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ABSTRACT

Aims. We investigate the James Webb Space Telescope (JWST) MIRI MRS gas molecular content of an externally irradiated Herbig
disk, the F-type XUE 10 source, in the context of the eXtreme UV Environments (XUE) program. XUE 10 belongs to the massive star
cluster NGC 6357 (1.69 kpc), where it is exposed to an external far-ultraviolet (FUV) radiation ~10° times stronger than in the solar
neighborhood.

Methods. We modeled the molecular features in the mid-infrared spectrum with local thermodynamic equilibrium (LTE) OD slab
models. We derived basic parameters of the stellar host from a VLT FORS2 optical spectrum using PHOENIX stellar templates.
Results. We detected bright CO, gas with the first simultaneous detection (>507) of four isotopologues ('>CO,, 3CO,, 1°02C!#Q,
16012C'70) in a protoplanetary disk. We also detected faint CO emission (207) and the HI Pfa line (80). We placed strict upper limits
on the water content, finding a total column density of <10'® cm™. The CO, species trace low gas temperatures (300370 K) with
a range of column densities of 7.4 x 10'7 cm™2 (°0'2C'70)-1.3 x 10*° cm™2 ('2CO») in an equivalent emitting radius of 1.15 au.
The emission of '3CO, is likely affected by line optical depth effects. The '°0'>C'30 and '®*0'>C'70 abundances may be isotopically
anomalous compared to the '°O/'#0 and '°0/'7O ratios measured in the interstellar medium and the Solar System.

Conclusions. We propose that the mid-infrared spectrum of XUE 10 is explained by H,O removal either via advection or strong
photo-dissociation by stellar UV irradiation and enhanced local CO, gas phase production. Outer disk truncation supports the observed
CO0,-H,0 dichotomy. A CO, vapor enrichment in '*0 and '7O can be explained by means of external UV irradiation and early (10*= yr)
delivery of isotopically anomalous water ice to the inner disk.

Key words. planets and satellites: formation — protoplanetary disks — stars: pre-main sequence — infrared: ISM — infrared: stars

1. Introduction

The discovery of more than 5000 exo-planets in our Galaxy, a
number that steadily increases', and the growing evidence for
several classes of them (e.g., super-Earths, hot Jupiters) differing
from the Solar System architecture demand a deep understanding

* Corresponding author.
I https://exoplanetarchive.ipac.caltech.edu/

of the properties of protoplanetary disks and their connection to
the observed exoplanet demography (Winn & Fabrycky 2015;
Mordasini et al. 2012; Dawson & Johnson 2018). Our knowledge
on the formation of planetary systems is mostly based on surveys
of protoplanetary disks located in nearby (D < 400 pc), relatively
isolated star-forming regions (e.g., Taurus; Manara et al. 2023),
where it is possible to achieve the high angular and spectral res-
olution coupled with high sensitivity needed to study the gas and
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the dust components of disks in detail as well as their physical
structure.

Nevertheless, observations (e.g., Stolte et al. 2010; Guarcello
et al. 2023) and theory (Fatuzzo & Adams 2008; Winter et al.
2020) have come to agree that the majority of stars and plane-
tary systems actually form in massive clusters (e.g., Lada & Lada
2003; Krumbholz et al. 2019). In these star-forming regions, the
protoplanetary disks are exposed to the external far-ultraviolet
(FUV) radiation of massive young stars of spectral type O and B
present in the surroundings (Winter & Haworth 2022; Allen et al.
2025). The typical FUV flux (measured between 912 A and 2400
A) of irradiated protoplanetary disks is in the range of ~10°~3 G,
(Winter & Haworth 2022), where 1 Gy ~ 1.6 x 1073 ergs”! cm™
is the average value measured in the solar neighborhood (Habing
1968). The external photoevaporation induced by FUV photons
is thought to be the dominant dispersal mechanism of protoplan-
etary disks in massive star-forming regions (Scally & Clarke
2001; Guarcello et al. 2023; Winter et al. 2018). This pro-
cess drives significant disk mass-loss rates (Adams et al. 2004;
Facchini et al. 2016; Haworth & Clarke 2019; Haworth et al.
2018; Haworth et al. 2023), up to about 107 M, yr~! in the
Orion Nebula Cluster (ONC; Johnstone et al. 1998; Henney &
O’Dell 1999; Ballering et al. 2023; Aru et al. 2024), reducing the
gas mass, shortening its dissipation timescale, and resulting in a
rapid outer disk dispersal (Adams et al. 2004; Concha-Ramirez
et al. 2019; Winter et al. 2020; Coleman & Haworth 2022).
Depending on the disk structure, consequent steep surface den-
sity gradients in the outer disc may result in rapid inward drift
of large dust grains, while small dust grains may be depleted by
entrainment in the photoevaporative wind (Facchini et al. 2016;
Sellek et al. 2020; Qiao et al. 2023; Garate et al. 2024; Paine
et al. 2025). Gas and dust depletion may alter the assembly of
both rocky and gaseous types of planets, although it might also
instigate planet formation by streaming instability, enhancing the
local dust-to-gas ratio in the outer disk (Throop & Bally 2005).

There is compelling evidence for outer disk depletion by
external photoevaporation in Orion (e.g., Mann et al. 2014;
Ansdell et al. 2017; van Terwisga et al. 2019, 2020) and in
other close by massive clusters (Stolte et al. 2010; Roccatagliata
et al. 2011; Guarcello et al. 2023; Richert et al. 2018). Theo-
retical works have illustrated how chemistry is expected to be
affected in the outer and inner disk regions (Walsh et al. 2013;
Ndugu et al. 2024; Keyte & Haworth 2025; Gross & Cleeves
2025). We identify the inner disk as the region extending out
to 10 au from the central pre-main-sequence star (PMS). Given
the typical gas (~100-6000 K) and dust temperatures (~200—
1500 K) of the inner disk (Kamp & Dullemond 2004), near- to
mid-infrared (IR) observations are needed to probe this region.
Ground-based near-IR, the Infrared Space Observatory, the
Spitzer Space Telescope, and now JWST spectroscopic surveys
of nearby T Tauri disks (see, e.g., Salyk et al. 2008; Pontoppidan
et al. 2010; Pascucci et al. 2013; Dishoeck et al. 2023; Henning
et al. 2024; Arulanantham et al. 2025) have revealed a plethora
of ro-vibrational and pure rotational emission lines of several
molecular species, including water, carbon monoxide (CO), car-
bon dioxide (CO,), hydroxide (OH), and molecular hydrogen,
which are all connected to the physical structure of a proto-
planetary disk, its evolution, and the mass budget for forming
planets. Thanks to its superior sensitivity and spatial resolu-
tion compared to Spitzer, JWST makes it possible to extend this
kind of spectroscopic study to disk populations located at dis-
tances D > 1.5 kpc, therefore including a large sample of typical
massive star-forming regions. In the ONC, JWST observations
toward the low-mass d203-506 proplyd, i.e., a cometary-shaped
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photo-evaporating disk, reported the first ever detection of the
methyl cation molecule (CH;*; Berné et al. 2023; Zannese et al.
2025), which was later discovered in the non-irradiated T Tauri
TW Hya disk (Henning et al. 2024). In the same proplyd, evi-
dence was also found for the reprocessing of water into OH
by means of strong UV photo-dissociation at the disk surface
(Zannese et al. 2024). However, it is still unclear how the external
photoevaporation influences the inner disk from an evolutionary
and observational perspective.

The eXtreme UV Environments (XUE) program was pro-
posed in order to characterize the physical and chemical proper-
ties of a sample of 12 externally irradiated protoplanetary disks
in the NGC 6357 massive cluster, taking advantage of pivotal
mid-IR JWST Cycle 1 observations obtained with the Medium
Resolution Spectrometer (MRS) of the Mid-InfraRed Instrument
(MIRI; Ramirez-Tannus et al. 2021). NGC 6357 represents one
of the youngest (0.8—-1.4 Myr) and closest (1.69 kpc) massive
clusters now accessible with JWST (Fang et al. 2012; Getman
et al. 2014; Ramirez-Tannus et al. 2020; Ramirez-Tannus et al.
2023), hosting more than 20 O stars and one of the most massive
stars in our Galaxy: Pis24 1 (M, = 74 My, O4III(f+)+03.51f*;
Massey et al. 2001; Walborn et al. 2002). NGC 6357 com-
prises three coeval subclusters (Pismis 24, G353.1+0.6, and
G353.2+0.7) located at the same distance, but it is possible
to probe different ranges of FUV field strengths, from approx-
imately 10° Gy (in G353.2+0.7) to 10° G, (in Pismis 24).
Ramirez-Tannus et al. (2023) presented the first results on the
XUE 1 solar analog, which retains similar inner disk prop-
erties to nearby non-irradiated T Tauri. Portilla-Revelo et al.
(2025) recently validated these findings with a thermo-chemical
disk model and found evidence for a truncated disk with outer
gas depletion. Ramirez-Tannus et al. (2025) recently reviewed
the general properties of the XUE sources with respect to
other samples, while a forthcoming work will present radia-
tion thermo-chemical simulations tailored to the UV field in
NGC 6357 (Hernandez et al., in prep.).

Except for XUE 1, the XUE sample is constituted by disks
surrounding intermediate mass T Tauri (IMTTs) stars. These
are characterized by higher stellar masses than T Tauri sources
(M, ~ 1.5-10 M), with a late spectral type F and G, and they
will eventually become Herbig A stars (Valegard et al. 2021;
Brittain et al. 2023). Herbig stars have an earlier spectral type,
A and B, and they represent the prototypical formation sites of
giant planets (Johnson et al. 2010; Reffert et al. 2015). This work
is dedicated to the spectral analysis of the XUE 10 disk around
a early F-type IMTT star with an effective temperature of about
7000 K and a stellar mass of 3 M. This makes XUE 10 a bor-
derline case between an IMTT and an Herbig star, as shown by
Valegérd et al. (2021). We classify XUE 10 as a disk surround-
ing an Herbig star. The source has coordinates RA (J2000) =
17725m55%.274 and Dec (J2000) = —34°15’47”.76 and is located
in the G353.2+0.7 subcluster of NGC 6357 with an estimated
FUV exposure of 5.2 x 10° Gy (Ramirez-Tannus et al. 2025).

The remainder of the manuscript is organized as follows.
The data used for the analysis in this work and the adopted
data reduction are presented in Section 2. In Section 3 we
present the results on the gas molecular chemistry and the cen-
tral star. In Section 4 we determine the main physical parameters
of gas phase molecules by means of 0D local thermodynamic
equilibrium (LTE) slab models. In Section 5 we place our find-
ings in context with the available disk samples with similar
infrared characterization, and we discuss different scenarios to
explain the observed CO;-rich mid-IR spectrum of XUE 10. The
conclusions are summarized in Section 6.
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Fig. 1. Full JWST/MIRI MRS extinction-corrected spectrum of XUE 10. The identified dust and gas phase polycyclic aromatic hydrocarbon (PAH)
features are labeled and highlighted with a solid line. The insets zoom into various wavelength regions with the detection of carbon monoxide
(12C0), four carbon dioxide isotopic species ('>CO,, 1*CO,, °0'2C'30, '°0'?C!70), atomic hydrogen (HI Pfa line), and the tentative detection of

water (H,O).
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Fig. 2. Chi-square best-fit PHOENIX template (blue) overlaid on the telluric-corrected observed optical spectrum (black) after normalization.

2. Observations and data reduction
2.1. JWST/MIRI MRS IFU spectroscopy

XUE 10 was observed with the MIRI MRS instrument (Ricke
et al. 2015; Wells et al. 2015; Wright et al. 2015) on the 13
September 2023 as part of the XUE project in Cycle 1 (GO-
1759; Ramirez-Tannus et al. 2021). All three MIRI wavelength
settings (SHORT, MEDIUM, and LONG) were used for the
observations. A four-point dither optimized for a point source
was performed in the negative direction. The observations were
obtained in the FASTR1 readout mode with a total exposure time
of 2700 seconds. No dedicated background observations were
taken, as the background nebula in the observations is bright and
highly spatially variable.

We processed the XUE 10 data using the JWST Science
Calibration Pipeline (v. 1.14.0), with context 1225 of the Cali-
bration Reference Data System (CRDS; Bushouse et al. 2023).
We run the Detectorl step without major modifications. For
Spec2 we used the background subtraction procedure described
in Ramirez-Tannus et al. (2023). Apart from that, we run it with
residual fringe correction and bad pixel removal. We run Spec3
with the 1D residual fringe correction option, and combined the
cubes using the drizzle algorithm. We extracted the source
with a modified aperture linearly increasing from 07”3 at 5 um
to 1.28" at 22 um, and applied aperture corrections correspond-
ing to these extraction apertures. The final reduced spectrum
between 4.9 and 28 pm is shown in Figure 1. We measured the
noise (oryms) in line free wavelength ranges across the spectrum

(see Figure A.1). The 1o noise level of the spectral ranges from
0.7 mly at the short wavelength part of the spectrum, to 3.3 mJy
at the reddest wavelengths.

2.2. VLT/FORS?2 slit spectroscopy

The FORS2 instrument at the VLT, working in the 3300-
11000 A wavelength range, was used in Long-Slit (LSS) spectro-
scopic mode to observe XUE 10 on the 20 April 2024 as part of
program 113.26CR (PI: A. Bik). The observations were obtained
with an airmass of 1.06 using a 0”7 wide slit and the Grism
1028z (GRIS_1028z+29), which observes at 7730-9480 A with
a resolving power R ~ 2560.

The FORS?2 spectrum of XUE 10 was reduced using PipeIt
(v. 1.15.0; Prochaska et al. 2020), a Python package for semi-
automated reduction of astronomical spectroscopic data. The
reduction consists of a basic calibration including a bias cor-
rection, flat fielding and a wavelength calibration using Hel,
ArI+ArIl, and Nel+Nell arc lamps. The observations were
taken in nodding mode, with 4 separate integrations of 450 sec-
onds each, where the star was each time in a different position
on the slit. We reduced the data in staring mode, extracted
the spectrum of XUE 10 in each position separately, and com-
bined the extracted spectra to improve the signal-to-noise ratio.
We corrected the reduced 1D spectrum for atmospheric tel-
luric absorption using the ESO standard LTT 7987, with a final
signal-to-noise ratio of ~190 (see Figure 2).
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Fig. 3. Continuum-subtracted MIRI spectrum of XUE 10 (black) with overlaid best-fit slab models of the identified carbon dioxide isotopologues,
12C0, (red), *CO, (orange), '°0'>C'80 (green), and '°02C'7O (purple) between 12.93 and 17.6 um (from top to bottom). The vibrational quantum
numbers (v;v,v3) corresponding to the fundamental v, Q-branch, and its associated hot bands are labeled for each species. The inset in the bottom
panel shows the fiducial LTE slab model of H,O that matches the observed line luminosity between 17.08 and 17.4 um. The colored horizontal bars
indicate the fit wavelength ranges for CO, listed in Table D.1. The spectral uncertainty is indicated in each panel.

3. Spectral inventory

In this section we present the general dust and gas properties
of the JWST mid-IR spectrum. After that, we derive the physical
properties for the central star of XUE 10 from the FORS2 optical
spectrum.

3.1. MIRI MRS spectrum

At the mid-infrared wavelengths covered by the MIRI MRS
instrument, the emission shown in Figure 1 comes from the inner
disk regions of XUE 10. The spectrum shows a rising dust con-
tinuum, indicative of the re-emission at infrared wavelengths of
heated dust grains in the upper layers of the disk. We detect
emission from gas phase polycyclic aromatic hydrocarbon (PAH)
particles at 6.2 and 11.3 pum. At the latter wavelength, the PAH
feature overlaps with an emission band of forsterite (van Boekel
et al. 2005). There is also evidence for the PAH complex at 7.7—
8.6 um, but this coincides with the blue shoulder of the silicate
band and therefore does not clearly stand out. We also detect a
broad emission feature between 15.5 and 17 pum, whose origin
remains unclear. We discuss this feature further in Appendix B.
Regarding the molecular gas phase component, we detect
unusually bright CO, emission. We detect for the first time in a
protoplanetary disk spectrum four isotopic species, i.e., isotopo-
logues of CO,, between 12.9 and 17.6 um at high significance
(> 50) above the continuum level: '2CO,, 13CO,, '°0'2C!80,
and '°0'2C!'70. We do not only detect the fundamental Q-branch
of these isotopes (corresponding to the 000 — 010 transition of
the v, bending mode), but also hot Q-branch bandheads (e.g.,
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011 — 111) and blended P- and R-branch lines (see Figure 3).
CO; is a commonly detected species in protoplanetary disks, and
is one of the crucial diagnostics for their chemo-physical struc-
ture and the processes shaping them (e.g., Oberg et al. 2011;
Pontoppidan & Blevins 2014). The isotopes are naturally less
abundant, and therefore fainter and harder to detect. Besides
XUE 10, the '3CO; isotopologue has been observed by now in
several nearby T Tauri disks (Grant et al. 2023; Gasman et al.
2025). Vlasblom et al. (2025) were instead the first to report a
tentative detection of '°0'>C'80 in CX Tau (T Tauri), yet find-
ing no evidence of the '°0'2C'70 isotopologue. Most recently,
Salyk et al. (2025) claimed the first firm detection of '°0'2C'30,
and also a tentative detection of '°0'>C!70 in MY Lup, another
T Tauri disk. At 4.9-6 pum, the MIRI instrument covers the
upper side of the ro-vibrational P-branch ladder (J > 25) of
CO, the primary gas molecular tracer in protoplanetary disks.
In this wavelength range we detect weak CO emission with a
20 significance on the brightest lines (see Figure 5). We do
not find instead robust evidence of water emission in XUE 10.
The mid-IR ro-vibrational (5-8 wm) and rotational transitions
(>10 wm) (Meijerink et al. 2009) of water are thought to probe
progressively further regions in the inner disk, with hot and luke-
warm components (>400 K) at the shorter wavelengths, and a
cold component (~200—400 K) arising at longer wavelengths
(Banzatti et al. 2020; Banzatti et al. 2023). We only place an
upper limit on water lines at 6-8 pum, ~17.2 pm and ~23.9 um
(see Figure 6). In the 6-8 um window we serendipitously detect
(80) the Pfund « line of atomic hydrogen. No other hydrogen
lines or other species (e.g., OH, C,H,, HCN) are identified in
the mid-IR spectrum of XUE 10.



Frediani, J., et al.: A&A, 701, A14 (2025)

(€]
o

S
o

ORMS

Cont. sub.

flux [m]y]

= N W
79°%¢%

— 12C02

[r— IBOlzclBO (|SM)
13C0O; (ISM) s 16012170 (ISM)

Total model
mmmm M[RI MRS

T T
13.25 13.50

T
13.75

T T
14.00 14.25

40

Cont. sub.
flux [m]y]

50

15.8

ORMS +

flux [mJy]

Cont. sub.
= N W b
o O O O O
1 1 1 1 1

T T T
16.00 16.25 16.50

T
16.75

Wavelength [um]

Fig. 4. Continuum-subtracted MIRI spectrum of XUE 10 (black) overlaid with the total slab model of >CO,, *CO,, '°0'2C'30, and '*0"?C""0
between 12.93 and 17.6 um (from top to bottom panel) assuming ISM isotopic ratios in the column density. The colored horizontal bars indicate
the fit wavelength ranges per species listed in Table D.1. The spectral uncertainty is indicated in each panel.

ﬂv\

fvv

|

flux [m)y]

o H N W
1

/V \ﬂ\

Cont. sub.

Orus | 12C0  wmmmm MIRI MRS

T T
4.90 4.95 5.00

i N |
V\M W IR \W,.‘\]\ﬁ\f\,.\\ ,»J\,xJL/\fW\_Amv/\., \

T
5.05

5.10 5.15 5.20

Wavelength [um]

Fig. 5. Continuum-subtracted MIRI spectrum of XUE 10 (black) overlaid with the best-fit slab models of carbon monoxide (‘2CO; gold). The
colored horizontal bars indicate the fit wavelength ranges listed in Table D.1. The spectral uncertainty is labeled in figure.

3.2. Stellar host properties

The normalized optical spectrum of XUE 10 is presented in
Figure 2. The spectrum shows calcium triplet (CaT) as well as
hydrogen absorption lines. Fainter metal absorption lines from
e.g., Ol are detected as well, but no emission lines.

We derived the stellar parameters of XUE 10 by comparing
the observed FORS2 spectrum to a grid of PHOENIX stel-
lar atmosphere models (Husser et al. 2013)2, as described in
Appendix C. We used a minimized chi-square test to fit Ty,
logio(g), and [Fe/H], and benchmarked the statistical errors on
the fit quantities with a Markov chain Monte Carlo (MCMC)
simulation (see the corner plot in Figure C.1). The derived stel-
lar parameters are summarized in Table 1. In particular, the
[Fe/H] solutions could be degenerate, having the highest peak
centered at 0, and another peak at [Fe/H] > 0.5 (see top panel
in Figure C.1). The near-solar metallicity value of XUE 10 is
in line with near-infrared observations of protostars in other
star-forming regions, e.g., Orion and Lupus (Biazzo et al. 2011,

2 http://phoenix.astro.physik.uni-goettingen.de

Table 1. Summary of the stellar properties of XUE 10.

SpT Te M, Lol Ay log(g) [Fe/H]
(K] [Mo]  [Lo]
FO-FI 700072 2530 60-70 4.6-50 4003 +0.5:04

Notes. The uncertainty evaluation is detailed in Appendix C.

2017). Given the derived effective temperature, XUE 10 corre-
sponds to a PMS with spectral type FO-F1 V (Gray & Corbally
2009). We constrained the visual extinction to an Ay ~ 4.8 using
the Virtual Observatory SED Analyzer (VOSA) tool (Bayo et al.
2008)* and the archival optical and infrared photometric data on
the source (see also Appendix C). From the measurement of the
VVYV (Variables in the Via Lactea) VISTA (Visible and Infrared
Survey Telescope for Astronomy) apparent J-band magnitude
my = 12.004 + 0.001, we derived a bolometric luminosity of

3 http://svo2.cab.inta-csic.es/theory/vosa/
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Fig. 6. Continuum-subtracted MIRI spectrum of XUE 10 (black) and fiducial LTE slab models of H,O between 6.4 and 7.6 um (top panel) and
between 18 and 25 um (middle and bottom panels). The observed spectrum is vertically offset for visual clarity. The vertical dotted line marks the
detected He line of the Pfund series. The colored horizontal bars indicate where H,O lines are tentatively identified. The spectral uncertainty is

indicated in each panel.

Lyol = 69 £ 5 L. For this purpose, we adopted the bolomet-
ric correction in J-band for a F1 PMS from Pecaut & Mamajek
(2013), the constrained Ay (with an uncertainty of + 0.2 from

Table 2. Best-fit y2, parameters from 0D gas slab modeling of the
detected emission of CO (4.9-5.2 um) and CO, (12.9-17.6 um).

Gaia), and a total-to-selective extinction factor Ry = 3.3, as

measured in NGC 6357 (Massi t al. 2015; Russeil et al. 2017;  >Pecies 108100 T Rem  Xiea, min

Fouesneau et al. 2022). The derived luminosity places XUE [em™] (K] [au]

10 above the main sequence, consistent with a PMS nature, as 2Co 14.0%)4  1850* 1% 10*? 1.1

expected for the young age of NGC 6357. The measured Gaia - — -

DR3 parallax also places XUE 10 in the cluster (Kuhn et al. Fixed emitting radius

2019), suggesting that it has the same age as the other members. 12C0, 20.117280 365+438  115*189 1.6

Assuming a PARSEC (Bressan et al. 2012) isochrone of 1 Myr, 13CO 19 9+2j7 3(4+896 11 5‘ 18

which takes into account extinction, XUE 10 is consistent with a 161 22 18 ’ 1(2)'2 Igéz ’ )

PMS of stellar mass M, =2.5-3.0 M, 0-C*0 18-371:3 3657, L15 L6
ol2cl’0  17.87+9%  324*3° 115 1.2

4. 0D LTE gas modeling Free emitting radius

In this section we characterize the chemical composition and 13CO, 18.7443 609*51  0.49+0¢! 1.6

the main molecular physical parameters, i.e., total column den- 16012C18( 18,23-‘2* 344332 1,24:3-5 1.6

sity (Nor), gas temperature (7 g,), and equivalent emitting radius 16012170 17.673% 4673;2 0-8i3;§ 1.04

(Rem) of the detected molecules. Prior to modeling molecular
features in the MIRI spectrum, we subtracted the local dust con-
tinuum as described in Appendix A. In the continuum-subtracted
spectrum, we employed 0D gas slab radiative transfer models
computed assuming LTE gas (Tabone et al. 2023). We took into
account the presence of various molecular species and mod-
eled their emission in several wavelength windows, exploring
the parameter spaces as listed in Table D.1. In particular, we
considered the effect of using different grids or values of equiv-
alent emitting radius on the column density and the temperature
measured for the CO, isotopologues and CO (see Table 2). The
molecular data (e.g., transition energies, Einstein coefficients)
are retrieved from the HITRAN database (Gordon et al. 2022).
We assumed a Gaussian line profile with an intrinsic broadening
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Notes. Column (5) reports the minimum reduced chi-square found for
each fit. The + error bars, where indicated, refer to the 1o chi-square
contours.

of AV = 4.7 km s~!, whose exact value has little effect on the
resulting synthetic spectra (Salyk et al. 2008).

A reduced chi-square (Xfe ) fit was adopted to find the best-fit
parametric values for each identified molecular species. Further
details can be found in Appendix D. Following the procedure
described in Grant et al. (2023), we start by identifying the
molecular species exhibiting the strongest emission. This is typi-
cally H,O; however, in XUE 10 spectrum, CO, dominates. After
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subtracting the best-fit model of this primary species, we pro-
ceed to fit the next most prominent molecular emission. We
included the treatment for mutual shielding from adjacent lines
for all species, as discussed in Tabone et al. (2023). The best-
fitting models correspond to the minimum XrZe 4 found, and their
parameters are summarized in Table 2 with +10 error bars,
where present, taken from the reduced chi-square maps (see
Appendix E). The 1o, 20, and 30 contours in the maps are cal-
culated as (y? — anin)l/ 2, adding respectively sznin+ 2.3, )(?nin+
6.2, and sznin+ 11.8. As it is evident in the shape of the con-
tour areas in the chi-square maps (see Figure E.l), the errors
on the measured quantities can be correlated due to the param-
eter degeneracies intrinsic of the 0D slab modeling. In other
words, there is a range of combinations of N1 gas—Rem that
fit equally well the spectrum for a given molecular species, for
example with a high/low column density and a small/large emit-
ting radius, as these have a direct effect onto the line fluxes and
the shape of the observed molecular features. These degeneracies
can be alleviated by fitting a mix of optically thin and optically
thick features (Grant et al. 2023), as also done in this work, or
with the aid of more refined (e.g., 1D) thermo-chemical models.

4.1. CO>

We computed the slab models for '2CO,, *CO,, '°0'2C!80,
and '°0'?C!70 using all identified emission lines (blended) and
bands per species listed in Table D.1. We built the model grid
varying T g, from 100 to 1200 K, logo(N) from 15 to 22, and
Rep from 0.01 au to 10 au (in log;o-space). We first fit the 2CO,
species, selecting the wavelength ranges where only '2CO, is
predominant, and derived the best fitting values for Nyo, T gas and
Rem. Then we subtracted its best fitting model, and proceeded
with the fit of 13CO,, then '°0'2C'30, and lastly '°0'2C!70
in the same fashion. We assumed that they all emit from the
same equivalent emitting area, by fixing the emitting radius to
that derived from the '2CO fit (R = 1.15 au; “Fixed emitting
radius” in Table 2). The isotopologues of '2CO, are expected to
be less abundant and more optically thin than the main species,
as evident for CO (Dartois et al. 2003; van Zadelhoff et al. 2001).

Figure 3 shows the resulting best-fit models in the
continuum-subtracted spectrum, and the respective sze 4 maps are

reported in Figure E.1. The inferred column densities for >CO,
(1.3 x 10%° cm™?) and '*CO, (8.3 x 10" cm™2) are the highest
ever found in the terrestrial planet-forming region of a protoplan-
etary disk, with a factor 10 to 100 higher than in previous works
(Grant et al. 2023; Gasman et al. 2023; Vlasblom et al. 2025;
Salyk et al. 2025). In comparison, the probed gas temperatures
(~300-370 K) are similar within uncertainties. A major differ-
ence is observed in the derived emitting radius (0.05-0.6 au in
the literature), which may be own to the higher luminosity of the
XUE 10 star, inducing a larger warm disk surface where CO; is
emitting. For the '°0'>C'80 and '°0'2C!70 isotopologues, the
best-fit models yield relatively high column densities of 1.9 x
10'8 cm™2 (1°0'2C!80), and 7.4 x 10" cm™? (*°0'2C!70). These
species seem to trace a similar gas temperature (~320-370 K) to
12C0O, and '3CO,. This could indicate, assuming that the LTE
assumption holds, that the three optically thinner isotopologues
are tracing the same emitting region as '2COs.

4.2. Unusual C- and O- isotopic ratios in CO»

When looking at the column density ratios between the dif-
ferent detected CO, isotopologues, one can see that they are
not consistent with the 2C/'3C, °0/'80, and '0/!"0 isotopic

Table 3. Isotopic ratios of C and O measured in the ISM (from CO) and
in this work (from CO,).

Ratio ISM Observed Reference

2¢/Bc 67 £ 15 49+ 4 Milam et al. (2005)
160/180 557+ 15 65+92  Wilson & Rood (1994)
160/70  2005” 174 + 247  Wilson & Rood (1994)
Bo/70  3.2+0.2 3+4 Penzias (1981)

Notes. Column 3 reports the column density ratio from Table 2. Col-
umn 4 report the references for the measured ratios in the ISM. “This
ratio is likely due to line optical depth effects and not a true abun-
dance anomaly (see text). “We consider half of these ratios, counting
one '0/'70 atom in CO,.

ratios observed in the interstellar medium (ISM) if they are inter-
preted as abundance ratios in the disk (see Table 3). In particular,
the column densities of '°0'2C!#0 and '°*0'?>C!"0 seem to be
enhanced by a factor of four to six and that of '3CO; is enhanced
by a factor of more than ten compared to the ordinary values.

This may be due to line optical depth (7;;,.) effects, where the
emission of the isotopologues is optically thinner than '2CO,,
hence tracing deeper disk layers, corresponding to an apparently
larger column of gas along the line of sight. The isotopologues
may also trace disk layers at larger radii.

The observed spectrum of each isotopologue is actually a
mix of optically thin and optically thick emission lines. In fact,
the measured optical depth at the line center (hereafter line opac-
ity) in the slab models peaks in an optically thick regime (7,
> 1) around the fundamental v, Q-branch of each isotopo-
logue, with maximum averaged line optical depth of 90 ('2CO5),
55 (3C0O»), 4 (°0'2C'80), and 3 (°0'2C!70), correspond-
ing to the strongest Q-branch transitions. The line opacity then
gradually decreases into an optically thin regime (7, < 1), cor-
responding to the P- and R-branch lines and hot Q-branch band-
heads at wavelengths shorter than 14 um and longer than 16 pm.
We can therefore hypothesize that the bulk of each isotopologue
emission is primarily governed either by the characteristics of
the optically thick Q-branches, or by those of the optically thin-
ner features. If the optically thick emission dominates, the CO,
isotopologues must trace roughly the same gas reservoir, and
the difference in Q-branch line optical depth can explain the
enhanced column densities reported in the top part of Table 2.
To test this hypothesis, we simultaneously fit '2CO,, '3CO,,
16012C130, and '0'2C!70 at fixed '2CO, temperature (365 K)
and emitting radius (1.15 au). We varied the column density of
12C0, in logjg—space between 17 and 22, scaling the column
density of the isotopes by their ISM ratios (see Table 3). In this
case, a single slab model takes into account the contribution of
all four species. The resulting fit is shown in Figure 4. The best-
fit ngd = 2.2) column densities are 2.2 x 10'® cm™2 (13CO,),
5.3 x 107 em™2 (1%0'2C'80) and 1.5 x 10'7 cm™2 (1°0'2C'70).
We note that these values are within the derived 1o error bars
in Table 2. One can see in Figure 4, however, that while the
spectrum of '*CO, is well reproduced in this case, the observed
features of the other species are underestimated, including the
optically thinner hot bands. The shape of their Q-branches is also
not well reproduced. This finding suggests that 1>CO, emission
is well characterized by its optically thick features, and that it
comes from the same gas reservoir as '2CO,. This way, a col-
umn density of ~10'® cm™ can be explained by the smaller line
optical depth of its Q-branch in comparison to '2CO,. Instead,
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the emission of '°0'2C'80 and '°0'2C!’0O must be dominated
by their optically thin features, therefore tracing disk layers of
different gas temperature and/or equivalent radius than '2CO,.

In order to evaluate the dependence of Ny, on the equivalent
emitting radius, we independently modeled 13C0,, '°0'2C'3Q,
and '0'2C'70 leaving R, as a free parameter (“Free emit-
ting radius” in Table 2 and Figure E.1). As expected from the
intrinsic parameter degeneracies of the slab modeling approach,
in this case a larger number of models of different parameter
combinations can reproduce equally well the spectrum. '3CO,
is consistent with tracing a closer (0.49 au) and hotter (609 K)
gas reservoir than '2CO,, but at ISM-like column density (5 x
10" cm™2). Therefore, it is not possible to determine whether
12Cc0O, and 3CO, are co-spatial, which hinders our ability to
draw strong conclusions when comparing the '2C/!3C abundance
ratio to the ISM value (see Table 3). Emission from '°0'2C!70
is instead consistent with originating at an equivalent radius of
0.8 au and a gas temperature of 467 K, while '°0'>C'30 seems
to emit from a larger radius of 1.2 au, further out than 12C0,, ata
lower temperature of 344 K. These gas temperatures are consis-
tent with those inferred from the slab models with fixed emitting
radius, while the column densities remain aligned with non-
ISM oxygen isotopic ratios, i.e., 1.6 x 10'8 cm=2 for '°0'2C!80,
and 0.5 x 10" cm™2 for '0'2C!70 respectively. Given the
overall optically thin emission of these isotopologues, though,
the derived column densities (and emitting radii) may repre-
sent lower limits. We conclude that '°0'?C!80 and '°0'2C'70
trace optically thin layers in the disk not co-spatial with '>CO,,
and where the oxygen isotopic composition may be anomalous.
However, 0D gas slab models do not allow one to discriminate
between line optical depth effects and abundance patterns. The
most plausible conclusion is that we are affected by line opti-
cal depth effects also toward '°0'>C'30 and '°0'?>C!70. A 2D
disk thermochemical analysis, e.g., using ProDiMo (Kamp et al.
2010; Woitke et al. 2016; Rab et al. 2018; Woitke et al. 2024)
or DALI (e.g., Bruderer et al. 2012; Bruderer 2013) models may
be employed to derive the emitting regions in the disk of the
different isotopologues and study their abundance profile in the
radial and vertical disk direction. To do so, however, the chem-
ical networks of '°0'2C'30 and '°0'C!’0 are needed to be
implemented in these frameworks.

4.3. CO and H-0O

We observe faint CO emission at 4.9-5.2 pum, with a detec-
tion at 20" significance above noise level on the brightest lines
(Figure 5). We characterized the emission calculating the slab
models varying T g, from 100 to 3400 K, and logo(V o) from 14
to 20. The Xfe , map in Figure E.1 points toward a column density

<2.5 x 10" cm~2 and a gas temperature of about 1850 K within
an equivalent emitting radius of 5—10 au (see Table 2). As the CO
emission is optically thin, we only constrain a lower limit on the
column density and on the emitting radius. The fit gas tempera-
ture is within the range typically observed in T Tauri disks (e.g.,
Ramirez-Tannus et al. 2023; Schwarz et al. 2024; TemminKk et al.
2024b). However, it shall be noted that JWST/MIRI observa-
tions only cover the high-J transitions of the CO P-branch, which
tend to trace hotter and less dense gas than the low-J transitions
(i.e., visible in the near-IR range). As a consequence, fitting the
CO emission using only the high-J transitions yields a higher
excitation temperature than the actual gas kinetic temperature
(Temmink et al. 2024b).

From Figure 5 one can notice that the best-fit models predict
bright CO lines between ~5.05 and 5.15 pm, which in the data
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are undetected or <1o above the noise level. We find no evidence
of contamination from stellar spectral features at the wavelengths
of the CO lines, with the exception of the transition at 5.1332 pm,
which may be hampered by the stellar spectrum. Therefore, at
the resolution of MIRI MRS we may be observing a blend of CO
lines in the v = 1-0, v = 2—1 and v = 3-2 vibrational states, where
the 2—1 and 3-2 vibrational transitions are (partially) excited in
non-LTE conditions. As a result, our LTE slab model overpre-
dicts the line flux of these transitions, which must not emit at the
same temperature of the 1-0 transitions (Ramirez-Tannus et al.
2023; Grant et al. 2023; Temmink et al. 2024b). Follow-up obser-
vations at higher sensitivity, including the near-IR coverage of
the lower hand of the P-branch ladder, coupled with non-LTE
modeling are needed to increase the signal-to-noise ratio of the
individual CO lines, and deliver unbiased physical parameters of
its emission in XUE 10.

Apart from the detected CO, and CO emission, we only ten-
tatively detected H,O. In particular, the brightest water lines
expected in the ~6—8 pm and 18-25 pum regions lie at <20 above
the noise level (see Figure 6), whereas the 13—18 um wavelength
range is dominated by carbon dioxide (see Figure 3). As a result,
the brightest water lines near 17 pm can only be identified at 1o
in the residual spectrum of CO,. We therefore could not perform
a reliable modeling of this species in the same fashion as for
the others. Instead, we computed fiducial slab models of water
(plotted in Figures 3 and 6) with the aim of reproducing the
lines tentatively identified in each wavelength range. The fidu-
cial model for the 13—-18 wm region was calibrated to match the
H,O line luminosity measured in the residual spectrum of CO,
between 17.04 and 17.39 pm (see inset in Figure 3), assuming the
same equivalent emitting radius of CO, (1.15 au). In this way, we
were able to estimate an upper limit on the total column density
of water of Ny, ~ 10!8 cm™2.

This model is consistent with the warm (400-600 K) com-
ponent of water typically detected around the 17 um wavelength
region in non-irradiated T Tauri disks (Banzatti et al. 2025).
The 6-8 um water lines, however, are better reproduced by a
model, at equal temperature (650 K), with lower column den-
sity (10'7 cm™?) within a smaller radius (0.8 au). At longer
wavelengths, between 18-25 um, the water spectrum may be
explained by the combination of a cold (350 K) and a warm
(650 K) component, consistent with mounting evidence that
multiple physical components are required to reproduce the mid-
infrared water spectrum (Temmink et al. 2024a). Considering the
20 H,O0 lines in the 7 pm region, the upper limit on the total col-
umn density would be even lower (Ni; = 10'7 cm™2). We note
that the quadruplet of water lines expected at 23.80-23.96 um
(see bottom panel in Figure 6) does not exhibit the line flux ratio
characteristic of a strong cool water component, recently used
as a proxy of ongoing ice sublimation near the water snowline
(Banzatti et al. 2023; Vlasblom et al. 2025). By comparing the
detection of the CO, Q-branch at 15 pm with the upper limit on
H,O from our fiducial model computed at 17 wm, we find a lower
limit for the CO,/H,0 column density ratio of N, (CO,/H,0)
~ 130. However, the lack of robust water line detections can only
be partially explained by overlapping CO, emission. The dust
continuum is not a viable alternative explanation, as optically
thick dust would hide both water and CO,. A seemingly low
water abundance has previously been reported in other Herbig
disks (e.g., Fedele et al. 2011). These observations are in con-
trast to theoretical expectations (Walsh et al. 2015; Antonellini
et al. 2016; Agtndez et al. 2018), which predict a water vapor
column density of the order of 10'°-2° cm~ in Herbig disks,
comparable to the majority of known T Tauri sources. We assess
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Fig. 7. Comparison between the gas phase molecular line luminosities and 13-25 pm spectral indices measured in the XUE 10 (yellow star) and
the rest of the XUE sample (orange stars; Ramirez-Tannus et al. 2025), GW Lup (Grant et al. 2023), and the Spitzer sample analyzed in Banzatti
et al. (2020); Banzatti et al. (2022) (blue and gray markers), labeled with an asterisk. The y-axis displays the H,O luminosity; from left to right, the
x-axis displays the '>CO, and CO luminosities, plus the estimated 13-25 pm spectral index. The upper limits are indicated with arrows, and the
open circles show the sources detected with upper limits in both the x- and y-axes. The shaded region in the right-most panel flags where n;3_,5>

1.1, indicative of a dust-depleted inner disk.

the origin of a water-poor infrared spectrum in disks around
intermediate-mass stars in the following discussion.

5. Discussion
5.1. The peculiar spectrum of XUE 10

Among all the MIRI MRS spectra of protoplanetary disks
published so far (see, e.g., the MINDS and JDISC programs:
Henning et al. 2024; Arulanantham et al. 2025), XUE 10 is
the first Herbig disk located in a massive star-forming region
to be analyzed. The comparison with MINDS and JDISC pub-
lished sources, including the ones discussed in Sect. 3 (i.e., GW
Lup, CX Tau, Sz 98, MY Lup) must be taken with caution,
since they all are low-mass to solar-mass T Tauri disks located
in low-mass isolated star-forming regions. Besides the striking
simultaneous detection of four CO; isotopic species in emission,
the mid-IR spectrum of XUE 10 appears to be “line-poor”, i.e,
with non-detections of H,O, OH, C,H,, HCN etc., in contrast to
the typical “line-rich” mid-IR spectrum of T Tauri sources. The
“line-poor” aspect of XUE 10 is in common with other known
IMTT and Herbig disk sources. The origin of this discrepancy
between T Tauri and disks surrounding intermediate-mass stars
remains unknown. However, we do have samples of Herbig disks
in isolation and in massive star-forming regions (e.g., Stapper
et al. 2022, 2025), but we lack the JWST/MIRI spectra to do a
proper comparison, and establish if there are systematic differ-
ences in the gas content of these two groups of disks. Moreover,
the brightness of IMTT or Herbig young stars, which tend to sat-
urate in nearby regions, and the consequent higher disk infrared
continuum, have often limited the observational analysis of the
inner disk regions to the discussion of dust features rather than
of the gas phase molecular chemistry.

The main references for the latter are studies of nearby
(<700 pc) Herbig disks observed at 1-5 pm with VLT/CRIRES
(Fedele et al. 2011), 4.5-5.2 um with the iSHELL instrument at
the Infrared Telescope Facility (Banzatti et al. 2022), and with
Spitzer at 10-36 pm (Banzatti et al. 2020). The general finding
in these samples is the lack of the chemical richness that is seen
in the atmosphere of T Tauri disks, with mostly upper limits or
detections with line fluxes <1074 erg cm~? s7! of H,0, OH,
12C0, 13CO, CO,, HCN and C,H,. Interestingly, at the longer
wavelengths probed by Herschel (50-200 wm), H,O and OH are
detected with similarly low column densities of 10'*~10'5 cm™2

at large emitting radii (>10 au), pointing at an outer—inner deple-
tion of water molecules in Herbig disks by means of the UV
irradiation from the central massive protostars (Fedele et al.
2011; Heays et al. 2017). XUE 10 therefore looks similar to other
IMTT or Herbig disks in the sense of a bright dust continuum
with PAH and silicate dust emission and because of the lack of a
“variety” of bright gas phase molecular species.

Nonetheless, XUE 10 remains unique in its CO, chemistry.
Archival Spitzer observations of disks around intermediate-mass
T Tauri and Herbig stars show no comparable CO, emission
features, and this absence cannot be fully attributed to sensi-
tivity limits. In fact, the CO, isotopologue Q-branches seen in
XUE 10’s mid-infrared spectrum would be strong enough to be
detected with Spitzer. A similar infrared CO, spectrum has only
been observed in two post-AGB (asymptotic giant branch) stars,
HR 4049 (Cami & Yamamura 2001), and HD 52961 (Gielen
et al. 2009). Some post-AGB stars, in fact, can be characterized
by the presence of a circumstellar envelope of material origi-
nated by the mass loss of the evolved star (e.g., Van Winckel
2003). We firmly exclude the hypothesis of a post-AGB nature
of XUE 10 based on its spectral classification, age constraint,
parallax, and also bolometric luminosity, which would be signif-
icantly higher for a post-AGB star placed at the same distance of
the NGC 6357 cluster.

In Figure 7 we compare the line luminosities of H,O, CO,,
CO and the 13-25 um spectral index observed in XUE 10 with
the rest of the XUE sample (Ramirez-Tannus et al. 2025), the
JWST observations of the CO,-rich GW Lup T Tauri disk in
the nearby Lupus I cloud (~155 pc; Grant et al. 2023), and with
Spitzer measurements of other T Tauri and Herbig protoplane-
tary disks located in nearby (<200 pc), low-mass star-forming
regions (<3 Myr), adopting the samples from Banzatti et al.
(2020); Banzatti et al. (2022). The line luminosities are esti-
mated from the observed spectra at 17.08—17.4 um (H,O), where
for XUE 10 we derive an upper limit in the CO; residual spec-
trum, 14-15 pum (2CO,), and 4.9-5.2 um (CO). We find that
XUE 10 stands out for the highest 12C0,/H,0 line luminosity
ratio, which must be interpreted as a lower limit. For CO, XUE
10 is at the high end of the distribution, but not such a strong
outlier, especially in comparison to the other XUE sources. Fol-
lowing the approach of Ramirez-Tannus et al. (2023), which was
originally presented in Perotti et al. (2023), we also computed
the continuum spectral index between 13 and 25 pum, as a proxy
of the level of dust depletion of the inner disk. The rightmost
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panel of Figure 7 suggests that the inner disk of XUE 10 is not
depleted in pm-size dust grains, similarly to the bulk of surveyed
T Tauri and Herbig disks, albeit a large spread is present. Dust
depletion of pebble-size grains is instead common among disks
observed around Herbig stars (e.g., Banzatti et al. 2018), but with
the present data this cannot be assessed for the XUE sample.
Given the relatively strong external radiation field incident
on XUE 10, it is also worth comparing our results with the
d203-506 proplyd in the ONC. Notably, we do not detect the
ro-vibrational band of CH3;* at 7.15 pum, which has first been
detected in the photo-evaporating wind of d203-506 (Berné et al.
2023), and later in the non-irradiated TW Hya disk (Henning
et al. 2024). This non-detection may indicate that XUE 10 lacks
a photo-dissociation region (PDR), which has been proposed as
the origin of CH3* emission observed toward d203-506, i.e.,
in the extended PDR surrounding the disk, as well as in the
irradiated edge of the Orion Bar (Zannese et al. 2025). This
may be explained by the difference in FUV exposure between
XUE 10 (x10* Gp) and d203-506 (~10* Gy), or shielding of
XUE 10 from external irradiation, or the possibility that exter-
nal photoevaporation has already removed most of its outer
disk (Ramirez-Tannus et al. 2025). In the non-irradiated case
of TW Hya, instead, the photo-dissociation region producing
CH;" is interpreted as a gas depleted cavity, creating the PDR-
like emission region. Additionally, OH emission, which has been
proposed to signpost the destruction of water by means of FUV
radiation in d203-506 (Zannese et al. 2024), is also absent in
the spectrum of XUE 10. A more detailed discussion of the OH
non-detection is provided in the following sections.

5.2. Inner disk chemistry scenarios

Here we consider possible scenarios which could give rise to
the peculiar mid-IR spectrum of XUE 10. CO, and H,O rep-
resent two of the main oxygen carriers in protoplanetary disks.
The relative abundance of these species is therefore highly
informative.

We can summarize the presence and replenishment of CO,
and H,O in the inner disk of protoplanetary disks via two mech-
anisms: ice sublimation of the mantle from radially drifting dust
grain at the H,O and CO; ice lines and local gas phase formation
through hydroxide (OH). In particular, interstellar and cometary
ices are known to be rich in CO,, with measured abundances
of 15-25% compared to H,O ice, or ~10~> with respect to the
total gas density (e.g., de Graauw et al. 1996; Bergin et al. 2005;
Boogert et al. 2015; Le Roy et al. 2015). We neglect grain-surface
formation of CO; in the inner disk, which is negligible com-
pared to gas phase production (Bosman et al. 2017). Considering
the latter, OH can react with CO to form CO, via: CO + OH
— CO; + H (Smith et al. 2004), which has a negligible acti-
vation energy and is most effective at gas temperatures up to
~400 K, after which destruction channels for OH and CO, start
to become important. In fact, OH can also react with molecular
hydrogen to form water: OH + H, — H,0O + H (Glassgold et al.
2009). This reaction becomes effective at >200-300 K, due to
a high activation barrier of nearly 1700 K, necessary to form
OH first (McElroy et al. 2013). Given the exothermic (sponta-
neous) nature of the CO, and H,O formation channels, and the
availability of gas phase H, and OH reactants in the warm disk
atmosphere (200-1000 K), H,O should be more abundant than
CO; in the inner disk but on condition of neglecting photochemi-
cal effects and vertical or turbulent mixing. This was first evident
from Spitzer observations, where a low CO, abundance, 1074
with respect to HyO (~10~8 with respect to the total gas density)
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was found (Salyk et al. 2008; Pontoppidan & Blevins 2014),
and it has been repeatedly confirmed by JWST observations in
nearby regions (e.g., Banzatti et al. 2025).

There is, however, mounting evidence of CO,-rich inner disk
spectra, at least among T Tauri sources (Gasman et al. 2023;
Grant et al. 2023; Vlasblom et al. 2025; Salyk et al. 2025),
alongside modeling efforts (Bosman et al. 2022; Sellek et al.
2025) investigating the origin of variations in the spectra of CO,
in contrast to water. XUE 10 is a special case, exhibiting the
highest contrast between CO, and H,O mid-infrared emission
to date. It is currently also the only Herbig disk with a CO,-
rich mid-infrared spectrum. We therefore need to explain why
XUE 10 lacks bright H,O vapor emission, and how CO, vapor
can become so abundant and dominate over H,O at the disk gas
temperatures and locations probed at mid-infrared wavelengths.
Additionally, we aim to investigate the origin of the potential
detection of oxygen isotopic anomalies in CO, vapor in the inner
disk, and contextualize our findings with the evolution of disks
around young, intermediate-mass stars (M, > 1.5 M), and the
external environment. We propose the following two explanatory
scenarios and discuss their application to the case of XUE 10:

— The molecular emission observable in the inner disk is deter-
mined by in situ processes, i.e., stellar UV irradiation and
local gas phase chemistry.

— The observable inner disk emission strongly depends on
radial transport processes of gas and dust from the outer
disk, whose outcome is not reset by in situ processes. These
include radial drift of ice-rich dust grains and gas advection,
but also processes that can impede their radial transport,
specifically outer disk truncation (e.g., via external UV
photoevaporation), and dust traps/gas cavities.

5.2.1. In situ chemistry

The harsher UV irradiation coming from a central Herbig star,
compared to a cooler T Tauri star, can drive substantial photo-
dissociation of water according to the reaction: H,O + hv —
OH + H (Heays et al. 2017). If this reaction proceeds on rela-
tively short timescales compared to vertical or turbulent mixing
in the disk and compared to the local gas phase H,O production,
water is unable to self-shield and its abundance lowers down,
while the freed OH radicals can be sequestrated by CO to form
CO,. CO, itself can undergo photo-dissociation, releasing CO
and O via: CO; + hy — CO + O (Heays et al. 2017), and O,
secondarily (Lu et al. 2014). If the UV photo-dissociation rate
of H,O and CO, molecules were of the same order of magni-
tude, both species would efficiently self-shield. In this sense,
the CO,-H,0O dichotomy could be explained by the disk ther-
mal structure. In other words, H,O and CO, (and OH) would
get efficiently destroyed in the upper warm disk layers by stellar
irradiation, while in the deeper and cooler layers atomic O and
OH molecules would rather form CO, instead of water (Bosman
et al. 2018). However, both H,O and OH (with much fewer detec-
tions of CO,) have been observed toward several disks around
older A- and B-type Herbig stars in nearby regions (Fedele et al.
2011; Banzatti et al. 2020), where the central stars have compa-
rable luminosities and likely emit stronger UV radiation than the
F-type star in XUE 10. We therefore speculate that CO, photo-
dissociation is not as significant as H,O photo-dissociation in
XUE 10, and that CO; but not water may self-shield in its inner
regions. This implies that alternatively to thermal effects, a high
column density of CO; can be achieved in the inner disk through
gas chemistry by actively removing water. Interestingly, this pos-
sibility agrees with a thermochemical DALI synthetic spectrum
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where water self-shielding is not included (Bosman et al. 2022),
pointing toward a deep atmospheric layer of CO,. The gas tem-
perature derived in this work for 12C0O, (#370 K; see Table 2)
together with the observation of its hot v, Q-branch bandheads
at 13.9 and 16.2 um (excited only in very dense gas), further
support the hypothesis of a deep CO; layer in the disk atmo-
sphere of XUE 10. We note that '>?CO, may be partially non-LTE
excited, particularly in the Q-branch. Non-LTE excitation condi-
tions may arise due to infrared pumping fields, which are known
to affect other species such as CO and hydrogen cyanide (HCN)
at infrared wavelengths (e.g., Thi et al. 2011; Bruderer et al.
2015). This would imply a lower gas temperature and a larger
emitting area than estimated under LTE assumptions. A colder
gas reservoir (T'g,s < 300 K) would in turn strengthen the hypoth-
esis of an efficient CO, gas phase production in the inner disk at
the expense of water (Bosman et al. 2017; Salyk et al. 2025).

It is important to underline that the production of CO, vapor
through its gas phase formation channel crucially depends on
the availability of OH molecules. This radical primarily forms
through the reaction O + H, — OH + H, with an activation
barrier of ~1700 K (McElroy et al. 2013), through water photo-
dissociation, and in a minor fraction via H + O, —» OH + H,
which is characterized by a much higher activation energy of
~ 8000 K (Baulch et al. 1992). The non-detection of OH in XUE
10 further suggests a low water column density in its inner disk,
which may limit the photo-dissociation-driven replenishment of
this radical (Zannese et al. 2024). The rotationally excited emis-
sion lines of OH may also remain undetectable with JWST due
to limited sensitivity above the dust continuum.

This in situ scenario can explain a low H,O column density,
the non-detection of OH, and the observation of a high column
density of CO,, and therefore the detection of bright CO, iso-
topologues in emission. However, as water must be removed
to allow for efficient CO, production, this scenario critically
depends on the relative timescales of H,O photo-dissociation
and of vertical mixing in the inner disk of XUE 10. Concerning
the latter, observational evidence suggests weak turbulence in the
well-studied Herbig disk HD 163296 (Flaherty et al. 2015), with
no significant differences in turbulent mixing strength reported
between Herbig and T Tauri disks (Mulders & Dominik 2012).
The oddity might therefore regard the timescale over which H,O
photo-dissociates, which must be unusually short in XUE 10 in
comparison to Herbig disks of earlier spectral type (A and B),
and more evolved (23 Myr). Moreover, the presence of poten-
tial oxygen isotopic anomalies in CO, vapor in the inner disk
cannot be explained solely by local gas phase channels, unless a
substantial dust shielding is present in the inner disk, preventing
the UV photo-dissociation of the optically thinner CO, isotopo-
logues forming in the gas phase. We propose that a more realistic
scenario should include the impact of radial transport processes
of gas and ice-rich dust grains from the outer to the inner disk,
which we consider in the following section.

5.2.2. Transport-dependent chemistry

We start by considering the process of gas advection, connected
to the dust drift, which leads to viscous gas accretion onto the
star. While the um-size dust grains are well coupled to the gas
and follow its motion, the bigger grains, so-called pebbles, will
decouple from the gas and radially drift inward, settling toward
the disk midplane. Due to the gradient in temperature across the
disk, and accounting for some vertical mixing, these pebbles
will release part of their icy mantle in the gas phase via subli-
mation when crossing the ice line of their mantle components

(Ciesla & Cuzzi 2006; Lambrechts & Johansen 2012; Banzatti
et al. 2020; Banzatti et al. 2023). The main ice lines in proto-
planetary disks correspond, in order of increasing radial distance
from the star, to H,O, CO,, CO, and methane (CHy), but their
exact radial and vertical positions are determined by the detailed
thermal structure of the disk (Oberg et al. 2011; Piso et al. 2015).

We may therefore be observing the CO,-rich gas phase of
XUE 10 that follows the advection of the bulk of water vapor
and its viscous accretion onto the star, i.e., while the CO, gas
is still drifting inward. This may be reasonable, considering that
the advection timescale is expected to be shorter in IMTT or
Herbig disks compared to lower-mass counterparts, as the accre-
tion rates are generally higher, and the gas temperatures may
enhance the disk viscosity and therefore the inward advection
(e.g., Dullemond & Dominik 2004; Calvet et al. 2004; Garcia
Lopez et al. 2006). However, the VLT/KMOS infrared spec-
trum of XUE 10 (Ramirez-Tannus et al. 2020) does not show
evidence of the Bry line, one of the main proxies for stellar accre-
tion, suggesting that XUE 10 has a low accretion luminosity, and
therefore gas advection may not be very efficient. There is also
evidence that midplane cosmic-ray UV fields can boost OH and
favor CO,-rich ice formation in the inner disk. As these pebbles
drift inward and their volatiles desorb, the gas can absorb 30% of
the cosmic-ray UV flux, throttling new H,O photo-dissociation
and locking in the CO, excess (Molano & Kamp 2012a,b).

Even if the water vapor was being effectively advected past
the snow line, we might be insensitive to an enhancement in
column density of gas phase H,O in the upper disk layers with
infrared observations. In fact, the influx of dust that accompanies
the inward drift of water-ice may obscure the enhanced emission
of water vapor near the snow line (Sellek et al. 2025; Houge et al.
2025). This is because the dry dust grains inside the snow line are
thought to fragment more easily; the resulting smaller grains will
couple to the gas, producing a “traffic jam” of dust (Pinilla et al.
2016), and increase the dust opacity (7qus) in the inner disk. Out-
side the H,O snow line, instead, the icy dust grains are predicted
to have a higher fragmentation velocity, i.e., they fragment less
easily (Blum & Wurm 2008; Gundlach & Blum 2015). There-
fore, the CO, emission coming from the ice line further out in
the disk will be less affected by this increase of dust opacity.

Sellek et al. (2025) proposed that the observed CO; column
density, and particularly the CO,/H,O ratio, can be used to trace
the release of volatiles from icy grains drifting inward in proto-
planetary disks. The lower limit for the CO,/H,O column density
ratio found in XUE 10 (N (CO,/H,0) =~ 130) is three orders of
magnitude higher than that observed in other disks, such as the
COy-rich T Tauri GW Lup disk (0.7; Grant et al. 2023). Such
a high ratio may indicate efficient delivery of both CO, and
H,O ices past their respective sublimation fronts. The apparent
absence of water vapor in the disk region observable with
JWST could therefore be due to the higher mid-IR optical depth
(Tqust = 1 mid-IR surface) inside the water snowline, obscuring
the residual H,O vapor located closer-in the CO,-emitting
region. Following the discussion in Bosman et al. (2017), we
highlight that the line ratio between the '2CO, and '*CO,
isotopic species is informative of the ice sublimation at the
CO, ice line. As the Q-branch of '*CO, visible at 15.42 um
is optically thinner than '2CO,, it may trace deeper in the disk
and therefore be more sensitive to the abundance structure of
CO;. We note that a similar argument applies to other optically
thinner isotopic species, i.e., '°0'2C!80 and '°0'>C!70 in this
context. At present, however, these isotopic species are more
challenging to compare using line ratios, given their unique
simultaneous detections in XUE 10, and their expected much
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Fig. 8. Comparison of the *CO, fundamental v, Q-branch (orange)
with '2CO, P-branch lines (red) in the continuum-subtracted spectrum
of XUE 10 (black). The orange and red curves refer respectively to the
13CO, and '>CO, best-fit slab models. In brown with shaded filling, we
indicate the sum of the two models. The spectral uncertainty is labeled
in the figure.

lower abundance and band strength. Moreover, it is unclear
whether these isotopologues are tracing deeper disk layers than
12C0, (see Section 4.2).

Focusing on '3CO,, its Q-branch largely dominates over the
nearby contributions from the CO, P-branch in the spectral
region of XUE 10 of Figure 8, with a peak line flux of 18 mlJy.
Similarly to Grant et al. (2023), in XUE 10 the CO, P(25) P-
branch line (15 mJy) at 15.45 pum is stronger than the P(23) line
(12 mly) at 15.41 pm, due to the contribution of a hot band of
the v, Q-branch that arises only at high temperatures or high col-
umn densities. We therefore considered the P(27) line (7 mly)
at 15.48 um as representative of individual P-branch lines with
similar J levels. From our best-fit models, we estimate a peak line
ratio between the '3CO, Q-branch and the P(27) line of '>CO,
to be 2.37 + 1.05, which is comparable within error bar to the
ratio found in GW Lup (1.4; Grant et al. 2023), and MY Lup
(2.24 + 0.24, Salyk et al. 2025). The non-LTE CO, excitation
model computed with DALI by Bosman et al. (2017) predicts
that a different initial inner/outer abundance (xj,/Xoy) of CO,
(with respect to the total gas density), or a different gas-to-dust
ratio (g/d) can impact the observed line ratios between 2Co, P-
and R- lines, and between the '3CO, Q-branch and a represen-
tative 12CO, P- line. The Qisco,-branch/Picq,(27) line ratio we
measure toward XUE 10 is consistent within uncertainties with
a wide range of models (see Figure 9 of Bosman et al. 2017).
This includes the case of GW Lup, which points at a low outer
(Xout = 107%) and high inner (x;, = 107°) disk CO, abundance at
enhanced gas-to-dust ratio (g/d = 10 000). This finding suggests
that the difference in optical depth between '>CO, and *CO,
measured toward XUE 10 is not enough to break the degeneracy
between different DALI models. A non-LTE treatment of these
molecular species in the mid-IR spectrum of XUE 10 may also
be required.

In this second scenario, we assumed so far a smooth transport
of gas and dust through the inner disk, where the H,O vapor
is removed by advection and by stellar UV photo-dissociation,
while CO, vapor remains abundant in the gas phase and can be
strongly enhanced by local gas phase production from OH and
CO in cold gas. Nevertheless, there is a number of processes that
can slow down or impede this inward transport of gas and dust,
and they may play a relevant role in this scenario. We focus on
the presence of a dust trap or a gas cavity in the inner or outer
disk, and outer disk truncation by photoevaporation.

The presence of a inner dust trap or a gas cavity between the
H,O0 and the CO; ice lines has already been proposed to explain
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a gas phase H,O—CO, dichotomy in the inner disk (Gasman et al.
2023; Grant et al. 2023; Vlasblom et al. 2025). While the H,O
vapor will be suppressed across the gas cavity, or while the water
ice-rich grains will be trapped beyond the snow line in the dust
trap, CO, will still be abundant in the lukewarm gas phase, and
its line flux will be less affected, because the contributions to
its emission come from larger disk radii (Walsh et al. 2015;
Anderson et al. 2021; Sellek et al. 2025). Dust traps and gas cav-
ities may also be present in the outer disk (if not truncated), and
similarly act against the delivery of gas and water ice-rich dust
grains to the inner disk. Other gap-opening mechanisms may be
the internal X-ray photoevaporation driven by the central star,
and forming planets in the disk (Lienert et al. 2024). While we
cannot draw any conclusion regarding the latter, internal X-ray
photoevaporation is unlikely to play a role here, given that XUE
10 is undetected in X-ray with Chandra (Lx < 10*° erg s™").

The spectral energy distribution of XUE 10 is consistent with
Group I Herbig “flaring” disks (Ramirez-Tannus et al. 2025),
which are often characterized by large cavities (e.g., Banzatti
et al. 2018), favoring the hypothesis of the presence of substruc-
tures in this disk. However, the location of traps/cavities must be
compared to the location of the ice lines. Due to the higher stellar
luminosity of IMTT and Herbig stars compared to T Tauris, the
ice lines of H,O and CO, will be pushed significantly outward
in a disk similar to XUE 10. In a flaring disk passively irradi-
ated by a central star with the luminosity of XUE 10 (=69 L),
we estimate that the H,O and CO, ice lines should be roughly
located at 21 au and 85 au in radius respectively (Chiang &
Goldreich 1997). For comparison, Grant et al. (2023) estimate
in GW Lup ice line locations at ~0.4 au (H,O) and at a slightly
larger radius than 1 au (CO,). Therefore, the trap/cavity hypothe-
sis may explain the CO,-rich spectrum of XUE 10, but requiring
that the outer disk is not truncated below ~100 au, which may
actually be the case for the XUE sample. High angular resolu-
tion observations are needed to spatially resolve the inner and
outer disk and look for substructures, which are common among
nearby Herbig disks (e.g., Andrews et al. 2018). This type of
observation is almost unfeasible toward XUE 10 with the current
generation of telescopes, but it will become possible in the near
future with the Extremely Large Telescope (ELT)*, and with the
ALMA Wideband Sensitivity Upgrade (WSU)".

If the outer disk was to be truncated by the external FUV
irradiation, similar to what is observed in disks in the ONC (e.g.,
Boyden & Eisner 2020; Boyden & Eisner 2023), this could result
in gas depletion (Keyte & Haworth 2025), and also in a reduced
influx of dust into the inner disk, cutting down the reservoir of
drifting ice-rich dust grains (Facchini et al. 2016; Qiao et al.
2023; Gérate et al. 2024; Paine et al. 2025). Although the influx
of CO; ice (and gas) would be reduced in a similar way to water,
the combination of an outer drainage of gas and dust with the
in situ chemistry discussed in Section 5.2.1 may reproduce the
observed CO,-rich spectrum of XUE 10. The recently developed
model by Sellek et al. (2025), which considers the 1D inner disk
chemical evolution resulting from gas viscous evolution and dust
radial drift, also in presence of traps/cavities, represents an opti-
mal way to further benchmark the transport of H,O and CO, in
IMTT or Herbig disks similar to XUE 10. Hereby, the difference
in advection timescale, dust opacity, and depletion mechanism
of H,O compared to T Tauri sources may crucially impact on

4 https://elt.eso.org
5 https://www.almaobservatory.org/en/scientists/
alma-2030-wsu/wsu-program/
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the H,O and CO, observables in the inner regions of IMTT and
Herbig disks, and validate one of our proposed explanations.

We must stress that with the current data collected on the
XUE sample, we only have indirect evidence of disk trunca-
tion by photoevaporation, while truncation by other means, e.g.,
stellar encounters, seems unlikely (Ramirez-Tannus et al. 2025).
Follow-up sub-millimeter ALMA observations are needed to
make a detection of the outer disk, and to place constrains
on the disk masses of gas and dust. As recently shown by
Portilla-Revelo et al. (2025), 2D thermochemical disk models
can now provide indirect inference of gas depletion and outer
disk truncation from the observed JWST/MIRI spectra.

We tested whether the observed inner disk chemistry could
be due to a high disk inclination, as it has been proposed for the
CO;-rich T Tauri disk MY Lup, which is known to have a high
inclination of ~73° (Salyk et al. 2025). We compared ProDiMo
models of an oxygen-rich (C/O = 0.01) disk with an inner radius
of 0.6 au and a cavity extending between 1 and 2.5 au for dif-
ferent inclination values (i = 45°, 60°, 65°, 68°, 70°). In order to
remain consistent with the derived stellar photometry, the disk
inclination is constrained to be <68°. Inclination values between
45° and 65° imply a reduction of the line strength up to 11%
for CO; (at 15 um), and up to 57% for H,O (at 17 um). There-
fore, even though a more favorable disk geometry would perhaps
allow us to obtain a higher signal-to-noise ratio on water lines,
we would still need to explain the observed high line fluxes of
CO,. However, higher inclination values could still be feasible
with a different disk setup, e.g., a more compact disk, or a disk
with stronger dust settling. More robust conclusions on this topic
would require a dedicated thermo-chemical disk model.

5.3. Oxygen isotopic ratios in relation with Solar System
meteorites and the ISM

In Section 4.2 we concluded that '3CO, is most likely emitting
at '2C/'3C ISM ratio. Hence, in the following we focus on the
interpretation of potential oxygen isotopic anomalies detected in
16012C180 and '°0'2C'70 in a protoplanetary disk.

The extensive literature of over five decades discusses oxy-
gen isotopic anomalies in meteorites, i.e., solids that condensed
in the Sun’s protoplanetary disk about 4.53 Gyr ago (Clayton
1993). Meteoritic solids are thought to have interacted with
gaseous reservoirs in the solar nebula, when the protosolar disk
was still present. The isotopic anomalies found in meteorites are
often too large to be explained by atomic mass-dependent frac-
tionation, i.e., according to the mass of the isotope, or aqueous
processing in the disk. A mass-independent isotopic fractiona-
tion in the gas reservoir is required. In particular, the reservoir of
oxygen isotopes in the solar nebula appears to have experienced
complex spatial and temporal variations, as observed in various
classes of carbonaceous chondrites, i.e., chondrule-poor stony
meteorites (Taylor et al. 1965; Clayton et al. 1973; Clayton &
Mayeda 1999), and early and late crystallizing minerals (Clayton
1993). The mobility of meteoritic components within the disk
may have also played a role in the solar nebula; for example,
meteoritic components have been ejected from inner to outer
regions in an X-ray wind, as discussed by Shu et al. (2000).

Various processes have been proposed to coherently explain
the meteoritic findings, e.g., isotopic inheritance from differ-
ent parts of the ISM, supernova ejecta, spallation by solar flare
protons in the disk, and disequilibrium chemistry. Thiemens &
Heidenreich (1983) were the first to make a connection between
a source of UV radiation, particularly the young Sun, with the
mass-independent fractionation of '0/'70 oxygen atoms in the

O, molecule. Later on, Lyons & Young (2005) proposed the
selective photo-dissociation of CO, rather than O,, caused by
the UV irradiation of a young O or B star external to the solar
nebula to explain the mass-independent fractionation of oxygen
atoms in meteorites. The scenario of CO photo-dissociation due
to the UV irradiation of the central star has been validated for
protoplanetary disks by Visser et al. (2009) and Miotello et al.
(2014).

Specifically, in the outer regions of gas-rich disks, at Ny
> 10" cm™ CO can self-shield against UV irradiation, lead-
ing to a depletion of '2C'*0 and '>C'70 relative to '>C'°0
in the gas phase. This is because the UV radiation penetrates
deeper in the optically thinner absorbing lines of the less abun-
dant isotopologues. The relatively high '>C'°0/'2C'30 ratio
observed in CO toward a small sample of nearby T Tauri disks
(Brittain et al. 2005; Smith et al. 2009) may be explained by this
isotopic-selective CO self-shielding. In XUE 10, though, we find
enhanced chemical abundances of the '°0'2C!80 and '°0'2C!70
isotopologues of CO, instead of CO. A transport-dependent
chemical scenario can account for the observed oxygen iso-
topic anomaly in CO; in the inner disk of a protoplanetary disk.
Assuming that CO, ices have a standard (ISM) isotopic com-
position in oxygen, the isotopic anomaly can be transferred to
CO; from CO gas and H,O ices via photochemistry. In particu-
lar, isotope-selective UV photo-dissociation of CO in the outer
disk releases '#0 and 7O atoms that can be vertically mixed
downward in the disk through the “cold finger” effect. These
oxygen atoms can then participate in surface reactions on dust
grains in the midplane, forming H}*O- and H}’O-enriched water
ices (Stevenson & Lunine 1988; Meijerink et al. 2009). These
isotopically enriched water ices then need to be transported
inward, possibly via radial drift of dust grains. Near the snow
line, accounting for vertical mixing, the ices sublimate and water
photo-dissociation can release '*OH and '”OH atoms into the gas
phase, allowing in the end for the formation of large amounts of
16012180 and '°0'2C!70O vapor.

For this whole process to work, the mixing and inward drift
of isotopically anomalous H,O ices must occur on timescales
shorter than the timescale of photoevaporation, or in general
dissipation, of the outer disk. This condition is consistent with
photoevaporating disk models based on the FRIED grid (Sellek
et al. 2020), which predict a disk photoevaporation timescale
>1 Myr. In contrast, the peak flux of inwardly drifting dust is
predicted to occur within 10° yr for an impinging irradiation of
1000 Gy. Additionally, Lyons & Young (2005) show that H,'30
and H,'70 ice reservoirs can quickly form in the disk midplane
within 10%-3 yr, although a vigorous vertical mixing (a ~ 1072)
is required.

Alternatively, CO, ices may be intrinsically anomalous in
their oxygen composition, and thus may not reflect an anomaly
in H,O ice. Accounting for inward dust drift, these CO; ices
will eventually cross the CO, ice line, releasing '°O'>C'80
and '°0'2C!70 into the gas phase and enriching the inner disk
reservoir of O isotopes locked in CO,. Yet, the abundance
of icy CO; transported inward is expected to be significantly
lower than that of H,O ice. Consequently, the enrichment of
the inner disk gas reservoir following ice line sublimation is
likely dominated by water, unless it has already been accreted
onto the central star (Sellek et al. 2025). Nevertheless, an
anomalous strength of infrared molecular bands may not reflect
anomalies in the abundance structure of a given molecular
species in the disk, as different spectral features may emit from
different disk layers. A meaningful translation between CO,
infrared band strengths and abundance pattern requires a detailed
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Fig. 9. Oxygen isotope fractionation of protostellar systems relative to
the ISM (black circle). Solid and dashed lines have a slope of 0.5 and 1,
as expected respectively for mass-independent and mass-dependent iso-
topic fractionation. XUE 10 is shown with a star marker and error bars,
and the derived ratios are also labeled with uncertainties. The green and
orange square markers refer to the values derived from CO, emission
toward MY Lup with different assumptions (Salyk et al. 2025). The blue
circles indicate the isotopic ratios derived from CO emission toward the
sample of nearby young solar analogs (YSOs) from Smith et al. (2015).

isotope-sensitive thermochemical-structural model for this
source.

Given all these caveats, we can place XUE 10 in an oxygen-
isotope fractionation plot, as shown in Figure 9, in relation to
other protoplanetary disks and to the ISM (Penzias 1981; Wilson
& Rood 1994), which resembles the Solar System (Ireland et al.
2020). Here, 6'70’ and 6'30’ are defined as: 10% In(Rops/Rism),
where Rqps is the observed '°0/!'70 and '°0/'80 isotopic (abun-
dance) ratio, while Rygy is the corresponding observed isotopic
(abundance) ratio in the ISM (Smith et al. 2009). The derived
oxygen isotopic ratios for XUE 10 labeled in figure corre-
spond to the column density ratios of '2C0,/'°02C'80 and
12C0,/**0"™C"0 (in Table 2) with the errors propagated from
the 2, 1o ranges per species. The error bar on the 6'70/6'80’
ratio is computed by propagating the uncertainties on the quanti-
ties in the definition of §'7/180’. The uncertainty on the measured
160/180 and '°0/'70 ratios in XUE 10 is clearly too large to
distinguish between different fractionation scenarios, and the
interpretation of the isotopic ratio remains difficult. As pointed
out by Salyk et al. (2025), though, the detection of multiple
CO, isotopologues, made now possible with JWST, is promis-
ing for future avenue aimed to trace the evolution of molecular
chemistry through isotopy at different planet formation stages in
analogy to the Solar System.

6. Conclusions

We have presented JWST/MIRI MRS observations of the inner
part of the Herbig disk XUE 10 (M, = 3 M) located in the
massive NGC 6357 cluster (1.69 kpc) and which has an estimated
external FUV irradiation exposure of about 5 x 10° Gy stronger
than the solar neighborhood and nearby star-forming regions. We
summarize our conclusions as follows:

1. We report the first simultaneous detection (>50) of
four isotopic species of CO, (12C0,, BCO,, 90"2C8Q,
16012C!70) in a protoplanetary disk, a faint CO emission
(20), atomic hydrogen HI Pfa (80), and an upper limit on
the H,O content (N < 108 cm™2).
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2. The species '°0'2C'80 and '°0'>C'70 may be isotopically
enhanced compared to the oxygen isotopic ratios ('°0/'80
and '°0/'70) found in the ISM and in the Solar System,
though line optical depth effects cannot be ruled out.

3. We detected PAH emission at 6.2, 7.7-8.6, and 11 pum and
of silicate aggregates at 10—11 wm, which is consistent with
other observations of IMTT and Herbig disks, except for a
15.5-17 pm feature whose origin remains unclear.

4. We propose that the observed chemistry in XUE 10 depends
on transport processes. Water is removed either via advection
or strong photo-dissociation by stellar UV irradiation. CO,
is locally enhanced in the gas phase via the CO + OH — CO,
+ H reaction, facilitated by water removal in relatively cold
gas (T'g5s < 300 K). External FUV irradiation supports the
observed CO,-H,0 dichotomy and the potential detection
of CO, oxygen isotopic anomalies in the inner disk.

A controlled infrared sample of IMTT and Herbig disks both in
isolated and irradiated environments is needed at JWST resolu-
tion to perform a statistical comparison of the disk properties
around young intermediate-mass stars and to corroborate trends
as a function of the stellar mass. Major modeling efforts are
also needed to understand whether the “line-poor” evidence in
disks around intermediate-mass stars is merely an observational
bias due to a limitation in sensitivity against the bright dust
continuum or whether it is symptomatic of underlying crucial
physical differences between IMTT or Herbig disks and the
lower-mass counterparts. The detection of several CO, isotopo-
logues in XUE 10 highlights the possibility of investigating the
isotopic composition of the molecular carriers of the CHNOPS
life elements at the protoplanetary disk stage.
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Appendix A: Local continuum normalization

In order to fit the molecular emission in the observed spectrum, it
is first needed to subtract the local dust continuum. We therefore
fit and subtracted a spline function in each wavelength window of
interest selecting line-free regions, as performed for example by
Grant et al. (2023). We evaluated the spectral uncertainty as the
standard deviation of the flux in a line-free region close to each fit
range. The continuum points used to determine the spline in all
windows and the estimated spectral uncertainty are reported in
Figure A.1. In the 12.9-17.6 um wavelength region with detected
emission from the CO; isotopologues, these species are so abun-
dant to create a pseudo-continuum on top of the dust continuum,
corresponding to their strongest emitting features, i.e., funda-
mental v, Q-branch and Q hot bandheads, particularly those of
12C0, and '3CO,. This makes it exceptionally challenging to
subtract the local dust continuum. We therefore chose the con-
tinuum points based on templates of each isotopologue emission
for different values of temperature, column density and equiva-
lent emitting radius overlaid on the observed spectrum. We then
continuum-subtracted the observed spectrum before fitting each
species, selecting line-free regions or regions where the contam-
ination from the other isotopologues was minimal. We note that
in Figure A.1 it is only shown the interpolated continuum in the
original spectrum between 12.9-17.6 um before '>CO, fit and
subtraction.

Appendix B: On the broad non-continuum feature
at 15.5-17 um

We observe a peculiar “bump” in the MIRI spectrum of XUE 10
between 15.5 and 17 pum (see Figure 1 and Figure B.1), which
we had to subtract in order to fit the CO, isotopologues in this
wavelength range. This feature has not been observed in any pro-
toplanetary disk before (Boersma et al. 2010). Here we explore
possible candidate species that could explain this emission.

The only gas phase molecular species capable of creating
such a strong feature is diacetylene (C4H;), as shown in Fig-
ure B.1. In order to reproduce this feature, the gas slab modeling
approach requires C4H, to emit with a very high column density
of 3.3 x 10" cm~2 at 221 K, and an equivalent emitting radius of
33au (Xfe amin = 5-1; Figure E.1). However, the optically thin line
emission expected to arise on top of the optically thick pseudo-
continuum is not reproduced in the spectrum, nor the C4H; line
emission which should be visible at 14—14.5 um. The overlap of
an optically thick and an optically thin slab model component
does not solve the issue.

One may expect to see not only this species, but a “forest” of
hydrocarbonic molecules, starting from the more common acety-
lene (C,H,) species. This has been observed in the carbon-rich
inner regions of some disks around very low-mass stars (e.g.,
Tabone et al. 2023; Arabhavi et al. 2024; Long et al. 2025; Kan-
war et al. 2024). The emission of C4H; may also be produced
by ongoing thermal or UV photo-destruction of carbonaceous
grains in the surface layer of XUE 10 (e.g., Visser et al. 2007;
Kress et al. 2010; Anderson et al. 2017).

Another possibility may be the emission of PAHs or dust
aggregates never seen before in IMTT or Herbig disks at Spitzer
resolution (e.g., Meeus et al. 2001; Keller et al. 2008; Valegard
et al. 2021). We tested the hypothesis of dust aggregates by
fitting the JWST mid-IR dust continuum with the DuCK
component of the Dust Continuum Kit with Line emission from
Gas (DuCKLinG) modeling tool (Kaeufer et al. 2024). We
input the available dust grain opacities for Am Mg-olivine, Am

X =
red Nobs 0_2

Mg-pyroxene,

silica, enstatite and forsterite of 0.1, 1.0, 2.0, 3.0, 4.0, and
5.0 um in size. To model the stellar component, we gave in input
the stellar parameters derived for XUE 10 (see Section 3.2). For
the disk, we assumed standard parameter priors for the rim, the
midplane and the surface, compatible with modeling ranges and
observations of Herbig disks. Nonetheless, the “bump” is not
reproduced by any combination of these common solid-state
dust species. A more detailed analysis of the dust component
and its mineralogy is beyond the scope of this paper, but it will
be the subject of a forthcoming work.

Appendix C: Spectral classification

The spectral type of the XUE 10 source was determined using
the PHOENIX stellar library (Husser et al. 2013), whose spec-
tra cover the 3000—10000 A range with a spectral resolution of
A1 =1 A (R = 100000), which is approximately 4 times higher
than in the FORS2 observed spectrum. We therefore degraded
the template spectra according to the instrumental resolution
of FORS2 in the observed grism setup. The library currently
includes nearly 50 000 spectra of dwarf, giant, and subgiant stars
spanning a wide range in atmospheric parameters (7., log(g),
[Fe/H], [a/Fe]). We did not consider the line broadening due to
stellar rotation, nor a possible enhancement of the @-elements in
the stellar photosphere, whose analysis is beyond the scopes of
this work. Within the spectral resolution of the FORS2 obser-
vations (~ 120 km s~!), we do not observe significant rotational
broadening in the detected absorption lines.

The adopted grid spans over 5000 < T < 12 000 K, in effec-
tive temperature, 2.0 < log(g) < 6.0 in surface gravity, and -2.0 <
[Fe/H] < +1.0 in metallicity. In order to control for dependencies
from the luminosity class over the grid, we first normalized the
spectra. To do so, we created a simple Python routine in which a
spectrum is split in two parts, over 7730-8400 A and 84009480
A respectively, before and after the Paschen jump. Each part is
individually normalized by subtracting a high-order polynomial,
and then the two chunks are stitched together into the final nor-
malized spectrum. We note that this routine has been written and
optimized for the sole purpose of this analysis.

We proceeded by comparing the normalized (telluric-
corrected) FORS2 spectrum with normalized PHOENIX tem-
plates, using the reduced y>-test of the form

N,
2 1 . (Fobs,i - Fmod,i)2

, (C.D)
i=1

where Ny refers to the number of sampled wavelengths, Fops iS
the observed FORS2 flux, F,oq the template flux, and o the error
on the observed flux as derived from the data reduction pipeline.
The best-fit template (see Figure 2) corresponds to T = 7000
K, log(g) = 4.0, and [Fe/H] = +0.5, with a minimum reduced
chi-square of )(fe dmin = 12. A number of well-known absorption
lines are present in the spectrum of XUE 10, whose line profile
is well-matched by the best-fit template. In particular, the hydro-
gen Paschen lines Pa-9 (9229.7 A), Pa-10 (9015.3 A), and Pa-11
(8862.9 A), and the well-known calcium triplet Call at 8498 A,
8542 A, and 8662 A.

In order to evaluate the uncertainty on the fit quantities, we
performed an MCMC simulation using the Python emcee pack-
age (Foreman-Mackey et al. 2013). We set up uniform priors in
the adopted PHOENIX grid for the three fit parameters (7,
log(g), [Fe/H]). We chose the initial positions of the MCMC
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Fig. A.1. Overview of the local continuum subtraction of the MIRI MRS spectrum of XUE 10. The spectral uncertainty measured from line-free

regions and used in the slab modeling is indicated in each panel.
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Fig. B.1. Continuum-subtracted MIRI spectrum of XUE 10 (black) between 14 pm and 17.5 pm with overlaid best-fit slab model spectrum of

diacetylene (C4H;). The spectral uncertainty is indicated in figure.

walkers as the estimated chi-square best-fit values. We imposed
the size of the random “kick” of the walkers from their ini-
tial position according to the dynamic range of each parameter
space i.e., 500 K in temperature, and 0.5 for surface gravity and
metallicity, to ensure a good parameter space sampling.

We run the simulation with 300 walkers and 100 000 steps,
adjusted to minimize the autocorrelation times, and increase the
number of effective samples in a reasonable amount of com-
putational time. From the posterior distribution of samples, we
discarded the first 20 000 samples (20% of the number of steps),
and kept a sample from each walker every 20th step, i.e., thinning
the posterior distribution by 20. The corner plot of the simula-
tion is shown in Figure C.1. The 1o and 20 2D contours are
well-defined around the initial positions (blue square). The sta-
tistical uncertainties (+) on the fit quantities are reported on top
of the diagonal histograms. The median parameter values of the
posterior distribution are 7000 K (Tg), 4.0 (log(g)), and +0.5
([Fe/H]), in agreement with the chi-square fit within error bars.

According to our analysis, XUE 10 can be classified as a
FO-F1 type PMS (Gray & Corbally 2009). We combined the
spectral information derived with PHOENIX with multi-band
photometry to assess visual extinction (Ay), age, stellar mass
(M), and bolometric luminosity (Ly,) of XUE 10. The pho-
tometric data include PAN-STARRS, SDSS, Gaia, APASS, and
HST in the optical range; DENIS, 2MASS, VISTA, and UKIRT
in the mid-IR, and Spitzer and WISE in the far-IR range. Assum-
ing a total-to-selective extinction factor Ry = 3.3 (Massi et al.
2015; Russeil et al. 2017; Fouesneau et al. 2022), we estimate
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with VOSA a visual extinction of Ay ~ 4.8. This result is con-
sistent with the Ay range of 4.6—4.8 derived using the XUE 10
Gaia color (Gyp-Gypp) Where a range of spectral types A7-F1 is
assumed. We then compared the PHOENIX best-fit template
with PMS isochrones of varying age (0.7, 1, 3, 5, 10 Myr)
at solar metallicity and at the constrained Ay, using the PAR-
SEC database (Bressan et al. 2012)°. We note that PARSEC
isochrones are computed by default for an Ry = 3.1. However,
the inferred uncertainties on 7.t and log(g) are too large to reli-
ably locate XUE 10 on a specific isochrone in this range. XUE 10
is most likely consistent with a 1-3 Myr old PMS in NGC 6357.
Starting from the VVV VISTA apparent J-band magnitude m;y
= 12.004 = 0.001, we derive a bolometric luminosity Ly, = 69
+ 5 Ly, adopting the bolometric correction in J-band for a F1
PMS of Pecaut & Mamajek (2013), the constrained Ay (+ 0.2
from Gaia), and Ry = 3.3. Considering a PARSEC isochrone of
3 Myr extincted by a factor 4.8 in visual magnitude, the stellar
counterpart of XUE 10 is constrained to a mass of 2.5-3.0 M.

Appendix D: Fitting tests

Assuming LTE conditions, the fitting procedure consists in com-
paring a grid of synthetic spectra computed for different values
of (Tgas, Niot» Rem) with the observed continuum-subtracted
spectrum through the reduced chi-square test of the form of Eq.
C.1 (Tabone et al. 2023). Here, Ny is the number of MIRI

¢ http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. C.1. Corner plot showing the one and two smoothed dimensional projection of the posterior probability distribution of T.g, log(g) and [Fe/H].
The initial positions are drawn with a vertical solid blue line and a blue square respectively in the 1D and 2D projections. Vertical dashed lines in
the diagonal histograms mark the 16%, 50% and 84% percentiles. The solid line contours in the 2D projections are drawn at 68% (10), 95% (20),

and 99% (30) confidence levels.

resolution elements covering species features in each fit wave-
length window, F,s and Fpq are respectively the observed
and the model fluxes to compare, and o is the flux uncertainty
estimated in a line-free region closed to the spectral region where
the species is modeled (see Figure A.1). This approach has been
extensively used for the spectral fitting of many disk sources so
far (see, e.g., Grant et al. 2023; Perotti et al. 2023; Gasman et al.
2023; Ramirez-Tannus et al. 2023; Schwarz et al. 2024; Tem-
mink et al. 2024a), yielding best-fit parameters which are also
consistent with the outcome of more sophisticated approaches,
e.g., ProDiMo thermo-chemical models (Woitke et al. 2024) and
MCMC simulations (Temmink et al. 2024a). For all molecules,
we run a grid of models varying Ny (logjo-space) in steps of 0.2,
T a5 in steps of 20 K, and Rep, (logio-space) in steps of 0.09. The
dynamic ranges explored for each parameter are in Table D.1.
Given the limited spectral resolution of the MIRI MRS instru-
ment (Jones et al. 2023), we convolved the model spectra with
a resolution R = 3550 at 4.9-5.2 um, R = 3355 at 6.4-7.6 um,
R = 2600 between 12.9 and 17.6 pm, and R = 1730 at 18-25
pm, where we fit the different species. Then, we resampled the
convolved models on the wavelength grid of the observations.

Appendix E: Reduced chi-square maps

The Xfe , maps for all fit species are shown in Figure E.1 in order
of increasing wavelength in the spectrum. The results for 1*CO,,

16012C180, and '°0'?C!70 are reported assuming the best-fit
emitting radius found for '?CO, (Ren, = 1.15 au), and leaving Rep,
as a free parameter (see Section 4.2).
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Table D.1. Overview of the parameter ranges used for the LTE slab modeling procedure.

Species logio(Niy) [em™] T [K]  Fitting ranges [pm]

4.9-5.2 um

2co 14-20 100-3400 4.903-4.911, 4.914-4.921, 4.924-4.933, 4.941-4.945, 4.976-4.984, 4.988-4.995
5.116- 5.120
12.9-17.6 pm

2Co, 15-23 100-1200  13.045-13.055, 13.068-13.081, 13.096-13.103, 13.121-13.129, 13.147-13.154

13.170-13.180, 13.196-13.238, 13.274-13.318, 13.466-13.554, 13.606—-13.614
13.635-13.642, 13.664-13.671, 13.743-13.802, 13.870-14.032, 14.114-14.122
14.269-14.276, 14.368-14.525, 14.549-14.554, 14.607-14.625, 14.683-14.689
14.718-14.724, 14.795-14.984, 15.121-15.133, 15.153-15.173, 15.191-15.207
15.229-15.252, 15.281-15.346, 15.431-15.485, 16.178-16.290, 16.402-16.415
16.444-16.454, 16.489-16.497, 16.736-16.803, 16.931-16.939, 16.974-16.986
17.115-17.129, 17.162-17.169, 17.181-17.215, 17.395-17.409

13C0, 15-23 100-1200  12.961-12.966, 13.510-13.551, 13.852-13.940
15.268-15.425, 15.594-15.698, 15.733-15.761
15.789-15.858, 15.983-16.001, 16.192-16.224
16.255-16.266, 16.291-16.307, 16.361-16.396
16.417-16.427, 16.574-16.597, 16.670-16.709

16012C30 15-23 100-1200  13.802-13.832, 14.209-14.272, 15.048-15.100, 16.749-16.835, 17.335-17.361

16012C!70 15-23 100-1200  14.056-14.102, 14.979-15.044, 16.455-16.536

Notes. The equivalent emitting radius (R.y,) range is 0.01-10 au in log;o-space for all species.
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Fig. E.1. Reduced chi-square N —T g,s maps resulting from the fitting of 0D LTE gas slab models to the MIRI MRS spectrum for various molecular
species at increasing wavelength. The fit of the carbon dioxide isotopologues, '*CO,, '°0'2C'30, and '°*0'?C!"O with fixed/free emitting radius are
labeled in figure. In colorbar are the )(,2_6 ! v values, with 1.0 corresponding to the best-fit model. The white contours show the range of fit emitting
radii in au, while the red contours show the 1o, 20, and 30" confidence intervals. The location of the best-fit models in the parameter space is
indicated by a black cross marker.
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