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C'®0, which are 69 and 550 times less abundant (Wilson &
Rood 1994), gas-to-dust ratios of ~2 and ~15 can cause
significant suppression of the line flux. This assumes that the
CO abundance is 1074; for lower CO abundances, less dust
would be necessary.

6. Discussion
6.1. Evidence for Pebble Drift Feeding the Inner IM Lup Disk

IM Lup shows a strong surface brightness drop in '>CO and
C'0 in the inner ~30 au in the image-derived radial profiles
and in surface brightness profiles derived via the line profiles.
Dust models suggest that the dust continuum emission is
optically thick in the inner regions (Cleeves et al. 2017; Sierra
et al. 2021), with optical depths >3 within 40 au (Sierra et al.
2021). As argued in Section 5.2, for this dust to significantly
affect the C'®0O emission, the gas-to-dust ratio must be lower
than 100. In the case in which the dust is nonscattering, at least
500 M, is necessary to make the dust optically thick and thus
suppress the line emission within the inner 20 au. The amount
of dust necessary if the grains are around millimeter sized and
vertically extended is not straightforward to estimate owing to
the complex interaction between line emission and the
scattering of the dust. As calculated in Section 5.2, 500 M,
which implies a gas-to-dust ratio of ~10, is of the right
magnitude to impact the line emission.

To better constrain the mass necessary to reproduce the
observations in the case of a vertically extended grain
population, we calculated the CO line emission in a couple
of Dust And Llnes (DALI) models (Bruderer et al. 2012;
Bruderer 2013). These toy models are tuned to roughly match
the CO column derived at ~100 au radii by Zhang et al. (2021),
assuming a CO abundance of 10~ (model setup is presented in
Appendix D). This model is just a representative model to see
the effects of dust and is not finely tuned to the IM Lup (inner)
disk. The distribution and amount of large dust within 20 au are
varied in these models. In the fiducial model, the large dust (up
to I mm) is settled; in all other models, this large dust
population is well mixed in with the gas. At the same time, the
amount of large dust is increased by a factor of 1, 10, and 100,
exploring gas-to-dust ratios of 100, 10, and 1. The radial
profiles derived from model line profiles, and the IM Lup
observations as a comparison are shown in Figure 4. The goal
of these models is not to fit the data perfectly but to see the
effects of different dust distributions on the CO isotopologue
emission.

The model '*CO surface brightness drops uniformly when
the amount of dust in the atmosphere is increased. This is
caused by the extra dust in the atmosphere lowering the gas and
dust temperature, due to decreased penetration of optical and
UV photons. The '*CO and C'®O emission in the models is
also impacted by the additional large dust. Outside of 20 au, a
brightness drop like that for '*CO is seen. Inward of 20 au there
is an extra drop in models with 10 and 100 times more dust.
This allows us to reproduce the order-of-magnitude drop in
C'80 and "*CO intensities.

The amount of dust necessary to obscure the line photons in
the model is between 400 and 4000 M, within 20 au. This is in
agreement with the amount of dust derived from multi-
wavelength continuum fitting, which finds ~500 M, of grains
within 20 au (Sierra et al. 2021). The minimal mass necessary
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Figure 4. CO radial profiles of IM Lup compared with model radial profiles of
2CO (top), *CO (middle), and C'®O (bottom), for which the large dust
vertical distribution is varied within 20 au. Colored solid lines show the CO
isotopologue radial surface brightness profiles, and the dashed lines show the
detection limit (see Figure 2). Models are shown in gray scale in different line
styles. Apart from the fiducial model, all models have the large dust fully
vertically mixed with the gas, and the models shown with dashed—dotted and
solid lines have the large dust within 20 au enhanced by a factor of 10 and 100,
respectively. Surface densities and model description are given in Appendix D.

to explain the CO observations is thus ~500 M, regardless of
grain size. However, if the grains have a significant scattering
opacity, they will need to be vertically well mixed. Grains of
Imm have a Stokes number of St=4 x 107> at 20au
(Mgas = 100). To efficiently mix these into the surface layers,
we need a turbulent > St=4 x 10> (Dubrulle et al. 1995).
This is significantly higher than the turbulence expected for an
inner-disk dead zone (e.g., Gammie 1996).

The masses for the millimeter grain models assume that the
CO abundance in the inner 20 au is 10 If it were increased to
10, this would imply 10 times more large dust, as well as a
gas-to-dust ratio of 0.1—1. The model thus needs more dust than
the minimum amounts estimated from the analytical derivation
(Section 5.2).

Given the young ~1Myr age of IM Lup (Mawet et al.
2012), it seems reasonable that the large agglomeration of dust
in the inner disk is due to radial drift of the grains. Radial drift
can explain both the strong agglomeration of dust within
the 1 Myr timescale and the specific transport of dust, but not
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gas, leading to low gas-to-dust ratios. Radial dust transport
rates of >100 M Myr ' are often invoked to quickly build the
cores of gas giants in pebble accretion models (e.g., Bitsch
et al. 2019), which appears possible in the IM Lup disk.

The low gas-to-dust ratios derived in the inner disk would
also allow for the quick formation of planetesimals through the
steaming instability. The streaming instability is most efficient
when the grain(s) Stokes number is close to 0.1 (e.g., Carrera
et al. 2015). This corresponds to 3—10 cm for IM Lup at 10 au
assuming the surface density from Zhang et al. (2021). This is
on the large end of the size distribution consistent with the dust
continuum modeling (1 cm, assuming p = —2.5; Sierra et al.
2021) but also agrees with large grain models that are weakly
scattering (Zhu et al. 2019). Grains down to Stokes numbers of
3 x 107" (~0.1 mm) have also been found to be able to trigger
the streaming instability at a gas-to-dust ratio of 10, as
measured for IM Lup. Even if grains are small in the inner disk,
triggering the streaming instability remains likely. Planetesi-
mals could thus be currently forming through the streaming
instability in the inner 20 au of IM Lup.

Strong pebble drift can have a profound impact on the
composition of the gas in the inner disk (e.g., Ciesla &
Cuzzi 2006; Booth & Ilee 2019), with the pebbles bringing in
oxygen-rich ices that lower the C/O ratio within the CO, and
H,O ice lines. It has been proposed that these effects can be
seen in mid-infrared spectra of these sources, by enhancement
of the oxygen-carrying species, H,O and CO,, and subsequent
suppression of the carbon-rich species (Najita et al. 2013;
Bosman et al. 2018; Banzatti et al. 2020).

The Spitzer-IRS IM Lup spectrum shows a clear CO,
emission feature at 15 um but does not show any H,O, OH,
C,H,, or HCN emission, making it a peculiar source in the T
Tauri sample (Pontoppidan et al. 2010; Salyk et al. 2011;
Bosman et al. 2017). It is not consistent with disks with strong
water emission and weak HCN emission, as expected for a disk
with strong drift (Najita et al. 2013; Banzatti et al. 2020).
However, in the case of strong drift and vertical mixing,
Bosman et al. (2018) found extremely elevated CO, abun-
dances, resulting in CO,-branch fluxes far brighter than
observed toward any disk.

The low gas-to-dust ratio inferred for the inner disk of IM
Lup might solve this disparity. The strong-line emission
observed in many other T Tauri disks in the mid-infrared,
which is originating from the surface layers of the inner few au,
generally requires high (>1000) gas-to-dust ratios to reproduce
(Meijerink et al. 2009; Blevins et al. 2016; Bosman et al. 2017).
This is in sharp contrast to the gas-to-dust ratios of 0.1-10
derived from the ALMA data. If these low gas-to-dust ratios
persist into the inner-disk upper atmosphere, they would lower
the CO, flux. This would also smother the C,H, and HCN flux
and could make the H,O lines too weak to detect, leaving only
the strong CO, Q-branch. Sensitive JWST-MIRI spectra will be
able to look for the weak H,O lines to constrain the
CO,-to-H,O abundance ratio. These observations can poten-
tially also detect H, pure rotational lines to determine the
absolute CO, abundance and gas-to-dust ratio in the surface
layers.

6.2. Tracing the Gas Cavity in GM Aur

In the millimeter continuum images the GM Aur disk
stands out in the MAPS sample, as it has a large cavity in the
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dust, with very little large dust within ~40 au (e.g., Dutrey
et al. 2008; Huang et al. 2020; Sierra et al. 2021). This implies
that there is not enough dust to affect the CO line emission. The
surface brightness profiles show that the lines still emit from
part of the dust cavity, but that there is a strong drop in surface
brightness, at least a factor of 3, in all isotopologues. This is
significantly larger than the ~30% drop seen in the radial
profiles extracted from the images (see Figure 13).

Such strong emission drops can only be from column density
drops strong enough to make the 'CO and '*CO lines optically
thin. Assuming a '*CO-to-"CO ratio of 69 (Wilson &
Rood 1994), this means that the CO column must drop by
almost 2 orders of magnitude between 20 au, where the drop in
3CO begins, and 15 au, where the drop in '*CO begins. As CO
strongly self-shields, it is likely that this is due to a total column
density drop, with the H, column dropping below ~10*! cm ™2
around 15 au (Bruderer et al. 2012; Bosman et al. 2019), but
source-specific models, including isotope-specific photodisso-
ciation, are necessary to extract a more detailed CO and H,
column density profile.

6.3. Impact of Gaps and Rings

The C'80O surface brightness profiles in the inner disks of
both HD 163296 and AS 209 show gaps and peaks that line up
with known dust substructures for these disks imaged at
~40mas (see Figure 5; Andrews et al. 2018; Huang et al.
2018). The bright continuum rings, which exist at 14 au for
both disks, line up with a strong (>3x) decrease in the C'*0
surface brightness. In contrast, at the location of millimeter
continuum gaps, at 9 and 10 au for AS 209 and HD 163296,
respectively, there is an increase in C'®O surface brightness. In
AS 209, the 9 au millimeter continuum gap also corresponds to
a peak of the 'CO and '>CO surface brightness. This
correspondence between continuum rings and line minima
implies that the dust is impacting the line emission in these
regions. This, in turn, implies either that the dust in these rings
has very little scattering opacity at 1.3 mm (grain sizes
<0.Imm or >10cm) or millimeter dust that is vertically
extended (see Section 5.2). In both cases, the ring would need
to contain a significantly larger surface density of dust, by at
least a factor of 10, when compared to the surrounding material
using the surface densities given by Zhang et al. (2021). The
presence of a ring signals efficient radial concentration of dust;
vertical concentration of dust is also expected. This argues
against vertically extended efficiently scattering grains.
Furthermore, small grains <0.1 mm would have small Stokes
numbers and would thus not be efficiently trapped within
the ring. As such, efficient localized growth in the ring to
multiple centimeter-sized grains seems to be the most logical
explanation.

The increase in C'®0O flux at the millimeter continuum gaps
in AS 209 and HD 163296 is consistent with optically thin dust
at these radii, with higher fluxes caused by the lower continuum
flux. Reduced continuum opacity allows for a higher column of
CO to be probed. At the same time, it implies that the dust gap
is rich in gas, as a strongly gas-depleted region at the location
of the millimeter continuum gap would cause weak C'*O
emission from the gap. The peak of '>CO and '*CO in AS 209
around the 9 au millimeter continuum gap suggests that the gap
does impact the temperature structure, with higher temperatures
in and around this gap. AS 209 also shows a strong drop in
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Figure 5. Line-profile-derived radial structures for AS 209 and HD 163296, together with dust substructures found in the DSHARP ALMA large program (Andrews
et al. 2018; Huang et al. 2018). Locations and width of bright rings are given in orange, dark gaps in brown. Line colors and styles for the radial profiles are the same as in
Figure 2. In both AS 209 and HD 163296 C"0 line emission peaks at the location of the dust gap, while line emission is suppressed at the location of the dust ring.

2CO surface density at ~3 au, where the '>CO has already
dropped under the detection threshold. The drop from the peak
at 8 au is greater than a factor of 2, implying either a similar
drop in temperature or a drop of the CO column density below
~10'"7 ¢cm™?, making CO optically thin. Interestingly, for the
second continuum gap-ring pair at 24 and 28 au a clear effect
on the C'®0 is missing.

6.4. Unresolved Dust Structure in MWC 480?

The MWC 480 disk shows a drop in C'®0 surface brightness
and a peak in '*CO surface brightness at 10 au. High-resolution
continuum observations do not show any structure in the inner
regions of the MWC 480 disk (Long et al. 2018; Sierra et al.
2021). However, the highest resolution available is 0.08 mas, or
13 au, which would smear out any structure around 10 au.

The combination of a C'®*0 drop and a '*CO peak is difficult
to explain. The increase in 13C0, and to a lesser extent '>CO,
implies an increase in gas temgperature. The drop in C'*0 would
imply an optically thin C'®0 column, while '*CO is still
optically thick. This would constrain the CO column density
between 3 x 10" cm 2 and 2 x 10"® cm ™2 (assuming 50 K for
the kinetic temperature). This is at least 3—4 orders of magnitude
lower compared to the CO column derived by reproducing the
CO isotopologue emission with a thermochemical model and the
column necessary to explain the hyperfine line ratios of the C'’O
J = 1-0 emission originating from the inner regions of the MWC
480 disk (Zhang et al. 2021). As such, it might be more likely
that we are tracing some more complex interplay between
unresolved dust substructure and temperature.

6.5. Future Directions

Analysis of the dust in the inner regions of IM Lup, HD
163296, and MWC 480 in Sierra et al. (2021) suggests that the
grains responsible for the millimeter emission might be small
(0.1 mm). These small grains have little scattering opacity at
1.3 and 3 mm and thus efficiently block the line emission (see
Section 5.2). At higher frequency, the scattering opacity of
these small grains increases relative to the absorption opacity.
This would, counterintuitively, increase the expected line flux
of high-frequency lines and would allow the use of '*CO and
C'®0 J = 8-7 lines to constrain the grain size in the inner disk.
At high frequency (877 GHz; ALMA, Band 10) integrations

would be shorter, compared to observations with a similar
sensitivity at lower frequency (110 GHz; ALMA Band 3).

Emission originating from the inner disk needs to be bright to
allow for the extraction high-resolution surface brightness radial
profiles of the inner ~20 au from the spectra. This unfortunately
constrains the available species that can be used. CO isotopolo-
gues, as used here, are the prime candidates. In disks with
abundant dust in the inner tens of astronomical units, HCN is the
only other species bright enough to extract high-resolution radial
surface brightness profiles, but it has the issue of satellite lines that
complicate the analysis. In GM Aur, more species are centrally
peaked, including CN, CS, and C,H. This allows for a high-
resolution chemical study of the GM Aur disk cavity, and possibly
other transition disks, without going to <0”15 resolution. For
lines that are weak in the inner disk it is still possible to get upper
limits to the surface brightness profile, which can still provide
valuable information (see Bosman et al. 2021).

Finally, using a space- or Moon-based submillimeter telescope
with a high resolving power instrument (R = /6 > 10°), such as
the Origins Space Telescope equipped with HERO (Heterodyne
Receiver for Origins), it would be possible to use this technique
on bright HIZGO water lines, mapping water to far within the
telescope’s nominal spatial resolution.

7. Conclusions

We have studied the inner 20 au, using wings of the CO
isotopologue lines observed with the MAPS program (Oberg
et al. 2021). Using Keplerian rotation of the disk we have
inferred radial surface brightness profiles with an effective
resolution of ~3 au. Our conclusions from these radial surface
brightness profiles are as follows:

1. The J=1-0 and J=2-1 *CO and C'®0 line wings are
consistent within the observational errors for all sources.
This implies that the lower-frequency J = 1-0 lines do
not probe significantly deeper down toward the midplane
than the J =2-1 lines.

2. Radial surface brightness profiles extracted from the line
profiles show a host of features, including gaps and peaks
in the C'®0O surface brightness in AS 209, HD 163296,
and MWC 480; an inner hole in >CO and C'%0 in IM
Lup (20-30 au) and AS 209 (5 au); and an inner hole in
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"2CO, CO, and C'®0 in GM Aur. Some of these
features are not resolved in the CLEANED images,
showcasing the power of this technique.

3. The central depletion of CO isotopologue emission seen
for GM Aur is consistent with a gas cavity within the dust
cavity as previously inferred (e.g., Dutrey et al. 2008).
We estimate that '*CO is optically thin within 15 au.

4. The inner hole in the CO emission in IM Lup can be
explained by a pileup of large dust in the inner 20 au.
This is in line with multiwavelength continuum emis-
sion analysis and implies that there is >400 M, of large
dust and a gas-to-dust ratio of <10 within 20 au in the
IM Lup disk. We propose that this pileup is due to radial
drift of large dust. The drift rate necessary to cause this
pileup, >100 M, Myr', enables the quick formation of
giant planet cores through pebble accretion, while the
small gas-to-dust ratios would allow for the triggering of
the streaming instability.

5. The previously resolved continuum rings in the inner
20 au of AS 209 and HD 163296 appear to impact the
CO isotopologue emission. The innermost bright con-
tinuum ring in both systems is cospatial with a drop
in the C'"®0 surface brightness, while the millimeter
continuum gap inward of this shows an emission peak in
all isotopologues in both disks. Efficient growth of
grains to multiple-centimeter sizes within the continuum
ring, coupled with trapping of these grains, can explain
the lack of CO emission.

6. The CO isotopologue surface brightness in the inner disk
of MWC 480 shows a strong variation in the '*CO and
C'80 surface brightness at 10 au, for which no explana-
tion has been found.
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Appendix A
Line Profiles

A.1. Asymmetries in the CO J =2—-1 Line Profiles

To extract the radial profiles, we assume that all emission
originates from a flat Keplerian disk. While it is impossible to
ascertain whether emission is actually coming from a Keplerian
disk without resolving the emission, it is possible to look for
non-Keplerian gas by looking at the asymmetries in the line
emission. Wherever this symmetry is broken, line emission on
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Figure 6. '>CO J = 2-1 spectra for the five MAPS sources. Spectra in blue are extracted by integrating over the cleaning mask in each channel. Each spectrum has
been mirrored around the source velocity; this is plotted in dotted lines. The right column shows a zoom-in of these spectra, plotted against the offset from source
velocity. The red side is shown with solid lines, while the dashed lines show the blue side. In orange a spectrum extracted with a smaller circular aperture is shown;
these are offset in flux for clarity. In the left column, some clear asymmetries in the line profiles at small velocity offsets can be seen, due to either large-scale disk
structures (GM Aur, IM Lup, and HD 163296) or foreground emission (AS 209). The spectra for GM Aur, IM Lup, and MWC 480 at high velocities, and hence small
radii, are very symmetric. HD 163296 shows significant asymmetry at large velocity offsets, and AS 209 shows an anomalously high flux on the red side at 5.9 km s~
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Figure 7. Zoom-in of the '>CO J = 2-1 spectra for the asymmetric features in
AS 209 and HD 163296. Spectra in blue (HD 163296 only) are extracted by
integrating over the cleaning mask in each channel, the orange spectra from a
circular aperture of 0”4, and the green spectra (AS 209 only) from a circular
aperture of 0”8. The AS 209 spectrum also shows the mirror spectrum in
green. All features have been labeled. The flux spike in AS 209 (top), most
clearly seen in the 0”8 spectrum, is assumed to be due to a noise spike. The
excess emission on the blue size of HD 163296 (middle) is due to wind
emission falling within the Keplerian mask, whereas the negative fluxes are due
to the fringing caused by the strong and extended wind emission. On the red
side of HD 163296 (bottom), strong negative fluxes are measured in the
Keplerian mask, as the disk is backlit by galactic CO emission at these
velocities, creating negatives in the continuum-subtracted images where there
is dust emission.

15 30

either the blue- or redshifted side of the line is certainly not
coming from a Keplerian disk. These asymmetries should be
most obvious in the 'CO spectra.

Figure 6 shows the '>CO J=2-1 spectra and their mirror
image, in velocity space, for the five MAPS disks. The systematic
velocities as tabulated in Table 1 are used to mirror the line
profiles. At velocities close to the systemic velocity in Figure 6,
differences between the low-velocity red- and blueshifted
emission can be seen for AS 209, IM Lup, GM Aur, and HD
163296. These line asymmetries can all be ascribed to factors
discussed elsewhere (foreground absorption, nondisk emission,
disk flaring; Huang et al. 2021; Law et al. 2021). The line wings
for IM Lup, GM Aur, and MWC 480 show very symmetric
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emission, suggesting that a Keplerian disk is a good approx-
imation. AS 209 and HD 163296 show features that warrant
further investigation. Regions of interest are plotted in Figure 7.

AS 209 shows a feature around 10.5kms™'. There is a two-
channel, 60—70 flux spike that is offset from the source and is
thus stronger in the 0”8 aperture than the 0”4 aperture (see
Figure 7). The image cubes show a compact emission
component ~0”3 offset from the disk center. This component
does not have a counterpart in Bco J= 2—-1, nor in the
DSHARP J =2-1 *CO data cubes (Andrews et al. 2018). The
feature is considered anomalous, and the channels around this
region are masked in the rest of the analysis.

The spectrum of HD 163296 is very messy at high velocity
offsets. On the blue side of source velocity there is a known CO
outflow (Klaassen et al. 2013; Booth et al. 2021). Around
—10kms™' some of the emission from the outflow is
contaminating our on-source spectra, especially in the Kepler-
ian CLEANing mask.”’ Between —12 and —20kms ™' there
are some negative flux features in the spectrum. The velocities
of these correspond to velocities at which the outflow is bright
and extended. As the full extent of the outflow is not properly
captured in the interferometric data, this induces a fringe
pattern over the entire reconstructed image, leading to negative
fluxes at some velocities. As both the flux contribution due to
the outflow and the modification to the flux due to fringing are
hard to quantify, all channels with velocities between —25 and
—9kms ! are excluded from further analysis.

On the red side of the spectrum of HD 163296, strong
negative fluxes can be seen in the spectrum extracted within
the Keplerian CLEANing mask between 13 and 26km s '. The
image cubes show evidence of strong CO emission behind
the disk at these velocities. This backlighting of the disk leads to
the dust disk showing up as a negative in these continuum-
subtracted images, and the large-scale nature of the background
emission leads to strong fringing, further modifying the flux.
Again we have decided to remove these velocities from further
analysis. As both the red and blue sides of the spectrum are
unusable at high velocities, our radial profile extraction is limited
to radii larger than 5 au in HD 163296. Future observations, with
better short baseline spacing, should be able to resolve some of
these problems, allowing us to extract an accurate inner disk CO
flux from these high-velocity channels.

A.2.3CO T =2-1 and J = 1-0 Comparison

In the absence of a dust cavity, dust in the inner regions of
protoplanetary disks is so abundant that it should be optically
thick at millimeter wavelengths. It is generally assumed that,
due to the lower opacity at longer wavelength, observations at
longer wavelength can penetrate significantly deeper into the
disk, leading to brighter (in units of K) lines. The difference in
dust extinction opacity between 0.3 and 3 mm (approximately
the wavelength range currently covered by ALMA) is assumed
to be less than an order of magnitude in a standard large grain
(sizes up to 1 mm) dust model (e.g., Birnstiel et al. 2018). This
suggests that the differences in probed column and line fluxes
might be small. The MAPS data cover both the J=2-1
(220 GHz) and the J=1-0 (110GHz) *CO lines at high
resolution (<0”3) and sensitivity. Higher probing depth, due to
the lower dust opacity, of the lower-frequency line should show

27 The CLEANIng mask at these velocities is large enough to capture the size
of the dust disk and is thus about 3” across.
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Figure 8. Comparison of the '>CO J = 2—1 (blue) and '*CO J = 1-0 (orange) line profiles. The profiles are normalized to the J = 1-0 line. The left panel shows the
full line profile, while the right panel shows a more constrained brightness temperature range, with spectra extracted with a 1”0 aperture as dotted lines. The profiles
are scaled to a brightness temperature scale assuming the Rayleigh-Jeans law, which underestimates the J = 2—1 line strength (see Section A.2). For velocities close to
the systemic value, the J = 2—1 line is consistently brighter than the J = 1-0 line, indicating either that the '>CO flux is optically thin or that the J = 2—1 flux comes
from a warmer layer than the J/ = 1-0. In the line wings, however, it seems that both lines are equally bright. This indicates that both the J = 2—1 and the J = 1-0 lines

are optically thick.

in source spectra as excess line wing flux, when compared on
equal scales. The Band 3 (3 mm, J = 1-0) and Band 6 (1.3 mm,
J=2.1) line profiles of '*CO and C'®0O are compared in
Figures 8 and 9, respectively. The J=2-1 lines are scaled
down by a factor of 4 to compensate for the Rayleigh—Jeans
relation, [ /T, Compared to the full Planck law, this
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underestimates the J=2-1 flux by 10% at 30 K, and with
values agreeing better at higher temperatures.

Figures 8 and 9 show that, near the systemic velocity, the
J=2-1 line is consistently brighter than the J = 1-0 line. This
can be understood from the FEinstein A-coefficients and
molecular level structure, which predicts an optical depth ratio



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 257:15 (18pp), 2021 November

Bosman et al.

0 e s T

0

2+ GM Aur

e

)
I LR RO

¥
-,

0 TR

0 A Te— ¢ p by

10 . 15

5, 0
HD 163296

Normalized brightness temperature
=
1

.
'
&

-

Fhammimansessssssaaan
0 i S 5

5|
5
1_ M 1

5 10 15

5 0

N
1

oF — i

MWC 480 -
1 - -

A e

L
|
aovapalilly

15y
h\-l'r—v-tux—v-.' anrerrie -

-5 0

5 10 15

Velocity (km s71)

Figure 9. Comparison of the C'®0 J = 2-1 (blue) and C'®0 J = 1-0 (orange) line profiles; solid lines show the profiles extracted with the Keplerian cleaning mask,
and the spectrum extracted with a 0”4 aperture is shown with dotted lines. The profiles are scaled to a brightness temperature scale assuming the Rayleigh-Jeans law,
which underestimates the J = 2—1 line strength (see Section A.2). Similar to Figure 8, no evidence of stronger emission in Band 3 is seen compared to Band 6 in the

line wings.

(and thus brightness temperature ratio if both lines are optically
thin) between the J =2-1 and J = 1-0 lines of 2.7-3 for gas of
20-30 K (Schoier et al. 2005; Endres et al. 2016). These ratios
are not reached, implying a strong contribution from optically
thick J=2-1 line flux even at low velocities relative to the
source. In the line wings, however, the J=2-1 and J=1-0
spectra have indistinguishable emission temperatures, as
expected for optically thick lines with the same T.,. In the
inner ~40 au the J=1-0 and J=2-1 line thus originate for a

very similar layer. This indicates that the lower dust opacity at
Band 3 is not allowing the observations to probe deeper into the
disk compared to higher-frequency bands.

Appendix B
Surface Brightness Fitting Process

The fitting process to extract radial surface brightness
profiles from the line profile wings is given schematically in
Figure 10. The fitting procedure starts with creating the

14
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Figure 10. Schematic representation of the fitting process. The left panel shows the input points, Ry, in black. These points have semiregular spacing of 3, 6, and 12 au
(see Figure 12) for the radial locations of these points. From the surface brightness at points Ry, the surface brightness at a secondary grid, r;, is calculated by spline
interpolation. The points 1; are spaced in radius such that their vy (1;) are regularly spaced in velocity with a 0.025 km s~ spacing. For each of these radii r; the spectrum
of an annulus of this radius is calculated and scaled to the required intensity (middle). These spectral components are summed to calculate the full line profile. This is then
compared to the observed line profile (right). The intensity at the points Ry is then varied until there is a match between observed and modeled spectrum.
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Figure 11. Shape and strength of three components used in the fitting
procedure of the AS 209 disk (solid lines) compared to the analytic shape
(Equation (B1); dashed lines). The components have been convolved with a
Gaussian of 0.2 km s’l, which accounts for the slight differences from the
analytic shape. For each component both the radius and the width of the
annulus it represents are given.

forward-model components that have a Keplerian line
shape, corresponding to an annulus in the disk at a given
radius. The shape is given by

) =

2
Vmax — V

(BI)

with vy« as in Equation (1). These components are convolved
with a 0.2km s~ ' FWHM Gaussian to account for instrumental
and physical broadening of the line and then normalized to
their surface area, which is influenced by the spacing between
flux components; examples of components for the AS 209 disk
are shown in Figure 11.

To correctly fit the line profile wings, the underlying
emission model needs to have enough resolution to fully
represent the disk emission. Given that the spectra are not
Nyquist sampled and that the sampling is smaller than the
expected line width,”® the velocity spacing of the components
has to be smaller than the bin size. Here we use a spacing that is

= Only for 7> 100 K is the thermal line width larger than the 0.2 kms™

velocity resolution.
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Figure 12. Relation between projected velocity offset and Keplerian radius
(Equation (1)), as well as the radial grid points used in the fitting procedure,
assuming a minimum of three velocity bins per radial bin.

8 times smaller, leading to model components (r; in Figure 10)
being spaced by 0.025 km ™', and irregularly spaced in radius.
This leads to 500-2000 components for a single line. This is far
too many to fit individually. Therefore, a lower-resolution grid
is made (Rx in Figure 10), the intensities at these radii are
varied as the free parameters to the fitting problem, and the
intensity of the model components that actually make up the
final spectrum is derived from these by spline interpolation.

To leverage the sensitivity of this technique at small radii, this
grid is irregular in radius space as well. The fitting points are
initially spaced by 3 au; when the projected Keplerian velocity
difference between two points becomes less than 0.6 kms™ !, the
grid spacing is increased to 6 au; and when this is still not
enough, it is increased to 12au. As such, our radial surface
brightness profiles have a lower resolution at larger radii. The
radii at which these points fall are shown in Figure 12.

Appendix C
Comparison with Image Radial Profiles

Figure 13 shows the line-profile-extracted surface brightness
profiles with the image-derived profiles. The profiles agree on
the absolute level of flux, but the line-profile-extracted profiles
show more and sharper features.
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Figure 13. Same as Figure 2, but with the image-cube-extracted radial profiles (dotted; Law et al. 2021). Gray bars show the nominal MAPS resolution of 0”15.
Image radial profile extraction is done on the fiducial 07 15 resolution MAPS images with a 15° wedge for all lines except the '2CO line in AS 209, where a one-sided
55° wedge is used (see Law et al. 2021; no vertical emission height has been assumed for any of these radial profiles).

Appendix D
Toy Model Setup

To test the effect of large dust in a realistic setting, a couple
of models using Dust and Lines (DALI; Bruderer et al. 2012;
Bruderer 2013) have been used. A simple T Tauri disk
motivated by the results from Zhang et al. (2021) for IM Lup is
used for this purpose. Model parameters can be found in
Table 2. Most critically, the gas surface density is chosen such
that the CO column in the inner disk is approximately 10'°
cm ™2 around 40 au and has a CO abundance of 107>, 1 order of
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magnitude reduced from interstellar medium levels. The disk
gas-to-dust ratio is taken to be 100, with 99% of this dust as
large dust settles to the midplane, creating a disk that is only
optically thick around 200 GHz within 5 au.

The models vary in the treatment of the large dust within
20 au. For the fiducial model the large dust within 20 au is
settled at 20% of the gas scale height and the vertically
integrated gas-to-dust ratio is 100. The three other models have
the dust vertically well mixed with the gas within 20 au.
This causes the gas- and dust-emitting regions to overlap.
Furthermore, the vertically integrated gas-to-dust ratio is varied
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Figure 14. Large dust scale height with respect to the gas scale height (left) and large dust surface density (right) in the DALI models.

Table 2

Toy Model Parameters
Parameter Value
M* 1 M(S
Stellar spectrum IM Lup®
Ly 4% 10% erg s
Yo gas 28.4 gem >
R. 100 au
he 0.1
o' 1
Y 0.17
C/H 135 x 107°
O/H 288 x 107°
N/H 2.1 x107°
Note.

& Zhang et al. (2021).

between 1 and 100, by increasing the amount of dust by up to a
factor of 10. Large dust surface densities and scale height
distribution are shown in Figure 14.
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