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ABSTRACT

Most protoplanetary disks experience a phase in which they are subjected to strong ultraviolet radiation from nearby massive stars. This UV
radiation can substantially alter their chemistry by producing numerous radicals and molecular ions. In this Letter we present a detailed analysis
of the JWST-NIRSpec spectrum of the d203-506 obtained as part of the PDRs4All Early Release Science program. Using state-of-the-art spec-
troscopic data, we searched for species using a multi-molecule fitting tool, PAHTATMOL, which we developed for this purpose. Based on this
analysis, we report the clear detection of ro-vibrational emission of the CH radical and the likely detection of the H] molecular ion, with estimated
abundances of a few times 10~7 and approximately 1073, respectively. The presence of CH is predicted by gas-phase models and is well explained
by hydrocarbon photochemistry. Interstellar Hj is usually formed through reactions of H, with HJ originating from cosmic ray ionization of H.
However, recent theoretical studies suggest that H} also forms through far-UV (FUV)-driven chemistry in strongly irradiated (G, > 10?), dense
(ny > 10°cm™) gas. The latter is favored as an explanation for the presence of hot HY (Tex 2 1000K) in the outer disk layers of d203-506,
coinciding with the emission of FUV-pumped H, and other photodissociation region (PDR) species, such as CH*, CHJ, and OH. Our detection of
infrared emission from vibrationally excited H] and CH raises questions about their excitation mechanisms and underscores that FUV radiation
can have a profound impact on the chemistry of planet-forming disks. They also demonstrate the power of JWST to push the limit of the detection
of elusive species in protoplanetary disks.

Key words. protoplanetary disks — ISM: molecules — ISM: individual objects: d203-506

1. Introduction astrophysical environments, from the starburst galaxies to the
atmospheres of forming protoplanets in stellar clusters. Maxi-
mizing the potential of JWST requires tools that rely on state-of-
the-art spectroscopic data to identify and characterize the exci-
tation properties of the numerous species present in the infrared.
In this Letter, we present PAHTATMOL, a tool dedicated to this
task, and applied to NIRSpec spectra of the irradiated protoplan-
etary disk d203-506. This tool supports the detection of two new

Ultraviolet (UV) radiation from massive stars is ubiquitous in
galaxies and plays a fundamental role in the physics and the
chemistry of star and planet formation (e.g., Wolfire et al. 2022).
JWST spectroscopic observations of protoplanetary disks irra-
diated by UV radiation from massive stars have revealed that
this energy input drives a chemistry dominated by abundant

ions and radicals. A key signature of this photochemistry is the species i ‘1. +
. + g . . o — species in a protoplanetary disk: CH and H;. We present the
methyl cation CH;' discovered in the highly irradiated (Go = gpservations of d203-506 in Sect. 2 and the fitting process of

2 x 10%) protoplanetary disk d203-506 in Orion (Bernéetal. NIRSpec spectrum and the results in Sect. 3. We describe and

2023; Changala et al. 2023). Other tracers of these processes gjscuss the origin and properties of the two species in Sect. 4,
include the detection of rotationally hot OH (Zannese etal.  anqg present our conclusions in Sect. 5.

2024), the presence of the reactive ion CH* (Berné et al. 2024;

Zannese et al. 2025), and the infrared fluorescent emission . )
from electronically excited CI (Goicoechea et al. 2024). These 2. JWST spectroscopic observations of d203-506

species reside in the upper disk layers exposed to UV radia- 3503_50¢ is situated in the line of sight toward the Orion Bar
tion, while most neutral species survive in the dense inner disk (Bally et al. 2000), at about 0.25 pc from the massive Trapez-
regions (e.g.., Schroetter et al. 2025). These ﬁn.dings demonstrate ;.0 Stars that are at a distance of ~390 pc (Apellaniz et al.
that JWST is an unprecedented spectroscopic tool for detect-  5439) “ingide the Orion Nebula. d203-506 is about 100 au in
ing and characterizing small ions and radicals triggered by UV- radius, and has an estimated mass of ~10 My, as well as a cen-
driven chemistry. This capability is relevant to a wide range of .11 ctar estimated mass of M, = 02 + 0.1 My (Berné et al.

2024). The central star is obscured by this nearly edge-on disk
* Corresponding author: ilane.schroetter@gmail.com (Bally et al. 2000). d203-506 was observed as part of the JWST
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Fig. 1. Bottom panel: PAHTATMOL shifted fit result (blue curve) on the NIRSpec f290Ip filter spectrum of d203-506 (black curve). The different
colors at the bottom of the panel show the inverted individual molecular spectra, and a dotted magenta line shows the atomic and H, emission
lines. Upper panel: Model residual (observed spectrum minus the model).

ERS program PDRs4All (Berné etal. 2022) with NIRSpec-
IFU (Boker et al. 2022). The data reduction is presented in
Peeters et al. (2024). In order to obtain a high-quality spectrum
of d203-506, we extracted a spectrum from the NIRSpec cube
using an aperture of 0.1” (corresponding to 39 au at 390 pc)
centered on the position of the bright spot (RA =5"3520.314",
Dec =-5°25'05.47") on the northwestern tip of the disk facing
the illuminating star, §' Ori C. The resulting spectrum is pre-
sented in Figs. 1 and A.1. As we are interested in simple molec-
ular ions and radicals in this study, we only focus on the 290
filter, spanning from 2.87 to 5.2 um, which is where many fun-
damental stretching bands are present.

3. Fitting of the spectrum
3.1. Fitting procedure

In Appendix A we present the PAHTATMOL tool, which allows a
global molecular model to be fit to an observed JWST spectrum
of an irradiated disk. Briefly, this model includes broad individ-
ual Gaussians to reproduce the emission from polycyclic aro-
matic hydrocarbons (PAHs), blackbodies to reproduce the stellar
and disk dust continuum emission, and the ro-vibrational emis-
sion from multiple molecular species. Here we include emis-
sion from 19 species, which are listed in Table A.1. This list
includes simple species previously observed in disks such as
CO, OH, HCO", and CH", but also a number of other species
that have not yet been detected in disks (e.g., CH, H;r), and
species not detected in space at all (e.g., C2H). For all species
we used state-of-the-art public spectroscopic data and com-
puted their global emission assuming local thermodynamical
equilibrium (LTE), meaning that the ro-vibrational levels fol-
low a Boltzmann distribution at a single excitation temperature
(Tex)'. PAHTATMOL provides a first-order simulation, allowing
a simultaneous fit over the full JWST wavelength range that
includes all potential ro-vibrational lines (blended or not) of the
species that might be present. Thus, PAHTATMOL provides LTE

' In many cases, however, the infrared emission arises from non-

LTE excitation (Tex # Tgqs)—for instance, driven by radiative or chem-
ical formation pumping—which requires more sophisticated models that
explicitly solve the statistical equilibrium equations, incorporating the
IR-to-UV radiation field and both chemical formation and destruction
processes (e.g., Zannese et al. 2024, 2025 for OH, CH}, and CH).
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column densities () and excitation temperatures Ty, assuming
single-slab radiative transfer. In protoplanetary disks, gas densi-
ties are typically high enough that, for many molecular species,
the rotational temperature (7o) of the low-lying rotational lev-
els in the ground vibrational state tends to approximate the gas
temperature, with Ty < Tgqs. For instance, the infrared Hy rota-
tional emission observed in the irradiated layers of d203-506,
with Ty = 1000 K (Berné et al. 2024), provides a good measure
of the aperture-averaged gas temperature.

3.2. Fit results

Figure 1 shows the resulting best-fit model using PAHTATMOL
over the 2.87 to 5.2um wavelength range (corresponding to
NIRSpec £290Ip filter). In this range, we are able to reproduce
the vast majority (=90%) of the lines present in the data”. In par-
ticular, we report the detections of CO, CH, CH*, OH, and H; .
We note that the estimated excitation temperatures, hereafter
T, provided by the PAHTATMOL fit are to be taken as indi-
cators rather than precise values, and are given with an error
of ~+300K. For both CO and H;, the best-fit temperatures
are a combination of 7 = 1000K and 2000 K. This implies
that two components are needed to fit the data, likely tracing
the molecule’s presence along a temperature gradient. For all
species, the derived temperatures are high (>1000K), indicat-
ing their presence in UV-irradiated hot gas and-or excitation by
formation or radiative pumping (e.g., Zannese et al. 2025).

4. New detections in a protoplanetary disk

In addition to the previously detected species CO, OH, and CH",
we used PAHTATMOL to report, according to our detection
threshold definition (see Appendix A.2), the first detections of
CH (see Fig. 2) and HJ (see Figs. 4 and B.1) in a protoplane-
tary disk. In the following we discuss the implications of these
detections.

2 The spikes in the residual (difference) spectrum (see the upper panel
of Fig. 1) arise from strong emission lines, caused by inaccuracies in
the simplified modeling of the excitation conditions.



Schroetter, 1., et al.: A&A, 699, L13 (2025)

le—17

T T

—— Data, continuum subtracted
L5 e Other molecules

CH

1of,
05 A

0.0

Flux (W/m2/um)

-0.5

—1.0{EH il
33 34

3.6 3.7 3.8 3.9 4.0
Wavelength (um)

Fig. 2. Near-infrared CH rovibrational emission in d203-506. The
continuum-subtracted observations are shown in black, and the CH
model-offset for clarity—is shown in orange. The dotted magenta lines
indicate model spectra for additional species.

4.1. Methylidyne radical: CH

The methylidyne radical has been detected in the interstellar
medium and has been used as a powerful tracer of molecu-
lar hydrogen and of the initial steps of hydrocarbon chemistry
(e.g., Gerin et al. 2010). We detect the CH ro-vibrational emis-
sion lines around 3.3 um in the same wavelength range of the
3.3-3.4 um PAH emission bands (C—H stretching). The detected
CH emission lines correspond to both the R branch (<3.62 um)
and the P branch (>3.68 um). For CH, we find a temperature
T =~ 2000K and a column density of 4.5 x 10'* cm~2. Using the
H; column density derived by Berné et al. (2024) and assuming
N(H)=N(H;) in the disk PDR, we infer a CH abundance of a
few 1077 with respect to H nuclei.

The bottom left panel of Fig. 3 shows the spatial distribu-
tion of the CH 3.426 ym emission line. This emission is slightly
less extended than that of vibrationally excited H, (e.g., as traced
by the v = 1-0 S(1) line emission) and implies that CH arises
from deeper layers of the disk PDR. Our photochemical mod-
els (see Appendix C) show that, as for CH" and CH], CH is a
natural product of simple hydrocarbon photochemistry (see the
chemical sketch in Fig. 11 of Goicoechea et al. 2025) triggered
by the presence of C* ions, C atoms, elevated temperatures, and
the enhanced reactivity of excited H, (Berné et al. 2024). Com-
pared to CH* and CHJ, the model suggests that most of the CH
column density originates from slightly deeper layers within the
PDR (see Fig. C.1), where CH is formed through the dissocia-
tive recombination of CHJ and through reactions of atomic car-
bon with vibrationally excited H,. Figure 1 of Berné et al. (2023)
shows that the IR CH™ and CHJ emission peak toward the outer-
most irradiated disks layers (the bright spot), whereas CH peaks
deeper inside the disk PDR (Fig. 3). Our photochemical model
predicts N(CH) < 10'* cm™2, which is a factor of <5 lower than
the estimated LTE column density. This might suggest that
other chemical routes contribute to CH formation—such as its
indirect production through PAH or carbonaceous grain pho-
todestruction. Alternatively, reactions of electronically excited
far-UV (FUV)-pumped C atoms with H, may play a role (e.g.,
Gonzélez-Lezana 2007; Goicoechea et al. 2024), or, more likely,
radiative pumping contributes to CH excitation (see Appendix
of Berné et al. 2023, for CH;) as CH exhibits strong electronic
transitions in the visible and FUV (e.g., Oka et al. 2013), which
can be excited by external starlight.

4.2. Trihydrogen cation: H;

The trihydrogen cation, HZ, is the electronically simplest stable
polyatomic molecule. Figure 4 shows the likely detection of sev-
eral H; emission lines from the v, = 1 — 0 band, including the
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Fig. 3. IR JWST images of d203-506. Top left: NIRCam F182M (broad
filter centered at 1.82 um). Top right: NIRCam F212N (H, 1-0 S(1)
emission). Bottom left: NIRSpec CH emission map, continuum sub-
tracted. Bottom right: NIRSpec Q(1,0) H} emission map, continuum
subtracted. All panels show F212N contours in white.

R(1,0), 0(1,0), O(5,G)*, R(7,0)!, and R(7,6)" lines. The reported
lines are weak and lie near the detection threshold, but the
stacked spectrum clearly shows an emission feature (see details
in Appendix B). Table B.1 summarizes the transition properties.
Other expected H3 lines are blended with emission lines from
other abundant species, leaving the presence of H} emission in
d203-506 open to interpretation. In Fig. B.1, we show the com-
plete best-fit H; emission model for each v, = 1 — 0 branch (R,
0, and P) and compare it with the observed minus source-model
spectrum. Pereira-Santaella et al. (2024) recently reported the
detection of HY (in emission and absorption) in the interstellar
medium of galaxies using JWST-NIRSpec. The higher-energy
H;r lines reported in d203-506 (Fig. 4) are not observed in the
galaxies, suggesting that the excitation conditions in the disk—
specifically the gas temperature and density—are higher. Interest-
ingly, some of these excited lines, for instance the Q(5,0) line,
are detected in the ionosphere of Jupiter (Oka & Geballe 1990).
Our detection would represent the first identification of H} in a
protoplanetary disk.

The HJ emission in d203-506 peaks near the bright spot
(see bottom right panel of Fig. 3), which also coincides with
the peak of near-IR H, v=1-0 S(1) emission. This region cor-
responds to gas that is strongly illuminated by FUV radiation.
The H} emission also overlaps with the emission peak of highly
excited rotational lines of OH, a clear indication of water vapor
photodissociation (Zannese et al. 2024). We find 7 > 1000K
and a column density of 1.1x10'3 cm™2, thus an abundance of
a few 1078, using the same circular surface area as for CH.
Given the very large radiative transition probabilities of the
HJ ro-vibrational emission lines (on the order of ~100 s7h,
these lines cannot be thermalized (Tyip # T'gas) by inelastic col-
lisions at the densities of ~107 cm™ expected in the disk PDR
(e.g., Berné et al. 2024). It is therefore important to distinguish
between the best-fitting LTE temperature, which approximately
reflects the rotational excitation, and the vibrational excitation
temperature. The presence of vibrationally excited H] emission
in protoplanetary disks raises important questions regarding the
mechanisms driving its formation and the excitation of these
levels—whether through chemical pumping, radiative pumping,

3 G=0,1,2,and 3.

L13, page 30f 9



Schroetter, 1., et al.: A&A, 699, L13 (2025)

e-18 R(7, 0) e-18 R(7, 6)"
€2 2
E
I 0
x
I I N | SO
* J‘L_,_JJL——W
2 _
3.015 3.020 3.025 3.030 3.045 3.050 3.055 3.060
e—-18 R(1,0), R(1, 1)¥ e-18 Q(1,0)
E
3 2
£
E ]
< Of 0
=g
N R =Y B
-2 -2
3.660 3.665 3.670 3.675 3.945 3.950 3.955 3.960
Wavelength (um)
e-18 Q(5, G) e-18 Stacked Hy
- — Data 1.0
€ — H
< 2 Other molecules 0.5
E cH
z
o 0.0
=4
= N e
- -0.5
4.035 4.040 4.045 4.050 —200 0 200 400
Wavelength (um) 6v (km/s)

Fig. 4. HJ lines in d203-506. The label of each (centered) transition is
indicated in the title of each panel, in the format Branch(/, G). In the
bottom left panel, transitions with G = 0, 1, 2, and 3 are superimposed.
Continuum-subtracted observational data are shown in black, centered
on each Hj line. LTE models for H} (blue), CH (orange), and other
species (dotted magenta) are overplotted. H] model has been vertically
offset for clarity (see also Fig. B.1). The lower right panel shows the
stacked H spectrum in velocity space (see Appendix B).

or both. In a companion paper, Goicoechea et al. (2025) find that
HJ can efficiently form in strongly irradiated (Go > 10°) dense
gas through chemical routes involving a hot water vapor reser-
voir, triggered by UV radiation, and largely independent of the
cosmic-ray ionization rate. For d203-506, they predict a H col-

umn density of <10'3 cm™ in the disk PDR, in good agreement
with the value estimated here.

5. Conclusion and outlook

We claim the detection of two new molecules in a protoplan-
etary disk: the methylidyne radical (CH) and the trihydrogen
cation (HJ). The detection of CH, which shows a slightly dif-
ferent spatial emission distribution compared to that of CH* and
CH; (Berné et al. 2023), is consistent with the expectations of
PDR hydrocarbon chemistry driven by the high gas temperature
and enhanced reactivity of excited H,, which efficiently converts
C* ions and C atoms into simple hydrocarbons. The presence
of infrared HY emission in the disk’s PDR component, if con-
firmed, woulci5 suggest that chemical formation routes unrelated
to cosmic-ray ionization contribute to its formation.

The detection of hot vibrationally excited CH and HY under-
scores the need to explore the non-LTE excitation mechanisms
of these species, which will be the subject of future papers. All
in all, we expect these two new molecules to be present in the IR
spectra of other strongly irradiated protoplanetary disks.
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Appendix A: PAHTATmoL

While atomic emission lines are quite straightforward to detect
in astronomical spectra due to their temperature independent line
ratios and well known line positions, the detection of molecules
requires more intensive modeling, since their relative line inten-
sities and thus emission pattern depends on the excitation tem-
perature. A complete spectroscopic model, derived most often
from laboratory spectroscopic studies, is needed to predict the
emission spectra at different temperatures. Once this is known,
specific molecules can be identified in an astrophysical object,
and their excitation temperature and abundance can be derived
from fitting the relative and absolute intensities to the observa-
tions. With the new JWST spectroscopic data allowing for fine
molecular detection and even the discovery of new molecules
like CHY (Berné et al. 2023; Changala et al. 2023), being able
to quickly find the presence of every available molecule in the
observation is of great importance. We aim to provide a tool
to search for the different molecules across JWST’s wavelength
coverage (0.9 — 28 um) and also derive the column densities of
those detected species, if the geometry of the system is known*.
This tool is called PAHTATMOL and focuses on small molecules,
radicals and ions in the UV-irradiated environment but also
includes atoms, neutral and ionized.

PAHTATMOL stands for Polycyclic Aromatic Hydrocarbons
Toulouse Astronomical Templates with MOLecules. This tool
is based on the PAHTAT tool (Pilleri et al. 2012; Foschino et al.
2019), which fits spectra using linear methods. It assumes that
each PDR spectrum is a linear combination of continuum, emis-
sion lines, AIBs (Aromatic Infrared Bands) and noise. In PAH-
TATMOL, we include the contribution from molecules.

A.1. Computation of molecular emission spectra

In PAHTATMOL, we focus on small molecules, radicals and
ions in the UV-irradiated environments. Molecules are chosen
using the most probable chemical paths in such environment.
The 19 molecules focusing on hydrides, ions and radicals and
are the following: CH, CH*, OH, OH*, NH, HCI, CO, '3CO, HJ,
H;0* SH, HeH*, HCO*, SiH, HCN*, HCNH*, C3;H*, C,HY,
and CHJ. To obtain an estimation of the excitation temperature
of each species, we need to model their emission at different
temperatures. In our case, the temperature range is from 300 to
2000 K. To fit the spectrum using a linear combination of molec-
ular emissions we generate, for each molecule, one spectrum at
each temperature over the wavelength range of 0.9 to 27 um to
match JWST NIRSpec and MIRI MRS. The PGOPHER program
is used for this.

PGOPHER (Western 2017) is a versatile program designed
for the simulation and fitting of rotational, vibrational, and elec-
tronic spectra of molecules. It allows to generate a LTE spectrum
of a molecule from either molecular constants or from provided
state and transition files. The aim of using PGOPHER is to gener-
ate, for each molecule cited previously, five spectra correspond-
ing to temperatures of 300, 500, 1000, 1500 and 2000 K, respec-
tively. Each spectrum is generated using either states and tran-
sition files from the EXOMOL database (Tennyson et al. 2016) or
from molecular constants from the literature. In PGOPHER, each
spectrum is generated between 350-12000 cm™! (0.9-28 wm)
and convolved by a Gaussian with a FWHM of 0.3 cm™!, cor-
responding to NIRSpec resolution, and sampled with at least
100 000 points. In addition, we set the spectra intensity units

4 The emission size and the distance of the object.
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Table A.1. Molecules included in PAHTATmol, with references to the
spectroscopic parameters used to compute the emission spectra.

Species Band source
CH Vi 7,15
CH* Vi 5
OH Vi 7,10,11
OH* Vi 6,7
NH Vi 22
HCl V1 16
CO Vi 12,13
Bco Vi 12
H{ 12 8.9
H30+ Vi, V2, V3, V4 1,2,3
SH Vi 17
HCH+ V1 14
HCO* Vi, V2, V3 4,18
SiH Vi 21
HCN* v to be submitted
HCNH* Vi, V2 19,20
C3H+ Vi,V2 25,26
CQHEr V3, Vs 27,28,29
CH; V2, V3, V4 23,24

Notes. The modes included in the model are also indicated. 1:
Gruebele et al. (1987); 2: Liu et al. (1985); 3: Tang & Oka (1999); 4:
Lattanzi et al. (2007), 5: Doménech et al. (2018); 6: Hodges & Bernath
(2017); 7: Bernath (2020); 8: Mizus et al. (2017); 9: Bowesman et al.
(2023); 10: Brooke etal. (2016), 11: Yousefietal. (2018); 12:
Lietal. (2015); 13: Somogyietal. (2021); 14: Crofton et al.
(1989); 15: Masseronetal. (2014); 16: Gordonetal. (2017); 17:

Gorman et al. (2019); 18: Silleretal. (2013); 19: Altman et al.
(1984a); 20: Altmanetal. (1984b); 21: Yurchenkoetal. (2018);
22: Perri & McKemmish (2024); 23: Bernéetal. (2023); 24:

Changala et al. (2023); 25: Bast et al. (2023); 26: Schmid et al. (2022);
27: Schlemmer et al. (2024); 28: Jagod et al. (1992); 29: Asvany et al.
(2005).

to W/molecule, which will allow a column density estimate
for each detected molecule. The generated spectrum is then
exported and split into two parts: NIRSpec and MIRI/MRS
wavelength ranges, resampled to each instrument’s spectral res-
olution. Finally, we add each spectrum into the PAHTATMOL
library. The list of molecules and references for the adopted
spectroscopic data are given in Table A.1.

A.2. Fitting a spectrum with PAHTAT moL

Given a JWST spectrum, we can now fit the spectrum the same
way as PAHTAT but adding the generated molecule spectra. As in
Foschino et al. (2019) we use a non negative least square algo-
rithm to estimate each molecule contribution. We choose to use
a linear combination of molecule contribution because it is faster
than non linear methods. The resulting fit gives us factors needed
to reproduce the data for each molecule. From these factors and
the residue of the fit (data-model), we can assess if one molecule
is detected based on multiple parameters.

To assess if a molecule is detected, we first select the
molecules with a non null coefficient from the results. We then
compute the ratio between the molecule emission positions times
the fitted factor Fy,, and divide by the standard deviation of
the residuals at the same position across 20 spectral pixels. This
gives us a signal to noise ratio (S/N). This S/N formula is given
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by

S/N _ Z (Fmol X Ipeakn )2’
— \ Opeak, [+10]
with peak, being the n’s peak position and /peq, the intensity of
the n’s peak, and opea, [+10] the standard deviation of the spec-
trum to fit ranging ten spectral pixels and centered at the peak
position. We define the detection threshold as S/N > 5. Accord-
ing to our definition, we clearly detect CH, CH*, CO, H;r and
OH. For CH we obtained S/N = 48, for CH* S/N = 13, for CO
S/N of 40, and for both H;r and OH S/N = 8. For each detected
molecules, Fy, provides an estimation of its LTE column den-
sity with N = Fyo X d2/S, taking into account the surface S of
the extracted spectrum aperture and the distance d to the object.

(A.1)

Appendix B: Spectroscopy of H;f

HJ, with two electrons, is the electronically simplest stable poly-
atomic molecule. Having the symmetry of an equilateral triangle
with no permanent dipole moment, it does not exhibit a rota-
tional spectrum. Also, H; is unstable in its singlet electroni-
cally excited state, and no sharp electronic spectrum is known
(e.g., Oka et al. 2013). However, it has two vibrational modes
v; and v,, of which the latter is IR active. It was first detected
in the laboratory by Oka (1980), with a band origin at ~4 um
(2521.6 cm™).

The rotational states of the ground vibrational state are char-
acterized by two quantum numbers: the total angular momentum
J and its projection onto the symmetry axis K. Since the proton
is a fermion, the Pauli exclusion principle requires that all states
be antisymmetric under the exchange of hydrogen nuclei. As a
result, the rotational ground state (J = 0) is forbidden, making
J =1 the lowest possible state for H]. H exists in two spin
isomers, distinguished by the total nuclear spin I: ortho-H3 with
I = 3/2 and the quantum number K = 3n, and para—H; with
I =1/2and K = 3n + 1. For the v, excited state, an extra quan-
tum number is needed for the vibrational angular momentum,
! = =1, in addition to J and K. While the parity is given by
(=D)X, as in the ground state, the ortho and para labels depend
on whether K — [/ is a multiple of 3. Therefore, a quantum num-
ber G = |K — | is used for convenience (for details and spec-
troscopic constants see Mizus et al. 2017). For the ground state,
we have [ = 0, G = K. The selection rules for the v, = 0 — 1
ro-vibrational transitions are AJ = 0 or =1, and AG = 0 (e.g.,
Oka et al. 2013; Miller et al. 2020). In this work we detect the
following lines: R(7, 0), R(7, 6)*, R(1, 0), Q(1, 0) and Q(5, G)'
(G=0, 1, 2 and 3) (notations are from Lindsay & McCall 2001)
from the v, band (see Fig 4). Those lines are the ones that are not
blended with other emission lines (apart from R(1, 0) for which
a CH emission line is partially blended with it). To increase the
line sensitivity and support the detection of Hi, we looked for a
line emission feature in the stacked spectra. We selected wave-
length windows around the Hg' lines listed in Table B.1, as well

as the R(3,3) and 0(3,0) lines, centered at 3.534 and 3.986 um,
respectively. All these lines are expected to have similar intensi-
ties. We resampled them to the same channel resolution and then
stacked them. Owing to line crowding from multiple molecules
in the NIRSpec spectrum of d203-506, we stacked the residual
spectrum (observed minus PAHTATmol model), excluding HJ.
The lower-right panel of Fig. 4 shows the resulting spectrum,
which clearly displays an emission feature at the expected posi-
tion of HJ lines (zero velocity).

We recall that our global PAHTATmol model fit of d203-
506’s spectrum includes all ro-vibrational lines (blended or not)
of all considered species.

Appendix C: PDR models of CH

As in previous papers by the PDRs4All team, we mod-
eled the PDR component of d203-506 using the Meudon
PDR code (Le Petit et al. 2006). We analyzed the same output
model presented by Berné et al. (2023) to interpret the pres-
ence of CHJ in this disk. This models adopts Go = 2x10* and

ny = 107 cm=3. The specific hydrocarbon chemistry is presented
in Goicoechea et al. (2025). Figure C.1 (upper panel) shows the
basic physical structure of the PDR component. The middle
panel shows the C*/C/CO transition zone and the predicted CH,
CH3, and CH abundance profiles (with respect to H nuclei). The
lower panel shows the accumulated column densities of CH™,
CH;, and CH as a function of depth into the disk PDR.

Close to the hot PDR surface, where n(H) > n(H,), we pre-
dict that CH formation is dominated by reactions of atomic
C(*P) with FUV-pumped, vibrationally excited H,(v), which is
a very endoergic reaction’, about ~11,000 K when v=0 (e.g.,
Dean et al. 1991). This hot chemistry leads to the first CH abun-
dance peak in Fig. C.1. In addition, reactions of electronically
excited neutral carbon atoms (e.g., C('S) and C(! D), as detected
by Haworth et al. 2023; Goicoechea et al. 2024) with H; likely
contribute to enhance the production of CH. These reactions are
highly exothermic (e.g., Gonzdlez-Lezana 2007), but they are
currently not included in our models or in other irradiated disk
models. Still, we expect that most of the CH column density
arises from deeper layers within the molecular PDR, beyond the
CH; abundance peak. In these regions, CH formation is driven
by the dissociative recombination of CHJ ions, which either
directly produce CH or yield CH, molecules that subsequently
react with H atoms to form CH.

This photochemical model predicts a total CH column den-
sity N(CH) <10'* cm™2 across the PDR, and gas temperatures
varying from ~4000K at the rim of the PDR to several hun-
dred in the more FUV-shielded layers. These temperatures are
broadly consistent with the excitation temperature derived using
PAHTATmol. Still, non-LTE excitation models will be required
to accurately determine the true IR-emitting CH column density
and its precise location within the disk PDR.

5 We model this reaction from Dean et al. (1991) by adopting v-state-
dependent rate constants where the energy E,; of each H,(v) ro-
vibrational state is subtracted from the reaction endoergicity AE (when
AE > E, ;). Thatis, k, ;(T) ccexp(—[AE — E, ;1/kgT).
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Fig. A.1. d203-506 NIRSpec spectrum in black. Each NIRSpec filter wavelength coverage is shown below the spectrum.
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Fig. B.1. H] R—, Q-, and P-branch wavelength ranges from top to bottom. In each panel, the data are shown in black and have been model-
subtracted (including continuum, AIBs, atoms, and molecules, excluding HJ), while the H] model is overplotted in blue and vertically offset.

Table B.1. H} emission line properties.

Wavenumber  wavelength Transition Eiow Eyp A Fobs

(cm™) (pm) X) (K) s™hH Wm™?
3308.685 (05) 3.022 R(7,0) 3338.5 8098.9 174.13 7.2x107%2
3276.197 (05) 3.052 R(7,6)* 22827 6996.5 100.62 3.8x107%2
2726.220 (05) 3.668 R(1,1)* 92.2 4014.7 59.7  Blended with R(1,0)
2725.898 (05) 3.668 R(1,0) 125.1 4047.07 9791 2.4x107%2
2529.724 (05) 3.953 0(1,0) 125.1 3764.8 127.75 2.3x1072!
2472.325 (10) 4.044 0G,1)! 17989 5356.0 108.56 1.7x1072!

with ground level E(1,1)=92.236 K.
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Fig. C.1. Predicted physical (roughly vertical) structure of the PDR
component of d203-506. Upper panel: Gas density and temperature
profiles as a function of depth into the PDR. Middle panel: Abundance
profiles of selected species. Lower panel: Column densities as a func-
tion of depth into the PDR of small hydrocarbons detected by JWST in
d203-506 (see also Berné et al. 2024; Zannese et al. 2025).
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