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Fig. 3.— 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.
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Outline
• Introduction

– why study massive star formation?
– why is it difficult? 
– open questions: formation theories

• Initial Conditions
– Infra-Red Dark Clouds (IRDCs)
– Massive Starless Cores? 

• Massive Protostars
– Overview of expected properties
– Radiative transfer modeling
– SOFIA FORCAST observations of G35.2N
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Why study massive star formation?

Galaxies form and evolve by forming 
star clusters, where the influence of 
massive stars is paramount. Massive stars 
are what tend to be seen in distant galaxies.

Planets form from the crumbs left over 
from star formation. Planet & star 
formation in star clusters can be 
influenced by massive star feedback.

Supermassive black hole formation may be 
via massive star clusters or Pop III stars.
Supermassive black hole accretion is likely to 
be regulated by star formation.

The First (Pop III) Stars were likely 
massive, some potentially supermassive 
stars, reionizing the universe and 
producing the first metals.
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Why not to work on massive 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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Physics:
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, etc.
Chemical evolution of dust and gas.

A complicated, nonlinear process

Some notation:
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-heat]-regulated fragmentation vs 
competitive accretion

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

– Initial mass function (IMF)
– Binary fraction and properties
– Initial cluster mass function (ICMF)
– Efficiency and Rate (& relation to galaxy-scale)

How do these properties vary with environment?
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Physical Properties 
of Massive Star-
Forming RegionsThe Σ - M Diagram
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AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M pc-2

AV=1.4
NH=3.0x1021cm-2

Σ=34 M pc-2

Σ~10 M pc-2Local Galactic Disk

Physical Properties 
of Massive Star-
Forming Regions
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AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M pc-2

AV=1.4
NH=3.0x1021cm-2

Σ=34 M pc-2

AV=200
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M pc-2Mueller, Shirley, E
vans, Jacobsen (2002)

Σ~10 M pc-2Local Galactic Disk

Physical Properties 
of Massive Star-
Forming Regions
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AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M pc-2

AV=1.4
NH=3.0x1021cm-2

Σ=34 M pc-2

AV=200
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M pc-2nH~2x105cm-3

tff~1x105yr

SSCs in dwarf ir
regulars

(K. Johnson, Kobulnicky, J
. Turner et al.)

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

M82 SSCs 

(McCrady & Graham 2007)

Σ~10 M pc-2Local Galactic Disk

Physical Properties 
of Massive Star-
Forming Regions
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Massive Star Formation Theories
Core Accretion
                           
Myers & Fuller 1992; Caselli & Myers 1995;
McLaughlin & Pudritz 1997;
Yorke & Sonnhalter 2002;
McKee & Tan 2002, 2003; 
Stars form from “cores”, Mcore~2m*,
which fragment from the clump

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 medium: at any given time there 
is a small mass fraction in unstable cores. 

These cores collapse quickly to form 
individual stars or binaries.

Stahler, Palla, Ho 2000; Beuther, Churchwell, McKee, Tan 2007; Zinnecker & Yorke 2007

Equilibrium Star Cluster Formation
Tan, Krumholz, McKee (2006)

Small SFE per free-fall time ~0.02

Formation time >= several to many tff

->Age spreads ~>Myr in clusters

Turbulence maintained by protostellar winds
(see also Nakamura & Li 2007)

Core continues to accrete from clump
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Massive Star Formation Theories
Core Accretion
                           
Myers & Fuller 1992; Caselli & Myers 1995;
McLaughlin & Pudritz 1997;
Yorke & Sonnhalter 2002;
McKee & Tan 2002, 2003; 
Stars form from “cores”, Mcore~2m*,
which fragment from the clump

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 medium: at any given time there 
is a small mass fraction in unstable cores. 

These cores collapse quickly to form 
individual stars or binaries.

Based on simulations including 
only thermal pressure.

Requires global collapse of clump 
(Krumholz, McKee & Klein 2005)

Competitive Accretion
Bonnell, Clarke, Bate, Pringle 2001;
Bonnell, Vine, & Bate 2004;
Schmeja & Klessen 2004;
Wang, Li, Abel, Nakamura 2010;
Stars gain most mass by Bondi-
Hoyle accretion of ambient gas 

Stahler, Palla, Ho 2000; Beuther, Churchwell, McKee, Tan 2007; Zinnecker & Yorke 2007
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation
(Kratter et al. 2008)

core fragmentation

t=0
protostar
formation

massive
star
m*f>8M

m*=8M

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

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation
(Kratter et al. 2008)

core fragmentation

t=0
protostar
formation

massive
star
m*f>8M

m*=8M

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

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)

Competitive Bondi-Hoyle accretion model 
(Bonnell ea. 2001; Bonnell & Bate 2006; Dobbs+, R. Smith+, P. Clark+)
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation
(Kratter et al. 2008)

core fragmentation

t=0
protostar
formation

massive
star
m*f>8M

m*=8M

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

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)

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. 2011)

Prestellar core 
mass function?

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

Alves et al. 2007)
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation
(Kratter et al. 2008)

core fragmentation

t=0
protostar
formation

massive
star
m*f>8M

m*=8M

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

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)

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. 2011)

Prestellar core 
mass function?

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

Alves et al. 2007)

A B
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AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M pc-2

AV=1.4
NH=3.0x1021cm-2

Σ=34 M pc-2

AV=200
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M pc-2nH~2x105cm-3

tff~1x105yr

Turbulent Core Model of 
Individual Massive Star Formation
(McKee & Tan 2003)

What are the 
pressures where 
massive stars form?
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Spitzer - IRAC 8µm   (GLIMPSE)

(Butler & Tan 2009, 2011; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

MJy sr-1

G28.37+00.07
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Spitzer - IRAC 8µm   (GLIMPSE)

(Butler & Tan 2009, 2011; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

MJy sr-1

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

G28.37+00.07

7

Fig. 1.— Schematic of simple 1D model of radiative transfer through an IRDC, assuming negligible
emission from the IRDC at frequency ν. If independent cores (i.e. localized density maxima) A and B are
both of sufficiently high Σ, then Iν,1 ! Iν,fore " Iν,1,obs(A, B), providing an accurate, empirical estimate of
the foreground intensity to the IRDC.
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Spitzer - IRAC 8µm   (GLIMPSE)

Distance from molecular line 
velocities  -> M(Σ)

(Butler & Tan 2009, 2011; see also Peretto & Fuller 2009; Ragan et al. 2009; Battersby et al. 2010)

MJy sr-1

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

Correct for foreground -> 
Choose nearby clouds.
BT09: analytic model
BT11: observed saturation in 
independent cores

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.
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Massive starless cores
Cores with power law density structure 

They contain many thermal Jeans masses. 
B-fields may be suppressing fragmentation within the core.

nH~105cm-3, B~200μG -> MB~100 M

Magnetic Critical Mass (Bertoldi & McKee 1992)

20Tuesday, November 1, 2011



Strong magnetic fields in star-forming regions 

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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from ~100pc to <1pc scales 
(Hua-bai Li et al. 2009)

the axis-constrained PCA eigenfunctions to show a clear signa-
ture of velocity anisotropy induced by MHD turbulence.

4. THE TAURUS MOLECULAR CLOUD

The Taurus molecular cloud provides a valuable platform to in-
vestigate interstellar gas dynamics and the star formation process,
owing to its proximity (140 pc) and the wealth of complementary
data. Narayanan et al. (2008) present newwide-field imaging ob-
servations of 12CO and 13CO J ¼ 1 0 emission from the cen-
tral 100 deg2 of the Taurus cloud complex, obtained with the
FCRAO 14 m telescope. The images identify a low column den-
sity substrate of gas that contains subtle streaks of elevated 12CO
emission aligned along the local magnetic field direction as de-
termined from stellar polarization measurements (Heiles 2000).
Images of 12CO J ¼ 1 0 integrated intensity and centroid ve-
locity with measured polarization vectors from this subfield are
shown in Figure 3. These show a connection between the density
and velocity fields.While the origin of these streaks is unknown,
their rigorous alignment with the polarization vectors strongly
suggests that the interstellar magnetic field plays a prominent
role in the gas dynamics of this low-density material.

To assess the degree of velocity anisotropy within this sub-
region of the Taurus molecular cloud, we have applied the axis-
constrained PCA method to the 12CO data from this imaging
survey. The precise field is described by the solid box in Figure 3.
We do not consider the 13CO J ¼ 1 0 data, since the signal is
weak from this low column density sector of the cloud. Themean,
local polarization angle, derived from16measurementswithin the
field, is 52" # 10". Assuming that the polarization is induced by
selective absorption of background starlight by magnetically
aligned, elongated dust grains, this angle corresponds to the local
magnetic field direction (Purcell 1979; Draine 2003). Figure 4
shows the variation of the anisotropy indices, !1 and !2, with
position angle (measured east of north) for 12CO data within this
subfield of the Taurus cloud. For!1, which considers the differ-
ences in scaling exponents, the fitted parameters are!0 ¼ 0:49 #
0:03 and !MAX ¼ 41" # 2". For !2, which measures anisotropy
based on the differences of the normalization constants, !0 ¼
0:56 # 0:03 and !MAX ¼ 46" # 2". The angle of maximum an-
isotropy is within 6"–11" of the local magnetic field direction

and the mean position angle of the emission streaks of 12CO
emission. The x- and y-axis structure functions derived at !MAX ¼
46" are shown in Figure 5. These distributions show the same
pattern of offsets between the parallel and perpendicular struc-
ture functions measured in the strong-field simulation snapshots
(B2, B3) shown in Figure 2. For the Taurus field, the power-law
index of the structure function derived from 12CO along the
x-axis (i.e., the direction aligned with the polarization) is steeper
(0:81 # 0:05) than the index of the y-axis structure function
(0:34 # 0:06). The steeper power law along the x-axis is indi-
cative of a velocity field more dominated by large scales. Similar
to the model structure functions in the strong magnetic field
cases, the normalization of the y-axis structure function, v0; y, is
0.08 km s$1 and larger than the value of the x-axis structure func-
tion (v0; x ¼ 0:02 km s$1). Thus, the smooth variation of density
along the presumed magnetic field is mirrored by a smooth vari-
ation in the velocity, and the stronger variation in density in the
perpendicular direction (streakiness) is mirrored by a stronger
variation in the velocity. Indeed, preliminary analysis shows that
in the direction perpendicular to the projected magnetic field,
displacements between the peaks in integrated intensity and ve-
locity centroids are similar with typical values 0.2–0.4 pc.

The results shown in Figures 3, 4, and 5 are suggestive of
velocity anisotropy induced by strong MHD turbulence, as de-
scribed byGS95 and verified by computational simulations (Cho
et al. 2002; Vestuto et al. 2003). We note that the observed spec-
tral slope parallel to the field, "k, is steeper than the value pre-
dicted for incompressibleMHD turbulence byGS95 but is similar
to values derived for the strong-field (B2, B3) simulations. Veloc-
ity anisotropy could be produced by processes other than MHD
turbulence. A systematic flow of material that is ‘‘channeled’’ by
the magnetic field may also generate differences in the parallel
and perpendicular structure functions. Such large-scale gradients
would produce steep spectral indices (" % 1). However, the ob-
served high-frequency variation of velocities perpendicular to
the field is not characteristic of such large-scale shear flows.
Regardless of its origin, the near alignment of the velocity anisot-
ropy with the local magnetic field direction demonstrates the
importance of the interstellar magnetic field to the gas dynamics
within this low-density component of the Taurusmolecular cloud.

Fig. 3.—(Left) Image of 12CO J ¼ 1 0 emission of a subfield within the Taurus molecular cloud integrated over the velocity interval 5.5–7.5 km s$1 and (right)
image of 12CO velocity centroid (Narayanan et al. 2008), with overlay of optical polarization vectors from the compilation by Heiles (2000). The molecular line emis-
sion and velocities exhibit streaks that are aligned along the localmagnetic field direction. The solid line box outlines the area onwhich the axis-constrained PCAmethod is
applied. The dotted-line box shows the area within which the polarization angles are averaged to estimate the mean magnetic field direction.

MAGNETICALLY ALIGNED VELOCITY ANISOTROPY 425No. 1, 2008

Taurus (Heyer et al. 2008)

Strength of B-field vs. Σ 
(Crutcher 2005; 
Falgarone et al. 2008)

Supercritical

Subcritical

Σ = 1 g cm-2
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AV=7.5
A8μm=0.30
NH=1.6x1022cm-2

Σ=180 M pc-2

AV=1.4
NH=3.0x1021cm-2

Σ=34 M pc-2

AV=200
A8μm=8.1
NH=4.2x1023cm-2

Σ=4800 M pc-2nH~2x105cm-3

tff~1x105yr

Butler & Tan 2011

What are the 
pressures where 
massive stars form?

Cores have relatively 
low Σ <1 g cm-2

c.f. Krumholz & McKee (2008) 
theory where fragmentation is 
limited by radiative heating from 
surrounding low-mass protostars.

Σ~10 M pc-2Galactic Disk
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation
(Kratter et al. 2008)

core fragmentation

t=0
protostar
formation

massive
star
m*f>8M

m*=8M

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

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)

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. 2011)

Prestellar core 
mass function?

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

Alves et al. 2007)

A B
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Massive Protostars

Final mass accretion rate

core 
bounded 
by clump 
pressure

MHD 
outflow

Protostellar evolution Disk structure Outflows

r*

m*

Outflow-
confined 

HII Region

MT03, TM, in prep.
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Protostellar Evolution
Radius

Luminosity
protostar+boundary layer+disk 

Ionizing L.

Outflow 
momentum flux
(scaled from Najita & Shu 94)

Total outflow 
momentum

[Tan & McKee 2003; see also 
Hosokawa & Omukai 2009]

Orion KL
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Continuum Radiative Transfer Modeling
Zhang & Tan (2011)

boundary of the core ( 1.18 × 104 AU)

expansion wave front ( 1.02 × 104 AU)

sonic point (2.54 × 103 AU)
diskstar

star

disk

outflow cavity wall

rd = 449 AU

rsub = 5.51 AU

disk scale height
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Radiative 
Transfer 
Models

Zhang &Tan (2011)
see also: 
Robitaille et al. 2006; 
Molinari et al. 2008;
Johnston et al. 2011

Rotation and 
outflow axis 
inclined at 60˚ to 
line of sight.

Σ = 1 g cm-2

Mcore = 60 M⦿ 

m* = 8 M⦿

mdisk = m*/3
Lbol = 6x103 L⦿
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Radiative 
Transfer 
Models

Zhang &Tan (2011)
see also: 
Robitaille et al. 2006; 
Molinari et al. 2008;
Johnston et al. 2011

Rotation and 
outflow axis 
inclined at 60˚ to 
line of sight.

Σ = 1 g cm-2

Mcore = 60 M⦿ 

m* = 8 M⦿

mdisk = m*/3
Lbol = 6x103 L⦿d=1kpc convolved with telescope beam
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Flux Profile along Outflow Axis
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SEDs
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G35.2N 
d=2.3 kpc
LMIR~1.6x103L⦿ 
(De Buizer 2006)

Mid IR Emission from the Outflow Cavity
Gemini-T-ReCS

4

Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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. 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. 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

a 18µm 11.7µm
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Fig. 1.—The region of G35.20!0.74 in false color as seen at (a) 11.7 mm and (b) 18.3 mm with T-ReCS. Plus signs in (b) show the locations of individual
MIR sources at 11.7 mm and are numbered by increasing right ascension. The plus sign in (a) shows the 18.3 mm location of source 3, which is not seen at
11.7 mm. The origin is the location of the radio continuum source G35.2N, R.A.p 18h58m13s.033, decl. p "01!40!36".14 (J2000) (A. G. Gibb 2006, private
communication).

limit of 41 mJy arcsec!2 at 11.7 mm and 283 mJy arcsec!2 at
18.3 mm. Sources 1, 2, and 10 are seen at 11.7 mm but not at
18.3 mm, and source 3 is seen at 18.3 mm but not 11.7 mm.
Source 4 is marginally detected at 18.3 mm. The remaining
sources are detected at both wavelengths and are mostly knots
of emission associated with the MIR monopolar jet of
G35.20!0.74. The origin of Figure 1 is the expected location
of the outflow source itself. This source is a B2.6 star (as
derived from the 8.5 GHz flux density of Gibb et al. [2003]
and using the method described in De Buizer et al. [2005])
that can be seen as an ultracompact H ii region in the radio
and has been dubbed G35.2N.

3.1. Relations to Radio Continuum and NIR Emission

The MIR images were registered with respect to the NIR K
and L′ images of Fuller et al. (2001). Very accurate relative
astrometry (!0".15) was achieved because of the presence of
three compact MIR sources (1, 2, and 4) that are also present
in the K and/or L′ images. The absolute astrometry of the NIR
images (and, consequently, the MIR images) comes from
matching up NIR point sources with their optical counterparts
found in the USNO-B1.0 astrometric catalog. The estimates of
the 1 j absolute uncertainty in these coordinates are 0".3 for
right ascension and 0".1 for declination.
Figure 2a shows the K emission (white contours) overlaid

on the 11.7 mm image, and Figure 2b shows the L′ emission
(gray contours) overlaid on the 18.3 mm image. The L′ emission
from the jet looks very similar to what is seen in the MIR.
The K emission appears to be dominated more by the material
in the north, farther along the outflow axis, with very little
emission down near the outflow source itself. The convex struc-
ture seen in the NIR breaks up into separate MIR components
(knots 5 and 8) and therefore is probably not a bow shock as
implied by Fuller et al. (2001).
The L′ images of Fuller et al. (2001) show what they claim

is weak NIR emission from the southern jet of G35.20!0.74

(see Fig. 2b). Interestingly, this emission is extremely weak at
K, bright at L′, and not detected at 11.7 mm, but it is present
at 18.3 mm (source 3 in Fig. 1).
The MIR images were also registered with respect to the

high-resolution 8.5 GHz radio continuum images of Gibb et
al. (2003) (Fig. 2a, gray contours) and with the low-resolution
15 GHz radio continuum image of Heaton & Little (1988)
(Fig. 2b, white contours). The 1 j relative astrometric error
between the MIR and radio continuum images is estimated to
be 0".34 in right ascension and 0".18 in declination. The MIR
and NIR images and contours shown in Figure 2 have been
shifted "0s.023 ("0".35) in right ascension to place G35.2N on
the infrared outflow axis (this is approximately the estimated
1 j astrometric uncertainty).
In Figure 2b, it can be seen that the overall extent of the

northern radio lobe is comparable to that of the MIR emission.
There is also considerable MIR emission coming from the cen-
tral radio continuum–emitting region near the outflow source;
however, there is no MIR emission from the southern radio
peaks. G35.2N is also the location of one of the two millimeter
peaks (Gibb et al. 2003) in this region (Fig. 2b, plus signs).
The two northernmost radio knots lie close to, but are not

exactly coincident with, MIR sources 6 and 7. For these knots,
the radio and the MIR may be tracing slightly different emitting
regions within the knots themselves.

3.2. Nature of the Mid-Infrared Emission

MIR emission from outflows has been detected previously
(e.g., Noriega-Crespo 2004); however, these outflows have
been claimed to be dominated by shock lines of H2 contained
within the filters used. For the observations presented here,
there are no H2 lines within the bandpass of either the 11.3 or
the 18.3 mm filter. There is a possibility that there may be some
contribution to the emission at 11.7 mm because of PAH emis-
sion; however, this is not a concern at 18.3 mm. The steeply
rising spectral slope from L′ to 18.3 mm of the narrow, elongated
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Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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. 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

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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Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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

b

!"#$%&'"(#)**+

!"#$%&'"(#)**+

!"#$%&'&$()*+,*-*./.0*123.*420456,+/.*.7-185.*
29*:;<*.1+,,+20*9321*-0*26=952>?*02=*-*@+,AB

C <.-55D*@6,=*420=+0661*23*@2.,*5+0.*.1+,,+20*
@21+0-=.*=E.*:;<*.1+,,+20*9321*=E+,*,2634.F

!"#$%&
'()#*%+%&,-.%

,%-./012

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,
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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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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. 1.—The region of G35.20!0.74 in false color as seen at (a) 11.7 mm and (b) 18.3 mm with T-ReCS. Plus signs in (b) show the locations of individual
MIR sources at 11.7 mm and are numbered by increasing right ascension. The plus sign in (a) shows the 18.3 mm location of source 3, which is not seen at
11.7 mm. The origin is the location of the radio continuum source G35.2N, R.A.p 18h58m13s.033, decl. p "01!40!36".14 (J2000) (A. G. Gibb 2006, private
communication).

limit of 41 mJy arcsec!2 at 11.7 mm and 283 mJy arcsec!2 at
18.3 mm. Sources 1, 2, and 10 are seen at 11.7 mm but not at
18.3 mm, and source 3 is seen at 18.3 mm but not 11.7 mm.
Source 4 is marginally detected at 18.3 mm. The remaining
sources are detected at both wavelengths and are mostly knots
of emission associated with the MIR monopolar jet of
G35.20!0.74. The origin of Figure 1 is the expected location
of the outflow source itself. This source is a B2.6 star (as
derived from the 8.5 GHz flux density of Gibb et al. [2003]
and using the method described in De Buizer et al. [2005])
that can be seen as an ultracompact H ii region in the radio
and has been dubbed G35.2N.

3.1. Relations to Radio Continuum and NIR Emission

The MIR images were registered with respect to the NIR K
and L′ images of Fuller et al. (2001). Very accurate relative
astrometry (!0".15) was achieved because of the presence of
three compact MIR sources (1, 2, and 4) that are also present
in the K and/or L′ images. The absolute astrometry of the NIR
images (and, consequently, the MIR images) comes from
matching up NIR point sources with their optical counterparts
found in the USNO-B1.0 astrometric catalog. The estimates of
the 1 j absolute uncertainty in these coordinates are 0".3 for
right ascension and 0".1 for declination.
Figure 2a shows the K emission (white contours) overlaid

on the 11.7 mm image, and Figure 2b shows the L′ emission
(gray contours) overlaid on the 18.3 mm image. The L′ emission
from the jet looks very similar to what is seen in the MIR.
The K emission appears to be dominated more by the material
in the north, farther along the outflow axis, with very little
emission down near the outflow source itself. The convex struc-
ture seen in the NIR breaks up into separate MIR components
(knots 5 and 8) and therefore is probably not a bow shock as
implied by Fuller et al. (2001).
The L′ images of Fuller et al. (2001) show what they claim

is weak NIR emission from the southern jet of G35.20!0.74

(see Fig. 2b). Interestingly, this emission is extremely weak at
K, bright at L′, and not detected at 11.7 mm, but it is present
at 18.3 mm (source 3 in Fig. 1).
The MIR images were also registered with respect to the

high-resolution 8.5 GHz radio continuum images of Gibb et
al. (2003) (Fig. 2a, gray contours) and with the low-resolution
15 GHz radio continuum image of Heaton & Little (1988)
(Fig. 2b, white contours). The 1 j relative astrometric error
between the MIR and radio continuum images is estimated to
be 0".34 in right ascension and 0".18 in declination. The MIR
and NIR images and contours shown in Figure 2 have been
shifted "0s.023 ("0".35) in right ascension to place G35.2N on
the infrared outflow axis (this is approximately the estimated
1 j astrometric uncertainty).
In Figure 2b, it can be seen that the overall extent of the

northern radio lobe is comparable to that of the MIR emission.
There is also considerable MIR emission coming from the cen-
tral radio continuum–emitting region near the outflow source;
however, there is no MIR emission from the southern radio
peaks. G35.2N is also the location of one of the two millimeter
peaks (Gibb et al. 2003) in this region (Fig. 2b, plus signs).
The two northernmost radio knots lie close to, but are not

exactly coincident with, MIR sources 6 and 7. For these knots,
the radio and the MIR may be tracing slightly different emitting
regions within the knots themselves.

3.2. Nature of the Mid-Infrared Emission

MIR emission from outflows has been detected previously
(e.g., Noriega-Crespo 2004); however, these outflows have
been claimed to be dominated by shock lines of H2 contained
within the filters used. For the observations presented here,
there are no H2 lines within the bandpass of either the 11.3 or
the 18.3 mm filter. There is a possibility that there may be some
contribution to the emission at 11.7 mm because of PAH emis-
sion; however, this is not a concern at 18.3 mm. The steeply
rising spectral slope from L′ to 18.3 mm of the narrow, elongated
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Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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. 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. 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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Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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

b

!"#$%&'"(#)**+

!"#$%&'"(#)**+

!"#$%&'&$()*+,*-*./.0*123.*420456,+/.*.7-185.*
29*:;<*.1+,,+20*9321*-0*26=952>?*02=*-*@+,AB

C <.-55D*@6,=*420=+0661*23*@2.,*5+0.*.1+,,+20*
@21+0-=.*=E.*:;<*.1+,,+20*9321*=E+,*,2634.F

!"#$%&
'()#*%+%&,-.%

,%-./012

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. 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

a 18µm 11.7µm

37μm
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Fig. 1.—The region of G35.20!0.74 in false color as seen at (a) 11.7 mm and (b) 18.3 mm with T-ReCS. Plus signs in (b) show the locations of individual
MIR sources at 11.7 mm and are numbered by increasing right ascension. The plus sign in (a) shows the 18.3 mm location of source 3, which is not seen at
11.7 mm. The origin is the location of the radio continuum source G35.2N, R.A.p 18h58m13s.033, decl. p "01!40!36".14 (J2000) (A. G. Gibb 2006, private
communication).

limit of 41 mJy arcsec!2 at 11.7 mm and 283 mJy arcsec!2 at
18.3 mm. Sources 1, 2, and 10 are seen at 11.7 mm but not at
18.3 mm, and source 3 is seen at 18.3 mm but not 11.7 mm.
Source 4 is marginally detected at 18.3 mm. The remaining
sources are detected at both wavelengths and are mostly knots
of emission associated with the MIR monopolar jet of
G35.20!0.74. The origin of Figure 1 is the expected location
of the outflow source itself. This source is a B2.6 star (as
derived from the 8.5 GHz flux density of Gibb et al. [2003]
and using the method described in De Buizer et al. [2005])
that can be seen as an ultracompact H ii region in the radio
and has been dubbed G35.2N.

3.1. Relations to Radio Continuum and NIR Emission

The MIR images were registered with respect to the NIR K
and L′ images of Fuller et al. (2001). Very accurate relative
astrometry (!0".15) was achieved because of the presence of
three compact MIR sources (1, 2, and 4) that are also present
in the K and/or L′ images. The absolute astrometry of the NIR
images (and, consequently, the MIR images) comes from
matching up NIR point sources with their optical counterparts
found in the USNO-B1.0 astrometric catalog. The estimates of
the 1 j absolute uncertainty in these coordinates are 0".3 for
right ascension and 0".1 for declination.
Figure 2a shows the K emission (white contours) overlaid

on the 11.7 mm image, and Figure 2b shows the L′ emission
(gray contours) overlaid on the 18.3 mm image. The L′ emission
from the jet looks very similar to what is seen in the MIR.
The K emission appears to be dominated more by the material
in the north, farther along the outflow axis, with very little
emission down near the outflow source itself. The convex struc-
ture seen in the NIR breaks up into separate MIR components
(knots 5 and 8) and therefore is probably not a bow shock as
implied by Fuller et al. (2001).
The L′ images of Fuller et al. (2001) show what they claim

is weak NIR emission from the southern jet of G35.20!0.74

(see Fig. 2b). Interestingly, this emission is extremely weak at
K, bright at L′, and not detected at 11.7 mm, but it is present
at 18.3 mm (source 3 in Fig. 1).
The MIR images were also registered with respect to the

high-resolution 8.5 GHz radio continuum images of Gibb et
al. (2003) (Fig. 2a, gray contours) and with the low-resolution
15 GHz radio continuum image of Heaton & Little (1988)
(Fig. 2b, white contours). The 1 j relative astrometric error
between the MIR and radio continuum images is estimated to
be 0".34 in right ascension and 0".18 in declination. The MIR
and NIR images and contours shown in Figure 2 have been
shifted "0s.023 ("0".35) in right ascension to place G35.2N on
the infrared outflow axis (this is approximately the estimated
1 j astrometric uncertainty).
In Figure 2b, it can be seen that the overall extent of the

northern radio lobe is comparable to that of the MIR emission.
There is also considerable MIR emission coming from the cen-
tral radio continuum–emitting region near the outflow source;
however, there is no MIR emission from the southern radio
peaks. G35.2N is also the location of one of the two millimeter
peaks (Gibb et al. 2003) in this region (Fig. 2b, plus signs).
The two northernmost radio knots lie close to, but are not

exactly coincident with, MIR sources 6 and 7. For these knots,
the radio and the MIR may be tracing slightly different emitting
regions within the knots themselves.

3.2. Nature of the Mid-Infrared Emission

MIR emission from outflows has been detected previously
(e.g., Noriega-Crespo 2004); however, these outflows have
been claimed to be dominated by shock lines of H2 contained
within the filters used. For the observations presented here,
there are no H2 lines within the bandpass of either the 11.3 or
the 18.3 mm filter. There is a possibility that there may be some
contribution to the emission at 11.7 mm because of PAH emis-
sion; however, this is not a concern at 18.3 mm. The steeply
rising spectral slope from L′ to 18.3 mm of the narrow, elongated

10μm
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Figure 2: (a) Left: Analytic Core Accretion Model of massive star formation 
(McKee &  Tan 2003; Zhang & Tan 2011).  A fiducial 60M! core is collapsing 
from the inside-out, via an expansion wave, rotating supersonic infall region and accretion disk. The outflow cavity is shown 
as the unshaded region, with opening angle of 51˚. The inset shows the inner region, where the rotating infall envelope joins 
the disk. The darker shaded region of the disk shows a thickness of 1 scaleheight, calculated given the accretion rate of 
~2!10-4M!yr-1 to the 8M! protostar.  (b) Top Right: Model image at 18µm at 0.5” resolution (on the same scale as Fig. 1a), 

with northern outflow axis inclined towards us at 60˚ to the line of sight. Peak flux per beam is indicated in the top right. 
Color scale shows flux density relative to this peak. (c) Bottom Right: As for (b), now at 450µm (ALMA Band 9), with 0.23” 
resolution. Peak flux density is equivalent to 355mJy/beam.

18µm

450µm

Figure 1: The relative simplicity of 
G35.2N (adapted from De Buizer 
2006). (a) Left panel: 18µm emission 
(false color; Gemini-T-ReCS) overlaid 
with 15GHz emission (contours; 
Heaton & Little 1988, A&A, 195, 193) 
tracing the bipolar outflow from this 
massive protostar. MIR light only 
reaches us via the near-side, 
blueshifted outflow cavity. Blue and 
redshifted CO(3-2) emission 
approximately following this geometry 
has been reported by Gibb et al. 
(2003). The circle shows the 0.1pc 
diameter fiducial core of MT03 (see 
Fig. 2a). This also happens to be the 
approximate size of the FOV of our 
proposed ALMA observations. 
(b) Right panel: Zoom-in towards the 
protostar: 11.7µm emission (false 
color; Gemini-T-ReCS) at 0.35” 
resolution. Superposed are L’ 
continuum (white contours; Fuller et 
al. 2001, ApJ, 555, 125) and high 
resolution 8.5GHz continuum (black contours; Gibb et al. 2003; the strong source defines [0,0], the presumed location of the 
protostar). OH masers (asterisks;  Hutawarakorn & Cohen 1999, MNRAS, 303, 845), water masers (crosses; Forster & 
Caswell 1989, A&A, 213, 339) and methanol masers (large plus signs; Gibb, priv. comm.) are shown. Astrometric uncertainty 
between MIR and radio is shown by the error bars in the lower right. We propose to use ALMA to image 450µm continuum and 
line emission in a ~9” FOV, resolving structures with sizes between 0.23” and 1.5”, especially searching for the accretion disk.
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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

b
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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. 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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SED of G35.2N

fiducial model

fiducial model x7

Σ=0.3 g cm-2 model

Σ=0.3 g cm-2 model x7
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Flux Profile Along 
Outflow Axis
For fiducial model (solid 
lines) at 2.3kpc, 
convolved with IRAC and 
SOFIA beams.
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Flux Profile Along 
Outflow Axis
For fiducial model (solid 
lines) at 2.3kpc, 
convolved with IRAC and 
SOFIA beams.

Triangles show the 
observed profiles.

Galactic bkg.

Significant 
excess

37Tuesday, November 1, 2011



Flux Profile Along 
Outflow Axis
For fiducial model (solid 
lines) at 2.3kpc, 
convolved with IRAC and 
SOFIA beams.

Triangles show the 
observed profiles.

Dashed lines show Σ = 
0.3 g cm-2 model.

Galactic bkg.

Significant 
excess
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Including Dusty Outflow May Help 
Resolve the Discrepancy

boundary of the core ( 1.18 × 104 AU)

expansion wave front ( 1.02 × 104 AU)
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diskstar

boundary of the core ( 1.18 × 104 AU)

expansion wave front ( 1.02 × 104 AU)
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diskstar
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G35.2N is not alone
– 24 –

Fig. 5.— Grey scale: TIMMI2 10.4 µm emission. Contours: 8.6 GHz radio emission. The

cross marks the position of the OH maser associated with the central source. There is strong

10.4 µm emission associated with the central source and more diffuse emission associated

with the Inner-East lobe.

IRAS 16562-3959
Guzmán et al. (2010)

10μm

8.6GHz

A number of other ionized HCHIIs seen in nearby sources 
(e.g. van der Tak & Menten 2005; Guzmán et al. 2010)

4

Feasibility: Total requested time: 7.5 hours. All SITE estimates below assume that our objects are on-chip 
all of the time. Since our sources are extended <30”, we can fit  all four chop-nod images on the 
FORCAST field of view, employing a chop of 30” and a nod perpendicular to the chop of 30”.
 G35.20-0.74 (d=2.3kpc) The integrated flux density at  12µm is 3Jy and at 18µm is 47Jy. Fitting a 
Planck function and deriving a temperature and optical depth, we get T=100K. Extrapolating we expect 
~122Jy at  24.2µm, ~94Jy at 31.5µm, and ~76Jy at 37.1µm. The radiative transfer calculations of Fig. 2 
suggest  these may be lower limits to the long wavelength flux (e.g. see SED of 60˚ inclination model). 
However, our main concern is to detect the counter-jet emission. It  has an observed flux density at 
18.6µm of ~24 mJy arcsec-2 (based on a short exposure with T-ReCS [De Buizer] that  yielded a S/N~4). 
Scaling by the integrated flux density values above, we expect ~62, 48, 39mJy arcsec-2 at 24.2, 31.5, 
37.1µm, respectively. The SITE time calculator for FORCAST  estimates we can achieve a S/N of 10 on 
this in 12, 56, 200min, respectively, in single channel mode to maximize sensitivity. However, the scaling 
employed in this estimate will only give us a lower limit on the true surface brightness of the counter-jet 
because it is highly embedded and should rise more steeply in brightness at  longer wavelengths than the 
source as a whole. On the other hand, we would also like to search deeper at these longer wavelengths to 
map out the extended emission from the counter-jet which we are trying to model, and since we are not 
sure exactly how much brighter the source may be at  these longer wavelengths, we will ask for the 
exposure times calculated above to be conservative. The above SITE values assumes that our object is on-
chip all of the time. Since our source has a size of 10”x20”, we should be able to comfortably fit all four 
chop-nod images on the FORCAST field of view, employing a chop of 30” and a nod perpendicular to the 
chop of 30”. We will also carry out short  (overhead limited) observations in dual modes 11.3µm/31.5µm 
and 19.7µm/37.1µm, estimating 2min each, to give exact registration of the images at these wavelengths. 
Totaling the above values leads to an estimate of ~272 minutes of observing time, or 4.5hrs.
 NGC7538 IRS1 (d=2.8kpc) Has a MIR outflow extending ~6”. Thus we will barely resolve the 
emission (resolution at  37.1µm is ~5.0”). The source is bright at 12µm (130Jy) and 18µm (235Jy). 
Modeling as for G35, we estimate IRS1 has a flux density ~182Jy at 24.2µm, ~68Jy at  31.5µm, and ~38Jy 
at  37.1µm. Assuming a point source, we achieve a S/N of 10 in <1min in each filter. However, we expect 
the source is extended in its longer wavelength emission from cooler dust. Given the uncertainty in the 
extent  and brightness of such emission, we request a “reasonable” amount of time on this source: as the 
longest  flight legs will be ~45min in Basic Science, we request 12min in each of the three filters, plus 
time for the 2min dual mode observations to fill in a full flight leg. Total time request is 40min (0.7 hrs).
 IRAS 20126+4104 (d=1.7kpc) The integrated flux density at 12µm is 1.9Jy and at  18µm is 24Jy. 
Extrapolating as above, we expect  ~51Jy at 24.2µm, ~38Jy at 31.5µm, and ~31Jy at  37.1µm. 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 arcsec-2. 
Scaling as above, we estimate 210, 150, 130mJy arcsec-2 at  24.2, 31.5, 37.1µm, respectively. According to 
SITE, we reach these in ~2, 6, 20min, respectively, at S/N of 10.  Thus, we can observe this source in  the 
3 filters in ~30mins. Including dual mode observations, we request a full flight leg of ~40mins (0.7 hrs).
 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. Using similar modeling as for the other sources, and 
extrapolating from the extended emission surface brightness from Spitzer 8µm images, 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  5, 10, 30min, 
respectively. Including the time for dual mode observations, this equates to ~50min total (0.85hrs).
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IRS7

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.
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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 5j, 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 5j, 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: (a) Left: 
N G C 7 5 3 8 I R S 1 a t 
18.3µm (De Buizer & 
M i n i e r 2 0 0 5 ) ; ( b ) 
M i d d l e : I R A S 
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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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

Massive star formation: 
• Sometimes appears to be a scaled-up version of low-mass star 
formation: massive starless cores, ordered B-fields, rotating toroids, 
some claims of disks, collimated outflows & outflow-confined HII 
regions.
• “Core Accretion Model” invokes turbulent/magnetic support of 
rare, massive cores & ~pressure equilibrium w/ surrounding clump. 
• Fragmentation inside core may be limited by B-fields, rather than 
radiative heating. 
• Detailed Radiative Transfer modeling and comparison to MIR/FIR 
observations, including SOFIA-FORCAST, can provide powerful 
constraints on the Core Accretion model. 

Star Cluster Formation: 
• SFE per free-fall time from turbulent gas is low, ~few%. 
• Formation of “rich”, bound (total SFE >20%) star clusters should 
take many free-fall times, i.e. >~1Myr. 
• Clump reaches ~equilibrium; turbulence maintained by outflows.
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Abstract: I discuss the curious nature of the nearest massive protostar, source I in the Orion Nebula Cluster. Its 

current explosive activity is intimately connected to the Becklin Negebauer (BN) object, a runaway B star. I 

review the latest evidence that the system that dynamically ejected BN is the 1C binary system (Tan 2004; 

2008): it satisfies several independent properties required by this scenario and the likelihood these are satisfied 

by chance is only ~10-4. If one accepts this ejection scenario, then many properties of the source I protostar 

become easy to understand, especially the 1000 year timescale of its “explosive” inner outflow cause by tidal 

triggering of enhanced accretion by close passage of BN. For typical disk viscosities, I estimate how close BN 

passed by source I, and thus the angle by which it was deflected.

We (Testi, Tan, Palla 2010) have attempted to characterize the nature of source I via its reflected NIR spectrum, 

which escapes along the “explosive” outflow cavity axis aligned NW to SE. The relatively narrow velocity 

dispersion of CO band-head absorption features is consistent with emission from a very active (~10-3M/yr) 

accretion disk around a ~10M star. 

!Cluster frame proper motions of BN (Gomez et al. 2008; Tan 

2008) and !1C (van Altena et al. 1988), tracing back to a 

common origin about 4500 years ago, shown by the cross. 

!

!
Top: (Testi et al. 2010) 2MASS Ks image of Orion BN/KL region showing 

positions of regions a,b,c. Bottom: Example VLT ISAAC spectrum of 

region c (a & b are similar) showing CO absorption (black solid) and best 

fit model (red dashed). The velocity dispersion is ~30 km/s, consistent 

with an active accretion disk model, but not the photosphere of a 

massive star rotating at break-up.
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Which system ejected BN?
Dynamical ejection of a massive runaway star, such as BN 
(~8Msun), must leave behind a recoiling, tight, binary with 
massive secondary. Assume the progenitor triple system 
was an ONC member with !1D=0.35 mas/yr (0.7km/s). If 
"1C, with total mass 55Msun, was the progenitor, then it is 
expected to satisfy the following properties:

Cluster-frame 
proper motion 
recoil direction

P.A.=152.5˚
±10˚

P.A.=142.4˚±4˚ 
(van Altena et 

al. 1988)
0.060

Cluster-frame 
proper motion 

amplitude
2.25±0.4mas/yr

2.3±0.2mas/yr
(van Altena et 

al. 1988)
0.29

Cluster-frame 
radial velocity 

amplitude
-2.2±1km/s

-2.5±1km/s
(Kraus et al. 

2009)
0.18

Massive 
secondary

#mBN=8±1Msun

8.8±2Msun

(Kraus et al. 
2009)

2 out of 5 
ONC stars 

with sufficient 
primary mass

Orbital binding 
energy

~few x KEBN

(KEBN =8x1046erg)

1.6x1047erg
(Kraus et al. 

2009)
~<0.5

Eccentricity of 
secondary

>>0
0.59±0.07

(Kraus et al. 
2009)

~<0.5

Physical property   Expected value   Observed value  Chance likelihood

Combined probability of satisfying these 6 criteria by chance ~<3.1x10-4

Conclusion: BN was ejected by "1C

Source I protostar has responded with enhanced accretion & 
outflow (Allen & Burton 1993) in <~500 years to the perturbation of 
the close passage of BN. Given maximal disk viscosities, we expect 
only gas with orbital times <500 yr around source I could have 
responded in this way, i.e. with r<140 (mI/10Msun)1/3AU. Thus closest 
approach of BN with source I should have been <~300 AU to 
significantly perturb disk potential on these scales. Thus BN would 
have been deflected by >~4˚, which may need to be accounted for 

when assessing past coincidence with "1C based on BN’s proper 
motion. This scenario may also lead to source I acquiring an 
enhanced cluster-frame proper motion.

Constraining source I from NIR 
reflected spectra
NIR light, presumably from source I, escapes along the 
outflow cavity aligned NW-SE (Minchin et al. 1991). Some 
of this light is scattered towards us by dust, and the 
spectrum can be used to constrain properties of the 
protostar. 

Morino et al. (1998) carried out such an analysis, deriving relatively 
cool photospheric temperatures, which if emitted by a massive 
protostar, would require a very large size (~300 Rsun). Such sizes 
may be achieved if the average accretion rate is >~4x10-3Msun/yr 
(Hosokawa & Omukai 2009), much larger than expected from the 
Turbulent Core Model (McKee & Tan 2003). Alternatively, the large 
size may indicate the star is rotating close to break-up, which would 
predict large rotational broadening of the spectral features.

We (Testi et al. 2010) expect disk emission is a much more likely 
source of the NIR light, and we have confirmed this with simple 
protostar + disk models. We have observed the NIR reflection 
spectrum with higher spectral resolution than Morino et al., finding 
1D velocity dispersions of ~<30 km/s. Such relatively narrow 
profiles constrain the disk models: a 10Msun protostar with a large 
current accretion rate of ~few x10-3Msun/yr is favored. Such a large 
accretion rate may be the result of the recent perturbation of the 
disk by close passage of BN. 

Morino, J.-I. et al. 1998, Nature, 393, 340

Tan, J. C. 2004, ApJ, 607, L47

Tan, J. C. 2008, arXiv0807.3771

Testi, L., Tan, J. C., Palla, F. 2010, A&A, submitted 

van Altena, W. F. et al. 1988, AJ, 95, 1744 

Close passage of 
BN within ~300 AU 
of the KL protostar 
(source I), 500 years 
ago, would have 
tidally perturbed the 
accretion disk, 
enhanced accretion, 
and thus enhanced 
the outflow (Tan 
2004, 2008).
 
cf. Bally & Zinnecker 
(2005), who argue 
for ejection of BN 
from source I.
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Constraining source I from reflected NIR spectra
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positions of regions a,b,c. Bottom: Example VLT ISAAC spectrum of 

region c (a & b are similar) showing CO absorption (black solid) and best 

fit model (red dashed). The velocity dispersion is ~30 km/s, consistent 

with an active accretion disk model, but not the photosphere of a 

massive star rotating at break-up.
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Which system ejected BN?
Dynamical ejection of a massive runaway star, such as BN 
(~8Msun), must leave behind a recoiling, tight, binary with 
massive secondary. Assume the progenitor triple system 
was an ONC member with !1D=0.35 mas/yr (0.7km/s). If 
"1C, with total mass 55Msun, was the progenitor, then it is 
expected to satisfy the following properties:

Cluster-frame 
proper motion 
recoil direction

P.A.=152.5˚
±10˚

P.A.=142.4˚±4˚ 
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al. 1988)
0.060
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amplitude
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0.29

Cluster-frame 
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0.18

Massive 
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energy

~few x KEBN

(KEBN =8x1046erg)
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~<0.5

Eccentricity of 
secondary

>>0
0.59±0.07

(Kraus et al. 
2009)

~<0.5

Physical property   Expected value   Observed value  Chance likelihood

Combined probability of satisfying these 6 criteria by chance ~<3.1x10-4

Conclusion: BN was ejected by "1C

Source I protostar has responded with enhanced accretion & 
outflow (Allen & Burton 1993) in <~500 years to the perturbation of 
the close passage of BN. Given maximal disk viscosities, we expect 
only gas with orbital times <500 yr around source I could have 
responded in this way, i.e. with r<140 (mI/10Msun)1/3AU. Thus closest 
approach of BN with source I should have been <~300 AU to 
significantly perturb disk potential on these scales. Thus BN would 
have been deflected by >~4˚, which may need to be accounted for 

when assessing past coincidence with "1C based on BN’s proper 
motion. This scenario may also lead to source I acquiring an 
enhanced cluster-frame proper motion.

Constraining source I from NIR 
reflected spectra
NIR light, presumably from source I, escapes along the 
outflow cavity aligned NW-SE (Minchin et al. 1991). Some 
of this light is scattered towards us by dust, and the 
spectrum can be used to constrain properties of the 
protostar. 

Morino et al. (1998) carried out such an analysis, deriving relatively 
cool photospheric temperatures, which if emitted by a massive 
protostar, would require a very large size (~300 Rsun). Such sizes 
may be achieved if the average accretion rate is >~4x10-3Msun/yr 
(Hosokawa & Omukai 2009), much larger than expected from the 
Turbulent Core Model (McKee & Tan 2003). Alternatively, the large 
size may indicate the star is rotating close to break-up, which would 
predict large rotational broadening of the spectral features.

We (Testi et al. 2010) expect disk emission is a much more likely 
source of the NIR light, and we have confirmed this with simple 
protostar + disk models. We have observed the NIR reflection 
spectrum with higher spectral resolution than Morino et al., finding 
1D velocity dispersions of ~<30 km/s. Such relatively narrow 
profiles constrain the disk models: a 10Msun protostar with a large 
current accretion rate of ~few x10-3Msun/yr is favored. Such a large 
accretion rate may be the result of the recent perturbation of the 
disk by close passage of BN. 

Morino, J.-I. et al. 1998, Nature, 393, 340
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Tan, J. C. 2008, arXiv0807.3771
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NIR light from source I escapes along 
the outflow cavity aligned NW-SE 
(Minchin et al. 1991). Some of this light 
is scattered towards us by dust, and 
the spectrum can be used to constrain 
properties of the protostar. 

Morino et al. (1998) found Tphot ~4000K 

If from a massive protostar, requires 
large size (~300 Rsun). Such sizes can be 
achieved if the average accretion rate is 
>~4x10-3Msun/yr (Hosokawa & Omukai 
2009), >> than expected from the Core 
Accretion Model (McKee & Tan 2003). 

Or, the large size may indicate the star is 
rotating close to break-up, which would 
predict large rotational broadening of 
the spectral features.

We observed the NIR reflection spectrum with the 
VLT at higher spectral resolution than Morino et al., 
finding 1D velocity dispersions of ~<30 km/s. 

We expect most NIR emission comes from the disk. 

The narrow profiles constrain protostar + disk 
models: a 10Msun protostar with a large current 
accretion rate of ~few x10-3Msun/yr is favored. Such a 
large accretion rate may be the result of the recent 
perturbation of the disk by close passage of BN. 
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