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The Elusive Process of HMSF

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
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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 conSSW9,
Akersloot,
2016
tribution
to the equation
of state. At some point during their evolution SMSs collapse
4

L [LO• ]

3

2

1

0

-1

•
O

The Elusive Process of HMSF: Long outstanding issues…
THEORETICAL CHALLENGES

OBSERVATIONAL CHALLENGES

Mechanism - Threshold?

Large Distances (kpc Resolution)

Radiation pressure

Rare (Statistics)

Preferential Cluster formation

Disruptive

Where are the pre-stellar
cores?

Short lifetimes

Cluster primordial mass
segregation and age
distribution
Bimodality?

Highly-embedded (IR/submm)
Highly Clustered (Resolution)

Herschel is the first Observatory capable of really making a
major breakthrough on this issue…which is of course the
topic of my Fellowship
We’ll first address the major theoretical challenges that
have been outstanding for decades, and then I’ll conclude
by providing you with a global perspective of this new
model, purely based on Herschel
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Constraining the “Extremes” of the SF Process with Herschel

ESA, Herschel

http://herschel.esac.esa.int/Docs/Herschel

• Herschel imaging survey of OB Young

Stellar objects - (HOBYS; PI. F. Motte)
• the Herschel infrared Galactic Plane

Survey - (Hi-GAL; PI. S. Molinari)
• Galactic Cold Cores - (GCC; PI. M.

Juvela)
SSW9, Akersloot, 2016

In-depth region analysis of individual
regions:
Statistical validation of single-field results
Diffuse environments: High-Galactic
Latitudes

The Herschel Model for HMSF: (1) A Physical Threshold
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THEORETICAL CHALLENGES
4

Mechanism - Threshold?

3

2

Radiation pressure
1

Preferential Cluster formation
Where are the pre-stellar
cores?
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Cluster primordial mass
segregation and age
distribution
Bimodality?

Rivera-Ingraham et al. 2016a; in prep
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EXCLUSIVE combination of conditions for 0.1
pc cores with compact massive clusters:
<NH2> ~ 2x1023 cm-2 <NH2-env> ~ 5x1022 cm-2
<M> ~ 600 M⊙
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The Herschel Model for HMSF: Explaining Cluster Association
THEORETICAL CHALLENGES

Max. efficiency and high mass convergent
inflow in localised region: Ṁ

Mechanism - Threshold?
Radiation pressure
Preferential Cluster formation

Bimodality?

~ 1 pc

Cluster primordial mass
segregation and age
distribution

~ 0.1 pc

Where are the pre-stellar
cores?

High-mass Stars
in Clusters
Collapse and Accretion inForm
Massive
Star Formation
in Cluster-Forming Dense Clumps
I. Bonnell
Clusters
form WITH
Two widely discussed
scenarios
High-Mass Stars

Turbulent Core model (McKee & Tan 02,03)
Credit: Zhi- Yun
Rivera-Ingraham et al. 2016a; in prep

SSW9, Akersloot, 2016

Each massive star from a pre-existing
massive turbulent core that collapses
under its own weight
Expected behavior of stellar accretion rate:

Competitive Accretion Model (Bonnell+03,04)
Matter pulled in at a higher rate by the stronger
gravity of a more massive stellar seed
Expected behavior of stellar accretion rate:

The Herschel Model for HMSF: Pre/protostellar Evolution in Grav. Models (1)
THEORETICAL CHALLENGES

Max. efficiency and high mass convergent
inflow in localised region: Ṁ

Mechanism - Threshold?
Massive cluster-forming cores

Radiation pressure
5

Preferential Cluster formation
Where are the pre-stellar
cores?
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Rivera-Ingraham et al. 2016a; in prep
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..which is the most common mechanism in our Galaxy, and also
following the grav. model that is applicable to low-mass cores

The Herschel Model for HMSF: Pre/protostellar Evolution in Grav. Models (2)

Evolution: Stellar
Physical
Activity
Structure

Diagonal Evolution in L/M diagram:
Increase in M during protostellar stage, as predicted.
Collapsing accreting cores in preferential locations increase in M and central NH2,
undergoing LMSF, until threshold Ṁ is reached at clump centre and HMSF is
switched on
Rivera-Ingraham et al. 2016b; in prep

SSW9, Akersloot, 2016

The Herschel Model for HMSF: Explaining Cluster Properties
Max. efficiency and high mass convergent
inflow in localised region: Ṁ

Mechanism - Threshold?

NH2
• Minimal disruption (e.g.,
Dale et al. 2005)

Radiation pressure
Preferential Cluster formation

Cluster primordial mass
segregation and age
distribution
Bimodality?

I. Bonnell

Two widely discussed scenarios
Env/M

• Significant SF (CFE,
SFE)
~ 0.1 pc

Where are the pre-stellar
cores?

• Small scale interaction
clustering
Collapse and Accretion>inmore
Massive
Star Formation
in Cluster-Forming Dense Clumps

~ 1 pc

THEORETICAL CHALLENGES

Turbulent Core model (McKee & Tan 02,03)
Credit: Zhi- Yun
Rivera-Ingraham et al. 2016a; in prep

SSW9, Akersloot, 2016

Each massive star from a pre-existing
massive turbulent core that collapses
under its own weight
Expected behavior of stellar accretion rate:

• lasting and fast supply
of material, and
extended SF periods
Competitive Accretion Model (Bonnell+03,04)
pulled in at a higher rate by the stronger
• Matter
Replenishment
gravity of a more massive stellar seed
Expected behavior of stellar accretion rate:

The Herschel Model for HMSF: 2 Mechanisms For Forming OB Stars
THEORETICAL CHALLENGES
Mechanism - Threshold?
Radiation pressure
Preferential Cluster formation
Where are the pre-stellar
cores?
Cluster primordial mass
segregation and age
distribution
Bimodality?

Rivera-Ingraham et al. 2016a; in prep
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2 processes can reproduce Ṁ criterium (with
different timescales & properties)

The Herschel Model for HMSF: 2 Mechanisms For Forming OB Stars (1)
THEORETICAL CHALLENGES

2 processes can reproduce Ṁ criterium (with
different timescales & properties)

Mechanism - Threshold?
Radiation pressure
Preferential Cluster formation

Gravity (Large Scale Collapse)
Easiest way, most common
Outer Galaxy: 3% direct collapse, 80% headstart

Where are the pre-stellar
cores?
Cluster primordial mass
segregation and age
distribution
Bimodality?

Gomez et al. 2014
Rivera-Ingraham et al. 2016a; in prep
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Fig. 3.— Filament 2 at 26.56 Myr into the simulation, integrated in the ranges |x| < 5 pc for the

The Herschel Model for HMSF: 2 Mechanisms For Forming OB Stars (2)
THEORETICAL CHALLENGES

2 processes can reproduce Ṁ criterium (with
different timescales & properties)

Mechanism - Threshold?
Radiation pressure
Preferential Cluster formation

Externally Driven SF Mode
(shocks, collisions…)

Where are the pre-stellar
cores?
Cluster primordial mass
segregation and age
distribution
Bimodality?

Rivera-Ingraham et al. 2016a; in prep
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e.g., CCF Model

Rivera-Ingraham et al. 2013; 2015

The Herschel Model for HMSF: Overview & Future Prospects
- Isolated HMSF, no/few

companions, formed in
peripheries of triggered regions
- > loose associations
- > subclusters neighbourhoods of
associations, out-in progression
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
HMSF
(+ LMSF)

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

- Cluster Diversity: richness, age,
mass distribution [JWST]

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 (0.1pc-scale)
[Single-Star Envelopes vs IMF: Seeds or cores? Interferometry: ALMA, PdBI…]
SSW9, Akersloot, 2016

(1) Rivera-Ingraham et al. 2013; 2015

(2) Rivera-Ingraham et al. 2016a; 2016b

The Externally-Driven Star Formation Process: Overview

bright-rimmed Cl/

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

reversal

>G1 structures
SF2016, Exeter, 2016

small scale
feedback
f(D) = collapse/
sequential/smaller
D*/more ***

Extreme Galactic Star Formation [OG!]: The Herschel View
NH2

large scale grav.
collapse
(ridge/cloud)

Externally-driven
Externally-driven
(dynamical)
(dynamical)
SF mode
SF mode

Dynamical headstart

Trigger: Dis+Power
NH2/Density
Convergent Localised

High Inflow Rate

‘accelerated?’
collapse
Compact Clusters
SF2016, Exeter, 2016

Compact Clusters

sequential

Loose

