Sternentstehung - Star Formation
Winter term 2020/2021
Henrik Beuther, Thomas Henning & Sümeyye Suri

03.11 Today: Introduction & Overview
(Beuther)
10.11 Physical processes I
(Beuther)
17.11 Physcial processes II
(Beuther)
24.11 Molecular clouds as birth places of stars
(Suri)
01.12 Molecular clouds (cont.), Jeans Analysis
(Suri)
08.12 Collapse models I
(Henning)
15.12 Collapse models II
(Henning)
------------ Christmas break ------------12.01 Protostellar evolution
(Beuther)
19.01 Pre-main sequence evolution & outflows/jets
(Beuther)
26.01 Accretion disks I
(Henning)
02.02 Accretion disks II
(Henning)
09.02 High-mass star formation, clusters and the IMF (Suri)
16.02 Extragalactic star formation
(Henning)
23.02 Examination week, no star formation lecture
Book: Stahler & Palla: The Formation of Stars, Wileys
More Information and the current lecture files: http://www.mpia.de/homes/beuther/lecture_ws2021.html
beuther@mpia.de, henning@mpia.de , suri@mpia.de

Topics today
- General concepts of high-mass star
formation
- Outflows in high-mass star forming regions
- Rotation and disks
- Clusters and the IMF

70 microns (blue), 160 microns (green) and 250 microns (red)

Credit: ESA/Herschel/Ph. André, D. Polychroni, A. Roy, V. Könyves, N.
Schneider for the Gould Belt survey Key Programme

High-mass Star Formation
- Why important?
- Although few in numbers à LµM3
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- Radiation pressure important constraint.
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Eddington luminosity and limit
Eddington luminosity: maximum luminosity a star can reach when still in hydrostatic equilibrium.
Assumptions: spherical symmetry and all H is ionized.
Ledd= 4!GMc/κ
Ledd [Lsun] = 1.3 x 1038 (M/Msun) erg/s ~ 3 x 104 (M/Msun)
- If L > Ledd then
- Accretion stops if L provided by accretion
- Gas layers pushed out and star unstable if provided by nuclear fusion.
- Scaling relations for massive (proto)stars: L ∝ Ma with 2<a<4

Radiation Pressure
- In contrast now the radiation pressure of the central massive (proto)star
on the surrounding dust cocoon. Same relation:
L/M = 4πGc/κ
- While κ is very low for ionized H plasma (κ~0.3cm2g-1), at the dust
destruction front (T~1500K) it is considerably larger with κ~10cm2g-1.
L/M ~ 103 [Lsun/Msun]
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- In contrast now the radiation pressure of the central massive (proto)star
on the surrounding dust cocoon. Same relation:
L/M = 4πGc/κ
- While κ is very low for ionized H plasma (κ~0.3cm2g-1), at the dust
destruction front (T~1500K) it is considerably larger with κ~10cm2g-1.
L/M ~ 103 [Lsun/Msun]
In spherical symmetric accretion models, accretion is expected to stop
as soon as the luminosity is approximately 1000 times larger than the
mass of the protostar. à No problem for low-mass star formation.
à The critical ratio is reached for stars of approximately 10Msun.
Since more massive stars are know, the assumption of spherical
accretion has to be wrong and other processes are needed.

High-mass star formation scenarios

Modified low-mass star formation:
- Increase accretion rates a few orders of mag.
- 2D disk geometry helps accretion processes.
- Radiation pressure can escape through
outflow cavities à flashlight effect
Wolfire & Cassinelli 1987, Jijina & Adams 1996, Yorke & Sonnhalter 2002,
Norberg & Maeder 2002, Keto 2002, 2003, McKee & Tan 2002, 2003,
Krumholz et al. 2005, 2009, Banerjee & Pudritz 2005, Kuiper et al. 2010, 2011
Tan et al. 2014
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Modified low-mass star formation:
- Increase accretion rates a few orders of mag.
- 2D disk geometry helps accretion processes.
- Radiation pressure can escape through
outflow cavities à flashlight effect

Competetive accretion and coalescence:
- Massive stars form only in clusters.
- The cluster potential favours accretion toward
objects in the cluster centers.
- All kinds of protostellar entities may merge.

Wolfire & Cassinelli 1987, Jijina & Adams 1996, Yorke & Sonnhalter 2002,
Norberg & Maeder 2002, Keto 2002, 2003, McKee & Tan 2002, 2003,
Krumholz et al. 2005, 2009, Banerjee & Pudritz 2005, Kuiper et al. 2010, 2011
Tan et al. 2014

Bonnell et al. 1998, 2004, 2004, 2007, Stahler et al. 2000,
Bally & Zinnecker 2005, Zinnecker & Yorke 2007, Bally et al. 2015 …

Turbulent accretion: scaling up low-mass sf
- A 100Msun star forms in ~105yrs à average accretion rate ~10-3Msun/yr
- Standard low-mass accretion rate (Shu 1977): dM/dt ~ cs3/G ~ 2x10-6Msun/yr.
- McKee & Tan (2002, 2003): “turbulent core model”: Massive stars form
within grav. bound cores supported by turbulence and magnetic fields.
à The turbulent support raises the sound speed cs and hence dM/dt.
dM/dt ~ 0.5x10-3 (Mfinal/30Msun)3/4 Scl3/4 (M/Mfinal)0.5
t ~ 1.3x105 (Mfinal/30Msun)1/4 Scl-3/4

[yr]

[Msun/yr]

Scl: cloud surface density ~ 1g cm-2

Radiation pressure in 1D and 2D

Courtesy of Rolf Kuiper

Arrows: gas flow direction

3D radiative hydro simulations

- Starting with 100 to 200Msun cores.
- Until ~17Msun smooth accretion flow.

6000AU size box
50000 years age
Arrows: force from grav.
and radiation

- Low angular momentum gas accretes directly
on protostar, high angular momentum gas
forms Keplerian accretion disk.
- From 17Msun upwards, radiation pressure starts
driving out gas, bubbles form.
Further infalling gas moves along the bubble
walls and falls onto disk.
- Disk gravitationally instable forming more stars.

Krumholz et al. 2009

Arrows: gas flow direction

3D radiative hydro simulations

- Starting with 100 to 200Msun cores.
- Until ~17Msun smooth accretion flow.

6000AU size box
50000 years age
Arrows: force from grav.
and radiation

- Low angular momentum gas accretes directly
on protostar, high angular momentum gas
forms Keplerian accretion disk.
- From 17Msun upwards, radiation pressure starts
driving out gas, bubbles form.
Further infalling gas moves along the bubble
walls and falls onto disk.
- Disk gravitationally instable forming more stars.

Krumholz et al. 2007

Disk Fragmentation in high-mass star formation

Oliva et al. 2020

Disk Fragmentation in high-mass star formation

Ahmadi et al. 2019

Competitive accretion

Competitive accretion

- Gas clump first fragments into large number
of cores with approximately a Jeans mass.
à Hence fragmentation on smaller scales.
- Each clump subsequently accretes gas from
the surrounding reservoir.
- Even gas that was originally far away may
finally fall onto the protostar.

Bonnell et al. 2004

Distance of
gas that is
ultimately
accreted.

Coalescence and merging

Bally & Zinnecker 2005
Bonnell et al. 1998

- Required (proto)stellar densities of the order 106 to 108 stars per pc3.
- Very explosive events expected.
- Collimated outflows and jets can barely survive.
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Single-dish observations of outflows
- Early observations claimed different collimation degrees for massive outflows.
à different formation? à See high resolution image on next slide
- Outflow-mass scales with core mass.
- Outflow force implies non-radiative outflow driving.
- High outflow rates imply high accretion rates.

Force vs. L

Beuther et al. 2002

Wu et al. 2004, 2005

Outflow rate vs. L
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Single-dish observations of outflows
How to go from outflow rate to accretion rate?
Assuming momentum conservation: Pout = Pjet
moutvout = mjet vjet
Observationally we know that vout ∼ 1/20 vjet
dMjet/dt ∼1/20 dMout/dt
From simulations we know that dMjet /dt∼ 0.3 dMacc/dt
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An evolutionary Scenario

- Outflows are ubiquitous phenomena
- Jet-like outflows exists at least up to early-B and late-O-type stars.
- The observations suggests an evolutionary scenario.

Beuther &
Shepherd 2005
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Rotation at the earliest evolutionary stages
Color: Spitzer
24µm
Contours: SCUBA
850µm

Spitzer IRAC 3.3, 4.5 & 8 µm
Contours: PdBI 3mm

shock.-excited
emission

Beuther & Steinacker 2007

7500AU
2.2pc
Fallscheer et al. 2009

ALMA observations of AFGL4176
CH3CN 1st moment

Rotation curves for
5, 10, 20 , 40 Msun

Best fit for Keplerian disk around 25Msun star
Johnston et al. 2015

Disk structure from dust continuum emission

Color: H2
Contours: 875µm

Full line: data
Dotted line: 1$
Dashed line: model

- Dust lane perpendicular to outflow, diameter roughly 6000 AU.
!disk = !0 (R*

- Model comparison with low-mass disks:
(z/Ph with z: scale height, R* : radius of the star, r: radial distance from center
Ph=h100(r/100AU)#, with h100: scale height of the disk at 100AU from the star
": density distribution exponent, #: the disk flaring exponent

/r)"exp[-1/2

)2],

Fallscheer et al. 2011
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à Quantitative parameters like mass and size exceed low-mass disks by orders of mag.
à Qualitative parameters like density profile and disk flaring profile agree well.

Fallscheer et al. 2011

The disk-outflow system in Orion-source I

Matthews et al. 2010
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Matthews et al. 2010
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Clusters and the Initial Mass Function (IMF)
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Muench et al. 2002
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General properties of the IMF

- Almost all stars form in clusters, isolated star formation is exception.
(M > 1Msun)
- Seminal paper 1955 by E. Salpeter: linear: dN/dM ~ M-2.35
log:
d(logN)/d(logM) ~ (logM)-1.35

- More detailed description of the total IMF (e.g., Kroupa 2001): dN/dM ~ M-a
a = 0.3 à 0.01 ≤ M/Msun ≤ 0.08 (brown dwarf regime)
a = 1.3 à 0.08 ≤ M/Msun ≤ 0.5
a = 2.3 à 0.5 ≤ M/Msun
- Or lognormal (Chabrier 2003)
- Characteristic mass plateau
around 0.5 Msun (see mol. cl. lect.)

Blue: CMF
Red: IMF

- Upper mass limit of ~ 150Msun
- Largely universally valid, in
clusters and the field in our
Galaxy and extragalactic systems.

Shu et al. 2004

Star cluster
NGC3603
6 x 6 pc
1 pc diameter
10 000 stars between 0.5 & 120 Msun
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Star cluster
Mass Segregation
NGC3603
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Stolte et al. 2006

Summary
- Massive stars are very important for energy budget and nucleosynthesis.
- They form exclusively in a clustered mode.
- They have very short Kelvin-Helmholtz contraction times and hence no
optically observable pre-main sequence evolution.
- Large radiation pressure has to be overcome.
- Two main proposals: (1) scale up low-mass star formation scenario
(turbulent core model) with accretion disks and enhanced accretion rates.
(2) Turn more dynamical, competitive accretion, coalescence and merging.
- Likely a combination of turbulent core and competitive accretion is solution.
- No real evidence for coalescence and merging. Seems not necessary but
may exist is selected sources.
- Discussed outflows, disks and clusters.
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Heidelberg Joint Astronomical Colloquium
Simulating black hole dynamics and gravitational wave emission in galactic scale simulations
By Peter Johansson, University of Helsinki
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