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Outline

• Introduction: formation theories of massive stars

• Radiation transfer modeling: what do we expect to see?

• SOFIA-FORCAST observations of the massive protostar 
G35.2-0.74
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Massive stars are important:

• Feedback (protostellar outflow, stellar wind, HII 
region, supernovae, etc) to ISM, affect the 
evolution of galaxies.

• Produce heavy elements.

• Can influence low-mass star / planet formation in 
clusters.

• First stars: reionize the Universe.

Introduction
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How do they form?

• Similar to the formation of low-mass stars?
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Scenarios of Massive Star Formation
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Clump→cluster

Core→Star or close binary

Core accretion (Low-mass case scaled up) 
(e.g., Turbulent Core Model, McKee & Tan 2003)
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Turbulent Core Model

P~GƩ2

Core

Disk

Outflow

Ambient Clump 
Pressure 
P~GƩ2

Clump→cluster
Core→Star or close binary

• Surface density → Surface pressure of the core

• Initial Conditions:  massive starless core in virial 
equilibrium, and in pressure equilibrium with 
surrounding medium, singular polytropic 
sphere, will collapse from inside out

• Size

• Accretion rate

• Luminosity 
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• Massive dense cores

• Outflows

• Molecular tracers

• Continuum (outflow cavity)

• Accretion disks

Observational Evidences for Core Accretion

(Toroids or disks?)
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580 M. Marseille et al.: Evolution of massive protostars: the IRAS 18151–1208 region

Fig. 1. Image of the MSX 8 µm emission toward IRAS 18151–1208
(color scale) overlaid with the 1.2 mm map (white polygon) by Beuther
et al. (2002b) (white contours at 5 and 10%, and grey contours from
20% to 90% of the maximum). The large and small crosses indicate the
positions of the IRAS source and of MM1-SW (see text), respectively.
The black and white star symbols show the positions of the methanol
and water masers, respectively. The green polygon displays the region
mapped in the present study (see Fig. 2).

(such as AFGL 2591; e.g. van der Tak et al. 1999) and therefore
very luminous: the mid-IR high-luminosity massive cores. The
other half are either weak or not detected at all in the mid-IR,
hereafter the mid-IR-quiet massive cores. Surprisingly, all the
mid-IR-quiet massive cores were, however, found to drive pow-
erful SiO outflows. They could therefore be safely understood as
the precursors of the infrared high-luminosity massive cores.

IRAS 18151–1208 is a rather typical (L ∼ 104 L" ) and rel-
atively nearby (3 kpc) HMPO (Sridharan et al. 2002). Beuther
et al. (2002b) show that the clump actually splits into four in-
dividual cores MM1, MM2, MM3, and MM4 (see Fig. 1 for
an overview of the region). In addition, MM1 seems to further
split into two cores, separated by 16′′. We hereafter refer to
MM1-SW for the secondary peak to the southwest of MM1,
which possibly hosts an embedded protostar (Davis et al. 2004).
The weakest core MM4 is clearly outside the main region, hence
it will not be considered in this paper. A CO outflow toward
MM1 was discovered by Beuther et al. (2002c). The MM1
and MM2 cores are roughly two times larger, and have similar
masses (using the same dust emissivity and temperature) to the
most massive cores in Motte et al. (2007). The IRAS source co-
incides with MM1, and no significant IRAS contribution can be
safely attributed to MM2 or MM3. MM3 is the least massive and
compact core and could actually still be a quiescent or pre-stellar
core. The IRAS 18151–1208 region is therefore particularly in-
teresting to study since it hosts three individual cores that could
be interpreted as high-mass star formation sites in three different
evolutionary stages. Millimeter and sub-millimeter wave obser-
vations are reported in McCutcheon et al. (1995) and Beuther
et al. (2002b). The near-IR counterparts (H2 jets and HH ob-
jects) of the CO outflow driven by MM1 have been imaged by
Davis et al. (2004).

Table 1. IRAS 18151–1208 sources characteristics, showing offsets
from IRAS position, J2000 coordinates, and velocity in the local stan-
dard of rest (Beuther et al. 2002b).

source ∆α[′′] ∆δ[′′] α[J2000] δ[J2000] ! [km s−1]
MM1 13.2 –4.9 18h17m58.0s –12◦07′27′′ 33.4
MM2 –98.9 –32.8 18h17m50.4s –12◦07′55′′ 29.7
MM3 –72.3 26.5 18h17m52.2s –12◦06′56′′ 30.7

Molecular line observations compared with results of line
modeling based on a physical model of the source is a classi-
cal technique for constraining the physical and chemical prop-
erties of protostellar objects (see Ceccarelli et al. 1996; van
der Tak 2005, for a review). While different approaches can be
adopted, the most reliable and most often used method consists
in constraining first the physical (density and temperature dis-
tributions) model from the dust continuum emission (mid-IR
to millimeter wavelengths), and then using this physical model
to derive the fractional abundances of molecular species from
line-emission modeling (van der Tak et al. 1999; Hogerheijde
& van der Tak 2000; Schöier et al. 2002; Belloche et al. 2002;
Hatchell & van der Tak 2003). Due to the dramatic changes in
physical conditions inside the protostellar envelopes (increase
in density and temperature, radiation, shocks), chemical evolu-
tion is observed and can be modeled thanks to chemical network
codes. It is even expected that chemistry could provide a reliable
clock for dating protostellar objects (e.g. van Dishoeck & Blake
1998; Doty et al. 2002; Wakelam et al. 2004).

After the description of the molecular observations and of
the continuum data from the literature (Sect. 2), the results are
presented in Sect. 3. Section 4 gives the modeling procedure
from the fits of the spectral energy distributions (hereafter SEDs)
for MM1 and MM2 using MC3D1 code (Sects. 4.1.1 and 4.2.1)
to the non-LTE calculations of the line profiles and intensities
for all observed molecules using RATRAN2 code (Sects. 4.1.2,
4.1.3, 4.2.2, and 4.2.3). In Sect. 5, we discuss the results of
this detailed analysis in order to improve our observational
view of the evolution of high-mass cores from pre-stellar to
high-luminosity massive protostars.

2. Observations

Observations were performed during two sessions. The first one
in June 2005 at Mopra, the 22 m dish of the Australia Telescope
National Facility3 (ATNF). The second was in August 2005 at
Pico Veleta, on the IRAM 30 m antenna4.

2.1. Mopra observations

The IRAS 18151–1208 region was mapped in the on-the-fly
(OTF) mode in the rotational transition of CS (J = 2–1) at
98.0 GHz, C34S (J = 2–1) at 96.4 GHz , HCO+ (J = 1–0)
at 89.2 GHz, H13CO+ (J = 1–0) at 86.8 GHz, and N2H+
(J = 1–0) at 93.2 GHz. Each run covered a field of 5′ × 5′
with a half-power beam width (HPBW) of approximatively 36′′
(ηmb = 0.49) and sampled with a ∆θ step of 9′′. We used
the 3 mm receiver of the ATNF telescope with the digi-
tal auto-correlator set to the 64 MHz bandwidth with 1024

1 See Wolf et al. (1999) for details.
2 See van der Tak et al. (1999, 2000a) for details.
3 http://www.narrabri.atnf.csiro.au/mopra/
4 http://iram.fr/IRAMES/index.htm

Marseille et al.  2008
See also Bontemps et al. 2010; 

Motte et al. 2007
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H. Beuther et al.: IRAS 05358+3543: Multiple outflows at the earliest stages of massive star formation 937

Fig. 8. Presented are the PdBI observations as contour overlays on the grey-scale H2 data (McCaughrean et al., in prep.).
a) Outflow (A): CO 1–0, red wing emission (v = [–14, –7] km s−1, levels 5(10)95% from the peak intensity, PdB data only), and
blue wing emission (v = [–30, –21] km s−1, levels 10(10)90% from the peak intensity, PdB data only), the box marks the region
shown in Fig. 7. b) Outflow (C): SiO 2–1, red wing emission (v = [−15.5,−8.5] km s−1, levels 0.15(0.15)1.15 Jy beam−1 km s−1),
and blue wing emission (v = [–28.5, –20.5] km s−1, levels 0.15(0.15)1.75 Jy beam−1 km s−1; PdBI data with short spac-
ings from PV). c) H13CO+ 1–0, the integrated intensities are shown in green contours (v = [–20.5, –10.5] km s−1, lev-
els 0.18(0.18)1.08 Jy beam−1 km s−1, PdBI data with short spacings from PV). The numbers in brackets label the three
H13CO+ sources, the beams are shown each time at the bottom-right. In all images, the arrows outline the three main outflows,
(A): long north-south arrows in the east, (B): short arrows in the east, and (Cbent): long arrows in the west. The ellipses outline
the second interpretation of the western outflow (Ccavity), and the dotted east-west line shows the speculative forth outflow. The
three squares represent the mm sources, the diamonds locate the H13CO+ peaks [2] and [3], and the triangle marks the 12 µm
IRAS position.

Table 3. Parameters derived for the PdBI mm cores: positions,
major and minor core sizes, peak and integrated intensities,
and masses and column densities.

mm1 mm2 mm3

RA [J2000.0] 5:39:13.08 5:39:12.78 5:39:12.49

Dec [J2000.0] 35:45:50.5 35:45:50.6 35:45:55.2

maj.×min. [′′] 5.6 × 4.5 5.6 × 4.1 6.1 × 4.1

peak [mJy/beam] 23 16 16

int. [mJy] 30 22 23

M [M#] 100 73 77

NH2 [1024 cm−2] 5.1 3.5 3.5

The CH3OH maser feature is located near the mm
cores as well, but the position is based on single-dish

observations (Menten 1991) and not accurate enough for
a closer interpretation.

Porras et al. (2000) found 3 infrared sources (IR56,
IR58 and IR93 in Fig. 7) that are all offset from mm1
and mm2. Yao et al. (2000) and Jiang et al. (2001) then
showed that the emission from IR58 and IR93 is highly
polarized, and thus both are not independent sources but
reflection nebulae powered by mm1.

3.2.2. Three (at least) bipolar outflows

The most striking features of IRAS 05358+3543 mm are
the three outflows observed with the Plateau de Bure
Interferometer in CO and SiO (Fig. 8).

A large scale highly collimated CO outflow (A)

Figure 8a shows a highly collimated large scale (≈1 pc)
molecular outflow observed in CO in the east of the

Beuther et al. 2002 Qiu et al. 2009

(Toroids or disks?)
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No. 1, 2006 MID-INFRARED JET OF G35.20!0.74 L59

Fig. 2.—The G35.20!0.74 jet as seen at different wavelengths. (a) The 11.7 mm image in false color overlaid with K-band emission from Fuller et al. (2001,
white contours) and the 8.5 GHz high-resolution radio continuum emission of Gibb et al. (2003, gray contours). (b) The 18.3 mm image in false color overlaid
with the low-resolution 15 GHz radio continuum image of Heaton & Little (1988, white contours) and L′ image from Fuller et al. (2001, gray contours). (c) Zoom
in on the central region of the 11.7 mm image in false color, the L′ contours in white and the high-resolution radio continuum contours in black. The OH masers
of Hutawarakorn & Cohen (1999) are shown as asterisks, water masers of Forster & Caswell (1989) as crosses, and methanol masers of A. G. Gibb (2006, private
communication) as large plus signs. The bars at lower right show the !1 j relative astrometric uncertainty between the radio continuum and NIR.

infrared emission coincident with and immediately north of the
position of G35.2N demonstrates that the infrared emission here
is dominated by longer wavelength continuum emission. There-
fore, the nature of the infrared emission is concluded to be
predominantly continuum dust emission from the outflow cav-
ity walls. This cavity was created by the molecular outflow,
which punched a hole in the dense molecular material sur-
rounding the young stellar source at the center of G35.20!0.74.
The central source is mostly likely directly heating the walls
of this cavity. The northern lobe of the outflow was found to
be slightly blueshifted toward Earth (i.e., in CO by Gibb et al.
2003; in C i by Little et al. 1998). Given this fortuitous ge-
ometry, we can see directly into the outflow cavity as a con-
sequence of the clearing away of material along our line of
sight by the outflow itself.
The sources farther north of G35.20!0.74, namely, sources

5–9, are expected to be knots of dust either in the outflow itself
or clumps of preexisting material that are being impinged upon
by the outflow. Source 6 lies 19,200 AU from G35.2N and is
still at an estimated dust color temperature of 112 K. This is
based on the 11.7 and 18.3 mm flux densities of this source
and neglects the possible effects of silicate absorption (see De
Buizer et al. [2005] for method and limitations).What is heating
the dust this far out? Smaller dust grains can be heated out to
farther distances than large dust grains. The typical size range
of interstellar grains is believed to be 0.003–10 mm, and typical
grain compositions include smooth astronomical silicates,
graphite, and silicon carbide (Laor & Draine 1993; Draine &
Lee 1984). In the following I use the equation for dust tem-
perature given by Sellgren et al. (1983) and the ultraviolet and
infrared emissivities of Draine & Lee (1984). Assuming the
dust is made up of smooth astronomical silicates, dust with a
lower size limit of 0.003 mm can be heated to 112 K only out

to ∼16,000 AU by a B2.6 star. If the dust is made of graphite,
one could heat out to the distance of source 6 with grains having
a typical size of 0.005 mm, still near the lower size limit.
However, if silicon carbide is the assumed composition of the
dust, then one can get heating out much farther than source 6,
namely, ∼52,000 AU at the 0.003 mm lower size limit. There
is a possibility of some contribution from shock heating, al-
though Fuller et al. (2001) claim no detection of shock-excited
H2 in the region. Beaming of the MIR emission along the
outflow axis, rather than the isotropic emission assumed in the
above calculations, could also help in heating grains farther
out. Interestingly, the MIR luminosity derived from the dust
color temperature gives an estimated value of 1.6#103 L,.
Assuming the MIR luminosity is all the luminosity of the source
(an obvious underestimate) and calculating a spectral type from
that bolometric luminosity using the method from De Buizer
et al. (2005) gives a value of ∼B3, consistent with the radio-
derived spectral type. In summary, all of the dust, even as far
out as source 6, can indeed be heated directly by G35.2N,
depending on dust composition and size (as well as beaming),
though we cannot rule out contributions from other possible
heating mechanisms.
As discussed in § 3.1, MIR source 3, coincident with NIR

emission from the presumed infrared southern counterjet,
does not have a smoothly increasing spectral slope typical of
dust continuum emission but instead is only present at L′ and
18.3 mm. This implies that the emission in this southern source
is dominated by line emission of some kind. The usual suspects
are (1) H2 emission from shocks, although Fuller et al. (2001)
claim no detection of H2 in the region; (2) PAH emission from
the photodissociation region of the outflow interface with the
molecular cloud, although the L′ and 18.3 mm filters do not
encompass any PAH features; and (3) [Fe ii] emission from
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Fig. 8. Presented are the PdBI observations as contour overlays on the grey-scale H2 data (McCaughrean et al., in prep.).
a) Outflow (A): CO 1–0, red wing emission (v = [–14, –7] km s−1, levels 5(10)95% from the peak intensity, PdB data only), and
blue wing emission (v = [–30, –21] km s−1, levels 10(10)90% from the peak intensity, PdB data only), the box marks the region
shown in Fig. 7. b) Outflow (C): SiO 2–1, red wing emission (v = [−15.5,−8.5] km s−1, levels 0.15(0.15)1.15 Jy beam−1 km s−1),
and blue wing emission (v = [–28.5, –20.5] km s−1, levels 0.15(0.15)1.75 Jy beam−1 km s−1; PdBI data with short spac-
ings from PV). c) H13CO+ 1–0, the integrated intensities are shown in green contours (v = [–20.5, –10.5] km s−1, lev-
els 0.18(0.18)1.08 Jy beam−1 km s−1, PdBI data with short spacings from PV). The numbers in brackets label the three
H13CO+ sources, the beams are shown each time at the bottom-right. In all images, the arrows outline the three main outflows,
(A): long north-south arrows in the east, (B): short arrows in the east, and (Cbent): long arrows in the west. The ellipses outline
the second interpretation of the western outflow (Ccavity), and the dotted east-west line shows the speculative forth outflow. The
three squares represent the mm sources, the diamonds locate the H13CO+ peaks [2] and [3], and the triangle marks the 12 µm
IRAS position.

Table 3. Parameters derived for the PdBI mm cores: positions,
major and minor core sizes, peak and integrated intensities,
and masses and column densities.

mm1 mm2 mm3

RA [J2000.0] 5:39:13.08 5:39:12.78 5:39:12.49

Dec [J2000.0] 35:45:50.5 35:45:50.6 35:45:55.2

maj.×min. [′′] 5.6 × 4.5 5.6 × 4.1 6.1 × 4.1

peak [mJy/beam] 23 16 16

int. [mJy] 30 22 23

M [M#] 100 73 77

NH2 [1024 cm−2] 5.1 3.5 3.5

The CH3OH maser feature is located near the mm
cores as well, but the position is based on single-dish

observations (Menten 1991) and not accurate enough for
a closer interpretation.

Porras et al. (2000) found 3 infrared sources (IR56,
IR58 and IR93 in Fig. 7) that are all offset from mm1
and mm2. Yao et al. (2000) and Jiang et al. (2001) then
showed that the emission from IR58 and IR93 is highly
polarized, and thus both are not independent sources but
reflection nebulae powered by mm1.

3.2.2. Three (at least) bipolar outflows

The most striking features of IRAS 05358+3543 mm are
the three outflows observed with the Plateau de Bure
Interferometer in CO and SiO (Fig. 8).

A large scale highly collimated CO outflow (A)

Figure 8a shows a highly collimated large scale (≈1 pc)
molecular outflow observed in CO in the east of the

Beuther et al. 2002 Qiu et al. 2009

(Toroids or disks?)
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• Massive dense cores

• Outflows

• Molecular tracers

• Continuum (outflow cavity)

• Accretion disks

Observational Evidences for Core Accretion

580 M. Marseille et al.: Evolution of massive protostars: the IRAS 18151–1208 region

Fig. 1. Image of the MSX 8 µm emission toward IRAS 18151–1208
(color scale) overlaid with the 1.2 mm map (white polygon) by Beuther
et al. (2002b) (white contours at 5 and 10%, and grey contours from
20% to 90% of the maximum). The large and small crosses indicate the
positions of the IRAS source and of MM1-SW (see text), respectively.
The black and white star symbols show the positions of the methanol
and water masers, respectively. The green polygon displays the region
mapped in the present study (see Fig. 2).

(such as AFGL 2591; e.g. van der Tak et al. 1999) and therefore
very luminous: the mid-IR high-luminosity massive cores. The
other half are either weak or not detected at all in the mid-IR,
hereafter the mid-IR-quiet massive cores. Surprisingly, all the
mid-IR-quiet massive cores were, however, found to drive pow-
erful SiO outflows. They could therefore be safely understood as
the precursors of the infrared high-luminosity massive cores.

IRAS 18151–1208 is a rather typical (L ∼ 104 L" ) and rel-
atively nearby (3 kpc) HMPO (Sridharan et al. 2002). Beuther
et al. (2002b) show that the clump actually splits into four in-
dividual cores MM1, MM2, MM3, and MM4 (see Fig. 1 for
an overview of the region). In addition, MM1 seems to further
split into two cores, separated by 16′′. We hereafter refer to
MM1-SW for the secondary peak to the southwest of MM1,
which possibly hosts an embedded protostar (Davis et al. 2004).
The weakest core MM4 is clearly outside the main region, hence
it will not be considered in this paper. A CO outflow toward
MM1 was discovered by Beuther et al. (2002c). The MM1
and MM2 cores are roughly two times larger, and have similar
masses (using the same dust emissivity and temperature) to the
most massive cores in Motte et al. (2007). The IRAS source co-
incides with MM1, and no significant IRAS contribution can be
safely attributed to MM2 or MM3. MM3 is the least massive and
compact core and could actually still be a quiescent or pre-stellar
core. The IRAS 18151–1208 region is therefore particularly in-
teresting to study since it hosts three individual cores that could
be interpreted as high-mass star formation sites in three different
evolutionary stages. Millimeter and sub-millimeter wave obser-
vations are reported in McCutcheon et al. (1995) and Beuther
et al. (2002b). The near-IR counterparts (H2 jets and HH ob-
jects) of the CO outflow driven by MM1 have been imaged by
Davis et al. (2004).

Table 1. IRAS 18151–1208 sources characteristics, showing offsets
from IRAS position, J2000 coordinates, and velocity in the local stan-
dard of rest (Beuther et al. 2002b).

source ∆α[′′] ∆δ[′′] α[J2000] δ[J2000] ! [km s−1]
MM1 13.2 –4.9 18h17m58.0s –12◦07′27′′ 33.4
MM2 –98.9 –32.8 18h17m50.4s –12◦07′55′′ 29.7
MM3 –72.3 26.5 18h17m52.2s –12◦06′56′′ 30.7

Molecular line observations compared with results of line
modeling based on a physical model of the source is a classi-
cal technique for constraining the physical and chemical prop-
erties of protostellar objects (see Ceccarelli et al. 1996; van
der Tak 2005, for a review). While different approaches can be
adopted, the most reliable and most often used method consists
in constraining first the physical (density and temperature dis-
tributions) model from the dust continuum emission (mid-IR
to millimeter wavelengths), and then using this physical model
to derive the fractional abundances of molecular species from
line-emission modeling (van der Tak et al. 1999; Hogerheijde
& van der Tak 2000; Schöier et al. 2002; Belloche et al. 2002;
Hatchell & van der Tak 2003). Due to the dramatic changes in
physical conditions inside the protostellar envelopes (increase
in density and temperature, radiation, shocks), chemical evolu-
tion is observed and can be modeled thanks to chemical network
codes. It is even expected that chemistry could provide a reliable
clock for dating protostellar objects (e.g. van Dishoeck & Blake
1998; Doty et al. 2002; Wakelam et al. 2004).

After the description of the molecular observations and of
the continuum data from the literature (Sect. 2), the results are
presented in Sect. 3. Section 4 gives the modeling procedure
from the fits of the spectral energy distributions (hereafter SEDs)
for MM1 and MM2 using MC3D1 code (Sects. 4.1.1 and 4.2.1)
to the non-LTE calculations of the line profiles and intensities
for all observed molecules using RATRAN2 code (Sects. 4.1.2,
4.1.3, 4.2.2, and 4.2.3). In Sect. 5, we discuss the results of
this detailed analysis in order to improve our observational
view of the evolution of high-mass cores from pre-stellar to
high-luminosity massive protostars.

2. Observations

Observations were performed during two sessions. The first one
in June 2005 at Mopra, the 22 m dish of the Australia Telescope
National Facility3 (ATNF). The second was in August 2005 at
Pico Veleta, on the IRAM 30 m antenna4.

2.1. Mopra observations

The IRAS 18151–1208 region was mapped in the on-the-fly
(OTF) mode in the rotational transition of CS (J = 2–1) at
98.0 GHz, C34S (J = 2–1) at 96.4 GHz , HCO+ (J = 1–0)
at 89.2 GHz, H13CO+ (J = 1–0) at 86.8 GHz, and N2H+
(J = 1–0) at 93.2 GHz. Each run covered a field of 5′ × 5′
with a half-power beam width (HPBW) of approximatively 36′′
(ηmb = 0.49) and sampled with a ∆θ step of 9′′. We used
the 3 mm receiver of the ATNF telescope with the digi-
tal auto-correlator set to the 64 MHz bandwidth with 1024

1 See Wolf et al. (1999) for details.
2 See van der Tak et al. (1999, 2000a) for details.
3 http://www.narrabri.atnf.csiro.au/mopra/
4 http://iram.fr/IRAMES/index.htm

Marseille et al.  2008
See also Bontemps et al. 2010; 

Motte et al. 2007

No. 1, 2006 MID-INFRARED JET OF G35.20!0.74 L59

Fig. 2.—The G35.20!0.74 jet as seen at different wavelengths. (a) The 11.7 mm image in false color overlaid with K-band emission from Fuller et al. (2001,
white contours) and the 8.5 GHz high-resolution radio continuum emission of Gibb et al. (2003, gray contours). (b) The 18.3 mm image in false color overlaid
with the low-resolution 15 GHz radio continuum image of Heaton & Little (1988, white contours) and L′ image from Fuller et al. (2001, gray contours). (c) Zoom
in on the central region of the 11.7 mm image in false color, the L′ contours in white and the high-resolution radio continuum contours in black. The OH masers
of Hutawarakorn & Cohen (1999) are shown as asterisks, water masers of Forster & Caswell (1989) as crosses, and methanol masers of A. G. Gibb (2006, private
communication) as large plus signs. The bars at lower right show the !1 j relative astrometric uncertainty between the radio continuum and NIR.

infrared emission coincident with and immediately north of the
position of G35.2N demonstrates that the infrared emission here
is dominated by longer wavelength continuum emission. There-
fore, the nature of the infrared emission is concluded to be
predominantly continuum dust emission from the outflow cav-
ity walls. This cavity was created by the molecular outflow,
which punched a hole in the dense molecular material sur-
rounding the young stellar source at the center of G35.20!0.74.
The central source is mostly likely directly heating the walls
of this cavity. The northern lobe of the outflow was found to
be slightly blueshifted toward Earth (i.e., in CO by Gibb et al.
2003; in C i by Little et al. 1998). Given this fortuitous ge-
ometry, we can see directly into the outflow cavity as a con-
sequence of the clearing away of material along our line of
sight by the outflow itself.
The sources farther north of G35.20!0.74, namely, sources

5–9, are expected to be knots of dust either in the outflow itself
or clumps of preexisting material that are being impinged upon
by the outflow. Source 6 lies 19,200 AU from G35.2N and is
still at an estimated dust color temperature of 112 K. This is
based on the 11.7 and 18.3 mm flux densities of this source
and neglects the possible effects of silicate absorption (see De
Buizer et al. [2005] for method and limitations).What is heating
the dust this far out? Smaller dust grains can be heated out to
farther distances than large dust grains. The typical size range
of interstellar grains is believed to be 0.003–10 mm, and typical
grain compositions include smooth astronomical silicates,
graphite, and silicon carbide (Laor & Draine 1993; Draine &
Lee 1984). In the following I use the equation for dust tem-
perature given by Sellgren et al. (1983) and the ultraviolet and
infrared emissivities of Draine & Lee (1984). Assuming the
dust is made up of smooth astronomical silicates, dust with a
lower size limit of 0.003 mm can be heated to 112 K only out

to ∼16,000 AU by a B2.6 star. If the dust is made of graphite,
one could heat out to the distance of source 6 with grains having
a typical size of 0.005 mm, still near the lower size limit.
However, if silicon carbide is the assumed composition of the
dust, then one can get heating out much farther than source 6,
namely, ∼52,000 AU at the 0.003 mm lower size limit. There
is a possibility of some contribution from shock heating, al-
though Fuller et al. (2001) claim no detection of shock-excited
H2 in the region. Beaming of the MIR emission along the
outflow axis, rather than the isotropic emission assumed in the
above calculations, could also help in heating grains farther
out. Interestingly, the MIR luminosity derived from the dust
color temperature gives an estimated value of 1.6#103 L,.
Assuming the MIR luminosity is all the luminosity of the source
(an obvious underestimate) and calculating a spectral type from
that bolometric luminosity using the method from De Buizer
et al. (2005) gives a value of ∼B3, consistent with the radio-
derived spectral type. In summary, all of the dust, even as far
out as source 6, can indeed be heated directly by G35.2N,
depending on dust composition and size (as well as beaming),
though we cannot rule out contributions from other possible
heating mechanisms.
As discussed in § 3.1, MIR source 3, coincident with NIR

emission from the presumed infrared southern counterjet,
does not have a smoothly increasing spectral slope typical of
dust continuum emission but instead is only present at L′ and
18.3 mm. This implies that the emission in this southern source
is dominated by line emission of some kind. The usual suspects
are (1) H2 emission from shocks, although Fuller et al. (2001)
claim no detection of H2 in the region; (2) PAH emission from
the photodissociation region of the outflow interface with the
molecular cloud, although the L′ and 18.3 mm filters do not
encompass any PAH features; and (3) [Fe ii] emission from
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Fig. 8. Presented are the PdBI observations as contour overlays on the grey-scale H2 data (McCaughrean et al., in prep.).
a) Outflow (A): CO 1–0, red wing emission (v = [–14, –7] km s−1, levels 5(10)95% from the peak intensity, PdB data only), and
blue wing emission (v = [–30, –21] km s−1, levels 10(10)90% from the peak intensity, PdB data only), the box marks the region
shown in Fig. 7. b) Outflow (C): SiO 2–1, red wing emission (v = [−15.5,−8.5] km s−1, levels 0.15(0.15)1.15 Jy beam−1 km s−1),
and blue wing emission (v = [–28.5, –20.5] km s−1, levels 0.15(0.15)1.75 Jy beam−1 km s−1; PdBI data with short spac-
ings from PV). c) H13CO+ 1–0, the integrated intensities are shown in green contours (v = [–20.5, –10.5] km s−1, lev-
els 0.18(0.18)1.08 Jy beam−1 km s−1, PdBI data with short spacings from PV). The numbers in brackets label the three
H13CO+ sources, the beams are shown each time at the bottom-right. In all images, the arrows outline the three main outflows,
(A): long north-south arrows in the east, (B): short arrows in the east, and (Cbent): long arrows in the west. The ellipses outline
the second interpretation of the western outflow (Ccavity), and the dotted east-west line shows the speculative forth outflow. The
three squares represent the mm sources, the diamonds locate the H13CO+ peaks [2] and [3], and the triangle marks the 12 µm
IRAS position.

Table 3. Parameters derived for the PdBI mm cores: positions,
major and minor core sizes, peak and integrated intensities,
and masses and column densities.

mm1 mm2 mm3

RA [J2000.0] 5:39:13.08 5:39:12.78 5:39:12.49

Dec [J2000.0] 35:45:50.5 35:45:50.6 35:45:55.2

maj.×min. [′′] 5.6 × 4.5 5.6 × 4.1 6.1 × 4.1

peak [mJy/beam] 23 16 16

int. [mJy] 30 22 23

M [M#] 100 73 77

NH2 [1024 cm−2] 5.1 3.5 3.5

The CH3OH maser feature is located near the mm
cores as well, but the position is based on single-dish

observations (Menten 1991) and not accurate enough for
a closer interpretation.

Porras et al. (2000) found 3 infrared sources (IR56,
IR58 and IR93 in Fig. 7) that are all offset from mm1
and mm2. Yao et al. (2000) and Jiang et al. (2001) then
showed that the emission from IR58 and IR93 is highly
polarized, and thus both are not independent sources but
reflection nebulae powered by mm1.

3.2.2. Three (at least) bipolar outflows

The most striking features of IRAS 05358+3543 mm are
the three outflows observed with the Plateau de Bure
Interferometer in CO and SiO (Fig. 8).

A large scale highly collimated CO outflow (A)

Figure 8a shows a highly collimated large scale (≈1 pc)
molecular outflow observed in CO in the east of the

Beuther et al. 2002 Qiu et al. 2009

(Toroids or disks?)

Cesaroni et al. 2007
Beltran et al. 2011
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Radiation transfer: 
Linking the observations and theoretical models

• Robitaille, Whitney, et al. 2006: Monte Carlo method. Large 
grid, but mainly for low-mass YSOs (low accretion rate, low disk 
mass, small / simple outflow cavity, no optically thick inner 
gaseous disk, etc.)

• Molinary et al. 2008: Monte Carlo method. Massive stars, but 
still simple models (outflow, no gas opacities, etc.)

• Chakrabarti & McKee 2005: Analytical, but only for spherical 
geometry

Introduction

Continuum: Global parameters, temperatures, etc.

Lines: Kinematics, Chemistry, Components, etc.
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1) Can (and how well) the initial environmental conditions of massive protostars 
be deduced from the observed spectral energy distributions (SEDs) and/or 
images? 

2) Do the initial conditions deduced from observations agree with those required 
by the Core Accretion theory? 

3) Are the observations compatible with the prediction from the Core Accretion 
theory on outflows and disks? 

4) Can (and how well) the evolutionary sequence of massive protostars be 
deduced from the observed SEDs?

We want to construct a fully self-consistent model, with more 
realistic physics, which is more applicable to the high surface 
density environments of real massive protostars.

18



Disk wind
Inner cavity

Disk

Core
(with expansion 

wave, rotating infall)

Zhang, Tan 2011;
Zhang, Tan, McKee 2013

Using the continuum Monte Carlo RT 
code by Whitney et al., 2003, 2013.

fw= ṁw/ṁ*=0.1

Mcore=60M☉, Ʃcl = 1g/cm2 (AV~200), m*=8M☉, ṁ*=2.4×10-4M☉/yr, Lbol=6×103L☉, θw ~ 51˚ 

Disk

Massive Star Formation: 
A self-consistent radiation transfer model based on the 
Turbulent Core model
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Disk wind
Inner cavity

Disk

Core
(with expansion 

wave, rotating infall)

Dust-free

Dusty

Zhang, Tan 2011;
Zhang, Tan, McKee 2013

Using the continuum Monte Carlo RT 
code by Whitney et al., 2003, 2013.

Dust Destruction Front

fw= ṁw/ṁ*=0.1

Mcore=60M☉, Ʃcl = 1g/cm2 (AV~200), m*=8M☉, ṁ*=2.4×10-4M☉/yr, Lbol=6×103L☉, θw ~ 51˚ 

Disk

Massive Star Formation: 
A self-consistent radiation transfer model based on the 
Turbulent Core model
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• Images at 1 kpc 
at 60° inclination 
between line of sight 
and outflow axis

Mcore = 60M⦿

Ʃcl = 1 g cm-2

m*=8M⦿

Lbol=6×103 L⦿

80”

J band H band K band 3.5 μm

37 μm24 μm20 μm

10 μm

70 μm

8 μm5.8 μm4.5 μm

500 μm250 μm160 μm100 μm
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• Images at 1 kpc 
at 60° inclination 
between line of sight 
and outflow axis

Mcore = 60M⦿

Ʃcl = 1 g cm-2

m*=8M⦿

Lbol=6×103 L⦿

The Astrophysical Journal, 766:86 (21pp), 2013 April 1 Zhang, Tan, & McKee

Figure 10. Same as Figure 9, except convolved with the beam of each instrument, labeled in the top-right and shown as red circles of radius equal to the half-width at
half-maximum on the bottom-right corner. The maximum surface brightness, which is dependent on the size of the beam, is labeled in the top-right corners.
(A color version of this figure is available in the online journal.)

all wavelengths than Model 13 and Model 13l, due to the much
higher luminosity. At lower inclination, the higher extinction
due to the outflow makes the FUV fluxes in Model 13 lower
than those in Model 13l (although these fluxes will in general be
difficult to observe due to additional foreground extinction from
dust in the clump and the diffuse Galactic interstellar medium).
At higher inclination, the lower extinction of the core makes
the mid-IR flux of Model 13l higher than that of Model 13. In

this case, the mid-IR flux from the disk in Model 13l is higher
and less buried by the flux from the envelope, producing a more
prominent 10 µm silicate absorption feature than in Model 13.
This again implies that the depth of the silicate feature depends
not only on the optical depth but also on the ratio of the mid-IR
emission from the disk to that from the envelope.

An additional factor is the dependence of the protostellar
evolution (especially size of the protostar) on the accretion rate.
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SEDs

inc=30˚

input stellar 
spectrum+

boundary layer

inc=60˚

Mcore = 60M⦿              
m*=8M⦿                     
Lbol=6×103 L⦿

Ʃcl = 1 g cm-2

scattered flux
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SEDs

inc=30˚

input stellar 
spectrum+

boundary layer

inc=60˚

Mcore = 60M⦿              
m*=8M⦿                     
Lbol=6×103 L⦿

Ʃcl = 1 g cm-2

scattered flux

For a higher inclination, the fluxes are 
scattering-dominated at short wavelengths 
(up to ~6 μm) and emission-dominated at 
long wavelengths.
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SEDs

Ʃcl~0.316 g/cm2

Ʃcl~3.16 g/cm2
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Flashlight Effect
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bol. luminosity
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10μm 18μm
Gemini T-ReCS

Zhang, Tan, De Buizer, et al. 2013
See also: De Buizer 06, Birks et al. 06, Gibb et al. 03

white contour: 
radio continuum

30”

G35.2-0.74: Massive protostar at 2.2 kpc
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10μm 18μm 37.1μm
Gemini T-ReCS SOFIA Forcast Basic Science

31μm

Zhang, Tan, De Buizer, et al. 2013
See also: De Buizer 06, Birks et al. 06, Gibb et al. 03

white contour: 
radio continuum

30”

G35.2-0.74: Massive protostar at 2.2 kpc
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37 μm

31 μm

18 μm

10 μm

G35.2-0.74: A Massive 
Protostar at 2.2 kpc

Model images

m* ~ 34 M☉ 

Ʃcl ~ 1 g/cm2

θw ~ 51˚ 

θview ~ 58˚

Lbol ~ 2.2×105L☉

Mcore ~ 240M☉ 
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37 μm

31 μm

18 μm

10 μm

G35.2-0.74: A Massive 
Protostar at 2.2 kpc

Model images

m* ~ 20-34 M☉ 

Ʃcl ~ 0.4-1g/cm2

θw ~ 35-51˚ 

θview ~ 43-58˚

Lbol ~ (0.66-2.2)×105L☉ 

Mcore ~ 240M☉ 

30



37 μm

31 μm

18 μm

10 μm

G35.2-0.74: A Massive 
Protostar at 2.2 kpc

G35.2: a massive protostar forming 
from a high mass surface density 

core, via relatively ordered collapse 
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Fig. 1. Large-scale image of the 4.5 µm emission towards the star-
forming region G35.20–0.74 N overlaid with a contour map of the
350 GHz continuum emission obtained with ALMA. The IR image has
been obtained by applying HiRes deconvolution (Velusamy et al. 2008)
to the Spitzer/IRAC data. The sub-mm map has been corrected for pri-
mary beam attenuation. The contours range from 9 to 203 mJy/beam in
steps of 10.8 mJy/beam. The dashed circle denotes the primary beam
of the ALMA 12-m antennas. The ellipse in the bottom right is the
ALMA synthesized beam.

the poorly collimated NE–SW outflow and the N−S jet could be
manifestations of the same bipolar flow undergoing precession
(Little et al. 1998). However, evidence for multiple outflows in
this region is provided by SiO, H13CO+, H13CN, and H2 line
observations (GHLW; Lee et al. 2012).

A molecular clump elongated perpendicular to the NE–SW
outflow has been mapped in dense gas tracers (NH3, CS), whose
emission exhibits a velocity gradient from NW to SE (Little et al.
1985; Brebner et al. 1987). This was first interpreted as a large
(∼1′ or 0.6 pc) disk/toroid rotating about the NE–SW outflow
axis, but on the basis of their H13CO+ and H13CN observations,
GHLW propose that this is actually a fragmented rotating enve-
lope containing multiple young stellar objects (YSOs). Indeed,
GHLW identify a core at the center of the outflow and another
core, named G35MM2, offset to the SE.

2. Observations and results

G35.20–0.74N was observed with ALMA Cycle 0 at 350 GHz
in May and June 2012 with baselines in the range 36–400 m,
providing sensitivity to structures ≤2′′. The digital correlator
was configured in four spectral windows (with dual polariza-
tion) of 1875 MHz and 3840 channels each (covering the ranges
334.85–338.85 GHz and 346.85–350.85 GHz), providing a res-
olution of ∼0.4 km s−1. Flux, gain, and bandpass calibrations
were obtained through observations of Neptune and J1751+096.
The data were calibrated and imaged using CASA. A continuum
map was obtained from line-free channels and subtracted from
the data. The synthesized beam is 0.′′51 × 0.′′46, PA = 48◦. The
rms noise is ∼6 mJy beam−1 for individual line channels, while
in the continuum image, it is ∼1.8 mJy beam−1, implying a S/N
of only ∼100. The latter indicates a reduced dynamic range.

In Fig. 1, we present the map of the 350 GHz contin-
uum emission overlaid on an enhanced resolution Spitzer/IRAC

Fig. 2. Same as Fig. 1, with the 3.6 cm continuum map by GHLW over-
laid (magenta contours). Unlike Fig. 1, the 4.5 µm image is displayed
using linear scaling to emphasize the brightest structures outlining the
N–S jet. Cores A, B, and G35MM2 are indicated by the arrows.

image at 4.5 µm extracted from the GLIMPSE survey (Benjamin
et al. 2003). The sub-mm continuum emission is clearly tracing
an elongated structure across the waist of the butterfly-shaped
nebula. In all likelihood, we are detecting the densest part of the
flattened molecular structure observed on a larger scale by Little
et al. (1985), Brebner et al. (1987), and GHLW.

Along the elongated structure a chain of at least five cores is
seen (Fig. 2), lending support to GHLW’s idea that one is deal-
ing with a fragmented structure instead of the smooth disk or
toroid hypothesized by Little et al. (1985). We stress that the
angular resolution of our maps (∼7 times better than previous
(sub)millimeter observations) reveals that the YSOs powering
the outflow(s) lie inside cores A and/or B (see Fig. 2), because
these two are the only cores located close to the geometrical
center of the bipolar nebula. In particular, core B lies along the
N−S jet traced by the IR and radio emission, and coincides with
one of the free-free sources detected by GHLW. The hypothesis
by BFG that core G35MM2 could be driving the NE–SW out-
flow is not convincing, because this core is off-center, lying right
at the border of the waist outlined by the IR emission.

Methyl cyanide emission (as well as other typical HMC trac-
ers) is clearly detected only towards cores A and B, and
marginally towards G35MM2. Emission by vibrationally excited
lines of CH3CN also indicates that cores A and B could be host-
ing massive stars. Core B also coincides with a compact free-free
continuum source detected by GHLW at 6 cm and 3.6 cm, and
by Codella et al. (2010) at 1.3 cm. This emission could be part
of the N–S thermal radio jet or might be coming from an H re-
gion ionized by an embedded early-type star. We discuss this
possibility in Sect. 4. Faint radio emission at a 5.6σ level is also
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Fig. 1. Large-scale image of the 4.5 µm emission towards the star-
forming region G35.20–0.74 N overlaid with a contour map of the
350 GHz continuum emission obtained with ALMA. The IR image has
been obtained by applying HiRes deconvolution (Velusamy et al. 2008)
to the Spitzer/IRAC data. The sub-mm map has been corrected for pri-
mary beam attenuation. The contours range from 9 to 203 mJy/beam in
steps of 10.8 mJy/beam. The dashed circle denotes the primary beam
of the ALMA 12-m antennas. The ellipse in the bottom right is the
ALMA synthesized beam.

the poorly collimated NE–SW outflow and the N−S jet could be
manifestations of the same bipolar flow undergoing precession
(Little et al. 1998). However, evidence for multiple outflows in
this region is provided by SiO, H13CO+, H13CN, and H2 line
observations (GHLW; Lee et al. 2012).

A molecular clump elongated perpendicular to the NE–SW
outflow has been mapped in dense gas tracers (NH3, CS), whose
emission exhibits a velocity gradient from NW to SE (Little et al.
1985; Brebner et al. 1987). This was first interpreted as a large
(∼1′ or 0.6 pc) disk/toroid rotating about the NE–SW outflow
axis, but on the basis of their H13CO+ and H13CN observations,
GHLW propose that this is actually a fragmented rotating enve-
lope containing multiple young stellar objects (YSOs). Indeed,
GHLW identify a core at the center of the outflow and another
core, named G35MM2, offset to the SE.

2. Observations and results

G35.20–0.74N was observed with ALMA Cycle 0 at 350 GHz
in May and June 2012 with baselines in the range 36–400 m,
providing sensitivity to structures ≤2′′. The digital correlator
was configured in four spectral windows (with dual polariza-
tion) of 1875 MHz and 3840 channels each (covering the ranges
334.85–338.85 GHz and 346.85–350.85 GHz), providing a res-
olution of ∼0.4 km s−1. Flux, gain, and bandpass calibrations
were obtained through observations of Neptune and J1751+096.
The data were calibrated and imaged using CASA. A continuum
map was obtained from line-free channels and subtracted from
the data. The synthesized beam is 0.′′51 × 0.′′46, PA = 48◦. The
rms noise is ∼6 mJy beam−1 for individual line channels, while
in the continuum image, it is ∼1.8 mJy beam−1, implying a S/N
of only ∼100. The latter indicates a reduced dynamic range.

In Fig. 1, we present the map of the 350 GHz contin-
uum emission overlaid on an enhanced resolution Spitzer/IRAC

Fig. 2. Same as Fig. 1, with the 3.6 cm continuum map by GHLW over-
laid (magenta contours). Unlike Fig. 1, the 4.5 µm image is displayed
using linear scaling to emphasize the brightest structures outlining the
N–S jet. Cores A, B, and G35MM2 are indicated by the arrows.

image at 4.5 µm extracted from the GLIMPSE survey (Benjamin
et al. 2003). The sub-mm continuum emission is clearly tracing
an elongated structure across the waist of the butterfly-shaped
nebula. In all likelihood, we are detecting the densest part of the
flattened molecular structure observed on a larger scale by Little
et al. (1985), Brebner et al. (1987), and GHLW.

Along the elongated structure a chain of at least five cores is
seen (Fig. 2), lending support to GHLW’s idea that one is deal-
ing with a fragmented structure instead of the smooth disk or
toroid hypothesized by Little et al. (1985). We stress that the
angular resolution of our maps (∼7 times better than previous
(sub)millimeter observations) reveals that the YSOs powering
the outflow(s) lie inside cores A and/or B (see Fig. 2), because
these two are the only cores located close to the geometrical
center of the bipolar nebula. In particular, core B lies along the
N−S jet traced by the IR and radio emission, and coincides with
one of the free-free sources detected by GHLW. The hypothesis
by BFG that core G35MM2 could be driving the NE–SW out-
flow is not convincing, because this core is off-center, lying right
at the border of the waist outlined by the IR emission.

Methyl cyanide emission (as well as other typical HMC trac-
ers) is clearly detected only towards cores A and B, and
marginally towards G35MM2. Emission by vibrationally excited
lines of CH3CN also indicates that cores A and B could be host-
ing massive stars. Core B also coincides with a compact free-free
continuum source detected by GHLW at 6 cm and 3.6 cm, and
by Codella et al. (2010) at 1.3 cm. This emission could be part
of the N–S thermal radio jet or might be coming from an H re-
gion ionized by an embedded early-type star. We discuss this
possibility in Sect. 4. Faint radio emission at a 5.6σ level is also
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Fig. 3. Overlay of the average emission in the CH3CN(19–18) K = 2
line (white contours) and 3.6 cm free-free continuum emission (red
contours; from GHLW) on a map of the first moment (i.e. velocity)
of the same CH3CN line. The velocity intervals used to calculate the
mean emission and first moment are 25.9−38.0 km s−1 for core A and
25.9−33.0 km s−1 for core B. The dashed line is intended to stress that
different color scales are used for the two cores to emphasize the veloc-
ity gradients. The white contour levels range from 80 to 656 mJy/beam
in steps of 96 mJy/beam. The crosses mark the positions of the 350 GHz
continuum peaks. The ellipse in the bottom right indicates the synthe-
sized beam.

detected towards core A, consistent with the presence of one or
more embedded star.

We now investigate the gas velocity field in the two cores by
computing the first moment of a CH3CN line, a dense gas tracer.
Figure 3 plots the result for the CH3CN(19–18) K = 2 line, with
the line emission overlaid that is averaged over the same velocity
interval used to calculate the first moment. The mean velocity of
core B (∼30 km s−1) differs by ∼2 km s−1 from that of core A
(∼32 km s−1), which also differs by a similar amount from what
is obtained (∼34 km s−1) with lower angular resolution observa-
tions of other tracers (see e.g. GHLW). Discrepancies of this type
are often found in high-mass star-forming regions (see, e.g., the
case of AFGL5142 – Estalella et al. 1993; Zhang et al. 2007) and
are very likely related to the fragmentation process in molecular
clumps. The interesting result is that both cores present velocity
gradients, which may be due to expansion or rotation of the gas.
The sense of the gradient in core B is the opposite of what is
measured on larger scales (see Fig. 5 of Little et al. 1985, and
Figs. 8 and 9 of GHLW). However, the velocity range traced
by the extended emission (30–41 km s−1) differs significantly
from the range sampled by the CH3CN lines (∼26–38 km s−1),
suggesting that we are observing cores whose velocity field is
not tightly related to that of the largest, fragmenting structure
where they are embedded. In the following, we address this ques-
tion for core B, which is better resolved and associated with the
N–S jet/outflow.

3. The nature of core B: A Keplerian rotating disk?

An elongated structure with a velocity gradient along its major
axis, such as the one observed in core B, can be interpreted as
either a collimated bipolar outflow or a rotating ring/disk seen

close to edge on. We thus first investigate the possibility that we
are observing the root of a large-scale bipolar outflow.

At first glance, both the orientation (see Fig. 2) and sign of
the velocity gradient seen in Fig. 3 appear consistent with those
of the N–S jet imaged by BFG (see the red-shifted emission
at 40 km s−1 in their Fig. 3). However, the CO emission in the
northern jet lobe is also detected by BFG at 28 km s−1 (see their
Fig. 3), namely at blue-shifted velocities. Moreover, the direc-
tion of the CH3CN velocity gradient has a negative position an-
gle, whereas the jet is slightly inclined to the east. Such a differ-
ence could be explained if the jet is precessing (as suggested by
BFG) and lies close to the plane of the sky, because the jet direc-
tion would change from the small to the large scale. We believe
that this explanation is not satisfactory, because the orientation
of the CH3CN velocity gradient differs from that of the radio jet
on the same scale. This can be seen in Fig. 3, where the two free-
free emission sources are aligned N–S, whereas the velocity gra-
dient (and the core major axis) are inclined to the W (PA# –20◦).

Based on these findings, we consider the alternative possi-
bility that the velocity gradient is tracing a disk. To analyze the
kinematics of the gas in more detail, we fitted the CH3CN emis-
sion in each 0.4 km s−1 velocity channel with a 2D Gaussian.
This allowed us to derive the peaks of the line emission at differ-
ent velocities. Then all peaks can be plotted together to obtain a
picture of the gas velocity field. This is done in Fig. 4a, where
for each peak we also plot the corresponding 50% contour level
to give an idea of the size of the gas emitting at that velocity.

Two considerations are in order. The first is that the peaks
outline a sort of elliptical pattern, roughly centered on the posi-
tion of the continuum peak and oriented SSE–NNW. The second
is that the most blue- and red-shifted peaks tend to converge to-
wards the position of the sub-mm continuum peak. On this ba-
sis, one is tempted to hypothesize that the CH3CN emission is
tracing Keplerian-like rotation, since this would explain why the
emission both at systemic velocities and at high (blue- and red-
shifted) velocities are observed towards the rotation center.

With this in mind, we fitted the observed velocity pattern as-
suming Keplerian rotation about a point-like source. We stress
that ours is a purely kinematical fit, where only the rotation
velocity in a 2D disk is calculated, and no estimate of the ob-
served line intensity was computed. Also, no attempt was made
to demonstrate the uniqueness of the model proposed, and we
envisage the possibility that other interpretations might be pos-
sible. Our simple model is sufficient to constrain a number of
important parameters. The inputs of the model are the LSR ve-
locity of the system (Vsys), the central point mass (M∗) and its
position (x0,y0), the inclination angle (θ) of the rotation axis with
respect to the plane of the sky, and the position angle (ψ) of the
projected major axis of the disk.

The best fit was obtained by varying all input parame-
ters inside reasonable ranges and minimizing the expression
∑

i

(
Vobserved

i − Vmodel
i

)2
where i indicates the peak in a generic

velocity channel. For our calculations, we used the K = 2, 3, and
4 components of the CH3CN(19–18) transition, as well as other
prominent lines of other species, such as CH3OH(71,6−61,5)
vt = 1, CH3OH(141,13–140,14), and HC3N(37–36). All of these
lines reveal a kinematical pattern very similar to the one in
Fig. 4a, demonstrating that such a pattern does not depend on
the tracer and mirrors a real physical structure. In Fig. 4b we
show an overlay of the velocity peaks of all the lines and a ve-
locity map of the best-fit model. Clearly, the agreement between
the computed and observed LSR velocities is remarkable. The
best-fit parameters are the following: Vsys =30.0 ± 0.3 km s−1,
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A Keplerian Disk at the Center? ALMA observation by 
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Source B is driving the outflow 
and contains a binary system 
of total 18 M☉ at the center
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Evolutionary Sequence

Radius
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(protostar+boundary layer)
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(protostar+boundary layer)

Ionizing Luminosity

Zhang, Tan, Hosokawa, et al., 2013, in prep.
See also McKee & Tan 2003, 
Hosokawa & Omukai 2009,

Hosokawa et al., 2010
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Evolutionary Sequence: 
Color-color Diagram Crosses: from large to small: 
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Larger sample of massive protostars needed!

Accepted SOFIA cycle 1 proposal: 
6 more sources with luminosity range ~10

IRAS 20126+4104, Cep A, G339.88-1.26, G45.47+0.05 (Observed last month), 
IRAS 07299-1651, IRAS 16562-3959

4

Feasibility: Total requested time: 5.2 hours. Since our sources are extended <30”, we can fit all chop-nod 
images on the FORCAST field of view, employing a chop of 30” and a nod perpendicular to the chop of 
30”. We have ~10µm and ~20µm data on-hand for all of these sources (except IRAS 16562-3959, which 
we are in the process of getting from Gemini but have Spitzer data at 8µm). We are also in the process of 
obtaining GTC-CanariCam data for the northern sources, which will include 10µm imaging-polarimetry. 
In order to estimate the integrated flux density of each source at the wavelengths of the FORCAST filters, 
the integrated flux densities at these two filter wavelengths are fit by a Planck function and a color 
temperature is derived. Using that functional fit we extrapolate to get the estimated flux densities for the 
FORCAST filters.

For all of these sources the extent of the emission thought to come from outflow is larger at longer 
wavelengths and in most case brightens at longer wavelengths. 

We need to observe three filters for our modeling: 24.2, 31.5, and 37.1µm. We would also like to observe 
each source at 11.1µm so that the relative astrometry emission at different wavelengths can be ascertained 
with respect to the ~10µm data we already have in-hand. Therefore, all of our observations will be taken 
in dichroic mode with the following filter pairs: 11.1µm/31.5µm and 24.2µm/37.1µm.

NGC7538 IRS1 (d=2.8kpc) Has a MIR outflow extending ~6”. Thus we may barely resolve the
emission at 24µm (SOFIA resolution from 24-37µm during Basic Science was ~3.5”), though based on 
our 12 and 18µm data the outflow appears to increase substantially in size with wavelength. The 
integrated source brightness is considerable at 12µm (130Jy) and 18µm (235Jy), but the extended fainter 
emission is what we are interested in and we have observed this out to 230 mJy/sq arcsec at 18µm. The 
dust temperature out here is 120K, so extrapolating to the FORCAST filters, we expect surface 
brightnesses of 291, 249, 200 mJy/sq arcsec at 24.2, 31.5, 37.1µm, respectively. According to SITE, we 
reach these flux densities in 1, 3, 14min respectively, at S/N of 10 in dichroic mode. Thus, we can observe 
this source in the 11.1/31.5µm and 24.2/37.1µm filters combo in 17mins, or 27min including overheads.

IRAS 20126+4104 (d=1.7kpc) The integrated flux density at 12µm is 1.9Jy and at 18µm is 24Jy. The 
source is extended over 5”x10” as seen at 18µm. We would like to map the outflow in the longer 
FORCAST wavelengths on these scales. The S/N of 4 surface brightness from the 18µm image is 
~100mJy/sq arcsec. We estimate 210, 150, 130mJy/sq arcsec at 24.2, 31.5, 37.1µm, respectively. 
According to SITE, we reach these sensitivities in ~2, 7, 32min, respectively, at S/N of 10. Thus, we can 
observe this source in the 11.1/31.5µm and 24.2/37.1µm filters combo in 39mins, or 61min including 
overheads.

Cep A (d=0.7kpc) Based on ground-based observations, we know that the integrated flux of this
source is ~2Jy at 12µm and ~41Jy at 20µm. However, extrapolating from the extended emission surface 

brightness from Spitzer 8µm images, we determine that we can map out emission on a 25” scale with a S/

N of 10 through the 24.2, 31.5, 37.1µm filters in about 4, 7, 30min, respectively in dichroic mode, 

assuming an extrapolated flux densities of 145, 154, 138mJy at 24.2, 31.5, 37.1µm, respectively. Thus, we 
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IRS6

IRS5
IRS3

Fig. 27. COMICS 24.5µm mosaic of the W3 region. Contour lev-
els are at 1%, 2%, 5%, 15%, 50%, and 85% of peak flux density
(3.8 × 102 Jy arcsec−2). North is up, east is to the left.

telescope beam instead of a Gaussian profile. Finally, Beuther
et al. (2002) claim 1.6 ± 0.5 from powerlaw fits to the inner
32′′ of their resolved 1.2 mm images. In summary, the far-IR
and submm studies generally prefer somewhat steeper density
profiles than the ones derived from 24.5 µm images, recalling
the caveats regarding the van der Tak et al. (2000) and Williams
et al. (2005) results. This apparent inconsistency can however be
brought into agreement when allowing for the different spatial
scales probed.

On small angular scales, various studies in the (sub)mm find
evidence for shallower density distributions or flat intensity dis-
tributions, which are suggested to be due to an unresolved core
or possibly a collection of cores. For example, Hatchell et al.
(2000) find better model fits to their submm intensity profiles of
a number of UCH  regions, when they include an unresolved,
high optical depth, central core. Beuther et al. (2002) describe
the 1.2 mm intensity profiles of a large sample of massive cores
with models that require an unresolved, inner, constant intensity
distribution with radii between 2 000–60 000 AU. Van der Tak
et al. (1999, 2000) conclude from their interferometric mm data
(probing ∼1000 AU scales) that the detected emission is caused
by a compact structure with an estimated angular size of 0.3′′,
and which is different from the larger scale spherical envelope
structure.

Compact substructures thus seem to be required in order to
explain the (sub)mm observations. Flat intensity distributions are
suggestive of an optically thick dust component, such as a dense
shell or a disc (van der Tak et al. 2000), or a collection of sub-
cores created by the ongoing fragmentation of the large-scale
molecular core (Beuther et al. 2002). In the latter case, the low
angular resolution single dish submm observations would find
the integrated emission of the various subcores to be equivalent
to a shallow or a flat density distribution. It can therefore be ar-
gued that the flattening of the radial density distribution seen in
the submm close to the unresolved central source is consistent
with the relatively shallow density distribution as traced by our
high-resolution 24.5 µm images.

b)

a)

Fig. 28. As Fig. 4, but for W3 IRS 5. The SED data is described in
Sect. 3.4.3. The best fitting model has a p = 1.0 radial density profile.

Fig. 29. COMICS 24.5 µm mosaic of the Cep A region. Dark con-
tours represent Spitzer 8 µm emission. Centre of the coordinate sys-
tem corresponds to the phase centre of the VLA 7 mm continuum map
in Jiménez-Serra et al. (2007): α = 22h56m18.0s , δ = 62◦01′49.5′′
(indicated by a white cross). Contour levels of the 24.5 µm emis-
sion are at 10%, 15%, 25%, 50%, and 80% of peak flux density
(2.7 × 101 Jy arcsec−2). North is up, east is to the left.

170 W. J. de Wit et al.: Subaru imaging of MYSOs

Fig. 17. COMICS 24.5 µm image of IRAS 20126+4104. Contour lev-
els are at 5%, 10%, 20%, 40%, and 70% of peak flux density (4.7 ×
101 Jy arcsec−2). North is up, east is to the left.

30′′ scale mid-IR shell structure is identifiable in near-IR contin-
uum emission in which case it is due to dust scattering (Howard
et al. 1994). Its morphology corresponds roughly to the extent of
the blister H  region (Massi et al. 1985). If we compare the mid-
IR image with these maps, we may identify the 24.5 µm emis-
sion with the walls of the ionized region. Maximum intensity
along the mid-IR ridge corresponds to the location of the source
IRS1. The image does not reveal any point source at this po-
sition. IRS2, IRS3 and IRS5 are all observed to be extended
sources. IRS3 is elongated with a PA along the direction of the
main binary (Preibisch et al. 2002).
Model results: Submm and mm imaging at 870 µm and 1.3 mm
(HPBW of 18′′ and 23′′, respectively) by Henning et al. (1992)
resolve and identify the various components of the cloud with
the IR sources. We show in Fig. 20 the intensity profile and SED
fits to IRS3, the most luminous mid-IR source of the region.
Figure 20b also shows the Mueller et al. (2002) compilation of
continuum measurements at the long wavelengths, including the
350 µm CSO measurement (HPBW 14′′). The flux level of the
ISO spectrum corresponds closely to the COMICS flux measure-
ment. The intensity profile levels out at distances >5′′ which is
probably due to contribution in flux by the diffuse emission in
the region.

The case of Mon R2 IRS3 is similar to S140 IRS1.
Simultaneous model fit to the intensity profile and SED shows
that models with a radial density profile of p = 1.0 are preferred.
Again steep radial profiles are excluded as they require high op-
tical depths in order to provide a good fit to the intensity profile.

3.3.10. AFGL 437S (Figs. 21 and 22)

Description: AFGL 437 is a compact cluster of few dozen near-
IR sources located at a distance of 2.7 kpc (Wynn-Williams et al.
1981; Weintraub & Kastner 1996). The cluster is dominated by
four bright sources 437N, S, E and W. The source 437W dom-
inates the radio emission, whereas only weak radio emission is
measured towards the 437S. (Kurtz et al. 1994; Torrelles et al.
1992). Alvarez et al. (2004) resolve a monopolar sub-arcsecond

a)

b)

Fig. 18. As Fig. 4, but for IRAS 20126+4104. The SED data is de-
scribed in Sect. 3.3.8. The best fitting models have p = 0.0 or p = 0.5
radial density profiles.

near-IR nebula from 437S. Water masers have been detected
towards 437W and 437N (Torrelles et al. 1992). Weintraub &
Kastner (1996) find that 437N actually breaks up into two com-
ponents (see also Rayner & McClean 1987). The south-eastern
source of the two (named WK34) is the most embedded and
found to be responsible for the region’s molecular outflow and
the dominant source of the near-IR reflection nebula (see also
Meakin et al. 2005).
Mid-IR morphology: the COMICS image is dominated by the
UCH  region associated with 437W. No discrete counter-
part is found for 437W, only a diffuse emission region. The
437N source is resolved into two components, with the driving
source WK34 the most luminous of the two. Of the 4 sources
detected, 437S is the most luminous and marginally resolved by
our observations at 24.5 µm.
Model results: we concentrate our analysis on 437S. Submm and
mm observations were performed by Dent et al. (1998) with the
JCMT at four wavelengths with beamsizes between 16′′ and
19′′. The ISO-SWS spectrum of the region is dominated by
emission from the H  region and is discarded. Instead we use
the 10 µm photometry of 437S taken by Wynn-Williams et al.
(1981). The model fitting procedure discards the IRAS photom-
etry, but takes into account the COMICS flux measurement.

The spatial information derived from the marginally resolved
source is not enough to strongly constrain the various radial den-
sity distributions. We show in Fig. 22 three models that repro-
duce the intensity profile and the continuum emission in the
SED. We find that p = 1.0 profiles require large optical depth
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Fig. 1.—Contour plot of the IRS 1, 2, and 3 regions at 18.3 mm. These
contours are overlaid on a color image that is a three-color composite made
from 2MASS J (blue), H (green), and K (red) images. The origin is the peak
in the mid-infrared of IRS 1 located at R.A. p 23h13m45s.36, decl. p
!61!28!10".6 (2000).

Fig. 2.—NGC 7538 IRS 1 as seen in the mid-infrared. (a) A 11.7 mm image with approximately logarithmically spaced contours at 5 j, 8 j, 22 j, 62 j, 174 j,
490 j, and 1382j, where mJy. (b) A 18.3 mm image with approximately logarithmically spaced contours at 5 j, 9 j, 11 j, 24 j, 50 j, 107 j, 226 j, andj p 0.68
480 j, where mJy. (c) A dust color temperature map. The origin in each panel is the mid-infrared peak of IRS 1. The white circle in the lower right ofj p 3.02
panels a and b represents the size of the PSF for the given wavelength.

follow-up astrometric observations were obtained on 2004 Sep-
tember 7 again with Michelle at Gemini North. Repeated tests
of telescopic pointing accuracy of the Gemini North telescope
using Hipparcos Space Astrometry Mission stars showed the
rms error of the pointing to be about 0".25. These pointing tests
were interspersed with observations of NGC 7538 IRS 1, ac-
quired in the same way as the pointing test stars. Therefore,
the absolute position of the mid-infrared emission of NGC 7538
IRS 1 is believed to be known to an accuracy of 0".25. The
coordinates of NGC 7538 IRS 1 were taken to be R.A. p
23h13m45s.36, decl. p !61!28!10".6 (J2000).

3. RESULTS AND DISCUSSION

3.1. Mid-Infrared Emission Characteristics

The 18.3 mm contours of the region around IRS 1 are pre-
sented in Figure 1 overlaid on a Two Micron All Sky Survey
(2MASS) J, H, and K color-composite image. These mid-
infrared images were centered on IRS 1, but they also show
IRS 3 and part of IRS 2. IRS 3 is resolved and appears very
similar at 11.7 mm and at 18.3 mm, having a slightly cometary-
like morphology. The peak of IRS 2 is in our field, but emission
is cut off north of this. IRS 2 is also resolved into an extended
(∼5" in radius) source. Apparent in the 18.3 mm contours are

sharp gouges in the southern part of the extended emission of
IRS 2. This morphology is caused by the chopping of IRS 3
onto IRS 2 and array artifacts. Therefore, the real morphology
of the IRS 2 source is extended and likely circular.
IRS 1 in the mid-infrared shows a very bright core with

extended mid-level and lower level emission (Fig. 2). Barely
visible in the 11.7 mm image, IRS 1 has partially resolved lobes
of emission lying ∼1".5 to either side of the peak. More diffuse
emission extends beyond this to the northwest. At 18.3 mm,
the two lobes of emission flanking the peak are much more
apparent. Also more apparent is the extended emission to the
northwest. The IRS 1 mid-infrared peak itself appears centrally
heated from color temperature maps produced from our 11.7
and 18.3 mm images (Fig. 2c).
The peaks of sources IRS 1, 2, and 3 in the mid-infrared

match up well to the 2MASS J, H, and K images. This shows
that the hotter dust in the mid-infrared color temperature map
of IRS 1 is being heated by the star seen in the 2MASS images.
The luminosity derived from the mid-infrared emission of IRS
1 alone yields a lower limit to the bolometric luminosity (using
the technique from De Buizer et al. 2005) of 104 L,, implying
a spectral type earlier than B1.5. This is consistent with the
lower limit to the luminosity given by Willner (1976) of

L, and with the luminosity deduced from free-free44# 10
emission of L, (Franco-Hernández & Rodrı́guez45# 10
2004). However, luminosities for IRS 1 are also estimated by
other observations to be an order of magnitude larger when
far-infrared to (sub)millimeter continuum emission is taken into
account (e.g., L, in Werner et al. 1979). Far-infrared/52# 10
submillimeter emission traces cold dust over a larger extent
(∼0.5 pc), and the derived luminosity characterizes a large
portion of the star-forming region rather than the hot dust as-
sociated with a single protostar (e.g., Minier et al. 2005). There-
fore, estimates using these longer wavelength data are likely
to be upper limits to the luminosity of IRS 1.

3.2. Large-Scale Dust Morphology: An Outflow?

Coincident to within the accuracies of our astrometry are the
peak of the mid-infrared emission and the group of linearly dis-
tributed methanol masers that have been modeled well by a cir-
cumstellar disk (Pestalozzi et al. 2004). It is interesting to point
out that the position angle of the linearly distributed methanol
masers is 290!, which is similar to the position angle of the ex-
tended mid-infrared emission of ∼315!. Therefore, is this large
dusty disklike emission seen in the mid-infrared a circumstellar
accretion disk? Given the scale of the mid-infrared emission, this

Figure 4: Example images 
of several of our sources: 
(a) Left: NGC7538 IRS1 
at 18.3µm (De Buizer & 
Minier 2005); (b) Middle: 
IRAS 20126+4104 at 
24.5µm (De Wit et al. 
2010); (c) Right: Cep A at 
24.5µm (shaded+light 
contours) and 8µm (dark 
contours) (De Wit et al. 
2010).
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(a) (b)

(c) (d)

SOFIA cycle II 
proposal: 

Sample of ~50 
sources with UCHII 
region and bright mid-
IR emission covering 
different emission and 
evolutionary stages.

a) “MIR sources in IRDCs”
b) “Hyper-compact” (G35.2 like)
c) “Ultra-compact” 
d) “Clustered sources” 

Larger sample of massive protostars needed!
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Summary
We have constructed a self-consistent continuum RT model of massive stars forming 
through Core Accretion, and compared the model to observations:

1) Can (and how well) the initial environmental conditions of the massive protostars be 
deduced from the observed SEDs and/or images? — Yes. Some degeneracy due to the 
opening angle of the outflow cavity, the resolved intensity profile may help to break this 
degeneracy.

2) Do these initial conditions agree with those required by the Core Accretion theory? — 
In the case of G35.2, yes. (Ʃcl ~ 0.3-1g/cm2 )

3) Do the observations are compatible with the prediction from the Core Accretion 
theory on disks and outflows? — Outflow: yes; Disk: line tracers to confirm.

4) Can (and how well) the evolutionary sequence of massive protostars be deduced from 
the observed SEDs? — The evolutionary sequences may be reflected from SED, more 
modeling work need to be done. And a larger sample of massive protostars is needed!

Although our model is highly idealized (symmetric, single protostar, no turbulence, etc.), 
our results support that massive stars form similarly to low-mass stars.
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