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High-Mass Star Forming Regions 
Observational Problems

IMF: high-mass stars are rare
Formation in clusters → confusion
Large distance: > 350 pc (σ Ori), typically 
a few kpc
Rapid evolution: tacc = 20 Msun /10-3 Msun 
yr-1 = 2 104yr
Parental environment profoundly altered



Observational Frontiers
1) Initial conditions, including origin of IMF

2) Identification of “real” high-mass (proto)stars

3) The earliest phase of massive young stellar 
objects (YSOs) e.g., hyper compact HII regions

4) Accretion process

5) Formation of Giant HII regions, “starburst”

(1) and (2) require wide-field imaging spectroscopy,
while (3), (4) and (5) require high-angular resolution, 

i.e., interferometer



This talk deals with 

approx. 8 - 15 Early B

approx. 15 - 30 Late O

approx. 30 - 65 Early O

Mstar/Msun                      Designation



Very often misused terminology 

Almost all the objects should be called 
either

High-mass (Proto)star 
OR 

Massive YSO

“Protostar” should be reserved exclusively for: 

A gaseous object in hydrostatic equilibrium 
AND 

Has NOT yet begun hydrogen burning



Environment of High-Mass Star 
Forming Regions

Clouds: 10−100 pc;  10 K; 103 cm-3; 
13CO, C18O, etc 

Clumps: 1 pc; 30 - 50 K;  105 cm-3; 
CS, C34S etc

Hot Molecular Cores: 0.1 pc;     
50 -100 K;  107 cm-3;  CH3CN, CN, etc

Massive YSOs: signposts: compact 
IR source, masers, Ultra Compact HII 
regions



Y. Wu et al.: A study of high velocity molecular outflows 509

Fig. 5. The outflow mass versus the bolometric luminosity (Lbol). The
symbols are the same as in Fig. 2. The solid line is the least square
linear fit.

outflows vs. bolometric luminosity (Lbol) of the center stellar
objects, shown in Fig. 6. The dashed line shows the equation
Lm = Lbol. The plot shows that for all sources, Lm is less than
Lbol. The closest point to the dashed line is outflow No. 21, the
source L1448 U-star. Bachiller & Cernicharo (1990) pointed
out that it was near the upper edge of the populated zone in the
mechanical power versus stellar luminosity diagram by Lada
(1985). Now that the size of the sample is much larger, the
closest point is still located at the upper edge. The lowest point
represents outflow No. 337, the source GN21.38.9. This is the
lowest-mass Bok globule according to Duvert et al. (1990).

In Fig. 6, the solid line is a linear least-square fit: log Lm =
(−1.98±0.14)+(0.62±0.04) log Lbol. The correlation coefficient
is 0.69. One can see that the two lines are not parallel. The
average deviation between the two lines is larger for the high
mass group than the low mass ones. The average values of the
ration Lm/Lbol are 0.033±0.086 and 0.0038±0.017 for the low
mass and high mass group sources, respectively.

Figure 7 is the plot of the force required to drive the out-
flow against the bolometric luminosity of the central source.
The dashed line shows F = Lbol/c. All the outflows are above
the line, which means that the radiation pressure of the central
sources would not be enough to drive the outflows if the ra-
diation photons from the central source were scattered once.
The two plotted parameters are still correlated. The solid
line presents the least square fit for the force of the flow as
a function of the bolometric luminosity: log F = (−0.92 ±
0.15) + (0.648 ± 0.043) log Lbol. The correlation coefficient is
0.72.

Bally & Lada (1983) mapped a sample of sources using a
single telescope; they discovered a weak correlation between
the mechanical luminosity, the required driving force of the
outflow and the bolometric luminosity of the central source.

Fig. 6. The outflow luminosity (Lm) versus bolometric luminosity
(Lbol). The symbols are the same as for Fig. 2. The relation Lm = Lbol

is shown as a dashed line. The solid line is the least square linear fit
line.

Fig. 7. Outflow force F versus bolometric luminorsity (Lbol) of the
associated infrared souces. The symbols are the same as in Fig. 2. The
dashed line presents the relation F = Lbol/c. The solid line is the least
square linear fit.

The correlation means that the energy and momentum of an
outflow is determined by the central luminosity or mass and the
physical driving engines are similar for all the sources (Bally &
Lada 1983). The above authors also pointed out that the scatter
of the plots could be understood as the result of several selec-
tion effects. The uncertainties in determining luminosities of
central sources can cause significant scattering. A large part of
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Outflow properties, e.g., momentum rate, vary 
continuously as a function of source luminosity ... 



Search for 
Rotating “disks”



Continuum:
IR, (sub)mm 

& cm

 High sensitivity in 
mass, esp, at submm

(Detectable 0.1 Msun )

 Confusion between disk and wind 
emission
 No velocity info. 

CH3OH 
masers

 High angular 
resolution possible
 Very Common

 Derived stellar mass too low; 
 H2 jet parallel to CH3OH masers 
 Sensitive to variety of factors
 No column density info.

OH, H2O & 
SiO masers

 High angular 
resolution possible
 H2O:Very Common

 Tracing outflow as well
 OH & SiO: Very few examples
 Sensitive to variety of factors
 No column density info.

Thermal 
Molecular 

Lines

 Possible to trace 
both outflow & disk
 Column density

 Poor angular resolution
 Ambiguity in abundance

Tracers: Advantage & Shortcoming



M17
Chini et al. (2004)

Nuerberger et al. (2007)



G192.16-3.82
Shepherd & Kurtz (1999)

Shepherd et al. (2001)

3.6cm cont. & H2O masers



 Molecular Outflow (SiO thermal)
H2O maser: Proper Motion

SiO masers
Orion Source I

Matthews et al. 2010



G10.62

G351
G305

G28.20

=NH3 NH3

Velocity fields of HMCs, rotating toroids
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CH3OH masers ATCA, EVN Norris et al. Ellingsen et al., Walsh et al.
Minier et al., Edris et al., Pestalozzi et al.

OH masers Merlin Outflow sources:
Cohen et al., Edris et al., Hoare et al.

SiO & H2O 
masers

Hat Creek,
VLA, VLBA

e.g. Orion source I
Plambeck et al.Doleman et al., Greenhill et 
al., Torrelles et al.

Continuum:
NIR, mm & cm 

BIMA, 
Pt-link

Jet/outflow plus Disk system,  
Hoare et al., Gibb et al., Shepherd et al.

Molecular Lines:
NH3,C18O, CS, 
C34S, CH3CN,…

VLA, SMA
OVRO, BIMA
PdBI, SMA
NMA

UC HIIs, Hot Cores
Shepherd et al., Shepherd and Kurtz, 
Bernard et al., Sandel et al. Olmi et al. 
Beltran et al. Cesaroni et al., Zhang et al. 
Furuya et al. etc. etc….

The Growing Evidence for “Disks” around 
Massive YSOs



Toroids
• Mass > 100 Msun

• Radius ~ 10000 AU
• L > 105 Lsun  O (proto)stars

• Small tff/trot

 Eon-equilibrium, circum-
cluster structures

Disks
• Mass < a few 10 Msun

• Radius ~ 1000 AU
• L ~ 104 Lsun  B (proto)stars

• Large tff/trot
 Equilibrium, circumstellar 

structures

disks

toroids

Beltran et al. (2010)Mgas (Msun)
1 10 102

t ff
/t r

ot

0.01

0.1



Disks/Toroids around O/B stars

Disks are widely found around B (proto)stars → Star 
formation by disk-mediated accretion, like in low-mass stars

No disk found around O (proto)stars, while theory predicts 
their presence (Krumholz et al. 2009)
Disks might be “hidden” inside toroids
O-star disk lifetime might be too short to detect?
Photo-evaporation by O stars? (Hollenbach+ ‘94)
Tidal destruction by stellar companions (Hollenbach+ ‘00)



Search for Infall
in 

Hot Molecular Cores



Fl
ux

VLSR (km/s)

(Girart et al. 2009)
H2CO(312-211)

CN(2-1)

Inverse P Cyg profiles towards O-type (proto)star:
Evidence for infall in HMC



Growing Evidence for Infall in HMCs

HMC Mgas 
(Msun)

R
(mpc)

dM/dt (Msun/yr)

G10.62 82 20 3 10-2

G24.78 A1 130 20 4 10-4 ~ 10-2

W51 N 90 70 5 10-2

W51 e2 140 10 6 10-2

G31.41 490 40 3 10-3 ~3 10-2

G19.61 100-420 30 >3 10-2

Ref. Keto+88, Beltran+06, 11, Zapata+08, Zhang & Ho 97, Shi+10, Girart+09, Furuya+11



Infall, Rotation, and Jet
towards

B-type (proto)star

Furuya et al. 2005a, 2011



A pc-scale Clump:
1.2 mm Cont. towards G19.61-0.23

Clump mass = 2800 +/- 100 Msun;Td = 42 K;  Size = 4.1 x 1.7 pc  (Furuya et al. 2005a)



Image: 1.3 cm cont.　●：OH maser ▲：H2O maser

Yellow Contour: 890 μm Continuum



Mcore ～ 1300Msun

R ～ 0.072 pc

leading to Σ = 17 g/cm2 

N(H2) = 4x1024 cm2 

Image: 1.3 cm cont.　●：OH maser ▲：H2O maser

Yellow Contour: 890 μm Continuum



LETTERS

A minimum column density of 1 g cm22 for massive
star formation
Mark R. Krumholz1,2 & Christopher F. McKee3

Massive stars are very rare, but their extreme luminosities make
them both the only type of young star we can observe in distant
galaxies and the dominant energy sources in the Universe today.
They form rarely because efficient radiative cooling keeps most
star-forming gas clouds close to isothermal as they collapse, and
this favours fragmentation into stars of one solar mass or lower1–3.
Heating of a cloud by accreting low-mass stars within it can pre-
vent fragmentation and allow formation ofmassive stars4,5, but the
necessary properties for a cloud to formmassive stars—and there-
fore where massive stars form in a galaxy—have not yet been
determined. Here we show that only clouds with column densities
of at least 1 g cm22 can avoid fragmentation and form massive
stars. This threshold, and the environmental variation of the stel-
lar initial mass function that it implies, naturally explain the char-
acteristic column densities associated with massive star clusters6–9

and the difference between the radial profiles of Ha and ultraviolet
emission in galactic disks10,11. The existence of a threshold also
implies that the initial mass function should show detectable vari-
ation with environment within the Galaxy, that the characteristic
column densities of clusters containing massive stars should vary
between galaxies, and that star formation rates in some galactic
environments may have been systematically underestimated.

Consider a simple model system: a spherical gas cloud of massM,

column density S, radius R~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M= pSð Þ½ $

p
, and density profile

r!r{kr , with a point source of luminosityL at its centre, representing
the radiation output by stars beginning to form within it. In the limit
LR 0, the cloud falls to a background temperature Tb set by the
balance between cosmic-ray heating and molecular and dust cooling.
We are interested in the earliest stages of cloud collapse, so we adopt
kr5 1. This puts most of the mass at low density, and is expected if
clouds are in rough hydrostatic balance and obey the observed line-
width–size relation12 s / rq formolecular clouds, where s is the velo-
city dispersion, r is the size scale and q< 0.5. However, any choice in
the range 1# kr# 2 yields the same qualitative conclusions.

The dust in a spherical cloud with a central source of illumination
has a power-law temperature structure T~Tch r=Rchð Þ{kT , where
Tch, Rch and kT are functions of the cloud column densityS, the light
to mass ratio g; L/M, and the dust opacity, which we characterize
through a parameter d that we define below13. As we show in the
Supplementary Information using a grain–gas energy exchange
code14–16, at the high densities with which we are concerned, the
gas temperature will be nearly identical to the dust temperature.
The temperature will be everywhere greater than Tb if

Tch g,S,dð Þ R

Rch g,S,dð Þ

" #{k!T g,S,dð Þ
~Tb ð1Þ

Because kT is generally close to 0.4 for strong sources of internal
illumination and large R/Rch, a cloud satisfying this condition has an

effective adiabatic index c< 1.4 throughout its volume. As even c<
1.1–1.2 is sufficient to suppress fragmentation5, equation (1) implicitly
defines a critical light-to-mass ratio ghalt above which fragmentation
will halt in a cloudwith a givenS, d andTb.Wedescribe our procedure
for solving this equation in the Supplementary Information.

We approximate the infrared dust opacity as k5 dk0(l0/l)
2,

where d is a dimensionless number that we define to be unity at
solar metallicity, l is the radiation wavelength, and l05 100 mm.
Observations in the Milky Way indicate13,17 that, in cold regions
where dust grains are coated with ice mantles, k0< 0.54 cm2 g21.
Under Milky Way conditions the minimum temperature for inter-
stellar gas is Tb< 10K, with a weak density dependence that we
ignore for simplicity. In addition to the Milky Way case, we also
consider d5 0.25,Tb5 10K, appropriate for a low-metallicity galaxy
today, and d5 0.25, Tb5 15K, typical of a galaxy at z< 6 that has
lowmetallicity but a temperature floor of 15 K imposed by the cosmic
microwave background. Figure 1 shows the value of ghalt calculated
for the three cases.We find that ghalt declines withS because at higher
S a cloud of fixed mass has a smaller radiating area and remains
warmer at fixed luminosity.

Clouds containing massive stars can have light-to-mass ratios of
100L[/M[ (ref. 18), more than sufficient to stop fragmentation, but
we are interested in clouds where no massive stars have yet
formed because fragmentation breaks all collapsing objects down
to small masses. For a low-mass protostar the dominant energy
source is gravitational potential energy radiated away by accreting
gas. We plot the energy released per unit mass accreted, y, in
Fig. 2. Consider a cloud converting its mass into stars at a rate
_MM% with a mass distribution dn/d lnm* and a mean mass
"mm%~

Ð
m% dn=d lnm%ð Þd lnm%. Once the rate at which new stars in

a cloud begin accreting balances the rate at which other stars reach
their final mass and stop accreting, the light-to-mass ratio is

ggrav~
1

M

_MM%

"mm%

% &ð
dn

d lnm%
ym%d lnm% ð2Þ

~
SFRff

"ttff
yh iIMF ð3Þ

where SFRff~ _MM%"ttff
( )*

M is the fraction of a cloud’s mass that
it turns into stars per mean density free-fall time "ttff ,
and yh iIMF~"mm{1

%
Ð

dn=d lnm%ð Þym%d lnm% is the value of
y averaged over the initial mass function (IMF). For a
Chabrier IMF19 truncated at a maximum mass of 1M[,
yh iIMF~2:1|1014erg g{1~0:11 GM8=R8

( )
. Observations con-

strain SFRff to be a few per cent20,21, and in the Supplementary
Information we use an analytic fitting formula22 to estimate

SFRff < 0:041 M2S0

.
T2
b,1

+ ,{0:08
, where M25M/(100M[), S05

1Astrophysics Department, Princeton University, Princeton, New Jersey 08544, USA. 2Astrophysics Department, University of California Santa Cruz, Santa Cruz, California 95064,
USA. 3Physics and Astronomy Departments, University of California Berkeley, Berkeley, California 94720, USA.

Vol 451 | 28 February 2008 |doi:10.1038/nature06620

1082
Nature   Publishing Group©2008



Interferometric Spectra towards the Hot Molecular Core
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Image: 1.3 cm cont.　●：OH maser ▲：H2O maser

Red Contour：Redshifted 
13CO (3-2) Absorption

Magenta Contour: CH313CN (18-17) K=2
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Color:  Velocity field obtained from CH3CN (18-17) K=7 and CH3
13CN  

(18-17) K=5                   Dashed thin contour: Total integrated intensity

Green contour：1.3cm cont.　△：OH maser　○：H2O maser
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SMA1

SMA2

Color： Velocity filed of H2O maser spots　　   　　　
Dashed contour：CH3CN velocity field                ☆：890 μm cont. peak

Green contour：1.3cm cont.　



Furuya et al. 2011

Assuming that central (proto)star is 
a single star, 

what does the negative detection of 
free-free emission tell us?



If the FF emission that 
was not detected 
is optically thick, 
spectral type must 
be later than B0.7.  

If the FF emission that was not detected is 
optically thin, radius of possible HII 
region is less than 130 AU, leading to 
extremely young massive ZAMS
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Summary: G19.61 SMA1 

Detected gas infall, rotation of HMC, and jet perpendicular 
to the rotation axis, the toroid is unstable

The HMC shows extremely high column density of Σ~ 17 g/
cm-2 , corresponding to N(H2) ~4e24 cm-2

Negative detection of radio free-feee emission suggest that 
the putative (proto)star is either B0.7 or young massive 
YSO (RHII < 130 AU). 

Considering all the results, the rotating gas is highly likely 
“circumcluster” toroid rather than “circumstellar” one.

Furuya et al. 2011



Fragmentation Process
and

Core Mass Function



Core Mass Function
Almost all star forming regions in solar 
neighborhood, e.g., Taurus, Perseus, Orion, 
Ophiuchus, Pipe, Chameleon, Serpens, S140, ... 
show very similar slope of, 

The resemblance between CMFs (and with IMF) 
may be telling us that CMF is set in fragmentation 
process of (giant) molecular clouds

– 26 –
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∆N

∆M cloud core
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∝ M−2.35



Comparison of CMF and IMF 
(Pipe Nebular; CMF derived from NIR extinction)

©Alves et al. 2007 

J. Alves et al.: The mass function of dense molecular cores and the origin of the IMF L19

Lombardi & Alves 2001). Such measurements are free from
many of the complications and systematic uncertainties that
plague molecular-line or dust emission data and thus enable ro-
bust maps of cloud structure to be constructed. We used data
from the recent wide-field extinction map of the Pipe Nebula
constructed by Lombardi et al. (2006), hereafter LAL06, using
2MASS data. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; LAL06), at a dis-
tance of about 130 pc and with a total mass of ∼104 M".

2. Observations

The details of the extinction study are described in LAL06.
Briefly, this molecular complex was selected because 1) this is
one of the closest to Earth complexes of this size and mass, 2)
it is particularly well positioned along a relatively clean line of
sight to the rich star field of the Galactic bulge, which given
the close distance of the Pipe nebula allowed us to achieve spa-
tial resolutions of ∼0.03 pc, or about 3 times smaller the typical
dense core size, and 3) it exhibits very low levels of star forma-
tion suggesting that its dense cores likely represent a fair sam-
ple of the initial conditions of star formation. LAL06 applied a
3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of this ex-
tinction method, the N method (Lombardi & Alves 2001),
to about 4 million stars background to the Pipe nebula complex
to construct a 6◦ × 8◦ dust column density map of this complex,
presented in Fig. 1. Because of the high dynamic range in col-
umn density achieved by this map (3σ ∼ 0.5 < AV < 24 mag
or 1021 < NH < 5 × 1022 cm−2), cores are easily visually identi-
fied as high contrast peaks embedded on rather smooth but vari-
able background (see Fig. 1). Unfortunately, because of the high
dynamic range and variable background, traditional source ex-
traction algorithms based on thresholding fail to identify these
objects in a coherent way. An alternative approach is to extract
cores based on their sizes, using a multi-scale algorithm. For this
study we used a algorithm developed by Vandame (2006, private
comm.), which, in brief, uses the wavelet transform of the image
to first identify and then reconstruct the dense cores1. This step
defines the projected core boundaries.

Masses are derived by integrating the extinction map over
the area of each core and multiplying by the standard gas-to-dust
ratio. The final Pipe core sample has 159 objects with effective
diameters between 0.1 and 0.4 pc (median size is 0.18 pc) and
peak extinctions that range from 3.0 to 24.3 visual magnitudes
(mean extinction is 8.4 mag). The derived core masses range be-
tween 0.5 to 28 M". The assessment of sample completeness
is non trivial because of the variable background. Nevertheless,
the completeness should not be dominated by confusion but
sensitivity, as the mean separation between cores, even in the
clustered regions, is well above the resolution of the map. We

1 Object identification in wavelet space: for a given scale i, structures
are isolated with classical thresholding at 3σi with σi being the noise
amplitude at scale i. A structure at scale i is connected with a structure
at scale i + 1 if its local maxima drops in the structure at scale i + 1.
The size scales considered were 2′, 4′, and 8′ (0.08 pc, 0.15 pc, and
0.30 pc). One then builds a 3D distribution of significant structures (x,
y, and i). The algorithm developed by Vandame (2006, private comm.)
offers rules that split the 3D distribution into independent trees corre-
sponding to one core and its corresponding hierarchical details. Object
reconstruction: This same algorithm performs a complex iterative re-
construction of the cores following the trees defined in the previous
step. The final “cores only” image is validated by subtracting it from
the extinction map, effectively creating a smooth image of the variable
background.
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Fig. 2. Mass function of dense molecular cores plotted as filled circles
with error bars. The grey line is the stellar IMF for the Trapezium cluster
(Muench et al. 2002). The dashed grey line represents the stellar IMF
in binned form matching the resolution of the data and shifted to higher
masses by about a factor of 4. The dense core mass function is similar
in shape to the stellar IMF function, apart from a uniform star formation
efficiency factor.

estimate, conservatively, that the sample is 90% complete at
about 1 M". The mean diameter of a 1 M" core is ∼0.2 pc, i.e.,
about six times the resolution of the map.

3. Results: The Dense Core Mass Function (DCMF)

The dense core mass function we derive from the above ob-
servations is presented in Fig. 22. For comparison we plot the
Trapezium cluster stellar IMF as a grey solid line (Muench
et al. 2002). This IMF consists of 3 power law segments with
breaks and 0.6 M" and 0.12 M". We find that the DCMF for the
Pipe Nebula is surprisingly similar in shape to the stellar IMF.
Specifically, both distributions are characterized by a Salpeter-
like power-law (Salpeter 1955) that rises with decreasing mass
until reaching a distinct break point, this is then followed by a
broad peak. Although similar in shape, the stellar and core mass
functions are characterized by decidedly different mass scales.
The grey dashed line in Fig. 2 is not a fit to the data but sim-
ply the stellar IMF in binned form matched to the resolution of
the data, and shifted by a factor of 4 to the higher masses. The
break from the Salpeter-like slope seems to occur between 2 and
3 M" for the cloud cores instead of the 0.6 M" for the stellar case
(Muench et al. 2002).

The DCMF in Fig. 2 likely suffers from two sources of uncer-
tainty: 1) the individual core masses are likely upper limits to the
true values since we made no corrections for the local extended
background on which most cores are embedded, and 2) the par-
ticular binning we chose may not produce the most accurate
representation of the underlying mass distribution. To address
point 1) we estimated a lower limit to the true core masses (and
the DCMF) by subtracting from each core its local background.
We then constructed a background subtracted DCMF and found

2 The full dataset is available in electronic form at the CDS.

Stellar Mass Function
(IMF) in 

Orion Nebula Cluster

Cloud Core Mass Function
(CMF) in Pipe Nebula
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Figure 13. H13CO+ CMF in Orion B. The two solid lines represent the best-fit
power-law functions with two indices. The vertical broken and solid lines show
the mass detection limit of our observations and the best-fit turnover mass for
the CMF, respectively. The error bars show the statistical uncertainties of

√
N ,

where N is the sample number in each mass bin.
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Figure 14. H13CO+ ONC CMF (thin-color histogram and open circles; Paper
I), confusion-corrected ONC CMF by the previous model (thin-color dashed
histogram and open circles), and that by the generalized model discussed in this
paper (thick-color solid histogram and filled circles). The error bars show the
statistical uncertainties of

√
N , where N is the sample number in each mass bin.

combination of Nbinj,i that minimizes (∆Mi −
∑

j MbinjNbinj,i)2

for each i.
The generalized confusion model is consistent with the

previous model in Paper I. We show the observed ONC CMF,
discussed in Paper I, in Figure 14. We also plot the ONC CMFs
corrected for the confusion using the previous and new models.
The two confusion-corrected CMFs are in good agreement
with each other. Furthermore, Mconfusion for the ONC CMF
is recalculated to be 155 ± 42 M#, consistent with 220 ±
45 M# in Paper I for the binary formation case with the same
parameters as those discussed in Section 7 in this paper. This
agreement leads us to the conclusion that the confusion mainly
occurs on the α-δ plane (Paper I) because the previous model
did not consider the velocity information but the new model
does.
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Figure 15. CMF of all the H13CO+ cores without (thin-color histogram and open
circles) and with the generalized confusion correction (thick-color histogram
and filled circles). The vertical dashed line shows the mass detection limit of
our observations.

-1

-0.5

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

lo
gd

N
/d

M

log [M/Msolar]

Observed
Confusion-corrected

Figure 16. Same as Figure 15, but CMF of the H13CO+ cores located within
the same region as in Johnstone et al. (2001, 2006).

5.3. Application of the Confusion Model to the CMF in the
Orion B Cloud

We correct the H13CO+ CMF in the Orion B cloud for confu-
sion adopting 64.1 M# pc−2 km−1 s of ρcube. The CMF corrected
for the confusion is shown in Figure 15; 73 misidentified cores
are recovered below 5.9 M# and the total recovered mass is
110 M#. To examine the confusion effect mainly seen on the
low-mass (< Mturn) side (see also Paper I) and to directly com-
pare with the observed CMF, we apply two power-law functions
to the confusion-corrected CMF in Figure 15, as in the case of
the observed CMF in Section 5.1. The best-fit functions become
as follows: the turnover mass of 5.1 ± 0.5M# and the γ values
of 2.2 ± 0.1 and 1.0 ± 0.1 in the high-mass and low-mass parts,
respectively. Although the shape in the low-mass part of the
corrected CMF is considerably changed, the γ in the high-mass
part still falls in the plausible range (see Section 5.1), consistent
with the ONC CMF case in Paper I. This might indicate that the
confusion effect is one of the possible causes of the apparent
turnover at 5.9 M# and the flatter low-mass part in the observed
CMF shown in Figure 13. On the other hand, the best-fit γ val-
ues in the high- and low-mass parts differ considerably. This

Core Mass Function (Orion B; H13CO+ J=1-0)
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toclusters is dominated by one central mas-
sive source and is surrounded by a cluster of
less massive sources. This provides evidence
for the fragmentation of a high-mass proto-
cluster down to scales of 2000 AU at the
earliest evolutionary stages.

In addition to a morphological interpreta-
tion, the data allow a quantitative analysis of

the mass distribution. Assuming that the mil-
limeter continuum is produced by optically
thin thermal dust emission, one can calculate
the masses and the column densities of the
subsources following the method outlined in
(13). The evolving protocluster is in a very
early evolutionary state, and only the stron-
gest source in the south exhibits weak (1-
mJy) centimeter emission indicative of a re-
cently ignited star (7, 10). This centimeter
emission is unresolved and does not affect the
morphology of the dust emission. There
could be temperature differences between
various clumps as well as temperature gradi-
ents within individual clumps (14). However,
in a massive cluster at the given distance,
with current observational capabilities it is
difficult to obtain individual temperature es-
timates for each subsource, let alone to derive
internal clump temperature gradients. Never-
theless, because of the early evolutionary
stage of the region before forming a signifi-
cant hot core, the dust temperatures through-
out the cluster should not vary too strongly,
and it is plausible to assume the same dust
temperature for all subsources. Based on
IRAS far-infrared observations, we estimate
the average dust temperature to be around 46
K (7); the dust opacity index beta is set to 2
(8). The single-dish data (Fig. 1A) reveal the
overall gas mass: We derive 840 MJ in the
south and 190 MJ in the north. Calculating
the total masses for the southern and northern
cluster from the interferometric data, we get

lower values, because the interferometers fil-
ter out the large-scale emission and trace only
the most compact sources (12). This effect
increases with decreasing wavelength. Thus,
the 3-mm observations (Fig. 1B) still detect
210 MJ in the south and 80 MJ in the north,
whereas at 1.3 mm we only observe the most
compact condensations, with a total mass of
98 MJ in the south and 42 MJ in the north
(Fig. 1, C and D). The data show that massive
protoclusters evolve in a core-halo fashion,
where the massive dense gas clumps from
which the stars are forming are embedded
within a larger-scale halo of more broadly
distributed gas. A fraction of 80 to 90% of the
total gas mass appears to be associated most-
ly with the halo.

More interesting than the total core
masses are the individual masses and col-
umn densities of each subsource. In the
1.3-mm PdBI data, we identify 12 individ-
ual clumps above the 3! level of 9 mJy per
beam in each of the southern and northern
cores. At the assumed temperature of 46 K,
the 3! level corresponds to a clump-mass
sensitivity of "1.7 MJ , and the derived
clump masses range between 1.7 and 25
MJ. The calculated peak column densities
are on the order of 1024 cm#2, correspond-
ing to a visual extinction Av of about 1000.
Such an extinction is too high to be pene-
trated by near-infrared, mid-infrared, or
even hard x-ray emission. Our sample is
sensitivity-limited for individual gas
clumps below 1.7 MJ. We do not believe
that the spatial filtering property of the
interferometric observing technique affects
our results, because the scales of all, even
the most massive clumps (on the order of a
few arc seconds), is far smaller than the
spatial structures filtered out (of sizes
above 20 arc sec). Consequently, only a
large-scale halo common to all sources is
affected by the filtering, whereas the sourc-
es we are interested in are not.

Combining the data from both clusters,
we derive a mass spectrum of the protoclus-
ters $N/$M, with the number of clumps $N
per mass bin $M (Fig. 2). The best fit to the
data results in a mass spectrum $N/$M "
M#a, with a power-law index a % 2.5 and a
mean deviation da % 0.3. A potential uncer-
tainty for the slope of the spectrum is the
assumption of uniform dust temperatures for
all subsources: Whereas higher temperatures
for the more massive clumps would decrease
these derived masses, lower temperatures for
the less massive clumps would increase those
mass estimates. These effects would result in
a somewhat flattened slope. However, as
argued before, we infer from the early
evolutionary state of IRAS 19410&2336
that the dust temperature distribution should
not vary strongly, and we conclude that the
relative accuracy between the derived clump

Fig. 1. Dust continuum images of IRAS 19410&2336. The left image shows 1.2-mm single-dish
data obtained with the IRAM 30-m telescope at low spatial resolution (8). The middle and right
images present the 3-mm and 1.3-mm PdBI data obtained with a spatial resolution nearly an order
of magnitude better. The beams are shown at the bottom left or right of each panel, respectively.
The contouring of (A) starts at 15% of the peak flux, increasing in 5% intervals; (B) is contoured
in 5% intervals of the peak flux between 5 and 25%, and in 10% intervals between 30 and 90%.
The 1.3-mm images in (C) and (D) are contoured at 1! steps between the 3! level of 9 and 27 mJy
per beam, and at 2! steps above that. Dec., declination; R.A., right ascension.

Fig. 2. The mass spectrum of IRAS
19410&2336. The clump-mass bins are
[1.7(3!),4], [4,6], [6,8], [8,10], and [10,25] MJ,
and the axes are in logarithmic units. The error
bars represent the standard deviation of a Pois-
son distribution '($N/$M). The solid line
shows the best fit to the data $N/$M " M#a,
with a % 2.5. The dashed and dotted lines
present the IMFs derived from Salpeter with
a % 2.35 (15) and Scalo with a % 2.7
(17), respectively.
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toclusters is dominated by one central mas-
sive source and is surrounded by a cluster of
less massive sources. This provides evidence
for the fragmentation of a high-mass proto-
cluster down to scales of 2000 AU at the
earliest evolutionary stages.

In addition to a morphological interpreta-
tion, the data allow a quantitative analysis of

the mass distribution. Assuming that the mil-
limeter continuum is produced by optically
thin thermal dust emission, one can calculate
the masses and the column densities of the
subsources following the method outlined in
(13). The evolving protocluster is in a very
early evolutionary state, and only the stron-
gest source in the south exhibits weak (1-
mJy) centimeter emission indicative of a re-
cently ignited star (7, 10). This centimeter
emission is unresolved and does not affect the
morphology of the dust emission. There
could be temperature differences between
various clumps as well as temperature gradi-
ents within individual clumps (14). However,
in a massive cluster at the given distance,
with current observational capabilities it is
difficult to obtain individual temperature es-
timates for each subsource, let alone to derive
internal clump temperature gradients. Never-
theless, because of the early evolutionary
stage of the region before forming a signifi-
cant hot core, the dust temperatures through-
out the cluster should not vary too strongly,
and it is plausible to assume the same dust
temperature for all subsources. Based on
IRAS far-infrared observations, we estimate
the average dust temperature to be around 46
K (7); the dust opacity index beta is set to 2
(8). The single-dish data (Fig. 1A) reveal the
overall gas mass: We derive 840 MJ in the
south and 190 MJ in the north. Calculating
the total masses for the southern and northern
cluster from the interferometric data, we get

lower values, because the interferometers fil-
ter out the large-scale emission and trace only
the most compact sources (12). This effect
increases with decreasing wavelength. Thus,
the 3-mm observations (Fig. 1B) still detect
210 MJ in the south and 80 MJ in the north,
whereas at 1.3 mm we only observe the most
compact condensations, with a total mass of
98 MJ in the south and 42 MJ in the north
(Fig. 1, C and D). The data show that massive
protoclusters evolve in a core-halo fashion,
where the massive dense gas clumps from
which the stars are forming are embedded
within a larger-scale halo of more broadly
distributed gas. A fraction of 80 to 90% of the
total gas mass appears to be associated most-
ly with the halo.

More interesting than the total core
masses are the individual masses and col-
umn densities of each subsource. In the
1.3-mm PdBI data, we identify 12 individ-
ual clumps above the 3! level of 9 mJy per
beam in each of the southern and northern
cores. At the assumed temperature of 46 K,
the 3! level corresponds to a clump-mass
sensitivity of "1.7 MJ , and the derived
clump masses range between 1.7 and 25
MJ. The calculated peak column densities
are on the order of 1024 cm#2, correspond-
ing to a visual extinction Av of about 1000.
Such an extinction is too high to be pene-
trated by near-infrared, mid-infrared, or
even hard x-ray emission. Our sample is
sensitivity-limited for individual gas
clumps below 1.7 MJ. We do not believe
that the spatial filtering property of the
interferometric observing technique affects
our results, because the scales of all, even
the most massive clumps (on the order of a
few arc seconds), is far smaller than the
spatial structures filtered out (of sizes
above 20 arc sec). Consequently, only a
large-scale halo common to all sources is
affected by the filtering, whereas the sourc-
es we are interested in are not.

Combining the data from both clusters,
we derive a mass spectrum of the protoclus-
ters $N/$M, with the number of clumps $N
per mass bin $M (Fig. 2). The best fit to the
data results in a mass spectrum $N/$M "
M#a, with a power-law index a % 2.5 and a
mean deviation da % 0.3. A potential uncer-
tainty for the slope of the spectrum is the
assumption of uniform dust temperatures for
all subsources: Whereas higher temperatures
for the more massive clumps would decrease
these derived masses, lower temperatures for
the less massive clumps would increase those
mass estimates. These effects would result in
a somewhat flattened slope. However, as
argued before, we infer from the early
evolutionary state of IRAS 19410&2336
that the dust temperature distribution should
not vary strongly, and we conclude that the
relative accuracy between the derived clump

Fig. 1. Dust continuum images of IRAS 19410&2336. The left image shows 1.2-mm single-dish
data obtained with the IRAM 30-m telescope at low spatial resolution (8). The middle and right
images present the 3-mm and 1.3-mm PdBI data obtained with a spatial resolution nearly an order
of magnitude better. The beams are shown at the bottom left or right of each panel, respectively.
The contouring of (A) starts at 15% of the peak flux, increasing in 5% intervals; (B) is contoured
in 5% intervals of the peak flux between 5 and 25%, and in 10% intervals between 30 and 90%.
The 1.3-mm images in (C) and (D) are contoured at 1! steps between the 3! level of 9 and 27 mJy
per beam, and at 2! steps above that. Dec., declination; R.A., right ascension.

Fig. 2. The mass spectrum of IRAS
19410&2336. The clump-mass bins are
[1.7(3!),4], [4,6], [6,8], [8,10], and [10,25] MJ,
and the axes are in logarithmic units. The error
bars represent the standard deviation of a Pois-
son distribution '($N/$M). The solid line
shows the best fit to the data $N/$M " M#a,
with a % 2.5. The dashed and dotted lines
present the IMFs derived from Salpeter with
a % 2.35 (15) and Scalo with a % 2.7
(17), respectively.
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1.2 mm thermal dust continuum
in

IRAS 19410+2336

Beuther & Shilke 2003

γ= 2.5



Core Mass Function
Almost all star forming regions in solar neighborhood, 
e.g., Taurus, Perseus, Orion, Ophiuchus, Pipe, Chameleon, 
Serpens, S140, ... show very similar slope of, 

The resemblance between CMFs (and with IMF) may be 
telling us that CMF is set in fragmentation process of 
(giant) molecular clouds

ALMA will resolve cloud structure scales down to 100 
AU at d = 10 kpc, and would detect “lighter” cores. 

– 26 –

Ntotal,13CO = Ncol,13CO · A

Ntotal,H2 = Ncol,13CO · A · [H2]

[13CO]

Mtotal,H2 = Ncol,13CO · A · [H2]
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for R = 30 arsec at d = 140 pc, Tex = 10 K.

5. Lecture VI

∆N

∆M cloud core
∝ M−2.3∼−2.5

∆N

∆M star
∝ M−2.35



2MASS Image Mosaic. Image Credit: IPAC/Caltech, University of Massachusetts.
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2MASS Image Mosaic. Image Credit: IPAC/Caltech, University of Massachusetts.

Giant HII regions
GHII must be powered by at leat 1e50 

photons/sec, one O3 star or ten O7 star

Is there single very rich cluster or are there many “normal” OB 
associations?

If there is a substructure, how is SF triggered and how does it 
propagate over regions larger than 100 pc?

What are initial conditions in ISM to produce GHII regions?
How do they depend on host galaxy?

What is the shape of IMF?
 

GHII cannot a scaled-up version of 
M42-type HII regions



Keywords of  Talk

Disks and Toroids are commonly seen 
around young O and B stars, respectively.
Growing evidence for gas infall in hot 
molecular cores
Core mass function: a hint for stellar 
cluster formation
Giant HII regions, i.e., “starburst”


