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Abstract

Turbulence is expected to transport angular momentum and drive mass accretion in protoplanetary disks. One way to
directly measure turbulent motion in disks is through molecular line broadening. DM Tau is one of only a few disks
with claimed detection of nonthermal line broadening of 0.25cs–0.33cs, where cs is the sound speed. Using the radiative
transfer code MCFOST within a Bayesian inference framework that evaluates over five million disk models to
efficiently sample the parameter space, we fit high-resolution (0 .15, 28m s−1) 12CO J = 3–2 observations of DM Tau
from the exoALMA Large Program. This approach enables us to simultaneously constrain the disk structure and
kinematics, revealing a significant nonthermal contribution to the line width of∼0.4cs, inconsistent with purely thermal
motions. Using the CO-based disk structure as a starting point, we reproduce the CS J = 7–6 emission well,
demonstrating that the CS (which is more sensitive to nonthermal motions than CO) agrees with the turbulence inferred
from the CO fit. Establishing a well-constrained background disk model further allows us to identify residual structures
in the moment maps that deviate from the expected emission, revealing localized perturbations that may trace forming
planets. This framework provides a powerful general approach for extracting disk structure and nonthermal broadening
directly from molecular line data and can be applied to other disks with high-quality observations.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); High angular resolution (2167); CO line
emission (262); T Tauri stars (1681)

1. Introduction

Turbulent motions are one of the main contenders for
driving angular momentum transport in protoplanetary disks,
with α-disk models (N. I. Shakura & R. A. Sunyaev 1973;
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J. E. Pringle 1981) parameterizing the bulk disk viscosity ν in
terms of the dimensionless parameter α via

( )= c H, 1s

where cs is the sound speed and H is the pressure scale height.
This relation assumes that the largest-scale motions would be
less than or equal to the scale height of the disk, H, and typical
motions would be subsonic, implying α ∈ [0, 1]. The actual
value of α and the source of the turbulence itself are poorly
constrained.
High spectral and spatial resolution surveys such as

exoALMA (R. Teague et al. 2025) now enable direct
comparisons between observations and theoretical models of
turbulence in protoplanetary disks (M. Barraza-Alfaro et al.
2025). One of the most prominent proposed mechanisms is the
magnetorotational instability (MRI; S. A. Balbus &
J. F. Hawley 1991, 1998). Other candidates include gravita-
tional instability (see K. Kratter & G. Lodato 2016, for a
review), embedded planets (J. Goodman & R. R. Rafikov
2001), the vertical shear instability (VSI; R. P. Nelson et al.
2013; M. H. R. Stoll & W. Kley 2014; M. Flock et al. 2017),
the convective overstability, and the subcritical baroclinic
instability (T. Pfeil & H. Klahr 2019). Determining which of
these mechanisms actually operate in disks requires observa-
tional constraints on the strength and spatial distribution of
turbulence.
We can indirectly measure α for protoplanetary disks via

observations of accretion rates onto their host stars,
which C. F. Manara et al. (2016) have found to span a range of
10−11 to 10−7M⊙ yr

−1. This can then be related to an α as
=M 3acc , either assuming or fitting simultaneously for a

surface density profile Σ (e.g., N. van der Marel et al. 2021).
Similarly, one can match the observed disk lifetime to that
predicted from self-similar disk evolution given values of
Mdisk and Macc (L. Hartmann et al. 1998; C. F. Manara et al.
2023). Based on these approaches, estimates of α typically fall
in the range 10−4 to 10−3 (see review by G. P. Rosotti 2023).
However, it is important to note that these measurements are
instantaneous values that may vary significantly with time,
particularly if the disk undergoes episodic accretion events
such as FU Ori–type outbursts.
Another indirect method of constraining turbulence in disks

is by observing the height of the dust layer in edge-on disks, as
turbulence will stir the dust up from the disk midplane (e.g.,
C. Pinte et al. 2016; M. Villenave et al. 2025). Dust settling
prescriptions (B. Dubrulle et al. 1995; S. Fromang &
R. P. Nelson 2009) relate the scale height of the dust to the
gas scale height via a combination of an α and the stopping
time of the dust grains where /H s . Infrared and
millimeter imaging of edge-on disks clearly shows that grains
larger than ≈100 μm are settled in the midplane of the
disk (M. Villenave et al. 2020, 2022, 2024; G. Duchêne et al.
2024), with the dust scale height up to an order of magnitude
smaller than that of the gas, again indicating weak stirring of
the dust layer, implying α ≲ 10−4.
The first attempt to directly measure nonthermal molecular line

broadening in protoplanetary disks was made byA. M. Hughes
et al. (2011) using pre–Atacama Large Millimeter/submillimeter
Array (ALMA) Submillimeter Array observations of the TWHya
and HD 163296 disks, which found an upper limit of ≲0.1cs and
a tentative detection of ∼0.4cs, respectively. With the advent of
ALMA, higher spatial and spectral resolution data enabled much

tighter constraints: K. M. Flaherty et al. (2015, 2017) reported
vturb ≲ 0.03cs–0.06cs in HD 163296; and R. Teague et al.
(2016) reported vturb between 0.2cs and 0.4cs in TW Hya,
revised downward to ≲0.08cs (α ≲ 0.007) byK. M. Flaherty
et al. (2018). Most recently, K. Flaherty et al. (2024) and
T. Paneque-Carreño et al. (2024) reported 0.18cs–0.3cs and
0.4cs–0.6cs, respectively, around IM Lup.
As one of the few disks with a measured nonzero

turbulence, DM Tau offers the opportunity to probe non-
thermal line broadening using the high-resolution data from
exoALMA. DM Tau is a low-mass (≈0.5M⊙) T Tauri star
with a large (≈300 au) protoplanetary disk featuring an inner
disk and three pairs of gaps and rings seen in continuum
emission (S. M. Andrews et al. 2011; T. Kudo et al. 2018;
L. Francis et al. 2022; P. Curone et al. 2025). Its accretion rate
has been measured as =M M10 yracc

8.2 1 (C. F. Manara
et al. 2014). Line-broadening measurements by K. Flaherty
et al. (2020) found 0.25cs–0.33cs (equivalent to 0.06–0.11 in
α), using a fixed stellar mass of 0.54 M⊙. S. Guilloteau et al.
(2012) obtained consistent results using CS, a heavier
molecule less sensitive to thermal broadening than CO, finding
a turbulent line width of ∼0.14 km s−1 at 300 au. However,
this is discrepant with the inferred value of α needed to explain
the continuum gap depth at 21 au if carved by a planet
(α ≲ 10−3; L. Francis et al. 2022); we note, however, that the
former measurements probe the outer disk while the latter
constraint applies to the inner regions, and these estimates are
therefore unlikely to correspond to the same radial location.
When modeling spatially resolved disks, accurately con-

straining nonthermal line broadening requires distinguishing
its contribution from other factors that influence the observed
kinematics, such as the stellar mass and disk temperature
structure. The high angular and spectral resolution of the
exoALMA Large Program (R. Teague et al. 2025) provides
the level of detail needed to disentangle these effects. We use
these data to quantify the level of nonthermal broadening in
DM Tau and to test whether a disk structure inferred from
CO can also reproduce the emission from heavier molecules
such as CS.
The Letter is organized as follows: Section 2 describes the

data, the modeling approach, and the image-plane fitting
methodology. Section 3 presents the inferred nonthermal line
broadening from CO and the CS modeling results. In
Section 4, we interpret these results in the context of disk
kinematics and potential planet–disk interactions, and we
summarize our findings in Section 5.

2. Methods

2.1. Observations

We used 12CO J = 3–2 and CS J = 7–6 observations of DM
Tau from the exoALMA Large Program, with the data reduction
detailed in R. A. Loomis et al. (2025). For CO, we selected a
primary-beam-corrected cube with a spatial resolution of 0.15
and a spectral resolution of 28m s−1. To reduce computational
cost, we fit only 17 evenly spaced representative velocity
channels spanning 3.5–8.5 km s−1 around the systemic
velocity (vsyst = 6.03 km s−1; A. F. Izquierdo et al. 2025), which
capture the bulk of the emission. We restricted ourselves to a
15.0 box centered on the disk to encompass the full CO-emitting
region. The CS cube used was also primary beam corrected, at
the same spatial resolution but with a spectral resolution of
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100m s−1, needed to obtain sufficient signal-to-noise ratio for
this comparatively faint line. A 6.0 box was used to capture the
full CS emission while limiting data volume.

2.2. Radiative Transfer Modeling

We used the radiative transfer code MCFOST (C. Pinte et al.
2006, 2009) to generate disk models of the 12CO and CS
exoALMA data for DM Tau, assuming an unperturbed smooth
disk containing no planets or gaps. Both the models and the
data include continuum emission, which we did not
subtract (as in previous works; see S. Guilloteau et al. 2012;
K. Flaherty et al. 2020), since the continuum is much more
compact than the 12CO gas (119 au vs. 580 au enclosing 68%
of the flux; P. Curone et al. 2025; C. Longarini et al. 2025) and
only affects the innermost regions of the disk.
We used a tapered-edge disk model with the disk surface

density profile Σ set according to the self-similar solution
of D. Lynden-Bell & J. E. Pringle (1974; see, e.g., L. Hartmann
et al. 1998; C. F. Manara et al. 2023) given by

( ) ( ) ( )=r
M

R

r

R

r

R

2

2
exp , 2

c

0

c
2

c

2

which exponentially decreases for radii r greater than the
critical radius Rc. Parameter γ is the power-law index of the
surface density and of the outer taper, and M0 is the disk mass.
We let our disk extend from an inner radius Rin of 5 au to Rout
of 1000 au, noting that the outer edge is more properly
constrained by Rc, or the surface density gradient itself as γ
approaches 2. We also assumed a Gaussian vertical density
profile parameterized by a scale height with a radial
dependence given by ( ) ( )/=h r h r r0 0 at a reference radius of
r0 = 150 au, where Ψ is the flaring exponent.
The disk temperature structure was computed by MCFOST

assuming local thermodynamic equilibrium (LTE). This
temperature distribution, combined with the density structure,
determines the regions affected by molecular processes. We
included molecular photodissociation and photodesorption and
imposed CO freezeout in regions where the temperature drops
below 20 K, using a depletion factor fremain that sets the
fraction of gas remaining in the gas phase (following C. Pinte
et al. 2018). By default, fremain = 0, meaning that all CO in
these regions is frozen out. For CS, we adopted a freezeout
temperature of 30 K, near the lower end of the range of values
reported in the literature (20–30 K from excitation/evapora-
tion estimates, S. Guilloteau et al. 2012; R. Le Gal et al. 2019;
50–60 K from other observational studies, R. T. Garrod &
E. Herbst 2006; G. van der Plas et al. 2014).
The external UV field was modeled as the B. T. Draine

(1978) interstellar radiation field scaled by a factor χISM,
which contributes extra heating in the disk’s upper layers.
Vertical dust settling was implemented using the prescrip-

tion given in Equation (19) of S. Fromang & R. P. Nelson
(2009), where the amount of dust settling is controlled by
αdust, and the Schmidt number in their Equation (20) was set to
a fixed value of Sc = 1.5. In MCFOST, αdust only controls the
diffusion coefficient for the dust and does not contribute to
additional line broadening, which is implemented as an
independent parameter (described in Section 2.3).
We employed a dust population in our models from the

DiscAnalysis (DIANA) project (P. Woitke et al. 2016) for DM

Tau, which consisted of 79% silicates (J. Dorschner et al.
1995) and 21% amorphous carbon (V. G. Zubko et al. 1996),
with 25% grain porosity. Following their setup, dust properties
were calculated using the distribution of hollow spheres
formalism (M. Min et al. 2005) with a maximum void fraction
of 0.8, and the grain size distribution was set as dN(a) ∝ a−3.7

da for grain sizes a between µ=a 0.0152min m and
µ=a 3990max m. We also used the DIANA stellar spectrum

file and corresponding effective stellar temperature of
3779 K.29

In addition to the parameters already described, we allowed
the disk orientation (inclination i and position angle PA),
stellar properties (stellar mass M� and radius R�, the latter of
which allows the stellar luminosity to vary), and gas properties
(gas mass Mgas, gas-to-dust mass ratio, and CO abundance
XCO) to vary when fitting the CO emission. Once the CO
model was determined, we used it as the baseline for modeling
CS, keeping the temperature and density distributions fixed
and only fitting for the molecular abundance XCS and the
fraction of gas-phase CS in the freezeout region fremain. We
assumed constant abundances for both CO and CS throughout
the disk, i.e., the molecular number density at each location is
given by the product of the gas density and a fixed abundance,
modulated by freezeout, photodissociation, and photodesorp-
tion where relevant.
Table 1 lists all of the parameters we allowed to vary for

both the CO and CS fits, including the line-broadening
parameter fturb we will describe more fully in Section 2.3.
We aimed to allow as much freedom in the model parameters
as possible to avoid any degeneracies going unnoticed.
Importantly, we included stellar mass as a variable parameter
rather than using a literature value, which was the approach
of K. Flaherty et al. (2020) and L. Francis et al. (2022). In
addition to using the discussed values from the DIANA
project, we used a fixed distance to DM Tau of 144.0 pc from
Gaia DR3 (Gaia Collaboration et al. 2023) and a systemic
velocity of 6.03 km s−1 (A. F. Izquierdo et al. 2025).

2.3. Line-broadening Parameter

Among the free parameters listed in Table 1 is the
nonthermal line-broadening factor, fturb, which parameterizes
the level of turbulent motion in the disk. We assume a
Gaussian line profile of width

( ) ( )= +V
k T r z

m
v

2 ,
, 3B

CO
turb
2

where kB is the Boltzmann constant, T is the local kinetic
temperature, mCO is the mass of the CO molecule, and vturb is
the nonthermal line broadening. ΔV is 2 , where σ is the
Gaussian standard deviation. Our prescription for vturb follows
theoretical predictions (J. B. Simon et al. 2015; M. Flock et al.
2017) where the turbulence scales with the sound speed

( ) ( )
µ

= ×v f
k T r z

m

,
, 4

h
turb turb

B

where fturb is a constant and μ = 2.3 is the mean molecular
weight in units of the proton mass mh.

29 The stellar spectrum file and the MCFOST parameter file used for the
DIANA model are found at the Monash University Bridges repository:
doi:10.26180/30908507.
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2.4. Parameter Estimation

The problem with trying to measure nonthermal line
broadening in a disk is that vturb may be biased by other
parameters in the fit, especially the thermal structure. To
account for this, we sampled the posterior distribution of the
model parameters using a Markov Chain Monte Carlo
(MCMC) framework, employing the affine-invariant ensemble
sampler from the EMCEE30 package (D. Foreman-Mackey
et al. 2013). At each MCMC iteration, a synthetic data cube
was produced with MCFOST, convolved with the observational
beam, and compared to the 17 equivalent velocity channels
from the observed data cube selected to span the full disk
emission (see Section 2.1).
To account for the possibility that the observational noise is

underestimated, we included an additional free parameter, qln ,
which inflates the variance in each channel. In reality, uncertainties
are underestimated because we neglect the stationary covariance
between neighboring pixels (e.g., T. Hilder et al. 2025); including
this parameter is intended to partially compensate for this effect.
With this term, the total variance is given by

( )= + Mqs , 5nn
2 2 2 2

where M denotes the model flux at each pixel in the
convolved channel and σn is the measured rms of the
data cube. In addition to compensating for underestimated
pixel-to-pixel uncertainties, qln partially absorbs systematic

mismatches in the absolute flux scale that may arise from
amplitude calibration uncertainties. Since q scales with the
model flux, over- or underestimates of the total flux are
partially accounted for through this term, reducing their impact
on the inferred physical parameters. The parameter qln is
sampled alongside all other model parameters.
Assuming Gaussian noise, the log-likelihood is then

computed as

( ) ( ) ( )= +L
D M

s
sln

1

2
ln 2 , 6

n
n

2

2
2

withD representing the data values in the corresponding channels.
All fits used 512 walkers. The CO and CS fits were run for a

minimum of 10,000 and 6000 iterations, respectively,
discarding the first 4000 as burn-in. For the main CO fit this
therefore involved evaluating 5,120,000 radiative transfer
models in 3D. Each model computation completed in around
4 minutes on a single CPU, in total requiring 55 days of wall
time running in parallel on 256 CPUs.

3. Results

3.1. CO Fitting

We first constrain the disk structure of DM Tau by fitting the
12CO J = 3–2 emission. Figure 1 shows representative channel
maps of our best-fitting model alongside the data and residuals,
with the corresponding parameters listed in Table 1. The
model reproduces the overall morphology of the emission

Table 1
Model Parameters, Priors, Bounds, and Posterior Results for Our Fits of the DM Tau Disk

Parameter Prior Bounds Posterior Median

CO Emission Fit

i (deg) ( )N 39, 3 (0, 180) +39.7 0.7
0.7

M� (M⊙) ( )N 0.45, 0.05 (0, ∞) +0.483 0.01
0.01

h0 (au) ( )N 10, 2.5 (0, ∞) +20.6 0.9
0.6

Rc (au) ( )N 240, 20 (7, ∞) +336.4 44.9
27.0

Ψ ( )N 1.315, 0.05 (1, 2) +1.16 0.036
0.023

PA (deg) ( )N 155.7, 3 (0, 360) +155.4 0.2
0.2

( )log10 dust ( )N 4, 0.5 (−6, 0) +0.87 0.20
0.35

fturb ( )U 0, 1 (0.0, 1.0) +0.404 0.032
0.016

Mgas (M⊙) ( )× ×N 4 10 , 1 102 2 (0, ∞) ×+6.6 100.1
0.1 2

( )/M Mlog10 gas dust ( )N 2.0, 0.1 (0, 3) +2.50 0.17
0.19

( )Xlog10 CO ( )N 4.7, 1.5 (−7, −2) +4.52 0.07
0.14

fremain ( )E 0.2 (0, 1) +0.002 0.001
0.001

γ ( )N 1.0, 0.1 (0, 2) +1.55 0.17
0.20

R� (R⊙) ( )N 1.22, 0.1 (1, ∞) +1.25 0.13
0.15

χISM ( )E 0.2 ⋯ +0.65 0.10
0.08

qln ( )N 1, 0.05 (−3, 1) +1.72 0.04
0.08

CS Emission Fit (Other Disk Parameters Fixed)

( )Xlog10 CS ( )N 8, 1.5 (−12, −2) +9.4126 0.006
0.007

fremain ( )E 0.2 (0, 1) +0.997 0.012
0.003

qln ( )N 1, 0.05 (−3, 1) +1.22 0.01
0.01

Notes. CO emission and CS emission parameters are shown in separate blocks. For the CS fit, all other disk parameters were fixed to the CO best-fit values. Posterior
values are the medians with 2σ uncertainties.

( )µN , : normal prior with mean μ and standard deviation σ (truncated to bounds).
( )U a b, : uniform prior between a and b.
( )E : exponential prior with scale λ (truncated to bounds).

30 https://github.com/dfm/emcee
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across all 17 channels, with the rms of the residual cube
consistent with the image noise, indicating that the model
captures the bulk of the emission. The integrated line profile
(Figure 2, left) also shows good agreement with the data. The
model slightly overestimates the total flux, with the largest
discrepancy of order ∼10% in the systemic channel. This
discrepancy arises from small residuals integrated over many
pixels: on a per-channel basis, the standard deviation of
the residuals remains consistent with the image noise
(0.0056 Jy beam−1), and the mean residual (0.00545 Jy beam−1)
is below the per-channel rms. The maximum rms in any
individual channel is 0.0059 Jy beam−1, which is also consistent

with the image noise. The model reproduces the line wings and
overall line shape well.
The posterior distribution (Appendix) shows narrow ranges

for the fitted parameters, corresponding to the small uncer-
tainties listed in Table 1. However, these represent only the
statistical uncertainties within our adopted model. We neglect
pixel correlations in the noise from the imaging process, which
can cause underestimation by an order of magnitude (T. Hilder
et al. 2025). Additionally, our smooth and axisymmetric disk
model does not completely capture complex substructures in
the data (J. Stadler et al. 2025). Therefore, the true
uncertainties are larger than the quoted credible intervals.

Figure 1. Channel maps of DM Tau in 12CO J = 3–2 at 0.15 resolution. The top row shows the observed data, the second row our best-fit model with nonzero
turbulence, and the third row the residuals from subtracting this model from the data. The fourth and fifth rows show the model and residuals, respectively, for the
best-fit zero-turbulence model for comparison. Each residual color bar spans ±3σ flux for the data cube.
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Figure 2. Comparison of observed and modeled integrated line profiles for DM Tau. Left: CO J = 3–2 line profile. Right: CS J = 7–6 line profile. The vertical dotted
lines in each panel mark the velocity channels included in the fit. The agreement for CS demonstrates that the CO-derived disk structure can be directly applied to
other molecular tracers, allowing differences in emission to be interpreted primarily in terms of chemistry and excitation rather than large-scale structural variations.
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The posterior mean inclination is 39°.7 and the position angle
is 155°.4, both in excellent agreement with previous
measurements (K. Flaherty et al. 2020; P. Curone et al.
2025; A. F. Izquierdo et al. 2025). The critical radius is
Rc ∼ 336 au with a surface density gradient γ ∼ 1.55,
indicating an extended disk with a steep outer density profile.
Our best-fit stellar mass is 0.483 ± 0.004M⊙, consistent with
the dynamical mass obtained by C. Longarini et al. (2025) of

+0.468 0.015
0.014 but slightly lower than the 0.54M⊙ adopted

by K. Flaherty et al. (2020). This difference likely reflects
variations in modeling assumptions, such as the disk structure
and temperature profile, rather than statistical uncertainty.
Overall, this highlights that the derived parameters are
sensitive to model framework and that our results cannot
capture uncertainties caused by unmodeled features in the data.
Our model also constrains the global disk structure. The

vertical structure is characterized by a scale height
h0 = 20.6 au at 150 au and a flaring index Ψ = 1.16, implying
a moderately flared geometry.
The relatively large value of αdust results from the fact that

fitting procedure for the gas disk is not sensitive to the
continuum emission; hence, while the model prefers nonsettled
small (micron-sized) grains, it does not imply much about the
scale height of millimeter-emitting grains.

3.2. Turbulent Line Broadening and Disk Thermal Structure

A key outcome of the modeling is the constraint on the
nonthermal contribution to the line width. We measure

= +f c0.404 sturb 0.032
0.016 , corresponding to = +0.16 0.02

0.01 and an
average nonthermal broadening of ∼180 m s−1 in the CO-
emitting region. To illustrate the impact of turbulence, we also
ran a fit using models with no fturb contribution. While the
channel maps of the zero-turbulence model (also shown in
Figure 1) are visually similar to the best-fit turbulent model,
the fitting clearly favors a nonzero turbulence value. We also
see this in the integrated line profile (Figure 2, left), where the
model with no fturb does not fit the peak intensity. This
preference is reflected quantitatively in the Akaike information
criterion (H. Akaike 1974), with the free-turbulence model
strongly favored over the zero-turbulence model
(ΔAIC≈ 1.25 × 104), which confirms that including some

level of turbulence improves the fit. Our data have a spatial
resolution of 0.15 (∼22 au at the distance of the disk), which
resolves the largest disk structures but smears smaller features,
and this can partially mask the subtle line broadening
introduced by turbulence. Consequently, model fitting, rather
than visual inspection alone, is required to robustly detect the
nonthermal motions. The inferred level from our fit is even
higher than the previously determined value of K. Flaherty
et al. (2020), who reported 0.25cs–0.33cs from a parametric fit
to 12CO J = 2–1.
Figure 3 shows the CO number density of our J = 3–2

model (right panel) compared with the J = 2–1 model
of K. Flaherty et al. (2020; left panel). We further overplot our
model τ = 1 surface (shown in white in the right panel) and the
CO emission heights derived from the J = 3–2 exoALMA
observations (M. Galloway-Sprietsma et al. 2025), obtained
using DISCMINER (A. F. Izquierdo et al. 2021) and
disksurf (R. Teague et al. 2021). Although our model
and that of K. Flaherty et al. (2020) are based on different
transitions, we found a negligible difference between the τ = 1
surfaces of the J = 3–2 and J = 2–1 lines in our model. While
the underlying CO number density in both models is of the
same order of magnitude, the spatial distributions vary, due to
differences in modeling assumptions and constraints and the
higher spatial and spectral resolution of our exoALMA
observations.
The comparison reveals an interesting trend. In the inner

disk (R ∼ 250–300 au), all four measurements—K. Flaherty
et al. (2020) in J = 2–1, our J = 3–2 model, and the exoALMA
emission heights—are closely aligned, suggesting that the
vertical structure is able to be well constrained by a variety of
modeling approaches in this region. Beyond ∼300 au,
differences become apparent: our 3–2 model and the DIS-
CMINER surfaces reach higher altitudes of 150–200 au, while
the disksurf height remains lower, similar to that found
by K. Flaherty et al. (2020). This suggests that differences in
modeling approach and sensitivity to the diffuse outer disk gas
likely drive the elevated surfaces in our model and the
DISCMINER emission surface.
To examine the underlying thermal structure, Figure 4

compares the temperature distribution of our model (right)

Figure 3. CO number density in DM Tau. The cyan and magenta dashed lines show the exoALMA-derived emission heights from M. Galloway-Sprietsma et al.
(2025) using DISCMINER and disksurf. Left: J = 2–1 model from K. Flaherty et al. (2020). Right: Our J = 3–2 model.
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with those from K. Flaherty et al. (2020) and the exoALMA
analysis of M. Galloway-Sprietsma et al. (2025), shown in the
left and middle panels, respectively. The white dashed
contours mark our 20 K freezeout boundary, while the solid
black contours and dashed colored curves show the corresp-
onding emission regions for each analysis. Despite differences
in the detailed thermal prescriptions, all models show some
regions of temperatures of ∼20–30 K within the CO-emitting
layer. The emission is dominated by regions where CO
remains in the gas phase, above the freezeout threshold of
∼20 K, typically within R ∼ 200–300 au. As a result, the local
thermal conditions in the emitting layer set the observed CO
emission, making it relatively insensitive to the details of the
global temperature parameterization.

3.3. CS Fitting

We verify the robustness of the CO-derived disk structure by
using it as a base model for the CS J = 7–6 emission. The best-fit
model (parameters listed in Table 1) reproduces both the channel
maps (Figure 5) and the integrated line profile (Figure 2, right),
with residuals at the noise level. The integrated line profile for CS
is significantly noisier than that of CO, due to its lower abundance
and weaker emission, which reduces the signal-to-noise ratio.
Similar to our CO comparison, we also plot the spectrum of the
best-fitting model with no turbulent contribution (Figure 2, right
panel) and once again see that a significant level of nonthermal
broadening in the model is required to reproduce the peak
emission in the data. We also observe a consistent overprediction
of emission near the disk center in all channels (Figure 5),
producing a central residual. This likely results from the
continuum emission not being modeled accurately—an effect that
is negligible for CO but becomes more significant for the weaker
CS emission—rather than a fundamental issue with the underlying
CO-based disk model. Therefore, we only trust the model at radii
larger than the extent of the continuum emission (R ≳ 119 au).
The inferred CS abundance of ( )Xlog 9.410 CS corre-

sponds to a CS/CO abundance ratio of order 10−5. The
freezeout fraction for CS is fremain ∼ 0.997, indicating that
essentially all CS remains in the gas phase, with freezeout
playing a negligible role. In contrast, CO is almost
entirely frozen onto grains at temperatures below 20 K
( fremain ∼ 0.002). The CS emission can therefore be

reproduced without invoking significant depletion onto grains,
and without altering the underlying disk structure derived from
CO. This again confirms that the CO-based model provides a
reliable framework for interpreting multiple molecular tracers,
with chemical differences arising primarily from abundance
variations rather than structural uncertainties.
We can also compare our resulting CS model with that

of S. Guilloteau et al. (2012), who fit the CS J = 3–2 transition
using a similar density parameterization but a radially decreasing
CS abundance (4.2 × 10−10 × (r/300 au)−0.39) and a column
density threshold that removes CS from the midplane. Figure 6
shows the comparison of the resulting column densities.
Because S. Guilloteau et al. (2012) adopted a decreasing
abundance profile, our constant abundance of XCS = 10−9.4

yields number densities that are on average similar across the
disk, though slightly lower in the inner regions and somewhat
higher in the outer disk. To reproduce the observed J = 7–6
emission, our model allows CS to remain in the gas phase
throughout the disk, effectively turning off freezeout. This
behavior is consistent with the findings of S. Guilloteau et al.
(2012), who showed that CS can exist at temperatures well below
its evaporation temperature (∼30K). In their study, the vertical
extent of the molecular-rich layer was primarily regulated by UV
penetration, photodesorption, and photodissociation rather than
temperature, with thermal desorption becoming significant only
above ∼30K.
Overall, these results show that the CS J = 7–6 emission

can be reproduced within the CO-derived disk framework,
with differences from the S. Guilloteau et al. (2012) J = 3–2
model primarily driven by our lower, constant abundance and
the absence of a tunable column density threshold when
reproducing photodesorption effects. The persistence of CS
down to the midplane indicates that it is not in thermochemical
equilibrium, emphasizing the role of chemical processes and
UV-driven effects in shaping its vertical distribution, which we
will discuss more in Section 4.3.

4. Discussion

4.1. Turbulence in the DM Tau Disk

Our modeling of the 12CO J = 3–2 emission in DM Tau
constrains the nonthermal contribution to the line width to

= +f c0.403 sturb 0.012
0.008 , corresponding to an average nonthermal
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broadening of ∼180 m s−1 in the CO-emitting layers. This
level of turbulence is significantly higher than previous
estimates from the CO J = 2–1 transition (K. Flaherty et al.
2020, 0.25cs–0.33cs) and inconsistent with a completely
laminar disk.
In our model, the nonthermal broadening is parameterized

as a fixed fraction of the local sound speed, implying a
spatially constant Mach number throughout the emitting
region. This approach follows other recent analyses (e.g.,
K. Flaherty et al. 2020) and provides a convenient way to
compare systems, though it likely oversimplifies the true
structure of turbulence in disks. Studies that adopt radially
varying or nonparametric prescriptions (S. Guilloteau et al.
2012; R. Teague et al. 2016) and numerical
simulations (J. B. Simon et al. 2015; M. Barraza-Alfaro
et al. 2025) suggest that turbulence generally increases with
height above the midplane as instabilities such as the VSI or
MRI become more effective. Consequently, our single-
parameter description should be viewed as an average measure
of the turbulent amplitude within the CO-emitting layers rather
than a detailed vertical profile.

The elevated turbulence inferred here may also reflect
additional physical and observational effects. Higher-J CO
transitions probe warmer, more elevated layers of the disk,
which are naturally more dynamic and therefore more
susceptible to the kinds of motions driven by the instabilities
discussed above. As mentioned in Section 3.2, we do not see a
notable difference between the J = 3–2 and 2–1 emission
surfaces for our models, but compared to the K. Flaherty et al.
(2020) model (left panel of Figure 3), our surface in the outer
disk is higher, which could be leading to our higher inferred
value of fturb. If the disk were fully turbulent, we would expect
to observe large-scale deviations from Keplerian rotation at the
exoALMA spectral resolution as demonstrated byM. Barraz-
a-Alfaro et al. (2025), but our data do not show such global
motions. Instead, localized small-scale motions, potentially
induced by embedded planets or local instabilities, may
contribute to the line broadening: C. Pinte et al. (2025)
identified a potential velocity kink and filamentary structures
between the upper and lower disk surfaces in DM Tau that
result in subtle deviations from pure Keplerian rotation, the
same as those we can identify in our residuals (see Section 4.2.

Figure 5. Channel maps of DM Tau in CS J = 7–6 emission at 0.15 resolution. The top row shows the observed data, the middle row the equivalent channels for our
best-fit model, and the bottom row the residuals from subtracting this model from the data. The residual color bar represents ±3σ flux of the data.

Figure 6. CS number density in DM Tau. Left: CS J = 3–2 model from S. Guilloteau et al. (2012), which uses a radially decreasing abundance and a hydrogen
column density depletion threshold of 1021.7 cm−2 (white curve). Right: our CS J = 7–6 model, adopting a constant abundance ( ) –=Xlog10 9.4CS and a freezeout
threshold of 30 K.
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While our high-resolution exoALMA data of DM Tau do not
show large-scale non-Keplerian arcs such as those seen around
CQ Tau, HD 135344B, J1604, and MWC 758, these localized
kinematic features in DM Tau could account for part of the
measured nonthermal line width. Taken together, the inferred
nonthermal broadening and the absence of global kinematic
deviations imply that the observed line widths could reflect
localized or small-scale motions, though distinguishing these
from genuinely turbulent processes remains challenging.
An important consideration when comparing our gas

temperature and turbulence measurements to other studies is
the potential effect of amplitude calibration uncertainties.
Previous analyses, which derived gas temperatures directly
from the observed CO line intensities, such as K. Flaherty et al.
(2020), are susceptible to systematic errors when the flux scale
is translated directly into temperature uncertainties. This in
turn affects the inferred thermal and nonthermal broadening.
Our radiative transfer approach is fundamentally different, and
while we do not fit explicitly for temperature, flux calibration
errors could in principle affect our inferred disk properties.
We performed parameter studies and found that the

parameters that dominate the observed line emission in our
models are the stellar radius (which sets the luminosity and
therefore the temperature structure), the external radiation field
(which provides additional heating in the upper disk layers),
and the CO abundance (which converts the temperature and
density structure into observable emission). We fit all of these
parameters simultaneously, and our posterior distributions
(Figure 9 in the Appendix) show that they are well constrained
without significant degeneracies with each other or with the
turbulent broadening, indicating that systematic flux calibra-
tion errors are not being absorbed into biases in individual
parameters. The variance inflation parameter qln further
mitigates the impact of systematic flux scale mismatches.
Crucially, our turbulence measurement is constrained

primarily by the local line widths rather than the absolute flux
level. Since flux calibration errors do not translate directly to
temperature uncertainties in our model unlike parametric fits to
the data, our turbulence measurement is therefore relatively
insensitive to systematic uncertainties in the flux calibration.
We therefore expect our turbulence constraints to be robust
against amplitude calibration uncertainties at the ∼10%–15%
level typical of ALMA observations.

4.2. Substructure in the DM Tau Disk

As mentioned in Section 2.2, we have assumed a smooth
disk for DM Tau, as including substructure in the model would
drastically widen the parameter space. However, the disk
around DM Tau was referred to as a “proto-asteroid belt”
by T. Kudo et al. (2018), with ALMA observations of the dust
continuum emission revealing that the disk is composed of
multiple dust rings and an inner disk (J. Hashimoto et al. 2021;
P. Curone et al. 2025). These substructures could reflect the
kinematics of the gas in the outer disk, although our modeling
does not attempt to capture such effects.
As a result of our smooth model assumption, residual

moment maps of the 12CO emission reveal subtle deviations
that may provide clues as to the localized dynamical processes
in DM Tau. Figures 7 and 8 show examples of these residuals
in the peak intensity and velocity maps, respectively, where
the model over- or underpredicts the emission or the local line-
of-sight velocity in the inner disk. While the origin of the
substructures is unclear in these residual maps, the spiral-like
morphology may be caused by embedded planets. An outer
feature at ∼600 au (4.2, the dark-blue ring) appears in both
moments; its morphology is more consistent with the
separation between the front and back CO-emitting surfaces,
rather than a true overdensity. Across the disk, the amplitude
of these CO residuals reaches 10%–20% of the peak intensity,
which demonstrates that even minor deviations from a smooth
structure are detectable.
The strength of our approach is in the use of full radiative

transfer modeling, which constrains the disk’s vertical and
thermal structure. While other studies of the exoALMA
disks (e.g., M. Barraza-Alfaro et al. 2025; M. Galloway-Spri-
etsma et al. 2025; A. F. Izquierdo et al. 2025) adopt smooth
parametric models as their baseline, our radiative transfer
framework provides a physically consistent treatment of
temperature, density, and emission. This provides us with a
more realistic baseline for identifying residuals from our
smooth models and allows subtle dynamical or chemical
substructures associated with ongoing planet formation to be
identified with greater confidence.

4.3. What Is Causing the CS Emission?

We find that significant CS emission arises from regions of
the disk below 30 K, where CS would normally be expected to
freeze onto dust grains. In our model, photodesorption is
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Figure 7. 12CO peak intensity maps. Left: observed data. Middle: best-fit model. Right: residual map (data minus model), highlighting regions where the model over-
or underpredicts the emission.
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included but is not strong enough to reproduce the observed
J = 7–6 emission on its own. Instead, the emission requires
that CS remain largely in the gas phase throughout the disk,
implying that freezeout is strongly suppressed or that
additional nonequilibrium processes act to replenish gas-phase
CS in cold regions.
Physically, the fremain parameter may represent the cumulative

effect of processes that prevent complete CS depletion in the disk
midplane. These could include cosmic-ray or chemical desorption
and vertical mixing that transports CS-rich gas from warmer
layers. Other mechanisms could also contribute to the formation of
CS at low temperatures. For example, shocks caused by planet
wakes can destroy CO, liberating atomic carbon, which then reacts
with available sulfur to form CS (C. J. Law et al. 2025). A similar
process occurs in AGB winds, where CS forms after C is liberated
from CO through shocks (I. Cherchneff 2006; T. Danilovich et al.
2019), especially when there is little free C available otherwise.
Comparing our distribution to theoretical chemical

models, C. Walsh et al. (2010) found that including photo-
desorption increases CS abundances to values comparable to
those in our model (i.e., ( )Xlog 10 9CS ). However, in their
model the abundance varies with radius and height, tapering
off toward the midplane, while our model assumes a constant
abundance and negligible freezeout. This difference may
indicate that our simplified prescription effectively compen-
sates for missing nonthermal desorption or mixing processes
that maintain CS in the gas phase. A more realistic treatment
would likely allow the degree of depletion to vary with both
radius and height, since the stellar parameters adopted
by C. Walsh et al. (2010) are similar to those used here for
DM Tau.
To observationally constrain the dominant mechanisms

responsible for sustaining CS, it will be important to study CS
emission across a larger sample of disks spanning a range of
stellar and disk conditions, including systems with evidence
for planetary companions, to determine how the CS distribu-
tion varies with disk structure, irradiation environment, and
planet–disk interactions.

5. Conclusions

Leveraging the high-resolution 12CO J = 3–2 and CS
J = 7–6 data of the DM Tau disk from the exoALMA survey,
we perform full radiative transfer modeling with MCFOST to
constrain the disk structure and nonthermal line broadening.
We find the following:

1. Our best-fit CO model reproduces both the channel maps
and the integrated line profile, yielding a measured
nonthermal broadening of fturb = 0.4cs, slightly higher
than previously reported.

2. We find that the CS number density in the midplane is
very similar to previous models, but due to our model
parameterization (using a constant CS abundance and
allowing freezeout to be suppressed), it produces
emission that extends more uniformly and deeper into
the disk. Future work could incorporate a more
physically motivated treatment of freezeout and deso-
rption to better capture the underlying chemistry.

3. Residual maps of 12CO (Figure 7) reveal subtle
deviations from our smooth disk model, indicating the
presence of weak substructures that may trace dynamical
perturbations or variations in local chemistry within the
DM Tau disk.

By combining high-resolution data from surveys like
exoALMA with detailed radiative transfer modeling, it is
now possible to better characterize disk turbulence, vertical
structure, molecular distributions, and low-level substructures
across multiple sources. Applying this approach to other disks
would help to reveal trends in disk physics and chemistry and
place individual systems such as DM Tau in the broader
context of protoplanetary disk evolution and planet formation.
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2020), SciPy (P. Virtanen et al. 2020) and Astropy (Astropy
Collaboration et al. 2013, 2018, 2022).

Appendix
Posterior Results

Here we present some additional plots showing details of
the MCMC fits. Figure 9 shows our 1D and 2D posteriors, and
Figure 10 shows the walker progression plots for our fit to the
CO emission. See Section 3.1 for discussion of these results.
Figure 11 shows our 1D and 2D posteriors, and Figure 12

shows the walker progression plots for our fit to the CS
emission. See Section 3.3 for discussion of these results.
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Figure 9. Marginalized 1D and 2D posterior distributions of the CO emission fit. Vertical lines in the 1D distributions mark the 10th, 50th, and 90th percentiles.
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