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The Physics of High-Mass Star Formation

- Wide range of scales (~12 dex in 
space, time) and multidimensional. 
- Uncertain/unconstrained initial 
conditions/boundary conditions.

Complete theory of star formation
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- Gravity vs pressure (thermal, magnetic, 
turbulence, radiation, cosmic rays) and 
shear. 
- Heating and cooling, generation and 
decay of turbulence, generation (dynamo) 
and diffusion of B-fields.
- Chemical evolution of dust and gas.
- Fragmentation
- Stellar structure and evolution
- Feedback

A complicated, nonlinear process:

Notation for gas structures:
Core -> star or close binary
Clump -> star cluster
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(Massive) Star Formation: Open Questions
• Causation: external triggering or spontaneous 

gravitational instability?
• Initial conditions: how close to equilibrium?
• Accretion mechanism: [turbulent/magnetic/thermal-

pressure]-regulated fragmentation to form cores vs 
competitive accretion / mergers

• Timescale: fast or slow (# of dynamical times)?
• End result

– Initial mass function (IMF)
– Binary fraction and properties

How do these properties vary with environment?
Subgrid model of SF? Threshold nH*? Efficiency εff?

N*

m*

Salpeter (1955)
dN*/dm* = A m*-2.35

m*max?
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Tan et al. (2014, PPVI) Mass →
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The Environments of 
Massive Star Formation
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

Tan et al. (2014, PPVI)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

CO GMCs and Clumps
Solomon et al. (1987)
Roman-Duval et al. (2010)

Tan et al. (2014, PPVI)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

Dense Clumps
Mueller et al. (2002)
Ma et al. (2013)
Ginsburg et al. (2012)
Longmore et al. (2012)

Tan et al. (2014, PPVI)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

Star Clusters
ONC - Da Rio et al. (2014)
NGC3603 - Pang et al. (2013) 
Quintuplet - Hußmann et al. (2012)
Arches - Habibi et al. (2013) 
Westerlund 1 - Lim et al. (2013) 
R136 - Andersen et al. (2009)
NGC346 - Sabbi et al. (2008)
NGC1569 SSCs - Larsen et al. (2008)
NGC5253 SSC - Turner & Beck (2004)
M82 SSCs - McCrady & Graham (2007)

Tan et al. (2014, PPVI)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

These are the (local) 
environments where 
massive stars form: 
can we scale-up 
low-mass SF theory?

Tan et al. (2014, PPVI)
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Massive Star Formation Theories

If in equilibrium,
then self-gravity

is balanced by 
internal pressure:
B-field, turbulence,
radiation pressure

(thermal P is small)

Cores form from this
turbulent/magnetized medium: at any instant 

there is a small mass fraction in cores. 
These cores collapse quickly to feed a central 

disk to form individual stars or binaries.

Turbulent Core Model:
(McKee & Tan 2002, 2003)
Stars form from “cores” that fragment from
the “clump”

Core Accretion: 
wide range of dm*/dt ~10-5 - 10-2 M! yr-1

(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz 
1997; Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001)

Σ ~ 1 g cm-2
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Massive Star Formation Theories

If in equilibrium,
then self-gravity

is balanced by 
internal pressure:
B-field, turbulence,
radiation pressure

(thermal P is small)

Cores form from this
turbulent/magnetized medium: at any instant 

there is a small mass fraction in cores. 
These cores collapse quickly to feed a central 

disk to form individual stars or binaries.

Turbulent Core Model:
(McKee & Tan 2002, 2003)
Stars form from “cores” that fragment from
the “clump”

Competitive (Clump-fed) Accretion:
(Bonnell, Clarke, Bate, Pringle 2001;
Bonnell, Vine, & Bate 2004;
Schmeja & Klessen 2004;
Wang, Li, Abel, Nakamura 2010; ...)
Massive stars gain most mass by Bondi-
Hoyle accretion of ambient clump gas 

Originally based 
on simulations 
including only 
thermal pressure.
Massive stars form 
on the timescale 
of the star cluster, 
with relatively low 
accretion rates.

Violent
interactions?
Mergers?
(Bonnell, Bate & 
Zinnecker 1998;
Bally & Zinnecker 2005
Bally et al. 2011)

Core Accretion: 
wide range of dm*/dt ~10-5 - 10-2 M! yr-1

(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz 
1997; Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001)

Σ ~ 1 g cm-2
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Massive Star Formation Theories

If in equilibrium,
then self-gravity

is balanced by 
internal pressure:
B-field, turbulence,
radiation pressure

(thermal P is small)

Cores form from this
turbulent/magnetized medium: at any instant 

there is a small mass fraction in cores. 
These cores collapse quickly to feed a central 

disk to form individual stars or binaries.

Turbulent Core Model:
(McKee & Tan 2002, 2003)
Stars form from “cores” that fragment from
the “clump”

Competitive (Clump-fed) Accretion:
(Bonnell, Clarke, Bate, Pringle 2001;
Bonnell, Vine, & Bate 2004;
Schmeja & Klessen 2004;
Wang, Li, Abel, Nakamura 2010; ...)
Massive stars gain most mass by Bondi-
Hoyle accretion of ambient clump gas 

Originally based 
on simulations 
including only 
thermal pressure.
Massive stars form 
on the timescale 
of the star cluster, 
with relatively low 
accretion rates.

Violent
interactions?
Mergers?
(Bonnell, Bate & 
Zinnecker 1998;
Bally & Zinnecker 2005
Bally et al. 2011)

Core Accretion: 
wide range of dm*/dt ~10-5 - 10-2 M! yr-1

(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz 
1997; Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001)

Σ ~ 1 g cm-2

SOFIA measurement 
of Clump Infall
vinfall ~ 0.1 vff
(Wyrowski et al. 2016)

Limited fragmentation
Csengeri et al. 2017

Cyganowski et al. (2017)

Ilee et al. (2016)  
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Turbulent core model
(MT02, 03)

Schematic Differences Between 
Massive Star Formation Theories

time

t=0
protostar
formation

massive
star
m*f>8M!

m*=8M!

massive prestellar core massive-star-forming core [protostar+gravitationally-bound gas]

massive-protostar (MP)

Outflow-
confined 

HII Region
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Turbulent core model
(MT02, 03)

Schematic Differences Between 
Massive Star Formation Theories

time

t=0
protostar
formation

massive
star
m*f>8M!

m*=8M!

massive prestellar core massive-star-forming core [protostar+gravitationally-bound gas]

massive-protostar (MP)

Competitive Bondi-Hoyle accretion model 
(Bonnell ea. 2001; Bonnell & Bate 2006; Dobbs+, R. Smith+, P. Clark+)

Outflow-
confined 

HII Region
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Turbulent core model
(MT02, 03)

Schematic Differences Between 
Massive Star Formation Theories

time

t=0
protostar
formation

massive
star
m*f>8M!

m*=8M!

massive prestellar core massive-star-forming core [protostar+gravitationally-bound gas]

massive-protostar (MP)

Radiation pressure likely 
to prevent accretion of 
dusty, unbound gas 
(Edgar & Clarke 2004)

Competitive Bondi-Hoyle accretion model 
(Bonnell ea. 2001; Bonnell & Bate 2006; Dobbs+, R. Smith+, P. Clark+)

Rare evolution from 
magnetically subcritical 

state?
Kunz & Mouschovias (2009)

Is there any 
isolated massive 
star formation?
(Bressert et al. 2012; 

Oey et al. 2013)

Prestellar core 
mass function?

(e.g. Motte et al. 1998; 
Testi & Sargent 1998; 

Alves et al. 2007)

Outflow-
confined 

HII Region
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Do massive starless cores exist? 
Are they close to virial equilibrium?

McKee & Tan (2003)

core

clump

The Initial Conditions of Massive Star Formation
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

Tan et al. (2014, PPVI)

Fiducial MT03 core:
Mc=60M!; Σcl=1g cm-2
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Spitzer IRAC 8µm   (GLIMPSE)

(Butler & Tan 2009, 2012; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

MJy sr-1

G28.37+00.07

(Churchwell et al. 2009)
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Distance from molecular line 
velocities  -> M(Σ)

MJy sr-1

Correct for foreground

G28.37+00.07

g cm-2

8

Fig. 1.— Mass surface density, ΣSMF, maps of IRDCs A-F derived from Spitzer IRAC 8 µm images with
pixel scale of 1.2′′ and angular resolution of 2′′ using a saturation-based estimate of the foreground emission
(§2). The color scale is indicated in g cm−2. The dashed ellipse, defined by Simon et al. (2006) based on
MSX images, defines the region where the background emission is estimated not directly from the small-scale
median filter average of the image intensity, but rather by interpolation from nearby regions just outside the
ellipse. The locations of the massive starless cores we have selected for analysis (§3) are marked with crosses.
Bright MIR sources appear as artificial “holes” in the map, where we have set the values of Σ = 0 g cm−2.

~Arcsecond scale maps of 
regions up to Σ  ~0.5 g cm-2; 
independent of dust temp.

Median filter for background 
around IRDC; interpolate for 
region behind the IRDC

Spitzer IRAC 8µm   (GLIMPSE)

(Butler & Tan 2009, 2012; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

Tan et al. (2014, PPVI)

Fiducial MT03 core:
Mc=60M!; Σcl=1g cm-2
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

IRDC Studies
Butler & Tan (2009; 2012) - MIREX maps

Fiducial MT03 core:
Mc=60M!; Σcl=1g cm-2

Tan et al. (2014, PPVI)
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Σ - M Diagram
Physical Properties of 
Star-Forming Regions

Σ~10 M! pc-2Local Galactic Disk

AV=1.4
NH=3.0x1021cm-2

Σ=34 M! pc-2

AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M! pc-2

AV=230
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M! pc-2

Tan et al. (2014, PPVI)

SOFIA Capabilities

A37μm ~ 3 mag

3″
 @

 3k
pc
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Comparison to Turbulent Core Model

Core masses inside 3σ 
N2D+ contour: 

Σcl = 0.36 g cm-2

Mc,MIREX = 55.2 ± 25 M!

Mc,mm = 62.5 129 26.9 M!

core
clump

C1, ΣMIREX, N2D+(3-2) contours 

3.6”
0.09pc

McΣcl

ALMA beam        Spitzer beam

Tan, Kong et al. (2013)

24Tuesday, April 4, 17



Core C1-N C1-S F1 F2 G2-N G2-S

Σcl (g cm-2) 0.48 0.40 0.22 0.32 0.21 0.19

Mc (M!) 16 63 6.5 4.7 2.4 0.83

σvir (km/s) 0.66±0.22 0.88±0.30 0.43±0.15 0.44±0.15 0.33±0.11 0.25±0.09

σobs (km/s) 0.41±0.03 0.41±0.02 0.25±0.02 0.42±0.04 0.34±0.02 0.30±0.02

• 1D velocity dispersion if virialized:
(                           = 1) 

< σobs/σvir > = 0.81 ± 0.13

Predictions from Virial Equilibrium

mA,vir = 0.28 -> Bvir=0.9mG

nH,c=6.4x105cm-3 -> Bmed = 0.7mG 

4 Tan et al.

For the sample of 6 cores the ratio of the observed to the predicted virial equilib-
rium velocity dispersion is 0.810.97

0.71, while the ratio of the observed to predicted size is

1.541.97
1.26. Thus the cores appear to be close to the predictions of the model. For the most

massive core, C1-S, the observed velocity dispersion is about a factor of 2 smaller than
the predictions of the fiducial model. For it to be in virial equilibrium would require
stronger magnetic fields of ∼ 1.0 mG, implying mA ≃ 0.3. In fact, given the core den-
sity of nH ≃ 6 × 105 cm−3, the predicted median B-field strength using Crutcher et al.’s
(2010) relation Bmed ≃ 0.12n0.65H

µG (for nH > 300 cm−3) is 0.7 mG.

4. The Chemical “Deuteration” Ages of the Cores

The Turbulent Core Model does not make any prediction about the timescale for the
cores to assemble, except that at least one dynamical (i.e. or ≃ 2 free-fall times, tff)
is needed to reach an equilibrium state. If strong magnetic fields are regulating core
formation, then the timescale for core formation could be considerably longer than this.

We have modeled the timescale of deuteration of N2H
+, first carrying out a broad

survey over parameter space (e.g. density, temperature, cosmic ray ionization rate, gas
phase depletion factor onto dust grains, etc.) (Kong et al.[a], in prep.), then applying
tailored models to the cores detected by ALMA (Kong et al.[b], in prep.). For C1-S,
to reach the high observed values of Dfrac ∼ 1 at T ∼ 10 K and with a cosmic ray
ionization rate of 2.5 × 10−17 s−1, requires a large depletion factor of 400 (i.e. only
1 in 400 heavy molecules like CO remain in the gas phase). To reach these values of
Dfrac requires ∼ 2.4 × 105 yr. This is 4.5tff , but about equal to the ambipolar diffusion
timescale, tAD ≃ 3.0 × 105 yr (given the ionization fraction of ≃ 6 × 10−9 calculated by
the chemical model). Thus, this result is also consistent with a scenario of magnetically
regulated massive core formation.

Acknowledgments. We thank Chris McKee for helpful discussions. This paper
makes use of the following ALMA data: ADS/JAO.ALMA#2011.0.00236.S . ALMA
is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan),
together with NRC (Canada) and NSC and ASIAA (Taiwan), in cooperation with the
Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and
NAOJ. The National Radio Astronomy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.
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Tentative Conclusion: Cores appear to be near virial equilibrium, after 
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Figure 10. N2D+(3-2) velocity dispersion � as a function of
projected radius, R, for C1-S outer. The measurement is averaged
within concentric annuli at a step of beam size. Within each annu-
lus, � is derived by fitting the hyperfine structures of the averaged
N2D+(3-2) spectrum. The black model curve shows the 2D pro-
jection (mass-weighted sum in quadrature) of a power-law density
profile ⇢ / r�k⇢ where k

⇢

= 1.5 and � / rk� where k
�

= 0.25,
following the fiducial MT03 model. The profile is normalized based
on a �2 minimization to the observation so that the � at core sur-
face (9250 AU) is �

s

= 0.396 km s�1. The blue model curve shows
the model with a shallower density profile ⇢ / r�0.3 and the best
fit k

�

= 0.481. In this case, �
s

= 0.413 km s�1.

Table 2
Physical properties of C1-S

Core property (% error) C1-S inner C1-S outer
✓
c

(00) 1.10 1.85
d (kpc) (20%) 5.0 5.0

Rc (0.01 pc) (20%) 2.67 4.48

VLSR,N2D+ (km s�1) 79.30±0.0200 79.30±0.0200

�N2D+
,obs (km s�1) 0.318±0.0221 0.340±0.0294

�N2D+
,nt (km s�1) 0.314±0.0225 0.335±0.0297

�N2D+ (km s�1) 0.366±0.0241 0.385±0.0295

⌃cl,MIREX (g cm�2) (30%) 0.490 0.445
⌃cl,mm (g cm�2) 0.8811.630.597 0.3360.6240.228

⌃c,MIREX (g cm�2) (30%) 0.492 0.491
Mc,MIREX (M�) (50%) 5.22 14.7

nH,c,MIREX (105cm�3) (36%) 19.0 11.3

S1.30mm (mJy) 11.4±0.365 26.0±0.615
S1.30mm/⌦ (MJy/sr) 128±4.10 103±2.44
⌃c,mm,tot (g cm�2) 2.414.831.43 1.933.871.14

Mc,mm,tot (M�) 25.553.511.6 58.012126.4

nH,c,mm,tot (105cm�3) 93.019051.6 44.490.724.6

⌃c,mm (g cm�2) 1.533.940.545 1.603.540.808

Mc,mm (M�) 16.242.84.25 47.911018.6

nH,c,mm (106cm�3) 5.9015.41.94 3.678.261.74

and with such background subtraction. These results
are listed in Table 3. The ratio �N2D+/�c,vir,mm is found
to be approximately equal to 0.5 for both C1-S inner and
outer, which is similar to the results of T13 based on the
lower resolution observations of C1-S and of Kong et al.
(2017) for other N2D+cores in IRDCs.

There are two possible interpretations for these results.
The first possibility is that the core really is in a sub-
virial state, i.e., it is on the verge of undergoing fast
collapse because it lacks su�cient internal pressure sup-
port. Evaluation of the Bertoldi & McKee (1992) virial

parameter (see Table 3), which is often used to assess
the dynamical state of cores, would also seem to indi-
cate such a situation. However, the high densities of
the core imply short free-fall times (also listed in Ta-
ble 3), which are ⇠ 2 ⇥ 104 yr. Gas in the core would
be expected to relatively quickly acquire infall velocities,
which would approach the free-fall speed and thus give
the core an apparent velocity dispersion that is compa-
rable to that of virial equilbrium. It seems unlikely that
all the core material is slowly moving and on the verge
of fast collapse, especially on the di↵erent scales of C1-S
inner and outer. In addition, the astrochemical modeling
of the deuteration process that increases the abundance
of N2D+ compared to N2H+ is thought to take a rel-
atively long time compared to the local free-fall time.
The results of Kong et al. (2016); Goodson et al. (2016)
indicate that the C1-S core should be contracting at a
rate smaller than 1/3 of that of free-fall collapse in or-
der to have enough time to reach the observed levels of
deuteration.

The second possibility is that the C1-S core is quite
close to a state of virial equilibrium and is only undergo-
ing relatively slow contraction compared to that of free-
fall collapse. This would then require stronger magnetic
fields compared to those of the fiducial (mA = 1) tur-
bulent core model. The values of these fiducial B-field
strengths are about 0.7 mG on the scale of C1-S outer
and 0.8 mG at C1-S inner. The values of �B to achieve
virial equilibrium, �B,vir, are several times larger than
that of the fiducial case (Table 3). These correspond
to conditions of sub-Alfvénic turbulence with mA ' 0.3
and magnetic field strengths of ⇠ 2 to 3 mG. We note
that such B-field strengths are consistent with the values
predicted by the empirical relation for median values of
Crutcher et al. (2010), Bmed ' 0.22(nH/105 cm�3)0.65

(valid for nH > 300 cm�3), given the observed densi-
ties of C1-S inner and outer. This relation predicts B-
field strengths of 3.1 and 2.3 mG using the envelope-
subtracted densities of C1-S inner and outer, respec-
tively. Finally, such values of B-field strengths can
also help to explain why C1-S does not appear to have
fragmented. Table 3 lists the magnetic field strengths,
Bc,crit, that would be needed for the magnetic critical
mass Bertoldi & McKee (1992) to equal the observed
core masses: at the scale of C1-S outer we see that
Bc,crit ' Bc,vir ' 2 mG.

In summary, given the above results, we conclude that
the second case of core dynamics regulated by relatively
strong, ⇠ 2 mG, magnetic fields appears to be the more
likely scenario. Such magnetic field strengths are reason-
able given the observed densities. They help explain the
fragmentation scale of C1-S outer, i.e., ⇠ 50 M�. They
would allow C1-S outer to be virialized and thus poten-
tially relatively old compared to its free-fall time, which
helps to explain its observed high level of deuteration
of N2H+ , i.e., high abundance of N2D+ . We return
to this point in §4, where we consider the implications
of the observed C1-S properties for astrochemical mod-
els. The predictions of there being dynamically impor-
tant magnetic fields are: (1) strong Zeeman splitting of
species, such as CN, if they are present in the gas phase
within the core; (2) ordered dust continuum emission po-
larization angles, assuming dust grains can align with the

12 Kong et al.

Figure 10. N2D+(3-2) velocity dispersion � as a function of
projected radius, R, for C1-S outer. The measurement is averaged
within concentric annuli at a step of beam size. Within each annu-
lus, � is derived by fitting the hyperfine structures of the averaged
N2D+(3-2) spectrum. The black model curve shows the 2D pro-
jection (mass-weighted sum in quadrature) of a power-law density
profile ⇢ / r�k⇢ where k

⇢

= 1.5 and � / rk� where k
�

= 0.25,
following the fiducial MT03 model. The profile is normalized based
on a �2 minimization to the observation so that the � at core sur-
face (9250 AU) is �

s

= 0.396 km s�1. The blue model curve shows
the model with a shallower density profile ⇢ / r�0.3 and the best
fit k

�

= 0.481. In this case, �
s

= 0.413 km s�1.

Table 2
Physical properties of C1-S

Core property (% error) C1-S inner C1-S outer
✓
c

(00) 1.10 1.85
d (kpc) (20%) 5.0 5.0

Rc (0.01 pc) (20%) 2.67 4.48

VLSR,N2D+ (km s�1) 79.30±0.0200 79.30±0.0200

�N2D+
,obs (km s�1) 0.318±0.0221 0.340±0.0294

�N2D+
,nt (km s�1) 0.314±0.0225 0.335±0.0297

�N2D+ (km s�1) 0.366±0.0241 0.385±0.0295

⌃cl,MIREX (g cm�2) (30%) 0.490 0.445
⌃cl,mm (g cm�2) 0.8811.630.597 0.3360.6240.228

⌃c,MIREX (g cm�2) (30%) 0.492 0.491
Mc,MIREX (M�) (50%) 5.22 14.7

nH,c,MIREX (105cm�3) (36%) 19.0 11.3

S1.30mm (mJy) 11.4±0.365 26.0±0.615
S1.30mm/⌦ (MJy/sr) 128±4.10 103±2.44
⌃c,mm,tot (g cm�2) 2.414.831.43 1.933.871.14

Mc,mm,tot (M�) 25.553.511.6 58.012126.4

nH,c,mm,tot (105cm�3) 93.019051.6 44.490.724.6

⌃c,mm (g cm�2) 1.533.940.545 1.603.540.808

Mc,mm (M�) 16.242.84.25 47.911018.6

nH,c,mm (106cm�3) 5.9015.41.94 3.678.261.74

and with such background subtraction. These results
are listed in Table 3. The ratio �N2D+/�c,vir,mm is found
to be approximately equal to 0.5 for both C1-S inner and
outer, which is similar to the results of T13 based on the
lower resolution observations of C1-S and of Kong et al.
(2017) for other N2D+cores in IRDCs.

There are two possible interpretations for these results.
The first possibility is that the core really is in a sub-
virial state, i.e., it is on the verge of undergoing fast
collapse because it lacks su�cient internal pressure sup-
port. Evaluation of the Bertoldi & McKee (1992) virial

parameter (see Table 3), which is often used to assess
the dynamical state of cores, would also seem to indi-
cate such a situation. However, the high densities of
the core imply short free-fall times (also listed in Ta-
ble 3), which are ⇠ 2 ⇥ 104 yr. Gas in the core would
be expected to relatively quickly acquire infall velocities,
which would approach the free-fall speed and thus give
the core an apparent velocity dispersion that is compa-
rable to that of virial equilbrium. It seems unlikely that
all the core material is slowly moving and on the verge
of fast collapse, especially on the di↵erent scales of C1-S
inner and outer. In addition, the astrochemical modeling
of the deuteration process that increases the abundance
of N2D+ compared to N2H+ is thought to take a rel-
atively long time compared to the local free-fall time.
The results of Kong et al. (2016); Goodson et al. (2016)
indicate that the C1-S core should be contracting at a
rate smaller than 1/3 of that of free-fall collapse in or-
der to have enough time to reach the observed levels of
deuteration.

The second possibility is that the C1-S core is quite
close to a state of virial equilibrium and is only undergo-
ing relatively slow contraction compared to that of free-
fall collapse. This would then require stronger magnetic
fields compared to those of the fiducial (mA = 1) tur-
bulent core model. The values of these fiducial B-field
strengths are about 0.7 mG on the scale of C1-S outer
and 0.8 mG at C1-S inner. The values of �B to achieve
virial equilibrium, �B,vir, are several times larger than
that of the fiducial case (Table 3). These correspond
to conditions of sub-Alfvénic turbulence with mA ' 0.3
and magnetic field strengths of ⇠ 2 to 3 mG. We note
that such B-field strengths are consistent with the values
predicted by the empirical relation for median values of
Crutcher et al. (2010), Bmed ' 0.22(nH/105 cm�3)0.65

(valid for nH > 300 cm�3), given the observed densi-
ties of C1-S inner and outer. This relation predicts B-
field strengths of 3.1 and 2.3 mG using the envelope-
subtracted densities of C1-S inner and outer, respec-
tively. Finally, such values of B-field strengths can
also help to explain why C1-S does not appear to have
fragmented. Table 3 lists the magnetic field strengths,
Bc,crit, that would be needed for the magnetic critical
mass Bertoldi & McKee (1992) to equal the observed
core masses: at the scale of C1-S outer we see that
Bc,crit ' Bc,vir ' 2 mG.

In summary, given the above results, we conclude that
the second case of core dynamics regulated by relatively
strong, ⇠ 2 mG, magnetic fields appears to be the more
likely scenario. Such magnetic field strengths are reason-
able given the observed densities. They help explain the
fragmentation scale of C1-S outer, i.e., ⇠ 50 M�. They
would allow C1-S outer to be virialized and thus poten-
tially relatively old compared to its free-fall time, which
helps to explain its observed high level of deuteration
of N2H+ , i.e., high abundance of N2D+ . We return
to this point in §4, where we consider the implications
of the observed C1-S properties for astrochemical mod-
els. The predictions of there being dynamically impor-
tant magnetic fields are: (1) strong Zeeman splitting of
species, such as CN, if they are present in the gas phase
within the core; (2) ordered dust continuum emission po-
larization angles, assuming dust grains can align with the
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Figure 11. CO(2-1) 0th-moment contours overlaid on the continuum images (grayscale with unit of Jy beamm�1, showing combined
data from Fig. 1). Blue contours show emission integrated from 33.8 to 72.8 km s�1; red contours show emission integrated from 85.8 to
124.8 km s�1. The displayed contour levels are 5, 7.5, 10, 12.5�... (a) Left panel: Outflow contours from extended-configuration only data.
(b) Right panel: Outflow contours from combined data. The synthesized beams are shown in the lower left corners as filled gray ellipses.
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Figure 12. From left to right: 0th-moment maps of C18O(2-1), DCO+(3-2) and DCN(3-2). The integrations are from 76.9 to 81.9
km s�1. The color scale bars have unit of Jy beam�1 km s�1. The synthesized beams (⇠ 0.200) are shown as black filled ellipses in the
lower-left corners.

Figure 13. From left to right: 1st-moment maps of C18O(2-1), DCO+(3-2) and DCN(3-2). The integration is over 79.4±2.5 km s�1.
Only cells above 3� are considered. The 1st-moment is then normalized to the rest frame of 79.4 km s�1. The beams are shown as the
black filled ellipses in the lower-right corners. The colorbar has the unit km s�1.

velocity range as the 0th-moment maps shown in Fig-
ure 12. Only cells above 3� values are included. The
C18O(2-1) 1st-moment map clearly shows two veloc-
ity components. Much of the region is filled with
the 81.2 km s�1 component, while in C1-Sa the 79.4
km s�1 component dominates.

A plausible overall picture of the C1 region is the fol-
lowing. There are two overlapping clouds, one at 79.4

km s�1 and the other at 81.2 km s�1. The first one
has strong CO depletion and deuteration (especially with
N2D+), while the latter still has abundant CO but lit-
tle N2D+. Compared to N2D+, DCO+ is less influenced
by CO depletion (Pagani et al. 2011). C1-Sa and C1-S
are in the 79.4 km s�1 cloud, while C1-Sb is in the 81.2
km s�1 cloud. While C1-S shows a narrow line width in

4 Kong et al.

Figure 2. (a) Zeroth moment map of NH3(1,1) integrated from 76.9 to 81.9 km/s (contours, shown from 3, 4, 5�, etc.). The background
image shows the MIR+NIR extinction map (in g cm�2) from Butler et al. (2014). (b) As panel (a), but now showing zeroth moment map
of NH3(2,2). (c) T

k

map derived from VLA NH3 observations. The black dashed circles represent the core definitions (see §3.1 and §3.2.1).
The big black filled ellipse on the lower-right corner is the synthesized beam. The color bar has the unit of K. The dashed inset shows the
zoom-in region of C1-S in panel (b). (d) Zoom-in view to the C1-S region.
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Figure 3. N2D+observations, from left to right: (a) Combined N2D+(3-2) 0th-moment map. The integration is from 76.9 to 81.9
km s�1 (i.e., centered on 79.4 km s�1 measured by T13). The color scale bar has a unit of Jy beam�1 km s�1. The synthesized beam
(0.200) is shown as a red filled ellipse at lower-right. (b) N2D+(3-2) 0th-moment contours overlaid on the 1.3 mm continuum image. The
continuum image and color scheme is the same as Fig. 1c. The N2D+(3-2) contours start from 3� and increase in step of 1�. The red filled
ellipse at lower-right is the synthesized beam for the continuum image. The black filled ellipse at lower-left is the beam for the N2D+(3-2)
contour map. The dashed circles are the core definitions for C1-Sa, C1-Sb, “C1-S inner” and “C1-S outer.” (c) Same as (a), but now the
N2D+(3-2) 0th-moment map is smoothed to 0.500resolution. (d) Same as (b), but now the maps are smoothed to 0.500resolution.

choice of assumptions, i.e., a temperature of 10 K. Tem-
perature uncertainties from 7 to 13 K induce about a fac-
tor of two uncertainty in the mass estimates. Note, how-
ever, that these mass estimates have so far been based on
the total flux observed towards a given aperture. Clump

envelope substraction, discussed below in §3.2.4, leads
to modest reductions in these mass estimates by factors
of about 0.64 for C1-S inner and 0.83 for C1-S outer
in the fiducial case. Thus, the mass that is associated
with the observed N2D+(3-2) emission, especially when

CO depletion factor: fD>600 DCO+ Envelope

Kong, Tan et al. (2017b, submitted)
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Constraints for Initial Conditions of Numerical Simulations
Peters et al. (2011)
M = 100M!, R=0.5pc, 
nH = 5400cm-3, B=10μG Disc formation in turbulent massive cores 3

Figure 2. Column density in logarithmic scaling for the top-on

view of disc 1 (top left) and disc 2 (top right) of run 2.6-4-A and

of the disc in run 2.6-4 without turbulence (bottom). The figures

are 800 AU in size.

lines. This is a remarkable result since for previous simula-
tions of low- and high-mass cores with mass-to-flux ratios
µ . 10 only sub-Keplerian discs were found (e.g. Allen et al.
2003; Price & Bate 2007; Mellon & Li 2008; Hennebelle &
Fromang 2008; Du�n & Pudritz 2009; Seifried et al. 2011).

We emphasise that for the other runs we find qualita-
tively similar results, i.e. discs with sizes of up to ⇠ 100 AU
and masses of the order of 0.1 M�. The number of discs per
run varies between 2 and 5. We briefly note that the discs
presented here drive molecular outflows. Furthermore, in all
discs v� scatters around v

kep

, indicating that this is neither
a consequence of the specific turbulence seed (runs 2.6-4-B
and 2.6-4-C) nor of the adopted cooling function (run 2.6-4-
poly) nor of the power-spectrum exponent (run 2.6-4-b). We
find that v

rad

scatters around 0 and is almost always smaller
than v� and significantly smaller than the free-fall velocity
v
↵

=
p
2v

kep

. This is in strong contrast to the disc in run
2.6-4 which has the same initial setup as the runs presented
here except the initial turbulence field (Seifried et al. 2011).
The disc was found to be strongly sub-Keplerian with v

rad

close to v
↵

. The di↵erence becomes particularly clear when
comparing the top-on view of disc 1 and 2 in run 2.6-4-A
with that of the disc in run 2.6-4 (Fig. 2).

Why, even in the case of such strongly magnetised cores,
are Keplerian discs formed? The suppression of Keplerian
disc formation in previous studies without turbulence is due
to the very e�cient magnetic braking (Mouschovias & Pa-
leologou 1980) which removes angular momentum from the
midplane at a very high rate. Hence, in our runs the mag-
netic braking e�ciency has to be reduced significantly. Two
possible reasons for this are the loss of magnetic flux in the
vicinity of the discs or, as proposed recently, a misalign-
ment of the magnetic field and the angular momentum vec-
tor (Hennebelle & Ciardi 2009; Ciardi & Hennebelle 2010).

We first consider the possibility of magnetic flux loss
in the vicinity of the discs which might be attributed to
turbulent reconnection (Lazarian & Vishniac 1999). For this
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Figure 3. Mass-to-flux ratio µ (left) and inclination of the mean

magnetic field to the angular momentum vector of the disc (right)

in spheres with a radius of 500 AU around the CoM of the discs

found in run 2.6-4-A.

purpose we calculate the volume-weighted, mean magnetic
field hBi in a sphere with a radius of r = 500 AU around
the CoM of each disc. In combination with the sphere mass
M we obtain the mass-to-flux ratio

µ =
M

⇡r2| hBi |/
0.13p
G

. (1)

We plot the time variation of µ in the left panel of Fig. 3
for the same four discs as in Fig. 1. As can be seen, µ varies
around a mean of 2 - 3. Hence, the values of µ roughly
agree with the overall value of 2.6 and are comparable to
the value of ⇠ 2 found in run 2.6-4. Moreover, µ is well in
the range where simulations without turbulent motions have
found sub-Keplerian discs only. We therefore conclude that
turbulent reconnection is not responsible for the build-up of
Keplerian discs in our runs.

Another way of reducing the magnetic braking e�ciency
was investigated by Hennebelle & Ciardi (2009) and Ciardi
& Hennebelle (2010). These authors found that even for a
small misalignment of the overall magnetic field and the ro-
tation axis Keplerian discs can form. As we consider a tur-
bulent flow, it is very likely that the magnetic field and the
rotation axis are misaligned. In the right panel of Fig. 3 we
plot the angle ↵ between the disc angular momentum vec-
tor and hBi in the spheres around the discs of run 2.6-4-A.
The angle ↵ is significantly larger than 0� which supports
the picture of a reduced magnetic braking e�ciency due to
a misalignment of the magnetic field and the rotation axis.

However, there is a third way to reduce the magnetic
braking e�ciency while simultaneously keeping the inwards
angular momentum transport on a high level. Considering
the top panel of Fig. 2 it can be seen that in the surround-
ings of each disc there is a turbulent velocity field with no
signs of a coherent rotation structure. Therefore no toroidal
magnetic field component (w.r.t. the coordinate system of
the disc) can be built up. But as the angular momentum
is mainly extracted by toroidal Alfvènic waves, it is not
surprising that the magnetic braking e�ciency is strongly
reduced in the environment of the disc despite a low mass-
to-flux ratio (compare left panel of Fig. 3). Despite the lack
of a coherent rotation structure, locally the inwards angu-
lar momentum transport can remain high due to local shear
flows driving large angular momentum fluxes. We also note
that the non-coherent flow cannot be e�ciently slowed down
by the magnetic field as it does in case of large-scale co-
herent motions. This can be seen in our previous simula-
tions (Seifried et al. 2011) without initial turbulence. Here

c� 2012 RAS, MNRAS 000, 1–6

Seifried et al. (2012)
M = 100M!, R=0.25pc, 
nH = 4.4x104cm-3, B~1mG

Myers et al. (2013)
M = 300M!, R=0.1pc, 
nH = 2.4x106cm-3, B>~1mG
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Evidence for strong magnetic fields in some 
massive star-forming cores 

Magnetic Fields in the Formation of
Massive Stars
Josep M. Girart,1* Maria T. Beltrán,2† Qizhou Zhang,3 Ramprasad Rao,4 Robert Estalella2

Massive stars play a crucial role in the production of heavy elements and in the evolution of the
interstellar medium, yet how they form is still a matter of debate. We report high-angular-resolution
submillimeter observations toward the massive hot molecular core (HMC) in the high-mass
star-forming region G31.41+0.31. We find that the evolution of the gravitational collapse of the
HMC is controlled by the magnetic field. The HMC is simultaneously contracting and rotating,
and the magnetic field lines threading the HMC are deformed along its major axis, acquiring an
hourglass shape. The magnetic energy dominates over the centrifugal and turbulence energies,
and there is evidence of magnetic braking in the contracting core.

Stars more massive than 8M◉ (whereM◉ is
the mass of the Sun) account for only 1%
of the stellar population in our Galaxy.

Nevertheless they dominate the appearance and
evolution of its interstellar medium and are re-
sponsible for the production of heavy elements.

The formation of massive stars is not com-
pletely understood. Stars form when dense mo-
lecular clouds collapse as a result of gravity. But
as the mass of a young star reaches 8M◉, its own
radiation can exert enough outward pressure to
halt infall, inhibiting further stellar growth (1).
The presence of a flattened accretion disk sur-
rounding the protostar (2) can alleviate this in-

hibition by shielding the infalling material from
stellar radiation and by creating a lower density
section along the rotation axis of the disk and a
molecular outflow, which helps by channeling the
radiation out, allowing the formation of stars more
massive than 40M◉ (3–5). Massive stars may also
form through mergers of smaller stars (6).

The scenario whereby massive stars form
through disk-assisted accretion resembles the
way stars like the Sun form. Both processes
involve accretion through a flattened disk and
molecular outflows. The magnetic field is thought
to play an important role in the formation of Sun-
like stars by shaping cloud collapse, removing ex-

cess angular momentum, and thus allowing con-
tinuous accretion (7–9), even in the case of an
originally weak magnetic field (10). High-angular-
resolution polarimetric observations of the low-
mass protostellar system NGC 1333 IRAS 4A
(IRAS 4A) showed a magnetic field with a clear
hourglass morphology at scales of a few hundred
astronomical units (AU) around the collapsing mo-
lecular core surrounding the protostars (11), a con-
figuration that was shown to be consistent with
theoretical models for the formation of solar-type
stars, where well-ordered, large-scale, rather than
turbulent, magnetic fields control the evolution
and collapse of the molecular cores from which
stars form (12).

We investigated the hot molecular core (HMC)
in G31.41+0.31 (G31.41), a massive star-forming
region [~500 to 1500 M◉ (13, 14)] located 7900
parsecs (pc) away (15). G31.41 has a luminosity

REPORTS
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A B C

Fig. 1. (A) Contour map of the 879-mm dust emission superposed on the color
image of the polarized flux intensity in units of Jy per beam. Black thick bars
indicate the position angle of the magnetic field. These maps were obtained by
using a natural weighting to the visibility data, which yielded to a full width at
half maximum synthesized beam of 1.34″ × 0.83″ with a position angle of 67°
(shown in the bottom left corner). Contour levels are 0.8, 1.5, 2.5, 4, 6, 16,
26, 36…96% of the peak intensity, 9.13 Jy per beam. (B) Contour map of the
879 mm dust emission superposed on the color image of the flux weighted

velocity map of the CH3OH 147-156 A. Black thick bars indicate the direction
of the magnetic field. These maps were obtained by using a robust weighting
of 0 to the visibility data, which yielded to a full width at half maximum
synthesized beam of 1.04″ × 0.59″ with a position angle of 82° (shown in the
bottom left corner). Contour levels are the same as in the previous panel, with
a peak intensity of 6.55 Jy per beam. (C) Spectrum of the C34S 7-6 line at the
position of the dust emission peak. The continuum has been subtracted from
the line emission (this is valid for all the molecular line data presented here).
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Girart+ (2009)
see also Q. Zhang+ (2015)

Observations:

Evidence for nonthermal support
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Do massive protostars have morphologies 
similar to low-mass protostars?

What sets the star formation efficiency from 
the core? CMF -> IMF?

Outflow-
confined 

HII Region
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Protostellar Evolution
Zhang, Tan, Hosokawa (2014)

Convective

D-burning

H-burning

see also Palla & Stahler 1993; Hosokawa et al. (2010)
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Protostellar Evolution
Zhang, Tan, Hosokawa (2014)

see also Palla & Stahler 1993; Hosokawa et al. (2010)
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Diagnostics of the Turbulent Core Model

Outflow-
confined 

HII Region

Zhang & Tan (2011), Zhang, Tan & McKee (2013), Zhang, Tan & Hosokawa (2014), Tanaka, Tan & Zhang (2016)

Prediction: increasing symmetry from MIR-FIR

near-facing

far-facing
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Figure 21. Resolved images for the selected evolutionary stages (m∗ = 1, 2, 4, 8, 12, 16, and 24 M⊙, from top to bottom) of the fiducial model in various bands
(columns) at the inclination of 60◦ between the line of sight and the axis. Each image is normalized to its maximum surface brightness, which is labeled in the bottom
left corner. The total fluxes are labeled in the top right corners. A distance of 1 kpc is assumed. Each image has a field of view of 40′′ × 40′′. The dotted lines mark the
projected opening angle of the outflow cavity on the sky plane.
(A color version of this figure is available in the online journal.)

a region large enough to cover the whole model source, including
the clump on the sky plane. In such a case, the observed SEDs are
significantly higher at the wavelengths longer than ∼100 µm.
The short wavelength emission is lower than the model without
the clump but higher than that observed with a smaller aperture
at wavelengths <10 µm. This is because the short wavelength
emission can be seen toward the opening area of the outflow

cavity, and this part of the emission is excluded with a smaller
aperture. In real observations, depending on the resolutions in
different bands, the observed SEDs may be similar to the model
SED with smaller aperture in short wavelengths but also similar
to the model SED with full aperture in long wavelengths, i.e., the
short wavelength fluxes are strongly suppressed but the fluxes
at !100 µm become higher with the clump.
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Fig. 4.— Intensity profiles along the outflow axis. The squares
are observational data sampled at intervals of the resolutions of
the instruments (intervals of 2 & 3 × resolution are used for 18
& 10 µm) with errors composed of systematic flux uncertainties
(assumed to be 20%) and estimated background noise. The lines
are model profiles.

intensity distribution along the outflow axis predicted by
these models with observations in Fig. (4)). The axis di-
rection of G35.2 is chosen via the radio continuum and
MIR morphology (dashed line in Fig. (1) with P.A. of
6◦). The model profiles are all convolved with the cor-
responding instrument beams. At each offset from the
center, we average over a perpendicular width of 2′′ to
estimate profiles for both model and data. All model and
observed profiles are normalized to the average values
over the near-facing regions that have significant emis-
sion. We also add constant background ambient intensi-
ties, which may be either due to instrumental noise (i.e.
in the T-ReCS data) or from additional ambient inter-
stellar material. Note we have not attempted to use the
lateral width of the cavities to constrain the models
We emphasize that a detailed model search to fit these

profiles separately from the SED has not been performed,
but still Model 1 agrees very well with the observations
at 37, 31, 18 and 10 µm, producing the right peak po-
sitions and asymmetries of the two sides of the out-
flow. At 10 µm, Model 1 predicts higher extinction to-
wards the center. A possible explanation could be the
strength (depth and width) of the silicate absorption fea-
ture adopted in the dust model used in the RT calcula-
tions (ZTM13). In the IRAC bands, while a reasonable
fit is achieved for the near-facing outflow cavity, the in-

tensities of the far-facing side predicted by the model
are too low compared to those observed. Possible rea-
sons for this include: (1) non-uniform, possibly patchy,
extinction from the clump or the adopted uniform “fore-
ground” extinction, that may actually be relatively local
to the source (e.g. a foreground extinction of AV = 15
lowers 3.6 µm flux by a factor of two); (2) enhanced emis-
sion from PAHs and transiently-heated small dust grains
in and around the outflow cavity. Models 2, 3 and 4 also
have good matches with the data in the near-facing and
far-facing wings at 37, 31, 18 and 10 µm, but their pro-
files become too peaked towards the center due to the
lower extinction of their lower Σ cores and clumps.
These results, especially the intensity profiles for Model

1 from ∼ 10 − 40 µm (for which the modeling has po-
tentially fewer problems associated with small grain and
PAH emission), again support the paradigm that G35.2
is a massive protostar forming from a high Σ core and
clump. The match of the SED and intensity profiles with
observations becomes less good when Σcl becomes lower.
We estimate that Σcl should be no lower than 0.4g cm−2.
The profiles also suggest that the accretion flow and out-
flows are relatively well-ordered and symmetric.

4. DISCUSSIONS & CONCLUSIONS

SOFIA-FORCAST provides imaging with high dy-
namic range similar to space-based instruments at a
unique wavelength region ∼30 to 40 µm, where lower
extinction allows us to search for the predicted (ZT11,
ZTM13) far-facing outflow cavity from a massive proto-
star forming from a high surface density core. At longer
wavelengths the emission is predicted to become even
more symmetric, being dominated by cooler dust in the
core/clump. Our SOFIA-FORCAST observations at 31
and 37 µm did reveal emission from the far-facing out-
flow cavity of G35.2, which was too faint to detect by
ground-based T-ReCs 11 and 18 µm observations.
We compiled the NIR to mm SED of G35.2. RT mod-

eling of a massive protostar forming from a massive core
bounded by a high Σ clump gave good agreement with
this SED for four models. Depending on the outflow cav-
ity opening angle (35◦ to 50◦), we foundm∗ ∼ 22−34M⊙,
Lbol ∼ (0.7 − 2.2) × 105 L⊙ and Σcl ∼ 0.4 − 1 g cm−2.
Model 1 also produced intensity profiles along the out-
flow axis that fit the observations well at 10, 18, 31 and
37 µm, without need for extensive fine tuning. These re-
sults indicate G35.2 is a massive protostar, forming from
high surface density core and clump, via relatively or-
dered, symmetric collapse and accretion. Powerful bipo-
lar outflows are being launched and have cleared wide-
angle cavities, that are also relatively symmetric.
A protostar with the luminosity estimated here (∼

1 × 105 L⊙) is expected to drive a CO outflow with
momentum flux of ∼ 0.1 M⊙yr−1km s−1 (Richer et al.
2000), which is much larger than the observed value:
even assuming that the larger NE-SW CO outflow is
also driven by this source, the total momentum flux
is still only ∼ 0.003 M⊙yr−1km s−1 (Gibb et al. 2003,
Birks et al. 2006). This may indicate that the outflow
from G35.2N, being partly ionized as indicated by the
observed radio continuum jet, may be relatively deficient
in CO emission. Note that the modest misalignment of
the larger CO outflow with the radio and MIR jet may
result from the interaction of the wider angle part of the

Lbol ~ (0.66 - 2.2)×105L⦿

Mcore ~ 240M⦿ 
Ʃcl ~ 0.4 - 1 g/cm2

θw ~ 35 - 51˚ 
θview ~ 43 - 58˚
m* ~ 20 - 34 M⦿ 
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Fig. 4.— Intensity profiles along the outflow axis. The squares
are observational data sampled at intervals of the resolutions of
the instruments (intervals of 2 & 3 × resolution are used for 18
& 10 µm) with errors composed of systematic flux uncertainties
(assumed to be 20%) and estimated background noise. The lines
are model profiles.

intensity distribution along the outflow axis predicted by
these models with observations in Fig. (4)). The axis di-
rection of G35.2 is chosen via the radio continuum and
MIR morphology (dashed line in Fig. (1) with P.A. of
6◦). The model profiles are all convolved with the cor-
responding instrument beams. At each offset from the
center, we average over a perpendicular width of 2′′ to
estimate profiles for both model and data. All model and
observed profiles are normalized to the average values
over the near-facing regions that have significant emis-
sion. We also add constant background ambient intensi-
ties, which may be either due to instrumental noise (i.e.
in the T-ReCS data) or from additional ambient inter-
stellar material. Note we have not attempted to use the
lateral width of the cavities to constrain the models
We emphasize that a detailed model search to fit these

profiles separately from the SED has not been performed,
but still Model 1 agrees very well with the observations
at 37, 31, 18 and 10 µm, producing the right peak po-
sitions and asymmetries of the two sides of the out-
flow. At 10 µm, Model 1 predicts higher extinction to-
wards the center. A possible explanation could be the
strength (depth and width) of the silicate absorption fea-
ture adopted in the dust model used in the RT calcula-
tions (ZTM13). In the IRAC bands, while a reasonable
fit is achieved for the near-facing outflow cavity, the in-

tensities of the far-facing side predicted by the model
are too low compared to those observed. Possible rea-
sons for this include: (1) non-uniform, possibly patchy,
extinction from the clump or the adopted uniform “fore-
ground” extinction, that may actually be relatively local
to the source (e.g. a foreground extinction of AV = 15
lowers 3.6 µm flux by a factor of two); (2) enhanced emis-
sion from PAHs and transiently-heated small dust grains
in and around the outflow cavity. Models 2, 3 and 4 also
have good matches with the data in the near-facing and
far-facing wings at 37, 31, 18 and 10 µm, but their pro-
files become too peaked towards the center due to the
lower extinction of their lower Σ cores and clumps.
These results, especially the intensity profiles for Model

1 from ∼ 10 − 40 µm (for which the modeling has po-
tentially fewer problems associated with small grain and
PAH emission), again support the paradigm that G35.2
is a massive protostar forming from a high Σ core and
clump. The match of the SED and intensity profiles with
observations becomes less good when Σcl becomes lower.
We estimate that Σcl should be no lower than 0.4g cm−2.
The profiles also suggest that the accretion flow and out-
flows are relatively well-ordered and symmetric.

4. DISCUSSIONS & CONCLUSIONS

SOFIA-FORCAST provides imaging with high dy-
namic range similar to space-based instruments at a
unique wavelength region ∼30 to 40 µm, where lower
extinction allows us to search for the predicted (ZT11,
ZTM13) far-facing outflow cavity from a massive proto-
star forming from a high surface density core. At longer
wavelengths the emission is predicted to become even
more symmetric, being dominated by cooler dust in the
core/clump. Our SOFIA-FORCAST observations at 31
and 37 µm did reveal emission from the far-facing out-
flow cavity of G35.2, which was too faint to detect by
ground-based T-ReCs 11 and 18 µm observations.
We compiled the NIR to mm SED of G35.2. RT mod-

eling of a massive protostar forming from a massive core
bounded by a high Σ clump gave good agreement with
this SED for four models. Depending on the outflow cav-
ity opening angle (35◦ to 50◦), we foundm∗ ∼ 22−34M⊙,
Lbol ∼ (0.7 − 2.2) × 105 L⊙ and Σcl ∼ 0.4 − 1 g cm−2.
Model 1 also produced intensity profiles along the out-
flow axis that fit the observations well at 10, 18, 31 and
37 µm, without need for extensive fine tuning. These re-
sults indicate G35.2 is a massive protostar, forming from
high surface density core and clump, via relatively or-
dered, symmetric collapse and accretion. Powerful bipo-
lar outflows are being launched and have cleared wide-
angle cavities, that are also relatively symmetric.
A protostar with the luminosity estimated here (∼

1 × 105 L⊙) is expected to drive a CO outflow with
momentum flux of ∼ 0.1 M⊙yr−1km s−1 (Richer et al.
2000), which is much larger than the observed value:
even assuming that the larger NE-SW CO outflow is
also driven by this source, the total momentum flux
is still only ∼ 0.003 M⊙yr−1km s−1 (Gibb et al. 2003,
Birks et al. 2006). This may indicate that the outflow
from G35.2N, being partly ionized as indicated by the
observed radio continuum jet, may be relatively deficient
in CO emission. Note that the modest misalignment of
the larger CO outflow with the radio and MIR jet may
result from the interaction of the wider angle part of the

Lbol ~ (0.66 - 2.2)×105L⦿

Mcore ~ 240M⦿ 
Ʃcl ~ 0.4 - 1 g/cm2

θw ~ 35 - 51˚ 
θview ~ 43 - 58˚
m* ~ 20 - 34 M⦿ 

Simple, symmetric model provides 

good fit to SED & image intensity 

profiles: detailed constraints on 

how a massive star is forming.
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Fig. 1.— The Environments of Massive Star Formation. Mass surface density, ⌃ ⌘ M/(⇡R2), is plotted versus mass, M . Dotted
lines of constant radius, R, H number density, nH (or free-fall time, t↵ = (3⇡/[32G⇢])1/2), and escape speed, vesc = (10/↵vir)

1/2�,
are shown. Stars form from molecular gas, which in the Galaxy is mostly organized into GMCs. Typical 12CO-defined GMCs have
⌃ ⇠ 100M� pc�2 (Solomon et al., 1987) (see Tan et al., 2013a for detailed discussion of the methods for estimating ⌃ for the objects
plotted here), although denser examples have been found in Henize 2-10 (Santangelo et al., 2009). The 13CO-defined clouds of Roman-
Duval et al. (2010) are indicated, along with HCO+ clumps of Barnes et al., (2011), including G286.21+0.17 (Barnes et al., 2010).
Along with G286, the BGPS clumps (Ginsburg et al., 2012) and the Galactic Center “Brick” (Longmore et al., 2012) are some of the
most massive, high-⌃ gas clumps known in the Milky Way. Ten example Infrared Dark Clouds (IRDCs) (Kainulainen and Tan, 2013)
and their internal core/clumps (Butler and Tan, 2012) are shown, including the massive, monolithic, highly-deuterated core C1-S (Tan
et al., 2013b). CygX-N63, a core with similar mass and size as C1-S, appears to be forming a single massive protostar (Bontemps et
al., 2010; Duarte-Cabral et al., 2013). The IRDC core/clumps overlap with Massive Star-Forming (MSF) core/clumps (Mueller et al.,
2002). Clumps may give rise to young star clusters, like the ONC (e.g., Da Rio et al., 2012) and NGC 3603 (Pang et al., 2013) (radial
structure is shown from core to half-mass, R1/2, to outer radius), or even more massive examples, e.g., Westerlund 1 (Lim et al., 2013),
Arches (Habibi et al., 2013), Quintuplet (Hußmann et al., 2012) (shown at R1/2), that are in the regime of “super star clusters” (SSCs),
i.e., with M⇤ & 104 M�. Example SSCs in the Large Magellanic Cloud (LMC) (R136, Andersen et al., 2009) and Small Magellanic
Cloud (SMC) (NGC 346, Sabbi et al., 2008) display a wide range of ⌃, but no evidence of IMF variation (§5.2). Even more massive
clusters can be found in some dwarf irregular galaxies, such as NGC 1569 (Larsen et al., 2008) and NGC 5253 (Turner and Beck, 2004),
and starburst galaxy M82 (McCrady and Graham, 2007).
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Fig. 1.— The Environments of Massive Star Formation. Mass surface density, ⌃ ⌘ M/(⇡R2), is plotted versus mass, M . Dotted
lines of constant radius, R, H number density, nH (or free-fall time, t↵ = (3⇡/[32G⇢])1/2), and escape speed, vesc = (10/↵vir)

1/2�,
are shown. Stars form from molecular gas, which in the Galaxy is mostly organized into GMCs. Typical 12CO-defined GMCs have
⌃ ⇠ 100M� pc�2 (Solomon et al., 1987) (see Tan et al., 2013a for detailed discussion of the methods for estimating ⌃ for the objects
plotted here), although denser examples have been found in Henize 2-10 (Santangelo et al., 2009). The 13CO-defined clouds of Roman-
Duval et al. (2010) are indicated, along with HCO+ clumps of Barnes et al., (2011), including G286.21+0.17 (Barnes et al., 2010).
Along with G286, the BGPS clumps (Ginsburg et al., 2012) and the Galactic Center “Brick” (Longmore et al., 2012) are some of the
most massive, high-⌃ gas clumps known in the Milky Way. Ten example Infrared Dark Clouds (IRDCs) (Kainulainen and Tan, 2013)
and their internal core/clumps (Butler and Tan, 2012) are shown, including the massive, monolithic, highly-deuterated core C1-S (Tan
et al., 2013b). CygX-N63, a core with similar mass and size as C1-S, appears to be forming a single massive protostar (Bontemps et
al., 2010; Duarte-Cabral et al., 2013). The IRDC core/clumps overlap with Massive Star-Forming (MSF) core/clumps (Mueller et al.,
2002). Clumps may give rise to young star clusters, like the ONC (e.g., Da Rio et al., 2012) and NGC 3603 (Pang et al., 2013) (radial
structure is shown from core to half-mass, R1/2, to outer radius), or even more massive examples, e.g., Westerlund 1 (Lim et al., 2013),
Arches (Habibi et al., 2013), Quintuplet (Hußmann et al., 2012) (shown at R1/2), that are in the regime of “super star clusters” (SSCs),
i.e., with M⇤ & 104 M�. Example SSCs in the Large Magellanic Cloud (LMC) (R136, Andersen et al., 2009) and Small Magellanic
Cloud (SMC) (NGC 346, Sabbi et al., 2008) display a wide range of ⌃, but no evidence of IMF variation (§5.2). Even more massive
clusters can be found in some dwarf irregular galaxies, such as NGC 1569 (Larsen et al., 2008) and NGC 5253 (Turner and Beck, 2004),
and starburst galaxy M82 (McCrady and Graham, 2007).
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ABSTRACT

We present an overview and first results of the SOFIA Massive (SOMA) Star Formation Survey,
which is using the FORCAST instrument to image massive protostars from ⇠ 10–40 µm. These
wavelengths trace thermal emission from warm dust, which in Core Accretion models mainly emerges
from the inner regions of protostellar outflow cavities. Dust in dense core envelopes also imprints
characteristic extinction patterns at these wavelengths causing intensity peaks to shift along the
outflow axis and profiles to become more symmetric at longer wavelengths. We present observational
results for the first eight protostars in the survey, i.e., multiwavelength images, including some ancillary
ground-based MIR observations and archival Spitzer and Herschel data. These images generally show
extended MIR/FIR emission along directions consistent with those of known outflows and with shorter
wavelength peak flux positions displaced from the protostar along the blue-shifted, near-facing sides,
thus confirming qualitative predictions of Core Accretion models. We then compile spectral energy
distributions and use these to derive protostellar properties by fitting theoretical radiative transfer
models. Zhang & Tan models, based on the Turbulent Core Model of McKee & Tan, imply the sources
have protostellar masses m⇤ ⇠ 10–50 M� accreting at ⇠ 10�4–10�3 M� yr�1 inside cores of initial
masses Mc ⇠ 30–500M� embedded in clumps with mass surface densities ⌃cl ⇠ 0.1–3g cm�2. Fitting
Robitaille et al. models typically leads to slightly higher protostellar masses, but with disk accretion
rates ⇠ 100⇥ smaller. We discuss reasons for these di↵erences and overall implications of these first
survey results for massive star formation theories.

Keywords: ISM: jets and outflows — dust — stars: formation — stars: winds, outflows — stars: early-
type — infrared radiation — ISM: individual(AFGL 4029, AFGL 437, IRAS 07299-1651,
G35.20-0.74, G45.45+0.05, IRAS 20126+4104, Cepheus A, NGC 7538 IRS9)

1. INTRODUCTION

The enormous radiative and mechanical luminosities
of massive stars impact a vast range of scales and pro-
cesses, from reionization of the universe, to galaxy evolu-
tion, to regulation of the interstellar medium, to forma-
tion of star clusters, and even to formation of planets
around stars in such clusters. Furthermore, synthesis
and dispersal of heavy elements by massive stars play
key roles in the chemical evolution of the cosmos. In
spite of this importance, there is still no consensus on
the basic formation mechanism of massive stars. The-
ories range from Core Accretion models, i.e., scaled-up
versions of low-mass star formation (e.g., the Turbu-

lent Core Model of McKee & Tan 2002; 2003 [here-
after MT03]), to Competitive Accretion models at the
crowded centers of forming star clusters (Bonnell et al.
2001; Wang et al. 2010), to Stellar Collisions (Bonnell
et al. 1998; Bally & Zinnecker 2005).
This confusion is due in part to the typically large dis-

tances (& 1 kpc) and extinctions to massive protostars
(see, e.g., Tan et al. 2014 for a review). Massive stars
are observed to form in dense gas clumps with mass
surface densities of ⌃cl ⇠ 1 g cm�2 (i.e., AV ⇠ 200 mag;
A8µm ⇠ 8 mag; A37µm ⇠ 3 mag; adopting the opaci-
ties of the moderately coagulated thin ice mantle dust
model of Ossenkopf & Henning 1994). If massive cores
are in approximate pressure and virial equilibrium with
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2

Peering to the Heart of Massive Star Birth - IV. Surveying Across Evolution, Environment & IMF

  

 Background: As described in the Scientific Context, massive stars are important for a wide range 

of astrophysics, but their formation is poorly understood (see, e.g., Tan et al. 2014, for a review). This 

proposal aims to provide quantitative tests of theoretical models. 

Theoretical  expectation: Massive stars form in dense gas clumps with mass surface densities of 

Σ~1 g cm-2 (i.e., AV~200mag; A8µm~8mag; A37µm~3mag; Ossenkopf & Henning 1994). If forming from 

massive cores in approximate pressure & virial equilibrium with this clump (MT03), then such a core 

with mass M60=M/60M! has radius Rc=0.057 (Σ/g cm-2)-1/2(M60)1/2pc. If the degree of rotational support 

is similar to low-mass cores, then the disk size should be ~1000AU. The accretion rate is expected to be a 

few x10-4 M! yr-1. Collimated bipolar outflows are observed from massive protostars (e.g., Beuther et al. 

2002). These limit  the star formation efficiency from a core to ~0.5 (Matzner & McKee 1999; Zhang et al. 

2014), since they expel core material from polar directions. Creation of low-density outflow cavities has a 

profound effect on the appearance of massive protostars in the MIR (De Buizer 2006). 

Radiative transfer (RT) modeling: We have carried out RT calculations (Zhang & Tan 2011 

[ZT11], Zhang, Tan & McKee 2013 [ZTM13], Zhang, Tan & Hosokawa 2014 [ZTH14]) of the MT03 

model of massive protostars, extended to include the density structure of rotating infall, an active 

accretion disk and an outflow cavity, using the code of Whitney et  al. (2003), modified to include gas, as 

well as dust, opacities. Fig. 1 shows example density & temperature structures of these models. Note, the 

outflow cavity geometry here is somewhat  idealized, chosen to follow infall streamlines that  then give a 

star formation efficiency of 50%. ZTH14 present more realistic models that track gradual opening of the 

cavity due to ram pressure feedback. Numerical simulations of this process have also been carried out 

(Staff et al. 2009; Staff & Tan, in prep. - see Fig. 1c) that will be inputs for future RT calculations.

 Theory meets observation in G35.2: The above models are relevant  to at  least  one observed 

massive protostar, as seen in Fig. 2a, which shows MIR emission from G35.2 at 11 & 18µm (De Buizer 

2006) and 31 & 37µm from our SOFIA Basic Science observation (Zhang et  al. 2013). The longer 

wavelength SOFIA images penetrate the core more deeply, revealing thermal emission from the 

oppositely-directed outflow cavity, predicted by ZT11. As a Galactic plane source, a relatively complete 

SED can be constructed (Fig. 2b), although the angular resolution of the longer wavelength data (IRAS 

and even Herschel Hi-GAL data; Molinari et  al. 2010) can be relatively poor. Note, SOFIA-FORCAST 

data up to ~40µm are very important  in probing the peak of the SED. In Zhang et  al. (2013) we explored a 
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Figure 2. Density and temperature profiles for the fiducial model (Model 13) at different scales. nHe = 0.1nH is assumed. The white contours divide the disk, the

envelope, and the outflow; all three regions are shown in the middle column. The black region in the right column is outside the core, and is assumed to be a vacuum.

The density drops rapidly with z at the base of the wind as the wind accelerates and moves outward. The dotted lines show the streamlines of the disk wind. Each

interval contains 10% of the wind mass loss. The short black contour in the lower left-hand corner of the leftmost temperature plot is the dust destruction front

(T = 1600 K). The dividing line between dusty and dust-free gas in that plot is apparent in the temperature jump at 10–15 AU; this boundary starts at about 2 AU.

(A color version of this figure is available in the online journal.)

expect minimal dust formation to occur in the rapidly expanding

outflow, in its dust-free region where T < 2000 K we adopt the

opacity at 2000 K. More details about these gas opacities are

given in Paper I.

2.4. Simulations

We use the latest version of the Monte Carlo radiation transfer

code by Whitney et al. (2003b; B. A. Whitney et al. 2013,

in preparation) to perform our calculations. To calculate the

equilibrium temperature, we use the algorithm by Lucy (1999),

which is implemented in the new version of the code. It sums

the path lengths of all the photons passing through the cell rather

than counting only those that are absorbed (e.g., Bjorkman &

Wood 2001, used in Paper I), and thus it can quickly reach

temperature convergence with fewer photon packets. Starting

from a uniform and cold (T = 0.1 K) state, the temperature

profile becomes stable within ∼5 iterations with a number of

photon packets equal to the number of grid cells (∼1.5 × 106).

There are still some oscillations at the transition regions between

gas-only and dusty opacities because of the U-shaped opacity

curve as a function of temperature, but they occur mostly

in small, localized regions close to the disk midplane. The

temperature profile on the disk surface and in the outflow is quite

stable. We iterate 20 times, average the temperature profiles of

the last 10 iterations, and then use this averaged temperature

profile as the equilibrium temperature for the final iteration.

Corrections made by adiabatic (expansion) cooling and (com-

pressional) heating in the outflow and in the accretion flow are

also considered. We assume that the temperature of the gas

varies only slowly, so that it is approximately in thermal equi-

librium. The thermal energy equation for cells in these regions

is then
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where κP is the Planck mean opacity, v is the velocity field, Pgas

is the pressure of the gas, u is the internal energy of the gas, L

is the total luminosity, N is the total number of photon packets,
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Figure 1: (a) Left: Density structure of an analytic massive star formation model (ZT11; ZTM13; ZTH14).  A fiducial 

60M! core (of radius ~12,000AU) is collapsing from the inside-out, via an expansion wave, rotating supersonic infall 

region and accretion disk (of radius ~450AU). The protostar is at the lower-left corner and at this stage has 8M!, 

accretion rate 2.4×10-4M!yr-1 and luminosity 6,500L!. A bipolar protostellar disk-wind outflow is being launched 

perpendicular to the disk. It has swept out a cavity with an opening angle of ~50  ̊and its material extends far beyond 

the initial core radius. We assume the outflow material launched from a disk radius inside the dust destruction front 

remains dust-free.  (b) Middle: Temperature structure of the core resulting from heating from the protostar & accretion 

disk based on a RT calculation using code of Whitney et al.  (2003). (c) Right: Density rendering of a numerical 

simulation of a disk-wind MHD outflow from a protostellar core, with B-field structure shown in lower-left (Staff et al. 

2009; Staff & Tan, in prep.). We will also perform RT modeling of such structures to compare with our proposed 

SOFIA observations to derive constraints on massive protostar properties, e.g., orientation, luminosity, mass.

The SOMA Survey
SOFIA-FORCAST observations of a sample of ~50 

massive & intermediate-mass protostars 
(Cycles 0, 1, 2, 3, 4).
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star formation efficiency of 50%. ZTH14 present more realistic models that track gradual opening of the 

cavity due to ram pressure feedback. Numerical simulations of this process have also been carried out 
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expect minimal dust formation to occur in the rapidly expanding

outflow, in its dust-free region where T < 2000 K we adopt the

opacity at 2000 K. More details about these gas opacities are

given in Paper I.
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code by Whitney et al. (2003b; B. A. Whitney et al. 2013,

in preparation) to perform our calculations. To calculate the

equilibrium temperature, we use the algorithm by Lucy (1999),

which is implemented in the new version of the code. It sums

the path lengths of all the photons passing through the cell rather

than counting only those that are absorbed (e.g., Bjorkman &

Wood 2001, used in Paper I), and thus it can quickly reach

temperature convergence with fewer photon packets. Starting

from a uniform and cold (T = 0.1 K) state, the temperature

profile becomes stable within ∼5 iterations with a number of

photon packets equal to the number of grid cells (∼1.5 × 106).

There are still some oscillations at the transition regions between

gas-only and dusty opacities because of the U-shaped opacity

curve as a function of temperature, but they occur mostly

in small, localized regions close to the disk midplane. The

temperature profile on the disk surface and in the outflow is quite

stable. We iterate 20 times, average the temperature profiles of

the last 10 iterations, and then use this averaged temperature

profile as the equilibrium temperature for the final iteration.

Corrections made by adiabatic (expansion) cooling and (com-

pressional) heating in the outflow and in the accretion flow are

also considered. We assume that the temperature of the gas

varies only slowly, so that it is approximately in thermal equi-
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Figure 1: (a) Left: Density structure of an analytic massive star formation model (ZT11; ZTM13; ZTH14).  A fiducial 

60M! core (of radius ~12,000AU) is collapsing from the inside-out, via an expansion wave, rotating supersonic infall 

region and accretion disk (of radius ~450AU). The protostar is at the lower-left corner and at this stage has 8M!, 

accretion rate 2.4×10-4M!yr-1 and luminosity 6,500L!. A bipolar protostellar disk-wind outflow is being launched 

perpendicular to the disk. It has swept out a cavity with an opening angle of ~50  ̊and its material extends far beyond 

the initial core radius. We assume the outflow material launched from a disk radius inside the dust destruction front 

remains dust-free.  (b) Middle: Temperature structure of the core resulting from heating from the protostar & accretion 

disk based on a RT calculation using code of Whitney et al.  (2003). (c) Right: Density rendering of a numerical 

simulation of a disk-wind MHD outflow from a protostellar core, with B-field structure shown in lower-left (Staff et al. 

2009; Staff & Tan, in prep.). We will also perform RT modeling of such structures to compare with our proposed 

SOFIA observations to derive constraints on massive protostar properties, e.g., orientation, luminosity, mass.

The SOMA Survey
SOFIA-FORCAST observations of a sample of ~50 

massive & intermediate-mass protostars 
(Cycles 0, 1, 2, 3, 4).

Type I: MIR sources in IRDCs - relatively isolated sources in Infrared 
Dark Clouds, some without detected radio
Type II: Hyper-compact - often jet-like, radio sources, where the MIR 
emission extends beyond the observed radio emission (e.g., G35.2) 
Type III: Ultra-compact - radio sources where the radio emission is 
more extended than the MIR emission 
Type IV: Clustered sources - a MIR source exhibiting radio emission 
is surrounded by several other MIR sources within ~60” 

Also extended to Intermediate-Mass protostars.
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First 8 Sources
4 De Buizer et al.

Table 1. SOFIA FORCAST Observations: Obs. Dates & Exposure Times (s)

Source R.A.(J2000) Dec.(J2000) d (kpc) Obs. Date 7.7 µm 11.1 µm 19.7 µm 25.3 µm 31.5 µm 37.1 µm

AFGL 4029 03h01m31.s28 +60�29012.0087 2.0 2014-03-29 112 ... 158 ... 282 678

AFGL 437 03h07m24.s55 +58�30052.0076 2.0 2014-06-11 217 ... 2075 ... 2000 884

IRAS 07299-1651 07h32m09.s74 �16�58011.0028 1.68 2015-02-06 280 ... 697 ... 449 1197

G35.20-0.74 18h58m13.s02 +01�40036.002 2.2 2011-05-25 ... 909 959 ... 4068 4801

G45.47+0.05 19h14m25.s67 +11�09025.0045 8.4 2013-06-26 ... 309 ... 588 316 585

IRAS 20126+4104 20h14m26.s05 +41�13032.0048 1.64 2013-09-13 ... 484 ... 1276 487 1317

Cepheus A 22h56m17.s98 +62�01049.0039 0.7 2014-03-25 242 ... 214 ... 214 1321

NGC 7538 IRS9 23h14m01.s77 +61�27019.008 2.65 2014-06-06 215 ... 653 ... 491 923

The Herschel images, particularly at 70µm, can su↵er
from relatively poor image quality due to observations
being taken in fast scanning mode. Point-sources are
often not circularly symmetric, and can be severely tri-
angular or square. To enable comparative morphology
as a function of wavelength, the Herschel 70µm images
were deconvolved to remove most of this asymmetry and
to improve the resolution to be more comparable to the
resolution of SOFIA at 37µm.

2.3. Data resolutions and deconvolutions

The resolution of SOFIA through the FORCAST
wavelength range is only slightly dependent upon e↵ec-
tive filter central wavelength. This is because the image
quality is dominated by in-flight telescope pointing sta-
bility, at least at the shorter wavelengths of FORCAST.
The typical resolution achieved for filters with e↵ective
central wavelengths .25µm was about 300. At wave-
lengths &20µm it appears that we are observing near
the di↵raction limit. Thus resolutions presented in the
Spitzer and SOFIA images in §4.1 are fairly similar, i.e.,
2.000 for the Spitzer 8µm images, 2.700 at SOFIA 7µm,
2.900 at SOFIA 11µm, 3.300 at SOFIA 19 and 25µm, 3.400

at 31µm and 3.500 at 37µm.
As discussed above, the Herschel 70µm images were

deconvolved to improve image quality and resolution.
Deconvolution techniques employ an iterative approach,
where the greater the number of iterations, the better
the e↵ective resolution. However, iterating too much
can create artifacts and false structure in the final de-
convolved images. We employed a maximum likelihood
approach, using the max likelihood.pro script written
by F. Varosi and available in the public IDL astron-
omy program database (http://idlastro.gsfc.nasa.gov).
We mildly deconvolved the images (employing no more
than 30 iterations), which tends to correct image PSF
abnormalities and create images with e↵ective resolu-
tions a factor of 1.5-2.0 better than the native image
resolution. Proper deconvolutions require an accurate

representation of the image PSF. Therefore, for each
source in our survey, the rest of the Herschel image field
was scoured for point sources and a median combina-
tion of all these point-sources (after normalization) was
created and used in the deconvolution. The resultant
images have resolutions of 5.0-5.200, which is ⇠1.6 times
better than the measured 8.100 native resolution of Her-
schel at 70µm.

2.4. Astrometry

SOFIA observations were performed in such a way
using the simultaneous observations with the dichroic
that the relative astrometry between the four SOFIA
images has been determined to be better than a FOR-
CAST pixel (⇠0.7700). The absolute astrometry of the
SOFIA data comes from matching the morphology at
the shortest SOFIA wavelength (either 7 or 11µm) with
the Spitzer 8µm image (or shorter IRAC wavelength,
if saturated at 8µm). The Herschel 70µm data were
found to be o↵ in their absolute astrometry by up to
500. For all targets in this survey, we were able to find
multiple sources in common between the 70µm Herschel
image and sources found in the SOFIA or Spitzer field of
view that allowed us to correct the Herschel 70µm ab-
solute astrometry, which is then assumed to have errors
of less than 100.

2.5. Other ground-based IR data

Published and unpublished data from other facilities
were also available for a few sources in our survey and
were incorporated into the SEDs and model fitting (see
Table 2). For G35.20-0.74, 11.7µm (Si-5 ) and 18.3µm
(Qa) data from the Gemini Observatory T-ReCS instru-
ment (De Buizer & Fisher 2004) were first published in
De Buizer (2006). For IRAS 20126+4104, Gemini T-
ReCS 12.5µm (Si-6 ) and 18.3µm data were also previ-
ously published in De Buizer (2007). There are also
previously unpublished Gemini T-ReCS 11.7µm and
18.3µm data for IRAS 07299-1651 that we present here.

De Buizer, Liu, Tan, Zhang et al. (2017)
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Figure 1. Multiwavelength images of AFGL 4029, with facility and wavelength given in upper right of each panel. Contour
level information is given in lower right: lowest contour level in number of � above the background noise and corresponding
value in mJy per square arcsec; then step size between each contour in log10 mJy per square arcsec; then peak flux in Jy. The
color map indicates relative flux intensity compared to that of the peak flux in each image panel, but only showing signal above
3�. Grey circles in lower left show the resolution of each image. Sources IRS1 (target of interest of this paper) and IRS2 are
labeled in panel (a). The black cross in all panels denotes the position of radio source G138.295+1.555(S) from Zapata et al.
(2001) at R.A.(J2000) = 03h01m31.s28, Decl.(J2000) = +60�29012.0087. The line in panel (a) shows the outflow axis angle, with
the solid span tracing the blue-shifted direction and dotted span the red-shifted direction. In this case, the outflow axis angle
is from the H2 and optical jet emission of Deharveng et al. (1997), and the blue-shifted outflow direction is given by the CO
observations of Ginsburg et al. (2011). In panel (a), the point sources to the north of the G138.295+1.555(S) position are ghosts
in the Spitzer image and should not be interpreted as real structure.
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Figure 2. Multiwavelength images of AFGL 437, following format of Fig. 1. The location of the radio continuum source WK34
(Weintraub & Kastner 1996) is shown as a cross in all panels at R.A.(J2000) = 03h07m24.s55, Decl.(J2000) = +58�30052.0076.
The outflow axis angle is from the NIR bipolar emission angle from Meakin et al. (2005), and the blue-shifted outflow direction
is given by the CO observations of Gómez et al. (1992).

accuracies of our astrometry (.0.500)5. As one looks to
shorter wavelengths in the Spitzer IRAC data, the peak
moves closer and closer to the 2µm peak location, sug-
gesting that extinction might be playing a role. At the
resolution of SOFIA, the object looks rather point-like,
with a possible extension of emission to the north west
seen at 31 and 37µm (Figure 3d & e).
Given the extended nature of the NIR and MIR emis-

sion of this target at high angular resolution, it was
deemed a good candidate for being morphologically in-
fluenced by an outflow. The hypothesis is that the radio
continuum source also drives an outflow, and the ex-
tended NIR and MIR emission are coming from the blue-
shifted outflow cavity. To date, however, there are no
maps of outflows indicators of this source from which we
may derive an outflow axis. Evidence of an outflow from

5 This is di↵erent than the location of the peak seen in the
N-band image of Walsh et al. 2001, which is likely in error.

this region does exist, including spectra that show that
the 12CO gas is considered to be in a “high-velocity”
state (Shepherd & Churchwell 1996). Liu et al. (2010)
mapped the integrated 13CO emission at ⇠10 resolution,
and found it to be extended parallel and perpendicular
to the NIR/MIR extension on the scale of ⇠40 in each
direction. No velocity maps are presented in that work,
and they claim that the emission is tracing a molecular
core (not outflow), from which they estimate a gas mass
of 1.2⇥103 M�.
De Buizer (2003) claimed that in some cases the

groupings of 6.7 GHz methanol maser spots may lie in
an elongated distribution that is parallel to the outflow
axis for some MYSOs. Fujisawa et al. (2014) showed
that the 6.7 GHz methanol maser spots are distributed
over two groupings separated by about 60 mas with total
distributed area of about 20 mas ⇥ 70 mas (or 40 AU ⇥

120 AU, given the distance of 1.68 kpc estimated from
the trigonometric parallax measurements of the 12 GHz
methanol masers present in this source by Reid et al.
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Figure 3. Multiwavelength images of IRAS 07299-1651, following format of Fig. 1. The grey areas in panel (a) are where the
sources have saturated in the IRAC image. Also in panel (a) there are extensions to the southwest of the three brightest sources,
which are ghosts that should not be interpreted as real structure. The location of the radio continuum source of Walsh et al.
(1998) is shown as a cross in all panels at R.A.(J2000) = 07h32m09.s74, Decl.(J2000) = �16�58011.0028. There are no outflow
maps from which to discern an outflow angle or direction for this source.

2009). Though there are two groups of masers, they
have a velocity gradients along their shared axis of elon-
gation and are distributed at a position angle of 340�.

4.1.4. G35.20-0.74 (a.k.a. IRAS 18566+0136)

The G35.20-0.74 star forming region, at a distance of
2.2 kpc (Zhang et al. 2009; Wu et al. 2014), was first
identified as a star-forming molecular cloud through am-
monia observations by Brown et al. (1982). Dent et al.
(1985a) were the first to resolve the emission in this re-
gion into a molecular ridge running northwest to south-
east seen in CS(2-1), with a nearly perpendicular outflow
seen in CO (1-0). Dent et al. (1985b) found the NIR
emission to be coming from an elongated north-south
distribution. Heaton & Little (1988) observed this re-
gion in cm radio continuum and were able to resolve
three compact sources arranged north-south, and con-
cluded that the central source was likely an UC H II

region while the north and south sources had spectral
indices consistent with free-free emission from a colli-

mated, ionized, bipolar jet. The orientation of this jet
(p.a.⇠2�) appears to be di↵erent from that of the CO
outflow (p.a.⇠58�), which has been interpreted either as
evidence for precession of the ionized jet (Heaton & Lit-
tle 1988; Little et al. 1998; Sánchez-Monge et al. 2014;
Beltrán et al. 2016), or multiple outflows from multiple
sources (Gibb et al. 2003; Birks et al. 2006).
G35.20-0.74 was the first source observed among those

in the SOMA survey sample, and the SOFIA FORCAST
imaging data were presented by Zhang et al. (2013b).
These data helped define the infrared SED of the source,
which implied an isotropic luminosity of 3.3 ⇥ 104 L�.
However, modeling the emission (with early versions of
the ZT radiative transfer models that had fixed out-
flow cavity opening angles, ZTM13), including 10 to
40 µm intensity profiles, as being due to a single pro-
tostar driving an outflow along the N-S axis, Zhang et
al. (2013b) derived a true bolometric luminosity in the
range ⇠ (0.7 � 2.2) ⇥ 105 L�, i.e., after correcting for
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Figure 5. Multiwavelength images of G35.20-0.74, following format of Fig. 1. The location of radio continuum source 7 from
Gibb et al. (2003) is shown as a cross in all panels at R.A.(J2000) = 18h58m13.s02, Decl.(J2000) = +01�40036.002. In panel (a)
the axis of the radio jet is shown (Gibb et al. 2003); blue-shifted direction is derived from CO observations of Birks et al. (2006).

has a relatively high luminosity (⇠ 106L�) (Hernandez-
Hernandez et al. 2014) testifying to its nature as a
MYSO. The UC H II region is also coincident with other
MYSO tracers like hydroxyl and water masers (Forster
and Caswell 1989).
There is some debate as to the nature of the outflow

and driving source in this region. Spitzer IRAC images
show a source that is a bright “green fuzzy,” and conse-
quently was categorized as being a “likely MYSO out-
flow candidate” in the work of Cyganowski et al. (2008).
However, Lee et al. (2013) find no H2 emission compo-
nent to the green fuzzy, and classify the NIR emission
as a reflection nebula (possibly from an outflow cavity).
This region was mapped in HCO+(1-0), a potential out-
flow indicator, by Wilner et al. (1996), who showed that
the emission is oriented roughly north-south (p.a.⇠3�)
and centered on the location of the UC H II region, with
blue-shifted emission to the north. They also mapped
the area in another outflow indicator, SiO(2-1), and find
emission at the location of the UC H II region with a sin-
gle blue shifted component lying ⇠1400 to the northwest

at a position angle of about -25� (see Figure 6). How-
ever, Ortega et al. (2012) mapped the area in 12CO(3-2)
and found the red and blue-shifted peaks to be oriented
at an angle of ⇠15�, but with an axis o↵set ⇠1000 south-
east of the UC H II region.
The observations of De Buizer et al. (2005) first

showed that the MIR emission in this region is o↵set
⇠2.500 northwest of the radio continuum peak. Spitzer
IRAC and 2MASS data confirm this o↵set of the peak
of the NIR/MIR emission, and show a similar extended
morphology, with the axis of elongation oriented at
a position angle of about -30� and pointing radially
away from the radio continuum peak. The SOFIA data
(Figure 6) show this same morphology at wavelengths
greater than 19µm (the 11µm SOFIA observation is a
shallow integration that only barely detects the peak
emission from the source). We also present higher an-
gular resolution Gemini T-ReCS imaging at 11.7 and
18.3 µm in Figure 7, which also shows this o↵set and
elongation. We note that the elongated morphology per-
sists out to even longer wavelengths, as seen in both the
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Figure 6. Multiwavelength images of G45.47+0.05, following format of Fig. 1. The location of the 6 cm radio continuum peak
of the UC H II region of White et al. (2005) is shown as a large cross in all panels at R.A.(J2000) = 19h14m25.s67, Decl.(J2000)
= +11�09025.0045. The location of the 2MASS source J19142564+1109283 is shown by the small cross. The location of the peak
of the blue-shifted SiO(2-1) emission of Wilner et al. (1996) is shown as an X. The outflow axis angle and the blue-shifted
outflow direction are given by the HCO+ observations of Wilner et al. (1996).

Figure 7. Sub-arcsecond resolution MIR images of G45.47+0.05 from Gemini T-ReCS. Symbols and annotation are the same
as in Figure 6.

55Tuesday, April 4, 17



The SOMA Survey: Overview and First Results 17

Figure 8. Multiwavelength images of IRAS 20126+4104, following format of Fig. 1. The nominal location of protostar, derived
from the model fit to the proper motions of the water masers from Moscadelli et al. (2011), is shown as a large cross in all panels
at R.A.(J2000) = 20h14m26.s05, Decl.(J2000) = +41�13032.0048. The outflow axis angle and the blue-shifted outflow direction
are given by the HCO+ observations of Cesaroni et al. (1999).

et al. 1999; Zapata et al. 2013). This central region
contains a compact, extremely high-velocity CO outflow
(Narayanan & Walker 1996) with an axis at a position
angle of ⇠50� that is believed to trace a younger com-
ponent than the rest of the outflow (Cunningham et
al. 2009). This central outflow component appears to
have an axis close to the plane of the sky but with blue-
shifted emission to the NE (Gómez et al. 1999; Zapata
et al. 2013). At NIR wavelengths the region displays an
extremely bright reflection nebula (Cunningham et al.
2009), almost wholly contained within this blue-shifted
outflow cavity.
At the center of this outflow is a cluster of radio

sources, and there is confusion as to which source(s)
might be driving the outflow(s) (Zapata et al. 2013).
One of the main candidates for driving the outflow, and
the brightest radio continuum source in the region, is
HW 2 (Hughes & Wouterloot 1984). It has a luminos-
ity of about 104 L� (Garay et al. 1996), suggesting it
is a B0.5 star approaching 20 M�, given a distance to

the source of 700 pc based on parallax measurements of
12 GHz methanol masers in the region (Moscadelli et
al. 2009) and of radio source HW 9 (Dzib et al. 2011).
HW 2 has not been detected at NIR wavelengths (Case-
ment & McLean 1996; Cunningham et al. 2009; Jones
et al. 2014), nor in the MIR (De Buizer et al. 2005;
de Wit et al. 2009; also Cunningham et al. 2009, how-
ever the absolute astrometry of their MIR images, and
hence placement of radio sources with respect to the
MIR sources, appear to be o↵ by over 600).
The estimated extinction to the region around HW 2

is AV ⇠300–1000 magnitudes (Goetz et al. 1998; Cun-
ningham et al. 2009), and therefore it is not surpris-
ing it is not directly detected in the NIR, MIR, or in
our SOFIA data (Figure 9). However, it does appear
that the contour peak shifts towards this location in the
70µm Herschel data (Figure 9f).
At 7µm the emission seen by SOFIA corresponds well

to the NIR reflection nebula and blue-shifted outflow
cavity. As one goes to longer SOFIA wavelengths, we
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Figure 9. Multiwavelength images of Cepheus A, following format of Fig. 1. The cross in each panel shows the location of
radio continuum source HW 2 at R.A.(J2000) = 22h56m17.s98, Decl.(J2000) = +62�01049.0039. The outflow axis angle and the
blue-shifted outflow direction are given by the HCO+ observations of Gómez et al. (1999).

begin to see increasingly brighter emission to the SW,
which corresponds to the direction of the red-shifted out-
flow. We suggest that we are beginning to penetrate the
higher extinction towards this region and the emission
we are seeing at wavelengths >30µm is coming from the
red-shifted outflow cavity.

4.1.8. NGC 7538 IRS 9

NGC 7538 is an optically visible H II region (Fich
& Blitz 1984) located at a distance of 2.65 kpc, as
determined from trigonometric parallax measurements
(Moscadelli et al. 2009). Infrared observations of this
region by Wynn-Williams et al. (1974) and Werner et
al. (1979) led to the identification of multiple discrete
sources in the vicinity of the optical nebula, which were
named IRS 1 through 11. The source IRS 9 lies ⇠20 to
the SE of the prominent and well-studied IRS 1 region.
It powers its own reflection nebula, and has a total lu-
minosity of about 3.5 ⇥ 104 L� (Sandell et al. 2005,
corrected to the distance from Moscadelli et al. 2009),
which is the equivalent of a B0.5 ZAMS star.
Though IRS 9 has the luminosity of a typical MYSO,

it has very weak radio continuum emission. Sandell et al.
(2005) found that the object has a flat radio spectrum
consistent with free-free emission from a collimated, ion-
ized jet. They also disentangled the rather complex
structures seen in various outflow tracers into distinct
outflows from three di↵erent sources, suggesting a clus-
ter associated with IRS 9. The outflow associated most
closely with the position of IRS 9 itself was measured to
have a very high-velocity (Mitchell & Hasegawa 1991),
leading to the suggestion that we might be observing the
system nearly face-on (Barentine & Lacy 2012). The
high spatial resolution (⇠600) HCO+ maps of Sandell
et al. (2005) show that IRS 9 indeed drives a bipolar,
extremely high-velocity outflow approximately oriented
E-W (p.a.⇠85�) that is inclined by only ⇠20� to the
line of sight. Given this orientation, the outflow lobes
seen in HCO+ do not extend very far from IRS 9 in
projection (⇠1400), but the blue shifted outflow lobe is
clearly to the west of IRS 9, and the red-shifted outflow
lobe to the east (Figure 10a). We note here that the
best fitting ZT and Robitaille et al. radiative transfer
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Figure 10. Multiwavelength images of NGC 7538 IRS9, following format of Fig. 1. The grey areas in panel (a) are where the
source has saturated in the IRAC image. The extension to the northwest in panel (a) is a ghost, and not a real structure. The
location of the 3.6 cm radio continuum peak from Sandell et al. (2005) is shown as a large cross in all panels at R.A.(J2000)
= 23h14m01.s77, Decl.(J2000) = +61�27019.008. The outflow axis angle and the blue-shifted outflow direction are given by the
HCO+ observations of Sandell et al. (2005).

models for this system (presented below), based solely
on SED fitting, have viewing angles of about 20� to the
outflow axis, very similar to the above estimates based
on outflow observations.
Our SOFIA data for this source look rather point-like

at 7µm, however beginning at 19µm the source begins
to show signs of being elongated in an E-W orientation,
similar to the outflow axis (Figure 10). The Herschel
70µm data also show a more prominent east-west elon-
gation with the a larger extension to the west in the
direction of the blue-shifted outflow cavity.

4.2. General Results from the SOFIA Imaging

In addition to the monochromatic images presented
above, we also construct three-color images of all the
sources, presented together in Figure 11. The three-
color images reveal color gradients across the sources:
i.e., the more extincted, far-facing outflow cavities ap-
pear redder, with this morphology particular clear in the

cases of G35.20-0.74 and Cep A. Note, however, that
these RGB images have di↵erent beam sizes for the dif-
ferent colors (especially blue), with the e↵ect being to
tend to give small sources an extended red halo.
G35.20-0.74 was the first source observed for this sur-

vey, and it has been the subject of its own paper (Zhang
et al. 2013b) describing how the outflow from this mas-
sive protostar is likely to directly influence the morphol-
ogy we see at infrared wavelengths. The hypothesis is
that massive stars form in dense cores, with extinctions
of AV & 100s of magnitudes along the line of sight to the
central protostar. Outflows are driven by accretion and
can e↵ectively clear out material surrounding the core
along the outflow axis direction, significantly decreasing
extinction in those directions. Thus, radiation readily
leaves via these cavities, and if the orientation to our
line of sight is favorable, we can detect more intense and
shorter wavelength infrared emission from these sources.
Blue-shifted outflow cavities appear brighter. However
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Figure 11. Gallery of RGB images of the eight protostellar sources, as labelled. The legend shows the wavelengths used and
the beam sizes at these wavelengths. SOFIA-FORCAST 37 µm is always shown in red, and Spitzer-IRAC 8 µm is always shown
in blue (note this occasionally saturates in the brightest parts of some sources: see previous individual source images). Green
usually shows SOFIA-FORCAST 19 µm, except for G45.47+0.05 and IRAS 20126, where it displays FORCAST 25 µm.

as one observes at longer wavelengths, it becomes possi-
ble to see emission from the red-shifted outflow cavities.
The previous subsection discussed the observational evi-
dence that indicates that each of the regions in our sam-
ple contains a high- or intermediate-mass protostar driv-
ing an outflow. How wide-spread is the evidence in our
sample that the MIR morphologies are influenced by the
presence of these outflow cavities?
Of the eight sources in our sample, only AFGL 437

does not show clear signs of extended MIR/FIR emis-
sion. Of the remaining seven sources, we can conclude
that six are extended in their MIR/FIR emission at a
position angle comparable to the orientation of their
outflow axes. The only exception is IRAS 07299-1651,
and this is only excluded because no outflow maps ex-
ist for this source. However, since it displays similar
behavior in morphology as a function of wavelength as
the rest of the sources, we predict that an outflow is
present at a position angle of ⇠300�, with a blue-shifted
lobe to the SE. For two of the sources in the sample it
appears that their MIR/FIR emission is extended only
to one side of the central stellar source: AFGL 4029
and G45.47+0.05. In both cases, this emission is on
the blue-shifted side. Three sources appear to be ex-
tended to one side at shorter wavelengths and more
symmetrically extended at longer wavelengths: G35.20-
0.74, IRAS 20126+4104, and Cepheus A. In all three
cases, the emission at shorter wavelengths comes pre-
dominantly from the blue-shifted side of the outflow.

The remaining source is NGC 7538 IRS 9, which, per-
haps because of an almost pole-on outflow orientation,
we only see modest amounts of extended MIR/FIR emis-
sion. However, the little MIR/FIR extension that is seen
is at the angle of the projected outflow axis. Somewhat
surprising, however, is that the elongated morpholo-
gies seen at 7–40µm are also present in most cases in
the Herschel 70µm images, showing that outflows can
impact protostellar appearance even at such long FIR
wavelengths.
Thus the first eight sources of the SOMA Star Forma-

tion survey give strong support to the hypothesis that
MIR to FIR morphologies of high- and intermediate-
mass protostars are shaped by their outflow cavities.
Bipolar, oppositely-directed outflows are a generic pre-
diction of Core Accretion models. The presence of dense
core envelope gas near the protostar will tend to extinct
shorter wavelength light to a greater degree so that the
emission peaks at these wavelengths appear displaced
away from the protostar towards the blue-shifted, near-
facing side of the outflow. This qualitative prediction
again appears to be confirmed by our survey results.
MIR to FIR morphologies thus give important infor-
mation about how massive protostars are forming, es-
pecially the orientation and structure of their outflow
cavities and the presence of dense core envelopes. In
the following section we use the SOFIA and other data
to make more quantitative assessments of the properties
of these protostars.
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Figure 12. SEDs of the first eight sources of the SOMA Survey. Total fluxes with no background subtraction applied are
shown by dotted lines. The fixed aperture case is black dotted; the variable aperture (at < 70 µm) case is red dotted. The
background subtracted SEDs are shown by solid lines: black for fixed aperture (the fiducial case); red for variable aperture.
Black solid squares indicate the actual measured values that sample the fiducial SED. Note the open squares in the Gemini data
of G35.20-0.74 are values where no background subtraction could be done given the limited field of view of the observations.
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Figure 13. Protostar model fitting to the fixed aperture, background-subtracted SED data using the ZT model grid. For
each source, the best fit model is shown with a solid black line and the next four best models are shown with solid gray lines.
Flux values are those from Table 2. Note that the data at . 8 µm are treated as upper limits (see text). The resulting model
parameter results are listed in Table 3.
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)

IRAC bands
treated as
upper limits

clump envelope
subtraction
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Figure 13. Protostar model fitting to the fixed aperture, background-subtracted SED data using the ZT model grid. For
each source, the best fit model is shown with a solid black line and the next four best models are shown with solid gray lines.
Flux values are those from Table 2. Note that the data at . 8 µm are treated as upper limits (see text). The resulting model
parameter results are listed in Table 3.
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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Figure 13. Protostar model fitting to the fixed aperture, background-subtracted SED data using the ZT model grid. For
each source, the best fit model is shown with a solid black line and the next four best models are shown with solid gray lines.
Flux values are those from Table 2. Note that the data at . 8 µm are treated as upper limits (see text). The resulting model
parameter results are listed in Table 3.
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)

The SOMA Survey: Overview and First Results 23

Figure 13. Protostar model fitting to the fixed aperture, background-subtracted SED data using the ZT model grid. For
each source, the best fit model is shown with a solid black line and the next four best models are shown with solid gray lines.
Flux values are those from Table 2. Note that the data at . 8 µm are treated as upper limits (see text). The resulting model
parameter results are listed in Table 3.
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Figure 14. Protostar model fitting to the fixed aperture, background-subtracted SED data using the Robitaille et al. (2007)
model grid. For each source, the best fit model is shown with a solid black line and the next four best models are shown with
solid gray lines. Flux values are those from Table 2. Note that the data at . 8 µm are treated as upper limits (see text). Also,
the fitting method sets the data point to be at the middle of the errorbar range. The resulting model parameter results are
listed in Table 3.
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Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)

24
D
e
B
u
iz
e
r
e
t
a
l
.

Table 3. Parameters of the Five Best Fitted Models of Zhang & Tan and Robitaille et al. models

Zhang & Tan models Robitaille et al. models

Source �2 Mc ⌃
cl

Rc m⇤ ✓
view

AV M
env

✓w,esc Ṁ
disk

L
bol

�2 m⇤ ✓
view

AV M
env

R
env

✓w,esc Ṁ
env

Ṁ
disk

L
bol

(M�) (g cm�2) (pc) (00) (M�) (�) (mag) (M�) (�) (M�/yr) (L�) (M�) (�) (mag) (M�) (pc) (00) (�) (M�/yr) (M�/yr) (L�)

AFGL4029 1.00 100 3.2 0.04 (4) 48 89 64.6 2.6 71 7.1(-4) 4.6(5) 1.78 13 18 55.2 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
d = 2.2 kpc 1.15 30 1.0 0.04 (4) 12 62 0.0 5.7 53 1.9(-4) 4.1(4) 1.79 13 32 53.8 69 0.48 (45) 42 1.7(-4) 4.4(-7) 1.2(4)
R

ap

= 11.200 1.28 30 3.2 0.02 (2) 16 65 94.9 1.0 56 5.1(-4) 1.0(5) 1.79 12 18 55.7 118 0.48 (45) 41 2.9(-4) 2.3(-6) 1.2(4)
1.34 200 0.1 0.33 (31) 48 89 64.6 29 74 5.7(-5) 3.3(5) 1.79 13 41 64.9 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)
1.44 100 0.1 0.23 (22) 16 89 17.2 53 45 6.2(-5) 3.0(4) 1.79 13 18 66.6 56 0.45 (42) 45 1.7(-4) 1.5(-6) 1.4(4)

AFGL437 0.91 160 0.1 0.29 (30) 16 58 0.0 116 32 8.1(-5) 3.3(4) 0.79 15 87 15.7 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
d = 2.0 kpc 1.48 160 0.1 0.29 (30) 24 86 15.2 87 45 8.5(-5) 7.8(4) 0.83 15 81 16.3 124 0.48 (50) 35 2.9(-4) 9.7(-6) 2.3(4)
R

ap

= 32.000 1.55 50 3.2 0.03 (3) 8 29 0.0 35 25 6.0(-4) 1.7(4) 1.05 16 76 12.9 97 0.48 (50) 17 1.8(-4) 2.9(-4) 2.0(4)
2.02 160 0.1 0.29 (30) 32 89 23.2 55 59 7.6(-5) 1.5(5) 1.07 14 81 10.0 141 0.48 (50) 30 2.9(-4) 3.0(-7) 1.9(4)
2.22 200 0.1 0.33 (34) 12 34 0.0 174 20 8.0(-5) 2.0(4) 1.07 16 87 10.0 161 0.48 (50) 24 3.1(-4) 1.8(-7) 2.3(4)

IRAS07299 0.22 200 0.1 0.33 (48) 8 89 20.2 181 14 6.8(-5) 9.5(3) 1.10 18 76 13.2 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
d = 1.4 kpc 0.23 320 0.1 0.42 (61) 8 83 3.0 307 11 7.7(-5) 8.8(3) 1.13 17 76 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
R

ap

= 7.700 0.32 240 0.1 0.36 (53) 8 86 22.2 226 13 7.1(-5) 1.1(4) 1.15 17 81 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)
0.59 60 0.3 0.10 (15) 12 77 9.1 32 40 1.2(-4) 2.7(4) 1.16 18 81 12.5 171 0.39 (57) 10 4.3(-4) ... 8.3(3)
0.67 160 0.1 0.29 (43) 8 89 33.3 143 17 6.3(-5) 1.1(4) 1.17 17 87 10.0 62 0.20 (30) 6 4.0(-4) ... 6.6(3)

G35.20-0.74 2.63 480 0.1 0.51 (48) 16 48 40.4 440 15 1.2(-4) 3.8(4) 2.26 20 87 20.7 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
d = 2.2 kpc 2.64 100 3.2 0.04 (4) 12 29 70.7 77 20 9.4(-4) 5.2(4) 2.40 20 81 24.1 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
R

ap

= 32.000 2.76 320 0.1 0.42 (39) 24 68 81.8 256 27 1.2(-4) 8.4(4) 2.49 20 76 33.0 597 0.48 (45) 34 1.6(-3) 2.8(-7) 4.7(4)
2.76 80 3.2 0.04 (3) 12 39 15.2 58 22 8.4(-4) 5.0(4) 2.54 19 70 16.4 679 0.48 (45) 27 1.5(-3) 2.6(-7) 4.3(4)
2.77 200 0.3 0.19 (17) 12 22 43.4 173 17 1.9(-4) 4.0(4) 2.70 18 76 16.8 560 0.48 (45) 29 1.2(-3) 3.9(-6) 3.6(4)

G45.47+0.05 1.21 200 3.2 0.06 (1) 32 86 63.6 140 25 1.7(-3) 4.6(5) 3.36 31 57 11.1 1562 0.48 (12) 20 4.1(-3) ... 1.4(5)
d = 8.4 kpc 1.34 320 1.0 0.13 (3) 48 89 46.5 200 35 9.3(-4) 5.1(5) 3.67 34 63 10.0 1725 0.48 (12) 19 4.7(-3) ... 1.7(5)
R

ap

= 14.400 1.57 320 1.0 0.13 (3) 32 68 15.2 252 24 8.2(-4) 2.7(5) 3.94 29 70 15.2 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.62 240 1.0 0.11 (3) 32 86 1.0 170 30 7.2(-4) 2.6(5) 3.98 29 81 10.0 967 0.48 (12) 17 2.4(-3) ... 1.2(5)
1.75 240 1.0 0.11 (3) 24 55 0.0 192 23 6.6(-4) 1.7(5) 3.99 34 81 37.7 1008 0.48 (12) 24 2.9(-3) ... 1.7(5)

IRAS20126 1.82 80 0.3 0.12 (15) 16 74 37.4 42 42 1.5(-4) 4.2(4) 1.10 18 76 92.4 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
d = 1.64 kpc 2.07 120 0.3 0.14 (18) 24 74 69.7 57 47 1.8(-4) 9.3(4) 1.10 18 70 96.7 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
R

ap

= 12.800 2.32 80 0.3 0.12 (15) 12 44 73.7 53 31 1.4(-4) 3.4(4) 1.11 18 87 89.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.33 200 0.1 0.33 (41) 12 86 65.7 174 20 8.0(-5) 2.0(4) 1.14 18 81 90.9 230 0.48 (61) 17 4.4(-4) 5.7(-7) 2.3(4)
2.39 100 0.3 0.13 (16) 16 51 66.7 61 36 1.6(-4) 4.5(4) 1.26 18 70 107.9 107 0.35 (44) 13 3.2(-4) 1.0(-5) 2.4(4)

CepA 2.17 160 0.3 0.17 (47) 12 29 94.9 135 20 1.8(-4) 3.8(4) 1.50 15 49 64.3 722 0.48 (138) 15 1.3(-3) 8.1(-6) 2.9(4)
d = 0.725 kpc 2.21 160 0.3 0.17 (47) 16 39 98.0 125 26 2.0(-4) 5.0(4) 1.51 19 70 35.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
R

ap

= 48.000 2.65 400 0.1 0.47 (132) 16 86 100.0 364 17 1.1(-4) 3.8(4) 1.52 17 63 21.9 786 0.48 (138) 15 1.5(-3) 4.2(-6) 2.6(4)
2.71 480 0.1 0.51 (145) 12 83 80.8 460 12 1.1(-4) 2.4(4) 1.53 19 57 52.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)
2.81 160 0.3 0.17 (47) 24 74 100.0 98 37 2.2(-4) 9.9(4) 1.53 19 63 42.5 723 0.48 (138) 17 1.4(-3) 5.9(-5) 2.8(4)

NGC7538 0.15 400 0.1 0.47 (36) 16 22 23.2 364 17 1.1(-4) 3.8(4) 0.36 18 18 36.2 635 0.48 (38) 10 1.2(-3) 1.4(-7) 2.3(4)
IRS9 0.19 320 0.1 0.42 (32) 16 39 2.0 281 19 1.1(-4) 3.7(4) 0.37 13 18 39.8 615 0.44 (34) 13 1.1(-3) 9.0(-6) 2.2(4)

d = 2.65 kpc 0.35 240 0.1 0.36 (28) 24 39 52.5 171 33 1.1(-4) 8.2(4) 0.37 13 18 37.4 622 0.48 (38) 11 9.9(-4) 4.3(-6) 2.2(4)
R

ap

= 25.600 0.47 480 0.1 0.51 (40) 16 22 17.2 440 15 1.2(-4) 3.8(4) 0.38 16 18 44.1 582 0.48 (38) 18 1.1(-3) 1.3(-7) 2.3(4)
0.54 60 3.2 0.03 (2) 12 34 22.2 38 27 7.6(-4) 5.0(4) 0.40 16 18 46.5 592 0.48 (38) 22 1.1(-3) 7.5(-7) 2.6(4)
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G45.47+0.05 
AFGL 4029
IRAS 20126 
NGC 7538
G35.20-0.74 
Cep A
AFGL 437  
IRAS 07299 

Figure 15. Bolometric flux weighted SEDs of the eight SOMA protostars analyzed in this paper. The ordering of the legend
is from high to low ZT best fit model luminosity (top to bottom).

these distributions with the rank ordering of the pre-
dicted true luminosity of the protostars from the best
fit ZT models (the legend in Fig. 15 lists the sources
in order of decreasing ZT model luminosity). There is
some, but not perfect, correspondence with the flux or-
dering seen in the figure. Di↵erences are most likely due
to varying levels of foreground extinction, local extinc-
tion in the core envelope (e.g., AFGL 4029’s formal best
fit ZT model has a low envelope mass and wide outflow
cavity, so a large fraction of its luminosity would not be
re-radiated in the MIR to FIR) and anisotropic beam-
ing (i.e., the “flashlight e↵ect,” Yorke & Bodenheimer
1999). Such non-intrinsic e↵ects illustrate the need for
larger samples of protostars, i.e., eventually statistically
significant samples will be required as a function of en-
vironment, mass and evolutionary stage. This is the
eventual goal of the SOMA Survey.

5. CONCLUSIONS

We have presented an overview and first results of the
SOMA Star Formation Survey. The survey’s scientific

rationale is to test predictions of Core Accretion models
of massive star formation, specifically the MIR to FIR
thermal dust emission, including the influence of outflow
cavities. We have presented results for the first eight
sources observed in the survey. These tend to show ex-
tended MIR and FIR emission that aligns with known
outflows, and being brighter on the near-facing, blue-
shifted side, which are predictions of Core Accretion
models that involve high mass surface density cores. In
principle, unrelated foreground extinction could mimic
these results, but the consistency of the observed multi-
wavelength morphologies in the sample provides strong
support for the Core Accretion scenario.
Global SEDs have been constructed and e↵ects of

choices of aperture definition and background subtrac-
tion investigated. Our fiducial method is an SED de-
rived from a fixed aperture and including an estimate
of background subtraction, i.e., the emission from the
surrounding clump environment.
These SEDs have been used to constrain properties of

the protostars by comparison with theoretical radiative
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SOMA Next Steps 
SOMA II. Massive Protostars Across Environments 
(Liu et al.)

SOMA III. Model Fitting with SEDs & Image Intensity Profiles
(Zhang et al.)

SOMA IV. HST NIR Follow-up
(Da Rio et al.)

SOMA V. ALMA Outflow Follow-up
(Zhang et al.)

SOMA VI. ALMA Core Follow-up
(Liu et al.)
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Outflow-Confined HII Regions

12 Tanaka, Tan & Zhang
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Figure 15. Properties of theoretical outflow-confined H II region models compared with observed radio sources around massive protostars.
The observational data in the left and center panels are adopted from Hoare et al. (2007), and those in right panel are from Anglada et
al. (2014). Left: Size versus line width. The theoretical models are shown by star symbols (red: model group A, green: Al, blue: Ah,
purple: B, and black: C). The dotted lines represent evolution within the model groups. Observed objects are shown by circles (black: UC
H II regions, blue: HC H II regions, and red: MYSO wind sources). The sizes for the theoretical models (which vary with frequency) and
the observed sources have both been evaluated at 8GHz. Middle: The ratio of radio and bolometric luminosities versus line width. Symbols
are same as left panel. The radio luminosity for the theoretical models, which varies with frequency, and the observed sources have been
evaluated at 8GHz. Right: Radio luminosity versus bolometric luminosity. Triangles show observed radio jets (blue: low-luminosity, and
red: high-luminosity sources). The radio luminosities of the theoretical models are evaluated at 8GHz, and the observational data are at
5 or 8 GHz. The solid line shows the fitting by Anglada et al. (2014): Fνd2/mJy kpc2 = 8 × 10−3 (Lbol/L⊙)0.6. This relation is based on
observed radio jets over a wide bolometric luminosity range of 1–105L⊙. The dotted line shows the estimated radio flux from an optically
thin H II region based on the ionizing luminosities of ZAMS stellar models by Thompson (1984). Properties of the theoretical models of
outflow-confined H II regions are broadly consistent with those of the high luminosity end of the observed radio jet sources.

luminosity (although potentially of lower surface bright-
ness). Thus one should be careful in defining aper-
ture sizes when comparing theoretical and observational
source fluxes.

The outflow-confined H II region models typically have
spectral indices with p = 0.6–0.9 (Fig. 10), and size in-
dex with frequency of q ≃ −0.6 from free-free emission
(Fig. 11). A spectral index of 0.6 and size index of −0.7
have been predicted based on a simple wind model with
isothermal temperature structure and spherically sym-
metric density structure nH ∝ r−2, and departure from
this suggested to indicate acceleration, if p > 0.6, or col-
limation, if p < 0.6, of the outflow (Panagia & Felli 1975;
Reynolds 1986). Our wind model is more complex com-
pared to these simple models, but the obtained indices
are similar and consistent with some observed radio jets,
such as MWC 349 (p = 0.67±0.03 and q = −0.74±0.03:
Tafoya et al. 2004) and W75N(B) (p = 0.61 ± 0.03 and
q = −0.7 ± 0.03: Carrasco-González et al. 2015).

In summary, the properties of our models are consis-
tent with the so-called “MYSO wind sources” in Hoare
et al. (2007) and “radio jets” with high bolometric lu-
minosity in Anglada et al. (2014). The main difference
of winds and jets is the shape, i.e., winds have relatively
wide opening angle and jets are collimated bipolar out-
flows. This difference could be related to the evolution-
ary stage (Fig. 12). However, there are not clear defi-
nitions of these categories. In fact, the two classes have
some objects in common, such as HH 80-81 (or GGD27),
Cep A HW2 and W33A. This confusion is, at least partly,
due to the biases between IR and radio communities.
The kinematics of MYSO wind sources listed in Hoare
et al. (2007) are measured by IR HRLs, while those of
jets are mainly observed by the proper motion of radio
lobes and/or masers. To clarify our view of the evolution-
ary sequence of massive star formation and its outflow
launching mechanism, further study is needed utilizing
multi-wavelength observations to be compared with the-

Outflow-
confined 

HII Region

Tan & McKee (2003), Tanaka, Tan & Zhang (2016)
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Feedback During Massive Star Formation
Is there a maximum stellar mass set by by formation processes?

m*max~150 M⦿ 
(e.g. Figer 2005). 

But Crowther et al. (2010) 
claim most massive star to 
form was initially ~300M⦿, 
consistent with statistical 
sampling of Salpeter IMF 
with no maximum cutoff 
mass.

30 Doradus - LMC

N*

m*

Salpeter (1955)
dN*/dm* = A m*-2.35

m*max?

Feedback processes:
1. Protostellar outflows
2. Ionization
3. Stellar winds
4. Radiation pressure
5. Supernovae

We halted the simulation at 57,000 years, after
a ~20,000-year period when there was no further
qualitative change in the evolution (Fig. 1E). At
this point the system was a binary with a total
mass of 70.7M⊙ and a time-averaged total lumi-
nosity of ~5 × 105 L⊙. The two stars had masses
of 41.5 M⊙ and 29.2 M⊙ and were 1590 AU
apart. Neglecting the effects of the gas, the
semimajor axis of the orbit was 1280 AU
(eccentricity 0.25), but because this neglects the
gas, it may be an overestimate. Orbits like this are
typical of young O stars, at least 40% of which
are visual binaries with separations of ~1000 AU
(12). These are not the final system parameters,
because the envelope and the disk still contained
28.3 M⊙ of gas and the accretion rate had not
diminished. However, the qualitative nature of
the final system was well established.

We compared our result to two-dimensional
simulations. The largest star that formed in any
two-dimensional simulation with gray radiative
transfer had a mass of 22.9M⊙. If the simulation
included a multifrequency treatment of the radia-
tion, which we omitted because of its computa-
tional cost (23), themaximummass of the star that
formed was 42.9M⊙ (7). In these two-dimensional
simulations, the initial phases of collapse, disk
formation, and growth of a polar bubble were
quite similar to ours, although the disk lacked
nonaxisymmetric structure. In both cases there
was a “flashlight effect” (7, 26) in which the disk
beamed radiation preferentially in the polar
direction. In two dimensions, however, as the
star’s mass grew, radiation halted accretion over
an ever larger fraction of the solid angle around
the star. This eventually stopped infall onto the
disk. Some of the gas remaining in the disk
continued to accrete onto the star, but at a
diminishing rate, and eventually the disk density
became low enough for stellar radiation to blow
it away.

This never happened in our simulation. Instead,
when the luminosity became large enough that our
bubbles no longer delivered mass to the disk ef-
ficiently, they became asymmetric and clumpy. In
some places radiation blew out sections of the
bubble wall, whereas in others dense filaments of
gas fell toward the stars (Fig. 3). The structure of
dense fingers of heavy, downward-moving fluid
alternating with chimneys of outgoing radiation
is analogous to that of a classical Rayleigh-Taylor
instability, with radiation taking the place of the
light fluid. Radiation forces away from the star
are stronger than gravity when averaged over 4p
sr, producing velocities and net forces that have
an outward direction over most of the solid angle.
Much of the mass is concentrated into the dense
fingers, and because radiation flows around rather
than through these structures, within them the
velocity and the net force have an inward direc-
tion. However, this did not remove the angular
momentum of the gas, so it continued to fall onto
the disk rather than directly onto the stars. The
growth of clumps in the disk that form secondary
stars is a natural side effect of this process, but

radiation may be just accelerating a process that
is caused by gravity. At least 40%of the accreting
gas reached the disk through this Rayleigh-Taylor
mechanism; gas falling onto the outer disk di-
rectly accounted for ~25% of the accretion, and
gas reaching the disk by traveling along the

bubbles’ outer walls contributed the remaining
~35% (23).

Continued disk feeding is what made the
three-dimensional results different from earlier
two-dimensional ones. At 34,000 and 41,700
years (Fig. 1, C and D), bracketing the onset of

Fig. 1. Snapshots of the sim-
ulation at (A) 17,500 years,
(B) 25,000 years, (C) 34,000
years, (D) 41,700 years, and
(E) 55,900 years. In each
panel, the left image shows
column density perpendic-
ular to the rotation axis in a
(3000 AU)2 region; the right
image shows volume density
in a (3000 AU)2 slice along
the rotation axis. The color
scales are logarithmic (black
at the minimum, red at the
maximum), from 100 to
102.5 g cm−2 on the left and
10−18 to 10−14 g cm−3 on the
right. Plus signs indicate the
projected positions of stars.
See figs. S1 to S3 and movie
S1 for additional images.

A

B

C

D

E
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REPORTS

Krumholz+ (2009); Rosen+ (2016)
Kuiper et al. (2012); Klassen+ (2016)

Staff+ (2010); Kuiper+ (2015)

Peters et al. 2010, 2011

Accretion processes: Core/disk fragmentation (Kratter & Matzner 06; Peters et al. 10)

Stellar processes: Nuclear burning instabilities/enhanced mass loss

Currently unclear what sets the shape of the massive star IMF
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Feedback
Tanaka, Tan, Zhang (2017)

70Tuesday, April 4, 17



Feedback
Tanaka, Tan, Zhang (2017)
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Theory: “Turbulent Core Model”: 
normalize core surface pressure to 
surrounding clump pressure, i.e. self-
gravitating weight. Core supported by non-
thermal pressure (B-fields/turbulence).
Radiative transfer model grid 
(Zhang & Tan, in prep.)

Conclusions

1: Massive starless/early-stage cores exist
in IRDCs (Tan+ 2013; Kong+ 2017b)

Massive Star Formation Theories: 
Core Accretion; Competitive Accretion; Protostellar Collisions

2: SOMA Survey of Massive Protostars:
(De Buizer+ 2017) High- & intermediate-mass 
protostars often have a similar morphology 
to low-mass protostars, e.g., collimated 
outflows. Bipoloar outflow cavities shape 
MIR to FIR morphology and SEDs. SED fitting 
alone has significant degeneracies. We 
expect these to be broken by intensity profile 
fitting & multiwavelength follow-up.
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