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A B S T R A C T 

We present Very Large Telescope/Multi-Unit Spectroscopic Explorer Narrow Field Mode observations of a pair of disc-bearing 

young stellar objects towards the Orion Bar: 203–504 and 203–506. Both of these discs are subject to external photoe v aporation, 
where winds are launched from their outer regions due to environmental irradiation. Intriguingly, despite having projected 

separation from one another of only 1.65 arcsec(660 au at 400 pc), 203–504 has a classic teardrop shaped ‘proplyd’ morphology 

pointing towards θ2 Ori A (indicating irradiation by the EUV of that star, rather than θ1 Ori C) but 203–506 has no ionization 

front, indicating it is not irradiated by stellar EUV at all. Ho we ver, 203–506 does sho w [C I ] 8727 Å and [O I ] 6300 Å in emission, 
indicating irradiation by stellar FUV. This explicitly demonstrates the importance of FUV irradiation in driving mass loss from 

discs. We conclude that shielding of 203–506 from EUV is most likely due to its position on the observers side of an ionized layer 
lying in the foreground of the Huygens Region. We demonstrate that the outflow HH 519, previously thought to be emanating 

from 203–504 is actually an irradiated cloud edge and identify a new compact outflow from that object approximately along our 
line of sight with a velocity ∼130 km s −1 . 

Key words: planets and satellites: formation – stars: formation – stars: jets – stars: protostars – ISM: HII regions – ISM: kine- 
matics and dynamics. 
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 I N T RO D U C T I O N  

ith ever increasing numbers of exoplanets being disco v ered (Gaudi, 
eyer & Christiansen 2021 ), there is a need to understand how the

lanet formation process contributes to exoplanet diversity. There 
s now o v erwhelming evidence that planets form from circumstellar 
planet-forming’ discs, to the extent that we can even directly observe 
oung planets within them in some cases (Keppler et al. 2018 ; Pinte
t al. 2018 ; Teague et al. 2018 ; Haffert et al. 2019 ; Pinte et al. 2022 ).
ur most detailed studies of these have typically been targeting large 

adius discs in the most nearby star forming regions, which are the
asiest to detect and resolve features in. Those have provided great 
 E-mail: t.haworth@qmul.ac.uk 
 Based on observations collected at the European Southern Observatory 
nder ESO programme 110.259E.001. 
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rovided the original work is properly cited. 
nsight into the gas and dust composition and conditions, revealing 
ub-structures that may possibly be associated with the planet 
ormation process, or planets themselves (e.g. ALMA Partnership 
015 ; Dipierro et al. 2015 ; Andrews et al. 2018 ; Zhang et al. 2018 ;
inte et al. 2020 ; Öberg et al. 2021 ). While those observations of
earby bright discs are extremely important, recently there is a shift
owards trying to study more typical planet-forming discs. For nearby 
egions, this entails studying in detail those of more typical radii ( R ≤
0 au, Zhang et al. 2023 ; Miotello et al. 2021 , Miley et al. submitted,
nd the DECO ALMA large program: 2022.1.00875.L, PI: Cleeves). 
o we ver, for a truly general understanding of planet-forming disc

volution and planet formation we need to look to more distant, more
assive, stellar clusters. 
The Sun is currently located in the middle of a supernova driven

ubble that probably induced our nearest ( ∼140 pc distant) instances
f star formation (for example, in Taurus and Lupus Zucker et al.
022 ). These are all low-mass star forming regions, containing of
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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rder hundreds of stars, all of which are < 10 M �. The observed
luster mass function of d N /d M ∝ M 

−2 implies that most stars
orm in much larger massive clusters (e.g. Lada & Lada 2003 ;
handar 2009 ; Fall, Krumholz & Matzner 2010 ). Massive star
lusters form from the clumpy/hierarchical collapse (or merger)
f turbulent giant molecular clouds (Lada & Lada 2003 ; Portegies
wart, McMillan & Gieles 2010 ; Fukui et al. 2021 ). Once massive
tars form their radiative (photoionizaton/radiation pressure) and
echanical (winds/supernovae) feedback heats and disperses the

loud (Gritschneder et al. 2009 , 2010 ; Dale & Bonnell 2011 ; Dale,
rcolano & Bonnell 2012 ; Walch et al. 2012 ; Dale et al. 2014 ; Grudi ́c
t al. 2021 , 2022 ; Guszejnov et al. 2022 ). The high-stellar number
ensity, dispersal of the molecular cloud and high-ultraviolet (UV)
adiation field strengths all mean that the star forming environment
n which the planet-forming discs reside is very different to lower

ass star forming regions. 
Massive stellar clusters have high-stellar number densities, so the

robability of gravitational encounters between star-disc systems is
ore lik ely (Pf alzner, Umbreit & Henning 2005 ; Pf alzner 2013 ;
falzner et al. 2018 ; Cuello et al. 2019 , 2020 ; Cuello, M ́enard &
rice 2023 ). Additionally, OB stars dominate the production of UV
hotons by many orders of magnitude (for example a 40 M � star
mits around ten trillion times more ionizing photons than a Solar
ype star). One impact of that is molecular cloud dispersal, which may
nfluence the time-scale that discs can be fed by accretion streamers
e.g. Tang et al. 2012 ; Kratter & Lodato 2016 ; Yen et al. 2019 ;
ineda et al. 2020 ; Ginski et al. 2021 ; Garufi et al. 2022 ; Huang
t al. 2022 ; Valdivia-Mena et al. 2022 ; Gupta et al. 2023 ). The
uch more established impact of the UV from massive stars is that

t leads to ‘external’ photoe v aporati ve winds being launched from
he outer parts of irradiated discs (for recent re vie ws see Winter &
aworth 2022 ; Reiter & Parker 2022 ). External photoe v aporati ve
inds are spatially resolvable in relatively nearby sources ( D ∼
00 pc), with teardrop shape ionization front morphologies now
eferred to as ‘proplyds’ that point towards the UV source responsible
or irradiating them (e.g. O’Dell, Wen & Hu 1993 ; O’Dell & Wen
994 ; Henney & O’Dell 1999 ; Bally, O’Dell & McCaughrean 2000 ;
icci, Robberto & Soderblom 2008 ; Miotello et al. 2012 ; Fang et al.
016 ; Kim et al. 2016 ; Haworth et al. 2021 ; Winter & Haworth 2022 ).
roplyd mass loss rates are empirically inferred to be sufficiently high

hat it would result in rapid depletion and truncation (Henney &
’Dell 1999 ; Winter et al. 2019 ; Winter & Haworth 2022 ) and
odels support these high-mass loss rates (Richling & Yorke 2000 ;
dams et al. 2004 ; Facchini, Clarke & Bisbas 2016 ; Haworth et al.
018 ; Haw orth & Clark e 2019 ). Recent models predict that external
hotoe v aporation could impact planet formation anywhere in the
isc, by reducing the reservoir of solids that can radially drift and
esupply the inner disc with material (Qiao, Coleman & Haworth
023 ), as well as affect the migration and growth of giant planets.
he discs of proplyds have also been subject to detailed study to
nderstand the impact of the external winds upon them, finding that
hey are typically more compact, less massive and even chemically
istinct from discs in low-mass star forming regions (e.g. Mann et al.
014 ; Eisner et al. 2018 ; Boyden & Eisner 2020 , 2023 ). 
Because the impact of external photoe v aporation on discs is

xpected to be so significant, it makes the connection to the wider
tar formation process particularly important. Stars form embedded
nd hence shielded from external photoe v aporation until they dy-
amically emerge from the molecular cloud, or the cloud itself is
ispersed by feedback. This has been shown to be important for
nderstanding disc properties (masses, radii, lifetimes) in clusters
Qiao et al. 2022 ; Concha-Ram ́ırez, Wilhelm & Portegies Zwart
NRAS 525, 4129–4142 (2023) 
023 ; Wilhelm et al. 2023 ), and the shielding time-scale is predicted
o have a significant impact on the resulting planetary architecture
Qiao et al. 2023 ). 

In this paper, we study two externally irradiated discs coincident
ith the Orion Bar. One of these is a classic example of an

xternally photoe v aporating disc, with an e xtreme UV (EUV) e xcited
eardrop shaped ionization front. The other is somehow shielded from
UV irradiation, has a wind driven purely by far-UV (FUV). This
air of objects is valuable for understanding the role of external
hotoe v aporation outside of the area of most intense feedback in the
rion Nebular Cluster (ONC), and the role that intervening material
lays in changing the UV field incident upon discs. 

 T H E  O R I O N  NEBU LA  A N D  T H E  O R I O N  BA R  

t a distance of ∼ 400 pc (Kounkel et al. 2017 , 2018 ), the Orion
ebula Cluster is the nearest and best studied massive star forming

egion. The primary source of UV photons in the region is from the
rapezium stars, and of those most notably the O6V star θ1 Ori C
O’Dell, Kollatschny & Ferland 2017b ). Fig. 1 shows a Hubble Space
elescope ( HST ) 3-colour ([N II ], H α, and [O III ]) image of the o v erall
egion, with the main features labelled, including the location of the
ain field-of-view (FOV) that we consider in this paper. This HST im-

ge is made from the mosaic of emission-line filters (red-[N II ] 6583
, green-H α, and blue-[O III ] 5007 Å) first presented in O’dell &
ong ( 1996 ), but reprocessed and impro v ed by Jeremy R. Walsh

nd Richard Hooks of the European Southern Observatory (ESO). 
The o v erall ionization structure around θ1 Ori C is as follows. The

nnermost photoionized region contains ionized hydrogen (ioniza-
ion energy 13.6 eV) and singly ionized helium (ionization energy
4.59 eV). There is no doubly ionized helium zone because θ1 Ori
 does not emit enough sufficiently energetic ( > 54.4 eV) photons.
his singly ionized helium zone is most easily traced by the [O III ]
007 Å emission-line from doubly ionized oxygen. Moving outwards
hrough the photoionized gas, all of the photons capable of ionizing
elium are absorbed, resulting in a zone of neutral helium but ionized
ydrogen that is most easily traced by [N II ] 6583 Å emission. At the
istance where all of the hydrogen ionizing photons are used in main-
aining photoionization balance in the H II region is a relatively sharp
onization front, beyond which is a photodissociation region (PDR).

The brightest area of the Orion Nebula is historically called the
uygens Re gion. Quantitativ e analysis of emission-line there has

ed to the interpretation of the Huygens Region being a concave
urface with irregularities (Wen & O’Dell 1995 ; Henney, Arthur &
arc ́ıa-D ́ıaz 2005 ; O’Dell et al. 2009 ; O’Dell et al. 2017b ). 
In this picture, the Trapezium stars are near the more distant

ide of the concave surface, which slopes closer to the observer
owards a bright, linear south-east feature. The main ionization front
MIF) associated with this feature is where the hydrogen ionization
ront is along the line of sight. In the foreground is a ‘nearer
onized layer’ (NIL; O’Dell, Abel & Ferland 2020 ). The density
nd temperature structure of the Huygens Region has been well
tudied (e.g. Weilbacher et al. 2015 ; McLeod et al. 2016 ; O’Dell
t al. 2017a ). 

The Huygens region of the Orion Nebula contains multiple
longated bar structures (O’Dell et al. 2017a ) but the most famous,
round 112 arcsec to the south-east of the Trapezium is the north-
ast–south-west tending Orion Bar (alternatively referred to as ‘the
right Bar’ in many visual studies, see Fig. 1 ). In this report, we
ill subsequently call it the ‘Bar’. The Bar is a feature caused by

he MIF of the central Orion Nebula being tilted so much that it
s viewed edge-on. This allows a stacked view of the structure in
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Figure 1. A 3-colour HST [N II ] (red), H α (green), and [O III ] 5007 Å (blue) image image of the Trapezium (upper right) and Orion Bar (also known as the 
Orion Bright Bar). The FOV that we study with VLT MUSE is the box ed re gion in the south western Orion Bar (which O’Dell, Ferland & Peimbert ( 2017a ) 
call the South-west Bright Bar). The orientation of ionization fronts associated with the most prominent proplyds is denoted by the white arrows. The main UV 

source in the region is θ1 Ori C in the Trapezium, but θ2 Ori A is also clearly irradiating discs and has been shown to dominate UV irradiation of parts of the 
cloud south east of the Orion Bar O’Dell et al. ( 2017b ). Note that North is up in this image. 

Table 1. The coordinates of the YSOs 203–504 and 203–506 (Ricci et al. 
2008 ). 

System RA Dec. 

203–504 (HH 519) 05 35 20.26 −05 25 04.05 
203–506 (HH 520) 05 35 20.32 −05 25 05.55 
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he underlying PDR. The Bar has been the subject of a number of
D modelling efforts (e.g. Bregman et al. 1989 ; Tauber et al. 1994 ;
ansen et al. 1995 ; Walmsley et al. 2000 ; Cuadrado et al. 2015 ),
s well as models and observations exploring the importance of 
lumpiness and 3D structure in PDRs (Andree-Labsch, Ossenkopf- 
kada & R ̈ollig 2017 ). Goicoechea et al. ( 2016 ) find that considering

he Orion bar as a static slab may be insufficient, since it is being
ompressed and ablated by the high-pressure photoionized gas and/or 
hotoe v aporati ve compression by the rocket effect. Habart et al.
 2023 ) also demonstrate the complicated sub-structured nature of 
he Orion Bar. 

The region that we study in this paper contains two externally 
hotoe v aporating young stellar objects (YSOs), 203–506 and 203–
04, at the boundary of the Bar. Their coordinates are given in
able 1 . Both objects have an associated outflow: HH 519 and
H 520, respectively. HST has already demonstrated that 203–504 
s a proplyd that is directed towards θ2 Ori A (Bally et al. 2000 ;
’Dell et al. 2017b ). 203–506 was included in the Herschel study
f Champion et al. ( 2017 ), Habart et al. ( 2023 ) recently detected
ibrationally excited (v = 1-0 S(1) at 2.12 μm) H 2 emission, and
erne et al. (submitted) have most recently used JWST (Bern ́e et al.
022 ) and ALMA to study 203–506. 
Our objective has been to use the ESO integral field spectrograph
ulti-Unit Spectroscopic Explorer (MUSE) on the Very Large 

elescope (VLT), which in the Narrow Field Mode (NFM) has 
patial resolution comparable to HST and spectral co v erage o v er
he entire optical range to understand more about these apparently 
 ery different e xternally photoe v aporating discs, which are seen in
rojection close to the boundary of the Huygens Region, just beyond
he peak brightness of the Bar. The multiplicity of emission-lines 
n the visual region were expected to give a better depiction of the
nvironment of both 203–504 and 203–506 and a refinement of the
hysical conditions within 203–506. 

.1 The distance to θ2 Ori A 

lthough not the dominant UV source in the ONC, the O9.5V star
2 Ori A plays an important role in this paper. It is located to the
outh-east of the Bar (it is labelled in Fig. 1 ). The details of our
nterpretation are sensitive to the distance of θ2 Ori A relative to
MNRAS 525, 4129–4142 (2023) 
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he rest of the cluster. The distance to the ONC is generally inferred
o be around 390–400 pc (Jeffries 2007 ; Kounkel et al. 2017 , 2018 ;
roßschedl et al. 2018 ). The Gaia DR3 and DR2 distances to θ2 

ri A are 336 and 450 pc, respectively (Gaia Collaboration 2016 ,
018 , 2023 ) so are wildly inconsistent with one another, suggesting
hat the current Gaia estimates are affected by some factor such as
ts multiplicity and/or larger uncertainties in the parallax of bright
ources (Schulz et al. 2006 ) or nebulosity of the re gion. Giv en its
mportance and our inability to use a Gaia distance in this case we
e vie w the other body of evidence on its location, which supports θ2 

ri A being at a similar distance as the main cluster. 
The strongest argument lies in the two-pronged study of O’Dell

t al. ( 2017b ) which addresses the sources of ionization of the Orion
ebula and its MIF. There they established that the bright ionized

ims of the proplyds near θ1 Ori C were oriented towards that star.
o we ver, when proceeding to the south-east, the proplyd bright rims

ransition to orientation towards both θ1 Ori C and θ2 Ori A, until
ecoming e xclusiv ely oriented towards θ2 Ori A (see Fig. 1 , where
hite arrows denote the proplyd orientations). They also examined

he line ratios of the brightest lines in both the visual and infrared
indows, using the CLOUDY code (Ferland et al. 1998 , 2013 , 2017 )

nd the known radiation properties of the stars. They found the MIF
n the Huygens Region to be photoionized by θ1 Ori C, but to the
outh-east of the Bar, θ2 Ori A was the source of ionization. 

The radial velocity of θ2 Ori A is compatible with its membership
n the ONC. Although the SIMBAD data base gives this as 19 km s −1 

iting an early low resolution study (Henroteau & Henderson 1920 ),
xamination of that paper shows that although the star was recognized
s a spectroscopic binary, the results were confused by the presence
f emission lines in the spectra. A definitive value for the system
elocity was determined from the orbital solution of Abt, Wang &
ardona ( 1991 ) to be 24.8 ± 2.1 km s −1 . This is essentially the same
s the most frequent velocity of the ONC stars of 25 ± 2 km s −1 

n the study of Sicilia-Aguilar et al. ( 2005 ). This agreement would
ot be expected if θ2 Ori A was not a cluster member. Note that all
elocities in this paper are heliocentric, for LSR subtract 18.2 km s −1 ,
hich is arrived at under the usual assumption that the Sun is moving

t 20 km s −1 towards 18:00:00 + 30:00:00 (epoch 1900). 
Overall the above arguments all point towards θ2 Ori A not being

ignificantly in the foreground, rather, being close enough to the
ebula to play a role in its photoionization processes. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

e were awarded 1 h of Directors Discretionary Time on VLT MUSE
PI: Haworth, run ID:110.259E.001). MUSE is the visual wavelength
ntegral-field spectrograph on the VLT mounted on UT4 (Bacon
t al. 2010 ). Our observations were a single MUSE NFM pointing
ith adaptive optics (AO). The observations were taken in service
ode on the 2022 No v ember 20th with four integrations of 11 min,

iving 44 min on source. F our ra w data sets were provided in the
bserving block at 90 degree orientations to one another. These were
educed separately and then combined to make a single datacube. We
educed the data using the MUSEPACK (Zeidler 2019 ; Zeidler et al.
019 ) PYTHON wrapper for the standard ESOREX (V2.8.7 ) framework
Freudling et al. 2013 ). This utilized the reduced master calibration
les provided by ESO. 
The FOV of the data is approximately 7.42 arcsec per side with

n ef fecti ve angular resolution of 0.0921 arcsec, corresponding to
patial scales of 2968 and 36.8 au, respectively. The wavelength
ange spans 4750–9350 Å and the spectral resolving power o v er
hat range varies from R = 2000–4000, corresponding to velocity
NRAS 525, 4129–4142 (2023) 
esolution of ∼75–150 km s −1 . We hence do not generally expect to
esolve the kinematics of our targets, except possibly in the case of
igh-velocity outflows aligned along the line of sight. 
The sky subtraction in the reduction of MUSE data uses either a

edicated sky observation, or the darkest part of the image. Ho we ver,
or bright and extended targets such as the Orion star forming region
t is not possible to obtain an appropriate sky measurement because
he telescope has to mo v e by many degrees to find an appropriately
ark field. In regions with high background, such as an H II region,
sing the darkest part of an image may lead to o v er subtraction of
ey (Nebular) lines of interest. To resolve this, we use the modified
ky subtraction approach introduced by Zeidler et al. ( 2019 ), which
s included in MUSEPACK . This assumes that the H II region lines and
ontinuum dominate o v er the sk y, and uses OH and O 2 to determine
nd subtract the sk y contribution. Ev en though this method may lead
o a small o v erestimation of the source line fluxes (originated in
ine emission of Earth’s atmosphere), it has been shown that o v erall
his method performs better in terms of line profiles, flux ratios, and
bsolute wavelength (velocity) measurements (Zeidler et al. 2019 ). 

To study lines we extract data ±3 Å from the nominal line centre.
he continuum subtraction uses nearby line free channels, typically
0 Å from the line centre of interest so long as it is clear of other line
mission. 

To correct for reddening we follow O’Dell & Harris ( 2010 ),
eilbacher et al. ( 2015 ), Reiter et al. ( 2019 ) and use the Balmer

ecrement to estimate the line of sight extinction. That is, we
ssume an intrinsic H α/H β ratio of 2.89 (Storey & Hummer
995 ; Osterbrock & Ferland 2006 ) and use the PYNEB (Luridiana,
orisset & Shaw 2015 ) reddening correction routine with a Cardelli,
layton & Mathis ( 1989 ) and Blagrave et al. ( 2007 ) extinction law
nd assuming an optical total-to-selectiv e e xtinction ratio R V =
.5 (Cardelli et al. 1989 ; Baldwin et al. 1991 ; Osterbrock, Tran &
eilleux 1992 ; Greve, Castles & McKeith 1994 ; Blagrave et al. 2007 ;
eilbacher et al. 2015 ; Fang et al. 2021 ). That e xtinction la w and

igher than standard value of R V for the diffuse interstellar medium
ISM) was found to be more appropriate for the ONC in a VLT

USE study of hundreds of stars in the ONC by (Fang et al. 2021 ).
 value of R V = 5.5 was also adopted in the MUSE study of the
NC by Weilbacher et al. ( 2015 ). 

 RESULTS  

.1 Ov er view 

e begin with an overview of our data set and its key components.
igs 2 and 3 show colour composites, and Fig. 4 shows a gallery of

ndividual continuum-subtracted emission-lines 
Fig. 2 combines [C I ] 8727 Å (red), H α (green), and [O I ] 8446
(blue). We will later argue in Appendix B that the [C I ] 8727 Å

ine traces recombinations in FUV irradiated gas, and in our field
s predominantly tracing the circumstellar material of 203–506. H α

s a well-established tracer of photoionized gas. The [O I ] 8446 Å
races Ly β irradiated gas because H I Lyman β (Ly β) radiation
 λ = 1025.72 Å) has a very similar wavelength to the 2p 3 3d 3 D 

o 
3 

round state of atomic oxygen ( λ = 1025.76 Å). The [O I ] 8446
line is a forbidden line emitted as part of the decay following

esonant absorption of the Ly β as described by Bowen ( 1928 ) and
lso detailed in fig. 4.7 of Osterbrock & Ferland ( 2006 ). Usually the
446 Å line is weak in Huygens Region spectra, but it is often strong
n our spectra. We have adopted the Bowen ( 1928 ) process described
bo v e as the source of the emission, with its requirement that O 

o is
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Figure 2. A 3-colour composite image from our data set consisting of [C I ] 
8727 Å (red), H α (green), and [O I ] 8446 Å (blue). The two disc-bearing 
YSO’s are 203–504 and 203–506. To the upper left in green is the H II region 
that is photoionized by the Trapezium stars (predominantly the O6.5V star 
θ1 Ori C). The O9.5V star θ2 Ori A is towards the left of the FOV. Blue 
traces Ly β irradiated gas, which is predominantly at the interface with the 
H II 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. 

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

HH 519 from 203–504. 
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eing irradiated by hydrogen Ly β radiation (see also Osterbrock & 

erland 2006 ). 
The most striking features in Fig. 2 are the two externally irradiated 

rotoplanetary discs, 203–504 and 203–506. 203–504 exhibits the 
lassic teardrop shaped H α morphology of proplyds, pointing 
owards θ2 Ori A. 203–506 is distinct, showing no clear ionization 
ront. We will discuss the very different external photoe v aporation 
f these discs further in Section 4.2 . 
Fig. 3 again shows the [C I ] 8727 Å (red) and [O I ] 8446 Å (blue),

ut the green in this case is the [Fe II ] 8617 Å line. [Fe II ] emission
s well-established as a tracer of shock-excited gas in protostellar 
ets (e.g. Pesenti et al. 2003 ; Hartigan, Raymond & Pierson 2004 ;
gra-Amboage et al. 2011 ; Giannini et al. 2013 ) and has also been
bserved in a number of externally-irradiated jets in H II regions
e.g. Reiter & Smith 2013 ; Reiter et al. 2015 ; Reiter, Smith & Bally
016 ). In particular, Kirwan et al. ( 2023 ) used several [Fe II ] lines
bserved with MUSE NFM to trace the properties of the jet from
he 244-440 proplyd, also irradiated from θ2 Ori A. In our data set
Fe II ] 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 Fig. 2 is the Huygens Region, photoionized by
he Trapezium stars and bright in H α.The sharp boundary indicates
here the MIF is nearly along the line of sight. The MIF then flattens

nto the lower surface-brightness region we call the Bar Shoulder and
ontinues beyond to the south-east with progressively lower surface- 
rightness. The low-ionization boundary of the MIF is visible in Ly β
rradiated [O I ] 8446 Å. To the south-east, beyond the Bar ionization
ront is the Delta Feature, that is enhanced in [O I ] 8446 Å. 203–506
s along the line of sight of the Delta Feature, appearing in silhouette
n many emission-lines (see Fig. 4 ) and 203–504 is located slightly
o the north-west of the northern v erte x of the Delta Feature. We
iscuss the possible role that this feature plays in the context of the
xternally photoe v aporating discs in Section 5.2 . Table 2 provides
 non-e xhaustiv e summary of bright lines in our data set and the
eatures that they trace. 

Finally, within the H II region in the upper right of Fig. 2 are three
mall dark clumps, which are instrumental artefacts. We discuss these 
n Appendix A . 

.2 Two extremely different photoevaporating discs 

ur FOV contains two protoplanetary discs subject to external photo- 
 v aporation. Their projected on-sky separation is only around 660 au,
ut the nature of their external photoe v aporation is considerably
ifferent and they are probably not located physically close to one
nother. 

.2.1 203–504 

03–504 has a classic teardrop shaped proplyd morphology that 
s clear in ionization front tracers such as H α. The 203–504
roplyd points towards θ2 Ori A, implying that is the UV source
redominantly responsible for driving the mass loss (as already 
ointed out by O’Dell et al. 2017b ). In addition, there is [C I ] 8727 Å
nd [O I ] 8446 Å emission from FUV/Ly β irradiated gas (see Fig. 4 ).
03–504 is hence being exposed to both FUV and EUV radiation. 
In ionization equilibrium, the extent of the ionization front in a

roplyd depends on the ionizing flux incident upon the proplyd and
he integrated recombination rate from the UV source down to the
-front. Assuming that the flow diverges spherically from the I-front 
nd that a spherical flow from the disc into the I-front has to satisfy
ass conservation, one can estimate the required mass loss rate to

lace the I-front at its observed radius. For example, for a given
ncident ionizing flux, decreasing the mass-loss rate w ould mak e the
onization front radius smaller (e.g. Johnstone, Hollenbach & Bally 
998 ; Clarke & Owen 2015 ). Specifically, for a proplyd at a projected
MNRAS 525, 4129–4142 (2023) 
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Figure 4. A gallery of some key continuum-subtracted lines towards 203–504/203–506 in the Bar. The upper left panel is [C I ], which traces FUV irradiated 
material in the discs. The upper right panel is [Fe II ], which traces shock excited gas from jets/outflows. Centre-left and centre-right are H α and [S II ] which 
trace EUV-irradiated gas. The lower panels are [O I ] 6300 Å (left) which can trace collisionally and shock excited gas as well as regions of OH dissociation, and 
the [O I ] 8446 Å line (right) which traces Ly β irradiated gas. 
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Table 2. A non-e xhaustiv e summary of lines detected in our MUSE data set and the features they trace. 

Line Wavelength Primarily traces Notes 
( Å) 

H β 4861 The H II region. Proplyd 203–504. The irradiated Delta Feature. 
[ O III ] 5007 The H II region. 
[ N II ] 5755 The H II region. Proplyd 203–504. The irradiated Delta Feature. 
[O I ] 6300 HH 519. 203–506 disc and inner part of HH 520. Delta Feature and Bar PDR. 
[ S III ] 6312 The H II region. Proplyd 203–504 (faint). 
[ O I ] 6363 HH 519. 203–506 disc and inner part of HH 520. Delta Feature and Orion Bar PDR. 
H α 6582.8 The H II region. Proplyd 203–504. The irradiated Delta Feature. 203–506 in silhouette 
He I 6678 The H II region. Proplyd 203–504 203–506 in silhouette 
[ N II ] 6548 The H II region. Proplyd 203–504. The irradiated Delta Feature. 
[ N II ] 6583 The H II region. Proplyd 203–504. The irradiated Delta Feature. 
[ S II ] 6716 The H II region. Part of HH 520 203–506 in silhouette 
[ S II ] 6732 The H II region 
He I 7065 The H II region. Proplyd 203–504 203–506 in silhouette 
[ Fe II ] 7155 The outflows, HH 519 and HH 520 
[ Fe II ] 7172 The outflows, HH 519 and HH 520 
[ O I ] 7255 203–504 proplyd. Delta Feature and Bar PDR. 203–506 in silhouette 
He I 7282 The H II region. Proplyd 203–504 203–506 in silhouette 
[ Ca II ] 7291 The outflows, HH 519 and HH 520 
[ Ar III ] 7751 The H II region. Proplyd 203–504 203–506 in silhouette 
[ O I ] 8446 203–504 proplyd. Delta Feature and Bar PDR. 203–506 in silhouette 
[ Fe II ] 8617 The outflows, HH 519 and HH 520 
[ C I ] 8727 Disc/wind of 203–504 and 203–506 
[ S III ] 9069 The H II region. Proplyd 203–504. 
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eparation d from a UV source producing ionizing photons at a rate
˙
 ly per second and with mass-loss rate Ṁ wind , the ionization front 

adius is 

 IF ≈ 1200 

(
Ṁ wind 

10 −8 M � yr −1 

)2 / 3 

×
(

Ṅ Ly 

10 45 s −1 

)−1 / 3 (
d 

1 pc 

)2 / 3 

au (1) 

Winter & Haworth 2022 ). 
The projected separation from 203–504 to θ2 Ori A is d = 0.077 pc

ssuming a distance of 400 pc. For the ionizing luminosity of θ2 

ri A we use the value from table 2.3 of Osterbrock & Ferland
 2006 ) of 3.63 × 10 48 photons s −1 . We measure an ionization front
adius for 203–504 of 139 au, which combined with the values abo v e
orresponds to a mass loss rate of ∼3.1 × 10 −7 M � yr −1 . In making
his estimate we have assumed based on the I-front morphology that 
nly θ2 Ori A is driving the mass loss. We will discuss the possible
elative locations of the evaporating discs/UV sources and the ISM 

n Section 5.2 . 
As discussed, the EUV field sets the ionization front radius, but 

he FUV radiation is expected to be what actually drives the wind
aunching and sets the mass-loss rate (Johnstone et al. 1998 ; Adams
t al. 2004 ; Haworth et al. 2018 , Haworth et al. submitted). Assuming
hat the FUV incident upon 203–504 is also dominated by θ2 Ori A
nd that θ2 Ori A and 203–504 are the same distance from the
bserv er, inte grating o v er a K urucz ( 1979 ) model spectrum suggests
n FUV field incident upon 203–504 of approximately 8 × 10 4 G 0 .
ther proplyds at a comparable FUV field strength are seen for in
GC 2024, which are irradiated by an O8V star and also have mass

oss rates of order 10 −7 M � yr −1 (Haworth et al. 2021 ). The majority
f proplyds in the ONC are in the vicinity of θ1 Ori C irradiated
y ≥10 6 G 0 UV fields with correspondingly higher mass loss rates
regularly ≥10 −6 M � yr −1 ). 
.2.2 203–506 

he other YSO, 203–506 has a drastically different morphology, 
ot seen in any other proplyds. The main feature that is unusual
n this system is that it has no ionization front, evidence that it is
ot being irradiated by EUV photons. It is ho we ver being irradiated
y the FUV, which is responsible for driving the [C I ] 8727 Å (see
ppendix B ) and the [O I ] 6300 Å line by OH dissociation (see 
ection 5.4 ). 
203–506 is bright in [O I ] 6300 Å and [C I ] 8727 Å, but appears

n silhouette in H α, [O III ] 5007 Å, [N II ] 6583 Å, [O I ] 8446 Å,
nd [S II ] 6732 Å. Reference to images made immediately after
nstallation of the WFPC2 on the HST show the same properties
n the superior H α F656N and [N II ] F658N images. The fact that
he silhouettes are similar in all ions (except when 203–506 is in
mission) means that 203–506 lies well into the foreground of 
he MIF. 

.3 Jets/outflows 

ur FOV contains two Herbig–Haro (HH) objects: HH 519 and HH
20 associated with 203–504 and 203–506, respectiv ely. The y were
riginally identified by Bally et al. ( 2000 ) as a pair of oppositely
irected monopolar outflows in narrowband [O I ] 6300 Å images, as
ell as H α in the case of HH 519. 
In our data, HH 520 (emanating from 203–506) is clearly 

bservable in jet tracing (Reiter & Smith 2013 ; Reiter et al.
015 ; Reiter et al. 2016 ; Kirwan et al. 2023 ) [Fe II ] emission,
pecifically the 8617 Å a 4 F 9/2 -a 4 P 5/2 line. Of note is that we also
etect fainter, oppositely directed, [Fe II ] emission from HH 520
see Fig. 3 and the upper right panel of Fig. 4 ). MUSE reveals
he eastern limb of the jet for the first time, demonstrating that
his is a bipolar flow, but with the south eastern component a
actor 5–10 fainter than the previously identified north-western 
omponent. 
MNRAS 525, 4129–4142 (2023) 
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M

Figure 5. A continuum-subtracted position-velocity diagram in a cut across 
the YSO 203–504, with the reference velocity corresponding to the [Fe II ] 
8617 Å line. The velocity of the outflow HH 519 is resolved at ∼ 130 km s −1 . 
The lower panel shows the location of the cut (compare with the upper right 
panel of Fig. 5 ). 
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Table 3. Huygens Region and Delta line ratios. OKF refers to a sample 
presented in O’Dell et al. ( 2017b ). 

Sample I([O III ] 5007)/I(H β) I([N II ] 6583)/I(H α) 

Esteban et al. ( 2004 ) a 3.84 0.13 
OKF-A 

a 3.73 0.12 
OKF-B 

a 3.58 0.14 
Ave 203–506 b 2.16 ± 0.04 0.23 ± 0.01 
OKF-E 

c 1.96 0.18 

a Samples near θ1 Ori C. 
b Average of Delta Feature and two adjacent samples. 
c Sample in O’Dell et al. ( 2017b ) nearest 203–504/6, which they determined 
was affected by both θ2 Ori A and θ1 Ori C. 

Table 4. Line fluxes near θ1 Ori C, ‘outside’ and ‘inside’ the Delta Feature. 
The fluxes are defined relative to the H β line with a value of 100. 

Ion, line Near θ1 Ori C 

a Average background Delta feature 

H β 100 100 100 
[O III ], 5007 Å 384 216 220 
[O I ], 6300 Å 0.71 1.0 1.6 
H α 287 293 293 
[N II ], 6583 Å 38 70 65 
[S II ], 6732 Å 3.5 7.8 8.6 
[O I ], 8446 Å 0.88 1.3 2.8 

a From Esteban et al. ( 2004 ). 
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Our data for HH 519 (for example in Fig. 4 ) demonstrates that
he H α previously identified as the outflow actually traces the
orth-east bright rim of the Delta Feature. The underlying cloud
s particularly clear in the [O I ] 6300 Å and [O I ] 8446 Å emission
n the lower panels of Fig. 4 . 203–504 is coincidentally located
lose to the northern v erte x of that irradiated Delta Feature along the
ine of sight, making it appear as though the elongated bright rim
riginated from it. Ho we ver, the high-angular resolution of MUSE
FM (0.0921 arcsec) also demonstrates that 203–504 is completely
isconnected from the irradiated Delta Feature (particularly in [O I ]
446 Å). 
Our data also reveal a compact and kinematically resolved high

elocity outflow feature in [Fe II ] 8617 Å associated with 203–504.
ecause the outflow is associated with the same YSO the name ‘HH
19’ is retained for this new outflow associated with 203–504 (it is
abelled in Fig. 3 and in the upper right panel of Fig. 4 ). In Fig. 5 ,
e make a cut (a single pixel wide) across the HH 519 jet axis in

ontinuum-subtracted [Fe II ] emission and show the position-velocity
iagram. The outflow appears to be bipolar, with each outflow limb
xtending ∼0.4 arcsec and line of sight velocity ∼ 130 km s −1 that
s consistent with velocities measured in other HH jets (e.g. Hartigan
t al. 2001 , 2005 ; Hartigan & Morse 2007 ; Reiter et al. 2017 , 2022 ;
irwan et al. 2023 ). The compact size and fact that it is spectrally

esolved suggests that HH 519 is tilted toward the line of sight
y � 45 ◦. 
NRAS 525, 4129–4142 (2023) 
 DI SCUSSI ON  

.1 The irradiation of our field of view 

.1.1 Strong line ratios argue for irradiation by θ1 Ori C and/or 
2 Ori A 

’Dell et al. ( 2017b ) used line ratios to determine the source of
V irradiation at the MIF across the Huygens region, and were

ble to distinguish when θ1 Ori C and θ2 Ori A were the dominant
ource (with one field that they studied likely receiving significant
ontributions from both sources). To compare with O’Dell et al.
 2017b ), three small sub-samples were taken. Within the Delta
eature the sub-sample was 0 . ′′ 52 × 0 . ′′ 52 centred 0 . ′′ 78 east and 0 . ′′ 15
outh of 203–506. Outside of the Delta Feature an east sub-sample
as 0 . ′′ 69 × 1 . ′′ 25 centred 2 . ′′ 38 east and 0 . ′′ 37 north of 203–506, and
 west sub-sample of 0 . ′′ 80 × 0 . ′′ 61 centred 1 . ′′ 39 west and 0 . ′′ 07 north
f 203–506. The averages of these three sub-samples are shown in
able 3 , and are also compared with the other measurements in the
uygens Region. The values in our field lie between those in the

entral Huygens Region and those to the south-east of the Bar, as
ne would expect given our field lies between the two. O’Dell et al.
 2017b ) determined that their sample E (OKF-E) is likely subject to
ignificant irradiation by both θ2 Ori A and θ1 Ori C. Our FOV is
ost similar to OKF-E, suggesting both stars may also play a role

ere, though with perhaps a fractionally more significant contribution
rom θ1 Ori C. 

.1.2 Comparison of line ratios over a wide range of ionization 
ner gies ar gue for both θ1 Ori C and θ2 Ori A 

e additionally compared the average line fluxes over a bigger range
f ionization in our samples described abo v e to those in the vicinity
f θ1 Ori C in Table 4 . The Inner Delta values are from the ‘Ave 203–
06’ samples in Table 3 and the Average Background samples are



Outflows and discs with MUSE 4137 

f
F  

m  

i  

6  

T
w  

a  

a  

e  

a  

i

t  

i  

t
a

5

T  

t  

w
t
f  

[  

d  

t  

8  

r
w  

h  

a  

w
O
D  

T
o  

T
t
c

5

I  

p
t
fi
r
a  

θ  

c  

i
R

5
r

F  

t  

Figure 6. A cartoon schematic (not to scale) of the Huygens region and the 
key features in our field. θ1 Ori C sits within a concave surface. Where that 
surface orients along the line of sight is the Bar ionization front. Our field, 
with the Delta Feature and the two e v aporating discs, 203–504 and 203–506, 
lies in the direction of the shoulder region, where θ1 Ori C’s radiation begins 
to be shadowed. The NIL is somewhere in the foreground of θ1 C, but the 
exact distance is not well known, particularly near θ2 Ori A (O’Dell et al. 
2020 ). 
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rom outside the Delta Feature. These fluxes are defined relative to 
 (H β) = 100. We see that the high-ionization [O III ] 5007 Å line is
uch weaker than in the vicinity of θ1 Ori C, while the intermediate

onization [N II ] 6853 Å line is stronger and the low-ionization [O I ]
300 Å, [S II ] 6732 Å, and [O I ] 8446 Å lines are all much stronger.
his is consistent with the known pattern of decreasing ionization 
ith increasing distance from θ1 Ori C O’Dell & Harris ( 2010 ). The

verage background and fluxes in the inner part of the Delta Feature
re similar, with the exception of the [O I ] 8446 Å line, which is
le v ated by o v er a factor 2 compared to the background and by o v er
 factor 3 compared to the vicinity of θ1 Ori C, which as we discuss
n more detail in Appendix C . 

Both this section and its predecessor both point towards the radia- 
ion field in our data not being exceptional compared to other samples
n the region, i.e. that both stars can play a role in irradiating our FOV.

The presence of the distinct boundaries on the Delta Feature 
herefore point to genuine structure, such as density enhancements 
nd/or a raised clump in the shoulder region of the Bar’s MIF. 

.1.3 Information from the Delta Feature 

he Delta Feature has three edges, one in the north-east, one in
he north-west and one in the south. The north-east and north-
est boundaries of the Delta Feature are more sharply defined 

han the south boundary. They have the appearance of ionization 
ronts viewed edge-on and are bright in [O I ] 6300 Å, [S II ] 6732 Å ,
N II ] 6583 Å, and [O I ] 8446 Å. In H α and H β they are more
iffuse, but are bright and in about the same positions. None of
he edges of the Delta Feature are associated with changes in [C I ]
727 Å or [O III ] 5007 Å. These characteristics all point towards the
im of the Delta Feature being irradiated by some EUV radiation 
ith no significant radiation abo v e 24.6 eV (due to the lack of the
elium ionized zone tracing [O III ]). The north-west boundary is
pproximately perpendicular to a line towards θ2 Ori A and the north-
est boundary is approximately perpendicular to a line towards θ1 

ri C, suggesting that the north-east and north-west edges of the 
elta Feature are being irradiated by the two different UV sources.
his is consistent from the two preceding sections concluding that 
ur FOV is likely to be influenced by both θ1 Ori C and θ2 Ori A.
he presence of the distinct boundaries on the Delta Feature point 

o genuine structure, such as a density enhancement and/or a raised 
lump in the shoulder region of the Bar’s MIF. 

.2 The locations of the externally photoevaporating discs 

n Section 4.2 , we discussed that 203–504 and 203–506, with a
rojected separation of 660 au on the sky, appear to be being subjected 
o external photoe v aporation by very different external UV radiation 
elds. 203–504 is being irradiated by both direct EUV and FUV 

adiation, whereas 203–506 is solely being irradiated by the FUV 

nd is hence somehow shielded from the EUV from θ2 Ori A and
1 Ori C. Here we discuss the possible structure of the region that
ould give rise to this scenario. To do this, we can draw on existing
nformation about the structure of the Nebula from the Huygens 
egion, past the Bar, and into the Extended Orion Nebula (EON). 

.2.1 Location of key stars and features that block portions of their 
adiation 

ig. 6 shows a cartoon schematic cross-section from near θ1 Ori C
hrough the region of the Bar that contains our FOV and outward
nto the EON. Not all objects lie in the same direction from θ1 Ori C,
o this 2D sketch is accurate only in the sense of the pattern of
rradiation discussed in this section. The smooth line represents the 

IF. O’Dell et al. ( 2017b ) most recently established that inside
closer to θ1 Ori C) the Bar the MIF is created by EUV from
1 Ori C. As the MIF tilts toward the observer limb brightening

ncreases the observed surface brightness until reaching a maximum 

long the MIF’s ionization front. Beyond that the MIF begins to
atten, although receiving enough EUV from θ1 Ori C and later 
2 Ori A to make the MIF bright. This broad region immediately
cross the line of maximum tilt is usually called the Bar (not simply
he narrow maximum tilt feature). This model of the structure of the
ar has been the result of low-velocity resolution spectra that explain

he observed ionization changes Mesa-Delgado et al. ( 2011 ), and
ev eral high v elocity resolution studies employing long-slit spectra 
arallel to the Bar made in sequences crossing the Bar (O’Dell
t al. 2017b ; O’Dell 2018 ). Of course beyond the MIF lies a PDR,
hat in the section just outside the visual peak of brightness has
roduced a cottage-industry output of insightful infrared and radio 
tudies. 

At the outer parts of the shoulder EUV from θ2 Ori A rapidly
egins to be dominant, a condition that increases when moving to
reater distances from θ1 Ori C and θ2 Ori A. The rapid transition
t the shoulder indicates that the shoulder is blocking θ1 Ori C’s
UV from reaching the MIF further out, with the consequence that
MNRAS 525, 4129–4142 (2023) 
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2 Ori A becomes the most important star when looking beyond the
icinity of the Bar’s shoulder (Rubin et al. 2011 ; O’Dell et al. 2017b ).
In their spectroscopic study of the Huygens Region Garc ́ıa-D ́ıaz &

enney ( 2007 ) found an extended low-ionization layer of gas north-
est of the Bar, blueshifted with respect to the MIF. Subsequent

tudies in other emission-lines Abel, Ferland & O’Dell ( 2019 )
stablished that this was an ionized layer that in the vicinity of
he Trapezium was about 0.4 pc closer to the observer than θ1 Ori C
O’Dell et al. 2020 ). Although called several names in early studies,
he most recent (O’Dell et al. 2020 ) name is the NIL, a name
ndicating that it is closer to the observer than the MIF that is located
n the far side of θ1 Ori C. The source of the ionization in the
entre of the Huygens Region is certainly θ1 Ori C, while further
ut θ2 Ori A probably plays an important role. One sees the NIL in
pectra of the shoulder region. In the central Huygens Region, the
IL velocity is about 6 ± 2 km s −1 (O’Dell et al. 2020 ) changing

o about 0 ± 2 km s −1 beyond the Bar (O’Dell et al. 2017b ; O’Dell
018 ). The change of velocity in the outer region probably indicates
hat the distance of the NIL is influenced by the rising slope of the

IF. 
The av erage v elocity of the NIL emission-lines is similar to the

e I 3889 Å absorption line seen in the Trapezium stars (average
.1 ± 0.6 km s −1 ) and in θ2 Ori A (two components, at -2.9 km s −1 

nd 5.2 km s −1 ). The 2 3 S lower level of the 3889 Å line is a metastable
evel populated by recombinations of ionized He and this absorption
ine most likely arises from the ionized NIL. Since the 3889 Å
bsorption line is present in the spectrum of θ2 Ori A, the NIL must
ie on the observer’s side of the star. Since the NIL is ionization
ounded (optically thick to Ly C radiation) (Abel et al. 2019 ), this
eans that the NIL permits only θ2 Ori A’s FUV to pass. 

.2.2 Constraints on the location of 203–504 

he bright rim of the teardrop shaped 203–504 is clearly pointed
owards θ2 Ori A, as first shown in Bally et al. ( 2000 ). Seen in
mission in multiple ions, it shows no evidence of influence by
1 Ori C and the EUV of that star must be blocked by intervening
as. These conditions are satisfied by the proplyd being close to
he MIF at the more distant side of the shoulder, where θ1 Ori C’s
adiation is blocked by the curved PDR that lies underneath. This is
hown in Fig. 6 . 

.2.3 Constraints on the location of 203–506 

s discussed in Section 4.2.2 , 203–506 is irradiated only by FUV,
lthough it is not clear from which nearby star. As shown in Fig. 6 ,
his requires it to be located on the observer’s side of the NIL. This
oreground location is shared by the large number of silhouette-only
roplyds seen within the Huygens Region. These were originally
hought to be a product of blocking by the foreground Veil neutral
as (O’Dell & Wen 1994 ), but with the recognition of the NIL, it
ow seems the latter is the more likely blocking agent. 
The MIF is much higher surface brightness than the NIL, which
eans that the fact that 203–506 is seen in silhouette indicates that

t is well into the foreground from the MIF, but says nothing about
ts position relative to the NIL. 

.3 Atomic carbon associated with 203–506. 

xternal photoe v aporation is typically identified based on the proplyd
eardrop shaped ionization front morphology, especially in lines
NRAS 525, 4129–4142 (2023) 
ike H α and Pa α (Bally et al. 2000 ; Ricci et al. 2008 ; Kim et al.
016 ; Haworth et al. 2021 ). To understand the full extent to which
xternal photoe v aporation operates we need to be able to identify
t even when there isn’t a clear teardrop shaped ionization front.
pecifically, when the wind is weaker, or when a disc is irradiated
nly by an FUV radiation field. Haworth & Owen ( 2020 ) used
DR-dynamical models and synthetic observations to study the
bservational characteristics of winds without ionization fronts. They
ound that CO is typically not expected to be a good tracer of external
hotoe v aporati ve winds because it is dissociated near the base of the
ow, making it hard to distinguish from a Keplerian disc. Conversely,
aworth & Owen ( 2020 ) predicted that C I emission could make
 good kinematic tracer of the inner FUV driven parts of winds,
o we ver that has not been demonstrated in practice yet. Haworth et al.
 2022 ) targeted the C I 3 P 1 –3 P 0 492.16 GHz line towards proplyds in
GC 1977 with APEX , but obtained no clear detections. The most

ikely explanation for this is thought to be low-disc masses, but it
ould also be due to carbon depletion or beam dilution. 

203–506 is the first known instance of an FUV-only externally
riven wind from a protoplanetary disc with no ionization front
even the weakly irradiated 114-426 has an extended H α ionization
ront Miotello et al. 2012 ). In the context of the abo v e discussion, the
etection of the [C I ] 8727 Å line towards 203–506 illustrated in Fig. 2
s the first clear demonstration that carbon is abundant in the FUV
riven part of the wind (see Appendix B for discussion on the driving
echanism of that line). Although the spectral resolution of MUSE

s inadequate to measure the expected wind velocity ( ∼4 km s −1 ),
his makes 203–506 the most promising known target for validating
he kinematic ALMA predictions for C I winds by Haworth & Owen
 2020 ). Also of note is that more compact [C I ] 8727 Å emission is
etected off-centre of the YSO and interior to the I-front of 203–
04 (see the upper left panel of Fig. 4 ). We estimate [C I ] 8727 Å
uminosities of 1.1 × 10 −5 and 6.4 × 10 −7 L � for 203–506 and
03–504, respectively. 
Goicoechea et al. (priv. communication) have a spatially un-

esolved [C I ] 3P 1 –3 P 0 detection with ALMA towards 203–506,
nding a peak flux density of 500 mJy/beam at 0.5 arcsec resolution.
his makes 203–506 the best known target for high-spatial and
pectral resolution follow up with ALMA to study the kinematics
f the FUV heated component of external photoe v aporati ve winds. 

.4 [O I ] 6300 Å emission from 203–504 and 203–506 

utside of the extreme conditions in our two targeted proplyds, [O I ]
300 Å radiation follows collisional excitations from the ground-
tate 3 P levels to the 1 D 2 state 2.0 eV abo v e it. This accounts for
he appearance of this line in the MIF and the edge-on view in the
ar. Ho we ver St ̈orzer & Hollenbach ( 1998 ) showed that [O I ] 6300
can also be emitted following the FUV driven photodissociation of
H. This was recently generalized by Ballabio, Haworth & Henney

 2023 ) who demonstrated that theoretical models of [O I ] 6300 Å
mission by that mechanism are consistent with the [O I ] luminosities
rom the PDR (i.e. excluding the contribution from the I-front and
ets) of a large number of ONC propylds and predict that the line could
e used to identify external photoe v aporation in distant clusters. A
ontinuum-subtracted map of the [O I ] 6300 Å emission from our
OV is given in the lower left panel of Fig. 4 . 
One of the issues with studying the [O I ] 6300 Å line is that it can

riginate from multiple sources, including the PDR (as described
bo v e), thermally from internal winds/an ionization front and as part
f high velocity outflows. With our data we are unable to spectrally
istinguish any low and high velocity components, but do spatially
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Figure 7. The lines are Ballabio et al. ( 2023 ) model predictions of the [O I ] 6300 Å luminosity due to external photoe v aporation as a function of external 
FUV radiation field strength and disc radius. The majority of points are data for ONC proplyds (Ballabio et al. 2023 ). The square green points are our new 

measurements for 203–504 and 203–506. 
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esolve the discs and outflows so can try to a v oid them that way. In
he case of 203–504 we estimate the [O I ] line luminosity using an
nnulus that excludes the bright central component associated with 
he outflow and the star itself. For 203–506 we exclude the bright spot
n the north-west side of the disc in the vicinity of the outflow. Taking
his approach we obtain [O I ] 6300 Å luminosities of 4 ± 2 × 10 −6 

nd 4 ± 2 × 10 −5 L � for 203–504 and 203–506, respectively. We 
lot these alongside the models and other ONC proplyd data from
allabio et al. ( 2023 ) in Fig. 7 . Both discs have [O I ] luminosities
onsistent with the models. 203–504 has a luminosity similar to the 
ther ONC proplyds. 203–506 is brighter than many of the proplyds, 
nd at the high end of the observed range of luminosities found by
Nisini et al. 2018 ), but agrees well with the model prediction for a
00 au disc (which is the observed radius of 203–506). That 203–
06 is so bright in [O I ] 6300 Å further supports the interpretation
f St ̈orzer & Hollenbach ( 1998 ) and Ballabio et al. ( 2023 ) that [O I ]
300 Å is produced in the PDR following the dissociation of OH and
ot just thermally in ionized gas or in the shocks of outflows. Zanesse
t al. (in prep.) also use marginally resolved JWST observations to 
emonstrate that 203–506 has a large OH abundance. 

 SU M M A RY  A N D  C O N C L U S I O N  

e use VL T -MUSE NFM to study two externally photoe v aporating
iscs and their outflows, situated towards Orion’s south-west-Bright 
ar. We draw the following main conclusions from this work. 

1) Based on emission-line fluxes and ratios, our field is consistent 
ith the wider irradiation structure of the surrounding ONC. It shows
o evidence of higher ionization as seen in the vicinity of θ1 Ori C
nd sits in a regime where it is possible that both θ1 Ori C and θ2 
ri A are contributing at a significant level to the radiation field
n the region. Our field contains a � shaped ‘Delta Feature’ which
s a structure in the Bar that e xhibits relativ ely sharp boundaries
owards the north-east (in the direction of θ2 Ori A) and towards the
orth-west (in the direction of θ1 Ori C). 
2) The YSO’s, 203–504 and 203–506, have a projected separation 

f only 660 au, but are extremely different in the nature of their
rradiation. 203–504 is a classic bright rimmed proplyd with a 
eardrop shaped ionization front due to EUV + FUV irradiation by
2 Ori A. The fact that 203–506 has no ionization boundary indicates

hat it is not irradiated by the EUV from θ1 Ori C or θ2 Ori A (but is
ubject to their FUV), a condition satisfied if 203–506 lies closer to
he observer than the NIL. The NIL is about 0.4 pc in the foreground
f θ1 C (O’Dell et al. 2020 ) and is of low-surface brightness as
ompared with the MIF. 

3) We detect [Fe II ] 8617 Å emission from the outflows HH 519
emanating from 203–504) and HH 520 (emanating from 203–506). 

e find that the feature previously identified as HH 519 is actually
he irradiated rim of the Delta Feature. The new outflow we disco v er
manating from 203–504, which retains the name HH 519, is a
ompact outflow tilted at least 45 ◦ toward the line of sight with red-
nd blue-shifted velocities of around 130 km s −1 . The other outflow,
H 520 emanating from 203–506, was previously considered to be 
onopolar, but we demonstrates that it is in fact bipolar, albeit with

ne component around a factor 5–10 fainter than the other. 
4) The photoe v aporati ve flo w around 203–506 is very bright in

C I ] 8727 Å emission. The line is also detected interior to the I-front
f 203–504. These are the first direct spatially resolved detections of
tomic carbon emission in external photoe v aporati ve winds. Atomic
arbon is predicted to be a good kinematic tracer of the FUV driven
omponent of external winds with ALMA. 203–506 is the best known 
MNRAS 525, 4129–4142 (2023) 



4140 T. J. Haworth et al. 

M

e  

r

 

i  

d  

n  

(  

W  

i  

s

A

W  

f  

t  

f
 

H  

E  

t  

1  

(  

s  

r  

P  

S  

f  

h  

t  

E  

a

D

T  

t  

t

R

A
A
A
A  

A
A
A
B  

 

B  

B
B
B
B  

B
B
B

B  

C
C  

C
C
C  

C  

C
C
C
D
D
D  

D  

E
E
E  

F
F
F  

F
F
F
F  

F  

F  

G
G
G
G
G
G  

 

G
G
G
G
G  

G
G
G  

G  

G
G  

H
H  

H
H  

H
H  

H

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/3/4129/7251483 by guest on 23 February 2024
xample to test that prediction, but high-spectral resolution is also
equired. 

The pair of discs studied in this paper highlights that the surround-
ng ionization fronts and shielding can affect the radiation field that
iscs are exposed to, even when no longer deeply embedded in their
atal material, which has been the focus of recent theoretical work
Qiao et al. 2022 ; Concha-Ram ́ırez et al. 2023 ; Qiao et al. 2023 ;

ilhelm et al. 2023 ). Further understanding this interesting phase
n disc evolution and environmental impact will require additional
tudies of discs at the periphery of H II regions. 
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PPENDI X  A :  I NSTRU MENTAL  ARTEFAC TS  

ur reduced data set included three small dark artefacts in the H II

egion and near 203–504 in H α. They were identified as artefacts
rather than tiny globules) because in the individual sub-cubes at 
ifferent inclination there was a single feature (rather than three) and
hat was at different locations. We contacted the ESO helpdesk, who
lso engaged with the team at Paranal, to find an explanation, which
s summarized below. 

In NFM, a dichroic reflects infrared light towards an infrared low-
rder sensor, which measures the wave front errors invisible to the
aser guide star AO system. The presence of the dichroic in the light
ath of MUSE when used in the NFM-AO, has some effect on the
uality of the signal. The most noticeable effect of the dichroic is
he introduction of a few small regions (spots) of reduced sensitivity,
arying from a few up to 10 per cent compared to the median value.
his is likely triggered by the presence of impurities or small particles
f dust on the dichroic itself. Using flat fields and images at different
otations efficiently remo v es such effects from the combined cubes
ut sporadically, they can be visible. This is the most likely suggested
ause of the instrumental artefacts in our data set. 
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PPENDIX  B:  EX PLAINING  T H E  [C  I ]  8 7 2 7  Å
MISSION  

C I ] emission is seen in spectra of the Huygens region in the form
f the 9824.31, 9850.34 , and 8727.126 Å lines (Esteban et al. 2004 ).
he longer wavelength lines are forbidden transitions from the
s 2 2p 2 1 D 2 level at 1.26 eV above the ground state. The shorter
avelength line is a forbidden transition from the 2s 2 2p 2 1 S 0 level
.7 eV abo v e the ground state to the upper level of the longer
avelength lines. 
With an ionization potential of 11.26 eV, atomic carbon is ionized

y FUV in much of the PDR. Escalante, Sternberg & Dalgarno ( 1991 )
rgue that recombinations populate the state producing the 8727 Å
ine, as well as the state giving rise to the 9850 and 9824 Å lines.
n addition, collisions are also a possible origin of the [C I ] 8727 Å
mission, ho we v er, collisional e xcitation in the ∼9000 K gas of the
uygens region should lead to 9850 and 9824 Å lines being much

tronger than the [C I ] 8727 Å emission, which Esteban et al. ( 2004 )
how is not the case. Specifically, Esteban et al. ( 2004 ) find the
824 Å / 8727 Å flux ratio is of order unity and the 9850 Å / 8727 Å
ux ratio is ∼5, which is consistent with recombination excitation

n a PDR (Escalante et al. 1991 ). We hence conclude that the most
ikely source of the 8727 Å emission is due to photoionizations by
UV, followed by recombinations rather than collisional excitation. 

PPENDIX  C :  EXPLAINING  T H E  [O  I ]  8 4 4 6  Å
MISSION  

he surprising presence of [O I ] 8446 Å lines in the spectra of gaseous
ebulae was first explained as the result of fluorescence by Ly β by
owen ( 1928 ), with the details of the process being explained more

ecently in section 4.7 and fig. 4.7 of Osterbrock & Ferland ( 2006 ).
y β (1025.72 Å) has a near coincidence in wavelength with a ground
tate line of O I at 1025.76 Å, driving excitation of the upper state of
he neutral oxygen, followed by spontaneous decay. Production of the
ine requires both the presence of neutral oxygen and Ly β photons
rom ionized hydrogen. The Ly β photons could come from co-
xisting ionized hydrogen interacting with neutral oxygen produced
y the mechanism of charge exchange, where ionized oxygen gain an
lectron from the highly ionized h ydrogen g as. An alternative source
f Ly β is emission from the ionized hydrogen zone that begins at
he ionization boundary. 

The ionization balance in the Huygens Region is very dependent
n the distance from θ1 Ori C, as shown in the multisample study
f O’Dell & Harris ( 2010 ). Because of problems of correcting for
ight-sky [O I ] 6300 Å the pattern of appearance of [O I ] could not be
raced, but the pattern of increasing relative strength of low-ionization
ines is shown in their figure 11 ([S II ]) and figure 12 ([N II ]). This
attern of increasing relative strength of [S II ] and [N II ] leads one
o expect an increasing relative strength of [O I ], which explains the
arger relative strengths of [O I ] 8446 Å in the outer regions in Table 4 .

The relative velocities of the Ly β emitting (hydrogen) and Ly β
bsorbing (oxygen) gas plays a role in [O I ] 8446 Å emission.If both
xygen and hydrogen have the same average velocity, the peak of
he oxygen line profile is 11.7 km s −1 to the red from the peak of
he Ly β line.At 9000 K, the full width at half-maximum intensity is
0.4 km s −1 for hydrogen and 5.1 km s −1 for oxygen. The imperfect
lignment of the two lines (the oxygen line peak is about at the
alf-power point of the hydrogen profile) means that the efficiency
NRAS 525, 4129–4142 (2023) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
f the production of [O I ] is sensitive to their relative velocities. For
xample, shifting the oxygen to a lower velocity difference would
ncrease the strength of the 8446 Å line. Table 5 of O’Dell et al.

igure C1. The ratio of [O I ] 8446 Å to [O I ] 6300 Å.The strength of [O I ]
446 Å is driven by resonance with Ly β, cf.. Osterbrock & Ferland ( 2006 )
nd that of [O I ] 6300 Å by collisional excitation (except within the external
hotoe v aporati ve winds) as explained in Section 5.4 . The variations are
argely caused by velocity differences of the emitter and absorber ions. 

 2020 ) summarizes the velocities of difference ions in the MIF in
he central Huygens Region, giving 27 ± 2 km s −1 for [O I ] and
7 ± 2 km s −1 for hydrogen Balmer lines. This means that if the
y β photons pumping [O I ] 8446 Å arise from a different zone, the
eparation of the peaks of the two lines has increased by 10 km s −1 

nd the enhancement of [O I ] 8446 Å would be reduced, as compared
ith a condition where the Ly β source and the neutral oxygen have

he same velocity. 
The velocity difference in the central Huygens Region is due to

hotoe v aporati ve flo w away from the hydrogen ionization front that
s being viewed face-on. If the flow velocity is less in this outer region
here the EUV is weaker, then the [O I ] 8446 Å emissivity would
e increased, accounting for the enhancement seen in Table 4 . 
Dif ferences of relati v e v elocities are likely to play a role within

he Delta Feature. In Fig. C1 we show the ratio of the [O I ] 8446
to the [O I ] 6300 Å line. Ignoring the photoe v aporating discs

where processes such as OH dissociation determine the 6300 Å line
ux) in the surrounding medium we see the results of differences of
elocity of the emitting and absorbing gas, with the more intense [O I ]
446 Å arising from greater o v erlap of the Ly β and neutral oxygen
ine profiles while the [O I ] 6300 emission arises from collisional
xcitation by the electron gas, independent of the gas velocity. At
he well defined north-east and north-west boundaries of the Delta
eature abrupt changes of relative velocity are to be expected, as
hown in high velocity resolution studies of the Bar (O’Dell et al.
017a ), if this feature is a discrete physical structure. The slowly
hanging values of the ratio along the south boundary of the Delta
eature are consistent with the idea that the boundary there is more
radual. 
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