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ABSTRACT

The Molecules with ALMA at Planet-forming Scales (MAPS) Large Program provides a unique
opportunity to study the vertical distribution of gas, chemistry, and temperature in the protoplanetary
disks around IM Lup, GM Aur, AS 209, HD 163296, and MWC 480. By using the asymmetry of
molecular line emission relative to the disk major axis, we infer the emission height (z) above the
midplane as a function of radius (r). Using this method, we measure emitting surfaces for a suite
of CO isotopologues, HCN, and CoH. We find that 2CO emission traces the most elevated regions
with z/r > 0.3, while emission from the less abundant *CO and C*®O probes deeper into the disk at
altitudes of z/r < 0.2. C3H and HCN have lower opacities and SNRs, making surface fitting more
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difficult, and could only be reliably constrained in AS 209, HD 163296, and MWC 480, with z/r < 0.1,
i.e., relatively close to the planet-forming midplanes. We determine peak brightness temperatures of
the optically thick CO isotopologues and use these to trace 2D disk temperature structures. Several CO
temperature profiles and emission surfaces show dips in temperature or vertical height, some of which
are associated with gaps and rings in line and/or continuum emission. These substructures may be due
to local changes in CO column density, gas surface density, or gas temperatures, and detailed thermo-
chemical models are necessary to better constrain their origins and relate the chemical compositions
of elevated disk layers with those of planet-forming material in disk midplanes. This paper is part of
the MAPS special issue of the Astrophysical Journal Supplement.

Keywords: Astrochemistry — Exoplanet formation — Interferometry — Isotopic abundances — Mil-

limeter astronomy — Protoplanetary disks

1. INTRODUCTION

Protoplanetary disks are highly stratified in their
physical and chemical properties (Williams & Cieza
2011) with flared emitting surfaces set by the balance of
hydrostatic equilibrium, as first recognized in their spec-
tral energy distributions (Kenyon & Hartmann 1987). In
particular, vertical gradients in gas temperature, den-
sity, radiation, and ionization result in a rich chemical
structure over the height of the disk (e.g., van Zadelhoff
et al. 2001; Woitke et al. 2009; Walsh et al. 2010; Fogel
et al. 2011). The efficiency of vertical mixing (Ilgner
et al. 2004; Semenov & Wiebe 2011) and the presence
of meridional flows driven by embedded planets (Mor-
bidelli et al. 2014; Dong et al. 2019; Teague et al. 2019)
also influence the vertical distribution of molecular ma-
terial in disks. Vertical chemical structures have been
seen in observations of highly inclined disks, which allow
the emission distribution to be mapped directly (Dutrey
et al. 2017; Teague et al. 2020; Podio et al. 2020; Ruiz-
Rodriguez et al. 2021). In more moderately inclined
disks, the excitation temperatures of different species
and molecular isotopologues have instead been used to
infer the properties of the vertical gas distribution (Dar-
tois et al. 2003; Piétu et al. 2007; Oberg et al. 2021;
Cleeves et al. 2021). A detailed understanding of this
vertical structure is required to interpret these observa-
tions and to assess how well connected the molecular gas
abundances derived from line observations are to those
of the planet-forming material in disk midplanes.

The high spatial and spectral resolutions offered by
ALMA allow for the direct measurement of the height
at which molecular emission arises for mid-inclination
disks. With sufficient angular resolution and surface
brightness sensitivity, it is possible to spatially resolve
emission arising from elevated regions above and below

* NASA Hubble Fellowship Program Sagan Fellow
f NASA Hubble Fellow

the midplane (e.g., de Gregorio-Monsalvo et al. 2013;
Rosenfeld et al. 2013; Isella et al. 2018; Huang et al.
2020). In cases such as these, the emission surface of
molecular lines can be directly extracted with a tech-
nique similar to that used in NIR observations to infer
scattering surfaces (e.g., Monnier et al. 2017; Avenhaus
et al. 2018). Such a method was first presented by Pinte
et al. (2018), who used it to map the CO, ¥CO, and
C'™0 2-1 emission surfaces in IM Lup. As the less
abundant isotopologues probe deeper in the disk (i.e.,
closer to the midplane), this also allows for an empir-
ical derivation of the two dimensional gas temperature
structure, an essential input for models and simulations
of planet formation. A similar approach has now been
employed to map CO isotopologue surfaces in a handful
of disks (e.g., Teague et al. 2019; Paneque-Carreno et al.
2021; Rich et al. 2021).

As part of the Molecules with ALMA at Planet-
forming Scales (MAPS) Large Program, five protoplan-
etary disks were observed in several molecular lines ex-
pected to emit strongly at different vertical locations.
In this paper, we provide a framework for generalizing
the method presented in Pinte et al. (2018) to a larger
sample of disks. We use this framework to characterize
line emission heights, gas temperatures, and disk verti-
cal substructures. The layout of the paper is as follows:
we present a brief overview of the observations in Sec-
tion 2. In Section 3, we describe how emission surfaces
were derived and fit with analytical functions. We cal-
culate the radial and vertical temperature profiles and
compare the observed vertical structures with previous
millimeter and NIR observations in Section 4. In Sec-
tion 5, we discuss possible origins of disk vertical sub-
structures and summarize our findings in Section 6. All
publicly-available data products are listed in Section 7.

2. OBSERVATIONS

The observations used in this study were ob-
tained as part of the MAPS ALMA Large Pro-
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gram (2018.1.01055.L), which targeted the protoplan-
tary disks around IM Lup, GM Aur, AS 209, HD 163296,
and MWC 480. An overview of the survey, including
observational setup, calibration, and rationale, is pro-
vided in Oberg et al. (2021), while the imaging pro-
cess is described in detail in Czekala et al. (2021). The
analysis in this work is based primarily on the ALMA
Band 6 images generated with a robust parameter of
0.5, rather than the fiducial images presented in the
overview paper. We opted to use these images to lever-
age their higher spatial resolutions (10-40% smaller to-
tal beam area) relative to the fiducial images with a
0”15 circularized beam. The major and minor axes of
the synthesized beam ranged from 0”13-0717 and 07”10-
0”713, respectively. At the distances of the MAPS disks,
these correspond to physical scales of ~14 au—27 au and
10 au—20 au, respectively. For extracting brightness
temperatures, we also made use of the corresponding
non-continuum-subtracted image cubes, which were im-
aged in the same way as the line-only data.

This work is based on the following five species: CO,
13CO, C'80, HCN, and CoH. The primary focus for the
CO isotopologues is on the Band 6 transitions, i.e., J=2—
1, as they possess the highest spatial resolutions. For
HCN and CyH, we only considered the brightest hy-
perfine components of the Band 6 transitions, i.e., CoH
N=3-2, J=I-3 F=4-3 and HCN J=3-2, F=3-2. For
simplicity, we refer to these lines as HCN 3-2 and CoH
3-2, respectively. This set of molecules and lines was
selected for this analysis as they are consistently the
brightest in the MAPS sample and possessed radially
extended emission that allowed for the determination of
robust emission surfaces (Law et al. 2021).

Since the *CO and C'®0 isotopologues were observed
in both Bands 3 and 6, we also aimed to assess the in-
fluence of excitation on the derived surfaces, namely if
different transitions from the same molecule emit at dif-
ferent disk heights. To do so, we used the tapered (0730)
images (see Section 6.2, Czekala et al. 2021), which al-
lowed us to match the spatial resolutions of the 2-1
(Band 6) and 1-0 (Band 3) lines for both species. This
comparison, however, did not yield any conclusive re-
sults (see Appendix C).

3. EMISSION SURFACES

In the following subsections, we present an outline of
how we derived emitting layers starting from the line im-
age cubes to the final data products. We then describe
how we fit an analytical function to each of the surfaces.

3.1. Deriwing Emitting Layers

The emission surfaces derived in this work represent
the mean height of the emission surface for each molec-

ular tracer, or put simply, where the bulk of the emis-
sion arises from in each line and disk. We extracted
these emission heights from the image cubes by using the
asymmetry of the emission relative to the major axis of
the disk. By assuming that disks are azimuthally sym-
metric and that the gas is on circular orbits, this allows
us to infer the height of the emission above the disk
midplane. A prerequisite for this approach is the abil-
ity to spatially resolve the front and back of the disk in
multiple channels, as illustrated for CO 2-1, 13CO 2-1,
and C'0 2-1 in Figure 1. For each line and disk, we
determined if both disk sides were sufficiently spatially-
resolved via visual inspection and then confirmed that
the predicted isovelocity contours matched the spatial
distribution of line emission in the channel maps (see
Appendix B). We refer readers to Pinte et al. (2018) for
additional details about this method.

We derived emission surfaces using the disksurf!
Python package, which implements this method while
providing additional functionality to filter the data to
extract more precise emission surfaces. This series of
filtering steps is described in detail in Appendix A. We
used the get_emission_surface function to extract the
deprojected radius r, emission height z, surface bright-
ness I,,, and channel velocity v for each pixel associated
with the emitting surface. These surfaces represent in-
dividual measurements, i.e., pixels, from the line image
cubes.

We then use two different methods to further reduce
scatter in the individual emission surface measurements
and help better identify substructure. First, we radially
bin the individual measurements using bin sizes of 1/4
of the FWHM of the beam major axis, i.e., the same as
the radial intensity profiles in Law et al. (2021). The un-
certainty is given by the standard deviation in each bin.
We note that Pinte et al. (2018) included the uncertainty
in the disk inclination in these uncertainties. We opted
not to do this as the disk inclination is a systematic un-
certainty and results in a scaling of the vertical height
axis, and not a relative uncertainty between radial bins.
Besides binning, we also calculated the moving average
and standard deviation of the individual surface mea-
surements. As the spacing between radial points is not
uniform, we used a window size with a minimum size
of one quarter of the FWHM of the beam major axis.
This window was required to contain a fixed number of
points, which means that the physical size that it repre-
sents changes with radius due to the non-uniform radial
sampling from the deprojection process, i.e., in the less

L https://github.com /richteague/disksurf
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AS 209

HD 163296

I-2¢202

1-¢ O:)g:[

Figure 1. Representative channels for the MAPS sample, ordered from left to right by increasing stellar mass (see Table 1 in
Oberg et al. (2021)), for CO 2-1, *¥*CO 2-1, and C'®*0 2-1. Both sides of the disk are visible and can be used to fit for the
emitting layer. The C*®0 2-1 images in IM Lup and GM Aur have been tapered to 0730, as described in Section 4.1. LSRK
velocities are shown in the upper right corner and the plus symbol indicates the disk center. Axes are angular offsets from the
disk center with 1” tick marks. An arcsinh color stretch has been applied to highlight faint outer structures.

dense, outer disk, the window expands in order to still
encompass this fixed number of points. A summary of
these different data products is shown in Figure 2. While
it was found that binned and moving average surfaces
showed the same trends, the binned surface benefited
from a uniform radial sampling, while the moving aver-
age retained a finer radial sampling, essential for iden-
tifying subtle perturbations associated with features in
the dust continuum.

All three types of line emission surfaces — individ-
ual measurements, radially-binned, and moving aver-
ages — are provided as Value-Added Data Product
(VADPs) and will be made available to the community
through our dedicated website hosted by ALMA (https:
//almascience.nrao.edu/alma-data/lp/maps). See Sec-
tion 7 for further details. Throughout this work, we
sometimes bin these data products further for visual
clarity, but all quantitative analysis is done using the
original binning of each type of emission surface.

3.2. Analytical Fits

To facilitate implementing these emission surfaces in
models and for comparison with other observations, we
fit an exponentially-tapered power law to all CO emis-
sion surfaces. This parametric fit was chosen as it de-
scribes the flared surface in the inner disk (< 200 au)
and captures the expected drop in the outer disk due to
decreasing gas surface density, as seen in Figure 2. We
adopt the following functional form:

2(r) = 20 % (1L)¢ X exp (_ [Tt:perr) (1)

where zg, ¢, and ¥ should always be non-negative. A
value of ¢ > 1 indicates that z increases with radius,
while 0 < ¢ < 1 tends toward a flat z(r) profile. When
Tyaper > 1”7, 2o represents the z/r value at 1. Note that
some previous works, e.g., Teague et al. (2019), instead
used a double power law profile to capture the drop in
emission height at large radius. It was found that this
tapered form, on average, provided a better fit to the
data with less manual tuning required.
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Figure 2. Comparison of emission heights derived for CO
2—1 in HD 163296 for individual measurements, moving av-
erage, and radially-binned surfaces (from top to bottom).
For increased visual clarity, we occasionally bin surfaces by
an extra factor of a few, as illustrated in the bottom panel.
The FWHM of the major axis of the synthesized beam is
shown in the bottom right of each panel.

To ensure the robustness of these fits, we also re-
stricted the radial range used for fitting to locations with
high densities of (r, z) measurements. The radial ranges
used in each fit are given by 7g¢in and rg¢ 04t in Table
1.

We used the Affine-invariant MCMC sampler (Good-
man & Weare 2010) implemented in emcee (Foreman-
Mackey et al. 2013) to estimate the posterior distri-
butions of these fits. We used 64 walkers which take
1000 steps to burn in and an additional 500 steps to
sample the posterior distribution function. We chose
an MCMC fitting approach rather than a simple chi-
squared minimization to better handle the degeneracies
between fitted parameters. Individual pixels are not all
necessarily independent as they may originate within a
single beam, which can lead to an underestimation of

the true uncertainties on the extracted heights, i.e., on
how well we can extract the mean z from a sample of
columns. However, this will not necessarily affect the
mean height itself. This is analogous to drawing ran-
dom samples from a normal distribution, where given a
sufficiently large number of samples, the standard devi-
ation of those samples provides a good estimate of the
uncertainty on the mean of the distribution. Instead,
if these samples are correlated and, e.g., that for every
second draw, the sample is biased towards the one im-
mediately preceding it, we will over-sample the central
region compared to the wings. In this case, the standard
deviation of the total ensemble will underestimate the
true standard deviation of the distribution, but will not
alter the underlying mean value.

The presence of this potential spatial correlation be-
tween pixels does not affect the analytical fits, which
are instead dominated by overall radial trends rather
than the vertical scatter in height measurements. Fits
were also performed using the individual measurements,
binned, and moving average surfaces, and we confirmed
that all produced consistent results. We found that fits
to the moving average surfaces were slightly more reli-
able at the outer disk radii. This is likely because the
moving average is a compromise in terms of the number
of radial points and relative signal-to-noise ratio (SNR),
as the raw data have a finer grid of radial points but
much larger scatter, while the binned data have coarser
radial information but higher SNR.

The fitted ¢ (~1.5-4) for the CO emission surfaces are
often several times larger than the flaring indices of the
gas pressure scale heights (1.08-1.35), which are derived
by fitting the observed spectral energy distributions of
each star+disk system (for more details, see Zhang et al.
2021). This difference was previously noted by Pinte
et al. (2018) in IM Lup, who ascribed it to the sharp
drop-off in UV radiation from the central star. The
stellar irradiation determines the shape of the emitting
surface, which follows a layer of approximately constant
optical depth from the perspective of the star, rather
than tracing the disk scale height. In particular, in the
inner <300 au (<120 au for AS 209) where the surfaces
are still steeply rising, the CO surface originates from a
height that is 2.5-3.5 times the scale height, while the
13CO and C'0 surfaces are at approximately 1-1.5 scale
heights. Similar values have been reported previously for
IM Lup (Pinte et al. 2018), as well as in DM Tau (Dar-
tois et al. 2003) and the Flying Saucer (Dutrey et al.
2017).

To further illustrate the geometry of the fitted sur-
faces, Figure 3 shows an overlay of the inferred emission
surfaces on the peak intensity maps of CO 2-1 for all



Table 1. Parameters for Emission Surface Fits

LAW ET AL.

Source Line Velocity Range Exponentially-Tapered Power Law®
[km s™!] racin '] Tasous [1] 20 [”] ¢ Teaper |'] (4
IM Lup CO 2—-1 [2.8, 6.4] 0.21 3.26 4.37 3.144  0.254  0.655
13C0O 2-1 [2.6, 6.4] 0.61 2.02 0.159 2.599  1.928  4.993
GM Aur CO 2—-1 [3.1, 7.5] 0.08 3.36 0.385 1.066  3.767  4.988
13C0O 2-1 [3.7, 7.1] 0.2 1.89 0.113 4.539  1.496  4.989
C'®02—-1  [-2.9, 13.9] 0.21 0.66 0.95 3.556 0402  3.766
AS 209 CO 2-1 [2.9, 6.5] 0.07 1.98 0.219 1.292  1.786  4.854
13C0 2—-1 [2.9, 6.5] 0.73 1.35 0.175  2.98 1.124  2.445
HD 163296 CO 2—1 [4.3, 13.5] 0.19 4.73 0.388 1.851  2.362  1.182
13C0 2-1 [3.5, 13.5] 0.31 3.42 0.121 1.503  3.158  4.996
C'®0 21 [3.5, 8.1] 0.39 1.43 0.174 2.956  1.043  4.994
MWC 480 CO 2-1 [2.8, 7.4] 0.13 3.69 0261 1.35  3.098 3.074
13C0 2—-1 [2.8, 7.2] 0.05 2.26 1.248 2.165 0.215  0.683
Cc®02-1 [-8.2,18.2] 0.13 1.46 0.065 1.37 0.961  4.834

@The statistical uncertainties on the fitted parameters were typically < 1%, but this does not account
for the systematic uncertainties associated with extracting the emission surfaces, which, although
more difficult to quantify, are likely substantially larger than those related to the analytical fits.

disks. Isovelocity contours generated using the surface
fits from Table 1 for the CO isotopologues are also pro-
vided in Appendix B.

4. RESULTS
4.1. Overview of Emission Surfaces

Figure 4 shows the surfaces derived for CO isotopo-
logues in all disks. For each disk, the CO 2-1 surface
lies higher than that of the '3CO 2-1, which, in turn,
is higher than C'®0 2-1. Such a progression is consis-
tent with a line optical depth of ~1 being reached at
deeper layers for rarer isotopologues. There are con-
siderable differences in the absolute surface heights of
CO and '3CO between disks. For instance, the CO sur-
face reaches a peak height of z ~ 200 au in IM Lup
and GM Aur, while they are below ~100 au in AS 209,
HD 163296, and MWC 480. A similar trend is seen
in 3CO, where IM Lup has a maximum height of
100 au, while AS 209 and MWC 480 peak at
z < 40 au. This range in absolute emission heights trans-
lates into a range of peak z/r. CO emission is present
at z/r 2 0.5 in IM Lup and GM Aur, while z/r ~ 0.2
in AS 209. '3CO shows less overall variation between
disks than CO, and is generally present at z/r < 0.2.
C80 has z/r < 0.1 towards those disks where we had
enough signal to estimate emission heights. Finally,
the relationship among the CO, 3CO, and C'®*0O emis-
sion heights within disks vary across the sample. In

z =

MWC 480, the CO emission surface is relatively ele-
vated with z/r ~ 0.3, while 13CO and C'80 are both
very flat, i.e., z/r < 0.1. By contrast, HD 163296 shows
a gradual progression of z/r ~ 0.3 to 0.2 to 0.1 for CO,
1BCO and C'0, respectively.

No surfaces could be derived from the full resolution
images of C'*0 2-1 in IM Lup and AS 209 due to insuf-
ficient SNR. However, we were able to extract surfaces
from the corresponding tapered (0”30) image cubes (see
Section 6.2, Czekala et al. 2021) but consider these to be
tentative and did not attempt to fit analytical functions
to these surfaces. Both are shown in Figure 4, but are
otherwise omitted from subsequent analysis.

In all CO lines, except for CO in IM Lup, we see an
initial increase of z/r with radius, i.e. flaring, a flatten-
ing, and then eventual turnover due to decreasing gas
surface densities at large radii. IM Lup, which is known
to possess extended diffuse CO emission (Cleeves et al.
2016), does not show clear evidence of this turnover and
only shows moderate indications of flattening. All sur-
faces show some degree of vertical scatter, which is a
combination of thermal noise in the images and poten-
tial azimuthal variations in the underlying emission sur-
faces. The relative contribution is, however, specific to
each disk and emission line. As this scatter increases
substantially with radius, the line SNR is likely the most
important factor in setting the vertical scatter, at least
at large radii. Due to different projections at varying
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Figure 3. Peak intensity maps of CO 2—1 for all MAPS sources with overlaid contours showing the fitting emission surfaces, as
listed in Table 1. The synthesized beam and a scale bar indicating 50 au is shown in the lower left and right corner, respectively,

of each panel.

azimuths in specific channels, the height of a particular
pixel can often be easier or more difficult to determine,
which provides an additional source of uncertainty in
vertical pixel positions. For instance, channels with less
favorable viewing geometries where the two disk sides
cannot be easily distinguished make it harder to mea-
sure emission surface heights. This often occurs at ve-
locities either very close to or substantially offset from
the source systemic velocity. For example, in Figure
16, channels at larger velocity offsets (<2.6 km s~! or
>6.2 km s~!) and those near the systemic velocity (~
4.5 km s~1) show poorly-separated upper and lower disk
surfaces.

Nonetheless, some surfaces appear more tightly con-
strained than others, i.e., CO in HD 163296 shows con-
siderably less vertical dispersion compared to that of the
MWC 480 disk. This scatter in the MWC 480 disk is
not just due to noise, but is the result of localized az-
imuthal deviations. Perturbations in azimuthal velocity,
on the order of a few %, are located at ~240, 340, 370,
and 450 au in MWC 480 (Teague et al. 2021), which
approximately align with regions of prominent vertical

scatter in its CO emission surface. Similarly detailed
and disk-specific analyses are required to discern the
origins of vertical scatter in the other MAPS sources.
Several disks also show evidence of substructure in their
surfaces, e.g., C'0 in HD 163296, which we discuss in
detail in Section 4.4.

Figure 5 shows the surfaces for CoH and HCN. Of the
disks around T Tauri stars, only surfaces for AS 209
could be extracted and appear to be at z/r < 0.1.
The CoH and HCN surfaces in IM Lup and GM Aur
could not be reliably constrained due to their low line
optical depths and SNRs compared to CO and '3CO.
The two disks around Herbig Ae stars, HD 163296 and
MWC 480, also show emission at a z/r of 0.1 or less. In
MWC 480, both HCN and CoH are present at z/r < 0.1,
similar to the *CO and C'80 surfaces. HD 163296 is
the only source where the CoH and HCN lines show any
structure; there is a clear gap in the surfaces correspond-
ing to the gap between the two innermost rings in the
radial emission profiles (Law et al. 2021). The first ring
at 45 au is less vertically extended with z/r < 0.1, while
the emission in the second ring at 110 au is more ele-
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Figure 4. Emission surfaces for CO 2-1, '3CO 2-1, and C'®0 2-1 in all MAPS sources. Large gray points show radially-binned
surfaces and small, light gray points represent individual measurements. The orange lines show the exponentially-tapered power
law fits from Table 1. The solid lines show the radial range used in the fitting, while the dashed lines are extrapolations. The
C'0 2-1 surfaces in IM Lup and AS 209 are tentative and were derived from the tapered (0”'30) images. Lines of constant z/r
are shown in gray. The FWHM of the major axis of the synthesized beam is shown in the bottom right corner of each panel.

vated at z/r = 0.1. We do not attempt parametric fits
for any of the HCN and CoH lines.

4.2. Comparison with NIR rings

All of the MAPS sources have been observed in scat-
tered light (Schneider et al. 2003; Kusakabe et al. 2012;
Monnier et al. 2017; Avenhaus et al. 2018; Muro-Arena
et al. 2018), which provides valuable information about
the micron-sized dust grains in these disks. The IM Lup,
AS 2092, and HD 163296 disks have well-defined rings in
the NIR, but only IM Lup and HD 163296 have direct es-
timates of their NIR emitting surfaces, as measured from
individual rings. The inner NIR ring in HD 163296 has
a height measured from Monnier et al. (2017), while the
outer ring at 330 au was recently found to have a dust
scale height of 64 au in NIR/HST observations (Rich
et al. 2020). All four rings in IM Lup have measured NIR
heights (Avenhaus et al. 2018). Figure 6 shows these
NIR heights compared to the CO and 3CO 2-1 emission
surfaces. We also plot the NIR emitting height relation
identified in a sample of disks around T Tauri stars as
part of the DARTTS-S program (Avenhaus et al. 2018)
as a dashed red line in Figure 6.

2If deprojected with a nonzero flaring angle, Avenhaus et al.
(2018) found that AS 209 possesses either one (112 au) or three
(78, 140, and 243 au) NIR rings depending on whether the north-
ern side is the near or far side, respectively. Subsequent observa-
tions (Guzmaén et al. 2018; Teague et al. 2018b) showed that the
latter interpretation is correct.

The NIR surfaces lie between the CO and '3*CO emit-
ting layers in HD 163296, while in IM Lup, the NIR sur-
face appears at approximately the same height as that of
the 1¥CO, which is roughly consistent with the findings
from Pinte et al. (2018) and Rich et al. (2021). Although
lacking well defined rings, MWC 480 has been reported
to have a very flat NIR surface, i.e., z/r~0.03 (Kusakabe
et al. 2012), which suggests that the micron-sized dust
lies at or below the *CO and C'®0 emitting layers.

4.3. Gas temperatures

We can use line emitting surfaces together with line
brightness temperatures to map disk temperature struc-
tures. When we extracted individual pixels from the im-
age cubes, we also obtained a corresponding set of peak
surface brightnesses. In Subsection 4.3.1, we describe
how we converted these peak surface brightnesses into
gas temperatures as a function of (r, z). Then, in Sub-
section 4.3.2, we present the radial temperature profiles
and in Subsection 4.3.3, we analyze the full 2D empiri-
cal temperature structure of each disk. Both the radial
temperature profiles and full (r, z) temperature struc-
tures for each MAPS are provided as publicly-available
VADPs (see Section 7).

4.3.1. Calculating Gas Temperatures

The peak of the CO and *CO 2-1 lines are expected
to be optically thick with CO rotational levels in local
thermodynamic equilibrium (e.g, Weaver et al. 2018) at
the typical densities and temperatures of protoplane-
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Figure 5. Emission surfaces for HCN 3-2 and C2H 3-2 in AS 209, HD 163296, and MWC 480. Large gray points show
radially-binned surfaces and small, light gray points represent individual measurements. Lines of constant z/r are shown in
gray. The FWHM of the major axis of the synthesized beam is shown in the bottom right corner of each panel. The HCN and
C2H surfaces for the remaining MAPS sources IM Lup and GM Aur lacked sufficient SNR for robust surface determinations.

150
power law trend [Avenhaus+18]
¢ measured NIR surface

100 —
=<
-
C
50 ©

0

90
7 T
— 60 o]
3 =
© o
— W
N N
30 ©
o

BCO2-1
0 N/
0 100 200 300
r [au]

Figure 6. Emission surfaces of CO and **CO 2-1 in IM Lup
(top) and HD 163296 (bottom). The black lines are the mov-
ing average surfaces and gray shaded regions show the lo
uncertainty. The red diamonds show individual height mea-
surements of NIR rings (Monnier et al. 2017; Avenhaus et al.
2018; Rich et al. 2020), while the red dashed line shows the
inferred NIR surface using the relation found in a sample
of disks in Avenhaus et al. (2018). The values from Mon-
nier et al. (2017) have been scaled to reflect the updated
Gaia distance for HD 163296. The errorbars are smaller
than the marker for the innermost rings in both IM Lup and
HD 163296 and the 330 au ring in HD 163296 does not have
reported uncertainties.

tary disks. Provided that the emission fills the beam,
the peak surface brightness I, provides a measure of
the temperature of the emitting gas. In order to not
underestimate the line intensity along lines of sight con-

taining optically thick continuum emission (e.g, Boehler
et al. 2017; Weaver et al. 2018), we repeated the sur-
face fitting, as in Section 3, using the non-continuum-
subtracted image cubes (Czekala et al. 2021).

Each individual pixel (r, z) that was extracted has
a peak surface brightness I,,, which was then used to
calculate the associated gas temperature using the full

Planck function:
2hv?3 -t
In{ ——+1
[ ! < 1, - )]

In addition to CO 2-1 and *CO 2-1, we also cal-
culated the brightness temperatures of C'¥0O 2-1 in all
disks and those of HCN 3-2 and CoH 3-2 in HD 163296,
but as we expect these lines to be partly optically thin,
their brightness temperatures will be lower limits on the
gas temperatures.

The western half of the AS 209 disk suffers from fore-
ground cloud contamination (Oberg et al. 2011) in CO
2-1. Therefore, we calculated CO 2-1 temperatures us-
ing only the eastern half of the disk, which corresponds
to the velocity range of 4.90 km s™1 to 6.90 km s=! (see
Appendix B), to avoid underestimating the peak bright-
ness temperatures. For all other lines, we used the same
velocity /channel ranges as in Table 1 for temperature
calculations.

All subsequent radial and 2D gas temperature distri-
butions represent those derived directly from individual
surface measurements, rather than radially-deprojecting
peak intensity maps (see Teague et al. 2021) or map-
ping peak brightness temperatures back onto derived
emission surfaces (i.e., Figure 3). We only consider the

_ hy

T = —
b g

(2)
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brightness temperatures of those pixels where we were
able to determine an emission height.

4.3.2. Radial temperature distributions

Figure 7 shows the radial temperature profiles for the
CO isotopologues. We first reiterate that these temper-
atures are measurements of surface brightnesses, rather
than integrated intensities that are used to identify line
emission substructures (Law et al. 2021) or derive col-
umn densities (Zhang et al. 2021). As expected, in each
disk, CO is the warmest, followed by '3CO and then
C'0. CO displays the largest range of measured tem-
peratures, while '3CO and C'®O span a more limited
range. The radial temperature gradients are consistent
within each disk with similar slopes across CO isotopo-
logues with the exception of AS 209, where the '3CO is
nearly flat over the entire radial range in which it was
measured. This flatness in temperature structure is due
to the ¥*CO emission rings in AS 209 and in this case,
we are only able to derive the brightness temperature of
the outer ring at ~120 au (Favre et al. 2019; Law et al.
2021).

The disks around T Tauri stars have brightness tem-
peratures spanning ~10—40 K. The disks around Herbig
Ae stars HD 163296 and MWC 480 are generally warmer
at a given radius and have an overall larger total temper-
ature range from ~10-70 K. The CO 2-1 temperatures
are about 10 K higher in MWC 480 than in HD 163296,
with the greatest differences occurring within <200 au.
In particular, the HD 163296 and MWC 480 profiles are
consistent with those presented in Teague et al. (2021),
which were instead generated by deprojecting the peak
intensity maps rather than direct extraction from emit-
ting surfaces. Likewise, the CO 2-1 temperature profile
of HD 163296 is approximately consistent with, although
slightly cooler than, the one derived from a similar direct
extraction method in Isella et al. (2018). We note that
brightness temperatures less than 20 K are below the CO
freeze-out temperature, which suggests that the associ-
ated line emission is at least partially optically thin and
thus only provides a lower limit on the true gas temper-
atures. This conclusion is supported by our data, where
CO lines with <20 K are most common for the rarer
isotopologues and at large disk radii.

The drop in brightness temperature seen within 20—
40 au in all disks and lines, which is marked as a shaded
region in Figure 7, is due to beam dilution as the emit-
ting area becomes comparable to or smaller than the
angular resolution of the observations. In the case of
IM Lup and AS 209, the central temperature dip extends
further than the beam size. This may suggest enough
CO depletion for the lines to become optically thin at

these innermost radii, unresolved CO emission substruc-
ture, or that a substantial fraction of the CO emission
is absorbed by dust. Indeed, Cleeves et al. (2016) and
Sierra et al. (2021) find that the dust is optically thick
in the inner regions of the IM Lup disk, and Bosman
et al. (2021) also see a large CO emission gap which is
best explained by dust absorption. Dust absorption may
also contribute to the low CO temperature in the inner
AS 209 disk, but not out to 100 au. Optically thin emis-
sion is also an unlikely explanation: Zhang et al. (2021)
finds that while AS 209 has a lower CO surface density
than all other MAPS disks, it is still far from the opti-
cally thin limit in CO 2-1. This leaves CO substructure
as an explanation. AS 209 does present several gaps in
CO emission interior to 100 au (Guzmén et al. 2018;
Law et al. 2021; Zhang et al. 2021; Bosman et al. 2021),
which are barely resolved and may therefore result in a
low brightness temperature in the inner disk.

Figure 7 also shows the locations of millimeter contin-
uum gaps and rings, as reported in Law et al. (2021).
The radial temperature profiles are quite smooth and
hence the opportunity for coincidences between temper-
ature substructures and other substructures is small. In
two cases, the temperature substructure that is seen
does line up with known disk substructures, however.
HD 163296 has a 5 K drop in temperature at ~80-90 au
in all three CO lines, which aligns with a gap at 85 au
in the millimeter continuum. A similar drop in temper-
ature at ~90 au is also present in CO in GM Aur, which
roughly aligns with a gap-ring pair at 68 au and 86 au in
the millimeter continuum. In AS 209, a slightly deeper
(~8 K) drop occurs at 200 au in CO 2-1 and is coinci-
dent with a CO 2-1 line emission gap at 197 au (Law
et al. 2021). Low-amplitude (~2-3 K) wave-like fluc-
tuations are seen in CO 2-1 temperature in MWC 480
(for further discussion of the features, see Teague et al.
2021). We find no association between temperature
trends and the outer continuum edge in GM Aur and
AS 209, but do notice a modest flattening of the CO
temperature gradient at the edge of the millimeter con-
tinuum in HD 163296 and MWC 480. Although about
50 au beyond the continuum edge, the CO 2-1 tempera-
ture in IM Lup shows a modest increase at 450 au. This
may be associated with a temperature inversion in the
midplane (Cleeves 2016) and is broadly consistent with
the radial location of 400 au predicted in the models of
Facchini et al. (2017).

We fitted the temperature profiles with power laws as:

T=T U 3
= +100 X <100au) (3)

We first visually chose the radial range in
which the temperature profiles behave like a
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Figure 7. Radial brightness temperature profiles for CO 2-1, 3CO 2-1, and when available, C*®0 2-1. The top and bottom
rows are each shown on a consistent temperature scale and are grouped by whether the host star is a T Tauri or Herbig Ae
star, respectively. These profiles represent the mean temperatures computed by radially binning the individual measurements,
similar to the procedure used to compute the radially-binned surfaces (see Section 4.3.1). Vertical lines show the 1o uncertainty,
given as the standard deviation of the individual measurements in each bin. For increased visual clarity, all disks have been
binned by an extra factor of two, except for IM Lup and HD 163296, which have been binned by an additional factor of three
and four, respectively. The solid red line shows the fitted power law profile from Table 2. The inner gray shaded region is the
FWHM of beam major axis. The orange and gray dashes correspond to the mm continuum rings and gaps, respectively. The
black dots mark the outer edge of the millimeter continuum. Temperature dips in GM Aur, AS 209, and HD 163296 are labeled

with arrows, as is a temperature bump in IM Lup.

power law and then fitted each profile using the
Levenberg-Marquardt minimization implementation in
scipy.optimize.curve_fit. The fitting ranges and
derived parameters are listed in Table 2.

As shown in Figure 7, these fits work well beyond
~100-150 au in all disks but overpredict the measured
brightness temperatures interior to this. The tempera-
ture profile of CO in MWC 480 changes slope at approx-
imately 350 au, which complicates the choice of radial
fitting range. It is possible to achieve a modestly more
accurate fit if instead two power laws are used, one for
the inner disk between 40 and 200 au and another for
the outer disk from >135 au. However, for simplicity,
we fit a single power to the maximal possible range.

In addition to the CO lines, we also derived the
brightness temperature profiles of HCN and CyH in
HD 163296, as shown in Figure 8. The shapes of the
temperature profiles are consistent but offset, as HCN
is warmer by 4-6 K at all radii. The gap at ~80 au has

a CoH temperature of <15 K and HCN temperature of
<20 K. Both lines seem to be cooler near the gap by
a few K relative to the outer ring and by almost 10 K
versus the inner ring. However, the beam filling factor
will be reduced at locations closer to the gap, likely be-
coming significant within 1/2 — 1 beams away. Thus,
the line emission near this gap may become increasingly
optically thin. In this case, the lower brightness tem-
peratures would reflect reduced gas density, rather than
cooler HCN and CoH gas temperatures. Overall, the
HCN brightness temperatures are consistent with the
excitation temperatures derived in the multi-line analy-
sis of Guzmén et al. (2021). However, the C3H temper-
atures are a factor of two lower than those reported in
Guzmédn et al. (2021), which suggests that the CoH 3-2
line is optically thin or not in local thermal equilibrium
(LTE). Thus, a non-LTE analysis of CoH in HD 163296
is warranted.
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Table 2. Radial Temperature Profile Fits

Source Line Thgin [aU]  Tagout [aU]  Tioo [K] q
IM Lup CO 2—1 170 559 55 4+ 0.9 0.58 + 0.01
3C0O 2-1 145 339 30+ 0.6 0.32 + 0.03
GM Aur CO 2—1 135 613 52 4+ 0.9 0.61 + 0.02
BCo 2—-1 50 314 22 +£0.2 0.26 + 0.01

C80 2-1 30

126 14+ 04 0.38 £0.05

244 42+ 1.0 0.78 £0.05
163 28 £1.3 0.80 £ 0.13
527 78 £1.0 0.82 £ 0.01
356 31 +£0.2 0.37 £0.01
148 21 £0.3 0.37 £0.03
632 70 £ 1.1 0.69 £ 0.02
388 42 £ 09 0.60 £ 0.03
251 26 £ 0.2 0.75 £ 0.02

AS 209 CO 2-1 95
BCo 2-1 125
HD 163296 CO 2—1 150
BCo 2—-1 50
C80 2-1 40
MWC 480 CO 2—1 100
BCo 2—-1 100
c80 2—-1 80
351 HD 163296 |
(@)
@]
30t
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Figure 8. Radial brightness temperature distributions of
HCN 3-2 and C2H 3-2 in HD 163296. These profiles rep-
resent the mean temperatures computed by radially binning
the individual measurements, similar to the procedure used
to compute the radially-binned surfaces (see Section 4.3.1).
Vertical lines show the 1o uncertainty, given as the standard
deviation of the individual measurements in each bin. The
gap location seen in the line emission (Law et al. 2021) is
labeled and shaded in gray. The FWHM of the beam major
axis is shown in the lower right corner and also indicated by
the inner gray shaded region.

4.3.3. 2D temperature structure

The advantage of having multiple CO isotopologues
that trace different disk heights is access to the vertical
temperature distribution. Dartois et al. (2003) were the
first to demonstrate this in moderate resolution (~1")
observations of DM Tau. More recently, Pinte et al.
(2018) presented a framework for directly mapping the
temperature structure of each emitting layer in (~0"4)
observations of IM Lup. Here, we expanded this anal-
ysis to the high spatial resolution observations of the
MAPS disks. Figure 9 shows the full 2D temperature
distributions.

Since we have temperature information as a function
of (r,z), we can construct a full 2D model of the tem-
perature distribution of each disk. To do so, we adopt
a two-layer model similar to the one proposed by Dar-
tois et al. (2003), but then modified by Dullemond et al.
(2020) with a different connecting term. Both formula
were initially tried but substantially better fits were ob-
tained with that of Dullemond et al. (2020). The mid-
plane temperature Tp,;q and atmosphere temperature
Tatm are assumed to have a power-law profile with slopes
Qmid and Qatm, respectively.

Tt (1) = Tatm,o0 (1/100 au)®™ (4)

Tmid (’l") = Tmid,O (7‘/100 au)q“‘id (5)

Between the midplane and atmosphere, the tempera-
ture is smoothly connected using a tangent hyperbolic
function
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Figure 9. 2D temperature distributions of CO 2-1, **CO 2-1, and when available, C*¥0 2-1 in all MAPS sources. Points are
those from the binned surfaces and error bars are the 1o uncertainties in z. For some of the innermost points, the uncertainty
is smaller than the marker. Data for all disks and lines have been binned by a factor of three for visual clarity. The uncertainty
of the temperature measurements, which is not shown here, can be found in Figure 7.

TA(r, 2) = Triid(r)+% {1 + tanh (’W)] T (1),
(6)

where z4(r) = 2o (r/100 au)”. We note that the o pa-
rameter defines where in height the transition in the
tanh vertical temperature profile occurs and 8 describes
how the transition height varies over radius. In total,
we fitted the following seven parameters: Totm 0, Qatm,
Tmid,05 Gmid, @, Zo, and 3.

We performed the fitting using MCMC with emcee
(Foreman-Mackey et al. 2013) with 256 walkers which
take 500 steps to burn in and an additional 5000 steps to
sample the posterior distribution function. All available
CO lines were fitted using the individual measurements
and only those points with Ty > 20 K were considered.
Temperatures below 20 K, close to the CO freeze-out
temperature, are likely optically thin and thus not useful
for constraining the gas temperature structure. Param-
eter values and associated uncertainties are taken to be
the 50th, 16th, and 84th percentiles from the marginal-
ized posterior distributions, respectively, and are listed
in Table 3.

The 2D fitted models are shown in comparison with
the data in Figure 10. For all disks, the median residuals
between the fitted model and measured temperatures
are typically no more than 10%. The most informative
fits are those with a well-sampled (7, z) space, which
means that we have a set of CO isotopologue lines with
a diverse set of z/r values, e.g., HD 163296. In contrast,

IM Lup is poorly constrained over the height of the disk,
since surfaces were only able to be determined for CO
and ¥CO and they are not widely spaced in z/r. The
abrupt change in z/r from CO to 3CO and C'®0 in
MWC 480 is also reflected in its inferred 2D temperature
structure by its small fitted a and g values (Table 3).
This means that the transition in vertical temperature,
as described in Equation 6, occurs close to the midplane
and the transition height does not increase over radius,
unlike other disks. In general, as the emitting surfaces
do not provide direct constraints in the disk midplanes,
we caution the use of the empirically derived T,;q, which
are considerably warmer than predictions from thermo-
chemical models (Zhang et al. 2021).

4.4. Substructures in emission surfaces

Localized vertical substructures are observed in many
of the emission surfaces derived from the MAPS data.
The properties of these substructures, namely their
radial locations, widths, and depths, provide impor-
tant constraints that are necessary for detailed thermo-
chemical modelling (e.g., Rab et al. 2020; Calahan et al.
2021). In the following subsections, we identify and cat-
alogue all substructures present in the derived emitting
layers and compare them with the gas temperature pro-
files, and with substructures observed in the millimeter
continuum and CO line emission.

4.4.1. Fitting vertical substructures
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Table 3. Summary of 2D Temperature Structure Fits

Source Tatm,0 (K] Tmia,o [K] Gatm Gmid zo [au] o B
IM Lup 36791 25701 0.03F591  —0.02%351  3*01 4917017 2077592
GM Aur 48703 20703 —0.5517001  —0.011000  13%53 2571008 0.547001
AS 209 37192 25105 —0.591005 —0.18%001 5103 3315017 0.021502
HD 163296 63152 24797 —0.6170003  —0.18T0 001 9F01  3.017003  0.4270:00%
MWC 480 69792 27105 —0.71000;  —0.23%001  7HOT 2.78%005  —0.0570 01
IM Lup
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Figure 10. Comparison of the measured temperatures (points) with the fitted 2D temperature structures (background), as
listed in Table 3. The same color scale is used for the data and fitted model and is consistent across all panels. Contours show
constant temperatures in increments of 10 K. Data for all disks and lines have been binned by a factor of three for visual clarity.
The uncertainty of the temperature measurements, which is not shown here, can be found in Figure 7.

Each substructure is labeled with its radial location
rounded to the nearest whole number in astronomical
units and is preceded with “Z” to indicate these fea-
tures are vertical variations. This nomenclature is also
chosen to avoid ambiguity with that used to denote ra-
dial substructures in the continuum (Huang et al. 2018)
and molecular line emission (Law et al. 2021) profiles,
which labels rings by “B” (“bright”) and gaps by “D”
(“dark”).

Feature identification was done visually and focused
on the inner, rising portion of the surfaces within
~200 au, which was the most well-constrained and pos-
sessed the highest SNRs. We used the moving aver-
age surfaces to search for substructures in the form of
vertical dips, i.e., we assumed that substructures repre-
sent localized decreases in z in an otherwise smoothly-
varying emitting layer. To fit each substructure, we first
visually estimated a local baseline. This baseline was

then fitted with a quadratic polynomial and subtracted
from the original emitting surface. The derived proper-
ties of each feature will depend on the assumed form of
the local baseline, but a low-order polynomial baseline
is sensible for the inner <200 au of each disk. We then
fitted a Gaussian profile to characterize each feature in
the baseline-subtracted surface. An example of this fit-
ting process for CO 2-1 in HD 163296 is shown in Figure
11.

The fitted centers and FWHMs of each Gaussian are
taken to be the radial location and widths of each fea-
ture, respectively. Substructure depths are defined as
Az/ Zbaseline, Where zpaseline 18 the vertical height of the
fitted baseline and Az is the fitted vertical height of
the emitting surface at the radial position of the sub-
structure. Depths are subsequently referred to accord-
ing to their fractional decrease in vertical height with
deeper features having lower height ratios, e.g., the Z46
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in HD 163296 has a Az/zpageline = 0.52, which indicates
a depth of 48%. The center, width, and relative depth of
each feature is listed in Table 4 and their radial locations
are labeled in Figure 12.

The relative depth of each feature is sometimes more
uncertain than Table 4 suggests, as depth strongly de-
pends on the assumed baseline, but overall, we find that
this method works well to identify substructure radial
locations and provides a preliminary characterization.
These definitions also do not explicitly account for beam
effects. In a few cases, the widths and depths of indi-
vidual features are smaller than the minor axis of the
beam FWHM. However, this is not generally a concern,
as surfaces are derived from the positional offsets of peak
intensities, which are sensitive to scales smaller than the
beam size.

Typical feature depths range from ~30-70% and
widths from 10-50 au. HD 163296 has the largest to-
tal number of identified substructures, which are rela-
tively narrow (~10-15 au), while those in IM Lup and
MWC 480 have broader widths (~30-50 au). A con-
sistent broad, bowl-shaped depression is seen in all CO
lines in MWC 480 around 66 au with a width of >30—
40 au and depth of 40-60%. The two features Z170 and
7375 associated with IM Lup are notable, as they occur
at the largest radii of all identified substructures. Al-
though having modest relative depths of 68% and 49%,
they possess an absolute Az of 46 and 18 au, which are
the largest in au by a factor of a few to an order of mag-
nitude compared to all other substructures. Features
are not always present across all CO isotopologues. For
instance, Z170 in IM Lup is only seen in '*CO but not
in CO, while in HD 163296, Z81 and Z83 are present
in 13CO and C'30, respectively, but no corresponding
feature is identified in CO.

In addition to the isolated, Gaussian-like dips we re-
port above, we detect a few more complex trends. For
instance, prominent changes in the slope of the emis-
sion surface are present at ~150 au in >*CO in GM Aur
and at ~115 au in CO in IM Lup. Both AS 209 and
MWC 480 also show large-scale, wave-like patterns in
their CO surfaces with peak-to-trough separations of
roughly 20 au and 40 au, respectively and amplitudes
of no more than a few au. Thus, Z56 in AS 209 and
766 in MWC 480 may in fact be local minima associ-
ated with this larger wave rather than separate isolated
substructures.

4.4.2. Comparison with gas temperature

Since we have estimates for the gas temperatures, we
also searched for coincidences between vertical and tem-
perature substructures, but only found a single one, i.e.,
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Figure 11. Example of the vertical substructure fitting pro-
cess in the CO 2—-1 emission surface of HD 163296. The top
panel shows the removal of a local baseline (solid red line)
in the form of a quadratic polynomial fit. The bottom panel
shows a Gaussian fit (solid blue line) to the Z46 substructure
in the baseline-subtracted emission surface. The radial range
for the local baseline was visually identified and is shown by
the orange shaded regions.

Z81 in '3CO in HD 163296. In IM Lup, the outer edge
of the CO temperature plateau occurs around 180 au,
which is roughly coincident with the Z170 feature seen in
the 13CO surface. The CO 2-1 radial temperature pro-
files and emitting surfaces in MWC 480 also both show
wave-like patterns, which are very roughly coincident in
radial location. For further discussion of these features,
see Teague et al. (2021). Otherwise, no other tempera-
ture trends are identified in any of the CO lines in the
MAPS disks. Thus, the empirical gas temperatures do
not generally seem to be sensitive to the presence of sur-
face substructures. This may be explained, in part, due
to deeper layers in the disk being more isothermal than
the upper layers. Thus, a small change in the emission
height would look like a bigger dip in temperature for
CO than '3CO, for instance. Moreover, since the scale
height is proportional to /T, this means that signifi-
cant temperature differences are required for noticeable
changes in the scale height.

4.4.3. Comparison with millimeter continuum and line
emission substructures

The majority of the MAPS disks show at least some
spatial links between vertical substructures and either
continuum or radial substructure in CO line emission,
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Table 4. Properties of Vertical Substructures

Source Line Feature  rg [arcsec] ro [au]  Width [arcsec] Width [au] Az [arcsec] Az [au] Depth®

IM Lup CO 2-1 7375 238+ 003 3755 0.18 £ 0.09 29 £ 14 029+ 01 46+£16 0.32 4+ 0.28
13C0 2-1 Z170 1.08 £0.01 170 £ 2 0.18 4+ 0.002 29+ 04 0.11 £0.004 18+1 0.51+0.49

AS 209 CO 2-1 756 0.47 + 0.02 56 £ 2 0.1 £0.01 13+£1 0.03 + 0.02 4+2 0.33+£0.18
HD 163296 CO 2-1 746 0.45 £+ 0.01 46 £1 0.11 + 0.01 12+1 0.06 + 0.01 61 052+0.13
3Cco 2—-1 749 0.48 £+ 0.02 49 £ 2 0.1 4+ 0.003 11+£03 0.02+0.004 2404 0.36+0.03

781 0.8 £0.001 81+0.1 0.11 + 0.03 12+ 3 0.05 + 0.03 5+4 043 £0.24

7145 143 £0.01 145+ 1 0.1 £0.01 10+ 1 0.02 £ 0.03 2+3 0.33£0.28

C'®02-1 783 0.82 + 0.004 83 +04  0.16 & 0.02 16+2  0.06+0.001 6=+0.1 0.66+0.02

MWC 480 CO 2-1 766 0.41 £ 0.01 66 + 1 0.19 £+ 0.04 317 0.04 £0.003 7+1 0.42 £ 0.06
13C0O 2-1 766 0.41 £ 0.06 66 £ 9 0.28 £+ 0.04 46 £ 7 0.03 £ 0.02 6+4 0.63=£0.09

c0 2-1 771 0.44 + 0.03 1+£5 0.32 £ 0.06 51 £9 0.03 £ 0.003 4 £0.5 0.63 %+ 0.55

%Depth of vertical substructure, defined as the ratio of Az t0 Zbaseline at 7o (see Section 4.4.1.)

as shown in Figure 12. Below, we consider each of these
possible spatial associations.

All MAPS disks show some degree of spatial associa-
tion between surface features and millimeter continuum
substructures. Each dust gap in HD 163296 aligns with
a surface feature in at least one of the CO isotopologue
surfaces and in the case of 3CO, there is a one-to-one
match between millimeter gaps and surface substruc-
tures. In MWC 480, the inner dust gap D76 roughly
aligns with the Z66 surface feature and the outer dust
gap at D149 approximately matches the location of the
140 au trough of the wave-like fluctuations. However,
these associations in MWC 480 are considerably more
tentative and considering that the surface features are
more than twice the width of continuum gaps, these may
be chance alignments. Several of the wave-like surface
features in AS 209 align with the radial locations of sub-
structures in the millimeter continuum. In particular,
756 and the troughs at ~100 and 140 au are radially co-
incident with dust gaps. The changes in emitting surface
slope in CO 2-1 in IM Lup and *CO 2-1 in GM Aur
are also both co-located with the D116 and D142 dust
gaps, respectively.

In a few cases, we identify features in the CO line
emission profiles that are radially coincident with verti-
cal substructures. In HD 163296, the CO line emission
peaks at B49 and B81 directly align with the vertical
substructures at Z49 and Z81, respectively. The CO
peak at B59 is also co-located with the Z56 feature in
AS 209. Both changes in slope in IM Lup and GM Aur
are spatially associated with CO features at B106 and
B137, respectively. In IM Lup, we also find that the
D360 gap in line emission may be spatially related to the
7375 vertical dip. Given that both line emission peaks

and gaps show some spatial association with surface sub-
structures, this may point toward multiple mechanisms
producing these surface features.

5. DISCUSSION
5.1. Comparison to previous results

Pinte et al. (2018) were the first to demonstrate an
approach to directly extract CO emission surfaces in
moderate resolution observations of IM Lup. Similar
methods were then used by Teague et al. (2018a,b, 2019)
and Rich et al. (2021) to constrain the emitting layers
in AS 209 and HD 163296. Below, we compare these
previous results to the high spatial resolution MAPS
observations and comment on the relatively consistency
and any salient differences.

5.1.1. IM Lup

Pinte et al. (2018) found CO and *CO 2-1 emission
heights of z/r ~ 0.325 and z/r ~ 0.125 in the inner
flared disk region, i.e., r < 300 au, using ~0”4 resolu-
tion observations. In this same region, we find a consid-
erably more elevated CO surface of z/r > 0.5 and 3CO
of z/r = 0.2. The differences in the derived heights are
likely the result of our improved angular resolution, al-
lowing for better separation of the front and back disk
sides, e.g., see Figure 17, which demonstrates the limi-
tations of poorer spatial resolutions. Pinte et al. (2018)
also found that the CO 2-1 surface flattens out beyond
300 au, while our higher sensitivity observations reveal
that this is due to a local minimum (Z375), and that
globally the CO surface continues to rise out to 550 au
due to diffuse large radii CO emission (e.g., Cleeves et al.
2016). Pinte et al. (2018) do not detect vertical sub-
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Figure 12. Comparison of CO 2-1, 3CO 2-1, and C*0 2-1 (when available) surfaces with annular substructures in the
millimeter continuum (left) and CO line emission (right). Substructures are labeled following the nomenclature of Huang et al.
(2018) and taken from Law et al. (2021). The CO line emission substructures are from CO 2-1 for all disks, except for MWC 480,
which show those from '*CO 2-1. Substructures are labeled as follows: dust ring (solid orange line), dust gap (dashed gray
line), chemical ring (solid blue line), and chemical gap (dashed purple line). Dotted black lines mark vertical substructures, as
listed in Table 4. Notable changes in emitting surface slope and the suggestive wave-like features in AS 209 and MWC 480 are
marked with arrows. The CO velocity kinks from Pinte et al. (2018, 2020) are labeled in IM Lup and HD 163296.

structures in any of their CO surfaces, but this is likely We also find consistent brightness temperature dis-
a consequence of their modest spatial resolution. tributions to those of Pinte et al. (2018), but with
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Figure 12. Continued.

overall systematically warmer temperatures by ~5 K.
This systematic offset is likely due to beam dilution in
Pinte et al. (2018) whose larger beam (~4x) would have
smeared out some of this emission. Overall, these com-
parisons illustrate the importance of high spatial res-
olutions in accurately constraining emission surfaces.
At more moderate spatial resolution, estimates of the
heights of emitting layers and gas temperatures are both
underestimated. A detailed exploration of the effect
of spatial resolution on extracted surfaces within the
MAPS disk is found in Appendix D. In short, we find
that surfaces derived from images with beam sizes be-
tween 0712 and 0”2 are consistent, suggesting that the
results presented here are not underestimated due to in-
sufficient angular resolutions.

Rich et al. (2021) fit the CO 2-1 emission surfaces in
the IM Lup disk using the DSHARP datacubes (An-
drews et al. 2018) with a similar extraction method.
These images have a spatial resolution of ~07”12, which

is comparable to the MAPS resolution. Their CO 2-1
surface is nearly identical to the one we derived with
the MAPS data and shows the same slope change at
~110 au and a localized dip around 375 au.

5.1.2. AS 209

Teague et al. (2018b) derived the CO 2-1 emission sur-
face in the AS 209 disk using the same approach as Pinte
et al. (2018) using high spatial resolution (~0”2) CO line
data. The authors found a surface with z/r ~ 0.2, which
is the same z/r we derived. However, they find a contin-
ually rising surface out to 300 au, but our surface begins
to plateau and turnover at 2150 au. This difference may
be due to their factor of two coarser spatial resolution.
Teague et al. (2018b) also model the CO 2-1 emission
surface that best reproduces the observed deviations in
rotation velocities. Unlike the directly mapped surface,
which is mostly smooth, the modeled surface has wave-
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like vertical substructures that appear very similar to
those seen in the MAPS CO 2-1 emitting surface.

5.1.3. HD 163296

Teague et al. (2019) mapped the CO 2-1 emission sur-
face in the HD 163296 disk at an angular resolution of
~0”1. The authors constrained an emission surface out
to a radius of 4” that is nearly identical to one that we
derive. In the same disk but using lower resolution ob-
servations (~0725), Teague et al. (2018a) modeled the
emitting layer of C'¥*0 2-1 as a Gaussian process and
found a typical z/r =~ 0.1, consistent with our C'80
surface. Teague et al. (2018a) also found slight dips in
their emission surface at the millimeter gap locations,
ie., ~50, 80, 130 au (once rescaled to the Gaia dis-
tance). The first two depressions correspond to the Z49
and Z81 dips in our surface, while the 130 au dip lies be-
yond the turnover region in our data. The discrepancy
at large radii between these surfaces may be due in part
to their larger beam size (about twice that of the MAPS
beam) as well as a different approach to surface extrac-
tion. Nonetheless, they are still broadly consistent with
one another.

Rich et al. (2021) also used the DSHARP images
(~071) to extract the CO 2-1 surface of HD 163296.
The authors find a surface that is very consistent, i.e.,
z/r ~ 0.35, with that derived from the MAPS data.
However, the authors do not resolve the inner dip at
46 au that is clearly seen in the MAPS surfaces.

5.2. Origins of emission layer heights

While the majority of emitting surfaces show a con-
sistent general behavior, i.e., are well-described by an
exponentially-tapered power law profile, there is con-
siderable variation in their emitting heights. Here, we
briefly explore possible mechanisms that may be im-
portant in setting the heights of disk emitting layers.
Specifically, to explore the origins of the observed diver-
sity in z/r structure across disks, i.e., from z/r 2 0.5 to
z/r < 0.1, we searched for trends between physical pa-
rameters among the MAPS sources. While differences
between isotopologues within disks are expected, dif-
ferences between disks in the same isotopologues reveal
variations in radiation fields and thermal, density, or CO
abundance structures. To ensure a consistent compari-
son, we focus on the typical z/r in the inner 150 au of
each disk. We only consider the CO surfaces, as they
are well-constrained in all disks and show a sufficiently
wide range of z/r values.

As irradiation from the central star plays a large role
in setting the shape of the emitting layers (Dullemond
et al. 2001; Dullemond & Dominik 2004a,b), we first
consider whether differences in z/r could be explain by
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Figure 13. Average z/r of '2CO 2-1 emission heights ver-
sus disk physical properties for the MAPS sources. Stellar
masses and bolometric luminosities, taken from Oberg et al.
(2021) and references therein, while X-ray luminosities ref-
erences are: IM Lup (Cleeves et al. 2017), AS 209 (Walter
& Kuhi 1981), GM Aur (Espaillat et al. 2019), HD 163296
(Giinther & Schmitt 2009), and MWC 480 (Grady et al.
2010). Horizontal bars indicate observed intrinsic X-ray vari-
ability. Brightness temperatures of **CO 2-1 at 100 au are
interpolated directly from the Ty radial profiles in Figure 7,
so they sometimes differ from the fitted Ti0o in Table 2. If
we instead adopted the fitted Thoo values, the conclusions are
unchanged. Peak CO column densities are from Zhang et al.
(2021) (and see Figure 14), while the CO 2-1 disk sizes are
from Law et al. (2021).

differences in incident stellar radiation. In Figure 13,
we identify a tentative negative trend between bolomet-
ric stellar luminosity and the z/r of 2CO 2-1 emission
surfaces as well as a modest positive association between
X-ray luminosity and emission height. However, in both
cases, AS 209 is an obvious outlier with an emission
surface that is substantially flatter than the other two
T Tauri sources IM Lup and GM Aur, which possess
similar stellar and X-ray luminosities.

Another parameter that may set disk emitting layer
heights is the temperature of the vertically isothermal
layer (e.g., Qi et al. 2019). To check this, we compared
the 3CO 2-1 gas temperatures at 100 au with emission
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heights in Figure 13. With the exception of AS 209, we
find a negative trend, where the warmer temperatures
of the two disks around the Herbig Ae stars have flatter
surfaces, while the cooler temperatures of those around
the T Tauri stars IM Lup and GM Aur have higher z/r
surfaces. We find a similar association if we instead con-
sider the midplane temperature estimates derived from
the thermo-chemical models of Zhang et al. (2021).

We next consider the physical properties of the gas
itself, i.e., total disk size and column densities. We find
a tight positive trend between CO 2-1 disk size and the
z/r of CO surfaces, as shown in Figure 13. However,
the surfaces of small disks turnover at smaller radii,
which may affect the z/r, but this trend remains un-
changed if we instead compare using the turnover radius
for each disk. Assuming that Hy number density scales
with CO column densities, we expect more dust grains
in the disk upper layers due to increased dynamical gas-
grain coupling. This, may in turn, manifest as higher
z/r surfaces. However, if we compare peak CO column
densities, i.e., < 50 au, versus z/r, we find an inverse
relation, with AS 209 being a notable outlier to this
trend. Taken together, this suggests that larger disks
with lower column densities may preferentially exhibit
elevated emitting surfaces.

However, these source characteristics are not all inde-
pendent, since the mass of the central star either sets or
influences many of them. Therefore, we also compared
the stellar mass and emission surface z/r in Figure 13
and found a negative trend, very similar to that of the
stellar luminosity. The stellar mass sets the stellar lumi-
nosity, including the X-ray luminosity (with lower mass
stars being more active), which in turn controls the disk
temperature structure. Physically, warmer disks may
be expected to result in increasingly flared surfaces, but
this is the opposite of what we find in Figure 13. As
vertical surfaces are set by the balance of pressure and
gravity, disks around more massive stars should, in con-
trast, exhibit flatter surfaces. Since stellar mass posi-
tively correlates with disk mass® (e.g., Andrews et al.
2013; Ansdell et al. 2016; Pascucci et al. 2016), this sce-
nario is consistent with the observed trends and sug-
gests that stellar mass is the dominant factor in setting
emission surface heights. Thus, the majority of observed
trends may simply be tracing the impact of varying stel-
lar masses and the effects on the surrounding disks.

3 Literature Mx-Mgisk correlations are typically derived in the opti-
cally thin limit, but as disk continuum emission may be partially
optically thick, the estimated disk masses should be considered
lower bounds (e.g., Zhu et al. 2019; Andrews 2020).

Overall, however, we caution that this small and
highly biased sample of disks limits generalized conclu-
sions. A survey aimed at targeting CO lines in a large
set of moderately inclined disks with sufficient resolution
and sensitivity is needed to provide further constraints
on the origins and distribution of the heights of disk
emitting layers.

5.3. Origins of Vertical Substructures

The emitting surfaces show several dips in vertical
heights, which may have their origins in a variety of
mechanisms. They may be due to CO depletion, i.e., de-
creased CO column density, decreases in total Ho surface
density but with constant CO abundance, or true geo-
metrical features, e.g., warps. Here, we focus on the first
two explanations and note that changes in CO abun-
dance suggest a chemical origin, while decreases in Hs,
hint at dynamical, planet-based origins.

The chemical explanation requires CO gas to be suf-
ficiently depleted at the locations of vertical substruc-
tures. Alignments of vertical substructures with CO
column density gaps, while suggestive, are not conclu-
sive proof of a chemical origin, as gas surface density
perturbations and chemical processing are often degen-
erate in models (e.g., Alarcén et al. 2021). However, if
these features have their origins in chemistry, the deple-
tion of gas-phase CO should lead to higher C/O ratios,
causing an increase in the column density of molecules
such as CoH (Bergin et al. 2016; Alarcén et al. 2021). To
test this possibility, we compare the column density pro-
files of CO (Zhang et al. 2021) and CoH (Guzmaén et al.
2021) with the identified vertical substructures in Fig-
ure 14. The vertical substructures Z56 in AS 209, Z46
in HD 163296, and Z66 in MWC 480 are all associated
with CO column density depletions and CoH enhance-
ments. In contrast, Z81 and Z145 in HD 163296, as well
as Z170 and Z375 in IM Lup are not. This suggests
that chemical conversion of CO into other species may
provide at best a partial explanation for the observed
vertical substructures.

The dynamical explanation, i.e., if vertical substruc-
tures are caused by forming-planets, instead requires
drops in total Hy gas surface density. Perhaps, in this
case, we expect vertical substructures to be associated
with gaps in the millimeter-sized grains. As large grains
should be concentrated in gas pressure maxima, this
means that dust gaps will correspond to pressure min-
ima and be associated with drops in the total Hy gas
surface density. As discussed in Section 4.4.3, all of the
MAPS disks show some degree of spatial association be-
tween millimeter continuum gaps and vertical substruc-
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tures. Below, we consider the plausibility of this inter-
pretation for each MAPS disk:

In AS 209, the Z56 substructure is radially coincident
with a deep gap in Hy (Teague et al. 2018b). More-
over, Fedele et al. (2018) showed that either a single
Saturn mass planet at 95 au, or a second (< 0.1 My,
planet 57 au, reproduced the observed continuum pro-
file. Thus, a planetary-origin for Z56 (and the larger
wave-like structure) in AS 209 is possible, but c.f.,
Alarcén et al. (2021), who constrain the mass of a pu-
tative planet at 100 au to be <0.2 Mjyp.

In HD 163296, the derived CO surfaces, and in par-
ticular, the measured depths of vertical substructures,
in HD 163296 most closely match the models of Rab
et al. (2020) that include deep gas gaps, i.e., similar de-
pletion as for the dust, at the locations of the observed
millimeter continuum gaps. Similarly, the gas gap mod-
els (versus that of CO depletion) from Calahan et al.
(2021) are better able to reproduce the Z81 dip in the
C'0 emission surface. As HD 163296 is also believed
to host three Jupiter-mass planets (Pinte et al. 2018;
Teague et al. 2018a), this offers a plausible explanation
for the vertical substructures in this disk.

In IM Lup, GM Aur, and MWC 480, the plausibility
of vertical substructures having their origins in planets
is less clear. In IM Lup, Pinte et al. (2020) reported
a tentative localized deviation from Keplerian rotation
at 117 au, which is thought to be due to a planetary
perturber. Intriguingly, this is at the same radius where
we observe a change in the slope of the CO 2-1 emitting
surface. GM Aur has been suggested to have a 0.1-
0.4 Myyp, planet at 67 au based on the width of the
nearby dust gap (Huang et al. 2020), but no vertical
substructures are observed near this radius. The wave-
like feature in MWC 480 shows broad associations with
dust gaps, and Teague et al. (2021) propose a planet at
245 au, which is driving the wave-like perturbations.

Regardless of the specific mechanisms responsible for
these vertical substructures, the MAPS data suggest
that emitting surfaces are far from smooth. The loca-
tions, depths, and widths of such features provide impor-
tant inputs to disk thermo-chemical models and serve as
powerful probes of the planet formation. As such, they
may also offer another promising mechanism to infer the
existence of embedded, newly-forming planets in disks.

6. CONCLUSIONS

We present a detailed analysis of the vertical distri-
bution of molecules and their emitting surfaces in high
angular resolution observations in five protoplanetary
disks from MAPS. We conclude the following;:

1. CO emission traces the most elevated regions
z/r > 0.3, while the less abundant *CO and C'80
probe deeper into the disk z/r a~ 0.1-0.2. These
heights correspond to approximately 3 and 1 scale
heights, respectively.

2. In the disks around the T Tauri star AS 209 and
Herbig Ae stars HD 163296 and MWC 480, CoH
and HCN emission heights are also measurable and
they emit from z/r < 0.1, a region relatively close
to the planet-forming disk midplane.

3. The NIR surfaces, which trace micron-sized dust,
of HD 163296 and IM Lup, are lower than the CO
2-1 emission surface and lie at or slightly above
that of 3CO 2-1.

4. We derive radial temperature distributions for all
CO isotopologues and use them to estimate full
2D, (r, z) empirical temperature models for each
disk.

5. Emission surfaces present substructures in the
form of vertical dips, often seen in more than one
CO isotopologue, and are detected in a majority
of MAPS disks.

6. The wide range of vertical emission heights across
the sample indicates a diversity in thermal, den-
sity, or CO abundance structures. Tentative
trends suggest that star+disk systems with lower
stellar masses and luminosities, as well as larger
CO disk sizes exhibit the most elevated CO line-
emitting surfaces. However, a larger sample of
disks with well-constrained disk emitting layers is
required to better understand what sets emitting
layer heights in disks.

7. At least some, and possibly the majority, of ver-
tical disk substructures have their origins in local
Hs surface density drops due to embedded planets.
Others may have their origin in chemical effects,
namely local reductions in CO abundance and thus
CO optical depth.

Overall, we have shown an effective method for ex-
tracting the emitting layers for a sample of disks and
emission lines. As disks are highly structured both ra-
dially and vertically, emission surfaces in a set of lines
with varying optical depths, e.g., CO isotopologues, pro-
vide direct observational constraints on the overall 2D
disk structure. Moreover, these surfaces serve as criti-
cal inputs to thermo-chemical models of disks, which are
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Figure 14. Column density profiles for CO (Zhang et al. 2021) and CoH (Guzmén et al. 2021) for all MAPS sources versus
locations of vertical substructures in CO, **CO, and C'80 2-1 emission lines. Orange dashed lines indicates vertical dips listed
in Table 4. The CO snowlines from Zhang et al. (2021) are shaded in blue. Red solid lines indicate the radial locations of
changes in emission surface slope. The low-amplitude, wave-like features in AS 209 and MWC 480 are shown in black with
dashed and solid lines marking troughs and peaks, respectively.

necessary to not only understand the true origins of ver-
tical gas structures but also to connect observed molecu-
lar emission to midplane abundances, and therefore the
chemical environment within which planets form.

7. VALUE-ADDED DATA PRODUCTS

The MAPS Value-Added Data Products described
in this work can be accessed through the ALMA
Archive via https://almascience.nrao.edu/alma-data/
Ip/maps. An interactive browser for this repository
is also available on the MAPS project homepage at
http://www.alma-maps.info.

For each combination of data processing (individual
measurements, radially-binned, and moving average),
the following data products are available:

e Emission surfaces

e Gas temperature structures, radial and full 2D (r,
z) profiles

e Python script to generate the data products

Each of these VADPs are provided for CO 2-
1, CO 2-1, and when available, C'®0 2-1 in all
MAPS disks, and for CoH 3-2 and HCN 3-2 in
HD 163296. The naming scheme for these VADPs is as
follows: [disk]-[line]_[frequency]_[resolution]_[datatype],
where datatype “individual measurements,”
“radially-binned,” or “moving average.” Additional data
products associated with the MAPS Large Program, in-
cluding line image cubes (see Section 9, Czekala et al.
2021) and radial profiles and moment maps (see Section
7, Law et al. 2021), are also available.

is:


https://almascience.nrao.edu/alma-data/lp/maps
https://almascience.nrao.edu/alma-data/lp/maps
http://www.alma-maps.info
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Software:  Astropy (Astropy Collaboration et al.

2013; Price-Whelan et al. 2018), bettermoments

(Teague & Foreman-Mackey 2018), CASA (McMullin

et al. 2007), disksurf (https://github.com/richteague/

disksurf), emcee (Foreman-Mackey et al. 2013), GoFish

(Teague 2019), Matplotlib (Hunter 2007), NumPy (van

der Walt et al. 2011), SciPy (Virtanen et al. 2020)


https://github.com/richteague/disksurf
https://github.com/richteague/disksurf
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APPENDIX

A. SURFACE FILTERING AND EXTRACTION

In this section, we describe in detail the functionality of disksurf and how we used it to extract emission surfaces
from line image cubes:

Before extracting surfaces, we applied the following two data filtering steps. First, a radially-varying clip was used
to remove pixels that are not related to the peak of the line. This was done by calculating an azimuthally-averaged
profile of the peak surface brightness and then clipping values that are more than 1o away. This clip threshold was
increased to 20 for lower SNR lines, e.g., CoH 3-2 and HCN 3-2. Then, we performed a 1D smoothing® to better
define the peaks using a Gaussian kernel with a full-width at half-maximum (FWHM) equal to half of the beam major
axis FWHM. These two steps were found to significantly improve the ability of the code to identify the emission peaks
and minimize contamination from background thermal noise.

We used the get_emission_surface function to extract the deprojected radius r, emission height z, surface brightness
I, and channel velocity v for each pixel associated with the emitting surface. This requires knowledge of the disk
inclination and position angle in order to correctly account for the deprojection. We adopted these values from Table
1 in Oberg et al. (2021) with disk inclinations ranging from 37.0° (AS 209) to 53.2° (GM Aur).

We then applied additional clipping based on our priors of disk physical structure. In particular, we removed
extremely high z/r values® and large negative z values, as the emission must arise from at least the midplane. We
allowed points with a small negative z value, i.e., z/r > —0.1, to remain to avoid positively biasing our averages to
non-zero z values. We also filtered those points with low surface brightness (less than 5 times the image cube RMS)
to ensure that noise did not significantly bias the derived surfaces. However, due to the lower SNR of the CoH and
HCN lines, we did not perform this clipping in any disk except for HD 163296. Figure 15 shows an example of this
process for CO 2-1 in IM Lup.
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Figure 15. Clipping based on disk priors and flux (left) and filtered emission surfaces (right) for CO 2-1 in IM Lup. The gray
box in the left panel shows the field of view in the right panel. Light gray points are filtered according to the steps described
in detail in Appendix A.

4 We note that this smoothing is performed prior to and as a part of
the extraction process and is thus distinct from the radial binning
of the extracted data used subsequently to increase the SNR.

5 This threshold was initially set to clip vertical heights exceeding
z/r = 0.5 for all disks but had to be increased to z/r = 0.7 for
CO 2-1 in IM Lup and GM Aur, due their very elevated surfaces.
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B. FULL LIST OF ISOVELOCITY CONTOURS

Isovelocity contours for the CO isotopologues are shown for the IM Lup disk in Figure 16. A full set of isovelocity
contours for all MAPS disks are shown in Figure Set 1, which is available in the electronic edition of the journal. All
isovelocity contours are calculated using updated dynamical masses taken from Oberg et al. (2021), which are based
on CO rotation profiles (Teague et al. 2021).
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Figure 16. Isovelocity contours of the best-fitting model, as indicated in Table 1, for the CO 2-1 (top) and *CO 2-1 (bottom)
emitting surfaces in IM Lup plotted for selected channels of the observed emission. Solid curves indicate the upper surface of
the disk and dashed curves mark the lower surface. LSRK velocities are noted in the lower right corner. The synthesized beam
is shown in the bottom left corner of each panel.

C. EXCITATION AND BAND 3 CO SURFACES

Since we also had access to *CO 1-0, we were able to compare against the *CO 2-1 line to see if we could identify
any excitation-related effects in the emission surfaces, i.e., differing heights (e.g., van Zadelhoff et al. 2001; Dartois
et al. 2003). Due to the coarser spatial resolution and lower SNR of the 1-0 line, we did not attempt to extract the
emission surfaces directly. Instead, we compared the *CO 2-1 isovelocity contours derived from the parametric fit in
Table 1 with the spatial distribution of the 1-0 line. To ensure a consistent comparison, we also included the tapered
(0730) resolution 13CO 2-1 images. We checked C'8O 1-0, which was also covered by the MAPS observations, but it
did not possess sufficient SNR for this comparison, so we instead focused on *CO 1-0. At this lower resolution, only
GM Aur, HD 163296, and IM Lup had sufficiently elevated '3CO 2-1 surfaces to allow for a meaningful comparison.
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Figure 17 shows isovelocity contours overlaid on a representative channel of *CO 1-0 emission that should best
show the emitting layers, if resolved. In IM Lup and GM Aur, line emission tracing the back side of the disks is visible
in the tapered 2-1 image, but we cannot determine if the contours are consistent with low SNR emission surfaces
in CO 1-0, or if the 1-0 line is truly flatter than the 2-1 line. In the case of HD 163296, the spatial resolution is
insufficient to reveal any vertical disk structure in either the '*CO 2-1 tapered or 1-0 images, and we therefore cannot
compare 2-1 and 1-0 emission layer heights. Thus, in order to infer the emitting heights of *CO 1-0, we likely require
both higher spatial resolution and SNR.

3CO 2-1 3CO 2-1at 0”30 3CO 1-0

Ny WO

962€9T aH

Figure 17. Representative channels for IM Lup, GM Aur, and HD 163296 for the **CO 2-1 full resolution (left column), **CO
2-1, tapered to 0730 (middle column), and **CO 1-0 (right column) images. The **CO 2-1 isovelocity contours derived using
the parametric fit in Table 1 are shown in pink. Solid curves indicate the upper surface of the disk and dashed curves mark the
lower surface. LSRK velocities are noted in the upper right corner. The synthesized beam and a scale bar indicating 50 au is
shown in the lower left and right corner, respectively, of each panel.

D. EFFECTS OF SPATIAL RESOLUTION ON DERIVED EMISSION SURFACES

To extract emission surfaces using disksurf, the imagecubes must have some minimum angular resolution, i.e., the
front and back sides of the disk must be sufficiently spatially resolved to be separable. This means that emission
surfaces will be sensitive to the spatial resolution of the images used to derive them. To investigate the effects of
spatial resolution on our surfaces, we repeated the surface extraction for CO, 3CO, and C'®0O 2-1 using all angular
resolutions, i.e., 073, 072, 0715, imaged as part of MAPS (Oberg et al. 2021). We then compared them to the surfaces
derived from the images generated with a robust parameter of 0.5 used throughout this work. Figures 18, 19, and 20
show the resulting surfaces.

The CO isotopologue surfaces are generally consistent across differing spatial resolutions. The lower resolutions
(0”3, (/2) occasionally underestimate the average z/r surface height, e.g., *CO and C'80 in HD 163296, and this
effect is more conspicuous in intrinsically flatter surfaces, e.g., *CO and C'®O in MWC 480 or those from rarer
isotopologues. In highly-elevated surfaces like 12CO 2-1, the emission structure along a given column of pixels will be
two well-separated Gaussians (and another two Gaussians for the backside of the disk). At lower spatial resolutions,
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these Gaussians are broadened, but do not overlap. Conversely, for '*CO or other emission lines with lower intrinsic
z/r, these two components may overlap and thus lead to a single-peaked Gaussian with a z/r that approaches 0. Even
for those highly flared surfaces, images with higher spatial resolutions are preferable, as they allow for the detection
and characterization of vertical substructures, such as the dips, wave-like features, and slope changes seen in many of
the MAPS disks (see Section 4.4). For instance, the 2CO surface in HD 163296 appears nearly identical between the
0”3 and robust=0.5 images, with the important exception of the Z46 dip, which can only identified in the 0715 and
robust=0.5 images.
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Figure 18. '2CO 2-1 emission surfaces derived using images with different angular resolutions (see Table 5 in Oberg et al.
2021). Large, gray points show a consistent radial binning of 1/2x the beam major axis of each image, while small, light gray
points represent individual measurements. Lines of constant z/r from 0.1 to 0.5 in increments of 0.1 are shown in gray. The
FWHM of the major axis of the synthesized beam is shown in the upper left corner of each panel.
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Figure 19. ¥*CO 2-1 emission surfaces derived using different spatial resolutions. Otherwise, as in Figure 18.
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Figure 20. C'80 2-1 emission surfaces derived using different spatial resolutions for HD 163296 and MWC 480. The C'®0
2-1 surface in GM Aur is not shown as it was only able to be extracted from the images generated with a robust parameter
of 0.5, as only this image possessed a sufficiently high spatial resolution necessary to separate the front and back disk surfaces.
Otherwise, as in Figure 18.
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