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Table 1 Main-sequence massive star definition (logarithmic mass ranges)
Mass

Designation

Sp. type

8–16 M⊙

Early B-type massive stars

B3V to B0V

16–32 M⊙

Late O-type massive stars

O9V to O6V

32–64 M⊙

Early O-type massive stars

O5V to O2Va

64–128 M⊙

O/WR-type massive stars

WNL-Hb

Zinnecker
et al 2007
a
O2V main-sequence stars have been identified by Walborn et al. (2002).
b
WNL-H:
N-rich late-type Wolf-Rayet (WR) stars, still on the main sequence (H-burning)
10
(see Crowther 2007).
5

We use the
terms massive star and high-mass star interchangeably to denote an
10
OB star sufficiently massive to produce a type II supernova (M∗ /M⊙ > 8 for solar
abundances). With these definitions in mind, the term high-mass protostar denotes
10
a >8M⊙ hydrostatic object that has not yet begun hydrogen burning. As we shall see
in the following, such objects exist only briefly during a transitory stage between “ac10
creting
protostar” and “accreting high-mass star.” Because it will
L☉ intermediate-mass
be impossible to distinguish observationally when an accreting object begins burning hydrogen,
we suggest that the terms massive protostar and high-mass protostar
10
generally be avoided.
In Table 1, we give a crude classification of massive stars in terms of logarithmic
10
mass intervals and the corresponding main sequence spectral types.
We reserve the terms very massive star (VMS) and supermassive star (SMS) for
8
stars in the10mass
ranges of1.0100 < M∗ /M
104 < M∗ /M
⊙ < 10 , respec⊙ < 1000 and
0.1
10.0
100.0
1000.0
M [M ]
tively, and introduce the term ultramassive star (UMS) for stars in the mass range
of 103 < M∗ /M⊙ < 104 . SMSs are equilibrium
M☉ configurations that are dominated by
radiation pressure—baryons and electron-positron pairs provide only a minor contribution to the equation of state. At some point during their evolution SMSs collapse
4
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OVERVIEW
THEORETICAL CHALLENGES

!

Evolution: Mechanism, prestellar cores?…

!

Physics: e.g., Radiation
pressure

!

Preferential Cluster formation

!

Cluster primordial mass
segregation and age
distribution

!

Bimodality? Threshold?

OBSERVATIONAL CHALLENGES

!

Large Distances (kpc Resolution)

!

Rare (Statistics)

!

Disruptive

!

Short lifetimes

!

Highly-embedded (IR/submm)

!

Highly Clustered (Resolution)

EVOLUTION

!
Outflow Regulated Clump Fed Model

Competitive Accretion (Bonnell et al. 1997) “The
rich get richer model”, ‘location, location, location’

!

Goals of
ThisetTalk
(Wang
al. 2010)

Bondi-Hoyle1. Extension of McKee-Tan turbulent core collapse model
Accretion,
!
determined by
No pregas dynamics
assigned mass/
core - fed from
pre-exist.
HMS form first or
collapsing
simultaneously,
No HMS cores
I. Bonnell
clump
mass
(Outflow-regulated)
Turbulent
Clump
model
!
Credit: Zhi- Yun
segregation
(Wang, Li, Abel & Nakamura 2010)
Turbulent Core model (McKee & Tan 02,03)
!
~ 0.1 pc

~ 1 pc

Pre-existing
(low-mass)
overdensities

Each massive star from a pre-existing
massive turbulent core that collapses
Massive
Formation
under Star
its&
own
weight
(McKee
Tan
2003)

Collapse and Accretion in
Turbulent
Core Model
in Cluster-Forming Dense Clumps

!

Massive stars form from a pre-existing, cluster
forming, turbulent clump that collapses under its
own weight (due to dissipation of turbulent support)

Mass segregation

The global clump collapse is regulated by outflow
feedback (with the aid of magnetic fields), which
may replenish (part of) the decayed turbulence

No pre-existing
seeds but Grav
No competition
Filamentary
2. Moderate magnetic fields lower the characteristic
stellar mass (if time) 4
potential important already assigned
inflows from
location, location,
mass
large scale
location
reservoirs
Pre-existing
Turbulent
CoreYun
model
HM cores Competitive Accretion Model
Credit: Zhi! from a pre-existing Matter pulled in at a higher rate by thecharacteristic
Each massive star
stronger
Turbulence important
massive turbulent core that collapses
gravity of a more massive stellar seed
Turbulence
support
scale
under its own weight
~ 0.1 pc

~ 1 pc

Two widely discussed scenarios

(McKee & Tan 02,03)

Expected behavior of stellar accretion rate:
Can increase, decrease or remain nearly
constant as the stellar mass grows
(e.g., constant

for collapse of SIS, Shu 77)

(Bonnell+03,04)

!

Expected behavior of stellar accretion rate:
Should increase as the stellar mass grows
(e.g.,

if Bondi-Hoyle accretion)

EVOLUTION
• MC Environment (>1pc scale)
(e.g., Rivera-Ingraham et al. 2015)
• Clumps (0.5-1pc scale) +
Filaments (e.g., Rivera-Ingraham et
al. 2015; 2016)
• MDCs (0.1pc scale):
(Rivera-Ingraham et al. 2017, submm)
!
• Complete catalogue
• Herschel imaging survey of OB Young
• Evolutionary classification
Stellar objects - (HOBYS; PI. F. Motte)
• Characterization (stellar content,
!
• the Herschel infrared Galactic Plane
physical properties)
Survey - (Hi-GAL; PI. S. Molinari)

• Statistical Studies (RiveraIngraham et al. 2017b, in prep)

!
• Galactic Cold Cores - (GCC; PI. M.

Juvela)

EVOLUTION

~0.5pc

Goals of This Talk

on of McKee-Tan turbulent core collapse model

~ 1 pc

odel (McKee & Tan 02,03)

om a pre-existing
re that collapses

OBSERVABLE!!
HII region
Phase
(Outflow-regulated) Turbulent Clump model
(Wang, Li, Abel & Nakamura 2010)

RIDGES

Massive stars form from a pre-existing, cluster
forming, turbulent clump that collapses under its
own weight (due to dissipation of turbulent support)
The global clump collapse is regulated by outflow
feedback (with the aid of magnetic fields), which
may replenish (part of) the decayed turbulence

agnetic fields lower the characteristic stellar mass (if time)

4

HOT CORE

• Compact radio
emission: HC, UC
HII regions
!
• Masers
!
• Rich complex
chemistry

on of

core

Filaments (Environ)

EVOLUTION
0.2 pc

A&A proofs: manuscript no

(a)

Fig. 2. Column density map of the GCC field G300.86-9.00 with the
skeleton of the main filament superimposed. Skeleton was obtained with
the getfilaments algorithm and N scales = 10. The AV = 1 mag (black) and
AV = 3 mag (magenta) contours are shown as reference.

logs from these sets of images, defined as the ‘source-subtracted’
(SS) and ‘source-included’ (SI) samples, respectively.
Profiles were averaged along the length of the filament to
derive mean radial profiles, for the entire filament and separately
for both of its sides. An example of such a profile is shown in Fig.
3a. For consistency with previous studies, each averaged profile
fitted with an idealized model of a Plummer-like (Whitworth
Goals of Thiswas
Talk
& Ward-Thompson 2001; Nutter et al. 2008) cylindrical filament
(convolved
with a 4000 beam)
of the form
McKee-Tan turbulent
core collapse
model

0.2 pc

~0.5pc

⇢ p (r) =

⇢c
.
[1 + (r/Rflat )2 ] p/2

A. Rivera-Ingraham et al.: Galactic Cold Cores VII: Filament Formation a

(1)

Here, ⇢c is the central density, Rflat is the size of the inner
flat portion of the filament profile, and p is the exponent (p⇠ 2)
that characterises the power-law behaviour of the profile at larger
radii. The inclination angle of the filament relative to the plane
of the sky was assumed to be equal to zero. The fitting process
was carried out using a non-linear least squares minimization
IDL routine
based on mpfit
(Markwardt
(Outflow-regulated)
Turbulent
Clump
model 2009) tracing the entire
profile
measured
from
the background-free NH2 map or to the
(Wang,
Li,as
Abel
& Nakamura
2010)
odel (McKee & Tan 02,03)
point of overlap with another filamentary structure. Only those
Massive starsprofiles
form from
pre-existing,
cluster
witha data
extending
past the half-maximum width of the
om a pre-existing
forming,
turbulent
clump
that
collapses
under
its This ensured that the overall
filament were used in our analysis.
re that collapses
own weight (due to dissipation of turbulent support)
shape of the profile and the parameter estimates obtained from
the fit were reliably constrained.
The global clump collapse is regulated by outflow
The combination of a flat and a power-law component of
feedback (with the aid of magnetic fields), which
a
Plummer-like
function can generally reproduce the observed
may replenish (part of) the decayed turbulence
profile accurately (Fig. 3a). However, issues such as the correagnetic fields lower the characteristic
(if p-exponent,
time) 4
lationstellar
of Rflatmass
and the
or the presence of profiles already accurately fitted by a simple Gaussian, can make the true
physical meaning of the best-fit Plummer parameters, and their
usability toward filament characterisation, questionable (see e.g.,
Juvela et al. 2012a; Malinen et al. 2012; Smith et al. 2014).
Rather than using the absolute values of Rflat and the p-exponent,
here we characterise the filament in terms of two alternative morphological descriptors: a core component and a wing component.
~ 1 pc

(b)

Fig. 2. Column density map of the GCC field G300.86-9.00 with the
skeleton of the main filament superimposed. Skeleton was obtained with
the getfilaments algorithm and N scales = 10. The AV = 1 mag (black) and
AV = 3 mag (magenta) contours are shown as reference.

Fig. 3. a) Skeleton-averaged filament column density profile (black
curve) with best-fit (magenta) Plummer-like function.
The
best-fit
logs
from
these(blue)
sets of images, defined as the ‘source-subtracted’
Gaussian function to the data (no fitting radius restriction)
shown rel(SS) andis ‘source-included’
(SI) samples, respectively.
ative to the final best Gaussian function representing the
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best-fit Plummerlike models (normalised: NH2 = 1 at radial distance from filament centre
R ⇡ 0) with varying proportions of core and wing components. ⇢c
⇢ p (r) =
.
(1)
[1 + (r/Rflat )2 ] p/2

Fig.
curv
Gaus
ative
gion
(gree
filam
nent
ciate
coun
like
R⇡

sented by a Gaussian function. This Gaussian-like
inner
Here,
⇢c iscomthe central density, Rflat is the size of the inner
HBs + wing-dominated
flat
portion
of the
filament profile, and p is the exponent (p⇠ 2)
ponent of the profile, which in this work we define
as the
filaHBs + core-dominated
that
characterises
the
LBs
+
wing-dominated
ment ‘core’ component, can then be quantified separately from power-law behaviour of the profile at larger
LB +The
core-dominated
radii.
inclination angle of the filament relative to the plane
the ‘wing’ component, associated with the power-law
behaviour
of the sky was assumed to be equal to zero. The fitting process
of the filament profile and which causes it to
a a non-linear least squares minimization
wasdeviate
carried from
out using
Gaussian-like shape at larger radii (Fig. 3a). The
variety
of
filaIDL routine based on mpfit (Markwardt 2009) tracing the entire
ment core-wing combinations can be observedprofile
in theas sample
measuredoffrom the background-free NH2 map or to the
point
of
overlap
with another filamentary structure. Only those (b)
20 filament Plummer-like profiles included
in
Fig.
3b.
(a)
profiles withare
data
extending past the half-maximum width of the
The Plummer parameters (⇢c , Rflat , and p-exponent)
only
sent
filament
were
used
used in deriving the model that fits the filament column densityin our analysis. This ensured that the overall pone
shape of the profile and the parameter estimates obtained from
profile best. Such a model replaces the observational
data when
men
the fit were reliably constrained.
calculating the relative contributions of the core The
and combination
wing fila- of a flat and a power-law component of the ‘
ment components to the profile. The total linear
mass density,
a Plummer-like
function can generally reproduce the observed of t
M line,tot , can be calculated by integration of theprofile
model
Plummer
accurately
(Fig. 3a). However, issues such as the corre- Gau

Filaments (Environ)

EVOLUTION

A&A proofs: manuscript no. rivera4_arxiv

Av Environment

R1

R2

R3

~0.5pc

Goals of This Talk

on of McKee-Tan turbulent core collapse model

~ 1 pc

(a)

odel (McKee & Tan 02,03)

om a pre-existing
re that collapses

(Outflow-regulated) Turbulent Clump model
(Wang, Li, Abel & Nakamura 2010)

Massive stars form from a pre-existing, cluster
forming, turbulent clump that collapses under its
own weight (due to dissipation of turbulent support)
The global clump collapse is regulated by outflow
feedback (with the aid of magnetic fields), which
may replenish (part of) the decayed turbulence

agnetic fields lower the characteristic stellar mass (if time)
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(b)
Fig. 2. Panel [a]: Mean filament FWHM as a function of central intrinsic (crest, background-subtracted) filament AV . Black solid curve is
the model for isothermal pressure-confined filaments from Fischera &
Martin (2012) for an external pressure p /k=2⇥104 K cm 3 , i.e., envi-
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Table 4. Average Properties of MDCs

Parameter

MDCs

(a)

All

Active
Inactive
Inactive
Inactive
[IR-bright]
[IR-quiet+starless+UCS]
[IR-quiet]
[Starless]
Number
442
3
30
Fig.
5. Environmental 10
column density 6as a function ofFig.
intr
Mass [M ]
25 ± 3
324 ± 251
126 ± 9
118 ± 16
107 ± 10
column density measured at core central coordinates. Lines
colum
<T [K]>
16.4 ± 0.3
34.7 ± 5.2
14.1 ± 1.2
11.7 ± 0.9
12.7 ± 3.2
space
characterisinglowe
the
Lbol [L ]
268 ± 106
24721 ± 6879
666lower
± 226limits of the column
80 ± 53 density 828
± 821
cores. The 0.190
limits±define
in the upper-right
brigh
Lsub/bol
0.094 ± 0.004 0.004 ± 0.003
0.186bright
± 0.026
0.030 a quadrant
0.238 ± 0.052
with
high-mass
star± formation.
Symbol
trins
FWHMa [pc]
⇠0.10
0.07 ± 0.02
0.15trinsically
± 0.01 associated
0.16
± 0.02
0.18
0.02
4.
< nH2 > [105 cm 3 ]
1.2 ± 0.1
15.3 ± 1.6
3.34.± 0.7
2.2 ± 0.7
0.7 ± 0.2
NH2 ,p [1022 cm 2 ]
1.2 ± 0.2
20.6 ± 4.4
4.5 ± 1.1
1.9 ± 0.7
1.4 ± 0.7
22
2
NH2 ,env [10 cm ]
⇠1.0
4.2 ± 0.3
2.0 ± 0.3
1.6 ± 0.4
1.3 ± 0.5
5.
Discussion:
Assembly
and
Early
Evolution
5. D
XISRF
2.3 ± 0.2
13.1
±
5.7
5.9
±
1.5
2.2
±
1.1
2.6
±
1.9
A.
Rivera-Ingraham
et
al.:
The
Switch
for
HMSF
(b)
a
Massive (b)
Stellar Precursors
Deconvolved size at reference
wavelength.
M

4. Conditions for High-Mass Star Formation:
Physical and environmental constraints
Five sources were preliminarily classified as active based on
the presence of signposts of high-mass star activity within their
FWHM, all localised in the three massive centrally-condensed
clumps of W3 (OH), W3 East, and W3 West (Paper I; Figs. 1).
Of these, only three were potential IR-bright MDCs. The properties of these sources as well as those MDCS with comparable
masses are included in Table 2 and Table 3. The final catalogue
and the measurements at each wavelength are included in Appendix B.
(a)
The W3 (OH) clump is characterised by a single MDC detection, well centred on the column(c)
density peak of the clump and

The star-forming history and young stellar content
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of thebeen
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high-mass starsive
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the in
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S2), the with
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the literature.
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icalofand
environmental
properties
fromdata
Hersche
ical
are relevant for models constraining the early evolutionary state
formation constitutes an ideal observational framework
of small groups with up to a few high-mass stars. These mas- form
strainingstar
the forming
feasibleregions
evolutionary
andsetphysics
b
sive high-mass
exhibit paths
a unique
of strai
clusters.
physicalformation
conditionsof
at high-mass
clump level stars
(Paperand
I) as
well as in their form

core substructure. Table 4 lists the mean di↵erences between
the di↵erent populations, and clearly highlights how active cores
5.1.
A thresholdfrom
for the
High-Mass
Star Formation?
are easily
distinguishable
quiescent sample
due to their 5.1.
much higher luminosity, their systematically denser and more
viability
an evolutionary
model
can be
determin
The
compactThe
structure,
andoftheir
tendency to exist
in much
richer
capability
to reproduce
the low-mass
physicalcounand envir
on i
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environments
than their
characterising
massive
cluster-forming
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terparts.properties
Such di↵erences
illustrated
in the dia- prop
(c) are graphically
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4. Conditions for High-Mass Star Formation:
Physical and environmental constraints
Five sources were preliminarily classified as active based on
the presence of signposts of high-mass star activity within their
FWHM, all localised in the three massive centrally-condensed
clumps of W3 (OH), W3 East, and W3 West (Paper I; Figs. 1).
Of these, only three were potential IR-bright MDCs. The properties of these sources as well as those MDCS with comparable
masses are included in Table 2 and Table 3. The final catalogue
and the measurements at each wavelength are included in Appendix B.
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Table 4. Average Properties of MDCs

Parameter

All
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[IR-bright]
Number
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3
Mass [M ]
25 ± 3
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0.186 ± 0.026
0.15 ± 0.01
3.3 ± 0.7
4.5 ± 1.1
2.0 ± 0.3
5.9 ± 1.5

4. Conditions for High-Mass Star Formation:
Physical and environmental constraints
Five sources were preliminarily classified as active based on
the presence of signposts of high-mass star activity within their
FWHM, all localised in the three massive centrally-condensed
clumps of W3 (OH), W3 East, and W3 West (Paper I; Figs. 1).
Of these, only three were potential IR-bright MDCs. The properties of these sources as well as those MDCS with comparable
masses are included in Table 2 and Table 3. The final catalogue
and the measurements at each wavelength are included in Appendix B.
The W3 (OH) clump is characterised by a single MDC detection, well centred on the column density peak of the clump and
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Based on the stellar multiplicity of the only high-mass starforming cores in W3 (mainly the reliable MDCs S1 ad S2), the
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the di↵erent populations, and clearly highlights how active cores
are easily! distinguishable from the quiescent sample due to their
much higher
their systematically ~2.5
denser and more
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(env) [bright/quiet]
compact structure, and their tendency to exist in much richer
(denser) and irradiated environments than their low-mass counterparts. Such di↵erences are graphically illustrated in the dia-
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Table 4. Average Properties of MDCs

Parameter

All

Active
[IR-bright]
Number
442
3
Mass [M ]
25 ± 3
324 ± 251
<T [K]>
16.4 ± 0.3
34.7 ± 5.2
Lbol [L ]
268 ± 106
24721 ± 6879
Lsub/bol
0.094 ± 0.004 0.004 ± 0.003
FWHMa [pc]
⇠0.10
0.07 ± 0.02
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1.2 ± 0.1
15.3 ± 1.6
NH2 ,p [1022 cm 2 ]
1.2 ± 0.2
20.6 ± 4.4
22
2
NH2 ,env [10 cm ]
⇠1.0
4.2 ± 0.3
XISRF
2.3 ± 0.2
13.1 ± 5.7
a
Deconvolved size at reference wavelength.

Inactive
[IR-quiet+starless+UCS]
30
126 ± 9
14.1 ± 1.2
666 ± 226
0.186 ± 0.026
0.15 ± 0.01
3.3 ± 0.7
4.5 ± 1.1
2.0 ± 0.3
5.9 ± 1.5

4. Conditions for High-Mass Star Formation:
Physical and environmental constraints
Five sources were preliminarily classified as active based on
the presence of signposts of high-mass star activity within their
FWHM, all localised in the three massive centrally-condensed
clumps of W3 (OH), W3 East, and W3 West (Paper I; Figs. 1).
Of these, only three were potential IR-bright MDCs. The properties of these sources as well as those MDCS with comparable
masses are included in Table 2 and Table 3. The final catalogue
and the measurements at each wavelength are included in Appendix B.
The W3 (OH) clump is characterised by a single MDC detection, well centred on the column density peak of the clump and
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(Outflow-regulated) Turbulent Clump model
(Wang, Li, Abel & Nakamura 2010)

Massive stars form from a pre-existing, cluster
forming, turbulent clump that collapses under its
own weight (due to dissipation of turbulent support)
The global clump collapse is regulated by outflow
feedback (with the aid of magnetic fields), which
may replenish (part of) the decayed turbulence

agnetic fields lower the characteristic stellar mass (if time)
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BIMODALITY IN HMSF
If Ṁ criterium is the key , then…

!

!
Gravity (Large Scale Collapse)
Easiest way, most common

• Most common
• (extended) LMSF coeval with HMSF
(youngest)
• Age distribution, primordial mass
segregation

Externally Driven SF Mode
(direct triggering)

e.g., CCF Model

BIMODALITY IN HMSF

bright-rimmed Cl/
‘Isolated’ HMSF
(loosely bound) only
achieved by ED-mode

reversal

~15% RARE clusterforming mode!!

BIMODALITY IN HMSF

High-mass Stars
Formbright-rimmed
in Clusters Cl/
Clusters form WITH
High-Mass Stars

‘Isolated’ HMSF
(loosely bound) only
achieved by ED-mode

reversal

~15% RARE clusterforming mode!!

SUMMARY & FUTURE PROSPECTS
- Isolated HMSF, no/few

companions, formed in
peripheries of triggered regions
- > loose associations
- > subclusters neighbourhoods of
associations, out-in progression
Triggering
+external
feedback

Ṁ
[M☉/yr]

Threshold 10-4

Evolutionary Model
F(t)

HMSF (1) CCF
{isolated,
externally
driven, rare!}

[Dynamics]

LMSF
{isolated}

- Compact bound massive clusters
- formed @ center of potential wells
from large scale collapse or active
compression of dense region:
- prolonged SF

Clustered/
bound
HMSF
(+ LMSF)

(2) gravitational
large scale
collapse + precompression
Clustered LMSF
{sterile}

- Cluster Diversity: richness, age,

mass/stellar dynamics and
distribution [JWST, Gaia]

Convergent Localised
High Inflow/collapse Rate
( 10-4 - 10-2 M/yr ; e.g., Fuller et al.
2005; Herpin et al. 2012, etc. )

40

Menv [M☉] (0.1pc-scale)
[Single-Star Envelopes vs IMF: Seeds or cores? Interferometry: ALMA, PdBI…]
(1) Rivera-Ingraham et al. 2013; 2015

(2) Rivera-Ingraham et al. 2017a; 2017b

