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Abstract

Massive stars regulate galaxy evolution and star formation through their physical and chemical feedback, but their
formation remains poorly understood. Accretion-powered outflows provide important diagnostics of massive star
formation. We present first results from the SOMA Atomic Outflow Survey, a far- infrared massive star formation
survey using the FIFI-LS instrument on SOFIA. We report the detection of [O 1] " Pz — P1 emission at
52 pm ] from the massive protostar G11.94-0.62, tracing highly ionized gas. We also detect [O 1] °P>,— *P; and
3P, — 3Py at 63 and 145 pm tracing atomic gas, as well as CO J = 14 — 13 at 186 um from highly excited
molecular gas. The [O III] and [O 1] lines exhibit large line widths (~200 and ~40-80 km s~ respectwely) and
their morphologies are consistent with a wide-angle bipolar outflow. The properties of molecular tracers ('2CO,
3C0, C'*0, H,CO, and CH;0H) observed with the Atacama Large Millimeter /submillimeter Array support this
1nterpretat10n Ionlzed nebula and photodissociation region modehng imply an ionized outflow mass flux of
~8 x 107> M, yr ' and an atomic outflow mass flux of ~5 x 10~ MO yr ', while the molecular outflow traced
by CO has an 1mphed mass flux of ~3 x 107* M., yr~'. The mass and momentum flux in the ionized outflow are
consistent with the primary disk wind, while the molecular component is mainly swept-up, secondary outflow gas.
We also observe G11.94-0.62 with the Large Binocular Telescope in the near-infrared, potentially tracing the base
of wide-angle outflow cavities. Spectral energy distribution modeling implies a protostellar mass
my = 2247 M., while the [O IlI] emission implies m, > 30 M, and that the protostar is in the final stages
of its accretion.

Unified Astronomy Thesaurus concepts: Star formation (1569); Massive stars (732); Jets (870); Photodissociation

regions (1223)

1. Introduction

Massive stars impact many aspects of the evolution of
galaxies, the interstellar medium, and star and planet form-
ation (H. Beuther 2007; J. C. Tan et al. 2014). However,
determining the formation processes of massive stars is often
challenging due to the presence of complex, high column
density gas and dust structures and the large distances to the
sources. Bipolar protostellar outflows, ubiquitous in both low-
and high-mass star-forming regions, provide an important
window to constrain the properties of protostars (J. Bally
2016). The low-density, low-extinction outflow cavities can
enable observations at shorter, near-IR (NIR) and mid-IR
(MIR) wavelengths, to probe into the inner regions of
protostellar cores. In addition, the kinematics of these
accretion-powered outflows, e.g., their mass and momentum
flux, can serve as important diagnostics for understanding
protostellar accretion. Finally, understanding the outflows in
their own right is important since they likely regulate the local
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star formation efficiency from the massive protostellar core
and help regulate surrounding star formation activity in the
protocluster clump.

One key difference of massive protostars compared to their
lower-mass counterparts is the potential for much stronger far-
and extreme-ultraviolet (FUV and EUV) radiation. This
phenomenon is expected to become important in the phase
when massive protostars contract to near the zero-age main
sequence (ZAMS) while still accreting, which is theorized to
occur for the most massive sources (my = 20 M) (Y. Zhang
et al. 2014). Irradiated by FUV and EUV photons, outflowing
gas can be dissociated and ionized, producing strong lines that
diagnose atomic and ionized phases (e.g., K. E. I. Tanaka
et al. 2016). Thus, studying protostars exhibiting such ionized
and atomic outflows is important for understanding massive
star formation at the onset of powerful radiative feedback.

G011.94-00.62 (hereafter G11.94) is an ultracompact (UC)
HIlregion whose morphology was first described by
D. O. S. Wood & E. Churchwell (1989). We adopt a distance
of 4.02 kpc and a v, of 37.0 km s~ ! (M. Wienen et al. 2015).
From Very Large Array (VLA) 2 and 6cm images,
D. O. S. Wood & E. Churchwell (1989) identified a parabolic
“cometary” ionization front that peaks toward the SW side of
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the protostar. Early observations at millimeter wavelengths
found compact dust emission without a clear structure (S. Watt
& L. G. Mundy 1999). Wide-field Midcourse Space Experi-
ment (MSX) observations in the MIR (6-25 um) identified a
slight elongation to the NW and SE and also detected a faint
source 70” to the SW (P. A. Crowther & P. S. Conti 2003).
A similar NW-SE elongation is seen in MIR Infrared
Telescope Facility (IRTF)/MERLIN observations at 11.7 and
20.8 pum (J. M. De Buizer et al. 2003), but the MIR and radio
emission have different brightness peaks and the cometary
shape seen in radio observations is missing in the MIR images.
Q.-F. Zhu et al. (2008) presented the distribution of the [Ne II]
12.8 pumline, showing a broad line width with most [NeII]
emission appearing within v;; = 30—60 kms™'. However, a
detailed kinematic analysis was challenged by the complex
morphology of the system.

P. Hofner & E. Churchwell (1996) reported two regions of
water maser emission, located ~3” SW and ~10” W of the UC
H I region. They found both masers to be located to the W of
the large cometary arc. Both water maser locations were later
found to have corresponding MIR sources (J. M. De Buizer
et al. 2003). A. J. Walsh et al. (2003) associated a methanol
maser with one of the water maser sites.

Regarding molecular emission, a single-pointing '*CO
J =1 — 0 observation by D. S. Shepherd & E. Churchwell
(1996) shows a broad full-width zero-intensity line width
greater than 28.5 km s~ ! consistent with that seen in [Ne 11],
indicating the presence of an outflow. Single-dish observations
of 3CO J = 1 — 0 also found a broad line with three peaks,
suggesting complex structure within the single-dish beam of
22" (E. Churchwell et al. 1992).

In this paper, we present observations of atomic and ionized
outflows in G11.94, taken with the FIFI-LS instrument on board
SOFIA. In Section 2, we describe our FIFI-LS observations and
reduction process, as well as discuss archival Atacama Large
Millimeter/submillimeter Array (ALMA) data and new Large
Binocular Telescope (LBT) imaging which supplements our
SOFIA observations. In Section 3, we present the spectra for the
[O1] 63 umand 145 pm lines, the [O 1] 52 pm line, and the CO
J = 14—13 line at 186 um. We then present the morphologies for
each line as well as the associated continua. In Section 4, we
present a discussion on the outflow position angle (P.A.),
kinematics, and origins of the detected species, as well as the
[O 1] mass-loss (outflow) rate estimated using non-LTE radiative
transfer calculation and photodissociation region (PDR) model-
ing. We also refer here to ALMA data for estimates of the
molecular outflow. In Section 5, we discuss the implications of
our results and present our conclusions.

2. Observations
2.1. SOFIA FIFI-LS

Observations were taken using the Far-infrared, Field-
imaging Line Spectrometer (R. Klein et al. 2014; S. Colditz
et al. 2018; C. Fischer et al. 2018) attached to the 2.5 m mirror
(aperture) on board the Stratospheric Observatory for Infrared
Astronomy (SOFIA; P. Temi et al. 2018). The program
(project ID 09_0169; PI: Y.-L. Yang) covers 18 massive
protostars selected from the larger sample of the SOFIA
Massive (SOMA) Star Formation Survey (PI: J. C. Tan) to
survey the emission of the [O1] 3p, — 3P, and P, — 3P,
transitions at 63.18 and 145.5 um (L. R. Zink et al. 1991), the
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(O] *P, — 3P, transition at 51.81 pm (C. Froese Fischer &
H. P. Saha 1985), and the CO J = 14 — 13 line at 185.99 um
(B. Yang et al. 2010). For brevity, we will hereafter refer to
these lines as [O1]63 and 145 pm, [OII] 52 pm, and CO
186 um, respectively. In this work, we report the SOFIA/
FIFI-LS data on G11.94. The observations were taken on 2021
June 3, with exposure lengths (on-source) of 460.8 s for the
63-145 pm bandpair and 307.2 s for the 52-186 pm bandpair.

FIFI-LS is an integral field unit comprised of two spectro-
meters, capable of observing the same region simultaneously at
two wavelength channels using a dichroic. The short-wave-
length channel covers wavelengths of 51-120 pm and the long-
wavelength channel covers 115-200 pm. Both detectors in the
short- and long-wavelength channels have 5 x 5 spatial pixels
with a size of 6” and 12", respectively, and 16 spectral pixels
each. Thus, the short- and long-wavelength channels have an
instantaneous field of view (FoV) of 30” x 30” and 60" x 60"
with beam sizes of 6.6, 7.4, 14'1, and 181 in the 52, 63, 145,
and 186 pymranges. We set up two observations in which each
bandpair (63 + 145 ym and 52 + 186 pm) was simultaneously
observed. In our observations, we used the D130 and D105
dichroics to maximize the throughput at 52 and 63 pum,
respectively. The velocity resolution of FIFI-LS is 320, 230,
280, and 200 km s~ 'in the 52, 63, 145, and 186 (/m ranges,
respectively (D. Fadda et al. 2023). The instantaneous spectral
coverage is 1000-3000 km s~ in the short-wavelength channels
and 8002500 kms ™" in the long-wavelength channels.

The data were processed with version 2.9.0 of the FIFI-LS
pipeline provided by the SOFIA Science Center and the
atmospheric correction with ATRAN (S. D. Lord 1992) out-
lined by C. Fischer et al. (2021) and C. Iserlohe et al. (2021).
The pipeline uses a 3D fitting method to bin the data, which
rejects data points from bad fits. This affects the edge shape of
the reduced maps due to lower integration times there caused
by dithering (C. Fischer et al. 2016) during the mapping (see
panels (VI) and (VIII) in Figure 1). There are known telluric
features in all of the channels (except for 186 pm), and
our methods for handling these features are explained
throughout the paper. In the 52 pm channel, this manifests as
a large peak to the blue side of the line, beginning roughly
around —400km s~ 'and extending beyond (see Figure 2).
This region was excluded from line measurements, and
we manually avoided selecting any wavelength from it for
measuring the continuum. The 145 ymband (panel (VIII))
features a small “bump” around —500km s~ ' and similarly
this region of the spectrum was excluded from inclusion in any
analysis, including continuum selection. The situation for the
63 pm spectrum (panel (V1)) is slightly different. The telluric
feature convolves directly with the line on the red wing of the
spectrum. Our methods for resolving this contamination are
outlined in Section 3.2.

2.2. ALMA

We also obtained archival ALMA data to investigate the nature
of the emission lines detected in our FIFI-LS observations
(discussed in Section 4.2). The 'CO data were taken as part of
the QUARKS program (2021.1.00095.S; PIs: L. Zhu, G. Gary,
and T. Liu; X. Liu et al. 2024), using the 12 m array in the C-2
and C-5 configurations, as well as the Atacama Compact Array
7m array (F. Xu et al. 2024). The calibrated visibilities of these
data were combined using CASA 6.6.0 (CASA Team et al. 2022)
and deconvolved together. The details of the reduction and
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Figure 1. Continuum images of G11.94 from the various wavelengths observed by SOFIA FIFI-LS (this work), Spitzer (E. Churchwell et al. 2009), Herschel
(S. Molinari et al. 2016; ObsIDs: 1342218999, 1342219000), and VLA (R. H. Becker et al. 1994; M. G. Hoare et al. 2012; C. R. Purcell et al. 2013). The images are
shown in logarithmic scale, normalized to the highest flux in an 80” x 80" region centered on the source peak. The green cross denotes the source identified as the
G11.94 protostar from ALMA continuum. The two black crosses (white in panels (XI) and (XII) for clarity) are secondary protostars in the region (both detected
with ALMA; see Section 4.2). Panels (V) and (VI) also show the peak of emission at 52 and 63 pm (blue “x” symbols). The offset between green “+” and blue “x”
helps define the “color gradient” (see text). Beam sizes are shown on the bottom left of each panel.

imaging processes are discussed in X. Liu et al. (2024). The
synthesized beam is ~0”3 with a sensitivity of ~6 mJy beam '
The other ALMA data were taken as part of the ALMAGAL
(ALMA Evolutionary Study of High Mass Protocluster Forma-
tion in the Galaxy) program (2019.1.00195.L; PI: S. Molinari;
S. Molinari et al. 2025) and the imaging products were
gathered from the ALMA Science Archive without further
calibration and imaging. Four spectral windows were set up in
the ALMA observations of G11.94, covering frequencies
of 216.960-218.832, 218.037-218.505, 219.032-220.905, and
220.337-220.805 GHz with a channel width of 488, 122, 488,
and 122 kHz, respectively. The synthesized beam sizes are

(1”31-1737) x (1"06-1"08). The sensitivity is ~6 mJy beam .

2.3. LBT

Observations were conducted on 2025 July 24 and 26, using
the LBT in binocular mode, which allows for simultaneous use
of both mirrors. The data were collected with the LUCI (LBT

Utility Camera in the Infrared; W. Seifert et al. 2003)
instrument operating in seeing-limited conditions as part of
program UV-2025A-03 (PI: J. C. Tan). The N3.75 camera was
employed, offering an FoV of 4’ x 4’ and a pixel scale of
0.12”. On LUCII, installed on the SX (left) mirror, observa-
tions were made using the K and Brv filters (centered at 2.194
and 2.170 pm, respectively). LUCI2, mounted on the DX
(right) mirror, used the K and H, filters (centered at 2.194 and
2.124 pm, respectively). The images are centered at R.A.
(J2000) = 18:14:01.100 and decl.(J2000) = —18:53:23.53,
with a P.A. of 270°. Exposure times are 300 s for the K band
and 600s for the Bry and H, narrowband filters. Data
reduction followed standard procedures, including sky sub-
traction and flat-fielding, using custom Python routines based
on the ccdproc (M. Craig et al. 2022), astropy (Astropy
Collaboration et al. 2022), and photutils (L. Bradley 2023)
packages. Final images were aligned and calibrated astrome-
trically by crossmatching stellar positions with the Two
Micron All Sky Survey catalog (M. F. Skrutskie et al. 2006).
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3. Results

Using SOFIA /FIFI-LS, we obtained a spectral cube at each
line. Massive protostellar cores such as G11.94 emit strong
continuum emission at far-IR wavelengths (e.g., J. M. De
Buizer et al. 2017; M. Liu et al. 2019, 2020; R. Fedriani et al.
2023; Z. Telkamp et al. 2025). To isolate the emission lines,
we need to first measure the continuum at each channel and
subtract it from the spectral cubes. In this section, we present
the results on continuum imaging/flux measurements in
Section 3.1 and various line emission science in Section 3.2.

3.1. Continuum

We measured the continuum from the line-free wavelengths
in the bandwidth of each channel. Thus, we selected
continuum ranges from outside of 300 kms ™' of the source
visr surrounding the line. The exclusion zone is to ensure there
is no contamination from line emission in the continuum,
particularly due to the relatively limited spectral resolution of
FIFI-LS. We also only selected continuum from where
atmospheric interference is at a minimum. This means
excluding continuum selection from the blue side of the
spectra in [O III] and the red side in [O 1] 63 pm due to telluric
features, and partially excluding regions from the blue side of
the spectra in [O 1] 145 um. Specifically, the continuum was
selected from the following ranges (relative to the line center;
all in km sfl): 52 pm: 450 to 1050; 63 pm: —650 to —300;
145 pum: —450 to —350 and 350 to 1000; 186 pm: —550 to
—300 and 350 to 450. Then, for each pixel, we measured the
average flux density within the selected wavelengths for the
continuum, deriving a continuum image. These continuum
images were later subtracted from the corresponding spectral
cubes at each wavelength to produce line-only spectral cubes
for line analysis.

3.1.1. Astrometric Correction

We further compared the FIFI-LS continuum images at 52,
63, 145, and 186 pm with archival data on G11.94, including
images from the Spitzer Space Telescope (Spitzer), the
Herschel Space Observatory (Herschel), the VLA, and ALMA.
To provide an accurate comparison, we needed to ensure the
astrometry of the FIFI-LS images is consistent with other
images. To do so, we first fit a 2D Gaussian profile onto the
ALMA continuum image at 218.935 GHz, determining the
continuum peak position at (R.A.: 18"14™01500, decl.: —18°
53/24"796). We also used this ALMA continuum peak as the
source position in the rest of the analyses. Then, we fit a 2D
Gaussian profile to each FIFI-LS continuum image to
determine the peak positions. To align the images, we only
offset the fitted FIFI-LS continuum peak at the two long-
wavelength channels (145 and 186 pm) to match the position
of the ALMA continuum peak. Because each pair of short- and
long-wavelength channels was observed simultaneously, we
applied the offsets of the long-wavelength channels to the
corresponding short-wavelength channels. The rationale for
correcting the long-wavelength channel instead of the short-
wavelength channel is that the dust is more optically thin at
longer wavelengths, and the continuum at shorter wavelengths
could be affected by selective extinction due to asymmetric
source structures.

The simultaneous observations of the short- and long-
wavelength channels also provide a unique opportunity to
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study the effect of this selective extinction. If there is a
dominant bipolar outflow, we expect a lower extinction at the
blueshifted outflow lobe and a higher extinction at the
redshifted outflow lobe, resulting in the continuum peak
shifting toward the blueshifted outflow at shorter wavelengths
(Y. Zhang & J. C. Tan 2011). We derived the “relative offset”
between the continuum peaks at the short- and long-
wavelength channels of the same observing pair to quantify
this selective extinction effect, the P.A. (PA.,,) of which
could also serve as an indicator of outflow direction (see
further discussion in Section 4.5).

Figure 1 shows the FIFI-LS continuum images along with
archival photometric images from 3.6 pumto 20cm. The
relative offsets are shown as blue crosses in panels (V) and
(VI). The 63-145 pumrelative offset and P.A. are 10 + 0’3
and —88.5 + 193 and the 52-186 pum relative offset and P.A.
are 25 £ 0.5 and —126.2 £ 12:4.

3.1.2. Continuum Measurements

The spectral energy distribution (SED) of massive proto-
stellar sources typically peaks at ~100 pm because of the
abundant relatively cool dust (~20—100 K) in the envelopes.
Thus, the continuum fluxes at 50-200 pm, probed by the FIFI-
LS observations, also constrain the SED of G11.94 and further
constrain the properties of the dominant protostar by SED
modeling (Section 4.1). To estimate the continuum flux for
modeling, we first need to determine an aperture that best
encompasses the emission of the entire protostellar core. We
followed the approach developed in R. Fedriani et al. (2023),
which uses the Herschel 70 pmimage to determine the
aperture where a 30% increase of aperture radius leads to a less
than 10% increase of flux. Following this criterion, the optimal
aperture radius is 30.0.

The measurement of continuum flux also follows the
approach in R. Fedriani et al. (2023). A background-subtracted
flux is measured using the 30" aperture, utilizing SedFluxer
from the Python package sedcreator, while the back-
ground is measured from an annulus between one and two
aperture radii (r = 30"—60"). We applied this approach to the
continuum images at Spitzer IRAC bands (3.6, 4.5, 5.8, and
8.0 pum), Wide-field Infrared Survey Explorer Band 3 and 4 at
12 and 22 pm, four wavelengths of the FIFI-LS observations
presented in this study, Herschel PACS 70 and 160 pm (which
can be seen in panels (VII) and (IX) in Figure 1), and Herschel
SPIRE 250, 350, and 500 pm. In the 145 and 186 pm channels,
the aperture size is comparable to the FoV of the long-
wavelength channel, which is only a few pixels smaller after
masking out the bad pixels. However, the FoV at 52 and
63 pmis substantially smaller than the aperture. Thus, we
interpolated the area outside the FoV of the short-wavelength
channel using the Herschel 70 pm to estimate the continuum
flux within the aperture. This was accomplished by reproject-
ing the Herschel 70 pmimage to the FIFI-LS pixel size/
orientation, and then calculating the proportion of fluxes
within the FIFI-LS FoV in both images. The Herschel
70 pmimage was then scaled using this factor, where FIFI-
LS data is not present. It is seen from our larger survey sample
that this slightly overestimates flux at these two wavelengths
and as such, the 52 and 63 um fluxes were treated as upper
limits in our SED fits. We similarly interpolated data from
Herschel 160 pumto FIFI-LS 145 and 186 pum measurements.
Due to the larger FoV of these long-wavelength images, this
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Figure 2. Continuum-subtracted spectra of [O III] 3p, — 3P, at 51.81 pm, [O1] 3p, — 3P, and °P, — 3P0 at 63.18 and 145.5 um, and the CO J = 14 — 13 line at
185.99 um. The velocity is corrected for the source v, of 36.2 km s~ 1. The fitted Gaussian lines are shown. For [O 1] in the 63 pm bandpass, the Gaussian profile is
fitted over a partial range due to telluric contamination on the red wing. Observed line FWHMs (in km s~ ') are written on the top right of each panel, as well as
FWHMs deconvolved from the intrinsic instrument FWHM. The intrinsic width of the CO line cannot be ascertained via deconvolution and is listed as zero. Flux

tickmarks are plotted in 33% increments of the peak line flux.

interpolation only is relevant for small fractions of the annulus.
FIFI-LS continuum measurements can be found in Table 1.

We estimated the uncertainties of all the continuum fluxes
following the treatment described in R. Fedriani et al. (2023).
Specifically, for background-subtracted fluxes of the protostar
that were used in SED fitting we needed to estimate the
uncertainty in the background flux. At wavelengths
>100 pm the uncertainty in the background flux was assumed
to be equal to the level of background flux itself, reflecting the
fact that the background is relatively cold, clump material that
can dominate over the protostellar core emission. However, at
wavelengths <100 pm the uncertainty in the background flux
was assumed to be given by the level of variation seen in
aperture-sized regions immediately around the source, which
was derived using SedFluxer. The uncertainty in back-
ground flux was then added in quadrature with an assumed
10% of the background-subtracted flux (C. Fischer et al. 2018)
to derive the total uncertainty. The SED and the properties
inferred from the SED modeling are discussed in Section 4.1,
and the model fitting is visualized in Figure 3.

3.2. Line Emission

We extracted a spectrum for each channel from continuum-
subtracted spectral cubes within a 60" aperture centered on the
source (Figure 2). The extraction was performed by using
aperture photometry () from photutils (L. Bradley
2023) at each wavelength. The continuum subtraction used the
image derived from the method described in Section 3.1 and
deduced the continuum from each wavelength of the corresp-
onding spectral cube. Given the size of the aperture, the
extracted spectra at 52 and 63 pm are effectively the spectra of
the entire FoV.

We measured the line fluxes by fitting a 1D Gaussian profile
to the extracted spectra, within +300 km s 'of the source
velocity. Due to the telluric features mentioned in Section 3.1,
we took special care on the line fitting, especially for the
[O1] 63 pm line, where the red wing of the line blends with a
prominent telluric feature. To minimize the telluric contam-
ination, we only fit the spectrum from —300 to 50 kms~'. The
telluric feature at <—500 km s~ is sufficiently separated from
the [OII]52 pmline so that no additional treatment is
required for the line fitting.

The fitted line fluxes are listed in Table 2. The fitted line
widths and the intrinsic line widths after deconvolving from
the instrumental spectral resolution are shown in Figure 2. We
note that the [O 1] 63 pm line profile is likely to have narrow
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G011.94-00.62
10-6 J
1071 1.6
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Figure 3. SED for G11.94. The blue data points are measured by FIFI-LS,
while the red points are from other observatories. The black line represents the
best-fit model, with a x? value of 0.85.

Table 1
Background-subtracted Continuum Fluxes (in Jy) for Each Bandpass
Observed with FIFI-LS

[O 1] 52 pm
1244.8 + 53

[O1] 63 ym
1494.0 + 42

[O1] 145 pm
1110.1 + 24

CO 186 um
1054.6 £ 29

self-absorption, leading to an underestimation of its line flux
when the absorption is not resolved (A. Karska et al. 2014;
S. Leurini et al. 2015).

Figure 4 shows the distribution of line emission split into
blue- and redshifted velocities compared to the continuum at
the same wavelength. To investigate the kinematics of [O I11],
[O1], and CO, we chose the velocity ranges to avoid telluric
features as well as a central exclusion zone of +¢ kms™',
where we define ( to be equivalent to one-sixth of the velocity
resolution of FIFI-LS at the given bandpass. This ensures that
any distribution of blue- or redshifted emission is highlighted
clearly and is not blurred by instrumental resolution. The
blue-and redshifted emission are clearly separated for
[O1I] 52 pm (despite the poor spectral resolution in this
bandpass), while the separation for [O I] 63 pm is notable but
less significant. The [O 1] 145 pm and CO 186 pm lines show
no obvious morphological differences between the blue- and
redshifted emission.
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The beam size is shown at the bottom left corner of each panel.

Table 2
Line Fluxes (in Jy km s~') Obtained via 1D Gaussian Fitting of the FIFI-LS Spectra

[0 1] 52 pm [01] 63 ym

[O1] 145 ym CO 186 um

7.72 + 0.45 x 10* 727 + 1.4 x 10°

324 £ 0.11 x 10° 3.55 + 0.59 x 10*

Table 3
Best-fitting Values of Protostellar Parameters Obtained via SED Fitting
my Mu l’l"l* Lbol R(: AV aview 2c]
M) (M) Mo yr ) (L) (pe) (mag) (deg) (gem™)
22.4+31 223.1122 9.173 x 107* 1.6%3 x 10° 0.0837003 287.7 £ 71.5 17.3 £ 8.8 174784,

4. Analysis
4.1. Protostellar Properties from SED Fitting

Here we discuss properties of the protostar that can be
inferred from its SED. In a series of papers (Y. Zhang &
J. C. Tan 2011, 2018; Y. Zhang et al. 2013, 2014) a self-
consistent model grid of massive protostellar cores has been
developed, combining the evolution of the protostar and
outflow. This model grid, based on the turbulent core accretion
(TCA) model (C. F. McKee & J. C. Tan 2002, 2003), describes
the protostellar structures using five parameters, m,, M., ¥,
Oyiews and Ay, which are the current protostellar mass, the
initial core mass, the mean mass surface density of the
surrounding clump, the angle of the line of sight to the outflow
axis, and the foreground visual extinction. This model grid
allows us to constrain the protostellar properties by fitting the
SED of G11.94, using the fitting tool SEDFitter within the
Python package sedcreator (R. Fedriani et al. 2023).

We constructed the SED using the extracted continuum
fluxes that include both FIFI-LS data and archival measure-
ments (see Section 3.1). We followed the same approach in
R. Fedriani et al. (2023) to treat the continuum fluxes at
<8 um as upper limits, because the model grid does not
include polycyclic aromatic hydrocarbon (PAH) features, nor
single-photon transient heating effects on small dust grains
(J. M. De Buizer et al. 2017; Y. Zhang & J. C. Tan 2018). Both

processes could increase the fluxes at <8 um. As mentioned in
Section 3.1, FIFI-LS continuum measurements at 52 and
63 pmwere treated as upper limits due to the possible
overestimation of the flux from the interpolation using the
Herschel 70 pm image.

Utilizing criteria from R. Fedriani et al. (2023) for
establishing which SED fit models are “good,” we selected
the 44 models with the lowest x* values, ranging from 0.85 to
1.97, i.e., only models with x? less than 2 were considered. In
addition, for physical self-consistency, models were required
to have an initial core radius, R, less than twice the aperture
radius (see discussion by R. Fedriani et al. 2023). This is to
ensure that the modeled radius does not exceed the extent of
emission as seen in the 37 um FORCAST imaging used to
derive the aperture. For explicit details on which models are
considered “good,” please refer to R. Fedriani et al. (2023).
We averaged across all these “good” models to retrieve
estimates for protostellar properties (Table 3).

4.2. Origins of lonized and Atomic Emission

The detection of the [O111] °P, — P, line (E, = 440.5 K)
implies the presence of highly ionized gas. The ionization of
[O 111] requires an energy of 35.12 eV (i.e., from singly ionized
oxygen; I. Wendker 1990; W. C. Martin et al. 1993). If due to
photoionization, this requires a stellar spectrum that is able to
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Figure 5. Left: continuum image at 52 pm highlighted with two sets of 2 square pixel apertures in the regions where blue- and redshifted [O III] emission is detected.
Right: the continuum-subtracted spectra extracted from the apertures in the left panel. Each panel shows the spectra extracted from a pair of apertures indicated by
the number. These pairs of apertures are chosen to be at opposite sides from the source, probing the blue- and redshifted lobes. The peaks of Gaussian profiles fitted
from the red and blue wings of the spectra are shown as vertical color-coded bars to highlight the peak velocity of the spectra at both sides of the source, as well as

the velocity offset between the two lobes.

fully ionize He to He™—achieved once photospheric tempera-
tures reach about 37,000 K, which for ZAMS stars is
equivalent to approximately an O7 star with a mass of about
30 M., (F. Martins et al. 2005; B. T. Draine 2011). In the
context of the TCA model, a protostar of this mass is expected
to reach the ZAMS as long as the mass surface density of the
clump environment is ¥, < 3 gcm 2 (Y. Zhang et al. 2014). It
is interesting that these requirements of m, 2 30M. and
Ya < 3gem ? are approximately consistent with those
derived from SED modeling, described above.

However, [O111] could also be produced via shock ionization.
This is achieved for a fairly narrow range of temperatures at
~9 x 10* K (e.g., P. Mazzotta et al. 1998; B. T. Draine 2011).
Below temperatures of ~6 x 10* K, most oxygen is in ionization
state [O1I], while above temperatures of about 1.3 x 10° K,
most oxygen is in ionization state [O IV]. Note that postshock
temperatures of 0.6, 0.9, and 1.3 x 10° K are achieved for shock
speeds of 64, 79, and 95 km s~ ', respectively (assuming strong
shock jump conditions for mean particle mass 0.636m,,, i.e., for
singly ionized He, and ignoring effects of magnetic fields).

As discussed in previous sections, the emission of [O ] is
kinematically resolved by our FIFI-LS observations (Figure 2).
The intrinsic (deconvolved) FWHM of the [O III] line is about
200 km sfl, but with maximum velocities extending to
+400kms~'. We note that the escape speed from a 30 M.,
ZAMS star, i.e., with radius of about 8R, is about 1200 km s,
which is representative of the maximum terminal velocity of an
X-wind (F. H. Shu et al. 2000) or inner disk wind (A. Konigl &
R. E. Pudritz 2000). Especially for disk wind models, in which
material is launched from a range of radii, there is expected to be
a broad range of outflowing gas velocities up to this maximum. If
we adopt an observed maximum 3D [O III] outflow velocity limit
of 400kms™', ie., assuming a negligible reduction due to
inclination effects and deceleration due to the sweeping up of
ambient gas, then the fact this is about one-third of the maximum
outflow speed expected from a 30 M., ZAMS star may indicate
that the innermost region of [O II] outflow launching occurs at
~10 stellar radii. This may imply that the accretion disk is
truncated at this location, e.g., by a strong stellar magnetic field,
or that the fastest component of the outflow is not well traced by
[O 1] emission. We also note that the [O I] emission lines appear
to be narrower than the [OII]line, ie., with an FWHM of
46.7km s~ 'for the 63 ;im line and 86.5 km s~ for the 145 yim line.

Their velocities appear to extend to about £250 kms™'. This
indicates the atomic component of the outflow is slower than the
ionized one, which is expected if it is launched from larger
disk radii and/or suffering from a greater degree of deceleration.
Thus, overall, the observed line-of-sight kinematics of [O I and
[OT1] appear consistent with the velocity profile expected of a
structured ionized—atomic disk wind from a ~20-30 M, protostar
that is near the ZAMS, although it is possible that the fastest
components are not well traced by our observations.

Examining the morphology of the blue- and redshifted
[O1I1] emission, we see that this shows a clear velocity
gradient in the NE-SW direction, which could also indicate a
bipolar outflow (Figure 4). In Figure 5, we investigate the peak
of the [O1II] line emission in the blue- and redshifted areas
highlighted by the contours in Figure 4. Each panel in Figure 5
(right) shows the [O III] spectrum at two opposing positions
from the source, roughly oriented along the outflow axis. The
emission from the redshifted region consistently peaks at a
redshifted velocity, and that from the blueshifted region
consistently peaks at a blueshifted velocity. We discuss the
implications for this velocity gradient in Section 4.5.

In addition, the velocity distribution in the [OT] 3p, - 3P,
line at 63 pm, despite a less prominent separation between the
blue- and redshifted velocities, corroborates the velocity
gradient seen in the [OIII] line. We also expect the morph-
ology of the [O1] 145 pmline (E, = 326.6 K) to be similar
to that of the [O1II] line. However, the spatial resolution at
145 pmis more than twice as poor as that at 52 and 63 um,
which hinders a confirmation of bipolar outflowing gas using
the [O1] 145 um line. Finally, we note that the CO transition
mapped by FIFI-LS appears to trace the innermost region of
the protostellar environment, but, in addition to having a line
width that is consistent with instrumental broadening, shows
no hint of a spatial velocity gradient. The CO emission may
therefore trace either a much slower component of the outflow,
or gas in the inner infall envelope or accretion disk.

4.3. Additional Outflow Tracers

We have found that the [O1II] and [O I] emission observed
by SOFIA/FIFI-LS has a plausible origin via photoionization
and photodissociation of a disk wind outflow from a massive
protostar. Here we consider other evidence for a protostellar
outflow from G11.94.
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First, we examine archival ALMA data of G11.94, focusing
onthe ’COJ=2—1,"7C0J=2—1,C*0J=2—1,
H2CO 303 — 202, and CHgoH 422 — 3]2 SpeCieS and
transitions, to search for signatures of outflows. Examining
ALMA total power (TP) observations of 12CO(2—1)
(Figure 6), we see evidence for redshifted emission (i.e.,
velocities >5 km s~ ! to the red of Vvisr) that peaks to the NE of
the source, while equivalently blueshifted emission is to the
SW. This axis is consistent with that implied by the
[O 111] emission, discussed above.

The *CO, C'80, H,CO, and CH;OH ALMA data is
available via 12 m and 7 m array observations, which we have
combined. The blue and redshifted emission from these tracers
is presented in Figure 7. These CO maps also show extended
redshifted emission to the NE and blueshifted emission to the
SW. However, with the higher angular resolution, we also
identify the presence of a hot core 2.13 to the SW of the
G11.94 protostar (marked by a cyan “+” in Figure 7).

From the high-resolution '*CO dataset (Figure 8), we also
identify two nearby protostars in the G11.94 field (marked
with a black “+” in Figures 1, 7, and 8), one to the W and one
to the S. These are detected through the presence of both
compact continuum emission and clear bipolar '2CO outflows,
with the blueshifted lobe extending to the NNW and the
redshifted lobe extending to the SSE in both outflows. The
molecular emission from these protostars contaminates the
analysis of the outflow morphology from G11.94, particularly
in the SW lobe implied from the [OI] and [O II] morphology.

In summary, we detect prominent redshifted emission to the
NE of G11.94 in '>CO (both combined 12 m+7 m and TP),
3co, !0, H,CO, and CH;OH. The '>CO emission in
particular possesses relatively high velocities (5-12 kms™ "),
including several compact spots at ~10 kms~'. At low
velocity (<5 kms™"), the '>CO emission also appears in the
NW and SE of G11.94, perpendicular to the inferred outflow
direction, likely tracing the gas in the protostellar envelope
(Figure 8). To the SW there is clear, collimated blueshifted
emission emanating from the continuum peak in both '*CO
and C'®0, and such a morphology is consistent with the
emission of H,CO and CH;OH. In the latter two tracers, it is
possible that some of the blueshifted emission is due to the
nearby protostar, although no corresponding redshifted emis-
sion is detected. We therefore associate it with an outflow from
G11.94 given its coincident spatial correspondence with
emission in '*CO and C'®0. This blueshifted emission is not
clearly detected in the combined 12 m+7 m '2CO data, but is
evident in the '>CO TP image.

Oakey et al.

Interestingly, in the high-resolution '*CO data, there is a
narrow, high-velocity, redshifted filament extending to the
SW. The nature of this filament is puzzling, as it extends in the
same direction as the inferred blueshifted outflow from FIFI-
LS, as well as the '*CO and C'®O lines, and in the opposite
direction to the higher-velocity redshifted emission seen across
all CO isotopologues. There is a velocity gradient in this
filament: the emission increases in velocity with distance from
either G11.94 or the hot core candidate. This filamentary
structure may be interacting with the outflow from the nearby
protostar to the NW, as suggested by the overlapping '*CO
emission. We also see greater emission of H,CO and CH;0H
near the overlapped 'CO emission. Further analysis is
required to fully understand the nature of this filament, as
well as its possible interaction with another protostellar
outflow.

Finally, we examine the NIR data obtained with the LBT for
Bry and H, lines and K-band continuum. A red, green, and
blue (RGB) image of these three images is presented in
Figure 9. These LBT data reveal a large knot of H, emission
(red in Figure 9) approximately 1.5 to the SW of G11.94, along
with two smaller knots of emission to the SE and extended
faint H, emission to the NW. Bry emission largely traces the
emission structures observed in the NIR and MIR (see
Figure 1). We also note the presence of a dust lane, oriented
on an approximately N-S axis, which bisects and obscures part
of the region immediately to the E of the source.

4.4. Discussion on Outflow Orientation

While the [O1]and [O II] emission may hint at a simple
outflow morphology, the ALMA data depict a more complex
picture. There has yet to be a comprehensive census of the
outflow morphology of this region. An outflow from G11.94 is
already implied by the broad [Ne 1] and '*CO line width
(D. S. Shepherd & E. Churchwell 1996; Q.-F. Zhu et al. 2008),
and this is confirmed via the detection of broad [O III] and
[O1]lines presented in this work. Here we discuss two
proposed scenarios for the nature of the outflow from G11.94.

From the observations of FIFI-LS and ALMA, an outflow
axis that is oriented in a NE-SW direction is implied, with the
red lobe extending to the NE and the blue lobe extending to the
SW. The morphology of [O1], [O 1], and CO isotopologues
indicates a wide-angle outflow, especially in the NE lobe.
While the blueshifted SW lobe is not clearly seen in 12CO,
except for the channels between (—6, —2) km st (Figure 8),
possibly due to confusion with quiescent gas, the blueshifted
lobe can be traced by the 13C0 and C'®0 lines, which trace
denser gas, as well as the emission of methanol and
formaldehyde (Figure 7). We estimate a ~100°-110° edge-
to-edge outflow opening angle of the redshifted lobe. Such a
large outflow opening angle can result in a flattened structure
which appears to be perpendicular to the outflow direction
(Y. Zhang et al. 2014), similar to the morphology of the low-
velocity '2CO emission. This could explain some of the
perpendicularly elongated MIR and NIR emission features
seen in Figures 1 and 9, respectively. The blueshifted lobe
appears to have a narrower opening angle than the redshifted
lobe. The large H, knot to the SW detected by the LBT
(Figure 9) is aligned well with the blueshifted outflow axis
suggested by this interpretation.

It is expected that massive protostars begin to ionize their
surroundings in the later stages of their evolution as they
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contract toward the ZAMS. Moreover, the outflow opening
angle is expected to widen significantly as protostars evolve
(e.g., H. Beuther & D. Shepherd 2005; H. G. Arce et al.
2007; J. C. Tan et al. 2014). Thus, a region with ionized
emission could also possess a wide-angle outflow. The
presence of [OIII] emission in G11.94, together with the
morphology of molecular lines observed with ALMA,
supports this scenario.

However, there are some issues with the interpretation of a
NE-SW outflow. Both the NIR continuum observed with
Spitzer IRAC bands and the Bra line imaged by the LBT show
extended emission in the NW-SE direction, perpendicular to
the NE-SW outflow discussed in previous paragraphs. This
emission in the NW-SE direction could be an outflow.
However, there are several reasons why we favor the outflow
in the NE-SW direction instead of this scenario. First, the
morphology of the NIR continuum and the Bra line does not

necessarily contradict the NE-SW outflow axis. In the outflow
with a wide opening angle, the NIR radiation can be mostly
scattered off a wide cavity, resulting in emission elongated
perpendicular to the outflow axis. Another issue with this
NW-SE outflow scenario is that only low-velocity (<5 kms™")
'2CO emission traces gas at the same NW-SE direction, which
is toward the edge of the ALMA FoV with no apparent
connection to G11.94 or any other continuum sources.
Compared to the broad line width in [OI] and [O 111], this low-
velocity CO emission is unlikely to trace the same material;
thus, this does not strongly support the NW-SE outflow
scenario.

The faint extended H, emission to the NW seen with the
LBT may support a NW-SE interpretation. However, closer
investigation shows that it may be separated into two
components. The W component is consistent with emission
from the nearby protostar to the W, and the E component is
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consistent with a cavity wall from a wide-angle outflow
emanating from G11.94.

One feature that the NE-SW outflow, traced by [O1] and
[O111], cannot explain is the hlgh velocity redshifted filament
at the SW of G11.94 seen in '>CO. We speculate that this
filament may be a jet from the hot core candidate.

In summary, we conclude that the most likely scenario is
that the [O 1] and [O III] emission is tracing an outflow in the
NE-SW direction, corroborated by the emission of CO
isotopologues, methanol, and formaldehyde. This outflow is
poorly collimated with a wide opening angle. The redshifted
lobe faces the NE, while the blueshifted lobe faces the SW.
This scenario is the most consistent with an evolved protostar
driving the ionization at the base of its outflow cavity.

4.5. Outflow Orientation from FIFI-LS Data

The FIFI-LS continuum and line emission morphology
provide three independent measurements of the outflow axis
orientation. The P.A. can be determined from [O III] and
[01]°P, — Py at 63 um emission (PAo 1y and PAo ). As a
result of the relatively low spatial resolution, the emission
features can be approximated as 2D Gaussians. We fit the 2D
Gaussian peak positions of the blue- and redshifted emission
and measured the P.A. from these two posmons The PA[o my
is —144.0 + 15.0 and the PA|o y is —141.7 £ 1172.

We can also measure the continuum peak offsets from the
red to the blue channel of FIFI-LS. The PA.,, discussed in
Section 3.1, —126.2 & 12’4 and —88.5 £ 19.3, are the two
measurements (from 52 and 63 pm, respectively) for the
direction of the blueshifted lobe. However, given the small
magnitude of the offset for the latter measurement (170 + 0'3),
we should treat the first measurement (with an offset of
2’5 + 0.5) as more robust. The agreement between the P.A.
calculated from FIFI-LS [O1]and [O III] emission indicates
that the P.A. for this suggested outflow is ~—142°,
Furthermore, the P.A. derived from oxygen lines is consistent
with the P.A. calculated for the relative offset between 52 and
186 pm continuum imaging.
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4.6. Mass and Momentum Outflow Rates

4.6.1. The lonized Outflow

Using the flux of the [O 1] line in G11.94, we attempt to
infer the oxygen column density and place limits on the
outflow rates of the ionized outflow. We relate the line
luminosity of [O IIT] at 52 um to the gas mass traced by [O II1].
First, the line luminosity can be expressed as a volume
integral:

Liom = fv Jynen(O*Njio my (e, T)AV, (1
where fy, is the volume filling factor, n(0*") is the density of
ionized oxygen, and jio nn(n., T.) is the emissivity of the
[O111] 52 pm line, which is a function of electron density (n,)
and electron temperature (7,). We assume that within the
ionized region, which is treated as distinct from the atomic part
of the outflow traced by [O1], all O is in the O*" ionization
state and adopt an O abundance of Xo = 3 x 10~ with respect
to H nuclei. Within the ionized region we also assume that He
is singly ionized, so that n, = 1.1ny. Then the 52 pm line flux
can be expressed as

4rd?

Lom KV, »
Fom = 5 = V—<ne>X
47d 1.1
where d is the distance to the source.
The average oxygen column density can be evaluated via a
volume integral as

@)

(ne) v

N JR S A
0= CT1Qperd?’

f fynodV = f, Xo 3)

Qaperd2
where (), is the solid angle of the aperture. If we assume a
uniform distribution so that (n?) = (n,)*> and combine

Equations (2) and (3), we obtain

T

Q
Fom = No 4; (ne)jiom (e, T), )

Qap
- NHX <ne>J[0 1] (nea T) (5)
where Ng and Ny are the column densities of O and H nuclei
that are associated with the [O III] emitting, i.e., ionized, region.

Using PyNeb (V. Luridiana et al. 2015), we calculate the
emissivity of [O III] at given values of n, and T, and thus link
the observed flux of the [O I11] line to the column of the ionized
gas Figure 10 shows example model results for cases with

= 100 and 1000 cm >, both with 7, = 10* K, with the
extent of the ionized reglon guided by the observed size of
[O 1] emission from G11.94, i.e., a radial extent of 10",
equivalent to R, = 0.2 pc (or 40,000 au). We see below that
these values of density are representative of self-consistent
solutions for the emission from an ionized outflow from
G11.94.

When comparing to the observed [O III] flux, we need to
consider the impact of dust extinction. As a fiducial value for
the mass surface density of the extincting material, we adopt
50% of that of the clump environment, ie., ¥ = ¥/2 =
0.87 g cm ™2, which is representative of the value inferred from
SED model ﬁttlng The value of the opacity at 52 pm depends
on the adopted dust model. For the dust model of S.-H. Kim
et al. (1994), i.e., the dust model used in the radiative transfer
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Figure 10. Expected flux of [O 11I] 52 um as a function of column density of H
nuclei in the ionized region, which is assumed to extend over a 10” radius
aperture, based on PyNeb models for a temperature of 10* K and densities of
n. = 100 cm ™2 (black solid line) and 1000 cm > (black dashed line). The
observed flux from G11.94 is shown by the horizontal yellow line. The
horizontal shaded band shows a range of flux values extending upward by a
factor of 14.9 that accounts for potential effects of dust extinction (see text).

simulations of Y. Zhang & J. C. Tan (2018), the value of
k at 52 umis 1.084 cm? g~ (note: per gram of gas). However,
for the moderately coagulated thin ice mantle model of
V. Ossenkopf & T. Henning (1994) (hereafter the OHS dust
model), the equivalent « is 3.09cm?g ' (per gram of gas).
Therefore we consider that the optical depth of the foreground
material could be in the range 7 = k¥ ~ 0.9-2.7 so that the
intrinsic flux of [O III] emission may be 2.5 to 14.9 times
greater than the observed value. Given these considerations, in
Figure 10 we show a range of values for the [O II] flux from
G11.94, from the observed value of ~5 x 10*Jykms™ ' up
to 23 x 10°Jykms™', and adopt a fiducial value of
1 x 10°Jykms™'.

With the above results, we estimate that the average column
density of the ionized outflow is Ny ~ 2 x 10" cm ™2 for the
case with n, = 1000 cm > and 2 x 10?° cm 2 for the case with
n, = 100cm . Given the morphology of the [O IIT] emission
we expect a volume filling factor of order unity and thus adopt
fv=1/3 in a spherical volume of 10” radius. This implies a gas
density in the ionized outflow of ny = 3Ny/(4fyRow) — 75 and
750 cm . Thus, approximately self-consistent results are
achieved for the case n, = 300 cm73, which implies
N~ 8.7 % 10 ecm™? and ny~325cm >, i.e., n, ~ 360 cm .

With this value of ny = 325 cm™ > or Ny = 8.7 x 10" cm ™2,
we estimate a mass of the ionized outflow of
Mouyom = 0.12 M, that is present within a 0.2 pc radius of
the source. To calculate the mass flux in this component of the
outflow, we estimate the timescale for the outflow to cross this
region, i.e., to flow from the protostar to a radial distance of
0.2 pc. For this, we adopt an outflow speed of vouom =
200 km sfl, i.e., the observed half-width at half-maximum
(HWHM) of the [O III] emission at 52 pum with FIFI-LS. Given
the uncertainty in the orientation of the source, for simplicity
we assume this is representative of the 3D speed of the
outflow. Thus the outflow timescale is foy = Rou/
Vour = 980 yr. Thus the mass flux in the [O III]-traced outflow
is 1.2 x 107* M. yr'. Similarly, the total momentum in the
ionized component of the outflow IS powom =
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16 M, kms ™' and the momentum outflow
0.025 M., kms~!yr~!. These results are

Mout,0 MVout,0 I =

rate i Pyom =
listed in Table 4.

We note that the protostellar accretion rate estimated from
SED fitting has a value of ~9 x 10~*M_ yr'. The primary
outflow is thus expected to have a mass injection rate of about
10% of this (e.g., Y. Zhang & J. C. Tan 2018), i..,
~9 x 107> M, yr'. We see that the ionized component of
the outflow has a mass flux that is very similar to that expected
for the total primary outflow.

We also note that [O III] emission from massive protostars is
relatively rare, with G11.94 being one of the few SOMA
Atomic OQOutflow Survey sources that show such strong
emission. Recently, A. Karska et al. (2025) have reported
[O 111] emission from the massive protostar DR21 Main, with
their setup including both the 52 and 88 pm lines. These
authors also used PyNeb to infer conditions in the ionized gas,
deriving 7, ~ 8000 K and n, ~ 250 cm*3, i.e., similar
densities to those we have inferred.

4.6.2. The Atomic Outflow

We model the [O1] line intensities and line ratios to estimate
the column density of material associated with this emission and
therefore the mass and momentum flux of this ‘“atomic”
component of the G11.94 outflow. However, the [O 1] 63 ym line
is known to have self-absorption at the line center (S. Leurini
et al. 2015). Thus, simply dividing the peak intensity of the two
[O1] lines is unlikely to provide a realistic measurement of the
line ratio. To avoid the absorption-contaminated line center, we
estimate the line ratio on the wings of these two lines, although
the 63 pm [O 1] fit is further hindered by the large telluric feature
on the red side of the spectrum. The two [OI]lines were
observed with different instrumental spectral resolution
(Section 2.1). We first convolve the [O1] 63 pm spectrum to
match the spectral resolution at 145 um. Then, we divide the
spectra of the 63 pm over the [O1] 145 pm and take the average
across —300 to —100 kms ™', exclusively on the blue portions of
the spectra. The measured ratio is 2.30 £ 0.20.

However, again, dust extinction is another factor that may
affect the relative intensity of the [O1] 63 and 145 pm lines.
Specifically, the higher opacity at 63 pm preferentially lowers
the luminosity of the [O1] 63 pmline. The S.-H. Kim et al.
(1994) dust model « values at 63 and 145 pm are 0.735 and
0.133 cm?® g ', respectively. If the OH5 dust model is used,
then these values would be 2.09 and 0.47 cm®g ™!, respec-
tively. The ratio of the [O1I]line intensities is affected by
extinction via

—763
Io3.obs _ I63.wue€ _ Io3me BT, ©)
Lasobs  Dasguee ™ D45 e
where AKe3_145 = Ke3um — HFiasum- Again we adopt an

extincting mass surface density of ¥ = ¥/2 = 0.87 gcm .

Under such conditions, e~ (A#s3-1452) = (.59 for the S.-H. Kim
et al. (1994) dust model and 0.24 for the OH5 dust model.
Given these considerations, we consider a range of values of
line intensity ratios from 2.3 to 9.6.

For our modeling of expected line ratios and intensities, we
utilize a 1D adaptation of the 3D-PDR software (T. G. Bisbas
et al. 2012), considering a range of uniform densities,
log(ny/cm™3) = 2, 3, 4, 5, and a range of UV flux densities,
log(x/x0) = 1, 3, 5 (normalized to the radiation field
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Figure 11. 3D-PDR modeling to predict [O I] emission properties from total gas column density, Ny, for a range of FUV flux densities (columns) and a range of
environment densities (see legend). From top to bottom, gas column density is plotted against [O 1] 145 ;m peak intensity, [O 1] 145 pm total intensity, and [O 1] 63/
145 pm ratio. Uncertainties are derived from combining the uncertainty from flux measurements (negligible in rows 1 and 2) with the range of possible dust
extinction, which dominates the uncertainty in all plots. The flux ratio measurement in the third row is more uncertain because the ratio is calculated from a line

wing fit.
Table 4
Ionized, Atomic, and Molecular Outflow Properties of the Massive Protostar G11.94

moul Vnul pnul tout mw I”W

(M) (kms™") (M, kms™") ) M yr (M kms ' yr !
Tonized 0.116 211 24.5 980 12 x 107 25 x 1072
Atomic 0.038 433 1.65 7500 5.1 x 107 22 % 1074
Molecular 4.14 25.9 107 15,700 26 x 1074 6.8 x 1073

of B. T. Draine 1978). We assume a constant cosmic-ray
ionization rate of 100 s~ (A. Dalgarno 2006; B. A. L. Gaches
et al. 2022), solar metallicity composition, and “turbulent” (i.e.,
kinematic) broadening of 100 km s~', which is designed to
reflect the velocity distribution of the outflow. We model the
[O1] fluxes at 63 and 145 pmin each simulated PDR by
solving the respective radiative transfer equation (T. G. Bisbas
et al. 2017).
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To obtain an estimate for the total column density of H nuclei,
Ny, we use three metrics: the peak intensity of the 145 pm line
(1145 pea); the total flux of the 145 yim line (F'145); and the ratio of
the 63 to 145 um line intensities (Is3/1145). We note that the peak
intensity is impacted by the instrumental resolution and we
convolve the model with the appropriate value at each
wavelength. From the results shown in Figure 11 we conclude
that for the higher FUV field cases that we consider to be the
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most relevant, values of Ny >~ 2 X 10" cm ™2 are favored. Given
the uncertainties in the line ratio induced by potential effects of
differential extinction, this ratio provides little constraint on the
volume density of the gas.

Following the methodology from Section 4.6.1 and adopting a
radius of 17" for the extent of the [O1]outflow, (68,000 au,
Routo 1= 0.33 pc), the mass in the [O I] outflow is estimated to be
Mou,01 = 0.038 M. To calculate the mass flux in this component
of the outflow we estimate the outflow crossing timescale, i.e., the
flow from the protostar to a radial distance of 0.33 pc. For this
we adopt a line-of-sight outflow speed of 43.3 kms ™', i.e., the
observed HWHM of the [O1] emission at 145 pum. As for the
ionized outflow traced by [O III], we also assume that the intrinsic
3D velocity is well represented by this value. Thus the outflow
timescale iS fou.01 = Routo1/Vouror = 7500 yr and the implied
mass flux is ritg 01 = 5.1 x 107° M., yr~!. The momentum in
the observed outflow aperture is estimated to be poywo 1 =
MoutO Vouto 1 = 1.6 Mo km s~ ! and the momentum outflow rate
is poor =22 x 1074 M km s~ yr.

Comparing again to the protostellar accretion rate estimated
from SED fitting, which has a value of ~9 x 10~* M, yr !,
and thus to the expected primary outflow mass injection rate of
~9 x 107> M, yr !, we see that the atomic component of the
outflow is <10% of the expected total mass flux of the primary
outflow.

4.6.3. The Molecular Outflow

To estimate the mass outflow rate of the molecular outflow, we
utilize the ALMA TP observations of the '2CO 2 — 1 line, which
have an angular resolution (half-power beamwidth) of 22"6. We
extract a spectrum from a beam area centered on the protostar,
with a radial extent of 2276, i.e., 90,000 au, or 0.44 pe. Utilizing
methodology from M. M. Dunham et al. (2014) and Y. Zhang
et al. (2019), we derive the outflow mass and momentum from
the TP spectral cube, excluding the inner &5 kms™'to avoid
confusion with any surrounding quiescent gas. We assume
optically thin emission, a '*CO abundance of 10~* with respect to
H, (M. A. Frerking et al. 1982; J. H. Lacy et al. 1994; J. Hatchell
et al. 2007), and an excitation temperature T, for the 2co
(2 — 1) transition of 17.5 K. This temperature provides the
minimum estimate for outflow mass. Picking a T, of 50.0 K,
which is generally the upper limit for mass estimates using low-J
CO transitions, would increase our estimates for mass by a factor
of 1.5. We calculate the outflow mass in each velocity channel and
then sum over the spectrum to obtain a total CO-traced outflow
mass of Moy mol = 4.14 M. We evaluate the mass-weighted mean
line-of-sight velocity to be 25.9kms " and again assume this
to be representative of the 3D velocity. The total momentum is
then estimated to be 107 M. kms '. The outflow timescale is
foutmol = Routmol/Voutmol = 15,700 yr. Thus the mass and
momentum fluxes in the molecular outflow are gy moi = 2.6 X
1074 M, yr~" and p o = 6.8 X 107> M, km s~ yr!.

Comparing to the other components, we see that the
molecular outflow appears to dominate the total mass flux,
being 3.1 times greater than the ionized component. However,
the momentum flux of the molecular outflow is about 2.5 times
smaller than that of the ionized component. The atomic
outflow is a very minor component in both metrics, between
~1% and 10% of the values for the molecular and ionized
components. These results imply that the ionized outflow
dominates the contribution of the total outflow force, albeit with
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a significant fraction, i.e., ~30%, being carried by molecular gas.
The relatively low velocity of the molecular gas and its
comparatively high mass flux rate suggest that it is primarily
composed of swept-up gas from the natal core envelope.

5. Conclusions

We have presented first results from the SOMA Atomic
Outflow Survey, which has used SOFIA /FIFI-LS to observe a
sample of massive protostars, in the [O1I]lines at 63 and
145 pm, the ionized [O II] line at 52 pm, and the CO line at
186 um. Here we have focused on the source G11.94, which
presents relatively strong [O III] emission. The main conclu-
sions of our investigation are as follows:

1. The massive protostar G11.94 exhibits strong ionized
and atomic oxygen lines with broad line widths:
~200 km s~ ! in [O111] and ~40—80 km s Vin [O1].

2. The kinematic distribution of the [OIIjand [OI]
emitting gas suggests a bipolar outflow with the red lobe
extending to the NE and the blue lobe to the SW. We infer
a P.A. for the blueshifted lobe of approximately —143°.

3. This ionized and atomic outflow is corroborated by
molecular emission in ALMA observations of 12CO,
13CO, CISO, H,CO, and CH;OH. From these observa-
tions, it appears that the blueshifted lobe of the molecular
outflow is more collimated than the brighter, wide
(~110°) angle redshifted outflow lobe.

4. LBT imaging in the NIR reveals a complicated
morphology. One interpretation is that NIR-bright
emission traces the base of wide-angle outflow cavities.

5. We have estimated a mass flux of the ionized outflow
that is about 10% of the accretion rate derived from
SED-fitted TCA models of the protostar. This suggests
that the primary outflow, i.e., outflow launched directly
from the disk, is dominated by the ionized outflow. This
is consistent with our estimates of the momentum flux of
the ionized outflow, which dominates over the atomic
and molecular components. However, the molecular
outflow dominates the total mass flux, suggesting it is
mainly composed of swept-up, secondary outflow gas.
The atomic outflow is subdominant in both mass and
momentum flux compared to the other components.

6. A dominant ionized protostellar outflow is the expected
signature of a very massive protostar in the later stages of
its growth, i.e., with a protostellar structure that has
contracted to near the ZAMS, leading to high rates of H
ionizing luminosity. The fact that the outflow is seen in
[O 11] line emission indicates that a photospheric temp-
erature of at least 37,000 K is required, i.e., to enable the
ionization of He to He™, which requires a ZAMS stellar
mass of at least ~30 M. Such a mass is consistent with
the results of SED fitting, i.e., my = 22.4fﬂM@,
although this estimate is subject to significant uncertain-
ties. Indeed, the presence of strong [O III] emission
places additional constraints on these models, helping
to break some of the degeneracy present in SED fitting.

7. Future observations are needed to confirm the above
conclusions. In particular, improved kinematic charac-
terization of the protostar is needed, e.g., a dynamical
mass estimate from accretion disk tracers using high-
resolution ALMA observations. Improved kinematic
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characterization of the molecular, atomic, and ionized
outflow is also needed, e.g., with ALMA and future far-
IR facilities, such as PRIMA.
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