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Abstract

We present ~10—40 ym SOFIA-FORCAST images of 14 intermediate-mass protostar candidates as part of the
SOFIA Massive (SOMA) Star Formation Survey. We build spectral energy distributions, also using archival Spitzer,
Herschel, and IRAS data. We then fit the spectral energy distributions with radiative transfer models of Zhang & Tan,
based on turbulent core accretion theory, to estimate key protostellar properties. With the addition of these
intermediate-mass sources, based on average properties derived from SED fitting, SOMA protostars span luminosities
from ~10? to 10° L, current protostellar masses from ~0.5 to 35 M, and ambient clump mass surface densities,
Y, from 0.1 to 3 gcm~2. A wide range of evolutionary states of the individual protostars and of the protocluster
environments is also probed. We have also considered about 50 protostars identified in infrared dark clouds that are
expected to be at the earliest stages of their evolution. With this global sample, most of the evolutionary stages of
high- and intermediate-mass protostars are probed. The best-fitting models show no evidence that a threshold value of
the protocluster clump mass surface density is required to form protostars up to ~25 M,,. However, to form more
massive protostars, there is tentative evidence that ¥ needs to be >1 g cm~2. We discuss how this is consistent with
expectations from core accretion models that include internal feedback from the forming massive star.
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1. Introduction

Intermediate-mass (IM) protostars are important as representa-
tives of the transition between the extremes of low-mass (i.e.,
<2 M) and high-mass (i.e., =8 M) star formation. These
objects are relatively rare compared to their low-mass counter-
parts and tend to be located at greater distances. They are
precursors of Herbig Ae and Be stars. The immediate
environments of IM protostars can appear to be quite complex,
with extended emission often resolved into multiple sources
when observed at high resolution (e.g., G173.58+2.45, Shepherd
& Watson 2002). However, there are also examples with
relatively simpler, more isolated morphologies (e.g., Cep E,
Moro-Martin et al. 2001). Observations of IM protostars indicate
that they share some physical properties with low-mass
protostars, such as circumstellar disks (e.g., Zapata et al. 2007;
Sanchez-Monge et al. 2010; van Kempen et al. 2012; Takahashi
et al. 2012) and collimated molecular outflows (e.g., Gueth et al.
2001; Beltran et al. 2008, 2009; Palau et al. 2010; Velusamy
et al. 2011), but collimated molecular outflows are more powerful
when driven by IM protostars. Furthermore, IM protostars also
share many characteristics with their higher mass counterparts,
such as correlations between the outflow kinematics and the
properties of their driving sources (e.g., Cabrit & Bertout 1992;
Bontemps et al. 1996; Wu et al. 2004; Hatchell et al. 2007;

Beltran et al. 2008), and hot core chemistry (e.g., Fuente et al.
2005; Neri et al. 2007; Sanchez-Monge et al. 2010). Thus,
observational evidence suggests that IM protostars form in a
similar way as low-mass protostars, and this formation mech-
anism is also shared with at least early B-type or late O-type
protostars (Beltrdn 2015).

In this paper, we study a sample of 14 IM protostars selected
from the SOFIA Massive (SOMA) Star Formation Survey (PI:
Tan), which aims to characterize a sample of 250 high- and IM
protostars over a range of evolutionary stages and environments
with their ~10 to 40 ym images observed with the SOFIA-Faint
Object infraRed CAmera for the SOFIA Telescope (FORCAST)
instrument. In Paper I of the survey (De Buizer et al. 2017), the
first eight sources were presented, which were mostly massive
protostars. In Paper II (Liu et al. 2019), seven especially
luminous sources were presented, corresponding to some of the
most massive protostars in the survey. The IM sample presented
here consists of seven new target regions in which 12 protostars
have been studied plus 2 additional protostars that were extracted
as secondary sources from the target regions in Papers I and II. It
thus serves to extend the luminosity and mass range of the
survey sample down to lower values.

Our approach is to follow the same methods as we developed
in Papers I and II to build the spectral energy distributions
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Table 1
SOFIA FORCAST Observations: Observation Dates and Exposure Times (seconds)
Source R.A.(J2000) Decl.(J2000) d (kpc) Obs. Date 7.7 pm 19.7 pm 31.5 pm 37.1 pm
Sh 2-235 05"40™5254 +35°41'30" 1.8 2016 Sep 20 404 779 642 1504
IRAS 22198+6336 22M21M26568 +63°51/38"2 0.764 2015 Jun 05 278 701 482 743
NGC 2071 05"47™045 741 +00°21'42796 0.39 2018 Sep 08 492 1319 825 2020
Cepheus E 23"03m1258 +61°42/26" 0.73 2015 Nov 04 281 899 818 281
LDN 1206 22M8M51541 +64°13'4171 0.776 2015 Nov 20 116 308 162 630
IRAS 2217245549 22119™09$ 478 +56°05'00”370 24 2015 Jun 03 337 664 386 466
IRAS 21391+5802 21140™41590 +58°16'1273 0.75 2015 Nov 06 334 806 488 1512

Note. The source positions listed here are the same as the positions of the black crosses denoting the radio continuum peak (millimeter continuum peak in Cep E and
L1206 A, and MIR peak in IRAS22172 MIR2) in each source in Figures 1-7. Source distances are from the literature, as discussed below.

(SEDs) of the sources. As before, we then fit these SEDs with
the Zhang & Tan (2018, hereafter ZT18) protostellar radiative
transfer (RT) models to estimate intrinsic source properties. In
this way, all the protostars are analyzed in a uniform way.
Finally, we search for trends in the source properties in the
entire SOMA sample of 29 sources that have been analyzed so
far in Papers I, II, and IIL.

The observations and data used in this paper are described in
Section 2. The analysis methods are summarized in Section 3.
We present the mid-infrared (MIR) imaging and SED fitting
results in Section 4 and discuss these results and their
implications in Section 5. A summary is given in Section 6.

2. Observations

The following seven target regions were observed by
SOFIA!! (Young et al. 2012) with the FORCAST instrument
(Herter et al. 2013; see Table 1): Sh 2-235 (hereafter S235),
IRAS 2219846336, NGC 2071, Cepheus E (hereafter, Cep E),
L1206 (A and B), IRAS 2217245549 (MIR 1, MIR 2, and
MIR 3), and IRAS 2139145802 (BIMA 2, BIMA 3, and MIR
48). The angular resolutions of the SOFIA-FORCAST images
are 2.7" at 7 ym, 2”9 at 11 pym, 3”3 at 19 ym, 3”4 at 31 pm,
and 3”5 at 37 um. We also fit the SEDs of two more sources,
G305.204-0.21 A (hereafter, G305 A) and IRAS 16562-3959 N
(hereafter, IRAS 16562 N), which are secondary sources near
primary targets of Paper II. Thus a total of 14 protostars will be
analyzed here for the first time as SOMA Survey sources.

In addition to SOFIA observations, for all objects, we also
retrieve publicly available images of Spitzer/IRAC (Fazio et al.
2004) at 3.6, 4.5, 5.8 and 8.0 um from the Spitzer Heritage
Archive, Herschel/PACS, and SPIRE (Griffin et al. 2010) at
70, 160, 250, 350 and 500 um from the Herschel Science
Archive, and Higher Resolution IRAS Images (HIRES 2.
Neugebauer et al. 1984) at 60, 100 ym from the NASA /IPAC
Infrared Science Archive.

The calibration and astrometry methods are the same as in
Paper 1II, except that for Cep E and IRAS 21391 we use the
SOFIA 19 pm image instead of the 7 ;um image to calibrate the
other SOFIA images and the Herschel images given the high noise
level in their 7 ;sm images. For SOFIA observations the calibration
error is estimated to be in the range ~3%-7%. The astrometric
precision is about 0”1 for the SOFIA 7 ym image, 0”4 for longer
wavelength SOFIA images, and 1” for Herschel images. Note that

1 SOFIA is jointly operated by the Universities Space Research Association,
Inc. (USRA), under NASA contract NAS2-97001, and the Deutsches SOFIA
Institute (DSI) under DLR contract 50 OK 0901 to the University of Stuttgart.

12 https:/ /irsa.ipac.caltech.edu /applications /Hires /

we use HIRES results of the IRAS data to achieve a resolution of
~1’. The astrometric precision is about 20-30". Fluxes measured
from HIRES agree with those of the Point Source Catalog (PSC2)
to within 20%, and ringing (a ring of lower level flux may appear
around a point source) can contribute another 10% uncertainty at
most in the measurement of the background-subtracted flux of the
source. Thus the total uncertainty, summed in quadrature, is 23%.
Near-infrared (NIR) images from the Wide Field Camera (WFC)/
UKIRT InfraRed Deep Sky Survey (UKIDSS; Lawrence et al.
2007) surveys and the Two Micron All Sky Survey (2MASS)
Atlas images (Skrutskie et al. 20006) are also used to investigate the
environments of the protostellar sources and search for association
with the MIR counterparts.

3. Methods

We follow the methods described in Papers I and II to
construct the SEDs (see Section 3 of Papers I and II for a more
detailed discussion). In summary, fixed circular-aperture back-
ground-subtracted photometry is estimated from MIR to far-
infrared (FIR) wavelengths for the sources. The aperture radius
is chosen with reference to the 70 um Herschel-PACS source
morphology, when available (else the 37 ym SOFIA-FOR-
CAST source morphology), with the goal of enclosing the
majority of the flux while avoiding contamination from
surrounding sources.

We also follow the methods of Papers I and II to fit the SEDs
with ZT18 protostellar RT models. For IRAS 22198,
NGC 2071, Cep E, G305 A, and IRAS 16562 N, which have
Herschel data, we do not use IRAS data for the SED fitting. For
L1206, our SOFIA images show that L1206 A is much brighter
than L1206 B at long wavelengths: e.g., at 37 yum L1206 A
contributes 96% of the total flux. Thus we assume that L.1206
A is the main source at wavelengths longer than 37 ym and use
the IRAS flux densities at 60 ym and 100 pm as a normal data
point for the SED fitting of L1206 A and upper limits for the
SED fitting of L1206 B. For the other sources, IRAS data are
used as upper limits given its resolution and aperture size.

There are a few special cases for the SED fitting. For G305
A, there is hardly any emission at wavelengths shorter than
8um, and the local noise leads to a negative flux measurement
at 7 um. Thus we use the non-background-subtracted fluxes as
upper limits at 3.6, 4.5, 5.8, and 8.0 um. In the IRAS 16562
region, the flux densities at wavelengths longer than 250 ym
are dominated by the main source in Paper II, thus the
background-subtracted flux for IRAS 16562 N is negative at
these wavelengths because of the contamination of the main
source. Thus we use the non-background-subtracted fluxes as
upper limits at 250, 350, and 500 pm.


https://irsa.ipac.caltech.edu/applications/Hires/
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4. Results

Table 2 lists the types of multiwavelength data available for
each source, the flux densities derived, and the aperture sizes
adopted. F) i is the flux density derived with a fixed aperture
size, and F,y, is the flux density derived with a variable
aperture size. The value of the flux density listed in the upper
row of each source is derived with background subtraction,
while the flux density derived without background subtraction
is listed in parentheses in the lower row. The SOFIA images for
each source are presented in Section 4.1. General results of the
SOFIA imaging are summarized in Section 4.2. The SEDs and
fitting results are presented in Section 4.3.

4.1. Description of Individual Sources.
4.1.1. §235

Estimates of the distance to the S235 A-B region vary from
1.6-2.5 kpc (e.g., Israel & Felli 1978; Burns et al. 2015). We
adopt 1.8 kpc, following Evans & Blair (1981), Dewangan
et al. (2016), and Shimoikura et al. (2016). High-resolution
millimeter (mm) line and continuum and radio continuum
observations toward S235 A-B were reported by Felli et al.
(2004, 2006). Shimoikura et al. (2016) carried out observations
of the C'®0 emission toward S235 A-B and revealed that the
clump has an elliptical shape, with a mass of ~1000 M., and an
average radius of ~0.5 pc. Two compact HII regions, called
S235 A and S235 B (e.g., Felli et al. 1997; Klein et al. 2005;
Saito et al. 2007), are located in this clump, along with a mm
continuum core with HCO'(1-0) outflows in between, which
is thought to be an embedded earlier-stage YSO (Felli et al.
2004). The mm core has an MIR counterpart, S235 AB-MIR,
and several water masers and methanol masers are located
nearby (Kurtz et al. 2004). From their estimate of a luminosity
of ~103L, of the source, Felli et al. (2004) suggested that S235
AB-MIR is an IM young stellar object (YSO) driving the
molecular outflows and supplying the energy for the
—60km s~ water maser nearby. On the other hand, Dewangan
& Anandarao (2011) concluded from SED fitting that S235
AB-MIR is the most massive protostar in the region with
my ~ 11 M, and is still actively accreting, and so it is not yet
able to excite an HII region. However, they were cautious
about the reliability of these results due to the limited number
of data points (three in the MIR from IRAC bands and two in
the submm continuum from Felli et al. 2004).

Another NIR K-band source with the highest infrared excess,
M1, is reported to be associated with the radio source VLA-1
by Felli et al. (2006), and the authors suggested that it could be
a B2-B3 star with an UCHII region, while Dewangan &
Anandarao (2011) suggested that it is a low-mass star,
relatively young in its evolution. Both S235 AB-MIR (counter-
part of the 1.2mm core) and M1 can be seen in our SOFIA
images in Figure 1. However, due to their weak MIR emission,
we do not focus on them in this paper.

Our analysis is focused on the MIR source S235 B, which is
associated with the radio source VLA-2 (Felli et al. 2006).
S235 B is the brightest object in the S235 A-B cluster in all
broadbands from U to K, and thus may be a massive YSO
(Boley et al. 2009). Krassner et al. (1982) detected hydrogen
recombination lines and polycyclic aromatic hydrocarbon
(PAH) emission features at 3.3, 8.7, and 11.3 um. However,
no 3.3 mm or 1.2 mm continuum or molecular lines are
detected associated with S235 B (Felli et al. 2004). While there
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is large-scale IZCO, 13CO, and C'®0 emission in the whole
5235 region (Shimoikura et al. 2016; Dewangan & Ojha 2017),
smaller scale outflows specifically associated with S235 B have
not yet been reported. For example, even in the high-resolution
HCO™(1-0) map of Felli et al. (2004), whose field of view
covers S235 B, there is no sign of HCO'(1-0) outflows
emerging from S235 B. Boley et al. (2009) classified the
central star of S235 B as an early-type (B1V) Herbig Be star
surrounded by an accretion disk based on its spectrum from
3800-7200 A, its location in a region of active star formation,
the presence of the nearby nebulosity, the Balmer emission
lines in the stellar spectrum, and the high H-K excess.
Furthermore, its spectrum shows that the S235 B nebulosity
is reflective in nature, with the central YSO in S235 B as the
illuminating source. Given the mass inferred from the spectral
type (>10M;), Boley et al. suggested that S235 B is likely to
already be on the main sequence.

In our SOFIA images as shown in Figure 1, S235 B is much
brighter than S235 AB-MIR and MI1. The weak second
component to the north of the radio source in the Spitzer 8 pm
image is likely to be produced by a ghosting effect of the
primary source because it is not seen in the other IRAC images,
the SOFIA images, or the UKIDSS JHK band images.

4.1.2. IRAS 22198+6336

IRAS 2219846336 was previously considered to be a
massive YSO (Palla et al. 1991; Molinari et al. 1996; Sanchez-
Monge et al. 2008) until an accurate distance of 764 £ 27 pc
was derived from the parallax measurements of 22 GHz
associated water masers (Hirota et al. 2008). Hirota et al.
reanalyzed the protostellar SED and then proposed that IRAS
2219846336 might be an IM deeply embedded YSO with a
spectral type of late-B, equivalent to a Class 0 object in low-
mass star formation. Sanchez-Monge et al. (2010) detected a
compact source at 3.5, 2.7, and 1.3 mm coincident with the
centimeter source reported by Sdnchez-Monge et al. (2008) and
surrounded by a faint structure extended toward the southwest.
The high rotational temperature (100-150 K) derived from
CH;CN and CH3;OH, together with the chemically rich
spectrum, is clear evidence that IRAS 22198 is an IM hot
core. The CO(1-0) emission in Sdnchez-Monge et al. (2010)
reveals an outflow with a quadrupolar morphology clearly
centered on the position of the main dust condensation.
Observations of the high-velocity emission of different outflow
tracers HCO(1-0), HCN(1-0) and SiO(2-1) seem to favor the
superposition of two bipolar outflows. Higher angular resolu-
tion observations at 1.3 mm by Palau et al. (2013) reveal a
counterpart of the centimeter (cm) source (MM2 in their
nomenclature) and a faint extension to its south (MM2-S).
Palau et al. suggest that MM2 is likely driving the southwest-
northeast outflow, while an unresolved close companion of
MM2 or MM2-S, which is only detected at 3.6 um, could be
the driving source of the northwest-southeast outflow. Periodic
flares of the 6.7-GHz methanol maser have been detected in
IRAS 22198, and their characteristics can be explained by a
colliding-wind binary model (Fujisawa et al. 2014).

Our SOFIA images (see Figure 2) reveal the MIR counter-
part of the cm/mm source. Extended emission is seen toward
the blueshifted outflow in the southwest at 19 and 31 pym. In
contrast, the extended emission at um directly points to the
south. Faint extended emission is also seen along the axes of
the two outflows at 70 pym.
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Figure 1. Multiwavelength images of S235 with the facility and wavelength given in the upper right corner of each panel. Contour level information is given in the
lower right corner: the lowest contour level in number of o above the background noise and the corresponding value in mJy per square arcsec; then the step size
between each contour in log;o mJy per square arcsec, then the 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 panel (e) denotes the aperture used for the fiducial photometry. Gray circles in the lower left corner
show the resolution of each image. The black cross in all panels denotes the position of the radio source VLA-2 of Felli et al. (2006) at R.A.(J2000) = 05"40™52340,
decl.(J2000) = +35°41’30”. The triangle marks the position of the 1.2 mm core. The small white cross marks the position of S235AB-MIR. The cross marks the

position of the NIR K-band source M1 as well as VLA-1.
(The data used to create this figure are available.)

4.1.3. NGC 2071

NGC 2071 is a reflection nebula located at a distance of
390 pc in the L1630 molecular cloud of Orion B (Anthony-
Twarog 1982). The three brightest members of the infrared
cluster at 10 um, IRS1, IRS2, and IRS3, are each associated
with compact radio sources at 5 GHz (Snell & Bally 1986). The
radio continuum emission of IRS1 and IRS3 and the water
masers associated with them suggest that both sources are
associated with thermal jets (Smith & Beck 1994; Torrelles
et al. 1998; Seth et al. 2002). Higher resolution VLA
observations (Trinidad et al. 2009) break IRS1 into three
continuum peaks (IRSIE, 1C, and 1W), aligned in the east—
west direction. Both the morphology and spectral index suggest
that IRS1C is a thermal radio jet, while IRSIE and IRS1W
could be condensations ejected by IRS1C. An energetic bipolar
CO outflow has been observed toward NGC 2071, extending in
the northeast-southwest direction and reaching ~15’ in length
(Bally 1982). In addition, shock-excited molecular hydrogen

emission at 2.12 pm has also been reported, showing a spatial
extent similar to that of the CO outflow and revealing several
H, outflows in the field, including one (flow II) perpendicular
to the main outflow (flow I; Eisloffel 2000). Stojimirovi¢ et al.
(2008) also detected CO(1-0) emission in the direction of flow
II. Trinidad et al. (2009) tried to identify individual driving
sources for each outflow based on the observations of Eisloffel
(2000) and the elongation of the IRS3 jet. However, we note
that higher resolution observations of the outflows are needed
to better distinguish the driving sources in this region.

Based on radio continuum emission indicating the presence
of thermal jets and water masers that are tracing disk-YSO
outflow systems, it has been proposed that IRS1 and IRS3
are intermediate- and low-mass YSOs, respectively (Smith &
Beck 1994; Torrelles et al. 1998; Seth et al. 2002; Trinidad
et al. 2009). In our SOFIA images, the three sources IRSI,
IRS2, and IRS3 are revealed at all wavelengths (see Figure 3).
Here, we focus on the SED of the IRS1 source, but the aperture
we adopt also includes IRS3.
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Figure 2. Multiwavelength images of IRAS 2219846336, following the format of Figure 1. The black cross in all panels denotes the position of the 3.6 cm source in
Sanchez-Monge et al. (2008) at R.A.(J2000) = 22121™26%68, decl.(J2000) = +63°51'38”2. The lines in panel (a) show the orientation of outflow axes, with the
solid spans tracing blueshifted direction and the dashed spans redshifted direction. The outflow axis angles are from the CO(1-0) outflow emission of Sdnchez-Monge

et al. (2010).

(The data used to create this figure are available.)

4.1.4. Cepheus E

The Cepheus E (Cep E) molecular cloud is located at a
distance of 730 pc (Sargent 1977). Since its early discovery by
Wouterloot & Walmsley (1986) and Palla et al. (1993),
subsequent studies have confirmed the central source Cep
E-mm to be an isolated IM protostar in the Class O stage
(Lefloch et al. 1996; Moro-Martin et al. 2001). The source
drives a very luminous molecular outflow and jet (Lefloch et al.
2011, 2015), terminated by the bright Herbig-Haro (HH) object
HH377 in the south (Ayala et al. 2000). The 21” long jet, the
HH 377 terminal bow-shock, and the outflow cavity are clearly
revealed in multiple CO transitions and the [OI] 63 pm line
(Gusdorf et al. 2017). The observations are interpreted by
means of time-dependent magnetohydrodynamics (MHD)
shock models by Lefloch et al. (2015). Ospina-Zamudio et al.
(2018) reveal Cep E-mm as a binary protostellar system with
NOEMA observations. They identified two components from a
two-component fit to the visibilities, Cep E-A and Cep E-B,
which are separated by ~1.7”. Ospina-Zamudio et al. argued
that Cep E-A dominates the core continuum emission and

powers the well-known high-velocity jet associated with HH
377, while the lower flux source Cep E-B powers another high-
velocity molecular jet revealed in SiO(5-4) propagating in a
direction close to perpendicular with respect to the Cep E-A jet.
The spectra of molecular lines observed by NOEMA show
bright emission of O- and N-bearing complex organic
molecules (COMs) around Cep E-A and no COM emission
toward Cep E-B.

From our SOFIA images (Figure 4), we are not able to
resolve the potential binary system, so our modeling is an
approximation of the properties of Cep E-A, assuming it
dominates the system. The IR emission along the main jet is
clearly seen in the Spitzer 8 pm image and also in the Herschel
70 pm image because these space-based observations are more
sensitive to fainter emission features.

4.1.5. L1206

L1206, also known as IRAS 22272-+6358, is located at a
distance of 776 pc from the trigonometric parallaxes of
6.7 GHz methanol masers (Rygl et al. 2010). Two MIR sources



THE ASTROPHYSICAL JOURNAL, 904:75 (35pp), 2020 November 20

Liu et al.

NGC2071
072215 SOE |71 SOF@lgpm

_ 00"
o
o
o
o
o
[]

[a) 21'45"

30"

40=22.60; 1.80;.0.42

0°22'15"

_ 00"
o
o
o
N
o
[0]

o 21'45"

30"

50=280.75; 1.74; 11.87
5h47™M06° 053 04s 03s 5"47M06° 053 04s 03s 5M"47m06° 05° 045 03s
RA (J2000) RA (J2000) RA (J2000)
0.001 0.010 0.100 1.000

Figure 3. Multiwavelength images of NGC 2071. The black cross in all panels denotes the position of the 1.3 cm source IRS 1C in Trinidad et al. (2009) at R.A.
(J2000) = 05"47™045741, decl.(J2000) = 4+00°21'42”96. The crosses from north to south mark the positions of the 1.3 cm sources IRS3 and VLA, respectively.
The triangles from east to west mark the positions of the 1.3 cm sources IRS1E, IRSIW, and IRS1Wb, respectively. The lines in panel (a) show the orientation of the
outflow axis (flow I), with the solid span tracing the blueshifted direction and the dashed span the redshifted direction. The outflow axis angle is from the high-velocity
CO(1-0) main outflow emission of Stojimirovi¢ et al. (2008). Note that the center of the outflow has an uncertainty of ~5” and is not necessarily at IRS1C.

(The data used to create this figure are available.)

lie in our field of view. The western source IRAS 2227246358
A (hereafter referred to as L1206 A) has no optical counterpart,
and at NIR wavelengths, it has only been seen in scattered light
(Ressler & Shure 1991). Given its extremely low 60/100 pm
color temperature, L1206 A is believed to be deeply embedded,
cold, and young (Ressler & Shure 1991; Beltran et al. 2006). It
has been detected at 2.7 and 2 mm, but not at 2 or 6cm
(Wilking et al. 1989; McCutcheon et al. 1991; Sugitani et al.
2000; Beltran et al. 2006). The 2.7 mm continuum observations
by Beltran et al. (2006) revealed four sources, OVRO 1, OVRO
2, OVRO 3, and OVRO 4, in a 12" vicinity of L1206 A. The
strongest mm source, OVRO 2, is most likely the YSO
associated with L1206 A, and is probably the driving source of
the CO molecular outflow detected in the region. The dust
emission morphology and properties of OVRO 2 suggest that
this IM protostar is probably in transition between Class O
and L.

The K, L, L’, and M filter images of L1206 A clearly reveal
lobes in a bipolar system (Ressler & Shure 1991). There is a
distinct 3”"-4" gap between the two lobes at the K, L, and L’
bands. Because the proposed illuminating source lies within

this gap, it was suggested by Ressler & Shure (1991) that this
gap is produced by the extreme extinction of a thick
circumstellar disk. We also see such a gap in the 3.6, 4.5,
and 5.8 um images. The CO(1-0) observations of Beltran et al.
(2006) reveal a very collimated outflow driven by OVRO 2
with a very weak southeastern red lobe and a much stronger
northwestern blue lobe. The relative brightness of the red lobe
also decreases monotonically at the K, L, and L’ bands (Ressler
& Shure 1991). Beltran et al. (2006) suggested a scenario in
which photodissociation produced by the ionization front
coming from the bright-rimmed diffuse H II region in the south
could be responsible for the weakness of the redshifted lobe
and its overall morphology.

The elongation along the outflow direction of L1206 A is
clearly revealed at 8 mum. We see a slight extension along the
outflow direction in our SOFIA images, especially at 31 um
and 37 ym (see Figure 5).

IRAS 22272+6358 B (hereafter referred to as L1206 B) is a
bluer but less luminous object, which lies approximately 40” to
the east of L1206 A. Because L1206 B is directly visible in the
NIR and is likely to be a less obscured young stellar object,
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Figure 4. Multiwavelength images of Cep E. The black cross in all panels denotes the position of the 1.3 mm source CepE-A in Ospina-Zamudio et al. (2018) at R.A.
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(The data used to create this figure are available.)

Ressler & Shure (1991) suggested that L1206 B is most likely a
late Class I object or perhaps an early Class II object, whose
photospheric spectrum is heavily extinguished by the parent
cloud and is also affected by emission from a circumstel-
lar disk.

From our SOFIA images, it can be seen that the emission of
L1206 B becomes weaker at longer wavelengths, which also
indicates that L1206 B may be more evolved than L1206 A.

4.1.6. IRAS 22172+5549

IRAS 2217245549 is located at a kinematic distance of
2.4 kpc (Molinari et al. 2002). As a luminous IRAS source in
the survey of Molinari et al. (2002), IRAS 22172 shows the
presence of a compact dusty core without cm continuum
emission, with prominent wings in the HCO"(1-0) line.
Fontani et al. (2004) studied the 3 mm continuum and
CO(1-0) emission in this region, finding a CO bipolar outflow
centered at MIR2 (IRS1 in their nomenclature), which is offset
by ~7”5 from the 3.4 mm peak. They suggested that the dusty
core might host a source in a very early evolutionary stage prior
to the formation of an outflow. From the outflow parameters,
they proposed that MIR2, as the driving source, must be

relatively massive. Palau et al. (2013) carried out higher
angular resolution 1.3 mm and CO(2-1) observations. They
detected more mm sources, including one confirmed protostar
with no IR emission that is driving a small outflow (MM2), two
protostellar candidates detected only in the mm range (MM3
and MM4), and one protostellar object detected in the mm and
IR, with no outflow (MM1). MIR2 is still detected only in the
IR and is driving the larger CO(1-0) outflow. No mm emission
or molecular outflows are detected toward MIR1 or MIR3. It is
clear that IRAS 22172 harbors a rich variety of YSOs at
different evolutionary stages.

Our SOFIA images (see Figure 6) reveal extended emission
along the blueshifted outflow from MIR2, which could come
from the outflow cavity.

4.1.7. IRAS 21391+5802

IRAS 2139145802 is deeply embedded in the bright-
rimmed globule IC 1396N located at a distance of 750 pc
(Matthews 1979). This region exhibits all of the signposts of an
extremely young object, such as strong submm and mm dust
continuum emission (Wilking et al. 1993; Sugitani et al. 2000;
Codella et al. 2001), line emission from high-density gas
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+64°13’41"1, respectively. The lines in panel (a) show the orientation of the outflow axis from L1206 A, with the solid

span traces the blueshifted direction and the dashed span the redshifted direction. The outflow axis angle is given by the CO(1-0) outflow emission of Beltran et al.

(2006).
(The data used to create this figure are available.)

tracers (Serabyn et al. 1993; Cesaroni et al. 1999; Codella et al.
2001), and water maser emission (Felli et al. 1992; Tofani et al.
1995; Patel et al. 2000; Valdettaro et al. 2005). Sugitani et al.
(1989) discovered an extended CO bipolar outflow, which was
later also mapped by Codella et al. (2001). NIR images of the
region have revealed a collimated 2.12 um H, jet driven by
IRAS 21391 (Nisini et al. 2001; Beltran et al. 2009). Based on
mm observations, Beltran et al. (2002) resolved IRAS 21391
into an IM source called BIMA 2, surrounded by two less
massive and smaller objects, BIMA 1 and BIMA 3. Choudhury
et al. (2010) identified MIR-50 and 54 as the MIR counterparts
of BIMA 2 and BIMA 3 and did not detect any source
associated with BIMA 1. The source located ~25” to the north
of BIMA 2 was identified as MIR-48. BIMA 1, BIMA 2, and
BIMA 3are all associated with 3.6 cm continuum emission
(Beltrdan et al. 2002). Figure 7 shows the region as seen by
Spitzer at 8 um and by SOFIA-FORCAST. Our analysis
focusses on the MIR-48, BIMA 2 and BIMA3 sources.

A strong CO(1-0) outflow along the east—west direction is
centered at the position of BIMA 2, and other collimated,

10

weaker, and smaller bipolar outflows, elongated along the north—
south direction, are associated with BIMA 1, which is only
detected at low velocities (see Figure 4 in Beltran et al. 2002). At
the position of MIR-48, we see weak overlapping blue- and
redshifted CO(1-0) emission, which is also only detected at low
velocities. There is no molecular emission detected toward
BIMA 3. The east-west outflow driven by BIMA 2 is highly
collimated, and the collimation remains even at low outflow
velocities. Beltrdn et al. (2002) interpreted the complex
morphology of the outflows as being the result of the interaction
of the high-velocity gas with dense clumps surrounding the
protostar. They also suggested that BIMA 2 fits correlations
between source and outflow properties for low-mass Class O
objects given by Bontemps et al. (1996) very well.

Neri et al. (2007) used still higher angular resolution
millimeter interferometric observations to reveal that BIMA 2
is a cluster of multiple compact sources; the primary source is
called IRAM 2A. The detection of warm CH;CN in IRAM 2A
implies that this is the most massive protostar and could be the
driving source of this energetic outflow. This interpretation is
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angle is from the CO(1-0) outflow emission of Fontani et al. (2004).
(The data used to create this figure are available.)

also supported by the morphology of the 1.2 mm and 3.1 mm
continuum emission, which is extended along the outflow axis
tracing the warm walls of the biconical cavity (Fuente et al.
2009). The CH5CN abundance toward IRAM 2A is similar to
that found in low-mass hot corinos and lower than that
expected toward IM and high-mass hot cores. Based on the low
CH;CN abundance, Fuente et al. (2009) suggested that IRAM
2A is a low-mass or a Herbig Ae star and not the precursor of a
massive Be star, or alternatively, that IRAM 2A is a Class 0/I
transition object that has already formed a small photodissocia-
tion region (PDR).

For BIMA 1 and BIMA 3, Beltrdn et al. (2002) suggested
that they are more evolved low-mass objects given their low
dust emissivity index and the more compact appearance of their
dust emission.

While extended morphologies of the three sources are
revealed in our SOFIA images (see Figure 7), the extension of
BIMA 2 does not follow the northeast-southwest direction of
the major outflow or the north—south direction of the weak low-
velocity outflow.

11

4.2. General Results from the SOFIA Imaging

Most of the sources presented in this paper are associated
with outflows. In a few cases, such as IRAS 22198, L1206 A
and IRAS 22172 MIR2, the SOFIA 20 to 40 ym images show
modest extensions in the directions of the outflow axes, which
was a common feature of the high-mass protostars in Papers I
and II. However, the appearance of most of the IM protostars in
the SOFIA images is quite compact, i.e., only a few beams
across, and relatively round. In some of these cases, such as
IRAS 22198, Cep E, and IRAS 21391 (BIMA 2) Spitzer 8 yum
images, which are sensitive to lower levels of diffuse emission,
do reveal outflow axis elongation, which the SOFIA images are
not able to detect. One contributing factor here is likely to be
that the IM protostars are intrinsically less luminous than high-
mass protostars and so produce less extended MIR emission.
Another factor may be that the mass surface densities of their
clump environments are lower than those of high-mass
protostars (this is revealed in the derived values of ¥ from
the SED fitting; see Section 4.3.2) and thus their MIR to FIR
emission can appear more compact and more apparently



THE ASTROPHYSICAL JOURNAL, 904:75 (35pp), 2020 November 20

IRAS21391

(a)

58°16'45" Spitzer 8um

Liu et al.

—_ 30"
o
o
o
N
3 15
" . : \
00 | } ; .4 ,‘g |
‘ 3 "4qf_14.72;w1.’35;‘9.0‘ =q
fffffffffffffffffff #r.éf' -
58°16'45" SOFIA 31um }
\
\
\
_ 30" |
) \
S \
& | No Herschel 70um data
3 .. B S >
g 15 | 3
|
X+ \
00" } L
49'=28.08;»1.58; 0.44 } ______
21h40m44s  42s 403 385 21M40m44° 425 405 385 21"40m44° 425 408 38s
RA ()2000) RA (J2000) RA (J2000)
0.001 0.010 0.100 1.000

Figure 7. Multiwavelength images of IRAS 21391. The black crosses in all panels from north to south denote the positions of the MIR source MIR-48 at R.A.
(J2000) = 21"40™41543, decl.(J2000) = +58°16/37”8 in Choudhury et al. (2010) and 3.6 cm sources VLA2 at R.A.(J2000) = 21"40™41590, decl.(J2000) = +58°
16'12”3 and VLA3 at R.A.(J2000) = 21"40™42577, decl.(J2000)=+58°16/01”3 in Beltran et al. (2002). The white crosses marks the position of the 3.6 cm source
VLAL. The crosses from east to west mark the positions of the 3.1 mm sources BIMA3, BIMA2, and BIMA1. The lines in panel (a) show the orientation of the
outflow axis from VLA2/BIMA2, with the solid span tracing blueshifted direction and the dashed span tracing redshifted direction. The outflow axis angle is given by

the high-velocity CO(1-0) main outflow emission of Beltran et al. (2002).
(The data used to create this figure are available.)

symmetric. Three-color images of all the sources are presented
together in Figure 8.

We note that three of our sources are resolved into at least
two components by higher angular resolution mm observations
(within ~0.01pc), including IRAS 22198, Cep E, and IRAS
21391 BIMA2. A few mm sources are detected close to the
main MIR source in IRAS 22172 located 3”-8" (0.03-0.09 pc)
away, and a few mm sources are detected close to L1206 A
located ~12” (0.04 pc) away. Several jet-like condensations are
revealed by radio observations in NGC 2071 IRS1 (within
~0.01pc). This indicates that at least some of the protostars in
our sample may have nearby companions.

From Figure 9, we see that three of the sources have high-
resolution UKIDSS NIR imaging: S235, IRAS 22172, and
IRAS 21391. These images show the presence of a number of
NIR sources in the vicinities of the protostars, especially for
S235 and IRAS 22172, which may be associated clusters of
YSOs. On the other hand, IRAS 22198, NGC 2071, Cep E, and
L1206 appear more isolated in their NIR images, although is

12

must be noted that these images have lower resolution and
higher noise levels. We also note that S235 B is located (in
projection) near the center of its cluster, while IRAS22172
MIR?2 is closer to the eastern edge of its cluster.

4.3. Results of SED Model Fitting
4.3.1. The SEDs

Figure 10 shows the SEDs of the 14 sources presented in this
paper. Ten sources lack Herschel 70 and 160 pm observations,
which makes it difficult to determine the location of the peak of
their SEDs. Of the remaining four sources, NGC 2071 has an
SED that peaks between 37 and 70 pm, while IRAS 22198,
Cep E, and G305 A have their peaks around 70 pym. It is
noticeable that L1206 B, IRAS22172 MIR2, IRAS22172
MIRI1, IRAS21391 MIR48, and IRAS16562 N have very flat
MIR SEDs, and especially L1206 B even shows decreasing
flux densities as the wavelength increases.
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Figure 8. Gallery of RGB images of the seven new regions analyzed in this paper, as labeled. The color intensity scales are stretched as arcsinh and show a dynamic
range of 100 from the peak emission at each wavelength. The legend shows the wavelengths used and the beam sizes at these wavelengths. SOFIA-FORCAST 37 ym
is shown in red. SOFIA-FORCAST 19 pm is shown in green. Spitzer 8 um is shown in blue.
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Figure 9. NIR RGB images of the seven new regions analyzed in this paper, as labeled. The data of S235, IRAS 22172, and IRAS 21391are from the UKIDSS survey
(Lawrence et al. 2007). The data of IRAS 22198, NGC 2071, Cep E and L1206 are from the 2MASS survey (Skrutskie et al. 2006). K-band data are shown in red, H

band data in green, and J band data in blue. The white contours are the SOFIA 37 pm emission, with the same levels as displayed in the previous individual figures for
each source. The crosses in each panel are the same as those in the previous individual figures. The scale bar is shown in the right corner of each panel.

models were used was carried out in Paper I, with some of the

4.3.2. ZT Model Fitting Result. . . .- .
oder futtins Resutts main results being that the Robitaille et al. models often give

We now consider the results of fitting the ZT protostellar RT solutions with very low accretion rates, which are not allowed
models to the SEDs. Note that a general comparison of in the context of the ZT models. As discussed in Paper I, our
differences in results when the Robitaille et al. (2007) RT preference is to use the ZT models for the analysis of the

13
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Figure 10. SEDs of the 14 presented sources. Total fluxes without background subtraction are shown with dotted lines. The fixed-aperture case is shown by the dotted
black line, and the variable aperture (at <70 pm) case is shown with the dotted red line. The background-subtracted SEDs are shown with solid lines: black for fixed
aperture (the fiducial case), and red for variable aperture. Solid black squares indicate the actual measured values that sample the fiducial SED. Black triangles denote
the flux densities measured with IRAS. The down arrows in G305 A and IRAS16562 N denote that those data points are fluxes without background subtraction and

are treated as upper limits.

SOMA sources because these models have been developed
specifically for massive star formation under a physically self-
consistent scenario, including full protostellar evolution, and
with relatively few free parameters. Figure 11 shows the results
of fitting the ZT protostellar RT models to the fixed-aperture
background-subtracted SEDs, which is the fiducial analysis
method presented in Papers I and II. In general, reasonable fits
can be found to the observed SEDs, i.e., with relatively low
values of reduced 2.

A summary of the fitted parameter results in the X - M, -
m, parameter space is shown for each source in Figure 12.
Note that the clump environment mass surface density, X
(ranging from 0.1 to 3g cm™2), and initial core mass, M.
(ranging from 10 to 480 M), are the primary physical

14

parameters of the initial conditions of the ZT models, while
the current protostellar mass, m, (ranging from 0.5 M up to
about 50% of M_, with this efficiency set by disk-wind-driven
outflow feedback), describes the evolutionary state of stars
forming from such cores. The two other independent
parameters of the models are the angle of the line of sight to
the outflow axis, 6yjw, and the amount of foreground
extinction, Ay, with all other model parameters being
completely specified by X, M., and m,. Note that Ly iso
represents the isotropic bolometric luminosity, i.e., without
correction for the inclination, and Ly, represents the intrinsic
bolometric luminosity. The best five model fits for each source
are listed in Table 3. Note that x? listed in this table is the
reduced X2, i.e., already normalized by the number of data
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Figure 10. (Continued.)

points used in the fitting. Note also that Table 4 of Paper II
incorrectly listed this as quantity as x2/N, rather than as 2
used here and in Paper 1.

The best-fit models indicate that S235 and G305 A are more
likely to be high-mass protostars, with most of the models
(except for the best model for S235) returning protostellar
masses my > 12 M, accretion rates rity ~ 1075 — afew x

15

107* Mg, yr~!, initial core masses M, ~ 50-400 M., clump
mass surface densities ¥ ~ 0.1.—1 gcm™2, and isotropic
luminosities Loy iso ~ 10° — a few x 10* L.

We find that IRAS 22198, NGC 2071, L1206 A, L1206 B,
IRAS22172 MIR2, IRAS22172 MIR3, IRAS21391 MIR4S,
and IRAS16562 N are likely to currently be IM protostars,
with most models returning protostellar masses my ~ 2-8 Mg,
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Figure 11. 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. The flux values are those from Table 2. Note that the data at <8 pm are treated as upper

limits (see text). The resulting model parameter results are listed in Table 3.

accretion rates iy ~ 1075-107* M, yr~!, initial core masses
M. ranging from 10 to 480 M, clump mass surface densities
Y ranging from 0.1 to 3.2 gem 2, and isotropic luminosities
Lpoliso ~ 10 — afew x 10% L. However, given the estimated
remaining envelope masses around these protostars, for many
models the final outcome would be a massive star because star
formation efficiencies are typically ~50% in the models (see
also Tanaka et al. 2017; Staff et al. 2019).

Considering the remaining sources, we see that Cep E,
IRAS22172 MIRI1, IRAS21391 BIMA2, and IRAS21391
BIMA3 are likely to currently be low-mass protostars, with
most models returning protostellar masses my ~ 0.5 — 2 M,
accretion rates ity ~ 107-107* M, yr~!, initial core masses

16

M. ranging from 10 to 160 M, clump mass surface densities
Y ranging from 0.1 to 0.3 gcm 2, and isotropic luminosities
Lol iso ~ 102 L. Given that the models used for the fitting all
have initial core masses of 10 M., or greater, then the outcome
of the evolution would always be formation of at least IM stars.
However, within the degeneracies of the model fits, there are
some solutions that would imply that we are catching a massive
star at the very earliest stages of its formation.

Below we describe the fitting results of each individual
source and then compare them with previous estimates from the
literature.

S235: From the best five model fits, this source has an
estimated isotropic bolometric luminosity of to

~1
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2 x 103 L. However, the intrinsic bolometric luminosity of
these models spans a much wider range from 3 x 10° to
2 x 10° L. We note that for this source there are effectively
only three measurements of the SED, all from the SOFIA
FORCAST data, with observations at other wavelengths being
used as upper limits. The high intrinsic luminosities for this
source are possible because of the “flashlight effect,” i.e., most
of the flux is not directed toward us due to high local extinction
in the core. This range of intrinsic luminosities means that there
is a wide range of protostellar properties that are consistent
with the observed SED, i.e., there are significant degeneracies
in the derived protostellar parameters (see Figure 12). In

100
Me (Mo)

Figure 12. (Continued.)

20

particular, while the best-fit model has a low initial core mass
(10 M) and current protostellar mass (2 M) forming from a
high ¥ environment (3 g cm~?2) that is viewed at a relatively
small angle to the outflow axis, the next four best models are all
with larger core and protostellar masses in lower density
environments viewed at angles nearly orthogonal to the outflow
axis, i.e., close to the equatorial plane where there would be the
highest line-of-sight extinction.

In previous studies of S235, Felli et al. (2006) used JHK
band images and MSX fluxes and derived a luminosity of
410L,, which they claimed must be considered to be a lower
limit because the FIR part of the spectrum is not taken into
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Table 3
Parameters of the Best Five Fitted Models
Source Xz M. el Reore My evicw Ay My OW,CSC Mdisk LbOl,iSO Ly
Mz)  (gem™) (po) (") M) ©) (mag)  (My)  (deg) (M /yr) (L) (L)
S235 1.26 10 32 0.013 (2) 2.0 39 0.0 6 35 1.8 x 10 1.4 x 103 2.6 x 103
d = 1.8 kpc 2.55 60 1.0 0.057 (7) 24.0 89 11.1 5 71 1.9 x 107 2.1 x 103 9.3 x 10*
Ry, = 127 2.74 50 0.1 0.165 (19) 12.0 89 4.0 15 59 34 x 1073 1.4 x 103 1.4 x 10*
=0.10 pc 3.00 80 1.0 0.066 (8) 32.0 89 15.2 3 79 1.4 x 107 1.6 x 103 1.6 x 10°
3.02 50 0.3 0.093 (11) 16.0 80 0.0 8 68 7.1 x 1073 1.4 x 103 3.1 x 10*
TRAS22198 0.18 80 0.1 0.208 (56) 4.0 89 29.3 71 18 3.7 x 1073 6.0 x 102 8.5 x 10?
d = 0.8 kpc 0.27 60 0.1 0.180 (49) 4.0 62 41.4 51 21 34 x 1073 6.1 x 102 8.9 x 102
R,, = 20" 1.08 100 0.1 0.233 (63) 4.0 89 35.4 91 15 4.0 x 1073 6.5 x 102 8.8 x 102
=0.09 pc 1.47 40 0.3 0.083 (22) 2.0 22 9.1 35 17 53 x 107? 6.5 x 102 7.5 x 102
1.78 50 0.1 0.165 (44) 4.0 62 25.3 41 24 32 x 1073 5.1 x 102 7.9 x 102
NGC2071 3.14 10 32 0.013 (7) 4.0 58 57.6 2 56 1.9 x 10 5.0 x 102 1.9 x 103
d = 0.4 kpc 3.59 30 0.1 0.127 (67) 4.0 65 12.1 21 33 2.7 x 1073 3.6 x 102 7.7 x 102
Ry, = 10" 5.79 40 0.1 0.147 (78) 4.0 62 11.1 30 27 3.0 x 1073 4.4 x 102 7.5 x 102
=0.02 pc 7.06 60 0.1 0.180 (95) 2.0 29 0.0 55 15 2.5 x 1073 3.2 x 102 3.5 x 102
7.57 50 0.1 0.165 (87) 2.0 29 0.0 46 16 24 x 1073 2.8 x 102 3.1 x 102
CepE 0.63 30 0.1 0.127 (36) 1.0 83 29.3 27 15 1.5 x 1073 1.3 x 102 1.7 x 10?
d = 0.7 kpc 0.70 30 0.1 0.127 (36) 2.0 65 60.6 25 23 2.0 x 1073 1.5 x 102 2.4 x 102
R,, = 23" 0.80 40 0.1 0.147 (42) 1.0 89 21.2 38 12 1.6 x 1073 1.3 x 102 1.7 x 102
=0.08 pc 1.40 50 0.1 0.165 (46) 1.0 89 19.2 48 11 1.7 x 1073 1.4 x 10? 1.7 x 10?
1.67 20 0.1 0.104 (29) 4.0 71 100.0 10 43 2.1 x 1073 1.9 x 102 6.8 x 102
L1206 A 0.08 480 0.1 0.510 (136) 4.0 89 455 474 6 6.1 x 107° 9.2 x 102 1.0 x 103
d = 0.8 kpc 0.09 400 0.1 0.465 (124) 4.0 83 56.6 390 7 5.8 x 1073 9.4 x 102 1.0 x 103
R,=9" 0.17 50 0.3 0.093 (25) 4.0 55 414 41 22 7.7 x 1073 8.8 x 102 1.4 x 103
=0.03 pc 0.21 40 0.3 0.083 (22) 4.0 89 28.3 31 25 7.2 x 1073 7.3 x 102 1.4 x 103
0.23 240 0.1 0.360 (96) 4.0 89 74.7 229 9 5.1 x 1073 9.0 x 102 1.0 x 103
L1206 B 0.13 40 0.1 0.147 (39) 12.0 89 8.1 2 82 9.5 x 107 5.7 x 10! 1.1 x 104
d = 0.8 kpc 0.45 30 0.3 0.072 (19) 12.0 89 30.3 1 81 22 x 1073 7.0 x 10! 1.2 x 10*
R,, = 10" 0.55 10 0.3 0.041 (11) 4.0 77 0.0 1 68 24 x 1073 4.9 x 10! 6.7 x 102
=0.04 pc 0.71 10 0.1 0.074 (20) 2.0 51 0.0 4 50 1.1 x 1073 8.1 x 10! 1.3 x 10?
2.26 10 0.1 0.074 (20) 0.5 22 34.3 9 20 7.8 x 107¢ 1.5 x 102 7.5 x 10!
IRAS22172 MIR2 1.67 40 0.1 0.147 (13) 2.0 22 0.0 36 19 22 x 1073 3.9 x 102 2.7 x 102
d =2.4kpc 2.27 30 0.1 0.127 (11) 2.0 22 32.3 25 23 2.0 x 1073 8.0 x 102 2.4 x 102
R,=4" 2.39 20 0.1 0.104 (9) 4.0 48 6.1 10 43 2.1 x 1073 3.4 x 102 6.8 x 102
=0.04 pc 2.51 30 0.1 0.127 (11) 1.0 13 37.4 27 15 1.5 x 1073 8.7 x 102 1.7 x 102
2.81 10 1.0 0.023 (2) 2.0 39 50.5 5 39 7.5 x 1073 1.0 x 103 7.6 x 102
IRAS22172 MIR1 0.04 20 0.1 0.104 (9) 2.0 34 25.3 15 30 1.7 x 1073 1.4 x 102 1.9 x 102
d = 24kpc 0.04 20 0.1 0.104 (9) 1.0 22 50.5 17 20 1.3 x 1073 2.7 x 102 1.5 x 102
Ry =5" 0.20 10 32 0.013 (1) 4.0 71 0.0 2 56 1.9 x 10 1.9 x 102 1.9 x 103
=0.05 pc 0.23 10 0.1 0.074 (6) 1.0 34 1.0 7 31 1.0 x 1073 8.1 x 10! 1.1 x 10?
0.40 30 0.1 0.127 (11) 1.0 22 16.2 27 15 1.5 x 1073 1.7 x 102 1.7 x 10?
IRAS22172 MIR3 0.19 30 0.1 0.127 (11) 1.0 22 0.0 27 15 1.5 x 1073 1.7 x 102 1.7 x 102
d =2.4kpc 0.39 30 0.1 0.127 (11) 2.0 34 13.1 25 23 2.0 x 1073 1.9 x 102 2.4 x 102
R,=5" 0.45 10 32 0.013 (1) 4.0 68 0.0 2 56 1.9 x 107 2.1 x 102 1.9 x 103
=0.05 pc 0.61 10 1.0 0.023 (2) 4.0 68 0.0 1 59 7.7 x 1073 1.5 x 102 1.1 x 103
0.97 20 0.1 0.104 (9) 1.0 29 0.0 17 20 1.3 x 1073 1.2 x 102 1.5 x 102
IRAS21391 BIMA2 0.04 20 0.1 0.104 (29) 0.5 34 74.7 19 13 9.6 x 107 8.0 x 10! 9.0 x 10!
d = 0.8 kpc 0.07 30 0.1 0.127 (35) 0.5 22 74.7 29 10 1.1 x 1073 8.8 x 10! 9.0 x 10!
R, =8 0.08 10 0.3 0.041 (11) 2.0 71 19.2 5 43 3.0 x 1073 6.2 x 10! 2.8 x 102
=0.03 pc 0.14 40 0.1 0.147 (40) 0.5 22 59.6 39 8 1.1 x 1073 8.7 x 10! 8.8 x 10!
0.18 50 0.1 0.165 (45) 0.5 22 48.5 49 7 1.2 x 1073 8.7 x 10! 8.7 x 10!
IRAS21391 BIMA3 0.18 80 0.1 0.208 (57) 0.5 86 2.0 79 5 1.4 x 1073 8.6 x 10! 9.2 x 10!
d = 0.8 kpc 0.20 100 0.1 0.233 (64) 0.5 55 0.0 99 4 1.5 x 1073 8.9 x 10! 9.1 x 10!
R, =18 0.23 60 0.1 0.180 (50) 0.5 83 9.1 59 6 1.3 x 1073 8.0 x 10! 8.7 x 10!
=0.03 pc 0.24 120 0.1 0.255 (70) 0.5 22 0.0 118 4 1.5 x 1073 9.0 x 10! 8.8 x 10!
0.26 160 0.1 0.294 (81) 0.5 22 0.0 158 3 1.6 x 1073 1.0 x 102 9.8 x 10!
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Table 3
(Continued)
Source X2 M, Ecl 5 Reore My eview Ay Meny HW,CSC Mdisk Lbﬂl,im Lol
M) (gem™) (pe) () (Mc) ©) (mag) (M (deg) (Mo/yr) L) (L)

IRAS21391 MIR48 0.33 10 0.3 0.041 (11) 4.0 89 434 1 68 2.4 x 1073 2.9 x 10! 6.7 x 10?
d = 0.8 kpc 0.58 10 0.1 0.074 (20) 2.0 68 13.1 4 50 1.1 x 1073 2.5 x 10! 1.3 x 10?
Ry, =8 2.70 40 0.1 0.147 (40) 12.0 89 98.0 2 82 9.5 x 107° 5.7 x 10! 1.1 x 10*
=0.03 pc 3.75 30 0.3 0.072 (20) 12.0 89 100.0 1 81 2.2 x 1073 7.0 x 10! 1.2 x 10*

5.51 10 0.1 0.074 (20) 1.0 39 92.9 7 31 1.0 x 1073 6.4 x 10! 1.1 x 102
G305 A 0.16 240 0.3 0.203 (10) 12.0 83 85.9 216 15 2.0 x 107 3.1 x 10* 4.1 x 10*
d = 4.1kpc 0.17 320 0.3 0.234 (12) 12.0 71 79.8 293 13 22 x 107* 3.3 x 104 4.0 x 10*
R,, = 12" 0.19 200 0.3 0.185 (9) 12.0 80 81.8 173 17 1.9 x 107 2.8 x 104 4.0 x 10*
=0.24 pc 0.20 200 0.3 0.185 (9) 16.0 83 97.0 162 22 22 x 107 3.0 x 10* 5.3 x 10*

0.20 400 0.3 0.262 (13) 12.0 22 90.9 373 11 23 x 107* 3.7 x 104 4.0 x 10*
IRAS16562 N 0.05 10 32 0.013 (2) 4.0 62 0.0 2 56 1.9 x 107 2.9 x 102 1.9 x 103
d = 1.7kpc 0.14 50 0.1 0.165 (20) 2.0 22 0.0 46 16 2.4 x 1073 3.1 x 102 3.1 x 102
Ry =8 0.28 10 1.0 0.023 (3) 1.0 29 17.2 8 25 6.0 x 1073 5.6 x 102 7.7 x 102
=0.06 pc 0.37 60 0.1 0.180 (22) 2.0 22 0.0 55 15 2.5 x 1073 3.5 x 102 3.5 x 102

0.38 30 0.1 0.127 (15) 4.0 62 7.1 21 33 2.7 x 1073 3.8 x 102 7.7 x 102

(This table is available in machine-readable form.)

account in their calculation. Dewangan & Anandarao (2011)
used JHK band images and 2MASS and IRAC fluxes to do
SED fitting with models from Robitaille et al. (2006, 2007).
They derived my ~ 6.5Mp, Lpo ~ 575Ls, and Meyy ~ IMo.
The stellar source itself has been classified as a B1V star by
Boley et al. (2009), with emission-line profiles indicative of an
accretion disk. Based on the intensity of the reflected
component, it was concluded that the accretion disk must be
viewed nearly edge-on, which agrees with four of our best
models and explains the discrepancy between Ly iso and L.
Boley et al. (2009) estimated a mass accretion rate of
2-6 x 107M,yr~! for a BIV star with a mass of 13 M,
using the Bry luminosity, which is comparable with the mass-
loss rate of 4 x 107°M_ yr~! derived by Felli et al. (2006) from
the radio flux density. However, our best models have disk
accretion rates more than 10 times higher. It should be noted
that the accretion rate is not a free parameter in the ZT models
and that the range of accretion rates is generally relatively high,
being set by the properties of the initial cores and the mass
surface density of their clump environments.

IRAS 22198: The best models are those with a protostar with
current mass of 24 M, forming in a low-mass surface density
clump (0.1-0.3 g cm~2). Our estimate of the isotropic luminosity
is about 600 L, with the intrinsic luminosity being about 800 L.
Sanchez-Monge et al. (2010) fit the SED of IRAS 22198 from
NIR to cm wavelengths with a modified blackbody plus a thermal
ionized wind and derived a bolometric luminosity of ~370 L, and
an envelope mass of ~5 M., remarking that the SED of IRAS
22198 resembles that of Class O objects (Andre et al. 1993). Our
derived isotropic luminosity is slightly higher, while our envelope
mass is much higher, ~50 M, than their results. However, their
M.,y was derived from interferometric flux measurements and thus
should be treated as a lower limit. The single-dish measurement at
mm wavelengths of the dense core mass is 17 M, within a radius
of 2,650 au (3.5”) (Palau et al. 2013). Thus the reason for our
higher mass estimate is likely due to our analysis applying to a
much larger scale, i.e., within a radius of 0.089 pc (26”).

NGC 2071: The best models suggest a currently IM
protostar with a mass of 2-4 M., forming within a core with
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initial mass of 10-60 M. Trinidad et al. (2009) estimated a
central mass of ~5 £ 3M,, for IRS1 and ~1.2 £+ 0.4M,, for
IRS3 based on the observed velocity gradient of the water
masers, which is consistent with our estimate. The single-dish
measurement at mm wavelength of the dense core mass is
39 M, within a radius of 4,700 au (11”) (Palau et al. 2013), which
is similar to the M,,, returned by most of our best-fit models
inside 10”.

Cep E: The best five models all return a X of 0.1 g cm—2,
and most models have m, as low as 1-2 M. Crimier et al.
(2010) modeled the MIR to mm SED with the 1D RT code
DUSTY and derived a luminosity of ~100 L., and an envelope
mass of 35 M., which are similar to our results.

L1206: The best models of L1206 A involve a protostar forming
inside a relatively massive initial core (40480 M.) with low
clump mass surface density (0.1-0.3 g cm~2). All the best five
models give a value of my = 4 M,,. Ressler & Shure (1991) found
a total luminosity of 1100 L, by fitting four IRAS fluxes plus the
2.7 mm data of Wilking et al. (1989) with a single-temperature dust
spectrum at 1 kpc, which is similar to our result. Beltran et al.
(2006) estimated the core mass of OVRO 2 to be 14.2 M, from the
2.7 mm dust continuum emission at a distance of 910 pc. This core
mass estimate is derived from interferometric observations that may
be missing flux, and indeed, three of our best-fit models give a
much higher value of M,,,. Ressler & Shure (1991) suggested that
L1206 A is seen only in scattered light because of heavy
obscuration by an almost edge-on circumstellar disk. Four of the
best five models return a nearly edge-on line of sight.

L1206 B has a very flat and slightly decreasing SED at short
wavelengths. A circumstellar disk could explain the IR excess,
as suggested by Ressler & Shure (1991), and the protostar may
have already cleared a significant portion of its envelope, thus
explaining the decreasing spectrum between 10 and 30 pm.
The favored ZT models have a wide range of stellar mass
my ~ 0.5-12 M, but low initial core mass M, ~ 10-40 M,
low current envelope mass of 1 to 9 M., and low-mass surface
density X ~ 0.1-0.3 g cm~2 of the clump environment.

IRAS 22172: The models for the three MIR sources all
involve protostars with masses ~1—4 M, forming in relatively
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low-mass initial cores of 10-40 M. Fontani et al. (2004)
divided the SED between the NIR cluster and the cold 3.4 mm
core (their 122172-C) and performed two graybody fits to the
SED. The graybody fit to the MSX and IRAS data with
A < 25um, which represent the emission due to the cluster of
stars surrounding the mm core 122172-C, yields a luminosity of
2.2 x 10% L. Based on the beam size and the MSX 21 um
emission, their photometry should cover the whole field, i.e., all
the three MIR sources. However, in our analysis we derive a
much higher combined luminosity from the region, with
contributions from the three MIR sources analyzed. The single-
dish measurement at mm wavelengths of the dense core mass
of MIR2 is 150 M, (Palau et al. 2013), much higher than the
M.,, given by our models. However, their core radius,
represented by the deconvolved half-width at half maximum,
is about 10”, while our mass estimate is based on an aperture
radius of 4”.

IRAS 21391: Previous SED fitting with low-resolution data
estimated the bolometric luminosity of IRAS 21391 to range
from 235 L., (Saraceno et al. 1996) to 440 L, (Sugitani et al.
2000). Our fitting results for the three sources BIMA 2, BIMA
3 and MIR 48" all return isotropic luminosities < 100 L.
Using the relationship between the momentum rate and the
bolometric luminosity (Cabrit & Bertout 1992), Beltran et al.
(2002) inferred a bolometric luminosity of 150 L, for BIMA 2.

Choudhury et al. (2010) fit the 1-24 ym SED derived from
optical BVRI, Spitzer IRAC, and MIPS observations with
Robitaille et al. (2007) models and derived a luminosity of 197
L and a stellar mass of 6 M., for BIMA 2 (their MIR-50),
which are both higher than our results. As indicated by
Figure 17, ZT models with m, higher than 5 M., have a very
large 2. The envelope mass of Choudhury et al. (2010) of 41
M, is also slightly higher than the M, and M., in our first three
best models. However, their disk accretion rate is about 1000
times lower than that in our best models, which is a known
issue when comparing Robitaille et al. (2007) and ZT models
(see the discussion in De Buizer et al. 2017). Beltran et al.
(2002) estimated the circumstellar mass to be 5.1 M, based on
BIMA 3.1 mm continuum observations, which should be
treated as a lower limit of M,,, given that it is an
interferometric measurement subject to missing flux. Beltran
et al. (2002) suggested that the axis of the outflow should be
close to the plane of the sky, given the morphology of the
CO(1-0) outflows at low velocities with blueshifted and
redshifted gas in both lobes. However, in our best five models,
only the third model has a more edge-on inclination.

Our best models for IRAS 21391 BIMA3 involve a protostar
with a current stellar mass of 0.5 M. with a bolometric
luminosity ~100 L. The best-fit model in Choudhury et al.
(2010) for BIMA 3 (their MIR-54) yields a luminosity of
33.4 L. and a stellar mass of 1.5 M. Beltran et al. (2002)
derived a circumstellar mass of 0.07 M, for BIMA 3, which is
much lower than the predicted M,,, by our best models.

Our best models for IRAS 21391 MIR48 involve a protostar
with a mass ranging from 1 to 12 M. The best-fit model in
Choudhury et al. (2010) for MIR-48 yields a luminosity of
280 L, and a stellar mass of 5 M., which is similar to the isotropic
luminosity and the stellar mass in our best two models.

13 Note that we follow the nomenclature in Beltran et al. (2002), but the
photometry centers of IRAS 21391 BIMA2 and IRAS 21391 BIMA3 are
VLA2 and VLA3, respectively.
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G305 A: The best models are those with a high-mass
protostar with a current mass of 12—-16 M, forming from a core
with initial mass of 200-400 M, and initial clump mass surface
density of 0.3 gcm 2. In Paper II we mentioned that G305A is
likely to be much younger and more embedded than G305B
and in a hot core phase, prior to the onset of a UC H II region.

IRAS16562 N: The best models involve a low-mass
protostar with current mass of 1-4 M., forming from a core
with an initial mass of 10-60 M., > is not well constrained; it
varies from 0.1 to 3.2 gcem 2.

Figure 12 shows the 2 distribution in ¥ - M, space, n,, -
M, space, and m, - X space for the 14 sources. As also
discussed in Paper II, these diagrams illustrate the full
constraints in the primary parameter space derived by fitting
the SED data, and the possible degeneracies. In general, all the
three parameters span a larger range compared with the sources
of Papers I and II.

Follow-up observations and analysis of SOMA sources can
be helpful in breaking degeneracies that arise from simple SED
fitting. One example of such follow-up work is that of Rosero
et al. (2019), who examined cm radio continuum data of the
SOMA sources presented in Paper I. Radio free—free emission
from photoionized gas, first expected to be present in the
outflow cavity, is particularly useful for contraining the mass of
the protostar once it reaches 2210 M, and begins to contract to
the zero-age main sequence. However, at lower masses, most
of the ionization associated with the source is expected to be
due to shock ionization, e.g., due to internal shocks in the
outflow (see also Fedriani et al. 2019). Quantitative models for
the amount of shock ionization and associated radio emission
have not yet been developed for the ZT protostellar models. For
the mainly IM sources presented in this paper, we anticipate
that cm radio emission will mainly be due to shock ionization,
so such observations may be more challenging to interpret
to help break SED fit degeneracies. On the other hand,
measurements of protostellar outflow properties, including
cavity opening angle and mass and momentum fluxes, may
provide more diagnostic power.

In contrast with the high-mass protostars in Papers I and II,
the best models (y? — Xfmn < 5, within the red contours
shown in Figure 12) of the IM protostars also occupy the region
with lower M, at lower Y. Another striking feature is that
most sources have best models with a core size larger than the
aperture size, i.e., they appear below the dashed line that
denotes when R. = R, in Figure 12. To examine this matter
further, we analyzed the image profiles of the best five models
of the sources and found that the flux density at 37 ym usually
decays to 107> of the peak flux density within 5 from the
center and the flux density at 70 m usually decays to 10> of
the peak flux density within 15” from the center. The typical
aperture radius is ~10” (except for the three sources in IRAS
22172, where it is ~5”, but in their best models the flux density
decays to 1072 of the peak within 2” and 5” at 37 and 70 pm,
respectively). This indicates that when the models have a core
size larger than the aperture used for measuring the SED, only a
small amount of the total flux from the model is being missed
(however, the proportion of missed flux would be larger at longer
wavelengths). Nevertheless, to better illustrate the importance of
this effect, in the following discussion we present two cases, i.e.,
with and without the constraint that the model core size needs to be
within a factor of two of the aperture size.



THE ASTROPHYSICAL JOURNAL, 904:75 (35pp), 2020 November 20 Liu et al.
Table 4
Average Parameters of SOMA Protostars
Source M, Yl my m*/Mc Meny Lol iso Lot eview amesc gview /ew.esc Q937
Mo) (g em™?) (Mc) Mc) Le) (Le) ©) ©)
G45.12+0.13 403 2.0 355 0.09 319 7.2e+05 4.6e+05 24 21 1.12 1.05
403 2.0 355 0.09 319 7.2e+05 4.6e+05 24 21 1.12 1.05
G309.92+0.48 323 2.0 335 0.10 251 3.3e+05 4.2e+05 30 22 1.37 2.04
323 2.0 335 0.10 251 3.3e+05 4.2e405 30 22 1.37 2.04
G35.58-0.03 427 2.0 335 0.08 350 3.1e+05 4.2e+05 29 19 1.63 4.03
427 2.0 335 0.08 350 3.1e+05 4.2e+05 29 19 1.63 4.03
IRAS16562 323 0.3 229 0.07 263 7.7e+04 1.1e+05 43 23 1.90 291
323 0.3 229 0.07 263 7.7e+04 1.1e+05 43 23 1.90 291
G305.20+0.21 110 2.5 28.5 0.26 51 7.9e+04 2.7e+05 47 38 1.24 0.82
110 2.5 28.5 0.26 51 7.9e+04 2.7e+05 47 38 1.24 0.82
G49.27-0.34 197 32 12.0 0.06 174 4.4e+04 5.1e+04 26 14 1.92 438
197 32 12.0 0.06 174 4.4e4-04 5.1e+04 26 14 1.92 4.38
G339.88-1.26 298 0.5 12.7 0.04 269 3.8e+04 4.6e+04 36 14 2.70 5.00
298 0.5 12.7 0.04 269 3.8e+04 4.6e+04 36 14 2.70 5.00
G45.47+0.05 260 1.3 32.8 0.13 187 1.0e+05 3.1e+05 71 27 2.80 3.01
260 1.3 32.8 0.13 187 1.0e+05 3.1e+05 77 27 2.80 3.01
CepA 188 0.3 14.6 0.08 148 2.4e+04 4.4e404 62 24 3.05 5.03
132 0.5 14.6 0.11 98 2.6e+04 5.1e+04 52 26 1.96 5.03
IRAS20126 109 0.3 15.5 0.14 67 1.3e+04 4.1e+04 67 35 2.14 2.54
95 0.3 17.8 0.19 49 1.2e+04 5.5e+04 67 42 1.60 2.54
AFGL4029 65 0.3 16.8 0.26 17 5.4e+03 4.5e+04 70 54 1.35 2.09
65 0.3 16.8 0.26 17 5.4e+03 4.5e+04 70 54 1.35 2.09
NGC7538_IRS9 245 0.2 16.4 0.07 196 3.6e+04 4.7e+04 31 22 1.44 1.52
245 0.2 16.4 0.07 196 3.6e+04 4.7e+04 31 22 1.44 1.52
G35.20-0.74 190 0.5 14.6 0.08 154 3.5e+04 5.1e+04 42 20 2.07 3.53
190 0.5 14.6 0.08 154 3.5e+04 5.1e+04 42 20 2.07 3.53
AFGLA437 133 0.2 16.4 0.12 80 1.7e404 4.2e404 60 36 1.64 0.86
133 0.2 16.4 0.12 80 1.7e+04 4.2e+04 60 36 1.64 0.86
IRAS07299 206 0.1 10.8 0.05 168 1.0e+04 1.8e+04 83 21 4.85 2.51
71 0.8 11.7 0.16 44 1.2e4+04 3.2e+04 57 32 1.77 2.51
S235 41 0.6 12.4 0.30 6 1.5e+03 2.8e+04 77 62 1.23 0.46
41 0.6 12.4 0.30 6 1.5e+03 2.8e+04 71 62 1.23 0.46
IRAS22198 63 0.1 35 0.06 55 6.0e+02 8.3e+02 65 19 3.52 3.03
43 0.2 35 0.08 34 6.7e+02 9.7e+02 43 23 1.86 3.03
NGC2071 32 0.2 3.0 0.09 19 3.7e+02 6.5e+02 49 29 1.80 1.32
10 32 4.0 0.40 2 5.0e+02 1.9e+03 58 56 1.04 1.32
CepE 32 0.1 1.5 0.05 26 1.5e+02 2.4e+02 79 21 5.05 3.60
24 0.1 1.5 0.06 18 1.4e+02 2.6e+02 70 24 3.70 3.60
L1206_A 156 0.2 4.0 0.03 140 8.7e+02 1.1e+03 81 14 8.64 5.33
24 1.6 2.6 0.11 17 1.2e+03 2.2e+03 35 25 1.40 5.33
L1206_B 16 0.2 3.6 0.22 2 7.5e+01 9.7e+02 66 60 1.09 -0.33
12 0.2 22 0.17 3 8.0e+01 3.9e+02 55 50 1.09 -0.33
IRAS22172_mir2 24 0.2 2.0 0.09 17 6.3e+02 3.6e+02 29 28 1.02 -0.17
11 0.8 23 0.20 4 6.7e+02 7.3e+02 40 42 0.92 -0.17
IRAS22172_mir3 18 0.3 2.0 0.11 8 1.6e+02 4.2e402 44 35 1.35 1.53
15 0.3 2.6 0.17 6 1.6e+02 5.3e+02 54 42 1.34 1.53
IRAS22172_mirl 16 0.2 1.5 0.09 10 1.6e+02 2.5e+02 37 31 1.22 1.54
13 0.3 2.0 0.15 5 1.7e+02 3.7e+02 45 39 1.13 1.54
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Table 4
(Continued)
Source M, Y My m*/ﬂlC Meny Liol.iso Lot Bview Hw,esc aview /ew.esc Q1937
IRAS21391_bima2 26 0.1 0.7 0.03 22 8.0e+-01 1.1e+02 34 16 2.52 4.07
10 0.8 2.3 0.23 1.2e+02 6.6e+02 73 45 1.64 4.07
IRAS21391_bima3 98 0.1 0.5 0.01 97 8.9e+01 9.1e+01 54 5 11.10 5.03
10 0.5 1.5 0.15 1.1e+02 4.2e+02 62 38 1.68 5.03
IRAS21391_mir48 16 0.2 4.1 0.25 4.5e+01 1.0e+03 75 63 1.22 1.54
10 0.3 4.0 0.40 2.9e+01 6.7e+02 89 68 1.30 1.54
G305A 262 0.3 12.7 0.05 231 3.1e+04 4.3e4+04 68 16 4.26 6.20
262 0.3 12.7 0.05 231 3.1e+04 4.3e404 68 16 4.26 6.20
IRAS16562_N 25 0.3 2.3 0.09 15 3.7e+02 6.5e+02 39 29 1.40 1.01
13 0.8 35 0.26 4.1e+02 1.8e+03 57 49 1.15 1.01

Note. The first line of each source shows the average (geometric mean, except for Oyiey, Oyw.esc, and Oyiew /O,y ese, for which arithmetic means are evaluated) of the values
of the best five models without any core size versus aperture constraint applied. The second line shows the results of the best five or fewer models with R, < 2R,, and

X? < Xpgy + 5

(This table is available in machine-readable form.)

5. Discussion

We now discuss the results of the global sample of 29
protostars that have been derived from a uniform SED fitting
analysis that always includes SOFIA-FORCAST data, as
presented in Papers I, II, and III.

In general, we select the best five or fewer models that
satisfy X% < x2,, + 5, where 2. is the value of x? of the
best model, and then present averages of the model properties.
However, for G45.12+4-0.13, which was discussed in Paper II as
not being especially well fit by the ZT models because of its
high luminosity (it is likely to be multiple sources), there is
only one model with x? < Xfmn + 5. Thus for this source we
average all the best five models. The model properties are
averaged in log space, i.e., geometric averages, except for Ay,
Oview,> and Oy e, which are evaluated as arithmetic means.

Then, as explained at the end of the last section, we also
consider two cases, i.e., with and without the constraint that the
best-fit models have core sizes that are within a factor of two of
the aperture size. Without the core size constraint, the best five
models of all sources automatically satisfy x> < xfmn + 5,
except for G45.124-0.13. With the core size constraint (which
we regard as our best fiducial method), there can be cases,
especially of IM sources from Paper III (i.e., this work), where
there are fewer than five models with y? < xfnin + 5. Still,
G45.1240.13 is kept as a special case, as above. The key
average source properties are listed in Table 4.

5.1. The SOMA Sample Space

Figure 13(a) shows Ly jso versus M, for the SOMA
protostar sample from Papers I, II, and this work, i.e., Paper III.
Figure 13(b) shows Ly, versus Me,, of the same sample. This
is the more fundamental property of the protstar because Ly iso
is affected by the orientation of protostellar geometry to our
line of sight and the flashlight effect. Compared with the
sources presented in Papers I and II, which were exclusively
high-mass protostars, Ly iso» Lbol, and Me,, all extend down to
lower values. When we apply the constraint on model core
sizes, i.e., radii of the models must be no larger than twice the
radius of the aperture used to define the SED, then we see from
Figure 13 panels (c) and d that there is an apparent tightening
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of the correlations between Loy iso OF Lol With My,,. Note that
YSOs with the highest mass and highest luminosity usually
have the best models with R. S Ry, and are thus less affected
by this constraint.

Figure 13 panels (e) and f show the sample distribution in the
context of the whole ZT model grid, where lines indicate
evolutionary tracks, i.e., from low luminosity and high
envelope mass to high luminosity and low envelope mass,
for different clump environment mass surface densities, X;.

The SOMA sample spans a relatively broad range of
evolutionary stages with  Lyy /M.,y extending from
~10 L /M, up to almost 10* L, /M, indicated by the dashed
lines in Figure 13 panel (f). As a result of this broad range and
given the even wider range that is expected from the theoretical
models, we do not fit the observed Ly, versus M., distribution
with a power-law relation (see Molinari et al. 2008 Urquhart
et al. 2018). Rather, we simply note that the sources that have
so far been analyzed in the SOMA sample span this wide range
of evolutionary stages, but the expected very late stages and
very early stages are not especially well represented.

To further explore the evolutionary context of the SOMA
protostars, in Figure 14 we show the SOMA sample in the
luminosity versus envelope mass plane, together with proto-
stellar sources identified in Infrared Dark Clouds (IRDCs),
which are expected to be at earlier stages of evolution. Two
samples of protostars selected from IRDC environments are
shown, with the source SED construction and ZT model fitting
following the same methods as have been used for the SOMA
sample. The first, labeled “IRDCs A-H,” is the sample of 28
sources from Liu et al. (2018) and Liu et al. (2020, in
preparation), based on ALMA observations of 32 clumps in
IRDCs A to H from the sample of Butler & Tan (2009, 2012).
The second, labeled “IRDC C,” is a complete census of the
protostellar sources in IRDC C carried out by Moser et al.
(2020), based on sources identified in the region by Herschel
70 ym emission from the Hi-GAL point source catalog
(Molinari et al. 2016). After allowing for a few poorly resolved
sources that are treated as a single protostar in the SED
modeling, a total of 35 protostars have been analyzed by Moser
et al. (2020). The IRDC sources include protostars with
intrinsic bolometric luminosities down to about 100 L,
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Figure 13. Panel (a): Average (geometric mean) isotropic bolometric luminosity vs. envelope mass returned by the best five (see text) ZT models for each SOMA
source from Papers I, II, and III (this work), as labeled. Panel (b): Same as panel (a), but now with true bolometric luminosities plotted vs. envelope mass. Panel (c):
Same as panel (a), but now using the average of the best five or fewer models with R. < 2R,, and x? < Xii , T 5. Panel (d): Same as panel (c), but now with true
bolometric luminosities plotted vs. envelope mass. Panel (e): Same as panel (c), but now also showing the ZT18 protostar models (gray squares), which are a
collection of different evolutionary tracks (gray lines) for different initial core masses and clump mass surface densities (see legend). The two dashed black lines
indicate Lyo) /Meny = 10 and 10 L, /M, respectively. Panel (f): Same as panel (e), but now with true bolometric luminosities plotted vs. envelope mass.
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Figure 14. Protostellar evolutionary stages probed by the SOMA sample and IRDC protostar samples: IRDC A-H (Liu et al. 2018 Liu et al. 2020, in preparation), and
IRDC C (Moser et al. 2020). The format of the figures is otherwise the same as Figures 13 panels (c)—(f), but with the average (geometric mean) results of the valid
models of IRDC sources added. The three dashed black lines in panels ¢ and d indicate Ly /Meny = 1, 10 and 10* L, /M.

including within relatively massive core envelopes, so that the
sampled values of Ly, /Mepy now extend down to ~1 L /M.

Various biases in the input catalog for the SOMA survey
likely account for the lack of sources at the final evolutionary
stages of high Ly, and low M,,,. For example, these sources
will have relatively weak MIR to FIR emission, which was
used as a consideration to target SOMA protostars. Such
sources may also be embedded within ultracompact HII
regions, which we have tended to avoid for an analysis so far,
even if they are within our fields of view: here the challenge is
to isolate emission from any remaining protostellar core from
the thermal emission from hot dust in the large-scale HII
region. Finally, this later phase of evolution may be relatively
short, so objects here may be intrinsically rare. Future studies
will attempt to identify such sources.

Finally, we note that a future goal is to extend complete
surveys of high- and IM protostars across their full range of
evolutionary stages and across larger regions so that the
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samples can be used for demographic analyses that will inform
about topics such as the duration of formation timescales.
Previous work in this area, e.g., Davies et al. (2011), which
covered large regions of the Galactic plane, focused only on
high-mass protostars and have been relatively restricted in their
coverage of earlier evolutionary stages.

5.2. The SED Shapes

In Figure 15 we show the bolometric luminosity SEDs of the
14 protostars of this paper, together with the sample of 15
generally higher luminosity sources from Papers I and II. Here
the vF, SEDs have been scaled by 47d? so that the height of the
curves gives an indication of the luminosity of the sources
assuming isotropic emission. The ordering of the vertical height
of these distributions 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 15 lists the
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Figure 15. (a) Top panel: Bolometric luminosity weighted SEDs of the 14
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panel: Same as panel (a), but now with the addition of dashed lines that denote
the sample of 15 sources from Papers I and II

sources in order of decreasing ZT best-fit model isotropic
luminosity).
We define a 19-37 pm spectral index via

V37,umF1/,37;1m - V19;LmE/,19,um

ey

Q1937 =
A37um - A19Mm

In general, we expect that this index may vary systematically
with protostellar source properties. Figure 16 shows the
dependence of ay9_37 of the SEDs on luminosity, inclination
of viewing angle, outflow cavity opening angle, ratio of
inclination of viewing angle to outflow cavity opening angle,
Y1, and my/M,. In all these panels, the results have been
averaged over those of the best few or fewer models With core
radii smaller than twice the aperture radius and x? < Xmm +5
(except for G45.12+4-0.13, see above). We see that the outflow
cavity opening angle has a strong effect on the 19-37 ym
index, following the expectation that a relatively greater flux of
shorter wavelength photons is able to escape from the
protostellar core if the outflow cavity opening angle is larger.
Also a viewing angle inclination that is relatively small
compared to the outflow cavity opening angle will result in a
flatter shorter wavelength SED, as also discussed in Paper II.
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In Figure 16 we also plot the ZT18 models as gray squares
beneath the observations to illustrate the model coverage. Note
that the range shown here serves to best show the observations
and does not represent the full parameter space of the ZT18
models. We note that while the observed correlations are in
general built in the ZT models, the results of Figure 16 show
how tight (or loose) the correlations are in practice of the
observed SED spectral index in the SOFIA-FORCAST bands
with best average protostellar parameters derived from fitting
the entire available MIR to FIR SED. This information gives an
idea of how much information can be derived from only an
observed value of aq9_37.

Finally, and along the same lines, another important feature
that is revealed by «9_37 is the protostellar evolutionary stage,
as measured by my/M, (Figure 16(f)). Again, this general trend
is expected in the context of the ZT models because the outflow
cavity systematically opens up during the course of the
evolution and the envelope mass is depleted, resulting in lower
overall extinction. There is also generally lower levels of
extinction in protostellar cores in lower X environments, but
little correlation is seen here between aj9_3; and X
(Figure 16(e)), indicating that other factors have a stronger
effect.

5.3. Dependence of Massive Star Formation on Environment

Figure 17 shows the distribution of values of M.. (i.e., initial
core mass), 2 and m,, of the 29 sources of the SOMA sample
to date. With no constraint on the model core size, there
appears to be an absence of protostars with low M, in high ¥
environments. However, this feature is not seen after applying
the core size constraint, which we regard as the best method.
Thus, the SOMA sample appears to contain protostars that have
a range of initial core masses that can be present in the full
range of protocluster clump mass surface density environments.
However, note that these properties of M. and ¥ are not
measured directly, but are inferred from the SED fitting.

We next examine if the current protostellar properties
depend on protocluster clump environment mass surface
density. Figure 18 shows m, versus . Figure 18 panel (a),
similar to the results shown in Figure 17 panel (a), appears to
show a lack of lower mass sources in high-3 environments.
However, this changes when the core size versus SED aperture
constraint is applied (Figure 18 panel (b)), so we do not
consider this to be a real effect. From the data shown in
Figure 18 panel (b) one potential trend that we note is a lack of
highest mass (my = 25 M) protostars in lower mass surface
density environments (ZCI <lgecm™2). All of the five
protostars with my > 25 M, (G45.47+0.05, G45.124-0.13,
G305.20+0.21, G309.924-0.48, and G35.58-0.03) are inferred
to be in ¥, > 1 g cm~2 environments. In Figure 18 panel (c),
we see that this trend is not a direct result of ZT model
parameter space sampling, with the density of models in the
grid shown by the blue shading. High m, protostars forming
from cores in low X environments are present among the ZT
models. We note that these models include protostellar outflow
feedback, which sets star formation efficiencies close to 50%,
but do not include radiative feedback, which would reduce the
efficiency (see below).

We further examine how low ¥ models fail for high m,
sources in Figure 19. Here we exclude G45.12+0.13 because
none of the models fit particularly well for this source (see
Paper II). We can see that the median y? and the smallest 2
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Figure 16. Spectral index, a;9_37 between 19 pm and 37 pm (see text) vs. the geometric mean isotropic luminosity Ly iso (a: top left), the arithmetic mean inclination
of viewing angle Oyiey (b: top right), the arithmetic mean opening angle 6, ¢sc (c: middle left), the arithmetic mean 6yiey /6, esc (d: middle right), the geometric mean
clump surface density Xy (e: bottom left), and the geometric mean my/M. (f: bottom right) returned by the best five or fewer models with R. < 2R,, and
Xt < anin + 5. The gray squares represent the ZT 18 protostar models. Note that the spectral index of the models is calculated without foreground extinction and thus

could be different from observations.
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min

achieved generally decrease with . Compared with high ¥,
models, low ¥ models usually have higher fluxes at shorter
wavelengths, ie., <8um. These can be higher than the
observational upper limits, which leads to a significant penalty
in the fitting. Low 2} models also tend to have lower fluxes at
longer wavelength, i.e., =20 pum. Therefore they deviate from
the shape of the observed SEDs. We also tried to adjust Ay or
Ly, of the low X; models manually (not shown here), but such
changes do not lead to significant improvement in the model
SED shape in comparison to the data.

Thus, we conclude that there is tentative evidence from the
SOMA sample analyzed so far that the most massive protostars
require their cores to be in X > 1 g cm~—2 environments, but
more extended further testing with a larger number of sources
is clearly needed to confirm this.

30

+ 5. Panel (c) right: same as panel (b), but now also showing the distribution of models in the ZT model grid

Krumholz & McKee (2008) proposed that a minimum mass
surface density of 1 gcm=2 is needed for massive star
formation, based on protostellar heating suppression of
fragmentation of massive cores by a population of surrounding
lower mass protostars (these protostars have higher accretion
rates and thus luminosities in higher X environments). While
our result appears to confirm this prediction, we caution that the
Krumholz & McKee model also predicts that 10 M, protostars
would not be able to form in 3 < 0.3 g cm™2 environments,
which is inconsistent with the SOMA data. As an alternative,
magnetic suppression of fragmentation to allow the existence
of massive early-stage cores has been discussed by, e.g., Butler
& Tan (2012), with evidence of strong, ~1mG B-fields
inferred for several cores in the IRDC 18310-4 region (Beuther
et al. 2018).
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Figure 19. Left column: Violin plots of x2 vs. ¥ of all the models for several of the most massive protostars: G45.47-+0.05, G305.20+0.21, G309.92+0.48, and
G35.58-0.03. For the violin of each X, the white dot denotes the median X2~ The black bar in the center of the violin denotes the interquartile range (IQR). The black
lines stretched from the bar denote the lower/upper adjacent values—defined as the furthest observation within 1.5 IQR of the lower/upper end of the bar. The width
of the violin represents the probability density of the data value smoothed by a kernel density estimator. The squares at the bottom of each violin denote the smallest x 2
achieved by that X;. The solid red line denotes szin for the source. The dashed red line denotes anin + 5. Right column: SEDs of the best model of each ¥ for each
source (the thickest line is the overall best model). The black triangles and squares with error bars denote the observations.
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Figure 20. Star formation efficiency as a function of clump mass surface

density, >, from model calculations of Tanaka et al. (2017). Models for initial
core masses of M, = 30, 100 and 300M;, are shown, as labeled.

The assembly of the highest mass prestellar cores, e.g., via a
bottom-up process of merging smaller prestellar cores or by
general accumulation of clump gas, is expected to be more
efficient in denser regions, and this could provide an
explanation, in the context of core accretion models (McKee
& Tan 2003), of the trends seen in Figure 18.

When cores initiate star formation, their accretion rates are
also exptected to be higher in high surface density environ-
ments, and this is expected to allow higher protostellar masses
to be formed. Tanaka et al. (2017) assessed the expected star
formation efficiency from cores due to both radiative and
mechamical (i.e., outflow) feedback as a function of > and
found that it can decrease by more than a factor of two for a
given initial core as 3 decreases from 3.2 to 0.1 g cm™2 (see
Figure 20). The decrease is greatest for more massive cores
because when they start forming stars with my = 20 M,
radiative feedback becomes powerful enough to truncate
further accretion. For example, the ¥ = 0.1 g cm—2 models
shown in Figure 20 reach my ~ 10 M, starting from a 30 M
core, my =~ 20 M, starting from a 100 M, core, and
my ~ 45 M, starting from a 300 M core. However, the
equivalent Y =1gcm™? models reach values of
my == 15, 40, and 100 M., respectively. Thus, in the context
of these models, it is much more difficult to produce, e.g.,
30 M, protostars in low-X environments due to feedback
effects, especially because the prestellar core mass function is
expected to decline rapidly with increasing mass.

For competitive accretion models (Bonnell et al. 2001; Wang
et al. 2010), higher mass surface density environments are also
expected to lead to higher accretion rates and thus will probably
also allow the formation of higher mass stars. However, the
equivalent calculations for the effect of feedback have not yet
been carried out for these models.

From an observational analysis of three clouds that are
forming massive stars compared to several others that are not,
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Kauffmann et al. (2010) proposed a criterion for massive star
formation equivalent to X > 0.054(M, /1000 M) '/? g cm~2,
which is relatively low compared to the thresholds discussed
above. Also, this value is lower than the minimum of the
range probed in the ZTI18 protostellar model grid of
Yq = 0.1g cm™2. Recently, Retes-Romero et al. (2020)
studied 128 IRDCs to investigate if the Kauffmann et al.
criterion predicts which of these IRDCs contains massive
stars. They found that of the IRDCs satisfying this criterion,
only one-third currently contain massive YSOs. This may
indicate that a higher, more localized value of 3 is needed to
form a massive star. For further progress on the general
question of massive star formation thresholds, more direct
measures of X, e.g., from dust continuum emission (in
contrast to our indirect methods based on model fitting), on
scales immediately surrounding the massive protostars
and comparison to protostellar properties, e.g., as derived
from SED fitting in the SOMA sample, are needed. However,
such an analysis, which we defer to a future study, will
inevitably be sensitive to how and where the protostellar
core boundary is defined, and such sensitivity will also need
to be explored.

In summary, our results tentatively indicate that forming the
most massive =25 M, protostars requires >1 g cm~2 proto-
cluster clump environments, although this is based on a
relatively small number (5) of protostellar sources that are in
this mass range. We have a larger number (about 10) of
protostars with 10 M, < my < 25 M, that are best fit by
models with ¥ < 0.3 gcm™2, so that no particular mass
surface density threshold appears to be required in this range to
form 10 M., protostars. These environmental dependencies on
massive star formation need confirmation with larger numbers
of sources. Such trends are consistent with several different
theoretical expectations from core accretion models, including
that due to decreasing star formation efficiency due to self-
feedback for massive protostars in lower mass surface density
environments.

Finally, we investigate the dependence of Ly iso and Lo on
Y in Figure 21. When model core size to aperture constraints
are applied (panels b and e), no strong correlation is present in
the overall distribution. The highest luminosity sources, which
have the highest protostellar masses, are preferentially found in
high-mass surface density environments. This is not due to the
sources having higher current accretion rates because for these
high m, sources, the accretion luminosity is only a relatively
minor component of the total luminosity. Thus this trend is
simply a reflection of the trends seen in the mass distribution of
the sources.

6. Conclusions

We have presented the results of MIR and FIR observations
carried out toward 14 protostars in the SOMA survey, most of
which are IM protostars. Following our standard methods
developed in Papers I and II, we have built their SEDs with
additional archival Spitzer, Herschel, and IRAS data and fit
them with Zhang & Tan (2018) RT models of massive star
formation via the turbulent core accretion paradigm. We have
also supplemented the sample with protostars identified in
Infrared Dark Clouds (IRDCs) that are expected to be at very
early stages in their evolution. By these methods we have
extended the range of masses, luminosities, and evolutionary
stages of protostellar sources that have been analyzed in a
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Figure 21. Panel (a) top left: average protostellar isotropic bolometric luminosity, Lyl iso, VS. average clump mass surface density, 3, of SOMA sources (squares)
and IRDC sources (circles, Liu et al. 2018 Moser et al. 2020; Liu et al. 2020, in preparation), based on ZT model fits: the average is made for the best five selected
models. Panel (b) top middle: same as panel (a), but with the average made for best five or fewer models with R. < 2R,, and x? < Xfmn + 5. Panel (c) top right:
same as panel (b), but now also showing the distribution of models in the ZT model grid (shading indicates the density of models). Pahel (d) bottom left: same as panel
(a), but now for intrinsic bolometric luminosity, L. Panel (e) bottom middle: same as panel (b), but now for intrinsic bolometric luminosity, L. Panel (f) bottom

right: same as panel (c), but now for the intrinsic bolometric luminosity, L.

uniform manner to test the core accretion theory. Our main
results and conclusions are listed below.

1. The IM protostars presented in this paper appear

relatively compact at 20-40 pum, compared to the high-
mass protostars in Papers I and II, whose 20-40 pum
images more clearly show extension along their outflow
axes. The protostars presented here are forming in a
variety of protocluster environments, as revealed by NIR
images. Higher resolution submm images often reveal
secondary dense gas cores within 0.1 pc (in projection).

. The SEDs of the 14 protostars of this paper are generally

fit quite well by the ZT models, but there are significant
degeneracies among acceptable models. These degen-
eracies in key model parameters, i.e., initial core mass,
M., clump mass surface density, >, and current
protostellar mass, m,, are typically larger than for the
higher mass protostars, but this is often a reflection of the
more limited wavelength coverage of the IM sources,
which are often away from the Galactic plane and thus
lack, e.g., longer wavelength Herschel data. For the
sources analyzed here, we find that well-fitting models
can often have R. > R,p. Thus we have applied a further
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constraint that model core radii should not exceed the
aperture radius used to define the SED by more than a
factor of two.

. The SOMA sources analyzed in this paper and Papers I

and II span a range of bolometric luminosities of
~10% L, to ~10° L. The isotropic luminosity can be
quite different from the intrinsic luminosity, indicating a
significant flashlight effect in the sources.

. The presented SOMA sample spans a range of light-to-mass

ratios of Lpo /Meny from ~10 Lo, /M, to ~10* Lo /M.
The addition of IRDC protostars extends this range down to
~1 Le /M., which is expected to be near the very earliest
phases of the star formation process. Relatively late stages
of evolution are currently missing from the sample.

. The SED shape, as measured by the spectral index from

19 to 37 microns, shows trends with outflow opening
angle, ratio of viewing angle to outflow opening angle,
and evolutionary stage, i.e., my/M,. However, such
trends are features that are inherent in the ZT18 models,
and independent confirmation, e.g., from high-resolution
continuum and line studies of outflows and outflow
cavities, is needed.
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6. Protostars from low masses up to ~25 M., are inferred to
be forming at all the clump mass surface densities probed
by the models, i.e., from 0.1 to 3 g cm~2. However, to
form protostars with >25 M. appears to require
Y 2 1 gem™2 clump environments. Larger numbers
of sources in this mass range are needed to confirm this
result. While this finding is consistent with several
possible theoretical expectations, we favor one based on
internal feedback in the protostellar core, which becomes
less effective for the denser cores that are associated with
higher 3| environments (Tanaka et al. 2017).
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