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Contemporary Star Formation

- Star Formation In turbulent
(Glant) Molecular Clouds

i Barnard 68,
- +:#4 Cloud core (cold,
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Collapse of Hydrostatic Cores

Molecular Clouds in hydrostatic
equilibrium follow a

o Profile;

~..»* Critical BE Spheref = 6.451
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spheres:
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Collapse of Hydrostatic Cores

- Slowly rotating Bonnor- .....

Ebert-Spheres

o T
- Low Mass M ~ 2-1'\é|o| .=HF:1=H==

- High Mass ~ 170 |
due to molelcular . S

excitations, gas-dust
RN

interaction, Hdissociatio

- AMR = resolves 1

with more than 8

grid points during collapse.

|t|al conditions: T
(Truelove et al. 1997) cool molecular cloud .
= Up to 27 refinement levels (T =16 K) _ £ | BE-density profile
(dynamical range ~ ﬂ) * hot a_lmblent, low density,
. medium (pressure match 4
- FLASH ASC Chicago the sphere boundary)

(http://flash.uchicago.edu) - 0, =0.1-04




Cooling

- Molecular coolingNeufeld & Kaufman,
1993; Neufeld et al. 1995)main coolants
H,O, CO, H, O, = efficient cooling
In lower density regime: n < 10
-gas IinteractiongGoldsmith 2001)

keeps the gas isothermal until

) n ~ 10' cnm3 = scale of hot core:

; Temperaturd + R = few x 10 AU
: - atn ~18lcnmi=
heating with T ~ H3 (‘local’
radiation diffusion approximation)

- * H, at ~ 1200 K(Shapiro
e & Kang 1987)
ffgt'iﬁtmk \ = isothermal collapse (second
H, dissociation CO”apse;Larson 1969

- dissociation process is “self-
regulating” due to strong temperatur
dependence

n [cm™] Banerjee et al. 200



Isothermall Collapse

C.001 0.010 0.100 1.000
¢

density Infall velocity

Outside-In

non-homologous collapse
(Larson 69, Penston "69, Forster & Chevalier "93, Hemllelet al. 2003 ...)




Collapse of Massive Cloud Cores
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R [em] RB & Pudritz 2007

- Super sonic in-fall velocities
- Observations: eg. Furuya et al 2006,
Beltran 2006




Mass accretion

comparision

d\ﬂ/dt [CE_SD/G]

- dM/dt ~ VV/G = MacR c3/G >> /G
- Higher speed of soungb higher accretion rate

M =20-100¢c®/G




Density and Mass distribution

z [g em™]
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- So far disk dominated (after t 2)t

1M at few X 13°cm




gular Momentum

Banerjee & Pudritz 2007




Magnetic Fields

Similar simulations by:
Machida et al. 2005
Fromang et al. 2006

HH30 || — HH34
— > ; | HH47
Jets from Young Stars HST - WFPC2

PRC95-24a - ST Scl OPO : June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA

+ Jets / Outflow from YSOs
magnetically driven?

coupled to the gas (no
ambipolar diffusion)
* Initially not dominant;

Pinern{ Pmag~ 80; B ~ 1QuGauss




Banerjee & Pudritz 2006

. 1430 years later:
onstet of a large scale outflc

-Bell 2008
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Log10 Density (g/cm?)
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| large scale outiow

2 % 10'% ¢m

Magnetic field is

with the gas
Rotating disk generates

magnetic field

Shock fronts are pushed
outwards (magnetic towe
Lynden-Bell 2008
Outflow velocities
v ~ 0.4 km/sec
Accretion funneled along
the rotation axis, through
disk




Onset of inner disk jet

launch inside 0.07 AU

- magneto-centrifugally launched j&landford & Payne 1982
- Jets rotate and carry off angular momentum of disk

1

infall only ... 5 month later: flow reverse



3D Visualization of field lines,
disk, and outflow:

- Upper; magnetic tower flow
- Lower; zoomed in by 1000,
centrlfugally driven dISk wind

Observatlons FU Ori disk
Donatl et al. Nature 2005




Magnetic field structure /
evolution

T

R [em] log(n [em™])

" B,> B, In the core and disk (expectation from a stationary
accretion disk B1 R1?> Blandford & Payne 198p
’ BcoreD n0.6

 Expected field strength in the protostar <4100 G
* Potential seed field for Ap stagBraithwaite & Spruit, 2004)




Collapse with supersonic
turbulence

Initial setup as “seen” by the FLASH code

* Initial data fromTilley &

Pudritz 2004 ZEUS
simulations of core
formation within a
supersonic
environment

L =0.32pc, M,,=105 M,
* Follow the collapse of the

densest most massive
region: ~ 23 M,

* Final resolution: ~ R,




Collapse withi supersonic turbulence

—— 150AU

R.B., Pudritz & Anderson 2006

| with an attached sheet

~small within the filament (perpendicular)

~ adiabatic (optically thick) core

“very efficient gas through the filament




Collapse with supersonic
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Mass accretion

i t= 2373y —mmee ]

| | Y 1 | 10_1
r [em]

L L L L L ! ]
r [em]

“Very mass accretion rates: up to 1G/6 ~ 10M3 ¢3/G

~ Mass accretion rates are higher than limits frodmatson pressure
by burning stars

(e.g.Wolfire & Cassinelli 198710° M__/year)

- Protostars and disks assemble very  within a supersonic
turbulent environment




Jet-driven Turbulence?

YSO jets as driving engines
for supersonic turbulence In
molecular clouds (e.qg.
Norman & Silk 1980, LI &
Nakamura 2006, Nakamura
& Li 2007)

« Energetics OK
« Would lead to self-
regulating star formation

RB, Klessen & Fendt 2007




But ...

Supersonic fluctuations decay quickly:
Ekin (V > C) [I t_z

donot spread
donot occupy a large volume fraction

== |Jet-driven supersonic turbulence unlikely




Jet-driven Turbulence?

Log10 ekin

Mach 5 continuously driven jet

0.01




Jet-driven Turbulence?

Log10 ekin

Mach 5 transient jet: driving engine
y stopsatt=1.3




Jet-Clump interaction

Log10 Dens;lty (g/cm)
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High VeIOC|ty Jets

logw(velocny) log,(velocity) 1

Mach 10 jet

. better collimation
. entrains less gas

0.01




Summary

- Supersonic infall velocities

- High accretion rates, up to ¥01_ /year (20-100 x SIS)
dM/dt ~ /G = Mach ¢3/G

- Quick massive star assembly ~ few ¥ §6ars

- Angular momentum transfer by outflows and barsan t
proto-disk

- QOutflows and Jets launched already during collappimase

- Qutflow blown cavities (channels for radiation e,
Krumholz et al. 2006

- Jet driven supersonic turbulence unlikely

QUESTIONS

Radiation Feedback from massive stars (Krumholej{P
Do early type jets/outflows persist?

What Is the driving engine for supersonic turbuéshc




Specific Momentum (C,)
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