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Queridas compañeros y compañeras: 
 
Como recordaréis, el 29 de enero de 2024, os envié una carta explicando la posición de 
tolerancia cero del CSIC hacia el acoso de cualquier naturaleza y el trabajo que, junto con 
los agentes sociales, estamos haciendo desde julio de 2023 para incrementar la 
sensibilidad de la institución hacia este tipo de comportamientos.  
 
Esta breve misiva tiene el propósito de recordaros que cualquier persona que tenga noticia 
sobre un caso de acoso debe ponerlo en conocimiento de las o los directores de sus 
institutos o centros y/o de los comités de igualdad, ya que ellos lo remitirán a la Secretaria 
General Adjunta de Recursos Humanos (SGARH) del CSIC para que se pueda intervenir. 
Además, quiero insistir en que si, por cualquier razón, una persona desea comunicarse 
directamente con la SGARH del CSIC, puede escribir a la siguiente dirección de correo: 
protocolo.acosos@csic.es 
 
Las personas que responden a este correo tratarán su caso con estricta confidencialidad y 
proporcionarán el consejo que se necesite sobre los pasos a seguir.  
 
Nuevamente repito: que cualquiera de las 15.000 personas que trabajamos en el CSIC 
sufra acoso es inadmisible y no se va a tolerar.  
 
En las próximas semanas esperamos poder trasladaros tanto la noticia de la activación de 
unos nuevos protocolos para combatir el acoso que mejoran sustantivamente los 
existentes desde 2020, como otras medidas adicionales.  
 
 
Un cordial saludo,  
 
 
Eloísa del Pino 

Este escrito debe conservar su integridad  
para evitar la interpretación descontextualizada de cualquiera de sus partes.  

The Orion Bar as seen by JWST (ERS-PDRs4All team)
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Mo#va#on:

-  Most stars (thus planets) are formed within stellar clusters that harbor 
   massive stars emi9ng strong UV radia=on and powerful stellar winds.

-  Star & Planet forma/on are not independent of feedback processes in GMCs.



Outline
Motivation:

-  Most stars (thus planets) are formed within stellar clusters that harbor 
   massive stars emitting strong UV radiation and powerful stellar winds.

-  Star & Planet formation are not independent of feedback processes in GMCs.

  This talk:

 1) Radiative feedback at large cloud scales → line mapping of GMCs (PDR component)
 
 2)  The role of external FUV radiation in protoplanetary disks →  sub-arcsec resolution
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Figure 13
Thermal pressure as a function of the incident radiation !eld in different environments. Both quantities are
constrained from PDR models based on the observed emission of !ne-structure lines or CO lines. When
necessary, the thermal pressure was estimated as the product of the gas density and the gas temperature
(constrained from the observations or assumed as noted below). The data points represent the following
observations: the Milky Way ( Joblin et al. 2018, Young Owl et al. 2002, Pabst et al. 2022, and references
therein), Sagittarius B2 (assuming a temperature of 300 K; Goicoechea et al. 2004), normal and starburst
galaxies (Malhotra et al. 2001, Nagy et al. 2012, and references therein), and low-metallicity galaxies (LMC,
Chevance 2016; DGS, Cormier et al. 2019). For the DGS, we assume a temperature of 150 K. The dashed
line is the !t from Wu et al. (2018); the black solid line is the model from Seo et al. (2019), using f = 2.18
and !EUV = 2.2 × 1050 s−1; and the gray line is for the same model divided by three, accounting for
pressure equipartition. Figure adapted with permission from Pabst et al. (2022); copyright ESO.
Abbreviations: DGS, Dwarf Galaxy Survey; LMC, Large Magellanic Cloud; PDR, photodissociation region.

the PDR models and the gas properties, such as the analysis of !ne-structure line emissions or
CO ladders, possibly creating a displacement in the Pth–G0 plane. In particular, the results from
Joblin et al. (2018) and Wu et al. (2018), based on high-J CO lines (with high critical density),
are offset toward higher pressures in Figure 13 compared to studies based on !ne-structure lines.
Nonetheless, it is a puzzling result that, despite the differences in methodology and the wide range
of sources, some that are described by an Hii region–PDR interface and some that are not (re#ec-
tion nebula, embedded clumps, large beams encompassing diffuse gas and star-forming regions,
unresolved galaxies, etc.), all these observations point to a similar trend.

One possible explanation of the Pth–G0 relation comes from balancing Hii region and PDR
thermal pressures at the Strömgren radius (Young Owl et al. 2002, Seo et al. 2019):

PPDR = 4.6 × 104 f −3/4
(

!EUV

1051 s−1

)−1/4

G3/4
0 K cm−3, 11.

where f is the ratio of the FUV photon luminosity to the hydrogen ionizing photon luminosity,
!EUV. We show this relation in Figure 13 using f = 2.18 and !EUV = 2.2 × 1050 s−1, follow-
ing Seo et al. (2019). However, if there are substantial contributions by magnetic and turbulent
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Correlación Campo UV estelar vs. Presión gas interestelar

Interacción radiación UV estelar y materia interestelar es un proceso fundamental en Astrofísica
Regula la formación estelar, Determina propiedades del ISM, etc.
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Nearby PDRs
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Normal galaxies
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Low metallicity galaxies

Stellar FUV vs. Gas thermal pressure correlation

Wolfire+ ARAA, 2022
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Figure 1. Structure of a strongly irradiated molecular cloud near massive stars (e.g., the Orion Bar).

and the wealth of physical and chemical processes that occur at microscopic (molecular)
level. The number of molecules, atoms, and ions observed in these dense PDRs are not so
easily detected toward fainter environments also influenced by stellar FUV radiation (e.g, the
surface layers of protoplanetary disks and distant star-forming galaxies).

In this invited paper we summarize some of the latest developments in observations and
modeling of PDRs. Due to the lack of space, we mostly limit to our own recent work. Readers
are referred to Wolfire et al. [3] for a modern review on PDRs. Here we strengthen the
interdisciplinary aspects of PDR research, and we emphasize the need of precise atomic and
molecular data to correctly interpret future observations of the ISM in galaxies.

2 PDRs everywhere

PDRs host the critical conversion from atomic to molecular gas (the H /H2 and C+/C /CO
transition zones, Fig. 1). This stratification occurs as the column density of gas and dust
increases deeper inside molecular clouds, and as the flux of FUV photons is attenuated by
dust (for high G0 / nH ratios) and by H2 absorption lines (for low G0 / nH ratios) [4]. The
penetration of FUV radiation depends on metallicity and grain properties. FUV photons reach
larger depths in lower metallicity environments (lower dust-to-mass ratios) and in regions
a↵ected by grain growth (flatter extinction curves). Both e↵ects shift the C+/C /CO transition
to higher AV and leave a larger mass fraction of H2 gas that is “CO-dark” (or too faint).

PDRs emit most of the IR radiation arising from the ISM of star-forming galaxies:
FUV-pumped IR bands from polycyclic aromatic hydrocarbons (PAHs), H2 ro-vibrational,
[C ii]158 µm and [O i]63, 145 µm fine-structure, and mid-J CO lines, as well as warm dust
continuum – grains are heated by FUV photons and reemit FIR contimuum. Photoelec-
trons ejected from small grains and PAHs heat the gas. In dense PDRs, collisional de-
excitation of FUV-pumped H2 is an important gas heating mechanism too. The presence
of vibrationally excited H2(v� 1) overcomes the endoergicity of the initiating reactions
H2 + (C+, S+, O, N, ...) [5] and leads to the formation of CH+, SH+, OH, and NH [6].

In their most general definition – neutral gas regulated by FUV radiation –, PDRs
represent the dominant fraction of the neutral atomic and molecular gas in the ISM of star-
forming galaxies [1, 3]. Indeed, except for the cold and dense molecular cores associated
with the first stages of star formation, most of the ISM (in volume and mass) is e↵ectively at
AV < 8 mag. Hence, permeated by stellar FUV photons.

Interaction of FUV radiation & ISM 

Goicoechea, Cuadrado, Le Petit 20223



IP de proyectos con grandes observatorios e ICTS
Liderazgo en las observaciones más punteras

IRAM-30m (ICTS)
Herschel
/ESA

FIR = 50 μm – 450 GHz

(Sub)mm = 85-950 GHz

mm = 85-350 GHz

ALMA

Yebes-40m (ICTS)

cm/mm = 8-90 GHz

SOFIA (NASA) FIR/submm = 490- 4700 GHz JWST (NASA/ESA)NIR/MIR= 0.6- 28 !m

Golden observational era…

Spectroscopic tracers of radia9ve feedback:

FIR (Herschel, SOFIA) = main coolants of neutral gas → [CII]158"m, [OI]63,145#m, …

Submm (SOFIA, ALMA, …) = warm molecular gas →	mid-J CO, [CI]609,306#m,  CH+ 1-0, …
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Golden observational era…

Spectroscopic tracers of radia9ve feedback:

FIR (Herschel, SOFIA) = main coolants of neutral gas → [CII]158"m, [OI]63,145#m, …

Submm (SOFIA, ALMA, …) = warm molecular gas →	mid-J CO, [CI]609,306#m,  CH+ 1-0, …

‘New’ tracers (NIR & radio) → C+ & C0 with JWST, VLT (+ ELT) and Yebes 40m (+ SKA)
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A&A 639, A2 (2020)

Fig. 1. Overview of the Orion Nebula (M 42), M 43, and NGC 1973, 1975, and 1977 in different wavelenghts. Left: DSS2 H↵ emission (ESO
Archive). Center: [C II] line-integrated emission (Pabst et al. 2019). Right: line-integrated 12CO(2–1) emission (Berné et al. 2014; Goicoechea et al.
2020). H↵ emission stems from the ionized gas (T ⇠ 104 K), the [C II] line is emitted by mostly neutral gas (T ⇠ 100 K), whereas CO traces the
molecular gas (T ⇠ 30 K). M 42 and M 43 have a substantial amount of molecular gas in the background, while NGC 1977 seems to be devoid of it
(the coverage of the CO map is not sufficient, however, see discussion of the expansion characteristics below). All three regions comprise ionized
gas within their neutral limb-brightened shells.

than 24 µm is due to emission by fluctuating grains and PAH
molecules and we defer this analysis to a future study.

2.4. H↵ observations

We make use of three different H↵ observations: the Very Large
Telescope (VLT)/Multi Unit Spectroscopic Explorer (MUSE)
image taken of the Huygens Region (Weilbacher et al. 2015),
the image taken by the Wide Field Imager (WFI) on the Euro-
pean Southern Observatory (ESO) telescope at La Silla of the
surrounding EON (Da Rio et al. 2009), and a ESO/Digitized
Sky Survey 2 (DSS-2) image (red band) covering the entire area
observed in [C II]. The DSS-2 image is saturated in the inner
EON, which is basically the coverage of the WFI image. We
use the MUSE image to calibrate the WFI image in units of
MJy sr�1 with a log fit of the correlation. The units of the MUSE
observations are given as 10�12 erg s�1 cm�3, which we convert to
MJy sr�1 with the central wavelength � ' 656.3 nm and a pixel
size of 0.2 00. We in turn use the thus referenced WFI image
to calibrate the DSS-2 image with a fit of the form y = a(1 �
exp(�bx)), where x, y are the two intensities scaled by the fit
parameters. To calculate the surface brightness from the spectral
brightness we use a �� = 0.85 Å, that is I = I��� = I⌫�⌫.

We only use the thus calibrated DSS-2 image in NGC 1977
for quantitative analysis. The H↵ surface brightness in the EON
is largely due to scattered light from the bright Huygens Region
(O’Dell & Harris 2010). Also H↵ emission in M 43 has to be
corrected for a contribution of scattered light from the Huygens
Region (Simón-Díaz et al. 2011).

We correct for extinction towards NGC 1977, using RV = 5.5,
suitable for Orion. The reddening is E(B�V) = 0.08 (Knyazeva
& Kharitonov 1998). For M 43, the reddening is E(B�V) = 0.49
(Megier et al. 2005). Extinction towards M 42 was studied by
O’Dell & Yusef-Zadeh (2000), for example, and more recently
by Weilbacher et al. (2015).

3. Analysis

3.1. Global morphology

From the comparison of the three gas tracers in Fig. 1, we see that
[C II] emission stems from different structures than either H↵,

tracing the ionized gas, or 12CO(2–1), tracing the cold molecular
gas. In fact, from Fig. 1 in Pabst et al. (2019) we conclude that it
stems from the same regions as the warm-dust emission and PAH
emission. We can quantify this by correlation plots of the respec-
tive tracers (Pabst et al., in prep.). We clearly see bubble-like
structures in [C II], that are limb-brightened towards the edges.
The southern red circle in Fig. 2 indicates the outlines of the
bubble of M 42. We note that the Trapezium stars, causing the
bubble structure, are offset from the bubble center; in fact, they
seem to be located at the northern edge of the bubble. We esti-
mate a bubble radius of r ' 2.7 pc. However, when taking into
account the offset of the Trapezium stars, the gas at the southern
edge of the bubble is some 4 pc from the stars. The geometry
of the bubble indicates that there is a significant density gradi-
ent from the north, where the Trapezium stars are located, to the
south, the ambient gas there being much more dilute.

In M 43, the star NU Ori is located at the center of the sur-
rounding bubble. 42 Orionis in NGC 1977 is slightly offset from
the respective bubble center (cf. Fig. 2). Both bubbles are filled
with ionized gas as observed in H↵ emission (cf. Fig. 1) as well
as radio emission (Subrahmanyan et al. 2001). In the main part
of this section, we derive the mass, physical conditions and the
expansion velocity of the expanding shells associated with M 42,
M 43, and NGC 1977.

3.2. The expanding Veil shell – M 42

3.2.1. Geometry, mass and physical conditions

The prominent shell structure of the Orion Nebula is surpris-
ingly symmetric, although it is offset from the Trapezium cluster.
From the pv diagrams (cf. Sect. 3.2.2 and Appendix C), we
estimate its geometric center at (�↵,��) = (�52000,�55000) and
its radius with r = 136000 = 0.38 deg, which corresponds to
r ' 2.7 pc at the distance of the Orion Nebula; the geometric
center of the bubble has a projected distance of 1.5 pc from the
Trapezium cluster. Hence, the gas in the southern edge of the
bubble is about 4 pc away from the Trapezium stars, whereas to
the north the bubble outline is more ellipsoid and the gas in the
shell is at only 0.5 pc distance.

The limb-brightened shell of the expanding Veil bubble is
mainly seen in the velocity range (with respect to the Local

A2, page 4 of 26

C. H. M. Pabst et al.: RRLs towards Orion

Fig. 1. Observed positions (except positions in OMC1) as white circles with a FWHM of 4500 on [12C ii], 12CO(2-1) and
13CO(2-1) maps at 4500. The black rectangle outlines the region of OMC1, shown as a zoom-in in Fig. 2. The red circle outlines
M43. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively, the pink star marks NU Ori, the
purple star marks 42 Orionis.

Fig. 2. Zoom into OMC1. Observed positions in OMC1 as turquois circles with a FWHM of 4500 on [12C ii], [13C ii], 12CO(2-1)
and 13CO(2-1) maps at 4500. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively.

the ↵ CRRL, [12C ii] and 13CO lines seems to consist
of two close Gaussian components, rather than one.
However, the [13C ii] line is too weak to extract two
components and we opt to use a one-component fit
for the velocity structure and line intensity analysis,
where we need the [13C ii] line. Moreover, Kabanovic et
al. (in prep.) observed a velocity shift between the peaks of
the [12C ii] and [13C ii] line in OMC3, and we follow them
in performing a fit taking into account self-absorption in
the [C ii] line in ORI-P6, using the recipe of Guevara et al.
(2020). We give the peak velocity of the lines relative to
the respective rest frequency in the local-standard-of-rest
(LSR) frame. While the statistical errors (given in the ta-
bles) are small, we estimate that the systematic errors of

the measured intensities with the Yebes 40m telescope are
about 10%.

Studying the obtained line parameters, the FIR [C ii]
lines tend to be somewhat broader than the mm-wave Cn↵
lines, apart from ORI-P3 and ORI-P4 (associated with
M43). The [12C ii] line in PDRs tends to be marginally op-
tically thick and is therefore expected to be opacity broad-
ened. However, as observed by Ossenkopf et al. (2013),
opacity broadening in itself is not sufficient to explain
the difference in line width between the [12C ii] and the
[13C ii] lines. Comparing the line widths of the [13C ii]
lines with the Cn↵ lines, reveals different behaviors: Some
[13C ii] lines are much narrower than the Cn↵ lines (e.g.,
BNKL-PDR, TRAP-PDR, ORI-P1-2), while others are

Article number, page 5 of 28

[CII]158!m: direct tracer of energy input (FUV or mechanical)

CO 2-1 from molecular cloud
IRAM 30m @ 11’’ res.

[CII]158!m from “PDR gas”
SOFIA/upGREAT @ 16’’ res.

~ 2 million spectra

Ionized gas from HII regions
 H alpha @ opScal

1.2-deg2 (~62 pc2) maps of Orion A

X-rays

5 SOFIA C+ SQUAD (Tielens et al.) and IRAM30m Large Programs (Goicoechea et al.)

M42

M43

NGC1977

CO 2-1 



Velocity-resolved [CII]158!m line maps measure the        
  kinema=cs and energe=cs of gas disrupted by stellar feedback 
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Figure 1: [C ii]158µm intensity map (SOFIA), current 12CO J=2-1 map (30m) and proposed extensions.

Figure 2: Left : Comparative velocity-resolved [C ii]158µm, CO J=2-1 and H41↵ spectra toward Orion A
(the two later taken with the IRAM30m telescope). This region has a very favourable face-on geometry.
This allows one to easily detect (in velocity) and map the di↵erent “CO-dark” veils toward the cloud (from
Goicoechea et al. 2015). Right : PACS 70µm image tracing UV-heated warm dust. The thick contours
show the (approximate) equivalence in far-UV flux: G0=200 (red), 100 (gray), 50 (yellow) and 20 (white).
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Pabst+2019,+2020,+2021+2022
Goicoechea +2020
Higgins+2021; Kavak+2022a,b

“Velocity-resolved” spectroscopy
with SOFIA/UPGRATE
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SOFIA C+ SQUAD papers: 



C. H. M. Pabst et al.: Correlation study in Orion A

Fig. 8. [CII] intensity per 1 km s�1 channel in the range vLSR = �9 - 19 km s�1. The top left panel shows the [CII] line-integrated
intensity in vLSR = �10 - 20 km s�1.

Fig. 9. Correlation of dust temperature Td versus distance from
✓1 Ori C. The black solid and dashed lines mark the mean Td

and Td ± �Td , respectively. The colored lines are the dust tem-
peratures with varying distance in each ⌧160 bin (solid line) with
a quadratic fit (dashed line).

from the expected dependence. We use here the correspon-
dence G0 = IFIR/2/1.3 · 10�4 in terms of the Habing field,
which, however, is only valid in face-on PDR geometries.
The Trapezium/OMC1 region is thought to have face-on
geometry (?), but for the EON this presumably is not the

Fig. 10. Correlation of dust temperature Td versus dust optical
depth ⌧160.

case, least likely in the limb-brightened shell, which rather
possesses edge-on geometry with respect to the observer.

The total FIR intensity from our SED on average drops
almost quadratically with distance from ✓1 Ori C, but the
correlation (Fig. 12) exhibits substantial scatter around the
fit that is proportional to d�2.2. This might be due to vari-
ations in the line of sight, which distort the correlation.
The incident radiation field, which is reflected in IFIR, is

Article number, page 5 of 12

Pabst+ Nature, 2019,+2020,+2021
Higgins+2021; Kavak + 2022ab

The physics is
 in the velocities

Shells and bubbles in Orion A … 
[CII]158#m 

[CII]158!m 
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possesses edge-on geometry with respect to the observer.

The total FIR intensity from our SED on average drops
almost quadratically with distance from ✓1 Ori C, but the
correlation (Fig. 12) exhibits substantial scatter around the
fit that is proportional to d�2.2. This might be due to vari-
ations in the line of sight, which distort the correlation.
The incident radiation field, which is reflected in IFIR, is
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Table 8. Comparison of stellar parameters with bubble energetics of the three regions.

Region Star Stellar type Te↵ [K] L? [L�] Lw [erg s�1] Mshell [M�] vexp [km s�1] Ekin [erg] t0 [Myr] Ekin/(Lwt0)

M 42 ✓1 Ori C O7V 3.9 ⇥ 104 2.0 ⇥ 105 8 ⇥ 1035 1500 13 2.5 ⇥ 1048 0.2 0.5
M 43 NU Ori B0.5V 3.1 ⇥ 104 2.6 ⇥ 104 ⇠3 ⇥ 1031 7 6 3 ⇥ 1045 0.02 50
NGC 1977 42 Ori B1V 2.5 ⇥ 104 1.1 ⇥ 104 ⇠3 ⇥ 1031 700 1.5 2 ⇥ 1046 0.4 40

Notes. In the last column, we take for t0 the value derived from the stellar wind models; in case of M 43 the lifetime derived from pressure-driven
expansion is a third of that value, increasing the ratio Ekin/(Lwt0) by a factor of three. Stellar parameters of ✓1 Ori C are from Simón-Díaz et al.
(2006), of NU Ori from Simón-Díaz et al. (2011), and of 42 Orionis from Hohle et al. (2010).

Table 9. Masses, energetics, and luminosities in the expanding shells of M 42 (Veil shell), M 43, and NGC 1977.

M 42 (Veil shell) M 43 NGC 1977 References

NLyc [1047 s�1] 70 1.5 1 1, 2, 8
Lw [L�] 400 ⇠1.5 ⇥ 10�2 ⇠1.5 ⇥ 10�2 3, 4
Mass of neutral gas [M�] 1500 7 700 5, 8
Mass of ionized gas [M�] 24 0.3 16 6, 8
Ekin of neutral gas [1046 erg] 250 0.3 2 5, 8
Ekin of ionized gas [1046 erg] 6 – – 6, 7
Eth of ionized gas [1046 erg] 3 0.7 5 5, 8
Eth of hot gas [1046 erg] 10 – – 3
LFIR [L�] 3.2 ⇥ 104 8.5 ⇥ 103 1.5 ⇥ 104 8
L[C II] [L�] 170 24 140 8

Notes. There are no X-ray observations of the hot gas in M 43 and NGC 1977.
References. (1) O’Dell et al. (2017), (2) Simón-Díaz et al. (2011), (3) Güdel et al. (2008), (4) Oskinova et al. (2011), (5) Pabst et al. (2019),
(6) Wilson et al. (1997), (7) O’Dell (2001), (8) this work.

We have:

L(H↵) =
Z

4⇡ jH↵ dV =

Z
4⇡ jH↵

npne
npne dV, (18)

N =

Z
↵Bnpne dV. (19)

With 4⇡ jH↵
npne
= 1.24⇥ 10�25 erg cm3 s�1, jH↵/ jH� = 2.85 (Hummer

& Storey 1987), and ↵B = 2.6 ⇥ 10�13 cm3 s�1 (Storey &
Hummer 1995) we obtain from the H↵ luminsity integrated over
NGC 1977, L(H↵) ' 45 L�, a photon rate of N ' 1 ⇥ 1047 s�1.
With this value, we derive a present-day Strömgren radius of
RS ' 1.5 pc, which is in good agreement with the observed
radius of the shell (r = 1.0�1.6 pc). With the extent of the
expanding shell derived from the pv diagram in Fig. 17, RS(t0) '
1 pc ± 0.2, and the expansion velocity vexp = ṘS(t0) ' 1.5 ±
0.5 km s�1 the expansion time is t0 ' 0.4 ± 0.2 Myr and the ini-
tial density n0 ' 2.5±1.2⇥103 cm�3. This, as well, suggests that
42 Orionis is rather young, compared to its expected lifetime of
⇠10 Myr.

4.7. Stellar wind versus thermal expansion of bubbles

In the previous sections, we analyze the kinematics of the bub-
bles around M 42, M 43, and NGC 1977 in terms of stellar-wind
driven and thermal-pressure driven expansions, respectively.
Here, we compare these two analyses. In Tables 8 and 9, we
summarize our findings for the three regions.

For M 42, the momentum and energy in the ionized gas in
the champagne-flow model is about two orders of magnitude

less than observed for the Veil shell: 22 M� of ionized gas mov-
ing at 17 km s�1 (O’Dell 2001) versus a (half)shell of 1500 M�
expanding at 13 km s�1 (Table 9), the neutral Veil shell carry-
ing a total momentum of 2 ⇥ 104

M� km s�1. For M 43 and NGC
1977, on the other hand, the stellar wind is too feeble to drive the
expansion of a large shell and the results are in good agreement
with analytical models for the thermal expansion of H II regions.
Figures 23 and 24 summarize this graphically. In this depiction,
we have calculated the expected kinetic energy of a stellar wind
bubble using the analytical model developed by Weaver et al.
(1977),

Ekin '
6
11

Lwt, (20)

and the pressure-driven expansion of ionized gas (Spitzer 1978),

Mshell '
4⇡
3
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3
S,0µn0
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, (21)

Ekin '
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Mshellc
2
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7t

4ts

!�6/7

, (22)

where RS,0 =
✓

3N
4⇡n2

0↵B

◆1/3
is the initial Strömgren radius and

ts = RS,0/cs. Comparing the predicted shell masses, where we
assume that all the swept-up material is in the shell, to the mea-
sured masses as shown in Fig. 24, we observe that the measured
masses of all three shells are slightly above the predictions, by
a factor of about two. The mass discrepancy in M 42 and NGC
1977 might be due to our choice of � in the SEDs and a con-
tamination from background material that is not expanding. The
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Fig. 1. [C ii] line-integrated intensity (vLSR = �10 -+20 km s
�1)

from Orion A at its original resolution (1600). The red circles
delineate the three distinct shells of M42, M43, and NGC 1977.
The stars indicate the most massive stars within each region: ✓1
Ori C (yellow) in M42, NU Ori (pink) in M43, and 42 Orionis
(purple) in NGC 1977. Arrows indicate the positions of the four
molecular cores OMC1-4 along the Integral-Shaped Filament.

ula complex, the Trapezium stars, are found close to the
surface of OMC1. Here, they create a heavily irradiated
PDR at the surface of the molecular cloud, that radiates
bright [C ii] emission. Also the Veil Shell, the expanding
shell that is created by the stellar wind of the O7V star
✓
1 Ori C (the most massive of the Trapezium stars), radi-

ates (limb-brightened) [C ii] emission. In M43, we observe
a limb-brightened [C ii]-emitting shell structure, as well,
in addition to the strongly irradiated PDR on the back-
ground molecular cloud. The shell surrounding NGC 1973,
1975, and 1977 also emits substantially in the [C ii] line,
the brightest part, however, being the PDR at the surface
of OMC3.

In this paper, we will first focus on the global correla-
tions of the [C ii] emission with other star-formation tracers.
In Paper II we will study the correlations in more detail
by dividing them into several subregions. Figure 2 shows
the distribution of various gas and dust tracers (FIR, 8µm,
CO(2-1), ⌧160, H↵ intensities, [C ii]/FIR ratio) in the Orion
Nebula complex with the [C ii] line-integrated intensity in
contours. While the morphology of the FIR, 8µm and [C ii]
emission is very similar, the CO(2-1) intensity and the dust
optical depth ⌧160 exhibit a different morphology, tracing
the dense gas in the star-forming filament (the Integral-
Shaped Filament, ISF). H↵ emission traces the ionized gas
and is concentrated inside the limb-brightened edges that
light up in FIR, 8µm and [C ii] emission. The [C ii]/FIR ra-
tio traces the gas heating efficiency and generally increases
away from the luminous [C ii] sources close to the central
stars. Dense filamentary structures, like the ISF, also pos-

sess low [C ii]/FIR ratios, as the FIR emission is dominated
by large columns of cool dust.

3.2. Correlation plots of gas and dust tracers

Table 1. Summary of the point-density correlation plots in Fig.
3.

x y a b ⇢ rms [dex]

70µm [C ii] 0.57± 0.31
a �5.10± 1.02 0.90 0.13

FIR [C ii] 0.60± 0.28
b �2.61± 0.29 0.90 0.12

8µm [C ii] 0.65± 0.30 �1.83± 0.64 0.93 0.10
8µm FIR 1.16± 0.37 1.43± 0.77 0.94 0.16
CO(2-1) [C ii] 0.96± 0.63 2.39± 3.89 0.53 0.37
CO(2-1)

FIR
[C ii]
FIR 0.71± 0.60 1.24± 2.85 0.34 0.29

Notes. The regression fitted to the data in a weighted
least-square fit is log

10
y = a log

10
x + b. Fit in I[C ii] >

3� ' 5 ⇥ 10
�5

erg s
�1

cm
�2

sr
�1, I70µm > 5 ⇥ 10

2
MJy sr

�1,
I8µm > 3 ⇥ 10

�3
erg s

�1
cm

�2
sr

�1, and/or IFIR > 3 ⇥
10

�2
erg s

�1
cm

�2
sr

�1. ⇢ is the Pearson correlation coefficient,
rms is the root-mean-square of the residual of the fit. (a) For
I70µm < 5 ⇥ 10

2
MJy sr

�1 we obtain a ' 1.10 ± 0.68 and
b ' �6.45 ± 1.61 with ⇢ ' 0.67 and rms ' 0.18. (b) For
IFIR < 3 ⇥ 10

�2
erg s

�1
cm

�2
sr

�1 we obtain a ' 1.15 ± 0.76
and b ' �1.72± 1.37 with ⇢ ' 0.71 and rms ' 0.17.

Figure 3 shows the point-by-point correlation between
the different gas and dust tracers as density plots. Ta-
ble 1 summarizes the power-law fits we find for each
correlation, using the ordinary least-squares (OLS) bisec-
tor method (Isobe et al. 1990) on the logarithmic scale.
We have included all points that lie above the 3� '
8K km s

�1 ' 5 ⇥ 10
�5

erg s
�1

cm
�2

sr
�1 threshold of the

[C ii] line-integrated intensity (after convolution). We do
not apply this threshold to the FIR-8µm correlation, but
we restrict both maps to the coverage of the [C ii] map.
We subtract an offset of 2 ⇥ 10

�3
erg s

�1
cm

�2
sr

�1 from
the IRAC 8µm data. However, at low intensities we find
70µm and FIR emission that does not correspond to [C ii]
emission. We fit this regime (I70µm < 5⇥10

2
MJy sr

�1 and
IFIR < 3⇥ 10

�2
erg s

�1
cm

�2
sr

�1, respectively) separately.
We point out that this low-intensity regime is problematic
because of calibration uncertainties in the PACS bands,
hence we will refrain from a detailed analysis thereof. The
same holds for the IRAC 8µm map, where we cannot ex-
clude that the offset we subtract has a physical reason. We
caution that this has to be taken into account when esti-
mating the [C ii] intensity from the IRAC 8µm intensity at
low surface brightness.

The [C ii] intensity is tightly correlated with the inten-
sity in the PACS 70µm band (Fig. 3a), the FIR intensity
(Fig. 3b), and with the intensity in the IRAC 8µm band
(Fig. 3c). The FIR intensity is also tightly correlated with
the intensity in the IRAC 8µm band (Fig. 3d). The Pear-
son correlation coefficients (⇢) in panels a to d are about
0.9, while the scatter around the correlations is of the order
0.1-0.2 dex. Most important to note is that the correlation
of the [C ii] intensity with each of the 70µm, FIR (in the
high-intensity regime), and 8µm intensity is not linear, but
scales with those intensities to a power of less than unity.
The FIR-8µm correlation deviates only slightly from linear-
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Table 8. Comparison of stellar parameters with bubble energetics of the three regions.

Region Star Stellar type Te↵ [K] L? [L�] Lw [erg s�1] Mshell [M�] vexp [km s�1] Ekin [erg] t0 [Myr] Ekin/(Lwt0)

M 42 ✓1 Ori C O7V 3.9 ⇥ 104 2.0 ⇥ 105 8 ⇥ 1035 1500 13 2.5 ⇥ 1048 0.2 0.5
M 43 NU Ori B0.5V 3.1 ⇥ 104 2.6 ⇥ 104 ⇠3 ⇥ 1031 7 6 3 ⇥ 1045 0.02 50
NGC 1977 42 Ori B1V 2.5 ⇥ 104 1.1 ⇥ 104 ⇠3 ⇥ 1031 700 1.5 2 ⇥ 1046 0.4 40

Notes. In the last column, we take for t0 the value derived from the stellar wind models; in case of M 43 the lifetime derived from pressure-driven
expansion is a third of that value, increasing the ratio Ekin/(Lwt0) by a factor of three. Stellar parameters of ✓1 Ori C are from Simón-Díaz et al.
(2006), of NU Ori from Simón-Díaz et al. (2011), and of 42 Orionis from Hohle et al. (2010).

Table 9. Masses, energetics, and luminosities in the expanding shells of M 42 (Veil shell), M 43, and NGC 1977.

M 42 (Veil shell) M 43 NGC 1977 References

NLyc [1047 s�1] 70 1.5 1 1, 2, 8
Lw [L�] 400 ⇠1.5 ⇥ 10�2 ⇠1.5 ⇥ 10�2 3, 4
Mass of neutral gas [M�] 1500 7 700 5, 8
Mass of ionized gas [M�] 24 0.3 16 6, 8
Ekin of neutral gas [1046 erg] 250 0.3 2 5, 8
Ekin of ionized gas [1046 erg] 6 – – 6, 7
Eth of ionized gas [1046 erg] 3 0.7 5 5, 8
Eth of hot gas [1046 erg] 10 – – 3
LFIR [L�] 3.2 ⇥ 104 8.5 ⇥ 103 1.5 ⇥ 104 8
L[C II] [L�] 170 24 140 8

Notes. There are no X-ray observations of the hot gas in M 43 and NGC 1977.
References. (1) O’Dell et al. (2017), (2) Simón-Díaz et al. (2011), (3) Güdel et al. (2008), (4) Oskinova et al. (2011), (5) Pabst et al. (2019),
(6) Wilson et al. (1997), (7) O’Dell (2001), (8) this work.

We have:

L(H↵) =
Z

4⇡ jH↵ dV =

Z
4⇡ jH↵

npne
npne dV, (18)

N =

Z
↵Bnpne dV. (19)

With 4⇡ jH↵
npne
= 1.24⇥ 10�25 erg cm3 s�1, jH↵/ jH� = 2.85 (Hummer

& Storey 1987), and ↵B = 2.6 ⇥ 10�13 cm3 s�1 (Storey &
Hummer 1995) we obtain from the H↵ luminsity integrated over
NGC 1977, L(H↵) ' 45 L�, a photon rate of N ' 1 ⇥ 1047 s�1.
With this value, we derive a present-day Strömgren radius of
RS ' 1.5 pc, which is in good agreement with the observed
radius of the shell (r = 1.0�1.6 pc). With the extent of the
expanding shell derived from the pv diagram in Fig. 17, RS(t0) '
1 pc ± 0.2, and the expansion velocity vexp = ṘS(t0) ' 1.5 ±
0.5 km s�1 the expansion time is t0 ' 0.4 ± 0.2 Myr and the ini-
tial density n0 ' 2.5±1.2⇥103 cm�3. This, as well, suggests that
42 Orionis is rather young, compared to its expected lifetime of
⇠10 Myr.

4.7. Stellar wind versus thermal expansion of bubbles

In the previous sections, we analyze the kinematics of the bub-
bles around M 42, M 43, and NGC 1977 in terms of stellar-wind
driven and thermal-pressure driven expansions, respectively.
Here, we compare these two analyses. In Tables 8 and 9, we
summarize our findings for the three regions.

For M 42, the momentum and energy in the ionized gas in
the champagne-flow model is about two orders of magnitude

less than observed for the Veil shell: 22 M� of ionized gas mov-
ing at 17 km s�1 (O’Dell 2001) versus a (half)shell of 1500 M�
expanding at 13 km s�1 (Table 9), the neutral Veil shell carry-
ing a total momentum of 2 ⇥ 104

M� km s�1. For M 43 and NGC
1977, on the other hand, the stellar wind is too feeble to drive the
expansion of a large shell and the results are in good agreement
with analytical models for the thermal expansion of H II regions.
Figures 23 and 24 summarize this graphically. In this depiction,
we have calculated the expected kinetic energy of a stellar wind
bubble using the analytical model developed by Weaver et al.
(1977),
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and the pressure-driven expansion of ionized gas (Spitzer 1978),
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where RS,0 =
✓

3N
4⇡n2

0↵B

◆1/3
is the initial Strömgren radius and

ts = RS,0/cs. Comparing the predicted shell masses, where we
assume that all the swept-up material is in the shell, to the mea-
sured masses as shown in Fig. 24, we observe that the measured
masses of all three shells are slightly above the predictions, by
a factor of about two. The mass discrepancy in M 42 and NGC
1977 might be due to our choice of � in the SEDs and a con-
tamination from background material that is not expanding. The
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Fig. 1. [C ii] line-integrated intensity (vLSR = �10 -+20 km s
�1)

from Orion A at its original resolution (1600). The red circles
delineate the three distinct shells of M42, M43, and NGC 1977.
The stars indicate the most massive stars within each region: ✓1
Ori C (yellow) in M42, NU Ori (pink) in M43, and 42 Orionis
(purple) in NGC 1977. Arrows indicate the positions of the four
molecular cores OMC1-4 along the Integral-Shaped Filament.

ula complex, the Trapezium stars, are found close to the
surface of OMC1. Here, they create a heavily irradiated
PDR at the surface of the molecular cloud, that radiates
bright [C ii] emission. Also the Veil Shell, the expanding
shell that is created by the stellar wind of the O7V star
✓
1 Ori C (the most massive of the Trapezium stars), radi-

ates (limb-brightened) [C ii] emission. In M43, we observe
a limb-brightened [C ii]-emitting shell structure, as well,
in addition to the strongly irradiated PDR on the back-
ground molecular cloud. The shell surrounding NGC 1973,
1975, and 1977 also emits substantially in the [C ii] line,
the brightest part, however, being the PDR at the surface
of OMC3.

In this paper, we will first focus on the global correla-
tions of the [C ii] emission with other star-formation tracers.
In Paper II we will study the correlations in more detail
by dividing them into several subregions. Figure 2 shows
the distribution of various gas and dust tracers (FIR, 8µm,
CO(2-1), ⌧160, H↵ intensities, [C ii]/FIR ratio) in the Orion
Nebula complex with the [C ii] line-integrated intensity in
contours. While the morphology of the FIR, 8µm and [C ii]
emission is very similar, the CO(2-1) intensity and the dust
optical depth ⌧160 exhibit a different morphology, tracing
the dense gas in the star-forming filament (the Integral-
Shaped Filament, ISF). H↵ emission traces the ionized gas
and is concentrated inside the limb-brightened edges that
light up in FIR, 8µm and [C ii] emission. The [C ii]/FIR ra-
tio traces the gas heating efficiency and generally increases
away from the luminous [C ii] sources close to the central
stars. Dense filamentary structures, like the ISF, also pos-

sess low [C ii]/FIR ratios, as the FIR emission is dominated
by large columns of cool dust.

3.2. Correlation plots of gas and dust tracers

Table 1. Summary of the point-density correlation plots in Fig.
3.

x y a b ⇢ rms [dex]

70µm [C ii] 0.57± 0.31
a �5.10± 1.02 0.90 0.13

FIR [C ii] 0.60± 0.28
b �2.61± 0.29 0.90 0.12

8µm [C ii] 0.65± 0.30 �1.83± 0.64 0.93 0.10
8µm FIR 1.16± 0.37 1.43± 0.77 0.94 0.16
CO(2-1) [C ii] 0.96± 0.63 2.39± 3.89 0.53 0.37
CO(2-1)

FIR
[C ii]
FIR 0.71± 0.60 1.24± 2.85 0.34 0.29

Notes. The regression fitted to the data in a weighted
least-square fit is log

10
y = a log

10
x + b. Fit in I[C ii] >
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�1. ⇢ is the Pearson correlation coefficient,
rms is the root-mean-square of the residual of the fit. (a) For
I70µm < 5 ⇥ 10

2
MJy sr

�1 we obtain a ' 1.10 ± 0.68 and
b ' �6.45 ± 1.61 with ⇢ ' 0.67 and rms ' 0.18. (b) For
IFIR < 3 ⇥ 10

�2
erg s

�1
cm

�2
sr

�1 we obtain a ' 1.15 ± 0.76
and b ' �1.72± 1.37 with ⇢ ' 0.71 and rms ' 0.17.

Figure 3 shows the point-by-point correlation between
the different gas and dust tracers as density plots. Ta-
ble 1 summarizes the power-law fits we find for each
correlation, using the ordinary least-squares (OLS) bisec-
tor method (Isobe et al. 1990) on the logarithmic scale.
We have included all points that lie above the 3� '
8K km s

�1 ' 5 ⇥ 10
�5

erg s
�1

cm
�2

sr
�1 threshold of the

[C ii] line-integrated intensity (after convolution). We do
not apply this threshold to the FIR-8µm correlation, but
we restrict both maps to the coverage of the [C ii] map.
We subtract an offset of 2 ⇥ 10

�3
erg s

�1
cm

�2
sr

�1 from
the IRAC 8µm data. However, at low intensities we find
70µm and FIR emission that does not correspond to [C ii]
emission. We fit this regime (I70µm < 5⇥10

2
MJy sr

�1 and
IFIR < 3⇥ 10

�2
erg s

�1
cm

�2
sr

�1, respectively) separately.
We point out that this low-intensity regime is problematic
because of calibration uncertainties in the PACS bands,
hence we will refrain from a detailed analysis thereof. The
same holds for the IRAC 8µm map, where we cannot ex-
clude that the offset we subtract has a physical reason. We
caution that this has to be taken into account when esti-
mating the [C ii] intensity from the IRAC 8µm intensity at
low surface brightness.

The [C ii] intensity is tightly correlated with the inten-
sity in the PACS 70µm band (Fig. 3a), the FIR intensity
(Fig. 3b), and with the intensity in the IRAC 8µm band
(Fig. 3c). The FIR intensity is also tightly correlated with
the intensity in the IRAC 8µm band (Fig. 3d). The Pear-
son correlation coefficients (⇢) in panels a to d are about
0.9, while the scatter around the correlations is of the order
0.1-0.2 dex. Most important to note is that the correlation
of the [C ii] intensity with each of the 70µm, FIR (in the
high-intensity regime), and 8µm intensity is not linear, but
scales with those intensities to a power of less than unity.
The FIR-8µm correlation deviates only slightly from linear-
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Fig. 5. Comparison of the correlations in Orion A and B: a) [C ii]-70µm, b) [C ii]-FIR, c) [C ii]-8µm, d) FIR-8µm. The color scale
in Orion A indicates the distance from ✓1 Ori C.

correlation in Orion A and B. For Orion A, we plot the data
in M42 only (with I[C ii] > 2⇥10

�4
erg s

�1
cm

�2
sr

�1). Data
of Orion B are taken from Pabst et al. (2017) and plotted for
I[C ii] > 3� ' 6 ⇥ 10

�5
erg s

�1
cm

�2
sr

�1. The correlations
we find from the combined data sets, summarized in Table
2, are very similar to those found from the Orion A data
only (cf. Table 1). The Orion A data form a continuation
of the earlier study of [C ii] emission in Orion B, allowing
us to extend the correlations over more than two orders of
magnitude in [C ii] intensity.

While Orion A is a region shaped by the stellar feed-
back from the locally formed massive stars, L1630 in Orion
B is shaped by a chance encounter of a massive star with
a molecular cloud. The O9.5V star � Ori in Orion B is ap-
proaching the cloud and photoevaporating the gas from its
surface (Ochsendorf et al. 2014). On the other hand, the
shell structures that emit most of the [C ii] luminosities in
Orion A are created by the stars in their respective cen-
ters. Regardless of the formation history of the emitting
gas structures, the [C ii] intensity is determined by PDR
physics, as the tight correlations with the FIR and 8µm

intensity, respectively, reveal.

4.2. The [C ii] deficit

Multiple studies of galaxies report that the [C ii]/FIR ratio
drops with increasing FIR luminosity and increasing FIR
color temperature (e.g., Malhotra et al. 2001; Luhman et al.

2003). This is referred to as “[C ii] deficit”. Usually, other
FIR lines are affected, as well (e.g., Herrera-Camus et al.
2018). For the [C ii] 158µm line, in particular, emission may
be suppressed and cooling could come out in, for example,
the [O i] 63µm line (critical density of several 105 cm�3) in
dense PDRs, the photoelectric heating rate depends non-
linearly on the incident FUV radiation field as small dust
grains and PAHs get charged at high radiation field, the
relative contribution from different components of the ISM
to the [C ii] emission varies, and/or the FIR continuum
emission has a large contribution from non-PDR dust. In
(U)LIRGs, the [C ii] deficit has been attributed to the im-
portance of [O i] cooling at high UV fields and densities as
well as the importance of heating sources of dust other than
stellar radiation (e.g., AGN activity Malhotra et al. 2001;
Luhman et al. 2003; Croxall et al. 2012; Pineda et al. 2018;
Rybak et al. 2020b). In more distant high-mass star-forming
regions and in distant galaxies, some of the low [C ii]/FIR
ratios may be explained by [C ii] absorption by foreground
diffuse gas, for example diffuse clouds in the spiral arms
(Gerin et al. 2015). Nearby, well-resolved regions of mas-
sive star formation provide an ideal opportunity to study
some of these effects in detail as any “deficit” can be linked
to the characteristics of the source and the local physical
conditions. The large-scale [C ii] map of the Orion Nebula
complex allows us to address some of the issues that may
influence the [C ii]/FIR ratio.

Figure 1 in Herrera-Camus et al. (2018) illustrates the
[C ii] deficit in a local sample of archetypical galaxies.
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Fig. 5. Comparison of the correlations in Orion A and B: a) [C ii]-70µm, b) [C ii]-FIR, c) [C ii]-8µm, d) FIR-8µm. The color scale
in Orion A indicates the distance from ✓1 Ori C.

(Gerin et al. 2015). Nearby, well-resolved regions of mas-
sive star formation provide an ideal opportunity to study
some of these effects in detail as any “deficit” can be linked
to the characteristics of the source and the local physical
conditions. The large-scale [C ii] map of the Orion Nebula
complex allows us to address some of the issues that may
influence the [C ii]/FIR ratio.

Figure 1 in Herrera-Camus et al. (2018) illustrates the
[C ii] deficit in a local sample of archetypical galaxies.
The authors note that the threshold value in FIR sur-
face luminosity, above which the [C ii]/FIR ratio decreases,
marks galaxies with LFIR/Mgas & 50L�/M�. Values of
LFIR/Mgas ' 50-80L� M

�1
� have been suggested to char-

acterize galaxies with enhanced star formation (e.g., Genzel
et al. 2010). In the Orion Nebula complex, high values of
LFIR/Mgas (computed from the dust SEDs and using stan-
dard dust properties of Weingartner & Draine (2001)) are
found towards OMC1 and close to the central stars of M43
and NGC 1977 (see Fig. 6). In fact, we can express the ratio
as
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where A is the surface area, µ = 1.4 the mean atomic
weight, and B(�, Td)

� 160µm
�

�� is the modified black-
body function (cf. Eq. 1). In a second step, we ap-
proximate the integral over FIR wavelengths by the

infinite integral
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d� ' 4.17 ⇥
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d for � = 2, and obtain
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This is accurate for optically thin dust FIR emission and
10K . Td . 35K. For Td = 40K, the finite integral is
overestimated by 10%, and by 25% for Td = 50K. Below
Td = 10K, the dust blackbody emission rapidly shifts to-
wards millimeter wavelengths and the infinite integral is not
a good approximation for the FIR emission either5.

Expressed in this way, the ratio LFIR/Mgas is indepen-
dent of the gas column and depends solely on the effective

dust temperature. Naturally, the effective dust temperature
in Orion A is highest towards the ionized gas, that is close
to the central heating source. We show a map of the dust
temperature in Paper II. In our SED fits, the molecular
ridge with the BN/KL region and Orion S is excluded (for
detailed SED fitting of this region, see Chuss et al. 2019).
LFIR/Mgas assumes peak values of 80L� M

�1
� in M42,

5 If the FIR intensity includes the wavelength range
500-1000µm, the infinite integral is accurate down to Td ⇠ 5K.
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Fig. 2. Various gas and dust tracers with [C ii] line-integrated intensity (vLSR = �10-20 km s
�1) in contours (from white to black:

1.5, 3.5, 7.0, 10.5, 14.0, 20.0, 30.0, 40.0, 50.0, 60.0⇥ 10
�4

erg s
�1

cm
�2

sr
�1): a) FIR intensity, b) IRAC 8µm intensity, c) IRAM 30m

CO(2-1) intensity, d) dust optical depth ⌧160, e) DSS H↵ intensity, f) [C ii]/FIR ratio. All images are convolved to the resolution
of the FIR intensity image (3600). Note that the DSS H↵ image (panel e) is saturated at IH↵ ' 250MJy sr

�1.

ity. At low FIR intensity, the [C ii] intensity and the 8µm

intensity are largely independent of the FIR intensity.
The [C ii]-CO(2-1) correlations are more complex and

require a more thorough analysis, which we will return to
and follow up in Paper II. The [C ii]-low-J CO relation-
ship, either as absolute intensities or normalized to the
FIR intensity, is frequently used to infer physical conditions
in Galactic and extragalactic star-forming regions (Wolfire
et al. 1989; Stacey et al. 1991; Herrmann et al. 1997), which
is why we include it here. Collectively, the [C ii]-CO(2-1)
correlations in Orion A (Figs. 3e and f) do not follow a
simple power-law trend.

To estimate the FUV radiation field, we discuss briefly
the FIR intensity as function of the distance from the mas-
sive stars3. Figure 4 shows the dependence of the FIR in-
tensity on distance from the central star ✓

1 Ori C in M42.
We find a decline of the FIR intensity in accordance with
geometric dilution, that is decreasing with the distance
squared. The FIR intensity scales directly with the incident
FUV radiation field, given as G0 in units of the Habing
field, typically G0 ' IFIR/2/1.3 ⇥ 10

�4
erg s

�1
cm

�2
sr

�1,
where the factor 1/2 accounts for the absorption of visible
3 We assume a distance of 414 pc to the Orion Nebula (Menten
et al. 2007) to be consistent with Pabst et al. (2019, 2020). More
recent observations suggest a slightly lower value (Kounkel et al.
2017; Großschedl et al. 2018).

photons by dust (Hollenbach & Tielens 1999). However,
geometry and line-of-sight effects are important, most of
the sight lines being towards limb-brightened cloud edges.
The true FUV field may be found by the lower intensi-
ties in the correlation of Fig. 4, as those correspond to
the face-on background cloud and are not affected by limb
brightening. This yields G0 ' 500 at a distance of 1 pc.
Also following the prescription of Meixner et al. (1992),
G0 ' LFIR/(4⇡S)/2/1.3⇥ 10

�4
erg s

�1
cm

�2
sr

�1, where S

is the surface that is exposed to the FUV radiation field,
we obtain G0 ' 500 at a distance of 1 pc from the FIR lu-
minosity of the edge-on eastern shell4. From the total FIR
luminosity of M42, 1.5⇥ 10

5
L� excluding the BN/KL and

Orion S region, we estimate G0 ' 1500 at a distance of 1 pc.
While, in principle, the incident radiation field can be esti-
mated from the stellar luminosity and the (true) distance
from the illuminating source, oftentimes only the projected
distance is known. In the case of the Orion Nebula, the de-
tailed geometry of the irradiated gas and dust is complex
and also the incident angle of the FUV radiation field with
respect to the surface normal has to be taken into account
4 We sum over an area of 30 ⇥ 3

0 in the limb-brightened eastern
edge, obtaining LFIR ' 1.8 ⇥ 10

3 L�. At a distance of 414 pc,
3
0 ' 0.36 pc. The column exposed to the FUV radiation field

has an approximate length of r/2 ' 1.3 pc, where r ' 2.5 pc is
the radius of the shell structure. Hence, S ' 0.36 pc⇥ 1.3 pc.
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Fig. 5. Comparison of the correlations in Orion A and B: a) [C ii]-70µm, b) [C ii]-FIR, c) [C ii]-8µm, d) FIR-8µm. The color scale
in Orion A indicates the distance from ✓1 Ori C.

correlation in Orion A and B. For Orion A, we plot the data
in M42 only (with I[C ii] > 2⇥10

�4
erg s

�1
cm

�2
sr

�1). Data
of Orion B are taken from Pabst et al. (2017) and plotted for
I[C ii] > 3� ' 6 ⇥ 10

�5
erg s

�1
cm

�2
sr

�1. The correlations
we find from the combined data sets, summarized in Table
2, are very similar to those found from the Orion A data
only (cf. Table 1). The Orion A data form a continuation
of the earlier study of [C ii] emission in Orion B, allowing
us to extend the correlations over more than two orders of
magnitude in [C ii] intensity.

While Orion A is a region shaped by the stellar feed-
back from the locally formed massive stars, L1630 in Orion
B is shaped by a chance encounter of a massive star with
a molecular cloud. The O9.5V star � Ori in Orion B is ap-
proaching the cloud and photoevaporating the gas from its
surface (Ochsendorf et al. 2014). On the other hand, the
shell structures that emit most of the [C ii] luminosities in
Orion A are created by the stars in their respective cen-
ters. Regardless of the formation history of the emitting
gas structures, the [C ii] intensity is determined by PDR
physics, as the tight correlations with the FIR and 8µm

intensity, respectively, reveal.

4.2. The [C ii] deficit

Multiple studies of galaxies report that the [C ii]/FIR ratio
drops with increasing FIR luminosity and increasing FIR
color temperature (e.g., Malhotra et al. 2001; Luhman et al.

2003). This is referred to as “[C ii] deficit”. Usually, other
FIR lines are affected, as well (e.g., Herrera-Camus et al.
2018). For the [C ii] 158µm line, in particular, emission may
be suppressed and cooling could come out in, for example,
the [O i] 63µm line (critical density of several 105 cm�3) in
dense PDRs, the photoelectric heating rate depends non-
linearly on the incident FUV radiation field as small dust
grains and PAHs get charged at high radiation field, the
relative contribution from different components of the ISM
to the [C ii] emission varies, and/or the FIR continuum
emission has a large contribution from non-PDR dust. In
(U)LIRGs, the [C ii] deficit has been attributed to the im-
portance of [O i] cooling at high UV fields and densities as
well as the importance of heating sources of dust other than
stellar radiation (e.g., AGN activity Malhotra et al. 2001;
Luhman et al. 2003; Croxall et al. 2012; Pineda et al. 2018;
Rybak et al. 2020b). In more distant high-mass star-forming
regions and in distant galaxies, some of the low [C ii]/FIR
ratios may be explained by [C ii] absorption by foreground
diffuse gas, for example diffuse clouds in the spiral arms
(Gerin et al. 2015). Nearby, well-resolved regions of mas-
sive star formation provide an ideal opportunity to study
some of these effects in detail as any “deficit” can be linked
to the characteristics of the source and the local physical
conditions. The large-scale [C ii] map of the Orion Nebula
complex allows us to address some of the issues that may
influence the [C ii]/FIR ratio.

Figure 1 in Herrera-Camus et al. (2018) illustrates the
[C ii] deficit in a local sample of archetypical galaxies.
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Fig. 5. Comparison of the correlations in Orion A and B: a) [C ii]-70µm, b) [C ii]-FIR, c) [C ii]-8µm, d) FIR-8µm. The color scale
in Orion A indicates the distance from ✓1 Ori C.

(Gerin et al. 2015). Nearby, well-resolved regions of mas-
sive star formation provide an ideal opportunity to study
some of these effects in detail as any “deficit” can be linked
to the characteristics of the source and the local physical
conditions. The large-scale [C ii] map of the Orion Nebula
complex allows us to address some of the issues that may
influence the [C ii]/FIR ratio.

Figure 1 in Herrera-Camus et al. (2018) illustrates the
[C ii] deficit in a local sample of archetypical galaxies.
The authors note that the threshold value in FIR sur-
face luminosity, above which the [C ii]/FIR ratio decreases,
marks galaxies with LFIR/Mgas & 50L�/M�. Values of
LFIR/Mgas ' 50-80L� M

�1
� have been suggested to char-

acterize galaxies with enhanced star formation (e.g., Genzel
et al. 2010). In the Orion Nebula complex, high values of
LFIR/Mgas (computed from the dust SEDs and using stan-
dard dust properties of Weingartner & Draine (2001)) are
found towards OMC1 and close to the central stars of M43
and NGC 1977 (see Fig. 6). In fact, we can express the ratio
as
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where A is the surface area, µ = 1.4 the mean atomic
weight, and B(�, Td)

� 160µm
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�� is the modified black-
body function (cf. Eq. 1). In a second step, we ap-
proximate the integral over FIR wavelengths by the
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This is accurate for optically thin dust FIR emission and
10K . Td . 35K. For Td = 40K, the finite integral is
overestimated by 10%, and by 25% for Td = 50K. Below
Td = 10K, the dust blackbody emission rapidly shifts to-
wards millimeter wavelengths and the infinite integral is not
a good approximation for the FIR emission either5.

Expressed in this way, the ratio LFIR/Mgas is indepen-
dent of the gas column and depends solely on the effective

dust temperature. Naturally, the effective dust temperature
in Orion A is highest towards the ionized gas, that is close
to the central heating source. We show a map of the dust
temperature in Paper II. In our SED fits, the molecular
ridge with the BN/KL region and Orion S is excluded (for
detailed SED fitting of this region, see Chuss et al. 2019).
LFIR/Mgas assumes peak values of 80L� M

�1
� in M42,

5 If the FIR intensity includes the wavelength range
500-1000µm, the infinite integral is accurate down to Td ⇠ 5K.
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Fig. 2. Various gas and dust tracers with [C ii] line-integrated intensity (vLSR = �10-20 km s
�1) in contours (from white to black:
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�1): a) FIR intensity, b) IRAC 8µm intensity, c) IRAM 30m

CO(2-1) intensity, d) dust optical depth ⌧160, e) DSS H↵ intensity, f) [C ii]/FIR ratio. All images are convolved to the resolution
of the FIR intensity image (3600). Note that the DSS H↵ image (panel e) is saturated at IH↵ ' 250MJy sr

�1.

ity. At low FIR intensity, the [C ii] intensity and the 8µm

intensity are largely independent of the FIR intensity.
The [C ii]-CO(2-1) correlations are more complex and

require a more thorough analysis, which we will return to
and follow up in Paper II. The [C ii]-low-J CO relation-
ship, either as absolute intensities or normalized to the
FIR intensity, is frequently used to infer physical conditions
in Galactic and extragalactic star-forming regions (Wolfire
et al. 1989; Stacey et al. 1991; Herrmann et al. 1997), which
is why we include it here. Collectively, the [C ii]-CO(2-1)
correlations in Orion A (Figs. 3e and f) do not follow a
simple power-law trend.

To estimate the FUV radiation field, we discuss briefly
the FIR intensity as function of the distance from the mas-
sive stars3. Figure 4 shows the dependence of the FIR in-
tensity on distance from the central star ✓

1 Ori C in M42.
We find a decline of the FIR intensity in accordance with
geometric dilution, that is decreasing with the distance
squared. The FIR intensity scales directly with the incident
FUV radiation field, given as G0 in units of the Habing
field, typically G0 ' IFIR/2/1.3 ⇥ 10

�4
erg s

�1
cm

�2
sr

�1,
where the factor 1/2 accounts for the absorption of visible
3 We assume a distance of 414 pc to the Orion Nebula (Menten
et al. 2007) to be consistent with Pabst et al. (2019, 2020). More
recent observations suggest a slightly lower value (Kounkel et al.
2017; Großschedl et al. 2018).

photons by dust (Hollenbach & Tielens 1999). However,
geometry and line-of-sight effects are important, most of
the sight lines being towards limb-brightened cloud edges.
The true FUV field may be found by the lower intensi-
ties in the correlation of Fig. 4, as those correspond to
the face-on background cloud and are not affected by limb
brightening. This yields G0 ' 500 at a distance of 1 pc.
Also following the prescription of Meixner et al. (1992),
G0 ' LFIR/(4⇡S)/2/1.3⇥ 10

�4
erg s

�1
cm

�2
sr

�1, where S

is the surface that is exposed to the FUV radiation field,
we obtain G0 ' 500 at a distance of 1 pc from the FIR lu-
minosity of the edge-on eastern shell4. From the total FIR
luminosity of M42, 1.5⇥ 10

5
L� excluding the BN/KL and

Orion S region, we estimate G0 ' 1500 at a distance of 1 pc.
While, in principle, the incident radiation field can be esti-
mated from the stellar luminosity and the (true) distance
from the illuminating source, oftentimes only the projected
distance is known. In the case of the Orion Nebula, the de-
tailed geometry of the irradiated gas and dust is complex
and also the incident angle of the FUV radiation field with
respect to the surface normal has to be taken into account
4 We sum over an area of 30 ⇥ 3

0 in the limb-brightened eastern
edge, obtaining LFIR ' 1.8 ⇥ 10

3 L�. At a distance of 414 pc,
3
0 ' 0.36 pc. The column exposed to the FUV radiation field

has an approximate length of r/2 ' 1.3 pc, where r ' 2.5 pc is
the radius of the shell structure. Hence, S ' 0.36 pc⇥ 1.3 pc.
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Fig. 1. Composite image of the ⇠5 deg2

area mapped in Orion B. Red color
represents the PACS 70 µm emission
tracing FUV-illuminated extended warm
dust. Green color represents the cloud
depth in magnitudes of visual extinction,
AV /N(H2). Blue color represents the
HCN J = 1�0 line intensity. We note that
outside the main filaments most of the
HCN J = 1�0 emission is at AV < 4 mag.

Table 1. Spectroscopic parameters of the lines studied in this work (from Endres et al. 2016, and references therein), critical densities for collisions
with p-H2 and electrons at 20 K (if LTE prevails, 99.82% of H2 is in para form), and critical fractional abundance of electrons (see text).

Species Transition Frequency Eu/kB Aul n
H2
cr,u (Tk = 20 K) n

e

cr,u (Tk = 20 K) �⇤cr,e Ref. collisional rates
(GHz) (K) (s�1) (cm�3) (cm�3) para-H2, e�

HCN J = 1–0 88.63185 4.25 2.41⇥ 10�5 2.7⇥ 105 3.2 1.2⇥ 10�5 a,b
HCN J = 2–1 177.26122 12.76 2.31⇥ 10�4 2.3⇥ 106 38 1.7⇥ 10�5

HCN J = 3–2 265.88650 25.52 8.36⇥ 10�4 5.8⇥ 106 168 2.9⇥ 10�5

HCN J = 4–3 354.50548 42.53 2.05⇥ 10�3 1.6⇥ 107 485 3.0⇥ 10�5

HNC J = 1–0 90.66357 4.35 2.69⇥ 10�5 7.0⇥ 104 3.6 5.2⇥ 10�5 a,b
HNC J = 3–2 271.98114 26.11 9.34⇥ 10�4 2.2⇥ 106 191 8.6⇥ 10�5

HCO+ J = 1–0 89.18852 4.28 4.19⇥ 10�5 4.5⇥ 104 2.0 4.4⇥ 10�5 c,d
HCO+ J = 2–1 178.37506 12.84 4.02⇥ 10�4 4.0⇥ 105 21 5.3⇥ 10�5

HCO+ J = 3–2 267.55763 25.68 1.45⇥ 10�3 1.5⇥ 106 84 5.8⇥ 10�5

HCO+ J = 4–3 356.73422 42.80 3.57⇥ 10�3 3.1⇥ 106 223 7.1⇥ 10�5

CO J = 1–0 115.27120 5.53 7.20⇥ 10�8 5.7⇥ 102 ... ... e

C0 3
P1-3

P0 492.16065 23.62 7.88⇥ 10�8 5.5⇥ 102 410 7.0⇥ 10�1 f,g

Notes. We define the critical density as the H2 (or e
�) density at which Aul equals the sum of all upward and downward collisional rates from the

upper level. That is, ncr = Aul/
P

i,u �ui. For collisions with electrons, we consider only dipole-allowed transitions. We define the critical fractional
abundance of electrons as �⇤cr,e = n

e

cr/n
H2
cr .

References. (a) Hernández Vera et al. (2017); (b) Faure et al. (2007b); (c) Denis-Alpizar et al. (2020); (d) Faure et al. (2007a, 2009); (e) Yang et al.
(2010); (f) Schroder et al. (1991); (g) Johnson et al. (1987).

�e & 10�5 and n(H2) . 105 cm�3 (Dickinson et al. 1977; Liszt
2012; Goldsmith & Kauffmann 2017; Goicoechea et al. 2022).
Table 1 lists the frequency, upper level energy, ncr, and critical
fractional abundance �⇤cr(e�) of the lines relevant to this work.

Galactic and extragalactic studies typically overlook the
role of electron excitation (e.g., Yamada et al. 2007; Behrens
et al. 2022). However, the ionization fraction in the interstel-
lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).
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Fig. 1. Composite image of the ⇠5 deg2

area mapped in Orion B. Red color
represents the PACS 70 µm emission
tracing FUV-illuminated extended warm
dust. Green color represents the cloud
depth in magnitudes of visual extinction,
AV /N(H2). Blue color represents the
HCN J = 1�0 line intensity. We note that
outside the main filaments most of the
HCN J = 1�0 emission is at AV < 4 mag.

Table 1. Spectroscopic parameters of the lines studied in this work (from Endres et al. 2016, and references therein), critical densities for collisions
with p-H2 and electrons at 20 K (if LTE prevails, 99.82% of H2 is in para form), and critical fractional abundance of electrons (see text).

Species Transition Frequency Eu/kB Aul n
H2
cr,u (Tk = 20 K) n

e

cr,u (Tk = 20 K) �⇤cr,e Ref. collisional rates
(GHz) (K) (s�1) (cm�3) (cm�3) para-H2, e�

HCN J = 1–0 88.63185 4.25 2.41⇥ 10�5 2.7⇥ 105 3.2 1.2⇥ 10�5 a,b
HCN J = 2–1 177.26122 12.76 2.31⇥ 10�4 2.3⇥ 106 38 1.7⇥ 10�5

HCN J = 3–2 265.88650 25.52 8.36⇥ 10�4 5.8⇥ 106 168 2.9⇥ 10�5

HCN J = 4–3 354.50548 42.53 2.05⇥ 10�3 1.6⇥ 107 485 3.0⇥ 10�5

HNC J = 1–0 90.66357 4.35 2.69⇥ 10�5 7.0⇥ 104 3.6 5.2⇥ 10�5 a,b
HNC J = 3–2 271.98114 26.11 9.34⇥ 10�4 2.2⇥ 106 191 8.6⇥ 10�5

HCO+ J = 1–0 89.18852 4.28 4.19⇥ 10�5 4.5⇥ 104 2.0 4.4⇥ 10�5 c,d
HCO+ J = 2–1 178.37506 12.84 4.02⇥ 10�4 4.0⇥ 105 21 5.3⇥ 10�5

HCO+ J = 3–2 267.55763 25.68 1.45⇥ 10�3 1.5⇥ 106 84 5.8⇥ 10�5

HCO+ J = 4–3 356.73422 42.80 3.57⇥ 10�3 3.1⇥ 106 223 7.1⇥ 10�5

CO J = 1–0 115.27120 5.53 7.20⇥ 10�8 5.7⇥ 102 ... ... e

C0 3
P1-3

P0 492.16065 23.62 7.88⇥ 10�8 5.5⇥ 102 410 7.0⇥ 10�1 f,g

Notes. We define the critical density as the H2 (or e
�) density at which Aul equals the sum of all upward and downward collisional rates from the

upper level. That is, ncr = Aul/
P

i,u �ui. For collisions with electrons, we consider only dipole-allowed transitions. We define the critical fractional
abundance of electrons as �⇤cr,e = n

e

cr/n
H2
cr .

References. (a) Hernández Vera et al. (2017); (b) Faure et al. (2007b); (c) Denis-Alpizar et al. (2020); (d) Faure et al. (2007a, 2009); (e) Yang et al.
(2010); (f) Schroder et al. (1991); (g) Johnson et al. (1987).

�e & 10�5 and n(H2) . 105 cm�3 (Dickinson et al. 1977; Liszt
2012; Goldsmith & Kauffmann 2017; Goicoechea et al. 2022).
Table 1 lists the frequency, upper level energy, ncr, and critical
fractional abundance �⇤cr(e�) of the lines relevant to this work.

Galactic and extragalactic studies typically overlook the
role of electron excitation (e.g., Yamada et al. 2007; Behrens
et al. 2022). However, the ionization fraction in the interstel-
lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).

Here we carry out a detailed analysis of the extended
HCN J = 1–0 line emission, and that of related molecules,
obtained in the framework of the large program Outstanding
Radio-Imaging of Orion B (ORION-B) over 5 deg2 (see Fig. 1
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fractional abundance �⇤cr(e�) of the lines relevant to this work.

Galactic and extragalactic studies typically overlook the
role of electron excitation (e.g., Yamada et al. 2007; Behrens
et al. 2022). However, the ionization fraction in the interstel-
lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).

Here we carry out a detailed analysis of the extended
HCN J = 1–0 line emission, and that of related molecules,
obtained in the framework of the large program Outstanding
Radio-Imaging of Orion B (ORION-B) over 5 deg2 (see Fig. 1
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lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).
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Fig. 2. Maps of Orion B in different tracers. (a) Visual extinction AV, (b) Approximate FUV field, G
0
0 (see text), (d) 12CO J = 1–0 peak temperature

(in K). (c) and (e) to (h) 12CO, HCO+, HCN, HNC J = 1–0, and [C I] 492 GHz (from Ikeda et al. 2002) integrated line intensity maps (in K km s�1)
spatially smoothed to an angular resolution of ⇠20. Dashed black boxes mark the Cloak, Orion B9, Hummingbird, and Flame filament. Circles
mark the extension of the H II regions in NGC 2024, NGC 2023, IC 434, IC 435, and around the star Alnitak. The HH dot marks the position of
the Horsehead PDR, the projection center of the maps.

0.9 mm) in combination with the FTS backend (195 kHz spectral
resolution). The HPBW varies as ⇡2460/Freq[GHz]3. For the E1,
E2, and E3 bands, the HPBW is ⇠1400, ⇠900, and ⇠700, respec-
tively. We carried out dualband observations combining the E1
and E3 bands, during December 2021 and 2022, under excellent

3 See https://publicwiki.iram.es/Iram30mEfficiencies

winter conditions (⇠1–4 mm of precipitable water vapor, pwv).
We obtained the E2 band observations during three different ses-
sions: (i) December 2021: pwv<4 mm (positions #1, #2, #4, #10,
and #11), (ii) March 2022: pwv>6 mm (#3 and #7), (iii) May
2022: pwv⇠ 5 mm ( #6, #8, #12, #13, and #14).

In order to compare line intensities at roughly the same
3000 resolution, we averaged small raster maps centered around
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Fig. 16. 2D histograms. (a) Visual extinction AV as a function of the HCN/CO J = 1–0 integrated intensity ratio (from maps at 12000 resolu-
tion). Dashed red, yellow, green, and blue horizontal lines are the visual extinction values 1, 4, 8, and 15 mag, respectively. Above each line, we
show the percentage of the total HCN J = 1–0 luminosity that comes from the different AV ranges. (b), (c), and (d) 2D histogram of the observed
[C I] 492 GHz/CO J = 1�0 line intensity ratio (in units of K km s�1) as function of the observed HCN/CO J = 1–0 line ratio for all AV, for AV < 3 mag,
and for AV > 3 mag. The dashed black curve shows the running median. Error bars show the standard deviation in the x-axis.

star-forming cores that become resonantly scattered by halos
of low density gas. This seems to be the case, albeit at much
smaller spatial scales, in dense cores inside cold dark clouds
shielded from stellar FUV radiation (e.g., Langer et al. 1978;
Walmsley et al. 1982; Cernicharo et al. 1984b; Gonzalez-Alfonso
& Cernicharo 1993).

The above two scenarios lead to different HCN J = 1–0 HFS
line intensity ratios (see predictions by Goicoechea et al. 2022),
which can be tested on the basis of HFS resolved observations
of the extended gas emission in GMCs. In particular, if the
observed HCN J = 1–0 HFS photons arise from dense gas and
become resonantly scattered by interacting with a low density
halo, then both the R02 and R12 HFS line intensity ratios should
be very anomalous. That is, R02 < 0.2 and R12 < 0.6. On the other
hand, if the HCN J = 1–0 emission intrinsically arises from low
density gas, far from dense cores, models predict that weak colli-
sional excitation drives the HFS intensity ratios to R02& 0.2 and
R12 . 0.6.

Figure 8a shows that the most common HCN J = 1–0 HFS
line intensity ratios in Orion B are R02 & 0.2 and R12 < 0.6
(Fig. 7). Hence, the very anomalous ratios predicted by the
scattering halo scenario are rarely encountered at large scales.
Therefore, we conclude that the extended HCN J = 1–0 emission
in Orion B is weakly collisionally excited, and it mostly arises
from low density gas. In particular, we determined n(H2) of sev-
eral 103 cm�3 to 104 cm�3 (see Sect. 4.3). This result contrasts
with the prevailing view of HCN J = 1–0 emission as a tracer
of dense gas (e.g., Gao & Solomon 2004a,b; Rosolowsky et al.
2011; Jiménez-Donaire et al. 2017, 2019; Sánchez-García et al.
2022; Rybak et al. 2022).

6.2. Bimodal behavior of the HCN/CO J = 1–0 line intensity
ratio as a function of AV

Extragalactic studies frequently interpret the HCN/CO J = 1–0
line luminosity ratio as a tracer of the dense gas frac-
tion (e.g., Lada 1992; Gao & Solomon 2004b,a; Usero
et al. 2015; Gallagher et al. 2018; Jiménez-Donaire et al.
2019; Neumann et al. 2023). This interpretation assumes that
CO J = 1–0 line emission is a tracer of the bulk molecular
gas, whereas HCN J = 1–0 traces dense gas in star-forming
cores (at high AV). Normal galaxies have low luminosity ratios
LHCN/LCO = 0.02–0.06 while luminous and ultraluminous galax-
ies have LHCN/LCO > 0.06. By contrast, Helfer & Blitz (1997)
argue that the HCN/CO intensity ratio could measure the total
hydrostatic gas pressure.

Figure 16a shows a 2D histogram of the HCN/CO J =1–0
line intensity ratios in Orion B as a function of AV. The 2D
histogram shows a bimodal behavior. There is a first branch
at AV > 3 mag where W(HCN)/W(CO) J =1–0 increases with
extinction (the assumed behavior in extragalactic studies). The
running median W(HCN)/W(CO) J =1–0 ratio increases from
& 0.02 (at AV ' 8 mag) to ⇠0.1 (dense cores at larger AV).
In addition, there is a second branch at AV < 3 mag where
W(HCN)/W(CO) J =1–0 increases with decreasing extinction.
This is somehow unexpected, because the running median inten-
sity ratio reaches high values, & 0.1, in diffuse gas at AV ' 1 mag.

Figure 6a shows the spatial distribution of the
HCN/CO J = 1–0 intensity ratios in Orion B. The ratio is
indeed high toward the dense gas in filaments and cores. In addi-
tion, W(HCN)/W(CO) J = 1–0 also increases toward the east
rim of the cloud that borders the ionization front IC 434. Owing
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Appendix A: Additional table and figure

Fig. A.1. Carbon recombination lines between 80 GHz and 116 GHz detected with the IRAM 30 m telescope toward the Orion Bar (DF position).
The dashed lines indicate the LSR velocity (10.7 km s�1) of the molecular gas in the PDR. The red and green curves show Gaussian fits to the
Cn↵ and Hen↵ lines, respectively. We use these fits to determine the contribution of He recombination line wings to the emission observed in the
velocity range of the Cn� and Cn� lines. We note the di↵erent abscissa and ordinate axis scales.

Table A.1. Line spectroscopic parameters obtained from Gaussian fits to the observed mmCRLs (see Sect. 2).

Line Frequency
Z

TMB dv (a),(b) vLSR
(b) �v (b)

TMB
(a)

S/N (c) HPBW (d)

(MHz) (mK km s�1) (km s�1) (km s�1) (mK) (arcsec)

C42↵ 85731.14 226.8 (10.5) 10.6 (0.1) 2.6 (0.1) 83.1 21 28.7
C41↵ 92080.35 248.9 (14.2) 10.8 (0.1) 2.7 (0.1) 85.6 17 26.7
C40↵ 99072.36 172.6 (7.2) 10.7 (0.1) 2.5 (0.1) 63.6 23 24.8
C39↵ 106790.61 190.9 (13.3) 10.7 (0.1) 2.9 (0.2) 53.5 12 23.0
C38↵ 115331.91 163.9 (19.6) 10.9 (0.2) 2.4 (0.3) 65.4 5 21.3
C52� 88449.80 53.8 (9.4) 10.7 (0.2) 2.9 (0.5) 24.5 6 27.8
C51� 93654.02 55.2 (8.3) 10.5 (0.2) 2.9 (0.6) 24.8 6 26.3
C50� 99274.72 47.7 (6.0) 10.7 (0.1) 2.7 (0.3) 23.6 8 24.8
C49� 105354.40 42.4 (8.5) 10.6 (0.2) 2.6 (0.5) 21.5 4 23.3
C48� 111940.89 36.9 (11.0) 10.6 (0.2) 2.3 (0.6) 21.8 4 22.0
C60� 84956.76 27.8 (8.2) 10.5 (0.2) 1.7 (0.5) 22.3 5 29.0
C59� 89243.05 35.1 (8.3) 10.9 (0.3) 3.0 (0.6) 15.4 4 27.6

Notes. (a)Intensities in main beam temperature (in units of mK). (b)Parentheses indicate the uncertainty obtained by the Gaussian fitting routine.
(c)Signal-to-noise ratio with respect to the peak line temperature in velocity resolution channels of 0.7 km s�1. (d)The half power beam width
(HPBW) of the IRAM 30 m telescope is well described by HPBW[arcsec] ⇡ 2460/Frequency[GHz].
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Fig. A.1. Carbon recombination lines between 80 GHz and 116 GHz detected with the IRAM 30 m telescope toward the Orion Bar (DF position).
The dashed lines indicate the LSR velocity (10.7 km s�1) of the molecular gas in the PDR. The red and green curves show Gaussian fits to the
Cn↵ and Hen↵ lines, respectively. We use these fits to determine the contribution of He recombination line wings to the emission observed in the
velocity range of the Cn� and Cn� lines. We note the di↵erent abscissa and ordinate axis scales.

Table A.1. Line spectroscopic parameters obtained from Gaussian fits to the observed mmCRLs (see Sect. 2).

Line Frequency
Z

TMB dv (a),(b) vLSR
(b) �v (b)

TMB
(a)

S/N (c) HPBW (d)

(MHz) (mK km s�1) (km s�1) (km s�1) (mK) (arcsec)

C42↵ 85731.14 226.8 (10.5) 10.6 (0.1) 2.6 (0.1) 83.1 21 28.7
C41↵ 92080.35 248.9 (14.2) 10.8 (0.1) 2.7 (0.1) 85.6 17 26.7
C40↵ 99072.36 172.6 (7.2) 10.7 (0.1) 2.5 (0.1) 63.6 23 24.8
C39↵ 106790.61 190.9 (13.3) 10.7 (0.1) 2.9 (0.2) 53.5 12 23.0
C38↵ 115331.91 163.9 (19.6) 10.9 (0.2) 2.4 (0.3) 65.4 5 21.3
C52� 88449.80 53.8 (9.4) 10.7 (0.2) 2.9 (0.5) 24.5 6 27.8
C51� 93654.02 55.2 (8.3) 10.5 (0.2) 2.9 (0.6) 24.8 6 26.3
C50� 99274.72 47.7 (6.0) 10.7 (0.1) 2.7 (0.3) 23.6 8 24.8
C49� 105354.40 42.4 (8.5) 10.6 (0.2) 2.6 (0.5) 21.5 4 23.3
C48� 111940.89 36.9 (11.0) 10.6 (0.2) 2.3 (0.6) 21.8 4 22.0
C60� 84956.76 27.8 (8.2) 10.5 (0.2) 1.7 (0.5) 22.3 5 29.0
C59� 89243.05 35.1 (8.3) 10.9 (0.3) 3.0 (0.6) 15.4 4 27.6

Notes. (a)Intensities in main beam temperature (in units of mK). (b)Parentheses indicate the uncertainty obtained by the Gaussian fitting routine.
(c)Signal-to-noise ratio with respect to the peak line temperature in velocity resolution channels of 0.7 km s�1. (d)The half power beam width
(HPBW) of the IRAM 30 m telescope is well described by HPBW[arcsec] ⇡ 2460/Frequency[GHz].
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Fig. A.1. Carbon recombination lines between 80 GHz and 116 GHz detected with the IRAM 30 m telescope toward the Orion Bar (DF position).
The dashed lines indicate the LSR velocity (10.7 km s�1) of the molecular gas in the PDR. The red and green curves show Gaussian fits to the
Cn↵ and Hen↵ lines, respectively. We use these fits to determine the contribution of He recombination line wings to the emission observed in the
velocity range of the Cn� and Cn� lines. We note the di↵erent abscissa and ordinate axis scales.

Table A.1. Line spectroscopic parameters obtained from Gaussian fits to the observed mmCRLs (see Sect. 2).

Line Frequency
Z

TMB dv (a),(b) vLSR
(b) �v (b)

TMB
(a)

S/N (c) HPBW (d)

(MHz) (mK km s�1) (km s�1) (km s�1) (mK) (arcsec)

C42↵ 85731.14 226.8 (10.5) 10.6 (0.1) 2.6 (0.1) 83.1 21 28.7
C41↵ 92080.35 248.9 (14.2) 10.8 (0.1) 2.7 (0.1) 85.6 17 26.7
C40↵ 99072.36 172.6 (7.2) 10.7 (0.1) 2.5 (0.1) 63.6 23 24.8
C39↵ 106790.61 190.9 (13.3) 10.7 (0.1) 2.9 (0.2) 53.5 12 23.0
C38↵ 115331.91 163.9 (19.6) 10.9 (0.2) 2.4 (0.3) 65.4 5 21.3
C52� 88449.80 53.8 (9.4) 10.7 (0.2) 2.9 (0.5) 24.5 6 27.8
C51� 93654.02 55.2 (8.3) 10.5 (0.2) 2.9 (0.6) 24.8 6 26.3
C50� 99274.72 47.7 (6.0) 10.7 (0.1) 2.7 (0.3) 23.6 8 24.8
C49� 105354.40 42.4 (8.5) 10.6 (0.2) 2.6 (0.5) 21.5 4 23.3
C48� 111940.89 36.9 (11.0) 10.6 (0.2) 2.3 (0.6) 21.8 4 22.0
C60� 84956.76 27.8 (8.2) 10.5 (0.2) 1.7 (0.5) 22.3 5 29.0
C59� 89243.05 35.1 (8.3) 10.9 (0.3) 3.0 (0.6) 15.4 4 27.6

Notes. (a)Intensities in main beam temperature (in units of mK). (b)Parentheses indicate the uncertainty obtained by the Gaussian fitting routine.
(c)Signal-to-noise ratio with respect to the peak line temperature in velocity resolution channels of 0.7 km s�1. (d)The half power beam width
(HPBW) of the IRAM 30 m telescope is well described by HPBW[arcsec] ⇡ 2460/Frequency[GHz].
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Fig. A.1. Carbon recombination lines between 80 GHz and 116 GHz detected with the IRAM 30 m telescope toward the Orion Bar (DF position).
The dashed lines indicate the LSR velocity (10.7 km s�1) of the molecular gas in the PDR. The red and green curves show Gaussian fits to the
Cn↵ and Hen↵ lines, respectively. We use these fits to determine the contribution of He recombination line wings to the emission observed in the
velocity range of the Cn� and Cn� lines. We note the di↵erent abscissa and ordinate axis scales.

Table A.1. Line spectroscopic parameters obtained from Gaussian fits to the observed mmCRLs (see Sect. 2).

Line Frequency
Z

TMB dv (a),(b) vLSR
(b) �v (b)

TMB
(a)

S/N (c) HPBW (d)

(MHz) (mK km s�1) (km s�1) (km s�1) (mK) (arcsec)

C42↵ 85731.14 226.8 (10.5) 10.6 (0.1) 2.6 (0.1) 83.1 21 28.7
C41↵ 92080.35 248.9 (14.2) 10.8 (0.1) 2.7 (0.1) 85.6 17 26.7
C40↵ 99072.36 172.6 (7.2) 10.7 (0.1) 2.5 (0.1) 63.6 23 24.8
C39↵ 106790.61 190.9 (13.3) 10.7 (0.1) 2.9 (0.2) 53.5 12 23.0
C38↵ 115331.91 163.9 (19.6) 10.9 (0.2) 2.4 (0.3) 65.4 5 21.3
C52� 88449.80 53.8 (9.4) 10.7 (0.2) 2.9 (0.5) 24.5 6 27.8
C51� 93654.02 55.2 (8.3) 10.5 (0.2) 2.9 (0.6) 24.8 6 26.3
C50� 99274.72 47.7 (6.0) 10.7 (0.1) 2.7 (0.3) 23.6 8 24.8
C49� 105354.40 42.4 (8.5) 10.6 (0.2) 2.6 (0.5) 21.5 4 23.3
C48� 111940.89 36.9 (11.0) 10.6 (0.2) 2.3 (0.6) 21.8 4 22.0
C60� 84956.76 27.8 (8.2) 10.5 (0.2) 1.7 (0.5) 22.3 5 29.0
C59� 89243.05 35.1 (8.3) 10.9 (0.3) 3.0 (0.6) 15.4 4 27.6

Notes. (a)Intensities in main beam temperature (in units of mK). (b)Parentheses indicate the uncertainty obtained by the Gaussian fitting routine.
(c)Signal-to-noise ratio with respect to the peak line temperature in velocity resolution channels of 0.7 km s�1. (d)The half power beam width
(HPBW) of the IRAM 30 m telescope is well described by HPBW[arcsec] ⇡ 2460/Frequency[GHz].
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and line widths are close to the peak velocities and line
widths of the [C ii] line.

Plotting the peak intensities of the individual hydrogen
transitions in the observed positions reveals that the ionized
gas is in local thermal equilibrium (LTE). This is character-
ized by the intensities being proportional to frequency. The
nearly constant ratios between the different orders of RRLs
suggest that the gas has similar electron temperatures in all
positions. The ionized gas in the Huygens Region, however,
is denser (ne ' 5 ⇥ 103 cm�3 close to ✓1 Ori C O’Dell &
Harris 2010) than the ionized gas in M43 (ne ' 500 cm�3

Simón-Díaz et al. 2011)

Fig. 15. Intensity ratio of Hen↵ over Hn↵ RRLs.

Fig. 15 shows the integrated intensity ratios of the he-
lium RRLs over the hydrogen RRLs. Using IHen↵/IHn↵ =
n(He+)/n(H+) (e.g., Roshi et al. 2017), where we assume
the H and He RRLs coincide spatially, we derive a helium
ionization fraction. The Hen↵/Hn↵ ratio is high in OMC1
(0.070±0.002, 0.0824±0.0009, 0.0826±0.0006, 0.084±0.001
for BAR-INSIDE, BNKL-PDR, TRAP-PDR, and EAST-
PDR, respectively) and significantly lower in the center of
M43 (0.014 ± 0.003). ORI-P1 and ORI-P5 take intermedi-
ate values (0.051± 0.003 and 0.049± 0.006). In ORI-P2 we
do not observe the He lines, meaning a He+/H+ ratio close
to zero.

In OMC1 the ionizing radiation is energetic enough to
ionize helium (IP = 24.6 eV) and to doubly ionize carbon
(IP = 24.4 eV). In M43 there still is some ionized helium,
but only about a quarter of the fraction in OMC1. ORI-P1
and ORI-P5 are still subject to radiation from the Trapez-
ium stars and have a fair amount of ionized helium. The
He RRL in ORI-P2, associated with M43, is too weak to be
detected, but the noise level is consistent with the helium
fraction in ORI-P3.

4.5. Detection of heavy-ion RRLs toward BNKL-PDR and

TRAP-PDR

In the H ii region of OMC1, the Huygens Region, carbon
is doubly ionized and we do not observe the ionized gas
in [C ii] or CRRLs. Toward the positions BNKL-PDR and
TRAP-PDR, the helium RRLs are strongest and, given the

sensitivity of our observations, we can potentially detect ↵
RRLs from C+ and/or O+, that arise in regions where he-
lium is ionized. The first detection of RRLs of C+ and/or
O+ (dubbed X ii) toward OMC1 has been reported recently
by Liu et al. (2023), by matching the theoretical frequencies
with highly sensitive multi-band radio observations. Given
the reported line width (�vFWHM > 10 km s�1) and the
velocity offset between the same C+ and O+ RRL tran-
sitions of ⇠ 3.5 km s�1, it is not possible to distinguish
between the two ions. Using the frequencies Liu et al.
(2023) give for RRLs of C+, we stack the X iin↵ lines
for n = 81, 82, 83, 85, 86, 88, 89, 90 toward BNKL-PDR and
n = 81, 82, 83, 85, 86, 88, 89 toward TRAP-PDR, where we
apply a standing-wave baseline correction and resample to
a velocity resolution of 2.0 km s�1. We exclude spectra that
contain molecular lines and other, earlier identified, RRLs,
or where a standing-wave baseline correction is not possi-
ble. We obtain a rms noise of 1.8 mK toward BNKL-PDR
and 2.4 mK toward TRAP-PDR. Fig. 16 shows the result-
ing stacked X iin↵ line together with the carbon and helium
RRLs (scaled to the intensity of the X iin↵ line) in the ve-
locity frame of the helium RRL for reference.

Fig. 16. Stacked X iin↵ RRLs toward BNKL-PDR (upper
panel) and TRAP-PDR (lower panel) in the velocity frame of
the C+ RRL, together with the carbon and helium RRLs (scaled
to the intensity of the X iin↵ RRL) in the velocity frame of the
helium RRL for reference.

From a Gaussian fit of the X iin↵ RRL, we obtain a
peak temperature of Tmb ' 9.4 ± 0.8mK for BNKL-PDR
and Tmb ' 6.7±0.8mK for TRAP-PDR. The peak velocity
and the line width depend critically on the baseline correc-
tion, especially for TRAP-PDR, where the line is somewhat
weaker and baselines are worse. We tentatively obtain, as-
suming X=C, a peak velocity of vLSR ' �5± 1 km s�1 and
a line width of �vFWHM ' 21 ± 2 km s�1 for BNKL-PDR.
For TRAP-PDR we tentatively report vLSR ' �1±2 km s�1

and �vFWHM ' 27 ± 4 km s�1. If X=O, the peak velocity
is redder by 3.5 km s�1. In the integrated intensity we thus
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Fig. 1. Observed positions (except positions in OMC1) as white circles with a FWHM of 4500 on [12C ii], 12CO(2-1) and
13CO(2-1) maps at 4500. The black rectangle outlines the region of OMC1, shown as a zoom-in in Fig. 2. The red circle outlines
M43. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively, the pink star marks NU Ori, the
purple star marks 42 Orionis.

Fig. 2. Zoom into OMC1. Observed positions in OMC1 as turquois circles with a FWHM of 4500 on [12C ii], [13C ii], 12CO(2-1)
and 13CO(2-1) maps at 4500. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively.

3.1. Velocity structure

In order to obtain line parameters (peak temperature, peak
velocity, line width) we perform Gaussian fits to the ob-
served stacked ↵ RRLs, the [C ii] lines and the 13CO lines.
Results of the Gaussian fits are given in Tables 5 to 10.
Where we fit multiple components, we append a number to
the name of the position. The position BAR-INSIDE
is special in this regard, as the main components of
the ↵ CRRL, [12C ii] and 13CO lines seems to consist
of two close Gaussian components, rather than one.
However, the [13C ii] line is too weak to extract two
components and we opt to use a one-component fit
for the velocity structure and line intensity analysis,

where we need the [13C ii] line. The peak velocity of
the [13C ii] line very nearly matches the peak veloc-
ity of the one-component fit to the [12C ii] line in
BAR-INSIDE, and we assume that the emission is
weighted toward the higher-column density region
of the CO-bright Orion Bar within the beam. Fur-
thermore, Kabanovic et al. (in prep.) observed a velocity
shift between the peaks of the [12C ii] and [13C ii] line in
OMC3, and we follow them in performing a fit taking into
account self-absorption in the [C ii] line in ORI-P6, using
the recipe of Guevara et al. (2020). We give the peak veloc-
ity of the lines relative to the respective rest frequency in
the local-standard-of-rest (LSR) frame. While the statisti-
cal errors (given in the tables) are small, we estimate that
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Fig. 8. Stacked Cn↵ (blended with Hen↵) with respect to the Cn↵ rest frequency and stacked Hn↵ RRLs with respect to the
Hn↵ rest frequency toward the 10 targeted positions.

Table 7. 13CO line fits

source Tmb vLSR �vFWHM

[K] [km s�1] [km s�1]
BAR-INSIDEa 43.0± 0.4 9.7± 0.1 2.6± 0.1
BNKL-PDRb 41.9± 0.3 9.2± 0.1 3.5± 0.1
TRAP-PDR 35.6± 0.2 7.7± 0.1 4.3± 0.1
EAST-PDR-1 1.6± 0.1 6.0± 0.2 2.4± 0.3
EAST-PDR-2 15.2± 0.1 10.3± 0.1 3.0± 0.1
ORI-P1-1 11.7± 0.2 6.0± 0.1 1.7± 0.1
ORI-P1-2 4.9± 0.1 8.3± 0.1 5.7± 0.2
ORI-P2 7.1± 0.1 8.0± 0.1 2.9± 0.1
ORI-P3-1 0.7± 0.2 8.2± 0.9 3.5± 1.1
ORI-P3-2 3.5± 0.5 10.0± 0.1 2.0± 0.2
ORI-P4 8.3± 0.1 10.3± 0.1 1.8± 0.1
ORI-P5 4.9± 0.5 10.5± 0.1 2.4± 0.1
ORI-P6 19.5± 0.3 12.2± 0.1 1.3± 0.1

Notes. (a) BAR-INSIDE can be better fitted by two compo-
nents, similar to those of the [C ii] line. (b) Lorentzian fit, wings
are smaller than in 12CO, but almost Lorentzian.

BNKL-PDR, TRAP-PDR, ORI-P1-2), while others are
similar (e.g., BAR-INSIDE, EAST-PDR-2, and ORI-P6).
In BNKL-PDR, ORI-P1, ORI-P3, and ORI-P5 line param-
eters of the [13C ii] line are very different when using the
F=2-1 component compared to when adding all three hy-
perfine components. Due to the faintness of the two far hy-
perfine satellites (F=1-0 and F=1-1), we opt to fit only the
F=2-1 satellite, apart from BNKL-PDR, where the broad
line wings heavily contaminate the F=2-1 satellite and the

Table 8. Cn↵ RRL line fits

source Tmb vLSR �vFWHM

[mK] [km s�1] [km s�1]
BAR-INSIDE 88± 2 10.6± 0.1 2.8± 0.1
BNKL-PDR 156± 3 9.2± 0.1 3.8± 0.1
TRAP-PDR 126± 3 9.2± 0.1 4.9± 0.2
EAST-PDR-1 16± 2 4.7± 0.2 2.8± 0.3
EAST-PDR-2 82± 2 10.8± 0.1 3.4± 0.1
ORI-P1-1 56± 2 6.5± 0.1 2.7± 0.1
ORI-P1-2 31± 2 9.8± 0.1 2.8± 0.2
ORI-P2 25± 1 8.7± 0.1 3.2± 0.2
ORI-P3 7± 1 8.2± 0.5 7.4± 1.1
ORI-P4 8± 2 10.1± 0.5 5.2± 1.1
ORI-P5 8± 2 11.2± 0.2 2.6± 0.6
ORI-P6 34± 1 11.4± 0.1 1.9± 0.1

Table 9. Hn↵ RRL line fits

source Tmb vLSR �vFWHM

[mK] [km s�1] [km s�1]
BAR-INSIDE 500± 1 �4.2± 0.1 26.4± 0.1
BNKL-PDR 2088± 3 �2.8± 0.1 24.8± 0.1
TRAP-PDR 2692± 3 �2.7± 0.1 26.0± 0.1
EAST-PDR 739± 2 �2.7± 0.1 28.2± 0.1
ORI-P1 201± 1 3.1± 0.1 25.4± 0.1
ORI-P2 40± 1 5.9± 0.2 28.3± 0.3
ORI-P3 211± 1 6.8± 0.1 20.5± 0.1
ORI-P4 10± 1 5.0± 0.8 21.0± 1.8
ORI-P5 113± 1 �3.3± 0.1 25.4± 0.2
ORI-P6 – – –
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Fig. 8. Stacked Cn↵ (blended with Hen↵) with respect to the Cn↵ rest frequency and stacked Hn↵ RRLs with respect to the
Hn↵ rest frequency toward the 10 targeted positions.

Table 7. 13CO line fits

source Tmb vLSR �vFWHM

[K] [km s�1] [km s�1]
BAR-INSIDEa 43.0± 0.4 9.7± 0.1 2.6± 0.1
BNKL-PDRb 41.9± 0.3 9.2± 0.1 3.5± 0.1
TRAP-PDR 35.6± 0.2 7.7± 0.1 4.3± 0.1
EAST-PDR-1 1.6± 0.1 6.0± 0.2 2.4± 0.3
EAST-PDR-2 15.2± 0.1 10.3± 0.1 3.0± 0.1
ORI-P1-1 11.7± 0.2 6.0± 0.1 1.7± 0.1
ORI-P1-2 4.9± 0.1 8.3± 0.1 5.7± 0.2
ORI-P2 7.1± 0.1 8.0± 0.1 2.9± 0.1
ORI-P3-1 0.7± 0.2 8.2± 0.9 3.5± 1.1
ORI-P3-2 3.5± 0.5 10.0± 0.1 2.0± 0.2
ORI-P4 8.3± 0.1 10.3± 0.1 1.8± 0.1
ORI-P5 4.9± 0.5 10.5± 0.1 2.4± 0.1
ORI-P6 19.5± 0.3 12.2± 0.1 1.3± 0.1

Notes. (a) BAR-INSIDE can be better fitted by two compo-
nents, similar to those of the [C ii] line. (b) Lorentzian fit, wings
are smaller than in 12CO, but almost Lorentzian.

BNKL-PDR, TRAP-PDR, ORI-P1-2), while others are
similar (e.g., BAR-INSIDE, EAST-PDR-2, and ORI-P6).
In BNKL-PDR, ORI-P1, ORI-P3, and ORI-P5 line param-
eters of the [13C ii] line are very different when using the
F=2-1 component compared to when adding all three hy-
perfine components. Due to the faintness of the two far hy-
perfine satellites (F=1-0 and F=1-1), we opt to fit only the
F=2-1 satellite, apart from BNKL-PDR, where the broad
line wings heavily contaminate the F=2-1 satellite and the

Table 8. Cn↵ RRL line fits

source Tmb vLSR �vFWHM

[mK] [km s�1] [km s�1]
BAR-INSIDE 88± 2 10.6± 0.1 2.8± 0.1
BNKL-PDR 156± 3 9.2± 0.1 3.8± 0.1
TRAP-PDR 126± 3 9.2± 0.1 4.9± 0.2
EAST-PDR-1 16± 2 4.7± 0.2 2.8± 0.3
EAST-PDR-2 82± 2 10.8± 0.1 3.4± 0.1
ORI-P1-1 56± 2 6.5± 0.1 2.7± 0.1
ORI-P1-2 31± 2 9.8± 0.1 2.8± 0.2
ORI-P2 25± 1 8.7± 0.1 3.2± 0.2
ORI-P3 7± 1 8.2± 0.5 7.4± 1.1
ORI-P4 8± 2 10.1± 0.5 5.2± 1.1
ORI-P5 8± 2 11.2± 0.2 2.6± 0.6
ORI-P6 34± 1 11.4± 0.1 1.9± 0.1

Table 9. Hn↵ RRL line fits

source Tmb vLSR �vFWHM

[mK] [km s�1] [km s�1]
BAR-INSIDE 500± 1 �4.2± 0.1 26.4± 0.1
BNKL-PDR 2088± 3 �2.8± 0.1 24.8± 0.1
TRAP-PDR 2692± 3 �2.7± 0.1 26.0± 0.1
EAST-PDR 739± 2 �2.7± 0.1 28.2± 0.1
ORI-P1 201± 1 3.1± 0.1 25.4± 0.1
ORI-P2 40± 1 5.9± 0.2 28.3± 0.3
ORI-P3 211± 1 6.8± 0.1 20.5± 0.1
ORI-P4 10± 1 5.0± 0.8 21.0± 1.8
ORI-P5 113± 1 �3.3± 0.1 25.4± 0.2
ORI-P6 – – –
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a) b) c)nH = 103 cm-3 nH = 104 cm-3 nH = 105 cm-3

Fig. 12. PDR model outputs from the Meudon PDR code for an incident radiation field of G0 = 100 and three different densities
(n = 103, 104, 105 cm�3). The upper panel shows the normalized intensity, assuming LTE for the CRRL emission, the lower panel
shows the abundances of the relevant species.

located somewhat in front of the molecular cloud, while on
the other hand the class-2 behavior (EAST-PDR-2, ORI-
P1-2, ORI-P2) would mean that the cloud is situated closer
to the observer than the illuminating star.

Furthermore, it is likely that the cloud parts move
with respect to one another due to dynamics induced by
e.g. stellar feedback from the most massive stars at
earlier evolutionary stages, among which fossil out-
flows (Kavak et al. 2022b), but also gravitational
infall (Hacar et al. 2017). We may thus observe the
remnants of these earlier dynamics as velocity differences
between the layers of the PDR. Also the dynamics cur-
rently induced by the winds and radiation of the mas-
sive stars in the Orion Nebula complex (Pabst et al.
2019, 2020) and protostellar jets of less massive ob-
jects (e.g., Méndez-Delgado et al. 2021; Kavak et al.
2022a) can possibly lead to shear in the cloud parts due
to the irregular shapes of the clouds and their relative ori-
entation with respect to the stars. It is also possible that ve-
locity gradients within our beam get weighted differently in
the different emission lines. This might be the case in partic-
ular in BAR-INSIDE, where we average emission from the
bright Orion Bar with emission from the background molec-
ular cloud southeast of the Orion Bar, which is known to be
slightly blue-shifted with respect to the Orion Bar (Tauber
et al. 1994; Cuadrado et al. 2017).

The observed velocity differences between the [12C ii]
and the Cn↵ lines are less than 1 km s�1, except in ORI-
P3, with a median of the absolute values of all positions
of 0.25 km s�1. In ORI-P3 the observed Cn↵ line does not
have line parameters that match either the foreground or
the background neutral component, but it could also be a
blend of multiple components that we are unable to identify
due to the low S/N ratio. The observed velocity differences
between the 13CO and the Cn↵ lines scatter between 0 and
2 km s�1 with a median of 0.75 km s�1. The spectrum of
ORI-P3 does have a weak 13CO component with a peak
velocity matching the Cn↵ line, but with very different line
widths; it might also be a wing of the main component.
The main 13CO component corresponds to the main [12C ii]
component of the background PDR.

The lines in BAR-INSIDE show slight deviations from
Gaussianity, which can be leveraged by fitting the line with
two components. The Orion Bar is the prototypical edge-on
PDR close to the Trapezium stars. Our beam averages emis-
sion from the narrow Orion Bar and emission from the back-
ground molecular cloud southeast of the Orion Bar. The
line is dominated by the bright edge-on PDR. Also in other
positions the velocity shifts may be caused by averaging
multiple components with varying strengths in the beam
(without leading to much deviation from Gaussian-
ity, however). Given our relatively large beam and the
systematic uncertainties in performing Gaussian fits to the
observed lines, we refrain from drawing strong conclusions
from the small (but significant by eye inspection) observed
peak velocity differences between the different tracers.

The broad wings in BNKL-PDR are the result of molec-
ular outflows and shocks produced by proto-stellar activity
in the molecular core, likely the dynamical decay of a mul-
tiple system (Gómez et al. 2005; Bally et al. 2011), visible
in both molecular lines (Rosenthal et al. 2000; González-
Alfonso et al. 2002; Goicoechea et al. 2015a; Bally et al.
2017) and the [C ii] line (Goicoechea et al. 2015b; Mor-
ris et al. 2016). Relatively little C+ is produced in shocks
(Hollenbach & McKee 1989), hence the [C ii] line and the
CRRLs are relatively unaffected and mostly trace the PDR
gas (main peak) and the FUV-illuminated surface of the
shocked gas (wings). In contrast, the [O i] 63µm line and
CO lines are heavily affected by the shocks and outflows
(Stacey et al. 1993; Berné et al. 2014), consisting of a
PDR component with moderate temperature and a hot
component likely produced from a J-type shock (Rosenthal
et al. 2000; González-Alfonso et al. 2002; Goicoechea et al.
2015a).

Position TRAP-PDR lies in the region that has been ex-
tensively studied in optical wavelengths (e.g., O’Dell et al.
1993; Abel et al. 2019; O’Dell et al. 2020). The velocity
components now known as Orion’s Veil were first detected
in H i 21 cm absorption (van der Werf & Goss 1989). In [C ii]
and CRRL emission, we observe only the PDR behind the
Trapezium stars (vLSR ' 9.1 km s�1) and the Veil compo-
nent B (vLSR ' 0.5 km s�1). The CRRL Veil component,
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Fig. 3. Constraints on ne and Te toward the Orion Bar DF from non-
LTE excitation models that assume a path length of 0.02  l  0.2 pc.
The colored area shows the overlap region of models for di↵erent line
intensity ratios (within a 3� uncertainty range in the observed ratios).

of sight. The ⇠2500 beam-averaged C+ column density, N(C+),
estimated from [13C ii] is N(C+)' 1019 cm�2 (Goicoechea et al.
2015). Assuming a representative density of nH ' 105 cm�3

in the atomic PDR (Tielens et al. 1993), the inferred N(C+) is
equivalent to l ' 0.2 pc. This is consistent with other estima-
tions based on the infrared dust emission (l = 0.28 ± 0.06 pc,
Salgado et al. 2016). If the gas density is a factor of ten higher
(e.g., Andree-Labsch et al. 2017) then l ' 0.02 pc.

Our absolute intensity and line ratio models restrict ne and Te
toward the DF position to 60–100 cm�3 and 500–600 K, respec-
tively. The inferred electron temperatures in the colored area
of Fig. 3 fall within the thermal line widths derived from the
observed mmCRL profiles (see previous section). Assuming6

xe  1.4 ⇥ 10�4, the derived electron densities are equivalent
to gas densities of nH � (4�7) ⇥ 105 cm�3. Thus, gas thermal
pressures of Pth � (2�4) ⇥ 108 cm�3 K toward the DF.

5. Discussion and prospects

Using mmCRL observations and models, we inferred ne = 60–
100 cm�3 at the H/H2 dissociation front of the Orion Bar PDR.
These electron densities are higher than the '10 cm�3 values typ-
ically used in molecular excitation models of the region (e.g.,
van der Tak et al. 2012, 2013). In addition, by assuming xe 
1.4 ⇥ 10�4, we estimated a lower limit6 to Pth in the DF. The
high inferred gas thermal pressures confirm earlier estimations
based on the analysis of ALMA images of the molecular gas
emission (Goicoechea et al. 2016, 2017) and of Herschel obser-
vations of specific tracers of the DF (e.g., high-J CO and CH+
rotational lines; Nagy et al. 2013; Joblin et al. 2018). Nonsta-
tionary photoevaporating PDR models (e.g., Bertoldi & Draine
1996; Bron et al. 2018) predict such high pressures in PDRs.
In these time-dependent models, the strong stellar FUV field
heats, compresses, and gradually evaporates the molecular cloud
edge if the pressure of the surrounding medium (the adjacent
H ii region) is not significantly higher. The derived thermal pres-
sure toward the DF, Pth & 2 ⇥ 108 cm�3 K, is indeed higher than

6 Our inferred nH and Pth values are lower limits if mmCRLs arise from
PDR gas layers where a significant fraction of carbon is not locked in
C+, and thus xe < 1.4 ⇥ 10�4 and xe > x(C+).

that of the ionized gas at the ionization front (⇡6 ⇥ 107 cm�3 K,
Walmsley et al. 2000) and, in contrast to previous indirect stud-
ies of the pressure in the Bar (Pellegrini et al. 2009), leaves lit-
tle room for magnetic pressure support. This conclusion is in
line with the relatively modest plane-of-the-sky magnetic field
strength reported from far-IR polarimetric observations with
SOFIA/HAWC+ (Chuss et al. 2019).

Unfortunately, the ⇠2500 resolution of our single-dish obser-
vations does not allow us to spatially resolve the [13C ii] and
mmCRLs emitting layers. We note that AV = 1, roughly the
width of the H/H2 transition layer, implies 3.200�1.600 for
nH = 105 and 106 cm�3, respectively. The ⇠1000 resolution VLA
map of the C91↵ line (Wyrowski et al. 1997) shows that the
C+ gas layer seen in this CRL is spatially coincident with the
IR emission from H⇤2 that traces the H/H2 dissociation front
(shown in Fig. 1). This result is somewhat surprising because
constant-density stationary PDR models have long predicted that
the C+/C/CO transition in the Bar should be located deeper
inside the cloud, and separated from the DF by several arcsec
(e.g., Tielens et al. 1993). In addition, single-dish observations
show that the [C i] 492 GHz emission spatially correlates with
that of 13CO (J = 2–1) (Tauber et al. 1995). This suggests that
the classical C+/C/CO sandwich structure of a PDR may not be
discernible, or even exist, in the sense that there would be no
layer in the Bar where neutral atomic carbon is the most abun-
dant carbon reservoir. Indeed, ALMA images of the Bar at ⇡100
resolution show that there is also no appreciable o↵set between
the H⇤2 emission and the edge of the HCO+ and CO emission
(Goicoechea et al. 2016). All these new observations thus sug-
gest that we still do not fully understand the properties and exact
location of the C+/C/CO transition in interstellar clouds.

In this work we provided evidence that the electron density
at the edge of the Orion Bar PDR is quite high, and this may have
consequences for the coupling of matter with the magnetic field
and the excitation of certain molecules. Much higher resolution
ALMA observations of mmCRLs and of neutral atomic carbon
[C i] fine-structure lines are clearly needed to spatially resolve
these critical interface layers of the ISM.
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Fig. 12. PDR model outputs from the Meudon PDR code for an incident radiation field of G0 = 100 and three different densities
(n = 103, 104, 105 cm�3). The upper panel shows the normalized intensity, assuming LTE for the CRRL emission, the lower panel
shows the abundances of the relevant species.

located somewhat in front of the molecular cloud, while on
the other hand the class-2 behavior (EAST-PDR-2, ORI-
P1-2, ORI-P2) would mean that the cloud is situated closer
to the observer than the illuminating star.

Furthermore, it is likely that the cloud parts move
with respect to one another due to dynamics induced by
e.g. stellar feedback from the most massive stars at
earlier evolutionary stages, among which fossil out-
flows (Kavak et al. 2022b), but also gravitational
infall (Hacar et al. 2017). We may thus observe the
remnants of these earlier dynamics as velocity differences
between the layers of the PDR. Also the dynamics cur-
rently induced by the winds and radiation of the mas-
sive stars in the Orion Nebula complex (Pabst et al.
2019, 2020) and protostellar jets of less massive ob-
jects (e.g., Méndez-Delgado et al. 2021; Kavak et al.
2022a) can possibly lead to shear in the cloud parts due
to the irregular shapes of the clouds and their relative ori-
entation with respect to the stars. It is also possible that ve-
locity gradients within our beam get weighted differently in
the different emission lines. This might be the case in partic-
ular in BAR-INSIDE, where we average emission from the
bright Orion Bar with emission from the background molec-
ular cloud southeast of the Orion Bar, which is known to be
slightly blue-shifted with respect to the Orion Bar (Tauber
et al. 1994; Cuadrado et al. 2017).

The observed velocity differences between the [12C ii]
and the Cn↵ lines are less than 1 km s�1, except in ORI-
P3, with a median of the absolute values of all positions
of 0.25 km s�1. In ORI-P3 the observed Cn↵ line does not
have line parameters that match either the foreground or
the background neutral component, but it could also be a
blend of multiple components that we are unable to identify
due to the low S/N ratio. The observed velocity differences
between the 13CO and the Cn↵ lines scatter between 0 and
2 km s�1 with a median of 0.75 km s�1. The spectrum of
ORI-P3 does have a weak 13CO component with a peak
velocity matching the Cn↵ line, but with very different line
widths; it might also be a wing of the main component.
The main 13CO component corresponds to the main [12C ii]
component of the background PDR.

The lines in BAR-INSIDE show slight deviations from
Gaussianity, which can be leveraged by fitting the line with
two components. The Orion Bar is the prototypical edge-on
PDR close to the Trapezium stars. Our beam averages emis-
sion from the narrow Orion Bar and emission from the back-
ground molecular cloud southeast of the Orion Bar. The
line is dominated by the bright edge-on PDR. Also in other
positions the velocity shifts may be caused by averaging
multiple components with varying strengths in the beam
(without leading to much deviation from Gaussian-
ity, however). Given our relatively large beam and the
systematic uncertainties in performing Gaussian fits to the
observed lines, we refrain from drawing strong conclusions
from the small (but significant by eye inspection) observed
peak velocity differences between the different tracers.

The broad wings in BNKL-PDR are the result of molec-
ular outflows and shocks produced by proto-stellar activity
in the molecular core, likely the dynamical decay of a mul-
tiple system (Gómez et al. 2005; Bally et al. 2011), visible
in both molecular lines (Rosenthal et al. 2000; González-
Alfonso et al. 2002; Goicoechea et al. 2015a; Bally et al.
2017) and the [C ii] line (Goicoechea et al. 2015b; Mor-
ris et al. 2016). Relatively little C+ is produced in shocks
(Hollenbach & McKee 1989), hence the [C ii] line and the
CRRLs are relatively unaffected and mostly trace the PDR
gas (main peak) and the FUV-illuminated surface of the
shocked gas (wings). In contrast, the [O i] 63µm line and
CO lines are heavily affected by the shocks and outflows
(Stacey et al. 1993; Berné et al. 2014), consisting of a
PDR component with moderate temperature and a hot
component likely produced from a J-type shock (Rosenthal
et al. 2000; González-Alfonso et al. 2002; Goicoechea et al.
2015a).

Position TRAP-PDR lies in the region that has been ex-
tensively studied in optical wavelengths (e.g., O’Dell et al.
1993; Abel et al. 2019; O’Dell et al. 2020). The velocity
components now known as Orion’s Veil were first detected
in H i 21 cm absorption (van der Werf & Goss 1989). In [C ii]
and CRRL emission, we observe only the PDR behind the
Trapezium stars (vLSR ' 9.1 km s�1) and the Veil compo-
nent B (vLSR ' 0.5 km s�1). The CRRL Veil component,
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Fig. 14. Thermal pressure in the neutral gas derived in this
work. Dashed lines indicates the pressure in the adjacent H ii
region taken from the literature.

sure in our PDRs. The magnetic pressure in OMC1 is of
the order of the thermal pressure (Chuss et al. 2019).

With the physical conditions derived in this work, the
two gas phases, neutral and ionized, are in approximate
pressure equilibrium in OMC1, albeit values in OMC1 are
somewhat lower than earlier findings, that indicate high
thermal pressures at the edge of the Orion Bar (pth/kB ⇠
108 Kcm�3, Cuadrado et al. 2019; Goicoechea et al. 2019,
from mm-wave CRRLs and molecular tracers). CRRLs may
be enhanced in dense clumps, while the [C ii] line arises in
the inter-clump medium. Other high-density tracers, such
as high-J CO lines, also imply much higher pressures (Joblin
et al. 2018). Pellegrini et al. (2009) find a maximum of
pth/kB ' 8 ⇥ 107 Kcm�3 (close to the transition from
H to H2) from modeling various emission lines from the
H+/H/H2 transition in the Orion Bar. The thermal pres-
sures in the PDR gas of the Orion Bar, M43 and OMC3
are consistent with those cited in Pabst et al. (2020), de-
rived from analysis of the [C ii] line alone. The thermal
pressure of M43 is short of the thermal pressure of the ion-
ized gas by a factor of 3, possibly reflecting the equipar-
tition of the thermal, turbulent and magnetic pressure in
the PDR. The thermal pressure in the EON, measured in
ORI-P5, is higher than the thermal pressure in the ionized
gas (n ⇠ 102 cm�3, O’Dell & Harris 2010), suggesting that
the ionized gas is insignificant in driving the expansion of
the Veil Shell.

Overall, RRLs are useful tracers of the physical
conditions and pressures in the respective gas com-
ponents. Higher angular resolution observations
will allow us to resolve finer structures and poten-
tially clumps in the PDRs to fully characterize the
properties of the different gas phases.

4.4. Physical conditions in the ionized gas

If ionized gas can freely expand against a background of
neutral (PDR) gas, the ionization front moves through the
neutral gas at a velocity of vif ⇠ c2s,I

2cs,II
, where cs,I is the

sound speed of the neutral gas and cs,II is the sound speed

of the ionized gas. Depending on the temperature of the
neutral gas, vif ⇠ 0.3� 0.5 km s�1. The ionized gas will be
accelerated away from the background along the pressure
gradient reaching values of vi ⇠ 2cs,II for free expansion
(Spitzer 1968; Kahn 1969).

In OMC1 the ionized gas is enshrouded in a multi-
layer system of ionized and neutral components (e.g., Abel
et al. 2019; O’Dell et al. 2020) in front of the back-
ground PDR. The ionized gas traced by our hydrogen
RRLs streams away from the background PDR vary rapidly
(vi ' 12 � 15 km s�1) due to the strong pressure gradient
from the interface to the dilute foreground inter-
stellar medium. The expansion velocity is of the order of
the sound speed in the ionized gas, vi ⇠ cs,II. We note that
the peak velocity of the HRRL emitting gas does not
match any of the components Abel et al. (2019) identify,
but O’Dell et al. (2020) comment that the H41↵ emission
of Goicoechea et al. (2015b) should arise from the [Oiii]
emitting layer, which is shifted from the PDR velocity by
vevap,[OIII] = 9 ± 3 km s�1 (their observations). The main
component of our observed HRRLs is a few km s�1

bluer than the [Oiii] component, and it is unclear
why. Especially the position TRAP-PDR samples
part of the Orion-South cloud, where several ve-
locity systems have been identified (O’Dell et al.
2021a,b). This is however not clearly reflected in our
HRRL spectrum in TRAP-PDR, where the line is
still very nearly Gaussian. All HRRL seem to be broad-
ened by other effects than thermal motion of the atoms
alone (cf. Sec. 4.6 for a discussion on extra line broaden-
ing).

We note that we do not observe [C ii] line and
CRRL components from the ionized gas toward
OMC1 (nor in ORI-P1). In principle, ionized gas
emits in the [C ii] line and CRRLs, but the radia-
tion from the close Trapezium cluster is energetic
enough to doubly ionize carbon and the emission
from singly ionized carbon will be weak. The EON,
to which our position ORI-P5 corresponds, contains
largely hot plasma and little ionized gas, and we do
not observe the weak [C ii] line and CRRL com-
ponents from the ionized gas either. In M43 and
NGC 1977, in contrast, the illuminating stars are
less massive and therefore their radiation is less en-
ergetic, and a significant fraction of carbon is ex-
pected to be singly ionized. We observe those [C ii]
lines from the ionized gas as broad components
(�vFWHM ⇠ 5� 10 km s�1) in spectra toward the cen-
ter of M43 and NGC 1977 (Pabst et al. 2017, 2020).

In M43 the ionized gas is contained within an expand-
ing shell. The HRRL in ORI-P3, the center of M43, is
blueshifted from the CRRL by 1.5 km s�1. However, the
CRRL in ORI-P3 is blue-shifted by 2 km s�1 from the back-
ground PDR traced by [C ii] and CO. Possibly this CRRL
also stems from the ionized gas, where carbon is singly
ionized. The ionized gas is streaming away from the back-
ground PDR with 3.5 km s�1. The HRRL is significantly
broader than the CRRL due to the different atomic weight
(20.5 km s�1 compared to 7.4 km s�1), but the CRRL is
broader than in the other positions. In the rim of the M43
shell, in positions ORI-P2 and ORI-P4, the ionized gas is
blue-shifted from the [C ii] and CO-traced PDR gas by 3
and 5 km s�1, respectively, and the CRRLs peak velocities
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• At large scales, Pturb ≥ Pth

• HII regions and PDRs 
roughly in pressure 
equilibrium

• Beam of ~ 45’’ (Yebes40m)
     or 0.09 pc 

• Need higher angular 
resolution: ALMA, SKA, …

     … and JWST !
Pabst, Goicoechea, accepted +2024

Orion A: M42, M43, and NGC1977
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Physical condiIons of C+-PDR gas from Carbon RRLs

C. H. M. Pabst et al.: RRLs towards Orion

Fig. 1. Observed positions (except positions in OMC1) as white circles with a FWHM of 4500 on [12C ii], 12CO(2-1) and
13CO(2-1) maps at 4500. The black rectangle outlines the region of OMC1, shown as a zoom-in in Fig. 2. The red circle outlines
M43. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively, the pink star marks NU Ori, the
purple star marks 42 Orionis.

Fig. 2. Zoom into OMC1. Observed positions in OMC1 as turquois circles with a FWHM of 4500 on [12C ii], [13C ii], 12CO(2-1)
and 13CO(2-1) maps at 4500. The yellow and orange stars mark the positions of ✓1 Ori C and ✓2 Ori A, respectively.

3.1. Velocity structure

In order to obtain line parameters (peak temperature, peak
velocity, line width) we perform Gaussian fits to the ob-
served stacked ↵ RRLs, the [C ii] lines and the 13CO lines.
Results of the Gaussian fits are given in Tables 5 to 10.
Where we fit multiple components, we append a number to
the name of the position. The position BAR-INSIDE
is special in this regard, as the main components of
the ↵ CRRL, [12C ii] and 13CO lines seems to consist
of two close Gaussian components, rather than one.
However, the [13C ii] line is too weak to extract two
components and we opt to use a one-component fit
for the velocity structure and line intensity analysis,

where we need the [13C ii] line. The peak velocity of
the [13C ii] line very nearly matches the peak veloc-
ity of the one-component fit to the [12C ii] line in
BAR-INSIDE, and we assume that the emission is
weighted toward the higher-column density region
of the CO-bright Orion Bar within the beam. Fur-
thermore, Kabanovic et al. (in prep.) observed a velocity
shift between the peaks of the [12C ii] and [13C ii] line in
OMC3, and we follow them in performing a fit taking into
account self-absorption in the [C ii] line in ORI-P6, using
the recipe of Guevara et al. (2020). We give the peak veloc-
ity of the lines relative to the respective rest frequency in
the local-standard-of-rest (LSR) frame. While the statisti-
cal errors (given in the tables) are small, we estimate that
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Space Telescope (HST). The nearly edge-on (35)
dusty disk of d203-506 is visible in absorption
in all theHST and JWST images (Fig. 2, A to F)
but in emission in the 344-GHz (870 mm) dust
continuum (Fig. 2G). It is also seen in emission
with ALMA in Fig. 2H, which shows the HCN

(v = 0, J = 4 → 3) line, where v and J denote
the vibrational and rotational quantum num-
bers, respectively, at 354.505GHz (845.664 mm),
which traces cold molecular gas. Figure 2, I
and E, shows emission maps of ALMA HCO+

(v = 0, J = 4→ 3) at 356.734 GHz (840.381 mm)

andNIRCamH2 (v= 1→0, J=3→ 1) at 2.12mm,
respectively, which both show emission from
the PDR surrounding the disk and absorption
at the center. Both the H2 rovibrational and
HCO+ rotational emission lines trace warm
(gas kinetic temperatures Tgas ~ 500 to 1000 K)

Fig. 1. Optical and near-infared images of the
Orion Bar region. (A) HST optical image centered at
coordinates right ascension 5h35m20s.183 and
declination −5°25′06″.14. [O III] filter at 502 nm is in
blue, Ha filter at 656 nm is in green, and [N II] filter
at 658 nm is in red. [Credit: NASA/STScI/Rice
University/C. O’Dell et al. (47)]. (B) JWST near-infrared
image of the same region at the same scale. Filters
centered at 1.4 and 2.0 mm are in blue; at 2.77, 3.00,
3.23, 3.35, and 3.32 mm in green; at 4.05 mm in orange;
and at 4.44, 4.80, and 4.70 mm in red. In (A) and
(B), the Orion Bar separates regions where the gas is
fully ionized (upper right) from those where it is in
neutral form (lower left). (C) Zoomed-in view of the
d203-506 disk. Red is the NIRCam image in the
2.12-mm filter, which traces molecular hydrogen; blue is
the 1.64-mm filter, which traces [Fe II] emission lines;
and green is the emission in the 1.40-mm broad-band
filter, which traces scattered light.
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Fig. 2. Multiwavelength
images of the d203-506
disk. (A) HST optical image
in a Ha filter (23). (B to
F) JWST near-infrared
images (35). [(E) is repro-
duced with permission from
(33)]. (G to I) ALMA sub-
millimeter images (35). In all
panels, the white-filled
ellipse indicates the size
and shape of the point
spread function or recon-
structed telescope beam,
and the horizontal bar is
100 au. The white-dashed
ellipse in (D) indicates the
shape of the aperture used
for the extraction of the
NIRSpec spectrum in Fig. 4.
The wavelength and
physical assignment of
each image is labeled above
each panel; in (H) and (I),
(4-3) is an abbreviation of
(v = 0, J = 4 → 3). 1 Jy =
1 × 10−26 Wm−2 Hz−1.
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d203-506: Disk diameter  ~200 au (0.5’’)
Mstar~ 0.3 MSun +  Mdisk ~10 MJup 

d203-506: Nearly edge-on disk externally irradiated by FUV only

The Orion Bar

JWST images of the Orion Bar PDR at 0.1’’ res.
                               PDRs4All JWST-ERS (PIs: Berné, Habart & Peeters)
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JWST: Infrared spectroscopy of d203-506
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Diameter~200 au (0.5’’)
Mstar~ 0.3 MSun +  Mdisk ~10 MJup 

Externally irradiated protoplanetary disks
• Most stars (and planets) form in stellar clusters with a few high-mass stars.
                                                                                                              e.g., Lada & Lada 2003
• The proto-Solar System likely formed close to a massive star.      

• At some point in their evolution, most protoplanetary disks are externally 
irradiated by UV from massive stars → Trapezium cluster, one of the closest

   

Goicoechea +2016, Nature, Orion Nebula M42 

e.g., Adams 2010, Bergin+2023

ALMA!!(molecular!gas,!T!≈!2001300!K!)!

VLT!!(ionized!gas,!Te!≈!10,000!K!)!

Trapezium!cluster!

JAVIER R. GOICOECHEA

ALMA

4.2 Création des profils de densité et changements de coordonnées

Afin de pouvoir générer facilement des profils à R = cste et ✓ = cste il est nécessaire de calculer la distribu-
tion de densité du disque à la fois sur des grilles spatiales cartésiennes et sphériques. De plus, l’utilisation du
code RADMC nécessite une grille spatiale en coordonnées sphériques (RADMC supporte aussi des géométries
cartisiennes, mais pour notre problème de disque, une géométrie sphérique est plus adaptée). Il est donc
nécessaire d’avoir des outils robustes de changement de coordonnées et d’interpolation d’une grille de coor-
données vers l’autre. Les grilles ont les caractéristiques suivantes :

• Grille cartésienne (R,Z) : R 2 [Rin, Rout] et Z 2 [0, Rout]. La zone R < Rin est considérée vide.

• Grille sphérique (r, ✓) : r 2 [Rin, rmax] avec rmax = Rout

sin(✓min)
et ✓ 2 [✓min,

⇡

2 ]. (✓ = 0) correspondant à

l’axe vertical et (✓ = ⇡/2) au plan médian du disque.

On remarquera que la visualisation majoritairement utilisée dans les études est une représentation en
(R,Z/R) et non en (R,Z). Il est donc plus pratique d’échantillonner la grille sphérique en fonction de
Z

R
= 1

tan(✓) plutôt que simplement en ✓, d’autant plus que la quasi-totalité de la masse du disque est

contenue dans Z

R
< 1. La figure 7 représente le même disque dans les deux représentations.

Figure 7: Carte de densité (gaz + poussière) d’un disque protoplanétaire. Gauche : représentation dans le
plan (R,Z). Droite : représentation dans un repère (R,Z/R). Dans cette représentation, chaque ligne verticale
est assimilable à un angle Z

R
= 1

tan(✓) '
⇡

2 � ✓

Les grilles sphériques et cartésiennes échantillonnant di↵éremment le plan, les changements de coor-
données d’une grille à l’autre génèrent rapidement des erreurs importantes. Les premières interpolations
utilisées généraient des erreurs allant jusqu’à environ 10%. Un temps important a été dédié à créer des
grilles limitant les erreurs d’interpolations et à l’écriture de fonctions d’interpolation. Pour le passage
d’une grille sphérique vers une grille cartésienne, on veut interpoler la grandeur F donnée sur une grille
(ri, ✓j)i=1,...,n;j=1,...,m vers une grille (Rk, Zl)k,l. On réalise l’interpolation sur des variables normalisées :

sur les grilles ( log(R)
log(Rmax)

, log(Z)
log(Zmax)

)) afin de limiter les erreurs. Cette normalisation améliore la précision de
l’interpolation, mais pose un problème pour le plan médian Z = 0. On traite donc di↵éremment :
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Goicoechea Part B2 EDENS

The JWST spectrum of d203-506 is surprisingly rich (Fig. 2a) and markedly different to that of the first 
isolated disks observed with JWST (Fig. 2b; van Dishoeck et at. 2023). The IR spectrum of d203-506 reveals 
the first detection in space of a new hydrocarbon ion, CH3+, a key intermediate in gas-phase organic 
chemistry formed by FUV-driven chemistry (Berné et al. 2023). It also reveals the presence of polycyclic 
aromatic hydrocarbons (PAHs), CH+ and large amounts of OH arising from the photodissociation of a hidden 
reservoir of water vapor in the disk (Zannese et. 2024). In parallel, our ALMA observations reveal simple 
organic molecules as well as neutral atomic carbon (Goicoechea et al. in prep.), the product of ongoing 
photodissociation of carbon monoxide. These first studies are just the tip of the iceberg. Indeed, our first 
JWST observations unveil a significant number of unidentified IR lines with no obvious molecular carrier 
assigned yet. They show the presence of a rich photochemistry which largely differs from what is observed 
in isolated disks where external UV is much less present (e.g., Öberg & Bergin 2021). These first results 
point to a change of paradigm with respect to the origin and limits of chemical complexity in planet-
forming systems: organic molecules can form in-situ, triggered by the presence of strong FUV radiation, 
and not only be inherited as part of the ice grain-mantles that formed in previous evolutive pre-stellar cloud 
stages. These results may suggest that a large fraction of the disk gas reservoir is being chemically 
(photo)reprocessed, perhaps favoring the formation of specific prebiotic molecules at this irradiated 
PPD stage. The fresh new prebiotic material could be aggregated or delivered to planets and participate as 
ingredients for life. This will be an alternative scenario to its endogenous formation within planets where life 
ultimately emerges (Chyba & Sagan 1992). Confirming this alternative exogenous scenario, however, would 
require to detect complex organic molecules in PPDs and fully understand their chemical formation routes. 

From our knowledge of isolated PPDs, we know that going further into the disk mid-plane (at T < 150 K), 
any water vapor must freeze out as water ice on grain surfaces, increasing the gas-phase C/O abundance ratio 
and potentially leading to a rich complex carbon chemistry (e.g., Calahan et al. 2023). In the coldest and 
most FUV-shielded layers of the disk mid-plane, more volatile gas-phase reservoirs (CO2 and CO) freeze 
too, forming stratified snow lines (different volatile ice mantle condensation fronts, e.g., Öberg et al. 2011). 
However, the influence of strong external UV radiation on the exact position, characteristics, and time 
evolution of the snow lines are not known even though they ultimately regulate the type and atmospheric 
composition (e.g., the C/O abundance ratio) of the exoplanets that may form in such disks (e.g., Tabone et al. 
2023, Mah et al. 2023). Indeed, little attention has been paid so far to the potential role that UV radiation 
may play in giving shape to planetary systems (Winter et al. 2022). Undoubtedly, linking the PPD chemical 
composition to exoplanet atmospheric composition is one of major challenges in Astrophysics for the next 
decades. UV radiation must play a fundamental role in this chemical inventory, yet to be understood. 
A new era in computational models of externally irradiated protoplanetary disks: 
Prior to our recent observation of d203-506, most of what we knew about the photoevaporation induced by 
external FUV radiation on PPDs came from a few precursor models. They have been based at first on 
analytical expressions (Adams et al. 2004), and still continue to rely on semi-analytical approximations for 
some key processes (e.g., radiative transfer, Haworth et al. 2023). Other disk models considered the impact 
of external UV illumination on the disk chemical structure (e.g., Walsh et al. 2013), but without including the 
photoevaporation dynamics and adopting a simplified radiative transfer and thermo-chemistry. While these 
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d203-506

Neptune
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Figure 2: a) Very rich mid-IR spectrum of the 
externally irradiated disk d203-506 in Orion taken 
by JWST/MIRI, and showing signatures of ongoing 
photochemistry. The bright emission lines refer to 
H2 and HI recombination lines. b) Spectrum of the 
nearby and isolated disk GW Lupus. The insets show 
images of the two disks obtained with JWST 
cameras. c) Spectroscopic-images of d203-506 
showing the distribution of CH3+, hot H2 (JWST), 
and cold dust (ALMA). From Berné et al. 2024.

First detection of CH3
+ in Space

1.5’’

Nature | www.nature.com | 1

Article

Formation of the methyl cation by 
photochemistry in a protoplanetary disk
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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The JWST spectrum of d203-506 is surprisingly rich (Fig. 2a) and markedly different to that of the first 
isolated disks observed with JWST (Fig. 2b; van Dishoeck et at. 2023). The IR spectrum of d203-506 reveals 
the first detection in space of a new hydrocarbon ion, CH3+, a key intermediate in gas-phase organic 
chemistry formed by FUV-driven chemistry (Berné et al. 2023). It also reveals the presence of polycyclic 
aromatic hydrocarbons (PAHs), CH+ and large amounts of OH arising from the photodissociation of a hidden 
reservoir of water vapor in the disk (Zannese et. 2024). In parallel, our ALMA observations reveal simple 
organic molecules as well as neutral atomic carbon (Goicoechea et al. in prep.), the product of ongoing 
photodissociation of carbon monoxide. These first studies are just the tip of the iceberg. Indeed, our first 
JWST observations unveil a significant number of unidentified IR lines with no obvious molecular carrier 
assigned yet. They show the presence of a rich photochemistry which largely differs from what is observed 
in isolated disks where external UV is much less present (e.g., Öberg & Bergin 2021). These first results 
point to a change of paradigm with respect to the origin and limits of chemical complexity in planet-
forming systems: organic molecules can form in-situ, triggered by the presence of strong FUV radiation, 
and not only be inherited as part of the ice grain-mantles that formed in previous evolutive pre-stellar cloud 
stages. These results may suggest that a large fraction of the disk gas reservoir is being chemically 
(photo)reprocessed, perhaps favoring the formation of specific prebiotic molecules at this irradiated 
PPD stage. The fresh new prebiotic material could be aggregated or delivered to planets and participate as 
ingredients for life. This will be an alternative scenario to its endogenous formation within planets where life 
ultimately emerges (Chyba & Sagan 1992). Confirming this alternative exogenous scenario, however, would 
require to detect complex organic molecules in PPDs and fully understand their chemical formation routes. 

From our knowledge of isolated PPDs, we know that going further into the disk mid-plane (at T < 150 K), 
any water vapor must freeze out as water ice on grain surfaces, increasing the gas-phase C/O abundance ratio 
and potentially leading to a rich complex carbon chemistry (e.g., Calahan et al. 2023). In the coldest and 
most FUV-shielded layers of the disk mid-plane, more volatile gas-phase reservoirs (CO2 and CO) freeze 
too, forming stratified snow lines (different volatile ice mantle condensation fronts, e.g., Öberg et al. 2011). 
However, the influence of strong external UV radiation on the exact position, characteristics, and time 
evolution of the snow lines are not known even though they ultimately regulate the type and atmospheric 
composition (e.g., the C/O abundance ratio) of the exoplanets that may form in such disks (e.g., Tabone et al. 
2023, Mah et al. 2023). Indeed, little attention has been paid so far to the potential role that UV radiation 
may play in giving shape to planetary systems (Winter et al. 2022). Undoubtedly, linking the PPD chemical 
composition to exoplanet atmospheric composition is one of major challenges in Astrophysics for the next 
decades. UV radiation must play a fundamental role in this chemical inventory, yet to be understood. 
A new era in computational models of externally irradiated protoplanetary disks: 
Prior to our recent observation of d203-506, most of what we knew about the photoevaporation induced by 
external FUV radiation on PPDs came from a few precursor models. They have been based at first on 
analytical expressions (Adams et al. 2004), and still continue to rely on semi-analytical approximations for 
some key processes (e.g., radiative transfer, Haworth et al. 2023). Other disk models considered the impact 
of external UV illumination on the disk chemical structure (e.g., Walsh et al. 2013), but without including the 
photoevaporation dynamics and adopting a simplified radiative transfer and thermo-chemistry. While these 
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Figure 2: a) Very rich mid-IR spectrum of the 
externally irradiated disk d203-506 in Orion taken 
by JWST/MIRI, and showing signatures of ongoing 
photochemistry. The bright emission lines refer to 
H2 and HI recombination lines. b) Spectrum of the 
nearby and isolated disk GW Lupus. The insets show 
images of the two disks obtained with JWST 
cameras. c) Spectroscopic-images of d203-506 
showing the distribution of CH3+, hot H2 (JWST), 
and cold dust (ALMA). From Berné et al. 2024.
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Fig. 2. Astronomical emission spectrum recorded by JWST and comparison with simulations of the ⌫+2 /⌫
+
4 dyad of CH+3 performed using the best-fit

parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.

Fig. 3. Zoom around the ⌫+2 /⌫
+
4 band centers showing the agreement be-

tween the astronomical spectrum and the simulation obtained with the
best-fit parameters. All simulations parameters are the same as those of
Fig. 2.

stants reported in Table 1, it is possible to reproduce this spec-
trum, hence validating the spectroscopic assignments experi-
mentally. We find that a temperature of 75 K and a Gaussian
lineshape of 10 cm�1 FWHM nicely reproduces the experimen-
tal spectrum (Fig. 4). To obtain the best agreement with the sim-
ulated spectrum, the wavenumber scale of the LOS spectrum has

Fig. 4. LOS spectrum of the ⌫+2 /⌫
+
4 dyad of CH+3 (X̃+ 1A01 electronic state,

top trace) and comparison with PGOPHER simulations performed us-
ing the best-fit parameters (bottom trace). The simulations has been
performed at T = 75 K, and convolved with a Gaussian line shape
(FWHM = 10 cm�1).

been corrected by +4 cm�1, a value within an acceptable range
for the systematic uncertainty of the measurements. The band
profile is dominated by the Q-branch of the dyad while some ro-
tational substructure is distinguished in the P- and R-branches,
with bumps in the regions of the stronger transitions correspond-
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Fig. 2. Astronomical emission spectrum recorded by JWST and comparison with simulations of the ⌫+2 /⌫+4 dyad of CH+3 performed using the best-fit
parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.

3.3. Photoelectron spectra

Further validation of the spectroscopic parameters derived for
the v+2 = 1 and v+4 = 1 states is brought by high-resolution mea-
surements. The two photoionizing transitions recorded in this
work, the X̃+ 1A01(v+ = 0)  X̃ 2A002 (v = 0) origin band and the
X̃+ 1A01(v+2 = 1)  X̃ 2A002 (v2 = 1) sequence band are depicted
in Figs. 5 and 6a, respectively. The best-fit constants reported in
Table 1 are used to interpret these photoelectron spectra of CH3.

A peculiar feature of the CH3 photoelectron spectrum origi-
nates from the frequency of the ⌫2 out-of-plane vibrational mode
increasing by about a factor of 2 upon ionization (Cunha de
Miranda et al. 2010). This shift moves the 21

1 sequence band away
from the more intense origin band, with which it would usu-
ally overlap, making high-resolution photoelectron spectroscopy
a method of choice to investigate the rotational structure of the
v+2 = 1 state of CH+3 .

The photoionization selection rules for the methyl radical
have been discussed in detail by Schulenburg et al. (2006). The
photoelectron is ejected from a 2pz orbital, which implies that
the photoelectron partial wave has an orbital angular momen-
tum quantum number ` = 0 or 2, leading to similar symmetry
selection rules as for a single-photon electric dipole transition.
This is demonstrated in Eqs. (5) and (7) of Signorell & Merkt
(1997). In addition, using the orbital ionization model (Willitsch
& Merkt 2005), Schulenburg et al. (2006) derived that the rota-
tional structure of the photoelectron spectrum of CH3 follows
the same selection rules as for a (parallel) single-photon elec-
tric dipole transition (Herzberg 1966): �N = 0, ±1 and �K = 0
(where N is the total angular momentum excluding spin, and K

is its projection along the symmetry axis). Given the equivalence
of the selection rules for standard single-photon electric dipole
moment and single-photon ionization, and neglecting the elec-
tron spin, one can use the PGOPHER program (Western 2018) to
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tational substructure is distinguished in the P- and R-branches,
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Fig. 3. Zoom around the ⌫+2 /⌫+4 band centers showing the agreement
between the astronomical spectrum and the simulation obtained with
the best-fit parameters. All simulations parameters are the same as those
of Fig. 2.

simulate the rotationally resolved photoelectron spectra and thus
keep the same formalism as that used in the previous section.

The spectrum of the origin band measured in this work is in
excellent agreement with the spectra previously recorded using
the PFI-ZEKE technique (Blush et al. 1993; Wiedmann et al.
1994; Schulenburg et al. 2006). To simulate this origin band, we
used the rotational constants obtained by Yamada et al. (1981)
and this work (Table 1) for the vibronic ground states of CH3
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Fig. 2. Astronomical emission spectrum recorded by JWST and comparison with simulations of the ⌫+2 /⌫+4 dyad of CH+3 performed using the best-fit
parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.

3.3. Photoelectron spectra

Further validation of the spectroscopic parameters derived for
the v+2 = 1 and v+4 = 1 states is brought by high-resolution mea-
surements. The two photoionizing transitions recorded in this
work, the X̃+ 1A01(v+ = 0)  X̃ 2A002 (v = 0) origin band and the
X̃+ 1A01(v+2 = 1)  X̃ 2A002 (v2 = 1) sequence band are depicted
in Figs. 5 and 6a, respectively. The best-fit constants reported in
Table 1 are used to interpret these photoelectron spectra of CH3.

A peculiar feature of the CH3 photoelectron spectrum origi-
nates from the frequency of the ⌫2 out-of-plane vibrational mode
increasing by about a factor of 2 upon ionization (Cunha de
Miranda et al. 2010). This shift moves the 21
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from the more intense origin band, with which it would usu-
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a method of choice to investigate the rotational structure of the
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This is demonstrated in Eqs. (5) and (7) of Signorell & Merkt
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the same selection rules as for a (parallel) single-photon elec-
tric dipole transition (Herzberg 1966): �N = 0, ±1 and �K = 0
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of the selection rules for standard single-photon electric dipole
moment and single-photon ionization, and neglecting the elec-
tron spin, one can use the PGOPHER program (Western 2018) to
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Fig. 3. Zoom around the ⌫+2 /⌫+4 band centers showing the agreement
between the astronomical spectrum and the simulation obtained with
the best-fit parameters. All simulations parameters are the same as those
of Fig. 2.

simulate the rotationally resolved photoelectron spectra and thus
keep the same formalism as that used in the previous section.

The spectrum of the origin band measured in this work is in
excellent agreement with the spectra previously recorded using
the PFI-ZEKE technique (Blush et al. 1993; Wiedmann et al.
1994; Schulenburg et al. 2006). To simulate this origin band, we
used the rotational constants obtained by Yamada et al. (1981)
and this work (Table 1) for the vibronic ground states of CH3
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Formation of the methyl cation by 
photochemistry in a protoplanetary disk
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Ugo Jacovella2, Bérenger Gans2, Emmanuel Dartois2, Laurent H. Coudert2, Edwin Bergin4, 
Felipe Alarcon4, Jan Cami5,6,7, Evelyne Roueff8, John H. Black9, Oskar Asvany10, Emilie Habart11, 
Els Peeters5,6,7, Amelie Canin1, Boris Trahin11, Christine Joblin1, Stephan Schlemmer10, 
Sven Thorwirth10, Jose Cernicharo3, Maryvonne Gerin8, Alexander Tielens12,13, 
Marion Zannese11, Alain Abergel11, Jeronimo Bernard-Salas14,15, Christiaan Boersma16, 
Emeric Bron8, Ryan Chown5,6, Sara Cuadrado3, Daniel Dicken11, Meriem Elyajouri11, 
Asunción Fuente17, Karl D. Gordon18, Lina Issa1, Olga Kannavou11, Baria Khan5, 
Ozan Lacinbala19, David Languignon8, Romane Le Gal20,21, Alexandros Maragkoudakis16, 
Raphael Meshaka8, Yoko Okada10, Takashi Onaka22,23, Sofia Pasquini5, Marc W. Pound13, 
Massimo Robberto18, Markus Röllig24,25, Bethany Schefter5, Thiébaut Schirmer9,11, 
Ameek Sidhu5,6, Benoit Tabone11, Dries Van De Putte18, Sílvia Vicente26 & Mark G. Wolfire13

Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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The JWST spectrum of d203-506 is surprisingly rich (Fig. 2a) and markedly different to that of the first 
isolated disks observed with JWST (Fig. 2b; van Dishoeck et at. 2023). The IR spectrum of d203-506 reveals 
the first detection in space of a new hydrocarbon ion, CH3+, a key intermediate in gas-phase organic 
chemistry formed by FUV-driven chemistry (Berné et al. 2023). It also reveals the presence of polycyclic 
aromatic hydrocarbons (PAHs), CH+ and large amounts of OH arising from the photodissociation of a hidden 
reservoir of water vapor in the disk (Zannese et. 2024). In parallel, our ALMA observations reveal simple 
organic molecules as well as neutral atomic carbon (Goicoechea et al. in prep.), the product of ongoing 
photodissociation of carbon monoxide. These first studies are just the tip of the iceberg. Indeed, our first 
JWST observations unveil a significant number of unidentified IR lines with no obvious molecular carrier 
assigned yet. They show the presence of a rich photochemistry which largely differs from what is observed 
in isolated disks where external UV is much less present (e.g., Öberg & Bergin 2021). These first results 
point to a change of paradigm with respect to the origin and limits of chemical complexity in planet-
forming systems: organic molecules can form in-situ, triggered by the presence of strong FUV radiation, 
and not only be inherited as part of the ice grain-mantles that formed in previous evolutive pre-stellar cloud 
stages. These results may suggest that a large fraction of the disk gas reservoir is being chemically 
(photo)reprocessed, perhaps favoring the formation of specific prebiotic molecules at this irradiated 
PPD stage. The fresh new prebiotic material could be aggregated or delivered to planets and participate as 
ingredients for life. This will be an alternative scenario to its endogenous formation within planets where life 
ultimately emerges (Chyba & Sagan 1992). Confirming this alternative exogenous scenario, however, would 
require to detect complex organic molecules in PPDs and fully understand their chemical formation routes. 

From our knowledge of isolated PPDs, we know that going further into the disk mid-plane (at T < 150 K), 
any water vapor must freeze out as water ice on grain surfaces, increasing the gas-phase C/O abundance ratio 
and potentially leading to a rich complex carbon chemistry (e.g., Calahan et al. 2023). In the coldest and 
most FUV-shielded layers of the disk mid-plane, more volatile gas-phase reservoirs (CO2 and CO) freeze 
too, forming stratified snow lines (different volatile ice mantle condensation fronts, e.g., Öberg et al. 2011). 
However, the influence of strong external UV radiation on the exact position, characteristics, and time 
evolution of the snow lines are not known even though they ultimately regulate the type and atmospheric 
composition (e.g., the C/O abundance ratio) of the exoplanets that may form in such disks (e.g., Tabone et al. 
2023, Mah et al. 2023). Indeed, little attention has been paid so far to the potential role that UV radiation 
may play in giving shape to planetary systems (Winter et al. 2022). Undoubtedly, linking the PPD chemical 
composition to exoplanet atmospheric composition is one of major challenges in Astrophysics for the next 
decades. UV radiation must play a fundamental role in this chemical inventory, yet to be understood. 
A new era in computational models of externally irradiated protoplanetary disks: 
Prior to our recent observation of d203-506, most of what we knew about the photoevaporation induced by 
external FUV radiation on PPDs came from a few precursor models. They have been based at first on 
analytical expressions (Adams et al. 2004), and still continue to rely on semi-analytical approximations for 
some key processes (e.g., radiative transfer, Haworth et al. 2023). Other disk models considered the impact 
of external UV illumination on the disk chemical structure (e.g., Walsh et al. 2013), but without including the 
photoevaporation dynamics and adopting a simplified radiative transfer and thermo-chemistry. While these 
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Figure 2: a) Very rich mid-IR spectrum of the 
externally irradiated disk d203-506 in Orion taken 
by JWST/MIRI, and showing signatures of ongoing 
photochemistry. The bright emission lines refer to 
H2 and HI recombination lines. b) Spectrum of the 
nearby and isolated disk GW Lupus. The insets show 
images of the two disks obtained with JWST 
cameras. c) Spectroscopic-images of d203-506 
showing the distribution of CH3+, hot H2 (JWST), 
and cold dust (ALMA). From Berné et al. 2024.
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gas-phase carbon chemistry

Article

Extended Data Fig. 8 | Dominant CH3
+ formation and destruction reactions 

at the CH3
+ abundance peak predicted by the photochemical model shown 

in Fig. 7. This reaction network also leads to abundant HCO+ in FUV-irradiated 
gas layers where x(C+) > x(CO). Red arrows show endoergic reactions when H2 is 

in the ground-vibrational state v = 0. These reactions become fast only in disk 
layers where the gas temperature is high (several hundred K) and/or significant 
vibrationally excited H2* (v ≥ 0) exists. The formation of CH3

+ from methane will 
only be relevant if very high CH4 and H+ abundances coexist in the gas.
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
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wind emission is cospatial with this jet, but overall the wind is more 
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is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
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The JWST spectrum of d203-506 is surprisingly rich (Fig. 2a) and markedly different to that of the first 
isolated disks observed with JWST (Fig. 2b; van Dishoeck et at. 2023). The IR spectrum of d203-506 reveals 
the first detection in space of a new hydrocarbon ion, CH3+, a key intermediate in gas-phase organic 
chemistry formed by FUV-driven chemistry (Berné et al. 2023). It also reveals the presence of polycyclic 
aromatic hydrocarbons (PAHs), CH+ and large amounts of OH arising from the photodissociation of a hidden 
reservoir of water vapor in the disk (Zannese et. 2024). In parallel, our ALMA observations reveal simple 
organic molecules as well as neutral atomic carbon (Goicoechea et al. in prep.), the product of ongoing 
photodissociation of carbon monoxide. These first studies are just the tip of the iceberg. Indeed, our first 
JWST observations unveil a significant number of unidentified IR lines with no obvious molecular carrier 
assigned yet. They show the presence of a rich photochemistry which largely differs from what is observed 
in isolated disks where external UV is much less present (e.g., Öberg & Bergin 2021). These first results 
point to a change of paradigm with respect to the origin and limits of chemical complexity in planet-
forming systems: organic molecules can form in-situ, triggered by the presence of strong FUV radiation, 
and not only be inherited as part of the ice grain-mantles that formed in previous evolutive pre-stellar cloud 
stages. These results may suggest that a large fraction of the disk gas reservoir is being chemically 
(photo)reprocessed, perhaps favoring the formation of specific prebiotic molecules at this irradiated 
PPD stage. The fresh new prebiotic material could be aggregated or delivered to planets and participate as 
ingredients for life. This will be an alternative scenario to its endogenous formation within planets where life 
ultimately emerges (Chyba & Sagan 1992). Confirming this alternative exogenous scenario, however, would 
require to detect complex organic molecules in PPDs and fully understand their chemical formation routes. 

From our knowledge of isolated PPDs, we know that going further into the disk mid-plane (at T < 150 K), 
any water vapor must freeze out as water ice on grain surfaces, increasing the gas-phase C/O abundance ratio 
and potentially leading to a rich complex carbon chemistry (e.g., Calahan et al. 2023). In the coldest and 
most FUV-shielded layers of the disk mid-plane, more volatile gas-phase reservoirs (CO2 and CO) freeze 
too, forming stratified snow lines (different volatile ice mantle condensation fronts, e.g., Öberg et al. 2011). 
However, the influence of strong external UV radiation on the exact position, characteristics, and time 
evolution of the snow lines are not known even though they ultimately regulate the type and atmospheric 
composition (e.g., the C/O abundance ratio) of the exoplanets that may form in such disks (e.g., Tabone et al. 
2023, Mah et al. 2023). Indeed, little attention has been paid so far to the potential role that UV radiation 
may play in giving shape to planetary systems (Winter et al. 2022). Undoubtedly, linking the PPD chemical 
composition to exoplanet atmospheric composition is one of major challenges in Astrophysics for the next 
decades. UV radiation must play a fundamental role in this chemical inventory, yet to be understood. 
A new era in computational models of externally irradiated protoplanetary disks: 
Prior to our recent observation of d203-506, most of what we knew about the photoevaporation induced by 
external FUV radiation on PPDs came from a few precursor models. They have been based at first on 
analytical expressions (Adams et al. 2004), and still continue to rely on semi-analytical approximations for 
some key processes (e.g., radiative transfer, Haworth et al. 2023). Other disk models considered the impact 
of external UV illumination on the disk chemical structure (e.g., Walsh et al. 2013), but without including the 
photoevaporation dynamics and adopting a simplified radiative transfer and thermo-chemistry. While these 
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Figure 2: a) Very rich mid-IR spectrum of the 
externally irradiated disk d203-506 in Orion taken 
by JWST/MIRI, and showing signatures of ongoing 
photochemistry. The bright emission lines refer to 
H2 and HI recombination lines. b) Spectrum of the 
nearby and isolated disk GW Lupus. The insets show 
images of the two disks obtained with JWST 
cameras. c) Spectroscopic-images of d203-506 
showing the distribution of CH3+, hot H2 (JWST), 
and cold dust (ALMA). From Berné et al. 2024.

Strong FUV radiation triggers a rich
gas-phase carbon chemistry

Article

Extended Data Fig. 8 | Dominant CH3
+ formation and destruction reactions 

at the CH3
+ abundance peak predicted by the photochemical model shown 

in Fig. 7. This reaction network also leads to abundant HCO+ in FUV-irradiated 
gas layers where x(C+) > x(CO). Red arrows show endoergic reactions when H2 is 

in the ground-vibrational state v = 0. These reactions become fast only in disk 
layers where the gas temperature is high (several hundred K) and/or significant 
vibrationally excited H2* (v ≥ 0) exists. The formation of CH3

+ from methane will 
only be relevant if very high CH4 and H+ abundances coexist in the gas.
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Fig. 2. Astronomical emission spectrum recorded by JWST and comparison with simulations of the ⌫+2 /⌫
+
4 dyad of CH+3 performed using the best-fit

parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.

Fig. 3. Zoom around the ⌫+2 /⌫
+
4 band centers showing the agreement be-

tween the astronomical spectrum and the simulation obtained with the
best-fit parameters. All simulations parameters are the same as those of
Fig. 2.

stants reported in Table 1, it is possible to reproduce this spec-
trum, hence validating the spectroscopic assignments experi-
mentally. We find that a temperature of 75 K and a Gaussian
lineshape of 10 cm�1 FWHM nicely reproduces the experimen-
tal spectrum (Fig. 4). To obtain the best agreement with the sim-
ulated spectrum, the wavenumber scale of the LOS spectrum has

Fig. 4. LOS spectrum of the ⌫+2 /⌫
+
4 dyad of CH+3 (X̃+ 1A01 electronic state,

top trace) and comparison with PGOPHER simulations performed us-
ing the best-fit parameters (bottom trace). The simulations has been
performed at T = 75 K, and convolved with a Gaussian line shape
(FWHM = 10 cm�1).

been corrected by +4 cm�1, a value within an acceptable range
for the systematic uncertainty of the measurements. The band
profile is dominated by the Q-branch of the dyad while some ro-
tational substructure is distinguished in the P- and R-branches,
with bumps in the regions of the stronger transitions correspond-
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Fig. 2. Astronomical emission spectrum recorded by JWST and comparison with simulations of the ⌫+2 /⌫+4 dyad of CH+3 performed using the best-fit
parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.

3.3. Photoelectron spectra

Further validation of the spectroscopic parameters derived for
the v+2 = 1 and v+4 = 1 states is brought by high-resolution mea-
surements. The two photoionizing transitions recorded in this
work, the X̃+ 1A01(v+ = 0)  X̃ 2A002 (v = 0) origin band and the
X̃+ 1A01(v+2 = 1)  X̃ 2A002 (v2 = 1) sequence band are depicted
in Figs. 5 and 6a, respectively. The best-fit constants reported in
Table 1 are used to interpret these photoelectron spectra of CH3.

A peculiar feature of the CH3 photoelectron spectrum origi-
nates from the frequency of the ⌫2 out-of-plane vibrational mode
increasing by about a factor of 2 upon ionization (Cunha de
Miranda et al. 2010). This shift moves the 21

1 sequence band away
from the more intense origin band, with which it would usu-
ally overlap, making high-resolution photoelectron spectroscopy
a method of choice to investigate the rotational structure of the
v+2 = 1 state of CH+3 .

The photoionization selection rules for the methyl radical
have been discussed in detail by Schulenburg et al. (2006). The
photoelectron is ejected from a 2pz orbital, which implies that
the photoelectron partial wave has an orbital angular momen-
tum quantum number ` = 0 or 2, leading to similar symmetry
selection rules as for a single-photon electric dipole transition.
This is demonstrated in Eqs. (5) and (7) of Signorell & Merkt
(1997). In addition, using the orbital ionization model (Willitsch
& Merkt 2005), Schulenburg et al. (2006) derived that the rota-
tional structure of the photoelectron spectrum of CH3 follows
the same selection rules as for a (parallel) single-photon elec-
tric dipole transition (Herzberg 1966): �N = 0, ±1 and �K = 0
(where N is the total angular momentum excluding spin, and K

is its projection along the symmetry axis). Given the equivalence
of the selection rules for standard single-photon electric dipole
moment and single-photon ionization, and neglecting the elec-
tron spin, one can use the PGOPHER program (Western 2018) to
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Fig. 3. Zoom around the ⌫+2 /⌫+4 band centers showing the agreement
between the astronomical spectrum and the simulation obtained with
the best-fit parameters. All simulations parameters are the same as those
of Fig. 2.

simulate the rotationally resolved photoelectron spectra and thus
keep the same formalism as that used in the previous section.

The spectrum of the origin band measured in this work is in
excellent agreement with the spectra previously recorded using
the PFI-ZEKE technique (Blush et al. 1993; Wiedmann et al.
1994; Schulenburg et al. 2006). To simulate this origin band, we
used the rotational constants obtained by Yamada et al. (1981)
and this work (Table 1) for the vibronic ground states of CH3
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parameters (top panel). The simulation has been performed using the same profile parameters as in Fig. 1 (T = 700 K, FWHM = 0.4 cm�1). The
wavenumber residuals of the line-by-line fits are plotted in the lower panel of the figure.
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keep the same formalism as that used in the previous section.

The spectrum of the origin band measured in this work is in
excellent agreement with the spectra previously recorded using
the PFI-ZEKE technique (Blush et al. 1993; Wiedmann et al.
1994; Schulenburg et al. 2006). To simulate this origin band, we
used the rotational constants obtained by Yamada et al. (1981)
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Formation of the methyl cation by 
photochemistry in a protoplanetary disk
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Els Peeters5,6,7, Amelie Canin1, Boris Trahin11, Christine Joblin1, Stephan Schlemmer10, 
Sven Thorwirth10, Jose Cernicharo3, Maryvonne Gerin8, Alexander Tielens12,13, 
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Emeric Bron8, Ryan Chown5,6, Sara Cuadrado3, Daniel Dicken11, Meriem Elyajouri11, 
Asunción Fuente17, Karl D. Gordon18, Lina Issa1, Olga Kannavou11, Baria Khan5, 
Ozan Lacinbala19, David Languignon8, Romane Le Gal20,21, Alexandros Maragkoudakis16, 
Raphael Meshaka8, Yoko Okada10, Takashi Onaka22,23, Sofia Pasquini5, Marc W. Pound13, 
Massimo Robberto18, Markus Röllig24,25, Bethany Schefter5, Thiébaut Schirmer9,11, 
Ameek Sidhu5,6, Benoit Tabone11, Dries Van De Putte18, Sílvia Vicente26 & Mark G. Wolfire13

Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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Forty years ago, it was proposed that gas-phase organic chemistry in the interstellar 
medium can be initiated by the methyl cation CH3

+ (refs. 1–3), but so far it has not  
been observed outside the Solar System4,5. Alternative routes involving processes on 
grain surfaces have been invoked6,7. Here we report James Webb Space Telescope 
observations of CH3

+ in a protoplanetary disk in the Orion star-forming region.  
We "nd that gas-phase organic chemistry is activated by ultraviolet irradiation.

As part of the PDRs4All Early Release Science programme on the James 
Webb Space Telescope ( JWST) (pdrs4all.org)8, we have obtained obser-
vations of the protoplanetary disk d203-506 (ref. 9). This object is 
situated in the Orion Bar, at about 0.25 pc from the massive, strongly 
ultraviolet (UV) emitting Trapezium stars that are at 414 pc from Earth10, 
inside the Orion Nebula. The disk is about 100 astronomical units 
(AU) in radius, and has an estimated mass of roughly 10 MJ (O. Berné 
et al., manuscript in preparation). The central star of d203-506 has 
an estimated mass of M⋆ = 0.2 ± 0.1 M⊙ (O. Berné et al., manuscript in 
preparation), typical for stars of the Orion Nebula Cluster11. This star 
is obscured by the flared disk that is seen nearly edge-on9. Figure 1 
shows integrated intensity images of the d203-506 disk (see Methods  
for details on JWST data reduction). This includes the emission of 
vibrationally and rotationally excited H2 and CH+, and fine-structure 
emission of oxygen ([O I]) and ionized iron ([Fe II]). The molecular 
emission arises from a hot (gas temperature Tgas of roughly 1,000 K) 
and dense (gas density nH > 105 cm−3) wind that is produced by photo-
evaporation from the disk because of irradiation by far-UV photons 
(FUV, that is, photons with energies E in the range 6–13.6 eV) from the 
Trapezium stars (O. Berné et al., manuscript in preparation). The [Fe II] 
image shows the emission associated with a collimated jet. Some of the 

wind emission is cospatial with this jet, but overall the wind is more 
extended and creates a ‘halo’ around the disk.

The mid-infrared spectrum of d203-506 was obtained using the 
Mid-Infrared Instrument (MIRI)-Medium Resolution Spectroscopy 
(MRS) spectrometer onboard the JWST (see Methods for details) and 
is shown in Fig. 2. In the spectrum, we detect pure rotational lines of H2 
[0-0 S(1) to 0-0 S(8)] from which we derive an excitation temperature 
Tex = 923 ± 48 K (Methods). The straight line observed in the excitation 
diagram derived from these transitions  (Extended Data Fig. 3) indi-
cates that the excitation temperature of H2 is close to the gas kinetic 
temperature, and thus confirms the presence of hot molecular gas in 
the wind of d203-506.

In addition to identified H2 and H I emission lines (Methods), a strong 
residual emission consisting of a series of lines in the 6.5–8.0 µm range 
is observed (Fig. 2). This emission, as seen in the lower middle panel of 
Fig. 1, is spatially resolved and only present in d203-506. It is cospatial 
with H2 and CH+ emissions, with the best spatial correlation observed 
with the 2.12 µm line of vibrationally excited H2 (Fig. 1). We conclude 
that the observed features in Fig. 2 are an astrophysical signal associ-
ated with emission from the wind of the d203-506 protoplanetary disk. 
We note, however, given that the angular resolution of MIRI is at the 
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The JWST spectrum of d203-506 is surprisingly rich (Fig. 2a) and markedly different to that of the first 
isolated disks observed with JWST (Fig. 2b; van Dishoeck et at. 2023). The IR spectrum of d203-506 reveals 
the first detection in space of a new hydrocarbon ion, CH3+, a key intermediate in gas-phase organic 
chemistry formed by FUV-driven chemistry (Berné et al. 2023). It also reveals the presence of polycyclic 
aromatic hydrocarbons (PAHs), CH+ and large amounts of OH arising from the photodissociation of a hidden 
reservoir of water vapor in the disk (Zannese et. 2024). In parallel, our ALMA observations reveal simple 
organic molecules as well as neutral atomic carbon (Goicoechea et al. in prep.), the product of ongoing 
photodissociation of carbon monoxide. These first studies are just the tip of the iceberg. Indeed, our first 
JWST observations unveil a significant number of unidentified IR lines with no obvious molecular carrier 
assigned yet. They show the presence of a rich photochemistry which largely differs from what is observed 
in isolated disks where external UV is much less present (e.g., Öberg & Bergin 2021). These first results 
point to a change of paradigm with respect to the origin and limits of chemical complexity in planet-
forming systems: organic molecules can form in-situ, triggered by the presence of strong FUV radiation, 
and not only be inherited as part of the ice grain-mantles that formed in previous evolutive pre-stellar cloud 
stages. These results may suggest that a large fraction of the disk gas reservoir is being chemically 
(photo)reprocessed, perhaps favoring the formation of specific prebiotic molecules at this irradiated 
PPD stage. The fresh new prebiotic material could be aggregated or delivered to planets and participate as 
ingredients for life. This will be an alternative scenario to its endogenous formation within planets where life 
ultimately emerges (Chyba & Sagan 1992). Confirming this alternative exogenous scenario, however, would 
require to detect complex organic molecules in PPDs and fully understand their chemical formation routes. 

From our knowledge of isolated PPDs, we know that going further into the disk mid-plane (at T < 150 K), 
any water vapor must freeze out as water ice on grain surfaces, increasing the gas-phase C/O abundance ratio 
and potentially leading to a rich complex carbon chemistry (e.g., Calahan et al. 2023). In the coldest and 
most FUV-shielded layers of the disk mid-plane, more volatile gas-phase reservoirs (CO2 and CO) freeze 
too, forming stratified snow lines (different volatile ice mantle condensation fronts, e.g., Öberg et al. 2011). 
However, the influence of strong external UV radiation on the exact position, characteristics, and time 
evolution of the snow lines are not known even though they ultimately regulate the type and atmospheric 
composition (e.g., the C/O abundance ratio) of the exoplanets that may form in such disks (e.g., Tabone et al. 
2023, Mah et al. 2023). Indeed, little attention has been paid so far to the potential role that UV radiation 
may play in giving shape to planetary systems (Winter et al. 2022). Undoubtedly, linking the PPD chemical 
composition to exoplanet atmospheric composition is one of major challenges in Astrophysics for the next 
decades. UV radiation must play a fundamental role in this chemical inventory, yet to be understood. 
A new era in computational models of externally irradiated protoplanetary disks: 
Prior to our recent observation of d203-506, most of what we knew about the photoevaporation induced by 
external FUV radiation on PPDs came from a few precursor models. They have been based at first on 
analytical expressions (Adams et al. 2004), and still continue to rely on semi-analytical approximations for 
some key processes (e.g., radiative transfer, Haworth et al. 2023). Other disk models considered the impact 
of external UV illumination on the disk chemical structure (e.g., Walsh et al. 2013), but without including the 
photoevaporation dynamics and adopting a simplified radiative transfer and thermo-chemistry. While these 
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Figure 2: a) Very rich mid-IR spectrum of the 
externally irradiated disk d203-506 in Orion taken 
by JWST/MIRI, and showing signatures of ongoing 
photochemistry. The bright emission lines refer to 
H2 and HI recombination lines. b) Spectrum of the 
nearby and isolated disk GW Lupus. The insets show 
images of the two disks obtained with JWST 
cameras. c) Spectroscopic-images of d203-506 
showing the distribution of CH3+, hot H2 (JWST), 
and cold dust (ALMA). From Berné et al. 2024.

Strong FUV radiation triggers a rich
gas-phase carbon chemistry

Article

Extended Data Fig. 8 | Dominant CH3
+ formation and destruction reactions 

at the CH3
+ abundance peak predicted by the photochemical model shown 

in Fig. 7. This reaction network also leads to abundant HCO+ in FUV-irradiated 
gas layers where x(C+) > x(CO). Red arrows show endoergic reactions when H2 is 

in the ground-vibrational state v = 0. These reactions become fast only in disk 
layers where the gas temperature is high (several hundred K) and/or significant 
vibrationally excited H2* (v ≥ 0) exists. The formation of CH3

+ from methane will 
only be relevant if very high CH4 and H+ abundances coexist in the gas.

Gas-phase PDR chemistry
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Appendix E: Spectroscopic parameters of neutral
atomic carbon lines

Figure E.1 shows a reduced energy-level diagram of neutral
atomic carbon. Table E.1 summarizes the spectroscopic parame-
ters and line intensities of the carbon lines discussed in the text.

Fig. E.1. Energy-level diagram of neutral atomic carbon and main in-
frared and submillimeter lines discussed in the text (except the higher
energy multiplet 2s22p(2Po)3d 3Fo – 2s22p(2Po)3p3D at 1.176 µm.).
Fine-structure splittings are exaggerated for clarity.
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Outflows and discs with MUSE 5

Figure 2. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), H U (green) and [O �] 8446 Å (blue). The two disc-bearing
YSO’s are 203-504 and 203-506. To the upper left in green is the H �� region
that is photoionised by the Trapezium stars (predominantly the O6.5V star \1

Ori C). The O9.5V star \
2 Ori A is towards the left of the FOV. Blue traces

Lyman V irradiated gas, which is predominantly at the interface with the H ��
region, but also traces an irradiated cloud near the line of sight location of
the two YSOs, which based on its shape we call the Delta (�) Feature.

front. We will discuss the very different external photoevaporation
of these discs further in section 4.2.

Figure 3 again shows the [C �] 8727 Å (red) and [O �] 8446 Å (blue),
but the green in this case is the [Fe ��] 8617 Å line. [Fe ��] emission
is well-established as a tracer of shock-excited gas in protostellar
jets (e.g. Pesenti et al. 2003; Hartigan et al. 2004; Agra-Amboage
et al. 2011; Giannini et al. 2013) and has also been observed in a
number of externally-irradiated jets in H �� regions (e.g. Reiter &
Smith 2013; Reiter et al. 2015, 2016). In particular, Kirwan et al.
(2023) used several [Fe ��] lines observed with MUSE NFM to trace
the properties of the jet from the 244-440 proplyd, also irradiated
from \2 Ori A. In our dataset [Fe ��] traces outflows from both 203-
506 (HH 520) and 203-504 (HH 519), which we discuss in more
detail in 4.3.

To the upper right in Figure 2 is the Huygens Region, photoionised
by the Trapezium stars and bright in H U.The sharp boundary in-
dicates where the MIF is nearly along the line-of-sight. The MIF
then flattens into the lower surface-brightness region we call the Bar
Shoulder and continues beyond to the southeast with progressively
lower surface-brightness. The low ionization boundary of the MIF
is visible in Lyman V irradiated [O �] 8446 Å. To the south-east, be-
yond the Bar ionisation front is the Delta Feature, that is enhanced in
[O �] 8446 Å. 203-506 is along the line of sight of the Delta Feature,
appearing in silhouette in many emission-lines (see Figure 4) and
203-504 is located slightly to the northwest of the northern vertex of
the Delta Feature. We discuss the possible role that this feature plays
in the context of the externally photoevaporating discs in section 5.2.
Table 2 provides a non-exhaustive summary of bright lines in our
dataset and the features that they trace.

Finally, within the H �� region in the upper right of Figure 2 are

Figure 3. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), [Fe ��] 8617 Å (green) and [O �] 8446 Å (blue). The [Fe ��]
traces the bipolar outflow, HH 520, from 203-506 and the compact outflow
HH 519 from 203-504.

three small dark clumps, which are instrumental artefacts. We discuss
these in Appendix A.

4.2 Two extremely different photoevaporating discs

Our FOV contains two protoplanetary discs subject to external photo-
evaporation. Their projected on-sky separation is only around 660 au,
but the nature of their external photoevaporation is considerably dif-
ferent and they are probably not located physically close to one
another.

4.2.1 203-504

203-504 has a classic teardrop shaped proplyd morphology that is
clear in ionisation front tracers such as HU. The 203-504 proplyd
points towards \2 Ori A, implying that is the UV source predomi-
nantly responsible for driving the mass loss (as already pointed out
by O’Dell et al. 2017b). In addition, there is [C �] 8727 Å and [O �]
8446 Å emission from FUV/Lyman V irradiated gas (see Figure 4).
203-504 is hence being exposed to both FUV and EUV radiation.

In ionisation equilibrium, the extent of the ionisation front in a
proplyd depends on the ionising flux incident upon the proplyd and
the integrated recombination rate from the UV source down to the
I-front. Assuming that the flow diverges spherically from the I-front
and that a spherical flow from the disc into the I-front has to satisfy
mass conservation, one can estimate the required mass loss rate to
place the I-front at its observed radius. For example, for a given
incident ionising flux, decreasing the mass-loss rate would make the
ionisation front radius smaller (e.g. Johnstone et al. 1998; Clarke
& Owen 2015). Specifically, for a proplyd at a projected separation
3 from a UV source producing ionising photons at a rate §#

;H
per
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Goicoechea et al.: Atomic carbon in d203-506 photoevaporating disk

Fig. 2. Neutral atomic carbon in d203-506. Upper panel: Velocity-
resolved [C i] 609 µm and C18O J = 3–2 line profiles observed with
ALMA. The cyan spectrum shows the narrow-line C18O emission at
an OFF position ⇠100 NW of the disk. The vertical dashed line marks the
velocity centroid of the [C i] 609 µm line. Lower panels: JWST/NIRSpec
detection of [C i] forbidden lines at 0.9827 and 0.9853 µm (top) as well
as C i recombination line multiplets at 1.069 and 1.176 µm (bottom). The
vertical magenta lines represent the relative LTE line intensities of each
component of the multiplet (from Walmsley et al. 2000).

Figure 2 also shows near-IR excited emission lines of neutral
atomic carbon in d203-506: the (2p) 1D2 to (2p) 3P forbidden
lines at 0.9827 and 0.9853 µm, as well as highly-excited C i line
multiplets (3p) 3D to (3s) 3Po at 1.069 µm, and (3d) 3Fo to (3p) 3D
at 1.176 µm. These multiplets are thought to result from the FUV
photoionization of C0 atoms followed by radiative recombinations
of C+ ions. These near-IR carbon lines arise from hot neutral PDR
gas (i.e., not form H+ ionized gas), which is consistent with the
low ionization potential of C0 atoms (11.26 eV) and with the lack
of cometary ionization fronts in d203-506 (for their detection in
the Bar, see Walmsley et al. 2000; Peeters et al. 2023). In addition,
Haworth et al. (2023) imaged the (2p) 1S 0 to (2p) 1D2 line emis-
sion at 0.8729 µm using VLT/MUSE. Table E.1 summarizes the
spectroscopic properties of these IR lines. Interestingly, the line
intensity ratio [C i] 0.9853 µm over H2 1–0 S (1) is 0.30± 0.01,
similar to that observed toward the H2 dissociation fronts of the
Orion Bar (Peeters et al. 2023).

= 4.7·10-5

xC = 1.4·10-4
= 7.0·10-5

OBSERVED 

Fig. 3. Grid of constant-density PDR models, adapted to the external
illumination conditions in d203-506, for di↵erent gaseous elemental
carbon abundances xC = xC+ + xC0 + xCO + ... . The red markers show the
predicted column density of C0. The blue markers show the predicted
[C i] 609 µm line intensity, integrating from AV = 0 to 10 mag into the
wind/disk system. The horizontal lines mark the observed intensity (±�).

4. Analysis and discussion

The [C i] 609 µm line emission traces warm molecular gas at
the C+/C0/CO transition zone of the outer disk and inner wind
(e.g., Haworth & Owen 2020). At high gas densities relative to
the FUV flux (nH/G0 > 102 cm�3), H2 and CO line self-shielding
move the atomic to molecular gas transitions close to the ir-
radiated surface where the FUV flux is very strong and the
H2–emitting gas is heated to Tk & 1000 K (Johnstone et al. 1998;
Störzer & Hollenbach 1999; Champion et al. 2017). To de-
rive the beam-average column density of C0 atoms in this
zone, N(C0), and the gas-phase elemental abundance of carbon,
xC = xC+ + xC0 + xCO + ... , we used version 1.7 of the Meudon
photodissociation region (PDR) code (Le Petit et al. 2006). We
model the externally irradiated [C i] 609 µm-emitting disk zone
as a 1D stationary slab of constant-density gas, but our treat-
ment of the penetration of FUV radiation, line self-shielding, C0

photoionization, C+ recombination, CO dissociation is very pre-
cise (Le Petit et al. 2006; Goicoechea & Le Bourlot 2007). We
implicitly assume that the contribution to the [C i] 609 µm in-
tensity from the inner disk close to the star is negligible. We treat
the absorption and scattering of external FUV photons by gas
lines and dust grains providing a FUV extinction cross section
�1000Å = 7⇥10�22 cm2 per H, the type of grains expected in the
outer disk layers (e.g., Birnstiel et al. 2018). The chemical model
includes gas-phase reactions and a simple grain surface network
for O, OH, H2O, O2, and CO ices. These species can adsorb
on grains as temperatures drop, photodesorb by FUV photons,
desorb by direct impact of cosmic-rays, and evaporate.

Because of its low excitation requirements, that is, low
critical density (ncr . 103 cm�3) and very low level energy sep-
aration (Tk��E/kB), the [C i] 609 µm emission is optically thin4

and thermalized (Tex =Tk) in dense and warm gas. In this regime,
the I([C i] 609 µm) line intensity is proportional to N(C0), quite
irrespective on the gas physical conditions. In addition, N(C0) is
not very sensitive to strong variations of G0 (see Appendix B).

4 At high gas temperatures, Tk > 500–1000 K, the [C i] 609 µm line
becomes optically thick only if N(C0) is greater than several 1019 cm�2.
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Appendix E: Spectroscopic parameters of neutral
atomic carbon lines

Figure E.1 shows a reduced energy-level diagram of neutral
atomic carbon. Table E.1 summarizes the spectroscopic parame-
ters and line intensities of the carbon lines discussed in the text.

Fig. E.1. Energy-level diagram of neutral atomic carbon and main in-
frared and submillimeter lines discussed in the text (except the higher
energy multiplet 2s22p(2Po)3d 3Fo – 2s22p(2Po)3p3D at 1.176 µm.).
Fine-structure splittings are exaggerated for clarity.
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Figure 2. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), H U (green) and [O �] 8446 Å (blue). The two disc-bearing
YSO’s are 203-504 and 203-506. To the upper left in green is the H �� region
that is photoionised by the Trapezium stars (predominantly the O6.5V star \1

Ori C). The O9.5V star \
2 Ori A is towards the left of the FOV. Blue traces

Lyman V irradiated gas, which is predominantly at the interface with the H ��
region, but also traces an irradiated cloud near the line of sight location of
the two YSOs, which based on its shape we call the Delta (�) Feature.

front. We will discuss the very different external photoevaporation
of these discs further in section 4.2.

Figure 3 again shows the [C �] 8727 Å (red) and [O �] 8446 Å (blue),
but the green in this case is the [Fe ��] 8617 Å line. [Fe ��] emission
is well-established as a tracer of shock-excited gas in protostellar
jets (e.g. Pesenti et al. 2003; Hartigan et al. 2004; Agra-Amboage
et al. 2011; Giannini et al. 2013) and has also been observed in a
number of externally-irradiated jets in H �� regions (e.g. Reiter &
Smith 2013; Reiter et al. 2015, 2016). In particular, Kirwan et al.
(2023) used several [Fe ��] lines observed with MUSE NFM to trace
the properties of the jet from the 244-440 proplyd, also irradiated
from \2 Ori A. In our dataset [Fe ��] traces outflows from both 203-
506 (HH 520) and 203-504 (HH 519), which we discuss in more
detail in 4.3.

To the upper right in Figure 2 is the Huygens Region, photoionised
by the Trapezium stars and bright in H U.The sharp boundary in-
dicates where the MIF is nearly along the line-of-sight. The MIF
then flattens into the lower surface-brightness region we call the Bar
Shoulder and continues beyond to the southeast with progressively
lower surface-brightness. The low ionization boundary of the MIF
is visible in Lyman V irradiated [O �] 8446 Å. To the south-east, be-
yond the Bar ionisation front is the Delta Feature, that is enhanced in
[O �] 8446 Å. 203-506 is along the line of sight of the Delta Feature,
appearing in silhouette in many emission-lines (see Figure 4) and
203-504 is located slightly to the northwest of the northern vertex of
the Delta Feature. We discuss the possible role that this feature plays
in the context of the externally photoevaporating discs in section 5.2.
Table 2 provides a non-exhaustive summary of bright lines in our
dataset and the features that they trace.

Finally, within the H �� region in the upper right of Figure 2 are

Figure 3. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), [Fe ��] 8617 Å (green) and [O �] 8446 Å (blue). The [Fe ��]
traces the bipolar outflow, HH 520, from 203-506 and the compact outflow
HH 519 from 203-504.

three small dark clumps, which are instrumental artefacts. We discuss
these in Appendix A.

4.2 Two extremely different photoevaporating discs

Our FOV contains two protoplanetary discs subject to external photo-
evaporation. Their projected on-sky separation is only around 660 au,
but the nature of their external photoevaporation is considerably dif-
ferent and they are probably not located physically close to one
another.

4.2.1 203-504

203-504 has a classic teardrop shaped proplyd morphology that is
clear in ionisation front tracers such as HU. The 203-504 proplyd
points towards \2 Ori A, implying that is the UV source predomi-
nantly responsible for driving the mass loss (as already pointed out
by O’Dell et al. 2017b). In addition, there is [C �] 8727 Å and [O �]
8446 Å emission from FUV/Lyman V irradiated gas (see Figure 4).
203-504 is hence being exposed to both FUV and EUV radiation.

In ionisation equilibrium, the extent of the ionisation front in a
proplyd depends on the ionising flux incident upon the proplyd and
the integrated recombination rate from the UV source down to the
I-front. Assuming that the flow diverges spherically from the I-front
and that a spherical flow from the disc into the I-front has to satisfy
mass conservation, one can estimate the required mass loss rate to
place the I-front at its observed radius. For example, for a given
incident ionising flux, decreasing the mass-loss rate would make the
ionisation front radius smaller (e.g. Johnstone et al. 1998; Clarke
& Owen 2015). Specifically, for a proplyd at a projected separation
3 from a UV source producing ionising photons at a rate §#

;H
per
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Fig. 1. Composite image of the ⇠5 deg2

area mapped in Orion B. Red color
represents the PACS 70 µm emission
tracing FUV-illuminated extended warm
dust. Green color represents the cloud
depth in magnitudes of visual extinction,
AV /N(H2). Blue color represents the
HCN J = 1�0 line intensity. We note that
outside the main filaments most of the
HCN J = 1�0 emission is at AV < 4 mag.

Table 1. Spectroscopic parameters of the lines studied in this work (from Endres et al. 2016, and references therein), critical densities for collisions
with p-H2 and electrons at 20 K (if LTE prevails, 99.82% of H2 is in para form), and critical fractional abundance of electrons (see text).

Species Transition Frequency Eu/kB Aul n
H2
cr,u (Tk = 20 K) n

e

cr,u (Tk = 20 K) �⇤cr,e Ref. collisional rates
(GHz) (K) (s�1) (cm�3) (cm�3) para-H2, e�

HCN J = 1–0 88.63185 4.25 2.41⇥ 10�5 2.7⇥ 105 3.2 1.2⇥ 10�5 a,b
HCN J = 2–1 177.26122 12.76 2.31⇥ 10�4 2.3⇥ 106 38 1.7⇥ 10�5

HCN J = 3–2 265.88650 25.52 8.36⇥ 10�4 5.8⇥ 106 168 2.9⇥ 10�5

HCN J = 4–3 354.50548 42.53 2.05⇥ 10�3 1.6⇥ 107 485 3.0⇥ 10�5

HNC J = 1–0 90.66357 4.35 2.69⇥ 10�5 7.0⇥ 104 3.6 5.2⇥ 10�5 a,b
HNC J = 3–2 271.98114 26.11 9.34⇥ 10�4 2.2⇥ 106 191 8.6⇥ 10�5

HCO+ J = 1–0 89.18852 4.28 4.19⇥ 10�5 4.5⇥ 104 2.0 4.4⇥ 10�5 c,d
HCO+ J = 2–1 178.37506 12.84 4.02⇥ 10�4 4.0⇥ 105 21 5.3⇥ 10�5

HCO+ J = 3–2 267.55763 25.68 1.45⇥ 10�3 1.5⇥ 106 84 5.8⇥ 10�5

HCO+ J = 4–3 356.73422 42.80 3.57⇥ 10�3 3.1⇥ 106 223 7.1⇥ 10�5

CO J = 1–0 115.27120 5.53 7.20⇥ 10�8 5.7⇥ 102 ... ... e

C0 3
P1-3

P0 492.16065 23.62 7.88⇥ 10�8 5.5⇥ 102 410 7.0⇥ 10�1 f,g

Notes. We define the critical density as the H2 (or e
�) density at which Aul equals the sum of all upward and downward collisional rates from the

upper level. That is, ncr = Aul/
P

i,u �ui. For collisions with electrons, we consider only dipole-allowed transitions. We define the critical fractional
abundance of electrons as �⇤cr,e = n

e

cr/n
H2
cr .

References. (a) Hernández Vera et al. (2017); (b) Faure et al. (2007b); (c) Denis-Alpizar et al. (2020); (d) Faure et al. (2007a, 2009); (e) Yang et al.
(2010); (f) Schroder et al. (1991); (g) Johnson et al. (1987).

�e & 10�5 and n(H2) . 105 cm�3 (Dickinson et al. 1977; Liszt
2012; Goldsmith & Kauffmann 2017; Goicoechea et al. 2022).
Table 1 lists the frequency, upper level energy, ncr, and critical
fractional abundance �⇤cr(e�) of the lines relevant to this work.

Galactic and extragalactic studies typically overlook the
role of electron excitation (e.g., Yamada et al. 2007; Behrens
et al. 2022). However, the ionization fraction in the interstel-
lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).

Here we carry out a detailed analysis of the extended
HCN J = 1–0 line emission, and that of related molecules,
obtained in the framework of the large program Outstanding
Radio-Imaging of Orion B (ORION-B) over 5 deg2 (see Fig. 1
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+  Star and planet formation are not independent of feedback processes in GMCs.

+  Radio to near-IR emission lines from C+ and C0 are excellent tracers of these processes:

   - 3D mapping of GMCs in atomic FS lines provides unique information.
→ velocity-resolved multi-beam mapping of the Milky Way

   -  External UV radiation affects protoplanetary disks but we still know little 
                                   → spectroscopy @ sub-arcsecond resolution
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Figure 2. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), H U (green) and [O �] 8446 Å (blue). The two disc-bearing
YSO’s are 203-504 and 203-506. To the upper left in green is the H �� region
that is photoionised by the Trapezium stars (predominantly the O6.5V star \1

Ori C). The O9.5V star \
2 Ori A is towards the left of the FOV. Blue traces

Lyman V irradiated gas, which is predominantly at the interface with the H ��
region, but also traces an irradiated cloud near the line of sight location of
the two YSOs, which based on its shape we call the Delta (�) Feature.

front. We will discuss the very different external photoevaporation
of these discs further in section 4.2.

Figure 3 again shows the [C �] 8727 Å (red) and [O �] 8446 Å (blue),
but the green in this case is the [Fe ��] 8617 Å line. [Fe ��] emission
is well-established as a tracer of shock-excited gas in protostellar
jets (e.g. Pesenti et al. 2003; Hartigan et al. 2004; Agra-Amboage
et al. 2011; Giannini et al. 2013) and has also been observed in a
number of externally-irradiated jets in H �� regions (e.g. Reiter &
Smith 2013; Reiter et al. 2015, 2016). In particular, Kirwan et al.
(2023) used several [Fe ��] lines observed with MUSE NFM to trace
the properties of the jet from the 244-440 proplyd, also irradiated
from \2 Ori A. In our dataset [Fe ��] traces outflows from both 203-
506 (HH 520) and 203-504 (HH 519), which we discuss in more
detail in 4.3.

To the upper right in Figure 2 is the Huygens Region, photoionised
by the Trapezium stars and bright in H U.The sharp boundary in-
dicates where the MIF is nearly along the line-of-sight. The MIF
then flattens into the lower surface-brightness region we call the Bar
Shoulder and continues beyond to the southeast with progressively
lower surface-brightness. The low ionization boundary of the MIF
is visible in Lyman V irradiated [O �] 8446 Å. To the south-east, be-
yond the Bar ionisation front is the Delta Feature, that is enhanced in
[O �] 8446 Å. 203-506 is along the line of sight of the Delta Feature,
appearing in silhouette in many emission-lines (see Figure 4) and
203-504 is located slightly to the northwest of the northern vertex of
the Delta Feature. We discuss the possible role that this feature plays
in the context of the externally photoevaporating discs in section 5.2.
Table 2 provides a non-exhaustive summary of bright lines in our
dataset and the features that they trace.

Finally, within the H �� region in the upper right of Figure 2 are

Figure 3. A 3 colour composite image from our dataset consisting of [C �]
8727 Å (red), [Fe ��] 8617 Å (green) and [O �] 8446 Å (blue). The [Fe ��]
traces the bipolar outflow, HH 520, from 203-506 and the compact outflow
HH 519 from 203-504.

three small dark clumps, which are instrumental artefacts. We discuss
these in Appendix A.

4.2 Two extremely different photoevaporating discs

Our FOV contains two protoplanetary discs subject to external photo-
evaporation. Their projected on-sky separation is only around 660 au,
but the nature of their external photoevaporation is considerably dif-
ferent and they are probably not located physically close to one
another.

4.2.1 203-504

203-504 has a classic teardrop shaped proplyd morphology that is
clear in ionisation front tracers such as HU. The 203-504 proplyd
points towards \2 Ori A, implying that is the UV source predomi-
nantly responsible for driving the mass loss (as already pointed out
by O’Dell et al. 2017b). In addition, there is [C �] 8727 Å and [O �]
8446 Å emission from FUV/Lyman V irradiated gas (see Figure 4).
203-504 is hence being exposed to both FUV and EUV radiation.

In ionisation equilibrium, the extent of the ionisation front in a
proplyd depends on the ionising flux incident upon the proplyd and
the integrated recombination rate from the UV source down to the
I-front. Assuming that the flow diverges spherically from the I-front
and that a spherical flow from the disc into the I-front has to satisfy
mass conservation, one can estimate the required mass loss rate to
place the I-front at its observed radius. For example, for a given
incident ionising flux, decreasing the mass-loss rate would make the
ionisation front radius smaller (e.g. Johnstone et al. 1998; Clarke
& Owen 2015). Specifically, for a proplyd at a projected separation
3 from a UV source producing ionising photons at a rate §#
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Fig. 1. Composite image of the ⇠5 deg2

area mapped in Orion B. Red color
represents the PACS 70 µm emission
tracing FUV-illuminated extended warm
dust. Green color represents the cloud
depth in magnitudes of visual extinction,
AV /N(H2). Blue color represents the
HCN J = 1�0 line intensity. We note that
outside the main filaments most of the
HCN J = 1�0 emission is at AV < 4 mag.

Table 1. Spectroscopic parameters of the lines studied in this work (from Endres et al. 2016, and references therein), critical densities for collisions
with p-H2 and electrons at 20 K (if LTE prevails, 99.82% of H2 is in para form), and critical fractional abundance of electrons (see text).

Species Transition Frequency Eu/kB Aul n
H2
cr,u (Tk = 20 K) n

e

cr,u (Tk = 20 K) �⇤cr,e Ref. collisional rates
(GHz) (K) (s�1) (cm�3) (cm�3) para-H2, e�

HCN J = 1–0 88.63185 4.25 2.41⇥ 10�5 2.7⇥ 105 3.2 1.2⇥ 10�5 a,b
HCN J = 2–1 177.26122 12.76 2.31⇥ 10�4 2.3⇥ 106 38 1.7⇥ 10�5

HCN J = 3–2 265.88650 25.52 8.36⇥ 10�4 5.8⇥ 106 168 2.9⇥ 10�5

HCN J = 4–3 354.50548 42.53 2.05⇥ 10�3 1.6⇥ 107 485 3.0⇥ 10�5

HNC J = 1–0 90.66357 4.35 2.69⇥ 10�5 7.0⇥ 104 3.6 5.2⇥ 10�5 a,b
HNC J = 3–2 271.98114 26.11 9.34⇥ 10�4 2.2⇥ 106 191 8.6⇥ 10�5

HCO+ J = 1–0 89.18852 4.28 4.19⇥ 10�5 4.5⇥ 104 2.0 4.4⇥ 10�5 c,d
HCO+ J = 2–1 178.37506 12.84 4.02⇥ 10�4 4.0⇥ 105 21 5.3⇥ 10�5

HCO+ J = 3–2 267.55763 25.68 1.45⇥ 10�3 1.5⇥ 106 84 5.8⇥ 10�5

HCO+ J = 4–3 356.73422 42.80 3.57⇥ 10�3 3.1⇥ 106 223 7.1⇥ 10�5

CO J = 1–0 115.27120 5.53 7.20⇥ 10�8 5.7⇥ 102 ... ... e

C0 3
P1-3

P0 492.16065 23.62 7.88⇥ 10�8 5.5⇥ 102 410 7.0⇥ 10�1 f,g

Notes. We define the critical density as the H2 (or e
�) density at which Aul equals the sum of all upward and downward collisional rates from the

upper level. That is, ncr = Aul/
P

i,u �ui. For collisions with electrons, we consider only dipole-allowed transitions. We define the critical fractional
abundance of electrons as �⇤cr,e = n

e

cr/n
H2
cr .

References. (a) Hernández Vera et al. (2017); (b) Faure et al. (2007b); (c) Denis-Alpizar et al. (2020); (d) Faure et al. (2007a, 2009); (e) Yang et al.
(2010); (f) Schroder et al. (1991); (g) Johnson et al. (1987).

�e & 10�5 and n(H2) . 105 cm�3 (Dickinson et al. 1977; Liszt
2012; Goldsmith & Kauffmann 2017; Goicoechea et al. 2022).
Table 1 lists the frequency, upper level energy, ncr, and critical
fractional abundance �⇤cr(e�) of the lines relevant to this work.

Galactic and extragalactic studies typically overlook the
role of electron excitation (e.g., Yamada et al. 2007; Behrens
et al. 2022). However, the ionization fraction in the interstel-
lar medium (ISM) of galaxies can be very high because of
enhanced cosmic ray ionization rates and X-ray fluxes driven by
accretion processes in their nuclei (Lim et al. 2017). Mapping

nearby GMCs in our Galaxy offers a convenient template to
spatially resolve and quantify the amount of low surface bright-
ness HCN emission (affected by electron excitation) not directly
associated with dense star-forming clumps. This emission com-
ponent is usually not considered in extragalactic studies (e.g.,
Papadopoulos et al. 2014; Stephens et al. 2016).

Here we carry out a detailed analysis of the extended
HCN J = 1–0 line emission, and that of related molecules,
obtained in the framework of the large program Outstanding
Radio-Imaging of Orion B (ORION-B) over 5 deg2 (see Fig. 1
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