
The Birth and Influence of Massive Stars

Paola Caselli (Leeds), 
Francesco Fontani (IRAM), 
Izaskun Jimenez-Serra (CfA), 
Mark Krumholz (UCSC), 
Christopher McKee (UCB), 
Francesco Palla (Arcetri), 
Jan Staff (LSU), 
Leonardo Testi (ESO), 
Barbara Whitney (SSI)

Michael Butler, 
Audra Hernandez, 

Bo Ma, 
Yichen Zhang

Sven Van Loo, 
Peter Barnes, 

Elizabeth Lada
Charlie Telesco

Orion Nebula Cluster (VLT; JHK) (McCaughrean)IR Dark Cloud Ext. Map G28.37 (Spitzer/GLIMPSE) (Butler & Tan)

Jonathan Tan
(University of Florida)

Tuesday, October 19, 2010



Outline
• Physical properties of massive star-forming regions

• Theoretical scenarios - core accretion, competitive accretion, 

mergers, etc.

• The “Turbulent Core Accretion” Model

• Initial conditions: IRDCs; how are they generated? Does the 

clump reach pressure equilibrium? Timescale of star cluster 

formation? Collapse of the core: fragmentation? 

• Massive protostars: star, disk, outflow formation and 

evolution. Radiative transfer modeling.

• Feedback: outflows, ionization, rad. pressure. On core & 

clump.
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Overview of 
Physical Scales

AV=7.5

A8!m=0.30
NH=1.6x1022cm-2

!=180 M
!
 pc-2

AV=1.4

NH=3.0x1021cm-2

!=34 M
!
 pc-2

AV=200

A8!m=8.1
NH=4.2x1023cm-2

!=4800 M
!
 pc-2nH~2x105cm-3

tff~1x105yr

SSCs in dwarf i
rre

gulars

(K. Johnson, K
obulnicky, J

. Turner e
t a

l.)

These are the 
environments where 
massive stars form: 
can we scale-up 
low-mass SF theory?
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation

core fragmentation

t=0
protostar
formation

massive

star
m*f>8M

!

m*=8M
!

pre-massive-stellar core massive-star-forming core

massive-protostar (MP)LIMP-MP

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

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

Radiation pressure likely to 
prevent accretion of dusty, 
unbound gas (e.g. Edgar & 
Clarke 2004)
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation

core fragmentation

t=0
protostar
formation

massive

star
m*f>8M

!

m*=8M
!

pre-massive-stellar core massive-star-forming core

massive-protostar (MP)LIMP-MP

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

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

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

Core continues to accrete from clumpEvolution from 
magnetically 

subcritical state?
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Overview of 
Physical Scales

AV=7.5

A8!m=0.30
NH=1.6x1022cm-2

!=180 M
!
 pc-2

AV=1.4

NH=3.0x1021cm-2

!=34 M
!
 pc-2

AV=200

A8!m=8.1
NH=4.2x1023cm-2

!=4800 M
!
 pc-2nH~2x105cm-3

tff~1x105yr

Turbulent Core Model of 
Individual Massive Star Formation
(McKee & Tan 2003)
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Mid-IR Extinction Mapping of Infrared Dark Clouds

16’

Spitzer - IRAC 8µm
(GLIMPSE)

(Butler & Tan 2009; see also Peretto & Fuller 2009; Ragan et al. 2009)

MJy sr-1

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

16’

Spitzer - IRAC 8µm
(GLIMPSE)

Extinction map to derive !

Distance from molecular line 
velocities (GRS)   -> M(!)

(Butler & Tan 2009; see also Peretto & Fuller 2009; Ragan et al. 2009)

MJy sr-1

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

Correct for foreground 
emission - tricky-> choose 
nearby clouds

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

16’

Spitzer - IRAC 8µm
(GLIMPSE)

Extinction map to derive !

Distance from molecular line 
velocities (GRS)   -> M(!)

(Butler & Tan 2009; see also Peretto & Fuller 2009; Ragan et al. 2009)

MJy sr-1

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

Correct for foreground 
emission - tricky-> choose 
nearby clouds

g cm-2

G28.37+00.07
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Application to Filamentary IRDCs

3’

I8!m (MJy sr-1) " (g cm-2)

G035.39!00.33

Comparison to mm dust emission (Rathborne et al. 
2006) and 13CO and C18O line emission (Hernandez & 
Tan, submitted), give agreements at ~factor of 2 level
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Formation of IRDCs
Some evidence that filamentary IRDCs are not yet virialized:

Extended SiO emission along one IRDC
(Jimenez-Serra et al. 2010)

Filamentary virial analysis of 2 IRDCs
(Hernandez & Tan, submitted)

But, the regions closer to 
virial equilibrium do appear 
to be those forming stars
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Massive Starless Cores
MIPS 24!m IRAC 8!m

Extinction Map

Butler & Tan (2009), Butler & Tan, in prep.

" = 0.26 g cm-2   mcore = 205 M!

" = 0.12 g cm-2   mcore = 94 M!

" = 0.12 g cm-2   mcore = 50 M!

Cores show central concentration; 
can fit power law radial density 
profiles, index ~-1.5. They contain 
many thermal Jeans masses. 
B-fields may be suppressing 
fragmentation within the core.

10”

10”

10”

nH~105cm-3, B~1mG -> MB~100 M!
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Overview of 
Physical Scales

AV=7.5

A8!m=0.30
NH=1.6x1022cm-2

!=180 M
!
 pc-2

AV=1.4

NH=3.0x1021cm-2

!=34 M
!
 pc-2

AV=200

A8!m=8.1
NH=4.2x1023cm-2

!=4800 M
!
 pc-2nH~2x105cm-3

tff~1x105yr

Butler & Tan 2009
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We expect massive star forming environments exist for 

>1tff and so can achieve approx. pressure equilibrium

(proto star clusters take > 1tff(central) to form)

IRDC cores have tff~105yr, which is short

Some (most?) star clusters appear to have age spreads >106yr, 
e.g. Orion Nebula Cluster median age of 2.5-3Myr (Da Rio et 
al. 2010)

A plausible mechanism has been identified to maintain 
turbulence over many tff: protostellar outflow feedback (Norman 
& Silk 1980; Nakamura & Li 2007)

Tan, Krumholz, McKee (2006)

While the issue of star cluster formation timescales is still debated 
(e.g. Elmegreen 2000, 2007; Hartmann & Burkert 2007), it seems 
likely that tform>tff(central).
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Collapse of the Core - Core Fragmentation?

We expect most of these structures will fragment to form 
star clusters. Most mass -> low-mass stars.

Fragmentation will be reduced by radiative feedback from the 
central star (Krumholz, Klein & McKee 2007; c.f. Dobbs, 
Bonnell, Clark 2005).

Magnetic field support should increase the “magneto-Jeans” 
mass and reduce fragmentation: (Machida et al. 2005; Price & 
Bate 2007, Hennebelle & Teyssier 2008, Duffin & Pudritz 
2009). However, see results of Nakamura, Li, Wang, Abel from 
2010.

Fragmentation should be reduced by radiative feedback 
from surrounding accreting low-mass stars (Krumholz & 
McKee 2008).
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Overview of 
Physical Scales

AV=7.5

A8!m=0.30
NH=1.6x1022cm-2

!=180 M
!
 pc-2

AV=1.4

NH=3.0x1021cm-2

!=34 M
!
 pc-2

AV=200

A8!m=8.1
NH=4.2x1023cm-2

!=4800 M
!
 pc-2nH~2x105cm-3

tff~1x105yr

Butler & Tan 2009

Fragmentation stopped by radiative heating (Krumholz & McKee 2008)

But B-fields likely to also suppress fragmentation
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Turbulent core model
(McKee & Tan 2002, 2003)

Schematic Differences Between 
Massive Star Formation Theories

time

disk fragmentation

core fragmentation

t=0
protostar
formation

massive

star
m*f>8M

!

m*=8M
!

pre-massive-stellar core massive-star-forming core

massive-protostar (MP)LIMP-MP

Beuther, Churchwell,
McKee, Tan (2007);
Tan (2008)
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Support by combination of
large & small scale B-fields,
and turbulent motions.
Core boundaries fluctuate.

Final mass accretion rate

The later stages of individual massive star formation
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Support by combination of
large & small scale B-fields,
and turbulent motions.
Core boundaries fluctuate.

Final mass accretion rate

Protostellar evolution Disk structure Outflows

r*

m*

The later stages of individual massive star formation
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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

[see also Hosokawa & Omukai 2009]

Tuesday, October 19, 2010



Core Star Formation Efficiency 

from Outflow Feedback

Assuming angular distribution 
of momentum flux of standard 
X-wind or disk-wind models 
(Matzner & McKee 1999),

work out the maximum angle 
from the rotation/outflow axis 
at which core gas is expelled, 
assuming a steady wind that 
either stays coupled beyond 
the core radius or decouples. 
This sets #core (Matzner & 
McKee 2000)

and

Tan & McKee, in prep.
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Simulations of MHD-Driven Outflows 
(Disk Winds) Staff et al. (2010):

Zeus simulation of 
outflows from low-
mass protostars.

Scaling to case of 
massive protostar:

m*=8M!

dm*/dt = 2x10-4M!/yr

dmw/dt=0.1dm*/dt
r*=12R!

rw,i=3r*

Bw,i=100G

Tuesday, October 19, 2010



Radiative Transfer Modeling

boundary of the core (11757 AU)

expansion wave front (10189 AU)

sonic point (2537 AU)
diskstar

star disk

outflow cavity wall

Rd = 449 AU

Rsub = 5.51 AU

H band (1.7 µm)
J band (1.25 µm)

K band (2.2 µm)

8 µm

optical (550nm)

UV (200nm)

photosphere, z ∼ 3H

Zhang & Tan, in prep.
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Radiative 
Transfer 
Models

Zhang &Tan, in prep.
see also: 
Robitaille et al. 2006; 
Molinari et al. 2008.

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

" = 1 g cm-2

Mcore = 60 M! 

m* = 8 M!

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

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

" = 1 g cm-2

Mcore = 60 M! 

m* = 8 M!

mdisk = m*/3
Lbol = 6x103 L!

Zhang &Tan, in prep.
see also: 
Robitaille et al. 2006; 
Molinari et al. 2008.

d=1kpc
convolved with 
telescope beam
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L58 DE BUIZER Vol. 642

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

G35.2N 
(De Buizer 2006)
LMIR ~ 1.6x103L!

Mid IR Emission - Outflow Cavity

11.7!m 18!m

Observations:

Rotation and outflow 
axis inclined at 60˚ to 
line of sight.
m* = 8 M!

Lbol = 6x103 L!
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Outflow-Confined HII Regions (Thermal Radio Jets)
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

15GHz A number of ionized HCHIIs seen 
in other nearby sources 
(e.g. van der Tak & Menten 2005
Orion source I: Tan & McKee 2003)

G35.2N (De Buizer 2006)

18!m

– 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)

10!m

8.6GHz
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Feedback on the Core

Bipolar MHD outflows are important for setting #core

Outflows can confine ionizing radiation

Radiation pressure escapes along outflow cavities

Simulations are gradually including 
more physics, especially radiation 
pressure (e.g. Yorke & Sonnhalter 2002; 
Krumholz et al. 2007; Peters et al. 
2010), but so far no self-consistent 
model also including MHD outflows 
and ionization.

Krumholz et al. 2009
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Feedback on the Protocluster

Outflow feedback from low and high-mass stars can 
maintain turbulence and regulate SFR (Nakamura & Li 2007). 
We expect that this keeps #ff ~ 0.01-0.03 and lengthens the 
star cluster formation timescale (Tan et al. 2006).

Stellar winds unlikely to be important for disrupting dense 
gas: easily poisoned (McKee,!van!Buren, Lazareff 1984). But 
they will compress the HII region into a dense shell.

Ionization is probably most important for destroying molecular 
gas, and can also disperse dense clumps via rocket effect.

Radiation pressure acting directly on dusty gas will become 
dynamically important once the stellar content is high.

Supernovae only relevant if tform > 3Myr
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Some observational constraints

Lopez et al. (2010) study R136 (30 Doradus) finding 
direct radiation pressure dominates inside ~50pc; then 
HII thermal pressure.

Stellar Feedback in 30 Doradus 9

HII PX
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Fig. 12.— Maps of the four pressure components across 30 Dor. All four are on the same color scale to enable visual comparison.
Consistent with Fig. 11, Pdir dominates in the central few arcminutes, while the PHII dominates at larger distances from R136.
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Fig. 13.— Histogram of ftrap,X = PX/Pdir, the ratio of hot gas
pressure to the direct radiation pressure, for the regions that are
along the rim of our 441 squares in Fig. 3. We find that the mean
ftrap,X is 0.39 and the median is 0.30, far below the values expected
if the hot gas is completely confined in 30 Dor (ftrap,X ∼ 20; see
text). This result is evidence that the hot gas is leaking out of the
shell.

ftrap,X =
vw
2vsh

. (11)

We use the above equation to obtain an order-of-
magnitude estimate of ftrap,X if all the wind energy is
confined by the shell. If we assume a wind velocity
vw ∼ 1000 km s−1 (the escape velocity from a O6 V
star), and we set vsh ∼ 25 km s−1 (the expansion ve-
locity over 30 Dor given by optical spectroscopy; Chu &
Kennicutt 1994), then ftrap,X ∼ 20.
We can compare this ftrap,X to our observed values for

the regions closest to the shell (the ones along the rim
of our 441 squares in Fig. 3); Figure 13 shows the his-
togram of our observed ftrap,X values. We find a mean
and median ftrap,X of 0.39 and 0.30, respectively, for our
outermost regions. The observed ftrap,X values are 1–
2 orders of magnitude below what they would be if the
wind was fully confined. As a consequence, we find that
PX of our regions is too low to be completely trapped in
the HII region (the Castor et al. model), and the X-ray
gas must be leaking through pores in the shell. This re-
sult is consistent with the Harper-Clark & Murray model

of partial confinement of the hot gas, and the weakness
of PX relative to Pdir suggests the hot gas does not play
a significant role in the dynamics of the HII region.
We note here that our rim regions in this analysis are

∼70–130 pc from R136, which is less than the estimated
radius of RHII = 110 − 185 pc. Therefore, our ftrap,X
values are lower limits, and the true ftrap,X at the shell
may be greater by a factor of a few. Nonetheless, the
conclusions would remain the same.
An alternative explanation for the weak X-ray lumi-

nosity is that the hot gas mixes with the cool gas, and
the hot gas temperature is lowered enough so that the
gas can cool efficiently. In that case, the energy is still
lost from the system, via radiative cooling instead of the
escape of the X-ray emitting material. Far ultraviolet
spectroscopy is necessary to determine the level of mix-
ing between the gas components.

5.2. On the Definition of Radiation Pressure

In this paper, we have defined the radiation pressure
as related to the energy and momentum flux of the light
radiated by the stars in R136. Alternatively, radiation
pressure could be characterized as the force per unit area
exerted by the radiation on matter. The two cases pro-
duce divergent results regarding the radial dependence
of Pdir. In particular, the former case has large Pdir close
to the star cluster and a decline in Pdir with distance
from the center. By contrast, the latter predicts small
Pdir in the HII-region interior, and Pdir becomes signif-
icant near the neutral shell where the radiation will be
absorbed (see Appendix §B).
Each definition of radiation pressure reveals distinct

information about an HII region. When considering the
global dynamics of expansion of an HII region, it is nec-
essary to characterize Pdir as the energy density of the
radiation field, since that definition reflects the total en-
ergy and momentum budget available to drive motion.
Alternatively, measurement of the force exerted by ra-
diation on matter facilitates a local estimate of the in-
ternal density distribution of an HII region. As we are
interested principally on the dynamical role of radiation
pressure, we have adopted the former definition of Pdir
in this paper.

5.3. HII Region Dynamics

In §4, we found that the direct radiation pressure Pdir
dominates over the ionized gas pressure PHII at radii <

∼
50

pc, implying that the radiation has played a role in the
dynamics in 30 Dor. Significant radiation pressure alters
the properties of an HII region (e.g., the density profile:
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Ionizing Feedback and Radiation Pressure will eventually 

disperse the clump gas and halt star formation

#ff=0.02

Tan & McKee 2001

Toy, semi-analytic model for cluster feedback.

See also Krumholz & Matzner (2009) and Fall, Krumholz & Matzner (2010); 
Numerical results of Dale, Walch, Ercolano, Gritschneder et al.

6 Tan & McKee

Figure 3. Evolution of feedback in protoclusters. (a) Left panel: test
case showing size evolution of the HII region and stellar wind bubble created
by a single O star with ionizing photon luminosity S = 1049 s−1 embedded
in a typical Galactic protocluster (model A), with mean, core and intercore
densities indicated in units of H cm−3. In a uniform medium at the mean
density the HII region expands to the clump edge in just over 105 yr. If the
medium is clumpy the feedback progresses more slowly because ionization
fronts tend to encounter much denser gas with short recombination times and
inner cores shield outer regions. In this modeling we treat the HII region
and wind bubble in one dimension, averaging over angular variations. The
thermal pressure of the HII region confines the ram pressure of the stellar
wind bubble, which is shown by the inner shaded region. Break-out occurs
after about 6 × 105 yr. Finally, including self-gravity so that the cores have
turbulent motions and the protocluster is in virial equilibrium, feedback is
severely confined for at least 3 Myr. It is harder to push the cores out of the
potential of the clump and their motions lead to the continuous replenishment
of neutral gas in the HII region. (b) Right panel: evolution of HII region size
for clumpy, self-gravitating models A, B and C for protoclusters, forming with
η = 30. The final star formation efficiency of each model is shown, assuming
formation stops once the HII region reaches the edge of the clump or after
3 Myr by the action of supernovae. Non-supernova feedback is quite weak in
models B and C and the embedded phase lasts several Myr.

radiation pressure, stellar winds and ionization, which can photoevaporate cores
according to the models of Bertoldi (1989) and Bertoldi & McKee (1990).

Figure 3a shows the results of a test case for a Galactic protocluster (4000M!,
Σ = 1 g cm−2, model A in Fig. 1) interacting with the feedback from a single
O star. As described in the caption, a clumpy, turbulent medium is much more
capable of confining feedback. Such effects are undoubtedly important for con-
finement of ultra-compact HII regions, allowing them to be relatively long-lived.

Figure 3b shows the evolution of the size of the HII region for the three
cases A, B and C shown in Fig. 1, which are relevant to typical Galactic massive
clusters, Galactic Center clusters like the Arches, and super star clusters (SSCs).
Note these models correspond to a constant volume density. A relatively slow
star formation rate of η = 30 was adopted and material for new stars was taken
from the innermost cores. Starburst99 models (Leitherer et al. 1999) were
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radiation pressure, stellar winds and ionization, which can photoevaporate cores
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Figure 3a shows the results of a test case for a Galactic protocluster (4000M!,
Σ = 1 g cm−2, model A in Fig. 1) interacting with the feedback from a single
O star. As described in the caption, a clumpy, turbulent medium is much more
capable of confining feedback. Such effects are undoubtedly important for con-
finement of ultra-compact HII regions, allowing them to be relatively long-lived.

Figure 3b shows the evolution of the size of the HII region for the three
cases A, B and C shown in Fig. 1, which are relevant to typical Galactic massive
clusters, Galactic Center clusters like the Arches, and super star clusters (SSCs).
Note these models correspond to a constant volume density. A relatively slow
star formation rate of η = 30 was adopted and material for new stars was taken
from the innermost cores. Starburst99 models (Leitherer et al. 1999) were

Prediction of age spreads in 
super star clusters of a few Myr
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Conclusions (I)
Is massive star formation a scaled-up version of low-mass star formation?

“Turbulent Core Model”: normalize core surface pressure to 
surrounding clump pressure, i.e. self-gravitating weight. The 
cores are probably are marginally magnetically super critical, 
limiting their fragmentation.

If there is a different mechanism, e.g. competitive accretion, 
stellar mergers, then one would expect some break in the IMF 
at the mass scale it takes over.

How can competitive accretion, i.e. accretion of dusty gas 
initially unbound to the protostellar core, overcome radiation 
pressure feedback for m*>10Msun? Mergers require unrealistic 
stellar densities.

We see massive pre-stellar and star-
forming cores; rotating toroids; ordered 
B-fields; collimated outflows; outflow-
confined HII regions (thermal radio jets).

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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Conclusions (II)

MHD Outflows play a major role in setting SFE from the core. 
Maybe ionization and radiation pressure help set the max. 
stellar mass?

Outflows from low and high mass protostars regulate 
turbulence and star formation in the clump.

Radiation pressure and ionization are likely the dominant 
destructive feedback mechanisms limiting SFE of the clump. 
But at the observed high pressures, feedback can be confined 
up to quite large SFEs ~50%, perhaps relevant to observed 
trend with "sfr (Goddard, Bastien, Kennicutt 2010).
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