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ABSTRACT

Context. Mid-infrared (MIR) observations of planet-forming disks reveal a broad diversity among molecular spectra. Carbon and oxy-
gen abundances play a central role in setting the chemical environment of the inner disk and the spectral appearance.

Aims. We aim to systematically explore how variations in elemental carbon and oxygen abundances affect the MIR spectra of planet-
forming disks. We also aim to identify robust MIR molecular diagnostics of the C/H, O/H, and C/O ratios.

Methods. Using the thermochemical disk code PRODIMO and the line radiative transfer code FLiTs, we constructed a grid of
25 models with varying carbon and oxygen abundances, covering a broad range of C/O ratios. We analyzed the resulting MIR molec-
ular emission, including species such as H,O, CO, CO,, C;H,, and OH.

Results. We find that the MIR molecular spectra are highly sensitive not only to the C/O ratio, but also to the absolute abundances of
carbon and oxygen. Despite sharing the same disk structure and C/O ratios, the molecular fluxes (e.g., C;H,, CO,) vary by more than
an order of magnitude. This variation stems from the differences in excitation conditions and emitting regions caused by the elemental
abundances of oxygen and carbon. We identified diagnostic molecular flux ratios (such as CO,/H,0O and H,O/C,H,) that can serve as
tracers of C/H and O/H, respectively. By combining these diagnostics, we have been able to demonstrate the use of our method for
inferring the underlying C/O ratio.

Conclusions. Our model grid provides a framework for interpreting MIR molecular emission from disks, allowing for estimates of
elemental abundances if the disk properties and structure are known. Comparisons with recent JWST observations suggest that a vari-
ety in C and O abundances is observed in a sample of T Tauri disks, possibly shaped by disk transport processes and the presence of

gaps.

Key words. planets and satellites: formation — protoplanetary disks

1. Introduction

The chemical composition of the inner regions of planet-forming
disks influences the resulting bulk composition of the forming
planets. A quantitative interpretation of observations requires
detailed 2D disk modeling. The inner planet-forming regions,
typically at temperatures of a few hundred to a thousand Kelvin,
emit in the near- to mid-infrared (NIR-MIR) wavelengths.
Infrared (IR) observations of T Tauri disks show the presence
of CO, one of the most abundant and stable molecules in the
innermost regions of disks (Najita et al. 2003; Salyk et al. 2007,
2011a; Brown et al. 2013; Banzatti et al. 2022). The Spitzer
Space Telescope revealed a rich chemistry within the inner few
astronomical units (au) with numerous detections of species
such as H,O, C,H,, HCN, CO,, and OH at MIR wavelengths

* Corresponding author: arabhavi@astro.rug.nl

(Lahuis et al. 2006; Carr & Najita 2008, 2011; Salyk et al. 2008,
2011b; Pascucci et al. 2009, 2013; Pontoppidan et al. 2010; Najita
et al. 2010; Kruger et al. 2011; Bast et al. 2013). While these
observations have generally indicated water-rich inner regions
for T Tauri disks (Salyk et al. 2011b), they also reveal a sig-
nificant chemical diversity, with some sources showing only
CO; and others primarily showing HCN or C,H, emission
(Pontoppidan et al. 2010). Crucially, some observed non-
detections have likely been limited by the sensitivity and spectral
resolution of Spitzer.

The Mid-Infrared Instrument (MIRI) on board the James
Webb Space Telescope (JWST) significantly improves upon pre-
vious observations with its higher sensitivity and spectral resolu-
tion. MIRI reveals a greater diversity of the molecular inventory
than was observed with Spitzer, detecting fainter molecular fea-
tures that are important for quantifying the column densities
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and temperatures of molecules in planet-forming regions (e.g.,
Kospdl et al. 2023; Grant et al. 2023; Banzatti et al. 2023). For
example, molecules such as H,O, OH, C,H;, and HCN, as well
as 13CO,, are now detected in the disk around GW Lup (Grant
et al. 2023), next to the bright CO, emission already seen with
Spitzer. MIRI also revealed the presence of substantial amounts
of warm H,O in a disk with on-going planet formation (Perotti
et al. 2023). The high quality spectra allow for a quantitative
analysis of molecular band ratios and thermal gradients within
the emitting layers (e.g., Gasman et al. 2023; Banzatti et al. 2023;
Schwarz et al. 2024; Kaeufer et al. 2024; Temmink et al. 2024a;
Romero-Mirza et al. 2024; Temmink et al. 2025).

One of the remarkable outcomes of the MIRI observations
is the discovery of unexpectedly carbon-rich chemistry in disks
around very low-mass stars (VLMSs) and brown dwarfs (BDs)
(Tabone et al. 2023; Arabhavi et al. 2024; Kanwar et al. 2024a;
Long et al. 2025; Flagg et al. 2025; Arabhavi et al. 2025a). While
earlier Spitzer data hinted at this (Pascucci et al. 2009, 2013),
MIRI confirmed and expanded upon this finding, revealing an
unprecedented diversity and large column densities (3 10%° cm™2)
of carbon-bearing molecules in VLMS and BD disks (Tabone
et al. 2023; Arabhavi et al. 2024), where the MIR emission of
water is generally weaker than that of carbon-bearing molecules
(Arabhavi et al. 2025a,b). This contrasts with T Tauri stars,
where only one disk with multiple hydrocarbon emission has
been identified thus far (Colmenares et al. 2024).

The MIR emission from the inner disks observed by MIRI
(e.g., Henning et al. 2024; Pontoppidan et al. 2024) is a com-
plex interplay between the two-dimensional (2D) disk structure,
radiative transfer, excitation conditions, and so on. Therefore,
tailored modeling studies are the best way to understand how
different disk properties and processes affect elemental abun-
dances and MIR spectra in planet-forming disks. Modeling
studies have revealed four primary drivers behind the MIR spec-
tral appearance of disks: dust properties, disk structure, radiation
fields (stellar and interstellar), and elemental abundances (see
Meijerink et al. 2009; Antonellini et al. 2015; Walsh et al. 2015;
Woitke et al. 2018; Greenwood et al. 2019; Anderson et al. 2021;
Woitke et al. 2024; Vlasblom et al. 2024). In this paper, we focus
on the role of elemental abundances.

Gas-phase elemental abundances, particularly the O/H and
C/H ratios, are strongly influenced by radial transport processes
such as pebble drift and advection of gas, which deliver volatiles
such as H,O and CO; to the inner disk. modifying the abun-
dances by more than an order of magnitude (Bosman et al.
2018; Krijt et al. 2020; Mah et al. 2023). Initially, inward pebble
drift significantly increases the oxygen abundances in the inner
disk, lowering C/O below solar, a condition that persists briefly
(<2 Myr) around VLMSs, but much longer in T Tauri disks (Mah
et al. 2023). The depth of disk gaps critically controls the inward
delivery of volatiles (Mah et al. 2024). A shallow gap permits
early oxygen-rich material flow, which later shifts to elevated
C/O as it accretes onto the star, while a moderately deep gap pro-
longs the inward oxygen delivery and a deep gap entirely restricts
volatile delivery, depleting the inner disk of oxygen. The loca-
tion of the gap relative to the ice-lines of major volatiles strongly
influences the inner disk composition and its spectral appearance
(Kalyaan et al. 2021, 2023; Sellek et al. 2025). The question of
whether such gaps are due to planet formation or to internal pho-
toevaporation can help determine whether the material from the
outer disk reaches the inner disk or is carried away by the pho-
toevaporative winds (Lienert et al. 2024). Carbon in dust grains
could also be released into the gas phase changing C/H but not
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O/H (Kress et al. 2010; Anderson et al. 2017; Tabone et al. 2023;
Houge et al. 2025).

Trends in observations have been studied to estimate the
elemental abundances, particularly carbon and oxygen, and put
them in relation to disk parameters. Carr & Najita (2011) and
Najita et al. (2013) reported a correlation between the observed
HCN/H;O ratio and the submillimeter disk mass, suggesting a
link between the inner disk elemental abundances and planet for-
mation. Banzatti et al. (2020) expanded on this and found that
the flux ratios, H,O/HCN, H,0O/C,H,, and H,O/CO,, decrease
with an increase in the outer disk dust radii. They also reported a
possible trend between the stellar luminosity-normalized water
fluxes and the outer disk radii, which they interpreted as an
oxygen-enrichment in the inner disk due to inward pebble trans-
port. The observed C,H,/HCN flux ratios are less than unity in
T Tauri disks and greater than unity in VLMS disks (Pascucci
et al. 2009; Grant et al. 2025). Using thermochemical disk mod-
els, Kanwar et al. (2024a) showed that the high column densities
of hydrocarbons in VLMS disks require a C/O ratio greater than
1 (see also Diaz-Berrios et al. 2026). Arabhavi et al. (2025b) also
showed that Co,H, fluxes relative to H,O increase with a decrease
in stellar luminosities suggesting a higher C/O ratio in sources
with lower luminosities (see also Grant et al. 2025).

While the role of disk properties on the MIR emission has
been extensively studied, only a handful of studies have inves-
tigated how MIR molecular fluxes and their ratios vary with
changes in elemental abundances. Najita et al. (2011) showed that
in the warm surface layers, the column densities of O-bearing
molecules such as H,O, CO,, and OH can decrease and those of
C-bearing molecules such as C,H, and HCN can increase by sev-
eral orders of magnitude when the C/O ratio changes from 0.2 to
4 when the oxygen abundance is varied. By varying the carbon
abundance, Woitke et al. (2018) showed that molecular fluxes
such as OH, H;, and ions are relatively stable when the C/O
ratio is varied between 0.46 and 1.1, but the fluxes of oxygen-
bearing molecules, such as CO, and H,O, decrease and that of
C,H; increases by up to three orders of magnitude. Similarly,
Anderson et al. (2021) reported variations in molecular flux
ratios by changing the initial abundance of H,O in the disk,
essentially changing the oxygen budget of the disk (i.e., with
a C/O ratio between 0.14 and 0.83). These modeling studies
vary only one elemental abundance at a time (either carbon or
oxygen), but inward material transport by pebble drift and gas
advection can enrich or deplete one or both elements.

In this paper, we systematically explored the effect of chang-
ing both the carbon and oxygen elemental abundances on the
MIR spectra. In Sect. 2, we present the modeling setup and the
grid of disk models. The results of the grid are presented in
Sect. 3. Reliable molecular diagnostics are presented in Sect. 4
and set in the context of observations and previous modeling
studies in Sect. 5. We summarize our conclusions in Sect. 6.

2. The model setup and grid

We used PROtoplanetary DIsk MOdel (PRODIMO', Woitke
et al. 2009; Kamp et al. 2010; Thi et al. 2011; Rab et al. 2018)
to simulate disks with different elemental abundances. The code
first initializes the physical structure of the disk such as the
gas and dust densities, including dust settling. The code then
calculates the dust opacities and solves the continuum radia-
tive transfer, thereby determining the dust temperature structure.

I Version 8dedaadb, https://prodimo.iwf.oeaw.ac.at/
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Subsequently, the code computes the chemistry and solves the
heating & cooling balance to find the molecular abundances and
the gas temperature structure. We used Fast Line Tracers (FLiTs,
Woitke et al. 2018) to simulate the MIR spectrum from the result-
ing PRODIMO output. We note that our models are static models
and do not include a treatment of radial transport processes.

2.1. Fiducial model

We adopted the fiducial T Tauri disk model of Woitke et al.
(2016) and Woitke et al. (2018), incorporating the smooth inner
disk edge introduced by Woitke et al. (2024) (also see Appendix
A). We adopted the treatment of photorates, molecular shield-
ing, PAHs, dust settling, and escape probabilities from Woitke
et al. (2024). The disk model parameters that are common for
the entire grid are listed in Table A.1. The dust opacities are
explained in Woitke et al. (2016), and based on Min et al. (2016).
The opacity calculations assume that the grains are spherical
and the materials are well mixed. The refractory dust grains are
assumed to be composed of 60% amorphous silicate (Dorschner
et al. 1995, Mg 7Fe(3S103) and 15% amorphous carbon (Zubko
et al. 1996), with a porosity of 25%. We use a grain size distribu-
tion with grain sizes varying between 0.05 pm and 3 mm with a
power-law index of —3.5. While the vertically integrated dust size
distribution follows a fixed power law, the model calculates the
density-dependent settled dust size distribution following Riols
& Lesur (2018). We did not include viscous heating.

We used steady-state chemistry in all the models presented in
this paper. Beyond the large DIANA? chemical network (Kamp
et al. 2017), we included the extended hydrocarbon chemical net-
work introduced by Kanwar et al. (2024b). In total, we included
327 species and 13 elements. The elemental abundances of the
fiducial model are presented in Table 1. Similarly to Woitke et al.
(2018), we include atomic lines, and the rotational and rovibra-
tional molecular transitions in the heating and cooling balance to
determine the gas temperatures. The details of the lines included
in the MIR wavelength range can be found in Table 2. Species
that have collisional data in the LAMDA database or literature
(references in Table 2) were treated in local thermodynamic equi-
librium (LTE). We note that for many polyatomic molecules,
these data are still missing, which is why we chose to use LTE
for these cases.

2.2. Grid

The objective of this work is to establish reliable molecular
diagnostics for carbon and oxygen abundances and their ratios.
Hence, we systematically varied their elemental abundances,
while keeping all remaining parameters fixed to those listed
in Table A.1. We introduce the Infrared Diagnostics from Line
emlssion (IDLI) grid, whereby a uniform set of 25 models is
constructed by varying the elemental abundances of carbon and
oxygen relative to hydrogen (e) by -0.5, -0.25, 0.0, 0.25, and
0.5 dex, spanning a total range across one order of magnitude.
This range is physically motivated by dynamic transport models
(e.g., Ciesla & Cuzzi 2006; Krijt et al. 2020; Mah et al. 2024) and
the values explored in previous studies (e.g., Najita et al. 2011;
Woitke et al. 2018; Anderson et al. 2021). The parameter space
covers C/O ratios higher (up to 4.57) and lower (down to 0.046)
than the solar value (0.46, Savage & Sembach 1996). Figure 1
shows the C/O ratio of each model in the grid. In the remain-
der of the paper, we use (Alogo(ec),Alogio(€p)) to refer to a
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Table 1. Elemental abundances in the fiducial model.

Element Abundance relative 12 +logjo(€) Mass (amu)
to H (e)

H 1.00 x 10° 12.00 1.0079
He 9.64 x 1072 10.984 4.0026
C 1.38 x 107 8.14 12.011
N 7.94 x 107 7.90 14.007
O 3.02x 107 8.48 15.999
Ne 8.91 x 107 7.95 20.180
Na 2.29%x107° 3.36 22.990
Mg 1.07 x 1078 4.03 24.305
Si 1.74 x 1078 4.24 28.086
S 1.86 x 1077 5.27 32.066
Ar 1.20x 107° 6.08 39.948
Fe 1.74 x107° 3.24 55.845
PAH 3.02x 107 3.48 666.736

Notes. Adopted from Kamp et al. (2017).

Table 2. Line transitions in the MIRI wavelength range included in the
line radiative transfer.

Species Treatment #lines Reference
CcO NLTE 123 (1)
H,O NLTE 7370 ()
OH NLTE 219 (3)
H, NLTE 165 (4.,5)
(@) NLTE 30 (2,6,7)
CH NLTE 4 2
CH,4 LTE 9662 (8)
CH, LTE 26457 (8)
HCN LTE 5753  (8)
CO, LTE 5746 (8)
NH; LTE 8526 ()
SO, LTE 8230 (8)
NO LTE 4204  (8)
O, LTE 435 ()
Ne* NLTE 1
Ne** NLTE 2 2
Ar* NLTE 1 @
Artt NLTE 3 2
CH* NLTE 3 2
Sit NLTE 309
SH* NLTE 4 (10)
Fe* NLTE 10 (9
St NLTE 2 2
S NLTE 2 (2
Total lines 76 957

Notes. (1) Thi et al. (2013), (2) LAMDA (Schoier et al. 2005), (3) See
Appendix A, (4) Wrathmall et al. (2007), (5) Lique (2015), (6) Kramida
et al. (2024), (7) Wiese et al. (1996), (8) HITRAN (Gordon et al. 2022),
(9) CHIANTI (Dere et al. 1997), (10) John Black (priv. commun.)

particular model in the grid. For example, the model with a
C/O ratio of 0.046 (top-left in Fig. 1) is referred to as (-0.5,0.5).
All 5x5 panel figures in this paper use the same grid structure,
with each panel corresponding to the same carbon and oxygen
abundances (and the C/O ratio) as in this figure.
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Fig. 1. C/O ratios explored in the grid. The change in the carbon and
oxygen elemental abundances relative to their fiducial abundances are
shown in the x- and y-axes. The fiducial carbon and oxygen elemental
abundances are listed in Table 1. Each square represents a model in the
grid with the C/O ratio written on the square. The color of the square
corresponds to the C/O ratio of the corresponding model.

We note that the physical processes that change the elemen-
tal abundances in the inner disk not only modify the carbon and
oxygen abundances, but also the remaining elements. However,
exploring the effect of changes in the other elemental abun-
dances is left to a future work. In this work, we focused on
varying the elemental abundances in the whole disk and did not
consider radial elemental abundance gradients. This approach is
appropriate given that MIR emission originates primarily from
the innermost disk regions (within a few au), which are typically
well-mixed (Woitke et al. 2022; Semenov et al. 2006).

3. Results
3.1. Fiducial model

Figure 2 provides the summary of the fiducial disk structure (i.e.,
model (0,0)). Although we assumed a total disk gas-to-dust mass
ratio of 100, the dust settling leaves the upper regions of the
disk with gas-to-dust ratios a few orders of magnitude higher.
The gas-to-dust mass ratio at the vertical extinction A,=1 layer
is about 4200.

The MIR gas emission typically arises from the inner sur-
face regions of the disk (<10 au) with gas temperatures between
1000K and 300K (Fig.2). Below the A,=1 layer, the gas and
the dust temperatures are well coupled, whereas above the A,=1
layer, the gas temperatures exceed that of the dust. In this mid-IR
gas emission layer, the dominant processes determining the gas
temperature are: 1) heating processes such as H,O rovibrational
heating, heating by UV photodissociation and PAHs (panel c of
Fig.2); and 2) cooling processes such as H,O rovibrational and
rotational cooling, CO rotational and rovibrational cooling, and
OH rovibrational cooling (see panel f of Fig. 2).

The continuum-subtracted MIR spectrum of the model
between 13 and 17 pm (the molecular-emission-rich part of the
spectrum) was convolved to a spectral resolving power of 3000 is
shown in Fig. 3. Here, the features of the CO, Q-branch as well
as the P- and R-branches are clearly visible. The C;H, and HCN
emission are quite weak compared to water and CO,. We found
strong emission of pure rotational lines of H,O. The spectrum
also shows the Nelll atomic fine structure line. We calculated
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these spectra, including all lines in Table2 and a proper treat-
ment of opacity overlap using FLiTs. Although we included NHj3
and SO, lines in our model, their emission is a few orders of
magnitude smaller than the bright emission shown in Fig.3. A
detailed analysis of SO, emission can be found in Bethlehem
et al. (2025). The spectrum of the fiducial model qualitatively
agrees with a typical MIRI observations of T Tauri disks, with
brighter H,O and CO, features than C,H, and HCN.

3.2. Properties across the grid

The dust temperature, the gas density, and gas-to-dust ratio do
not depend on elemental abundances in our models. However,
elemental abundances are crucial in calculating the resulting
chemistry and the heating-cooling rates, and, thus, the gas tem-
peratures as well. The dominant heating and cooling processes
change for different C/O ratios in the grid (also shown in
Fig.B.1).

When C/O<1, photodissociation heating becomes prominent
in the warm layers (temperatures between 300 K and 1000 K and
above A,=1) due to abundant oxygen-bearing molecules such
as H,O. The heating by collisional de-excitation of excited H,
also dominates. The dominant cooling processes are rovibra-
tional and rotational water cooling, OH rovibrational cooling,
and [OI]] line cooling.

When C/O>1, the photodissociation heating becomes more
prominent than in the case of low C/O ratios. Photodissociation
heating is largely due to carbon-bearing molecules. There is also
a small contribution of carbon photoionisation heating. On the
other hand, the dominant cooling processes are C,H,, HCN, and
CO rovibrational cooling.

Figure 4 shows the differences in gas temperatures between
the models in the grid and the reference model. The gas tem-
peratures below the Ay=1 layer do not change with respect to
the reference model. This is expected because the gas and dust
are in thermal equilibrium in these regions, as seen in the mid-
dle panels of Fig.2; hence, the elemental abundances have little
influence. The figure shows that the disk layers above a gas tem-
perature of 1000 K are generally much cooler when the oxygen
abundances are higher than the reference model (top two rows of
panels), whereas they are warmer when oxygen is depleted (bot-
tom two rows of panels). This is due to the efficient cooling by
neutral oxygen in the models with enhanced oxygen abundances
(see Fig. B.1).

The diagonal from bottom-left to top-right corresponds to
models with the same C/O ratio, but different carbon and oxy-
gen elemental abundances. Along these diagonals, the models
with higher oxygen content are slightly cooler in the MIR emit-
ting layer (i.e., between the 300-1000 K contours, above A,=1).
This region expands slightly with higher oxygen abundances and
shrinks with lower oxygen abundances. This is again due to the
dominant cooling processes being H,O and OH cooling. The
higher the oxygen abundance, the more efficient H,O and OH
cooling become due to their higher abundances. However, the
temperature differences are small (<150 K). Similarly, increas-
ing the carbon abundance slightly lowers the temperatures in the
MIR emitting layer, as the higher CO abundance leads to more
efficient rovibrational cooling (visible in the top two rows). How-
ever, when C/O>1, the region below this cooling layer becomes
warmer, primarily because the depletion of oxygen reduces the
efficiency of H,O cooling. These results show that the elemental
abundances can impact the gas temperatures, which, in turn, will
also affect the MIR spectra.
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Fig. 2. Disk structure of the fiducial model. Only the innermost 12 au and z/r>0.1 region, relevant to MIR emission, is shown. Left panels (a and
d) show the gas density and the gas-to-dust mass ratio. Middle panels (b and e) show the dust and the gas temperatures. Right panels (c and f) show
the dominant heating and cooling processes, which are labeled to the right of the respective panels. The dotted black line in each panel indicates
the vertical extinction A,=1 line. The dashed and dash-dotted black lines show the 300 K and 1000 K gas temperature contours, respectively. The

gray contours in panel b indicate the dust temperatures.
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Fig. 3. Continuum subtracted FLiTs spectrum (black, shifted vertically for clarity) of reference model using a spectral resolving power of 3000
between 13 and 17 pm. The different colors indicate different molecular and atomic emission highlighted in colored text.

4. Molecular diagnostics

In this section, we investigate the resulting MIR spectral appear-
ance across our model grid. Given the established impact of
elemental abundances on gas temperatures and chemical abun-
dances, we specifically examine how molecular fluxes and their
ratios can serve as diagnostics for these chemical variations.
Table 3 shows the wavelength ranges used to calculated the
integrated fluxes used in the following sections. Using differ-
ent wavelength regions for the pure rotational lines of H,O, for

example, 17.19-17.25 pym or 14.485-14.562 um, does not change
the trends presented in this section.

4.1. Abundances and line fluxes across the grid

The strength of the MIR emission of any species depends on
the abundance of the species, the excitation condition, and the
dust opacity along the line of sight. As we did not vary the dust
properties in our models, their impact on the emission strength
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Table 3. Wavelength ranges used for calculating the integrated fluxes of
molecules.

Species Wavelength range
C,H,? 13.61-13.751 um
CO,? 14.936-15.014 um
HCN? 13.837-14.075 um
OH 27.369-27.486 um
CcO 4.904-4.915 um
H,O,, 6.59-6.645 um
H,0,,* 23.789-23.834,23.878-23.912 um
NH; 4.9-28 um

Notes. The subscripts ‘rv’ and ‘ro’ refer to rovibrational and pure rota-
tional line emission. * These wavelength ranges are based on Gasman
et al. (2025).
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of molecular lines was only relevant if the emitting regions
themselves were varied across the models.

Figure 5 provides an overview of the continuum-subtracted
spectra of all models in the grid, limited to the wavelength
regions corresponding to emission lines of dominant oxygen and
carbon carriers observed in JWST/MIRI observations: the rovi-
brational emission of CO, H,O, C,H;, and CO,, and the pure
rotational emission of H,O. A quantitative comparison of the
integrated fluxes of species listed in Table 3 across the grid
is shown in Fig. C.2. There is a clear diversity in the range of
molecular emission strengths across the grid. Moving along the
diagonals (i.e., the models with the same C/O ratios) reveals
that the molecular strengths change significantly, although the
C/O ratio remains the same (also see Appendix C). To aid the
understanding of the diversity in the spectra presented in Fig. 5,
it is important to understand the molecular abundances and the
line-emitting area of different species (see Figs. D.1-D.5).
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411. HO

The abundance of H,O increases with increasing oxygen abun-
dance, but also increases with decreasing carbon abundance (see
Fig. D.1). Correspondingly, the highest water abundance is found
in Model (-0.5,0.5), with a C/O ratio of 0.046, and the low-
est water abundance is in Model (0.5,-0.5), with a C/O ratio of
4.57. The peak abundance of water in the emitting layers differs
by more than three orders of magnitude between these models.
Comparing the models with Alog;o(ep)=0 (i.e., for a constant
elemental oxygen abundance; see middle panels of Fig. D.1), the
emitting region of Models (-0.5,0.0), (-0.25,0.0), and (0.0,0.0)

have roughly the same water abundances. However, the water
abundance in the same surface region in the Model (0.5,0.0)
with C/O>1 is several orders of magnitude lower, even though
the model has the same elemental abundance of oxygen. In
this model, oxygen is predominantly in the more stable species
CO, with CO abundances roughly twice those found in Model
(0.0,0.0) (Fig.D.2). Since CO is as abundant as H,O in these
emitting layers, doubling the CO abundance takes away most
of the oxygen that would otherwise end up in H,O. Inline with
the abundances, the water fluxes (both rovibrational and rota-
tional emission) increase with increasing oxygen abundance and
decreasing carbon abundance (Fig. 5).
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41.2.CO

The CO abundances increase with an increase in carbon or
oxygen elemental abundances (Fig. D.2). However, the emission
strength does not necessarily scale with the CO abundance (see
Fig.5). This is due to the changes in the emitting regions across
the models.

For models with C/O<1, the fluxes increase with increasing
carbon or oxygen abundances, but only marginally. In mod-
els with depleted oxygen abundances, the CO emitting region
shifts to slightly higher altitudes in the disk (Fig.D.2). Here,
the gas temperatures are higher (>1000 K), but the absolute CO
abundances are lower. Conversely, in models with enhanced oxy-
gen, CO emission originates from regions of lower temperature
(<1000 K), but higher absolute abundances.

In models with C/O>1, particularly the models with
enhanced carbon (by 0.5 dex), they have much larger emitting
areas that probe cooler temperatures, even though neither CO
abundances nor the temperature within the emitting regions of
these models are the highest in the grid. However, the emitting
area is more than five times larger than in models with C/O<1,
leading to the strongest CO fluxes in the grid.

41.3. CoH>

One of the most prominent trends in the simulated spectra is the
bright emission of C,H; in models with C/O>1 (Fig.5). In these
high C/O models, we find large abundances of C,H; that form in
the disk surface layers (Fig. D.3). While in the rest of the models
the emitting region is limited to the innermost regions close to
the rim, the C/O>1 models have emitting areas that are larger by
several orders of magnitude.

In models with C/O<1, the C,H, emission is generally
weaker. This is largely because the bulk of the C,H, resides
below the =1 layer, leaving little C,H, that can emit at MIR
wavelengths (see Figs. D.3 and D.4). For these models, we find
that the emission strength of C,H, is more strongly influenced
by the abundance of oxygen compared to the abundance of car-
bon. For example, in models with C/0=0.457 (diagonal panels),
we see a diversity in the C;H, emission strengths (Figs.5 and
C.1). Although Model (0.5,0.5) has an order of magnitude higher
carbon abundance than Model (-0.5,-0.5), the C,H, emission
is more than an order of magnitude brighter in the latter. This
is because oxygen-depletion leads to an increase in C;H, abun-
dance (also see Esteve et al. 2026). The C,H, abundance in the
innermost region above the 7=1 line increases by several orders
of magnitude when Alog;(€p) decreases from +0.5 to -0.5 (top-
to-bottom panels Fig. D.4). In addition, the abundance of C,H;
also increases in the thin, radially extended surface layer that
also contributes to the observed fluxes. However, the contribu-
tion to the total flux from this low density surface layer is less
than 33 %, even though the emitting area is several orders of
magnitude larger. It is not clear whether C,H, excitation is in
LTE in this surface layer, since the densities are on the order of
>10'" cm=3; whereas typical critical densities for these rovibra-
tional lines are >10'> cm™3. However, IR pumping can also play
a role, possibly bringing level populations again closer to LTE.

41.4.COy

Overall, CO, is the most strongly affected molecule by both car-
bon and oxygen abundances (Fig. 5). In models with C/O<1, the
CO; emission strength varies by a factor of ~30. More interest-
ingly, this variation occurs among models of the same C/O (i.e.,
for models with C/0=0.457).
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The abundance of CO, increases with an increase in the
elemental carbon and oxygen abundances (Fig.D.5). On the
other hand, the emitting region moves to a cooler region with
a decrease in the elemental carbon and oxygen abundances.
Both of these together explain the large change in the emission
strength across the grid. In models with C/O>1, the CO, abun-
dances are inherently lower, while the reservoir largely resides
below the 7=1 layer.

4.1.5. OH, HCN, Nell, and NH3

The fluxes of OH, HCN, [Nell], and NHj; also display some spe-
cific trend (Fig.C.2). Similarly to H,O, OH also peaks when
carbon is depleted and oxygen is enhanced. However, the drop
in OH flux for models with C/O>1 is not as drastic as in H,O
flux, due to the larger emitting area of OH (see Appendix D). It is
important to note that while our models include an approximate
treatment of NLTE, other processes such as chemical excita-
tion (i.e., prompt emission of OH, Tabone et al. 2021) are not
included. This latter excitation mechanism can be very important
for predicting accurate emission strengths of OH in disks (e.g.,
Tabone et al. 2024), but less important for a comparative study
between models. The HCN fluxes behave similarly to the C,H;
fluxes, showing high fluxes when C/O>1. The [Nell] emission
depends on the oxygen abundance and is only slightly influenced
by the carbon abundance. However, the variation is small com-
pared to the other species studied here. The dependence on the
oxygen abundance is largely related to the dominant cooling pro-
cesses in the emitting region of [Nell] (see Appendix D). Finally,
NHj is brighter when the oxygen abundance is higher and carbon
abundance is lower. We note that the peak of the brightest NH;
emission in our models is about only 0.2 mJy, largely due to NH;
residing closer to the midplane (z/r<0.15, see Appendix D). We
refer to Vlasblom et al. (2026) for a more detailed analysis of
NHj3 emission.

4.1.6. Summary

Changes in molecular abundances and the properties of the emit-
ting region, such as temperature and spatial extent, are influenced
by elemental abundances, leading to variations in the molecular
line fluxes. For example, C;H,, which contains no oxygen, is
still strongly influenced by the oxygen abundance. Conversely,
H,O, which lacks carbon, is affected by both carbon and oxy-
gen abundances. Molecules such as CO and CO,, which include
both carbon and oxygen, are influenced by the abundances of
both elements; although the effect is more pronounced for CO,.
In models where the C/O ratio exceeds 1, the chemistry changes
significantly, compared to models with C/O<1, and becomes
dominated by hydrocarbons such as C,H, and depleted in H,O,
even when oxygen is not significantly depleted.

4.2. Line flux ratios as tracers of C/O, C/H, and O/H

Figure 5 shows the diversity in the emission strengths of dif-
ferent molecules with the elemental abundances of carbon and
oxygen. The figure also shows that for the same C/O ratio, the
molecular fluxes (both absolute and relative) can be significantly
different.

In the following subsections, we present MIR diagnostics for
carbon and oxygen abundances based on line flux ratios. While
we have explored ratios involving all species in the model spec-
tra, we mostly focus on a few species for the purposes of this
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Fig. 6. MIR molecular diagnostics: integrated flux ratios. The colors of the scatter points indicate the C/O ratio. All species pairs in our models
which show trends are shown. Reliable tracers are highlighted with thick panel edges.

work. Emission from atoms and ions arise from the thin tenu-
ous layers that do not necessarily reflect the bulk composition of
the disk, and which are often affected by factors such as disk
winds and jets. Molecules such as CO and OH are expected
to be excited by LTE processes such as UV and IR pump-
ing, as well as chemical pumping, which go beyond collisional
excitation. For example, Temmink et al. (2024b) demonstrated
that spectral resolving power higher than that of JWST/MIRI is
required to resolve CO lines to uncover the broad and narrow
components of CO emission, the latter of which is potentially
linked to disk winds. Temmink et al. (2024b) also show that the
broad component should arise from within the dust sublimation
radius, whereas the bulk of the emission from other molecules
arises radially further out in the disk. However, other polyatomic
molecules such as CO,, C,H,, H,O (rotational lines), and HCN,
which are commonly detected in the MIR spectra of T Tauri
disks, have been reproduced sufficiently well with LTE approx-
imation across a wide range of temperatures, column densities,
and emitting radii (e.g., Grant et al. 2023; Gasman et al. 2023;
Tabone et al. 2023; Banzatti et al. 2023; Xie et al. 2023; Romero-
Mirza et al. 2024; Kaeufer et al. 2024; Temmink et al. 2024a,
2025; Vlasblom et al. 2025). Thus, we focus mainly on these
molecules (e.g., CO,, C,H,, and H,0).

4.2.1. Tracers of C/O

As noted earlier in this work, the emission of different species
react differently to the C/O ratio in the disk. We compared the
C/O ratios of all models with the flux ratios between all species

in Table 3, as well as [Nell] and H, S(1), to identify any interest-
ing species pair whose flux ratio can be used to estimate the C/O
ratio. We found four flux ratios displays certain trends with the
C/O ratio: CO/H,0,y, CO/H,0,,, [Nell]/OH, and HCN/NHj3;, as
shown in the left panels of Fig. 6.

Apart from the flux ratio [Nell]/OH, the remaining three
flux ratios increase substantially when the C/O ratios are greater
than unity. Below the C/O ratios of unity, the flux ratios show
a positive trend with the C/O ratio. For a given C/O ratio (i.e.,
corresponding to models with different oxygen and carbon abun-
dances), the flux ratios display a minimal spread. However,
beyond the C/O ratio of unity, the spread increases and the trend
is not quite evident.

These flux ratios are unreliable to be applied to observations.
Ro-vibrational band emission of H,O and CO, and OH are influ-
enced by non-LTE effects, and the flux levels of NH; are below
the noise levels of MIRI. So far, NH5 has not been observed in
emission in the MIR wavelengths in any planet-forming disks.
The strength of the [Nell] emission observed is often influenced
by jets and disk winds, and by the X-ray luminosity (Giidel et al.
2010; Pascucci et al. 2020).

4.2.2. Tracers of C/H

Here, we explore tracers for measuring the C/H and O/H indi-
vidually, so that by combining these tracers, we can determine
the C/O ratio. Hence, we go on to compare the C/H ratios (or the
elemental carbon abundances) of all models of the grid with the
flux ratios between the species, finding four tracers: CO,/H, Oy,
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CO,/H,0;,, CO/OH, and CO,/OH (Fig. 6). Apart from the flux
ratio CO/OH, the remaining three flux ratios are substantially
smaller in models with C/O>1, compared to models with C/O<1
for the same carbon abundances. However, in both cases, the flux
ratios show a positive trend with the carbon abundance with a
small spread. Again, discarding the flux ratios involving the rovi-
brational band emission of H,O and CO, and OH, we propose
the flux ratio between CO, and pure rotational lines of H,O to
be reliable C/H tracer. We note that the two distinct trends of
the CO,/H,0 ratio (for models with C/O<1 and C/O>1) could
theoretically result in degenerate solutions for C/H if the consid-
ered abundances are slightly higher or lower than our grid values.
However, such degeneracies are lifted when complementary flux
ratios are included in the analysis (see Sect. 4.3).

4.2.3. Tracers of O/H

Figure 6 shows several tracers of the elemental oxygen abun-
dance O/H. Again, the flux ratios are substantially different when
the C/O ratios are larger than unity. The middle panels of fig-
ure corresponding to OH/H,0,,, OH/H,0y,, [Nell]/H,0,,, and
HCN/H;0,, show a negative trend with O/H with a small spread
when the C/O ratios are smaller than unity. However, each of
these flux ratios involve either OH, [Nell], or the rovibrational
band emission of H,O.

The remaining oxygen tracers are the flux ratios with C,Hy.
This is not surprising since, as discussed in Sect. 4.1, the C,H;
emission is strongly influenced by the abundance of oxygen (i.e.,
O/H). Among these tracers, the flux ratios of the pure rotational
lines of H,O and CO, with C,H, are reliable. Moreover, the
flux ratio CO,/C,H; has the least spread for a given oxygen
abundance.

4.3. Robust diagnostics for measuring C/O

In Sects. 4.2.2 and 4.2.3, we identify reliable tracers of elemental
abundances of oxygen and carbon. Since our grid of models are
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equally spanning the oxygen and carbon abundances as shown in
Fig. 1, we expect to reconstruct the matrix in Fig. 1 using these
tracers identified.

In Fig. 7, we plot the diagnostic flux ratios with the oxygen
tracers on y-axis against the carbon tracer on x-axis: H,O/C,H;
versus CO,/H,0 (left) and CO,/C,H; versus CO,/H,O (right).
Models with C/O>1 are not shown in either panels as the oxy-
gen tracer flux ratios of these models lie more than two orders
of magnitude lower than the rest (as shown in Figs. 6 and E.1).
The ideal case for elemental abundance retrieval would be for
the diagnostic grid (Fig.7) to reproduce the rectangular pat-
tern of abundance variations shown in Fig. 1. However, we find
a slightly skewed but still systematically organized grid using
these diagnostic tracers. In both panels, both axes span more
than an order of magnitude. The black lines, which represent
constant C/O ratios, show a relatively clean progression across
both panels. This indicates that the combination of these flux
ratios is effective in diagnosing the C/O ratio. The cyan and red
lines (indicating the constant O/H and C/H values) are somewhat
tilted or skewed, but still follow an orderly trend. While the C/H
and O/H could not be directly retrieved from the individual flux
ratios due to the spread between models of different C/O ratios as
shown in Fig. 6, using the combination of their flux ratios allows
us to distinguish the elemental abundances.

5. Discussion
5.1. Grid in the context of the observations

In Sect. 4.1, we established that flux ratios that trace the oxygen
and carbon abundances can be combined to predict C/O ratios in
our models. In this section, we compare the flux ratios from our
models to that measured by observations in the MIR. Our mod-
els pertain to a single representative disk; whereas in reality, the
disk and stellar properties differ from source to source. This can
significantly influence the fluxes and flux ratios measured. How-
ever, the line ratio diagnostics identified in the previous section
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span more than an order of magnitude. Even if the model prop-
erties do not necessarily reflect the actual source properties, we
expect the general trend predicted by our models to be robust.

Figure 7 shows the flux ratios calculated from the fluxes
reported by Gasman et al. (2025) for 10 T Tauri disks on top
of the model results. Gasman et al. (2025) only included sources
with confirmed detections of gaps in millimeter dust. The advan-
tage of using this sample in our comparison is that dynamic disk
models indicate that disk gaps can affect the elemental abun-
dances in the inner disk (Kalyaan et al. 2021, 2023; Lienert et al.
2024; Mabh et al. 2024; Sellek et al. 2025). Since the MIR fluxes
in our models are not affected by the disk geometry beyond a
few astronomical units (au) and the smallest gap reported in the
sample is about 9 au, we can essentially compare the effect of the
varying elemental abundances on the flux ratios. Some caveats
are discussed later in this paper.

Figure 7 shows that the range of observed flux ratios that
trace the oxygen abundance (CO,/C,H, and H,0,,/C,H;) spans
roughly the same range as our models, but the observed flux
ratios that trace the carbon abundance (CO,/H,0) are extended
by a factor of 2 below the models with C/O<1. This could
largely be due to the specific disk properties of these sources
that could be different from those assumed in our models.
However, the range of flux ratios show important evidence
for difference in elemental abundances in these disks. Sources
such as Sz98, BP Tau and SY Cha show high H,O/C,H, flux
ratios, indicating elevated abundances of oxygen. 1Q Tau, and
DR Tau correspond roughly to solar oxygen abundance; CI Tau,
V1094 Sco, and DL Tau indicate depleted oxygen abundances;
and CITau, DL Tau, V1094 Sco, and GW Lup have relatively
bright CO, emission, indicating higher carbon abundances than
the oxygen-rich sources. With the highest CO,/H,O flux ratio
and moderately high H,O/C;Hj; ratio, the inner disk of GW Lup
could indeed have enhancements in both carbon and oxygen.

While deep gaps completely block the inward transport of
material, leaky gaps allow rapid inward transport; both scenarios
lead to oxygen depletion in the inner disk (Kalyaan et al. 2021;
Mah et al. 2024). In contrast, a moderately leaky gap can pro-
long the transport process, helping to maintain an oxygen-rich
inner disk (Gasman et al. 2025). The sources in the top-left part
of Fig.7 (left panel) are indeed expected to have either moder-
ately leaky gaps or deep gaps where gas has been detected in
the gap indicating inward material transport. IQ Tau and DR Tau
have similar disk structure (Gasman et al. 2025) and are clus-
tered together in the figure. CI Tau is expected to have a deep gap,
while V1094 Sco and DL Tau are expected to be either old disks
with moderate gaps or young disks with deep gaps, in either
case depleted in oxygen. Interestingly, no source in this sam-
ple resides in the top-right part of the figure, indicating equally
enhanced carbon and oxygen abundances. GW Lup could, how-
ever, still be an example of such enhancement and would require
a dedicated thermo-chemical disk model to examine the abun-
dances more accurately. No source has H,O/C,H, or CO,/C,H,
flux ratios (O/H-tracers) far below the region shown in the figure,
which is where our models with C/O>1 lie (see Fig. E.1). A com-
parison of observations with model fluxes related to Fig.7, but
with observed flux ratios of disks around VLMSs, is provided in
Appendix E.

5.2. Comparison to previous modeling studies

Anderson et al. (2021) explored the effects of elemental abun-
dances on MIR fluxes. They adjusted the abundance of H,O
to achieve a change in the C/O ratio, essentially changing the

oxygen abundances only. According to our analysis, such varia-
tion should lead to large changes in molecular flux ratios of the
oxygen tracers (H,O,,/C,H; and CO,/C,H,), but not so for the
carbon tracer (CO,/H,0). Indeed, they reported broad variations
in the flux ratios (up to three orders of magnitude) of CO,/C,H,
and H,O/C,H,, but a very slight variation in the CO,/H,0 ratio.
However, the specific values of these variations do not show a
match between the two studies. This could be due to differences
in the modeling approaches. For example, we performed a full
line radiative transfer solution to predict the model spectra, but
Anderson et al. (2021) used LTE slab models to predict the spec-
tra, considering the column of molecules down to a depth where
the total H, gas column densities reach 1.8x10?* cm=2 and up to
10 au in radius. We clearly see that for molecules such as H,O,
CO, and CO,, only the thin layer on the disk surface, which is
radially limited, contributes to the total flux.

Woitke et al. (2018) showed the sensitivity of the fluxes close
to a C/O ratio of unity by varying the elemental carbon abun-
dance. They reported a decrease in flux of CO, and an increase
in the flux of C,H; by several orders of magnitude when push-
ing models to values of C/O>1; this is in line with our models.
However, the relative change in flux of the individual molecules
such as H,O, or CO; in our models are not as drastic as reported
by Woitke et al. (2018). This difference could stem from several
factors, including slightly different disk structures and differ-
ent treatments of escape probabilities and shielding (see Woitke
et al. 2024). Moreover, Woitke et al. (2018) reported integrated
fluxes for all the lines of a molecule.

5.3. Caveats

While observed oxygen tracers align well with our C/O<1 mod-
els, the observations do not overlap with the model grid when
oxygen and carbon tracers are considered simultaneously. One
of the important factors that could affect the CO,/H,O ratio
is the inner disk radius. Woitke et al. (2018), Anderson et al.
(2021), and Vlasblom et al. (2024) showed that the inner disk
radius has a distinct effect on the MIR fluxes. The fluxes increase
with an increase in inner radius due to the larger emitting area
of the inner rim, but only up to about 5 au; beyond this point,
the fluxes drop due to lower rim temperatures (lines cannot be
excited anymore). The fluxes can vary by more than an order
of magnitude and this effect depends on the molecule, thereby
strongly influencing the CO,/H,0 flux ratio. For example, BP
Tau is expected to have a close-in gap or a large cavity; the
latter could strongly boost the CO,/H,O flux ratio, making it
appear water-rich. Vlasblom et al. (2024) showed that varia-
tions in the CO,/H,O molecular flux ratio, driven by changes
in the inner disk radius, can exceed an order of magnitude; this
result is comparable to the range shown in Fig. 7. Woitke et al.
(2022) showed that with the same elemental abundances vertical
mixing can drive an active organic chemistry, thereby enhanc-
ing hydrocarbon fluxes. Variability in the inner disk turbulence
between sources can cause a further spread in range of elemental
abundances that reproduce the same flux ratios.

Additionally, previous modeling studies have shown that dust
properties and disk structures can play a large role in the spec-
tral appearance of the disk, since they determine the amount
and shape of radiation field that enters or leaves the disk. For
example, the gas-to-dust ratio, maximum dust grain size, dust
settling, and the dust size distribution can vary the mid-IR line
strengths by more than an order of magnitude (Meijerink et al.
2009; Antonellini et al. 2015; Woitke et al. 2018; Greenwood
et al. 2019; Woitke et al. 2024). Furthermore, in this study, we
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assumed fixed stellar properties. However, the observed sources
span stellar luminosities between 0.22-1.52 L. The mass and
luminosity of the central object can strongly influence the molec-
ular abundances (Walsh et al. 2015). A stronger UV radiation
field (from the star or the interstellar medium) or the presence of
X-rays greatly enhances the MIR fluxes (Antonellini et al. 2015;
Walsh et al. 2015; Kanwar et al. 2026).

Although multiple additional factors can influence the pre-
dicted fluxes and flux ratios, the change seen among the elemen-
tal abundances in our grid largely explains the spectral diversity
of the observations. More detailed analyses are required, tak-
ing into account the source specific properties to constrain the
elemental abundances in individual sources.

6. Conclusions

We constructed a grid of thermochemical disk models that vary
both the carbon and oxygen elemental abundances, allowing
for a systematic exploration of their combined effects on MIR
molecular emission. Our key findings are as follows:

1. Nonuniqueness of the C/O ratio: Molecular fluxes and ratios
cannot be solely attributed to the C/O ratio; models with
identical C/O ratios, but different absolute C and O abun-
dances can yield significantly different spectra;

2. Sensitivity of individual species: Molecules such as H,O,
C,H,, and CO, are particularly sensitive to the elemental
abundance of carbon and/or oxygen. Notably, C;H, is, in
fact, a purely carbon-bearing molecule, but it is strongly
affected by oxygen depletion, while H,O and CO, are
influenced by both elements;

3. Diagnostic tracers: We identified flux ratios that serve as
diagnostics for elemental C/H (e.g., CO,/H,0), O/H (e.g.,
H,0/C,H,) abundances and, thus, indirectly measuring the
C/O ratio. These tracers are based on species and spectral
regions accessible to JWST/MIRI observations;

4. Application to observations: When compared with recent
observations of T Tauri disks with confirmed dust gaps, our
diagnostic flux ratios reveal evidence of varying carbon and
oxygen enrichment across sources (below C/O of 1), high-
lighting the role of transport processes such as radial drift
and disk gaps.

This study emphasizes the need to consider both absolute
elemental abundances and their ratios when interpreting disk
chemistry. While our models isolate the effects of elemental
abundances, future works should extend this approach by simul-
taneously varying key disk properties, such as the inner disk
radius and gaps, gas-to-dust ratio, dust settling, and UV radia-
tion field, which evolve over time and significantly influence the
MIR emission (see Esteve et al. 2026).
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Appendix A: Fiducial model and non-LTE OH data

The disk model parameters that remain common through out the grid are listed in Table A.1. The physical structure of the disk
follows the model of Woitke et al. (2016), incorporating the smooth inner disk edge and density structure from Eq. (71) of Woitke
et al. (2024). Including this smooth edge is crucial for accurately predicting MIR emission from the inner disk (Woitke et al. 2024;
Henning et al. 2024).

In this work, we use an OH line list, encompassing levels and radiative transitions for v=0 and v=1 (N < 54 and N < 50 for
v=0 and 1, respectively), based on Brooke et al. (2016). The collision rates with o-H, and p-H, between pure rotational levels in
the LAMDA database (Schoier et al. 2005) served as the basis to estimate all the missing rates. The methodology follows Tabone
et al. (2024) for the expansion of the v=0 rates. Since we considered collisional rates between normal H, and OH, the rates with
o-H, and p-H; have been merged into a single set of normal-H, assuming a constant H, ortho-to-para ratio of 3:1. The rates have
been further extrapolated for transitions arising from higher rotational levels and temperatures up to 2000 K assuming that rates
v « exp(—AE/kT), where AE is the energy difference between two levels, k. The collision rates from levels arising from v=1 were
computed using the equal probability method and the coefficients in Rahmann et al. (1999). In this study, we did not consider other
potential collision partners.

Table A.1: Common disk model parameters.

Propert Symbol Value

perty y Property Symbol Value
Stellar Mass M., 0.7 M, -
Effective temperature T, 4000 K Refgrence scal@: height H,(100 au) 10 au
Stellar luminosity L. 1 Lo Flaring power index B 1.15
UV excess fov 0.01 Smooth edge parameter 1 reduc 10-6
UV powerlaw index UV 1.3 Smooth edge parameter 2 raduc 1.5
X-ray luminosity L 1030 erg/s Minimum dust grain radius min 0.05 um
X-ray emission temperature Ty 2x107 K Maximum thSt grain .radius Amax 3000 pm
Strength of interstellar UV YoM 1 Dust size dls.t' power index Gpow 3.5
Cosmic ray Hj ionization rate 1.7x10717 ¢! Turbulent mixing parameter  scue 0.001
Disk massy 2 A;R O. R Refractory dust composition Mgy 7Fe(3Si03 60%

disk . 0]

Gas-to-dust ratio My /My 100 ar(i(z)rs[i)th -C gzz
Inner disk radius Rin 0.05 au . . . pchem Y
Taperine-off radius R 30 au Chemical heating efficiency ¥ 0.2
Corl)umng density power index n‘ap | Distance to the observer d 140 pc

Notes. Parameter definitions can be found in Woitke et al. (2016) and Woitke et al. (2024).

Appendix B: Heating and cooling

A comparison of the dominant heating and cooling processes for five models of different C/O ratios are presented in Fig. B.1.

Appendix C: Diverse spectral appearance with the same C/O ratio

Figure C.1 shows the spectra of five models from the grid that have the same C/O ratio, but different abundances of carbon and
oxygen. The spectra are diverse, varying between spectra dominated by CO,, H,O, or C,H,, all for the same C/O ratio. Figure C.2
presents a quantitative comparison of integrated molecular fluxes of different species, each normalized to the flux from the fiducial
model.

Appendix D: Abundances and emitting regions different species

Figures D.1-D.9 show the abundances of the species discussed in this paper. H,O, CO, C;H,, and CO, are discussed in the main
text (Sect. 4.1). The line-emitting regions are bounded by four contours. The upper and lower boundaries indicate the 15% and 85%
levels of the local vertical flux (integrated from the surface to the midplane). The vertical lines mark the radii where the radially
cumulative flux reaches 15% and 85% of the total emission. Together, these boundaries enclose approximately 50% of the total line
flux (also see Woitke et al. 2016). We calculate the flux contribution of individual grid points using the escape probability formalism
presented in Sect. 2.2 of Woitke et al. (2024).

Figure D.6 shows the abundances and the line emitting regions of OH. Clearly, higher oxygen abundances lead to higher OH
abundances. The emitting region morphs from a thin-long layer to a thick-narrow layer with increasing oxygen abundances. The
temperature of the emitting region also moves slightly higher up and lower down around the 1000 K contour with changing oxygen
abundance.
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Fig. B.1: Dominant heating and cooling processes across models of different C/O ratios. The white dashed lines indicate the 300 K and 1000 K gas
temperature contours. The white dotted lines indicate the A,=1 line.
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Fig. C.1: FLiTs spectra of five models with the same C/O ratio of 0.45, but different C/H and O/H (indicated in the figure). The spectrum in the
center is the fiducial model (0,0).

Figure D.7 shows that the abundances and the line emitting regions of HCN behave similar to C,H,. When C/O<1, the emitting
region is a narrow layer above the 7=1 line. The abundances in the surface layer increase with decreasing oxygen abundance. The
abundances increases significantly when the C/O ratio is greater than 1 and the emitting region extends to much larger areas.

Figure D.8 shows the abundances and the line-emitting regions of NH3. The NHj3 reservoir is largely limited to the region below
the 7=1 layer. The low abundances above this layer and the very narrow emitting region lead to small fluxes.

Figure D.9 shows the abundances and the line-emitting regions of [Nell]. The Ne* reservoir is largely limited to the high tem-
perature region above 1000 K. Since Ne* is inert, the abundances do not change with carbon and oxygen abundances. However, the
emitting regions change slightly in response to changes in the temperature structure of the gas.
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Fig. C.2: Integrated fluxes normalized to the fiducial model.

Appendix E: C/O diagnostics with VLMSs

Similarly to Fig. 7, Fig. E.2 presents the observed molecular flux ratios of disks around 11 VLMSs, which are generally carbon-rich,
in comparison with those of the models. These sources are taken from Arabhavi et al. (2025a) with one source from Xie et al. (2023).
The observations generally fall outside the flux ratios traced by the models. J0438 (highly inclined) and Sz114 have a water-rich MIRI
spectra (Perotti et al. 2026; Arabhavi et al. 2025b; Xie et al. 2023). Comparing the model flux ratios to the observed flux ratios of
JO438 and Sz114 indicates C/O ratios less than 1. All the other sources have multiple bright hydrocarbon emission corresponding
to C/O ratios greater than 1 (Arabhavi et al. 2025a; Kanwar et al. 2024a). In fact, Kanwar et al. (2026) show that models require a
C/O ratio significantly larger than unity to reproduce the C,H, pseudo-continuum observed in J1605. Moreover, not much is known
about the inner and outer disk structures of these carbon-rich sources.

A82, page 16 of 22



Arabhavi, A. M., et al.: A&A, 708, A82 (2026)

0.2

z/r

0.1

0.2

z/r

0.1+

0.2

z/r

0.1

0.2

z/r

0.1

Y ,
ﬁ 7 / log10(€H,0)

0.1 /l,
101 10° 10110°1 10° 10110-1 10° 10110-1 10° 10110-1 10° 101
r [au] r [au] r [au] r [au] r [au]

z/r

Fig. D.1: Abundance and line emitting region (red line) of H,O. The solid black lines indicate the gas temperatures of 300 K and 1000 K, the dotted
line indicates the Ty,0=1 line. Each panel corresponds to the same model illustrated in Fig.1.
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Fig. D.2: Same as Fig. D.1, but for CO. The dashed line indicates the 7co=1 line.
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Fig. E.2: Same as Fig. 7, but for observations of
disks around VLMSs, and the wavelength inter-
vals are adapted for these sources. The spectra
and detections are taken from Arabhavi et al.
(2025a), Arabhavi et al. (2025b), and Xie et al.
(2023).
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