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A B S T R A C T 

We present the JWST disco v ery of a highly extincted ( A V ∼ 52) candidate brown dwarf ( ∼0 . 018 M �) in the outskirts of the 
Trapezium Cluster that appears to be coincident with the end of a ∼1700 au long, remarkably uniformly wide, dark trail that 
broadens only slightly at the end opposite the point source. We examine whether a dusty trail associated with a highly extincted 

brown dwarf could plausibly be detected with JWST and explore possible origins. We show that a dusty trail associated with 

the brown dwarf could be observable if dust within it is larger than that in the ambient molecular cloud. For example, if the 
ambient cloud has a standard ∼0 . 25 μm maximum grain size and the trail contains micron-sized grains, then the trail will have a 
scattering opacity o v er an order of magnitude larger compared to the surroundings in NIRCam short-wavelength filters. We use 
a simple model to show that a change in maximum grain size can reproduce the high A V and the multifilter NIRCam contrast 
seen between the trail and its surroundings. We propose and explore two possible mechanisms that could be responsible for the 
trail: (i) a weak far ultraviolet radiation-driven wind from the circum-brown dwarf disc due to the O stars in the region and (ii) 
a Bondi–Hoyle–Lyttleton accretion wake. The former would be the most distant known case of the Trapezium stars’ radiation 

driving winds from a disc, and the latter would be the first known example of ‘late’ infall from the interstellar medium on to a 
low-mass object in a high-mass star-forming region. 

Key words: accretion, accretion discs – planets and satellites: formation – protoplanetary discs – brown dwarfs – circumstellar 
matter. 
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 I N T RO D U C T I O N  

he Trapezium Cluster, in the inner part of the Orion Nebula 
luster (ONC), is famous as an environment where protoplanetary 
isc evolution (and by extension potentially planet formation) is 
ignificantly affected by the environment. We directly see teardrop- 
haped plumes of material emanating from young star and disc 
ystems in the central part of the Trapezium Cluster due to UV
rradiation by the massive stars, most notably the O stars θ1 Ori C and
2 Ori A (O’Dell & Wen 1994 ; Bally, O’Dell & McCaughrean 2000 ;
icci, Robberto & Soderblom 2008 ). For those teardrop-shaped 

proplyd’ systems, the mass-loss rate estimates are so high relative to 
he disc mass that the disc is expected to be dispersed on time-scales
f order 10 4 –10 5 years (e.g. Henney & O’Dell 1999 ), much shorter
han the 10 6 –10 7 year lifetimes typical of quiet regions (e.g. Haisch,
ada & Lada 2001 ; Fedele et al. 2010 ). These high mass-loss rates
re supported by theoretical models of ‘external photoe v aporation’ of
iscs (Adams et al. 2004 ; Facchini, Clarke & Bisbas 2016 ; Haworth
t al. 2018 , 2023b ; Winter & Haworth 2022 ). In recent years, attention
as turned to the possible impact that external photoe v aporation 
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ould have on planet populations and the role environment might 
lay in contributing to exoplanet diversity. These studies do find 
hat environmental irradiation can play a significant role in affecting 
isc evolution (Sellek, Booth & Clarke 2020 ; Coleman & Haworth
022 ) and planet formation (Ndugu, Bitsch & Jurua 2018 ; Burn
t al. 2021 ; Winter et al. 2022 ; Emsenhuber, Mordasini & Burn
023 ; Qiao, Coleman & Haworth 2023 ; Hallatt & Lee 2025 ; Huang,
ortegies Zwart & Wilhelm 2024 ). But environmental impact is not

ust limited to radiation (e.g. Reiter & Parker 2022 ): it also includes
ravitational encounters (Clarke & Pringle 1993 ; Rodriguez et al. 
018 ; Cuello, M ́enard & Price 2023 ) and ongoing accretion on to the
ystem from the interstellar medium (ISM; Pineda et al. 2020 ; Flores
t al. 2023 ; Kido et al. 2023 ; Gupta et al. 2024 ; Winter et al. 2024b ). In
articular, extended periods of accretion has recently been proposed 
s a potentially key driver of disc evolution (Padoan et al. 2024 ;
 inter , Benisty & Andre ws 2024a ). Ho we ver, ongoing accretion has
ostly been studied in low-mass star-forming regions where there is 

ittle stellar feedback and the UV radiation field is relatively weak. It
ill be important to understand the role it plays in the more massive

tar-forming regions, where stellar feedback disperses the molecular 
loud and discs, because these environments are where a substantial 
raction of stars form (e.g. Lada & Lada 2003 ; Winter et al. 2020 ;

inter & Haworth 2022 ). 
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A key question in the context of external photoe v aporation is how
erv asi ve its impact is. For example, how weak can the external
V radiation be while still driving significant mass-loss, and what

s the distribution and time-scale that discs are exposed to certain
evels of external irradiation? The proplyds in the Trapezium Cluster
re subject to very strong FUV radiation fields, typically in the
ange 10 5 –10 7 G 0 . 1 Fatuzzo & Adams ( 2008 ) computed theoretical
istributions of FUV fields that stars will be exposed to. Ignoring
xtinction, this resulted in a distribution peaking at ∼10 3 G 0 (and
e note that proplyds have been observed in such an environment
im et al. 2016 ). Winter et al. ( 2020 ) undertook a similar e x ercise,
redicting that external photoe v aporation is pre v alent. More recently
iao et al. ( 2022 ) and Wilhelm et al. ( 2023 ) directly computed the

adiation field that stars are exposed to in star formation and feedback
imulations, studying the time for which discs can be shielded
rom external irradiation by being embedded in their natal gas. So
rogress is being made addressing the ‘when are discs irradiated’ and
by how much FUV radiation’ questions associated with external
hotoe v aporation; ho we ver, these do not address the question of
ow weak an environmental UV field can be while remaining
ignificant. 

van Terwisga & Hacar ( 2023 ) recently made a millimetre surv e y of
rotoplanetary discs across the wider Orion star-forming complex,
nding statistical evidence that external irradiation can affect disc
asses o v er a v ery wide range of UV fields, with a gradient in
edian dust masses down to around ∼1 G 0 . There is also some

vidence for external winds from very extended discs in similarly
ow UV environments (Haworth et al. 2017 ), though that is not
onclusiv e (La w et al. 2023 ). In the Trapezium Cluster, our focus
as predominantly been on the proplyds and the dramatic effect that
xternal photoe v aporation has on those. But slightly further afield
nd less studied, in the outskirts of the Trapezium Cluster, there are
till many discs exposed to UV fields that are both predicted to result
n non-negligible mass-loss rate (Haworth et al. 2023b ) and indirectly
bserved to impact disc masses by Terwisga & Hacar ( 2023 ).
tudying the outskirts of the Trapezium Cluster might provide
ew insight into external photoevaporation at weak/intermediate UV
elds. With its high resolution and sensiti vity, JWST of fers the power

o achieve this. 
The heart of the Orion Nebula and the Trapezium Cluster have been

ubject to recent study with JWST . The PDRs4All team imaged the
rion Bar (a photodissociation region) and some of the surrounding
ebula (Bern ́e et al. 2022 ), and simultaneously obtained data for a
umber of externally photoe v aporating discs, most notably 203–506
hat has been revealed to host a bounty of astrochemical disco v eries
Bern ́e et al. 2023 ; Changala et al. 2023 ; Zannese et al. 2024 ; Haworth
t al. 2023a ; PDRs4All Team et al. 2024 ). McCaughrean & Pearson
 2023 ) undertook a much wider imaging study of the inner Orion
ebula and the Trapezium Cluster, surv e ying the dust, molecules, and

onized gas of the H II region and the background molecular cloud,
ets and outflows from embedded protostars, proplyds and silhouette
iscs, and the population of more than 3000 stars, brown dwarfs, and
lanetary-mass objects spanning the initial mass function. 
These latter observations of the inner Orion Nebula co v er a

eld 11 × 7 . 5 arcmin providing a high-sensitivity, high-resolution
nfrared view of stars and discs both close to the central OB stars are
NRAS 537, 3313–3330 (2025) 

 G 0 is the Habing unit of the radiation field, which broadly is normalized 
uch that a value of 1G 0 is representative of the FUV in the ISM of the Solar 
eighbourhood. Formally it is 1 . 6 × 10 −3 erg cm 

−2 s −1 integrated over the 
ange 912–2400 Å. 
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p to 0.5 pc further out, where intermediate-to-low UV irradiation
ay still be affecting disc evolution. 
In this paper, we use the data of McCaughrean & Pearson ( 2023 )

o present the disco v ery of a highly extincted brown dwarf candidate
hat appears to be associated with a a narrow, elongated dark trail. We
xplore the possibility that the trail might be a physical structure of
as with enhanced maximum dust grain size relative to the ambient
edium due to either mass-loss from the circum-brown dwarf
aterial, or alternatively due to ongoing Bondi–Hoyle–Lyttleton

ccretion. If the former, it represents a new instance of radiation-
riven mass-loss in the outskirts of the Trapezium Cluster, and if
he latter it represents a unique instance of ongoing accretion in a
igh-mass star forming region seen to date. Either way this could
rovide a ne w vie w of the impact of environment on a young brown
warf in a massive star-forming region. 

 JWST OBSERVATI ONS  

 detailed description of the JWST NIRCam surv e y of the inner Orion
ebula and Trapezium Cluster that we use is given in McCaughrean
 Pearson ( 2023 ) and we will not repeat that level of depth here.
o summarise, the data set is a JWST NIRCam (Rieke, Kelly &
orner 2005 ) mosaic spanning 11 ′ in right ascension and 7.5 ′ in
eclination. NIRCam allows simultaneous observations in short- and
ong-wavelength channels, and for this survey, six pairs of filters
ere used, namely (in ordering of increasing wavelength): F115W,
140M, F162M, F182M, F187N, F212N (short-wavelength chan-
el), F277W, F300M, F335M, F360M, F444W, and F470N (long-
avelength channel). The integration times in all filters was 773.064 s

xcept for the F115W and F444W pair, which had integration times
f 515.365 s. The spatial resolution in the short-wavelength channel
s 31.2775 mas pixel −1 , corresponding to approximately 12 au per
ixel at a distance of 390 pc, and 62.9108 mas pixel −1 or ∼ 25 au in
he long-wavelength channel. Details of the readout mode set-up and
ata processing are given in McCaughrean & Pearson ( 2023 ). Unless
therwise specified we will assume 390 pc as the distance throughout
his paper (Ma ́ız Apell ́aniz et al. 2022 ). 

 I N T RO D U C I N G  2 7 0  −1 9 5 4  A N D  T H E  DA R K  

R A I L  

.1 Ov er view 

ig. 1 shows our main target in the NIRCam F182M filter (it is also
hown in colour composite for illustrative purposes in Fig. C1 ). It is
ituated in the outskirts of the Trapezium Cluster, in the Dark Bay
egion, at approximately, 4 . 4 ′ (around 0.5 pc, at 390 pc) in projected
eparation to the north-east of the O6V star θ1 Ori C and 5 . 2 ′ from
he O9.5IV star θ2 Ori A. For reference, the Orion Bar has a closest
rojected separation from θ1 Ori C of more like 0.2 pc (for papers
n the structure of the ONC see e.g. Balick, Gammon & Hjellming
974 ; Herbig & Terndrup 1986 ; Hogerheijde, Jansen & van Dishoeck
995 ; O’Dell et al. 2009 ; O’Dell, Ferland & Peimbert 2017a ; O’Dell,
ollatschny & Ferland 2017b ; Abel, Ferland & O’Dell 2019 ) and
ost proplyds are at even closer distances than that (e.g. Ricci et al.

008 ). 
The inner Orion Nebula has an established naming convention

or objects that was introduced by O’Dell & Wen ( 1994 ) and which
s based on J2000.0 coordinates. In this scheme, the name XXX-
YY corresponds to coordinates 05:35:XX.X in right ascension

nd −05:2Y:YY in declination. For objects east of 05:35 and/or
orth of −05:20, an additional digit is introduced at the start of the
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Figure 1. NIRCam F182M observations towards 270 −1954, which exhibits an elongated dark tail. The 7 × 7 arcsec box ed re gion is shown more clearly in 
the inset. The arrows and associated labels denote the direction and distance to the main UV sources in the Trapezium Cluster. North is up and east left. The 
intensity scale is in MJy sr −1 . 

Table 1. J2000.0 coordinates for 270 −1954 and other objects of interest in 
this work. 

Object RA Dec 

270 −1954 05 35 27.04 −0519 53.7 
COUP 1353 05 35 26.41 −05 19 50.6 
V2445 Ori 05 35 26.17 −05 20 06.0 
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orresponding part of the label to remo v e ambiguity. Thus, giv en the
oordinates of the object that is the focus of this paper (Table 1 ), we
se the identifier 270 −1954. 
In Section 3.2 , we will demonstrate that 270 −1954 is likely

 highly extincted, low-mass brown dwarf. The JWST short- 
avelength channel images show that it lies at the head of a dark trail

xtending approximately 4.35 arcsec (1700 au) in length to its north-
ast. The trail is about 4–6 pixels ( ∼48 –72 au) in width, broadening
lightly at the end opposite to the point source, making this is a
emarkably long and narrow feature. 

270 −1954 and the dark trail lie in the so-called Dark Bay region
hich lies to the north-east and slightly in the foreground of the
rapezium OB stars. The Dark Bay is believed to be a ‘fold’ of
olecular material which o v erlays the background PDR and H II

egion, dimming the emission nebulosity and also reddening stars in 
he Trapezium Cluster seen through the Dark Bay. The optical depth
s not extreme, ho we ver, as some background galaxies can be seen
n the JWST short-wavelength colour composite of McCaughrean & 

earson ( 2023 ). 
The nebulosity, both bright and dark, in the region around 

70 −1954 is complex. There are large-scale dark features extending 
rom the south-east to north-west, with red rims facing towards 
he Trapezium OB stars and likely illuminated by them. There are
lso fainter dark wisps and striations roughly perpendicular to these 
eatures, which are either relatively broad and variable in width, or
ith low-contrast relative to the surroundings. We note that the dark

eature in the vicinity of COUP 1353 is coincident with a dark ridge
bserved in the optical with Hubble Space Telescope (also visible 
n Fig. C1 ) so while it is tempting to suggest it is also a physically
ssociated trail we treat it as due to that optical ridge in this paper. 

The dark trail that is the subject of this paper is dif ferent, ho we ver.
he extreme aspect ratio, the straightness, the coincidence of a faint

ed point source, 270 −1954, at the head of the trail and the slight
MNRAS 537, 3313–3330 (2025) 
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Figure 2. A gallery showing 270 −1954 and the associated dark trail in nine JWST NIRCam filters. Each image is 7 × 7 arcsec or ∼2720 × 2720 au in size, 
with North up, East left. 
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Figure 3. An illustration of the cuts made across the trail associated with 
270 −1954. From 100 points along the cut across the trail we calculate the 
mean along the line parallel to the trail. We plot the resulting profiles in Fig. 
4 . 
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roadening of the trail at the opposite end to the point source (as one
ould expect for a w ak e) suggest a possible physical association.

t is difficult to quantify the likelihood of chance alignment. We
ake a very rough initial assessment on the basis that the mosaic

s 11 × 7 arcmin and contains 3000 stars. The probability of one
f 3000 randomly distributed stars being within the trail width of
ither edge of the trail is ∼0 . 02 per cent (i.e. 500 trails in the mosaic
ould give a 10 per cent probability of chance alignment). The stellar
ensity is concentrated closer to the centre of the mosaic, far from
70 −1954, which w ould mak e the probability of chance alignment
 ven lo wer. 

A gallery of images of the trail in nine of the JWST NIRCam filters
s shown in Fig. 2 . The contrast of the trail against the background
eb ulosity is there, b ut noisy, at short wa velengths, with less noise
n the F182M. The trail is just visible in F212N and F277W, but is
ssentially invisible at longer wavelengths. 

Quantifying the contrast between the trail and the ambient nebula
s challenging. The ambient nebulosity is quite variable and there is
 gradient from north-west to south-east that cuts across the trail.
y manual inspection the trail is typically at order the per-cent level

ainter than the ambient nebulosity perpendicular to a given point
n the trail. Ho we ver, it is noisy. At some points in a cut across the
rail the trail is actually slightly brighter than the immediate ambient
ebulosity. 
We quantify the value of the ‘contrast’ by averaging the profile

long the trail. Fig. 3 shows a blue line parallel to the trail and a
ed line that crosses perpendicular to the trail. We make 200 similar
uts of the red line along the blue. If we average all 200 cuts as
 function of position along the red we obtain profiles such as in
NRAS 537, 3313–3330 (2025) 
ig. 4 . In those plots an off-set of zero is the centre of the red line in
ig. 3 , ne gativ e off-set is to the north-west and positive off-set to the
outh-east. Recall that the pixel size is 31.5 and 62.9 mas in the short
nd long-wa velength filters, b ut the profiles do not appear blocky at



A brown dwarf dust trail 3317 

Figure 4. The profile of the trail perpendicular to it, calculated as a the mean along the length of the trail, for the nine filter images shown in Fig. 2 . We 
approximate the depth of the trail using the difference between the minimum of the trail and median on the fainter side of the trail, both of which are shown by 
the dotted lines. Note that zero off-set is halfway along the perpendicular cut in Fig. 3 . 
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Table 2. The contrast between the tail associated with 270 −1954 and the 
surrounding nebula in various NIRCam filters. The drop in flux in the trail 
relative to the surroundings is calculated using the difference between the 
minimum in the trail and the median value in the fainter side of the surrounding 
nebula (see Fig. 4 ). We use a bootstrapping approach to calculate the mean 
and standard deviation of the contrast from 1000 sets of 20 cuts across the 
trail. Note that we exclude the F212N filter here because the profile was 
substantially noisier (see also Fig. 2 ). 

Filter Per cent drop of min relative Standard 
to ambient median deviation (Per cent) 

F115W 1.01 0.39 
F140M 1.32 0.57 
F162M 0.79 0.32 
F182M 0.81 0.26 
F187N 0.8 0.34 
F277W 0.55 0.71 
F300M 0.73 0.55 
F335M 0.43 0.31 
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hat scale because the cuts are not aligned with the pixel grid axis.
here is a gradient in the background nebulosity from north-west 

o south-east and thus we quantify the depth of the trail using the
ifference between the faintest part of the trail and the median in
he fainter side of the background. That depth is represented by the
air of dotted lines in each panel of Fig. 4 . This illustrates that the
ontrast decreases with increasing wavelength as expected from the 
mages. In order to make an estimate of the uncertainty we employ a
ootstrapping approach. We randomly sample 10 per cent of the 200 
uts 1000 times and calculate the mean and standard deviation of the
esulting contrasts (as defined abo v e, using the minimum in the trail
nd median on the fainter side of the cut). The resulting values are
iven in Table 2 . 

.2 Brown dwarf mass and extinction estimates from NIRCam 

hotometry 

o estimate the mass of the 270 −1954 point source and the line-of-
ight extinction towards it, we use aperture photometry to measure its
ux in the seven NIRCam medium- and wide-band filters where it is
MNRAS 537, 3313–3330 (2025) 
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Figure 5. NIRCam SED of 270 −1954 (blue line) as sampled by the 
nine NIRCam medium- and wide-band filters (yellow). The best-fitting 
BHAC15 model SED (Baraffe et al. 2015 ) with mass and extinction of 
0.018 ±0 . 007 M � and A V = 52 ± 9 mag is shown in red. The approximate 
limiting magnitudes of the NIRCam observations in a relatively low nebulos- 
ity region are shown in grey (McCaughrean & Pearson 2023 ). 
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Figure 6. Colour–magnitude diagram of 270 −1954 (blue). The full Trapez- 
ium Cluster source catalogue is shown in grey (McCaughrean & Pearson 
2023 ). The 1 Myr isochrone for the BHAC15 evolutionary models is shown 
in red (Baraffe et al. 2015 ), while the equivalent 1 Myr isochrone for the 
CBPD22 CEQ evolutionary models (Chabrier et al. 2023 ), which combine 
the atmospheric models from ATMO 2020 (Phillips et al. 2020 ) with the 
a new equation-of-state for dense hydrogen–helium mixtures (Chabrier & 

Debras 2021 ), is shown in black. An approximate unreddened mass scale is 
shown. 
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isible in the JWST images. The blue points and line in Fig. 5 show
he resulting spectral energy distribution. The grey line shows the
pproximate JWST point source limits determined for relatively low-
ebulosity regions of the survey, as appropriate here (McCaughrean
 Pearson 2023 ), while the filter profiles are shown in yellow at the

ottom of the plot. 
We fit the SED using the BHAC15 evolutionary models (Baraffe

t al. 2015 ) by varying the mass and extinction, while assuming a
ominal age of 1 Myr, a distance of 390 pc, and the reddening law
rom (Wang & Chen 2019 ). The latter was adjusted to use an optical
otal-to-selectiv e e xtinction ratio R V = 5 . 5, which has been found to
e more appropriate for the Trapezium Cluster and ONC compared
o the standard value ( R V = 3 . 1) used for the diffuse ISM (Fang
t al. 2021 ). The BHAC15 models were linearly interpolated to co v er
asses from 0.01 to 1.4 M � and the extinction was bound between
 V = 0–100. The scipy.optimize.curve fit package (Vir-

anen et al. 2020 ) was used to find the optimum non-linear least
quares to fit using the Trust Region Reflective method. 

The best-fitting mass and extinction for 270 −1954 are
.018 ±0 . 007 M � and A V = 52 + 9 

−2 mag, respectively. The dominant
ource of uncertainty in the determined mass stems from the
ncertainty in age. We repeated the SED fitting using BHAC15
odels for both 0.5 and 2 Myr and take the range of mass estimates

s the uncertainty for the mass. The upper bound of the uncertainty in
he fitted extinction was determined in a similar manner by repeating
he SED fitting using the ISM reddening law with R V = 3 . 1. The
ower bound of the uncertainty was taken as the standard deviation
n the fitted extinction, determined by the curve fit routine using the
evenberg–Marquardt algorithm. 
Fig. 6 shows a F277W versus F277W −F444W colour–magnitude

iagram for Trapezium Cluster sources as grey points and 270 −1954
n blue. A 1 Myr isochrone for the BHAC15 (Baraffe et al. 2015 )
volutionary models for brown dwarfs and stars is shown in red,
hile the CBPD22 CEQ (Chabrier et al. 2023 ) evolutionary models

or brown dwarfs and planetary-mass objects at 1 Myr are shown in
lack. An A V = 30 reddening vector and an approximate unreddened
ass scale are o v erplotted. It can be seen that if 270 −1954 is

ereddened parallel to the reddening vector, it will end up in the
o w-mass bro wn dwarf mass range. 

Fig. 7 shows the A V s of 55 sources within one arcminute of
70 −1954 (the sample is truncated at the northern edge due to the
NRAS 537, 3313–3330 (2025) 
eclination limit of the surv e y). The e xtinctions for these sources
ere determined using the same SED-fitting method described

bo v e. Although the fore ground e xtinction towards the Trapezium
luster and ONC as a whole is typically low ( A V ∼ 1 mag) (Scan-
ariato et al. 2011 ), it can be seen from Fig. 7 that 270 −1954 and
urrounding sources are located in a region of higher extinction
ssociated with the Dark Bay, as seen in the NIRCam images. 

.3 Interpreting the trail 

nlike the strongly irradiated proplyds, which have a cusp-tail
onization front morphology that points towards the UV source
lluminating them, the trail of 270 −1954 is not directed towards
1 Ori C nor θ2 Ori A. Furthermore, it makes an angle of around
5.5 deg from the radial line joining 270 −1954 to the nearest bright
tar on the plane of the sky, the K6 variable star V2445 Ori (see Fig. 1 )
uling out the casting of a shadow by that source. This immediately
eaves us with only two possibilities: (i) the apparent coincidence
etween 270 −1954 and the very tip of an exceptionally isolated,
ong, straight, and narrow wisp of darker nebulosity is simply that,
 line-of-sight chance alignment (suggested to be unlikely in 3.1 )
r (ii) it is a trail of material left in the w ak e of 270 −1954 as it
ropagates through the ISM. The main goal of the rest of this paper
s to determine the plausibility of the latter scenario. 

In the rest of this paper, we will demonstrate that a trail of dust
lightly larger than that in the ambient medium could explain the
rail, even at high visual extinction associated with the Dark Bay. We
ill further demonstrate that the two most plausible scenarios for
roducing the trail are dust entrained by external photoe v aporation or
as/dust left in a Bondi–Hoyle–Lyttleton accretion w ak e. A summary
f the approximate geometry of the region and the location of
70 −1954 in those two scenarios is given in Fig. 8 , which we will
ow proceed to explore in detail. 
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Figure 7. The left-hand panel shows the locations of the 55 point sources within one arcminute of 270 −1954, truncated on the northern side due to the 
declination limit of the surv e y. The right-hand panel plots the A V for each source as determined by SED fitting as a function of its projected separation from 

270 −1954. 

Figure 8. A cartoon illustrating the possible geometry of the region and 270 −1954. The trapezium stars sit within a bowl-like region, with the main ionization 
front of the nebula on the far side from the observer. The Orion Bright Bar corresponds to where the main ionization front curves along the line of sight. The 
Dark Bay against which 270 −1954 is coincident lies slightly in the foreground. The 270 −1954 brown dwarf is denoted by the circle and the trail by the line 
extending from that. There are two brown dwarf/trail cartoons on the figure representing two possible scenarios. We will demonstrate that 270 −1954 could be 
leaving a trail due to a weak external photoe v aporati ve wind even if the extinction from 270 −1954 to the trapezium stars is around A V = 8 . 5 and the FUV field 
is 1 G 0 , illustrated by the lighter shaded part of the Dark Bay in the cartoon and explored in detail in Section 5 . Alternatively in Section 6 we will also discuss 
the possibility that it may be a Bondi–Hoyle–Lyttleton accretion wake if it were substantially more shielded from UV irradiation by the Dark Bay. 

4
D
R

I  

2
t  

c  

a  

i

b
t

t  

r  

e
i
u  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/4/3313/8005957 by guest on 11 M
arch 2025
 DEM ONSTRATING  A  H I G H LY  EXTINCTED  

A R K  T R A I L  IS  OBSERVABLE  WITH  SIMPLE  

A D I AT I V E  TRANSFER  M O D E L S  

n Section 3.2 , we inferred a high extinction of A V ∼ 52 towards the
70 −1954 point source. The immediate challenge for interpreting 
he trail as a physical entity associated with 270 −1954 rather than
hance alignment with a dark streak of nebulosity is to ask how
 trail can be visible if it too is similarly extincted. In the first
nstance, we want to demonstrate whether this is at all plausible 
efore concerning ourselves with the possible physical mechanisms 
hat might be responsible for the trail. 

At near-infrared ( ∼micron) wavelengths and low temperatures, 
hermal emission from dust is negligible, so the light we see in the
egion is either reflected by dust grains in the cloud, or is background
mission passing through the cloud. Scattering is potentially very 
mportant at these wavelengths, although that depends sensitively 
pon the maximum grain size in the cloud. Fig. 9 shows the total,
bsorption-only, and scattering-only opacities per gram of cloud 
MNRAS 537, 3313–3330 (2025) 
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Figure 9. The total (absorption + scattering, upper panel), absorption-only 
(middle panel) and scattering-only (lower panel) opacities as a function of 
wavelength for Draine & Lee ( 1984 ) silicates with a q = 3 . 5 power law 

size distribution and maximum grain sizes given in the legend. A slight 
enhancement in the maximum grain size up to at most around ∼2 μm leads to a 
significant increase in the scattering opacity in the near-infrared while al w ays 
maintaining high extinction in the visible. These curves were computed using 
utilities in the TORUS radiative transfer code (Harries et al. 2019 ). 

m  

w  

s  

t  

Figure 10. A schematic of the radiative transfer model we consider. The box 
is illuminated from below with a uniform intensity I 0 . A line-of-sight through 
the ambient medium has an observed intensity I BG . A line-of-sight through 
the trail includes a segment with a different maximum grain size representing 
the trail and an observed intensity I . Note that although the radiative transfer 
model places the trail at the far edge of an A V = 52 slab, the Dark Bay can 
extend further in reality, it simply changes the value of I 0 , which is arbitrary 
in our model since we consider the contrast between the trail and ambient 
medium. Also note that although the trail and ambient densities are given 
different symbols here, in most of our calculations the medium gas density is 
considered uniform ( n a = n t ). 
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aterial (gas and dust) for Draine & Lee ( 1984 ) silicate distributions
ith different maximum grain sizes and a standard ISM power-law

ize distribution with q = 3 . 5. The scattering opacity is very sensitive
o the maximum grain size at micron wavelengths. The maximum
NRAS 537, 3313–3330 (2025) 
rain size in the ISM is usually sub-micron (Mathis, Rumpl &
ordsieck 1977 ), so if 207–1954 were trailing larger micron-sized
rains (we discuss possible mechanisms for doing so below), then
he scattering opacity at ∼micron wavelengths would rise by o v er
n order of magnitude. Note that if the grains get sufficiently large
 ∼10 μm) then the scattering opacity distribution flattens and starts
educing again. 

If the dominant source of light is background emission from the
 II region and PDR passing through the cloud, this might therefore

nable an extincted trail with an enhancement in its maximum grain
ize up to ∼micron sizes to appear slightly darker relative to the
urroundings, by scattering light along the line-of-sight ‘out of the
rail’ – recall from 3 we only require the trail to be around 1 per cent
ainter. We now explore this concept in a simple 1D radiative transfer
odel. 

.1 Radiati v e transfer model details 

irst, our radiative transfer model has to satisfy the empirical
nference that the extinction is A V = 52 and this has to hold regardless
f our choice of cloud density. The extinction is approximately the
ptical depth 

 V ≈ 1 . 085 τ = 1 . 085 κa ρa L, (1) 

here κa is the opacity per gram of gas in the ambient Dark Bay (i.e.
ot in the trail), ρa the gas density in the ambient Dark Bay, and L
he path length through the medium (i.e. to the trail), see Fig. 10 for
 schematic. 

Assuming a V -band opacity of around 100 cm 

2 g −1 and an ex-
inction of around A V = 52 mag, we relate the approximate required
ath length L of 207 −1954 in the cloud to the cloud density with the
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caling 

 = 0 . 46 pc 
( n a 

10 5 cm 

−3 

)−1 
. (2) 

his is the length of constant density material required in the 
oreground of 207 −1954 to give the observed extinction. We then 
onsider two paths through this medium, as illustrated in Fig. 10 . One
ath is purely through the constant density medium (with intensity 
 BG in Fig. 10 ), the other path (with intensity I in Fig. 10 ) includes a
mall component representing the trail with the same constant density 
ut larger maximum grain size and hence higher scattering opacity 
rawn from the models in Fig. 9 . 
Along both paths through the cloud, we solve the radiative transfer

quation for the change in specific intensity I ν along some path length
 l 

d I ν
d l 

= j ν − κtot ρI ν, (3) 

here j ν = B ν( T ) κabs ρ is the emission coefficient, B ν( T ) is the
lanck function at temperature T , κabs is the absorption opacity, 
nd κtot is the total absorption plus scattering opacity. When the 
mbient maximum grain size is sufficiently small (less than about 
.3 μm) we can neglect the increase in intensity due to scattering
rom the surrounding cloud into the line of sight that intersects the
rail because scattering in the near-infrared will be weak (Fig. 9 ).

e assume that scattering in the trail, which is very narrow, is not
ufficient to significantly alter the intensity in the ambient part of
he cloud. Finally, we also assume that forward scattering from the 
rail material into the line-of-sight of the trail is negligible given 
hat the angular size is so small (see Appendix A ). Overall then, we
re making the simplifying assumption that scattering only acts as 
 basic opacity source along the line-of-sight and that the further
ropagation of that scattered light is assumed to have a negligible 
ffect on the surroundings. 

This is a simple model, but our objectives are not necessarily to
ry and infer the true parameters of the system, only to determine
hether an extincted trail would be observable in the near infrared. 
or our main calculations, we assume that the maximum grain size in

he ambient ISM is 0.25 μm and power law of the size distribution is
 = 3 . 5 (Mathis et al. 1977 ), though we explore the effect of different
mbient grain distribution in Section 4.3 . 

.2 Initial expectations as to the plausible properties of the 
ark Bay 

efore coming to the results of the radiative transfer model, we note
hat some scenarios in the framework set up in 4.1 can immediately
e expected to be unlikely. The entire Huygens region of the inner
rion Nebula is around 1 pc across and typically at much lower

xtinction than the Dark Bay (e.g. Weilbacher et al. 2015 ), which is
0 . 25 pc across. For low uniform densities the Dark Bay would have

o be incredibly extended to give the required extinction, e.g. 46 pc
or n a = 10 3 cm 

−3 with an associated aspect ratio of the Dark Bay
tself approaching 200, whereas the more extreme observed filaments 
ave aspect ratio ∼50 (Wang, Ge & Baug 2024 ). Although the reality
ill be that the cloud is not a uniform medium, this argument does

mply that the majority of the line of sight extinction cannot be due
o low-density gas in the Dark Bay. 

Furthermore, if we consider the Jeans’ length of the cloud, it
s smaller than the cloud extent from equation ( 2 ) for 10 K gas at
ensities < 10 7 cm 

−3 , with the difference between the Jeans’ length
nd cloud length increasing in magnitude at lower densities owing 
o the linear scaling of the cloud length with density and n −1 / 2 

a 
caling of the Jeans’ length. The Dark Bay is star forming, and
eans’ analysis is very simple compared to the reality of a turbulent
olecular cloud, but provides another suggestion that densities in 

he Dark Bay responsible for most of the extinction are likely to be
igh, at the level of 10 5 –10 7 cm 

−3 . 
We finally note that if the Dark Bay were unstable and a circular

heet, the free fall time dependency on the aspect ratio (i.e. length)
nd density cancel (following Toal ́a, V ́azquez-Semadeni & G ́omez
012 ) giving a constant free-fall time as a function of density of
0 . 1 Myr. 

.3 Radiati v e transfer model results 

ig. 11 shows the intensity ratio between the line of sight traversing
he trail, and line of sight through the ambient medium (as illustrated
n Fig. 10 ) as a function of the density of the medium. We include
hree panels with different maximum grain sizes in the trail of 0.6,
, and 10 μm. The horizontal dotted lines in each panel show the
pproximate flux drop in the F115W, F140M, F182M, and F300M 

lters, with the shaded areas representing ±1 standard deviation (see 
able 2 ). A good model would see the four solid lines cross the
otted lines/shaded regions at a consistent density. From Fig. 11 , for
 maximum grain size in the trail of 0 . 6 and 1 μm the models roughly
eproduce the observed trail/ambient contrast for a medium density 
f just o v er 10 5 cm 

−3 , which is broadly consistent with the arguments
ade in 4.2 that the density should be high. For a maximum grain size

n the trail of 10 μm the agreement breaks down due to the flattening
f the opacity profile (Fig. 9 ) with the model wrongly predicting that
n the F115W filter the trail would have the lowest contrast with the
urroundings. 

We also explored introducing a gas density enhancement into the 
rail. F or e xample, Fig. 12 shows that with a density enhancement
f a factor 10, the best observed contrast between the trail and
urroundings is retrieved for an ambient density of < 10 4 cm 

−3 .
o we ver as discussed in 4.2 such a density is approaching the regime
here the Dark Bay becomes implausibly extended to provide the 
igh visual extinction. So not only can a uniform medium with
nly a maximum dust grain size enhancement reproduce the contrast 
etween trail and ambient medium (Fig. 11 ) our models suggest that
here should not be a large gas density enhancement in the trail. 

A caveat to the radiative transfer model so far is that we considered
he case of a maximum grain size enhancement in the trail relative
o fairly ‘standard’ ISM dust in the surrounding medium. That is,
 power law size distribution q = 3 . 5 and a max = 0 . 25 μm which
orresponds to a reddening R V ∼ 3 . 3. Fang et al. ( 2021 ) presented
 spectroscopic surv e y of stars in the Trapezium cluster, comparing
heir analysis with R V = 5 . 5 and R V = 3 . 1 and finding that the
ormer performed better. The reddening may therefore be higher in 
eneral in the region (indeed we adopted R V = 5 . 5 in our analysis
f Section 3.2 ). 
The cause of higher reddening is somewhat degenerate, but can 

e influenced by having larger maximum grain sizes, a change in the
ower law of the grain size distribution and the grain composition.
e approximate R V from model dust distributions with different 
aximum grain size and power law of distribution using the opacities

t the B and V -band centres R V ≈ κV / ( κB − κV ), which is plotted as
 function of maximum grain size in Fig. 13 . We explore two higher
 V scenarios in our simple radiative transfer model. 
In the first higher R V scenario, the maximum grain size stays

elatively small at 0 . 3 μm (meaning little scattering from the ambient
edium) and the power law of the dust distribution is flattened to
 = 3 to give a higher R V . As illustrated in the upper panel of
MNRAS 537, 3313–3330 (2025) 
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Figure 11. The ratio of the trail-to-ambient intensities in our basic radiative 
transfer model as a function of the cloud number density. The panels are 
for the maximum grain size in the trail of 0.6, 1, and 10 μm from top 
to bottom. Each has a power law of the grain size distribution q = 3 . 5. 
The different coloured lines denote the central wavelengths of different 
JWST filters. The horizontal dotted lines show the approximate observed 
contrasts in the F115W, F140M, F182M, and F300M with the shaded areas 
representing ±1 standard deviation. The upper two panels can reproduce the 
relative contrast between a LOS along the trail and ambient medium in the 
different filters for densities ∼10 5 cm 

−3 . The lower panel cannot within the 
1 σ errors, incorrectly predicting that the F115W filter would have the weakest 
contrast. 

Figure 12. The ratio of the trail-to-ambient intensities as a function of the 
cloud number density, similar to Fig. 11 . In this case, the trail also has a 
density enhancement of a factor 10 × the ambient density and the maximum 

grain size in the trail is 1 μm. So a gas density enhancement in the trail pushes 
down the required ambient cloud density to give the observed contrast. 

Figure 13. The reddening associated with maximum grain sizes for various 
power laws of the grain size distribution. The horizontal lines correspond to 
R V = 3 . 3 and R V = 5 . 5. 
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ig. 14 , in that case we can still reproduce the flux drop in JWST
lters at uniform densities of order 10 5 cm 

−3 . In our second R V = 5 . 5
cenario, we keep a q = 3 . 5 power law distribution but increase the
aximum grain size in the ambient medium to 0 . 6 μm (see Fig. 13 ).

n this case scattering from the ambient medium becomes important,
nd so in the absence of a full scattering radiative transfer calculation
e are restricted to comparing the absorption opacities only. As

llustrated in the lower panel of Fig. 14 , the lack of distinct scattering
rom the trail means that higher, but plausible, densities in the range
0 6 –10 7 cm 

−3 are required to reproduce the contrast between the trail
nd ambient medium in that second higher R V case. 

For reference, the optical depths to the trail from the observer for
 maximum grain size of 0.6 μm and q = 3 . 5 are ∼3 . 8 at 1.15 μm,
1 . 5 at 1.4 μm, ∼1 . 1 at 1.82 μm, and ∼0 . 73 at 3 μm. 

.4 Summary of radiati v e transfer modelling on the plausibility
f observing the trail at high A V 

e have introduced a simple radiative transfer model with the
bjective of demonstrating that a trail physically associated with
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Figure 14. The ratio of trail to ambient intensities, similar to Fig. 11 . In 
this are two scenarios where the ambient dust distribution gives a reddening 
R V ≈ 5 . 5. In the upper panel the ambient medium has a max = 0 . 3 μm and 
q = 3 . 0. For a trail a max = 1 μm and uniform medium, we can still reproduce 
the scaling of intensity drops at n ∼ 2 × 10 5 cm 

−3 . The lower panel achieves 
R V ≈ 5 . 5 by holding q = 3 . 5 but increasing the maximum grain size in the 
ambient medium to 0.6 μm. Note that in the lower panel the 1.15 μm line lies 
beneath the 1.4/1.82 μm lines. 
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 brown dwarf at A V = 52 can give the contrast between trail and
mbient medium observed by JWST NIRCam (see Section 3 ). We find 
hat this can be achieved at densities in the Dark Bay of ∼10 5 cm 

−3 in
 uniform density medium. This requires no gas density enhancement 
n the trail itself, and can be achieved purely with a larger maximum
rain size in the trail due to the strong sensitivity of the scattering
pacity to maximum grain size in the NIR. 
Ho we ver, there is a limit to how large that maximum grain size

n the trail can be. The model works well for maximum grain size
ases in the trail of 0.6 and 1 μm, but for 10 μm dust in the trail
annot produce the relative contrast in different filters at any density 
ecause the opacity distribution flattens. 
Introducing a gas enhancement scales down the required density 

f the Dark Bay. Based on arguments about the required extent of the
loud to give the observed extinction, as well as cloud stability, we
a v our a scenario where the trail gas density is at most only weakly
nhanced relative to the surroundings, and that the cloud and trail 
as density is high. If the R V = 5 . 5 in the Trapezium Cluster were
ue to larger dust grains ( ∼0 . 6 μm), then reproducing the contrast
etween trail and ambient medium would require higher densities, 
0 6 –10 7 cm 

−3 . 
 POSSIBLE  WIND-BA SED  MASS-LOSS  A N D  

UST  E N T R A I N M E N T  MECHANI SMS  

e no w e v aluate possible mechanisms for leaving a w ak e of larger
aximum grain size in the trail in a high-density medium that is

onsistent with the picture established from the radiative transfer 
odelling. We begin by considering the various ways in which disc
inds might be responsible. 

.1 Dust entrainment in internal winds? 

he delivery and entrainment of dust in internal photoe v aporati ve
inds (driven by the host star) and magneto-centrifugal winds has 
een the subject of a number of studies (e.g. Giacalone et al.
019 ; Booth & Clarke 2021 ; Hutchison & Clarke 2021 ; Pascucci
t al. 2023 ). In particular Hutchison & Clarke ( 2021 ) and Booth
 Clarke ( 2021 ) studied the actual delivery of dust from the disc

o the base of photoe v aporati ve winds, finding that the difficulty in
elivering grains to the wind implies that dust entrained is al w ays
ub-micron in size and so would probably be insufficient to explain
n enhancement in maximum grain size responsible for the trail of
70 −1954. Giacalone et al. ( 2019 ) studied the entrainment of dust
n magneto-centrifugal winds, finding it is typically sub-micron too 
n the case of a solar-type star. The critical maximum entrained grain
ize does have a M 

−1 / 2 
∗ dependency (Booth & Clarke 2021 ) and so

n the case of the candidate brown dwarf studied here could lead
o a factor ∼7 increase, but that factor neglects the low UV/X-ray
uminosity of such a low-mass object to drive the internal wind in
he first place. Given these results, we expect that it is unlikely that
nternal winds are the source of micron-sized grain enhancements in 
he trail. 

.2 Exter nal photoe vaporation due to X-ray superflar es fr om 

2445 Ori? 

70 −1954 is in close projected separation to V2445 Ori (7356 au at
90 pc, see Fig. 1 ), which is known to undergo extreme X-ray flaring
v ents. F or e xample, this includes a recent 30 h X-ray flare with
uminosity 2 × 10 32 erg s −1 (Getman, Feigelson & Garmire 2021 ),
hich is around an order of magnitude higher than the typical
-ray luminosity of similar mass ( ∼2 M �) stars (Flaischlen et al.
021 ) and around two orders of magnitude higher than fiducial X-
ay luminosities considered when modelling internally driven X- 
ay photoe v aporati ve winds (Picogna et al. 2019 ; Sellek, Clarke
 Ercolano 2022 ). This raises the possibility that flaring might

xternally heat circumstellar material around 270 −1954 sufficiently 
o lead to mass-loss and dust entrainment. 

For a first estimate, we use the simple X-ray ionization parameter–
emperature prescription first developed by Owen et al. ( 2010 ; 2012 ).
he ionization parameter is 

= 

L x 

nD 

2 
, (4) 

here L x is the X-ray luminosity of the source, n is the local gas
umber density, and D is the distance of the gas being considered
rom the X-ray source. In this scheme, that ionization parameter 
s mapped on to a pre-computed temperature function and the 
orresponding X-ray heated temperature is used wherever the column 
etween the X-ray source and the gas parcel is ≤10 22 cm 

−3 . Picogna
t al. ( 2019 ) developed column-dependent versions of the heating
see also Sellek et al. 2024 ) but for a first estimate we will use the
impler version. The temperature prescription is shown in Fig. 15 
nd the function used to generate it is given in Appendix B . 
MNRAS 537, 3313–3330 (2025) 
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Figure 15. Temperature as a function of X-ray ionization parameter as 
introduced by Owen et al. ( 2010 ) and Owen, Clarke & Ercolano ( 2012 ). 
Marked is the temperature and corresponding ionization parameter abo v e 
which material would be unbound at 24 au from an 0.018 M � object. 
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To first order, we can estimate whether heating will unbind material
sing the gravitational radius. This tells us, at a given distance R g 

rom a point mass M ∗, at what temperature T the sound speed exceeds
he escape velocity 

 = 

GM ∗μm H 

k B R g 
, (5) 

here μm H is the mean particle mass and G is the gravitational
onstant. 

From equation ( 5 ), to liberate material from a 24 au molecular
ydrogen disc around a 0.018 M � central mass, we would thus
equire a temperature 160.5 K. That temperature and corresponding
inimum ionization parameter ( log 10 ξ ∼ −6 . 2) is marked in Fig.

5 . We find that these X-ray flares can only heat the tenuous outer
ayers of the disc. For example, assuming that the distance D is
he projected separation between 270 −1954 and V2445 Ori and that
 X = 2 × 10 32 erg s −1 as in the recent flare, we can use equation
 4 ) to calculate the density of gas that could be warmed to that
equired 160.5 K temperature as only n = 2 . 6 × 10 4 cm 

−3 . This also
ssumes and requires that the column to V2445 Ori is ≤10 22 cm 

−2 .
uch a density is below the sort of densities required for the basic
adiative transfer model in Section 4 . This calculation is also based
n an extremely strong and relatively short flare, and the frequency
f those flares from V2445 Ori is unknown. Overall, we therefore
onclude that external X-ray irradiation by V2445 Ori is unlikely to
e responsible for driving the kind of mass-loss that could lead to the
rail. 

.3 FUV heating by θ1 Ori C and/or θ2 Ori A 

70 −1954 lies at a projected separation from both θ1 Ori C and
2 Ori A of around 0.5 pc. Geometrically diluting the radiation field
rom θ1 Ori C at that distance gives an FUV radiation field strength
f order 10 4 G 0 , which would certainly be sufficient to drive an
xternal photoe v aporati ve wind. Of course we know that there is
igh extinction along the line-of-sight between 270 −1954 and the
bserver, but that does not mean the extinction is necessarily so high
etween 270 −1954 and θ1 Ori C, as illustrated in Fig. 8 . 

At only 0.018 M �, 270 −1954 lies outside of the central star mass
ange of existing external photoe v aporation calculations like the
RIED grid (Haworth et al. 2023b ). We therefore run new bespoke 1D
NRAS 537, 3313–3330 (2025) 
xternal photoe v aporation calculations using the TORUS-3DPDR code
Bisbas et al. 2015 ; Harries et al. 2019 ), akin to those in FRIED . We
se a 0.018 M � central mass and run models for circumstellar discs
f 5, 10, 15, and 20 au in radius. We assume a temperature at 1 au in
he disc of 36 K due to heating by the central star with a T ∝ R 

−1 / 2 

rofile. The surface density has an R 

−1 profile with 100 g cm 

−2 at
 au. We expose these discs to external FUV radiation fields ranging
rom 1 –10 4 G 0 , which corresponds to a range of extinction along the
ath connecting 270 −1954 to the UV source from essentially zero
o A V ∼ 8 . 5 mag. The geometry of the simulations is 1D, along the
id-plane through the disc and into the wind, since the mass-loss

s predominantly from the disc outer edge (see Adams et al. 2004 ;
aworth et al. 2023b , for full details). 
Dust entrained in an external photoe v aporati ve wind was studied

y Facchini et al. ( 2016 ). The drag force in the wind can draw out
ust up to some certain size a max , which in the limit of the wind being
ery subsonic and ignoring centrifugal force on the grains themselves
s approximated by 

 max ≈ v̄ 

GM ∗

Ṁ 

4 πF ρ̄
, (6) 

here v̄ is the mean thermal velocity of the gas, M ∗ the central star
ass, Ṁ the mass-loss rate, F = H d / 

√ 

H 

2 
d + R 

2 
d the fraction of 4 π

teradians subtended by the disc outer edge for disc radius R d with
cale height H d , and ρ̄ is the mean mass density of the dust grain
aterial. 
Facchini et al. ( 2016 ) demonstrated that because the maximum

rain size is typically quite small (the exact value is dependent on
he mass-loss rate, but of order micron-sized), when grain growth
as occurred in the disc, the amount of dust entrained in the wind
nd hence the extinction to the disc is reduced, resulting in higher
ass-loss rates. In our calculations, we use a mean cross-section in

he wind appropriate for a situation where the dust in the disc had
ot undergone major grain growth, the only implication of which
or this work is that the external photoe v aporation calculations will
ave lower mass-loss rates than if the outer disc were depleted of
ntrainable dust, making it the conserv ati ve choice. 

The resulting mass-loss rates, time-scales to deplete the disc
t that mass-loss rate, and the corresponding predicted maximum
ntrainable grain size according to equation ( 6 ) are given in Fig. 16 .
hey demonstrate that a flow can be driven that entrains the required
ust of order micron size to give the dark trail, e ven do wn to UV fields
f at least as weak as 1 G 0 and for compact discs. Recall from Section
 that 10 μm dust in the trail was incompatible with the observed
ontrast. We therefore require the system to have a compact disc and
e embedded. Taking the 1G 0 case, the corresponding A V ∼ 8 . 5 to
he UV source and A V ∼ 52 to the observer would place 270 −1954 at
 depth 86 per cent through the total thickness of the Dark Bay along
he line of sight. 270 −1954 does therefore not need to reside on the
ar side of the bay in low-density H II region. Thus it seems plausible
hat the O stars in the region could be driving the required mass-loss
o entrain the micron-sized dust required to give the contrast between
he trail and surrounding nebula. 

The depletion time-scale of the disc, shown in the middle panel
f Fig. 16 is short, but comparable to or higher than the depletion
ime-scale of the hundreds of proplyds in the inner Orion Nebula
e.g. Henney & O’Dell 1999 , find of order 0 . 01 –0 . 1 Myr). 

The trail is not directed towards the UV sources, so if the external
hotoe v aporation scenario were the correct one the trail would be
eing left in the w ak e of the star as it propagates, rather than be
treaming away along the vector connecting the UV source and
 v aporating disc. This could in principle be tested with proper
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Figure 16. Mass-loss rates (top), depletion time-scale (instantaneous ratio of 
disc mass to mass-loss rate, middle) and maximum entrainable grain sizes in 
external photoe v aporati ve winds (bottom) as a function of the external FUV 

radiation field strength. The different lines are for different disc radii. In all 
cases, it is possible to entrain micron-sized grains. For compact discs at low 

UV radiation field strength this can also take place associated with a long 
∼Myr depletion time-scale. Note that the depletion time-scale of proplyds in 
the ONC is < 0 . 1 Myr. 
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otion measurements of 270 −1954, ho we ver in practice the extreme
aintness of this object means that JWST may be the only facility able
o achieve this and a measureable proper motion for typical velocities
n the region of v ∼ 2 km s −1 (Theissen et al. 2022 ) may take decades
beyond the lifetime of JWST . 

.3.1 The width of the trail if resulting from a wind 

e can also make a rough estimate of the width of the trail if
t results from a wind. Key points of uncertainty for any such
alculation are the velocities of source of the wind and the wind
tself. If the source, i.e. 270 −1954 in this case, mo v es rapidly, we can
reat the geometry as cylindrical, otherwise a spherical treatment is 
equired. External photoe v aporati ve winds in lo w-UV environments
sually have a launching and inner region that is subsonic, before
ecoming supersonic at some larger distance in the flow. Where the
ow is subsonic, thermal pressure is important, but once it becomes
upersonic, we can consider momentum-conserving transport. 

First, we consider the scenario in which the brown dwarf has
ufficiently high velocity, v BD , such that the wind/trail geometry can
e considered cylindrical sufficiently far behind the brown dwarf. 
or a mass-loss rate, Ṁ , and wind velocity, v w , the radial momentum

njected per unit length can be computed by integrating the wind
omentum o v er solid angle to giv e π

4 
Ṁ v w 
v BD 

. Then, for a cold wind
nd a cold ISM in which thermal pressure can be neglected, the
idth of the tail may be approximated as a cylindrical ‘momentum-

onserving snowplough’ (Wilkin 1996 ), in which the momentum 

njected is equated with the momentum of an expanding, swept-up 
hell of ambient medium with density, ρa , and radius, R. This gives 

π

4 

Ṁ v w 

v BD 
= πR 

2 Ṙ ρa (7) 

hich leads to 

 = 

(
3 Ṁ v w 

4 ρa v BD 

)1 / 3 

t 1 / 3 . (8) 

ere, we have assumed R = 0 at t = 0 for simplicity. Although Ṙ 

iverges at t = 0 in this expression, 2 the estimate reproduces exactly
he asymptotic form of the solution for the tail far behind the brown
warf (Wilkin 1996 ), as desired. Inserting typical values derived 
rom the radiative transfer model, we find 

 = 76 . 2 au 

(
t 

kyr 

)1 / 3 (
Ṁ 

10 −9 M � yr −1 

)1 / 3 (
ρa 

10 −19 g cm 

−3 

)−1 / 3 

×
( v w 

0 . 2 km s −1 

)1 / 3 ( v BD 

2 km s −1 

)−1 / 3 
. (9) 

his applies until the ambient pressure terms become significant. 
he stellar velocity dispersion in the ONC is around 2 km s −1 and

he escape velocity is ∼6 . 1 km s −1 (e.g. Theissen et al. 2022 ).
he time-scale to cross the 1700 au trail at 2 km s −1 is ∼4 kyr.
o we ver, the time-scale for the expansion to become subsonic

assuming a supersonic wind velocity of 0.5 km s −1 and a sound speed
f 0.2 km s −1 ) is 840 yr. Taking t = 0 . 84 kyr, Ṁ = 10 −9 M � yr −1 ,
 w = 0 . 5 km s −1 and v BD = 2 km s −1 this corresponds to a trail radius
f 82 , 38 and 18 au for number densities 10 5 , 10 6 , and 10 7 cm 

−3 

espectively. The trail radius is ∼24 au (2 pixels) at the end near
MNRAS 537, 3313–3330 (2025) 

 An expression in which the shell velocity does not diverge can be found 

y using R = 

√ 

3 Ṁ v w / (4 πρa v 2 ∗) ≡ R 0 at t = 0. For the parameters used 
n equation 9 , R 0 ≈ 20 au . This approximation impro v es the solution signifi- 
antly in the range t � R 0 /v BD ≈ 50 yr . 
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M

Figure 17. A schematic of the Bondi–Hoyle–Lyttleton accretion process. 
The brown dwarf propagates through the medium at velocity v BD . Material 
drawn to the trailing mid-plane within the stagnation radius is accreted, while 
material beyond the stagnation radius is left in a w ak e which could then 
correspond to the 270 −1954 trail. 
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Figure 18. Estimated number density in the Bondi-Ho yle-Lyttleton w ak e as 
a function of the number density in the ambient medium and velocity through 
the medium. Note that the velocities start at 0.2 km s −1 , so we are al w ays 
considering the supersonic regime for 10 K gas. 
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he brown dwarf and broadens slightly to at least ∼36 au (3 pixels,
 would increase the radius to 48 au) towards the opposite end, so
he size of the trail is broadly consistent with this simple model at
lausible densities. The short time-scale for ambient pressure terms
o become important is also shorter than the likely time-scale for the
rown dwarf to traverse the trail based on the velocity dispersion in
he cluster, which would explain the roughly uniform width of the
rail. 

.3.2 Summary of the external photoe vapor ative wind scenario 

n summary our simple arguments suggest that dust entrainment in
n external photoe v aporati ve wind is a plausible explanation for the
ark trail. It can provide the maximum grain size enhancement in the
rail required to give the trail-ambient contrast studied in the radiative
ransfer model. It can do so with 270 −1954 embedded within the
ark Bay and is expected to give a fairly uniformly wide trail width
f order the size observed. 

 A  B O N D I – H OY L E – LY T T L E TO N  AC C R E T I O N  

A K E?  

n alternative to a wind-driven source of material in the trail is a
ondi–Ho yle–Lyttleton type w ak e (e.g. Ho yle & Lyttleton 1939 ;
ondi & Hoyle 1944 ; Edgar 2004 ; Matsuda, Isaka & Ohsugi 2015 ).
ondi–Hoyle accretion has been suggested by theoretical models as a
otential means of driving disc evolution (Padoan et al. 2024 ; Winter
t al. 2024a ). A Bondi–Hoyle–Lyttleton flow applies to a point mass
ccreting while propagating through the ambient medium. Material
rawn into the trail of the object within some stagnation point 

 stag = 

2 GM BD 

v 2 BD 

(10) 

s accreted on to the object, while material drawn into the trail beyond
hat radius is left in the w ak e (see Fig. 17 ). Here M BD and v BD are
he brown dwarf mass and v elocity, respectiv ely. F or the mass of
70 −1954 that we estimated abo v e this gives 

 stag ≈ 8 au 
( v BD 

2 km s −1 

)−2 
. (11) 
NRAS 537, 3313–3330 (2025) 
hus the expectation is that if the 270 −1954 trail were a Bondi–
o yle–Lyttleton w ak e, then the accreting component w ould lik ely
e unresolved by JWST and the trail would be the non-accreting
 ak e. We note that with a gas sound speed of only ∼0 . 2 km s −1 , the
rown dwarf velocity is therefore likely supersonic given the velocity
ispersion of around 2 km s −1 (Theissen et al. 2022 ). 
Numerical simulations of such w ak es show them to be compli-

ated. They are subject to various possible instabilities, including
he flip-flop instability, in which the w ak e swings from side-to-side
ith increasing amplitude (Fryxell & Taam 1988 ; Foglizzo, Galletti
 Ruffert 2005 ; Throop & Bally 2008 ; Blondin & Pope 2009 ).
o we ver, the nature of this is dependent on resolution and numerical
ethod. The main goal of such simulations has been to study the

ccretion on to the central object and, to our knowledge, none exist
hat study the extended nature of the w ak e. But at the limit of the
urrent observational data, the 270 −1954 trail does not show signs
f larger scale instability nor any significant increase in trail width
ith distance. Prior work has also not studied the properties of dust

n the w ak e, which is lik ely going to be key for distinguishing the
ind and w ak e scenarios. Future decoupled gas–dust simulations of
ondi–Ho yle–Lyttleton w ak es will be necessary to achieve this. 
We make an initial e v aluation of the trail properties following

ondi & Hoyle ( 1944 ) and Edgar ( 2004 ), though this is known to
ot necessarily be representative of simulations as discussed above.
evertheless, from Edgar ( 2004 ), the mass per unit length in the
 ak e is 

 = 

2 πG 

2 M 

2 
BD ρa 

v 4 BD 

(12) 

hich we convert to a number density assuming that the w ak e
eometry is constant density and a cylinder with the observed trail
adius, R trail = 24 au, giving 

 trail = 

2 πG 

2 M 

2 
BD ρa 

v 4 BD 

1 

μm H 

1 

πR 

2 
trail 

, (13) 

here μ is the mean molecular weight. We plot this as a function of
he ambient number density and velocity in Fig. 18 , which shows the
xpected behaviour that lower velocities through denser media leads
o higher w ak e densities. According to equation ( 13 ) the density
nhancement in the trail relative to the ambient medium depends
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Figure 19. The enhancement of density in the trail relative to the ambient 
medium as a function of the velocity of the point mass through the medium. 
Note that the velocities start at 0.2 km s −1 , so we are al w ays considering the 
supersonic regime for 10 K gas. 
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pon the velocity through the medium and trail radius. We plot that
nhancement of the density relative to the surroundings in Fig. 19 .
o in this simple approximation to the complicated reality expected 
rom simulations, a density enhancement at the level of a factor 2 or
reater would only be expected for velocities < 1 km s −1 , though the
xact value would increase for a higher point mass or narrower trail
adius. We note that the free fall time of a 1700 au long, 42 au radius
ylinder (Toal ́a et al. 2012 ) is likely much longer than the crossing
ime-scale of the trail by the brown dwarf. For example, the free-fall
ime-scale is only faster for v BD < 0 . 25 km s −1 and v BD < 0 . 9 km s −1 

or trail densities of 10 8 cm 

−3 and 10 9 cm 

−3 , respectively. 

.1 Summary of the BHL wake scenario 

verall our preliminary analysis abo v e suggests that a BHL w ak e
 ould lik ely be consistent with the picture of the trail being
redominantly a maximum grain size enhancement, rather than 
he w ak e being a substantial gas density enhancement. This could
ossibly be due to material stripped from a circum-brown dwarf 
isc, for example, Moeckel & Throop ( 2009 ) studied the BHL
ccretion process for a star–disc system in a gas-only model, finding 
isc material is transferred into the w ak e. Our calculations abo v e
lso suggests that such a trail could survive for longer than the
rail crossing time without undergoing global gravitational collapse. 
o we ver, BHL w ak es can be unstable and so numerical models with
ecoupled dust–gas dynamics studying the nature of the extended 
 ak e are required. 
Evidence for possible examples of continued infall from the 

mbient medium on to young stellar objects (YSOs) in the form
f ‘streamers’ has been observed in low-mass star-forming regions 
e.g. Pineda et al. 2020 ; Valdivia-Mena et al. 2024 ; Gupta et al.
024 ). If the trail associated with 270 −1954 were to be confirmed as
 Bondi–Holye–Lyttleton w ak e, it w ould be the first such example
hat we are aware of in a high-mass star-forming region. 

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

rom JWST observations of the Dark Bay in the inner Orion Nebula,
e present a highly extincted 0.018 M � brown dwarf that appears to
e coincident with one end of a very long, narrow dark trail, seen
s a ∼1 per cent drop relative to the surrounding nebular intensity at
1 μm. While we cannot fully pro v e a physical association between

hem at this stage, we use simple arguments to demonstrate that such
 scenario is possible, both in terms of a trail being observed in the
ear-infrared at such high visual extinction, and in terms of there
eing mechanisms would could give rise to the trail. 
We demonstrate with a simple radiative transfer model that it 

s possible for the system to be observed through A V = 52 mag
f extinction and yield intensity contrasts between the trail and 
urrounding nebulosity consistent with the observations simply by 
ntroducing slightly larger dust grains in the trail. The primary 
rgument is that the maximum grain size in the ISM is typically sub-
icron, while material lost from a circum-brown dwarf disc could 

ntrain micron-sized dust. At the ∼ micron wavelengths observed by 
WST , this then leads to order of magnitude changes in the scattering
pacity due to the larger grain sizes and to the possible visibility of
 trail. 

We discuss four possible sources of the trail. Three mechanisms 
re due to disc winds from the brown dwarf system: internal winds
which are unlikely to entrain dust), X-ray driven winds from the
earby super X-ray flaring system V2445 Ori, and attenuated FUV 

rradiation from Trapezium Cluster OB stars. We find that the X-ray
riven irradiation does not seem plausible because the density of 
aterial that could be heated abo v e the escape velocity is probably

ess than the density of the ambient medium. For the other two disc
ind cases, we consider the scaling of the trail thickness with time,
nding that a c ylindrical momentum-driv en trail expands weakly 
nd would quickly be confined by external pressure, keeping the trail
arrow. 
The other mechanism is a Bondi–Hoyle–Lyttleton wake. Little 

ork has been done on the extended w ak es of such accretion systems,
hough there is no evidence in the data for instabilities which are
egularly seen in simulations of the process. It is thus difficult
o assess the viability of this mechanism as the physical process
esponsible for the trail without future gas/dust dynamics simulations 
f the larger-scale extended w ak e. Ho we ver, we do make an initial
stimate of the density in the trail in the BHL scenario, finding that
t is consistent with the picture described abo v e of being comparable
o the ambient medium density and that the free fall time of the trail
ould be longer than the crossing time-scale. 
For either disc wind or a Bondi–Hoyle–Lyttleton wake mecha- 

isms, stronger evidence for the true physical association between 
he brown dwarf and the trail would come from future observations
hat measure the proper motion vector, which should be aligned along
he trail vector. Ho we ver, at typical stellar and brown dwarf velocities
n the ONC, this would be a long-term project even with JWST . 

If the apparent association between 270 −1954 and the trail can
e physically pro v en, it would provide either direct evidence for
he wider-reaching impact of external photoe v aporation further from 

he centre of the Trapezium OB stars in the inner Orion Nebula,
r potentially a unique view of Bondi–Hoyle–Lyttleton accretion 
n action. Either way, it would be a new and e xciting e xample of
nvironmental impact on star/planet formation. 
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PPEN D IX  A :  F O RWA R D  SCATTERING  

ur simple radiative transfer model assumed negligible forward 
cattering from the trail into the trail. Ho we ver, in the near-infrared,
orward scattering can be significant. To estimate the possible impact 
e consider a Hen ye y & Greenstein ( 1941 ) scattering phase function 

( θ ) = 

1 

4 π

1 − g 2 

(1 + g 2 − 2 g cos θ ) 3 / 2 
, (A1) 

here θ is the scattering angle and 1 ≤ g ≤ 1 is a parameter that
ontrols the behaviour from pure back scattering ( g = −1), to
sotropic scattering ( g = 0), and to pure forward scattering ( g = 1).

e calculate the fraction of this function that scatters into the angular
igure A1. The fraction of a Hen ye y–Greenstein scattering phase function 
hat would forward scatter from the trail into the trail. For the g ≤ 0 . 7 expected 
t ∼1 μm, forward scattering into the trail is negligible given its tiny angular 
ize. 
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 https://academ
ic.oup.com

/m
nra
idth of the trail (24 au radius at 390 pc), as shown in Fig. A1 . In the
ear-infrared, the g parameter is expected to get as high as around
.7 and even in that case, the fraction of forward scattering into the
rail is negligible, simply because the angular width of the trail is so
arrow. 

PPENDI X  B:  X-RAY  I ONI ZATI ON  

ARAMETER  TEMPERATURE  F U N C T I O N  

e calculate the X-ray heated gas temperature as a function of ioniza-
ion parameter ξ using the prescription from Owen et al. ( 2010 , 2012 ).
he function is never fully written in those papers and so we include it
ere. The temperature is given by T = max ( T hot , T cold , 10 . 0), where 

 hot = 10 [ ( a o log 10 ξ+ b o log 10 ξ
−2 ) / (1 + c o log 10 ξ

−1 + d o log 10 ξ
−2 ) + e o ] (B1) 

nd 

 cold = 10 ( f o log 10 ξ+ g o ) . (B2) 

he numerical parameters are given in Table B1 . 
MNRAS 537, 3313–3330 (2025) 

able B1. The numerical parameters used in the X-ray heating prescription 
f equations ( B1 ) and ( B2 ). 

 o 8936.2527959248299 
 o −4.0392424905367275 
 o 12.870891083912458 
 o 44.233310301789743 
 o 4.3469496951396964 
 o 3.15 
 o 23.9 
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PPENDIX  C :  C O L O U R  IMAG E  O F  T H E  

YSTEM  
NRAS 537, 3313–3330 (2025) 

igure C1. A 6 colour composite centred on 270 −1954 in the F115W, F140M, F
s down in this image. 
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