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V. Könyves et al.: Herschel Gould Belt survey for prestellar cores in Aquila

Fig. 16. Di↵erential core mass function (dN/dlogM) of the 651 star-
less cores (dark green histogram), 446 candidate prestellar cores (up-
per blue histogram and open triangles), and 292 robust prestellar cores
(lower blue histogram and filled triangles) identified with Herschel in
the whole Aquila field. The error bars correspond to

p
N statistical

uncertainties. The shaded area in light blue reflects the uncertainties
in the prestellar CMF arising from the uncertain classification of ob-
served starless cores as gravitationally bound or unbound objects (see
Sect. 4.7). The dashed blue histogram and open squares show how
the prestellar CMF would change at the high-mass end after correc-
tion for a possible di↵erential timescale bias (see text). The 90% com-
pleteness level of the prestellar core sample is indicated by the verti-
cal dashed line (see Sect. 4.8 and Appendix B). Lognormal fits to the
CMF of robust and candidate prestellar cores (solid and dashed red
curves, respectively), as well as a power-law fit to the high-mass end
of the CMF (black solid line) are superimposed. The two lognormal fits
peak at 0.62 M� and 0.34 M�, and have standard deviations of ⇠ 0.47
and ⇠ 0.57 in log10 M, respectively. The power-law fit has a slope of
�1.33 ± 0.06 (compared to a Salpeter slope of �1.35 in this format).
The IMF of single stars (corrected for binaries – e.g., Kroupa 2001),
the IMF of multiple systems (e.g., Chabrier 2005), and the typical mass
distribution of CO clumps (e.g., Kramer et al. 1998) are also shown for
comparison.

lar CMF (i.e., central mass and standard deviation) are mainly
driven by the uncertain classification of observed starless cores
as gravitationally bound or unbound objects, which leads to two
slightly di↵erent CMF shapes for the samples of robust and can-
didate prestellar cores (blue shaded area in Fig. 16). The high-
mass end of the Aquila CMF above 1 M� is also consistent with
a power-law mass function, dN/dlogM / M�1.33±0.06, at a K-S
significance level of 87%. Here, the error bar on the power-law
exponent was derived from the range of values for which the K-
S significance level is larger than 68% (corresponding to 1� in
Gaussian statistics). This function is very similar to the Salpeter
power-law IMF which is dN/dlogM / M�1.35 in this format. (We
note, however, that given the limited range of core masses probed
by our data a power law does not provide a significantly bet-
ter fit to the high-mass end of the CMF than a pure lognormal
fit.) In contrast, the CMF observed above 1 M� di↵ers from the
shallower power-law mass distribution of CO clumps and clouds
(dN/dlogM / M�0.7 – e.g. Blitz 1993; Kramer et al. 1998) at a
very high confidence level. The probability that the CMF can be
consistent with dN/dlogM / M�0.7 is only PK�S ⇠ 7.7 ⇥ 10�7.

A possible caveat to the similarity between the Salpeter IMF
and the prestellar CMF at the high-mass end should be men-
tioned, however. As pointed out by Clark et al. (2007), if cores of

di↵erent mass evolve on di↵erent timescales then the observed
CMF may not be representative of the intrinsic prestellar core
mass function. This is because an observer is more likely to de-
tect long-lived cores than short-lived cores. Therefore, if there is
a correlation between core lifetime and core mass, then the ob-
served CMF can be significantly distorted compared to the “ini-
tial” prestellar core mass distribution. In the present sample of
prestellar cores, there is essentially no correlation between core
density and core mass below ⇠ 2 M� but a weak positive corre-
lation above ⇠ 2–3 M� (Fig. 10), suggesting that prestellar cores
more massive than ⇠ 2–3 M� may evolve to protostars somewhat
faster than lower mass cores do (see end of Sect. 5.1). To quan-
tify the importance of this potential di↵erential timescale bias
on the CMF, we have overplotted in Fig. 16 a weighted ver-
sion of the observed CMF (blue open squares and dashed his-
togram), obtained by weighting the number of prestellar cores
observed in each mass bin by a factor inversely proportional to a
mass-dependent free-fall time. The latter was estimated for each
mass bin by using the parabolic fit to the observed correlation
between core density and core mass shown by the red curve in
Fig. 10. As can be seen in Fig. 16, the weighted CMF is in-
distinguishable from the unweighted CMF for M < 2 M�, but
somewhat shallower above ⇠ 2 M�. (A K-S analysis indicates
that the high-mass end of the weighted CMF above 2 M� is con-
sistent with a power-law mass function, dN/dlogM / M�1.0±0.2,
at a K-S significance level of 90%.) The main e↵ect of the dif-
ferential timescale correction is to broaden the prestellar CMF,
leaving the peak mass at ⇠ 0.5 M� essentially unchanged.

As already discussed by André et al. (2010) and Könyves
et al. (2010) (see also Alves et al. 2007), the observed CMF
is consistent with an essentially one-to-one mapping between
prestellar core mass and stellar system mass21, i.e., M?sys =
✏core ⇥ Mcore), where ✏core represents the e�ciency of the con-
version process from core mass to stellar system mass, i.e., the
star formation e�ciency within an individual prestellar core. The
peak of the prestellar CMF is at 0.45 ± 0.2 M� in observed core
mass, suggesting a real peak at 0.6± 0.2 M� in terms of intrinsic
prestellar core mass, after correcting the observed masses up-
ward by ⇠ 25% due to the fact that the SED mass values tend to
slightly underestimate the intrinsic core masses according to our
simulations (see Sect. 4.6 and Appendix B.1). Our data therefore
suggest that ✏core ⇠ 0.4+0.2

�0.1.
It is also interesting to investigate possible variations in the

CMF as a function of local cloud environment, in particular de-
pending on whether the cores lie within or outside dense fila-
ments. In L1641 (Orion A), for instance, Polychroni et al. (2013)
reported that the cores lying on filaments were generally more
massive than those lying o↵ filaments. Figure 17 compares the
CMF derived for the candidate prestellar cores lying on filaments
(light blue histogram) to the CMF of the candidate prestellar
cores lying o↵ filaments (magenta histogram) and to the global
prestellar CMF in Aquila (upper dark blue histogram). It can be
seen that the prestellar CMF observed on filaments is very simi-
lar to the global prestellar CMF. A two-sample K-S test confirms
that these two CMFs are indistinguishable at a > 95% confidence
level. On the other hand, there is a marginal indication that the

21 As pointed out by a number of authors (e.g. Delgado-Donate et al.
2003; Goodwin et al. 2008; Hatchell & Fuller 2008), sub-fragmentation
of prestellar cores into binary or multiple systems complicates the di-
rect mapping of the prestellar CMF onto the IMF of individual stars.
Lacking su�cient spatial resolution to probe core multiplicity with the
present Herschel observations, we do not enter this debate here and con-
centrate on the relationship between the prestellar CMF and the system
IMF.
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Nearby cloud observations lead to the hypothesis that the prestellar 
“Core Mass Function” maps to the stellar Initial Mass Function



Theoretical considerations suggest that stellar thermal 
feedback is critical for setting the IMFStellar and multiple star properties 3127

Figure 7. Histograms giving the IMF of the 590 stars and brown dwarfs at t = 1.20tff from the main barotropic calculation of Bate (2009a) (left), and the
183 objects formed at the same time in the radiation hydrodynamical calculation (right). The double hatched histograms are used to denote those objects that
have stopped accreting, while those objects that are still accreting are plotted using single hatching. The radiation hydrodynamical calculation produces far
fewer brown dwarfs and low-mass stars and more stars with masses !1.5 M⊙ and is in good agreement with the Chabrier (2005) fit to the observed IMF for
individual objects. Two other parametrizations of the IMF are also plotted: Salpeter (1955) and Kroupa (2001).

observational constraints, but the statistical uncertainty is large.
Here we obtain a ratio of N (0.08–1.0)/N (0.03–0.08) = 117/31 ≈
3.8. Eight of the 31 low-mass objects and 84 of the 117 stars
were still accreting when the calculation was stopped, so there
is some uncertainty in this figure due to unknown future evolution.
But the value is well within observational uncertainties. For the
main barotropic calculation of Bate (2009a), this ratio was much
lower: 212/146 ≈ 1.45 at t = 1.20tff and 408/326 = 1.25 at
t = 1.50tff .

Below 0.03 M⊙, the IMF is very poorly constrained, both obser-
vationally and from the calculation presented here. The radiation
hydrodynamical calculation produced six objects with masses in
this range, with a minimum mass of 17.6 MJ. All of these objects
had stopped accreting when the calculation was stopped. This is
very different to the main barotropic calculation. At the same time
(1.20tff ), the barotropic calculation had produced 217 brown dwarfs
(40 still accreting) with masses less than 30 MJ with a minimum
mass of only 5.6 MJ. Even discounting objects that were still ac-
creting, the inclusion of radiative feedback has cut the production
of these VLM brown dwarfs by a factor of ≈30 and significantly in-
creased the minimum mass. It is interesting to note that the minimum
mass is substantially higher than the opacity limit for fragmenta-
tion (Low & Lynden-Bell 1976; Rees 1976; Silk 1977a,b; Boyd &
Whitworth 2005). This is because the opacity limit provides a min-
imum mass, but generally objects will accrete from their surround-
ings to greater masses. Perhaps more importantly, the minimum
mass is also greater than the estimated masses of some objects ob-
served in star-forming regions (Zapatero Osorio et al. 2000, 2002;
Kirkpatrick et al. 2001, 2006; Lodieu et al. 2008; Luhman et al.
2008, 2009b; Bihain et al. 2009; Burgess et al. 2009; Weights et al.
2009; Quanz et al. 2010). While an exact cut-off is difficult to
determine from either numerical simulations or observations, the
results of the radiation hydrodynamical calculation presented here
do imply that brown dwarfs with masses !15 MJ should be very
rare.

3.2.1 The origin of the initial mass function

Bate & Bonnell (2005) analysed two barotropic star cluster for-
mation simulations that began with clouds of different densities to
determine the origin of the IMF in those calculations (see also Bate
2005). They found that the IMF resulted from competition between

accretion and ‘ejection’. There was no significant dependence of
the mean accretion rate of an object on its final mass. Rather, there
was a roughly linear correlation between an object’s final mass and
the time between its formation and the termination of its accretion.
Furthermore, the accretion on to an object was usually terminated
by a dynamical interaction between the object and another system.
Note that such an interaction does not necessarily require that the
object is ejected from the cluster. Many times this is the case, but
moving an object into a lower density part of the cloud (e.g. out of
its natal core) or substantially increasing the object’s speed without
it becoming unbound can also dramatically reduce its accretion rate
[cf. the Bondi–Hoyle accretion formula Ṁ ∝ ρ/(c2

s +v2)3/2, where
v is the velocity of the object relative to the gas]. Thus, Bate & Bon-
nell found that objects formed with very low masses (a few Jupiter
masses) and accreted to higher masses until their accretion was
terminated, usually, by a dynamical encounter. This combination
of competitive accretion and stochastic dynamical interactions pro-
duced the mass distributions, and Bate & Bonnell (2005) presented
a simple semi-analytic model which could describe the numerical
results in which the characteristic stellar mass was given by the
product of the typical accretion rate and the typical time between an
object forming and having a dynamical interaction that terminated
its accretion. Bate (2009a) found the IMF in their larger barotropic
calculations also originated in this manner. They found the mean
accretion rate of a low-mass star did not depend on its final mass, but
that objects that accreted for longer ended up with greater masses
and that protostellar accretion was usually terminated by dynam-
ical interactions. Here we analyse the radiation hydrodynamical
calculation using the same methods.

In Fig. 8, we plot the final mass of an object versus the time
at which it formed (i.e. the time of insertion of a sink particle). It
is clear that the most massive stars at the end of the calculation
were some of the first to begin forming. During the calculation,
as other lower-mass stars have formed and some have had their
accretion terminated, these stars have continued to grow to higher
and higher masses. Maschberger et al. (2010) have argued that such
a cluster formation process naturally produces a relation between
cluster mass and maximum stellar mass similar to that which is
observed (Weidner & Kroupa 2006; Weidner, Kroupa & Bonnell
2010), although others argue that the observations are also consistent
with random sampling from a universal IMF (Lamb et al. 2010;
Fumagalli, da Silva & Krumholz 2011).

C⃝ 2011 The Author, MNRAS 419, 3115–3146
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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A “standard” story of high-
mass star formation

Implicit assumptions: 
• Isolated evolution 
• Core is small compared to cloud 
• Accretion stops between 3 & 4 
• Arrows go only one way 
• Everything is roughly spherical or axisymmetric
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H2CO 30,3-20,2 
H2CO 32,1-22,0 
H2CO 32,2-22,1

Thermal Feedback around HMYSOs
ALMA and JVLA observations



H2CO 30,3-20,2 
H2CO 32,1-22,0 
H2CO 32,2-22,1

Gas heating: 
Thermal (radiative) feedback 
changes initial collapse 
conditions
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H2CO 32,1-22,0 
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H2CO thermometry: 
redder = cooler 

(maybe)
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A massive hot core



HII region (VLA Ku-band) contours: 
the ionizing source is not responsible 

for the CH3OH or (most) of the  
HNCO enhancement



0

CH3OH 80,8-71,6



CH3OH does not trace outflows: 
methanol enhancement is 
circularly symmetric

CH3OH 80,8-71,6

CO / CO

The warm region 
is the whole core, 
not just the 
outflow cavity



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☉



Ginsburg et al: Thermal Feedback W51

(a) (b)

Fig. 27. The azimuthally averaged (a) Jeans mass and (b) Jeans length surrounding the three most massive cores. We used the
CH3OH temperature from 3.9, Figure 8b in both the Jeans mass calculation and the dust-based mass determination. The density
used for the mass calculation is assumed to be distributed over spherical shells. In (b), the dashed black line shows the R

J

= R
line. When R

J

> R, the gas is on average stable against Jeans collapse on the measured length scale. Since the medium is clearly
not isothermal or uniform density, though, this only shows a rough approximation of the stability.

servations do not correspond to the initial conditions, so
this comparison could more fairly be made with a later
‘snapshot’ from those models. Second, the more sophisti-
cated models of evolution from an initial turbulent core
suggest that most of the stellar (and accretion) radiation
should escape via growing outflow cavities (Zhang & Tan
2011; Zhang et al. 2013, 2014). The symmetry seen in the
hot core around e2e and its lack of correspondence with the
outflowing material (Figure 28) indicates that a large frac-
tion of the stellar or accretion radiation is going directly
into the core and not escaping along the poles.

The presence of these large-scale, massive, hot cores
raises a few questions that are not presently well-addressed
by any class of theories. If the hot cores successfully sup-
press further fragmentation in their envelopes, does that
imply that these cores will collapse into single stars? If
so, do the cores in any way correspond to ‘initial condi-
tions’, or are the cores created by the stars that form within
them? This is more than merely a semantical question, as
the evolutionary progress within the ‘turbulent core’ model
depends on the initial core structure, and the presence of
nearby fragments governs whether ‘competitive accretion’
can occur at all.

this is mostly just spitballing; it probably ought to be
removed: There are also some curious implications for ‘iso-
lated’ massive star formation. The stars we see forming are
clearly not isolated - they are embedded within fairly rich
clusters of massive stars we can see already, and they are
very likely to be surrounded by substantial clusters of lower-
mass stars. However, during their formation process, they
may be the only accreting stars around - their thermal feed-
back may prevent any neighbors from forming simultane-
ously. This ‘enforced isolation’ might be a way for massive
star formation to proceed similarly independent of the size
of their parent cloud, assuming they can be formed at all.

6. Conclusions

We have presented ALMA observations of the high-mass
protocluster W51. We examined the three most massive
forming stars and the surrounding population of forming
stars.

The key observational results include:

– We demonstrated three techniques for estimating the
temperature of dust continuum sources with ALMA:
limits from dust brightness temperature, limits from line
brightness temperature, and LTE modeling of CH3OH
lines. While these methods do not necessarily agree or
provide direct and accurate measurements of the tem-
perature, they provide strong enough constraints to
draw substantial physical conclusions.

– We cataloged and classified 75 continuum sources on the
basis of their dust emission, line emission, and morphol-
ogy.

– We identified chemically enhanced regions around high-
mass protostars and suggest they are desorption zones

From these observations, we have inferred the following:

– During the earliest stages of their formation, before they
have ignited H ii regions, high-mass protostars heat a
large volume, and correspondingly large mass, of gas
around them.

– Older massive stars, those with surrounding H ii re-
gions, appear to have little effect on the temperature
of dense gas around them. While some are embedded
within larger hot cores, they do not appear to be the
main heating sources. Their luminosity must therefore
escape without being fully reprocessed into infrared ra-
diation.

– Heated massive cores surrounding the highest-mass pro-
tostars in W51 show no evidence of ongoing fragmenta-
tion and are warm enough to suppress Jeans fragmenta-
tion. Hot massive cores therefore serve as a mass reser-
voir for accretion onto possibly single massive stars.
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Warm gas: 
Jeans mass is large

Jeans length is similar 
to the core size scale: 

the gas is mostly stable 
against fragmentation

stable

unstable



Stable now, but…
• If this gas were in a ‘core’ in the past, before a star 

formed, it would be highly unstable 

• λJ ~ T3/2, so at Tmol ~ 20, it was 30 times smaller 

• At least on the high-mass end, the prestellar ‘core 
mass function’ cannot map to the IMF



Summary: 
!

• HMYSOs illuminate large, massive cores up to 
T>200K 

• Current “core” masses are ≳250 M☉ 

• These cores likely did not exist as prestellar cores 

• The prestellar CMF->IMF mapping doesn’t work 
high-mass stars



1.3 mm 
SiO SiO

W51 e8

W51 e2 W51 north

Outflows: there must be disks 
(but they are small)

1000 au 
0.005 pc

Resolution 200 au


