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ABSTRACT

Context. To understand how planets form in protoplanetary disks, it is necessary to characterize their gas and dust distribution and
masses. This requires a combination of high-resolution dust continuum and molecular line interferometric observations, coupled with
advanced theoretical models of protoplanetary disk physics, chemical composition, and radiative transfer.
Aims. We aim to constrain the gas density and temperature distributions as well as gas masses in several T Tauri protoplanetary disks
located in Taurus. We use the 12CO, 13CO, and C18O (2–1) isotopologue emission observed at 0.9′′ with the IRAM NOrthern Extended
Millimeter Array (NOEMA) as part of the MPG-IRAM Observatory Program PRODIGE (PROtostars and DIsks: Global Evolution
PIs: P. Caselli & Th. Henning). Our sample consists of Class II disks with no evidence of strong radial substructures. We use these
data to constrain the thermal and chemical structure of these disks through theoretical models for gas emission.
Methods. To fit the combined optically thick and thin CO line data in Fourier space, we developed the DiskCheF code, which includes
the parameterized disk physical structure, machine-learning (ML) accelerated chemistry, and the RADMC-3D line radiative transfer
module. A key novelty of DiskCheF is the fast and feasible ML-based chemistry trained on the extended grid of the disk physical-
chemical models precomputed with the ANDES2 code. This ML approach allows complex chemical kinetics models to be included in
a time-consuming disk fitting without the need to run a chemical code.
Results. We present a novel approach to incorporate chemistry into disk modeling without the need to explicitly calculate a chemical
network every time. Using this new disk modeling tool, we successfully fit the 12CO, 13CO, and C18O (2–1) data from the CI, CY, DL,
DM, DN, and IQ Tau disks. The combination of optically thin and optically thick CO lines allows us to simultaneously constrain the
disk temperature and mass distribution, and derive the CO-based gas masses. The best-fit disk gas masses range between 0.005 and
0.04 M⊙. These values are in reasonable agreement with the disk dust masses rescaled by a factor of 100 as well as with other indirect
gas measurements via, for example, modeling of the wavelength dependence of the dust continuum emission radii, and HD and CO
isotopologue emission.

Key words. protoplanetary disks – circumstellar matter – stars: variables: T Tauri, Herbig Ae/Be – radio lines: planetary systems –
submillimeter: planetary systems

1. Introduction
The total gas mass and gas density and temperature distribu-
tions are the fundamental parameters with which to understand
the evolution of protoplanetary disks and the planet forma-
tion process (e.g., Mordasini et al. 2012). Probing the disk gas
structure is a challenging task, as most of the mass is carried
by H2 molecules, which do not emit under the physical condi-
tions of the outer disk regions probed by the far-infrared and
⋆ NSF Astronomy and Astrophysics Postdoctoral Fellow.

radio observations. Therefore, the gas disk thermal and density
distributions are studied through the emission of other, much
less abundant molecules, in combination with theoretical mod-
els. The most common gas tracer is the CO molecule, as it is
relatively abundant and emits at cold temperatures (∼10–50 K),
typical of the gas in the outer disk regions (e.g., Aikawa et al.
2002; Williams & Best 2014; Zhang et al. 2021). A variety of
the CO isotopologues with abundances that can differ by factors
of ≳70–150 000, and, consequently, with emission lines of very
different optical depths, enable one to trace the disk gas through
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a broad range of vertical heights in the molecular layer. CO
molecules are the key carriers of the elemental carbon and oxy-
gen, have low freeze-out temperatures, and are crucial to the
chemical processes of gas-phase carbon and oxygen in the outer
disk leading to the formation of more complex organic molecules
(Walsh et al. 2014; Favre et al. 2018; Lee et al. 2019).

CO is a chemically stable molecule with a simple and well-
known chemistry. The CO rotational transitions come from the
so-called disk molecular layer, which extends above the disk cold
midplane where it is removed from the gas phase by freeze-out,
until the photodissociation region where CO is destroyed by the
external or stellar radiation field (Aikawa et al. 2002; Dartois
et al. 2003; Molyarova et al. 2017). Consequently, the tempera-
ture of the CO-emitting gas in disks should be higher than about
20 K; otherwise, CO molecules would be removed from the gas
phase by freeze-out (Harsono et al. 2015; Schwarz et al. 2016;
Pinte et al. 2018).

However, some recent observational studies have questioned
the reliability of CO as a gas tracer in disks due to stronger CO
depletion being predicted by contemporary models, leading to a
much lower CO/H2 ratio than the canonical interstellar medium
(ISM) value of ∼10−4 (e.g., Aikawa et al. 1997; Favre et al. 2013;
Miotello et al. 2018; Schwarz et al. 2021). Recent surveys in the
Chamaeleon and Lupus star formation regions found that weak
CO emission could be common in protoplanetary disks (Ansdell
et al. 2016; Long et al. 2017; Miotello et al. 2017). These studies
indicate that the CO abundance can be lower by up to two orders
of magnitude than the ISM value of ∼10−4.

There are several processes that can affect the CO abundance
in the gas phase, making the conversion from CO abundance
to H2 abundance uncertain. First, CO molecules can be frozen
out in the cold disk midplane, or photodissociated in the upper
disk layers by the far-ultraviolet (FUV) photons from the cen-
tral star or by external FUV radiation (Miotello et al. 2016).
Second, chemical processes can alter the CO abundance, for
example by transforming it into other molecules such as CO2
and complex organics (e.g., Bruderer et al. 2012; Bruderer 2013;
Schwarz et al. 2018). The photodissociation or freeze-out results
in overall lower C/H and O/H abundances in the gas, which are
important parameters for disk chemistry and which can hence
affect the abundances of other molecular disk tracers. Constrain-
ing the total CO depletion factor from the line observations is
a challenging task, as it requires a good understanding of the
underlying chemistry as well as dust and gas dynamics and prop-
erties (Krijt et al. 2018, 2020), but also optical depth effects and
line excitation conditions, since even rare CO isotopologues can
be optically thick in the dense inner disk within the CO snowline
region.

Isotopologue-selective processes need to also be consid-
ered, such as self-shielding against photodissociation or low-
temperature 12C/13C-fractionation (e.g., Woods & Willacy 2009;
Visser et al. 2009). Disk gas mass estimates based on the CO
isotopologue lines could be underestimated by up to two orders
of magnitude if these processes are not fully taken into account
(Miotello et al. 2023). These processes are accounted for in
many contemporary physical-chemical models, but not all (e.g.,
Miotello et al. 2014, 2016; Ruaud et al. 2022). Other recent
studies compared Class I and Class II disks and found that the
CO gas-phase abundances decrease rapidly in older disks (e.g.,
Zhang et al. 2020). Thus, to use the CO emission as a reliable
proxy of the disk gas masses, we need to employ more feasi-
ble disk physical-chemical models, as well as parameter space
sampling algorithms.

Table 1. Stellar and disk properties, adapted from Semenov et al.
(2024), where further details on the sources can be found.

Source Dist. M⋆ Teff log L⋆/L⊙ PA Incl. Rout

(pc) (M⊙) (K) (deg) (deg) (au)

CI Tau 159 1.0 4277 –0.09 282 47.3 518
CY Tau 129 0.5 3560 –0.61 64.5 27.1 251
DL Tau 159 1.1 4277 –0.19 320.3 42 621
DM Tau 145 0.5 3720 –0.82 65.9 –34.8 781
DN Tau 128 0.7 3806 –0.16 171.3 35.1 287
IQ Tau 131 0.6 3690 –0.67 311.6 60.6 212

In this paper, we model the millimeter emission of the
optically thick and thin CO (2–1) isotopologue lines observed
in several Class II T Tauri disks in the Taurus star forma-
tion region as part of the MPG-IRAM large guaranteed time
project PRODIGE (PROtostars to DIsks: Global Evolution; PIs:
P. Caselli & Th. Henning); see Sect. 2. Previous works using
the PRODIGE data are the studies of the Class 0/I protostars
and streamers in the Perseus region (Hsieh et al. 2023; Valdivia-
Mena et al. 2022). An overview of the CO observations for all
targeted Class II sources and the first analysis and modeling of
these data are presented in Semenov et al. (2024). To fit the CO
NOEMA data, we developed a novel disk fitting tool, DiskCheF1

(Disk Chemical Fitter), which uses a parametric disk physical
model, ML-accelerated gas-grain chemistry, and line radiative
transfer based on the RADMC-3D code (Sect. 3). Applying
DiskCheF to our CO data, we infer the best-fit disk physi-
cal structures and the corresponding gaseous masses (Sect. 4).
We discuss the results and limitations of our DiskCheF fitting
and compare it with previous similar studies of disk masses in
Sect. 5.

Recently, an ALMA study of molecular line emission in five
protoplanetary disks was carried out by the MAPS collaboration
((PI: K. Oeberg, Öberg et al. 2021, see the following papers),
with a different science goal than the one presented in this
work. While the five MAPS sources comprise both T Tauri and
Herbig Ae stars from different star-forming regions, the disks in
the PRODIGE survey are all T Tauri systems and located in the
same Taurus star-forming region.

2. Observations

We chose to perform the CO line fitting on six of the eight
Class II disks observed in our sample; namely, CI, CY, DL, DM,
DN, and IQ Tau (see Table 1). The selected systems are iso-
lated T Tauri stars (M⋆ < 1 M⊙) with ages between 1 and 4 Myr
(see Semenov et al. 2024 and references within), surrounded by
extended disks (RCO ≳ 200 au) without strong substructures vis-
ible in the ALMA continuum observations (Long et al. 2018,
2019). The two systems removed from the modeling are DG Tau
and UZ Tau E. The DG Tau system is young and still embedded
in an extended envelope with a jet and an outflow, and would
require more dedicated efforts and a detailed disk-envelope-
outflow model to reproduce complex CO data. The UZ Tau E
system is excluded because it is a part of a binary system,
and shows a large-scale gaseous arc-like structure connecting
the two circumstellar disks, likely caused by their gravitational
interactions.

In this work, we focus on the CO, 13CO, and C18O
J = 2–1 emission lines detected in the framework of the
1 https://gitlab.com/SmirnGreg/diskchef/
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PRODIGE program. The spectral setup, observing details, data
reduction, self-calibration, and imaging are described in the
Class II PRODIGE paper by Semenov et al. (2024). Briefly,
NOEMA/PolyFiX observations with ten antennas in C configu-
ration (0.9′′ angular resolution) were taken in Band 3 at 1.3 mm
in 2020, using 62.5 kHz spectral chunks to spectrally resolve
specific emission lines. We targeted the lines of 12CO, 13CO,
C18O, para-H2CO, DCO+, DCN, DNC, 13CN, cyclic C3H2, C2D,
HC3N, N2D+, and other rare species. Each source was observed
independently (no track-sharing), using one to three tracks. The
average on-source integration time was 5.5 h per disk, and the
resulting 1σ rms noise is 3.7–9.2 mJy at 0.3 km s−1 resolution.

A preliminary analysis of the combined CO (2–1) data in
Semenov et al. (2024) shows that a foreground cloud partially
obscures the optically thick 12CO (2–1) emission in the 4.5–
6 km −1 velocity range in the five disks, except for DM Tau,
DN Tau, and IQ Tau. The 12CO (2–1) peak brightness temper-
atures range between 6.5 and 16.0 K, while for more optically
thin 13CO (2–1) and C18O (2–1) these peak brightness tempera-
tures are 1.2–7.5 K and 0.2–1.8 K, respectively. The moderate
spatial resolution of our NOEMA observations (100–150 au)
leads to smooth CO radial intensity profiles as reconstructed by
the Kepler deprojection and azimuthal averaging, with no evi-
dence of substructures. The apparent inner emission “holes” in
the CO intensities at r ≲ 100–150 au are due to beam dilution. In
Fig. 1, we show the moment zero emission maps of our selected
sources.

Since our disks have many similar properties (e.g., low stellar
luminosities, ages, etc.) and have been observed and imaged in
the same way, our goal is to present a general model that can be
homogeneously applied to the fitting of the selected disks in our
sample. This homogenous modeling approach should allow us
to better understand the similarities and differences within this
class of disks, and how the differences in their structures affect
their chemical composition. In Table 1 we present an overview
of the stellar and disk properties as adopted from Semenov et al.
(2024).

3. Disk model

To model the disk structure and chemistry, we developed
the DiskCheF framework, of which this work is the first
application (Smirnov-Pinchukov et al. 2022). This tool was
developed to simulate molecular line data using a modular
disk physical-chemical framework and can be applied either
to fit disk interferometric data or as a standalone disk forward
modeling tool. The code philosophy is to establish a series of
customizable building blocks so that each code block can be
modified without affecting the functionality of the other code
structures. A resulting disk model can be built by choosing any
combination of the individual disk’s physical, chemical, and
radiative transfer models. The preset models can be easily sub-
classed to add custom functionalities when needed. The *Base
objects described below are templates showing the information
needed by each step of a DiskCheF modeling (namely, the disk
physical model, chemical model, radiative transfer model, and
fitter). These objects cannot be directly used to create a disk
model, so the user has to either use them as a template for the
desired theoretical disk model or choose the corresponding
default models already implemented in DiskCheF.

The starting point of DiskCheF is to create a disk
physical model (physics.PhysicsBase), with information

about the gas and dust density and temperature distributions.
This model is then used as input for the chemistry model,
(chemistry.ChemistryBase), which computes the abundance
of the chemical species using the disk physical structure pro-
vided by the previous disk physics module. DiskCheF also
uses the radiative transfer modeling tool maps.RadMCBase to
produce channel and moment maps (maps.RadMCRT) and dust
continuum emission maps (maps.RadMCRTImage), and to calcu-
late the disk temperature (maps.RadMCTherm). The workflow of
the DiskCheF modeling is shown in Fig. 2. In the next sections,
we describe in more detail the individual models implemented
within the DiskCheF framework to fit the CO data.

3.1. Disk physical model

To model the disk’s physical and thermal structure, we adopted
the Lynden-Bell & Pringle (1974) prescription. This model is
implemented in the physics.WB100auWithSmoothInnerGap
module. In this model, the radial surface density distribution of
the gas is given by the Lynden-Bell & Pringle self-similar profile
with a smooth inner gap:

Σ(r) = Σ0

(
r
rc

)−γ
exp

− (
r
rc

)2−γ exp

− (
r

rin

)γ−2 , (1)

with

Σ0 = (2 − γ)
Mdisk

2π r2
c

exp
(

rin

rc

)2−γ

, (2)

where γ is the tapering factor, rc the tapering radius, rin the
inner disk radius, and Mdisk the total disk mass. The vertical pro-
file is given by integrating the vertical hydrostatic equilibrium
equation:

∂ ln ρ
∂z
= −

 G Mstar z(
r2 + z2)3/2

 (µmH

kT

)
+
∂ ln T
∂z

 . (3)

The midplane and atmosphere temperature of a disk is given
by the radial power law distribution:

Tmid/atm = Tmid/atm, 100

( r
100 au

)−qmid/atm

, (4)

with Tmid/atm, 100 being the temperature at a radius of 100 au and
qmid/atm the exponent of the distribution. The value of the tem-
perature exponent has been measured from the CO data for disks
in the Taurus region, and it is usually assumed that a slope of
0.55 for both the midplane and atmosphere temperature profile
provides a good representation of the outer disk temperature dis-
tribution (Williams & Best 2014). The transition between the
atmosphere and midplane temperature is parameterized with a
sine function

TWB(r, z) =

Tmid + (Tatm − Tmid)
[
sin

(
π z
2 zq

)]2δ
if z < zq,

Tatm if z ≥ zq

(5)

where δ describes the steepness of the profile and zq is the
height over the disk atmosphere where the disk reaches the
atmospheric temperature. Williams & Best (2014) explored the
impact of these parameters and found that these parameters do
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Fig. 1. Moment zero maps of the CO, 13CO and C18O (2–1) emission for the disks chosen for the DiskCheF fitting.

not significantly affect the line luminosity. In the literature it
is usually assumed that δ = 2 and zq = 4 Hp, where Hp is the
pressure scale height:

Hp =

√
κ Tmid r3

G Mstar µmH
, (6)

where κ is the Boltzmann constant, G the gravitational constant,
µ = 2.3 the mean molecular weight of the gas, and mH the mass
of atomic hydrogen. Moreover, the typical interstellar radiation
field in star-forming regions prevents the disk from reaching
unrealistically low temperatures. Following the prescription in
Tazzari et al. (2021), we set a threshold of Tfloor = 7 K, and we
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Fig. 2. Outline of the steps in a
DiskCheF model. For each step,
we indicate which template can be
used to create a new custom model.

used an effective temperature of

T 4 = T 4
WB + T 4

floor. (7)

3.2. Chemical model

The main goal of DiskCheF is to fit disk models to the multi-line
and/or multi-species interferometric data. When the data are gas
emission lines, we need a chemical model that is fast enough yet
feasible enough to be part of a fitting routine. A typical simpli-
fied network for the chemical evolution of a protoplanetary disk
runs for a few seconds on a single CPU. However, we discussed
in Sect. 1 that we have to account for all of the processes affect-
ing CO abundances, such as self-shielding or photodissociation.
The neglect of these processes can underestimate the disk mass
by one or two orders of magnitude. Therefore, to fit the CO line
emission, we need a more robust chemical network. The compu-
tational time for such networks ranges from tens of minutes to
days per disk model. Since our fitting routine computes on the
order of 105 disk models to converge to a best-fit model, it adds
up to unfeasible computational times.

One solution is to apply machine learning techniques to
the results of time-dependent chemical kinetics models. These
techniques find the correlation between the input and the out-
put of the networks and the smallest set of disk parameters
needed to predict chemical abundances without running the net-
work for each disk model.Our chemical predictions are based
on the results of the ANDES astrochemical model of a 2D
azimuthally symmetric disk (Semenov & Wiebe 2011), apply-
ing the ALCHEMIC chemical code (Semenov et al. 2010).
This analysis was performed using the Python machine learn-
ing library Scikit-learn (Pedregosa et al. 2011). We employed
the KNeighborsRegressor estimator, which identifies the k
nearest data points in the input feature space and performs the
interpolation of the output feature values among them. The full
derivation of the correlation between the disk physical param-
eters and the ANDES CO abundances, as well as the input
parameters of the regressor, are described in detail in Smirnov-
Pinchukov et al. (2022). Isotopologue selective processes are not
included in the chemical network; therefore, we inferred the iso-
topologue abundances using the standard ISM abundance ratios,
CO/13CO=69 and C18O=557 (Wilson 1999).

The full gas-grain chemical network includes about 650
species and 7 000 reactions, including gas-phase and surface
two-body reactions, adsorption and desorption, photoreactions
and ionization/dissociation by X-ray, cosmic rays, short-lived
radioactive nuclides, and reactive desorption. Following Eistrup
et al. (2016), we adopted an icy molecular initial composi-
tion based on the abundance of ice in prestellar cores (Öberg
et al. 2011). We ran the time-dependent chemical evolution till
the age of 1 Myr. The disk physical structure was set through
a stellar mass, M⋆, a disk mass, Mdisk, and a disk tapering
radius, rc. These parameters define the distribution of densities,
temperatures, and the high-energy radiation field. The stellar

mass also governs the stellar temperature and luminosity, which
were calculated for the age of 1 Myr using the evolutionary
model by Yorke & Bodenheimer (2008). The ionizing radiation
field was computed using the Bruderer et al. (2009) X-ray pre-
scription and the Padovani et al. (2018) cosmic ray prescription.
The midplane temperature was computed by integrating stellar
and accretion luminosities using a parametric approach, while
the atmospheric temperature was computed by solving the verti-
cal UV radiation transfer equation. These two temperatures were
then connected using Eq. (5), as in Williams & Best (2014). Iter-
ative calculations of density and temperature distributions were
then conducted to achieve a self-consistent solution, as has been
outlined by Molyarova et al. (2017).

We created a population of synthetic disks with different M⋆,
Mdisk, rc, and stellar X-ray luminosity, LX , to cover a wide range
of physical conditions typical for protoplanetary disks. Relying
on the observational constraints on disk structure, these parame-
ters were varied: M⋆ = [0.3, 2.5] M⊙, Mdisk = [10−3, 10−1]×M⋆,
rc = [20, 100] au, and LX = [1029, 1031] erg s−1. These param-
eters were used to compute 540 synthetic disk models, where
each model is composed of 4000 physical cells. This amounts to
2 160 000 data points, which took about one year of single CPU
run time.

The performance of the machine learning chemical pre-
dictions is shown in Fig. 3 for the gas phase CO abundance,
adapted from Smirnov-Pinchukov et al. (2022). The fitting pro-
cedure successfully reproduces the chemical model predictions,
demonstrating minimal systematic errors in panel b and scatter
in panel c. A noticeable increase in scatter is observed within
a specific region of the parameter space, corresponding to the
radiation-sensitive transition zone between the atmosphere and
the other disk regions in the low-density area. This region consti-
tutes only a marginal portion of the total CO inventory, and our
conclusions remain unaffected by the scatter in CO abundance
predictions within this particular disk region.

The main result of the machine learning analysis of this
precomputed disk physical-chemical grid is that the disk CO
abundances are mainly determined by the local density and tem-
perature of the gas. Further parameters, such as the ionizing and
UV radiation, increase the quality of the predictions but are a
minor correction to the abundances predicted by the gas den-
sity and temperature alone. While the impinging FUV radiation
does play a role in the chemical evolution, we found that the
effect of the local UV field is correlated with the effect of the gas
density and temperature. For instance, UV radiation is stronger
in the atmosphere, where the gas density is lower and its tem-
perature higher; hence, the CO abundance in this UV-irradiated
region can be correctly predicted using the local low gas density
and high temperature. In the DiskCheF framework, we used the
same prescription for the X-ray and cosmic ray radiation part of
the physics.PhysicsBase object and the CO abundances were
predicted from the gas density, gas temperature, and ionizing
radiation by the chemistry.SciKitChemistry object.
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Fig. 3. Performance of ML-accelerated chemistry predictions for CO, adapted from Smirnov-Pinchukov et al. (2022). (a) Mean log10 predicted
relative abundance as a function of local temperature, gas density, and ionization rate. Darker areas correspond to larger relative (to H atoms)
abundances. (b) Median of the difference between the predicted values and test set data (bias, dex), in dex, as a function of temperature and density.
Gray areas correspond to an unbiased fit. (c) Standard deviation between the predicted values and test set data, in dex (std, dex). (d) Relative density
(histogram) of CO within the data points with contours, also shown in the other panels. Various regions of the protoplanetary disk are described in
panel a.

3.3. Fitting the interferometric line data

Once we had a physical and chemical disk model, we used
RADMC3D to calculate the line radiative transfer of the
observed CO isotopologue lines and produce channel maps of
these lines with the same spatial and spectral resolution as in the
PRODIGE data. However, an interferometer like NOEMA does
not produce an image of the source emission, but measures its
visibilities, the complex values of its Fourier transform. There
are two ways to compare the model channel maps to the data,
either by working in the image plane by converting the observed
visibilities to an image or by computing the synthetic visibil-
ities of the model by knowing the antenna configuration of the
interferometer. While more intuitive, working on the image plane
requires several assumptions about the source, and there is no
unique way to derive an image from visibility data. This effect is
more severe with less sampling of the source visibilities. While
NOEMA has a great spectral resolution ideal for deep molecu-
lar line surveys, it is more limited in the visibility sampling than
ALMA with its >50 antennas.

The second approach is to directly operate in the uv-visibility
plane, which represents the real instrument data, by taking the
spectral resolution, sensitivity, and antenna configuration into
account. This provides a more robust comparison with the data,
but if used in a fitting algorithm requires the computation of
synthetic visibilities at each likelihood evaluation. For this pur-
pose, we used the GALARIO Python library (Tazzari et al. 2018),
a computationally efficient tool for the generation of synthetic
visibilities. In DiskCheF, the object uv.UVFits can be used to
read, analyze, and visualize visibility data, including computing
the χ2 of visibility data to a channel map using GALARIO routines
(uv.UVFits.chi2_with()).

With this likelihood evaluation, we could now fit the model
to the observations. We adopted the nested sampling Monte
Carlo algorithm MLFriends (Buchner 2016, 2019), using the
UltraNest2 package (Buchner 2021). This package provides
computationally efficient and optimized MPI-cluster tools to find
and analyze the posterior probability distribution of the model
parameters. This allowed us to find more reliable results than
traditional Markov chain Monte Carlo methods with a reason-
able amount of computational resources. To fit the PRODIGE

2 https://johannesbuchner.github.io/UltraNest/

data, we deployed 2560 logical CPUs, corresponding to about
5×105 likelihood evaluations within 24 h of computational time.
The disk model that we employed in this first application of
DiskCheF has only five free parameters: the total disk mass,
Mdisk, and the tapering radius, rc, from Eq. (1), and the midplane
and atmosphere temperatures, Tmid/atm,100, from Eq. (4). The disk
model is not that strongly dependent on the other parameters
mentioned in Sect. 3, and we kept them fixed to the values
summarized in Semenov et al. (2024).

4. Results

The mass distribution is the most important result of our analy-
sis for planet formation studies. The total disk gas mass can only
be traced by optically thin emission. While 12CO (2–1) emission
is optically thick, and hence can only provide information about
the gas temperature at its emission surface, the more optically
thin 13CO and C18O (2–1) lines can be used to constrain the disk
gas mass (Dartois et al. 2003). To analyze the result of our fit-
ting, we first present the best-fit model for the DM Tau disk. The
data quality of this disk is the highest in our sample since it is
the largest and brightest one, and we can use this disk to assess
the feasibility and goodness of our best-fit model. In Fig. 4, we
show the best-fit physical and chemical model for DM Tau. This
figure shows how the ML-based chemical model correctly cap-
tures the CO freeze-out from the gas phase at low temperatures
in the outer midplane, as well as the CO photodissociation in
the disk atmosphere. In Fig. 5, the surface density and midplane
temperature profiles of our best-fit models are shown.

HD- or CO-based mass estimates can be poorly constrained
due to the uncertainties in the underlying gas thermal struc-
ture. However, our approach of fitting at the same time optically
thin and optically thick CO isotopologue lines allows us to con-
strain both the disk mass and temperature distribution, leading
to more reliable mass estimates. Law et al. (2021) found that the
temperature profiles of the disks in the MAPS sample follow the
power law in Eq. (4) outside the 100–150 au radius, but have
a flatter profile in the inner disk. Thus, two power law profiles
would provide a better fit for the high-resolution ALMA MAPS
data.

However, the spatial resolution in our sample is about the size
of the inner disk, and we cannot properly constrain the tempera-
ture profile in this region. Therefore, we assume a single power
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Fig. 4. Best-fit physical and chemical model for DM Tau: (top left) gas volume density distribution, (top right) CO to H2 number density ratio,
(bottom left) gas temperature distribution, and (bottom right) CO isotopologues volume density distribution.

Fig. 5. Best-fit column density and midplane temperature profiles for the disks in the PRODIGE sample.
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law distribution for the whole disk structure. We demonstrate the
effect of this assumption on the DM Tau disk. In Fig. 6, we show
the comparison of the best-fit model and the data in the CO (2–
1) isotopologue channel maps, while in Fig. 7 the model-data
residuals are shown. The residuals are larger in the inner disk,
where the model underestimates the gas brightness temperature
by about 2 K, and where the CO emission becomes optically
thick, and hence more sensitive to the gas temperature than the
gas density. However, the mass distribution is not affected by this
assumption, since it is more strongly constrained by the outer
disk emission, and thus we still get a reliable gas mass estimate.

The CO (2–1) line intensity of the output images is strongly
affected by the disk temperature profile. Moreover, changes in
the disk mass do affect the shape of the CO (2–1) emission
lines as well, since the higher disk mass changes the Keple-
rian velocity profile of the CO gas. Indeed, in more massive
disks there is more mass at higher heights over the midplane,
and the resulting projection of the Keplerian velocity profile is
noticeably different. The 13CO (2–1) data, on the other hand, are
more sensitive to the mass distribution than the gas temperature,
as we would expect from this (partly) optically thin emission.
Therefore, 13CO (2–1) data provide a more reliable disk gas
mass estimate when fitted together with the 12CO (2–1) emis-
sion probing mainly the disk thermal structure. The C18O (2–1)
images follow the same trend as the 13CO images but, being
much fainter, this line is not always detected with a good-enough
signal-to-noise ratio to provide additional good constraints on
the disk gas mass.

Another parameter affecting the results of the DiskCHeF
fitting is the depletion of CO. Our predictions are based on
the results of the gas-grain ANDES2 chemical model, which
does not include isotopologue-selective CO photodissociation
processes (e.g., Visser et al. 2009). This may lead to an underesti-
mation of the disk masses probed via the minor CO isotopologue
lines, and our estimates could be a lower limit (Miotello et al.
2014, 2016). This is a feature of the machine learning method
adopted to speed up chemical modeling, as the ML-chemistry
results inherit the same limitations that the chemical model used
to produce the training data. The machine learning-accelerated
chemistry based on the ANDES2 model made it possible for us
to add a complex gas-grain chemical kinetics model into our
fitting algorithm, instead of adopting a parameterized chemi-
cal model (Williams & Best 2014) or a reduced CO network
(Deng et al. 2023). One of the main results of this paper is
the application of the fast machine learning method to acceler-
ate calculations of molecular abundances, which can be easily
implemented within the flexible DiskCheF framework, using
other, disk chemical kinetics models such as DALI or ProDiMo.

We expect the CO (2–1) emission to be in the local thermo-
dynamical equilibrium (LTE) with the gas at the disk densities
and temperatures from which it is emitted. The best-fit DM Tau
model has CO (2–1) brightness temperatures matching the ther-
mal profile of the underlying best-fit model, with a peak bright-
ness temperature over the beam-emitting area of 17 K. In the
other disks, the peak brightness temperature over the beam area
ranges from 11 K in IQ Tau to 20 K in CI Tau. On the other
hand, the 13CO and C18O (2–1) emissions are optically thin, with
a ratio of 13CO-to-C18O emission equal to the isotopologue ratio
(about 7.3). However, in the inner disk of the more massive disks,
the emission ratio falls below the isotopologue ratio (about five
in the most massive disk, DM Tau). This is an indication that the
13CO emission becomes partially optically thick in the inner disk
as well (smaller than our beam size, about 100 au). The C18O

emission remains optically thin at our spatial resolution, and our
mass estimate of 0.04 M⊙ is not affected by this opacity effect.

4.1. Foreground cloud absorption

The optically thick CO emission observed in CI, CY, DG, and
DL Tau is affected by foreground absorption within the velocity
channel range of approximately 4 to 6 km s−1. Given that these
disks exhibit a local standard of rest (LSR) velocity of around
6 km s−1, the foreground cloud impacts the gas signature in the
outer disk as it obscures the red-shifted emission from the Kep-
lerian disk. This obstruction results in the asymmetrical features
evident in the moment zero maps presented in Fig. 1.

To find the best fit in this case, we excluded these chan-
nels from our likelihood estimate. In doing so, we emphasize
the inner disk emission in determining the best-fit model. This
choice is made with consideration of the discussion in Sect. 4.2,
where we acknowledge that the inner and outer disk structures
can significantly differ, particularly in cases involving a flared
outer disk structure. This discrepancy introduces uncertainty
into the mass estimation for these partially obscured disks when
using optically thin isotopologues. This is because the tempera-
ture in the outer disk is deduced from the inner disk structure,
and the mass estimate from optically thin CO isotopologues is
temperature-dependent.

4.2. Disk vertical structure

The disk physical model used to fit the data, described in
Sect. 3.1, reconstructs the gas vertical distribution assuming
hydrostatic equilibrium. However, recent studies have shown
how the gas emission layer may differ from the one determined
by the hydrostatic equilibrium. Law et al. (2021) found that the
flaring indices of the CO emission surfaces for the disk in the
MAPS sample can be larger than the one coming from hydro-
static equilibrium by a factor of a few. This effect was previously
studied in the case of IM Lup, a particularly large and flared disk
(Pinte et al. 2018; Franceschi et al. 2023). Similar results have
been found for the largest disk in our sample, DM Tau (Dartois
et al. 2003). The shape of the emitting region of CO isotopo-
logues is determined by the stellar irradiation, rather than the
disk scale height, tracing the surface of optical depth τ ∼ 2

3 − 1
with respect to the stellar irradiation, and this can affect our tem-
perature estimate. Our best-fit model in hydrostatic equilibrium
effectively reproduces the observational data for all the disks in
our survey. However, a more sophisticated physical model may
be necessary to study the disk structure in more detail, such as
trying to model other molecules or by including dust continuum
emission data into the fitting.

4.3. Temperature profiles

In our initial modeling attempts, we introduced two additional
fitting parameters: the exponent governing the midplane and
atmospheric temperature distributions, denoted as qmid/atm in
Eq. (4). However, our fitting algorithm revealed a complete
degeneracy between Tmid and qatm, as well as between Tatm and
qmid. This can be attributed to the fact that the observed flux
arises from the integrated emission along the line of sight, ren-
dering no formal distinction between the emission originating
from a cold midplane and a warm atmosphere, or a warmer mid-
plane and a colder atmosphere in the model and, hence, in our
channel map data. This degeneracy could potentially be resolved
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Fig. 6. Comparison between the best-fit model and the observations of DM Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. 7. Residuals of the DM Tau best-fit model for the CO, 13CO, and
C18O isotopologue emission.

through either higher-angular-resolution data, enabling precise
measurements of the height of the emitting surface for each
velocity channel, as has been suggested by previous studies (e.g.,
Dullemond et al. 2020; Law et al. 2021), or by adopting a more
realistic underlying disk physical model.

We have adopted a commonly employed assumption in the
literature and set the temperature exponent, qmid/atm, to a fixed
value of 0.55. Protoplanetary disks, such as those found in the
PRODIGE sample and characterized by the absence of severe
substructures or transient accretion outburst phenomena, gener-
ally exhibit temperature slopes in the range of 0.4–0.6 (Dutrey
et al. 2014; Law et al. 2021; Zhang et al. 2021; Miotello et al.
2023). Given the relatively limited variation in temperature
slope and our moderate angular resolution, minor adjustments
to the temperature profile are unlikely to significantly impact our
best-fit results.

4.4. Disk masses

The emission of CO isotopologues combined with the results of
the ALCHEMIC chemical code allows us to derive the total disk
masses. The estimates of the disk gas masses are summarized
in Table 2, along with previous dust-based estimates. Generally,
the masses obtained from our methodology align with the dust
masses derived from continuum emissions, assuming a dust-to-
gas ratio of 100, as was measured in Guilloteau et al. (2011,
2016); Güdel et al. (2018). Notably, exceptions are observed in
the cases of DM Tau and DN Tau, where our mass estimates are
about twice the values derived from dust emissions.

Several disks in our sample have mass estimates derived
from alternative methodologies. For instance, McClure et al.
(2016) computed a mass range of [1.0–4.7] × 10−2 M⊙ for the
DM Tau disk based on HD emission, in accord with our esti-
mate of 4.0 × 10−2 M⊙. Another independent measurement for
the CY Tau disk mass was provided by Powell et al. (2019),
which relates the size of the large grain-emitting region to the
total gas mass of the disk. Their estimation of a substantial disk
mass, 0.1 M⊙, approximately 20% of the host star mass, con-
trasts with our estimate, which is approximately five times lower.
This discrepancy can be explained by Franceschi et al. (2022):
the method used by Powell et al. (2019) tends to overestimate
the disk mass by up to one order of magnitude, justifying the
divergence from our results.

The disks in our sample (except for DN Tau) have been previ-
ously characterized for their CO isotopologues emissions using
a parametric model for the CO abundance by Williams & Best
(2014). These mass estimates are also reported in Table 2. These
values are approximately one order of magnitude lower than our
measurements, indicating a gas-to-dust ratio close to ten. One
plausible explanation for this disparity is the assumption made
by Williams & Best (2014) that the CO abundance in the warm
molecular layer is equivalent to that in the ISM (xCO = 10−4).
However, processes such as the conversion of CO to CO2, ice
chemistry driven by ultraviolet (UV) radiation, dust evolution
and vertical transport, and isotope-selective photodissociation
can lower the gas-phase CO abundances in disks considerably
(e.g., Trapman et al. 2021; Zhang et al. 2021; Furuya et al. 2022a;
Terwisscha van Scheltinga et al. 2022; Van Clepper et al. 2022),
leading to a higher total mass estimate from the same observed
CO isotopologue emissions.

In the case of the DM Tau disk, Williams & Best (2014)
infer a higher gas-to-dust ratio of 60 and a disk gas mass
of 0.9 × 10−2 M⊙, aligning their measurement more closely
(approximately 25%) with our estimate and consistent with
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Table 2. Best fit of the disk physical parameters, compared with the mass estimates from other methodologies, as is discussed in the text.

Source rc Tatm, 100 Tmid, 100 Mdisk Mdust × 100 (1) M(2)
WB

(au) (K) (K) (10−2 × M⊙) (10−2 × M⊙) (10−2 × M⊙)

CI Tau 150 35 32 2.0 1.6 0.3
CY Tau 40 22 18 1.8 1.9 0.1
DL Tau 125 24 20 2.5 2.5 0.005
DM Tau 200 31 21 4.0 2.5 0.09
DN Tau 40 27 20 2.0 1.3 –
IQ Tau 50 27 19 0.5 0.9 0.007

References. (1) Guilloteau et al. (2011, 2016); Güdel et al. (2018), (2) Williams & Best (2014).

the lower edge of the mass range inferred from HD emis-
sion (McClure et al. 2016). This observation suggests that CO
destruction processes are less pronounced in the bulk of the
DM Tau structure. Indeed, our model indicates that this disk
is warm, reducing the amount of CO depleted from the gas
phase by freeze-out, and massive, increasing the amount of CO
molecules surviving photodissociation through self-shielding.
These effects converge to bring the CO abundance closer to the
ISM value, thereby mitigating the disparity between our results
and the mass estimate by Williams & Best (2014).

Indeed, Trapman et al. (2022) used thermochemical models
to contain the CO abundance in the gas phase in the DM Tau,
finding that xCO = [0.23–1.3] × 10−4, supporting our argument
that CO abundance in the gas phase is not much lower than
its ISM value. Using this xCO estimate, Trapman et al. (2022)
find that the total mass of the DM Tau falls between [3.1–
9.6]×10−2 M⊙, in agreement with our estimate of 4.0×10−2 M⊙.
Our results for DM Tau then align with both HD-based mass
measurements and CO depletion studies based on thermochem-
ical models, proving the robustness of our methodology for this
particular source. This suggests that our findings are likely reli-
able for other sources as well, although additional independent
mass measurements for the remaining sources in our sample
would further demonstrate the robustness of our method.

5. Discussion

We employed our DiskCheF fitting model to analyze the disks
within our sample, systematically evaluating the fidelity of our
best-fit models in replicating the observed data. A comprehen-
sive model-data comparison for all sources is presented in the
appendix for brevity, while an overview of the derived best-fit
disk physical parameters is presented in Table 2. It is worth not-
ing that the mass estimates of our best-fit models are contingent
upon both the luminosity of the CO emission and its kine-
matic properties, which collectively define the morphology of
the emission across each velocity channel. The fitting of individ-
ual velocity channels consequently provides robust constraints
on the disk masses.

A limitation shared by all our best-fit models pertains to
the brightness of the CO isotopologues within the initial few
tens of au in the inner disk. This luminosity is consistently
brighter than what is observed in the data. This discrepancy
can be attributed to the assumed power-law prescription for the
temperature distribution. As is discussed in Sect. 4.3, this partic-
ular temperature distribution tends to overestimate temperatures
within the inner disk, thereby leading to elevated residuals in this
region. Nevertheless, most of the disk mass is found in the outer
disk, and this discrepancy does not significantly affect our mass
estimation.

Our estimates of disk mass align well with previously
reported values found in the literature, summarized in Table 1,
which are derived from dust emission analyses. An outlier is the
DM Tau disk, which is the most massive source in the sample
and much more radially extended even when compared to the
DL Tau disk, which shares a similar mass. Disks with these char-
acteristics are subjected to more rapid dust evolution processes.
Consequently, they tend to exhibit higher dust-to-gas ratios than
the commonly assumed value of 100, which is employed to esti-
mate disk masses in Table 1 (e.g., Franceschi et al. 2023). This
heightened dust-to-gas ratio justifies why our model mass esti-
mate is double the value of the dust-based mass estimate from
Table 1.

Our best-fit models effectively reproduce the observed emis-
sion within each channel map, reproducing both the CO line
brightness and spatial distribution. The CI Tau, CY Tau, and
DL Tau disks are, however, a notable exception. In these particu-
lar sources, our models reproduce well the observed 12CO (2–1)
emission, not the observed optically thin minor CO isotopo-
logue emission lines. This discrepancy does not originate from
a wrong disk mass estimate, as modifying the mass would
change the kinematic gas distribution, which, in contrast, is well
matched by our models. This deviation is also not a conse-
quence of temperature-related effects. Raising the atmospheric
temperature, for instance, would result in an overly intense CO
emission, while increasing the midplane temperature would lead
to a similar outcome for the C18O emission. The only plausi-
ble explanation for this behavior, where optimizing the fit for
one isotopologue negatively impacts the fit for another, is the
assumption of an incorrect isotopologue ratio.

Our fitting routine, based on assumed CO isotopologue ratios
for these sources, boosts the 13CO line by increasing its tem-
perature, and since this isotopologue is more optically thin than
CO, it is more sensitive to the midplane temperature, which is
increased to values similar to the disk atmospheric temperature.
The disk atmosphere is usually warmer by 10–20 K in the outer,
≳100–200 au T Tau disks, and the anomaly in the tempera-
ture profile can be used as a signature of a wrongly assumed
12CO/13CO isotopologue ratio. Indeed, in the instance of the
CI Tau disk, we refined our model fit to the observational data
by increasing the 13CO isotopologue ratio by a factor of five
compared to the 13C/12C ratio. Simultaneously, we adjusted the
C18O abundance, reducing it by a factor of three in relation to
the 18O/16O ratio. In the case of the CY Tau and DL Tau disks,
we find that optimizing the 13CO isotopologue ratio by doubling
it and adjusting the C18O isotopologue ratio by halving it yields
a superior alignment with the data.

It is crucial to highlight that our approach does not rely solely
on the isotopologue brightness profile to constrain the disk mass.
Instead, it also considers their spatial distribution across each
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velocity channel, determined by the gas kinematic structure. The
gas kinematics depend upon the disk mass, influencing both the
brightness of the optically thin isotopologues and their spatial
distribution.

According to our model, a correct prediction of the gas kine-
matic structure with an inaccurate optically thin isotopologue
emission with respect to the observations is more plausible than
a model with the wrong kinematic structure and accurate opti-
cally thin isotopologue emission. Therefore, the isotopologue
ratios primarily impact the gas temperature estimate rather than
the already constrained disk mass determined by gas kinemat-
ics. Consequently, adjustments to the isotopologue abundances
do not significantly impact our overall mass estimates.

We stress that these estimates of the CO isotopologue ratios
do not stem from our fitting algorithm, as the depletion factor
is a degenerate parameter with the gas density and temperature.
To obtain more feasible fits to the CO disk data with DiskCheF
model, it is imperative to train the ML algorithm using a chem-
ical network that accounts for 13C and 18O-fractionation and
isotope-selective photodissociation, following the methodology
described in this work.

It is interesting to note that previous modeling studies
focused on fitting the observed CO emission in disks have also
inferred lower 12CO/13CO ratios of ∼20–40 than the local ISM
12C/13C isotopic ratio of about 69 (for a recent comprehensive
review, see Nomura et al. 2023). Using the Plateau de Bure
multi-line, CO isotopologue observations, Piétu et al. (2007)
have derived the 12CO/13CO ratio of ∼20 in the cold outer
DM Tau T Tauri disk. Recently, Yoshida et al. (2022) have also
derived a similar 12CO/13CO ratio of ∼20 in the outer T Tauri
disk around TW Hya, while in the inner, ∼20 au region of the
TW Hya disk this 12CO/13CO ratio seems to be higher, ∼40
(Zhang et al. 2017). Furthermore, the H13CO+/HC18O+ ratio of
∼8 has been measured in the TW Hya disk by Furuya et al.
(2022b), which coincides with the local ISM value within the
uncertainties.

The reason why the 12CO/13CO ratio measured in the T Tauri
disks could be lower than the local ISM value is carbon fraction-
ation in the cold, ∼20–25 K gas, typical for the outer regions
of these disks probed with CO rotational lines (e.g., Woods &
Willacy 2009; Nomura et al. 2023). The key fractionation reac-
tion is 13C+ + 12CO→ 13CO + 12C+ + ∆E, where ionized atomic
carbon is produced by the cosmic ray ionization and the energy
barrier, ∆E, is about 35 K. The forward pathway of this reaction
is more efficient than the backward route in the gas with T ≲ 20–
30 K, which corresponds to the outer, ≳50–100 au regions of
T Tauri disks (the densest, bottom part of the outer, r ≳ 100 au
molecular layer). Indeed, in the theoretical modeling of Woods &
Willacy (2009), it has been found that the 12CO/13CO ratio could
become as low as about 25 in a T Tauri disk due to this process.
More detailed studies of carbon fractionation in a statistically
significant sample of disks are needed to further understand the
efficiency of this fractionation and the magnitude of its impact
on the observed 12CO/13CO ratios and, hence, disk gas mass
estimates using the CO disk emission.

6. Conclusions

The gas mass of a protoplanetary disk is an important but chal-
lenging quantity to measure. The CO emission remains the
most reliable gas tracer, but CO-based mass estimates rely on
the assumed gas temperature distribution and disk chemistry. A
combination of optically thin and optically thick emission lines,

however, can solve the degeneracy between the temperature
and the abundance of CO isotopologues emission, with the
help of chemical models. In this work, we propose a machine
learning-based chemical model to predict a disk chemical com-
position from its physical structure without the need to run a
chemical network. This makes it possible to reproduce observa-
tions of line emission through theoretical models using a fitting
algorithm, which would otherwise require unreasonable com-
putational resources. We tested the applicability of this method
using the CO isotopologue emission data from the PRODIGE
program on the NOEMA instrument. This data consists of CO,
13CO, and C18O isotopologue emission from six Class II pro-
toplanetary disks from the Taurus region. Our findings can be
summarized as:

– The combination of optically thin and optically thick CO iso-
topologue emission, combined with the kinematic gas distri-
bution in each velocity channel, can properly constrain the
disk physical structure and is in good agreement with previ-
ous dust-based mass estimates. This approach gives tighter
constraints on the disk’s thermal structure and provides a
more reliable mass estimate;

– There is evidence that the emission surface of optically thick
lines does not trace the gas pressure scale height, especially
for a large disk with evidence of a flared structure, such as
DM Tau. The vertical gas structure could not be in hydro-
static equilibrium in the inner disk, making it challenging to
reproduce the inner and outer disk emission with a single
temperature profile. However, most of the disk mass is found
in the outer disk, and this effect does not significantly affect
our mass estimates;

– The cloud absorption obscures the optically thick emission
in the channels close to the rest frequency for a few disks
in our sample. These channels show the emission coming
from the outer regions of the disk and give us information
on the temperature structure. For these obscured disks, the
temperature structure is constrained only by the inner disk
emission, which could have a different profile than the outer
disk. In a particularly flared structure, the difference between
the inner and outer disk structures adds to the uncertainty of
the mass estimate;

– In some sources, the CO isotopologue abundances are deter-
mined by isotopologue-selective processes. In these sources,
the mass is still well constrained by the gas kinematic
structure, but the temperature profile is offset to boost the
emission of under-abundant isotopologues, and we get a
worse fit to the data. By changing the isotopologues ratios,
we get a better fit to the data, allowing us to estimate the
isotopologue abundances in these sources.
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Appendix A: Model-data comparison and residual channel map

Fig. A.1. Comparison between the best-fit model and the observation of CI Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.2. Residuals of CI Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.3. Comparison between the best-fit model and the observation of CY Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.4. Residuals of CY Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.5. Comparison between the best-fit model and the observation of DL Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.6. Residuals of DL Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.7. Comparison between the best-fit model and the observation of DM Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.8. Residuals of DM Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.9. Comparison between the best-fit model and the observation of DN Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.10. Residuals of DN Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.11. Comparison between the best-fit model and the observation of DM Tau for the CO, 13CO, and C18O isotopologue emission.
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Fig. A.12. Residuals of IQ Tau best-fit model for the CO, 13CO, and C18O isotopologue emission.
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