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A short history of high-mass 
star formation theory

Spherical 
Accretion

Short KH timescale: 
feedback stops 

accretion

Flashlight effect: 
Outflows let light out, 

disks let mass in

Yorke & Sonnhalter 2002 
Kuiper+ 2012, 2013, 2015, 2016 

Krumholz+ 2005, 2009 
Rosen+ 2016

Larson 1969, Shu 1977, Kahn 1974 -> 
Wolfire & Casinelli 1987

thanks to Schilke 2016 and Tan+ 2014 reviews

Ionized accretion flow (Keto 2002, 2003)



SOFIA FORCAST 20 µm image 
courtesy Jim de Buizer

Three HMYSOs in W51: 
ALMA observations at 1.4 mm
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Three HMYSOs in W51: 
ALMA observations at 1.4 mm
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• HMYSOs are near HCHII regions 
• Warm gas (enhanced complex molecule abundance) surrounds 

HMYSOs 
• The gas around HCHII regions is not generally warm (or dense)

e2

cm continuum

Part 1: Cores & Feedback

cm continuum

e8



The gas around the HYMSOs is 
warm, 200-600 K out to r<104 au 

(resolution ~1000 AU)

Fig. 13. A sampling of fitted rotation diagrams of the detected CH3OH transitions. These are meant to provide validation of
the temperatures and column densities derived and shown in Figure 12. The lower-left corner shows the position from which the
data were extracted in that figure in units of figure fraction. The horizontal black lines show the detection threshold of each of the
transitions; points below these lines are ignored when fitting, and instead the threshold itself is used. The fitted temperature and
column are shown in the top right of each plot.

red, points to the southeast and is barely detected in CO,
but again cleanly in SO. It is sharply truncated, extend-
ing only ⇠ 100 (⇠ 5000 AU). Unlike the Lacy jet, there is
no evidence that this outflow transitions into an externally
ionized state.

The northernmost point of the W51 North outflow may
coincide with the Hodapp & Davis (2002) H2 and [Fe II]
outflow. There is some CO 2-1 emission coincident with the
southernmost point of the H2 features, and these all lay ap-
proximately along the W51 North outflow vector. However,
the association is only circumstantial.

4.11.3. The e2e outflow

The dominant outflow in W51, which was previously de-
tected by the SMA (Shi et al. 2010b,a), comes from the

source e2e. This outflow is remarkable for its high velocity,
extending nearly to the limit of our spectral coverage. The
ends of the flow cover at least �50 < vlsr < 160 km s�1, or
a velocity v ± 100 km s�1.

The morphology is also notable. Both ends of the out-
flow are sharply truncated at ⇠ 2.500 (0.07 pc) from e2e
(Figure 22). To the southeast, the high-velocity flow lies
along a line that is consistent with the extrapolation from
the northwest flow, but at lower velocities (10 < vLSR < 45
km s�1), it jogs toward a more north-south direction (Fig-
ure 23). In the northwest, the redshifted part of this flow
(70 < vLSR < 120 km s�1) apparently collides with a
blueshifted flow from another source (22 < vLSR < 45
km s�1), suggesting that these outflows intersect, though
such a scenario seems implausible given their small volume
filling factor.
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M(R<5000 AU, T=40 K) ~ 4000 M☉ 
M(R<5000 AU, T=200 K) ~ 700 M☉

Conservative “Standard” assumptions

The warm gas mass is large, at least hundreds of M☉

Forming MYSOs can heat enough of their surroundings to 
suppress fragmentation and keep a “food source” available

300 M☉



1.3 mm 
SiO SiO

W51 e8

W51 e2 W51 north

Part 2: Disks & Outflows
• SiO outflows reveal the presence of disks on <200 AU scales 
• But there are no 1000+ AU scale disks

1000 au 
0.005 pc

Resolution 200 au



CH3OH 42,3-51,4 
(but other molecules look similar)

e2 e8

north
The W51 MYSOs lack clear 
position-velocity gradients: 

there is no obvious sign of rotation 
!

There are no 1000+ AU scale 
rotationally supported objects 

55

65

km
/s



Why are there no big disks?
The SiO outflow (~2000 AU, ~100 yr) 
is ~50 degrees offset from the CO 
outflow (~0.1 pc, ~1000 yr)

High-mass, disk-destroying 
accretion events come from 
different directions

SiO 
SiO 
CO 
CO 

continuum

Accretion to ~100 AU scales is 
disordered and clumpy

W51 north



The story so far…

• MYSOs have massive cores 

• HCHII regions don’t 

• Accretion is rapid & sporadic



Disordered Accretion

• Disk-destroying accretion events can remove 
angular momentum and dump mass on the star 

• Major accretion events should trigger infrared 
and millimeter variability (Kumar+ 2016, Brogan+ 2016 
& Hunter+ in prep, Johnstone+ 2013, Stecklum+ yesterday) 

• Major accretion events affect the star…
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Figure 2. Evolution of a protostar with the accretion rate Ṁ∗ = 10−3 M⊙ yr−1

(run MD3). Upper panel: The interior structure of the protostar. The thick
solid curve represents the protostellar radius (R∗), which is the position of
the accretion shock front. Convective layers are shown by gray shaded area.
The hatched areas indicate layers of active nuclear burning, where the energy
production rate exceeds 10% of the steady rate 0.1LD,st/M∗ for the deuterium
burning, and 0.1L∗/M∗ for the hydrogen burning. The thin dotted curves
represent the loci of mass coordinates ; M = 0.1, 0.3, 1, 3, 10, and 30 M⊙.
Lower panel: Evolution of the mass-averaged deuterium concentration, fd,av
(solid line) and the maximum temperature within the star Tmax (dot-dashed line).
In both panels, the shaded background shows the four evolutionary phases: (I)
adiabatic accretion, (II) swelling, (III) Kelvin-Helmholtz contraction, and (IV)
main-sequence accretion phases.

entropy change. The former, tacc,s, is the time for a thin shell
of mass m at the surface to be replaced by the newly accreted
material, while the latter, tcool,s, is the time for the same shell to
lose the entropy mδs by outward radiation. Comparison between
these timescales in the settling layer is presented in Figure 5.
where δs = 0.1kB/mH is adopted for numerical evaluation. This
indicates that tacc,s is always shorter than tcool,s: the accreted
material is swiftly embedded in the interior before losing the
entropy δs by radiation. Therefore, the adiabaticity remains valid
in spite of the spike in luminosity profile. Note that the short
tacc,s is a result of the high accretion rate. We will see that the
situation changes for much lower accretion rates in Sections 3.2
and 3.3 below.

With increasing protostellar mass M∗, the accretion shock
strengthens and the postshock entropy increases. Then, the inte-
rior entropy increases as well. This causes a gradual expansion
of the stellar radius in the adiabatic accretion phase (Figure 2,
upper panel). Using the typical density and pressure within a
star of mass M∗ and radius R∗ (e.g., Cox & Giuli 1968);

ρ ∼ M∗

R3
∗
, P ∼ G

M2
∗

R4
∗

. (10)

and the expression for specific entropy of ideal monatomic gas

s = 3R
2µ

ln
(

P

ρ5/3

)
+ const, (11)

where R is the gas constant and µ is the mean molecular weight,
the stellar radius and entropy are related as (Stahler 1988);

R∗ ∝ M−1/3
∗ exp

[
2µ

3R
s

]
, (12)

i.e., the stellar radius is larger for the higher entropy within the
star. SPS86 have derived the mass–radius relation for protostars
in the adiabatic accretion phase;

R∗ ≃ 26 R⊙

(
M∗

M⊙

)0.27 (
Ṁ∗

10−3 M⊙ yr−1

)0.41

, (13)

under the condition that opacity in the radiative precursor is
dominated by H− bound-free absorption. As this condition
holds in our case, our calculated mass–radius relation is in good
agreement with Equation (13). Equation (13) suggests the large
radius (> 10 R⊙) of the rapidly accreting protostar.

The interior of the protostar remains radiative throughout
this phase (Figure 2, upper panel): all the energy transport is via
radiation. This is in high contrast with low Ṁ∗ (∼ 10−5 M⊙ yr−1)
cases, where most of the interior becomes convective owing to
deuterium burning for M∗ ! 0.4 M⊙ (see Section 3.2 below).
This can be attributed to a difference in the interior temperature.
From Equation (10), typical temperature within the star is

T = µ

R
P

ρ
∼ G

R
µM∗

R∗
. (14)

Therefore, the large stellar radius leads to the low temperature
in the stellar interior. In fact, the maximum temperature in
this phase does not exceed the threshold for deuterium burning
(lower panel of Figure 2).

Once the accreted matter has passed through the outermost
layer with the luminosity spike, the luminosity gradient becomes
much milder. The luminosity has a maximum at some radius:
outside the luminosity maximum, the gradient ∂L/∂M < 0,
while ∂L/∂M > 0 inside. This means that heat is removed from
the deep interior and absorbed in the outer layer. This entropy
transfer, however, remains small and does not modify the
entropy distribution significantly during this phase. Efficiency
of the outward entropy transfer is related to the value of opacity.
In most of the stellar interior, major sources of opacity are
bound–bound and bound-free transitions of heavy elements,
which approximately obey Kramers’ law, κ ∝ ρT −3.5 (Hayashi
et al. 1962; Clayton 1968). With the increase in stellar mass and
then the interior temperature, the opacity decreases. This results
in steady increase of the outward heat flux with evolution. In
fact, as shown in the lower panels of Figure 3, the amplitude
of the luminosity increases with the growth of the protostar.
Also the maximum luminosity within the star Lmax increases
as a power-law function of M∗ as seen in the middle panel
of Figure 4. This dependence can be understood as follows:
for a star with radiative stratification and Kramers’ opacity, the
luminosity scales as Lrad ∝ M

11/2
∗ R

−1/2
∗ (e.g., Cox & Giuli

1968). We have confirmed that Lmax roughly obeys,

Lmax ≃ 0.2 L⊙

(
M∗

M⊙

)11/2 (
R∗

R⊙

)−1/2

(15)

in our calculations. Using Equations (13) and (15), we obtain
Lmax ∝ M5.4

∗ for a constant accretion rate. When opacity
becomes sufficiently small, the radiative heat transport becomes

Hosokawa & Omukai 2009

10
4 y

r

3x
10

4 
yr

High accretion rates cause 
massive stars to bloat: 

photospheric temperatures 
stay low 

(high & variable works even better)

High accretion rates suppress 
ionizing photon generation
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Figure 20. Stellar birthlines for different accretion rates. The cases for accretion
rates 10−6 M⊙ yr−1 (solid; run MD6), 10−5 (dashed; MD5), 10−4 (dot-dashed;
MD4), and 10−3 M⊙ yr−1 (dotted; MD3) are presented. Each track shows the
evolution from the initial model, and filled circles on the track represent points
of the stellar mass M∗ = 1, 3, 5, 9, and 20 M⊙ from the lower right in this order.
The thick broken line represents the positions for zero-age main-sequence from
Schaller et al. (1992). The open squares along the line denote the positions for
the same masses as above. The dotted straight lines indicate the loci for the
constant stellar radius of 1 R⊙, 10 R⊙, and 100 R⊙.

nebula. The color temperature of the scattered light is evaluated
as Teff ≃ 3000 − 5500 K from features of the absorption lines.
The bolometric luminosity of the protostar is Lbol > 4×104 L⊙.
If the scattered light is from the photosphere of the star, this low
Teff cannot be explained by a MS star: Teff of a ZAMS star with
the same luminosity is about 35000 K, much higher than the
above estimation. Morino et al. (1998) concluded that a very
large stellar radius of > 300 R⊙ is needed to explain the
low effective temperature. Stimulated by this result, Nakano
et al. (2000) studied the evolution of protostars with very
high accretion rates ∼ 10−2M⊙ yr−1 using a one-zone model.
However, they concluded that stellar radius does not exceed
30 R⊙ and then failed to reproduce the observed low effective
temperature. In contrast, using more detailed modeling, we
have shown that the stellar radius in fact reaches as large as
≃ 100 R⊙ in the cases of high accretion rate. In Figure 21, we
present evolution of photospheric temperature and bolometric
luminosity for three cases with Ṁ∗ ! 10−3 M⊙ yr−1. This figure
shows that the required condition is satisfied, for example, with
the case of Ṁ∗ ! 6 × 10−3 M⊙ yr−1 for M∗ ≃ 20 − 25 M⊙. As
a conclusion, the observation can be explained if the accretion
rate is higher than 4 × 10−3 M⊙ yr−1. The allowed mass range
corresponds to the duration of the swelling of the protostar by
the luminosity wave (see Section 3.1). Recall that this swelling is
caused by very inhomogeneous entropy distribution: the matter
near the surface receives a large amount of entropy temporarily.
Since this is not included in the one-zone model of Nakano
et al. (2000), their model gave a smaller radius than ours.
In Appendix C, we present calibration of parameters for a
polytropic one-zone model to include this effect approximately.

Figure 21. Evolution of the effective temperatures and bolometric luminosities
of protostars with accretion rate Ṁ∗ = 10−3 (solid; run MD3), 3×10−3 (dashed;
MD3x3), and 6 × 10−3 M⊙ yr−1 (dot-dashed; MD6x3). The condition required
for the protostar in Orion KL region (Morino et al. 1998) is indicated by the
horizontal lines with arrows; Ltot ! 4 × 104 L⊙ and Teff < 5500 K. The
mass range satisfying this condition is denoted by the shade for the case of
Ṁ∗ = 6 × 10−3 M⊙ yr−1.

6. EFFECTS OF NONSPHERICAL ACCRETION

In this paper, we have imposed spherical symmetry. Although
the spherical symmetry enables us to solve structure of both the
protostar and envelope consistently (see Appendix A), the real-
istic geometry of the accretion flow should be more complex.
Some recent observations strongly suggests that mass accre-
tion occurs via accretion disks also for massive protostars (e.g.,
Cesaroni et al. 2007). Numerical simulations show that the
accretion disk is a natural outcome from rotating or turbu-
lent molecular cloud cores (e.g., Yorke & Sonnhalter 2002;
Krumholz et al. 2007). In this section, we discuss some effects
expected when we relax the assumed spherical symmetry.

Difference in geometry of the accretion flow affects structure
of protostars. Gas accreting through a disk is able to radiate
heat away from the disk surface. Thus, materials settling on the
star from the disk have lower specific entropy than that falling
spherically onto the stellar surface. The lower entropy within the
star leads to smaller stellar radius (see Equation 12): protostars
growing via disks have somewhat smaller radii than those with
spherical accretion. It is still an open question how much entropy
is finally imported to a protostar in the disk accretion. This
should depend on the detailed geometry of the flow connecting
the star and disk. Palla & Stahler (1992) considered a limiting
case of the disk accretion, where they adopted the ordinary
photospheric outer boundaries for accreting protostars,

Psf = 2
3

1
κsf

GM∗

R2
∗

, (27)

L∗ = 4πR2
∗σT 4

sf, (28)
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Observations in favor of bloated stars: 
• Cores are warm 
• Centers of cores exhibit no free-free emission 
• Centers of cores (red dots) are optically thick at 1mm

Ionized gas 
Cool Dust 
Hot Dust



Optically thick at 1mm

• TB >225 K over at least a 200 AU beam 

• Implied luminosity is at least σsbT4 4πr2 > 1000 L☉ 

• (usually thick area ~5-10 beams, so L > 0.5-1x104 L☉) 

• The central source is luminous, but not ionizing



cm continuum 
CO / CO

No outflows originate from cm continuum sources:!
The HCHII regions show no sign of accretion



Evolutionary Story
• HMYSO forms as a seed 
• Accretion proceeds very rapidly, but intermittently  

(100-1000 yr variability) 
• Disks form during low phases of accretion  

(when there are disks, there are outflows) 
• Disks are destroyed during, and re-form in 

different directions after, high phases of accretion 
• Ionization starts when accretion has been low for 

long enough for the star to relax & shrink:   
Once ionization has started, accretion is (mostly) 
done



SOFIA FORCAST 20 µm image 
courtesy Jim de Buizer

SOFIA’s role: At what wavelength 
is the light escaping? 
What are the stellar luminosities 
(& masses)?



SOFIA FORCAST 37 µm image 
courtesy Jim de Buizer

We can begin to see where IR 
light is (and isn’t) escaping…



1.3 mm 
SiO SiO

W51 e8

W51 e2 W51 north

Conclusion
• HMYSOs heat their own massive cores without ionizing them 
• Lack of disks, twisting outflows hint at variable accretion


