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End-product: populations of exoplanets

Planet formation 
models
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Challenge: linking exoplanet properties to their formation history

What is the physical, chemical, and dynamical 
evolution of disks?

2



3

The simplest physical process: condensation of volatiles (CO, CO2, H2O, CH4) leads to gradients in 
elemental abundances in the gas

=> composition of gas-rich planets is a record of where and when these planets form…

Scientific motivation of atmospheric characterization of 
gas-rich exoplanets



Outer disk composition with ALMA
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Dust emission (mm)

Credit: MAPS ALMA Large Programme, PI: K. Oberg

After 10 yrs of operation: outstanding 3D picture of Class II disks
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Du+2014
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Miotello+2017


• Gas phase CO under abundant => CO trapping and chemical conversion into less volatile species 

• Resulting in high C/O and low (C+O)/H in the gas => Oberg picture more extreme for outer disk (>20au)!

Outer disk composition with ALMA



Transformative science with JWST
JWST revolutionizes the field by unveiling the inner regions where the majority of 

(exo)planets are formed ~300 disks aready observed!

6
150 astronomical units

Outer disks seen by ALMA
Planet-forming regions probed in the IR 

=> major science driver for JWSTHCN emission

Oberg+2021
Background image credit: NASA/JPL-Caltech

MIRI midINfrared Disk Survey
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Figure 2. The 13 to 17 µm range of the GW Lup spectrum, with the JWST-MIRI data (black) compared to a model (red)
composed of emission from C2H2 (yellow), HCN (orange), H2O (blue), 12CO2 (green), and 13CO2 (purple). The spectral
windows that are used in the �2 fit are shown as the bars at the bottom of the plot. The inset shows a zoom-in of the 13CO2

feature.

the line of sight column density N , the gas tempera-
ture T , and the emitting area given by ⇡R2. We include
emission from C2H2, HCN, H2O, 12CO2, and 13CO2.
For C2H2 and HCN, the model transitions are taken
from the HITRAN database (Gordon et al. 2022). The
H2O data is taken from Tennyson et al. (2001). Finally,
for 12CO2 and 13CO2, the data are those compiled by
Bosman et al. (2017). We vary the emitting radius, as
described below, and compute a synthetic spectrum in
Jy, assuming a distance to GW Lup of 155 pc. The
model spectrum is then convolved to a resolving power
of 2500, which is accurate for Channel 3 where the emis-
sion features are present (Labiano et al. 2021). Finally,
the convolved model spectrum is resampled to have the
same wavelength grid as the observed spectrum.
For each molecule, a grid of models was run with N

from 1014 to 1022 cm�2, in steps of 0.166 in log10-space,
and T from 100 to 1500 K, in steps of 25 K. The emit-
ting radius is varied from 0.01 to 10 au in steps of 0.03 in
log10-space. The best parameters are determined using
a �2 fit between the continuum subtracted data and the
convolved and resampled model spectrum. This �2 fit
is done in spectral windows which are selected to min-
imize emission from other species while still containing
features that help to constrain the fits (e.g., optically
thin lines and line peaks that are sensitive to tempera-
ture). The best-fit parameters are found first for C2H2,
HCN, and H2O using their relatively isolated features.
The best-fit models of those species is then subtracted

from the observed spectrum which is then used to fit
12CO2 and 13CO2. A common temperature is assumed
for 12CO2 and 13CO2 and a fixed abundance ratio of
68 is adopted based on the standard local interstellar
medium ratio (Wilson & Rood 1994; Milam et al. 2005).
The �2 maps are shown in the Appendix.

3. RESULTS

The best-fit model is shown in Figure 2 together with
the continuum-subtracted spectrum in the 13.6 to 16.3
µm range. The best-fit model parameters are given in
Table 1. The �2 maps show that at low column densi-
ties, in the optically thin regime, the column density and
emitting radius are completely degenerate (e.g., Salyk
et al. 2011). In the optically thick regime, the emitting
radius can more accurately be determined. The degen-
eracy between our three free parameters is reduced by
fitting a combination of optically thick and thin lines.
CO2 is well constrained with a temperature below 500

K and column densities between 1018 and 1020 cm�2.
For H2O, the fits at high column densities (&1018 cm�2)
tend to be less well constrained. For C2H2 and HCN (in-
cluding the 0200-0110 HCN hot-band Q-branch at 14.3
µm), the fits point to optically thin emission, with well
constrained temperatures of ⇠500 K and ⇠1000, respec-
tively. The column densities for C2H2 and HCN are de-
generate with the emitting radii in this optically thin
regime.

MIRI-MRS 
Model

Grant et al., incl. Tabone 2023

H2OHCN CO2

C2H2 13CO2
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Spectroscopy with JWST
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Spectroscopy with JWST
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VLMS (« M-dwarf »): full of gas-phase carbon =/= Sun-like stars: full of oxygen 
=> the composition of exoplanet are likely highly dependent of the stellar mass!

9

Molecular makeup of inner disk depends on stellar mass

Dramatic incease in hydrocarbons!

Sierra L. Grant and +++: MINDS. A transition from H2O to C2H2 dominated spectra with decreasing stellar luminosity

Fig. 5. The average spectra for disks in our T Tauri sample (top) and VLMS sample (bottom) in black, compared to the best-fit model in red. The
model components are shown below each for reference.

MINDS program have CO in emission (Arabhavi et al. in prep.).
Why is oxygen present in CO2 and only weakly in H2O or CO
in these disks? Or is it present, but not observable, either due to
the relative strength of the hydrocarbon Q-branches relative to
the H2O lines and/or photospheric absorption complicating the
detection of disk CO emission (see Arabhavi et al. submitted)?

Here we discuss some of the factors that may be driving this
difference in chemsitry between the very low-mass objects and
the T Tauri sample, illustrated in Figure 7.

4.2. Stellar luminosity and radiation

The stellar luminosity is the main heating source for protoplane-
tary disks. This energy input drives chemical evolution and equi-
librium in the disks. The much lower luminosities of low-mass
stars and brown dwarfs (L→↑0.015 to 0.1 L↓ for the sample we
explore here), means that their disks are much colder and the
snowlines are much closer to the central hosts.

Young low-mass stars and brown dwarfs will have drasti-
cally different UV radiation spectra than Sun-like stars. How-
ever, young M dwarfs are also known to be very active, and X-
rays and EUV from flares can have a significant impact on chem-
ical evolution (Feinstein et al. 2020). All of these differences in
the radiation impinging on the protoplanetary disk will impact
the disk chemistry. 2D thermochemical modeling done by Walsh
et al. (2015) finds that disks around M dwarfs are more molecule
rich, compared to their higher-mass counterparts. This is due to
the weaker far-UV and stronger X-ray radiation for these low-
mass stars, as overall higher ionization rates are needed to liber-
ate carbon from CO to drive the carbon chemistry.

UV emission generated by accretion of material from the
disk onto the star will also be different between the T Tauris
and VLMS. While the accretion mechanism is likely the same
(i.e., magnetospheric accretion), the absolute accretion rate
will decrease with stellar mass, and may decrease even more

rapidly below M→<0.3 M↓ (Manara et al. 2017). Walsh et al.
(2015) adopt an accretion rate of 10↔8 M↓ yr↔1 for their T Tauri
model and 10↔9 M↓ yr↔1 for their M dwarf model and there
is a UV radiation component to the radiation field that scales
with accretion rate. Colmenares et al. (2024) argue that the
carbon-rich disk around a solar-type star studied in their work
may be due to a combination of carbon grain destruction paired
with an usually low accretion rate, which allows the carbon-rich
gas to persist in the disk. As we show in Figure 4, there is a
relationship between FC2H2 /FH2O and the accretion rate onto
the star in our sample; however, the degeneracies between the
stellar mass and accretion rate make it difficult to determine
what is truly driving the correlation.

4.3. Dust evolution

4.3.1. Vertical dust settling

Dust is the main opacity source in protoplanetary disks. At the
earliest stages, the sub-micron sized particles will be held aloft in
the disk atmosphere, but with time these grains grow from sub-
micron particles into millimeter-sized grains to eventually peb-
bles, protoplanets, and the cores of giant planets. As these grains
grow, they will settle to the disk midplane, which has two effects
that may drive what we observe in the gas composition. First, the
dust settling will remove the main infrared opacity in the disk at-
mosphere, which means that we are able to observe deeper into
the disk than would otherwise be the case (see e.g. the case of
J160532, Tabone et al. 2023; Francis et al. 2024). Therefore, in
a settled disk, we may be probing a different chemical reservoir
than in unsettled disks (see also Arabhavi et al. submitted). Sec-
ond, the dust settling also changes the opacity for stellar radia-
tion, in particular allowing for UV photons to penetrate deeper
into settled disks relative to their unsettled counterparts. This can
result in different photochemical processes.

Article number, page 7 of 11
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Trend continues toward brown dwarf disks and CPDs!Mâlin, M., et al.: A&A, 704, A181 (2025)

Fig. 1. Median of the cubes for band A across all channels after removing the background contribution. The planet Delorme 1 AB b is in the middle
of the field of view, while the point source in the upper corner represents the binary Delorme 1 AB. The vertical stripes observed in band 4A are
caused by detector artifacts.

Schwarz et al. 2025). The objects studied in these recent works,
with typical masses ranging from 0.1 to 2 M→ and luminosities
between 0.2 and 2 L→, are all more massive and luminous than
the 13 MJup (0.013 M→) planetary-mass companion presented in
this paper.

Our study provides the first detailed MIR investigation of a
circumplanetary disk, specifically that surrounding the compan-
ion Delorme 1 AB b. In Sect. 2.2, we outline the observations and
the data reduction procedures applied to obtain the spectra. The
primary goals of this study are twofold: to characterize the atmo-
sphere of Delorme 1 AB b (Sect. 3) and characterize the CPD
surrounding the companion (Sect. 4). We present the interpreta-
tion of our findings in Sect. 5 and summarize our conclusions in
Sect. 6.

2. Observations and data reduction
2.1. Program observations

Observations of Delorme 1 AB were carried out with the
JWST/MIRI Medium Resolution Spectrometer (MRS, Wells
et al. 2015; Argyriou et al. 2023) by the JWST Telescope Sci-
entist Team (JWST-TST)1. This collaboration uses Guaranteed
Time Observations (GTO, PI: M. Mountain) across three sci-
ence topics: Exoplanet and Debris Disk High-Contrast Imaging
(lead: M. Perrin), Transiting Exoplanet Spectroscopy (lead: N.
Lewis), and Local Group proper-motion Science (lead: R. van
der Marel). Previous studies from the TST High-contrast series
includes Rebollido et al. (2024); Kammerer et al. (2024); Ruffio
et al. (2024); Hoch et al. (2024); Balmer et al. (2025). The obser-
vations studied in this work are part of the GTO Program 2778
(PI: M. Perrin). It provides integral field spectroscopy cover-
ing wavelengths from 4.9 to 27.9 µm, divided into four co-axial
channels. A four point-source positive dither pattern was used
to improve PSF spatial sampling (Wells et al. 2015). Due to its
reduced sensitivity, channel 4 (from 17.9 to 27.9 µm) was not
used at its full resolution in this analysis. The exposure parame-
ters were set to 100 groups for a single integration, and the total
exposure time was 1110 seconds per MRS sub band. We use
the FAST readout mode of the detector. The observation strat-
egy was designed according to recommendations from ERS 1386
(Hinkley et al. 2022), similar to the approach used for the iso-
lated planetary-mass companion VHS 1256 b (Miles et al. 2023),
and did not include dedicated background exposures.

2.2. Data reduction

The data were retrieved from the Mikulski Archive for Space
Telescopes (MAST, Marston et al. 2018) archive, already
1
https://www.stsci.edu/~marel/jwsttelsciteam.html

processed through the Detector1Pipeline to produce rate
files. The Spec2Pipeline was then applied with the default
MRS steps, excluding the residual fringing correction (as rec-
ommended for sources with dense molecular bands Gasman
et al. 2023). Spectral cubes were constructed using the
Spec3Pipeline with the drizzle algorithm (Law et al. 2023)
in IFUALIGN mode to minimize interpolation artifacts in the
cube construction, and we enabled the outlier rejection step. The
data were processed through all three stages of the JWST pipeline
(Bushouse et al. 2025) version 1.15.1, using the CRDS reference
context 1293.

Background contribution must be removed, as it becomes a
non-negligible source of brightness at wavelengths beyond 12
µm. The background emission is estimated at each wavelength
by measuring the histogram of the pixels within the field of
view. We fit the histogram with a Gaussian function to determine
its peak, corresponding to the background level. This back-
ground value is then subtracted from each cube image to produce
background-corrected data cubes, under the assumption that the
background emission is uniform across the field of view.

Figure 1 display the final background-subtracted median
cubes for band A. The positions of the host binary star and its
planetary-mass companion are determined by performing a 2D
Gaussian fit on these median cubes for each band. The flux of
both objects is then extracted in an aperture of the radius of
the full width at half maximum (FWHM) of the MIRI/MRS
point spread function (PSF) for each wavelength (Argyriou et al.
2023). We applied an aperture correction factor at each wave-
length to account for the finite aperture (Law et al. 2025), and
a ω-clipping with ω = 10 to account for any potential outliers.
The uncertainties provided by the JWST pipeline can be under-
estimated. Therefore, we calculated the standard deviation of
the flux in multiple apertures, positioned at the same separation
between the host and the planet at different position angle spaced
by 20 degrees. This uncertainty term is added in quadrature to
the one from the JWST pipeline. This method is similar to the
one used in Kühnle et al. (2025). It increases the uncertainties at
each wavelength by at least a factor 2, providing more realistic
values. Finally, we did not apply any flux scaling between MRS
spectral bands, as no significant offsets are present in this high
signal-to-noise ratio (S/N) spectrum.

2.3. Qualitative description of the spectrum

The extracted spectra are presented in Fig. 2, with flux displayed
on a logarithmic scale as a function of wavelength. While a
monotonic decrease in flux with increasing wavelength would
be expected from the planet alone, approaching the Rayleigh-
Jeans tail of the planet’s SED, the observed spectrum appears

A181, page 3 of 30

10 MJup planet+disk

Delorme 1 AB: M 5.5 binary

Mâlin, M., et al.: A&A, 704, A181 (2025)

Fig. 2. Top: extracted spectra of the binary star (shown in gray, with the highest flux) and its companion Delorme 1 AB b (color coded from blue
to purple, the lowest flux) across the MIRI/MRS bands. The dashed region outlined in red indicates the wavelength range where the planet’s
atmosphere is detected (see Fig. 4), while the brown, dotted region marks the wavelengths dominated by the circumplanetary disk. These regions
are shown for reference purposes and should not be considered as an actual boundary between the planet’s atmospheric spectrum and the CPD.
Molecular gases are shown for indicative purposes (see Figure 6 for detailed characterization). Bottom: S/N as a function of wavelength for the
planetary-mass companion.

relatively flat, indicating a significant IR excess. At longer wave-
lengths, the companion becomes nearly as bright as the binary
host, with a flux ratio of only a factor of about three, using
the median flux in band 3C. This implies a very low contrast
between the two objects at MIR wavelengths. The spectral fea-
tures observed in the first channel align well with expectations
for a planetary atmosphere (see Sect. 3). The IR excess that
emerges in channel 2 is consistent with emission from a CPD.
This CPD exhibits prominent molecular features, including the
characteristic Q→branches of C2H2 and HCN near 14µm, both
clearly identifiable (see Sect. 4.1). Numerous H2 emission lines
are also clearly visible (see Sect. 4.2). No silicate dust features
are detected around 10µm, where such signatures would typi-
cally be expected. This absence of a prominent silicate feature
suggests that the dust grains have grown to sizes greater than
5µm and settled (cf. Kessler-Silacci et al. 2006; Przygodda et al.
2003; Tabone et al. 2023; Arabhavi et al. 2024). The dust is only
detected through the disk’s continuum emission. The channel 4
(17.7–27.9µm) spectra is not used in this analysis, as the S/N per
wavelength becomes low. Additionally, the PSFs of both objects
begin to overlap and residual background contamination may be
present. Moreover, these wavelengths are dominated by the CPD
component, which does not exhibit any of the features targeted
for further investigation in this study.

3. Atmospheric characterization of the planet

To characterize the planet’s atmosphere, we fit grids of atmo-
spheric models in Sect. 3.1 and similarly for the host binary star

in Sect. 3.2. We perform a cross correlation analysis in Sect. 3.3,
and assess the overall atmospheric properties in Sect. 3.4.

3.1. Atmospheric modeling

Our analysis includes the NIR spectrum from VLT/MUSE
(Eriksson et al. 2020), the TripleSpec spectrum in bands J, H
and K (Betti et al. 2022) and the NIR VLT/NACO photome-
try (Delorme et al. 2013). We use only the observations with
the highest S/N from the TripleSpec observation nights, and we
rescale these to each of the VLT/NACO photometry points in J,
H and K bands to account for variations in flux calibration across
instruments.

We use species (Stolker 2023) to fit the observed spec-
trum with atmospheric models of pre-computed grids of models.
Among the atmospheric grids available for this temperature
regime and at medium spectral resolution, we choose to run
the atmospheric fit with Exo-REM (Charnay et al. 2018; Blain
et al. 2021), ATMO (grid from Petrus et al. 2023), Sonora
diamondback (Morley et al. 2024), and we compared with the
commonly used BT-Settl (Allard & Homeier 2012). These
grids are all suited to characterize the atmosphere of young
giant directly imaged planets. In particular, we expect that cloudy
models will provide a better fit for the atmosphere of an L-dwarf
spectrum such as Delorme 1 AB b studied here. The BT-Settl
models are widely used for late M, L, and T dwarfs. It includes
microphysical processes and settling to account for clouds. The
Exo-REM models focus on L and T dwarfs and include a simple
microphysics cloud model and disequilibrium chemistry, which

A181, page 4 of 30
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Mstar dependency is inconsistent with sublimation front in static disks 
Emerging paradigm: inner disk chemical makeup set by advection of C-rich gas and O-rich icy 

pebbles from outer disk

Origin of the diversity: dust radial transport?

High C/O, low O/H 
gas



Origin of the diversity: dust radial transport?

Gas 
advection

Enriched oxygen  
(low C/O, high O/H)

High C/O, low O/H 
gas

Emerging paradigm suggest that inner disk chemical makeup set by advection of gas and icy 
pebbles from outer disk



Emerging paradigm suggest that inner disk chemical makeup set by advection of gas and icy 
pebbles from outer disk 

=> diversity in inner disk linked to the location of various substructures? 
=> first JWST-ALMA results challenge this interpretation but mismatch in scale

Origin of the diversity: dust radial transport?

Sellek, A. D., and Van Dishoeck, E. F.: A&A, 701, A239 (2025)
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Fig. 6. Summary of differences between VLMS discs and TTS discs in this work. For the purposes of this comparison, we assumed a TTS model
with the typically measured ionisation rate of →10↑18 s↑1 and an average RC,0 = 16 au. We assumed that the VLMS has a more compact disc of
RC,0 = 5 au subject to an unexcluded galactic CR ionisation rate of →10↑17 s↑1.

CO transformation combined with dust and gas transport reli-
ably produces C/O>1, as observed for most of their discs, for
ωH2 ↭ 10↑17 s↑1 and RC,0 ↫ 16 au. Conversely, for more massive
TTSs where C/O is usually <1, our models match this for the
first 5 Myr if ωH2 ↫10↑17 s↑1 – though ωH2 ↫10↑18 s↑1 is required
to keep discs below C/O=1 for the full 10 Myr – with weaker
dependence on initial disc size. Figure 6 thus summarises the dif-
ferences hypothesised for discs around VLMSs compared to the
typical values measured for TTSs that would promote a higher
C/O: a colder disc with close in snowlines, a more compact disc,
and a higher ionisation rate (e.g. due to weaker CR exclusion).
In the following, we discuss the viability of such conditions.

4.1.1. High ionisation rates

A key ingredient in our model is ionisation, which must be at
a rate ↭10↑17 s↑1 for the VLMS discs to become C-rich and
↫10↑17 s↑1 for TTSs to remain O-rich for the first few megayears.
ALMA observations have constrained ionisation in protoplane-
tary discs (around M↓ → 0.5↑2.1 M↓ stars) using the molecular
ions HCO+, N2H+, and their isotopologues (Cleeves et al. 2015;
Seifert et al. 2021; Aikawa et al. 2021; Long et al. 2024; Kashyap
et al. 2024). These efforts have produced values ranging from
10↑20↑10↑18 s↑1, which are compared with the rates assumed in
our 1 M↔ models in Fig. A.1. While some works quote midplane
rates and others incident rates, the observations are mostly sen-
sitive to scales of 10s au where, with the ‘standard’ attenuation
of CRs, the ionisation would not be reduced at the midplane
compared to the incident rate.

As discussed in Section 2.2.3, there are several contributions
to the ionisation in discs, including galactic CRs (which have the
highest energy so most easily penetrate to the midplane), SLRs,
and energetic particles (protons) and radiation (X-rays) produced
by stellar magnetic activity. The low ionisation rates ↫10↑18 s↑1

inferred by the aforementioned works suggest that the galactic
CR flux is reduced. CRs may be more strongly attenuated than
assumed e.g. due to non-vertical propagation (Fujii & Kimura
2022; Long et al. 2024). Alternatively, the incident rate may
be severely reduced (Cleeves et al. 2015) due to the exclusion
of galactic CRs by the strong, highly magnetic stellar winds

of young, rapidly rotating stars (Cleeves et al. 2013). However,
while the observed rates meet our ↫10↑17 s↑1 criterion to avoid
C-rich TTSs, they would be insufficient to drive the chemistry
to C/O>1 around VLMSs. This suggests that for their discs to
undergo sufficient chemical evolution, VLMSs must have higher
ionisation rates, either due to negligible exclusion of CRs or a
significant additional source of ionisation that compensates.

X-rays could be one such additional ionisation source. At the
ages of interest, most stars ↫1.0 M↔ are still on a Haysashi track
and thus are fully convective (e.g. Sokal et al. 2020; Getman &
Feigelson 2021). They are also relatively rapid rotators. Thus,
both TTSs and VLMSs are highly magnetically active and
produce strong X-rays. Both lie in the ‘saturated regime’ where
LX/Lbol→10↑3, (Preibisch et al. 2005), such that LX increases
steeply with M↓ (see also Güdel et al. 2007; Flaischlen et al.
2021). Assuming a passively heated irradiated disc, material at
a given temperature – e.g. at a given snowline – is heated by a
given stellar flux (Lbol/r2). Given similar LX/Lbol, the incident
X-ray fluxes (LX/r2) should thus also be similar at a given
snowline4. While flares are common and strong, their time-
averaged luminosity is of the order of →10% of the background
‘characteristic’ level for all spectral types (Audard et al. 2000;
Getman & Feigelson 2021; do Amaral et al. 2022) and so are
unlikely to alter this trend. Moreover, X-rays seem unlikely to
dominate ionisation or drive chemistry at the midplane (Cleeves
et al. 2013, 2014; Rab et al. 2017). This is distinct from the disc
surface, where VLMSs have a higher LX/LUV that changes the
dominant chemical pathways (Walsh et al. 2015, we note that
their M dwarf model used a roughly maximal LX for a 0.1 M↔
star). Nevertheless, the X-ray-dominated layer may penetrate
closer to the midplane in lower mass discs.

There are next to no direct constraints on stellar ener-
getic particles, though it has been suggested that they could
explain potentially higher ionisation rates close to DM Tau
(Long et al. 2024). Young stars, along with other active stars
4 This is different to the main sequence, where M dwarfs have a higher
level of magnetic activity than solar-type stars due to their faster rotation
periods and deeper convective zone, resulting in a higher LX/Lbol. Then,
orbiting planets at a given temperature, for example in the habitable
zone, would experience a higher X-ray flux (Johnstone et al. 2021).

A239, page 9 of 22
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Diversity of disks around « Sun-like » stars
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Witnessing the emergence of the diversity even before the gas is accreted by the planets!



previous work. This Section demonstrates that by using a few,
carefully selected line ratios it is possible to obtain a simple,
model-independent view of the relative emission from water at
different temperatures in inner disks before performing time-
consuming fits with sophisticated models. For measuring
emission-line properties from the spectra, we use iSLAT,
which implements the least-squares minimization code lmfit
(M. Newville et al. 2014) to perform single-Gaussian fits and
measure the line centroid, FWHM, flux, and their uncertainties.

When fitting for two temperatures as well as a temperature
gradient, previous work found CI Tau to be the disk most
dominated by a hot water component, while GQ Lup to be one
with strong emission from additional cooler water at larger radii
(C. E. Romero-Mirza et al. 2024a). We show these two extreme
cases in Figure 8 to illustrate how the temperature distribution
in a MIRI spectrum can be visible by eye from the spectral line
flux distribution, i.e., the distribution of line flux as a function
of wavelength. This distribution is rather flat with wavelength
(i.e., the strongest lines have similar flux across MIRI
wavelengths) in the case of a hot-dominated spectrum (CI
Tau), while it shows increasingly stronger lines at longer
wavelengths when emission from cooler water is present (GQ
Lup). This different spectral line flux distribution is exemplified
at the bottom of the Figure using slab models at three
temperatures representing properties found in previous work, as
explained in Section 3 (assuming a cold component at 190 K,
to represent results from fits to MIRI spectra; A. Banzatti et al.
2023a; C. E. Romero-Mirza et al. 2024a; M. Temmink et al.
2024), for reference.

Leveraging the different spectral line flux distribution of
different temperature components, previous work defined an
empirical “cool water excess” by using the hot-dominated CI
Tau spectrum as a comparative template for other disks, and by
measuring excess emission in the lower-energy transitions
from a large number of single lines measured across MIRI
wavelengths (A. Banzatti et al. 2023a). In this work, we
develop a simpler diagnostic that can be applied broadly to

future analyses of disk samples observed with MIRI. We use:
(i) a hot water model as the base to define the minimum flux in
low-energy lines in the absence of emission from cooler water,
and (ii) a curated, short list of emission lines from single
transitions spanning Eu between 1400 and 6000 K that
maximize data quality in terms of S/N and resolving power,
absent of residual fringes, and absent of contamination from
other species in typical emission conditions as observed in this
work’s sample.

4.1. Diagnostic Lines for Temperature and Density

In Figures 9 and 10, we present the selected lines and
demonstrate their use as proxies for temperature distribution
and column density of the water spectra. These lines are
reported in Table 1. From the main list of single lines defined
above in Section 3, three are selected to span the entire range
of Eu covered by MIRI at the two extremes (near 1500 and
6000 K, avoiding lines at higher Eu that are typically weaker
and more likely to be affected by non-LTE excitation), and at
intermediate Eu (near 3600 K). These transitions provide three
flux ratios that capture the relative emission from different
temperature components: the line flux ratio between transitions
from 3600 and 6000 K (capturing the relative strength of a
“warm” water component, here taken at ≈400 K), and the line
flux ratio between transitions from 1500 and 3600 K or 6000 K
(for the relative strength of a “cold” water component, here
taken at ≈190 K).
While the low-energy lines near 23.85 μm were already

identified as good tracers of sublimation temperatures
(∼150–180 K) of water in previous work (K. Zhang et al.
2013; A. Banzatti et al. 2023a), the two lines we use here to
trace water at higher temperatures are selected from the
17–17.6 μm range, which achieves the highest S/N and a high
resolving power at MIRI wavelengths (Section 5.1). The line
selection from different options with similar Eu was made such
that the 850 K reference model adopted in this work, labeled

Figure 8. Representative water spectra for a hot-dominated (CI Tau) and cool-dominated (GQ Lup) disk are shown in comparison to temperature component models
(bottom). The different spectral line flux distribution is very visible, with the strongest lines having similar flux across MIRI wavelengths in the case of a hot-
dominated spectrum vs. increasingly stronger lines at longer wavelengths when emission from cooler water is present. The full sample is shown in Appendix H. The
H2 transition near 17 μm is marked with a green dashed line.
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previous work. This Section demonstrates that by using a few,
carefully selected line ratios it is possible to obtain a simple,
model-independent view of the relative emission from water at
different temperatures in inner disks before performing time-
consuming fits with sophisticated models. For measuring
emission-line properties from the spectra, we use iSLAT,
which implements the least-squares minimization code lmfit
(M. Newville et al. 2014) to perform single-Gaussian fits and
measure the line centroid, FWHM, flux, and their uncertainties.

When fitting for two temperatures as well as a temperature
gradient, previous work found CI Tau to be the disk most
dominated by a hot water component, while GQ Lup to be one
with strong emission from additional cooler water at larger radii
(C. E. Romero-Mirza et al. 2024a). We show these two extreme
cases in Figure 8 to illustrate how the temperature distribution
in a MIRI spectrum can be visible by eye from the spectral line
flux distribution, i.e., the distribution of line flux as a function
of wavelength. This distribution is rather flat with wavelength
(i.e., the strongest lines have similar flux across MIRI
wavelengths) in the case of a hot-dominated spectrum (CI
Tau), while it shows increasingly stronger lines at longer
wavelengths when emission from cooler water is present (GQ
Lup). This different spectral line flux distribution is exemplified
at the bottom of the Figure using slab models at three
temperatures representing properties found in previous work, as
explained in Section 3 (assuming a cold component at 190 K,
to represent results from fits to MIRI spectra; A. Banzatti et al.
2023a; C. E. Romero-Mirza et al. 2024a; M. Temmink et al.
2024), for reference.

Leveraging the different spectral line flux distribution of
different temperature components, previous work defined an
empirical “cool water excess” by using the hot-dominated CI
Tau spectrum as a comparative template for other disks, and by
measuring excess emission in the lower-energy transitions
from a large number of single lines measured across MIRI
wavelengths (A. Banzatti et al. 2023a). In this work, we
develop a simpler diagnostic that can be applied broadly to

future analyses of disk samples observed with MIRI. We use:
(i) a hot water model as the base to define the minimum flux in
low-energy lines in the absence of emission from cooler water,
and (ii) a curated, short list of emission lines from single
transitions spanning Eu between 1400 and 6000 K that
maximize data quality in terms of S/N and resolving power,
absent of residual fringes, and absent of contamination from
other species in typical emission conditions as observed in this
work’s sample.
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In Figures 9 and 10, we present the selected lines and
demonstrate their use as proxies for temperature distribution
and column density of the water spectra. These lines are
reported in Table 1. From the main list of single lines defined
above in Section 3, three are selected to span the entire range
of Eu covered by MIRI at the two extremes (near 1500 and
6000 K, avoiding lines at higher Eu that are typically weaker
and more likely to be affected by non-LTE excitation), and at
intermediate Eu (near 3600 K). These transitions provide three
flux ratios that capture the relative emission from different
temperature components: the line flux ratio between transitions
from 3600 and 6000 K (capturing the relative strength of a
“warm” water component, here taken at ≈400 K), and the line
flux ratio between transitions from 1500 and 3600 K or 6000 K
(for the relative strength of a “cold” water component, here
taken at ≈190 K).
While the low-energy lines near 23.85 μm were already

identified as good tracers of sublimation temperatures
(∼150–180 K) of water in previous work (K. Zhang et al.
2013; A. Banzatti et al. 2023a), the two lines we use here to
trace water at higher temperatures are selected from the
17–17.6 μm range, which achieves the highest S/N and a high
resolving power at MIRI wavelengths (Section 5.1). The line
selection from different options with similar Eu was made such
that the 850 K reference model adopted in this work, labeled

Figure 8. Representative water spectra for a hot-dominated (CI Tau) and cool-dominated (GQ Lup) disk are shown in comparison to temperature component models
(bottom). The different spectral line flux distribution is very visible, with the strongest lines having similar flux across MIRI wavelengths in the case of a hot-
dominated spectrum vs. increasingly stronger lines at longer wavelengths when emission from cooler water is present. The full sample is shown in Appendix H. The
H2 transition near 17 μm is marked with a green dashed line.
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6000 K, avoiding lines at higher Eu that are typically weaker
and more likely to be affected by non-LTE excitation), and at
intermediate Eu (near 3600 K). These transitions provide three
flux ratios that capture the relative emission from different
temperature components: the line flux ratio between transitions
from 3600 and 6000 K (capturing the relative strength of a
“warm” water component, here taken at ≈400 K), and the line
flux ratio between transitions from 1500 and 3600 K or 6000 K
(for the relative strength of a “cold” water component, here
taken at ≈190 K).
While the low-energy lines near 23.85 μm were already

identified as good tracers of sublimation temperatures
(∼150–180 K) of water in previous work (K. Zhang et al.
2013; A. Banzatti et al. 2023a), the two lines we use here to
trace water at higher temperatures are selected from the
17–17.6 μm range, which achieves the highest S/N and a high
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dominated spectrum vs. increasingly stronger lines at longer wavelengths when emission from cooler water is present. The full sample is shown in Appendix H. The
H2 transition near 17 μm is marked with a green dashed line.

11

The Astronomical Journal, 169:165 (47pp), 2025 March Banzatti et al.

0.0

0.1

0.2

Wavelength ( m)μ

Warm water 
(500 K)

Evidence of pebble drift in Sun-like stars

15

Cold water excess = on-going sublimation of pebbles

Growth of planetary 
embryos

Pebble 
flux

Gasman+2023, incl. Tabone

Banzatti+2023,2025

Banzatti, Krijt, Tabone, ARAA, in prep.

Excess      fl

Wavelength [ m]μ

Fl
ux

 [J
y]

25 26



Evidence of pebble drift in Sun-like stars

16

Cold water excess = on-going sublimation of pebbles 
=> would produce high O/H and low C/O in the gas

Tabone et al. submitted

A&A proofs: manuscript no. output

model fits of Spitzer-IRS spectra, where C2H2 is found to be op-
tically thin (Salyk et al. 2011). We shall however stress that in IM
Lup, the significant contribution of H2O and HCN to the C2H2
along with the low signal-to-noise ratio and residual fringes chal-
lenge the fit of the feature and the exact best fit parameter of the
optically thick component depends of the determination of the
continuum. In V1094 Sco, a second slab allows to have a better
fit of the weak 13C2H2 Q-branch (see Fig.A.3) The typical ex-
citation temperature of → 200 ↑ 500 K derived here is lower by
a factor of two compared to that inferred by Salyk et al. (2011)
using a large sample of Spitzer-IRS observations or in the recent
analysis of the Cycle 1 JDISCS sample by Arulanantham et al.
(2025). In DL Tau and IM Lup, the optically thick component
is hotter and more compact that the optically thin component,
suggesting a radial profile of C2H2 declining with radius remini-
cent with the cmponents traced by H2O (see above and Gasman
et al. 2023; Romero-Mirza et al. 2024). This demonstrates the
importance of high spectral resolution and sensitivity to robustly
infer basic parameters of the molecular features and the need
for including multiple slabs when analysing the C2H2 feature.
In particular, the 13CCH2 isotopologue feature, only appears for
high optical depth. It also implies that a consistent analysis with
fits of the C2H2 feature with more than one slab is required to
confirm whether C2H2 is truly cooler in the three disks studied
here than in other sources.

3.3. Water

The pure rotational water lines observed by MIRI-MRS have
been shown to trace a range of temperatures, with short-
wavelength lines typically tracing hotter and long-wavelength
lines tracing cooler water (Gasman et al. 2023; Banzatti et al.
2023; Temmink et al. 2024a; Romero-Mirza et al. 2024). The
water lines are detected in all three disks, but with a relatively
low signal-to-noise and low line-to-continuum ratio in DL Tau
and V1094 Sco. We therefore fitted the water lines of these two
disks with only two slabs. For IM Lup, the better signal-to-noise
ratio, as well as evidence for cold water in the less excited lines
(see Fig. 5, bottom right panel), allows us to fit the spectrum with
three slabs. More sophisticated 1D models will be applied to our
sample in a forthcoming publication (Temmink et al. in prep.).
Figure 5, A.1, and A.2 show that the water lines are well matched
by our slab models. We recover that the overall spectrum traces
primarily hot water around 700-900 K and, to a lesser extent,
warm water around 300-400 K (see Table A.1). In IM Lup, we
further unveil a cold component around 200 K which is visible
in the water line complex around 23.8 µm (Fig. 5, right panels,
grey spectrum).

3.4. Carbon dioxide

Carbon dioxide is detected in IM Lup and V1094 Sco (Fig. 4)
and the Q-banch is consistent with a relatively low tempera-
ture of 300-500 K, in line with other T Tauri disks (Gasman
et al. 2023; Arulanantham et al. 2025) and somewhat warmer
than in protostellar envelopes (van Gelder et al. 2024). The main
Q-branch and the P- and R-branches are well reproduced by a
single slab of gas. This suggests that CO2 is emissive only un-
der specific physical conditions, likely related to the competition
between formation of H2O versus CO2 via hydrogen abstraction
of OH (H2+OH↓ H2O+H versus CO+OH↓ CO2+H), the lat-
ter being predominantly formed at low temperature (T ↭ 300 K,
Bosman et al. 2018a). Indication of 13CO2 is also seen in the

Fig. 5: Analysis of water emission in our sample. For each
source, the observed JWST spectrum (black) is compared to the
sum of all the best fit slab models (red). The total emission model
is further split in the different slab components. The best-fit slab
parameters are reported in Table A.1. The water slab models are
in blue, cyan, and gray in decreasing excitation temperatures.
The water emission in DL Tau and V1094 Sco is well fitted by
two slabs with a dominance of hot water. The IM Lup water
spectrum is matched by three slabs.

residual spectrum of IM Lup confirming the detectability of
the isotopologue for CO2 dominated MIRI-MRS spectra (Grant
et al. 2023; Salyk et al. 2025; Vlasblom et al. 2025). In V1094
Sco, the column density is particularly high, as testified by the
detection of the vibrationally excited bands. In DL Tau, CO2 is
not clearly detected, and we provide in Table A.2 an upper limit
on its column density assuming the same emitting area and tem-
perature as inferred for the warm water component.

3.5. Other species

C4H2 Diacetylene is detected in the C2H2-bright disk of V1094
Sco around 16 µm (see Fig. A.1), but remains undetected in DL
Tau and IM Lup. This is the second detection of diacetylene in
a disk orbiting a T Tauri star after DoAr 33 (Colmenares et al.
2024). The fit of the feature points toward a surprisingly low
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source, the observed JWST spectrum (black) is compared to the
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not clearly detected, and we provide in Table A.2 an upper limit
on its column density assuming the same emitting area and tem-
perature as inferred for the warm water component.
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C4H2 Diacetylene is detected in the C2H2-bright disk of V1094
Sco around 16 µm (see Fig. A.1), but remains undetected in DL
Tau and IM Lup. This is the second detection of diacetylene in
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B. Tabone: MINDS: giant T Tauri disks

Table 1: Properties of the host stars and the disk for the selected sample of giant disks.

Teff L→ (a) log(Lacc) (a) M→ (a) log Ṁ→ (a) RCO Mdust
(a) Rdust ω13↑26

[K] [L↓] [L↓] [M↓] [M↓/yr] [au] [M↔] [au]
DL Tau 4162 1.5 -0.3 0.77 -7.2 597 (d) 123 144 (e) -0.54

IM Lup / Sz82 4210 2.5 -1.1 0.87 -7.9 803 (d) 125 244 (e) 00
V1094 Sco 4115 1.2 -1.0 0.73 -7.9 997 (c) 135 381 (c) 00

(a) Manara et al. (2023) (b) Sanchis et al. (2021) (c) Deng et al. (2025) (d) Long et al. (2022) (e) Vioque et al. (2025) (f) Franceschi
et al. (2024)

Fig. 1: Overview of the MIRI-MRS spectra of the three T Tauri disks along with ALMA views of their dust emission for illustrative
purposes. The mid-IR emission is dominated by a dust continuum with particularly flat silicate features revealing large micron-sized
grains in DL Tau and V1094 Sco with a prominent silica feature. The 13-16 µm region shows a wealth of molecular features with a
prominent C2H2, HCN, and CO2 features outlined in Fig. 2. In addition the pure rotational lines of H2 and the Ne [II] line are seen
in all three disks.

using standard pipeline methods, where the spectra have been
extracted using an aperture equal to two times the full width at
half maximum (FWHM) and backgrounds were subtracted us-
ing annuli. Furthermore, we used the residual fringe correction
option of the standard pipeline, as two of our three sources (DL
Tau and IM Lup) were taken without target acquisition. We fur-
ther subtract the dust and gas continuum emission following the
method of Temmink et al. (2024b) who used Savitzky-Golay fil-
ters as implemented by Erb (2022).

2.2. Slab model fit

The molecular features are analyzed using the single-zone LTE
slab model presented in Tabone et al. (2023) and widely used
within the MINDS collaboration (e.g., Perotti et al. 2023; Grant
et al. 2023; Gasman et al. 2023; Temmink et al. 2025b). The
energy levels are assumed to be populated according to a Boltz-
mann distribution with a temperature T and the intrinsic line pro-
file function to be Gaussian with a broadening of ε = 2 km s↑1

(full-width half maximum of 4.7 km s↑1). The calculation of the
emerging line intensity involves mutual line overlap by summing
the wavelength-dependent optical depth of each line before cal-
culating the specific intensity. This is particularly crucial for Q-
branches where many lines can screen themselves. However, we
neglect the mutual line overlap between different species except
for C2H2 and its isotopologue 13CCH2 which is thought to share
the same emitting region and have overlapping lines. The list of

levels and radiative transitions is extracted from the HITRAN
database (Gordon et al. 2022).

The three free parameters of a single-slab model are the ex-
citation temperature T , the column density of the species N, and
the effective emitting radius R which sets the emitting area A
with the convention A = ϑR2. We recall that the flux is directly
proportional to R2 but also, in the optically thin regime, to N.
Following the calculations of the emergent flux (typically mea-
sured in Jansky), the synthetic spectra are convolved by the spec-
tral response of the MRS and resampled on the same wavelength
grid as the observed spectrum using the spectres library (Car-
nall 2017). The analysis of JWST spectra is often hampered by a
pseudo-continuum due to highly optically thick gas ; this cannot
be unambiguously separated from the dust continuum (see e.g.,
J160532 and ISO-ChaI-147, Tabone et al. 2023; Arabhavi et al.
2024). If one assumes that the continuum exclusively arises from
dust, the column densities of molecules can be severely underes-
timated. Kaeufer et al. (2024) proposed to fit simultaneously the
dust and gas continuum but this approach requires fitting the dust
emission at the percent level when the line-to-continuum ratio is
low, which remains difficult to achieve. In this paper, we pro-
pose a new approach. The slab models of the gas are treated as
any observed JWST spectrum by subtracting the continuum as in
Temmink et al. (2024b). This means that the parameters are esti-
mated only based on the amplitude of the molecular features and
not on a subjective determination of the dust continuum emis-
sion or on a dust model. The fits of the JWST spectra are per-
formed using an MCMC approach with the affine-invariant en-
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Table 1: Properties of the host stars and the disk for the selected sample of giant disks.
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Fig. 1: Overview of the MIRI-MRS spectra of the three T Tauri disks along with ALMA views of their dust emission for illustrative
purposes. The mid-IR emission is dominated by a dust continuum with particularly flat silicate features revealing large micron-sized
grains in DL Tau and V1094 Sco with a prominent silica feature. The 13-16 µm region shows a wealth of molecular features with a
prominent C2H2, HCN, and CO2 features outlined in Fig. 2. In addition the pure rotational lines of H2 and the Ne [II] line are seen
in all three disks.

using standard pipeline methods, where the spectra have been
extracted using an aperture equal to two times the full width at
half maximum (FWHM) and backgrounds were subtracted us-
ing annuli. Furthermore, we used the residual fringe correction
option of the standard pipeline, as two of our three sources (DL
Tau and IM Lup) were taken without target acquisition. We fur-
ther subtract the dust and gas continuum emission following the
method of Temmink et al. (2024b) who used Savitzky-Golay fil-
ters as implemented by Erb (2022).

2.2. Slab model fit

The molecular features are analyzed using the single-zone LTE
slab model presented in Tabone et al. (2023) and widely used
within the MINDS collaboration (e.g., Perotti et al. 2023; Grant
et al. 2023; Gasman et al. 2023; Temmink et al. 2025b). The
energy levels are assumed to be populated according to a Boltz-
mann distribution with a temperature T and the intrinsic line pro-
file function to be Gaussian with a broadening of ε = 2 km s↑1

(full-width half maximum of 4.7 km s↑1). The calculation of the
emerging line intensity involves mutual line overlap by summing
the wavelength-dependent optical depth of each line before cal-
culating the specific intensity. This is particularly crucial for Q-
branches where many lines can screen themselves. However, we
neglect the mutual line overlap between different species except
for C2H2 and its isotopologue 13CCH2 which is thought to share
the same emitting region and have overlapping lines. The list of

levels and radiative transitions is extracted from the HITRAN
database (Gordon et al. 2022).

The three free parameters of a single-slab model are the ex-
citation temperature T , the column density of the species N, and
the effective emitting radius R which sets the emitting area A
with the convention A = ϑR2. We recall that the flux is directly
proportional to R2 but also, in the optically thin regime, to N.
Following the calculations of the emergent flux (typically mea-
sured in Jansky), the synthetic spectra are convolved by the spec-
tral response of the MRS and resampled on the same wavelength
grid as the observed spectrum using the spectres library (Car-
nall 2017). The analysis of JWST spectra is often hampered by a
pseudo-continuum due to highly optically thick gas ; this cannot
be unambiguously separated from the dust continuum (see e.g.,
J160532 and ISO-ChaI-147, Tabone et al. 2023; Arabhavi et al.
2024). If one assumes that the continuum exclusively arises from
dust, the column densities of molecules can be severely underes-
timated. Kaeufer et al. (2024) proposed to fit simultaneously the
dust and gas continuum but this approach requires fitting the dust
emission at the percent level when the line-to-continuum ratio is
low, which remains difficult to achieve. In this paper, we pro-
pose a new approach. The slab models of the gas are treated as
any observed JWST spectrum by subtracting the continuum as in
Temmink et al. (2024b). This means that the parameters are esti-
mated only based on the amplitude of the molecular features and
not on a subjective determination of the dust continuum emis-
sion or on a dust model. The fits of the JWST spectra are per-
formed using an MCMC approach with the affine-invariant en-
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B. Tabone: MINDS: giant T Tauri disks

Table 1: Properties of the host stars and the disk for the selected sample of giant disks.

Teff L→ (a) log(Lacc) (a) M→ (a) log Ṁ→ (a) RCO Mdust
(a) Rdust ω13↑26

[K] [L↓] [L↓] [M↓] [M↓/yr] [au] [M↔] [au]
DL Tau 4162 1.5 -0.3 0.77 -7.2 597 (d) 123 144 (e) -0.54

IM Lup / Sz82 4210 2.5 -1.1 0.87 -7.9 803 (d) 125 244 (e) 00
V1094 Sco 4115 1.2 -1.0 0.73 -7.9 997 (c) 135 381 (c) 00

(a) Manara et al. (2023) (b) Sanchis et al. (2021) (c) Deng et al. (2025) (d) Long et al. (2022) (e) Vioque et al. (2025) (f) Franceschi
et al. (2024)

Fig. 1: Overview of the MIRI-MRS spectra of the three T Tauri disks along with ALMA views of their dust emission for illustrative
purposes. The mid-IR emission is dominated by a dust continuum with particularly flat silicate features revealing large micron-sized
grains in DL Tau and V1094 Sco with a prominent silica feature. The 13-16 µm region shows a wealth of molecular features with a
prominent C2H2, HCN, and CO2 features outlined in Fig. 2. In addition the pure rotational lines of H2 and the Ne [II] line are seen
in all three disks.

using standard pipeline methods, where the spectra have been
extracted using an aperture equal to two times the full width at
half maximum (FWHM) and backgrounds were subtracted us-
ing annuli. Furthermore, we used the residual fringe correction
option of the standard pipeline, as two of our three sources (DL
Tau and IM Lup) were taken without target acquisition. We fur-
ther subtract the dust and gas continuum emission following the
method of Temmink et al. (2024b) who used Savitzky-Golay fil-
ters as implemented by Erb (2022).

2.2. Slab model fit

The molecular features are analyzed using the single-zone LTE
slab model presented in Tabone et al. (2023) and widely used
within the MINDS collaboration (e.g., Perotti et al. 2023; Grant
et al. 2023; Gasman et al. 2023; Temmink et al. 2025b). The
energy levels are assumed to be populated according to a Boltz-
mann distribution with a temperature T and the intrinsic line pro-
file function to be Gaussian with a broadening of ε = 2 km s↑1

(full-width half maximum of 4.7 km s↑1). The calculation of the
emerging line intensity involves mutual line overlap by summing
the wavelength-dependent optical depth of each line before cal-
culating the specific intensity. This is particularly crucial for Q-
branches where many lines can screen themselves. However, we
neglect the mutual line overlap between different species except
for C2H2 and its isotopologue 13CCH2 which is thought to share
the same emitting region and have overlapping lines. The list of

levels and radiative transitions is extracted from the HITRAN
database (Gordon et al. 2022).

The three free parameters of a single-slab model are the ex-
citation temperature T , the column density of the species N, and
the effective emitting radius R which sets the emitting area A
with the convention A = ϑR2. We recall that the flux is directly
proportional to R2 but also, in the optically thin regime, to N.
Following the calculations of the emergent flux (typically mea-
sured in Jansky), the synthetic spectra are convolved by the spec-
tral response of the MRS and resampled on the same wavelength
grid as the observed spectrum using the spectres library (Car-
nall 2017). The analysis of JWST spectra is often hampered by a
pseudo-continuum due to highly optically thick gas ; this cannot
be unambiguously separated from the dust continuum (see e.g.,
J160532 and ISO-ChaI-147, Tabone et al. 2023; Arabhavi et al.
2024). If one assumes that the continuum exclusively arises from
dust, the column densities of molecules can be severely underes-
timated. Kaeufer et al. (2024) proposed to fit simultaneously the
dust and gas continuum but this approach requires fitting the dust
emission at the percent level when the line-to-continuum ratio is
low, which remains difficult to achieve. In this paper, we pro-
pose a new approach. The slab models of the gas are treated as
any observed JWST spectrum by subtracting the continuum as in
Temmink et al. (2024b). This means that the parameters are esti-
mated only based on the amplitude of the molecular features and
not on a subjective determination of the dust continuum emis-
sion or on a dust model. The fits of the JWST spectra are per-
formed using an MCMC approach with the affine-invariant en-
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with the convention A = ϑR2. We recall that the flux is directly
proportional to R2 but also, in the optically thin regime, to N.
Following the calculations of the emergent flux (typically mea-
sured in Jansky), the synthetic spectra are convolved by the spec-
tral response of the MRS and resampled on the same wavelength
grid as the observed spectrum using the spectres library (Car-
nall 2017). The analysis of JWST spectra is often hampered by a
pseudo-continuum due to highly optically thick gas ; this cannot
be unambiguously separated from the dust continuum (see e.g.,
J160532 and ISO-ChaI-147, Tabone et al. 2023; Arabhavi et al.
2024). If one assumes that the continuum exclusively arises from
dust, the column densities of molecules can be severely underes-
timated. Kaeufer et al. (2024) proposed to fit simultaneously the
dust and gas continuum but this approach requires fitting the dust
emission at the percent level when the line-to-continuum ratio is
low, which remains difficult to achieve. In this paper, we pro-
pose a new approach. The slab models of the gas are treated as
any observed JWST spectrum by subtracting the continuum as in
Temmink et al. (2024b). This means that the parameters are esti-
mated only based on the amplitude of the molecular features and
not on a subjective determination of the dust continuum emis-
sion or on a dust model. The fits of the JWST spectra are per-
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Fig. 2: Zoom in on the 13.5-15 µm region showing the main de-
tected species. The continuum subtracted spectra are normalised
to the continuum flux at 13 µm and shifted by 0.25 and 0.5 for
IM Lup and DL Tau, respectively. A broad diversity in strength
of organic features is found between the three disks. The shaded
areas are only indicative of regions where the molecular features
of the species are particularly bright.

Fig. 3: C2H2/H2O flux ratio versus dust mass of the MINDS sam-
ple of full disks orbiting single T Tauri stars (Grant et al. 2025).
Our study is focused on three giant disks that contain the largest
amounts of dust in their outer regions among the MINDS sam-
ple. DL Tau and V1094 Sco are the brightest disks in C2H2 with
respect to H2O within the sample.

semble sampler implemented in the emcee package (Foreman-
Mackey et al. 2013) from a grid of precalculated slab models,
which are interpolated in N and T during the parameter explo-
ration (see Appendix A). In the grids, the temperature and log(N)
are sampled with steps of 25 K and 0.2, respectively. For C2H2
and H2O, a single slab model gives a poor fit and we fit the fea-
tures with a two or three slabs by summing the flux of each slab.
The features of each species are fitted sequentially as in Grant
et al. (2023) starting with H2O, then OH, CO2, C2H2, and HCN.

3. Results

3.1. Overview of the MIRI-MRS spectra

3.1.1. The sample

The properties of the three sources analyzed in this work are
summarized in Table 1. To reveal the intrinsic diversity in disk
emission and not be driven by correlations with stellar mass
and outer disk properties, we selected sources with very simi-

lar effective temperatures and outer disk properties. The selected
spectral type is K7-6, which corresponds to a stellar mass of
about 0.7-0.9 M→. The three sources also exhibit comparable ac-
cretion luminosities, indicating that the differences observed in
the mid-IR are not driven by the known shallow correlation be-
tween Lacc and molecular emission (Banzatti et al. 2017, 2020).
Regarding the properties of the outer disks, the dust disk mass
inferred from the mm continuum emission is about 120-130 M↑,
corresponding to a total gas mass of 4↓10↔2 M→ assuming a gas-
to-dust mass ratio of 100. Using the Lupus star-forming region as
a reference, our sources are within the top 2% most massive and
largest disks (van Terwisga et al. 2018). These disks also belong
to the same sub-population of giant disks in the gas with CO gas
sizes, as defined by the radius encompassing 90% of the CO mm
flux, larger than 600 au. Using the archival work of Long et al.
(2022), which is still biased toward large disks, this corresponds
to the top 10% of the largest disks in CO millimeter emission.

3.1.2. Continuum emission

The MIRI-MRS spectra of the three sources are presented in Fig.
1. The mid-IR continua span one order of magnitude in absolute
flux with V1094 Sco having the weakest emission at the 100 mJy
level around 13 µm. This large variation is not due to the host star
since they have similar bolometric luminosity but should origi-
nate from the structure of the inner disk. The fluxes of IM Lup
and DL Tau are well within the typical mid-IR flux measured
in full T Tauri disks orbiting stars of similar SpT (Furlan et al.
2011). The mid-IR continuum of V1094 Sco is much dimmer
(Tsukagoshi et al. 2011), pointing toward a flattened disk geom-
etry limiting the illumination of the dust by the star and from the
dust inner rim (Dullemond & Dominik 2004, 2005).

The silicate features of the MINDS sample of T Tauri disks
will be analyzed in detail in a forthcoming study (Varga et al.
submitted). We note that DL Tau and V1094 Sco have similar
10 µm silicate features characterized by a weak and flat profile
(see Fig. 3 in Grant et al. 2025). This points to large and well-
settled grains (Sargent et al. 2009b; Olofsson et al. 2010). This is
also supported by the relatively flat SEDs, with 13-26 µm spec-
tral indices that lie among the lowest 25% compared to, e.g.,
samples from Taurus (see Fig. 12 in Furlan et al. 2006). In ad-
dition, a peak around 9 µm attributed to amorphous silica grains
(glass of SiO2 stoichiometry) is observed in both sources. Silica-
rich grains were identified by Sargent et al. (2009a) based on
Spitzer data. In particular, these authors measured a fraction of
warm silica of 25% in DL Tau, one of the highest fractions in
their sample of 65 T Tauri disks. In Section 4, we relate this spe-
cific stoichiometry to the gas composition and propose that this
stoichiometry is due to the formation of silica in gas with super-
solar C/O elemental ratio. In contrast, IM Lup shows slightly
more peaked silicate feature with a rising SED from 14 and
22 µm consistent with finer grains and a flared disk geometry.

3.1.3. Molecular lines

Molecular emission from organics and water is shown in Fig. 1,
though with a relatively low contrast between the lines and the
continuum compared to emblematic sources like DR Tau (Tem-
mink et al. 2024a) but not at odds with the MINDS sample of T
Tauri disks (Grant et al. 2025). Figure 2 shows a zoom-in on the
13.5-15.1 µm region, which is the richest in molecular features.
The spectra being normalized by the continuum flux at 13 µm, it
is apparent that the overall line-to-continuum ratios are compa-
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Fig. 2: Zoom in on the 13.5-15 µm region showing the main de-
tected species. The continuum subtracted spectra are normalised
to the continuum flux at 13 µm and shifted by 0.25 and 0.5 for
IM Lup and DL Tau, respectively. A broad diversity in strength
of organic features is found between the three disks. The shaded
areas are only indicative of regions where the molecular features
of the species are particularly bright.
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ple of full disks orbiting single T Tauri stars (Grant et al. 2025).
Our study is focused on three giant disks that contain the largest
amounts of dust in their outer regions among the MINDS sam-
ple. DL Tau and V1094 Sco are the brightest disks in C2H2 with
respect to H2O within the sample.

semble sampler implemented in the emcee package (Foreman-
Mackey et al. 2013) from a grid of precalculated slab models,
which are interpolated in N and T during the parameter explo-
ration (see Appendix A). In the grids, the temperature and log(N)
are sampled with steps of 25 K and 0.2, respectively. For C2H2
and H2O, a single slab model gives a poor fit and we fit the fea-
tures with a two or three slabs by summing the flux of each slab.
The features of each species are fitted sequentially as in Grant
et al. (2023) starting with H2O, then OH, CO2, C2H2, and HCN.

3. Results

3.1. Overview of the MIRI-MRS spectra

3.1.1. The sample

The properties of the three sources analyzed in this work are
summarized in Table 1. To reveal the intrinsic diversity in disk
emission and not be driven by correlations with stellar mass
and outer disk properties, we selected sources with very simi-

lar effective temperatures and outer disk properties. The selected
spectral type is K7-6, which corresponds to a stellar mass of
about 0.7-0.9 M→. The three sources also exhibit comparable ac-
cretion luminosities, indicating that the differences observed in
the mid-IR are not driven by the known shallow correlation be-
tween Lacc and molecular emission (Banzatti et al. 2017, 2020).
Regarding the properties of the outer disks, the dust disk mass
inferred from the mm continuum emission is about 120-130 M↑,
corresponding to a total gas mass of 4↓10↔2 M→ assuming a gas-
to-dust mass ratio of 100. Using the Lupus star-forming region as
a reference, our sources are within the top 2% most massive and
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(2022), which is still biased toward large disks, this corresponds
to the top 10% of the largest disks in CO millimeter emission.
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The MIRI-MRS spectra of the three sources are presented in Fig.
1. The mid-IR continua span one order of magnitude in absolute
flux with V1094 Sco having the weakest emission at the 100 mJy
level around 13 µm. This large variation is not due to the host star
since they have similar bolometric luminosity but should origi-
nate from the structure of the inner disk. The fluxes of IM Lup
and DL Tau are well within the typical mid-IR flux measured
in full T Tauri disks orbiting stars of similar SpT (Furlan et al.
2011). The mid-IR continuum of V1094 Sco is much dimmer
(Tsukagoshi et al. 2011), pointing toward a flattened disk geom-
etry limiting the illumination of the dust by the star and from the
dust inner rim (Dullemond & Dominik 2004, 2005).

The silicate features of the MINDS sample of T Tauri disks
will be analyzed in detail in a forthcoming study (Varga et al.
submitted). We note that DL Tau and V1094 Sco have similar
10 µm silicate features characterized by a weak and flat profile
(see Fig. 3 in Grant et al. 2025). This points to large and well-
settled grains (Sargent et al. 2009b; Olofsson et al. 2010). This is
also supported by the relatively flat SEDs, with 13-26 µm spec-
tral indices that lie among the lowest 25% compared to, e.g.,
samples from Taurus (see Fig. 12 in Furlan et al. 2006). In ad-
dition, a peak around 9 µm attributed to amorphous silica grains
(glass of SiO2 stoichiometry) is observed in both sources. Silica-
rich grains were identified by Sargent et al. (2009a) based on
Spitzer data. In particular, these authors measured a fraction of
warm silica of 25% in DL Tau, one of the highest fractions in
their sample of 65 T Tauri disks. In Section 4, we relate this spe-
cific stoichiometry to the gas composition and propose that this
stoichiometry is due to the formation of silica in gas with super-
solar C/O elemental ratio. In contrast, IM Lup shows slightly
more peaked silicate feature with a rising SED from 14 and
22 µm consistent with finer grains and a flared disk geometry.

3.1.3. Molecular lines

Molecular emission from organics and water is shown in Fig. 1,
though with a relatively low contrast between the lines and the
continuum compared to emblematic sources like DR Tau (Tem-
mink et al. 2024a) but not at odds with the MINDS sample of T
Tauri disks (Grant et al. 2025). Figure 2 shows a zoom-in on the
13.5-15.1 µm region, which is the richest in molecular features.
The spectra being normalized by the continuum flux at 13 µm, it
is apparent that the overall line-to-continuum ratios are compa-
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Fig. 2: Zoom in on the 13.5-15 µm region showing the main de-
tected species. The continuum subtracted spectra are normalised
to the continuum flux at 13 µm and shifted by 0.25 and 0.5 for
IM Lup and DL Tau, respectively. A broad diversity in strength
of organic features is found between the three disks. The shaded
areas are only indicative of regions where the molecular features
of the species are particularly bright.

Fig. 3: C2H2/H2O flux ratio versus dust mass of the MINDS sam-
ple of full disks orbiting single T Tauri stars (Grant et al. 2025).
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amounts of dust in their outer regions among the MINDS sam-
ple. DL Tau and V1094 Sco are the brightest disks in C2H2 with
respect to H2O within the sample.
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are sampled with steps of 25 K and 0.2, respectively. For C2H2
and H2O, a single slab model gives a poor fit and we fit the fea-
tures with a two or three slabs by summing the flux of each slab.
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et al. (2023) starting with H2O, then OH, CO2, C2H2, and HCN.
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emission and not be driven by correlations with stellar mass
and outer disk properties, we selected sources with very simi-

lar effective temperatures and outer disk properties. The selected
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rich grains were identified by Sargent et al. (2009a) based on
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warm silica of 25% in DL Tau, one of the highest fractions in
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cific stoichiometry to the gas composition and propose that this
stoichiometry is due to the formation of silica in gas with super-
solar C/O elemental ratio. In contrast, IM Lup shows slightly
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Regarding the properties of the outer disks, the dust disk mass
inferred from the mm continuum emission is about 120-130 M↑,
corresponding to a total gas mass of 4↓10↔2 M→ assuming a gas-
to-dust mass ratio of 100. Using the Lupus star-forming region as
a reference, our sources are within the top 2% most massive and
largest disks (van Terwisga et al. 2018). These disks also belong
to the same sub-population of giant disks in the gas with CO gas
sizes, as defined by the radius encompassing 90% of the CO mm
flux, larger than 600 au. Using the archival work of Long et al.
(2022), which is still biased toward large disks, this corresponds
to the top 10% of the largest disks in CO millimeter emission.

3.1.2. Continuum emission

The MIRI-MRS spectra of the three sources are presented in Fig.
1. The mid-IR continua span one order of magnitude in absolute
flux with V1094 Sco having the weakest emission at the 100 mJy
level around 13 µm. This large variation is not due to the host star
since they have similar bolometric luminosity but should origi-
nate from the structure of the inner disk. The fluxes of IM Lup
and DL Tau are well within the typical mid-IR flux measured
in full T Tauri disks orbiting stars of similar SpT (Furlan et al.
2011). The mid-IR continuum of V1094 Sco is much dimmer
(Tsukagoshi et al. 2011), pointing toward a flattened disk geom-
etry limiting the illumination of the dust by the star and from the
dust inner rim (Dullemond & Dominik 2004, 2005).

The silicate features of the MINDS sample of T Tauri disks
will be analyzed in detail in a forthcoming study (Varga et al.
submitted). We note that DL Tau and V1094 Sco have similar
10 µm silicate features characterized by a weak and flat profile
(see Fig. 3 in Grant et al. 2025). This points to large and well-
settled grains (Sargent et al. 2009b; Olofsson et al. 2010). This is
also supported by the relatively flat SEDs, with 13-26 µm spec-
tral indices that lie among the lowest 25% compared to, e.g.,
samples from Taurus (see Fig. 12 in Furlan et al. 2006). In ad-
dition, a peak around 9 µm attributed to amorphous silica grains
(glass of SiO2 stoichiometry) is observed in both sources. Silica-
rich grains were identified by Sargent et al. (2009a) based on
Spitzer data. In particular, these authors measured a fraction of
warm silica of 25% in DL Tau, one of the highest fractions in
their sample of 65 T Tauri disks. In Section 4, we relate this spe-
cific stoichiometry to the gas composition and propose that this
stoichiometry is due to the formation of silica in gas with super-
solar C/O elemental ratio. In contrast, IM Lup shows slightly
more peaked silicate feature with a rising SED from 14 and
22 µm consistent with finer grains and a flared disk geometry.

3.1.3. Molecular lines

Molecular emission from organics and water is shown in Fig. 1,
though with a relatively low contrast between the lines and the
continuum compared to emblematic sources like DR Tau (Tem-
mink et al. 2024a) but not at odds with the MINDS sample of T
Tauri disks (Grant et al. 2025). Figure 2 shows a zoom-in on the
13.5-15.1 µm region, which is the richest in molecular features.
The spectra being normalized by the continuum flux at 13 µm, it
is apparent that the overall line-to-continuum ratios are compa-
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Summary: diversity of inner disks driven by dyanamics
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• Thermocheical models essential to convert a MIRI spectrum to an estimated C/O ratio 
• C/O and O/H major drivers of the C2H2/H2O line fluxes 
• In Sun-like stars: C/O<1 and for some O/H super solar 
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Need for forward models to estimate elemental abundances
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P. Estève et al.: Chemistry and IR emission of acetylene in planet-forming regions of T Tauri disks
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Fig. 11. Same as Fig. 4 but showing the line-to-continuum ratios for acetylene and water. The panel c) summarizes the influence of the parameters
covered in this work, highlighted in colors: black for C/O, red for O/H, green for gd, blue for q and orange for hC . MINDS observations are shown
with grey squares, with fluxes exported from Grant et al. (2025). We include only T Tauri full disks, without cavities. This plot suggests that a C/O
> 1 is excluded in T Tauri disks, and most of the disks are better reproduced by a high O/H or low C/O.
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Fig. 12. Distribution of the line flux ratio C2H2/H2O observed by JWST
(Grant et al. 2025) compared to the parameters explored in this work.
Three parameters stand out to explain this spread: C/O, O/H or q. A C/O
> 1 seems excluded for inner disks of T Tauri stars.

inner disk and enrich the gas phase in oxygen (Krijt et al. 2016;
Booth et al. 2017; Kalyaan et al. 2021; Houge et al. 2025b).
This increase of the gas-phase O/H would therefore lower the
C/O ratio of the inner disk (Öberg et al. 2011, 2021; Mah et al.
2023; Sellek et al. 2025; Williams et al. 2025). As a result, wa-
ter emission would increase dramatically at the expense of C2H2
and other organic species, the latter being destroyed in greater
quantity. These results were further supported observationally
by Banzatti et al. (2020, 2023, 2025). However, ALMA reveals
that most disks show substructures with rings and gaps (Andrews
et al. 2018). In the case of deep gaps in the disk, this drift would
stop, preventing the grains from enriching the gas in oxygen. Ac-
cording to transport models (Lubow & D’Angelo 2006; Bergez-
Casalou et al. 2020; Sellek & van Dishoeck 2025), the gas from
the outer disk would still cross the gap. This would elevate the
C/O ratio while reducing O/H of the inner disk, since the gas
from the outer disk is known to be oxygen-poor and have a high
C/O ratio (Bergin et al. 2016; Miotello et al. 2017; Sturm et al.
2022). For this situation, according to our models, MIR spectra
would show a prominent Q-branch of acetylene with a reduced

Slab on DALI

GW Lup

DoAr 33

gd = 102

gd = 103

gd = 104

C/O = 1.5

Fig. 13. Temperature and effective radius (corresponding to an emitting
area ωR2) of C2H2 emission retrieved from slab models on DALI pre-
dicted spectra. Red crosses indicate DALI models with solar C/O and
gd = 102, 103, 104, while the green cross corresponds to C/O = 1.5 and
gd = 103. JWST observations of 2 disks are shown in grey (Grant et al.
2023; Colmenares et al. 2024).

water emission. Nevertheless, several studies did not necessarily
find a relation between the substructures seen with ALMA and
the molecular features of the inner disk (Gasman et al. 2025;
Temmink et al. 2025), revealing that this interpretation might
be too simplistic. Indeed, micron-size grains can still cross gaps
and reach the inner disk (Rice et al. 2006; Zhu et al. 2012; We-
ber et al. 2018; Stammler et al. 2023). This would suggest that it
might be the leakiness of gaps that governs the balance between
the drift of dust and gas rather than the number of substructures,
thus setting the elemental abundances in the inner disk. (Tabone
et al. subm).

Following this scenario, the spread of the line flux ratio
C2H2/H2O might be a consequence of a change in elemental
abundances due to the radial drift. Consequently, constraining
the elemental abundances of the inner disk is fundamental to un-
derstand the relation between inner and outer disks.
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• Outstanding diversity of inner disk seen by MIRI!

• Strong dependency on the stellar mass extending down to the planetary mass regime

• Even for very similar kind of disk: strong variation likely due to variation in elemental abundances

• Transport of gas versus ice could be the key process settling the elemental abundances in inner disks

• Preliminary thermochemical models points toward high O/H and C/O<1 for T Tauri


Perspectives 
-ELT-METIS key to pointpoint forming planets at 10au scale and understand their feedback on inner 
most regions


-We need a far-IR mission to access the 1-20 au scales!

-We need next generation of thermochemical models coupling chemistry and dynamics

Conclusion: toward a complete picture of disk 
chemistry  in inner planet-forming regions


