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ABSTRACT

Analysis of the gaseous component in protoplanetary disks can inform us about their thermal and

physical structure, chemical composition, and kinematic properties, all of which are crucial for under-

standing various processes within the disks. By exploiting the asymmetry of the line emission, or via

line profile analysis, we can locate the emitting surfaces. Here, we present the emission surfaces of the

exoALMA sources in 12CO J = 3−2, 13CO J = 3−2, and CS J = 7−6. We find that 12CO traces the

upper disk atmosphere, with mean ⟨z/r⟩ values of ≈ 0.28, while 13CO and CS trace lower regions of the

disk with mean ⟨z/r⟩ values of ≈ 0.16 and ≈ 0.18, respectively. We find that 12CO ⟨z/r⟩ and the disk
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mass are positively correlated with each other; this relationship offers a straightforward way to infer

the disk mass. We derive 2-D r− z temperature distributions of the disks. Additionally, we search for

substructure in the surfaces and radial intensity profiles; we find evidence of localized substructure in

the emission surfaces and peak intensity profiles of nearly every disk, with this substructure often be-

ing co-incident between molecular tracers, intensity profiles, and kinematic perturbations. Four disks

display evidence of potential photo-desorption, implying that this effect may be common even in low

FUV star-forming regions. For most disks, we find that the physical and thermal structure is more

complex than analytical models can account for, highlighting a need for more theoretical work and a

better understanding of the role of projection effects on our observations.

Keywords: Protoplanetary disks (1300) — Planet formation (1241) — High angular resolution (2167)

- CO Line emission (262)

1. INTRODUCTION

Planets are born within the gaseous and dusty envi-

ronments of circumstellar disks. Despite the many ob-

servations of fully formed planets, our knowledge of the

preceding planet formation process is still largely incom-

plete. In order to best understand this process, we must

first characterize the physical and chemical properties

of protoplanetary disks. In recent years, the high angu-

lar and spectral resolution offered by the Atacama Large

Millimeter/submillimeter Array (ALMA) has allowed us

to map planetary nurseries in deeper detail than ever be-

fore. In particular, molecular line observations of proto-

planetary disks can inform us about the gas structure,

which holds a wealth of information about the disk and

potential planets forming within (Miotello et al. 2023).

Protoplanetary disks are composed of two main com-

ponents: dust and gas. The millimeter and larger dust

grains generally settle towards the midplane due to grav-

ity exerted by the central star, aerodynamical gas drag,

and a vertical pressure gradient (Barrière-Fouchet et al.

2005). In contrast, the bulk of the gaseous disk compo-

nent extends beyond the dust both radially and verti-

cally (e.g., Ansdell et al. 2018; Law et al. 2021a; Long

et al. 2022a). Although the gas is primarily composed

of radio-quiet molecular hydrogen (H2), there are trace

amounts of other molecules that we can readily ob-

serve with ALMA. Because these molecules have dif-

fering opacities, observations targeting various molec-

ular tracers allow us to probe the 2-D structure of the

disk, from the upper atmospheres down to the midplane.

The vertical and radial distribution of these molecules is

dependent on the physical conditions found within the

disk, particularly the temperature, density, and radia-

tion (van Zadelhoff et al. 2001; Walsh et al. 2015; Öberg

et al. 2023). We can directly measure the vertical emis-

∗ NASA Hubble Fellowship Program Sagan Fellow

sion surfaces for the front and back sides of the disk via

several methods. The vertical extent of the surfaces can

be directly probed in edge-on disks, as in Dutrey et al.

2017, Villenave et al. 2020, Duchêne et al. 2024, and Vil-

lenave et al. 2024. For mid-inclination disks (generally

30◦ - 60◦), the geometry of the disk can be exploited

to determine isovelocity contours in each channel. The

front- and back-side emission will be well-separated for

disks of these intermediate inclinations, thus allowing

us access to the full 3-D structure covering the entire

azimuth; see Dartois et al. (2003); Pinte et al. (2018);

Teague et al. (2021a); Paneque-Carreño et al. (2023).

Line-profile analysis also allows for a measurement of

the emission surfaces by identifying the multiple com-

ponents of the line from the front and back sides of the

disk (Izquierdo et al. 2021, 2023). These techniques can

identify CO snow lines (Pinte et al. 2018), map the 2-D

structure of disks (Law et al. 2021a; Rich et al. 2021; Law

et al. 2022; Paneque-Carreño et al. 2023; Stapper et al.

2023; Hernández-Vera et al. 2024), identify substruc-

tures in emission surfaces that relate to disk physical

processes (Teague et al. 2021b; Paneque-Carreño et al.

2022; Galloway-Sprietsma et al. 2023; Izquierdo et al.

2023; Urbina et al. 2024; Paneque-Carreño et al. 2025),

and infer turbulence levels at multiple vertical locations

(Paneque-Carreño et al. 2024). Importantly, knowing

the radial and vertical location of molecular line emis-

sion is critical to interpreting the kinematic signatures

in the gas (see review by Pinte et al. 2023).

The ALMA Large Program exoALMA aims to detect

plants forming in-situ at sub-millimeter wavelengths,

utilizing kinematic planet-detection techniques. To

achieve those goals, fifteen protoplanetary disks were ob-

served at high angular and spectral resolution to target

the molecular line emission of 12CO J = 3 − 2, 13CO

J = 3 − 2, and CS J = 7 − 6. In this paper, we present

the emission surfaces, intensity radial profiles, and two-

dimensional temperature profiles of the fifteen sources.
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In Section 2, we describe the calibration and imaging of

the data utilized in this paper. In Section 3, we out-

line the methods used to derive the emission surfaces

and the results. In Section 4, we detail the methods

used to obtain radial temperature profiles and the sub-

sequent 2-D temperature profile calculation. In Section

5 we identify substructures in the surfaces and radial

profiles, and compare these to continuum structures and

kinematic perturbations. We discuss the results and im-

plications of this study in Section 6, and summarize our

work in Section 7.

2. DATA

The data used for this analysis were obtained for

exoALMA1 , an ALMA Large Program (2021.1.01123.L;

Teague et al. 2025). This program observed 15 proto-

planetary disks, most with previously observed contin-

uum substructures indicative of ongoing planet forma-

tion processes. Observations of 12CO J = 3 − 2, 13CO

J = 3 − 2, and CS J = 7 − 6, at 0.′′1 angular reso-

lution and a 35.5 kHz (26 m s−1) spectral resolution

with a sensitivity of 3 K over 150 m s−1 were requested

to ensure a detection of line emission in the outer disk

where we expect the gas temperature, TB , to be ≈ 20

K for all molecules. A complete description of obser-

vations, source selection, and imaging techniques used

are described in Teague et al. (2025) and Loomis &

exoALMA (2025). Figure 1 presents the exoALMA disk

sample in 12CO J = 3−2 moment eight maps, depicting

the peak intensity. These moment maps were made us-

ing bettermoments (Teague & Foreman-Mackey 2018),

with the quadratic method and assuming the full Planck

function. The Fiducial Images are shown in in blue con-

tour (0.′′15, 100 m s−1 resolution) and the High Surface

Brightness Sensitivity Images in the background in gray
(0.′′30, 100 m s−1 resolution). A 5σ signal-to-noise ratio

(SNR) clip has been applied.

3. EMISSION SURFACES

In this section, we discuss the method used to con-

strain the emission surfaces of the fifteen target disks

and then present the results. The non-parametric sur-

faces discussed represent the radial and vertical points,

and the parametric surfaces represent the tapered power

law fits. We report surfaces for the three target

molecules: 12CO J = 3 − 2, 13CO J = 3 − 2, and CS

J = 7 − 6.

3.1. Non-Parametric Surfaces

1 https://www.exoalma.com

To derive the non-parametric surfaces, we employ

disksurf2 (Teague et al. 2021a), which utilizes the

method outlined in Pinte et al. (2018). This method

relies on the asymmetry of the line emission above the

disk midplane to infer an emission height, which allows

us to locate emission arising from specific locations in

the disk. Using this method, we obtain the deprojected

radius r and emission height z, along with the brightness

temperature TB and the SNR for each point which will

be used to derive two-dimensional temperature structure

later in Section 4.

Unless otherwise specified, all of the non-parametric

surfaces were derived using the non-continuum sub-

tracted cubes with 100 m/s resolution and 0.′′15 beam-

size for 12CO and 13CO, and the continuum-subtracted

cubes with 200 m s−1 resolution and 0.′′15 beamsize for

CS. One exception to this is DM Tau, where we use

the 0.′′30 beamsize cubes for both 12CO and 13CO sur-

face extraction to retrieve the emission surface out to

a larger radial extent due to the low SNR in the 0.′′15

cubes (see DM Tau in Figure 1).

We opt for the non-continuum subtracted cubes for
12CO and 13CO to ensure we retrieve accurate tem-

perature measurements (discussed more in Section 4).

We found no significant differences between the surface

structure retrieved from continuum subtracted versus

non-continuum subtracted cubes for 12CO and 13CO.

However, the CS emission tends to have comparable

intensities to the continuum, affecting the surface re-

trievals. In some cases, the continuum emission was con-

fused for the gaseous emission; therefore, we opt to use

the continuum subtracted cubes for the CS surfaces. We

use geometric parameters (M∗, i, PA, vLSR, x0, y0) de-

rived from discminer (see Teague et al. 2025; Izquierdo

et al. 2025).

We employ several methods to improve emission sur-

faces obtained with disksurf by using its updated func-

tionalities. First, we use the iterative surface-finding ap-

proach, which relies on a previously derived surface and

rotation curve, z(r) and vϕ(r). This surface and rotation

curve is then used to draw a mask for the subsequent

iteration, using a specified beamsize and signal-to-noise

(SNR). The SNR for each point is measured as the inten-

sity divided by the cube RMS. We repeat the iteration

five times for each surface, allowing us to decrease the

maximum beamsize from 2 beams for the first iteration

to 1 beam on the subsequent iterations, and increase

minimum signal-to-noise (SNR) linearly from 1.0 to 5.0

for 12CO. For 13CO we increased the SNR from 1.0 to

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

https://www.exoalma.com
https://github.com/richteague/disksurf
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3.5, and for CS from 1.0 to 3.0. Therefore, the final SNR

clips for the surfaces are 5.0 for 12CO, 3.5 for 13CO, and

3.0 for CS. This iterative approach does not allow for

surface points to fall below z=0; therefore, we do not

use it for the back surfaces, and all front surfaces are

masked below this point. Despite this, when comparing

the surfaces retrieved from the non-iterative versus it-

erative, there is not significant differences in the height

of the surfaces. We apply additional masks to cut out

visually identified noise, as well as points that belong to

more diffuse CO emission in the outer disk which does

not clearly belong to either the front or back surfaces

(see Section 6.3). These steps were done on a per-disk

basis, and were visually justified by looking at the chan-

nel maps with the detected points overlaid. The indi-

vidual r− z points derived via this process comprise the

non-parametric surfaces. These surfaces are presented in

Figure 2 as both raw and binned datapoints; all points

are for the front surfaces only. The points are binned by

a quarter of a beamsize. For individual molecular sur-

faces, see Figures 9, 10, and 11 in Appendix A. We have

excluded J1604 and HD 135344B from this analysis, as

they are too face-on to reliably separate the front and

back surfaces using the disksurf method.

3.2. Parametric Fitting

We find a parametric surface using both disksurf

and discminer3 (see Izquierdo et al. 2021, 2023). dis-

cminer fits a Keplerian model to each channel, and has

been used to derive the geometric parameters for each

exoALMA source (Izquierdo et al. 2025). We assume a

tapered power law analytic prescription as the surface

model, given by

z(r) = z0

( r

100 au

)ψ
exp

(
−
[

r

rtaper

]qtaper
)
, (1)

where z0 is the normalization factor of the surface at

100 au, ψ is the power-law exponent, rtaper is the char-

acteristic radius for the exponential taper, and qtaper is

the exponent of the taper term.

This tapered power law model is fit to the non-

parametric surfaces using the Markov Chain Monte

Carlo (MCMC) method from disksurf, which uses

emcee (Foreman-Mackey et al. 2013), a Python imple-

mentation of an Affine Invariant Ensemble sampler. We

employ 256 walkers, 100 burn-in steps, and 1000 steps to

obtain a fit to the non-parametric surface data points.

The best-fit surfaces represent the 50th percentile pa-

3 https://github.com/andizq/discminer

rameters from the posterior distributions, and the errors

are obtained from the 16th and 84th percentiles.

We present z0, rtaper, ψ, and qtaper, derived from

disksurf and discminer, in Table 2. Figure 1 presents

the discminer tapered power law fits overlaid on

peak intensity maps of each disk to demonstrate the

3-D geometry of the surfaces. Figures 9, 10, and

11 in Appendix A compare the parametric surfaces

from disksurf and discminer, overlaid on the non-

parametric surfaces. The differences between the para-

metric surfaces are due to the underlying methodolog-

ical differences between disksurf and discminer; the

disksurf parametric surfaces are fit to the data points

extracted, which are shown in the plot, while discminer

fits a model to the line profiles. In some cases, the differ-

ence may be due to backside contamination; discminer

can readily distinguish between emission stemming from

the front versus back surface via line profile modeling,

but disksurf relies on finding peaks along isovelocity

contours. Additionally, if there is a large deviation from

Keplerian rotation, discminer takes this into account

during modeling, but disksurf assumes purely circular

motion. However, the definite underlying cause of the

differences is still unknown; a comparison of the two

codes is discussed in Appendix D. Despite the slight

parametric differences, both surfaces are broadly con-

sistent.

3.3. Emission Surface Results

We obtain non-parametric emission surfaces in 12CO

and 13CO J = 3 − 2 for thirteen out of the fifteen

exoALMA sources, and six non-parametric emission sur-

faces in CS J = 7 − 6. Although emission was detected

for each molecule from each disk, we are only able to

characterize a surface for those with high enough SNR.

The two disk surfaces we do not report belong to HD

135344B and J1604, both of which are too face-on to

retrieve accurate emission heights using the disksurf

and discminer methods. The raw and binned surfaces

for each molecule are presented in Figure 2. The sur-

faces plotted individually by line are shown in Figures

9, 10, and 11. Figure 12 plots all rolling surfaces to-

gether for comparison, where the rolling surface repre-

sents a moving average of the binned datapoints. We

find that in most disks, the 12CO surface lies above that

of the 13CO surface, and the 13CO surface generally lies

above that of CS surface, which is expected as reaching

an optical depth of ∼1 will happen at deeper layers for

less abundant molecules, and different molecules will be

distributed differently throughout the disk. However,

this is not true of all disks; in particular, the 13CO and

CS molecular surfaces of AA Tau, J1615, LkCa 15, SY

https://github.com/andizq/discminer
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AA Tau CQ Tau DM Tau HD 135344B HD 143006

HD 34282 J1604 J1615 J1842 J1852

LkCa 15 MWC 758 PDS 66 SY Cha V4046 Sgr

10

20

30

40

50

60

Peak Intensity (K
)

Figure 1. Peak intensity maps of 12CO J = 3−2 for all exoALMA sources made with the Fiducial Images. Parametric tapered
power-law surfaces from discminer are overlaid in white, with each contour being separated by the beamsize (0.′′15); the bold
lines represent the major and minor axes. The synthesized beam is shown in the lower left corner of each plot. The 0.′′30 beam
cubes are plotted in the background in gray.

Cha, and V4046 Sgr overlap and appear to be stemming

from similar heights, at least in the inner disk regions

(e.g., ⪅ 150 au). In nearly all disks, the 12CO surfaces

extend radially further out than the 13CO and CS sur-

faces, which is due to the higher SNR achieved with
12CO in those regions, as well as the intrinsic distribu-

tion of molecules due to the temperature and density.

DM Tau hosts the largest 12CO surface in both height

and radius, extending out to ∼850 au and reaching a

height of ∼250 au, although we note most of the emis-

sion in the outer disk is low-SNR and scattered. PDS

66 has the lowest surface among the molecules detected;

it is consistent with a mostly flat surface (e.g., consis-

tent with an origin in the disk midplane) in all molecules

and extends out to a radius of ∼150 au. While nearly

all surfaces follow the expected power-law or tapered

power-law shape, V4046 Sgr is a notable exception with

a double-peaked emission surface in 12CO. This will be

discussed later in Section 6.

We calculate a representative ⟨z/r⟩ for each surface

by taking an average of the binned surface points. We

cut points past the peak of the emission surface, thus

excluding those that belong to the tapered portion of

the surfaces. This differs slightly from the method em-

ployed in previous works such as Law et al. (2021a) or

Paneque-Carreño et al. (2023) who use 0.8 × rtaper to

make the radial cut. We opt to use the radial location

of the peak of the surface due to a few surface fits hav-

ing rtaper values interior to most of the rising emission;

these two methods do not give discrepant results and

the method employed here still captures only the ris-

ing portion of the emission surfaces, which we verified

by eye. We additionally exclude any data interior to

one beamsize in the ⟨z/r⟩ calculation. We have verified

that the ⟨z/r⟩ value is consistent when measured at the

same radial location in each disk (125 au), and is not

inherently influenced by the radial extent of the disk.

We find ⟨z/r⟩ values for 12CO emission ranging from

∼0.13 to ∼0.4, with an overall average ⟨z/r⟩ of 0.28. AA

Tau hosts the most elevated 12CO surface with a ⟨z/r⟩
of 0.41, whereas PDS 66 hosts the flattest one, with a

⟨z/r⟩ of 0.12. The 13CO surfaces range in ⟨z/r⟩ from

0.05 (excluding PDS 66 which exhibits a completely flat

surface in 13CO) to 0.32, with an average of 0.16. The
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Figure 2. Raw and binned front surfaces for disks with viable emission surfaces in 12CO J=3-2 (blue), 13CO J=3-2 (orange),
and CS J = 7− 6 (purple). The binned diffuse backside points of AA Tau, SY Cha, and LkCa 15 are shown as ‘x’ points. Lines
of constant ⟨z/r⟩ from 0.1 to 0.6 are shown as grey background lines. The beamsize is shown in the upper right corner of each
plot; the gray shaded region corresponds to everything interior to one beamsize.

13CO surfaces generally do not exhibit a taper in the

outer disk, likely because the SNR is too low in this

portion of the disks. We retrieve CS emission surfaces

for six disks. The remaining disks had too low SNR to

retrieve a viable surface. Of these six, two are consistent

with a flat surface close to z = 0 (PDS 66 and V4046

Sgr). The remaining CS surfaces are elevated, and that

of SY Cha even exhibits the characteristic tapered emis-

sion surface. The average ⟨z/r⟩ for CS is 0.18, with AA

Tau having the largest at ∼0.32. In general, the CS sur-

faces that we can detect are elevated, but span smaller

radii due to low abundance and/or low SNR in the outer

disk. We note that this result is dictated by the SNR

we are able to achieve.

The error on each individual r, z point is dependent on

several factors, mostly stemming from the SNR and the

geometric parameters M∗, i, PA, vLSR, x0, and y0 (see

Andrews et al. 2024), derived in Izquierdo et al. (2025).

Of course, a lower SNR will lead to higher errors, due to

the increased difficulty of correctly identifying isoveloc-

ity contours. The effect of low SNR will lead to scatter in

the surface, or non-detection entirely. Of the geometric

parameters, inclination is one of the largest contribu-

tors to the error of the emission surfaces. By nature,

disks that are more face-on will have a larger scatter

in the z direction, due to the fact that the front and

back surfaces become less separated from our viewing

angle. The molecular layers of low-inclination sources

will therefore also be less distinguishable, causing layers
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to appear to be overlapping. Disks with large-scale non-

Keplerian motion also introduce error, as this emission

does not follow the traditional ‘butterfly’ pattern seen in

channel maps, and can lead to emission being incorrectly

vertically classified. While we do not report explicit er-

rors on each r, z point, the amount of scatter in the

surface reflects the confidence of the emission surfaces.

This scatter can be seen as the gray background points

in Figures 2, 9, 10, and 11. This is also reflected in the

upper and lower shaded regions of the rolling surfaces,

which represent the standard deviation within each bin,

shown in Figure 12. In particular, the surfaces of HD

143006, J1852, MWC 758, and PDS 66 exhibit large

vertical scatter due to either a face-on orientation or

large-scale non-Keplerian motion, or a combination of

the both.

4. TEMPERATURE RADIAL PROFILES & 2-D

STRUCTURE

In Section 4.1 we describe how the gas disk size was

determined. In Section 4.2 we outline the methods used

to obtain the azimuthally averaged temperature pro-

files and the gas temperatures for each emission surface

point. In Section 4.3 we discuss how we fit an analytical

model to the temperatures to obtain a 2-D temperature

distribution for each disk.

4.1. Gas Disk Size

We compute the size of the gaseous disk utilizing the

integrated intensity radial profiles of 12CO via a proce-

dure that sums the emission so that the total flux can

be determined at various radii, broadly consistent with

literature methods (Ansdell et al. 2018; Trapman et al.

2023). When first calculating the radial profiles we do

not define an outer cutoff radius and instead rely on

a hand-selected field-of-view that encompasses all the

emission, plus an extent of a few arcseconds with just

noise. We then take a cumulative sum of the inten-

sity, Fcuml, which is calculated as a function of radius

(see Equation A.1 in Sanchis et al. 2020). This cumula-

tive sum is then normalized by its maximum flux, Fmax.

We define an outer edge, Redge, as the first peak of

Fcuml/Fmax, found using scipy with the peak_finder

function (Virtanen et al. 2020). We make a radial cut of

all intensity past Redge; we use the remaining intensity

to calculate the total flux, Ftot. We additionally calcu-

late R95, R90, and R68 by taking the 95th, 90th, and

68th percentiles of the total flux. We report Redge and

R90 in Table 4. The flux here differs slightly from that

reported in Teague et al. (2025) due to differences in

methods, but our results are broadly consistent. Figure

3 demonstrates this procedure for LkCa 15.
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Figure 3. Normalized integrated intensity for LkCa 15. The
dashed vertical lines show Redge, R95, R90, and R68. Only
intensity inward of Redge is used in the calculation of the total
flux and respective 95th, 90th, and 68th percentile radii.

4.2. Brightness Temperatures

We use the radial_profile function from GoFish

(Teague 2019) to obtain the integrated and peak inten-

sity radial profiles from the 3-D data cubes in Jy beam−1

km s−1 and K respectively, assuming the full Planck

function. This method shifts and stacks the spectra, uti-

lizing the known rotation of the disk, to better resolve

the line profile (see also Yen et al. 2016; Teague et al.

2016). We assume the geometric parameters and para-

metric surfaces as determined by discminer for each

fit; the differences between using the discminer surface

versus the disksurf surface are negligible. For the in-

tegrated intensity radial profiles, we use the continuum

subtracted cubes for all three molecules. For the peak

intensity radial profiles, we use the non-continuum sub-

tracted fiducial image cubes for 12CO and 13CO. Weaver

et al. (2018) finds that continuum subtraction leads to

an underestimation of the gas temperature when the
line is optically thick and absorbs the underlying con-

tinuum. Therefore, we opt to use the non-continuum

subtracted cubes as to not underestimate the tempera-

tures. The radial profiles from GoFish are determined

by azimuthally averaging radial bins that are binned by

one-quarter of the FWHM of the synthesized beam. We

report uncertainties of the radial profiles which account

for the noise in each channel as described in Yen et al.

(2016).

We also obtain peak intensity radial profiles from the

emission surface data. Each r, z point found with

disksurf has an associated emission intensity, I, in Jy

beam−1. We obtain the intensity for each of these r− z

points, and convert that to a brightness temperature

using the full Planck function:

TB =
hν

kB

[
ln

(
2hν3

c2Iν
+ 1

)]−1

. (2)
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In Equation 2, h is the Planck constant, ν is the fre-

quency, kB is the Stefan-Boltzmann constant, c is the

speed of light, and Iν is the emission intensity. Again, we

opt to use the non-continuum subtracted cubes for sur-

face extraction to properly estimate the temperatures.

We have repeated the emission surface analysis with the

continuum subtracted cubes and do not find statisti-

cally significant differences between them. For a more

in-depth discussion on the imaging procedure of contin-

uum subtraction on the exoALMA sources, see Teague

et al. (2025) and Loomis & exoALMA (2025).

The resulting peak intensity radial profiles for each

molecule are shown as solid lines (for GoFish values)

and scatter points (for disksurf values) in Figure 4.

The error bars on these points represent the standard

deviation of the temperature within each bin. The in-

tegrated intensity profiles are shown in Appendix C in

Figures 15, 16, and 17. We also compare radial pro-

files derived directly from discminer and find they are

broadly consistent with those derived with go_fish and

disksurf; Figure 18 in Appendix C shows the compar-

ison.

The brightness temperatures obtained via GoFish and

disksurf are in good agreement (Figure 4). Nearly

all of the binned datapoints from disksurf are within

the error bounds of the peak intensities from GoFish.

Some disks have slight discrepancies between GoFish

and disksurf peak intensities in the outer regions of the

disks (e.g., AA Tau, DM Tau, HD 34282, and J1842.)

This is likely due to disksurf tracing discrete vertical

and radial locations within the disk, whereas the shifted

and staked radial profiles could face contamination from

the backside more easily in the outer disk. Even so, these

differences are slight and generally under 5 K.

Figure 5 shows the emission surfaces with each respec-

tive point colored by its brightness temperature. The

background contours of this plot will be discussed in

Section 4.3. The smaller background points are the raw

r−z surfaces. All three molecules have been binned sep-

arately to distinguish between the layers, and the color

of the binned points represents the temperature of that

specific radial bin. Points below 20 K are denoted by

a triangle. From Figure 5 we can see how the temper-

ature decreases as we probe deeper vertical layers and

further radial extents. In each disk, we see that the sur-

face layer probed by 12CO is the hottest, whereas the
13CO surfaces are generally below 30 K and the CS sur-

face points are almost all below 20 K. For DM Tau the

the 0.′′30 beamsize cubes were used for the emission sur-

face extraction, causing the measured temperatures to

be colder due to beam dilution.

The mean 12CO brightness temperature at 100 au

across all disks is ∼40 K ± 7 K. For 13CO, the mean

brightness temperature at 100 au is ∼26 K ± 8 K,

and for CS, this value is ∼12 K ± 5 K. The brightness

temperatures of 13CO are generally colder than that of
12CO, and the same is true for 13CO and CS. The av-

erage 13CO temperature is ∼22 K, with much of the

emission falling below 20 K. If we assume a CO freeze-

out temperature of 20 K, this implies that at least some

of the 13CO emission is optically thin. Nearly all of the

observed CS J = 7 − 6 emission is colder than that of
13CO, falling below 20 K. The one exception is the outer

CS disk of PDS 66, which becomes slightly hotter than
13CO at ∼75 au. The freeze-out temperature of CS in

disks is ≈50-60 K (Garrod & Herbst 2006; van der Plas

et al. 2014), which implies that nearly all of the CS is

optically thin.

4.3. 2-D Temperature Structure

With multiple molecular tracers probing different

heights across the disk, we can construct the 2-D tem-

perature structure of the disk in an r−z plane (see Dar-

tois et al. 2003; Rosenfeld et al. 2013; Dullemond et al.

2020; Law et al. 2021a; Leemker et al. 2022; Law et al.

2023, 2024). If we assume that the CO lines are optically

thick and in local thermodynamic equilibrium (LTE), we

can assume that the measured brightness temperature

TB is equal to the gas temperature. In this analysis, we

adopt the two-layer model connecting the atmosphere

temperature to the midplane temperature with a sinu-

soidal equation originally used in Dartois et al. (2003).

We tested other functional forms, including the hyper-

bolic tangent function used in Dullemond et al. (2020)

and Law et al. (2021a). We find that the sinusoidal func-

tion described below best reproduces the observations

and gives more reasonable estimates of the midplane

temperatures with fewer discrepancies between the ob-

served temperatures and the 2-D fit (see Appendix B

and Figure 13). With this functional form, the mid-

plane temperature (Tmid) and atmospheric temperature

(Tatm) are described by power-laws:

Tmid(r) = Tmid,0 (r/r0)
qmid (3)

Tatm(r) = Tatm,0 (r/r0)
qatm (4)

where Tmid,0 and Tatm,0 represent the atmospheric and

midplane temperature at r0 = 100 au, and qmid and

qatm are the slopes to the power laws, respectively. At

each radius, the temperature is smoothly connected be-

tween the midplane and atmosphere using a sinusoidal

function:
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T (R, z) =

{
Tatm + (Tmid − Tatm) cos2

(
πz
2Zq

)
, z < Zq

Tatm, z > Zq
(5)

Here, zq is given by a power law of the form zq(r) =

z0(r/r0)β where z0 is the height in the disk at r = r0
and β is the power law exponent. To determine the 2-

D temperature structure, we fit these equations to the

non-parametric surface data for six parameters: Tatm,0,

Tmid,0, qatm, qmid, z0, and β. In this fit, we discard the

data points with brightness temperatures below 20 K

because those likely probe optically thin emission and

thus do not reflect the true gas temperature. All CS

temperatures used in the temperature fitting fall below

20 K, and are therefore not used.

We have constrained the parameter space with priors

as follows: Tmid,0 < Tatm,0 < 150 K, −2 < qatm
< 0, −2 < qmid < 0, 0 < z0 < rmax where rmax

is the largest radial point, and 0 < β < 2. These

priors were informed by previous observations of similar

disks and modeling efforts; see Dartois et al. 2003; Zhang

et al. 2021; Calahan et al. 2021; Law et al. 2021a. We

attempted to keep the priors listed above as broad as

possible as to not impart inherent assumptions on the

temperature profiles, but the convergence of the fits was

contingent on these priors being in place. The lower

bounds of Tmid are set by the continuum temperatures

Tcont derived in Curone et al. (2025). At radial locations

where there is no continuum information, we set the

lower bound for Tmid to the CMB temperature TCMB =

2.73 K. We additionally place an upper bound on Tmid

using the expected irradiation temperature given by

Tirr(r) =

(
ϕL∗

8πr2σSB

)1/4

(6)

where L∗ is the stellar luminosity, r is the distance

from the central star, σSB is the Stefan-Boltzmann con-

stant, and ϕ is an irradiation factor that is dependent on

the angle which the stellar radiation impinges onto the

disk (D’Alessio et al. 2001). The midplane temperature

bounds are then max(Tcont, TCMB) < Tmid < Tirr. We

opt for ϕ = 1 as a conservative upper bound for stellar

irradiation-dominated disk; in practice, we find that the

posterior midplane temperature is usually much lower

than Tirr.

To fit Equations 4, 3, and 5, we use emcee (Foreman-

Mackey et al. 2013), adopting 256 walkers, 1000 steps,

and 100 burn-in steps. We start with a randomized ini-

tial guess within the bounds of the prior conditions to

obtain the first fit. We then use the results of this first

fit to inform the initial guess of a second round with

the same number of walkers, steps, and burn-in steps.

We found that this procedure yielded more converged

results due to walkers getting stuck in the first round

of fitting, but we note that differences between the first

and second round of fitting are not generally large. The

results of the 2-D temperature structure are reported in

Table 1 where we report the 50th percentiles as the best-

fit values and the 16th and 84th percentiles as upper and

lower errors. These represent only the statistical errors

and do not include systematic errors which can be larger

than the statistical errors. Because of this, some of the

errors reported in Table 1 are zero, particularly for qmid

and β. For a discussion of the systematic errors, see

Appendix B.

The derived 2-D temperature profiles are shown in

Figure 5 as filled contours. In the figure, the larger cir-

cles show the data points binned by 1/4 of the beam-

size, and the triangles show the binned data that was

not utilized in the fitting procedure because it was be-

low the CO freezeout temperature (< 20 K). Lines of

constant temperature are drawn at 50 K, 40 K, 30 K

and 20 K. From the fitting procedure, we obtain an esti-

mate of atmospheric temperature as a function of radius,

Tatm(r), and the midplane temperature, Tmid(r). We

find atmospheric temperatures (at 100 au) range from

∼67 K (HD 34282) to ∼34 K (J1615), with a mean at-

mospheric temperature (Tatm) at 100 au across all disks

of 43.4 K. We find midplane temperatures ranging from

13 K (AA Tau) up to 32 K (HD 34282). The average

midplane temperature at 100 au across the disk sam-

ple is 24 K. Because there is no optically thick data at

the midplane, this value is an extrapolation informed by

the priors. Due to this, we stipulate that the reported

Tmid is closer to an upper bound to the true midplane

temperature. In J1852 and in V4046 Sgr, the midplane

temperature inverts, as shown by the contour at 20 K in

Figure 5. Both disks have low inclinations around 35◦,

which causes highly scattered data and difficulty in sep-

arating the molecular layers, particularly in the outer

disk. This leads to larger uncertainties in the tempera-

ture profiles.

5. SUBSTRUCTURE

Vertical substructures have been observed in many

emission surfaces (see Law et al. 2021a, Law et al.

2023, Paneque-Carreño et al. 2023). These localized

structures have been found to be co-located with sub-

structures identified in continuum (Law et al. 2021a;

Paneque-Carreño et al. 2023), intensity radial profiles

(Law et al. 2021b), or velocity perturbations (Teague

et al. 2019a, 2021b; Galloway-Sprietsma et al. 2023;

Paneque-Carreño et al. 2023). Their identification can
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Table 1. 2-D temperature structure fits.

Source Tatm,0 (K) Tmid,0 (K) qatm qmid z0 (au) β

DM Tau 36+0.22
−3 23+0.15

−4.9 -0.13+0.015
−0.1 -0.5+0.015

−0.1 25+0.79
−19 2+0.0057

−0.93

AA Tau 41+0.43
−0.39 13+0.31

−0.33 -0.51+0.017
−0.018 -0.21+0.017

−0.018 60+0.87
−0.8 0.075+0.015

−0.015

LkCa 15 48+0.43
−0.4 20+0.15

−0.15 -0.55+0.0075
−0.0077 -0.23+0.0075

−0.0077 55+0.69
−0.67 0.59+0.0073

−0.0074

HD 34282 67+1.3
−0.78 32+0.14

−0.14 -0.00093+0.00071
−0.0025 -0.25+0.00071

−0.0025 87+2.5
−1.6 0.69+0.0059

−0.009

SY Cha 45+0.37
−0.35 24+0.13

−0.15 -0.58+0.0096
−0.01 -0.3+0.0096

−0.01 56+0.83
−0.82 0.0069+0.0096

−0.005

RXJ1615.3-3255 34+0.051
−0.044 24+0.12

−0.15 -0.098+0.0019
−0.0032 -0.25+0.0019

−0.0032 32+0.22
−0.23 1.1+0.011

−0.018

V4046 Sgr 37+0.036
−0.039 28+0.067

−0.067 -0.62+0.0022
−0.0021 -0.35+0.0022

−0.0021 10+0.06
−0.062 0.00025+0.00051

−0.00019

RXJ1842.9-3532 43+0.14
−0.13 25+0.08

−0.094 -0.45+0.0062
−0.0062 -0.23+0.0062

−0.0062 27+0.25
−0.25 0.00077+0.0015

−0.00058

RXJ1852.3-3700 40+0.092
−0.088 30+0.15

−0.16 -0.87+0.0072
−0.0071 -0.36+0.0072

−0.0071 16+0.2
−0.2 0.00081+0.0019

−0.00061
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Figure 5. Emission surface points with associated brightness temperatures; raw surface data points are shown as smaller
background points. The raw data is binned by a quarter of a beamsize for molecules above 20 K (larger circles) and below
20 K (triangles). The contour background shows the 2D temperature profiles calculated with Equation 5. Lines of constant
temperatures at 50 K, 40 K, 30 K, and 20 K are shown in black.

provide insight into finer disk structures; surface mod-

ulations are expected to arise during planet formation,

which is expected to open gaseous gaps (Dong et al.

2015), or produce changes in molecular abundance and

chemical stratification (Aikawa & Herbst 1999). In the

following section, we detail the process of substructure

identification for both the emission surfaces and radial

intensity profiles, and compare these with those seen in

the continuum and the velocity profiles.

5.1. Emission Surface Substructures

Some of the most prominent emission surface features

easily identified by eye are the sharp cutoff from ris-

ing emission seen in AA Tau, SY Cha, and LkCa 15. In
12CO, both surfaces of AA Tau and SY Cha sharply drop

at 237 au and 359 au, respectively. In 13CO, LkCa 15

also exhibits a sharp drop in the emission surface at 274

au. These emission surface morphologies differ from the

traditional tapered power law in that the falling portion
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of the emission is distinctly separated from the rising

portion of the surface, and that this outer emission is

scattered with no well-defined shape. While disksurf

has identified these regions as part of the upper emis-

sion surface, visual inspection and line profile analysis

has shown that they are likely a combination of emission

from the upper and lower surfaces, as well as the mid-

plane. For this reason, we exclude these points when

fitting the surface with disksurf. The physical rea-

sons for this ambiguous ‘diffuse’ emission is unclear. It

may be a projection effect, given that all three disks are

highly inclined at around 50◦. It may imply that the

disks have different sizes between the upper and lower

surfaces, or that the outer region of the upper surface

becomes colder than that of the backside. It could also

be due to photodesorption in the outer regions of the

disks. Sections 6.3 and 6.4.1 discuss these possibilities

in more detail.

For smaller-scale substructure identification, we rely

on the rolling surfaces derived using disksurf shown

in Figure 12. The rolling surfaces shown in this figure

have been smoothed with a Savitzky-Golay filter for vi-

sual clarity, with a window length of one arcsecond and

a polynomial order of 2; surface perturbations smaller

than the beamsize are smoothed out. To identify sur-

face structure, we utilize the find_peaks function from

scipy (Virtanen et al. 2020). This function finds max-

ima or minima in 1-D data sets by comparison of neigh-

boring values. To ensure the substructures are physi-

cal, we set the minimum width of each substructure and

the minimum distance between substructures to be at

least the beamsize (0.′′15), up to two times the beamsize

(0.′′3). We scale the maximum height, or prominence,

of the peak to the beamsize or larger. After running

find_peaks, we visually confirm by eye the validity of

the substructures, as this method can be sensitive to

small perturbations, even with the imposed limits. We

report each vertical substructure dip in Table C and

in Figure 12 with dashed lines. Each substructure is la-

beled with ‘Z’, in the nomenclature of Law et al. (2021a),

followed by the radial location. For visual clarity, we

show only the structures identified as dips, and not the

peaks.

We find evidence of localized substructures in 76% of

disks with viable emission surfaces. Of these, seven of

the substructures are in 12CO emission. Nine of the

disks also have vertical substructure in 13CO emission,

which is generally co-located with that seen in 12CO.

Only two definite substructures were identified in CS,

although several slope changes in the surfaces are ob-

served. The emission surfaces extracted using the iter-

ative methodology described in Section 3 are generally

smoother than the initial surfaces found with just one

iteration; we have verified that all surface substructures

presented in Figure 12 are consistent between the itera-

tive and non-iterative surfaces. We do not find localized

surface perturbations large enough to warrant classifica-

tion in HD 34282 or PDS 66.

5.2. Radial Peak Intensity Substructures

We repeat the structure identification process outlined

in the previous section, but for the radial peak inten-

sity profiles, smoothed using a Savitzky-Golay filter with

a window length of five and a polynomial order of 3.

To identify structure, we again utilize the peak-finding

function from scipy (Virtanen et al. 2020). We again

set the minimum radial width of each substructure and

the minimum distance between substructures to be at

least the beamsize. We scale the maximum height, or

prominence, of the peak to the temperature, ranging

from 7 to 15 K for some disks. We find peak intensity

structure in the disks of AA Tau, CQ Tau, HD 34282,

J1615, J1842, LkCa 15, and SY Cha, visualized in Fig-

ure 14. The profiles of HD 135344B, HD 143006, J1604,

J1852, MWC 758, and PDS 66 are generally smooth,

and we do not characterize any substructure for these

disks. We do not characterize the first peak in the in-

tensity profiles, as this is an expected feature present in

all disks due to beam dilution in the inner radial regions

causing a drop in intensity. We also do not characterize

any structure interior to this first peak.

AA Tau, LkCa 15, and SY Cha disks exhibit a wave-

like pattern in their 12CO intensity profiles. In AA Tau,

there are two slight bright bumps at ∼120 au and ∼195

au. The wave pattern in LkCa 15 is distinct; there is

an initial bright spot at 174 au, also seen in 13CO, with

subsequent dips and bright spots at nearly evenly spaced

intervals, ending at a dip identified at 781 au. The wave

patterns are spaced roughly 175 au apart. SY Cha ex-

hibits two bright peaks in a distinct pattern as well, at

276 au and 447 au, which are observed to a lesser extent

in the 13CO peak intensities. The potential causes of

this structure is discussed in Section 6.4.

CQ Tau, HD 34282, J1615, J1842, and V4046 Sgr ex-

hibit singular bright spots in multiple molecules. In CQ

Tau, a bright ‘shoulder’ is seen at 125 au; the shape

of the 13CO profile is similar, but no definite peak was

identified via our process. HD 34282 displays a promi-

nent bright shoulder in 12CO as well, at 295 au, but the

remaining molecules do not show any structure. J1615

exhibits a bright shoulder in 12CO at 366 au, and there

is a co-located bright spot radially inward at 132 au for
13CO and CS. In J1842, we identified a bright shoulder

at 88 au that is co-located between all three molecules.
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Finally, V4046 Sgr exhibits a bright shoulder only in CS

emission, at 98 au.

We do not find a significant correlation between sub-

structures identified in the peak intensity and those

identified in the emission surfaces. One exception is

LkCa 15, whose surface dips line up within a few au

of some of the ‘wiggles’ seen in the peak intensity.

5.3. Comparison with Dust Continuum

We compare the emission surface substructure radial

locations with the rings and gaps in the continuum re-

ported by Curone et al. (2025). Unlike the results of the

MAPS emission surface study (Law et al. 2021a), we

do not find significant correlation between the molec-

ular emission surfaces and the dust millimeter contin-

uum rings and gaps for our larger sample size. We find

that the disks of AA Tau, J1615, and MWC 758 are the

only disks whose molecular emission surface substruc-

ture potentially correlates with that of the continuum.

We present these structures, along with their contin-

uum counterparts, in Figure 6, with areas of interest

highlighted in yellow. For AA Tau and J1615, this cor-

relation is only present in the CS J = 7 − 6 emission,

while MWC 758 exhibits a substructure match in 12CO

and 13CO.

In AA Tau, the dust gap at 80 au, and the subsequent

rings surrounding it, align with a slight dip in the CS

surface, visualized in the leftmost panel of Figure 6. We

do not see this same correlation in 12CO or 13CO; there

is no gap structure in either line near 80 au. The corre-

lation between the dust substructure and CS emission in

J1615 is slight. J1615 exhibits a dust gap 125.5 au, and

at this point the CS surface dips slightly and then ex-

periences a slope change, visualized in the middle panel

of 6.

MWC 758 has the clearest correlation between emis-

sion surface structure and dust rings/gaps. MWC 758

displays two clear dips in the 12CO and 13CO surfaces at

56 au and 62 au, respectively. The emission surface dip

in 13CO aligns nearly perfectly with a continuum gap

at 61.3 au. Additionally, the 12CO surface appears to

increase in height slightly at the innermost dust ring,

around 50 au. The continuum rings and gaps over-

laid with the surfaces that have a substructure match

is shown in the rightmost panel of Figure 6. These sur-

face dips may be due to the continuum subtraction, but

a physical mechanism may be at play given that we do

not see them at the locations of the other continuum

gaps.

Law et al. (2024) notes a slope change in 12CO J =

3 − 2 emission present in PDS 70 at the location of the

dust cavity wall, which is reminiscent of what we see in

AA Tau, J1615, and MWC 758. Of these disks, AA Tau

and MWC 758 are transition disks, and the observed

slope changes may be due to the decreased gas surface

density within the cavity, as seen in Law et al. (2024). A

more thorough investigation of the inner radial regions

of gas in exoALMA sources and their relation to dust

cavity walls is reserved for future work.

The substructures identified in the peak intensity align

with several continuum rings and gaps. Figure 14 shows

the radial profiles of the peak intensities, with the dust

gaps as black dashed lines and the dust rings as black

solid lines. In AA Tau, we see a dip in 13CO that aligns

within a beamsize of the dust gap at 79 au. We see simi-

lar structure in J1615, where gaps identified in 13CO and

CS align with the dust gap at 125 au. This is also seen

in J1842; dips in the intensity in 12CO and 13CO align

with the dust gap at 63 au. There are several instances

where dust rings align with the brightest intensity peak,

as well as substructures interior to this peak, but many

of these are within one beam, and we exclude them from

this analysis.

5.4. Comparison with Velocity Signatures

Several of the exoALMA sources display kinematic

perturbations in the individual channel maps, which are

discussed and characterized in Pinte et al. (2025); az-

imuthally averaged velocity perturbations are derived

in Stadler et al. (2025). The signatures characterized as

“velocity kinks” may be indicative of embedded proto-

planets (Pinte et al. 2018, 2023), although other expla-

nations are possible (Lodato et al. 2023). We find that

surface modulations in AA Tau, J1842, and LkCa 15 are

radially co-incident within a beamsize of the proposed

planet locations listed in Table 2 of Pinte et al. (2025).

The radial locations of the proposed planets are plotted

as green lines in Figure 12. In AA Tau, the velocity

kink aligns with a dip in the CS surface at 95 au, which

is also within a beamsize of the dust continuum feature

at 80 au shown more clearly in Figure 6. In J1842, the

proposed planet location of 150 au aligns with two dips

in the emission surfaces, co-incident between 12CO and
13CO. In LkCa 15, the most prominent surface modu-

lation in 12CO aligns with the proposed planet location

of 370 au.

In AA Tau, J1615, LkCa 15, and SY Cha, peak inten-

sity structures align with the proposed planet locations.

The dip identified in 13CO at 86 au aligns with the pro-

posed planet location of 85 au, which also co-aligns with

a continuum gap. For J1615, the bright peak intensity

shoulder at 336 au aligns with the proposed planet at

370 au. In LkCa 15, the second ‘wave’ peak is within a

beamsize of the proposed planet location. In SY Cha,
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Figure 6. Rolling emission surfaces (CS J = 7 − 6, pink; 12CO J = 3 − 2, blue; 13CO J = 3 − 2, orange) with continuum
substructures identified by Curone et al. (2025). The dashed lines show the continuum gaps, and the solid lines show the con-
tinuum rings. The yellow shaded regions highlight the surface structures that overlap with continuum and or gas substructures.

a 13CO peak at 150 au aligns with the proposed planet

location.

6. DISCUSSION

6.1. Comparison with Source Properties

Numerous studies have shown that emission height is

correlated with some disk and stellar properties. Law

et al. (2021a) showed that the disk-averaged ⟨z/r⟩ is pos-

itively correlated with the gas disk size. This trend was

further verified in Law et al. 2022, 2023, and Paneque-

Carreño et al. 2023. Relationships between ⟨z/r⟩, stel-

lar mass, and gas temperature were also seen. Most

recently, Paneque-Carreño et al. (2025) demonstrated

the correlation between emission height, CO depletion,

and disk mass. Here, we build off of the data compiled

in Law et al. 2022, 2023; Paneque-Carreño et al. 2025,

adding the exoALMA sources, to further explore these

correlations.

Plots showing 12CO emission surface ⟨z/r⟩ versus stel-

lar mass, average gas temperature, and the gas disk size

Redge are shown in the top panels of Figure 7. Here,

we focus our discussion to 12CO emission surface and

briefly comment on 13CO emission surface. The ⟨z/r⟩
calculation is described in subsection 3.3; we use meth-

ods consistent with those used for the compiled back-

ground points. We find consistent results with those ob-

served in Law et al. (2022, 2023). The emission surface

⟨z/r⟩ weakly decreases with both stellar mass and av-

erage 12CO temperature. To explain these trends, Law

et al. (2022) invokes the equation relating the gas pres-

sure scale height with the stellar mass and disk temper-

ature (see Equation 3 in Law et al. 2022). Assuming

that the emission surfaces scale with gas pressure scale

heights and that the stellar luminosity and mass are re-

lated following L∗ ∝ M3
∗ , as in Law et al. (2022), ⟨z/r⟩

∼ M
−1/8
∗ and ⟨z/r⟩ ∼ T−1/6. We plot these relations

on the upper left and upper middle panels in Figure 7.

We quantify the correlation between these variables us-

ing Spearman’s rank correlation coefficient (SCC, or rs),

which is used for non-linear relations. For ⟨z/r⟩ versus

stellar mass, we find rs = -0.16. For ⟨z/r⟩ versus aver-

age brightness temperature, we find rs = -0.13. Overall,

we find a trend that ⟨z/r⟩ decreases with stellar mass

and temperature although we note that these trends are

highly scattered, and not reliably correlated, similar to

what Law et al. (2023) found (see also Paneque-Carreño

et al. 2023).

Next, we look at the correlation between ⟨z/r⟩ and the

gas disk size. We find a linear correlation between them

as shown in the top rightmost panel of Figure 7. To

keep consistency with previous studies (e.g., Law et al.

2022, 2023), we use linmix (Kelly 2007) to fit a line to

the data. We find a linear relation quantified by ⟨z/r⟩ =

0.090+0.030
−0.030 + 0.00033+0.000053

−0.000052 ×Redge. This is steeper

than previous relations found in Law et al. (2022, 2023),

but overall consistent. We use the Pearson correlation

coefficient (PCC, or rp) to quantify the linear correlation

between ⟨z/r⟩ and RCO. We find a PCC of rp = 0.67,

indicating a strong positive correlation. We repeated

the ⟨z/r⟩ measurement, but only taking emission sur-

face points at 125 au for each disk, ± the beamsize of

0.′′15, essentially measuring the ⟨z/r⟩ at the same radius

for each disk. We found that the measured ⟨z/r⟩ values

did not change significantly, and still resulted in a cor-

relation with RCO. We note that HD 143006 (labeled as

point 5) is an outlier, likely due to the face-on nature of

this disk and subsequent associated ⟨z/r⟩ error. With

this point removed, the PCC becomes rp = 0.76.

We have also explored trends in stellar mass, aver-

age temperature, and outer edge for 13CO emission.

In general, we find ⟨z/r⟩13CO
decreases with mass and

mean brightness temperature, consistent with Law et al.

(2023). Similar to what we found for 12CO, we re-

trieve a linear relationship (albeit much steeper) be-

tween ⟨z/r⟩13CO
and RCO compared to previous studies,

although this linear relation suffers from a larger amount

of scatter.
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Rosotti et al. (2025) predicts emission surface height

should positively correlate with gas surface density and

hence disk mass. Paneque-Carreño et al. (2025) also re-

cently presented a relation between ⟨z/r⟩ and disk mass

via chemical modeling; they find that the disk mass and

volatile carbon abundance are primarily responsible for

setting the observed ⟨z/r⟩. Here, we check whether the

observations are in agreement with the predictions. The

bottom left panel of Figure 7 shows ⟨z/r⟩ versus disk

mass derived from the rotation curves in Longarini et al.

(2025) (left panel), disk mass derived from dust mass

measurements from Curone et al. (2025) (middle panel),

and disk mass derived using N2H+ from Trapman et al.

(2025) (rightmost panel), along with literature values

shown in gray. As shown in the figure, we find linear

relations between ⟨z/r⟩ and disk mass derived from mul-

tiple methods. For ⟨z/r⟩ vs rotation disk mass, we find

the strongest linear relation, with a PCC of rp = 0.64.

Emission height versus disk mass via dust mass has a

PCC of rp = 0.38, and ⟨z/r⟩ versus disk mass via N2H+

has the weakest linear relation with a PCC of rp = 0.20.

In the former two plots, HD 34282 (6) and J1615 (8)

stand as outliers, respectively. This may hint that the

⟨z/r⟩/disk mass relation flattens out at higher masses,

or that the relation is better quantified by a non-linear

equation. Paneque-Carreño et al. (2025) finds that the

⟨z/r⟩/disk mass relation differs between T Tauri and

Herbig stars, which may at least partially contribute

to HD 34282 being an outlier, although we note that

MWC 758 and a few literature sources are also Herbig

stars and do not exhibit outlier behavior. The strong

correlation between ⟨z/r⟩ and the disk mass measured

with rotation curves may be in part due to the fact that

this method uses the emission surface as a prior. How-

ever, independent of the mass measurements, we find a

strong linear relation between ⟨z/r⟩ and Redge. This im-

plies that the relation between ⟨z/r⟩ and dynamical disk

mass is not entirely due to the use of emission surface.

The results presented in Figure 7 imply that the disk

mass and ⟨z/r⟩ are physically related, as predicted in

Rosotti et al. (2025) and modeled in Paneque-Carreño

et al. (2025).

While various methods have been proposed to measure

the mass and surface density of protoplanetary disks

(e.g., Longarini et al. 2025; Rosotti et al. 2025; Trap-

man et al. 2025; Andrews et al. 2024, see also review by

Miotello et al. 2023), these methods require observations

of multiple molecular lines (Trapman et al. 2025) or so-

phisticated velocity analyses (Longarini et al. 2025; An-

drews et al. 2024). Compared with other approaches, ex-

traction of 12CO emission surface is relatively straight-

forward, offering an alternative way to estimate disk

mass and surface density, as in Paneque-Carreño et al.

(2025). We also calculate ⟨z/r⟩ versus gas surface den-

sity Σ at 100 au, inferred based on the rotational disk

masses assuming the surface density profile used in Lon-

garini et al. (2025), where γ = 1 (see their equation A1).

We find a positive relationship between emission height

and surface density, with a PCC of rp = 0.75, in agree-

ment with the prediction by Rosotti et al. (2025). To

this end, we provide fits between ⟨z/r⟩ and disk mass

and surface density, with the caveat that this relation

is specific to dynamical masses and other methods will

not follow this relation as closely:

Mdisk

M⊙
= 0.020+0.047

−0.0056 + 0.26+0.23
−0.089 ⟨z/r⟩ (7)

Σ(100 au)

g cm−2
= 1.010+2.26

−0.29 + 11.41+14.19
−7.22 ⟨z/r⟩ (8)

The remaining linear relations derived using disk mass

via dust and disk mass via N2H+ are shown in the up-

per right corners of Figure 7. We use emcee (Foreman-

Mackey et al. 2013) to obtain these linear fits with 100

walkers and 5000 iterations. This allows us to place

priors such that the model cannot be below zero. The

errors are propagated from ⟨z/r⟩ and Mdisk.

Additionally, we explore the relationship between

⟨z/r⟩ and disk mass for 13CO. We find similar correla-

tions to that seen with 12CO. For ⟨z/r⟩ versus dynamical

disk mass, rp = 0.88; for ⟨z/r⟩ versus disk mass via dust

mass, rp = 0.27; for ⟨z/r⟩ versus disk mass via N2H+,

rp = 0.34. We note that we do not include archival es-

timates here.

6.2. Comparison to Previous Results

Several disks from the exoALMA sample have previ-

ous gas component observations at different spatial and

angular resolution, and with other molecular transitions.

In the following sections, we compare our results to pre-

vious studies of the same disks when available.

6.2.1. Emission Surfaces

Previous work by Law et al. (2023) derived the emis-

sion heights, temperature profiles, and outer radii for

DM Tau (12CO J = 3 − 2 and 13CO J = 2 − 1 emis-

sion), HD 34282 (12CO J = 2 − 1 and 12CO J = 3 − 2

emission), LkCa 15 (12CO J = 2 − 1, 12CO J = 3 − 2,
13CO J = 2 − 1, and 13CO J = 3 − 2 emission). Addi-

tionally, Law et al. (2022) derived the emission surface

of V4046 Sgr (12CO J = 3 − 2 emission). Below, we

compare the emission surfaces between this work and

the previous work.

The previous DM Tau emission surfaces for 12CO and
13CO J=2-1 were extracted at angular resolutions of
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Figure 7. Top panel: Average z/r in 12CO for disks with moderate inclination, plotted against M∗ (leftmost plot), average
12CO brightness temperature (middle plot) and the outer radius of the gaseous disk (rightmost plot). The points are colored by
brightness temperature at 100 au. Background gray points are literature values from previous studies. Bottom panel: Average
z/r in 12CO for disks with moderate inclination, plotted against disk mass calculated via the rotation curve from Longarini
et al. (2025) (leftmost plot), disk mass calculated via the dust mass from Curone et al. (2025) and (middle plot), and disk mass
calculated using N2H

+ from Trapman et al. (2025). Points that represent exoALMA sources are colored by the 12CO Redge.
Smaller gray points are MAPS sources with mass measurements from Martire et al. (2024), Andrews et al. (2018), and Trapman
et al. (2025). The Pearson correlation coefficient, rp, or the Spearman correlation coefficient, rs, is shown in the top right of
each figure. When a linear function is fit, the results are plotted and the equation is shown in the top left of each figure. Disk
labels: AA Tau = 1, CQ Tau = 2, DM Tau = 3, HD 143006 = 5, HD 34282 = 6, J1615 = 8, J1842 = 9, J1852 = 10, LkCa 15
= 11, MWC 758 = 12, PDS 66 = 13, SY Cha = 14, V4046 Sgr = 15. Disks without retrievable surfaces are excluded.

∼0.′′13 and ∼0.′′19, respectively. Law et al. (2023) finds

a ⟨z/r⟩ of 0.41+0.7
−0.17 in 12CO J = 2 − 1 and 0.22+0.8

−0.04 in
13CO J = 2−1. The surface was fit out to 2.′′7, or 388.8

au. These results differ to ours; we find shallower 12CO

and 13CO surfaces, with a ⟨z/r⟩ of 0.30 and 0.13, re-

spectively. When compared to our parametric surfaces,

that of Law et al. (2023) is consistent, albeit slightly

higher and with a much shorter cutoff radius. The dif-

ferences in emission surfaces can be partially explained

by the difference in angular and spectral resolution be-

tween the observations, as well as the implementation of

the iterative function in disksurf, which can lead to

slight differences in observed surface structure. In par-

ticular, the iterative surface process neglects the outer

diffuse emission seen in DM Tau, and instead finds a ta-

pered power-law surface. We have included the diffuse

outer points in Figures 2 and 9; if we include these in

our surface fit, we find results more consistent with that

of Law et al. (2023).

The 12CO and 13CO emission of LkCa 15 was first

mapped by Leemker et al. (2022), and Law et al. (2023)

derived the emission height and 2-D temperature profile

using the J = 2 − 1 and J = 3 − 2 transitions of 12CO

and 13CO. Law et al. (2023) finds ⟨z/r⟩ values of 0.26

and 0.13 for the respective J = 2 − 1 transitions, and

⟨z/r⟩ values of 0.23 and 0.15 for the J = 3 − 2 transi-

tions. In comparison, we find elevated ⟨z/r⟩ values of

0.34 and 0.21 for 12CO and 13CO. When overplotted,

our derived surface is consistent with that from Law

et al. (2023), the main difference being their parametric

surface is slightly below the one we find. These differ-

ences may be due to the resolution (∼0.′′27 versus 0.′′15),

or due to the iterative function in disksurf, which was

not implemented in Law et al. (2023).
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The final disk from Law et al. (2023) that overlaps

with the exoALMA sample is HD 34282. They find ⟨z/r⟩
values of 0.46 and 0.38 for the 12CO J = 2 − 1 and

J = 3 − 2 transitions. In comparison, we find a ⟨z/r⟩
value of 0.41, consistent with the 0.38 value Law et al.

finds. When comparing emission surface morphology,

our surface more closely matches that of their derived

J = 3 − 2 surface, as expected, although we find our

surface has a higher peak and a sharper taper.

The V4046 Sgr disk emission surface and properties

were previously analyzed in Law et al. (2022). Our emis-

sion surface differs significantly from the previously de-

rived one; Law et al. (2022) finds a maximum outer ra-

dius of ∼160 au, while our surface extends out to ∼400

au. Their reported outer radius of ∼160 au matches

closely with the large gap observed at 173 au in this

work; it is likely that the difference in sensitivities al-

lowed us to pick up the emission in the outer portion of

this disk past the gap.

In general, our results agree with those previously re-

ported. Some of the biggest differences in emission sur-

face morphology and outer radius are likely due to dif-

ferences in angular resolution, spectral resolution, and

sensitivity.

6.2.2. Temperature Structure

Both DM Tau and LkCa 15 have previously derived

2-D temperature profiles. For DM Tau, we find mostly

consistent temperature profiles to that of Law et al.

(2023). We find an atmospheric temperature of 37 K

and a midplane temperature of 20 K; Law et al. (2023)

finds Tatm = 38 and Tmid = 26 K. The 2-D shape of the

profile is also mostly consistent, with the edge of the
13CO surface having a temperature of ∼20 K, and the

rising portion of the 12CO surface at ∼30 K.

For the temperature structure of LkCa 15, we find a

hotter atmospheric temperature (Tatm) of 48 K, com-

pared with 35 K from Law et al. (2023). The mid-

plane temperatures are consistent; we report 20 K, and

they report 21 K. The discrepancy between atmospheric

temperatures may be because Law et al. 2023 included

all temperature data points, even those below 20 K,

whereas we exclude these points; additionally, we use

different equations to connect the temperature struc-

ture.

In Law et al. (2023), the temperature profile of HD

34282 in 12CO J = 2 − 1 and J = 3 − 2 is derived. We

find generally consistent radial profile shapes, identify-

ing the same bump as Law et al. (2023) at around 295

au. Our data extends out another ∼300 au due to our

achieved sensitivity. However, the overall temperature

we measure for this peak intensity profile is consider-

ably higher (by about 15 K), which is likely due to the

difference in beamsizes between the datasets.

Any differences in the temperature profiles can be at-

tributed to several factors: the CO transition used is dif-

ferent, the spectral and angular resolution of the cubes

is not the same, and the functional form used to fit the

2-D temperatures is not the same. Despite these differ-

ences, it seems that we have independently come to the

same answers, implying that our temperature prescrip-

tions are comparable.

6.3. Diffuse Emission

Some disks exhibit diffuse emission at large radii, vis-

ible in the channel maps (see Pinte et al. 2025), moment

maps, and azimuthally averaged emission surfaces. We

see a sharp drop-off in AA Tau and SY Cha in 12CO

emission, and a similar morphology in LkCa 15 13CO

emission. In DM Tau, the outer surface does not taper,

and instead extends outwardly as diffuse emission.

One explanation is that these disks may be experi-

encing UV photo-desorption. When a strong enough

external radiation field is present, gas may be irradiated

in the outer disk, which would allow for CO to emit

from regions at and near the midplane, extending out

radially. The emission morphology of IM Lup is is sim-

ilar to that of the disks described here. Cleeves et al.

(2016) modeled IM Lup and the surrounding radiation

field and found that UV photo-desorption can explain

the extended emission in IM Lup. This was further con-

firmed by Pinte et al. (2018), who modeled IM Lup and

found that a disk experiencing ISM radiation and UV

chemistry most closely matched the observations. CO

gas in the midplane indicative of photo-desorption has

also been observed in the edge-on Flying Saucer disk

(Dutrey et al. 2017), which resides in the ρ Ophiuchus

star-forming region. Photo-desorption can be due to

stellar irradiation, or from the surrounding interstellar

medium. AA Tau, LkCa 15, and DM Tau are all lo-

cated in the Taurus star forming region, which is lacking

in massive stars compared to other star forming regions

(Luhman 2004). This means that Taurus has a lower far-

ultraviolet (FUV) radiation field as compared to other

SFRs, such as Lupus; Taurus is generally thought to

have no photoionizing sources.

However, the diffuse emission we observe suggest it

may be possible that even in low FUV areas like Taurus,

disks still experience some photo-desorption. The disks

that we observe the diffuse emission are some of the most

massive in the exoALMA sample, with Redge ranging

from 644 au (AA Tau) to 990 au (DM Tau). It may

be the case that the outer regions of the disks are low-

density enough to be photo-desorbed, even in a FUV
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field like Taurus’s. Recent work in Anania et al. (2025)

indicate that regions with late-type B and early-type

A stars such as Taurus can reach non-negligible levels

of FUV radiation, in agreement with the preliminary

findings here. However, more work is needed to model

these disks to determine if they are truly experiencing

photo-desorption, or if there are other potential causes

(see Section 6.4.1).

6.4. Origins and Implications of Substructures in

Emission Surfaces and Intensity Profiles

In Section 5, we detailed the substructures identified

in the emission surfaces and peak intensities, and com-

pared their radial locations to continuum rings/gaps and

velocity kink signatures. Here, we discuss the potential

origin of these substructures, as well as their implica-

tions.

Many of the emission surface dips are co-located be-

tween molecular tracers. This suggests that these fea-

tures are likely physical and coherent over a range of

heights. Several of the surface gaps also coincide within

a beamsize with peak intensity modulations in AA Tau,

J1842, LkCa 15, and SY Cha. Planets forming within

the disk are expected to open gaps, whose signatures

could be imprinted on the azimuthally averaged emis-

sion surfaces. As shown in Figure 12, surface dips in the

disks of AA Tau, J1842, and LkCa 15 coincide with the

radial locations of velocity kinks.

A few peak intensity bright spots coincide with pro-

posed planet locations in AA Tau, J1615, LkCa 15, and

SY Cha, which could be attributed to processes induced

by planet formation. As a planet forms, there are several

methods by which it is expected to alter the disk. Form-

ing protoplanets will heat the surrounding gas (Cleeves

et al. 2015; Bae et al. 2022). This can happen via ac-

cretion heating, as the planet accretes during its for-

mation (Szulágyi et al. 2016), or shock heating as the

disk material infalls onto the planet and/or circumplan-

etary disk (Szulágyi & Mordasini 2017). Despite this,

the planet and subsequent CPD are expected to exist at

the midplane, and their ability to cause localized heat-

ing in the molecular layers above this is unclear. The

radial profiles are an azimuthal average, implying that

the bright spots persist throughout the disk and do not

just stem from a singular azimuthal location. Addition-

ally, it is expected that a planet will carve a gap in the

gas as it forms, which would likely manifest as a tem-

perature deficit in the radial intensity profiles (Facchini

et al. 2018). Whether or not the signatures identified

here are the result of forming planets is yet to be seen.

Further efforts to model the impact of planet formation

on the gaseous components of thermally stratified disks

is needed to characterize these peak intensity signatures.

Surface gaps could also be ‘artificially’ induced when

we make the assumption that the disk is rotating at

the Keplerian velocity. If a disk is experiencing velocity

perturbations, this could cause artifacts to the surface

when the isovelocity curve is drawn (see also Paneque-

Carreño et al. 2023, who discusses the same possibility).

This could be another explanation as to why several

of the surface gaps coincide with the proposed planet

locations. However, even if the signatures are induced by

non-Keplerian velocity deviations, their characterization

is still helpful in pinpointing potential sites of planet

formation.

LkCa 15. Besides the peak intensity bright spot co-

inciding with the proposed planet location, the LkCa

15 disk exhibits ‘wiggles’ in the 12CO J = 3 − 2 peak

intensity profile. The intensity peaks show a striking

wave-like pattern that extends radially, with the bright

spots being placed every ∼175 au. Additionally, one

of the peak intensity bright spots at 333 au coincides

within a beamsize with an emission surface gap at 342

au, and both of these signatures nearly coincide with the

proposed planet location at 370 au (see Figures 12, 14).

Izquierdo et al. (2025) explores the 2-D residual maps

of several exoALMA sources; we find consistent radial

peak intensity profiles, and the residual map of LkCa

15 clearly displays the peaks and bumps that persist az-

imuthally throughout the disk. In this work, we also see

evenly spaced peak intensity ‘wiggles’ to a lesser extent

in AA Tau and SY Cha, but we focus on the clearest

case of LkCa 15.

LkCa 15 is thought to have several planets embedded

within its disk. First, there are several rings and a larger

cavity in continuum emission (Andrews et al. 2011; Fac-

chini et al. 2020; Curone et al. 2025), with dust trapping

along two Lagrangian points (Long et al. 2022b), all in-

dicative of potential ongoing planet formation processes

impacting the disk structure. Several studies within the

exoALMA collaboration find further evidence of ongo-

ing planet formation in LkCa 15. The disk exhibits a

high degree of δυϕ structure, derived in Stadler et al.

(2025), implicative of pressure variations that could be

linked to planet formation. Gardner et al. (2025) models

the continuum and gaseous disk components, concluding

that the observed signatures are consistent with massive

planets orbiting between 10 and 30 au. Although there

are no direct detections of any planet in the disk, it re-

mains likely that LkCa 15 has at least one embedded

protoplanet. This raises the possibility that the peak

intensity wiggles are linked to the planet formation pro-

cess.
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One theory is that the signatures seen in the LkCa

15 peak intensity profiles are the result of tightly-wound

spirals. Several exoALMA sources display large-scale

spirals (e.g., HD 135344B, MWC 758; Izquierdo et al.

2025; Pinte et al. 2025). While those sources have more

obvious spirals, it is possible that the peak/bump struc-

ture in LkCa 15 actually stems from spirals, which could

explain their even spacing. Simulations have established

that planets can launch spiral arms throughout the disk

(Kley 1999; Dong et al. 2015; Bae et al. 2016), through

Linblad resonances (Ogilvie & Lubow 2002; Bae & Zhu

2018a,b) or buoyancy resonances (Zhu et al. 2012; Bae

et al. 2021). Observationally, temperature spirals have

been characterized in TW Hya and MWC 480 (Teague

et al. 2019b; Wölfer et al. 2021; Teague et al. 2021b;

Izquierdo et al. 2023), where the authors postulate that

a giant planet may have induced the signatures. How-

ever, if the temperature structure in LkCa 15 is driven

by buoyancy spirals, we would expect the velocity resid-

uals to be dominated by vertical gas motions, vz. Based

on the residuals in Izquierdo et al. 2025 (see Figure 10),

this may not be the case in LkCa 15. Because the peak

intensity structure aligns with some of the structure seen

in vϕ (Stadler et al. 2025), it is more likely that these

peaks are driven by pressure variations. More work is

needed to determine if the disk structure is truly a spi-

ral, or rather concentric peaks and troughs. If a planet

is driving the temperature variations, it likely exists at

large radii; modeling the impacts of giant planet forma-

tion on the outer gaseous disk remains a topic of interest.

Thermal wave instability, or irradiation instability,

could also produce wave-like features. The central star is

responsible for much of the disk heating; this is ly related

to the disk thickness and orientation. If parts of the disk

receive more thermal radiation, this can lead to a grow-

ing perturbation that will produce peaks and troughs in

the surface density (D’Alessio et al. 1999; Siebenmor-

gen & Heymann 2012; Ueda et al. 2021; Wu & Lithwick

2021). However, these studies have generally focused on

the inner disk; this instability is known to operate at

radii closer to the star because of the thermal require-

ment. The wave structure in LkCa 15 extends out to

900 au, which may be too far for irradiation instability

to effectively operate.

Of course, other physical mechanisms are expected

to cause disk perturbations as well. Magnetorotational

instability (MRI), which generates turbulence, can ex-

cite density perturbations which could manifest as spi-

rals (Flock et al. 2015). However, MRI is not expected

to produce symmetric features, which makes it an un-

likely candidate. Vertical shear instability (VSI, Nel-

son et al. 2013) can also induce surface density pertur-

bations. Due to angular velocity, the surface layers of

protoplanetary disks rotate more slowly than the mid-

plane, which naturally induces VSI. Numerical simula-

tions have shown that VSI can produce antisymmetric

structures. Barraza-Alfaro et al. (2025) and Barraza-

Alfaro et al. (2021) find that VSI can manifest as concen-

tric rings in the velocity residuals (i.e. the ‘corrugation

mode’), but these signatures are not seen in the modeled

peak intensity maps. Concentric patterns in the surface

density and velocity structure are also retrieved in sim-

ulations by Zhang et al. (2024), who investigates VSI

in a thermally stratified disk. They find that perturba-

tions in the gas surface density can develop, sometimes

exhibiting wave-like structure. However, due to the high

inclination of LkCa 15, it is difficult to definitively say

that the signatures are driven by VSI. It is likely that

multiple physical process are impacting the disk, and

further investigation and modeling work is needed.

6.4.1. Projection Effects

Throughout Section 5, we have alluded to the fact that

some of the observed substructures can be explained by

projection effects, and may not be physical. Here, we

discuss the ways in which our viewing angle, optical

depth effects, and temperature disparities could cause

artificially induced dips.

Diffuse Emission. First, the ‘diffuse’ emission de-

tected in AA Tau, LkCa 15, and SY Cha all has a char-

acteristic shape, seen in Figures 9 and 10. All of these

disks are highly inclined (i > 50◦), and all of the sur-

faces suffer an abrupt drop, at which point the more

diffuse emission from closer to the midplane continues.

In the channel maps, this emission does appear as a

combination between of emission from the front, back,

and midplane, which implies that CO is not frozen at

the midplane and indicitave of photo-desorption. How-

ever, at high inclinations, from our viewing the back

surface will appear to extend beyond the front surface,

and in some cases can appear just as bright. With real

observations, this projection effect could mimic diffuse

emission, particularly in the presence of noise or non-

Keplerian rotation. One hint that this effect may be at

play is that we only see a sharp surface drop in LkCa

15 13CO emission, not 12CO. If the morphology is due

to photo-desorption, it is unlikely that it would only im-

pact 13CO.

V4046 Sgr. The V4046 Sgr disk exhibits one of the

most prominent emission surface substructures in both

width and depth out of the exoALMA sample in both
12CO and 13CO at 174 au, where a large decrease in

surface height can be seen in Figure 2. Curiously, the

channel maps and peak intensity map of this disk ap-
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pear relatively smooth, and no gap can be identified

by eye. The intensity does appear to decrease more

sharply past ∼150 au (see Figure 4), but other disks

that have similar intensity profile slope changes do not

show large gaps. Pinte et al. (2025) presents the channel

maps of V4046 Sgr, and notes that there are no struc-

tures visible by eye. Figure 8 presents two channels in
12CO; the left column shows the channels without any-

thing overlaid, and the right column shows the channels

with the disksurf emission surface points for the re-

spective channels. There is no gap visible by eye in the

left columns, but the emission surface points do have a

gap at the same radial location in multiple channels. It

is uncommon that such a large surface gap identified via

disksurf is not visible in the channel maps.

It is evident from Figure 8 that the intensity of the

disk drops off dramatically at the location of the gap.

This intensity drop can also be seen in the peak intensity

at around 150 au, shown in Figure 4. The gap could be

related to the intensity drop; decreases in column den-

sity or optical depth could result in a decreased inten-

sity. However, other disks that show the same level of

intensity change do not exhibit large gaps as V4046 Sgr

does. Additionally, although the intensity decreases, in
12CO it remains above 20 K, which means the gas likely

remains moderately optically thick.

The gap in the V4046 Sgr surface may be caused by

projection effects. Without a visible gap in the channel

or moment maps, it is unlikely that one actually ex-

ists, although there are other possibilities. disksurf

works by identifying peak points along an isoveloc-

ity curve (Pinte et al. 2018); in general, this process

can accurately identify real gaseous emission gaps (Law

et al. 2021a, 2022, 2023; Galloway-Sprietsma et al. 2023;

Paneque-Carreño et al. 2023). In the case of V4046 Sgr,

we hypothesize that this gap is actually caused by low

optical depth (e.g. τ ≃ 1) or low temperature of the

front surface. If the optical depth and or temperature

of the CO emission begins to fall off, this would occur at

different radial locations from our viewing angle, due to

the inclined angle of the disk. At a certain radial loca-

tion where the front and back surface are best separated,

the back surface would appear slightly brighter than the

front. The fact that we only see the gap in the upper

channels, or the near-side of disk, lends more credence to

this theory; the opposite effect would be at play for the

far side of the disk and we wouldn’t see this effect. In-

specting the isovelocity contours from discminer mod-

els reveals that the gap falls over the predicted back

surface. Therefore, we conclude that this gap is likely

not physically real, but rather an effect caused by the

projection of the disk, although other explanations re-

main possible.

We believe that the gap in V4046 Sgr is the only obvi-

ous case of projection effects. The other surface modula-

tions, discussed in Section 5, are found in disks that are

not smoothly varying. Many of the substructures can

be identified visually on the channel maps, and are of

true physical origin. For future high-resolution imaging

campaigns, it will be critical to identify and understand

the role that projection plays on our observations.
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Figure 8. Two channel maps of V4046 Sgr at 2.00 km/s
and 3.70 km/s. The left column shows two channels with
no points overlaid, and the right column shows the channels
with the raw emission surface points identified by disksurf.
There is a notable gap in the emission surface points that is
not visible in the channels.

7. CONCLUSIONS

This work presents the emission surfaces, 2-D tem-

perature profiles, and radial intensity profiles of the

exoALMA sources. Our analysis leads to the following

conclusions:

1. Nearly every disk in the sample exhibits stratified

molecular layers, with 12CO J = 3 − 2 tracing

elevated regions of the disk, with an average ⟨z/r⟩
of ≈ 0.28. 13CO J = 3 − 2 traces layers below

that of 12CO, with an average ⟨z/r⟩ of ≈ 0.16. CS

J = 7 − 6 lies closest to the midplane, but still

exhibits elevated layers in several disks, with an

average ⟨z/r⟩ of ≈ 0.18.

2. We search for ‘substructure’, i.e. gaps and

dips, in the emission surfaces and radial profiles.
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Most disks exhibit substructure in both the emis-

sion surfaces and temperature profiles, often co-

incident between molecules and in some cases co-

inciding with proposed planet locations.

• In AA Tau, DM Tau, LkCa 15, and SY Cha

we see evidence of diffuse emission at large

radii, which generally manifest in the emis-

sion surfaces as a sharp drop with subsequent

midplane emission. This structure may be

due to photo-desorption, which implys that

this effect may be common even in low FUV

star forming regions.

• In CQ Tau, DM Tau, J1842, J1852, LkCa

15, MWC 758, and V4046 Sgr, we find cor-

relation of emission surface substructures be-

tween separate molecular layers, potentially

indicative of physical processes which impact

the vertical height of the disk at these loca-

tions.

• In AA Tau, DM Tau, J1615, J1842, LkCa

15, MWC 758, and SY Cha, we find corre-

lation between peak intensity substructures

and emission surface substructures.

• We do not find statistically significant corre-

lation between the continuum rings and gaps

and any surface substructure. The notable

exceptions are AA Tau, J1615, and MWC

758. In the CS surfaces of AA Tau and J1615,

we see hints of surface height changes at the

location of gaps in the continuum. In MWC

758, the continuum rings and gaps overlap

with those identified in the 12CO and 13CO

surfaces.

• For some disks, structures in the the emis-

sion surfaces and peak intensities overlap

with velocity perturbations seen in the chan-

nel maps, discussed in Pinte et al. 2025.

Whether the surface substructures are truly

physical decreases of column density or inten-

sity within the disk, or are instead an ‘artifi-

cial’ detection driven by the velocity pertur-

bations themselves, is still unclear. Future

work to characterize the origin of these sub-

structures is needed.

• Projection effects due to inclination and

viewing angle may cause artificial structures

in our observations. More work is needed to

characterize the interplay between disk posi-

tion and identified substructures.

3. The 2-D temperature profiles derived suggest the

average Tatm temperature is ∼43 K, whereas the

average Tmid temperature is found to be ∼24 K.

This midplane temperature is hotter than that

predicted by the scale height equation and simula-

tions, and suggests a need for an improved temper-

ature profile prescription and methods to better

constrain these temperatures.

4. We compare our work to previous studies and find

consistent results. Stellar mass and average 12CO

temperature is loosely correlated with 12CO sur-

face height, but no definite relations can be iden-

tified. Surface height and the outer disk radius

RCO show a strong linear relation as seen in Law

et al. (2021a, 2022, 2023); Paneque-Carreño et al.

(2023). Additional linear relations are found be-

tween ⟨z/r⟩, disk mass, and surface density, sug-

gesting that the emission height is inherently re-

lated to these quantities. We propose that ⟨z/r⟩
could be used to infer the disk mass.

5. The data discussed in this paper is provided as

a publicly available Value-Added-Data-Product

(VADP). The non-parametric emission surfaces

(raw, binned, and rolling points, along with their

temperatures), parametric surfaces, peak intensity

radial profiles, integrated intensity radial profiles,

and the radial locations of the surface and inten-

sity modulations are all included in the VADP re-

lease.
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APPENDIX

A. EMISSION SURFACES

Figures 9, 10, and 11 depict the emission surfaces for 12CO J = 3−2, 13CO J = 3−2, and CS J = 7−6, respectively.

In all three figures, the ‘raw’ emission surface r − z points are shown in gray. The larger black points show these raw

surfaces binned by a quarter of the beamsize. The dotted lines show the tapered power law fit from disksurf, fit to

the background gray points. The solid lines show the tapered power law fit from discminer, derived via line profile

modeling. Table 2 presents the tapered power-law fits from both codes for all molecules.

Figure 12 shows the rolling surfaces derived from the non-parametric surfaces. These rolling surfaces were used to

identify substructures in the emission surfaces as discussed in Section 5. The surface substructures are plotted as

colored lines and denoted with a Z followed by the radial location in au, following the nomenclature from Law et al.

(2021a). The continuum rings and gaps from Curone et al. (2025) are also plotted as gray solid and dashed lines.
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Figure 9. Non-parametric (data points) and parametric surfaces (solid and dashed curves) for 12CO J = 3−2. The larger black
points represent radially binned data. We exclude two disks (HD 135344B and J1604) whose surfaces could not be extracted
due to a face-on geometry. Background gray lines show scale heights (z/r) from 0.1 to 0.6 with 0.1 increments. The darker blue
solid line shows the tapered power law surface fit from discminer, and the light blue and gray dashed line shows the tapered
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the diffuse outer surface points that we do not include in the parametric fits.
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Figure 10. The same as Figure 9, but for 13CO J = 3− 2. The orange solid line shows the tapered power law surface fit from
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0 50 100 150
0

20

40

60 AA Taudisksurf
discminer

0 50 100 150 200
0

20

40

60 J1615

0 100 200 300
0

20

40

60

80 LkCa 15

0 50 100
0

10

20

30 PDS 66

0 50 100 150 200
Radius [au]

0

20

40

60

80

H
ei

gh
t [

au
]

SY Cha

0 50 100 150
0

10

20
V4046 Sgr

Figure 11. The same as Figure 9, but for CS J = 7 − 6. The purple solid line shows the tapered power law surface fit from
discminer, and the gray and lavender dashed line shows the tapered power law fit from disksurf.
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Table 2. Exponentially tapered power law fits for all disks and all molecules from disksurf and discminer; characteristic
⟨z/r⟩ values determined from disksurf data points.

Source Line z/r disksurf discminer

z0 (au) ψ rtaper (au) qtaper z0 (au) ψ rtaper (au) qtaper

DM Tau 12CO J = 3− 2 0.34 25.2 1.8 366 3.2 87 1.9 79.6 0.48
13CO J = 3− 2 0.14 21.5 1.9 262 0.35 20 2.3 242 0.93

CS J = 7− 6 - - - - - 6.5 3.2 94.1 0.92

AA Tau 12CO J = 3− 2 0.41 42.5 0.79 289 4.8 50 1.2 240 1.3
13CO J = 3− 2 0.32 33.4 0.92 309 2.6 52 1.4 151 1.4

CS J = 7− 6 0.32 70.9 1 164 0.28 33 0.83 232 2.2

LkCa 15 12CO J = 3− 2 0.34 32.2 1.1 649 4.8 29 1.1 795 3.2
13CO J = 3− 2 0.21 36.4 1.2 399 0.65 27 0.87 511 3.5

CS J = 7− 6 0.21 28.3 0.94 244 1.5 29 0.72 303 4.6

HD 34282 12CO J = 3− 2 0.41 41.3 1 480 4.9 34 1.2 512 3.2
13CO J = 3− 2 0.15 12.8 2 347 4.6 27 0.79 510 4.4

CS J = 7− 6 - - - - - 16 1.7 268 1.8

MWC 758 12CO J = 3− 2 0.29 64.9 0.96 176 0.24 16 0.97 254 5.3
13CO J = 3− 2 - 34.1 0.89 204 1.1 67 3.2 12.5 0.71

CS J = 7− 6 - - - - - 6.1 5 120 3.3

CQ Tau 12CO J = 3− 2 0.17 21.7 1.1 187 1.9 42 1.2 346 0.087
13CO J = 3− 2 0.14 53.8 1.8 73.8 2 39 1.1 16.6 0.41

CS J = 7− 6 - - - - - 28 4.6 80.2 1.5

SY Cha 12CO J = 3− 2 0.29 40.1 1.6 335 1 43 1.8 210 1
13CO J = 3− 2 0.16 21.3 2.3 185 2.4 73 2.4 66.1 0.7

CS J = 7− 6 0.16 34.1 3.1 128 3.2 50 1.9 124 1.7

PDS 66 12CO J = 3− 2 0.12 12.4 0.81 143 1.4 17 1.8 127 4.5
13CO J = 3− 2 - 13.5 0.14 43.2 0.79 7.5 1.2 29 1.5

CS J = 7− 6 - 38.1 2.5 62.6 1.7 1.2 2.9 91.7 8.4

HD 135344B 12CO J = 3− 2 - - - - - 14 1.4 226 10
13CO J = 3− 2 - - - - - - - - -

CS J = 7− 6 - - - - - - - - -

HD 143006 12CO J = 3− 2 0.4 49.6 1.1 146 3.4 40 1.9 161 6
13CO J = 3− 2 0.29 43.4 0.91 147 1.8 24 2.2 146 13

CS J = 7− 6 - - - - - 17 0.72 103 4.5

RXJ1604.3-2130 A 12CO J = 3− 2 - - - - - - - - -
13CO J = 3− 2 - - - - - - - - -

CS J = 7− 6 - - - - - - - - -

RXJ1615.3-3255 12CO J = 3− 2 0.34 27.9 1.5 403 5 26 1 530 6.9
13CO J = 3− 2 0.17 17.7 1.2 381 4.9 19 1 425 5.9

CS J = 7− 6 0.17 14.9 2.3 185 1.3 38 2.2 121 0.8

V4046 Sgr 12CO J = 3− 2 0.13 26.4 1.5 196 0.94 26 1.8 151 1.2
13CO J = 3− 2 0.052 12.9 0.54 257 0.093 33 1.6 65.6 1.1

CS J = 7− 6 0.052 5.52 1 153 0.86 0.086 0.0039 85.9 7.1

RXJ1842.9-3532 12CO J = 3− 2 0.2 47.4 2.2 124 1.5 26 1.5 211 1.9
13CO J = 3− 2 0.091 15 0.61 207 0.98 17 1.7 143 2

CS J = 7− 6 - - - - - 29 1.4 145 4.5

RXJ1852.3-3700 12CO J = 3− 2 0.15 63.1 2.2 82.1 1.1 75 1.8 60.9 0.84
13CO J = 3− 2 0.079 15.7 1.4 155 1.3 31 2.7 90.3 1.3

CS J = 7− 6 - - - - - 1 3.6 108 1.4
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Figure 12. Rolling surfaces made from the raw r − z disksurf emission surface points for 12CO J = 3 − 2 (blue), 13CO
J = 3− 2 (orange), and CS J = 7− 6 (pink). Vertical dashed lines denote emission surface substructure, whose identification is
discussed in Section 5. We label dips in the emission surfaces with the nomenclature first used in Law et al. (2021a), where ‘Z’
denotes a dip in the emission surface, followed by the radial location in au. We also plot the continuum rings (solid gray lines)
and gaps (dashed gray lines) identified in Curone et al. (2025). Thin background gray lines show scale heights (z/r) from 0.1 to
0.6 with 0.1 increments. The beamsize of 0.′′15 is shown in the upper right corner for each disk. AA Tau is zoomed in to better
show structure.
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B. TEMPERATURE PROFILES

Figure 13 shows the non-parametric surface points used to calculate the 2-D temperature profiles. The corresponding

color of each point is calculated using Tobs−Tfit

Tobs
, where Tobs is the observed brightness temperature of the point, and

Tfit is the corresponding value that the 2-D temperature fit finds. Values closer to zero indicate the 2-D fit more closely

matches the observed temperature structures. Colors closer to blue imply that the temperature fit is underestimating

the observed temperature, and colors closer to red imply that the temperature fit is overestimating the observed

temperature. It is evident that the 2-D temperature profiles cannot account for areas where molecular layers overlap;

these areas are visible particularly where the top of the 13CO emission layer overlaps with the bottom of the 12CO

layer. Additionally, many of the points close to the midplane are overestimated in the 2-D temperature fits.

These results highlight a need for a better analytical temperature profile. Neither of most commonly-used temper-

ature profile equations, i.e. the sinusoidal form from Dartois et al. (2003), and the tangential form from Dullemond

et al. (2020), cannot adequately describe the temperature change between overlapping molecular layers. Additionally,

both functional forms tend to be highly sensitive to the imposed priors, which means much of the results are imparted

from our initial assumptions of the atmospheric and midplane temperature functions.
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Figure 13. Non-parametric surface points used to calculate the 2-D temperature in r − z space. The color of the points
corresponds to the difference between the observed brightness temperature (Tobs) and the temperature found by the 2-D fit
(Tfit). The boxed numbers in the upper right corners represent the absolute value of the average Tobs−Tfit

Tobs
; values closer to zero

indicate the 2-D fit more closely matches the observed temperature structures.

C. RADIAL PROFILES

Figure 14 shows the sources with identified peak intensity substructures. Figures 15, 16, and 17 show the integrated

intensity in Jy beam−1 km s−1, calculated using the fiducial image cubes with GoFish. We leave an analysis of the

integrated intensity profiles for future work. Figure 18 compares the peak intensities retrieved from GoFish (black

lines), disksurf (black points), and discminer (red lines). All peak intensities in this figure were derived using

the Fiducial images (see Teague et al. 2025 for image details), but the discminer intensities were calculated using

the continuum-subtracted cubes. The three codes used to derive the peak intensities are in general agreement, and

nearly all are within error bars. Most the the intensities diverge in the inner disk, where beam-dilution causes the

observed intensity to drop. Law et al. (2021a) hypothesized that the decrease in intensity could be due to the lines

becoming optically thin, unresolved substructures, or emission being absorbed by dust. A combination of these effects
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is a possibility for each disk, but we save an in-depth of diagnosis of these individual disks for future work. A few

of the disks presented in Figure 14 exhibit non-Kelperian motion, as discussed in Pinte et al. 2025, Izquierdo et al.

2025, and Stadler et al. 2025. Nearly all non-Keplerian motion can impact the disk temperature structure; likewise

any temperature variation can induce some non-Keplerian motion. Because of this, we do not definitively associate

any of the peak intensity substructures with the observed non-Keplerian motion. Additionally, because these radial

profiles are an azimuthal average, only large-scale peak intensity perturbations will be detected. We refer the reader

to future exoALMA papers for discussion of the signatures of velocity perturbations on peak intensity maps.
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Figure 14. Peak intensities derived from GoFish for disks with identified intensity structure. Intensity bright spots are marked
with solid lines and labeled with a ‘B’, and intensity dips are marked with dashed lines and labeled with a ’D’. Several bright
spots and gaps are unlabeled due to overlap; we refer the reader to Table C for the full list of radial locations. Blue corresponds
to 12CO, orange corresponds to 13CO, and pink corresponds to CS. Proposed planet locations, discussed in Pinte et al. (2025),
are shown at their suggested radial locations in green. Continuum rings and gaps, identified and discussed in Curone et al.
(2025), are shown as gray solid lines (rings) and dashed lines (gaps).
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Table 3. Emission surface substructures (gaps only) and peak intensity substructures (peaks only). The bolded substructures
represent the radial location of the larger emission surface drops seen in AA Tau, SyCha, and LkCa 15, discussed in Section 6.3.
Errors are generically defined as the beamsize (0.′′15). We exclude HD 135344 B and J1604, which we do not derive emission
surfaces for.

Source Line Emission Surface Dips (au) Peak Intensity Bumps (au) Peak Intensity Dips (au)

DM Tau 12CO J = 3− 2 120±22, 183±22, 293±22 - -
13CO J = 3− 2 194±22 127±22 89±22

CS J = 7− 6 - - -

AA Tau 12CO J = 3− 2 235±20 93±20, 187±20 86±20
13CO J = 3− 2 - 119±20 86±20

CS J = 7− 6 90±20 - -

LkCa 15 12CO J = 3− 2 200±24, 342±24
176±24, 333±24,
504±24, 651±24

302±24, 451±24
604±24, 781±24

13CO J = 3− 2 119±24, 282±24 203±24 174±24

CS J = 7− 6 177±24 192±24 -

HD 34282 12CO J = 3− 2 - 295±46 214±46
13CO J = 3− 2 - - -

CS J = 7− 6 - - -

MWC 758 12CO J = 3− 2 56±23 - -
13CO J = 3− 2 62±23 - -

CS J = 7− 6 62±23 - -

CQ Tau 12CO J = 3− 2 101±22 125±22 -
13CO J = 3− 2 90±22 - -

CS J = 7− 6 - - -

SY Cha 12CO J = 3− 2 220±27, 354±27 276±27, 447±27 242±27, 406±27
13CO J = 3− 2 - 150±27 113±27, 222±27

CS J = 7− 6 - 125±27 -

PDS 66 12CO J = 3− 2 - - -
13CO J = 3− 2 - - -

CS J = 7− 6 - - -

HD 135344B 12CO J = 3− 2 - - -
13CO J = 3− 2 - - -

CS J = 7− 6 - - -

HD 143006 12CO J = 3− 2 - - -
13CO J = 3− 2 112±25 - -

CS J = 7− 6 - - -

RXJ1604.3-2130 A 12CO J = 3− 2 - - -
13CO J = 3− 2 - - -

CS J = 7− 6 - - -

RXJ1615.3-3255 12CO J = 3− 2 472±23 366±23 -
13CO J = 3− 2 250±23 132±23 108±23

CS J = 7− 6 113±23 132±23 120±23

V4046 Sgr 12CO J = 3− 2 173±11, 318±11 - -
13CO J = 3− 2 174±11 - -

CS J = 7− 6 91±11 98±11 42±11

RXJ1842.9-3532 12CO J = 3− 2 138±23 88±23 59±23
13CO J = 3− 2 83±23, 133±23 88±23 65±23

CS J = 7− 6 - - -

RXJ1852.3-3700 12CO J = 3− 2 117±22, 161±22 - -
13CO J = 3− 2 124±22 - -

CS J = 7− 6 - - -
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Figure 15. Integrated intensity profiles for 12CO J = 3− 2. The shaded regions represent the upper and lower uncertainties.
The beamsize of 0.′′15 is shown in the top right corner.
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Figure 16. The same as Figure 15, but for 13CO J = 3− 2.



32

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08

0.10

0.15′′
AA Tau

0 20 40 60 80 100 120
0.00

0.02

0.04

0.06 CQ Tau

0 25 50 75 100 125
0.00

0.02

0.04

0.06

0.08
DM Tau

0 25 50 75 100 125 150
0.00

0.02

0.04

0.06
HD 135344B

0 20 40 60 80 100 120
0.00

0.02

0.04

0.06
HD 143006

0 100 200 300
0.00

0.02

0.04

0.06 HD 34282

0 50 100 150
0.00

0.02

0.04

0.06
J1604

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08 J1615

0 25 50 75 100 125
0.00

0.02

0.04

0.06

0.08

0.10

J1842

0 25 50 75 100 125 150
0.00

0.02

0.04

0.06

0.08
J1852

0 50 100 150 200 250 300
0.00

0.02

0.04

0.06

0.08

LkCa 15

0 100 200 300 400
0.00

0.02

0.04

0.06
MWC 758

0 20 40 60 80 100 120
Radius [au]

0.00

0.02

0.04

0.06

I [
Jy

 b
ea

m
1  

km
 s

1 ] PDS 66

0 50 100 150 200
0.00

0.02

0.04

0.06 SY Cha

0 25 50 75 100 125 150
0.00

0.02

0.04

0.06
V4046 Sgr

Figure 17. The same as Figure 15, but for CS J = 7− 6.
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Figure 18. Peak intensities derived from GoFish (black lines), disksurf (white circles), and discminer (red lines). The
beamsize of 0.′′15 is shown in the upper right of each plot.
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Table 4. Outer disk radii, Redge, and the radii which encompass 95%, 90%, and 68% of the total flux.

Source Line Redge (au) R95 (au) R90 (au) R68 (au)

DM Tau 12CO J = 3− 2 991±92 856+54
−49 786+32

−27 580+27
−32

13CO J = 3− 2 532±22 483+27
−22 462+16

−22 310+22
−22

CS J = 7− 6 143±22 121+16
−32 111+27

−27 78+5
−11

AA Tau 12CO J = 3− 2 644±10 498+141
−56 442+56

−51 265+20
−20

13CO J = 3− 2 331±20 265+61
−30 235+30

−20 164+10
−5

CS J = 7− 6 336±141 285+45
−20 265+20

−45 154+5
−10

LkCa 15 12CO J = 3− 2 964±12 799+53
−59 699+41

−29 456+18
−18

13CO J = 3− 2 946±18 634+65
−83 533+35

−24 386+12
−24

CS J = 7− 6 339±206 309+24
−35 292+29

−88 127+12
−12

HD 34282 12CO J = 3− 2 840±0 678+151
−81 597+81

−46 422+23
−23

13CO J = 3− 2 886±23 701+174
−185 562+174

−104 342+35
−23

CS J = 7− 6 388±162 342+35
−35 319+35

−23 261+12
−23

MWC 758 12CO J = 3− 2 406±0 301+99
−47 266+53

−29 172+18
−18

13CO J = 3− 2 278±12 219+53
−58 172+58

−23 114+12
−12

CS J = 7− 6 403±58 357+35
−70 333+58

−94 146+105
−35

CQ Tau 12CO J = 3− 2 277±0 204+67
−78 170+101

−56 109+34
−34

13CO J = 3− 2 277±11 221+50
−95 165+106

−50 92+22
−11

CS J = 7− 6 131±129 109+17
−17 103+22

−17 81+6
−11

SY Cha 12CO J = 3− 2 734±7 604+123
−61 543+61

−55 378+20
−27

13CO J = 3− 2 529±96 461+61
−130 358+109

−48 242+20
−20

CS J = 7− 6 222±34 188+27
−14 174+27

−7 147+7
−7

PDS 66 12CO J = 3− 2 149±0 119+26
−22 112+33

−22 78+15
−11

13CO J = 3− 2 123±4 97+22
−44 83+37

−33 50+18
−15

CS J = 7− 6 123±22 112+7
−11 105+11

−7 86+4
−4

HD 135344B 12CO J = 3− 2 291±0 215+71
−25 195+30

−15 144+15
−10

13CO J = 3− 2 251±5 175+71
−20 159+30

−15 114+10
−15

CS J = 7− 6 170±20 154+10
−35 139+25

−30 99+5
−10

HD 143006 12CO J = 3− 2 204±0 160+38
−44 147+50

−38 103+19
−25

13CO J = 3− 2 173±13 135+31
−19 129+38

−19 97+13
−13

CS J = 7− 6 135±100 122+6
−13 116+13

−13 97+6
−0

RXJ1604.3-2130 A 12CO J = 3− 2 306±11 247+22
−11 236+11

−11 176+5
−5

13CO J = 3− 2 241±11 214+22
−16 192+22

−11 138+11
−5

CS J = 7− 6 187±195 149+33
−11 144+11

−11 122+0
−5

RXJ1615.3-3255 12CO J = 3− 2 722±0 553+99
−35 506+29

−23 365+18
−12

13CO J = 3− 2 477±12 395+64
−41 348+35

−23 249+12
−12

CS J = 7− 6 325±64 290+29
−41 260+58

−41 155+41
−23

V4046 Sgr 12CO J = 3− 2 481±0 369+48
−27 334+21

−21 215+13
−11

13CO J = 3− 2 278±62 240+35
−29 210+29

−21 130+8
−8

CS J = 7− 6 154±13 138+8
−8 130+5

−8 101+5
−3

RXJ1842.9-3532 12CO J = 3− 2 388±0 314+68
−40 280+45

−28 195+17
−17

13CO J = 3− 2 286±11 258+23
−51 224+45

−40 133+17
−11

CS J = 7− 6 144±23 127+11
−28 110+28

−17 88+11
−11

RXJ1852.3-3700 12CO J = 3− 2 322±0 256+61
−44 223+44

−28 140+11
−11

13CO J = 3− 2 240±33 179+55
−22 157+28

−17 113+6
−6

CS J = 7− 6 157±22 141+11
−17 130+17

−11 96+6
−6
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D. COMPARING DISKSURF TO DISCMINER

The exoALMA collaboration utilized two open-source python codes for the analysis of the emission surfaces:

disksurf (Teague et al. 2021a) and discminer (Izquierdo et al. 2021, 2023). As discussed in Section 3, the emission

surfaces retrieved between the two are generally consistent, but there are notable differences (see Figures 9, 10, and

11). Below, discuss and demonstrate the differences between disksurf and discminer on simulated and real data.

Figure 19 presents the results of this test on two test cubes with varying inclination and molecular line emission. The

left panels shows the results from the 30 degree inclined simulated disk, and the right panel shows the same results from

the same procedure, but on a 60 degree inclined simulated disk. The top two plots are for 12CO J = 3 − 2 emission,

and the bottom two plots show the results for 13CO J = 3 − 2 emission. The red line in both of the plots depicts the

τ = 2/3 surface at an inclination of zero; therefore, the τ = 2/3 surface in these plots represents more of an upper

limit. The simulated cubes were made with MCFOST (Pinte et al. 2006, 2009) and have identical parameters apart

from the inclination and molecular composition. It is immediately evident that the inclination has an impact on the

derived surface for both codes. For the 30 degree inclined disk, the disksurf surface aligns more closely with the τ =

2/3 surface; for the 60 degree inclined disk, the opposite is true, with the discminer surface falling closely in-line with

the τ = 2/3 surface. The disksurf surface scatter in the z-direction also changes between the two cubes, as discussed

in Section 3.3. More highly inclined disks will have a larger surface scatter when using the method implemented in

disksurf, due to the fact that the front and back emission layers are less separated, causing some points that belong

below the front surface to be picked up.

It is critical to interpret these results from simulated cubes carefully. For the 30 degree inclined disk, it appears that

disksurf does a better job at finding the τ = 2/3 surface, and vice versa for the 60 degree inclined disk. However,

the parametric surfaces for the real data, shown in Figures 9, 10, and 11, do not show large differences between

disksurf and discminer derived tapered power laws. Some of the largest differences in parametric surfaces are seen

in J1615 12CO emission, where radial location of the tapering between disksurf and discminer differ by ∼130 au,

and the vertical height of the emission surface found by discminer is systematically lower. The other disks that

show the largest differences between the parametric surfaces are those that suffer from midplane, backside, or diffuse

contamination, namely AA Tau, DM Tau, and SY Cha. Finally, disks with mostly flat surfaces, like those of MWC 758

(13CO), PDS 66 (13CO, CS), and V4046 Sgr (CS), also suffer from some differences between the two codes. However,

unlike the results from the MCFOST cubes, nearly all of the discminer parametric surfaces align with the disksurf

surfaces and are within the area shown by the raw r− z points for the real data. This may indicate that the two codes

function differently with simulated cubes, but have similar performance on real data.

The root cause of the underlying differences between the surfaces, both for the real data and simulated cubes, is still

unknown. It is likely that there are several factors at play, and disentangling their individual impact on the retrieved

surfaces is beyond the scope of this paper. As discussed in Section 3.2, there are several factors that may contribute

to the differences. First is the innate differences between how disksurf and discminer work; disksurf utilizes the

method outlined in Pinte et al. (2018) to derive r − z points, which relies on finding peaks along isovelocity contours.

If the front and back surfaces are not well separated, this procedure can easily confuse points belonging to regions

below the emission surface as part of the upper surface, which can lead to artificially lower surfaces. Additionally,

since disksurf is reliant on intensity peaks, the shape of the line profile can induce biases. On the other hand,

discminer uses line-profile analysis to distinguish whether emission belongs to the front or back surface (see Figure 3

from Izquierdo et al. 2021), so the surfaces derived by discminer should not be as contaminated with midplane and

back-side emission. Another potential cause for differences is the velocity; disksurf assumes purely Keplerian rotation,

whereas discminer takes into account any velocity deviations during modeling. This could potentially explain some of

the differences seen in the surfaces, but even so, J1615, which has one of the biggest differences in parametric surfaces,

does not have velocity deviations that are significantly larger than those of other disks (see Stadler et al. 2025).

Figure 20 shows velocity residuals for J1615 (top panels) and LkCa 15 (bottom panels) calculated with discminer,

one using the disksurf parametric emission surface and the other using the discminer surface. We take two residuals

to compare the resulting differences; the first residual is simply a subtraction between residuals, and the second residual

is a subtraction of the absolute values of the residuals. The differences between the results can be seen in several areas

of the disks. The J1615 emission surfaces differ significantly (as seen in Figure 9), and this effect can be seen in the

velocity residuals. The disksurf surface tapers more sharply, resulting in stronger velocity residuals in the outer

portions of the disk. Additionally, the disksurf surface is shifted compared to that of discminer, resulting in overall

stronger residuals throughout the disk. The strongest residuals can be seen in the far side of the disk. The J1615
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surfaces are some of the most discrepant between disksurf and discminer; clearly, the velocity residuals are sensitive

to the chosen emission surfaces. For LkCa 15, there are slight differences between the disksurf and discminer

surfaces, but not as large as those seen in J1615. Subsequently, the differences in the residuals of LkCa 15 are not as

severe. The sharper tapering of the disksurf surface again leads to larger residuals towards the farthest minor axis

of the disk.

The question of which surface to utilize will depend on the individual applications. The disksurf non-parametric

surfaces allow for the characterization of substructures within the surfaces such as bumps and dips; these can be used in

chemical models to account for areas of lowered column density, and are helpful visual indicators for gaseous emission

structures that may not have been seen on a visual inspection of the datacube. Additionally, the disksurf surfaces

can be more readily used for the calculation of surface errors because they provide scatter in the z-direction, which

is more representative of physical reality. The discminer surfaces are useful when parametric surfaces are needed,

particularly for velocity residual analysis. Because discminer models multiple components of the disk at once,

including the emission surfaces, using these parametric surfaces derived during the modeling is the most consistent

method when utilizing other discminer outputs. If the disksurf surface is artificially imposed in discminer, this

can lead to nonphysical residuals, because discminer relies on the surface modeling to minimize these residuals.
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Figure 19. Emission surface comparison between disksurf (dashed line and background points) and discminer (solid blue
line) for two model cubes at 30 degrees and 60 degrees, respectively. The model cubes are identical besides their inclination.
The red line denotes the known τ = 2/3 surface. The top two panels show the results for 12CO J = 3− 2, and the bottom two
panels show the results for 13CO J = 3− 2.
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J1615

disksurf Surface DISCMINER Surface Residual Absolute Residual

0.10 0.05 0.00 0.05 0.10
Velocity Residual [km/s]

0.10 0.05 0.00 0.05 0.10
Residual

LkCa 15

disksurf Surface DISCMINER Surface Residual Absolute Residual

0.10 0.05 0.00 0.05 0.10
Velocity Residual [km/s]

0.10 0.05 0.00 0.05 0.10
Residual

Figure 20. Velocity residuals calculated with discminer for J1615 (top panels) and LkCa 15 (bottom panels), derived with
the disksurf parametric emission surface and the discminer parametric emission surface. We subtract the velocity residuals
(labeled ‘Residual’), and subtract the absolute value of the velocity residuals (labeled ‘Absolute Residual’).
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