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Knowledge of chemistry and physics relies on thermochemical models that predict abundances 
based on a chemical network 2



Observations Chemistry

What if we could probe directly from observations the formation rate of the species?
 Use of formation-pumping processes 3
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spectral resolution and sensitivity of Spitzer-IRS. Furthermore, the 
higher spectral resolution of MIRI-MRS allows us to separate the sym-
metric from the antisymmetric component of each rotational line 
down to 9.4 µm (Fig. 2 and Extended Data Fig. 3). Compared to the 
less-excited lines observed with Spitzer17, we find a much higher ratio 
(≥10) between the symmetric and antisymmetric lines. This is consist-
ent with recent quantum calculations using a full-dimensional wave 
packet method that attributes this propensity to the ̃

B → X  conical 
intersection pathway20.

.
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To analyse the MIRI-MRS spectrum, synthetic JWST spectra were 
computed using the GROSBETA code21, which takes into account the 
production of OH in excited states (Methods). As an input, we use the 
state distribution of nascent OH produced by H2O photodissociation 
through its first two electronic states as computed by refs. 19,22. As 
shown in Fig. 2, the model agrees well with the observed spectrum. 
In particular, we recover the steep increase in line intensity from 
λ = 9.15 µm onward and the relatively constant line intensities beyond 
9.5 µm. This behaviour is intrinsically related to the rotational distri-
bution of nascent OH (Extended Data Fig. 6). Once an OH molecule is 
formed in a rotationally excited state, it decays by N → N − 1 radiative 
transitions in a process called ‘radiative cascade’21. The agreement 
between the model and the observations is not only an astronomical 
confirmation of a basic molecular process but, as shown in the next 
section, also provides access to the destruction rate of water and its 
local abundance.

Evidence for chemical (formation) pumping by O + H2

The v = 1 → 0 rovibrational lines of OH are detected at shorter near-IR 
wavelengths by NIRSpec, with upper rotational quantum numbers 
from N = 1 up to 10 (see Fig. 3, Extended Data Fig. 3, line intensities in 
Extended Data Table 1 and processing steps in Extended Data Fig. 2). 
These transitions have been detected in very dense environments, like 
the innermost regions of protoplanetary disks8 (nH ≳ 108 cm−3), but not 
in a lower-density environment such as the outer layers of the d203-
506 system. The excitation of the rotational levels within the v = 1 state 
is described well by a single excitation temperature of about 1,000 K 
(Extended Data Fig. 5), which is close to the gas temperature inferred 
from H2 emission (Extended Data Fig. 4 and Extended Data Table 2) and 
ten times smaller than the excitation temperature of the mid-IR lines, 
thus implying a different origin.

We attribute the near-IR OH lines to formation pumping through 
the reaction O + H2, which is known to produce OH in vibrationally 
excited states23 but has hitherto never been observed in space. We 
amended the GROSBETA model to include the excitation of OH by the 
O + H2 reaction using the state distribution of nascent OH extracted 
from the recent quantum calculations of ref. 24 (Methods and Extended 
Data Fig. 6). Since the state distribution of nascent OH depends on both 
the gas temperature and the state distribution of H2(v, J), we used the 
observed lines of H2 to compute, self-consistently, the distribution of 
nascent OH. The synthetic GROSBETA model shows good agreement 
with the NIRSpec spectrum (Fig. 3). The OH v = 2 → 1 lines are also pre-
dicted to be an order of magnitude weaker, in line with the upper limit 
set by the observations; quantum calculations predict that 20% of the 
OH is produced in the v = 1 state, with less than 1% in higher excited 
vibrational states (v ≥ 2). The emission process is relatively simple, as 
an OH product formed in a v = 1 state rapidly cascades down through 
the rovibrational transitions. Other processes are known to produce 
OH in vibrational states (UV pumping, H2O photodissociation through 
its ̃

� electronic state and IR pumping; see Methods and Extended Data 
Fig. 7), but we find that only inelastic collisions could significantly 
contribute to the observed emission if OH is very abundant 
(x(OH) ≳ 10−5; see the detailed discussion in Methods). The good agree-
ment between observations and the model points to formation pump-
ing of OH, thereby supporting an earlier proposal based on Spitzer-IRS 
and Herschel observations17,25.
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massive stars in the proximity of d203-506, which heats the gaseous 
disk. In addition, the young star at the centre launches a collimated 
high-velocity jet, seen in [Fe II] line emission, which carves out a cav-
ity in the wind. The north-west part of the cavity is particularly bright 
in excited molecular lines. This enhanced emission is probably due to 
a local increase in density induced by jet bow shocks14 and the direct 
irradiation from the Trapezium stars or the central star itself. Here, 
we report the detection of infrared (IR) rotational and rovibrational 
emission from OH by both MIRI-MRS and NIRSpec, respectively. The 
OH emission is detected where there is bright H2 emission, namely all 
over the photo-evaporative wind, revealing active gas-phase oxygen 
chemistry fuelled by warm H2 (Extended Data Fig. 1). In this study, we 
focus on the bright spot to obtain high signal-to-noise spectra.

Evidence for H2O photodissociation
The MIRI-MRS spectrum shown in Fig. 2 reveals a series of highly 
excited rotational OH lines in the ground vibrational state, correspond-
ing to a change in rotational quantum number of N → N − 1 (see line 
intensities in Extended Data Table 1 and processing steps in Extended 
Data Fig. 2). In total, lines from 23 rotational levels from N = 44 down 
to N = 18 are detected in the 9–13 µm region, which probes upper-level 
energies as high as 45,000 K (Extended Data Fig. 3). The excitation 
diagram of OH reveals an extremely high excitation temperature of 
10,000 K. This is ten times larger than the gas temperature inferred 
from the H2 rotational lines (Extended Data Figs. 4 and 5). The detec-
tion of extremely rotationally excited OH is the smoking gun of water 
photodissociation. As already acknowledged from previous Spitzer 
observations15–17 based on seminal molecular physics studies18,19, the 
only process that can excite these lines is H2O photodissociation of 
its ̃

B electronic state by short-wavelength FUV photons to form OH 
in high-N states. The levels that are directly populated by water pho-
todissociation (N ≃ 35–45) were not detected before due to the limited 
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Fig. 1 | JWST NIRCam composite image of the Orion bar in the Orion molecular 
cloud. Red is the 3.35 µm emission (F335M NIRCam filter), blue is the emission 
of Paα (F187N filter subtracted by F182M filter) and green is the emission of 
the H2 0 → 0 S(9) line at 4.70 µm (F470N filter subtracted by F480M filter). The 
inset shows an enlargement of the d203-506 planet-forming disk where OH 
lines are detected. Red is the emission of the H2 1 → 0 S(1) line at 2.12 µm (F212N 
filter), blue is the [Fe II] line emission at 1.64 µm (F164N filter) and green is the 
emission in the F140M broadband near-IR filter that traces scattered light around 
1.4 µm (F140M broadband filter). The white contours represent the emission 
of the OH rotational line at 9.79 µm detected with MIRI-MRS (levels are 1.1 and 
2.5 × 10−5 erg cm−2 s−1 sr−1). The bright spot in the north-western part of the d203-
506 system coincides with the region of interaction between a jet and the photo-
evaporative wind. The brightest OH emission originates from here. The spectra in 
Figs. 2 and 3 are averages over the region delineated by the green circle to give the 
best signal-to-noise ratio.

.

m
 Image credits: NASA, European Space Agency (ESA), 

Canadian Space Agency (CSA) and PDRs4All ERS Team (pdrs4all.org).
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OH

Zannese et al. 2024

Chemical pumping?



O + +
Distribution of OH following 
chemical pumping

Depends on:

         State-to-state       
rate 𝑘𝑖 → 𝑗 𝑇
 Veselinova 
et al. 2021

          Temperature
          H2 distribution

 Parameters 
measured with H2 
lines in MIRI-MRS 
and NIRSpec

Rovibrational 
transitions
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First evidence of chemical pumping of OH by O+H2

Zannese et al. 2024 10

O + HH2 OH



Gas phase oxygen chemistry

Gas phase carbon chemistry

Chemical pumping in the carbon chemistry ?

O OH
H2

H2 H2 H2
C+ CH+ CH2+ CH3+

++ + +

Zannese et al. 2024

Zannese et al. 
in prep
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Analytic model of chemical pumping 
reproduces nicely the observations of CH+ in 
both regions
 Higher excitation of CH+ in cooler gas 
due to efficient UV pumping of H2 in the PDR
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        Temperature

        H2 distribution

        State-to-state         

        rate 𝑘𝑖 → 𝑗(𝑇)

𝑓𝑖 𝐶𝐻
+ 	∝ +

!
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Intensity of the lines proportional to the formation 
rate R:

𝑅 = 𝑘(𝑇)𝑁(H2)𝑥 C
+ 𝑛H  

d203-506:
• 𝑅 = 3	×	10%%	cm-2 s-1

• 𝑛H = 1.0 ± 0.5 ×107 cm-3 

 Same results for OH, CH+ and H2
 
The Orion Bar:

• 𝑅 = 4	×	10%&	cm-2 s-1

• 𝑛H = 8 ± 3 ×10' cm-3

Protoplanetary 
disk

Dissociation 
front

DF3

DF2

DF1
Measured parameters
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• Follows the emission of H2 and CH+
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Formation pumping processes used to probe astrochemistry in action

Ø Diagnostics: formation rate, local density…
Ø More detections of excited hydride to come in other interstellar and 

circumstellar regions
Ø Collaboration with molecular physicists vital in JWST era
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C+ CH+ CH2+ CH3+

++ + +
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CH+ v=1 excited by H2 with higher v in the 
PDR than in the disk
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