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The understanding of planet formation has changed recently, embracing the new idea of

pebble accretion. This means that the influx of pebbles from the outer regions of planet-

forming disks to their inner zones could determine the composition of planets and their

atmospheres. The solid and molecular components delivered to the planet-forming

region can be best characterized by mid-infrared spectroscopy. With Spitzer low-

resolution (R = 100, 600) spectroscopy, this approach was limited to the detection of

abundant molecules, such as H2O, C2H2, HCN and CO2. This contribution will present

the first results of the MINDS (MIRI mid-INfrared Disk Survey, PI:Th Henning) project.

Due do the sensitivity and spectral resolution provided by the James Webb Space

Telescope (JWST), we now have a unique tool to obtain the full inventory of chemistry

in the inner disks of solar-type stars and brown dwarfs, including also less-abundant

hydrocarbons and isotopologues. The Integral Field Unit (IFU) capabilities will enable at

the same time spatial studies of the continuum and line emission in extended sources

such as debris disks, the flying saucer and also the search for mid-IR signatures of

forming planets in systems such as PDS 70. These JWST observations are

complementary to ALMA and NOEMA observations of outer-disk chemistry; together

these datasets will provide an integral view of the processes occurring during the

planet-formation phase.
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1 Introduction
Much of the exoplanet population studied so far resides inside 10 au from their
host star. The composition of these planets should carry traces of the chemical
composition of the inner regions of planet-forming disks. This can manifest itself
in the bulk C/O ratio of gas-giant planet atmospheres,1–4 but also affect the bulk
interior composition of terrestrial planets (e.g. the sulphur content)5 and the
delivery of water to them.6,7

Planet-forming disks are expected to be layered in their chemical content, with
the surface layers being ionized/atomic and deeper layers being molecular.8,9

More recently, thermochemical models also showed that the spatial distribution
of molecules comes in layers, with OH being closest to the surface and CO, H2O,
CO2, HCN and C2H2 residing ever closer to the midplane10 (Fig. 1). In addition,
theory and observations have shown that dust grains can radially migrate in the
disk if they reach sizes that allow them to dynamically decouple from the gas.11,12

As a consequence, volatile ices carried along and sublimating at the respective ice-
line locations could alter the elemental composition of the gas in the disk.13 The
inner-disk regions are generally highly optically thick (unless some processes
have removed material and carved gaps/holes14), preventing us from probing
down to the midplane. However, turbulent-mixing timescales are less than 104
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Fig. 1 Sketch of a typical disk around a T Tauri star. Thermochemical disk models suggest
a layered molecular structure with OH and CO at the top, followed by H2O and CO2. HCN
and C2H2 peak in abundance deeper in the disk. Theory and observations suggest the
possibility of radial transport of icy grains, which can affect the inner-disk gas composition.
The Mid-InfraRed Instrument (MIRI) on board the James Webb Space Telescope probes
the inner ((10 au) warm disk surface.
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years,15 thus ensuring that any change of element abundance due to radial
transport in the midplane should quickly spread vertically in the disk.

The mid-infrared wavelength range is key in probing the inner ∼10 au of
planet-forming disks. The gas in there is typically warm (several 100–1000 K) and
we expect to see a mix of highly excited rotational lines and ro-vibrational ones.
The Spitzer Space Telescope has frequently detected abundant molecules such as
water, OH, CO2, HCN and C2H2 in disks around solar-type stars, and less
frequently around Herbig Ae stars.16–19 Still, due to the low spectral resolution of R
∼ 600, Spitzer saw only the tip of the iceberg; less abundant molecules (minor
species, e.g. CH4 and NH3 with features <10 mm, and other hydrocarbons such as
C4H2) remained undetected. Yet these minor species play a major role in the
synthesis pathways of complex organic molecules and are key to understanding
the types of chemistry occurring while planet formation is in full steam (e.g. C- or
O-chemistry, combustion chemistry). Also, the quantitative interpretation of the
molecular bands in the Spitzer data was strongly hampered by line blending of
the various molecules. The recently launched James Webb Space Telescope
(JWST) has the spectral resolution (R ∼ 1500–3500) and the sensitivity to disen-
tangle major species blends and to carry out a deep search for minor species.

In the following, we will present some rst results on the richness of the inner
disks of T Tauri and low-mass stars from Guaranteed Time Observations (GTO)
with the MIRI on board of the James Webb Space Telescope.
2 The MINDS survey

The MIRI mid-INfrared Disk Survey (MINDS) is part of the JWST/MIRI GTO time
and led by Thomas Henning and Inga Kamp (PID 1282). We use the medium-
resolution spectrograph (MRS) of the Mid-InfraRed Instrument (MIRI),20,21

which covers simultaneously the wavelength range 4.9 to 28.6 mm with a spectral
resolution of R ∼ 1500–3500.
114 | Faraday Discuss., 2023, 245, 112–137 This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Distribution of the 51 MINDS sources across planet-forming disk type and star-
forming region.
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2.1 The sample

We selected our sample to contain young gas-rich class II disks in nearby star-
forming regions (Herbig Ae stars, T Tauri stars and very low mass stars/brown
dwarfs). Brown dwarfs are sub-stellar objects that are not massive enough to
sustain stable hydrogen fusion. The boundary between very low mass stars
(VLMS) and brown dwarfs (BDs) is not well dened; some authors use color
criteria22,23 or spectral type (later than M6 for young BDs).24 In addition, we
selected a handful of young gas-rich debris disks, where ALMA has established
the presence of CO gas. We mostly selected targets in the Taurus, Ophiuchus,
Chamaeleon and Lupus star-forming regions largely based on the presence of
molecular emission known from previous Spitzer observations and using ground-
based CO ro-vibrational line proles to make sure we look at disk emission. Fig. 2
shows the distribution of our targets across the various star-forming regions and
object types; our main focus is on the Taurus star-forming region. We also
included in our sample PDS 70, a young planet-forming disk, which is known to
host two gas-giant protoplanets,25,26 and TW Hya, one of the closest gas-rich
planet-forming disks (d = 60 pc). Both systems have the potential to reveal
intriguing mid-IR signatures related to forming planets.
2.2 The MIRI/MRS survey

The total observing time of our survey is ∼120 h. We base our exposure time
estimates on previous mid-IR Spitzer uxes and the goal to obtain a S/N of 300–
500 to maximize detection rates of minor species.27 Due to the instrument
sensitivity being a strong function of wavelengths and the Spectral Energy
Distribution (SED) of our targets being non-at, we will mostly achieve this S/N
at shorter wavelengths. Since all our targets are relatively bright sources with
well-known coordinates and proper motions (Gaia DR3 28), we omit a dedicated
target acquisition (TA) with the exception of the brown dwarfs where TA is
necessary. For the spatially extended sources in our sample, we schedule
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 112–137 | 115
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Fig. 3 Water luminosity versus SED slope between 13 and 30 mm for MINDS T Tauri disks
that have high-resolution Spitzer spectra (R ∼ 600). Arrows are upper limits. The higher
spectral resolution and sensitivity of JWST MIRI/MRS allows detection of much fainter
water fluxes in the MINDS program.
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a dedicated background observation just before the science exposure with the
same exposure time. For the science exposures, we use a 4-point dither strategy.
2.3 Data reduction

Our data reduction ow leverages both the JWST pipeline (v1.8.4) and routines
from the VIP package.29 From the JWST pipeline, we use (i) the class Detector1 to
process uncalibrated raw data les using CRDS context jwst_1019.pmap and
default parameters; (ii) Spec2 with default parameters, but skipping background
subtraction, and using dedicated reference les for photometric and fringe at
calibrations as in Gasman et al.40; and (iii) Spec3 with default parameters, apart
from the master_background and outlier_detection steps which are turned off.
We leverage the four-point dither strategy to obtain a rst guess of the back-
ground signal as the minimum of each quadruplet of dithered images (on the
detector), then rened this estimate using a median-lter, which both smoothed
the background map and removed residual star signals. This estimated back-
ground map is subtracted just before Spec3. Bad pixel correction is performed
both before background estimation and aer Spec3 using dedicated VIP routines.
Spectrum extraction is performedmanually through aperture photometry in 2.5 l/
D apertures in the nal spectral frames, aer identifying manually the star
centroid. We use correction factors to compensate for the missing ux in the
apertures (as in Argyriou et al.40), and lter out spikes affecting individual spaxels
when integrating the signal in each aperture.
3 Small dust grains and gas in the inner disk

We have little direct imaging information on the detailed gas and dust structure
of the inner 10 au of disks around low-mass stars (M* ( 1 M�). Much of what we
116 | Faraday Discuss., 2023, 245, 112–137 This journal is © The Royal Society of Chemistry 2023
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know originates from the kinematic analysis of line proles such as the CO ro-
vibrational lines,30,31 spectroscopy of dust emission features32 or interferom-
etry.33 The Spitzer Space Telescope has studied samples of T Tauri disks down to
the brown dwarfs regime both for their molecular content17,19,34–37 and their dust
mineralogy and grain sizes.32,34,38 The inner disk surfaces are generally populated
by micron-sized grains and disk models suggest that the 10 and 20 mm silicate
feature and the molecular lines originate from a similar radial region.

Fig. 3 shows the Spitzer water luminosity39 vs. SED slope n13–30 (MSc thesis
Christian Lemmens) for a subset of our 19 T Tauri MINDS targets. Like previous
work,39 we see no obvious correlation across our sample; the only interesting
point is that disks with large cavities (n13–30 > 0.5) have no water detection. It
remains to be seen whether this was a sensitivity limit. Given the typical MINDS
integration times, we measure noise levels of ∼2–12 mJy around 17 mm,40 corre-
sponding to line luminosities of 5 × 10−8 to 3 × 10−7 L�. Theoretical models
predict for example water lines to be weaker in disks with inner cavities.41,42

Overall, we have not yet fully understood where the large diversity of
molecular line ux strength originates from; in several cases, line uxes
themselves correlate well, e.g. water and CO ro-vib,36 water and HCN.19 It is
unclear whether this is because these molecules are co-spatial radially and
vertically. Disk models can oen reproduce such correlations (e.g. Antonellini et
al.43). Some molecules are not emitting in local thermodynamic equilibrium
(LTE); OH is, for example, non-thermally excited through water photodissocia-
tion;44 CO can be pumped by uorescence or IR radiation;30,45 and HCN can be
pumped by IR radiation.46 Also, the C2H2 uxes do not correlate with water
uxes.36 Even in T Tauri disks, the strength of the C2H2 ro-vibrational band is
difficult to reproduce with simple gas-phase chemistry.47,48 Higher abundances
and column densities of this molecule occur in disk surfaces if the H/H2 tran-
sition resides closer to the surface and temperatures are higher;49 this can be
achieved by, e.g., considering only small grains instead of a wide grain size
distribution up to mm-sizes and settling.50,51

There is still much to learn about the chemical composition of the inner 10 au
and the Spitzer spectral resolution was a major limiting factor also in the analysis
of the spectra. The blending of lines from different species was difficult to correct
without large assumptions and the retrieval suffered from large degeneracies in
column densities and temperatures. However, for understanding planetary
diversity we need to obtain a quantitative inventory of the inner-disk molecular
reservoir. The retrieval process will remain the most challenging part of the
analysis. Hence, as in times of Spitzer data, we will start simple using 0D slab
models and discuss towards the end pathways forward.
4 Slab model retrieval

This is the most simple retrieval method that can be applied to molecular
emission spectra. It has been widely used on Spitzer data18 ‡ and using radial
temperature gradients (1D) also to near-IR ground based spectroscopy.30 While
themethod is fast and powerful, it has not yet been assessed how the quantities of
‡ slabspec – https://doi.org/10.5281/zenodo.4037306

This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 112–137 | 117
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Fig. 4 Schematic of a 0D slab model.
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temperature, column density and emitting area that we retrieve compare to the
actual underlying disk properties. The subsequent paragraphs illustrate this and
discuss remaining issues and future challenges for retrieval methods.

4.1 Slab model uxes

The most simple 0D slab models calculate the line ux F0 at the center of the
line l0 for a selected number of line transitions of a single molecule (species sp).
The slab of gas has a constant temperature Tgas and density n<H>,§ and variable
length, hence column density Nsp (Fig. 4). Within the slab, the abundance of the
species 3sp as well as the potential collision partners (electrons, protons, H, o-/p-
H2, and He) are free parameters, but constants. The velocity at which gas
particles move b is the sum of their thermal velocity vth and a turbulent
component vturb

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vth2 þ vturb2

p
: (1)

The data characterizing a single line transition of a species sp are the lower and
upper energy levels El, Eu, the respective statistical weights gl, gu and the Einstein
A coefficient Aul. The level populations are denoted as bl and bu and a superscript *
denotes local thermodynamic equilibrium (LTE). The total line intensity
emerging I0 is then calculated using either a simple RT solution or from escape
probability using

I0 ¼ hnAul

4p
NhHi3spbubescðs0Þ: (2)

The Planck constant h and all other quantities are usually used in cgs units.
The escape probability besc treatment depends on the geometry assumed52 and
the line center optical depth s0 = s(l0)
§ This is the total hydrogen number density in the gas, so n(H) + 2n(H2).

118 | Faraday Discuss., 2023, 245, 112–137 This journal is © The Royal Society of Chemistry 2023
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s0 ¼ Aull0
3

8pb
Nsp

�
bl
gu

gl
� bu

�
: (3)

For optically thin lines, the intensity scales directly with the column density of
the species. However, as the line become optically thick in the center, the line
broadening ensures that the ux keeps growing, albeit not linear anymore. The
line photons do not then escape at the line center, but in the wings. In the most
simple case, we assume a Gaussian line prole and high optical depth leads to
a at-topped quasi-rectangular prole.

The line intensity is converted into a ux assuming a specic emitting area
pRe2 and the distance d to the source. For a specic turbulence, we can pre-
calculate a grid of slab models for a range of temperatures and column densi-
ties and this can be reused for all spectra.

The level populations can be calculated either from LTE or from statistical
equilibrium (SE). In the latter case, we need collisional cross sections for all
transitions and potential collision partners. The availability of such data is oen
the limiting factor. Hence, we revert back to LTE for many of the molecules in the
mid-IR spectral region. Deviations from LTE will occur if the gas densities are
much smaller than the critical density of the line and/or if the molecules are
subject to strong radiation elds (e.g. UV pumping for CO ro-vibrational lines,45

and IR pumping by dust thermal emission for HCN46) and/or if the excitation
occurs through chemical pathways (e.g. oxygen through photodissociation of
OH,53 and OH through photodissociation of water44). It is interesting to note that
radiative pumping can drive molecules also into LTE, but the excitation
temperature then corresponds to that of the radiation eld and not to the gas
temperature. Calculating level populations bu with respect to the total pop-
ulation of the species in LTE requires knowing the partition functions Z(T,P),
where

bu ¼ nsp;u

nsp;tot
¼ gu

ZðT ;PÞexp
�Eu=kT (4)

with Eu being the upper-level energy and k the Boltzmann constant. For many
molecules these are provided in the form of tables covering a large range of
temperature and pressures. In the mid-IR we have to drop the simplied
approach of using only a restricted number of levels to calculate the partition
functions, an approach oen used when dealing with rotational lines at sub-mm
wavelengths and very cold temperatures ((100 K).

We take the molecular data and partition functions mostly from three data-
bases: the Leiden Atomic and Molecular Database (LAMDA54,55), the HITRAN
database,56 and the GEISA database.57 The GEISA database lacks Einstein A
coefficients and those are provided in selected cases by Agnes Perrin (private
communication). We also note that several molecules have data only for a single
or few ro-vibrational bands. Since the typical temperatures in the inner disks are
a few 100 up to 1000 K, our analysis is severely hampered by this. We will come
back to it later.
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Fig. 5 Synthetic mid-IR spectrum for AA Tau based on the DIANAmodel60 using a gas-to-
dust ratio of 1000. The black line is the high-resolution synthetic model spectrum, and the
blue one is convolved to R = 3000 with noise added (SNR = 300).
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4.2 Slab model spectra and tting procedure

The slab models outlined above provide total line uxes in a certain wavelength
range per molecule. For comparison with actual data, we need to convolve these
uxes with the appropriate spectral resolution of the instrument, in this case R ∼
3000 (JWST MIRI/MRS) using a very high spectral resolution wavelength grid. We
then sample the spectra using the wavelength points of the observed spectra, thus
reproducing the same oversampling as the instrument, and also facilitating the
calculation of a formal (reduced) c2 in the tting procedure.

Since the molecular emission of many molecules overlaps in the mid-IR
spectra and the slab models can only deal with one molecule at a time, we
dene very restricted wavelength windows for the c2-minimalization in which we
can be sure that only the molecule under investigation contributes. Oen these
are regions around the strong Q-branches of the molecules. We use the pre-
Fig. 6 Metadata (minimum,maximum gas temperatures, flux-weighted column densities,
and inner/outer radius of the radial emitting region) for a representative sample of strong
CO2 lines extracted from the AA Tau thermochemical disk model. Black crosses indicate
the strongest Q-branch lines. The triangle shows the retrieval result.
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calculated grid of slab models (T,N) together with a range of emitting radii Re and
calculate the emergent slab model spectra Fslab. The goodness of each slab model
for tting the observations Fobs is evaluated using the c2 framework

c2 ¼ 1

n

X
i¼1;n

�
Fobs
i � F slab

i

�
s2

: (5)

Here we assume a constant ux error across all chosen wavelength windows s.
4.3 Test against 2D thermochemical models

The above described slab models have been widely used in the analysis of mid-IR
spectra. However, it is not clear how the quantities (T, N and Re) retrieved relate to
the actual properties of the gas in the disk surface. To make a start, we decided to
apply the same retrieval technique on a synthetic spectrum generated using a 2D
thermochemical disk model. For that purpose, we use the codes ProDiMo58,59 and
FLiTs.10 We take a prominent source AA Tau, which has a 2D RT disk model tted
to its large multi-wavelength photometry from the DIANA project.60,61We calculate
the disk chemistry and gas heating/cooling self-consistently using a gas-to-dust
ratio of 1000; this is required to ensure that line uxes are of the same order as
those observed by Spitzer.10,62 We use the selection of molecules and molecular
data from ref. 10 even though that means using a slightly outdated HITRAN
version (2009 instead of 2020). We produce synthetic mid-IR spectra from 5–28.5
mm at a nominal spectral resolution of 100 000 using FLiTs. The spectra are then
subsequently convolved to the lower resolution of MIRI (R = 3000), oversampled
by a factor of two and we add noise with a typical S/N ratio of 300 (Fig. 5). We
produce these spectra using either all selected molecules simultaneously, or just
a single molecule at a time. This is to ensure that we can approach the under-
standing by stepwise increasing the complexity. Also, the line separation within
the ro-vibrational band of CO2 is large enough so that opacity overlap of indi-
vidual lines is negligible. In the following, we will show the rst results using pure
CO2 spectra.

Fig. 6 shows the rst results from analysing the emitting conditions in the AA
Tau thermochemical model and comparing them to the results of the slab
retrieval. We analyse here only the strongest CO2 lines from the model, but
ensure that we have a coverage of P-, Q- and R-branch lines. For this represen-
tative sample of lines, we estimate for each line its emitting region by using the
15 and 85% radial and vertical contributions to the total line ux. We delimit the
region at the lower end by the local dust continuum optical depth 1. Over this
emitting region, we extract certain metadata for comparison to the retrieval
results: the minimum and maximum gas temperatures, ux-weighted column
densities, the inner/outer radius of the radial emitting region, and mass-
averaged densities of potential collision partners, such as electrons, H, and
H2. It is interesting to note that the emitting region for the different individual
CO2 lines in the band span quite a range of radial emitting areas, with the
strongest Q-branch lines originating the furthest out and thus also showing the
lowest temperatures. It is important to note that the retrieval method is very
biased towards the Q-branch when applying the c2-tting approach outlined
above. Even more puzzling is that the column density found in the retrieval is an
order of magnitude lower than what the thermochemical models show. This is
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 112–137 | 121
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only a starting point and more in-depth work is underway, including the effects
of opacity-overlap within molecular bands and also more elaborate tting
procedures/codes, such as CLIcK.63

The main warning to take away so far is to not use column density ratios from
slabmodel retrieval to obtain abundances unless it is clear that the two molecules
are co-spatial.
4.4 Degeneracies

The higher spectral resolution of JWST MIRI/MRS compared to Spitzer/IRS allows
us to spectrally resolve the shape of the molecular Q-branches. This is a key
element to break the degeneracies between column densities and temperatures in
slab models. In several cases,40,64 the JWST data is now better tted with a high
optical depth (high column density) slab model. For optically thin emission, large
degeneracies remain between the column density and the emitting area.
4.5 Need for additional molecular data

The disks around BDs are very rich in hydrocarbons. Only limited data is available
here via the HITRAN and GEISA databases. We lack especially the 13C iso-
topologues of hydrocarbons, and the hot bands of several hydrocarbons (e.g.
Fig. 7 Left: MIRI/MRS spectra of the T Tauri stars V1094 Sco, Sz 98 and GW Lup. Right:
MIRI/MRS spectra of the VLMS and BDs J160532, ISO Cha 147 and NC98 Cha Ha1 (NC98
Cha HA1). The lowest panel on each side shows LTE slab models (T = 500 K, N = 1016

cm−2, arbitrary emitting area to match the observed spectra) of the main molecules
detected in this wavelength range, C2H2 (red),

13CCH2 (gold), HCN (grey) and water (blue –
vertical tick marks). The lower left panel shows them co-added, while the lower right panel
shows them individually with separate colors (see above).
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benzene), but also more hydrocarbons in general. The GEISA database lacks the
Einstein A coefficients, which are crucial for proper modelling of emission spectra
from slabs/disks. We also need ts for partition functions as a function of T and P,
covering the typical parameter space of inner disks (T = 100–5000 K, and P =

10−6–1 mbar).

5 MINDS results

We focus here on two types of disks; those around T Tauri stars, and around very-
low-mass stars (VLMS) or brown dwarfs (BDs). Their chemistry has already been
found to be vastly different with Spitzer. The VLMS have higher C2H2/HCN and
HCN/H2O column density ratios than the T Tauri disks.34,35 Clearly, the higher
spectral resolution and sensitivity of JWST MIRI/MRS allow us to study these
differences in much more detail, hopefully unraveling the cause of this profound
dichotomy.

5.1 Disks around T Tauri stars

We show here a selected wavelength range centered on the two molecules C2H2

and HCN, including also a few stronger water lines (13–14.3 mm). Fig. 7 (le panel)
shows the diversity in relative feature strength among three of our T Tauri sour-
ces: V1094 Sco (K6, d = 154 pc, and L* = 1.15 L� 65), Sz 98 (K7, d = 156.22 pc, and
L* = 1.53 L� 66), and GW Lup (M1.5, d = 155 pc, and L* = 0.33 L� 67,68).

GW Lup has been previously found to be a CO2-rich source17 and Grant et al.40

recently reported the rst detection of 13CO2 and water in this source. The other
two sources, Sz 98 and V1094 Sco, have only low-resolution Spitzer spectra taken
and thus no previous molecule identications in the mid-IR. Sz 98 is the strongest
water source in this sample of three. Also, all three molecules, C2H2, water and
HCN, are clearly detected in V1094 Sco; however, the molecular ux ratio of C2H2

to HCN is higher than in GW Lup, and the water lines are weaker.
Thus, the MIRI/MRS spectra show a pronounced diversity in feature ratio

between C2H2 and HCN, but also in the relative strength of the water-line uxes
(indicated in blue in Fig. 7). The slab models in the lowest le panel of Fig. 7 are
co-added to illustrate the richness in substructure in the HCN ro-vibrational
wavelength range; with the higher spectra resolution of MIRI/MRS versus Spit-
zer, we can clearly resolve the structure and see the individual contributions of
C2H2 and water lines in there. The question whether the diversity seen in the three
T Tauri spectra is related to disk physical structure (gas + dust gaps, aring,
heating, and radial transport), different dust properties (settling, sizes, and gaps),
or some other process remains open and will be discussed in Section 6.

5.2 Disks around VLMS and brown dwarfs

Similar to the T Tauri stars, we show here also three disks around VLMS/BDs:
2MASS-J16053215-1933159 (J160532, M4.75, d = 152 pc, and L* = 0.04 L� 37,69),
ISO Cha 147 (M5.75, d = 200 pc, and L* = 0.01 L� 34,70,71), and NC98 Cha Ha1
(M7.5, d = 200 pc, and L* = 0.015 L� 71,72).

From Fig. 7, we see that the VLMS/BD disks show structurally very strong C2H2

emission as already found from Spitzer spectra.34,37 However, with the higher
spectral resolution of MIRI/MRS, we now also detect in all three disks the
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 112–137 | 123
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isotopologue 13CCH2.64 This extra Q-branch on the red shoulder of the main
isotopologue (see lowest right panel in Fig. 7, red and gold) is very pronounced in
these disks compared to the T Tauri disks. Hence, they likely have much larger
acetylene column densities or an unusually high isotope ratio 13C/12C. In fact, the
LTE slab model tted to the MIRI spectrum of J160532 indicates an acetylene
column density of N = 3.2 × 1020 cm−2, making the emission highly optically
thick and leading to a quasi-continuum.64 Due to the overlap of these iso-
topologues, the slab model tting should ideally be done for both simultaneously,
and likely opacity overlap not only plays a role for within a molecule, but possibly
also among isotopologues. More importantly, we are currently limited by the
availability of molecular data for higher excited bands of the rare isotopologue.

In the disk around J160532, we also detected two new hydrocarbons, C4H2 and
C6H6 (N ∼ 1017 cm−2); there is also a tentative detection of CH4. The emitting
radius (circular emitting area pR2) of these hydrocarbon molecules is very small
within ∼0.07 au. If this were to correspond to the physical radius in the disk from
which the molecules emit, it would lie within the snowline expected of a typical
BD disk.84

What is also striking is the absence of strong warm water emission in these
observed disk spectra. The features at 14.2 mm, which are clearly attributed to
water in the T Tauri disks, originate from C2H2 in these objects (see lowest right
panel in Fig. 7 for the overlap of those species).

6 Discussion
6.1 Diversity in T Tauri disks: observations versus models

The diversity in T Tauri disk spectra is very intriguing. Many individual parameter
studies have been carried out earlier and we summarize here the key ndings in
the light of how they affect mid-IR spectra specically.

The gas-to-dust mass ratio in the disk surface directly impacts the strength of
the molecular emission lines.41,62 For disks with a nominal gas-to-dust mass ratio
of 100, the dust continuum limits the molecular-line emitting region vertically;
hence many disk models adopted a value of 1000 to match observed line uxes
(see also Fig. 5). The more the disk surface ares, the more radiation it intercepts
and the warmer the gas becomes. This also boosts the strength of the molecular
emission lines, radially extending the emitting area of mid-IR molecular lines.41,48

The dust properties in the inner-disk surface are strongly affected by settling,
radial dri, and growth, all of which can lower the local dust opacity. Simple
parameter studies in radiation thermochemical models have shown that molec-
ular lines become stronger if the local dust opacity is lowered.41

Connecting the basic understanding from those studies to disk evolutionary
processes is a next step. A simplied dust evolution following the two-population
approach73 naturally lowers the dust opacity in the inner disk and together with
settling this produces high gas-to-dust mass ratios in the disk surface;74 all of
these effects lead to a strengthening of mid-IR spectra in the presence of dust
evolution. Ice transport along with radially driing dust grains is shown to be very
efficient and strongly affects the mid-IR spectra.75 Coupling dust growth (pebble
formation), dynamics and chemistry leads to an increasing complexity in pre-
dicting inner-disk composition;13,76 the detailed composition will also depend on
the presence of disk substructure (pressure bumps that keep icy pebbles from
124 | Faraday Discuss., 2023, 245, 112–137 This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (Left) Mid-infrared spectra predicted from a selected set of T Tauri DIANA disk
models. (Right) Schematic structure for those selected DIANA models, showing the radial
disk structure, the dimensionless scale height (scale height divided by the reference radius
for the inner/outer zone, respectively) and the gas-to-dust mass ratio in color.
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driing77), the cold-nger effect (freezing out of ices enhancing growth and
settling rates62,78), and details of ice condensation/diffusion/sublimation
processes.79,80

Apart from the above advances in our understanding of how dust opacity,
chemistry and disk evolution are intertwined, there are also more intricate effects
directly related to molecules and line radiative transfer. The self-shielding of
molecules and/or mutual shielding is a key example of that. Recent work81–83

shows that this has a profound effect on the warm inner-disk chemistry since
water self-shielding prevents the O from being unlocked as OH, inhibiting
formation of CO2. This affects the vertical location of the abundant warm reser-
voirs of water and CO2 and hence also the relative strength of the CO2-to-H2O
emission features.

Instead of parametrized standard disk models that are oen used in building
up understanding of the coupling of dynamics, physics, chemistry, and radiative
transfer, we can also approach the interpretation from the perspective of obser-
vational diversity in disk structure. The DIANA project58–61 has determined the
physical parameters of 14 disks using multi-wavelength observational data and
a coherent radiation thermochemical disk-modeling approach including dust
and gas. Fig. 8 shows mid-IR spectra computed for a subset of disk models from
this project. We took the models and calculated mid-IR spectra using the same
selection for the molecules as used in ref. 10. We show here only the results using
the simplied escape probability treatment for the line uxes. This sample covers
spectral types K5 to M1, so a range similar to the presented observed three
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 112–137 | 125
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sources. The tting approach allowed the use of two zones that are either directly
connected or separated by a gap (for details of the modeling approach and the
tting strategy, see ref. 58 and 60). We show here the same wavelength range as
for the MIRI/MRS observations and also convolved the simulated spectra with
a resolution of R = 3000. It is very intriguing to see that these models also cover
a diversity of molecular feature ratios. Note, however, that these models were not
tailored to t any specic mid-IR line uxes. The only point to be made is that the
detailed inner-disk structure, i.e., location of gaps, variation in scale height, and
gas-to-dust mass ratio, affects the various molecular features in very different
ways.

6.2 VLMS and brown-dwarf disks

The fact that these stars have much lower luminosity compared to their T Tauri
counterparts is to some extent offset by the dust sublimation radius being closer
to the star as well. So, to some extent, the disk surface should be self-similar in
temperatures and chemistry, except that the warm region is spatially less
extended and thus emitting areas should be much smaller compared to T Tauri
disks.51,84 There seems to also be no indication that the turbulence works differ-
ently across this mass range.85 Herschel observations found that the disks around
BDs may have a lower disk-to-star mass fraction than T Tauris. Various studies
also show that the dynamical processes occurring in disks around VLMS and BDs
can be different from their more massive counterparts. For example, dust
evolution has been shown to proceed much faster in these lower-mass objects.86

The spectra of the disks around VLMS and BDs suggest that we are witnessing the
carbon chemistry that proceeds in environments with a C/O ratio larger than one.
The formation pathways for hydrocarbons in disks, especially C2H2, have been
recently revisited (Kanwar et al. submitted).40 The surface reservoir of thismolecule is
driven by chemical pathways that require H, H2 and C to be abundant. C unlocking
occurs via UV or X-ray dissociation of CO. Then there are neutral–neutral and ion–
molecule pathways to drive the formation of C2H2. A high C/O ratio should allow for
a much more radially and vertically extended hydrocarbon reservoir. The impact of
this element ratio has been explored only for typical T Tauri disks10,37,42,49 and shown
to affect water, CO2, HCN and C2H2 uxes; the latter two increasing as C/O is pushed
to values larger than 1. HCN increases gradually with an increasing C/O ratio, while
C2H2 remains constant and starts increasing for C/O > 1.

The extremely high column densities of C2H2 observed in J160532 could be
directly linked to the absence of silicate features in that disk.64 If the absence of
a clear silicate emission feature is due to the average grain size in the line-emitting
region being larger than a few mm, then this implies a low opacity, and hence
allows us to ‘see’ deep into the disk, and probe the full gas column almost down to
the midplane. This difference in dust content in disks around VLMS and BDs could
be linked to the faster dust radial migration discussed above.

6.3 Retrieval strategies

The limitations of using 0D slab models for retrieval are quite clear: single
molecule, constant temperature, and density. From radiation thermochemical
disk models, we know that the molecular line-emitting regions have radial and
vertical density and temperature gradients. Also, the different molecules are not
126 | Faraday Discuss., 2023, 245, 112–137 This journal is © The Royal Society of Chemistry 2023
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necessarily co-spatial. Hence, an approach that allows for a radial temperature
gradient like CLIcK63 is already a large improvement. The strong C2H2 band in the
BD J160532 that requires a combination of optically thick and thin slab models to
t could indicate that we are in fact seeing that the emission is not conned to
a narrow region in the disk (as assumed in a 0D slab model).

Even if sticking with 0D slab models, instead of a sequential tting from the
molecules with strongest ux contribution down to the ones with least ux
contribution, simultaneous tting of all molecules within an Markov Chain
Monte Carlo (MCMC) approach should be developed. The largest issue with slab
models pertaining to single molecules could be opacity overlap for isotopologues.

A full radiation thermochemical disk modeling is beyond reach for retrieval.60

However, disk models tted to a large range of observables of individual sources
provide a great laboratory to enable deeper physical understanding and context,
even to the 0D slab model results.

7 Outlook

JWST MIRI/MRS has tremendous potential to revolutionize our understanding of
the chemistry in the inner 10 au of planet-forming disks. From the results shown
above, we are le with some key questions: is the dichotomy between T Tauri and
BD disk chemical composition a real dichotomy or is there a continuous spec-
trum? If there is a dichotomy, where is the break in SpType? What causes the
difference in chemistry? Why would the C/O ratio be different in disks around
VLMS and brown dwarfs? Are the hydrocarbons that we detect in disks around
VLMS and BDs efficiently formed (combustion chemistry) from the bottom up, or
do we witness the breaking down of large PAHs/carbonaceous dust?

We urgently need complete molecular data (including Einstein A coefficients
and hot bands) for hydrocarbons, but also isotopologues.
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T. Maschberger and P. Hudelot , Spectroscopy of brown dwarf candidates in
IC 348 and the determination of its substellar IMF down to planetary
masses, Astron. Astrophys., 2013, 549, A123.

23 S.-Y. Tang, W.-P. Chen, P.-S. Chiang, J. Jose, G. J. Herczeg and B. Goldman,
Characterization of Stellar and Substellar Members in the Coma Berenices
Star Cluster, Astrophys. J., 2018, 862(2), 106.

24 K. L. Luhman, The Formation and Early Evolution of Low-Mass Stars and
Brown Dwarfs, Annu. Rev. Astron. Astrophys., 2012, 50, 65–106.

25 M. Keppler, M. Benisty, A. Müller, T. Henning, R. van Boekel, F. Cantalloube,
C. Ginski, R. G. van Holstein, A. L. Maire, A. Pohl, M. Samland, H. Avenhaus,
J. L. Baudino, A. Boccaletti, J. de Boer, M. Bonnefoy, G. Chauvin, S. Desidera,
M. Langlois, C. Lazzoni, G. D. Marleau, C. Mordasini, N. Pawellek, T. Stolker,
A. Vigan, A. Zurlo, T. Birnstiel, W. Brandner, M. Feldt, M. Flock, J. Girard,
R. Gratton, J. Hagelberg, A. Isella, M. Janson, A. Juhasz, J. Kemmer, Q. Kral,
A. M. Lagrange, R. Launhardt, A. Matter, F. Ménard, J. Milli, P. Mollière,
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Abril, J. Portell, D. Teyssier, M. Altmann, R. Andrae, M. Audard, I. Bellas-
Velidis, K. Benson, J. Berthier, R. Blomme, P. W. Burgess, D. Busonero,
G. Busso, H. Cánovas, B. Carry, A. Cellino, N. Cheek, G. Clementini,
Y. Damerdji, M. Davidson, P. de Teodoro, M. Nuñez Campos,
L. Delchambre, A. Dell'Oro, P. Esquej, J. Fernández-Hernández, E. Fraile,
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O. Absil, G. Duchêne, J. C. Augereau, J. P. Berger, S. Casassus, G. Duvert,
B. Lazareff, F. Malbet, R. Millan-Gabet, M. R. Schreiber, W. Traub and
G. Zins, The VLTI/PIONIER near-infrared interferometric survey of southern
T Tauri stars. I. First results, Astron. Astrophys., 2015, 574, A41.

34 I. Pascucci, D. Apai, K. Luhman, T. Henning, J. Bouwman, M. R. Meyer,
F. Lahuis and A. Natta, The Different Evolution of Gas and Dust in Disks
around Sun-Like and Cool Stars, Astrophys. J., 2009, 696, 143–159.

35 J. S. Carr and J. R. Najita, Organic Molecules and Water in the Inner Disks of T
Tauri Stars, Astrophys. J., 2011, 733, 102.

36 C. Salyk, G. A. Blake, A. C. A. Boogert and J. M. Brown, CO Rovibrational
Emission as a Probe of Inner Disk Structure, Astrophys. J., 2011, 743, 112.

37 I. Pascucci, G. Herczeg, J. S. Carr and S. Bruderer, The Atomic and Molecular
Content of Disks around Very Low-mass Stars and Brown Dwarfs, Astrophys. J.,
2013, 779, 178.

38 J. Olofsson, J. C. Augereau, E. F. van Dishoeck, B. Meŕın, N. Grosso, F. Ménard,
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