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ABSTRACT

We present multi-wavelength images observed with SOFIA-FORCAST from ~10 to 40 um of seven
high luminosity massive protostars, as part of the SOFIA Massive (SOMA) Star Formation Survey.
Source morphologies at these wavelengths appear to be influenced by outflow cavities and extinction
from dense gas surrounding the protostars. Using these images, we build spectral energy distributions
(SEDs) of the protostars, also including archival data from Spitzer, Herschel and other facilities.
Radiative transfer (RT) models of Zhang & Tan (2018), based on Turbulent Core Accretion theory,
are then fit to the SEDs to estimate key properties of the protostars. Considering the best five
models fit to each source, the protostars have masses m. ~ 12 — 64 Mg accreting at rates of 1, ~
104~ 1073 M yr~—! inside cores of initial masses M, ~ 100 — 500 M, embedded in clumps with mass
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surface densities ¥ ~ 0.1 — 3 g cm ™2 and span a luminosity range of 10* — 10% L. Compared with
the first eight protostars in Paper I, the sources analyzed here are more luminous, and thus likely to
be more massive protostars. They are often in a clustered environment or have a companion protostar
relatively nearby. From the range of parameter space of the models, we do not see any evidence that
Y1 needs to be high to form these massive stars. For most sources the RT models provide reasonable
fits to the SEDs, though the cold clump material often influences the long wavelength fitting. However,
for sources in very clustered environments, the model SEDs may not be such a good description of
the data, indicating potential limitations of the models for these regions.

Keywords: ISM: jets and outflows — dust — stars: formation — stars: winds, outflows — stars: early-
type — infrared radiation — ISM: individual (G45.12+0.13, G309.92+0.48, G35.58-0.03,
TRAS 16562-3959, G305.20+0.21, G49.27-0.34, G339.88-1.26)

1. INTRODUCTION

Massive stars play a key role in the regulation of
galaxy environments and their overall evolution, yet
there is no consensus on their formation mechanism.
Theories range from Core Accretion (e.g., McLaughlin
& Pudritz 1996; McKee & Tan 2003 [MT03]) in which
massive stars form via a monolithic collapse of a mas-
sive core, to Competitive Accretion (e.g., Bonnell et al.
2001; Wang et al. 2010) in which massive stars have
most of the mass reservoir joining later and form hand in
hand with the formation of a cluster of mostly low-mass
stars, to Protostellar Collisions (Bonnell et al. 1998).
The confusion remains partly due to the difficulty of
observations towards massive star formation given the
typically large distances and high extinction of the re-
gions.

Outflows appear to be a ubiquitous phenomenon in
the formation of stars of all masses. They may limit
the formation efficiency from a core since they expel
material along polar directions. The resulting outflow
cavities have been proposed to affect the appearance of
massive sources in the mid-IR (MIR) up to ~40 pum
(De Buizer 2006; Zhang et al. 2013a) and this is seen
in radiative transfer (RT) calculations of the Turbulent
Core Model of MTO03 (e.g., Zhang et al. 2013b, Zhang
et al. 2014; Zhang & Tan 2018).

Motivated by the need of observations of a larger sam-
ple of massive protostars to test theoretical models of
massive star formation, we are carrying out the SOFIA
Massive (SOMA) Star Formation Survey (PI: Tan). The
overall goal is to obtain ~ 10 to 40 um images with the
SOFIA-FORCAST instrument of a sample of 2 50 high-
and intermediate-mass protostars over a range of evo-
lutionary stages and environments, and then compare
the observed spectral energy distributions (SEDs) and

1 SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NAS2-97001,

image intensity profiles with theoretical models. The
results and SED analysis of the first 8 sources of the
survey have been published by De Buizer et al. (2017)
(hereafter Paper I).

In this paper, we now present the next seven most
luminous protostars from the sample of completed ob-
servations, which are expected to be the highest-mass
protostars. In this work we still focus on the SED anal-
ysis. Comparison with the image intensity profiles will
be presented in a future paper. The observations and
data used are described in §2. The analysis methods are
described in §3. We present the MIR imaging and SED
fitting results in §4 and discuss these results and their
implications in §5. A summary is given in §6.

2. OBSERVATIONS
2.1. SOFIA Data

The following seven sources, listed in order of de-
creasing isotropic bolometric luminosity, were observed
by SOFIA' (Young et al. 2012) with the FOR-
CAST instrument (Herter et al. 2013) (see Table 1):
G45.12+0.13; G309.924-0.48; G35.58-0.03; IRAS 16562-
3959; G305.20+0.21; G49.27-0.34; G339.88-1.26.

SOFIA data were calibrated by the SOFIA pipeline
with a system of stellar calibrators taken across all
flights in a flight series and applied to all targets within
that flight series (see also the FORCAST calibration pa-
per by Herter et al. 2013). Corrections were also made
for the airmass of the sources. The main uncertainty in
the SOFIA calibrations is caused by the apparent vari-
ability in the flux of the standard stars throughout the
flight and from flight to flight due to changing atmo-
spheric conditions. The calibration error is estimated to
be in the range ~ 3% - 7%.

and the Deutsches SOFIA Institute (DSI) under DLR contract 50
OK 0901 to the University of Stuttgart.
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Table 1. SOFIA FORCAST Observations: Observation Dates & Exposure Times (seconds)

Source R.A.(J2000) Decl.(J2000)  d (kpc) Obs. Date 7.7pm 19.7puym 31.5um 37.1 um
G45.12+0.13 19"13™275859  +10°53'36"645 7.4 2016 Sep 17 2443 882 623 1387
G309.9240.48 13h50™415847  —61°35'10740 5.5 2016 Jul 14 291 828 532 1691

G35.58-0.03 18"56™223563  +02°20'277660 10.2 2016 Sep 20 335 878 557 1484
IRAS 16562-3959  16"59™41363  —40°03'43”61 1.7 2016 Jul 17 1461 772 502 1243
G305.20+0.21 13"11™10%49 —62°34/38"'8 4.1 2016 Jul 18 1671 763 539 1028
(G49.27-0.34 197230661 +14°20'1270 5.55 2016 Sep 20 290 716 664 1307
(339.88-1.26 16"52m04367 —46°08'34"16 2.1 2016 Jul 20 1668 830 527 1383

NoTE— The source positions listed here are the same as the positions of the black crosses denoting the radio continuum peak
(methanol maser in G305.20) in each source in Figures 1, 2, 4, 6, 7, 9, 10. The ordering of the sources is based on their
isotropic luminosity estimate from high to low (top to bottom). Source distances are from the literature, discussed below.

2.2. Other IR Data

For all objects, data were retrieved from the Spitzer
Heritage Archive from all four IRAC (Fazio et al. 2004)
channels (3.6, 4.5, 5.8 and 8.0 um). In some cases, the
sources are so bright that they are saturated in the IRAC
images and so these could not be used to derive accurate
For TRAS 16562, we used unsaturated WISE
archival data (3.4 pm and 4.6 um) as a substitute.

We also incorporated publicly-available imaging ob-
servations performed with the Herschel Space Observa-
tory” (Pilbratt et al. 2010) and its PACS (Poglitsch et
al. 2010) and SPIRE (Griffin et al. 2010) instruments
at 70, 160, 250, 350 and 500 pm.

In addition to using these data for deriving multi-
wavelength flux densities of our sources, the Spitzer
8 um and Herschel 70 pm images are presented for com-
parison with our SOFIA images in §4.1. We note that
the data being analyzed here were typically collected
within a time frame of about 10 years (i.e., for the
Spitzer, Herschel, and SOFIA observations).

We also present previously unpublished Gemini 8-m
data taken with the instrument T-ReCS (De Buizer &
Fisher 2004) for sources G309.92, G35.58, and G305.20.
For both G309.92 and G35.58, only 11.7 um data were
taken, with on-source exposures times of 304s and 360s,
respectively. For G305.20, we have images through ten
T-ReCS filters from 3.8 pum (L-band) to 24.5 pm, all with

fluxes.

2 Herschel is an ESA space observatory with science instru-
ments provided by European-led Principal Investigator consortia
and with important participation from NASA. The Herschel data
used in this paper are taken from the Level 2 (flux-calibrated) im-
ages provided by the Herschel Science Center via the NASA /TPAC
Infrared Science Archive (IRSA), which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under
contract with NASA.

an exposure time of 130s. Most T-ReCS filters have
modest flux calibration errors (for MIR observations)
with standard deviations between 2 and 10%. For in-
stance, the 11.7 ym filter has a 1-sigma flux calibra-
tion error of 3%. Flux calibration through certain fil-
ters, however, is more difficult due to the presence of
various atmospheric absorption lines contaminating the
filter bandpass, some of which can be highly variable.
Those filters most affected are the 7.7 um (21%), 12.3
m (19%), 18.3 m (15%), and 24.6 m (23%) filters (De
Buizer et al. 2005).

NIR images from the VISTA/VVV3 (Minniti et al.
2010) and the WFCAM /UKIDSS (Lawrence et al. 2007)
surveys are also used to investigate the environments of
the protostellar sources and look for association with the
MIR counterparts.

2.3. Astrometry

The absolute astrometry of the SOFIA data comes
from matching the centroids of point sources in the
SOFIA 7pum image with the Spitzer 8 um image (or
shorter IRAC wavelength, if saturated at 8 ym). The
relative astrometry between the four SOFIA images is
reduced to be better than 0.4”, which is around half
a FORCAST pixel. Thus the astrometry precision is
about 0.1”for the SOFIA 7 pm image and 0.4” for longer
wavelength SOFIA images. The Herschel data can also
be off in their absolute astrometry by up to 5”. For all
targets in this survey, we were able to find point sources
in common between the Herschel image and sources
found in the SOFIA or Spitzer field of view that al-
lowed us to correct the Herschel absolute astrometry.
The astrometry is then assumed to have errors of less
than 1”.

The Gemini images are calibrated using the Spitzer
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data and the astrometry precision is better than ~ 0.2".
The archival WISE data and NIR data from the VVV
survey and the UKIDSS survey were calibrated using
2MASS point source catalog and should have a posi-
tional accuracy < 0.1”.

3. METHODS
3.1. SED Construction

We follow the methods in Paper I and use PHOTU-
TILS, a Python package, to measure the flux photome-
try. When building the SEDs, we try two different meth-
ods. One is using fixed aperture size for all wavelengths,
which is our fiducial case. The aperture size is mainly
based on the Herschel 70 pm image, which is typically
close to the peak of the SED, in order to capture the
most flux from the source, while minimizing contamina-
tion from other sources. We assume this is the “core”
scale from which the protostar forms as described in the
Turbulent Core Model (MT03). If there is no Herschel
data available, we use the SOFIA 37 pum image to deter-
mine the aperture size. Sometimes we see multiple IR
peaks in the aperture at shorter wavelengths, but with-
out corresponding resolved structures at longer wave-
lengths, as in G45.12, G309.92, G35.58, and G49.27.
This is a combined effect of larger beam sizes at the
longer wavelengths and the fact that the emission from
the secondary sources appears to be weaker at longer
wavelengths. Note that due to the limited size of the
field of view of the Gemini images, even for the fixed
aperture method, we adopt an aperture radius of 9”,
9”, and 10” for the photometry of the Gemini images
of G309.92, G35.58 and G305.20, respectively, which
are the largest aperture sizes possible to allow for back-
ground subtraction in each image.

The alternate method is to use variable aperture sizes
for each wavelength < 70 pm. In this case, we typically
use smaller apertures at shorter wavelength to exclude
secondary sources that appear resolved from the main
massive protostar in the fiducial aperture in the Spitzer
and SOFIA images and compare the effects on the SEDs.
The aperture is always centered at the radio continuum
source (or the location of the methanol maser if there is
no radio emission as in G305.20), where we assume the
protostar is located.

After measuring the flux inside the aperture, we carry
out background subtraction using the median flux den-
sity in an annular region extending from 1 to 2 aper-
ture radii, as in Paper I, to remove general background
and foreground contamination and the effect of a cooler,
more massive clump surrounding the core at long wave-
lengths. The aperture radii are typically several times
larger than the beam sizes for wavelengths < 70 pum
(and by greater factors for the fixed aperture method

that uses the 70 pm aperture radii across all bands).
At wavelengths > 70 pm, the fixed aperture radius set
at 70 pm is always used, and the aperture diameter is
still usually larger than the image resolution (except for
G305.20 whose fixed aperture diameter becomes similar
to the resolution at the longest wavelength 500 pm).

3.2. Zhang & Tan Radiative Transfer Models

We use Zhang & Tan (2018, [ZT18]) radiative trans-
fer (RT) models (hereafter ZT models) to fit the SEDs
and derive key physical parameters of the protostars.
In a series of papers, Zhang & Tan (2011), Zhang et
al. (2013b), Zhang et al. (2014) and ZT18 have devel-
oped models for the evolution of high- and intermediate-
mass protostars based on the Turbulent Core Model
(MT03). In this model, massive stars are formed from
pre-assembled massive pre-stellar cores, supported by
internal pressure that is provided by a combination of
turbulence and magnetic fields. With various analytic
or semi-analytic solutions, they calculate the properties
of a protostellar core with different components, includ-
ing the protostar, disk, infall envelope, outflow, and
their evolutions, self-consistently from given initial con-
ditions. The main free parameters in this model grid are:
the initial mass of the core M,; the mass surface density
of the clump that the core is embedded in Y.j; and the
protostellar mass, m., which indicates the evolutionary
stage. In addition, there are secondary parameters of in-
clination angle of line of sight to the outflow axis, Oyiew,
and the level of foreground extinction, Ay .

The evolutionary history of a protostar from a given
set of initial conditions (M, and X)) is referred to as an
evolutionary track, and a particular moment on such a
track is a specified m,. Therefore the model grid is of
three dimensions (M.-¥.-m.), including the entire set
of tracks. Currently, M, is sampled at 10, 20, 30, 40,
50, 60, 80, 100, 120, 160, 200, 240, 320, 400, 480 Mg,
Y is sampled at 0.1, 0.32, 1, 3.2 g cm ™2, forming 60
evolutionary tracks. Then m, is sampled at 0.5, 1, 2, 4,
8, 12, 16, 24, 32, 48, 64, 96, 128, 160 M. Note that not
all of these m, are sampled for each track. In particular,
the maximum protostellar mass is limited by the final
stellar mass achieved in a given evolutionary track. As
a result, there are 432 different physical models defined
by different sets of M., ¥ and m,.

There are several things to note about the mod-
els. First, the models describe one protostar forming
through monolithic collapse from the parent core. The
formation of binary and multiple systems is not included
in the models. Second, compared with the Robitaille et
al. (2007) RT models that mostly focus on lower-mass
protostars, the ZT18 model grid has broader parameter
space relevant to high pressure, high density and thus
high accretion rate conditions of massive star formation,
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while keeping the number of free parameters low. Third,
the models do not explicitly include the clump com-
ponent, which contributes to foreground extinction at
short wavelengths and additional emission at long wave-
lengths. The former effect is compensated for by the
free parameter Ay . The latter effect requires the model
grid fitting to be done on clump-envelope-background-
subtracted SEDs. Fourth, the aperture scale for the
measured SED is not considered in the fitting process.
The predicted SEDs in the model grid are total SEDs,
which include modest contributions from parts of the
outflow that extend beyond the core. We assume with
the aperture adopted we also measure the total emis-
sion from the protostar and ideally the models that de-
scribe that observed SED best would predict a simi-
lar scale (this can be checked after the fitting results
are returned). Fifth, PAH emission and thermal emis-
sion from transiently (single-photon) heated very small
grains at < 8 pm is not modeled, and so our method is
to use the SEDs at these wavelengths as upper limits.
Lastly, while the general trends of the features of the
SEDs are determined by the initial/environmental con-
ditions and evolution, some detailed features, such as
the peak wavelength and long-wavelength spectral in-
dex, may be affected by the particular dust models used
in the radiative transfer simulations.

3.3. SED Fitting

When fitting the SEDs to the models, we use our
fiducial case, i.e., using fixed aperture size for all wave-
lengths, and set data points at wavelengths < 8 pym as
upper limits since the effects of PAH emission and ther-
mal emission from very small grains are not included
in the ZT RT models. For G309, the Spitzer 4.5 pm,
5.8 yum and 8 pum data have a ghosting problem. For
G45.12 and IRAS 16562 all Spitzer data have ghosting
problems. Thus we do not use these data for the SED fit-
ting. The error bars are set to be the larger of either 10%
of the clump background-subtracted flux density to ac-
count for calibration error, or the value of the estimated
clump background flux density (see §3.1), which is used
for background subtraction, given that order unity fluc-
tuations in the surrounding background flux are often
seen.

The fitting procedure involves convolving model SEDs
with the filter response functions for the various tele-
scope bands. Source distances are adopted from the lit-
erature. For each source, we present the five best-fitting
models. Again we note that the SED model fitting per-
formed here assumes that there is a single dominant
source of luminosity, i.e., effects of multiple sources, in-
cluding unresolved binaries, are not accounted for. This
is a general limitation and caveat associated with this
method as discussed in Paper L.

4. RESULTS

The types of multi-wavelength data available for each
source, the flux densities derived, and the aperture sizes
adopted are listed in Table 2. F) g« is the flux density
derived with a fixed aperture size and F) var is the flux
density derived with a variable aperture size. The value
of flux density listed in the upper row of each source is
derived with background subtraction, while that derived
without background subtraction is listed in brackets in
the lower row. The SOFIA images for each source are
presented in §4.1. General results of the SOFIA imaging
are summarized in §4.2. The SEDs and fitting results
are presented in §4.3.

4.1. Description of Individual Sources

In this section we describe the MIR, morphology of
each source and also try to identify the nature of the
structures revealed by our SOFIA or Gemini imaging,
together with archival NIR data and other data from
the literature.

4.1.1. G45.12+0.13

This UC HII region, also known as TRAS 19111+1048,
has a measured far kinematic distance of 7.4 kpc (Gins-
burg et al. 2011). The radio morphology of this region
shows a highly inhomogeneous ionized medium (Vig et
al. 2006), which is consistent with the extended MIR
morphology revealed here in Figure 1. Vig et al. (2006)
proposed the source is an embedded cluster of Zero
Age Main Sequence (ZAMS) stars with twenty compact
sources, including one non-thermal source, identified by
their radio emission. The central UC HII source S14 is
deduced to be of spectral type O6 from the integrated
radio emission. They also found there are two NIR ob-
jects, IR4 and IR5, within the S14 region, while IR4 is
at the peak of the radio emission and matches the OH
maser position obtained by Argon et al. (2000). We
see that most sources revealed at 8ym and 37pm in the
central region have counterparts in NIR bands (see Fig-
ure 12), which also indicates that this site is probably a
protocluster.

An extended bipolar outflow is revealed in CO(2-
1), CO(3-2), CO(6-5), 13CO(2-1) and C*0O(2-1) by
Hunter et al. (1997). Higher resolution *CO(1-0) ob-
servations resolve the system into at least two outflows.
The highest velocity outflow appears centered on the
UC HII region S14. The additional bipolar outflow was
identified with a dynamical center lying offset (-8”, -3")
from S14, named “G45.124+0.13 west” by Hunter et al.
(1997). Hunter et al. (1997) argued that G45.1240.13
west most likely represents dust emission from a younger
or lower-mass protostar that formed during the same
epoch as the ionizing star of S14. They also argued the
absence of H,O masers in the G45.12+0.13 cloud core
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Table 2. Integrated Flux Densities

Facility XA Fixsix® Favar® Rap® Fafix Fa,var Rap Fa fix Fa,var Rap Fx fix Fa,var Rap Fx,fix Fx,var Rap Fa,fix Fx,var Rap Fa fix Fa,var Rap
(vm) (Jy)  Uy) () Gy) Gy) () Gy) Oy) () Gy) Gy) () Oy) Gy) () Gy) Gy) () QGy) Jy) (1)
Gi5.1210.13 G300.9210.48 _ G35.58-0.08 TRAS 16562 C305.2010.21  G40.27-031 _ G339.88-1.26
WISE 34| .. m”mwv %Hmwv 12.0
Spitzer/IRAC 3.6 AWHMMV Am”wwv 12.0 m”wwv mummv 6.0 %wav Am”mwv i AWMMV %HMNV 46 Amuwmv %”mwv i mu%v Am”wmv 12.0
Gemini/T-ReCS 3.8 | ... %”mwv %“mwv 2.0
Spitzer/IRAC 4.5 Awwwv Awummv 12.0 AMHWMV AWHWWV 6.0 %wav %HWV 60/ o Awummv Awwmv 46 %wav %wav T Awmwv Awmw 12.0
WISE 46| .. AMHMWV %HMMV 12.0
Gemini/T-ReCS 4.7 | ... Awuwwv Awmwv 2.0
Spitzer/IRAC 5.8 mwmwv AWM”WMV 12.0 mwwwmvmwmv:.a Awww Amwwmv i Amwwwv AM”WMV 46 Awuwwu m“wwv i
SOFIA/FORCAST 7.7 m@ow%@w Awm”mv 12.0 mw”mwxwwwmvz.m Amumwv %Hmwv 6.0 AmwwwvAmw”mwvs.omwuwmvmwwmu 4.6 m”wmv m”mwv 7 mw%: m”mwv 6.0
Gemini/T-ReCS 7.9 | ... %%%mvmwumwu 2.0
Spitzer/IRAC 8.0 ANHMMV Aww”wwv 12.0 mw”mwxwmummvi.u Awuwwv %”MMV e mw”mwv Aw“wmv 4.6 Awuwwv m”wmv T
Gemini/T-ReCS 8.8 | ... mw”wwvmwuww 2.0
Gemini/T-ReCS 9.7 | ... mwuwwvmwumw 2.0
Gemini/T-ReCS  10.4| ... Awmumwxwwumv 2.0
i P ) L N AP
Gemini/T-ReCS 12.3| ... Amwmwxwmmmv 2.0
Gemini/T-ReCS 18.3| ... mw\w mmwc 2.0
SOFIA/FORCAST 19.7 m%wv Awmmv 12.0 Awwmv Awwwv S.omwumwmwuwmv 70 Awww Awmv 12.0 mmmv mww 4.6 Awumwc AWHWWV :.o%muwwxwmuwmv 6.0
Gemini/T-ReCS 24.5| ... Mwwv ﬁwmwv 2.0
SOFIA/FORCAST 31.5 Awmmv mwmw 12.0 mmmmv mwmmvs.o AWWMV m%v T mmwwv mwwwv 16.9 %wmv AWMWV T AMNHWM:MHMME.O Ammv Awwwv T
SOFIA/FORCAST 37.1 mmmv Awmmw 120 mmmwv mwmwvz.o Awww Awmwv T Awmwwu mwww 16.0 Awwwv AMWMV T Ammmmxwwww:.omwmmv Amwwv T
Herschel/PACS  70.0 Amwmwv Amwmwv 48.0 Awwmwv Awwmwvww.ommwwv mwwwvmm,@ mmwwv mmwwva.o Awwwv Awwwv Mm.mmmwmv Awmwmvwwc
Herschel/PACS 160.0 Awwwwv MNMV 48.0 Awmwwv mmmwv 32.0 ﬁ@w@m& G@H@%& 2.6 - Gmowwv G@owwv 16.0 Gmw%mv AHmHmowvmm.m Awmmwv Awmmmv 32.0
Herschel/SPIRE 250.0 mwmmu mwmmu 48.0| .. .. .. Awmwv Awmwv 25.6] .. . . AMWWV Amwwv 16.0 %wwv %wmv 28.8
Herschel/SPIRE 350.0 Awmwv Awmwv 48.0 ﬁwmwv Awwmv 32.0 mwwu mwwv 25.6 .. .. .. ﬁmowv Gwowv 16.0 mmwv Awwwu 28.8
Herschel/SPIRE 500.0 mmwv mmwv 48.0 :mwomv Gmmowv wm.oﬁwmwwxmmummmm.m mwwc AWWMV wm.ommumwvAMMHMWVa.oﬁwmnwwxwwwwmm.m

2 Flux density derived with a fixed aperture size of the 70 pm data.
b Flux density derived with various aperture sizes.

¢ Aperture radius.

NoTeE—The value of flux density in the upper row is derived with background subtraction. The value in the bracket in the lower line is flux density derived without background subtraction.
F fix of the Gemini images of G309.92, G35.58 and G305.20 are derived with an aperture radius of 9", 9”, and 10", respectively. See more detail in §3.1.
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G45.12+0.13

30

54'00"

Dec (J2000)

30

+10°53'00"

40=12.80; 2.03; 1.80 50=22.50; 2.50; 34.37

30

54'00"

Dec (J2000)

30

+10°53'00"

70=81.90; 2.26; 55.71 70=94.50; 2.23; 57.23
32s 30s 28s 26s 19h13m24s 32s 30s 28s 26s 19h13m24s 32s 30s 28s 26s 19h13m24s
RA (J2000) RA (J2000) RA (J2000)

T 1
0.001 0.010 0.100 1.000

Figure 1. Multi-wavelength images of G45.1240.13 with facility and wavelength given in upper right of each panel. Contour
level information is given in lower right: lowest contour level in number of o above the background noise and corresponding value
in mJy per square arcsec; then step size between each contour in logio mJy per square arcsec, then peak flux in Jy per square
arcsec. The color map indicates the relative flux intensity compared to that of the peak flux in each image panel. The pink
dashed circle shown in (f) denotes the aperture used for the fiducial photometry. Gray circles in the lower left show the resolution
of each image. The black cross in all panels denotes the peak position of the 6 cm continuum at R.A.(J2000) = 19"13™275859,
Decl.(J2000) = +10°53'36"645 from Wood & Churchwell (1989). The x sign marks the suspected origin, G45.12+0.13 west, of
one of the *CO(1-0) outflows described in Hunter et al. (1997). The lines in panel (a) show the orientation of outflow axes,
with the solid spans tracing blue-shifted directions and dashed spans red-shifted directions. In this case, the outflow axis angles
are estimated from the **CO(1-0) emission described in Hunter et al. (1997). The cyan dots in panel (a) mark the 1.28 GHz
radio continuum sources extracted in Vig et al. 2006.
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suggests that both of the outflow sources have evolved
beyond the HoO maser phase.

In our SOFIA images we see MIR to FIR emission
peaking at the S14 position. We do not see a distinct
source at the position of G45.12+0.13 west, though the
MIR extension to the southwest of S14 could be due to
the two blue-shifted outflows, which are also revealed in
NIR (see Figure 12). There is a MIR peak ~ 7.7"to the
SE of S14, which is best revealed at 19 um and further
down ~ 22”to the SW of S14 there is another MIR, peak.
The closer one is seen in all J, H, K bands while the fur-
ther one is seen in H and K bands as shown in Figure 12.
They could be more evolved low-mass protostars.

4.1.2. G309.92+0.48

This region is located at a distance of 5.5 kpc (Mur-
phy et al. 2010). The MIR emission in this area was re-
solved into 3 sources with the CTIO 4-m at 10.8 ym and
18.2 um, labeled 1 through 3 (see Figure 2 in De Buizer
et al. 2000). In addition to these sources, our Gemini
11.7 pm data also shows three additional fainter point-
sources, as shown in Figure 3, which we label 4 through
6. Note that all the sources that appear in the Gemini
field in Figure 3 are located within the northern patch
revealed by SOFIA 7.7 pym in Figure 2.

Source 1 is the brightest source in the MIR and is co-
incident with a cm radio continuum source believed to
be a HC HII region (Phillips et al. 1998; Murphy et
al. 2010). Our Gemini 11.7 pm image resolves Source
1 into two components as shown in Figure 3, which we
name 1N and 1S. Since both sources are elongated at
the same position angle, it may be that the dark lane
between them is an area of higher obscuration. In fact,
the radio continuum emission at 8.6 GHz (Walsh et al.
1998, Philips et al. 1998) and 19 GHz (Murphy et al.
2010) towards Source 1 shows a peak nearly in between
mid-infrared Source 1N and 1S, possibly tracing the lo-
cation of the highly embedded protostar. Both of the ra-
dio observations of Philips et al. (1998) and Murphy et
al. (2010) show elongation in the same direction as the
MIR-dark lane. However, in both cases the beam pro-
file is also elongated in the same direction. The 8.6 GHz
observations of Walsh et al. (1998) have similar resolu-
tion and a nearly circular beam, and do not show any
elongation.

OH and Class II methanol masers are found to be
distributed along an arc centered near the primary ra-
dio continuum peak (see inset in Figure 3) with increas-
ingly negative line-of-sight velocities from north to south
(Caswell 1997). Norris et al. (1993) considered this
site to have a well-defined methanol maser velocity gra-
dient and forwarded the idea that they are tracing a
near-edge-on circumstellar disk. The MIR morphology
seen in the Gemini data do not appear to support this

idea. If the dark lane between elongated Sources 1N and
1S is indeed the location of the protostar as the radio
peak suggests, then the morphology at 11.7 ym would be
best explained as the emission from the walls of outflow
cavities or flared disk surfaces, with the dark lane rep-
resenting a nearly edge-on, optically-thick (in the IR),
circumstellar disk. This disk plane would be perpen-
dicular to the methanol maser distribution. Thus the
Class II methanol masers may be coming from a region
which experiences both strong shocks, but also a strong
radiation field, which enables radiative pumping of the
masers. To help infer the outflow orientation, De Buizer
(2003) observed the field for signs of Hy emission, how-
ever, none was detected (note, however, that this Ha
survey was relatively shallow). We could not find any
additional outflow information about this region. Note
that the extension of the central source in the Spitzer
8 um image and the stripes in the SOFIA 31 uym and
37 pm images in Figure 2 are artifact features caused by
very bright sources on the array.

With the NIR VVV data, we find there is little to no
NIR emission from 1N, which suggests that it is the most
obscured source seen in the MIR. In the J-band there is
a compact emission source ~2"" NE of the peak of Source
1N in the direction of Source 2, but no emission directly
coming from Source 1N or 1S. The H-band image shows
a source in this same location, but with the addition
of an extended source with a peak coincident with 1S,
and a “tail” to the SE. At Ks, there is only an extended
source with a peak at 1S, and extended emission in the
same direction as the tail seen in H-band, with emis-
sion also extending NE towards 1N. Source 2 lies to the
northeast of Source 1 at a position angle of 53°. Both
Source 1 and 2 are seen at 8.6 GHz by Phillips et al.
(1998) and in the NIR by Walsh et al. (1999). With the
NIR VVYV data, we find that Sources 2 and 3 are also
seen at J, H and Ks. Source 6 is also seen at J, H, and
Ks, Source 4 is seen at H and Ks, but Source 5 is not
detected in the NIR. In our 7.7 um SOFIA data we see
fingers of emission reaching the area around Sources 3
and 5, as well as Source 6, though these are not detected
at longer wavelengths in the SOFIA data.

In the larger field of view of the SOFIA data, we detect
another extended (r~5") emission region ~18"” south of
Source 1 at all SOFIA wavelengths. The nature of this
region is unknown, however.

4.1.3. G35.58-0.038

The star-forming region G35.58-0.03 is located at the
far kinematic distance of 10.2 kpc (Fish et al. 2003;
Watson et al. 2003). Kurtz et al. 1994 resolved the
2cm and 3.6 cm continuum emission here into two UC
HIT regions ~2" apart, with the western source named
(G35.578-0.030 and the eastern source named G35.578-
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Figure 2. Multi-wavelength images of G309.92+0.48, following the format of Figure 1. The black cross in all panels denotes the
peak position of the 8.6 GHz radio continuum estimated from Figure 5 in Philips et al. (1998) at R.A.(J2000) = 13"50™415847
(£0%015), Decl.(J2000) = —61°35'10"40 (£0”12). Note that the extension of the central source to the southwest in panel (a)
is a ghosting effect, and not a real structure. The stripes in panel (d) and (e) are also artifact features caused by very bright

point sources on the array.

0.031. G35.578-0.030 contains water and OH masers,
but no methanol masers (Caswell et al. 1995). Zhang
et al. (2014) found that there is an ammonia clump
peaked co-spatially with their observed 1.3 cm radio con-
tinuum peak, which is ~0.4" north of the 2 cm peak of
G35.578-0.030 (Kurtz et al. 1994; 1999). H30« shows
evidence of an ionized outflow connecting to a molecular
outflow seemingly centered on the radio continuum peak
of G35.578-0.030. Only faint 1.3 cm continuum emission
was found from the eastern source, G35.578-0.031, and
no signs of outflow or ammonia emission.

De Buizer et al. (2005) presented ~0.6" resolution
MIR images of this region at 10 and 20 pm, which
showed a single source with some extension to the north-
west. Due to poor astrometry of the data, it was unclear
which UC HII region the mid-infrared emission was as-
sociated with. They argued that, due to the fact that
the western source, G35.578-0.030, appears to have a

similar extension to the northwest at 3.6 cm as seen by
Kurtz et al. (1999), that the MIR emission is likely to
be associated with that source.

Our data obtained at 11.7pum from Gemini with
~0.3" resolution further resolve the MIR emission into
a main bright peak with two fingers of extended diffuse
emission to the north and northwest. Using Spitzer 8 um
images to confirm our astrometry, it is revealed that the
MIR peak is not associated with the western UC HII
region, but instead the eastern UC HII region, G35.578-
0.031 (see Figure 5). The relative astrometric error be-
tween the Gemini 11.7 ym image and the radio data is
better than 0.3”. No MIR emission is detected at the
location of G35.578-0.030 out to 37 um. The MIR peak
is, however, close to the location of the redshifted out-
flow cavity of G35.578-0.030 seen in CO(2-1) by Zhang
et al. (2014). However, if high extinction was causing
the general lack of MIR emission from G35.578-0.030,
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Figure 3. (309.92-0.48: color image is the Gemini 11.7

pm image, with IR source names labeled. The white con-
tours are the SOFIA 37 um data. The cross shows the peak
location of the 8.6 GHz radio continuum source of Phillips et
al. (1998). The resolution of the Gemini data is given by the
gray circle in the lower left. The inset shows a close-up of
Source 1 at 11.7 pm, which is resolved into two components
labeled 1N and 1S. The radio continuum peak is again shown
as the cross, and the stars represent the locations of the 6.7
GHz methanol masers which form an arc-shaped distribu-
tion. Astrometry between the radio masers (and continuum
peak) and the 11.7 um image is better than 0.2"”. Note that
all the sources that appear in the Gemini field here are lo-
cated within the northern patch revealed by SOFIA 7.7 pm
in Figure 2.

it seems unlikely that the MIR emission we are seeing
would come from the even more extinguished red-shifted
outflow cavity of G35.578-0.030. It is more plausible
that the MIR emission is coming solely from the eastern
UC HII region, G35.578-0.031.

Our SOFIA images of this region (Figure 4) show a
bright source peaked at the location of G35.578-0.031
and extended slightly to the northwest, as is seen in
the higher spatial resolution Gemini 11.7 um image Fig-
ure 5. The nature of this extension is unclear, since the
outflow seen by Zhang et al. (2014) has an axis ori-
ented east-west. A second compact source is detected in
our SOFIA data (and in the Spitzer-IRAC data) located
~10" to the east of G35.578-0.031. There is also a hint
of MIR extension to the west, which may be due to the
outflow.

The eastern MIR source seen in the SOFIA data has
a counterpart at K-band as can be seen from Figure 12.
Thus it may be a more evolved protostar, closer to the
end of its accretion. From the NIR image (see Fig-
ure 12) there are at least two K-band sources within
the highest contour of the 37 um emission. The south-
ern K-band source is associated with the peak at 8 um
and the main bright peak at 11.7 ym, while the northern
K-band source has some overlap with the northern fin-
ger in Gemini 11.7 ym image (not shown here). There
could be one or two lower luminosity companion sources
in that region together with the southern main massive

protostar, but they are not well resolved in the MIR and
FIR.

4.1.4. IRAS 16562-3959

This source (also known as G345.49+41.47) is located
at a distance of 1.7 kpc (Guzmén et al. 2010). It is be-
lieved that the massive core hosts a high-mass star in an
early stage of evolution, including ejection of a powerful
collimated outflow (Guzmdn et al. 2010). Guzmén et
al. (2010) carried out ATCA observations to reveal five
6 cm radio sources: a compact bright central (C) com-
ponent, two inner lobes that are separated by about 7”
and symmetrically offset from the central source, and
two outer lobes that are separated by about 45" (see
Figure 4 in Guzman et al. 2010). The central radio
source has a 3mm counterpart, source 10 in Guzmén
et al. (2014), and an X-ray counterpart, source 161 in
Montes et al. (2018), and is associated with OH maser
emission (Caswell 1998, 2004). It is interpreted as a HC
HII region based on hydrogen recombination line (HRL)
observations (Guzmén et al. 2014). The continuum at
218 GHz and CH3CN(12-11) (methylcyanide) observa-
tions by Cesaroni et al. (2017) revealed that the cen-
tral source 10 actually consists of two peaks. The four
other symmetrically displaced sources are interpreted as
shock-ionized lobes (Guzmaén et al. 2010) and are ob-
served to move away from the central source at high
speed (Guzmén et al. 2014).

On the other hand, the molecular observations of
CO(6-5) and CO(7-6) show the presence of high-
velocity gas exhibiting a quadrupolar morphology
(Guzmaén et al. 2011), most likely produced by the pres-
ence of two collimated outflows, one major outflow lying
with a southeast-northwest (SE-NW) orientation, and
the other with a N-S orientation, which may come from
the unresolved mm source 13 in Guzman et al. (2014)
to the east of the central source. The SE-NW molecu-
lar outflow is aligned with the string of radio continuum
sources. Extended Ks-band emission probably tracing
excited Hs-2.12 pm is also associated with the SE-NW
flow.

In Guzmén et al. (2014), the molecular core in which
the outflow is embedded presents evidence of being in
gravitational contraction as shown by the blue asymmet-
ric peak seen in HCO™ (4-3). The emission in the SO,
3480, and SO lines exhibits velocity gradients inter-
preted as arising from a rotating compact (~ 3000 AU)
molecular core with angular momentum aligned with the
jet axis. Lépez-Calderén et al. (2016) reported *CO(3—
2) APEX observations of this region and showed that
the high-mass protostellar candidate is located at the
column density maximum. Montes et al. (2018) de-
composed the wider region into 11 subclusters with re-
sults from Chandra X-ray observations together with
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Figure 4. Multi-wavelength images of G35.58-0.03, following the format of Figure 1. The black cross in all panels denotes the
peak position of the UC HII region G35.578-0.031 from Kurtz et al. (1994) 2cm radio continuum emission at R.A.(J2000) =

18"56™22:644, Decl.(J2000) = +02°20'27"559.

VISTA/VVV and Spitzer-GLIMPSE catalogs and the
subcluster containing the high-mass protostar was found
to be the densest and the youngest in the region with
the high-mass protostar located near its center.

In our MIR images, the extended IR emission is likely
tracing the illuminated inner outflow cavity containing
the jet. There are two knots to the northeast of the cen-
tral source revealed by SOFIA. The closer knot located
~15" NE of the central source is associated with the
92.3 GHz peak 18 in Guzmén et al. (2014), as well as a
K-band source (see Figure 12). It may correspond to the
X-ray source 178 in Montes et al. (2018). There is OH
maser emission (Caswell 1998, 2004), but no radio con-
tinuum emission detected. Thus it may be a low-mass
protostar. The farther knot, located ~36" northeast of
the central source, has counterparts in all of the J, H, K
bands. We did not find any associated X-ray source for
this knot in the Montes et al. (2018) sample.

4.1.5. G305.20+0.21

(G305.204+0.21 is a massive star-forming region located
at a distance of 4.17}2 kpc from parallax of 6.7 GHz
methanol masers (Krishnan 2017). Class II methanol
(CH30H) masers were reported in two positions by Nor-
ris et al. (1993): G305.214+0.21 and G305.204-0.21 sep-
arated by approximately 22”. Walsh & Burton (2006)
refer to these maser sites as G305A and G305B, respec-
tively, and we will adopt that nomenclature here.

The brightest MIR source appears to be associated
with the methanol masers of G305B, but does not pos-
sess detectable radio continuum emission (below a 40
detection limit of 0.9 mJybeam™! (beam ~ 1.5”) at
8.6 GHz in Phillips et al. 1998, and a 30 detection limit
of 0.09mJy at 18 GHz in Walsh et al. 2007). Walsh
et al. (2007) found no HC3N, NHs, OCS, or water at
the position of G305B and proposed that it has evolved
enough to the point that it has already had time to
clear out its surrounding molecular material. By con-
trast, Boley et al. (2013) proposed G305B is a mas-
sive protostar in a pre-UCHII-region stage. Our SOFIA
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Figure 5. (G35.58-0.03. The color image is the Gemini

11.7 pm data. The white contours are the SOFIA 37 um
data. The green contours are the 2 cm radio continuum emis-
sion as seen by Kurtz et al. (1994), and the names of the two
radio sources are labeled. The black cross shows the peak lo-
cation of the ammonia and 1.3 cm radio continuum source of
Zhang et al. (2014). The size of this cross also denotes the
astrometric error between the between all of the radio data
and the 11.7 um image (0.3”). The red and blue contours
are the brightest red- and blue-shifted CO(2-1) outflow con-
tours from Zhang et al. (2014). The resolution of the Gemini
data is given by the gray circle in the lower left corner. The
astrometry uncertainty between the SOFIA 37 pum contours
and the radio data are given by the white cross in the lower
right corner.

images show that G305B is the brightest MIR source
out to 37 um. Our high-spatial-resolution Gemini data
(Figure 8) show G305B is resolved into two emission
components, with the fainter secondary source (which
we name G305B2) lying ~1"” to the NE of the brighter
source (G305B1). G305B2 is only visible at wavelengths
greater than 8.8 um. By contrast, G305B1 is seen to
have emission in all Gemini images from 3.8 to 24.5 um,
and has a NIR counterpart as well (see Figure 12 and
Walsh et al. 1999). Using four infrared sources seen in
both the Gemini 3.8 um image (but not shown in Fig-
ure 3) and the Spitzer 3.6um image we were able to con-
firm the absolute astrometry of the Gemini data at all
wavelengths to better than 0.2”. This places the Class
IT methanol maser reference feature (i.e., the brightest
maser spot) from Phillips et al. (1998) ~0.5”NE of the
MIR peak (see the 9.7um image in Figure 8). It is not
clear what these masers are tracing.

What is the nature of the MIR double source asso-
ciated with G305B7 G305B2 could be a more embed-
ded source, since it is not visible at shorter IR wave-
lengths. However, it appears to change shape consid-
erably as a function of wavelength, flattening and be-

coming more diffuse at 18.3 and 24.5 um. G305B1 also
changes shape modestly with wavelength and its shape
at 9.7 and 10.4 um is peculiar. The northeast side of
G305B1 is very flat, and almost completely straight at
9.7 and 10.4 pm (see white line in the 9.7um panel of
Figure 8 as reference). As these filters are sampling the
wavelength of peak dust extinction (Gao et al. 2009), it
may be that the morphologies of both sources could be
explained if the dark lane between them is a “silhouette”
of a circumstellar disk or toroid that is optically thick
in the MIR. The brighter MIR source G305B1 would be
the side of the disk or outflow cavity facing towards us,
and G305B2 the side facing away which we only see at
longer wavelengths due to extinction from the disk along
the line of sight. We could corroborate the outflow cav-
ity hypothesis if we had evidence of an outflow and knew
its angle. Walsh et al. (2006) did image the area in com-
monly used outflow tracers *CO and HCO™, and pre-
sented the data as integrated emission maps. However,
the emission appears to peak on G305A and extends at
larger scales in a direction parallel to the dark lane ori-
entation, tracing the location of the extended 1.2mm
continuum emission (rather than an outflow). However,
if the hypothesis of Walsh et al. (2007) is correct, i.e.,
that due to low chemical abundance this source is more
evolved and has cleared much of its surrounding molecu-
lar material, then the source may have passed the stage
where it would exhibit an active outflow. Conversely,
a Class I methanol maser was detected by Walsh et al.
(2007) 3" due east of G305B, and they are generally only
found in outflows.

Walsh et al. (2001) observed the 6.7 GHz methanol
maser site G305A in the MIR (10.5um and 20 pm)
and found that G305A is not associated with any MIR
source. G305A is out of the field of our Gemini im-
ages. However, we see strong emission from G305A in
our SOFIA images at 19 ym and longer, and it becomes
the dominant source in the FIR starting at Herschel
70 pm. G305A is also not associated with any 8.6 GHz
continuum emission with a flux density limit of 0.55 mJy
beam~! (Phillips et al. 1998) or 18 GHz continuum
emission with a detection limit of 0.15mJy (Walsh et
al. 2007), but is rich in molecular tracers (Walsh et
al. 2007) indicating it is a source that is likely much
younger and more embedded than G305B and in a hot
core phase, prior to the onset of a UC HII region.

About 15" to the southwest of G305B is an extended
HII region, G305HII, with a flux of 195 mJy at 8.6 GHz
(Phillips et al. 1998). We detect this source in all of our
SOFIA images. We also detect an infrared source be-
tween G305A and G305B, which we call G305C, located
~ 14"east of G305B. It is present at all wavelengths
in the SOFIA images, but becomes less pronounced at
longer wavelengths. It also has NIR counterparts, as
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Figure 6. Multi-wavelength images of IRAS 16562, following the format of Figure 1. The black cross in all panels denotes the
position of the central 8.6 GHz radio source (C) from Guzman et al. (2010) at R.A.(J2000) = 16"59™41563, Decl.(J2000) =
—40°03'43”61. The lines in panel (a) show the outflow axis angles, with the solid spans tracing the blue-shifted directions and
dashed spans the red-shifted directions. The outflow axis angles are from the CO(6-5) emission of Guzman et al. (2011). Note
the extension and the dark appearance at the center in panel (a) are ghosting effects.

shown in Figure 12, which seem to be resolved into three
peaks. The nature of the source is uncertain, but it may
be a low mass YSO. Besides the G305HII region there is
no other radio emission in the field shown in Figure 7 re-
vealed by the 18 GHz continuum in Walsh et al. (2007).

4.1.6. G49.27-0.34

This source, classed as an “extended green object”
(EGO) is in an IRDC with near kinematic distance of
5.55 + 1.66kpc (Cyganowski et al. 2009). The MIR
peak (see Figure 9) is associated with the 3.6 cm radio
source CM2 in Cyganowski et al. (2011a). Towner et al.
(2017) did not detect a 1.3 cm counterpart to CM2 at
the a 40 detection limit of 0.28 mJy beam™! (beam ~
1”). The MIR extension to the northeast is associated
with a stronger radio source CM1 detected at 3.6 cm
and 1.3cm by Cyganowski et al. (2011a) and at 20 cm
by Mehringer (1994).

We did not find any outflow information about this

source. De Buizer & Vacca (2010) obtained Gemini
L- and M-band spectra for this EGO, and detected
only continuum emission (no Hy or CO). However,
Cyganowski et al. (2011a) suspected that an outflow,
perhaps driven by CM2 or by a massive protostar un-
detected at cm wavelengths, may exist, but is not de-
tected, given the 44 GHz Class I CH3OH masers and
4.5 ym emission in the south. SiO(5-4), HCO* and
H3CO* emission is detected toward this EGO with
JCMT (Cyganowski et al. 2009). No 6.7 GHz CH3;0H
emission is detected towards this EGO (Cyganowski et
al. 2009). Neither thermal nor maser 25 GHz CH3;OH
emission is detected (Towner et al. 2017).

There is a secondary component revealed by our
SOFIA data to the south of the main MIR peak. It
is also seen at 3.6cm (Cyganowski et al. 2011a) but
not at 1.3cm (Towner et al. 2017). The nature of this
source is unknown. We do not see obvious counterparts
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Figure 7. Multi-wavelength images of G305.204-0.21, following the format of Figure 1. The black cross in all panels denotes the
peak position of the 6.7 GHz methanol maser from Caswell, Vaile & Forster (1995b) at R.A.(J2000) = 13"11™10349, Decl.(J2000)
= —62°34'38”8. The x signs denote the MIR peak positions of G305A and G305C determined from the SOFIA 19 um image.

in the NIR image (see Figure 12).

4.1.7. G339.88-1.26

This source, also named IRAS 16484-4603 is located
at 2.1f8:§ kpc, determined from trigonometric parallax
measurements of the 6.7 GHz methanol masers using the
Australian Long Baseline Array (Krishnan et al. 2015).

De Buizer et al. (2002) resolved the central MIR emis-
sion of G339.88 into three peaks (1A, 1B, and 1C) at 10
and 18 um that all lie within an extended MIR region
elongated at a position angle of ~120° (Figure 1la).
Interferometric radio continuum observations have re-
vealed an elongated, ionized jet/outflow at a position
angle of ~45° with a scale of 15”, approximately per-
pendicular to the elongation of the infrared emission
(Ellingsen et al. 1996; Purser et al. 2016). Recent
ALMA '2CO(2-1) observations by Zhang et al. (2019)
also reveal a major molecular outflow with a E-W ori-
entation and a tentative second outflow with a NE-SW
orientation (at the same angle as the ionized outflow

seen by Purser et al. 2016). Zhang et al. (2019) sug-
gest that the 1.3 mm continuum peak, which is ~ 0.5” to
the west of 1B, is the likely location of the origin of both
outflows, which may indicate an unresolved proto-binary
system. All of the 10 and 18 yum MIR emission seen by
De Buizer et al. (2002) is therefore mainly tracing the
outflow cavities of the molecular outflow seen at a posi-
tion angle of ~120° (Figure 11a). Our SOFIA data (see
Figure 10) show an extension in this direction as well,
seen best at 19.7 um. At wavelengths longer than 20 ym,
there is a faint pull of emission to the NE and another
faint extension to the SW, both of which correspond
to the radio lobes of the ionized outflow (Figure 11b).
Therefore, both outflows are revealed in the IR, with the
ionized outflow only showing up at longer wavelengths,
which again may be due to extinction. Detection of red
and blue-shifted emission on both sides suggests a near
side-on view of the outflows.

There is a large half-moon feature to the east of the
main MIR peak in our SOFIA data. It has radio contin-
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Figure 8. (G305.20+0.21. We present Gemini images at 10 different MIR wavelengths from 3.8 to 24.5 mum. The wavelength
of the image is given in the upper right corner of each panel and the resolution is given by the gray circle in the lower left
corner of each panel. Infrared source names are labeled in the top left panel, and their peak locations (as determined from the
9.7 pum image) are given in each panel by the crosses. The square in the upper right panel represents the location of the 6.7
GHz methanol maser reference feature of Phillips et al. (1998). Astrometry between the maser location and the Gemini data is
better than 0.2”. The white line in the upper right panel is present to demonstrate the flatness of the northeast side of G305B1.

uum emission (see Ellingsen et al. 2005) and could be a
cometary compact HII region. Closer to the main MIR
peak, we also see a secondary source ~ 10”to the south.
There is no CO outflow associated with this source. We
see a counterpart of this source in H and K band as
seen in Figure 12. It could be a more evolved low-mass
protostar. The source that is further SW, which is get-
ting stronger at wavelengths longer than 31 ym, might
be related to the ionized radio jet (Purser et al. 2016),
though there is no hint of ionized emission from it in the
study of Ellingsen et al. (2005).

4.2. General Results from the SOFIA Imaging

Overall in the sample of sources we have studied here,
we often see that the MIR morphologies appear to be in-
fluenced by the presence of outflow cavities, which create
regions of low dust extinction, and the presence of rel-
atively cool, dense gas structures (potentially including
disks and infall envelopes), which have high dust extinc-
tion, even at relatively long wavelengths. The presence
of such structures is a general feature of Core Accretion
models. A number of sources also appear to have com-
panions, including from being in regions where a star
cluster is likely forming, which can also complicate the
appearance in the MIR.

In addition to the monochromatic images presented
above, we also construct three-color images of all the
sources, presented together in Figure 13. Note, however,
that these RGB images have different beam sizes for the
different colors (especially blue), with the effect being to

tend to give small sources an extended red halo. In spite
of this effect, in G45.12, G309.92, G35.58, IRAS 16562
and (339.88, short wavelength emission seems to domi-
nate the extended structure. In IRAS 16562, we can see
the near-facing outflow cavity appears bluer while the
more extincted, far-facing outflow cavity appears red-
der. For the other sources we do not see obvious color
gradients across the sources.

We summarize the properties of the protostellar
sources in Table 3. The ordering of the sources is from
high to low for the luminosity estimate (top to bottom).
For two out of the three sources with detected outflows,
the MIR morphology is significantly influenced by out-
flow cavities. For those lacking outflow information, we
consider that it is still likely that the MIR emission is
tracing outflows or flared disks. Especially in G309.92
and G305.20, high-resolution Gemini data reveals a flat
dark lane, which could be the optically thick disk.

We see that at wavelengths 2 19 um, there is an offset
between the radio emission, if that is where the proto-
star is located, and the MIR peaks in G309.92, G35.58,
G49.27, G339.88. In Paper I we found that the MIR
peaks appear displaced away from the protostar towards
the blue-shifted, near-facing side of the outflow due to
the higher extinction of the far-facing side at short wave-
length. Here G339.88 may reveal a hint of this trend of
the displacement. For the other sources, due to the lack
of outflow information, the cause of the offset is not yet
clear.

We have also found candidates of more evolved, prob-
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Figure 9. Multi-wavelength images of (G49.27-0.34, following the format of Figure 1. The black cross in all panels denotes the
peak position CM2 of the 3.6 cm continuum from Cyganowski et al. (2011a) at R.A.(J2000) = 19"23™06361, Decl.(J2000) =

+14°20"12”0.

ably lower-mass protostars in the company of the mas-
sive protostar in most regions, based on the common
peaks seen in multi-wavelength MIR and NIR data and
how their fluxes change with wavelength. With the
caveat that our sample is likely incomplete, the pro-
jected separation between the massive protostar and
the nearest lower-mass companion revealed by SOFIA
is about 0.28 pc in G45.12, 0.49pc in G35.58, 0.12pc in
TRAS16562, 0.28 pc in G305.20, and 0.10 pc in G339.88.
Note that Core Accretion models, such as the Turbulent
Core Model of McKee & Tan (2003), can be applied
to conditions inside protoclusters, as well as to more
isolated regions, while Competitive Accretion (Bonnell
et al. 2001) and Protostellar Collision (Bonnell et al.
1998) models require the presence of a rich stellar clus-
ter around the protostar. To the extent that some of the
presented sources appear to be in relatively isolated en-
vironments is thus tentative evidence in support of Core
Accretion models, but deeper observations to probe the
low-mass stellar population are needed to confirm this.
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Figure 10. Multi-wavelength images of G339.88-1.26, following the format of Figure 1. The black cross in all panels denotes
the 9 GHz radio peak position of the component C from Purser et al. (2016) at R.A.(J2000) = 16"52™04267, Decl.(J2000) =
—46°08'34"16.
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Figure 11. (G339.88-1.26. (a) The black contours are the Keck 18 um data, with the MIR peaks labeled. The red and blue
contours show the blue- (Vs = —80 to —20 kms™!) and red-shifted (Visy = —50 to 410 kms™') ALMA '2CO(2-1) observations
(systematic velocity Visy = —33 kms™') by Zhang et al. (2019). Note that emission from the secondary *CO(2-1) outflow is
outside the field of view. The cyan plus sign shows the location of the 8.6 GHz radio continuum peak (Ellingsen et al. 1996).
(b) The SOFIA 31 pm image in color and white contours with the 9 GHz radio continuum contours from Purser et al. (2016).
The central radio source is identified as a radio jet and the two other sources as radio outflow lobes (Purser et al. 2016). The
cyan plus sign shows the location of the 8.6 GHz radio continuum peak (Ellingsen et al. 1996).

_G45.12+0.13 G309.92+0.48 G35.58-0.03 IRAS16562

G305.20+0.21

Figure 12. NIR RGB images of the seven protostellar sources, as labeled. The data of G45.12, G35.58, G49.27 and S235 come
from the UKIDSS survey. The data of G309, IRAS16562, G305 and G339 come from the VVV survey. K band data is shown
in red. H band data is shown in green. J band data is shown in blue. The white contours are SOFIA 37um emission, with the
same levels displayed in the previous individual figures for each source. The crosses in each panel are the same as the crosses
in the previous individual figures, denoting the radio sources (methanol maser in G305). The scale bar is shown in the right
corner of each panel.
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Figure 13. Gallery of RGB images of the seven protostellar sources, as labeled. The color intensity scales are stretched as
arcsinh and show a dynamic range of 100 from the peak emission at each wavelength, except for the 19 pm image of G49.27,
where only a dynamic range of 10 is shown due to its relatively low signal to noise ratio. The legend shows the wavelengths
used and the beam sizes at these wavelengths. SOFIA-FORCAST 37 um is shown in red. SOFIA-FORCAST 19 ym is shown
in green. Blue usually shows Spitzer IRAC 8 um, except for G339.88-1.26, where it displays SOFIA-FORCAST 7 pm.
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Table 3. Summary of Properties of the Protostellar Sources

Outflow? Multiple (proto)stars within 20”'? What regulates the MIR morphology?

Source Radio emission?
G45.12+40.13 UC HII Two Cluster?. Ionized medium
(309.92-40.48 HC HII MIR companion. Outflow cavities
Resolved. or flared disk surface?
i i ?
G35.58-0.03 UC HII N Nearby HII region with an outflow. Outflows from nearby sources?
Low-mass YSOP?

Outflow cavities

IRAS 16562-3959 HC HII with jet Two Cluster®.

Nearby HII region. MIR companion. Outflow cavities

G305.204+0.21 N
Resolved?. Low-mass YSOP? or flared disk surface?
G49.27-0.34 Y Radio companion. MIR companion.
. e . fo sy
G339.88-1.26 Jet Two MIR companion. Resolved®. Binary'? Outflow cavities
Low-mass YSOP? Nearby HII region? and extinction

@ Based on radio sources from Vig et al. 2006.
b Based on multi-wavelength MIR and NIR data.

€ Based on X-ray sources from Montes et al. 2018.
‘We suspect here the resolved structures are more likely to be emission separated by optically thick disk rather than two distinct protostars.

€ We suspect here the resolved structures are emission tracing the outflow cavities rather than multiple distinct protostars. See also Zhang

et al. 2019.

fBased on the fact of two outflows.
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Figure 14. SEDs of the seven presented sources. Total fluxes with no background subtraction applied are shown by dotted
lines. The fixed aperture case is black dotted; the variable aperture (at < 70 um) case is red dotted. The background subtracted
SEDs are shown by solid lines: black for fixed aperture (the fiducial case); red for variable aperture. Black solid squares indicate
the actual measured values that sample the fiducial SED. Note the Spitzer 4.5 um, 5.8 yum and 8 pym data of G309 and all
Spitzer data of G45.12 have ghosting problems and are not used for the SED fitting.
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Figure 15. Protostar model fitting to the fixed aperture, background-subtracted SED data using the ZT model grid. For
each source, the best fit model is shown with a solid black line and the next four best models are shown with solid gray lines.
Flux values are those from Table 2. Note that the data at < 8 ym are treated as upper limits (see text). The resulting model
parameter results are listed in Table 4.
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Table 4. Parameters of the Best Five Fitted Models

Source X°/N M. Tal Reore My Oview  Av Menv  Ouesc Maisi Lol iso Lol
(Mg) (g cem™?) (pe) () (Mg) (°) (mag) (Me) (deg) (Mp/yr) (Lo) (Lo)
G45.1240.13  54.39 480 1.0 0.161 (4 ) 64.0 34 0.0 325 32 1.2x107°  6.5x10° 8.4x10°
d=74%kpc 63.23 480 1.0 0.161 (4 ) 48.0 29 0.0 367 25 1.1x107%  4.5x10° 5.4x10°
Rop = 48"  65.40 480 3.2 0.091 ( 3) 24.0 13 0.0 441 12 2.0x107%  1.1x10% 2.9x10°
= 1.72 pc 66.41 400 3.2 0.083 (2)  24.0 13 0.0 362 13 1.9x107%  1.3x10% 3.0x10°
69.30 240 3.2 0.064 (2)  32.0 29 0.0 175 23 1.9x107%  4.5x10° 5.0x10°
(G309.9240.48  2.82 320 3.2 0.074 ( 3) 24.0 22 12.1 277 15 1.8x1072%  3.3x10° 3.1x10°
d = 5.5 kpc 3.90 480 1.0 0.161 (6 ) 48.0 29 39.4 367 25 1.1x107%  4.5x10° 5.4x10°
Rap =327 4.38 240 3.2 0.064 (2) 32.0 34 17.2 175 23 1.9x107%  3.2x10° 5.0x10°
= 0.85 pc 4.71 240 3.2 0.064 (2)  24.0 29 0.0 194 18 1.6x107°%  2.6x10° 3.1x10°
4.97 400 1.0 0.147 (6 ) 48.0 34 4.0 289 29 1.0x107%  3.0x10° 5.3x10°
(G35.58-0.03 1.70 480 3.2 0.091 ( 2) 24.0 22 16.2 441 12 2.0x107%  2.9x10° 2.9%x10°
d=10.2kpc 2.14 400 3.2 0.083 (2)  24.0 22 46.5 362 13 1.9x107%  3.0x10° 3.0x10°
Rap = 26" 3.41 320 3.2 0.074 (1) 24.0 29 35.4 277 15 1.8x107%  2.7x10° 3.1x10°
=1.27 pc 4.28 480 1.0 0.161 (3)  48.0 34 39.4 367 25 1.1x107%  3.0x10° 5.4x10°
4.49 480 1.0 0.161 ( 3) 64.0 39 72.7 325 32 1.2x107%  3.6x10° 8.4x10°
IRAS16562 0.53 400 0.1 0.465 (56 )  32.0 44 100.0 304 29 1.5x107%  9.2x10* 1.6x10°
d = 1.7 kpc 0.64 480 0.1 0.510 (62 )  24.0 71 55.6 418 21 1.4x10”% 5.7x10* 8.7x10*
Rap =327 0.65 480 0.1 0.510 (62 )  32.0 48 100.0 391 26 1.6x107%  9.8x10* 1.6x10°
= 0.26 pc 0.67 320 0.3 0.234 (28) 16.0 22 17.2 283 16 2.5x107*  5.3x10* 6.1x10%
0.83 120 3.2 0.045 (6 ) 16.0 29 100.0 90 21 1.1x107%  1.0x10° 1.2x10°
(G305.2040.21  0.79 80 3.2 0.037 (2)  24.0 48 14.1 35 37 1.1x107%  7.5x10* 2.6x10°
d = 4.1 kpc 0.92 100 3.2 0.041 (2)  32.0 51 18.2 37 42 1.2x107%  7.9x10* 3.5x10°
Rap = 16" 0.97 160 1.0 0.093 (5) 32.0 44 13.1 88 39 59x107* 8.2x10%* 2.3x10°
= 0.32 pc 1.04 80 3.2 0.037 (2) 16.0 34 8.1 50 27 9.5x107%  7.2x10%* 1.1x10°
1.11 160 3.2 0.052 (3) 48.0 58 16.2 59 45 1.6x107%  9.0x10* 6.4x10°
(G49.27-0.34 1.87 240 3.2 0.064 (2) 12.0 22 54.5 219 12 1.2x107%  4.5x10* 4.8x10%
d =5.55kpc  1.96 200 3.2 0.059 ( 2) 12.0 22 92.9 179 13 1.1x107%  4.9x10* 5.2x10%
Rap = 29" 2.18 320 3.2 0.074 (3) 12.0 22 0.0 302 10 1.3x107%  4.7x10* 4.9x10%
= 0.77 pc 2.37 160 3.2 0.052 (2) 12.0 29 77.8 139 15 1.0x107%  4.4x10* 5.3x10%
2.73 120 3.2 0.045 (2) 12.0 34 73.7 99 18 9.6x10"% 3.6x10%* 5.2x10%
(G339.88-1.26  2.21 400 0.3 0.262 (26) 12.0 22 17.2 373 11 2.3x107%  3.7x10* 4.0x10*
d = 2.1 kpc 2.30 320 0.3 0.234 (23) 12.0 68 6.1 293 13 2.2x107%  3.3x10%* 4.0x10*
Rap =327 2.48 480 0.3 0.287 (28) 12.0 22 7.1 459 10 2.5x107%  3.8x10%* 4.0x10%
= 0.33 pc 2.62 320 0.3 0.234 (23) 16.0 22 90.9 283 16 2.5x107*  5.3x10*  6.1x10*
2.84 120 3.2 0.045 (4) 120 44 0.0 99 18 9.6x107* 3.3x10* 5.2x10%

4.3. Results of SED Model Fitting
4.3.1. The SEDs

Figure 14 shows the SEDs of the seven sources that
have been discussed in this paper. The figure illustrates
the effects of using fixed or variable apertures, as well
as the effect of background subtraction. Our fiducial
method is that with fixed aperture and with background
subtraction carried out. This tends to have moderately
larger fluxes at shorter wavelengths than the variable
aperture SED especially for G35.58, IRAS16562 and
(G339.88 where emission from secondary sources can be
significant at wavelengths < 8 um. However, as in Paper
I, the < 8 um flux is in any case treated as an upper limit
in the SED model fitting, given the difficulties of mod-
eling emission from PAHs and transiently heated small
grains. The flux density derived from the two meth-
ods between 10 um and 70 um is generally close. For
flux densities longer than 70 pm, the influence of sec-

ondary sources is not illustrated by the variable aperture
method. However, we tried measuring the SEDs up to
37 pm of the MIR companions alone, which are resolved
from the emission of the main protostar, and found that
their flux density at each wavelength is < 5% of that of
the main protostar (except that the 19 um flux density
of the southern patch in G49.27 is ~ 20% of that of the
massive protostar). Moreover, all of them have a SED
peak < 31 um except that the southern patch in G49.27
has a nearly flat rising slope between 31 ym and 37 pm.
Thus the influence of secondary sources is generally not
severe at long wavelengths that control the SED fitting.

Again, as mentioned in §3.1, for the cases where there
seem to be multiple sources in the fiducial aperture, the
model assumes one source dominates the luminosity and
the key is to measure the flux from the same region
across all wavelengths. If a source is isolated, then the
fixed aperture at shorter wavelengths, which tends to
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be larger than the source appears, may include more
noise and make the photometry less accurate than the
variable aperture method. However, since we set the
clump background emission as the magnitude of the un-
certainty, this effect should be very minor.

The peaks of the SEDs are generally between 37 pm
and 70 um. In particular, the SED peaks of G45.12,
G309.92, G305.20 appear to be closer to 37 pm, while
the peaks of G35.58, G49.27 and G339.88 appear to be
closer to 70 um. This may be related to the evolutionary
stage and/or viewing angle of the sources (see §4.3.2).

4.3.2. ZT Model Fitting Results

Figure 15 shows the results of fitting the ZT proto-
stellar radiative transfer models to the fixed aperture,
background-subtracted SEDs. Note that the data at <
8 um are considered to be upper limits given that PAH
emission and transiently heated small grain emission are
not well treated in the models. The parameters of the
best-fit ZT models are listed in Table 4. From left to
right the parameters are reduced x? (i.e., normalized by
the number of data points in the SED, N), the initial
core mass (M,.), the mean mass surface density of the
clump (X2), the initial core radius (Reore), the current
protostellar mass (m.), the viewing angle (fyiew), fore-
ground extinction (Ay ), current envelope mass (Mepy ),
half opening angle of the outflow cavity (0. esc), accre-
tion rate from the disk to the protostar (i), the lu-
minosity integrated from the unextincted model SEDs
assuming isotropic radiation (Lpol,iso), and the inclina-
tion corrected, true bolometric luminosity (Lpe). For
each source, the best five models are shown, ordered
from best to worst as measured by x2. Note that these
are distinct physical models with differing values of M.,
Y1, and/or my, i.e., we do not display simple variations
of Oyiew or Ay for each of these different physical models.

The best-fit models imply the sources have proto-
stellar masses m, ~ 12 — 64 Mg accreting at rates of
M, ~ 1074 =103 Mg yr’1 inside cores of initial masses
M. ~ 100 —500 Mg embedded in clumps with mass sur-
face densities ¥ ~ 0.1—3g cm ™2 and span a luminosity
range of 10* — 10° L.

In most sources the best five models have similar val-
ues of x?2, but there is still significant variations in the
model parameters even for G305.20 which has the most
SED data points. As stated in Paper I, this illustrates
the degeneracy in trying to constrain the protostellar
properties from only MIR to FIR SEDs, which would be
improved by extended SEDs fitting including centimeter
continuum flux densities (Rosero et al. 2019) and image
intensity profile comparison. From the SED shape the
most variation between models appears at shorter wave-
lengths. Here more data points can help better constrain
the models, as in G305.20. Again we note that although

sometimes the y? may look high, as in G45.12+0.13,
here we focus more on the relative comparison of x?2
between the models available in the model grid, which
still give us constraints on the protostellar properties.
At wavelengths > 70 pm the models tend to be lower
than the data points in many sources. Note the values of
Reore returned by the models are usually much smaller
than the aperture radii. This would indicate that, even
after a first attempt at clump background subtraction,
the measured flux still has significant contribution from
the cool surrounding clump. Recall that this component
is not included in the ZT radiative transfer models and
can thus lead to the offset at long wavelengths, i.e., with
models under-predicting the observed fluxes.

We also tried fitting the SEDs with variable apertures
across wavelength. Most sources have Ry similar to
that derived in the fiducial case and still the models
appear lower than the data points at long wavelengths
for G309.92, G35.58, G305.20 and G49.27.

We note that m, appears quite high for
G45.1240.13, G309.92+0.48, G35.58-0.03, IRAS
16562, G305.20+0.21. This is likely due to there being
more than one protostar inside the aperture, even with
the variable aperture case, like the source G35.20-0.74
in Paper I, where the stellar mass returned by the
models is around the sum of the two binary protostars
in the center (Beltrdn et al. 2016, Zhang et al. 2018).

The location of the SED peak is thought to show a
dependence on the evolutionary stage of the source. We
compare the current age derived from the models and
the corresponding total star formation time scale based
on Eq. (44) in MTO03 assuming a star formation effi-
ciency of 0.5. G305.20 appears to be the most evolved
followed by G309.92 and G45.12. (G339.88 appears to
be the least evolved followed by G49.27. (G339.88 is still
deep embedded with high dust extinction while G49.27
is an IRDC source. They are likely the youngest YSOs
among the seven sources. The evolutionary stage re-
vealed by the models is consistent with the picture that
more evolved sources have a SED peak located at shorter
wavelengths, as described in §4.3.1. However, orienta-
tion effects may also be playing a role, since the peak
of the SED shifts to shorter wavelengths when viewing
sources at angles closer to their outflow axis.

Next we describe the fitting results of each individual
source and compare with previous literature results.

G45.124-0.13: This is our most luminous source (al-
most 10 L) and hits the boundary of the parameter
space of the ZT model grid, which is partly why the
models do not seem to fit the data points very well, as
shown in Figure 15, since there are only a few models
around 10° L, (Zhang & Tan 2018). As an experiment,
we tried changing the distance from 7.4 kpc to 1 kpc
and were able to obtain fitting results that have much
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smaller values of x2. On the other hand, this region is
likely to be a protocluster hosting many ZAMS stars.
Thus the assumption of one source dominating the lu-
minosity may not work well here. The current best mod-
els indicate high initial core mass M. ~ 500 Mg, high
Yo 2 1.0 g em™2 clump environment and high proto-
stellar mass m. > 24 Mg for the dominant source. The
accretion rate is ~ 1073Mg yr—1.
lope mass is also typically as high as ~ 400 Mg. The
foreground extinction Ay is estimated to be very low,
but this may be an artefact of other problems of the
model fitting. The best five models all give a Oyjey close
t0 Gy, csc, which leads to high levels of short wavelength
emission.

G309.92+40.48: The best models prefer a massive
protostar of ~ 24 to 48 M, accreting at ~ 1073 Mg yr—!
in a massive core of ~ 240 to 480 Mg in high ¥4 2
1.0 g cm™2 clump environments. The protostar is
slightly inclined ~ 30°. Walsh et al. (1997) concluded
that if the region were powered by a single star, it would
have to be an O5.5 star with a luminosity of 3.1 x 105 L,
which agrees well with the isotropic luminosities re-
turned by our models. The viewing angle is close to
the outflow half opening angle, resulting in a relatively
flat SED shape at shorter wavelengths.

G35.58-0.03: The best models prefer a massive pro-
tostar of ~ 24 to 64 M, accreting at ~ 1073 Mgyr—!in a
massive core of ~ 320 to 480 Mg, in high ¥4 > 1.0gcm 2
clump environments. We also tried fitting the SEDs
with the flux measured in variable apertures without
setting short wavelength data as upper limits, which ex-
clude the flux from the secondary source to the east at
short wavelengths. The best five models have almost
the same range for M., X1, m., . and Lpoliso (there
is one model having m. ~ 96 M) as our fiducial case.
An early-type star equivalent to an O6.5 star is postu-
lated to have formed within the HC HII region based on
the derived Lyman continuum photon number in Zhang
et al. (2014). The molecular envelope shows evidence
of infall and outflow with an infall rate of 0.05 Mg yr—!
and a mass loss rate of 5.2 x 1073 My yr—!, which is
somewhat higher than our derived disk accretion rate,
but may reflect infall on larger scales.

TRAS 16562-3959: There are only 4 fully valid data
points constraining the fitting. Since we have 5 free
parameters and the x?2 is derived by dividing the num-
ber of total data points including those as upper limits,
the small number of fully valid data points largely leads
to the relatively small x2. The first four best models
tend to give high core masses ~ 320 to 480 Mg and low
Y < 0.3 gcem™2 clump environments, while the fifth
best model gives a less massive initial core of 120 Mg
and a much denser ¥ ~ 3.2gcm™2 clump. Note in the
first three models the core radii are larger than the aper-

The current enve-

ture radius. The bolometric luminosity of the source is
reported to be 5 — 7 x 10* Ly by Lopez et al. (2011),
which agrees well with most of the models. Guzman
(2010) also fit this source with Robitaille et al. (2007)
models. The stellar mass of their result 14.7 M, is close
to our fourth and fifth best models. Their disk accre-
tion rate 5.5 x 1074 My, yr~! is closest to our fourth best
model. Their envelope mass 1700 My is much larger
than our results. Guzman et al. (2011) estimated the
inclination angle of the SE-NW outflow to be 80°, which
is similar to our second best model.

G305.20+0.21: We have the most data for this
source to constrain the model fitting. The initial core
mass returned is moderate, ranging from 80 to 160
Mg . Consistently, the envelope mass for this source
is also much lower than previous sources. The stellar
mass ranges from 16 to 48 Mg, accreting at a high
rate ~ 1073 Mg, yr~!'. Four models give ¥ as high as
3.2gcm ™2 and one gives ¥ ~ 1.0gcm™2. The viewing
angle is close to the outflow half opening angle, resulting
in a flat SED shape at short wavelengths. The extrapo-
lated TRAS luminosity is = 10° Ls, (Walsh et al. 2001),
which is consistent with the Ly, derived here.

G49.27-0.34: The models at short wavelengths are
much lower than the data points, perhaps indicating sig-
nificant PAH emission or small dust grain emission from
additional heating sources in the region. The best five
models all return m, of 12 My, and X of 3.2 g cm™2.
The initial core mass ranges from 120 to 320 Mg. The
accretion rates are ~ 1073 Mg yr—1.

G339.88-1.26: The best four models prefer a pro-
tostar of ~ 12 M, accreting at ~ 2 x 1074 Mg yr~! in
massive cores of 320 to 480 My in clumps with low ¥¢j ~
0.3 g cm~2. Alternatively, the fifth best model gives a
less massive initial core mass of 120 Mg, but a much
denser clump environment with ¥ ~ 3.2 gcm™2 and a
higher accretion rate of ~ 10~3 Mg, yr~!. The bolomet-
ric luminosity has been estimated to be 6.4x 10* L, from
the SED fitting to infrared fluxes with Robitaille et al.
(2007) models in Mottram et al. (2010, 2011), which is
similar to the luminosities in our five best models.

Recent ALMA observations (Zhang et al. 2019) reveal
collimated CO outflows with a half opening angle of ~
10°. In particular, they determine the outflow to be
much edge-on so the second model here with ¢ ~ 20° is
favored. They also estimate the dynamical mass from
the gas kinematics as ~ 11 M, which is also consistent
with our results.

In summary, the massive protostellar sources inves-
tigated in this paper tend to have very massive initial
cores, high protostellar masses and high accretion rates.
The mass surface densities of the clump environments
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Figure 16. Diagram of isotropic luminosity versus the en-
velope mass returned by the ZT best model. Squares denote
the sample in Paper I. Triangles denote the sample in this

paper.

show significant variation. The high envelope masses in-
dicate the protostars are still in an active stage of accre-
tion. Viewing angles tend to be more face-on than edge-
on. This allows shorter wavelength photons to more
easily escape through the outflow cavities towards the
observer, though still regulated partially by extinction
of core infall envelope and foreground clump material.
Since SOMA survey sources have been selected based on
their previously known MIR emission, it is not surpris-
ing that the sample may have such a bias towards having
more face-on inclinations. Future studies examining in-
clinations constrained from MIR image intensity profiles
and outflow kinematics will allow better measurement of
source orientations and a more thorough examination of
this effect.

5. DISCUSSION

Compared with the first eight protostars in Paper I,
we have extended the upper limit of the luminosity range
by one order of magnitude as shown in Figure 16. The
seven sources in this paper are more luminous, and thus
likely to be more massive protostars embedded in higher
mass cores. However, there is the caveat of there being
multiple sources sometimes present.

Figure 17 shows the x? distribution in X - M, space,
my - M. space and m, - X space for 6 of the sources,
i.e., all except G45.12 due to its large x2. These dia-
grams illustrate the full constraints in the primary pa-
rameter space derived by fitting the SED data, and the
possible degeneracies among these parameters. Thus
these diagrams give a fuller picture of potential proto-

stellar properties than just the best five models.

Similar to Paper I, M. and m, are relatively well
constrained, while ¥ usually spans the full range (for
G49.27 the best five models return a universal X, of
3.2gcem™2 though). The best models (x — x2;, < 5,
within the red contours) tend to occupy a region with
lower M, at higher ¥ and higher M, at lower 3, sim-
ilar to the sources in Paper I as discussed in ZT18. The
black dashed line denotes a constant R, with R, = Rap
using R, = 0.057(Xq/g cm~2)"1/2 (M./60M)/? pc
(MTO03). Parameter sets higher than this line mean they
have a R, smaller than R,,, which is more physical since
we assume the aperture we choose covers the whole en-
velope. This line only appears in IRAS 16562 because
in other sources the R, is so large that they all appear
to the right of the available ¥ - M, space. We can
see for most sources at least the best models satisfy this
criterion.

In Figure 18 we show the bolometric luminosity spec-
tral energy distributions of the seven high luminosity
protostars of this paper, together with the sample from
Paper I. Here the vF, SEDs have been scaled by 4md?
so that the height of the curves gives an indication of
the luminosity of the sources assuming isotropic emis-
sion. The ordering of the vertical height of these dis-
tributions is largely consistent with the rank ordering of
the predicted isotropic luminosity of the protostars from
the best-fit ZT models (the legend in Figure 18 lists the
sources in order of decreasing ZT best model isotropic
luminosity). The curve of G305.20 appears higher than
IRAS 16562. However, if we look at all the five best
models the isotropic luminosity of G305.20 and TRAS
16562 are actually quite close. The foreground extinc-
tion of G305.20 is also generally lower than IRAS 16562,
which leads to a higher 4rd?vF,. Similarly, the fore-
ground extinction of G339.88 is on average lower than
G49.27, so that G339.88 has a larger height of the bolo-
metric luminosity SED.

We find no obvious systematic variation in SED shape
with varying luminosity. This was investigated by plot-
ting the slope between 19pum and 37 um versus the
isotropic luminosity of the sources (not shown here). We
also investigated the relation between ¥, M, and m.,
in Figure 19. To form high-mass stars naturally requires
relatively massive cores (this assumption is built in to
the models). However, 3. does not have to be very
high. However, the models with ¢ ~ 0.1 g cm™2 have
Reore > Rap most of the time, which is physically in-
consistent with the analysis method. The models with
Yo ~ 0.3 g em™? only have Reore > Rap occasionally,
while the other models with higher ¥ do not have such
a problem. Thus it is massive protostellar core models
with ¥ 2 0.3 g cm ™2 surrounding clump environments
that are currently consistent with the observed sources.
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Figure 19. Diagram of the geometric mean clump surface
density versus the geometric mean initial core mass of the
five best ZT models for each source in Paper I and this work.
The color indicates the geometric mean protostellar mass.

Overall the ZT models can fit the observed SEDs
reasonably well assuming a single protostar forming
through an axisymmetric monolithic collapse from a
massive core. Only in G45.12, which has stronger evi-
dence for their being multiple protostars that are part of
a forming cluster, do the models fare badly and have rel-
atively large values of x? (although this may also be due
to its extreme luminosity causing it to be near the edge
of the ZT model grid). There are reported examples
of quite ordered protostellar cores, i.e., with collimated,
symmetric outflows: e.g., the case of the early-stage pro-
tostar C1-Sa (Tan et al. 2016) and G339.88-1.26 (Zhang
et al. 2019, presenting follow-up ALMA observations of
one of these SOMA sources). On the other hand, there
are also cases that appear much more disordered in both
their accretion flows (W51e2e, W51e8, and W51 north,
Goddi et al. 2018) and outflows (Orion KL, Bally et al.
2017). The combination of MIR to FIR SED and image
fitting with high resolution studies of infall and outflow
morphologies for larger samples will allow us to better
determine the limitations of simple axisymmetric proto-
stellar core models for Galactic massive star formation
studies.

6. CONCLUSIONS

We have presented the results of MIR and FIR obser-
vations made towards the next seven highest luminosity
protostars in the SOMA survey, built their SEDs and fit
them with RT models of massive star formation via the
Turbulent Core Accretion model. Our goal has been to
expand the observational massive protostar sample size
to test the star formation models over a wider range
of properties and environments and investigate trends
and conditions in their formation. Compared with the
first eight protostars in Paper I, the seven YSOs in this
paper are more luminous, and thus likely to be more
massive protostars. Some of the new sources appear to
be in more clustered environments and/or have lower-
mass companions relatively nearby. In summary, our
main results and conclusions are as follows.

1. The MIR emission of massive protostars is strongly
influenced by outflow cavities, where extinction is rela-
tively low. We see MIR extension along detected out-
flows in IRAS16562 and G339.88. Away from these cav-
ities, extinction can be very high and block MIR emis-
sion. There is also a hint that the MIR emission may
reveal the presence of the optically thick disk perpendic-
ular to the outflow as in G309.92 and G305.20, though
more evidence of the position of the protostar from mm
or radio continuum observations will be needed to con-
firm the disk. The high extinction in the MIR tells us
that large quantities of high column density material is
present close to the protostar, as expected in the Tur-
bulent Core model.
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2. The sources span a luminosity range of 10*—10°L,.
Fitting the SEDs with RT models yields protostel-
lar masses m, ~ 12 — 64 My accreting at rates of
1y ~ 107% = 1073 M yr~! inside cores of initial masses
M. ~ 100 —500 My embedded in clumps with mass sur-
face densities ¥ ~ 0.1 — 3 g em~2. The relatively high
protostellar mass in several sources is possibly due to
there being more than one protostar in the region and
the m, derived could be the sum of multiple sources.

3. The SED shape, especially the slope at short wave-
lengths, appears related to the viewing angle and the
outflow opening angle. When the viewing angle is close
to the outflow opening angle, a relatively flat slope at
short wavelengths results. However, the SED shape,
especially the location of the SED peak, is also likely
to be related to the evolutionary stage of the proto-
star: more evolved protostars tend to peak at relatively
shorter wavelengths. So far we do not see obvious rela-
tions between SED shape and bolometric luminosity.

4. To form high-mass stars naturally requires high
values of M., but not seem to require especially high
values of Y. We see high-mass protostars are able to
at least form from ¥, > 0.3 g cm™? environments.

5. Radiative transfer models based on the Turbulent
Core Accretion scenario can reasonably well describe the
observed SEDs of most relatively isolated massive pro-
tostars, but may not be valid for the most luminous

regions in the sample, which may be better treated as
protoclusters containing multiple sources. Whether or
not core accretion models can apply on smaller physi-
cal scales within these regions requires higher angular
resolution MIR to FIR observations.

We thank the anonymous referee for reading the pa-
per carefully and providing useful comments. We thank
Crystal Brogan and Adam Ginsburg for helpful discus-
sion and suggestions. M.L. and J.C.T. acknowledge
funding from NASA/USRA/SOFIA. J.C.T. acknowl-
edges support from NSF grant AST1411527 and ERC
project 788829 - MSTAR. K.E.I.'T. acknowledges sup-
port by NAOJ ALMA Scientific Research Grant Num-
bers 2017-05A. This work is additionally based on obser-
vations obtained at the Gemini Observatory [programs
GS-2004A-Q-7 and GS-2005A-DD-5], which is operated
by the Association of Universities for Research in As-
tronomy, Inc., under a cooperative agreement with the
NSF on behalf of the Gemini partnership: the National
Science Foundation (United States), the National Re-
search Council (Canada), CONICYT (Chile), Ministe-
rio de Ciencia, Tecnologa e Innovacin Productiva (Ar-
gentina), and Ministrio da Cincia, Tecnologia e Inovao
(Brazil).

REFERENCES

Argon, A. L., Reid, M. J., & Menten, K. M. 2000, The
Astrophysical Journal Supplement Series, 129, 159.

Bally, J., Ginsburg, A., Arce, H., et al. 2017, ApJ, 837, 60.

Beltran, M. T., Cesaroni, R., Moscadelli, L., et al. 2016, A&A,
593, A49.

Boley, P. A., Linz, H., van Boekel, R., et al. 2013, A&A, 558,
A24.

Bonnell, I. A., Bate, M. R., & Zinnecker, H. 1998, MNRAS, 298,
93

Bonnell, I. A., Bate, M. R., Clarke, C. J., & Pringle, J. E. 2001,
MNRAS, 323, 785

Caswell, J. L., Vaile, R. A., Ellingsen, S. P., et al. 1995, MNRAS,
272, 96.

Caswell, J. L. 1997, MNRAS, 289, 203.

Caswell, J. L. 1998, MNRAS, 297, 215.

Caswell, J. L. 2004, MNRAS, 349, 99.

Cesaroni, R., Sdnchez-Monge, A., Beltran, M. T., et al. 2017,
A&A, 602, A59.

Cyganowski, C. J., Brogan, C. L., Hunter, T. R., et al. 2009,
AplJ, 702, 1615.

Cyganowski, C. J., Brogan, C. L., Hunter, T. R., et al. 2011,
AplJ, 743, 56.

De Buizer, J. M., Pina, R. K., & Telesco, C. M. 2000, The
Astrophysical Journal Supplement Series, 130, 437.

De Buizer, J. M., Walsh, A. J., Pina, R. K., et al. 2002, ApJ,
564, 327.

De Buizer, J. M. 2003, MNRAS, 341, 277

De Buizer, J. M. & Fisher, R. S. 2004, High Resolution Infrared
Spectroscopy in Astronomy, eds. H.U. Kaufl, R. Siebenmorgen
and A. Moorwood (Springer-Verlag: ESO Astrophysics
Symposia), 84

De Buizer, J. M., Osorio, M., & Calvet, N. 2005, ApJ, 635, 452.

De Buizer, J. M. 2006, ApJL, 642, L57

De Buizer, J. M., & Vacca, W. D. 2010, AJ, 140, 196.

De Buizer, J. M., Liu, M., Tan, J. C., et al. 2017, ApJ, 843, 33.

Ellingsen, S. P., Norris, R. P., & McCulloch, P. M. 1996,
MNRAS, 279, 101.

Ellingsen, S. P., Shabala, S. S., & Kurtz, S. E. 2005, MNRAS,
357, 1003.

Fazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154, 10

Fish, V. L., Reid, M. J., Wilner, D. J., et al. 2003, ApJ, 587, 701.

Gao, J., Jiang, B. W., & Li, A. 2009, ApJ, 707, 89.

Ginsburg, A., Darling, J., Battersby, C., et al. 2011, ApJ, 736,
149.

Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A, 518, L3

Goddi, C., Ginsburg, A., Maud, L., et al. 2018, arXiv e-prints ,
arXiv:1805.05364.

Guzmén, A. E., Garay, G., & Brooks, K. J. 2010, ApJ, 725, 734.

Guzmdén, A. E., Garay, G., Brooks, K. J., et al. 2011, ApJ, 736,
150.

Guzmién, A. E., Garay, G., Rodriguez, L. F., et al. 2014, ApJ,
796, 117.

Herter, T. L., Vacca, W. D., Adams, J. D., et al. 2013, PASP,
125, 1393

Hoare, M. G., Roche, P. F.; & Glencross, W. M. 1991, MNRAS,
251, 584.



30 LIU ET AL.

Hunter, T. R., Phillips, T. G., & Menten, K. M. 1997, ApJ, 478,
283.

Krishnan, V., Ellingsen, S. P., Reid, M. J., et al. 2015, ApJ, 805,
129.

Krishnan, V., Ellingsen, S. P., Reid, M. J., et al. 2017, MNRAS,
465, 1095.

Kurtz, S., Churchwell, E., & Wood, D. O. S. 1994, The
Astrophysical Journal Supplement Series, 91, 659.

Kurtz, S. E., Watson, A. M., Hofner, P.; et al. 1999, ApJ, 514,
232.

Lawrence, A., Warren, S. J., Almaini, O., et al. 2007, MNRAS,
379, 1599.

Lépez-Calderén, C., Bronfman, L., Nyman, L.-A., et al. 2016,
A&A, 595, A8S.

McKee, C. F., & Tan, J. C. 2003, ApJ, 585, 850

McLaughlin, D. E., & Pudritz, R. E. 1996, ApJ, 469, 194.

Minniti, D., Lucas, P. W., Emerson, J. P., et al. 2010, NewA, 15,
433.

Mehringer, D. M. 1994, The Astrophysical Journal Supplement
Series, 91, 713.

Montes, V. A., Hofner, P., Oskinova, L. M., et al. 2018, arXiv
e-prints , arXiv:1806.06293.

Mookerjea, B., & Ghosh, S. K. 1999, Journal of Astrophysics and
Astronomy, 20, 1.

Mottram, J. C., Hoare, M. G., Lumsden, S. L., et al. 2010, A&A,
510, A89.

Mottram, J. C., Hoare, M. G., Urquhart, J. S., et al. 2011, A&A,
525, A149.

Murphy, T., Cohen, M., Ekers, R. D., et al. 2010, MNRAS, 405,
1560.

Norris, R. P., Whiteoak, J. B., Caswell, J. L., et al. 1993, ApJ,
412, 222.

Phillips, C. J., Norris, R. P., Ellingsen, S. P., et al. 1998,
MNRAS, 300, 1131.

Pilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 2010, A&A,
518, L1

Poglitsch, A., Waelkens, C., Geis, N., et al. 2010, A&A, 518, 1.2

Purser, S. J. D., Lumsden, S. L., Hoare, M. G., et al. 2016,
MNRAS, 460, 1039.

Robitaille, T. P., Whitney, B. A., Indebetouw, R., et al. 2007,
The Astrophysical Journal Supplement Series, 169, 328.

Rosero, V., Tanaka, K. E. 1., Tan, J. C., et al. 2019, ApJ,
accepted, arXiv:1809.01264.

Tan, J. C., Kong, S., Zhang, Y., et al. 2016, ApJ, 821, L3.

Towner, A. P. M., Brogan, C. L., Hunter, T. R., et al. 2017, The
Astrophysical Journal Supplement Series, 230, 22.

Vig, S., Ghosh, S. K., Kulkarni, V. K., et al. 2006, ApJ, 637, 400.

Walsh, A. J., Burton, M. G., Hyland, A. R., et al. 1998,
MNRAS, 301, 640.

Walsh, A. J., Burton, M. G., Hyland, A. R., et al. 1999,
MNRAS, 309, 905.

Walsh, A. J., Bertoldi, F., Burton, M. G., et al. 2001, MNRAS,
326, 36.

Walsh, A. J., & Burton, M. G. 2006, MNRAS, 365, 321.

Walsh, A. J., Chapman, J. F., Burton, M. G., et al. 2007,
MNRAS, 380, 1703.

Wang, P., Li, Z.-Y., Abel, T., & Nakamura, F. 2010, ApJ, 709, 27

Watson, C., Araya, E., Sewilo, M., et al. 2003, ApJ, 587, 714.

Wood, D. O. S., & Churchwell, E. 1989, The Astrophysical
Journal Supplement Series, 69, 831.

Young, E. T., Herter, T. L., Giisten, R., et al. 2012, Proc. SPIE,
8444, 844410

Zhang, Y., & Tan, J. C. 2011, ApJ, 733, 55

Zhang, Y., Tan, J. C., & McKee, C. F. 2013, ApJ, 766, 86

Zhang, Y., Tan, J. C., De Buizer, J. M., et al. 2013b, ApJ, 767,
58

Zhang, C.-P., Wang, J.-J., Xu, J.-L., et al. 2014, ApJ, 784, 107.

Zhang, Y., Tan, J. C., & Hosokawa, T. 2014, ApJ, 788, 166

Zhang, Y., & Tan, J. C. 2018, ApJ, 853, 18.

Zhang, Y., Tan, J. C., Sakai, N., et al. 2019, ApJ, accepted,
arXiv:1811.04381.



