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ABSTRACT

Stellar mergers produce “explosive outflows” that serve as transient sources of infrared line luminosity and inject mechanical energy
early into the natal molecular cloud. We present the first velocity-resolved, sub-kms™' resolution maps of the [01] 63 and 145 um
fine-structure line emission from the wide-angle outflow in Orion BN/KL, the nearest explosive outflow. The data were obtained with
SOFIA and include new, sensitive [C1I] 158 um and OH line maps. They allowed us to disentangle the quiescent cloud gas, traced
by a narrow [O1] component with a full width at half maximum (FWHM) of ~4kms™', from the outflow, traced by a broader [O1]
component with a line FWHM of about ~20-30 km s~!; the latter exhibits a spatial distribution similar to that of the shock-excited H,
emission seen with JWST. The [O1] 63 um line displays a full width at zero intensity (FWZI) of ~85kms™"' and shows foreground
narrow absorptions against strong continuum sources. The OH 119 um line shows a prominent P-Cygni profile covering ~160 kms~!,
similar to the FWZI of the CO lines. The total [O1] 63 and 145 um line luminosity is remarkably high, 86.5 L, of which 55L is
emitted in the broad component. This luminosity is comparable to the H, and CO line luminosities, implying an outflow mass-loss rate
of M ~(9.1£2.6)x 107 M, yr! and a mass M ~(3.3-5.9)M,. The [01]63/145 and [O1] 63/[C11] 158 intensity ratios reach very
high values in the line wings (20-30 and 40-60, respectively), exceeding those found in photodissociation regions. These ratios are
consistent with the presence of dense (ny ~ 10° to 10° cm™) and warm (7 < 500 K) post-shock gas. We analyzed the fine-structure line-
wing intensities using magnetized shock models that include UV irradiation, to which the [C11I] 158 um line intensity is particularly
sensitive. We find that the [O 1] and [C 11] intensities are consistent with emission from dissociative J-type shocks with velocities of
30—40km ™! and preshock gas densities of a few 10* cm~3, illuminated by external UV radiation generated by surrounding fast shocks
and possibly by massive (proto)stars in the region. We also report a broad [O 1] 63 um emission feature around the BN star, which we

attribute to an unresolved outflow or wind bow shock.
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1. Introduction

Explosive events triggered by mergers of protostars generate
transitory infrared (IR) line luminosity bursts and inject substan-
tial mechanical energy (~10*7"*% erg) into the natal molecular
cloud, serving as an early source of mechanical feedback in
clustered star-forming regions (e.g., Bally & Zinnecker 2005).
The resulting bow-shock tips, or “bullets,” propagate through
the cloud, generating shocks that cool via molecular and atomic
line emission, depending on their velocity, magnetic field, gas
density, and ambient ultraviolet (UV) radiation. Stellar merg-
ers must occur relatively frequently in clustered star-forming
regions (perhaps once per century in our Galaxy; e.g., Zapata
et al. 2020, 2023) and they are therefore likely to be com-
mon in luminous galaxies. The Orion BN/KL outflow (e.g.,
Kwan & Scoville 1976; Beckwith et al. 1978; Snell et al.
1984) is the nearest example of an “explosive outflow” (e.g.,

* Dedicated to the memory of Karl M. Menten (1957-2024), whose
support for the GREAT developments and whose interest in Orion
inspired these observations.
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Gomez et al. 2005; Zapata et al. 2009; Goddi et al. 2011; Bally
et al. 2011, 2020). Its distinctive kinematics and diverse gas cool-
ing lines (atomic, Hp, CO, H,0, and OH; e.g., Werner et al. 1984;
Rosenthal et al. 2000; Gonzdlez-Alfonso et al. 2002; Zapata et al.
2009; Peng et al. 2012; Goicoechea et al. 2015a) indicate the
presence of shocks, in which the mechanical energy of the explo-
sion is converted into gas heating and compression as the outflow
impacts the swept-up gas and the ambient molecular cloud. How-
ever, the nature of these shock(s), ‘jump” (J-type), “continuous”
(C-type) or mixed, as well as the role of UV radiation, whether
shock-generated or external, remain uncertain. On the one hand,
UV-irradiated shocks are best traced by velocity-resolved obser-
vations of the [O1] 63 and 145 um and [C1I] 158 wum cooling
lines, but only a few sources have been mapped in the wings
of all three lines. In particular, the scarcity of [O1] 145 um data
limits constraints on the physical conditions of the [O I]-emitting
gas across velocities. On the other hand, only recently have shock
models (e.g., Hollenbach & McKee 1979, 1989; Draine 1980;
Kaufman & Neufeld 1996) included realistic descriptions of
UV-irradiated shocks (Lesaffre et al. 2013; Melnick & Kaufman
2015; Godard et al. 2019, 2024; Lehmann et al. 2020, 2022;
Kristensen et al. 2023).
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Here, we present the highest so far angular resolution [O 1] 63
and 145 um maps of the BN/KL outflow (6” and 13", respec-
tively) carried out at sub-kms~! resolution and complemented
by sensitive line maps of [C1I] 158 um, a tracer of UV radiation
and stellar feedback (e.g., Tielens & Hollenbach 1985; Stacey
et al. 1993; Goicoechea et al. 2015b; Pabst et al. 2019), and OH, a
tracer of the outflow kinematics (e.g., Melnick et al. 1987, 1990;
Goicoechea et al. 2006a, 2015a). We obtained these observa-
tions with the Stratospheric Observatory for Infrared Astronomy
(SOFIA; Young et al. 2012) using GREAT!, providing a legacy
dataset for studying the properties of shocked gas.

The paper is organized as follows. In Sect. 2, we provide
details on the outflow. In Sect. 3, we describe the airborne obser-
vations. In Sect. 4, we present the main observational findings,
while in Sect. 5, we detail the physical conditions as a function
of velocity in the outflow. Finally, Sect. 6 discusses the nature
of the [O 1]-emitting shocks based on comparisons with state-of-
the-art shock models and places our results in the context of FIR
line emission from other massive star-forming regions.

2. The Orion BN/KL explosive outflow

Embedded in the heart of the Orion Molecular Cloud-1
core (OMC-1), just behind the Orion Nebula (M42), the
Becklin—Neugebauer/Kleinmann-Low (BN/KL) region is the
closest (~414 pc; Menten et al. 2007) high-mass star-forming
region (Genzel & Stutzki 1989; O’Dell 2001; Bally 2008).
In addition to the two well-known runaway stars BN and
source /, which are the most massive objects in this region (e.g.,
Lonsdale et al. 1982; Scoville et al. 1983; Menten & Reid 1995;
Bally et al. 2020), the field hosts the first identified molec-
ular outflow, exhibiting high-velocity CO emission, with line
wings extending to over +100kms~!, together with a wide-
angle, shock-excited H, outflow (e.g., Kwan & Scoville 1976;
Beckwith et al. 1978; Snell et al. 1984). Observations of this
outflow have long provided key benchmarks for the develop-
ment of shock models (Draine & Roberge 1982; Neufeld &
Dalgarno 1989; Hollenbach & McKee 1989). Today we know
that this is an explosive outflow produced by a dynamical decay
event (e.g., a stellar merger), which triggered the acceleration
of BN and source I, about 500 yr ago (e.g., Gémez et al. 2005;
Zapata et al. 2009; Bally et al. 2011; Goddi et al. 2011; Bally
et al. 2020). The center of the explosion is located between the
current positions of these stars.

ALMA CO observations reveal an approximately spheri-
cally symmetric “Hubble—Lemaitre flow,” that is, radial veloc-
ities scaling with the projected distance from the center. The
flow is composed of over a hundred narrow bow-shock wakes,
or “fingers,” within ~1” (~0.1 pc) of the center (Bally et al.
2017). Due to the isotropic distribution of the flow, the red- and
blueshifted fingers appear to overlap when projected onto the
plane of the sky, a characteristic of explosive outflows. The bul-
lets show shock-excited H, v=1-0 S (1) (2.12 um) and forbidden
[Fe11] 1.64 um emission at their tips, together with H, and lower
velocity CO emission in their wakes (e.g., Zapata et al. 2009;
Kristensen et al. 2007, 2008; Nissen et al. 2012; Bally et al. 2015;
Youngblood et al. 2018). The H, emission shows a two-lobe
northwest—southeast (NW-SE) orientation (e.g., Allen & Burton
1993; McCaughrean & Mac Low 1997), likely because the other

I The German REceiver for Astronomy at Terahertz frequencies was
developed by the MPI fiir Radioastronomie and the KOSMA/Universitét
zu Koln, in cooperation with the DLR Institut fiir Optische
Sensorsysteme.

A380, page 2 of 20

-5°20'58"
8 21'45"
o
N
3]
Q
o
22'30"
[Ol] 63um
23'15" Vi sr=[25,30] km s
5h35m20° 15° 108

R.A. (J2000)

Fig. 1. BN/KL outflow and the Trapezium cluster observed with
JWST/NIRCam H, F212N (McCaughrean & Pearson 2023). The dashed
square marks the field of view mapped with SOFIA/GREAT. Cyan
contours show the [O1]63 um redshifted line-wing emission over
vrsr = 25-30kms™!, from 15 to 90 K km s~ in steps of 15 Kkms™'.

part of the outflow — or its IR emission — is partially obscured
by the dense dust ridge along OMC-1, which extends toward the
northeast (NE). The outflow contains ~8 My of molecular gas
(Snell et al. 1984). About half of this mass is at expansion veloci-
ties below 20 km s™!. The other half belongs to the high-velocity
outflow, which exhibits some of the brightest H, emissions in
the sky. Peak 1, located ~30” northwest of BN, is the strongest
H;-emitting region of the outflow (see Fig. 1).

The total H, line luminosity across the outflow is
120 + 60 L (Rosenthal et al. 2000). Observations of H, lines
toward Peak 1 reveal excitation temperatures rising from ~600 K
in the v = O rotational transitions, to ~2500K in the vibra-
tionally excited transitions (Rosenthal et al. 2000; Youngblood
et al. 2018). Observations suggest a more excited component at
~5000 K, likely caused by H, formation pumping after shock
dissociation and reformation (Geballe et al. 2017). Peak 1 also
exhibits excited CO and H,O emission associated with warm,
~500K, and hot, ~2500K molecular gas (Gonzailez-Alfonso
et al. 2002; Goicoechea et al. 2015a). In addition, low angular
and spectral resolution FIR observations revealed bright [O1]
fine-structure line emission (e.g., Werner et al. 1984; Herrmann
et al. 1997; Lerate et al. 2006; Goicoechea et al. 2015a) while
Herschel/HIFI enabled the first velocity-resolved [C1I]158 um
maps of the region (Goicoechea et al. 2015b; Morris et al. 2016).

The BN/KL outflow also shows intense OH emission, with
Lon/Lu,0 = 0.4, suggesting ongoing H,O photodissociation
(Goicoechea et al. 2015a). The low-lying OH rotational lines fall
at FIR wavelengths, where the dust continuum is very intense.
These lines require very high densities to be collisionally excited
(ner 2 10372 cm™3) and are typically optically thick. As gas densi-
ties are typically lower, their excitation temperatures (7c) often
fall below the continuum temperature, producing “P-Cygni”
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profiles in molecular outflows (first detected toward BN/KL;
Betz & Boreiko 1989; Melnick et al. 1990; Goicoechea et al.
2006a).

3. SOFIA airborne observations and data reduction

We mapped multiple FIR lines with GREAT during eight SOFIA
flights between January 2014 and February 2021. Apart from the
flights taking place in in spring 2021 (observing cycle 8), which
we operated out of Cologne-Bonn (CGN, Germany) during the
pandemic, we carried out all flights from Palmdale, California.
We conducted all observations during GREAT Consortium time
(project IDs: 83_0004 (cycle 1), 83_0428 (cycle 4), and 83_0630
(cycles 8-9). The flights accumulated 5 hours of observing time.

In 2014, we carried out the first observations of the
OH %13, J=5/2-3/2 line (2514.3 GHz=~119.2um) with the
single-pixel detector of GREAT (Heyminck et al. 2012). In
2021, we extended the map using the corresponding chan-
nel of the multi-color 4GREAT receiver (Duran et al. 2021).
We observed the [O1] *P;—’P, line (4744.8 GHz~63um)
with the 7-pixel high-frequency array (HFA) of upGREAT
(Risacher et al. 2018). We simultaneously observed the
[C1] 2P3/2—2P1/2 line (1900.5 GHz ~ 158 um) and the [O1]
3Py—P; line (2060.1 GHz ~ 145 um) with the two polarization-
split upGREAT low-frequency sub-arrays (LFA): the 7-pixel
V-polarization array tuned to the [OI] line and the H-
polarization array to the [C 1] line. This configuration processed
21 signals in parallel. We employed Fast Fourier Transform spec-
trometers, updated from Klein et al. (2012), which provided 32k
channels across the ~0.5-4 GHz intermediate-frequency bands.
Table A.1 summarizes the instrument configurations.

The instrument and observatory performance (flight alti-
tude, precipitable water vapor) determined the actual observing
mode and source coverage (map sizes), while previous Herschel
spectroscopic maps of Goicoechea et al. (2015a) guided them.
We reference all observations to the nominal source position
RA =05"35™14.3%, Dec =—05°22’33.7” (J2000) in the hot core
region. We performed the upGREAT observations of both [O1]
lines and [C1I] in fast total power on-the-fly slewing mode
(0.4 sec integration time per dump), using 3” sampling in both
RA and Dec We observed the source twice, scanning once in
Dec and once in RA, with the fine sampling driven by the 6.3”
beam of the HFA. The map size (144" x126") refers to the on-sky
coverage of the central array pixels, while the hexagonal array’s
outer pixels provide a larger coverage. We selected a “clean”
on-sky reference position at ARA, ADec=(—-1700", +900"). To
achieve the most uniform sampling, we tilted the array axis by
19.1° relative to the scanning direction (Risacher et al. 2016a).
We observed the OH 21}, (1834.7 GHz ~ 163.4 um) line during
the LFA commissioning in 2016, using chopped (1 Hz) on-the-fly
mode with 6 spatial sampling. The reference OH line fre-
quencies (Table A.1) correspond to the line-strength-weighted
frequency of each hyperfine-structure triplet, which are spec-
trally unresolved. We observed the OH 163.4um line of the
A-doublet in the upper sideband, thereby avoiding to blend with
the 163.1 um line of the doublet in our dual sideband receiver.

We applied a large chop throw of 240" toward negative RA
offsets. Observing the OH *I13/; 119.2 um line proved most chal-
lenging. At this frequency, the shortage of local oscillator power
needed to pump the HEB mixers forced us to couple the sig-
nal via a Martin—Puplett interferometer (Heyminck et al. 2012);
this, in turn, limited the receiving bandwidth of the sky sig-
nal to ~1.6 GHz. Thus, the expected velocity coverage of the

outflow barely fits into the effective bandpass (~190kms™").
This required pointed (raster) observations, in double-beam
chopped mode, for optimal system stability (wobbler throw
300", at —20° counter-clockwise against positive RA). In 2014,
an exploratory 5x5 raster on a 10" grid was observed (with the
single-pixel M-channel of GREAT), showing the emission to be
compact; in 2021 with 4GREAT we added a 5x5 raster on a 6”
grid.

The GREAT consortium derived the half-power main beam
sizes and efficiencies from planet observations. Telescope oper-
ators established the pointing on nearby optical reference stars
with an accuracy of 1-2”. At the beginning of each flight series,
we aligned the instrument’s optical axis with these imagers by
observing planets. Although the co-alignment between the cen-
tral pixels is better than 1-2” (and the data header accounts
for it), we generally tracked the highest frequency channel in a
given configuration — typically the central HFA pixel in most
flights. We amplitude-calibrated the raw data with the KOSMA
kalibrate software (Guan et al. 2012). We corrected the data
for atmospheric extinction and calibrated them in Twb2. When
SOFIA flew between 12.2—13.4km in altitude, the atmospheric
transmission remained smooth near the target velocities.

We processed the calibrated data with GILDAS®. We
inspected the data to remove noisy spectra and other artifacts
(e.g., spikes from onboard interference). We smoothed the spec-
tra to a channel resolution of 0.15kms™' (0.3kms™! for the
OH 119 um line) and removed first-order baselines. The spectra
were then gridded into a data cube through a convolution with
a Gaussian kernel of a full width at half maximum (FWHM)
of ~1/3 of the telescope beamwidth at the different frequen-
cies. The 1o rms noise in the maps are ~3.5K ([O1] 63 um),
~2.5K ([0O1] 145 um), and ~2.0K ([C11] 158 um), and ~4.3K
(OH 163 um) per velocity channel (as provided by the NOISE
routine). To determine the noise over a given velocity bin, we
used Opin = Ocn O0ch VNen, Where o, is the rms per channel,
Oucn the channel width, and N, the number of channels in that
bin. For specific applications (e.g., line intensity ratio maps), we
convolved the data cubes with Gaussian kernels to a common
angular resolution, corresponding to FWHMs of 13" or 15”.

4. Results

Figure 1 shows the core of OMC-1 observed with
JWST/NIRCam F212N (McCaughrean & Pearson 2023),
dominated by H, v=1-0 S(1) line emission at 2.12pum.
The dashed square marks the field of view mapped with
SOFIA/GREAT, encompassing the wide-angle BN/KL outflow,
including the bright Peak 1 and Peak 2 regions. The cyan
contours in Fig. 1 show the [O1]63 um redshifted line-wing
emission at ~20kms~! relative to the cloud systemic velocity
of ~8-9kms™! (hereafter ULsr,0; Bally et al. 1987; Berné
et al. 2014). This [O 1] emission peaks close to BN (Sect. 4.3)
and follows the H, emission from the outflow. The field also
includes the massive stars of the Trapezium cluster, in the fore-
ground, located at ~0.2 pc in front of the cloud. Their far-UV
(FUV; 6 < E < 13.6eV) radiation, dominated by 6' Ori C star,
illuminates all surfaces of OMC-1.

2 We shall refer to the “line luminosity” (L) in ergs™! or L, units. The
conversion from integrated line intensity (W = f AT, dv) in Kkms™!,
where ATy, is the continuum-subtracted main brightness temperature,
to integrated line intensity (/) in ergs™' cm™2sr™! is I=2k W3/c3, or
Itergs™ em™2 sr™!) = W(K km s™!)-»(GHz)?/9.76-10'*.

3 See http://www.iram.fr/IRAMFR/GILDAS
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Fig. 2. Total line intensity maps (in ergs™' cm~2 sr™! =“cgs”) integrated over the complete line profile. The beam size is indicated in the bottom-

right corner of each panel except for H,, where it is too small to display (0.1”). The cyan triangle shows a position near the Trapezium, where
the [O1] 63um line intensity peaks (Table D.1). The H, image refers to the JWST/NIRCam F212N image (McCaughrean & Pearson 2023). The
CO J =10-9 map was obtained with Herschel/HIFI at 20" resolution (Goicoechea et al. 2019).
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Fig. 3. Total line intensity ratio maps (derived from line intensities in ergs™' cm™2sr™"). (a) [0 1] 63/145 at a common angular resolution of 13",
(b) [O1] 63/[C11] 158 at 15", and (¢) [O 1] 145/ [C 11]158 at 15”. The dashed box shows the (100" x80"") area used to extract both the line luminosities
in the outflow region (Table 2) and the line intensities as a function of velocity (see Figs. 7 and 8). Contours show the FIR 79 um-continuum obtained
with Herschel/PACS, from 2.5 to 10 (10° Jy), centered at the position of the hot core (Goicoechea et al. 2015a).

4.1. Integrated line intensity maps

Figure 2 shows [O1] 63 145 um, [C11] 158 um, and OH 163 um
total line intensity maps (integrated over their complete line pro-
file) in units of erg s~ cm™2 sr~!, which are used to compare the
emitted line luminosity and line cooling budget. In these maps
we mark the positions of key stars (BN and source /) and envi-
ronments (Peak 1, Peak 2, and the Trapezium region), which we
study throughout the manuscript. The [O 1] 63 pm emission is the
brightest FIR atomic fine-structure line in the region and roughly
follows the H, emission along the wide-angle outflow. Still, the
line intensity peaks southwest of the Trapezium stars, hereafter
the “Trapezium position,” at (+20”, —50”) from the map center
(see details in Sect. 4.2). This region is part of the large-scale,
face-on photodissociation region (PDR), with ny > 10°cm™
(e.g., Herrmann et al. 1997; Goicoechea et al. 2015b, 2019), at
the interfaces between OMC-1 and the foreground H1I region,
which is photoionized by #' OriC. This PDR component is
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located closer to the observer than the BN/KL outflow and
produces bright narrow line emission — often called the “spike”
component — at nearly all positions in the field.

The [O1]145um line is strikingly bright and as
bright as the [C1]158um line, displaying a similar spa-
tial distribution as the [O1]63 um emission. As observed
before (e.g., Goicoechea et al. 2015b; Morris et al. 2016), the
[C1] 158 um integrated intensity map does not follow the H,
emission. Instead, [C11] 158 wm shows strong emission close to
the Trapezium, along with lower line intensity emission from the
FUV-irradiated surface of OMC-1. The OH 211, J=3/2-1/2
line emission at 163 um is confined to the outflow, peaking
toward the inner hot core region, with only very faint emission
from the quiescent cloud and PDR. The spatial distribution
of the OH 163 um emission resembles that of the high-J CO
emission (e.g., Peng et al. 2012; Goicoechea et al. 2015a, 2019).

Figure 3 shows the atomic fine-structure line intensity ratio
maps (integrated over the entire line profile). Typically, these
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Fig. 4. Velocity-resolved spectra at representative positions, all from maps convolved to 15” (except CO 10-9, with a beam of 20”). Left: Complete
spectra, with offsets in arcseconds given in parenthesis; continuum levels of [C11] 158 um and [O 1] 145 um shifted for clarity. The OH 163 um
emission lines (yellow) are scaled by a factor of three or five. Right: zoom on faint line wings and foreground line features.

intensity ratios provide diagnostics of the gas density, tempera-
ture, and FUV radiation field strength in the warm gas associated
with PDRs and shocks. Although these maps do not reveal the
velocity structure of the gas, they display a different spatial dis-
tribution compared to the absolute line intensity maps (Fig. 2).
The [O1] 63/[C11] 158 intensity ratio map shows a clear max-
imum (=~20) toward Peak 1 (Fig.3b). The [O1] 145/[C11] 158
map exhibits a similar spatial distribution, with a high ratio
(21) toward Peak 1 (Fig. 3c). Given the much higher critical
densities for collisional excitation of the [O1] 63 and 145 um
lines compared to that of the [C1I] 158 um line (see Table A.1),
these peaks trace the highest density gas (assuming similar
FUV illumination). In general, the [O1] 63/[C11] 158 um line
intensity ratios toward Peak 1 are higher than those observed
toward protostellar outflows (e.g., Liseau et al. 2006) and PDRs
(e.g., Bernard-Salas et al. 2012). Figure 3 (contours) also shows
the FIR continuum map at 79 um (Goicoechea et al. 2015b), trac-
ing the extended warm dust emission from the hot core region.
The continuum emission is fainter toward the Peak 1 and Peak 2.
The [O1] 63/145 ratio shows its lowest values (~10) in a region
roughly orthogonal to the wide-angle outflow (Fig. 3a), follow-
ing the quiescent cloud, the “extended ridge”. Radiative transfer
models (Sect. 5.2) indicate that the low intensity ratios are con-
sistent with the [O 1] 63 um line being optically thick, and with
the gas having lower density than in the post-shock gas.

4.2. Velocity-resolved far-IR line profiles
4.21. Line wings

The GREAT maps enable us to resolve the velocity structure
of the [O1]63 and 145um emission and to compare it with

other FIR lines: [C1I] 158 um, OH, and high-J CO. Figure 4
presents such a comparison for four representative positions:
Peak 1, the hot core region, Peak 2, and the Trapezium posi-
tion. The first three positions lie on the outflow region and
show line wing emission. As is apparent from these spectra,
the OH and CO lines exhibit similarly broad line profiles, with
Avpwrm = 30kms~!. These lines reveal prominent wings, with
full widths at zero intensity (FWZI) exceeding 150 km s~ (see
Fig. 5 and Kwan & Scoville 1976; Zapata et al. 2009; Peng
et al. 2012, for additional velocity-resolved CO studies). These
line profiles differ markedly from those of the FIR atomic
fine-structure lines (Fig. 4), which consist of a bright narrow
component, Avpwiy =~ 4 km s7L, together with moderately broad
wings. This suggests that the shocks producing the atomic fine-
structure emission differ in nature or location from those driving
the highest velocity CO and OH emission.

The FWZI of the [O1] 63 and 145 um lines toward Peak 1
is ~85kms™! and ~62kms™!, respectively. The [O1] FWZIs
exceed that of the [C 11] 158 um line (< 50kms~!). This implies
that the highest velocity component either lacks FUV illumina-
tion or that C* is rapidly converted into other species in the post-
shock gas (see also Morris et al. 2016). The [O 1] 145 um line is
optically thin and is not affected by foreground absorptions (see
Sect. 4.2.3). Toward Peak 1, the [O1] 145 um line profile can be
fitted with two Gaussians of similar intensity but different line
FWHM: a narrow one (Avpwnm = 3.6 = 0.1kms™! centered at
vLsr =~ +8.2 +0.1kms™!), consistent with gas in the quiscent
face-on PDR, and a broad one (Avpwim =~ 19.6 + 0.3kms™! at
vLsr = +7.4 +0.1kms™!), implying supersonic velocity disper-
sions associated with shocked gas.

In Appendix B, we show the velocity channel maps of
the observed FIR lines. As in Fig. 1, the redshifted [O1] 63
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and 145 pm emission follows the H, and CO emission along
the two lobes of the wide-angle outflow, whereas the red-
shifted [C1I] 158 wum emission is weak toward Peak 1 and
Peak 2 (Fig. B.1). The [O1] 63 and 145 um emission from the
blueshifted wing peaks around BN and Peak 1. At vrsgrp, the
atomic lines show extended emission in the SW-NE direc-
tion, orthogonal to the wide-angle outflow, mostly tracing the
illuminated rim of OMC-1’s ridge.

Assuming that most of the narrow-line emission arises from
the face-on PDR at the rims of OMC-1, as suggested by its
spatial distribution, we estimate that ~65%, ~50%, and ~15%
of the observed [O1] 63, [O1] 145, and [C11] 158 wm emissions,
respectively, originate from shocked gas. Nonetheless, some of
the narrow line emission may originate from low-velocity out-
flows or from shocks oblique to the line of sight, so the above
percentages should be considered lower limits.

4.2.2. [O1] 63 um narrow-line “spike” emission

For bright, optically thick [O 1] 63 um emission, the continuum-
subtracted peak main-beam temperature, Tp = J(Tex) — J(Tqust)s
where J(T') is the Planck-corrected radiation temperature, yields
the excitation temperature, Ty, of the line, arising here from the
extended PDR in front of the outflow:

Tex([O1] 63 um) = 2277 K, (1)

227.7
In(1 + e )

where AE/kg =(Ey, — E)/kg = 227. 7K, and J(Tgus) =T, is the
continuum brightness temperature at 63 pm. In most observed
positions, Tp([OI] 63 um) =~ 100-120K, and J(Tguy) ~5-100K
(from the 63 um continuum levels of Werner et al. 1984),
where the highest value refers to the hot core region. These
Tp([OI] 63 wm) values translate to Tex > 200 K, which is a lower
limit to the gas temperature (e.g., Fig. C.2).

Far from the outflow, the atomic fine-structure lines are
narrow and lack high-velocity wings. This is exemplified by
the spectra toward the Trapezium position (Fig. 4), where these
lines show Gaussian profiles and line FWHM of about 5kms™!
(Table D.1). Still, this particular position — resembling a cavity
structure — shows remarkably strong [O 1] 63 um emission, with
a peak brightness temperature of Tpeax = 330K (at the native
6" resolution). This implies T > Tex ~ 440K (with T, ~5K,
and assuming a beam filling of one), consistent with warm-to-
hot gas in a dense PDR facing the Trapezium. This excited PDR
is located near the region of maximum CH™* J=1-0 emission in
OMC-1 (position #3 of Goicoechea et al. 2019), a signature of
strong FUV irradiation and elevated temperatures. JWST images
reveal this and similar cavities illuminated by FUV radiation
from the Trapezium; e.g., Fig. 4 of McCaughrean & Pearson
(2023) and Fig. 4 of Habart et al. (2024). These “crenellations”
(O’Dell et al. 2015) at OMC-1’s illuminated surface were likely
carved by protostellar outflows (see also Kavak et al. 2022).

4.2.3. Foreground [O1]63 um line absorption

The [O 1] 63 um line is a ground-state transition. The strong dust
continuum at 63 um from the central BN/KL region (Werner
et al. 1976; Cernicharo et al. 2006; Goicoechea et al. 2015b),
together with the presence of low excitation gas along the line of
sight, produces absorption features in the blueshifted [O 1] 63 um
line wing, where Tex < T.. In this region, the [O1] 63 um line
profile shows a narrow, a few km s~ FWHM, absorption
component at v;sg ~ +6kms~!, which is typically associated
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with gas in the hot core itself (e.g., Blake et al. 1987; Tercero
et al. 2010). In addition, it shows blueshifted absorptions, at
vLsg = —1kms™! (toward Peak 1) and at vigg =~ +2kms™!
(toward the hot core and Peak 2). These blueshifted absorptions
coincide with [CII] 158 um emission peaks (left panels of
Fig. 4) known to arise from foreground material in Orion’s
Veil (Goicoechea et al. 2015b; Pabst et al. 2019), including the
“Northern Dark Lane” and the “Dark Bay”, which are apparent
in optical images (O’Dell 2001). Because of the lower density in
these components (ny ~ 10* cm™3; Pabst et al. 2020), the fainter
158 um continuum, and the much lower critical density of the
[Cu] 158 um transition, leading to Tex > T, these foreground
gas layers appear as [C1I] 158 um emission components. Away
from the hot core region, the [O1] 63 um line profiles show no
absorption components.

4.2.4. OH P-Cygni profiles from the high-velocity outflow

Figure 4 (left panel, yellow histograms) display the OH *IT;
J=3/2-1/2 line profile (one of the A-doublets of the excited
OH 163 um transition). These observations have much higher
angular and spectral resolution than previous observations
with the Kuiper Airborne observatory (KAO), the Infrared
Space Telescope (ISO), and Herschel (Melnick et al. 1987,
1990; Goicoechea et al. 2006a, 2015a). The OH 163 um line
profile toward Peak 1 shows a very broad profile, with a FWZI
of >150kms™! and Avpwiyv ~40kms™!, thus comparable to
the CO lines (e.g., Kwan & Scoville 1976; Snell et al. 1984;
Zapata et al. 2009; Peng et al. 2012; Bally et al. 2017). As
opposed to the atomic fine-structure lines, the OH 163 um
emission does not show a narrow line component. Indeed,
the line is very faint toward the Trapezium position (Fig. 4),
implying that the broad-line emission originates in shocked
gas and regions that are subject to strong radiative pumping,
but not from the quiescent cloud gas. This rotationally excited
OH line arises from the first excited state (at E,/k=270K)
of the %1, ladder. Given its high excitation requirements
(ner =~ 10° cm™3), the upper level can only be populated by colli-
sions in very dense, warm gas, and/or by absorption of FIR dust
photons in the 211, /2—21'13/2 cross-ladder transition at ~53 um
(e.g., Goicoechea & Cernicharo 2002; Goicoechea et al. 2006a).
Owing to the different dust continuum levels, the latter process
contributes to the hot core region, while the former likely
dominates in Peak 1 and Peak 2, with possible lateral (i.e., not
along the line of sight) FIR illumination from the hot core. The
broad OH 163 pm line profiles trace the outflow at all velocities,
and the line intensity tends to peak toward the hot core (see also
Fig. B.1), where the effect of FIR pumping is strongest.

Figure 5 compares the [O1]63um, CO J=10-9, and
OH 21'[3/2 J=5/2-3/2 (one of the A-doublets of the OH 119 um
ground-state transition) line profiles toward the hot core posi-
tion (roughly the FIR dust continuum peak). The [O1] 63 um
spectrum shows the three absorption components at vpsg =
+6, +2, and —1kms™'. The first component is consistent with
gas in the hot core, while the other two originate from fore-
ground gas associated with Orion’s Veil. Betz & Boreiko (1989)
provided the first sub-kms~! resolution observations of the
OH 119 um rotational line with the KAO. These observations
revealed a self-absorption profile, characterized by absorption
on the blueshifted side and emission on the redshifted side. The
SOFIA telescope delivers a factor of three better angular reso-
lution (11.3” at 119 pm), which provides less angular dilution of
the FIR continuum source. The resulting OH 119 um line shows
a more prominent P-Cygni profile (the line shows absorption
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Fig. 5. P-Cygni profile of the OH 119 um line toward the hot core region
(the FIR continuum peak), compared to other line profiles. See Fig. B.3
for a zoom on the low-intensity features.

and emission of similar strength), with a FWZI of ~160 km s,
much like CO lines. Compared to Betz & Boreiko (1989), SOFIA
observations show that the entire blueshifted wing is absorbed
from vpsg =~ —80 to +8.5kms™!, while the redshifted emission
extends up to vy sg ~ +80kms~!, with a velocity coverage simi-
lar to that of the CO J=10-9 line. Clearly, OH is present in the
high-velocity outflowing gas, with terminal (maximum) veloc-
ities of about 80kms~! — the fastest gas producing absorption
projected along the line of sight. A closer examination of the
OH 119 um P-Cygni profile reveals that the main absorption dip
occurs at vpsg =~ +6 km s~!, which corresponds to the hot core
absorption (for a zoomed-in spectrum, see Fig. B.3). We leave a
detailed analysis of the OH excitation to a forthcoming paper.

4.3. A possible outflow or wind bow shock around BN

Figure 6 (left) shows a map of the [O1] 63 um emission in the
vsr range from +20 to +25kms~!. In addition to the red-
shifted extended emission from the explosive outflow, we detect
an emission peak near BN, located slightly northwest (NW) of
this young massive star (~8—13 Mg; e.g., Rodriguez et al. 2005).
This emission does not coincide with the more extended, so-
called low-velocity “18 kms~! outflow,” which expands in the
SW-NE direction (Genzel et al. 1981; Plambeck et al. 1982) and
is likely driven by Source I (Beuther & Nissen 2008; Wright
et al. 2022). The new [O1] 63 um component arises from a
broad emission feature, with a line FWHM of 15+ 1kms™,
centered at v sg ~20kms~! (blue spectrum in Fig. 6). This
emission is confined to the vicinity of BN, indicating either a
compact outflow or a knot or shell of shock-excited gas sur-
rounding the star. It envelops the IR nebulosity associated with
BN (see Shuping et al. 2004; Bally et al. 2020) but has not been
reported in other line tracers, likely owing to the nature of this
shocked gas and the complex substructure of the region in terms
of emission, velocity, and extinction.

The centroid of the [O1] 63 um line feature is compatible
with the LSR velocity measured from emission lines associ-
ated with BN (vsg ~ 23 kms™'; Gémez et al. 2008; Goddi
et al. 2011; Plambeck et al. 2013). The apparent extent of this
[O1] 63 um feature is < 10” and remains undetected at 145 pm.
The blue- and redshifted [O 1] 63 um emission around the LSR

velocity of BN shows a similar spatial distribution, suggesting
that, if it originates from an outflow, the outflow is spatially
unresolved. Given the uncertain properties of BN’s circumstellar
disk, particularly its geometry (Jiang et al. 2005; Beuther et al.
2010; Bally et al. 2020), it remains unclear whether this structure
traces a disk-driven outflow or another form of shocked gas.
Interestingly, the [O 1] 63 um intensity peak is shifted to the
NW of BN by <3”, and is roughly aligned with the proper
motion of this runaway star. Thus, this [O1] 63 um emission
may correspond to an unresolved wind bow shock produced by
the interaction of BN’s supersonic motion and wind with the
ambient cloud gas (Baranov et al. 1971; Wilkin 1996). Adopting
estimates of the wind mass-loss rate (M,,), wind velocity (v,),
and BN’s velocity (v.) relative to the surrounding cloud of den-
sity ng (Scoville et al. 1983; Bally et al. 2020), the bow-shock
radius (rps) would be several hundred au, or < 1”7 (Tan 2004).
However, the wind mass-loss rate and velocity remain uncer-
tain. Since rys oc (Myvy/no)/? v !, larger wind parameters would
yield a correspondingly larger ry, (for fixed ny and v..), potentially
consistent with the apparent size of the [O 1] 63 um feature.

5. Analysis

In the following, we restrict our analysis to a 100" x 80"
(0.2pc x0.16 pc) region around the outflow, indicated with a
dashed square in Fig. 3. Specifically, we excluded the Trapezium
region. In addition, we used the spectra of Peak 1 as a template
to determine the physical conditions of the post-shock gas.

5.1. Velocity-resolved line intensity ratios

Figure 7 shows the FIR line intensity ratios as a function of
velocity toward the Peak 1 position (filled squares) obtained
from maps convolved to a common angular resolution of 15”.
The lowest [O 1] 63/145 line intensity ratio, 11.4 + 0.1, occurs at
ULsr 0, corresponding to the LSR velocity of the quiescent gas
in OMC-1 (dashed magenta line in Fig. 7), where the narrow
line component is dominated by emission from the extended
PDR in front of the outflow. This intensity ratio is compara-
ble to that observed in the Orion Bar (e.g., Bernard-Salas et al.
2012). The [O1] 63/145 intensity ratio then increases in the line
wings, reaching ~30 at redshifted velocities. The [O1] 63/145
intensity ratio shows an asymmetry between the blue- and
redshifted wings. Foreground [O1] 63 um absorption at vpsgr
between roughly —5 and +7 kms™! contributes to this asymme-
try, but the blueshifted wing shows smaller ratios at higher, more
negative velocities. These lower ratios suggest a correspondingly
lower density in the blueshifted post-shock gas (Sect. 5.2).
Figure 7 also shows the velocity dependence of the
[O1] 145/[C11] 158, [O1]63/[C11] 158, and OH 163/[C11] 158
line intensity ratios. All these ratios reach a minimum at
the LSR velocity of the face-on PDR, v sro, and gradually
increase in the line wings, indicating a lower contribution of
C* in the highest velocity gas. The [O1] 145 um line is partic-
ularly bright, with [O1] 145/[C11] 158 intensity ratios of ~2-3
in the line wings. The OH 163/[C11] 158 line intensity ratio
increases from =~(.1 at the line center to 4+ 1 in the wings,
thus showing a strong dependence on radial velocity. The
redshifted line wing shows very high [O1] 63/[C11] 158 inten-
sity ratios, up to =~50-100, much higher than the expected
ratios in PDRs with ny ~ 10°cm™ (e.g., Kaufman et al.
1999). For reference, in the prototypical dense PDR, the
Orion Bar, at ~2’ south of the Trapezium, these line intensity
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Fig. 6. Possible compact outflow or wind bow shock around BN star. Left: spatial distribution of the redshifted [O 1] 63 um emission in the v s
range from +20 to +25kms~!. This map (in RA and Dec) shows extended emission following the wide-angle H, outflow and a possible spatially
unresolved outflow around BN, revealed as a distinct broad spectral component. Right: [O 1] 63 um spectra toward Source I (red), BN (blue), and
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Fig. 7. Line intensity ratios as a function of velocity in a 15” beam
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from maps convolved to a common resolution of 15”. The dashed
magenta line marks the LSR velocity of the quiescent gas in OMC-1.

ratios are much lower, [O1]63/145=9, [O1]63/[C11] 158 ~8,
[O1] 145/[C11] 158 0.9, and OH 163/[C11] 158 =0.03 (e.g.,
Bernard-Salas et al. 2012; Joblin et al. 2018).

The empty squares in Fig. 7 show the FIR line intensity ratios
as a function of LSR velocity, averaged over the 100" x 80"
region, thus representing the average conditions in the outflow.
These ratios are similar to those toward Peak 1, with the main
differences being a slightly higher [O1] 63/145 intensity ratio
in the blueshifted wing and slightly lower [O1] 145/[C 11] 158,
[O1]63/[C11] 158, and OH 163/[C 11] 158 ratios. This reflects the
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higher relative contribution of the [C1I] 158 um emission® in
the SE part of the outflow (see Figs. 3b and 3c). Figure B.2
shows these results in the form of intensity-ratio velocity channel
maps. These maps illustrate the same trends described above: the
[O1]63/[C11] 158 and [O 1] 145/[C 11] 158 ratios in the redshifted
wing peak toward Peaks 1 and 2, following the H; outflow. These
regions coincide with enhanced [O 1] 63/145 intensity ratios.

Table 1 summarizes the intensities of the atomic fine-
structure lines toward Peak 1, measured in three velocity inter-
vals of the line profile: the redshifted wing, the blueshifted
wing, and the narrow component. To increase the S/N of the
line-intensity measurements and to cover the relevant outflow
velocity range, we derived the wing intensities using velocity
bins of 25kms~! in the wings. We adopted the [+21, +46] and
[-30,-5]kms~! LSR velocity intervals for the redshifted and
blueshifted wings, respectively. That is, radial velocities of 13 to
38 kms~! with respect to vrsr,o. This choice excludes the veloc-
ity ranges of the [O 1] 63 and [C 11] 158 pum lines that are affected
by foreground absorption and emission in the blueshifted wing
(see Fig. 4). We also subtracted the contribution of the [BC]
F =2-1 hyperfine-structure line in the redshifted wing using
multi-Gaussian fitting. In Sect. 6.2, we use these line-wing inten-
sities to constrain the nature of the shocks that give rise to the
FIR atomic line emission.

5.2. Post-shock gas physical conditions and [O1]63 145um
excitation across different outflow velocity components

The observed [O1] 63/[01] 145 um intensity ratios (Ig3/1145) in
the line wings are high, reaching up to ~30 (e.g., Table 1). This
is close to the high-temperature limit for optically thin emis-
sion under local thermodynamic equilibrium (LTE) conditions
(Tex = Tx). This would imply N(O) < a few 10" cm™2 and high
densities, meaning nyg > N, With ner g3um = 5 X 10°cm™3 and
Ter, 145um = 6 X 10°cm™3 for optically thin emission. However,
LTE is rarely fulfilled, and even for a three-level system such as
the 3P; levels of oxygen, subtle non-LTE (NLTE), line opacity,
and FIR pumping effects can dominate the [O I] emission, thus,
the resulting I¢3/1145 ratio (Monteiro & Flower 1987; Elitzur &
Asensio Ramos 2006; Goicoechea et al. 2009; Goldsmith 2019).

4 The [C11] 158 um emission around v sg =~ +20km s~ can be domi-
nated by ['*C11] F =21 emission from OMC-1 (right panels of Fig. 4).
5 In the optically thin LTE regime, Igs3/l14s = 35.3 e**83/Tx, where
[ECPy)—ECP)/k=98.8K (see also Goldsmith 2019).
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Table 1. FIR atomic fine-structure line intensities and intensity ratios at different velocities toward Peak 1 and the Orion Bar PDR (for reference).

[vLsr range] [O1] 63 um [O1]145pum [C11] 158 pm

Source  (kms™) (x1072 erg sThem™2srh) (x107* erg sl em™2sr7h) Ieallas  Iezllisg  Tias/lisg
Red wing: [+21, +46] 1.0+0.1 3.7+04 1.7+0.3 27+4 59+10 2.2+04
Blue wing: [-30, 5] 1.8+0.1 9.8+0.4 4.9+0.3 18+1 37+3 2.0+0.1
Narrow: [+5, +10] 4.0+0.1 36.0+0.2 35.0+0.1 11+1 111 1.0+0.1
Orion Bar PDR 19+5 210+40 230+90 9+3 8+4 0.9+0.4

Notes. In a beam of 15” from maps convolved to a common resolution of 15”. $From Herschel (Bernard-Salas et al. 2012; Joblin et al. 2018).
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Fig. 8. [O 1] 63/145 pum intensity ratio versus [O I] 145 um intensity. The
light grey to black curves show a grid of radiative transfer models for
four values of N(O): 2x10'°, 2x10'7, 2x10'®, and 2x10" cm™2, from
left to right, at 200 and 500 K. Tick marks denote logny (in cm™)
and are separated by one decade along curves of constant N(O). The
colored squares show the observed values in LSR velocity bins of
5kms™! toward Peak 1 (filled squares) and averaged over the BN/KL
outflow (open squares). Red squares correspond to the redshifted line
wing, while blue squares correspond to the blueshifted line wing. Green
squares correspond to OMC-1 velocities (see Tables D.2 and D.3).

To estimate the beam-averaged physical conditions (ny, Tk)
and the atomic oxygen column densities, N(O), in the post-shock
gas across the different velocity components, we used a nonlocal
NLTE radiative transfer model (Goicoechea et al. 2006b, 2009)
with up-to-date O—H, and O-H inelastic collision rate coeffi-
cients (Lique et al. 2018). This nonlocal approach accounts for
[O1] 63 um line opacity and line trapping, as well as [O 1] 145 pm
suprathermal excitation (Tex > Tx) and population inversions,
which “local” single escape probability methods fail to correctly
capture. To match the observed [O 1] 145 um line FWHM (broad
component), we adopted a turbulent line width of 20kms~!.
Following Goicoechea et al. (2009), we also examined the impact
of FIR radiative pumping on the [O 1] fine-structure level popu-
lations. Appendix C provides details and explores the excitation
conditions over a wide parameter space.

Figure 8 presents the results of a model grid displayed in the
velocity-dependent parameter space Ig3/1145 (v) versus Ii45(v).
The light grey to black curves show radiative transfer models

for four atomic oxygen column densities, from 2x10'° to
2x10" cm2, increasing from left to right, at two gas tempera-
tures, 200 and 500 K. Tick marks denote logny (in cm™3) and
are separated by one decade along curves of constant N(O).
In general, as the opacity of the [O1] 63 um line increases, the
intensity ratio Ie3/1145 decreases roughly as ~ 1/7¢3, while the
[O1] 145 um line is rarely optically thick. In dense gas, intensity
ratios Is3/I145 < 15 typically imply optically thick [O1] 63 um
emission. For the adopted parameters, the gas density also deter-
mines the [O1] excitation regime. For ny 2 ngi, the Igz/114s5
ratio increases with nyg owing to a significant increase in the
[O1] 63 um excitation temperature and a decrease in 743 toward
the optically thin regime. In this regime, the ratio also increases
with decreasing gas temperature. The colored squares in Fig. 8
represent the observed values in LSR velocity bins of 5kms™!
toward Peak 1 (filled squares) and averaged over the BN/KL
outflow (open squares). Red squares correspond the redshifted
line wing, in the range [+10, +25] kms~!, while blue squares
correspond to the blueshifted line wing, [-20,0] kms~'. Green
squares in Fig. 8 correspond to the quiescent cloud gas at
OMC-1 velocities, v sg =[+5,+10] kms~!. The green squares
are consistent with large column densities of atomic oxygen,
N(O)=~10" cm™2, optically thick [O1] 63 um emission, ny of
several 10° cm™3, and temperatures Ty ~200-400 K — thus com-
patible with the observed Tp([O1]63 um) values (Sect. 4.2) —,
typical of a dense PDR with a thermal pressure, Py, /k, of 107 to
108 K cm™. This agrees with previous observations of the large-
scale PDRs at the surfaces of OMC-1 (Herrmann et al. 1997,
Goicoechea et al. 2015b, 2019). An increase in velocity within
the line wings (red and blue squares) is accompanied by a rise in
the [O 1] 63/145 intensity ratio, consistent with higher gas den-
sities and less opaque [O1]63 um emission. The lower I145(v)
intensities as velocities increase simply reflect smaller N(O)
column densities. Toward Peak 1, the [O1] 63 and 145 um line-
wing emission is consistent with ny of several 10° to 106 cm™3,
T < 500K, and N(O) of a few 10'7 cm~2. Figure 8 also indicates
that the post-shock gas density is slightly lower in the blueshifted
gas. When averaged over the entire outflow, the Ig3/1145(v) ratio
is highest at the largest velocities, where the H, and O column
densities are lowest. The higher ratios imply ny up to several
10° cm™3, consistent with gas compression in the post-shock gas.

6. Discussion
6.1. Peak 1 as a laboratory for shock modeling

Early models of Peak 1 have required two types of shocks to
explain the observations (e.g., Chernoff et al. 1982; Draine
& Roberge 1982; Neufeld & Dalgarno 1989; Haas et al.
1991; Kaufman & Neufeld 1996; Le Bourlot et al. 2002;
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Fig. 9. FIR atomic line intensities as a function of shock velocity and
preshock gas density (from Lehmann et al. 2022). The right panels show
externally irradiated shocks. The horizontal blue and red lines indicate
the observed line-wing intensities toward Peak 1 (Table 1).

Esplugues et al. 2014). The accepted picture was that a
high-velocity molecular flow (the “plateau’”) produces nondisso-
ciative C-type shocks (with shock velocities vs 2 25 kms™') as
the flow interacts with the ambient molecular cloud, generating
high temperatures (above 1000 K). These shocks lead to bright
H; and high-J CO emission along with large H,O/CO > 1 abun-
dance ratios. Newer C-type shock models included the effects
of modest external UV illumination (Melnick & Kaufman
2015) to explain the unusual detection of narrow-line O, toward
Peak 1 (Chen et al. 2014). In addition, fast, vy =70-80kms~!,
dissociative, J-type shocks were proposed to occur where a
high-velocity wind impacts the expanding swept-up material
(Hollenbach 1985), producing bright atomic fine-structure line
emission. However, BN/KL’s explosive outflow is driven by
bullets moving through the molecular cloud (e.g., Bally et al.
2015, 2020), rather than by stellar jets or winds, as in protostellar
outflows. In Sect. 6.2 we explore the nature of the shocks driving
the atomic fine-structure emission.

6.2. Nature of the [O1]-emitting shocks

Figure 9 compares the intensities of the [O1]63 pum,
[O1]145um, and [C11] 158 um lines observed in the red
and blue wings toward Peak 1 (Table 1) with those predicted
by the Paris—Durham shock code® (Godard et al. 2019) along
the direction perpendicular (face-on) to the shock front. In
this comparison, we assume an emission beam filling factor

6 Available on the ISM platform https://ism.obspm. fr
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of f = 1. The models are from Lehmann et al. (2022), which
account for magnetized molecular shocks with velocities in the
range vs = 5-80kms~!, preshock gas densities in the range
npo = 102-10%cm™3, enabling us to include an external FUV
field (GS’“), in units of the Mathis field (Mathis et al. 1983).

The strength of the preshock magnetic field prior to the
explosion is uncertain. Dust polarimetric observations of the
plane-of-sky magnetic field in the quiescent cloud indicate val-
ues of a few hundred uG (Houde et al. 2009; Guerra et al. 2021),
consistent with line-of-sight field strengths derived from CN
Zeeman measurements (Crutcher et al. 1999; Crutcher 1999).
Thus, all models in Fig. 9 adopt a reference magnetic parameter
b = 1, where the preshock transverse magnetic field strength is
given by B = b (ny9/cm~>)"/2 uG. For this range of parameters,
shocks can be of type C, C*, or CJ at vy <25km ™!, or J-type at
vs >25km ™! (Lehmann et al. 2020, 2022). The models assume
either G5 = 0 (left panels) or G§** = 10° (right panels). Accu-
rately determining the flux of external FUV photons reaching
each bow-shock structure—whether locally self-generated, gener-
ated in nearby shocks, emitted by massive protostars within the
region (BN, source I, and source n; Shuping et al. 2004), or orig-
inating from the Trapezium stars—is challenging, as it depends on
both the porosity of the medium and the properties of the shocks
and the protostars. The representative value of G5 = 103 lies
within the very rough estimates from FIR continuum observa-
tions toward Peak 1 (Goicoechea et al. 2015a).

In the absence of external irradiation (G5 = 0), the pre-
dicted [O1] line intensities converge toward a plateau at high
shock velocities, the level of which is primarily set by the
preshock gas density. This is consistent with the dissociative
shock models of Hollenbach & McKee (1989). Shocks with
sufficiently high velocities generate a local FUV radiation field
(e.g., Lehmann et al. 2020), whose intensity scales as

3
Gshock — 103( IH,0 ) Us , 2
0 10*cm=3/\ 80 km s~ @

for 30 < vg < 100kms™' (Lehmann et al. 2020; Godard et al.
2024), and thus strongly depend on vg. At low shock velocities,
models with G5 =0 underpredict the observed [C11] 158 um
intensity by several orders of magnitude. Marginally reproduc-
ing the [C1I]158 um intensity would require very fast shocks,
vs = 80 km s~!. However, this is in contradiction with the
Avewnam and FWZI values of the observed fine-structure lines
(Sect. 4.2), assuming that the flow is roughly directed along the
line of sight. Therefore, a significant contribution from locally
self-generated UV radiation is unlikely.

External FUV radiation, which leads to carbon photoion-
ization and CO photodissociation, significantly enhances the
intensities of atomic fine-structure lines (right panels of Fig. 9).
Still, owing to the enhanced importance of C* recombination
and chemical destruction at high gas densities, the [C11] 158 um
intensity does not increase monotonically with density.

Under external irradiation, the observations no longer con-
strain a unique set of shock parameters, but are instead con-
sistent with a family of solutions involving J-type shocks
with vg ~30-40kms™" and ny 2 afew 10* cm™3. Models with
Gy = 103 reproduce the [C 11] 158 um intensity of the redshifted
wing, tracing gas moving into OMC-1, whereas the blueshifted
wing emission, tracing gas moving toward the Trapezium,
appears to require higher values of G{*. In the following, we
focus on the redshifted wing emission.

In these irradiated shocks, the predicted Ig3/1;sg line inten-
sity ratio primarily scales with the preshock gas density and
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Fig. 10. [O 1] 63/[C 11] 158 wm line intensity ratio as a function of shock
velocity and preshock gas density in an externally irradiated shock with
Gg’“ =10? (from Lehmann et al. 2022). The horizontal blue and red lines
indicate the observed line-wing intensities toward Peak 1.

shows only a weak dependence on the shock velocity for
vs > 30kms~! (see Fig. 10). The above family of solutions pre-
dicts Ig3/1153 = 60, consistent with the redshifted wing emission
toward Peak 1, which shows intensity ratios up to ~50-100
(Fig. 7). Given the inferred post-shock densities from the [O1]
excitation analysis in Sect. 5.2, ny of several 10° to 10 cm™3, the
resulting compression factors, F' = ny/npo 2 30, also support
magnetized J-type shocks, where F ~ vg /b (Godard et al. 2024).
The compressed magnetic field would have a strength of several
mG, similar to the values observed toward BN/KL (Pattle et al.
2017; Guerra et al. 2021). All in all, the [O 1] and [C 1] line-wing
emission is best reproduced by externally irradiated, dissociative
J-type shocks with velocities of 30-40kms~!, preshock densi-
ties of a few 10* cm™3, and compression factors consistent with
post-shock densities derived from the [O I] excitation analysis.

A more detailed interpretation would require the geometry,
time dependence, and spatial variations of b and G§** across the
outflow to be fully accounted for. Still, the results shown in Fig. 9
provide a general interpretative framework: dense bullets, with
proper motions up to several hundred kms~!, accelerated by the
explosion event (i.e., Doi et al. 2002; Bally et al. 2015, 2017),
interact with the ambient molecular cloud, generating bow-shock
structures seen in [Fe I1] knots and H, (Fig. 1). The highest bul-
let velocities exceed the observed FWZIs of the CO and OH
lines, and imply molecular gas dissociation and the production
of significant FUV radiation in many bow-shock tips (Eq. (2)).
Within this framework, surrounding fast shocks generate suffi-
cient external FUV radiation to illuminate the inner layers of the
bow-shock structures. The working surfaces of these bow shocks
drive dissociative J-type shocks with velocities of a few tens of
kms~!, producing the observed [O 1] emission.

Consistently with this scenario, the observed HI 21 cm
line emission from atomic hydrogen (produced after H,
(photo)dissociation) extends only up to wvrsg <31kms™!
(see Fig. 20 of van der Werf et al. 2013) and broadly resem-
bles the [O1] 63 um emission, both in its spatial distribution
and in its lack of the highest velocity emission seen in CO or
OH. The broader CO and OH line profiles indicate that the
shocks responsible for their emission differ from those driv-
ing the atomic fine-structure emission. For instance, Melnick &
Kaufman (2015) concluded that a C-shock with vg = 23kms™
propagating into a more shielded molecular clump (preshock

Table 2. Total IR line luminosities in the BN/KL outflow regionf.

Line Luminosity (Le)
[O1]63 um 81.3+4.14°
[O1] 145 um 5.2+0.3%"
[C11] 158 um 5.8+0.3%0
H,O (FIR and MIR) 35+2¢

OH (FIR) 13+1¢

CO (FIR and MIR) ~98+9¢

H, all lines ~120+60¢

Total ~350% (2320 from the outflow? itself)

Notes. fIntegrated over each full line profile. “Extracted over a
100""x80" area (this work, box in Fig. 3). “In Sect. 5.1 we determine
that 265 %, 250 %, and 215 % of the observed [O 1]63 wm, [O 1]145 um,
and [C11]158 um line luminosity arises from the outflow. Most of the
H,, CO, H,O, and OH luminosity arises from the outflow and not
from OMC-1’s face-on PDR. ‘From Herschel (Goicoechea et al. 2015a).
4From ISO (Rosenthal et al. 2000).

density of 8 x 10*cm™ and Gy = 1) explains the detection of
O, (Chen et al. 2014).

We conclude that, in contrast to what was found using pre-
vious models (e.g., Hollenbach & McKee 1989; Haas et al.
1991), fast shocks with vg =~ 70-80km,s~! are not required
to explain the observed atomic fine-structure line intensities
and profiles. Instead, the observed lines are consistent with
lower velocity, dissociative J-type shocks illuminated by exter-
nal FUV radiation, with G&* =~ 10?-10°, depending on the shock
parameters (e.g., Kristensen et al. 2023). This radiation arises
from surrounding fast shocks and possibly from nearby massive
(proto)stars, enhancing the [CII] 158 um emission, particularly
in blueshifted gas moving toward the cluster.

6.3. Mass-loss rate of the explosive outflow in Orion BN/KL

The energy loss from the outflow-driven shock provides a mea-
sure of the kinetic (mechanical) luminosity of the outflow,
with Leot = (1= fiu) Liin = (1= f1) 3 Mo v . In this expres-
sion’, L.y is the total shock cooling rate and (1 — f,,) denotes
the fraction of the shock mechanical energy translated into inter-
nal excitation. In general, gas cooling proceeds through IR,
H1, and optical line emission, Leoor * Lir + Lt + Loptical, Where
Lir = Latoms + Ly, + Linolec s the contribution from atomic fine-
structure lines, H, lines, and other molecular lines (CO, H,O,
OH, etc.). Ly and Lypiica are only relevant in dissociative J-type
shocks (Lehmann et al. 2020). Ly represents the hydrogen-line
cooling emission (e.g., Ly, Lyg, and two-photon continuum)
and Lgpiical refers to “optical” atomic forbidden-line emission,
which arises from electronic transitions in the visible and NIR.
From the above relation’,

Mo = 12102 LS (L ( bs
0= fir Lo/ \kms!

where fir is the fraction of the total cooling due to IR emission
lines. In general, fir ~0.5-0.8 in C-type shocks (e.g., Kaufman
et al. 1999; Karska et al. 2025) and fir = 0.5 in J-type shocks
(e.g., Lehmann et al. 2020). Equation (3) has clear limitations

2
) Moy, @)

7 This equation is written in the reverse form compared to that used in
some outflow papers (e.g., Maret et al. 2009), such that Ly, > L.
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Table 3. [O1] 63, 145 pm and FIR CO line luminosities toward the central emission (a size of ~0.2 pc) of several high-mass star-forming regions.

Lot d Lot Lco(PACS)  Len
Source Lp)? (kpe)*  (Lo) Lo) Lo) Lo/Lvot  Lco(PACS)/Lyo  Is3/1)ss (total line profile)
NGC7538-IRS1 1.1E+05 2.7 114 1.84 2.0¢ 1.0E-04 1.6E-05 ~54
W3-IRS5 2.1E+05 2.0 4.24 10.5¢ 1.5¢  2.0E-05 5.0E-05 ~3¢
DR21 (G81.7+0.6)F 1.3E+04 1.5 >10° 1.2¢ 2.5 277E-04 9.2E-05 ~5b
W28A (G5.89-0.39)F 4.1E+04 1.3 5.7¢ 3.9‘? 0.42¢ 1.4E-04 9.5E-05 ~13¢
Orion BN/KL} 1.1IE+05 04 86.5 64/ 5.8 7.9E-04 5.8E-04 ~14 (map), ~23 (Peak 1)

Notes. [O1] 63, 145 um, and [C 11] 158um, and CO line luminosities for the small sample of massive sources observed with Herschel/PACS that
exhibit clear [O 1] 63 um line emission spectra (Karska et al. 2014), that is, with little contribution from foreground absorption (Gerin et al. 2015).
+Hosts an explosive outflow. “From van der Tak et al. (2013), Karska et al. (2014), and references therein. *Estimated from SOFIA/FIFI-LS (Karska
et al. 2025). “From SOFIA/GREAT velocity-resolved observations (Leurini et al. 2015). From PACS observations toward the central spaxel
(Karska et al. 2014). “From PACS observations toward the central spaxel (Gerin et al. 2015). TFrom PACS maps (Goicoechea et al. 2015a).

when different types of shocks coexist, or when part of the
emitted line luminosity arises from FUV-heated gas. In the fol-
lowing analysis, we assume that vg ~30-40kms~' represents
the velocity range of the possible shock types in BN/KL’s out-
flow (if more than one), whether dissociative or nondissociative.
Table 2 summarizes the IR line luminosities, integrated over the
entire profile, across the outflow (dashed square in Fig. 3). Insert-
ing the outflow IR line luminosity, Lig =~ 320 L, Eq. (3) yields
a mass-loss rate of My =~ (9.1 +2.6) x 10> My yr~!, using
fir = 0.5 (Fig. 3 of Lehmann et al. 2020) and (1 — f,,) =0.75
(Kaufman & Neufeld 1996). Even if the derived M, is an
approximate value, the estimated mass-loss rate of BN/KL’s out-
flow is higher than that of steady protostellar outflows. Given
a dynamical timescale of 74y, ~ 500 yr (e.g., Zapata et al. 2009),
the derived outflow mass is M = tqy, My ~ (3.3-5.9) M. This
estimate agrees with, yet may be more accurate than, mass esti-
mates obtained from column densities computed under the LTE
assumption (Snell et al. 1984; Peng et al. 2012). Still, future theo-
retical work should revisit the validity of Eq. (3) in the complex
scenario described in Sect. 6.2, considering its dependence on
multiple shocks and G§*'.

6.4. Mass-loss rate from the putative BN outflow

Here, we assume that the spatially unresolved [O 1] 63 pm emis-
sion detected around BN — both spatially and in LSR velocity
(see Sect. 4.3) — arises from shocked gas produced by a compact
outflow launched by this star. When [O1] 63 um is the dominant
gas coolant in a J-type “wind” shock—consistent with detection
of this outflow only in [O1] 63 pm—Hollenbach (1985) showed
that the line luminosity scales with the outflow mass-loss rate as
M (Mg yr~')~107* Lg3 (L), provided that the flux of material
into the shock satisfies nyovs <10'2cm=2s7!. In this regime,
the particle flux is related to the [O1I] 63 pm line intensity by
Ny Vs = 1013 I3, with nmo, Us, and Ig3 in cgs units.

The broad [O1]63 um line emission around BN is char-
acterized by Ig; ~ 5%1072 erg s'em™2sr! and Lgz ~ 0.6L, in
<4000 au. Thus, its contribution to the total Lz of the entire
map is negligible. Using the relations above, we obtain,
npovs =5x10M" ecm™2s7! and M ~ 6 x 107> Mg yr™!, which is
typical of accreting high-mass protostars (e.g., Beuther et al.
2002; Leurini et al. 2015). Assuming further that the shock
velocity is comparable to the [O1] 63 um line FWHM of the
spectral component around BN, Avpwpm =~ 15 km s7! (Sect. 4.3),
we derive a preshock gas density of several 10° cm™. These
results indicate that the kinematics, density, and mass-loss rate
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associated with the compact [O 1] 63 um emission around BN are
consistent with a disk-accretion—driven outflow originating from
BN. Further observations of additional tracers at high angular
resolution will be needed to confirm the outflow versus wind bow
shock scenario, or to constrain alternative interpretations.

6.5. Comparison with other high-mass star-forming regions

To investigate whether explosive outflows produce distinct spec-
troscopic features, here we compare the observed FIR [O1],
[C11], and CO line luminosities of the BN/KL outflow with those
measured in the central regions of other, more distant high-mass
star-forming regions where similar observations have been car-
ried out (e.g., Leurini et al. 2015). In the BN/KL outflow region,
the FIR atomic line luminosity is dominated by [O1] 63 um®,
which is ~15 times brighter than the [C1I] 158 um emission.
The total [O1] 63 um and 145 pm line luminosity is remarkably
high, 86.5L., comparable to the total H, and CO luminosity
(Rosenthal et al. 2000; Goicoechea et al. 2015a). This yields
Lion/Lco = 0.9 and Lior;/Ly, = 0.7. That is, about 25% of the
total IR gas cooling is through [O1] emission lines (Table 2).
Furthermore, the contribution to Loy from the broad spectral
component, neglecting the narrow spike [O I] emission, is 55 L.

Table 3 compares the FIR line luminosities toward the
central regions of several high-mass star-forming regions, on
scales of ~0.2pc comparable to our BN/KL map. Interest-
ingly, interferometric observations of the central regions of
DR21 and G5.89—-0.39 reveal CO outflows exhibiting fingers and
Hubble-Lemaitre flow kinematics, consistent with the presence
of explosive outflows (e.g., Zapata et al. 2013, 2020; Guzméan
Ccolque et al. 2024). These other regions exhibit fractional
luminosities comparable to those of BN/KL outflow, both dis-
playing high Lop/Ly, and L(F:I(l; /Lioi Tatios, =107%. In contrast,
W3-IRSS, a proto-Trapezium system (e.g., Rodén et al. 2008),
and NGC7538-IRS1, a massive star-forming core hosting an
ultracompact H1I region, a late O—to—early B star (Sandell &
Sievers 2004), exhibit lower Lor/Lyoi and LES / Lyt luminosities.
Pending more robust statistics, these high fractional luminosi-
ties may represent a distinctive signature of explosive outflows.

8 Goicoechea et al. (2015a) derived Ljoyes~16L, from
Herschel/PACS maps using a nonstandard engineering observing mode
to avoid saturation. This is a factor ~5 lower than the SOFIA/GREAT
value. Although we do not find an obvious explanation for this dis-
crepancy, the SOFIA luminosities are more consistent with KAO
luminosities, Ljorje3 =50 = 25 L, (Werner et al. 1984).
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Still, the BN/KL outflow stands out in FIR [O 1] and CO line sur-
face luminosities, per unit area, and the g3/ sg intensity ratios
exceed those in most regions, even when integrating over the full
line profile, suggesting a denser gas environment.

7. Summary and conclusions

In this paper, we present velocity-resolved, sub-kms™'-
resolution maps of the [O1] 63 and 145 um fine-structure emis-
sion lines along the wide-angle explosive outflow in Orion
BN/KL. We complement this data with new [C1II] 158 um and
FIR OH line maps, all obtained with the GREAT heterodyne
receivers on board SOFIA. Our main conclusions are as follows:

— We separated the quiescent and the outflow (broad [O1]
line-wing) components, with the latter following the shock-
excited H, emission and the former primarily tracing the fore-
ground, face-on PDR at the UV-illuminated rims of OMC-1. The
[O1] 63 um line has a FWZI of ~85km s~!. The FWZI of the
[C11] 158 um line is smaller, <50km s7L, implying that either
the highest velocity gas lacks FUV illumination or (more likely)
C* is quickly converted into other species;

— The broad [O1] 145 um component (Avgwpym =~ 20kms™!)
is narrower than the corresponding CO and OH emis-
sion (AvpwaMm = 30kms™"), which also exhibit larger FWZIs
(2 150km s™"). This suggests that the shocks producing the [0 1]
emission differ either in their nature or in exact location from
those driving the highest velocity CO and OH emission;

— The [0O1]63/145 and [O1] 63/[C11] 158 intensity ratios
attain remarkably high values in the line wings (20-30 and
40-60, respectively), exceeding those observed in PDRs and
typical protostellar outflows. They are consistent with dense
(ng = 10°-10° cm™3) and warm (7 < 500 K) post-shock gas;

— The fine-structure line-wing emission is consistent with
originating in externally irradiated, magnetized, dissociative
J-type shocks with vs ~ 30—40kms~! and preshock densities of
a few 10* cm=. External FUV radiation arises from surrounding
fast shocks and possibly from massive (proto)stars in the region
if the medium is sufficiently porous;

— The [O1]63 and 145 um luminosity along the outflow
region is significantly high, amounting to 86.5Lg, with 55Lg
contributed by the broad component alone. This is comparable
to the H, and CO line luminosities, yielding Lior/Lco = 0.9 and
Lion/Ln, = 0.7. These values imply an outflow mass-loss rate of
(9.1 £2.6) x 107> My, yr~! and a mass of M ~(3.3-5.9) M;

— We report the detection of broad [O1]63 um emission,
slightly offset from BN but aligned with the direction of the star’s
proper motion. This Lg3 =~ 0.6 L, emission could arise from an
unresolved outflow (corresponding to a mass-loss rate of several
107 M yr~!) or a wind bow shock produced by the supersonic
motion of this wind-blowing runaway B star.

The FIR [C11] and [OT1] line intensities are among the
brightest tracers of interstellar shocks and PDRs, probing the
thermal budget and the presence of FUV radiation. In addition,
sub-km s~!-resolution maps reveal the gas dynamics, allowing us
to quantify the contributions of radiative and mechanical feed-
back. Unfortunately, given the cessation of SOFIA operations,
very-high-spectral-resolution mapping has been carried out for
only a few regions of the sky. Therefore, a FIR heterodyne mis-
sion (airborne or space) would be the only telescope to provide
this essential missing information.
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Appendix A: Observed lines, instrument configurations, and observing modes

Table A.1 summarizes the instrument configurations, observing parameters, and observed FIR line properties.

Table A.1. Observed lines, instrument configurations, and observing modes.

Cycle Date Config. Transition Vo Omp Euwp Neir  Instrument Obs.Mode Map Coverage
(A0) ARAXADec
(GHz) (") (K) (cm™) (" x")
9 23.11.21 LFA-H [C ] 2ps,-2Py), 1900.53690 (L) 14.8 91 6x10° upGREAT TP OTF 144x123 by 3"
9 19.11.21 LFA-H (157.7 um)
8 09.03.21 LFA-H 1900.53690 (U)
8 24.0221 LFA-H
4 08.11.16 LFA-V OH 21, 12 J=3/2-1/2 1834.74615 (U) 14.6 268 > 10° upGREAT ChOTF 108x84 by 6”
4 09.11.16 LFA-V (163.4 um)
8 11.02.21 4G-4 OH I3, J=5/2-3/2 251432943 (L) 11.3 120 5x10® 4GREAT Ch Ras 24x24 by 6”
1 31.01.14 M (119.2 um) 2514.32943 (U) GREAT ChRas  40x40 by 10”
09.03.21 LFA-V [O1]3p, -3p 2060.06886 (U) 12.9 327 6x10° upGREAT TP OTF 144x123 by 3”
24.02.21 LFA-V (145.6 um)
23.11.21 HFA-V [O1]?3p, -3p, 474477749 (L) 6.3 228 5x10° upGREAT TP OTF 144x123 by 3”

19.11.21 HFA-V (63.2um)
09.03.21 HFA-V
24.02.21 HFA-V

o0 00 \O \O oo o0

Notes. For each of the transitions studied in this work, here we quote the SOFIA observing cycle, the UT date of the observation and the instrument
configuration. Rest frequencies (in parenthesis, the sideband used for the LO tuning), upper level energies above ground and characteristic critical
densities are adopted and calculated from the Leiden Atomic and Molecular Database, LAMDA (Schoéier et al. 2005). During observing cycle 1
single-pixel GREAT channels were operated (Heyminck et al. 2012); since cycle 4, the dual-color upGREAT array spectrometers were operated,
which made it possible to record up to three different frequencies simultaneously (for details, see Risacher et al. 2016b, Risacher et al. 2016a, and
Risacher et al. 2018). In 2021 the multi-color 4GREAT was added to the suite of GREAT flight configurations (Duran et al. 2021). Half-power
beam width are quoted from these publications.

The observing modes are indicated: total power (TP) or chopped (ch) on-the-fly (OTF: data is acquired while slewing the telescope), or raster mode
(the telescope stays pointed while integrating). The size of a given map is quoted for the central array pixel only; the step between dumps (along
the scanning direction) and between adjacent OTF slews is given or the grid used for pointed raster observations.
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Appendix B: Complementary observational figures

This appendix presents additional figures that aim to better understand the velocity structure of BN/KL outflow.

Appendix B.1: Velocity channel maps

Figure B.1 shows velocity-channel maps (in K km s~ units) of the FIR lines observed with SOFIA and the CO J = 10-9 line observed
with Herschel/HIFI (Goicoechea et al. 2019).

60 0 —60
ARA.(")

1 1

Fig. B.1. Velocity channel maps at their native angular resolution and in K km s™! intensity units, from v sg = —10 to +25 km s~ in bins of 5 km s~

[v, v + 5], with v indicated in the bottom-right corner of each panel. The map at v=+5kms~! shows the emission at the systemic velocity of the
quiescent gas in OMC-1, v spo =~ 8-9kms™!, dominated by extended emission from a face-on PDR. The main reference positions discussed in the
text are illustrated with symbols (see Fig. 2).
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Figure B.2 shows channel maps of line intensity ratios for the different FIR atomic lines (with intensities in cgs units).

Trones/ T[on145

60

| ADec.(")

60 0 -60
ARA(")

Fig. B.2. Velocity-resolved line intensity ratio channel maps (same velocity bins as in Fig. B.1) convolved at a common angular resolution of 15",
with the integrated line intensities in ergs™' cm™2 sr™'. The map at v=+5km s~ shows the emission at the systemic velocity of the quiescent gas.

Appendix B.2: Line profiles toward the FIR continuum peak

Figure B.3 (right panel) shows a zoom on the low-intensity features of several FIR lines toward the FIR continuum peak position
(the hot core region), with the main [O 1] 63 pum absorption and [C 11] 158 wm emission features labelled.

Hot Core Hot Core
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[ ['3Cl] ] ]
"OH 119um—" 1
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—-60 —40 —-20 0 20 40 60 —20 —15 —-10 -5 0 5 10 15 20
) -1

vigp (km s ) vigg (km s )

Fig. B.3. OH 119 um P-Cygni profile toward the hot core (FIR continuum peak), compared to other line profiles. The OH 119 um absorption
dip agrees with [O1] 63 um absorption at +6kms~! (hot core velocities). The [C11] 158 um emission and [O1] 63 um absorption at +2kms~!
corresponds to a gas structure in the foreground.
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Appendix C: Nonlocal NLTE [O 1] radiative transfer models

In our [O1] excitation and radiative transfer models (Goicoechea et al. 2006b, 2009), we adopted the fine-structure O-H, and
O-H collisional rate coefficients calculated by Lique et al. (2018) in the 10-1000 K temperature range. As observed, the FIR [O1]
fine-structure line emission in the outflow arises from molecular gas with some atomic H (van der Werf et al. 2013). Hence, we
define the gas density as ny = n(H) + 2n(H,), and adopted n(H,)/n(H) ~ 4 in the models. We verified that this choice does not
affect our main conclusions and results. We ran spherical models with uniform gas densities (ny = 10°-10% cm™), temperatures
(T = 200 and 500K, based on the observed Ty, ([0 1] 63 um) line peaks), and a fixed velocity dispersion, o, = 8.5kms™ (i.e.,
Aveb, pwam = 20km s7h), matching the observed [O 1] 145 um broad component toward Peak 1.

Figure C.1 shows the results of the grid, displaying /145 as a function of ny (left panels) for different atomic oxygen column den-
sities: 2 x 10'7, 2 x 108, and 2 x 10" cm™2, and gas temperatures. The right panels shows the resulting I¢3/1145 line intensity ratio as a
function of ny. Continuos curves refer to models without external FIR illumination. The red and cyan colored areas show the Ig3/145
ratios measured toward Peak 1 in the red- and blueshifted wings, respectively (extracted from Table 1). These ratios are consistent
with the presence of dense (ny ~ several 10° to 10° cm™?) and warm (7 < 500K) post-shock gas, with N(O) ~ a few 108 cm™2.

In these plots, the opacity of the [O 1] 63 um line increases as N(O) increases, from optically thin to thick emission. That is,
from high to low densities—from right to left in the figures—as collisional excitation becomes less important and the low energy
levels become more populated. This is reflected in very sub-thermal [O 1] 63 um excitation (Tex, 63 ym << Tx) When np < n¢r, 63 um
(Fig. C.2, left panels). Figure C.2 shows the average Tex 63um and Tex, 145,m in the models, but we note that due to radiative transfer
effects—such as line trapping—the local T values vary with position, even under uniform physical conditions. The excitation of
the [O 1] 145 um line is more complex and is governed by the spontaneous radiative decay of the upper level (*Py), which is roughly
five times lower than that of the lower level (°P,). In addition, the collisional de-excitation rate coefficient for O—H, collisions of
the *Po—P; (145 um) transition is significantly smaller than that of the *P;—>P, (63 um) transition (e.g., Monteiro & Flower 1987;
Lique et al. 2018). These properties lead to [O 1] 145 wm population inversions (Tex, 145 um <0K) at low densities (ng < ner, 145um)
and suprathermal emission (Tex, 145.m > T%) at high densities (previously discussed by Liseau et al. 2006; Elitzur & Asensio Ramos
2006; Goicoechea et al. 2009; Goldsmith 2019). These features are evident in the right panels of Fig. C.2.

To investigate the role of FIR pumping in the [O 1] excitation, the dotted curves in Figs. C.2 and C.1 represent the same models but
adding external FIR continuum illumination. We model the continuum background as the sum of the cosmic microwave background
and a modified blackbody, 7 B(T4)(1 — exp(—7q, 1)), at a dust color temperature of 74 = 100 K. In this expression, 1 is the filling factor
of the background FIR continuum emission, which we set to 0.5. The dust continuum emission is assumed to be optically thick
at 100 um, with 74 4 =7 [100/A(um)]?, and represents the typical FIR dust continuum emission close to the hot core region (see
Goicoechea et al. 2015a). The main role of this FIR continuum is to produce [O 1] 63 um line absorption (when Tex < Tcon) at low
gas densities, ny below a few 10* cm™3, as the [0 1] 63 um line becomes optically thick, for N(O) > 10'8 cm~2.

In general, FIR pumping increases the population of the *P; level (in this case increasing the excitation temperature of
the [O1]63 um line; see dotted curves in Fig. C.2, left), thereby reducing the population inversion of the *Po—P; transition at
[O1] 145 um. At low to moderate gas densities, the [O 1] 63 um line intensity decreases, whereas the intensity of the [O 1] 145 um
remains nearly unchanged. Consequently, the Ig3/1145 intensity ratio is slightly lower (dotted curves in Fig. C.1, right) than in the
nonilluminated case. Hence, the inferred post-shock gas density may be slightly higher.

At high densities, however, the main effect of FIR pumping is to slightly reduce Tey, 145 um, although it remains suprathermal
(Fig. C.2, right), leading to a slightly higher Is3/1145 intensity ratio (Fig. C.1, right).
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Fig. C.1. Nonlocal and NLTE [O 1] excitation and radiative transfer models: Predicted [O 1] 145 um line intensity (left) and [O 1] 63/145 pm intensity
ratio in cgs units (right) as a function of total gas density. The black, grey, and blue curves represent different column densities of atomic oxygen.
Dotted curves represent models with external FIR illumination (see text). In the left panels, the red and cyan dashed lines show the [O1]145 um
intensities measured toward Peak 1 in the red- and blueshifted wings, respectively. In the right panels, the red and cyan dashed colored areas show
the intensity ratios (with errors) measured toward Peak 1 in the red- and blueshifted wings, respectively (see Table 1).
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Fig. C.2. Average excitation temperature of the [O 1] 63 pum and [O1] 145 um lines as a function of gas density for two gas temperatures, 200 and
500 K. The black, grey, and blue curves represent different column densities of atomic oxygen, indicated in the right panel. Dotted curves represent
models with external FIR illumination (see text). The increase in the [O 1] 63 um excitation temperature at low densities reflects the role of FIR
pumping by a modified black body at T4 = 100 K. This effect reduces the population inversion of the transition at 145um at low densities.
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Appendix D: Line intensity tables

In this appendix we tabulate the FIR line intensities toward the Trapezium position and Peak 1, as well as the average line intensities
over the entire outflow region.

Table D.1. Results of Gaussian fits to FIR lines toward the narrow [O 1] 63 um line intensity peak near the Trapezium, at an offset of (+20”, —50").

Line w 1 ULSR, peak Av Tb, peak
(Kkms™) (ergs'em2sr™')  (kms™!)  (kms™) (K)
[O1] 63 um 1496.9+1.0 1.638E-01 11.1+£0.1  5.4+0.1 261.7
[O1]145um  878.3+1.8 7.868E-03 10.5+0.1  5.0+0.1 166.0
[C] 158 um  1259.4+5.1 8.886E-03 10.4+0.1  5.5+0.1 215.2
CO J=10-9" 348.0+0.9 5.451E-04 9.9+0.1 4.5+0.1 72.5
OH 163 um 11.8+3.0 7.467E-05 10.8+0.4 4.0+1.8 2.8

Notes. Line intensities in a beam of 15", from maps convolved to a common angular resolution of 15, except for CO 10-9.
tFrom Herschel/HIFI observations of Goicoechea et al. (2019).

Table D.2. Observed FIR line intensities toward Peak 1 as a function of velocity, binned in intervals of 5 kms™! (see text and Fig. 3).

[oLsk, OLsr + 5] [01]63 um [O1] 145um  [C11] 158 um  OH 163 um
(kms™") (x103 ergs™' em™2 sr7!) (x10* ergs™' em™2 sr7!)

[-20, —15] 3.0+0.1 1.6+£0.2 0.8+0.1 1.7+£0.2
[—15,-10] 4.6+0.1 2.3+0.2 1.1+0.1 1.8+0.2
[-10,-5] 6.7+0.1 3.1+0.2 1.7+0.1 2.4+0.2

[-5,0] 7.4+0.1 4.6+0.2 3.9+0.1 2.6+0.2

[0, +5] 12+1 8.7+0.2 5.5+0.1 3.0+0.2
[+5,+10] 40«1 36+1 35+1 3.5+0.2
[+10, +15] 28+1 12+1 6.4+0.1 3.5+0.2
[+15,+20] 12+1 3.9+0.2 1.2+0.1 3.3+0.2
[+20, +25] 5.5+0.1 1.8+£0.2 0.8+0.1 2.9+0.2
[+25, +30] 2.8+0.1 1.0+£0.2 0.5+0.1 2.1+0.2

Notes. Line intensities from maps convolved to a common angular resolution of 15”.

1

Table D.3. Observed FIR line intensities in Orion’s BN/KL outflow as a function of velocity, binned in intervals of Skms™, and averaged over an

area of 100"/ x80" (see text and Fig. 3).

[vLsr, VLsr + 5] [O1] 63 um [O1]145um [C11] 158 um  OH 163 um
(kms™h) (x1073 ergs™' cm™2sr7!) (x10™* ergs™' cm™2sr7!)

[-20,-15] 0.5+0.1 0.1+0.1 0.2+0.1 0.3£0.1
[-15,-10] 0.9+0.1 0.3+0.1 0.3+0.1 0.5+0.1
[-10,-5] 1.5+0.1 0.6+0.1 0.8+0.1 0.6+0.1

[-5,0] 1.9+0.1 1.2+0.1 1.9+0.1 0.8+0.1

[0, +5] 4.2+0.1 3.2+0.1 4.6+0.1 1.1+0.1
[+5,+10] 35«1 28+1 311 1.6+0.1
[+10, +15] 25+1 11+1 14+1 1.8+0.1
[+15,+20] 5.0+0.1 1.6+0.1 1.3+0.1 1.6+0.1
[+20, +25] 1.9+0.1 0.5+0.1 0.5+0.1 1.2+0.1

Notes. Line intensities in a beam of 15", from maps convolved to a common angular resolution of 15”.
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